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Apoptosis and autophagy are the two prominent forms of developmental cell death, and researches have shown that crosstalk exists between these two processes. A prior study demonstrated that triptolide inhibited the proliferation of malignant glioma cells. However, whether apoptosis and autophagy participate in the inhibitory effect of triptolide in glioma cells has not been clarified. In the present study, we demonstrated that triptolide potently inhibited the growth of glioma cells by inducing cell cycle arrest at the G2/M phase. Additionally, the treatment with triptolide induced apoptosis and autophagy in various glioma cell lines. Triptolide-induced autophagy may have tumor-supporting effects. Autophagy and apoptosis could cross-inhibit each other in glioma cells treated with triptolide. Moreover, we found that triptolide induced ROS production and JNK activation and inhibited the activity of Akt and mTOR. Finally, we demonstrated that triptolide suppressed tumor growth in an orthotopic xenograft glioma model. Collectively, these data indicated that triptolide induced G2/M phase arrest, apoptosis, and autophagy via activating the ROS/JNK and blocking the Akt/mTOR signaling pathways in glioma cells. Triptolide may be a potential anti-tumor drug targeting gliomas.

Keywords: triptolide, apoptosis, autophagy, LC3, ROS


INTRODUCTION

Gliomas are common and lethal malignant primary brain tumors with a poor prognosis that exhibit strong invasion, rapid progression, and vulnerability to relapse (1–3). The treatment of gliomas has become multi-modality over the past few decades. The current standard of care for gliomas is surgery, followed by radiotherapy and the first-line chemotherapy agent temozolomide (TMZ). Unfortunately, this treatment intervention has little impact on the survival rate of patients, during which the survival rate has only increased by 3–6 months (4). Therefore, it is urgent to explore alternative treatments to provide new hope for the treatment of gliomas.

Triptolide, which was the first diterpenoid triepoxide lactone isolated from Tripterygium wilfordii Hook F, has been recognized as a principal component responsible for the biological activities of the plant (5). Triptolide has been demonstrated to possess a wide range of biological activities, such as anticancer, immunosuppressive, contraceptive, anti-angiogenic, and anti-inflammatory activities (6–10). In 2007, in addition to celastrol, artemisinin, capsaicin, and curcumin, triptolide was deemed to be a “poster child” due to its power and potential of transforming traditional medicine into modern medicine (11). Mounting evidence suggests that triptolide possesses potent broad-spectrum anticancer activities. Triptolide kills almost all cancer cells originating from the prostate, colon, breast, blood, lung and kidney, and some derivatives of triptolide are presently under clinical evaluation (12–15). Previous research has demonstrated that triptolide inhibits the proliferation of glioma cells in vitro and in vivo; however, the underlying molecular mechanisms remain unclear (16).

Apoptosis and autophagy are two main forms of programmed cell death (PCD), they may jointly decide the fate of cells of malignant neoplasms. Apoptosis, or type I PCD, is critical for the development and homeostasis of multicellular organisms and is characterized by specific morphological and biochemical changes of dying cells, including cell shrinkage, nuclear condensation and fragmentation (17). Autophagy or type II PCD is an evolutionarily conserved catabolic process in which cellular material is delivered by double-membrane structures called autophagosomes to lysosomes for degradation (18). In general, apoptosis invariably contributes to cell death, whereas autophagy can play either pro-survival or pro-death roles during different stages of tumor development. For example, on the one hand, autophagy improves the adaptability of cancer cells to resist apoptosis under pressure. On the other hand, autophagy reduces metastasis by limiting tumor necrosis and preventing inflammatory immune cell infiltration. In addition, excessive autophagy induces the death of cancer cells. Of note, apoptosis and autophagy are not mutually exclusive pathways, there still exist intricate interrelationships between them. They have proved to be synergistic or antagonistic (19). Therefore, it is crucial to further elucidate the function of triptolide-induced autophagy and the relationship between apoptosis and autophagy in glioma cells.

Reactive oxygen species (ROS), which are active forms of oxygen, have been described as toxic molecules with high biological activity and are involved in the biological effects of many agents (20). At low levels, ROS exhibit beneficial effects, whereas their excessive accumulation can promote cancer (21). The mitochondria represent a major source of oxidative stress, and the JNK signaling pathway is one of the numerous downstream cascades of the ROS signaling pathway and is closely associated with cell proliferation, differentiation, mitosis, survival, and apoptosis (22). Furthermore, the Akt/mTOR signaling pathway has emerged as one of the major regulatory pathways of cell survival, growth, proliferation, and protein synthesis in both normal cells and cancer cells (23, 24). Previous studies have suggested that the Akt/mTOR cascade is involved in the processes of autophagy and apoptosis (25).

In the present study, we investigated the antitumor effects and possible mechanisms underlying the impact of triptolide on glioma cells both in vitro and in vivo. We elucidated that triptolide induced G2/M-phase arrest, apoptosis, and autophagy in glioma cells by activating the ROS/JNK and inhibiting Akt/mTOR signaling pathways. In addition, we found that triptolide-induced autophagy played a role in promoting cell survival. Triptolide-induced apoptosis and autophagy may inhibit each other.



MATERIALS AND METHODS
 

Cell Lines and Reagents

U251 (Human, CRC/PUMC, 3111C0001CCC000058), U87-MG (Human, CRC/PUMC, 3111C0001CCC000208), and C6 (Rat, CRC/PUMC, 3111C0001CCC000131) cells were purchased from the Cell Resource Center, IBMS, CAMS/PUMC. The cells were cultured in minimum Eagle's medium (MEM; Corning, NY, USA), MEM-NEAA or F10 (Gibco, UK) supplemented with 10% (v/v) fetal bovine serum (Gibco, UK), 100 U/ml penicillin and 100 μg/ml streptomycin at 37°C in a humidified incubator with 5% CO2. Triptolide (purity >99%) was purchased from Pharmacodia Co., Ltd (Beijing, China). The stock solutions (100 μM) were prepared with DMSO and stored in the dark at −20°C. TMZ were obtained from Sigma (Sigma, St. Louis, MO, USA). All other chemicals were purchased from Selleckchem (Houston, TX, USA). The primary antibodies against cleaved caspase-3 (cle-cap.3), p62, LC3A/B (LC3), CyclinB1, and phospho-Cdc2 (p-Cdc2) were obtained from Cell Signaling Technology (Beverly, MA, USA). The primary antibodies against cleaved caspase-8 (cle-cap.8), cleaved caspase-9 (cle-cap.9), cleaved-PARP (cle-PARP), Beclin-1, Akt, phospho-Akt (p-Akt), JNK, phospho-JNK (p-JNK), mTOR, phospho-mTOR (p-mTOR), Chk2, phospho-Chk2 (p-Chk2), Cdc25C, phospho-Cdc25C (p-Cdc25c), and p21 were purchased from Abcam (Cambridge, MA, UK). The primary antibody against β-actin was purchased from Proteintech (Chicago, IL, USA). The secondary antibodies were obtained from Cell Signaling Technology. The plasmid ptfLC3 (mRFP-EGFP-LC3B) was purchased from the Addgene Repository (http://www.addgene.org).



Cell Viability Assay

The cells were seeded in 96-well plates at a density of 2,500–5,000 cells per well and treated with various concentrations of triptolide (30, 100, 300, or 1,000 nM) for 12 to 48 h. Then, the cell viability was assessed with a Cell Counting Kit-8 (CCK8; Dojindo, Kumamoto, Japan) according to the provided protocol. Briefly, the culture medium was discarded, and each well was supplemented with a mixture of CCK8 reagent and MEM and incubated for 0.5–1 h. The optical density (OD) value at 450 nm was determined by a microplate reader (Molecular Devices, Sunnyvale, CA, USA). The cell viability was normalized to that of the controls.



Colony Formation Assay

U251, U87-MG, and C6 cells were seeded in 6-well plates at a density of 100–400 cells/well and treated with gradient concentrations of triptolide (3, 10, 30, or 100 nM) for the indicated times. After ~10 days, the medium was discarded, and the cells were washed 3 times with PBS once they formed visible colonies. Then, the colonies were stained with 0.1% crystal violet for 15 min after being fixed with 4% paraformaldehyde. The colonies were defined as clusters of ≥ 50 cells, and the images were captured with a camera. The colonies were counted and normalized to the number of colonies in the control group.



Cell Cycle Distribution Analysis by Flow Cytometry

The role of triptolide in the DNA content and cell cycle progression was analyzed with a propidium iodide (PI)/RNase staining buffer (BD Biosciences, San Diego, CA, USA). Briefly, after treatment with triptolide or DMSO for 24 h, the cells were harvested, washed 3 times with ice-cold PBS and fixed with 75% ethanol at −20°C overnight. Then, the cells were resuspended in PBS and stained with PI/RNase staining buffer for 15 min. The cell cycle phases were monitored by flow cytometry (Novocyte, ACEA Biosciences, San Diego, CA, USA), and the cycle distribution was analyzed with NovoExpress software.



Cell Apoptosis Assay

The characteristic morphological changes associated with the treatment-induced apoptosis in the glioma cells were observed by fluorescence microscopy using Hoechst 33342 staining. The cells were treated, fixed with 4% paraformaldehyde for 15 min and stained with Hoechst 33342 solution for 30 min at room temperature in the dark. The apoptotic morphology of the glioma cells was observed under a fluorescence microscope (Olympus, Tokyo, Japan). Apoptosis was determined using a FITC Annexin V Apoptosis Detection Kit I (BD Biosciences) according to the provided protocol. In brief, 2.5 × 105 cells were subcultured in 6-well plates and treated with triptolide for an additional 24 h. Then, the cells were harvested, washed twice with cold PBS, and resuspended in 1 × binding buffer. Aliquots of 105 cells were stained with 5 μl of FITC Annexin V and 5 μl of PI. The samples were analyzed using a flow cytometer (LSRFortessa SORP, BD Biosciences, San Jose, CA, USA). The mitochondrial membrane potential (MMP) of the cells was measured using a Mitochondrial Membrane Potential Assay Kit with JC-1 (Beyotime, Jiangsu, China) according to the manufacturer's instructions. The cells cultured in 6-well plates were harvested and resuspended in 500 μl of MEM, and then, 500 μl of JC-1 staining solution were added for 20 min at 37°C in a CO2 incubator. The stained cells were washed twice with PBS and analyzed by flow cytometry, and the ratio of green to red fluorescence intensity was determined.



Measurement of Intracellular ROS

The intracellular ROS generation was determined by using an ROS Assay Kit (Beyotime). Tumor cells treated with the indicated compounds for 12 h were stained with 10 μM DCFH-DA at 37°C for 30 min. The ROS levels were determined under a fluorescence microscope (Leica, Wetzlar, Germany) using a flow cytometer (BD Biosciences).



Cell Transfection and mRFP-EGFP-LC3B Assay

U251 cells were transiently transfected with 0.8 μg of mRFP-EGFP-LC3B plasmid using Lipofectamine 2,000 (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. After the transfection, the cultured cells were treated with different chemicals for 24 h and then incubated with DAPI for 15 min. After the treatment, the cells were fixed with 4% paraformaldehyde in PBS. The images were captured under a confocal laser scanning microscope (Leica).



Western Blotting

The cells and tissue samples were lysed in ice-cold RIPA buffer. The lysates were normalized using an Enhanced BCA Protein Assay Kit (Beyotime) according to the manufacturer's instructions. The proteins were separated by 10–15% SDS-PAGE and transferred to a PVDF membrane. The membrane was blocked in 5% non-fat milk and probed with the indicated primary antibodies at 4°C overnight. The proteins were detected by incubation with species-specific peroxidase-conjugated secondary antibodies. The immunoreactive bands were detected with a Chemiluminescence Kit (Millipore, Plano, TX, USA) and visualized using a Vilber Fusion FX6-XT imaging system.



In vivo Evaluation of Antitumor Activity

All animal experiments were performed according to the guidelines of the Animal Experiments and Experimental Animal Welfare Committee of Capital Medical University (Approval number: AEEI-2017-119). Healthy male athymic nude mice (BALB/c, nu/nu, 6–8 weeks old, 18–20 g) were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. All mice were kept under specific pathogen-free conditions and housed in a room under controlled temperature (22 ± 3°C), humidity (40–50%), and light (12 h light/dark cycle) conditions. Sterilized commercial standard solid rodent chow and water were provided ad libitum. Aliquots of 3.5 × 105 U251 cells in a volume of 5 μl were injected stereotactically into the right striatum (2 mm lateral and 1 mm anterior to bregma, 3 mm deep) using a small animal stereotactic frame (RWD Life Science, Shenzhen, People's Republic of China). Seven days after the injection, T2-weighted MRI images of the mouse brains were obtained. The mice were randomly divided into the vehicle control, 0.1 mg/kg triptolide, 0.2 mg/kg triptolide, 0.4 mg/kg triptolide, and TMZ (20 mg/kg) groups (8 mice/group), and the corresponding medicine was intraperitoneally administered every other day for a total of seven treatments. The mice were weighed, and their basic condition was observed. At 7 and 14 days after treatment, the tumor volumes were calculated based on the T2-weighted MRI images with the formula V = A × B, where A represents the total tumor area in each tumor layer, and B indicates the thickness of each slice. At 14 days, all mice were sacrificed, and their brains and important organs were collected for further study.



TUNEL Apoptosis Assay

To detect and quantify the apoptotic response of the tumor tissues, a TUNEL detection kit (Roche Diagnostics, Mannheim, Germany) was used according to the manufacturer's instructions. In brief, paraffin-embedded brain tissues from treated nude mice were deparaffinized and dehydrated. After fixing the tissues, permeabilizing the cell membranes and equilibrating the cells, the slides were incubated with the TUNEL reaction mixture for 1 h at 37°C in a humidified chamber. After washing, the slides were visualized using fluorescence microscopy.



Histopathology and Immunohistochemistry

Sections (4-μm thick) of embedded primary tumor, heart, liver, spleen, lung, and kidney were stained for a routine histological examination and morphometric analysis. The brain slices were immunostained with the Ki67 (1:400), phospho-JNK (1:100), and cleaved caspase-3 (1:100) antibodies. The digital images were captured under a standard light microscope (Leica).



Statistical Analysis

All data in this study are presented as the means ± SD from at least 3 independent experiments. All data were analyzed using SPSS version 21.0 software (IBM Corporation, Chicago, USA). One-way ANOVA, Fisher's exact test and Mann-Whitney U-test were used. A P < 0.05 indicated statistical significance.




RESULTS
 

Triptolide Is Cytotoxic to Glioma Cells via the Induction of Cell Death and G2/M Cell Cycle Arrest

To assess the cytotoxic effect of the triptolide (Figure 1A) treatment on glioma cells, a CCK8 assay and colony formation assay were used. As shown in Figure 1B, the CCK8 assay showed that triptolide significantly reduced the cell viability in the U251, U87MG, and C6 cells after incubation for 12 h and inhibited the growth of glioma cells in a time- and dose-dependent manner with IC50 values of 170–400 nM (24 h) and 50–80 nM (48 h) (Table S1). However, the inhibitory effect of triptolide on primary cultured astrocyte cells was not significant with IC50 values of 6835.2 nM and 431.4 nM at 24 and 48 h, respectively (Figure 1C and Table S1). Moreover, triptolide induced morphological alterations in the glioma cells (Figure S1A) and dramatically inhibited colony formation (Figure 1D). These results suggest that compared to primary cultured astrocyte cells, the glioma cells were especially sensitive to the triptolide treatment.
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FIGURE 1. Triptolide (Trip) inhibited the proliferation of glioma cells and arrested cells in the G2/M phase. (A) Chemical structure of triptolide. (B) U251, U87-MG and C6 cells were treated with the indicated concentrations of triptolide or vehicle (DMSO) for 12–48 h, and the cell viability was quantified by a CCK8 assay. (C) Three glioma cell lines and primary cultured astrocyte cells were treated with the indicated concentrations of triptolide or vehicle for 24 and 48 h, and the cell viability was measured by a CCK8 assay. (D) Three glioma cell lines were treated with the indicated concentrations of triptolide or vehicle for 10 days. Cell colonies were stained with crystal violet, and the colonies were quantified (cell number >50). (E) U251, U87-MG, and C6 cells were treated with triptolide for 24 h and stained with PI. The PI staining data were quantified as the percentage of cells in the G1, S, and G2/M phases. (F) U251, U87-MG, and C6 cells were treated with triptolide for 24 h. Whole-cell lysates were separated by SDS-PAGE, and then, immunoblotting was performed using the indicated antibodies. The data represent 3 independent experiments. The graphs indicate the means ± SD of data obtained from 3 independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, significantly different than the untreated control group.



Defects in cell-cycle progression can lead to cell death or contribute to cancer progression (26). Therefore, cell cycle progression was analyzed. The cell cycle distribution analysis showed that treatment with a certain concentration of triptolide for 24 h increased the number of cells in the G2/M phase (Figure S1B and Figure 1E). Furthermore, the western blotting assays showed changes in the expression of cell-cycle-regulated proteins. As shown in Figure 1F, triptolide upregulated the expression of CyclinB1, phospho-Cdc2 (p-Cdc2), Chk2, phospho-Chk2 (p-Chk2), phospho-Cdc25C (p-Cdc25C), and p21 and downregulated the expression of Cdc25C. Thus, triptolide inhibited glioma cell growth by inducing cell death and cell cycle arrest at the G2/M phase.



Triptolide Triggers Apoptosis in Glioma Cells

To obtain a deeper understanding of the molecular mechanisms underlying the inhibitory effect of triptolide on glioma cells, we further examined the effect of triptolide on apoptosis. To analyze apoptosis in the glioma cells, Hoechst 33342 staining, an Annexin V/PI assay, an MMP assay and a western blotting assay were employed. As shown in Figure 2A, the glioma cells treated with triptolide for 24 h showed some typical apoptotic morphological changes as indicated by the red arrows, such as cell shrinkage, chromatin condensation, and nuclear fragmentation, as revealed by the Hoechst 33342 staining. Exposure to 30–1000 nM triptolide increased the rate of apoptosis in a concentration-dependent manner as assessed by flow cytometry using an Annexin V/PI assay (Figure 2B). We also examined the triptolide-induced changes in the MMP. The triptolide treatment induced the conversion of red fluorescence to green fluorescence, indicating a decrease in MMP as revealed by flow cytometry after JC-1 staining (Figure 2C). The western blotting analysis further corroborated these results. As shown in Figure 2D, the whole-cell extracts of the treated cells exhibited high levels of the active forms of PARP, caspase-3, caspase-8 and caspase-9, which increased in a time- and dose-dependent manner. Moreover, z-VAD (a caspase inhibitor) could reverse a proportion of cell death (Figure 3C). These results confirm that triptolide triggers apoptosis in glioma cells.
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FIGURE 2. Triptolide induced apoptosis in glioma cells. U251, U87-MG, and C6 cells were treated with the indicated concentrations of triptolide or vehicle for 24 h. (A) Cells were fixed and stained with Hoechst 33342 and observed under a fluorescence microscope. (B) Apoptosis was analyzed by FACS using an Annexin V-FITC/PI cell apoptosis kit. Representative results from 3 independent experiments are presented. The data are presented as the means ± SD (n = 3). (C) MMP was assessed by FACS based on fluorescent mitochondria. The data are presented as the means ± SD (n = 3). (D) Cells were treated with the indicated concentrations of triptolide for 24 h or incubated with triptolide (300 nM) for different durations. Whole-cell lysates were separated by SDS-PAGE, and then, immunoblotting was performed using the indicated antibodies. *P < 0.05, **P < 0.01, ***P < 0.001, significantly different compared with the untreated control group.
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FIGURE 3. Triptolide induced protective autophagy in glioma cells. (A) Cells stably expressing mRFP-EGFP-LC3B were pretreated with 3-MA (3 mM) for 2 h, followed by treatment with triptolide (150 nM) for an additional 24 h. Representative fluorescent images were photographed by laser scanning confocal microscopy. Scale bars = 25 μm. (B) Cells were treated with the indicated concentrations of triptolide for 24 h or incubated with triptolide (300 nM) for 0–24 h, and the autophagy-related proteins LC3, p62, and Beclin-1 were analyzed by western blotting. (C) U251, U87-MG, and C6 cells were pretreated with 3-MA or z-VAD (30 μM) for 2 h, followed by treatment with triptolide (300 nM) for an additional 24 h. Cell viability was determined by a CCK8 assay. (D) U251 cells were pretreated with CQ (20 μM) for 2 h, followed by treatment with triptolide (300 nM) for an additional 24 h. Cell viability was determined by a CCK8 assay. The data are presented as the means ± SD (n = 3). ***P < 0.001, significantly different compared with the untreated control group. #P < 0.05, ##P < 0.01, ###P < 0.001 significantly different compared with the triptolide treatment group.





Triptolide Activates Autophagy as a Protective Mechanism in Glioma Cells

To determine whether autophagy plays a role in triptolide-treated cells, we analyzed the autophagic activity in the glioma cells. The U251 cell lines were transiently transfected with the mRFP-EGFP-LC3 construct 24 h prior to the triptolide treatment. Following the treatment, the cells were fixed and observed by confocal microscopy. As shown in Figure 3A, significant fluorescence signals of the mostly autophagy-specific protein LC3 were observed in the triptolide-treated cells with puncta accumulation. To further confirm that triptolide induces autophagy in glioma cells, we determined the expression of LC3B, p62 and Beclin-1, which are important autophagy-related proteins, using western blotting. As shown in Figure 3B, the triptolide treatment significantly augmented the expression levels of LC3B and Beclin-1 and dramatically reduced the expression level of p62 in a dose- and time-dependent manner in the glioma cells. In cancer cells, autophagy can have onco-suppressive or tumor-supporting effects (27). Therefore, elucidating the function of triptolide-induced autophagy in cell death is essential. Thus, 3-MA, which is an inhibitor of the formation of autophagosomes, was used to inhibit the cellular autophagic pathway. As shown in Figure 3C, the treatment with 3-MA increased triptolide-induced cell death. In addition, we also used chloroquine diphosphate salt (CQ) to inhibit the degradation of autophagy by increasing the pH of the lysosome in U251 cells. As shown in Figure 3D, cell viability was decreased compared with that of triptolide treatment alone. Taken together, these results suggest that the triptolide-treated cells exhibited higher basal autophagy activity as a protective mechanism against the effects of triptolide in glioma cells.



Triptolide-Induced Autophagy and Apoptosis can Cross-Inhibit Each Other

Autophagy and apoptosis are two processes that determine cell fate by regulating the balance between survival and death. We further explored the relationship between autophagy and apoptosis induced by triptolide. As shown in Figures 4A, B, the combination of triptolide and 3-MA or CQ markedly increased the proportion of apoptotic cells compared to that observed after the triptolide treatment alone. Consistently, the autophagy inhibition by 3-MA or CQ also led to the activation of caspases, including caspase-3, caspase-8, and caspase-9, and the resultant cleavage of PARP. The pretreatment with z-VAD also dramatically increased the expression levels of the autophagy-related proteins LC3B and Beclin-1 and decreased the level of p62 (Figure 4C). Thus, we believe that both apoptosis and autophagy are preserved in glioma cells following triptolide treatment and that these two processes tend to mutually restrain each other.
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FIGURE 4. Autophagy and apoptosis induced by triptolide can cross-inhibit each other. (A) U251, U87-MG, and C6 cells were pretreated with 3-MA or z-VAD for 2 h, followed by treatment with triptolide (300 nM) for an additional 24 h. Apoptosis was analyzed by FACS using an Annexin V-FITC/PI cell apoptosis kit. Representative results from 3 independent experiments are presented. The data are presented as the means ± SD (n = 3). (B) U251 cells were pretreated with CQ for 2 h, followed by treatment with triptolide (300 nM) for an additional 24 h. Apoptosis was analyzed by FACS using an Annexin V-FITC/PI cell apoptosis kit. (C) U251 cells were pretreated with 3-MA or z-VAD or CQ for 2 h, followed by treatment with triptolide (300 nM) for an additional 24 h. Whole-cell lysates were separated by SDS-PAGE, and then, immunoblotting was performed using the indicated antibodies. **P < 0.01, ***P < 0.001, significantly different compared with the untreated control group. #P < 0.05, ##P < 0.01, significantly different compared with the triptolide treatment group.





ROS Production and Subsequent JNK Activation and Akt/mTOR Signaling Pathway Inhibition Play an Essential Role in Triptolide-Induced Autophagy and Cell Death

The molecular regulatory processes of autophagy and apoptosis are intertwined at different levels (27). Thus, we subsequently investigated the underlying upstream regulatory mechanisms leading to the induction of autophagy and apoptosis by triptolide. As intracellular ROS play a critical role in different types of cell survival (28), we investigated whether triptolide increases ROS production in glioma cells. Thus, N-acetylcysteine (NAC), which is usually considered a regulator of ROS release, was used to alter ROS production. The ROS level was detected using the fluorescent probe DCFH-DA by fluorescence microscopy and flow cytometry. As shown in Figures 5A,B, clear increases in the fluorescent signals and the mean fluorescence intensity of DCFH-DA were observed in the treated glioma cells. Accumulated ROS can be scavenged by NAC; thus, to investigate whether ROS production was involved in the triptolide-induced autophagy, apoptosis, and cell death, we used this pharmacological inhibitor of ROS. The pretreatment of U251 cells with NAC significantly reduced triptolide-induced apoptosis and autophagy as determined by a western blotting assay (Figure 5D) and cell death as determined by a CCK-8 assay (Figure 5C). These data indicate that ROS accumulation is necessary for cell autophagy and apoptosis induced by triptolide in glioma cells.
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FIGURE 5. ROS production played an essential role in triptolide-induced autophagy, apoptosis, and cell death. (A–D) U251, U87-MG, and C6 cells were treated with triptolide (300 nM) in the absence or presence of NAC (5 mM) for 12 h. (A) After incubation, the cells were stained with 10 μM DCFH-DA at 37°C in the dark for 20 min and observed under a fluorescence microscope. (B) The ROS level was tested by flow cytometry, and the mean fluorescence intensity of DCFH-DA was determined. U251 cells were pretreated with NAC for 2 h, followed by treatment with triptolide (300 nM) for an additional 12 h. (C) The viability of the cells was measured by a CCK8 assay. (D) Whole-cell lysates were separated by SDS-PAGE, and then, immunoblotting was performed using the indicated antibodies. Representative results from 3 independent experiments are presented. *P < 0.05, **P < 0.01, ***P < 0.001, significantly different compared with the untreated control group. #P < 0.05, ##P < 0.01, significantly different compared with the triptolide treatment group.



The increases in ROS can, in turn, activate the redox-sensitive JNK signaling pathway, which plays a vital role in apoptosis (28). Thus, we examined JNK activation induced by triptolide. As shown in Figure 6B, the triptolide treatment induced considerable activation of JNK in the U251 cells. Notably, this prolonged JNK activation was eliminated in the cells pretreated with NAC (Figure 6D), while the pretreatment with SP600125 (SP), which is usually considered an inhibitor of JNK, increased the generation of ROS following the triptolide treatment (Figure 6A), indicating that ROS generation is essential for triptolide-induced JNK activation. The Akt/mToR signaling pathway, which is among the major regulatory pathways of cell survival, was also investigated. As shown in Figure 5B, the triptolide treatment blocked the inhibitory activity of Akt and mTOR. Taken together, these results indicate that triptolide can promote the activation of JNK, which is related to the production of ROS, and inhibit the activity of Akt and mTOR.
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FIGURE 6. Triptolide induced autophagy and apoptosis via the activation of the ROS/JNK and inhibition of the Akt/mTOR signaling pathways. (A) U251 cells were pretreated with SP (40 μM) for 2 h, followed by treatment with triptolide (300 nM) for an additional 12 h. The ROS level was determined by flow cytometry. The data are presented as the means ± SD (n = 3). (B) After treating the U251 cells with various concentrations of triptolide for 24 h or 300 nM triptolide for different durations, the phosphorylation of the JNK and Akt/mTOR signaling pathways was detected by a western blot analysis. Cells were pretreated with MK (2 μM) for 5 h or Ra (1 μM) or SP for 2 h and treated with 300 nM triptolide for 24 h. (C) Cell viability was measured by a CCK8 assay. The data are presented as the means ± SD (n = 3). (D) The apoptosis-related proteins, autophagy-related proteins and phosphorylation levels of the JNK and Akt/mTOR signaling pathways were analyzed by western blotting. (E) Glioma cells were treated with 300 nM triptolide in the presence or absence of NAC, SP, MK, and Ra for 24 h, and the cell cycle was evaluated by flow cytometry. The cell cycle distribution is presented in histograms. The data are presented as the means ± SD (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001, significantly different compared with the untreated control group. #P < 0.05, ##P < 0.01, significantly different compared with the triptolide treatment group.



We further investigated the roles of JNK and the Akt/mTOR signaling pathway. As shown in Figures 6C,D, the cell viability was enhanced and the levels of autophagy and apoptosis were reduced after the SP treatment compared with those observed following the treatment with triptolide alone, while MK2206 (MK) and rapamycin (Ra), which are usually considered inhibitors of Akt and mTOR, had the opposite effect on the triptolide-treated U251 cells. In the cells pretreated with MK and Ra, the expression levels of apoptosis-related and autophagy-related proteins were increased, and cell death was also increased. In addition, MK notably inhibited the activation of Akt and mTOR, while Ra did not suppress the activation of Akt. Moreover, NAC, SP, MK, and Ra all altered the cell cycle distribution mediated by triptolide (Figure 6E). Thus, these results suggest that prolonged JNK activation following the enhanced production of ROS and the inhibition of the Akt/mTOR signaling pathway contribute to triptolide-induced autophagy and apoptosis.



Triptolide Inhibits the Growth of Gliomas in a Mouse Orthotopic Xenograft Model in Vivo

To evaluate the antitumor activity of triptolide in vivo, human glioma orthotopic xenografts were established by injecting ~3.5 × 104 U251 cells into the right striatal area of nude mice. At 7 days after the injection, the tumor-bearing mice were observed via T2-weighted MRI images. As shown in Figure 7A, the T2-weighted images showed a strong signal in the right striatum in the model group. The hematoxylin and eosin (H&E) staining revealed the general characteristics of malignancy, including a significantly increased cell density, distinct nuclear atypia and common mitotic figures, only in the model group (Figure 7B). These results suggest that we successfully established a human glioma orthotopic xenograft model. Then, the tumor-bearing mice were randomly distributed into the vehicle control and treatment groups and intraperitoneally treated every other day with either 0 mg/kg (vehicle control group) or 0.1 mg/kg, 0.2 mg/kg, or 0.4 mg/kg triptolide (treatment groups) for a total of 7 treatments. TMZ, which served as a positive control, was intraperitoneally administered every other day at a dose of 20 mg/kg. As depicted in Figure 7C, 0.2 and 0.4 mg/kg triptolide effectively inhibited the growth of the tumors in vivo. Moreover, the mice treated with 0.2 mg/kg triptolide had no weight loss, while the body weight of the 0.4 mg/kg triptolide-treated mice slightly decreased (Figure 7D). The results of the H&E staining showed that compared with the vehicle control group, the triptolide-treated groups showed no obvious changes, highlighting the low toxicity of triptolide at a dose of 0.4 mg/kg (Figure 7E).
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FIGURE 7. Triptolide inhibited tumor growth in a U251 orthotopic xenograft model. (A) One week after inoculation, T2-weighted MRI images of gliomas were obtained with a 7.0 T MRI scanner. (B) H&E staining of gliomas in sham and model mice. Scale bars = 50 μm. (C) Tumor volumes were determined by MRI at 0, 7, and 14 days after treatment in the vehicle control mice, triptolide-treated mice and TMZ-treated mice. The bars represent the means ± SD. (D) Body weight changes in mice during 13 days of exposure. The bars represent the means ± SD. (E) H&E staining of important organs in the vehicle control mice and triptolide-treated mice. Scale bars = 20 μm. (F) TUNEL measurement of apoptosis and immunohistochemical staining of tumor specimens. Scale bars = 20 μm. (G) Western blot quantification of cleaved caspase-3, LC3B, phospho-JNK, phospho-Akt, and phospho-mTOR expression. *P < 0.05, significantly different compared with the vehicle control group.



To further investigate the mechanism of the inhibitory effect of triptolide in vivo, the tumor tissues were analyzed by a TUNEL assay, immunohistochemistry with antibodies against Ki67, cleaved caspase-3 and p-JNK, and western blotting with primary antibodies against cleaved caspase-3, LC3, p-JNK, p-Akt and p-mTOR. As shown in Figures 7F,G, Figure S2, compared to the control treatment, the triptolide treatment caused significant increases in TUNEL-positive cells and cleaved caspase-3, LC3, and p-JNK immunoreactivity; in contrast, compared with the control group, triptolide caused significant decreases in Ki67, p-Akt, and p-mTOR. These findings suggest that the antitumor mechanism of triptolide is associated with the induction of apoptosis and autophagy through the ROS/JNK and Akt/mTOR signaling pathways.




DISCUSSION

Autophagy is a caspase-independent cell death pathway involving a conserved lysosomal degradation process crucial for maintaining homeostasis and development (29). Autophagy plays a key role in the antitumor mechanisms of chemotherapeutic agents and may be an important cytoprotective mechanism (30). Apoptosis, which is a tightly regulated form of programmed cell death, is activated to efficiently eliminate dysfunctional cells. Apoptosis in tumor cells induced by chemotherapeutic agents is an important mechanism in the treatment of tumors (31). As the two most prominent forms of developmental cell death, autophagy and apoptosis engage in crosstalk as reported in many studies; for example, FOXO3a, which is an autophagy-regulating transcription factor, stimulates the transcription of the pro-apoptotic gene BBC3/PUMA to cause apoptosis sensitization after the inhibition of autophagy (32). Furthermore, ATG3, which is a protein critical for autophagosome formation, triggers apoptosis when overexpressed in adherent cells (33). A prior study demonstrated that triptolide inhibits the proliferation of malignant glioma cells (16). Based on the crosstalk findings, apoptosis and autophagy are likely involved in inhibiting growth in triptolide-treated glioma cells. Here, we examined triptolide-induced apoptosis and autophagy and revealed a novel mechanism by which autophagy inhibits apoptosis and protects glioma cells against cell death.

To verify the effects of triptolide on glioma cells, cell death and cell cycle progression were first analyzed. We found that triptolide inhibited the proliferation of glioma cells and arrested the cell cycle in the G2/M phase. In mammalian cells, cell cycle progression is regulated by a group of CDKs and their regulatory subunits. CyclinB1, Cdc2 (also known as cyclin-dependent kinase 1, CDK1), Cdc25c, Chk2, and p21 play a crucial role in the G2 checkpoint. The concentration of cyclinB1 displays periodic behavior and reaches a critical threshold at the end of the G2 threshold. Before reaching this threshold, cyclinB1 interacts primarily with cdc2 to regulate the G2-M transition, and the cyclinB1/Cdc2 complex is maintained in an inactive state (34, 35). Cdc25 phosphatases are key regulators of the eukaryotic cell cycle, and at the onset of mitosis, Cdc25c completely activates the Cdc2-cyclinB1 complex in the nucleus (36). Surprisingly, in this study, the expression of p21 was also increased by the triptolide treatment. P21 (a CDK inhibitor) is a key negative regulator of cell cycle progression that mediates cell cycle arrest at the G1 or G2 phase in a p53-dependent or p53-independent manner (37). However, whether p53 is involved in the triptolide-induced cell cycle arrest needs to be further investigated.

To clarify the role of autophagy and the connections between autophagy and apoptosis in triptolide-induced glioma cells, the levels of apoptosis and autophagy were examined. The extrinsic apoptotic pathway is also known as the death receptor pathway in which caspase-8, caspase-3 and a downstream cascade of effectors are activated. The other apoptotic pathway is the intrinsic pathway, which is also called the mitochondrial pathway, leading to decreased MMP and the activation of caspase-9 and additional caspase molecules, such as caspase-3, caspase-6 and caspase-7. The two pathways are accompanied by typical morphological changes (38). We found that triptolide induced apoptosis in glioma cells. However, further studies will be needed to identify specific apoptosis pathway in glioma cells treated by triptolide. Furthermore, the z-VAD treatment effectively suppressed triptolide-induced cell death. As LC3 is widely used as a marker protein to assess autophagosome formation, Beclin1 is an upstream molecule required for autophagosome formation, and p62 is a ubiquitin-binding receptor protein that is scavenged and degraded by autophagy, we chose to use LC3, Beclin1, and p62 to examine the induction of autophagy (39). The induction of autophagy with triptolide was enhanced, and cell death was increased in response to the 3-MA treatment, suggesting that triptolide induced apoptosis and autophagy in glioma cells and that autophagy may exert a protective effect. To further investigate the crosstalk between apoptosis and autophagy induced by triptolide, 3-MA and z-VAD were used. In this study, we provide the first strong evidence suggesting that triptolide-induced autophagy limits apoptosis, which is beneficial to tumor cell survival in glioma cells. Similar results have been obtained with other tumor cells, including colorectal cancer cells and prostate cancer cells, in which autophagy inhibition mediated apoptosis sensitization, suggesting that autophagy favors the survival of tumor cells and that the processes of apoptosis and autophagy can cross-inhibit each other under certain environmental conditions (40, 41).

Mounting evidence suggests that multifaceted signaling molecules released by mitochondria from the electron transport chain are involved in the development and progression of many types of diseases. For example, the excessive accumulation of ROS, which are included among these signaling molecules, can promote cancer (21, 42). The present findings provide direct evidence that triptolide enhances ROS generation in glioma cells, which, in turn, is responsible for the apoptosis and autophagy induced by triptolide in these cells. This finding is supported by the fact that the ROS scavenger NAC is able to prevent most of these effects. As members of the MAPK pathways, which are some of the numerous downstream cascades of the ROS signaling pathway, JNKs can function as pro-apoptotic kinases that play a critical role in both the extrinsic and intrinsic apoptotic pathways (22, 43). Therefore, we speculated that ROS activated JNK and used the regulators SP, MK and Ra to examine the function of JNK and the Akt/mTOR signaling pathways in triptolide-treated glioma cells. Our results showed that compared to after the treatment with triptolide alone, the cell viability was enhanced, and autophagy and apoptosis were reduced after the SP treatment. MK and Ra produced the opposite effects. These findings suggest that the ROS/JNK signaling pathways were activated, but the Akt/mTOR signaling pathway was inhibited in the triptolide-treated glioma cells. Furthermore, our results showed that NAC, SP, MK, and Ra could affect cell cycle progression; NAC and SP attenuated the triptolide-induced G2/M phase arrest, while MK and Ra greatly increased the G2/M phase arrest in the glioma cells.

In our in vivo study, the 0.2 mg/kg triptolide-treated mice and 0.4 mg/kg triptolide-treated mice demonstrated significantly reduced tumor volumes; in the 0.4 mg/kg triptolide-treated mice, this effect was accompanied by slight weight loss without major visible toxicity, revealing that triptolide could inhibit tumor growth and that high doses of triptolide may have few side effects. In additional, triptolide has not been approved for clinical trials because of its poor water solubility and toxicity. For triptolide to be used clinically in the future, the optimal doses of triptolide need to be cautiously determined.

Collectively, our results indicate that apoptosis and autophagy are critical processes in glioma cells following triptolide treatment. Triptolide can induce apoptosis and autophagy in glioma cells, which has not been previously reported. Furthermore, the role of triptolide-induced autophagy is protective. More importantly, the apoptosis and autophagy induced by triptolide can cross-inhibit each other, and triptolide regulates apoptosis and autophagy by activating the ROS/JNK and suppressing the Akt/mTOR signaling pathways. However, several critical questions remain unanswered. For example, what are the possible targets of ROS that could play a key role in the Akt/mTOR signaling pathway? What are the interactions between autophagy and apoptosis? Answering these questions could be important for identifying the precise molecular mechanism underlying the observed effects.

In conclusion, the results of our in vitro and in vivo studies demonstrate that triptolide can induce apoptosis and autophagy through the activation of the ROS/JNK and the inhibition of the Akt/mTOR signaling pathways. We further demonstrated that the role of autophagy is protective and that apoptosis and autophagy can cross-inhibit each other (Figure 8). These findings suggest that triptolide-induced autophagy is a potential mechanism underlying the effects of triptolide in glioma cells. However, the precise molecular mechanism needs to be characterized in the future as such characterization could be important for further investigations of the antitumor effect of triptolide in glioma cells.


[image: image]

FIGURE 8. Proposed mechanism of triptolide-induced apoptosis and autophagy in glioma cells.
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Aerobic glycolysis plays a decisive role in cancer growth. However, its role in cancer metastasis was rarely understood. Cantharidin a natural compound from an arthropod insect cantharis exerts potent anticancer activity. Here we found cantharidin possesses significant anti-metastatic activity on breast cancer dependent on inhibition of aerobic glycolysis. Cantharidin indicates significant inhibition on migration and invasion of breast cancer cells, angiogenesis in vitro, and inhibits breast cancer cells metastasizing to liver and lung in vivo. Subsequent results revealed that cantharidin decreases the extracellular acidification rates (ECAR) but increases the oxygen consumption rates (OCR) in high metastatic cells, leading to suppression of aerobic glycolysis. This was considered to be due to inhibiting the activity of pyruvate kinase (PK) and further blocking pyruvate kinase M2 (PKM2) translocation in nucleus. Fructose-1,6-bisphosphate (FBP) and L-cysteine can significantly reverse cantharidin inhibition on breast cancer cell migration, invasion, and PKM2 translocation. Furthermore, glucose transporter 1 (GLUT1) forming a metabolic loop with PKM2 is downregulated, as well as epidermal growth factor receptor (EGFR), the regulator of the glycolytic loop. Totally, cantharidin inhibits the PKM2 nuclear translocation and breaks GLUT1/PKM2 glycolytic loop, resulting in aerobic glycolysis transformation to oxidation and subsequent reversing the metastases in breast cancer. Based on inhibiting multi signals mediated aerobic glycolysis, cantharidin could be prospectively used for prevention of metastasis in breast cancer patients.

Keywords: cantharidin, breast cancer, metastasis, aerobic glycolysis, pyruvate kinase M2, glucose transporter 1

Introduction

According to the latest global cancer statistics in 2018, the incidence of breast cancer still following the lung cancer is on the second place and its 6.6% mortality lies first among the cancers of the female (Bray et al., 2018). The breast cancer is also one of the easiest metastasis carcinoma in the clinic. Over 90% of dead patients with breast cancer were confirmed to be due to metastasis (Gupta and Massagué, 2006). At present, although many new therapies such as cancer vaccine (Romero et al., 2016), tumor treating fields (Pless and Weinberg, 2011) and the immunotherapy (Sanmamed and Chen, 2018) become more prevalent for cancer metastasis, the chemotherapy is still the most important way. Specially, screening natural compounds for chemotherapy of metastasis and elucidating its molecular mechanism are also attractive and considerably concerned.

Cantharidin, a sesquiterpenoid bioactive component, is derived from beetles with high toxicity in the family of Meloidae. More than 1,500 beetle species in Meloidae family can secrete cantharidin (Abtahi et al., 2012). The Mylabris cichorii Linnaeus and Mylabris phaleratus Pallas are the most common blister beetles used in traditional Chinese medicine (Wu et al., 2018). Their dried insect bodies were used for more than 2,000 years due to their efficacy in activating blood and removing stasis, treating warts and molluscum through topical administration. And its action against molluscum is due to its high toxicity following the Chinese medicine theory of “fight poison with poison”, leading to subsequent discovery of other activities. In 1980, cantharidin was firstly demonstrated with the anti-cancer activity (Chen et al., 1980). In the past 40 years, the potential of cantharidin has been further explored, and its molecular target to cancer was primarily focused on serine/threonine protein phosphatases 1 and 2A (PP1 and PP2A) (Li and Casida, 1992). Following the extensive research, the critical molecular pathways by which cantharidin induces cancer growth inhibition and cell death were found to be more complicated. Cantharidin can induce cell apoptosis and inhibit the conversion of LC3-I to LC3-II and autophagosome formation by suppressing the expression of Beclin-1 (Li et al., 2017). Cantharidin triggers G2/M arrest and apoptosis by activating the mitochondrial caspase cascade (Huang et al., 2011). Moreover, cantharidin has been shown to increase the level of Bax, inhibit the level of Bcl-2 and survivin expression (Zhang et al., 2005), subsequently resulting in apoptotic cell death (Bonness et al., 2006). Particularly, cantharidin inhibits cancer cell migration and invasion via activating the IKKα/IκBα/NF-κB pathway by inhibiting PP2A activity (Zhou et al., 2018) or suppressing the MMPs (Ji et al., 2015; Shen et al., 2015), suggesting it may be a potential anti-metastatic compound. However, its anti-metastatic mechanism is far less understood.

As cantharidin is from Mylabris containing many active ingredients which have been demonstrated to possess the anti-cancer activity, we firstly made a comprehensive analysis on the Mylabris for assessment of its possible molecular mechanism based on the multidatabases. The enrichment analysis results indicated the most correlative pathway between the targets and active ingredients in Mylabris was focused on the metabolic pathways. Cancer is a metabolic disease and cancer cells prefer to produce energy by aerobic glycolysis to meet their rapid proliferation. Thus, we hypothesized that cantharidin inhibits metastasis possibly dependent on the aerobic glycolysis. Meanwhile, aerobic glycolysis almost controlling the whole process of cancer growth was regulated by many kinases including hexokinase (HK), PK, and phosphofructokinase (PFK). However, their role in cancer metastasis is not completely clear and needs to be further investigated. Here, we found cantharidin inhibiting metastasis is tightly related to inhibition of aerobic glycolysis. And further data indicated that cantharidin can not only block the nuclear localization of PKM2 one isoform of PK, but also inhibit GLUT1-mediated glycolytic signaling, thereby resulting in significant inhibition on the metastasis of breast cancer.

Materials and Methods

Chemicals and Bioreagents

Cantharidin (purity≥98%) was purchased from Chengdu Must Bio-Technology Co., Ltd (Chengdu, China). Modified Eagle Medium (DMEM), fetal bovine serum (FBS), trypsin-EDTA, and penicillin/streptomycin were from Gibco (Gibco, Grand Island, NY, USA). Primary antibodies to PKM2, GLUT1, and MCT1 were obtained from Abcam (Abcam, Cambridge, UK). Antibody against EGFR, PIN1, importin α5, and LDHA were purchased from CST (Cell Signaling Technology, Danvers, MA, USA), MCT4 from Proteintech, and β-actin and PKM from ABclonal (ABclonal, Woburn, MA, USA). D-(+)-Glucose solution, sodium pyruvate solution, and L-glutamine were provided by Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO, USA). Other standard substances were obtained from Yuanye Biotechnology Co., Ltd (Shanghai, China). Glycolysis Stress Test Kit and Cell Mito Stress Test Kit were purchased from Seahorse Biosciences (Seahorse Biosciences, North Billerica, MA, USA).

Cell Lines and Cell Culture

The human breast cancer cell line MDA-MB-231 (with highly metastatic property) and MCF-7 (with lowly metastatic property) from American type culture collection (ATCC) were cultured in DMEM with 10% FBS, and grown in a humidiﬁed-atmosphere incubator with 5% CO2 at 37°C.

Wound Healing Assay

This assay was performed as previously described (Zhu et al., 2015). Briefly, 1.5×106 cells/well breast cancer cells were piped into 6-well plates and grown into fully confluent monolayer culture. Mitomycin C (10 μg/ml) was used for inhibition of cell proliferation for 1 h. Then the confluent monolayer cells were scraped by a sterile pipette tip for wound, and the basal medium was replaced by the fresh medium containing cantharidin (0.1, 0.5, 1, 2 μM) or dimethyl sulfoxide (DMSO). The cell migration photos were taken by the ZEISS microscope, and the wound closure was calculated by Image J 1.5.

Transwell Migration and Invasion Assay

The Corning Transwell system was used for the cell migration and invasion. A transwell chamber coated with or without 1–2 mg/ml Matrigel was used for measuring the cell migration and invasion, respectively. Cancer cells (4×105 cells/transwell) were seeded into the upper chamber with serum-free medium and incubated with cantharidin (0, 0.1, 0.5, 1, and 2 μM), and 800-μl medium containing 30% FBS was piped into the lower chamber. After 24-h incubation at 37°C with 5% CO2, the medium was piped out of the upper chamber and the non-migrating or non-invading cells were removed by a cotton swab. The remaining cells were fixed by 4% paraformaldehyde, stained with 1% crystal violet solution, and washed with PBS. The number of invaded and migrated cells was counted per field of view at 200× magnification.

Tube Formation Assay

The thawed Matrigel was mixed softly with complete medium containing 5×104 of HUVEC by an equal volume ratio. Then it was treated with conditioned medium containing DMSO or different concentrations of cantharidin for 24 h. Finally, the photograph was taken by a ZEISS microscope and the number of completely formed tubes was counted using Image J1.5.

Rat Aortic Ring Assay

According to the method described in previous study (Chen et al., 2011), this assay was performed with a modification. Firstly, thoracic aortas from Sprague–Dawley male rats were cut into 1-mm-wide rings, and ﬂushed with DMEM containing 10% FBS. Then rings were immediately placed into a 48-well plate containing Matrigel: DMEM/F12 complete medium (1:1, v/v) (400 μl per well) and incubated the plate at 37°C till the solution coagulated, followed with adding 200 μl DMEM/F12 complete medium containing DMSO or various concentrations of cantharidin into each well. During the 7-day treatment, tiny vascular vessels sprouting from each ring were carefully observed and photographed by a ZEISS microscope at 40× magnification.

Oxygen Consumption Rates and Extracellular Acidification Rates Analysis

The oxygen consumption rates (OCR) and the extracellular acidification rates (ECAR) were measured using the Seahorse XFe24 Extracellular Flux Analyzer (Seahorse Biosciences, USA) according to the manufacturer’s protocol; 1×104 cancer cells were seeded into a 24-well plate followed with overnight incubation, then treated with various concentrations of cantharidin for 24 h. After the cells were washed with Seahorse assay medium, 10 μM oligomycin, 2.5 μM FCCP, and 5 μM rotenone/antimycin A were automatically and successively injected to measure the OCR. To determine the ECAR, 100 mM glucose, 10 μM oligomycin, and 500 mM 2-deoxy-glucose (2-DG) were added into the solution. The OCR and ECAR values were calculated by a normalization to the cell number.

Metabolites Analysis by HPLC-MS

The metabolites in glycolysis were determined by high performance liquid chromatography-mass spectrometry (HPLC-MS). Cell lysates were extracted in extraction buffer containing methanol: water mix in a 1:1 ratio with 5 mM ammonium acetate in the cold room for 15 min, then scraped and centrifuged at 17,000g for 10 min. Liquid chromatography (Prominence LC-20A) equipped with a tandem quadrupole mass spectrometry (QTRAP®5500, AB Sciex) and a 4.6 mm × 150 mm StableBond column (ZORBAX SB-AQ 5µm; Agilent) was used for metabolic flux analysis. The chromatography condition was: start with 98% solution B (0.1% formic acid in H2O) and 2% solution A (0.1% formic acid in methanol), gradient down to 80% solution B in 4 min, and back to 98% solution B in 4.5 min, then hold up until stop. Data were collected and analyzed by Analyst Software (AB Sciex).

Xenograft Tumor Assay

According to the methods (Zhang et al., 2015), 3×106 cancer cells were injected subcutaneously into the mammary fat pad near the fourth nipple of 6–8 week old BALB/c female mice. The mice were evenly distributed in three groups (8 mice/group), and four additional mice without any treatment (the mice had no injection of tumor cells and treatment with cantharidin, but raised at the same environment) were added as the control group. Except for the mice of the model and untreated groups with 5% glucose injection, other two groups were injected intraperitoneally with cantharidin (0.2 mg/kg, 0.5 mg/kg) every other day. At day 21 post-treatment, the mice were sacriﬁced and the liver and lung were collected for corresponding assays. The mice were purchased from Nanjing Biomedical Research Institute of Nanjing University, Nanjing, China. The study was authorized by the Animal Ethics Committee of Nanjing University of Chinese Medicine.

Western Blot Analysis

This assay was performed according to the method as previously described (Chen et al., 2010). In brief, cancer cells were lysed in cold RIPA buffer after being washed with cold PBS. The lysates were sonicated and centrifuged by 14,000 rpm at 4°C; 20 μg protein was mixed with loading buffer; the mixture was loaded and separated on SDS-polyacrylamide gel. The target protein was then transferred from the Sodium dodecyl sulfate (SDS) gel to a polyvinylidene difluoride (PVDF) membrane. To eliminate the interference of non-specific proteins, the PVDF membrane was incubated with PBS buffer containing 5% non-fat milk. Finally, the membrane was respectively incubated with the corresponding primary antibodies and secondary antibodies. Immunoreactive bands were developed by enhanced chemiluminescence reagent. And the band images were taken by Bio-Rad XRS+ Gel System (Bio-Rad, Hercules, CA, USA). The following antibodies were used for this assay: PKM, PKM2, EGFR, GLUT1, PIN1, importin α5, MCT1, MCT4, lamin B1, and β-actin.

Immunofluorescent Staining

Cells seeded on glass coverslips, which were laid in the bottom of a 6-well plate, were treated with cantharidin for 24 h, then fixed in 4% paraformaldehyde, permeabilized with 0.2% Triton X-100, and blocked in 1% BSA in turn. Next, the coverslips were incubated respectively with corresponding primary antibodies, secondary antibody, and Hoechst nuclear dye. Finally, the coverslips were observed by the Mantra Workstation with fluorescent microscopy and the data were analyzed using inForm 2.1.1 software (PerkinElmer, Waltham, MA, USA).

Immunohistochemistry Staining

Serial sections (5 μm) were cut from formalin-fixed, paraffin-embedded lung, and liver tissues for IHC staining. After retrieving the antigen using citrate buffer (0.01 ml, pH 6.0), the sections were washed and incubated in endogenous peroxidase blockers for 10 min. The sections were then incubated overnight with antibodies at 4°C. After incubating with reaction enhancer before horseradish peroxidase-labeled anti-rabbit/mouse IgG antibody for 20 min at room temperature, the slides were prepared with DAB and analyzed by Mantra Workstation equipped with Olympus BX43 (×200); the positive staining intensities were determined by inForm 2.1.1 software and the mean optical density was calculated.

Statistical Analysis

Each experiment was independently performed three times. The quantified results were determined using Student’s t test and one-way ANOVA with Dunnett test by GraphPad Prism software. P < 0.05 was considered to be statistically significant.

Results

Cantharidin Inhibits the Metastases of Breast Cancer In Vitro and In Vivo

Metastasis was considered a complicated process involving migration, infiltration, hematogenous and lymphatic metastasis, extravasation, and colonization of the secondary sites (Hanahan and Weinberg, 2011). This study demonstrated that cantharidin can block the multimetastatic processes. As shown in Figure 1, cantharidin significantly blocks the horizontal (Figure 1A and B) and vertical migration (Figure 1C and D) in MDA-MB-231 cells in a concentration-dependent manner. Meanwhile, cantharidin also decreases the number of invasive breast cancer cells (Figure 1E). Upon tube formation and rat aortic ring assay, we discovered that cantharidin can decrease the number of completely formed tubes (Figure 1F and G) and reduce the density and length of vascular sprouting (Figure 1H), indicating that angiogenesis can also be inhibited. The effective concentrations of cantharidin are by far less than its IC50 in MDA-MB-231 cells (Figure S1), further highlighting its anti-metastatic activity while avoiding its cytotoxicity.
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Figure 1 | Cantharidin inhibits the metastasis of breast cancer in vitro. (A) Wound healing experiment in MDA-MB-231 cells. (B) Quantitation of wound closure rate. (C–D) Representative photos (200×) of transwell migration assay and quantitation analysis. (E) Representative photos (200×) of transwell invasion assay in MDA-MB-231 cells. (F–G) Representative images (40×) of tube formation from different treated groups. The number of completely formed tubes was quantitated. (H) Rat aortic ring assay with different treatment. Versus control, n = 3. *P < 0.05, **P < 0.01, ***P < 0.001.



In orthotopic transplantation mice of breast cancer, the inhibitory effect of cantharidin on tumor metastasis was verified. Compared with the control group, the metastatic foci in the liver and lung tissues of the model group transplanted with MDA-MB-231 cells were identified clearly (Figure 2A), while 0.5 mg/kg cantharidin significantly reduces the metastatic foci and calcification area of the liver tissues (Figure 2A). Besides, the metastatic nodules could also be found through the ki-67 staining. As indicated in Figure 2B, the number and area of the region containing the metastatic cells in the liver and lung of the model group are more than those in the cantharidin group (0.5 mg/kg).
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Figure 2 | Cantharidin inhibits the metastasis of breast cancer in vivo. MDA-MB-231 cells were transplanted under the fourth mammary nipple. After 21-day treatment of cantharidin (0.2 and 0.5 mg/kg), the liver and lung tissues were collected for analysis of metastatic foci. (A) Representative HE staining images (100×). (B) Representative Ki-67 staining images (100×). Black arrows indicate the metastatic foci.



Cantharidin Inhibits Aerobic Glycolysis

As mentioned above, we firstly utilized the TCMSP website to search the active ingredients in Mylabris, and predicted their possible targets using the online program in the site of PharmMapper. Then we used an online database (QuickGO) and DAVID bioinformatic database for gene ontology (GO) analysis of the putative targets of Mylabris (Binns et al., 2009). The final results indicated that the enriched targets are focused on the metabolic pathways (Figure 3). According to the Warburg effect, the carcinoma prefers to metabolize by an aerobic glycolysis (Teoh and Lunt, 2018). Based on the aforementioned reports, the question has been raised whether cantharidin inhibition on metastasis was related to aerobic glycolysis. Thus, we tested the related parameters on glycolysis in breast cancer cells. Cantharidin no less than 0.5 μM can significantly decrease the ATP contents of breast cancer cells (Figure 4A). The data of ECAR and OCR measured by the XF24 extracellular flux analyzer indicated that cantharidin treatment caused a significant decrease in the ECAR and led to a notable increase in the OCR in MDA-MB-231 cells (Figure 4B), suggesting that cantharidin induces a metabolic transition from glycolysis to mitochondrial oxidative phosphorylation in breast cancer cells with high metastasis. To confirm our supposition, we analyzed three important metabolites in glycolysis process. The results indicated that the uptake of glucose and production of pyruvate, lactate are concentration-dependently inhibited by cantharidin (Figure 4C). Upon the intracellular metabolite analysis, only pyruvate is decreased (Figure 4D). And the similar results were attained in MCF-7 cells (Figure S2). Collectively, cantharidin inhibits cellular glycolytic metabolism in breast cancer cells.
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Figure 3 | The enrichment analysis of putative targets for Mylabris.
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Figure 4 | Cantharidin inhibits the aerobic glycolysis. MDA-MB-231 cells were treated with different concentrations of cantharidin for 24 h, then determined the following parameters using the corresponding reagent kits: (A) the ATP content, (B) the OCR and ECAR, (C) the level of glucose, pyruvate, and lactate. (D) The content of intracellular glycolytic metabolites was detected by HPLC-MS. Versus control, n = 3. *P < 0.05, **P < 0.01, ***P < 0.001.



Cantharidin Inhibits Pyruvate Kinase Activity and PKM2 Nuclear Translocation

HK, PFK, and PK are three key kinases involved in aerobic glycolysis. HK catalyzes the essentially irreversible first step of the glycolytic pathway in which glucose is phosphorylated to glucose-6-phosphate (G6P) via phosphate transfer from ATP (Botzer et al., 2016). PK controls the last step of glycolysis, converting phosphoenolpyruvate (PEP) to pyruvate while phosphorylating ADP to ATP. All the glycolytic enzymes and transporters are overexpressed in cancer cells, with HK, PFK-1, and PKM2 showing the highest overexpression in human breast carcinomas (Moreno-Sánchez et al., 2012). In this study, only the activity of PK is obviously inhibited by cantharidin (Figure 5A); HK and PFK are not affected.
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Figure 5 | Cantharidin inhibits pyruvate kinase activity and PKM2 nuclear importation. MDA-MB-231 cells were treated with different concentrations of cantharidin for 24 h, then measured: (A) the activity of HK, PFK, and PK using the kinase reagent kit. (B) The protein levels of PKM, PKM2 by Western blotting. (C) The PKM2 expression in cytoplasm and nucleus by Western blotting. (D) The nuclear translocation of PKM2 by immunofluorescent analysis, and the representative images were indicated. Versus control, n = 3. *P < 0.05, **P < 0.01.



PK has four isoforms (M1, M2, L, and R), which express in different type cells and tissues. PKM2 expresses in most cells, especially in cancer cells, except adult muscle, brain, and liver, and is the predominant PK in cancer cells (Dong et al., 2016). However, cantharidin has no impact on the expression of PKM and PKM2 (Figure 5B). PKM2 normally presents in the cytoplasm in a homotetramer and acts as a metabolite kinase with high catalytic activity. A dimeric PKM2 form has been recently detected in nuclear extracts; the nuclear translocation stimulates its transcription to regulate the growth, survival, and metastasis of tumor cells (Gao et al., 2012; Filipp, 2013). Thus, PKM2 expression in the cytoplasm and nucleus was determined. Cantharidin significantly reduces the expression of PKM2 in the nucleus, while expression of cytosol PKM2 increases (Figure 5C). The inhibition of PKM2 nuclear translocation was further confirmed in the immunofluorescence test (Figure 5D). We also repeated the same determination in MCF-7 cells and got the similar data (Figure S3). Thus, we thought that PKM2 nuclear translocation mediates cantharidin inhibition of aerobic glycolysis.

Cantharidin Inhibition on PKM2 Can Be Reversed by FBP or L-cysteine

PKM2 fluctuates between two major states: a high active tetrameric form and a less active dimer, which associate with its catalytic activity and protein kinase, respectively. In the above study, we found that cantharidin obviously inhibited PK activity and the nuclear translocation of PKM2. When tetramer activator FBP or dimer activator L-cysteine were added, the inhibitory effect of cantharidin on migration and invasion was clearly reversed (Figure 6A–6C). Interestingly, both FBP and L-cysteine do not affect the inhibition of cantharidin on the uptake of glucose and production of lactate (Figure 6D), but FBP can reverse the inhibition of cantharidin on pyruvate production (Figure 6D). Most importantly, cantharidin inhibition on PKM2 translocation can be reversed by the FBP and L-cysteine as the PKM2 expression just stained in cytoplasm was determined in the whole cell (Figure 6E). Additionally, the similar data in MCF-7 were indicated in Figure S4. All above-mentioned further indicated that cantharidin could suppress PKM2 nuclear translocation, leading to inhibition of metastasis in the finally.
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Figure 6 | FBP and L-cysteine reverses the effect of cantharidin on MDA-MB-231 cells. MDA-MB-231 cells pretreated with FBP (100 μM) or L-cysteine (100 μM) were treated with 1 μM cantharidin for 24 h, then (A, B) cell migration, (C) invasion, and (D) metabolites of breast cancer cells were measured after 24-h treatment. (E) The immunofluorescent staining of PKM2. n = 3, *P < 0.05, **P < 0.01. #P < 0.05, ##P < 0.01, ###P < 0.001.



Cantharidin Inhibits EGFR/GLUT1 Transduced Glycolytic Loop

PKM2 nuclear translocation is also regulated by many signal pathways. One of the effectors pushing PKM2 entry into nuclear is due to activating EGFR and subsequently inducing PKM2 translocating into the nucleus, leading to the upregulation of GLUT1 and LDHA in a positive feedback loop (Yang et al., 2012). In this study, cantharidin does reduce the expression of GLUT1 but LDHA is unchanged in breast cancer cells (Figure 7A and C and Figure S5A). Furthermore, cantharidin obviously downregulates the expression of EGFR (Figure 7A and C), but not the PIN1 and importin α5 (Figure 7A and Figure S5A). Therefore, cantharidin inhibition of PKM2 nuclear translocation is independent on the PIN1 and importin α5, but related to EGFR and GLUT1. Taken together, the EGFR/GLUT1 mediated PKM2-controlled glycolytic loop is broken by cantharidin. In addition, we also found that cantharidin dose-dependently inhibits the expression of MCT4 and MCT1 (Figure 7B and C and Figure S5B), which are responsible for transporting the lactate out of the cells. This further reduces the level of lactate and facilitates inhibition of extracellular glycolytic process and metastasis.
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Figure 7 | Cantharidin inhibits GLUT1 signal pathway. MDA-MB-231 cells were treated with different concentrations of cantharidin for 24 h, then executed: (A) the Western blot assay for determining the expression of EGFR, GLUT1, LDHA, importin α5, and PIN1. (B) The Western blot assay for the expression of MCT1 and MCT4. (C) The quantified analysis of the changed bands in (A) and (B). Versus control, n = 3. *P < 0.005, **P < 0.01.



Discussion

PK plays a pivotal role in the final step of glycolysis and catalyzes PEP to form pyruvate by transferring a phosphate group. PKM2 is a key isoform of the PK that controls the cellular metabolism reprogramming. PKM2, regulated and transduced by many signal pathways, has tetrameric and dimeric forms, indicating high and low affinity to the substrate PEP, respectively (Mazurek et al., 2005). It was demonstrated that the dimeric and tetrameric PKM2 should be transferred mutually. And the allosteric effect of these two forms is directly activated by fructose-1,6-biphosphate (FBP), which is also a glycolytic intermediate product of PK. In cancer cells, dimeric PKM2 with less activity decreases the rate of glycolysis and increases the accumulation of FBP when it accumulated, while tetrameric PKM2 with high activity promoted by FBP increases the rate of glycolysis resulting in PKM2 dimerization (Dombrauckas et al., 2005). As a result, PKM2 was regarded as an attractive target for cancer treatment to interrupt the glycolysis. Furthermore, PKM2 is absolutely involved in the cancer metastasis though the related studies are limited at present. PKM2 signaling mediates the metastasis process, which can be promoted by a highly overexpressed lncRNA in colorectal cancer (Bian et al., 2018). Overexpression of PKM2 can stimulate the metastasis in hepatocellular carcinoma (Liu et al., 2015), or lymphatic metastasis in gastric cancer (Gao et al., 2015). In this study, cantharidin exhibits significant inhibition on the migration and invasion in vitro and breast cancer metastasis in vivo. ECAR-indicative glycolysis is inhibited by cantharidin as well as the ATP production and extracellular lactate, plus with that dimeric PKM2 transformation to tetramer is also blocked, suggesting cantharidin’s interruption on PKM2 nuclear translocation mediates its inhibition of breast cancer metastasis. Of course, the reversed effect of FBP and L-cysteine on cantharidin’s effects further supports the hypothesis.

We also analyzed the mechanism underlying cantharidin’s effect on influencing PKM2 into the nucleus. Yang et al. (2011) discovered EGFR activation induced translocation of PKM2 into the nucleus, where K433 of PKM2 binds to c-Src-phosphorylated Y333 of β-catenin regulating cell proliferation and tumorigenesis. They later reported the specific mechanism of EGFR inducing PKM2 into the nucleus. EGFR-activated ERK2 phosphorylates PKM2 at Ser37, which recruits PIN1 for cis-trans isomerization of PKM2, promotes PKM2 binding to importin α5, and translocating to the nucleus subsequently followed with enhancement of transcription and expression of GLUT1 and LDHA (Yang et al., 2012). The glucose transported into cells by GLUT1 is glycolyzed by a series of enzymes including PK to form pyruvate, and the pyruvate is catalyzed to yield the lactate by LDHA. So the GLUT1/PKM2 mediated glycolytic metabolic loop is linked (Figure 8). Taken together, as indicated in Figure 8, GLUT1 controls the glucose transport, and dimer PKM2 is responsible for the glycolytic metabolism and also enters into the nucleus to promote the transcription of GLUT1 and LDHA, thus forming a glycolytic metabolic loop between GLUT1 and PKM2. Cantharidin inhibits PKM2 dimer transform from tetramer and entry into the nucleus, leading to the decrease of GLUT1 transcription and glucose consumption. Meanwhile, cantharidin only downregulates the expression of EGFR, but has no significant impact on the protein expression of PIN1 and importin α5, suggesting that EGFR may directly regulate GLUT1 or indirectly affect another pathway to mediate cantharidin’s inhibitory effect on the translocation of PKM2 into the nucleus. Furthermore, MCT1 and MCT4 responsible for exporting the intracellular lactate were downregulated by cantharidin, also matching the results that LDHA was unchanged but the extracellular lactate decreased. Totally, cantharidin inhibits multitarget proteins including EGFR, GLUT1, and PKM2 mediated glycolysis and MCTs, interfering the energy metabolism and finally leading to inhibition of breast cancer metastasis.
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Figure 8 | The mechanistic diagram of cantharidin inhibition of GLUT1-mediated PKM2 leading to metastasis blocked.



There are many kinds of mylabris-based and cantharidin-based pharmaceutical preparations on the Chinese market, such as mylabris capsules and disodium cantharidinate injection, all of which have been proved to show good anticancer effects (Dang and Zhu, 2013). A formulation specification for cantharidin patch (Emplastrum cantharides) had been included into the German Pharmacopeia (Thomas, 1926). Cantharidin has an excellent therapeutic effect on many kinds of tumors, but the clinical application of this vesicant compound was still limited by its insolubility, short half-life in circulation, and violent toxicity. Given its high toxicity, a lot of derivatives of cantharidin have been synthesized to avoid its toxicity but highlight its efficacy (Liu and Li, 1980; Zeng and Lu, 2006). Cantharidin already indicated anti-metastatic activity in low concentration of 1 μm far less than its IC50 cytotoxicity concentration. These implied that cantharidin particularly its derivatives would be potent anti-metastatic agents with highly applicable value in clinical setting.
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FIGURE S1 | The cell viability of breast cancer cells treated with cantharidin. The cells with a density of 104 cells/well were seeded into 96-well plates. After incubated overnight, the cells were exposed in the solution of cantharidin (0–80 μM) for 24 or 48 h. Then 20 μl MTS reagent was piped into the plate wells for chromogenic reaction. Finally, the optical density was measured at 570 nm by a BioTek microplate reader (BioTek Corporation, VT, USA) and the cell viability was calculated by the formula cell viability (%) = ODtreatments/ODcontrol *100%.

FIGURE S2 | Cantharidin inhibits the aerobic glycolysis. MCF-7 cells were treated with different concentrations of cantharidin for 24 h, then determined the following parameters using the corresponding reagent kits: (A) the ATP content, (B) the OCR and ECAR, (C) the level of glucose, pyruvate, and lactate. (D) The content of intracellular glycolytic metabolites was detected by HPLC-MS. Versus control, n = 3. *P < 0.05, **P < 0.01, ***P < 0.001.

FIGURE S3 | Cantharidin inhibits pyruvate kinase activity and PKM2 nuclear importation. MCF-7 cells were treated with different concentrations of cantharidin for 24 h, then measured: (A) the activity of HK, PFK, and PK using the kinase reagent kit. (B) The protein levels of PKM, PKM2 by Western blotting. (C) The PKM2 expression in cytoplasm and nucleus by Western blotting. (D) The nuclear translocation of PKM2 by immunofluorescent analysis, and the representative images were indicated. Versus control, n = 3. *P < 0.05, **P < 0.01.

FIGURE S4 | FBP and L-cysteine reverses the effect of cantharidin. MCF-7 cells pretreated with FBP (100 μM) or L-cysteine (100 μM) were treated with 1 μM cantharidin for 24 h, then (A, B) cell migration, (C) invasion, and (D) metabolites of breast cancer cells were measured after 24-h treatment. (E) The immunofluorescent staining of PKM2. n = 3, *P < 0.05, **P < 0.01. #P < 0.05, ##P < 0.01, ###P < 0.001.

FIGURE S5 | Cantharidin inhibits GLUT1 signal pathway. MCF-7 cells were treated with different concentrations of cantharidin for 24 h, then executed: (A) the Western blot assay for determining the expression of EGFR, GLUT1, LDHA, importin α5, and PIN1. (B) The Western blot assay for the expression of MCT1 and MCT4.
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Paclitaxel (PTX) is widely used as a front-line chemotherapy for breast cancer treatment. However, its clinical applications are limited by the development of chemoresistance. The objective of this study was to investigate the reversal effects of ursolic acid (UA) on PTX resistance and the possible mechanisms in breast cancer. The role of miRNA-149-5p/MyD88 in the regulation of PTX resistance was investigated by the transfection of breast cancer cells with MDA-MB-231 (231) and MDA-MB-231/PTX-resistance (231/PTX) with lentiviruses carrying the MyD88 gene, shRNA specific for MyD88, the miR-149-5p gene, and shRNA specific for miR-149-5p. The PTX sensitivity was assessed by a CCK-8 assay. qRT-PCR and Western blot analyses were used to detect changes in the mRNA and protein levels. Flow cytometry was used to measure the rate of cell apoptosis. A luciferase activity assay was used to detect the binding site of miR-149-5p on the 3′UTR of MyD88. 231/PTX cells were injected into the flanks of female athymic nude mice, and the mice were randomly divided into the five following groups: PBS, PTX (low), PTX (high), UA, and PTX+UA. Our data show that UA reversed the resistance of breast cancer 231/PTX cells to PTX in vitro and in vivo. UA treatment significantly increased the expression of miR-149-5p, which was lower in 231/PTX cells than in 231 cells. Furthermore, the overexpression of miR-149-5p increased the sensitivity of 231/PTX cells to PTX treatment, whereas the knockdown of the miR-149-5p gene attenuated the effects of UA on the regulation of PTX sensitivity. A luciferase assay demonstrated that miR-149-5p could directly regulate the transcriptional activity of MyD88, a known PTX-resistance gene, by targeting the 3′UTR of MyD88. Meanwhile, the downregulation of MyD88 through the overexpression of miR-149-5p or UA treatment inhibited the activation of the Akt signaling pathway in 231/PTX cells. Thus, our data indicate that UA can reverse PTX resistance by targeting the miRNA-149-5p/MyD88 axis in breast cancer cells.

Keywords: ursolic acid, paclitaxel, breast cancer, resistance, miR-149-5p, MyD88


INTRODUCTION

Breast cancer is one of the most common clinical cancers in the world, and it is also the main cause of cancer-related death in women (1). As a microtubule stabilizer with good tolerability, PTX is widely used to treat breast cancer; however, its therapeutic efficacy is limited, due to the development of resistance (2). Thus, a better understanding of the mechanisms underlying PTX resistance and attempts to reverse their resistance effectively are crucial for improving patients' treatment options and prognosis.

Our previous work (3) demonstrated that the expression of MyD88 was increased in breast cancer tissues, and its expression level was correlated with PTX resistance. Furthermore, our data showed that the downregulation of MyD88 expression could significantly enhance PTX chemosensitivity in both breast cancer MCF-7 cells, lung cancer A549 cells (4), and ovarian cancer A2780 cells (5). Therefore, searching for molecules or drugs that can effectively inhibit the expression of MyD88 can help reverse PTX resistance.

MicroRNAs (miRNAs) are single-stranded non-coding RNAs that silence genes by binding to the complementary sequences located in the 3′UTRs of their target mRNAs (6, 7). MiRNAs are hypothesized to regulate up to 30% of human gene expression, although they account for only ~1% of all human genes (8–12). Our previous study showed that the downregulation of miR-149-5p increased the level of MyD88, and consequently, PTX chemosensitivity was significantly decreased (6). It was also reported that miR-149 can directly target the 3′UTR of MyD88 and the posttranscriptional regulation of MyD88 protein expression, which indicated that miR-149 may be a key regulator in macrophage TLR/MyD88 signaling (13). However, it remains unclear whether miR-149 can regulate PTX resistance in breast cancer by regulating MyD88 transcriptional activity.

UA is a pentacyclic triterpene acid that is widely distributed in medicinal and edible plants, such as apples and other waxy shell fruits (14). Recent studies (15–19) and our previous research (20) have demonstrated that UA can inhibit the growth of many human cancer cell lines, such as those of breast cancer, gastric cancer, liver cancer, and skin cancer. UA is considered a potential chemotherapeutic agent suitable for cancer treatment. Additionally, research has shown that UA attenuates PTX resistance through multiple pathways (21). Our preliminary study showed that MyD88 was implicated in PTX sensitivity in breast cancer and that UA increased the expression of miR-149-5p and subsequently decreased the expression of MyD88.

Therefore, the aim of this study was to further elucidate the reversal effects of UA on PTX chemoresistance and the possible mechanisms in breast cancer. Human breast cancer cell lines, 231, and 231/PTX, were utilized to investigate the antitumor effects of UA with regards to PTX treatment in vitro in human breast cancer cells. Breast cancer xenografts of nude mice were selected for in vivo studies. Our work indicates that UA could reverse PTX resistance in breast cancer by modulating miR-149-5p and MyD88 expression, which sheds light on the improvement of breast cancer chemotherapy and provides evidence for further clinical investigation.



MATERIALS AND METHODS


Cell Cultures

Human MDA-MB-231 and MDA-MB-231 PTX-resistant cell lines (obtained from Shanghai Gene Biochemistry Co., Ltd.) were maintained in Leibovitz's L-15 Medium (Gibco Industries, Inc.) with 10% fetal bovine serum at 37°C in a humidified atmosphere.



Cell Proliferation Assays

The cell proliferation was measured by using a Cell Counting Kit-8 (CCK-8, Dojindo, Japan) to generate a growth curve. The cells were seeded at 0.6 × 104 cells per well in a 96-well plate and were incubated overnight. The cells were then treated with various concentrations (0, 5, 10, 20, 40, 80, 160, and 320 μM) of PTX (MedCham Express, dissolved in DMSO), with or without UA (20 μM, Selleck, Houston, United States) for 48 h, and the appropriate controls were treated with DMSO at the same concentrations. The cell proliferation per well was determined by CCK-8 solution, and the optical density was measured at 450 nm.



RNA Extraction and Quantitative Real-Time PCR (qRT-PCR)

The total mRNA was isolated using the TRIzol Reagent Kit, and the PrimeScript RT Reagent Kit (Takara Bio, Inc.) was used for reverse transcription. The miRNA was extracted using the miRNA Extraction Kit (Tiangen Bio, Shanghai, China), and the expression of mature miRNAs was assayed using stem-loop RT. The gene expression level was measured by a qRT-PCR system (StepOne Plus; Applied Biosystems, USA). GAPDH and U6 snRNA were used to normalize the relative amount of each target gene or each miRNA separately. The relative expression was calculated by the 2−ΔΔCt method. The primers used are shown in Table 1.



Table 1. Nucleotide sequences of primers used for qRT-PCR reactions.
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Western Blot Analysis

We lysed the cells using a protein extraction reagent (Beyotime, Jiangsu, China) in the presence of protease inhibitor, and the protein concentration was measured using a BCA Protein Assay Kit (Beyotime, Jiangsu, China). Soluble lysates containing ~50 μg proteins per sample were resolved by SDS/PAGE gel and transferred to a PVDF membrane (Merck Millipore). Blocking was performed for 2 h with 5% fat-free milk in TBST, and the membranes were incubated with primary antibodies against β-actin (Beyotime), MyD88 (CST), Akt (CST), PAkt (CST), PI3K (CST), Bax (CST), and Bcl-2 (CST) overnight at 4°C; then, the membranes were incubated with secondary antibodies (1:1000) at room temperature for 1 h. After extensive washing with TBST, the immunoblot was detected with enhanced chemiluminescence (Pierce Biotechnology).



Apoptosis Assay

After drug treatment for 48 h, the 231 and 231/PTX cells were collected and suspended in binding buffer and then stained with Annexin V-Phycoerythrin (BD Biosciences) for 15 min at room temperature in the dark. Subsequently, the cells were analyzed by flow cytometry using Calibur (BD Biosciences) within 1 h.



Construction of the MyD88 and miR-149-5p Lentiviral

The human MyD88 cDNA and siRNA sequences against MyD88 were synthesized by GenePharma (Shanghai, China), and the approach was described as previously reported (4). The overexpression constructs of MyD88 and the control were designated MyD88-OE and MyD88-NC, and the knockdown of MyD88 and the control were designated MyD88-KD and MyD88-NC, respectively. The siRNA sequences against miRNA-149-5p (5′-GGGAGUGAAGACACGGAGCCAGA-3′) were constructed with the LV3-pGLV-GFP/puro lentiviral by GenePharma (Shanghai, China), and the whole gene of miRNA-149-5p synthesized by Gene (Shanghai, China) was subcloned into the hU6-MCS-Ubiquitin-EGFP/Puro lentiviral vector.



Dual-Luciferase Reporter Assay

The wild-type (WT) and mutated (Mut) MyD88 3′UTR luciferase reporter vectors were constructed by cloning the gene sequence into a GV272-promoter vector (synthesized by Gene, Shanghai, China). The miR-149-5p mimics were also synthesized by Gene, Shanghai, China. 231/PTX cells (2 × 105) were co-transfected with 0.5 μg of miR-149-5p mimics using either the GV272-MyD88-WT or GV272-MyD88-Mut construct. To monitor the transfection efficiency, the plasmid (0.05 μg) expressing Renilla luciferase was also co-transfected into each sample. After 48 h, the cells were collected, and the luciferase activity assay was measured using the dual-luciferase reporter assay system (Promega, USA).



Tumor Xenograft Model

231/PTX cells were suspended in PBS and injected (3 × 106) into the flanks of female athymic nude mice subcutaneously (6 weeks old). Ten days after injection, PTX or UA was administered. We randomized the mice into the following five groups (n = 6 per group): (1) control: PBS (100 μL every 3 days, ip), (2) PTX (low): PTX (10 mg/kg every 3 days, ip), (3) PTX (high): PTX (20 mg/kg every 3 days, ip), (4) UA: UA (10 mg/kg every 3 days, ip), and (5) combination: PTX (10 mg/kg every 3 days, ip) plus UA (10 mg/kg every 3 days, ip). The animals were treated for 3 weeks, and the tumor sizes and body weights were measured every 3 days. The tumor volume (V) was calculated by the formula V = L × W2 × 0.5 (L represents the length of tumor; W represents the width of tumor). The tumors were dissected out of the mice 3 days after the final drug administration, weighed, and photographed. The animal experiment followed the approval of the institutional animal care and use committee of Putuo District Center Hospital (Shanghai, China).



Statistical Analysis

The data were analyzed using GraphPad Software and SPSS version 21.0 software. Student's t-test was used to calculate the significance, and statistically significant differences were defined as p < 0.05.




RESULTS


UA Reverses PTX Resistance in Breast Cancer 231/PTX Cells

The PTX-resistant breast cancer cell line 231/PTX was established by Shanghai Gene Biochemistry Co., Ltd. The CCK-8 assay showed that the 231/PTX cells were significantly resistant to PTX treatment compared to the resistance of the 231 cells, as evidenced by the fact that the half-maximal inhibitory concentration (IC50) values of the 231 and 231/PTX cells, which were 74.05 and 348.96 μM, respectively (Figure 1A). Additionally, we compared the apoptosis rate between 231/PTX and 231 cells treated with PTX, and the results showed that the apoptosis rate of the 231/PTX cells was significantly decreased compared to that of the 231 cells (Figure 1B). Meanwhile, the expression of the apoptosis gene Bax was significantly decreased, while the expression of Bcl-2 was increased in 231/PTX cells compared with those in 231 cells (Figure 1C). The low-toxic concentrations (survival rate higher than 90%) of UA in these cells were determined by the CCK-8 method, and the results showed that the maximum concentrations of UA that can be used for the reversal assays can be up to 25 μM (Figure 1D).
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FIGURE 1. UA reverses the PTX resistance of breast cancer 231/PTX cells. (A) The inhibition of 231 and 231/PTX cell growth by PTX. (B) Apoptosis in 231 and 231/PTX cells after treatment with PTX. (C) Real-time PCR and Western blot analyses of the Bax and Bcl-2 mRNA and protein levels in 231 and 231/PTX cells, respectively. (D) The inhibition of 231 and 231/PTX cell growth by UA. (E) The inhibition of cell growth by PTX in 231/PTX cells after UA pretreatment. (F) Apoptosis in 231/PTX cells treated with PTX after UA pretreatment. (G) Real-time PCR and Western blot analyses of bax and bcl-2 mRNA and protein levels after UA and PTX treatment, respectively. The results (means ± SDs) were from at least three independent experiments. * p < 0.05 vs. the control group, **p < 0.01 vs. the control group.



Further, studies were performed to explore whether UA could enhance the PTX effects on 231/PTX breast cancer cells when exposed to PTX and UA individually or in combination. As shown in Figures 1E,F, at concentrations of 20 μM, UA significantly enhanced the inhibition of cell growth and augmented the apoptosis of 231/PTX cells after treatment with PTX. Furthermore, the expression level of Bax was significantly increased and the Bcl-2 level was decreased in 231/PTX cells treated with PTX plus UA compared with the levels in cells treated with PTX only (Figure 1G).These results suggest that UA could reverse PTX resistance in breast cancer cells.



UA Reverses PTX Resistance Through the Upregulation of miR-149-5p

In our previous study, we found that miR-149-5p played an important role in mediating tumor PTX resistance, so we detected the level of miR-149-5p in 231/PTX cells, and the results showed that the expression of miR-149-5p in 231/PTX cells was decreased significantly compared with that in 231 cells (Figure 2A). Furthermore, to explore whether UA reversed PTX resistance by targeting miR-149-5p in breast cancer cells, we evaluated the effects of UA on the expression of miR-149-5p, and the results showed that the level of miR-149-5p in 231/PTX cells was increased significantly compared to that in the 231/PTX control cells after treatment with UA (Figure 2B).
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FIGURE 2. UA upregulates miR-149-5p to reverse 231/PTX cell resistance. (A) Real-time PCR analysis of miR-149-5p in 231 and 231/PTX cells. (B) Changes in the expression level of miR-149-5p in 231/PTX cells after treatment with UA. (C) The expression level of miR-149-5p in 231/PTX cells transfected with the miR-149-5p overexpression lentivirus. (D) The inhibition of 231/PTX cell growth by PTX treatment after the overexpression of miR-149-5p. (E) 231/PTX cell apoptosis after treatment with PTX and the overexpression of miR-149-5p. (F) The expression level of miR-149-5p in 231 cells transfected with the miR-149-5p inhibition vector. (G) The inhibition of 231 cell growth by PTX after the downregulation of miR-149-5p. (H) Apoptosis in 231 cells treated with PTX after the downregulation of miR-149-5p expression. (I) The expression of miR-149-5p in 231/PTX cells transfected with the miR-149-5p inhibition vector. (J) The inhibition of 231/PTX cell growth by PTX treatment in cells with downregulated miR-149-5p expression after UA pretreatment. The results (means ± SDs) were from at least three independent experiments. *p < 0.05 vs. the control group, **p < 0.01 vs. the control group.



To confirm the efficacy of miR-149-5p on reversing PTX resistance in breast cancer cells, we used a lentivirus expressing miR-149-5p to achieve the overexpression of miR-149-5p in 231/PTX cells. qRT-PCR analysis showed that the miR-149-5p level in 231/PTX cells transfected with the miR-149-5p overexpression vector was notably higher than that in 231/PTX control cells (Figure 2C). The proliferation of 231/PTX cells overexpressing miR-149-5p in the presence of PTX was significantly inhibited (Figure 2D), while the apoptosis rate was significantly increased compared to those in the control cells (Figure 2E). Additionally, we used a lentiviral containing shRNA to specifically target and stably knockdown the expression of miR-149-5p in 231 cells. The results from real-time PCR analysis showed that the miR-149-5p expression level was significantly decreased (Figure 2F), and the inhibition of the proliferation and apoptosis rate of 231 cells was significantly decreased after treatment with PTX compared to those of the untreated cells (Figures 2G,H). These results suggest that the overexpression of miR-149-5p increased the sensitivity of breast cancer cells to PTX.NF

To further verify the efficacy of UA on the reversal of PTX resistance by targeting miR-149-5p, we transfected 231/PTX cells with a lentivirus to stably suppress miR-149-5p expression in 231/PTX cells. qRT-PCR analysis showed that the miR-149-5p level was significantly decreased in 231/PTX cells transfected with the miR-149-5p lentivirus compared with the level in the 231/PTX control cells (Figure 2I). The CCK-8 results showed that the inhibition of the 231/PTX cell proliferation in cells with miR-149-5p suppressed was decreased, compared to that of the control cells after the UA and PTX combination treatment (Figure 2J). The results indicated that UA was unable to effectively reverse PTX resistance in 231/PTX cells when the expression of miR-149-5p was suppressed. It is conceivable that UA reverses PTX resistance through the regulation of miR-149-5p expression in breast cancer cells.



MyD88 Is a Target Gene of miR-149-5p in Breast Cancer Cells

Bioinformatics analysis by TargetScan and miRanda indicated that the 3′UTR of MyD88 had binding sites for miR-149-5p. To assess whether miR-149-5p was involved in the regulation of MyD88 expression in 231 and 231/PTX cells, we detected the expression level of MyD88 by qRT-PCR and Western blot analyses. As shown in Figure 3A, the expression level of MyD88 was significantly decreased in 231/PTX cells overexpressing miR-149-5p, while the expression level of MyD88 was increased in 231/PTX cells with miR-149-5p knocked down (Figure 3B) compared to the expression level in the control cells. Additionally, there was a significant increase in the MyD88 expression level after the downregulation of miR-149-5p expression in 231 cells (Figure 3C). The results were indicative of the ability of miR-149-5p to alter MyD88 expression levels in 231/PTX and 231 cells.
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FIGURE 3. miR-149-5p targeted regulation of MyD88. (A) The expression level of MyD88 in 231/PTX cells after the overexpression of miR-149-5p. (B) The expression level of MyD88 in 231/PTX cells after the knockdown of miR-149-5p. (C) The expression level of MyD88 in 231 cells after the knockdown of miR-149-5p. (D) The miR-149-5p target sequences of MyD88. (E) A luciferase reporter assay in 231/PTX cells and 293 T cells. The results (means ± SDs) were from at least three independent experiments. **p < 0.01 vs. the control group.



To further determine whether miR-149-5p directly targets MyD88, we used a dual-luciferase reporting system with either the wild-type or mutant 3′UTR of MyD88, which contains the binding site of miR-149-5p (Figure 3D). The results showed that the luciferase activity was markedly decreased in the 231/PTX cells co-transfected with the miR-149-5p mimic and the wild-type 3′UTR of MyD88 compared with the luciferase activity in the 231/PTX cells co-transfected with the miR-149-5p mimic and the mutant 3′UTR of MyD88 (Figure 3E), which indicates that miR-149-5p can negatively regulate MyD88 expression by binding to its 3′UTR.



Chemoresistance of 231/PTX Cells to PTX Is Reversed After the Downregulation of MyD88

To clarify whether MyD88 mediates the PTX resistance in 231/PTX cells, we measured the expression level of MyD88 in 231/PTX cells. The results showed that the level of MyD88 in 231/PTX cells was increased compared to that in 231 cells (Figure 4A). Furthermore, a lentiviral containing shRNA was used to specifically target and stably knockdown the expression level of MyD88 in 231/PTX cells. qRT-PCR and Western blot analyses were used to show that the expression level of MyD88 was significantly decreased in 231/PTX cells transfected with MyD88-specific shRNA compared with that in the 231/PTX control cells (Figure 4B).
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FIGURE 4. Reversed chemoresistance of 231/PTX cells to PTX after the downregulation of MyD88 expression via the PI3K/Akt pathway. (A) The mRNA and protein expression levels of MyD88 in 231 and 231/PTX cells. (B) The mRNA and protein expression of MyD88 in 231/PTX cells transfected with MyD88 RNAi lentivirus (MyD88-KD) or control lentivirus (MyD88-NC) (C) The inhibition of 231/PTX cell growth by PTX treatment after the downregulation of MyD88 expression. (D) Apoptosis in 231/PTX cells treated with PTX after the downregulation of MyD88 expression. (E) Western blot analysis of Bax, Bcl-2, PI3K, Akt, and P-Akt in 231/PTX MyD88-KD cells (transfected with MyD88 RNAi lentivirus), 231/PTX MyD88-NC cells (transfected with RNAi control lentivirus), 231/PTX miR-149-5p-OE cells (transfected with miR-149-5p overexpression lentivirus), 231/PTX miR-149-5p-NC cells (transfected with overexpression control lentivirus),231/PTX miR-149-5p-OE+MyD88-OE cells (transfected with miR-149-5p overexpression lentivirus plus MyD88 overexpression lentivirus),231/PTX miR-149-5p-OE+MyD88-NC cells (transfected with miR-149-5p overexpression lentivirus plus control lentivirus). The results (means ± SDs) were from at least three independent experiments. *p < 0.05 vs. the control group, **p < 0.01 vs. the control group.



We found that the proliferation of 231/PTX cells was significantly inhibited by PTX when the expression level of MyD88 remained at a lower level (Figure 4C), suggesting that the decreased MyD88 expression level could increase the sensitivity of 231/PTX cells to PTX. To confirm whether the expression level of MyD88 can change the apoptosis rate of 231/PTX cells after PTX treatment, we detected the apoptotic changes of 231/PTX cells by annexin V after treatment with PTX for 48 h, and the percentage of apoptotic cells was significantly increased for the shRNA-transfected 231/PTX cells (Figure 4D), compared with that of the control cells.

Our previous study indicated that Akt activation may be related to PTX-induced apoptosis (3). Furthermore, we investigated the roles of MyD88 and miR-149-5p in the regulation of Akt activation in 231/PTX cells. The results showed that both the knockdown of MyD88 and the overexpression of miR-149-5p greatly inhibited the activation of the Akt pathway in 231/PTX cells (Figure 4E). Additionally, the expression level of the apoptotic gene Bax was increased, while that of Bcl-2 was significantly decreased in 231/PTX cells with the suppression of MyD88 (Figure 4E). Further, our results showed that after re-overexpression of MyD88 in miR-149-5p OE 231/PTX cells, the role of miR-149-5p in regulating Akt pathway was inhibited, which demonstrated that miR-149-5p suppresses the Akt pathway by targeting MyD88 (Figure 4E).



UA Regulates MyD88 to Reverse PTX Resistance

To explore whether UA reversed PTX resistance by targeting MyD88 in breast cancer, we evaluated the effect of UA on the expression of MyD88. The results showed that the expression of MyD88 was significantly decreased in 231/PTX cells after UA treatment (Figure 5A). Also, after down-expression of miR-149-5p, the effect of UA on decreasing the expression of MyD88 was inhibited, which indicated that UA inhibited MyD88 expression through targeting miR-149-5p (Figure 5B). It was evident that UA may regulate MyD88 to reverse PTX resistance. To verify the efficacy of UA on the reversal of PTX resistance by targeting MyD88, we used a lentivirus containing MyD88 to stably overexpress MyD88 in 231/PTX cells. qRT-PCR and Western blot analyses showed that the MyD88 expression level in the 231/PTX cells transfected with the MyD88 lentiviral was significantly higher than that in the control cells (Figure 5C). The CCK-8 results showed that the overexpression of MyD88 decreased the inhibition of 231/PTX cell proliferation after the UA and PTX combination treatment compared to that of the control cells (Figure 5D). We further explored the percentage of apoptosis by flow cytometry, and the results showed that the apoptosis rate of 231/PTX cells overexpressing MyD88 was decreased after UA and PTX combination treatment compared to that of the control cells (Figure 5E). These results indicate that UA was incapable of effectively reversing PTX resistance in 231/PTX cells with the pre-existing overexpression of MyD88. UA reverses PTX resistance through the upregulation of MyD88 expression in breast cancer cells.
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FIGURE 5. UA regulates MyD88 expression to reverse PTX resistance. (A) Changes in the MyD88 mRNA and protein levels in 231/PTX cells after UA treatment. (B) The changes in the MyD88 mRNA and protein levels were examined after the 231/PTX miR-149-5p-KD and miR-149-5p-NC cells were treated with UA. (C) Changes in the MyD88 mRNA and protein levels after MyD88 overexpression. (D) The growth inhibition of 231/PTX cells treated with UA plus PTX after MyD88 overexpression. (E) The apoptosis of 231/PTX cells treated with UA plus PTX. The results (means ± SDs) were from at least three independent experiments. *p < 0.05 vs. the control group, **p < 0.01 vs. the control group.





UA Reverses the PTX Resistance of Breast Cancer Cells in vivo

The above results demonstrated that UA reversed the PTX resistance by targeting miR-149-5p/MyD88 in vitro. To validate the results in vivo, a breast cancer xenograft model was established by subcutaneous inoculation in nude mice. We then tested the effects of PTX (10 and 20 mg/kg separately), UA (10 mg/kg), and the combination of UA (10 mg/kg) and PTX (10 mg/kg) on tumor growth inhibition.

There were no significant differences in the body weight development of the mice in the different treatment groups (Figure 6A), while the development of tumor volume in the combination group of UA (10 mg/kg) and PTX (10 mg/kg) was slower than those in the other groups (Figure 6B). As shown in Figures 6C,D, the tumor sizes and tumor weights in the combination group of UA (10 mg/kg) and PTX (10 mg/kg) were smaller than those in the individually-treated groups. These two parameters were found to be even smaller than those in the group treated with a high dose of PTX (20 mg/kg). Furthermore, the expression level of the apoptotic gene Bax was significantly increased, while the expression level of Bcl-2 was decreased in tumor tissues treated with PTX plus UA compared with the expression levels of cells treated with PTX only (Figure 6E). Taken together, these results demonstrate that UA can enhance the in vivo antitumor effects of PTX.
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FIGURE 6. UA reverses PTX resistance in vivo. (A) The growth curve of the nude mouse's body weight. (B) Changes in tumor volume with time after tumor cell inoculation. (C) Images of tumors were taken at the same scale on the 28th day after inoculation. (D) The tumor volume and weight on the 28th day after implantation. (E) Western blot analysis of the Bax and Bcl-2 protein levels extracted from nude mouse tumors. The results (means ± SDs) were from at least three independent experiments. *p < 0.05 vs. the control group, **p < 0.01 vs. the control group.






DISCUSSION

PTX is a first-line chemotherapeutic agent for breast cancer treatment, but the efficacy of PTX is limited by the resistance that is inevitably acquired after long-term exposure. However, there are no biomarkers to predict the clinical responsiveness or resistance of breast cancer to PTX treatment, and the development of new molecules or drugs for breast cancer screening and treatment is urgently needed. In this study, we aimed to explore a candidate compound, ursolic acid, that can effectively reverse the PTX resistance of breast cancer cells, to elucidate its molecular mechanism.

The molecular analysis of miRNAs is helpful to develop appropriate clinical lab diagnostic methods and to understand the molecular mechanisms of chemoresistance (22, 23). It has been reported that miRNAs play a critical role in regulating gene expression during chemotherapy treatments, as miRNAs can directly target the protein-coding genes and can inhibit the genes required for signaling pathways or drug-induced apoptosis; multiple miRNAs are considered critical for the control of drug resistance (24). Previous studies have shown that miR-149 is downregulated in breast cancer tissue (25) and in many other types of cancer tissues (26–28); in addition, miR-149 plays a key role in the suppression of cancer by targeting multiple oncogenes that regulate tumor-related processes. Moreover, studies have indicated that miR-149 plays a key role in reversing chemoresistance to chemotherapeutic agents, such as cisplatin, 5-fluorouracil and gefitinib (29–31). However, no studies have reported the role of miR-149 in PTX resistance in breast cancer cells. In this study, we found that the expression level of miR-149-5p was significantly decreased in 231/PTX cells compared to that of the control cells and that a strong inverse correlation was observed between the expression levels of miR-149-5p and MyD88. In addition, our results demonstrate that the overexpression of miR-149-5p can effectively enhance PTX-induced cell apoptosis by inhibiting the expression of MyD88 and by inhibiting the PI3K/Akt signaling pathway, which suggests that this may be an effective strategy for the treatment of PTX resistance to restore the miR-149-5p expression levels in breast cancer cells.

Studies have shown that MyD88 plays an important role in mediating the development of cancer and PTX resistance (32, 33). Our previous studies have also found that the expression of MyD88 was increased in breast cancer tissues and that the sensitivity of breast cancer cells to PTX was significantly increased after the regulation of the MyD88 expression (34). In this study, we found that the upregulated expression of MyD88 in 231/PTX cells could effectively reverse the resistance of 231/PTX cells to PTX. Furthermore, to clarify the molecular mechanism of MyD88 in mediating PTX resistance, we screened for potential regulators that were previously reported in the literature; for example, it was reported that miR-149 could regulate MyD88 in macrophages (14). As expected, we concluded that MyD88 serves as a target of miR-149-5p in breast cancer 231/PTX cells, and the luciferase reporter gene experiments showed that miR-149-5p directly targeted the 3′UTR of MyD88.

PI3K/Akt is an important signaling pathway that is activated in PTX-resistant prostate and breast cancers (34, 35). Our results showed that the PI3K/Akt pathways were inhibited after the downregulation of MyD88 or the overexpression of miR-149-5p, compared to that in the control cells; in addition, our results showed that the expression of Bax was increased while the expression of Bcl-2 was decreased in 231/PTX cells compared to those in the control cells, which suggests that MyD88 mediated PTX resistance through the PI3K/Akt pathway in breast cancer cells.

To date, there are several methods to treat PTX-resistant cancers, such as treatment with microtubule-targeting agents, CDK1, autophagy inhibitors, or apoptosis modulators, or by reducing the drug efflux (36–38). However, there are currently no studies reporting the single drug reversal effects of PTX resistance in breast cancer cells. Thus, we attempted to identify and develop potential therapeutic options for PTX resistance in breast cancer with traditional Chinese monomers. UA is a pentacyclic triterpenoid derived from the berries, leaves, and fruits of medicinal plants, such as rosemary and calla (39); UA has been reported to inhibit tumorigenesis (40) and to suppress tumor angiogenesis effectively (41). In this study, we found that a safe concentration of UA significantly reversed the resistance of 231/PTX cells to PTX. To further investigate the mechanism of UA's reversal effect, we determined the expression levels of miR-149-5p and MyD88 in 231/PTX cells after treatment with UA, and our results show that UA can increase the level of miR-149-5p and can decrease the level of MyD88 in 231/PTX cells. Furthermore, the 231/PTX cell xenograft model in nude mice proved the reversal efficacy of UA in vivo.

In summary, we reported the reversal effect of UA on PTX resistance in human breast cancer cells and its underlying mechanisms. Our results showed that UA can effectively increase the expression level of miR-149-5p, while the overexpression of miR-149-5p can effectively reverse PTX resistance by inhibiting the expression of MyD88. Taken together, our data suggest that the UA and PTX combination therapy may be an effective strategy to overcome clinical breast cancer cell resistance to PTX.
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Caffeic acid (CA) is a phenolic compound synthesized by all plant species and is present in foods such as coffee, wine, tea, and popular medicines such as propolis. This phenolic acid and its derivatives have antioxidant, anti-inflammatory and anticarcinogenic activity. In vitro and in vivo studies have demonstrated the anticarcinogenic activity of this compound against an important type of cancer, hepatocarcinoma (HCC), considered to be of high incidence, highly aggressive and causing considerable mortality across the world. The anticancer properties of CA are associated with its antioxidant and pro-oxidant capacity, attributed to its chemical structure that has free phenolic hydroxyls, the number and position of OH in the catechol group and the double bond in the carbonic chain. Pharmacokinetic studies indicate that this compound is hydrolyzed by the microflora of colonies and metabolized mainly in the intestinal mucosa through phase II enzymes, submitted to conjugation and methylation processes, forming sulphated, glucuronic and/or methylated conjugates by the action of sulfotransferases, UDP-glucotransferases, and o-methyltransferases, respectively. The transmembrane flux of CA in intestinal cells occurs through active transport mediated by monocarboxylic acid carriers. CA can act by preventing the production of ROS (reactive oxygen species), inducing DNA oxidation of cancer cells, as well as reducing tumor cell angiogenesis, blocking STATS (transcription factor and signal translation 3) and suppression of MMP2 and MMP-9 (collagen IV metalloproteases). Thus, this review provides an overview of the chemical and pharmacological parameters of CA and its derivatives, demonstrating its mechanism of action and pharmacokinetic aspects, as well as a critical analysis of its action in the fight against hepatocarcinoma.
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INTRODUCTION

Caffeic acid (CA) is a polyphenol produced through the secondary metabolism of vegetables, (1–4) including olives, coffee beans, fruits, potatoes, carrots and propolis, and constitutes the main hydroxycinnamic acid found in the diet of humans (1, 3–5). This phenolic compound is found in the simple form (monomers) as organic acid esters, sugar esters, amides and glycosides, or in more complex forms such as dimers, trimers and flavonoid derivatives, or they may also be bound to proteins and other polymers in the cell wall of the vegetable (1, 3, 6). CA participates in the defense mechanism of plants against predators, pests and infections, as it has an inhibitory effect on the growth of insects, fungi and bacteria (5) and also promote the protection of plant leaves against ultraviolet radiation B (UV-B) (5, 7).

In vitro and in vivo experiments have been performed, proving innumerable physiological effects of CA and its derivatives, such as antibacterial activity (1, 4), antiviral activity (2, 5, 8, 9), antioxidant activity (2, 4, 5, 8, 9), anti-inflammatory activity (2, 4, 5, 8, 9), anti-atherosclerotic activity (1, 4), immunostimulatory activity (1, 10), antidiabetic activity (5, 9), cardioprotective activity (5, 11), antiproliferative activity (1, 12, 13), hepatoprotective activity (14, 15), anticancer activity (2, 4, 5, 8, 9), and anti-hepatocellular carcinoma activity (16–18). Among these properties, anti-hepatocarcinoma activity is highlighted, because hepatocarcinoma (HCC) is one of the main causes of cancer mortality in the world (19). Therefore, further studies on the chemical and pharmacological aspects of CA are necessary to contribute in the future to the development of a new drug and consequently the expansion of therapeutic possibilities (20). Thus, this review provides an overview of the chemical and pharmacological parameters of CA and its derivatives, reporting its main mechanisms of action and pharmacokinetic aspects, as well as to critically analyse its performance in the fight against HCC.



CHEMICAL ASPECTS OF CAFFEIC ACID

AC (3,4-dihydroxycinnamic acid) is a hydroxycinnamic acid, belonging to the phenolic acid family, which has a phenylpropanoid (C6-C3) structure with a 3,4-dihydroxylated aromatic ring attached to a carboxylic acid through a transethylene wire (3, 21). The biosynthesis of this compound in plants occurs through the endogenous shikimate pathway that is responsible for the production of aromatic amino acids from glucose (3, 9). The reaction starts with shikimic acid and undergoes three enzymatic reactions: the first is a phosphorylation mediated by the enzyme shikimato-kinase, followed by the conjugation of a molecule of phosphoenolpyruvate, mediated by 5-enolpyruvylshikimate-3-phosphate (EPSP) synthase and finally by the enzyme chorismate synthetase, reaching one of the most important intermediary metabolites of this pathway, chorismic acid (3, 9). This is transformed into prephenic acid through the enzyme chorismate mutase (a precursor of L-phenylalanine). L-phenylalanine formation is mediated by pyridoxal phosphate (PLP) as a coenzyme in the deamination process and by nicotinamide adenine dinucleotide (NAD) as an electron exchanger (3, 9). The deamination of L-phenylalanine by the enzyme phenylalanine ammonia lyase (PAL), forms cinnamic acid. It is then converted to p-coumaric acid by the cinnamate-4-hydroxylase (C4H) and finally to caffeic acid through the enzyme 4-coumarate 3-hydroxylase (C3H) (9) (Figure 1).
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FIGURE 1. The biosynthesis of CA begins in the endogenous shikimate pathway through three enzymatic reactions mediated by shikimate kinase (KS), 5-enolpyruvyl-chiquimate-3-phosphate synthase (EPSPS) and chorismate synthase (CS), leading to chorismic acid and then converted into prephenic acid by chorismate mutase. Prephenic acid is a precursor of l-phenylalanine and formed by pyridoxal phosphate (PLP) and nicotinamide adenine (NAD). The deamination of L-phenylalanine by the enzyme phenylalanine ammonia lyase (PAL) forms cinnamic acid; this is then converted to p-coumaric acid by cinnamate-4-hydroxylase (C4H) and finally to caffeic acid through the enzyme 4-coumarate 3-hydroxylase (C3H). This figure was made with ChemDraw (http://www.perkinelmer.com/category/chemdraw).



CA is obtained from plants by solvent extraction (methanol and ethyl acetate) at high temperatures; however, its yield is very low, requiring large quantities of botanical material to obtain a significant yield (8, 9). An alternative to obtain this compound in greater quantity is organic synthesis, where chemical processes (chemical reactions) are used that allow the formation of complex organic compounds (22). However, the concern with the generation of residues in the production of organic compounds has brought about the possibility of microbial synthesis of secondary metabolites such as CA (2, 8). Thus, genetic modifications made in microorganisms, such as Escherichia coli strains, have allowed the production of two enzymes: 3-hydroxylase hydroxyphenylacetate (4HPA3H) and tyrosine ammonia lyase (TAL) that acts on L-tyrosine producing p-coumaric acid and L-dopa, respectively. A new action of these enzymes on the two intermediate molecules leads to the generation of CA (2, 8, 9) (Figure 2).
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FIGURE 2. The synthesis of CA after genetic modification in strains of E.coli that allowed the production of two enzymes: 3-hydroxylase hydroxyphenylacetate (4HPA3H) and tyrosine ammonia lyase (TAL) that act on L-tyrosine producing p-coumaric acid and L-dopa, respectively. A new action of these enzymes on the two intermediate molecules leads to production of CA. This figure was made with ChemDraw (http://www.perkinelmer.com/category/chemdraw).





PHARMACOKINETICS OF CAFFEIC ACID

CA is a very abundant phenolic acid, found in both free and esterified forms, representing about 75 to 100% of the total content of hydroxycinnamic acid in fruits (23). However, CA is found in foods on its esterified form, making it difficult to be absorbed by the body (23–25). To be absorbed, the compound needs to be hydrolysed by colonic microflora in the intestine, because human tissues (intestinal mucosa, liver, stomach) and biological fluids (plasma, gastric juice, duodenal fluid) do not have enzymes, called esterases, capable of hydrolysing the chlorogenic acid to release CA (23–25). Thus, the pharmacokinetic process begins with the ingestion of CA in the bound form (esterified), arriving in the stomach, after which a small part of this compound is absorbed (26). In the colon the microbial esterases cleave the ester portion of the CA and this acid, in its free form, is then absorbed by the intestinal mucosa (most 95%) (26). The transmembrane flow of CA into intestinal cells occurs through active transport mediated by monocarboxylic acid transporters (MCT) (26). The maximum plasma concentration of this compound was observed only 1 h after ingestion of foods such as coffee and then plasma concentration rapidly decreased, requiring repeated doses every 2 h to maintain high concentrations (23–25). Immediately after absorption, CA is subjected to three main processes of enzymatic conjugation (known as detoxification): methylation, sulphation, and glucuronidation, through the action of sulfotransferase enzymes, UDP-glucotransferases and catechol-o-methyltransferases, respectively. This makes the compound more hydrophilic, thus reducing its toxicity and facilitating its elimination (26). The excretion of CA (5.9–27%) occurs primarily through urine (23).



ANTICARCINOGENIC PROPERTIES OF CAFFEIC ACID

The anticarcinogenic properties of CA have attracted the attention of the scientific community (27–30). Studies have shown that the consumption of CA-rich foods leads to a protective effect against carcinogenesis by preventing the formation of nitro compounds (nitrosamines and nitrosamides) that are the main inducers of this pathology (29, 31). The anti-carcinogenic action of CA is mainly associated with its antioxidant (21, 30, 32) and pro-oxidant capacities (33–35), and this is attributed to its chemical structure. Firstly, the presence of free phenolic hydroxyls (ortho-dihydroxyl) makes it possible to reduce the enthalpy of OH-bond dissociation and increase the transfer rate of H atoms for peroxyl radicals, as well as their number and position on the phenyl ring (catechol group). Also, the presence of a double bond in the carbon chain (the unsaturated side chain 2,3 double bond) increases the stability of the phenolic radical (21, 30, 31, 36). These chemical factors associated with the CA molecule enable the elimination of free radicals, preventing the production of ROS (reactive oxygen species) as well as the induction of DNA oxidation of cancer cells present in various types of cancer, such as HCC (3, 30).



HEPATOCARCINOMA (HCC)

Hepatocarcinoma or Hepatocellular Carcinoma (HCC) is a dominant form of liver cancer, characterized by being a malignant primary solid tumor, which differs from hepatocytes (19, 37, 38), and is considered the third most common cause of cancer death, second only to lung and stomach cancer (19). HCC is a very aggressive disease, with approximately 782,000 new cases per year, a high mortality (600,000 deaths/year) (19, 39, 40) and a short survival time (on average 11 months). It is thought this is because only a small proportion of the patients are diagnosed at the initial stage of the disease (19, 41). HCC has several risk factors, such as exposure to hepatitis B virus (HBV) and C (HCV), aflatoxin B1 (AFB1), presence of cirrhosis, alcohol consumption, diabetes mellitus and obesity (19, 38, 40, 42). These factors vary in their frequency according to geographic location. Among the cited causes, infection with the HBV and HCV virus is considered the main risk factor, and it is worth noting that 80% of cases occur in Southeast Asia and Africa while the Western world accounts for only 20% of cases (19, 42). The high incidence of HCC in the Asian and African continent is associated with the HBV and HCV virus, as well as exposure to food contaminated by AFB1, especially in rural areas where there is no strict control on mycotoxin contamination (42–44). However, synergism among risk factors is what makes these regions highly prevalent to HCC (42, 45).

The mechanism of HCC pathophysiology begins with an inflammatory process mediated by Kupffer cells in the liver or macrophages (46, 47), both of which have immunostimulatory activity, secreting pro-inflammatory cytokines (interleukin 6-IL6 and TNF-α-tumor necrosis factor) and immunosuppressive cytokines (interleukin 10-IL-10) (46, 47). The accumulation of these immunostimulating agents around the focus of inflammation in the liver induces a mitochondrial imbalance in hepatocytes (increased oxygen consumption and increased production of superoxide anions, hydroxyl radicals and nitric oxide), leading to the production of high levels of reactive oxygen species (ROS) (48–50). Hepatic mitochondria control the balance between survival and cell death through the regulation of membrane permeability, activating the intrinsic pathway of apoptosis (release of cytochrome c protein, formation of apoptosomes and activation of caspase 9) (49, 51). Increased ROS production causes oxidative damage to mitochondrial proteins (impairing ATP synthesis) and alters the induction of mitochondrial transition permeability pore production by making the inner membrane permeable to small molecules that can cause ischaemia/reperfusion injury, as well as DNA damage by activating the apoptotic intrinsic mechanism (49, 51). This process induces recurrent cycles of cell injury, repair and regeneration in hepatocytes leading to the formation of nodular dysplasia (aberrant hepatocytes), which are precursor lesions of HCC (40, 42, 52). It also leads to genetic alterations (gene rearrangements, somatic mutations, changes in copy number, changes in cell signaling pathways) and epigenetic changes (DNA methylation and histone modification), which are directly associated with tumor progression and HCC (35, 40).

Patients with this pathology are usually asymptomatic; however, it is associated with the appearance of abdominal pain, fever, hyperkalaemia, hypoglycaemia, nausea, weight loss, increased ascites, spontaneous bacterial peritonitis, varicose veins, bleeding, jaundice, and hepatic encephalopathy (53, 54). The aggravation of liver function is due to functional liver replacement or portal vein invasion (53, 54). Treatment for HCC is limited due to the complex etiology of the disease and, mainly, the toxicity of the drugs to normal cells, making it necessary to develop new drugs for the therapy of this cancer (20, 38). Thus, the investigation of mechanisms of action and characterization of the hepatoprotective and anticarcinogenic action of CA can help support the future development of new therapies to combat this disease (20).



CAFFEIC ACID ACTION MECHANISM IN HCC


Antioxidant Activity Prevents ROS Production

One of the mechanisms by which CA acts in HCC is through its potent antioxidant capacity that prevents the production of ROS, reducing the oxidative stress that is very common in this disease (3, 30). CA acts as a primary and secondary antioxidant (mixed antioxidant). As a primary antioxidant it acts by interrupting the formation of free radicals by inhibiting chain reactions with another molecule (29, 55). This process occurs when CA donates electrons or hydrogen to free radicals, converting them into thermodynamically stable products. These products present greater stability due to the electron delocalised in the aromatic ring of the CA (resonance effect) (29). In contrast, as a secondary antioxidant (prooxidant), it acts as a chelating agent. It forms complexes with metals (mainly iron and copper), inhibiting the decomposition of peroxides, reducing the formation of free radicals and their attack on lipids, amino acids of proteins, double bonding of polyunsaturated fatty acids and bases of DNA, thus avoiding the formation of lesions and loss of cellular integrity (29, 55). CA has a great potential for reducing metals due to its structural chemical characteristics; the compound is susceptible to auto-oxidation and also the oxidation caused by other biological agents (29, 56). The molecular structure of CA, containing a catechol group with an α,β-unsaturated carboxylic acid chain, is responsible for its interaction with various types of oxidizing radicals (29, 56). The o-dihydroxylated structure is where the o-quinone group is produced after the donation of an electron. The double side binding of o-quinone conjugated to the catechol group causes a delocalisation of electrons, increasing the stability of the o-quinone radical and the antioxidant activity of CA (29, 56) (Figure 3).
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FIGURE 3. This process occurs when CA donates electrons or hydrogen to free radicals, converting them into thermodynamically stable products. These products present greater stability due to the electron delocalised in the aromatic ring of CA (resonance effect). The o-dihydroxylated structure is where the o-quinone group is produced after the donation of an electron. The double side binding of o-quinone conjugated to the catechol group causes a delocalisation of electrons, increasing the stability of the o-quinone radical and the antioxidant activity of CA, adapted from: Damasceno et al. (29). This figure was made with ChemDraw (http://www.perkinelmer.com/category/chemdraw).





Pro-oxidant Activity Accelerates Lipid Peroxidation and DNA Damage

An antioxidant agent such as CA can become a pro-oxidant through its ability to chelate metals such as copper (Cu) and thus induce lipid peroxidation and causing damage to the DNA of cancer cells by oxidation or formation of covalent adducts with DNA (29, 57). CA possesses the ability to cap the endogenous Cu (II) ions of human peripheral lymphocytes to form the CA-Cu (II) complex (57). CA undergoes deprotonation in relation to Cu, generating an oxygen center with high electronic density (29, 57). This complex undergoes intramolecular electron transfer (oxygen) forming the semiquinone radical anion with Cu (I) (29, 57). CA dissociates (deprotonation) to form a phenoxide, where the Cu (I) ion will be bound as a bidentate linker (29, 57). At this point, the oxygen (O2) can react with Cu (I) to form the hydrogen peroxide (H2O2), which is converted by a Fenton reaction (reactions with H2O2 catalyzed by Fe ions) to the hydroxyl radical (−OH) (29, 57). Alternatively, the phenoxide bound to bidentate Cu (I) may undergo a new intramolecular transfer giving the orthohydroxyphenoxyl radical, which must dissociate and form ortho-semiquinone anionsz (29, 57). This anion reacts with Cu (I), generating the final ortho-quinone product that forms a covalent adduct with the DNA of cancer cells (29, 57) (Figure 4).


[image: image]

FIGURE 4. CA undergoes deprotonation in relation to Cu, generating an oxygen center with high electronic density. This complex undergoes intramolecular electron transfer (oxygen) forming the semiquinone radical anion with Cu (I). CA dissociates (deprotonation) to form a phenoxide, where the Cu (I) ion will be bound as a bidentate linker. At this point, oxygen (O2) can react with Cu (I) to form hydrogen peroxide (H2O2), which is converted by a Fenton reaction (reactions with H2O2 catalyzed by Fe ions) to the hydroxyl radical (H2OH) or the phenoxide bound to bidentate Cu (I) may undergo a new intramolecular transfer giving the orthohydroxyphenoxyl radical, which must dissociate and form ortho-semiquinone anions. This anion reacts with Cu (I), generating the final ortho-quinone product that forms a covalent adduct with the DNA of cancer cells. Adapted from: Damasceno et al. (29). This figure was made with ChemDraw (http://www.perkinelmer.com/category/chemdraw).





Vascularisation Induced by VEGF

CA can also act on angioneogenesis of HCC tumor cells by reducing the phosphorylation of JNK-1 (c-Jun N-terminal kinases, a member of the MAPKs family), via decreasing the activation of HIF-1α (Hypoxia Inducible Factor 1). This leads to the reduction of vascularisation induced by VEGF (vascular endothelial growth factor), and consequently suppressing tumor growth (18) (Figure 5).
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FIGURE 5. CA acts on the angioneogenesis of HCC tumor cells by reducing the phosphorylation of JNK-1, thus decreasing the activation of HIF-1α (Hypoxia Inducible Factor 1), causing the reduction of the intense vascularisation induced by VEGF (endothelial growth factor vascular). This figure used elements from Servier Medical Art (www.servier.com).



HCC is a highly vascularised tumor, whose main characteristic is angioneogenesis (the origin of new blood vessels), and its main source of blood supply is the hepatic artery (18, 40, 58). Although this tumor is rich in vascularisation, hypoxia (low levels of oxygen) is very common due to the rapid proliferation of tumor cells and consequently the formation of large solid tumor masses, obstructing and compressing the blood vessels around it (18, 40, 58). Tumor cells seek to adapt to hypoxia by activating a transcription factor called HIF-1 (Hypoxia Inducible Factor 1) via the JNK1 signaling pathway (c-Jun N-terminal kinases, a member of the MAPKs family), which in turn, activates several pro-angiogenic factors, such as VEGF (vascular endothelial growth factor). When overexpressed VEGF leads to extravasation of blood from tumor blood vessels, causing hepatic bleeding (18, 59). This growth factor is also one of the main factors responsible for the formation of new blood vessels that support the oxygen supply of tumor cells, an important factor for tumor survival (18, 40, 58, 59).



Suppression of MMP-2 and MMP-9 Expression

Another mechanism of action proposed for CA is the suppression of the expression of MMP-2 and MMP-9 (metalloproteases 2 and 9, respectively) in HCC. MMP-2 and MMP-9 are matrix metalloproteases expressed in tumor cells, which degrade the extracellular matrix (ECM) type IV collagen of the basement membrane during cancer invasion and metastasis (16, 60, 61). PMA is a structural analog of diacylglycerol (a cellular mediator) capable of activating PKC (kinase C protein), which, once activated, promotes the induction of proinflammatory cytokines such as IL-6 (interleukin 6) and TNF-α (tumor necrosis factor α) (62). These pro-inflammatory agents promote the activation of growth factors, such as NFκB (nuclear factor kappa-B) through the c-Src (subfamily kinases)/ERK (Extracellular Signal-Regulated Protein Kinase)/NIK (NSP-interacting kinases)/IKK (I kappa B kinase) (14, 31, 63). NFkB generates increased expression of MMP-2 and MMP-9 leading to invasion and metastasis of hepatic cells via degradation of ECM (16, 60, 61). The suppressive effect of CA on MMP-2 and MMP-9 is associated with blockade of the activation of NFkB, as reported in liver cancer cells stimulated by PMA (activating protein 1), leading to a decrease in tumor growth and invasiveness (16, 60) (Figure 6).
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FIGURE 6. CA, along with its caffeic acid phenyl ester (CAPE), can act on HCC by suppressing the expression of MMP-2 and MMP-9 (metalloproteinases 2 and 9, respectively), which in turn block the activation of NFκB (Nuclear factor kappa-β) induced by PMA (activating protein 1) in liver cancer cells, decreasing tumor growth and invasiveness. This figure used elements from Servier Medical Art (www.servier.com).






IN VITRO AND IN VIVO STUDIES OF CAFFEIC ACID IN HEPATOCARCINOMA


In vitro

Dilshara et al. showed that CAPE (Caffeic acid phenethyl ester, 50 μM) significantly increased apoptosis (cell death) mediated by TRAIL (tumor necrosis factor-related apoptosis ligand inducer, 50 ng/ml) by positive regulation of DR5 (death receptor 5) mediated by CHOP (C / EBP family transcription factor) in Hep3B HCC cells. TRAIL is a ligand with anticancer properties capable of inducing apoptosis in cancer cells (64, 65). This action occurs through its binding to DR5 (extrinsic pathway), which in turn interacts with Fas (membrane protein) by recruiting caspases 8 and caspase 3 (cysteine proteases) and promoting apoptosis (65, 66). In this study, CAPE, a derivative of CA present in the bee propolis extract, potentiated TRAIL-mediated cell death, stimulating the expression of the CHOP protein, responsible for the DR5 positive regulation (65).

In another experiment developed by Kim et al., the CAPE (30 μg/ml) potentiated TRAIL-induced apoptosis (30 ng/ml) through the positive regulation of DR5 via p38 (mitogen-activated protein kinases) and suppression of JNK (c-Jun N-terminal kinases) in SK-Hep1 cells of HCC (14, 63).

The combination of CAPE and TRAIL was able to generate cell death both via intrinsic pathway (via mitochondria) and via the extrinsic pathway (via death receptors) (14). In the intrinsic CAPE and TRAIL pathway, mitochondrial membrane depolarisation stimuli were increased, resulting in the release of cytochrome c (internal membrane protein from mitochondria) and formation of the apoptosome (protein complex), and also resulting in the activation of apoptosis-inducing caspase 9 (14, 67). On the other hand, through the extrinsic pathway, CAPE and TRAIL promoted the activation of p38 by increasing the expression of apoptosis-inducing DR5, as well as inhibiting the phosphorylation of JNK that contributes to TRAIL resistance and, consequently, decreased DR5 expression (14, 68).

Wilkins et al., in their experiments, observed that CA (1 mM) blocked cell proliferation in HCC cells extracted from marmots. The action of this compound is associated with its involvement in the loss of mitochondrial integrity (intrinsic pathway), resulting in cytochrome c release, apoptosome formation, caspase 9 activation and cell death (69).

Lee et al. showed that CAPE (12.5 μM) inhibited the invasion and expression of MMP-2 and MMP-9 (enzymes responsible for extracellular matrix degradation and development of metastasis) in HCC cells (SK-Hep1) blockade of NFkB (protein complex responsible for the regulation of MMP-2 and MMP-9) (16). In other studies, Guerriero et al., the CA (200 μg / ml) inhibited tumor invasion and regression in HCC cells (HepG2 and Huh7) by decreasing pro inflammatory cytokines such as TNF-α, IL-1β, and IL-8 and anti-inflammatory cytokines, such as IL-10 (70).

Li et al. showed that the conjugated CA and its precursor's cinnamic acid and p-coumaric acid to TPP cations (triphenylphosphonium) protected the hepatic mitochondria (key organelle in the control of apoptosis) against lipid peroxidation, also acting in the decrease of levels of hydrogen peroxide and the regulation of antioxidant enzymes. These same compounds were tested on HCC cells (HepG2), showing high toxicity against this cell line. Studies on CA and its effects on HCC are abundant in the literature, however, the same is not true for the action of CA and p-COA on HCC (71).



In vivo

Zhang et al. investigated the action of CA (100 mg/kg) on structural changes caused by HCC in the rat microbiota, demonstrating that this compound reduces the changes in markers of liver injury during HCC, such as alanine, transaminase, aspartate aminotransferase, alkaline phosphatase, total bile acid and total cholesterol. The probable mechanism by which CA acts is related to inhibition of the growth of malefic bacteria (Rumincoccaceae UCG-004) (20, 72) and induction of the growth of microbiota-beneficial bacteria (Lachnospiraceae incertae sedis and Prevotella 9) during HCC (20, 73). CA has antioxidant properties, being able to eliminate oxygen radicals and facilitating the survival of beneficial bacteria that are anaerobic and grow very well without oxygen (20, 74). However, this same compound also has antimicrobial activity eliminating malefic bacteria of the microbiota, favoring the control of markers of liver damage (20, 75).

In studies conducted by Wilkins et al., the CA (1 mM) improved the efficacy of transarterial embolisation (TAE) in rats with HCC. TAE is a therapeutic procedure used in patients with HCC to promote ischemia due to occlusion of the arterial blood supply, resulting in the blockage of oxygen and nutrients for the tumor (69, 76). One of the main nutrients for HCC is lactate produced through glycolytic metabolism and is responsible for increasing the expression of vascular growth factors in vasculogenesis (69, 77). However, if lactate levels become excessively high, a cycle of negative feedback on glycolysis occurs, which stops tumor growth (69, 77, 78). CA used in association with TAE reduced tumor burden by 70–85%, compared to TAE only with embolic agents (69). This effect is possible due to the antitumor, anti-inflammatory, antioxidant and anticancer properties of this phenolic compound, which is capable of generating ROS and fragmenting DNA, causing cell death in cancer cells (69). CA may also activate the intrinsic pathway of apoptosis by altering the membrane potential of mitochondria (69, 79).

Chung et al. in experimental animal studies (rats) treated with CA and CAPE (5 mg/kg subcutaneous or 20 mg/kg oral), showed that these compounds promoted suppression of tumor growth in HCC cells (HepG2) as well as reduction of tumor invasion at a metastatic site in the liver. The authors suggest that both CA and CAPE inhibit and block the enzymatic activity of MMP-9 (causing invasion and cell metastasis), by inhibiting NFkB function (MMP-9 regulator) (60).

Macías-Pérez et al. demonstrated the chemoprotective effect of CAPE and its analogs LQM717 and LQM706 (20 mg / kg) on necrosis, lipid peroxidation, cell proliferation, p56 activation (protein tyrosine kinase, tumor suppressor) and alteration of hepatic tumors (HCC) in rats. The effects of these compounds on lipid peroxidation are attributed to the direct antioxidant activity (chelating properties and ROS decrease) of CAPE and the indirect antioxidant activity (inhibition of the metabolism or induction of the antioxidant system in the cells) of their analogs. In addition, the three compounds act by decreasing the activation of p53, NFkB activator (apoptosis-related transcription factor, proliferation and cell cycle) (80).

CA is a highly versatile compound with multiple biological activities impacting human health (antioxidant, hepatoprotection, antitumor, anti-inflammatory, antimicrobial) (1, 4, 5, 8, 9, 14, 15). This fact seems to favor its action in the HCC, since in vitro and in vivo studies already demonstrated its performance through several mechanisms of action in the fight against this disease, such as: ROS prevention (3, 30), prooxidant action (29, 57), angiogenesis (18), suppression of MMP-2 and MMP-9, (18, 60), justifying the differences in the results found.

Overall, in vitro and in vivo studies have shown that CA and its derivatives exerted their anti-hepatocarcinoma effect, dependent on various mechanisms such as apoptosis by induction of TRAIL pathway and caspase 9 activation, loss of integrity and depolarization of mitochondria, release of cytochrome c, and formation of the apoptosome. However, these mechanisms and the parameters evaluated varied greatly in vitro and in vivo studies, such as different concentrations and doses (30 μg/ml, 200 μg/ml 12.5 μM, 1 mM, 50 μM, 100 mg/kg, 20 mg/kg), different HCC cell lines (Hep3, SK-Hep1, HepG2), as well as different routes of administration used in vivo model (e.g., oral and subcutaneous). Although, in vitro and in vivo data have reaffirmed the promising role of this compound in HCC therapy, confirming the antitumor, anti-inflammatory, antioxidant, and anticancer properties of CA and its derivatives, but studies are needed to better elucidate the mechanisms and pathways involved in the performance of this compound. Accordingly, preclinical studies of pharmacokinetics and adverse reactions are required to determine the therapeutic index of CA prior to human testing in order to validate the benefits of using this compound in the control of HCC.




CONCLUSION

HCC is one of the most lethal types of cancer in the world, so the focus on the research of new natural agents capable of containing proliferation and metastasis in this pathological process represents an important strategy for the prevention and treatment of this disease. This study sought to elucidate knowledge about the chemical and pharmacological aspects of CA as well as its effects on HCC. This compound demonstrates activity against HCC, preventing the exaggerated formation of ROS and assisting in the killing of tumor cells through DNA oxidation, as well as angioneogenesis by acting to reduce VEGF-induced vascularisation and suppression of MMP-2 and MMP expression−9. The anticancer activity of CA seems to be associated with its potent antioxidant and pro-oxidant activity attributed to its chemical structure with free phenolic hydroxyls, the number and position of OH in the catechol group and the double bond in the carbonic chain. Although these data demonstrate CA anti-hepatocarcinoma activity, further studies are needed to explain aspects of toxicity, interactions and efficacy that demonstrate safety in the use of this phenolic compound as a possible candidate in the treatment of HCC.

Therefore, we critically analyze and suggest that CA demonstrate an anti-hepatocarcinoma action; however, the HCC can change multiple pathways, and then, there is a need that the CA to act simultaneously for crosstalk between inhibitory and regulatory pathways to provide improvements in the development and progression of HCC. In addition, caution is required in therapies with natural products, as CA and resveratrol, due to the lack of studies have addressed the efficacy of CA in hepatocarcinoma in humans and animals model, making it difficult to obtain concrete evidence of the effect of this antioxidant. Thereby, these outcomes are limited by lack of standardization in the design and duration of treatment, and the lack of agreement on the effective and tolerated dose, intrinsic aspects of the patient, environmental factors, and characteristics of the compound studied are important for efficacy and therapeutic success. In addition, the major limitation currently facing is the lack of information from clinical studies that is weak and largely inconclusive. Thus, clinical trials are mainly conducted with volunteers, not reflecting the target population, the participants' age is quite broad, sample size is rarely calculated.as reported by our group in previous work (81, 82). Thus, we conclude that, to date, evidence based on in vivo studies in human and animals model are still insufficient, contradictory, and inconclusive, so we recommend that more studies and clinical trials should be performed to fully elucidate the beneficial effects of caffeic acid supplementation on hepatocarcinoma and in the body, as well as its toxic effects on human health. However, we emphasize that caffeic acid is promising in health promotion, not only for its antioxidant activities but also for its preventing the angioneogenesis and MMP-2 and MMP-9 expression. Thereby, further studies assessing other routes of administration or pharmaceutical formulations (i.e., nanoencapsulation) are required to improve the tissue-targeting concentration and allow caffeic acid to exert its biological activities in HCC.
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Polygonum perfoliatum L. belongs to the genus Polygonaceae and has a long history to be used as a Chinese medicinal herb to reduce swelling, control body temperature, and promote detoxification. However, its anticancer activity and mechanisms of action have not been evaluated yet. In the present study, we used several cell lines and xenograft models from different cancers to demonstrate the broad-spectrum anticancer activity of P. perfoliatum L as well as its underlying mechanisms of action in vitro and in vivo. The ethyl acetate extract of P. perfoliatum L showed good anticancer activity and was further fractioned to obtain five active components, including PEA to PEE. Among these fractions, PEC showed the strongest cytotoxicities against various cancer cell lines. It was further observed that PEC inhibited cancer cell growth, arrested cells at G2 phase, and induced apoptosis in vitro and suppressed tumor growth and angiogenesis in vivo in a dose- and time-dependent manner. Furthermore, PEC decreased the expression of vascular endothelial growth factor (VEGF) and micro-vascular density (MVD) in tumor tissues in vivo. It also promoted the proliferation of T and B lymphocytes, increased the activities of natural killer (NK) cells and cytotoxic T lymphocytes (CTLs), enhanced the secretion of interleukin 2 (IL-2) by spleen cells, and raised the levels of IgG, IgG2a, and IgG2b antibodies in tumor-bearing mice in vivo, which were at least partially responsible for the anticancer activity of PEC. In summary, PEC has shown broad-spectrum anticancer activities without causing any host toxicity in vitro and in vivo and may be developed as a preventive and therapeutic agent against human cancer. Further studies are urgently needed to determine the anticancer compounds in PEC and their detailed molecular mechanisms.
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INTRODUCTION

Polygonum perfoliatum L. is a Chinese herb with high medicinal value and considered to have antipyretic and detoxification properties. It is used as a traditional Chinese medicine due to its ability to reduce swelling, control body temperature, and promote detoxification. Modern pharmacological studies on P. perfoliatum L. have confirmed that it exerts anti-inflammatory and antibacterial effects (1–3). Flavonoids and triterpene acids were identified as the active components that are responsible for the medicinal attributes of P. perfoliatum L (4). However, its anticancer activity and mechanisms of action have not been reported yet. Our research team obtained four kinds of extracts from P. perfoliatum L. using petroleum ether, ethyl acetate, ethanol, and water, respectively. The ethyl acetate extract showed the strongest activities among the four crude extracts and was further chromatographed and evaluated, resulting in the most active component PEC. In the present study, we further investigated the in vitro and in vivo anticancer activities effects of PEC and the underlying mechanisms.



MATERIALS AND METHODS


Cell Line

Human cervical cancer cell line (Hela), human gastric cancer cell line (SGC-7901), human prostate cancer cell line (PC-3), human lung cancer cell line (A549), human glioma cell line (BT-325), and human pancreatic cancer cell line (PANC-1) were all provided by the Institute of Pharmaceutical Research of Zhejiang Academy of Medical Sciences. Human hepatocarcinoma cell line HepG2 and mouse hepatocarcinoma ascites cell line H-22 were provided by the Pharmacological Laboratory of the Pharmaceutical College, Zhejiang University. The transplanted S-180 sarcoma of mice was passaged in the laboratory and kept in ascites, according to the conventional method, and was subcultured every 4–5 days.



Experimental Animals

Equal numbers of male and female, clean-grade ICR mice, weighing between 18 and 22 g at the time of inoculation, were purchased from the Animal Center of Zhejiang Academy of Medical Sciences with license number: SCXK (Zhejiang) 2008-0033. BALB/c-nude mice of SPF grade, 5–6 weeks old, were purchased from Hayslake Laboratory Animals Co. Ltd., with license number: SCXK (Shanghai) 2009-0005 and certificate number 0057827. All animal testing programs were submitted to the Zhejiang Chinese University Laboratory Animal Management Committee for review and approval. All the methods described here were approved and performed in accordance with the relevant guidelines and regulations.



Preparation and Identification of PEC
 
Preparation of PEC

Briefly, 200.0 g of the Polygonum perfoliatum L component, extracted by ethyl acetate was separated by silica gel column chromatography, eluted with gradient elution using dichloromethane-methanol, and detected by thin layer chromatography (fluorescence or sulfuric acid-methanol coloration). Five different fractions were obtained at the sites of ethyl acetate-methanol (40:1), (35:1), (25:1), (15:1), and (5:1), which were recorded as PEA, PEB, PEC, PED, and PEE, respectively. After weighing, PEA was found to be 1.1 g (yield rate of 3.0%), PEB was 5.7 g (yield rate of 15.4%), PEC was 6.9 g (yield rate of 18.7%), PED was 8.0 g (yield rate of 21.7%), and PEE was 15.2 g (yield rate of 41.2%).

Composition Analysis of PEC

Reparation of sample solution

1.1 mg PEC was dissolved in methanol and prepared into 1.0 mg/mL sample solution for UHPLC-Q-TOF-MS analysis.

Chromatographic conditions

Chromatographic column: ACQUITY UPLC BEH C18 (150 × 2.1 mm, 1.7 μm). Mobile phase: 0.1% acetonitrile formate (A)-−0.1% water formate (B). Gradient elution procedure: 0~5 min 15~20% A; 5~32 min, 20~40% A; 32~37 min, 40~95% A. The volume of each injection was 4 μL and the volume flow rate was 0.3 mL/min.

Mass spectrum conditions

Time of Flight Mass Spectrometry uses TurboIon Spray ion source and ESI positive and negative ion scanning mode. The specific conditions were as follows: Ion Source Gas1(Gas1): 55, Ion Source Gas2(Gas2): 55, Curtain gas(CUR): 35, source temperature: 60°C, IonSapary Voltage Floating (ISVF): 5500 V/-4500 V; TOF MS scan m/z range: 50–1,500 Da, production scan m/z range: 50–1,000 Da, TOF MS scan accumulation time 0.25 s/spectra, product ion scan accumulation time 0.05 s/spectra; Secondary mass spectrometry uses IDA and high sensitivity mode, Declustering potential (DP): +60 V (positive and negative ion mode).

SCIEX OS software

SCIEX OS software contains multiple confidence criteria, including quality accuracy, retention time, isotopes, and matching use of compound libraries. In this experiment, TCM MS/MS Library (including secondary data of more than 1,500 Chinese herbal medicines) can be searched according to the first-order accurate mass number, isotope distribution ratio and MS/MS of the compounds, and then the screening of the target compounds can be completed.



The Inhibitory Effect of PEC on Proliferation of Cancer Cells
 
The MTT Colorimetric Assay

Single cell suspension of tumor cells in logarithmic growth phase was seeded in 96-well plates at 100 μL/well. Thereafter, the plates were cultured in an incubator at 37°C, with 5% CO2 and saturated humidity for 24 h, following which, 5 groups of PEC with 1/2 decreasing ratio of concentration were added, respectively. According to the inhibitory effect of PEC on various cancer cells, the maximum concentration of PEC on various cancer cells was determined. Normal control group and blank group were set up, with 4 parallel wells in each group. The total well volume was 200 μL. After the plate was cultured in an incubator at 37°C, with 5% CO2 and saturated humidity, 20 μL MTT of 5 mg/mL were added to each well. After 4 h of incubation, the supernatant was discarded, dissolved in 150 μL/well DMSO, and shaken evenly. The OD value was measured at a wavelength of 570 nm using a microplate reader. The inhibition rate and IC50 of different concentrations of PEC on tumor cells was calculated. Each test was repeated 3 times.

Measurement of Cell Growth Curve

For the cell growth curve experiment, 100 μL of SGC-7901 and A549 cells in logarithmic growth phase were inoculated into 96-well plates with 1,500 and 2,000 cells, respectively, in each well. Following 24 h of incubation, 200 μL of PEC was added to each well and three concentration gradients (100, 50, 25 μg mL−1) were set. Each concentration was divided into 6 groups in parallel, while 6 sets were also prepared for the normal control group. Each group was provided with 4 parallel wells. After 0, 24, 48, 72, 96, and 120 h, 20 μL MTT of 5 mg/mL were added to each well. Thereafter, plates were incubated for further 4 h, after which, the supernatant from the well of the normal control group, as well as that from each of the concentration-administered groups, was discarded. The cells were then dissolved in 150 μL/well DMSO, and shaken evenly. The OD value was measured by a microplate reader at a wavelength of 570 nm, and the growth curve was plotted with time as the abscissa and OD as the ordinate.



The Inhibitory Effect of PEC on Tumors in Animals
 
The Inhibitory Effect of PEC on Transplanted Tumor H22 in Miceon and Transplanted Tumor S-180 in Mice

After the tumor was inoculated in the abdomen, it was allowed to grow for 7–9 days, following which, ascetic fluid of H22 hepatoma mice were extracted under sterile condition after cutting off their necks. Thereafter, it was diluted with sterile saline to form a 1 × 107 /mL tumor cell suspension. Under sterile conditions, 0.2 mL tumor cell suspension was inoculated subcutaneously in the right forelimb of equal numbers of male and female healthy mice. The day after inoculation, 10 mice in each group were randomly divided according to their body weight. High dose (14 mg/kg body weight), middle dose (7 mg/kg body weight), and low dose (3.5 mg/kg body weight) of PEC were administered orally to the respective groups once a day. The model group was administered the same volume of normal saline for 8 consecutive days. The positive drug (Cytoxan, CTX) control group was intraperitoneally injected with cyclophosphamide (25 mg/kg/day). On the 9th day after the administration, the H22 liver cancer mice were sacrificed by cervical dislocation. The tumor masses were completely stripped and weighed. The tumor inhibition rate was calculated by the following formula. The experiment was repeated in three batches, each with equal numbers of male and female mice. The transplanted tumor S-180 in mice experiment was conducted in the same way as H22 hepatocellular carcinoma.

The Effect of PEC on Human Gastric Tumor SGC-7901 Transplanted in Nude Mice

SGC-7901 cells in their logarithmic growth phase (cultured in vitro) were trypsinized, collected, and centrifuged. PBS was used to prepare a cell suspension with a concentration of 1 × 107 cells/mL. Tumor cell suspension (0.2 mL) was inoculated subcutaneously on the right side of the back of five nude mice. When the tumor grew to about 1,000 mm3, the nude mice were sacrificed, and the tumor was removed, cut into 5 mm3 pieces with surgical scissors, and inoculated into the right back of the nude mice. After the tumor was passaged for three generations following this method, the third-generation tumor masses were inoculated in 50 mice. Tumor conditions and tumor size were observed. When the tumor volume was 100–300 mm3, 30 nude mice with similar tumor volume and good shape were selected and divided into five groups, with six mice in each group: model group, PEC (3.5, 7, and 14 mg/kg), which received intragastric administration once a day. The control group was administered the same volume of normal saline for 8 consecutive days. The positive drug (CTX) group was intraperitoneally injected with cyclophosphamide (25 mg/kg/day). Tumor volume (TV) and body weight were measured three times per week, for 30 consecutive days. The nude mice were sacrificed after they had been kept fasting for 14 h, following which, the tumor masses were stripped. The relative tumor volume (RTV) and the relative tumor growth rate (T/C%) were calculated. The experiment was repeated three times.
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In the formula, D1 and D2 represent the length and width of the tumor, respectively. V0 is the tumor volume at the time of administration according to the different cages and Vt is the tumor volume at each measurement. TRTV is the RTV of administration groups and CRTV is the RTV of model group.



Anti-tumor Mechanism of PEC
 
Detection of Apoptosis by Fluorescent Staining

A single-cell suspension of SGC-7901 cells in logarithmic growth phase was prepared, and the cell concentration was adjusted to 1 × 104 cells, which was inoculated in a 6-well culture plate, with 2 mL per well; one well was designated as the normal control group. After the plate was cultured in an incubator for 24 h at 37°C, with 5% CO2 and saturated humidity, 2 mL of PEC at concentrations of 50, 25, and 12.5 μg/mL, respectively, were added to the wells designated as administration groups. An equal amount of culture medium was added to the normal control group, and placed in an incubator at 37°C, 5% CO2, and saturated humidity for 48 h. The morphology of SGC-7901 tumor cells was observed using an inverted microscope, and the difference between the normal control group and each administration group was compared. To each well, 5 μL acridine orange was added at room temperature and incubated away from light for 10 min, followed by 3 washes with PBS. The morphology of the cells was observed under a fluorescence microscope, and the difference between the normal control group and each administration group was compared.

Detection of Apoptotic Rate by Flow Cytometry

SGC-7901 single cell suspension, in logarithmic growth phase, was prepared and inoculated into 100 mL culture flask, after adjusting cell density to 5 × 105/bottle. PEC was added to the administration groups to achieve final concentrations of 50, 25, and 12.5 μg/mL, respectively. An equal amount of culture medium was added to the normal control group and cultured for 24 h. Thereafter, the cells were centrifuged at 1,000 rpm for 5 min, and washed twice with PBS to remove cell debris from the cell suspension. Approximately, 1~5 × 105 cells were collected, to which 500 μL annexin-binding buffer was added evenly by blowing. Thereafter, 5 μL annexin V-FITC and 10 μL PI were added and incubated for 10 min away from light. The percentage of apoptotic cells was measured by flow cytometry. Each test was repeated 3 times.

Effect of PEC on Cell Cycle Progression of SGC-7901 Tumor Cells

SGC-7901 single-cell suspension, in logarithmic growth phase, was inoculated into 100 mL culture flask, by adjusting cell density to 5 × 105/bottle. PEC was added to the administration groups to achieve a final concentration of 50, 25, and 12.5 μg/mL, respectively. An equal volume of culture medium was added to the normal control group and cultured for 24 h. Thereafter, the cells were centrifuged at 1,000 rpm for 5 min, and washed twice with PBS to remove cell debris from the cell suspension. Approximately, 1~5 × 105 cells were collected, fixed in 70% ethanol, and stored at 4°C. Thereafter, the fixative solution was washed away with PBS, followed by addition of 100 mL RNase A. The cells were then incubated for 30 min in a 37°C water bath; 400 mL PI was used for dyeing and mixing. The mixture was detected by FCM after incubating for 30 min at 4°C, away from light. Cells were collected by 630 band-pass filters through FSC/SSC scatter plots. Adhesive cells and debris were excluded by gate-setting technique. The percentage of cell cycle on fluorescence histogram was analyzed.



The Inhibitory Effect of PEC on Angiogenesis of Tumors
 
Detection of Tumor Necrosis by HE Staining

After dissection of the tumor, it was fixed with 10% neutral buffered formalin. The specimen was embedded in conventional paraffin, and made into 4 μm tissue sections, dewaxed by xylene, dehydrated by gradient alcohol, and washed twice with distilled water, each time for 3 min. Thereafter, the specimen was stained with Gill hematoxylin for 10 min, washed with distilled water for 2 min, and observed under a microscope. If deemed necessary, the specimen was differentiated by 0.5% ethanol hydrochloride for several seconds, washed in flowing water, blued in warm water, stained by 95% ethanol for 1 min, followed by 0.5% ethanol staining solution for 1 min, and dehydrated by gradient alcohol twice, each time for 3 min. Xylene was used twice (5 min, each time) for transparency and neutral gum was used for sealing. The results were observed under ordinary optical microscope.

Immunohistochemical Staining for the Measurement of MVD and VEGF Expression

The MVD strength and expression of VEGF was detected by immunohistochemical staining. MVD positive intensity was based on the brown staining of CD31 reaction in vascular endothelial cells. First, the whole section was observed under the low power lens of the microscope (×100) to determine the highest vascular density in the tumor, and 5 areas with the largest number of microvessels were selected. Thereafter, the number of blood vessels in these five fields was recorded after observing under the high power lens of the microscope (×200), and the average number was taken as the MVD of the case. For determining VEGF positivity, the following criteria was set: first, the intensity of staining was graded; the depth of staining was compared with the background. Points were assigned based on the staining intensity: 0 points for colorless, 1 point for light yellow, 2 points for brownish yellow, and 3 points for brown. Subsequently, the percentage of positive cells was scored: 0 was negative, positive cells <10% were assigned 1 point, 11–50% were assigned 2 points, 51–75% were assigned 3 points, and >75% were assigned 4 points.



The Effect of PEC on Immune Function of S-180 Sarcoma Mice
 
The Effect on the Proliferation of Splenic Lymphocytes in S-180 Sarcoma Mice

After 24 h of the last administration, the spleens of the mice were collected under aseptic conditions, and the spleen cells were extracted; appropriate amount of RPMI 1640 medium was used for preparation of the cell suspension. The cells were counted by 0.4% trypan blue exclusion method and were diluted with RPMI1640 medium. A 96-well plate was taken, and 100 μL spleen cell suspension was added parallelly to 12 wells. Thereafter, 100 μL RPMI 1640 medium, 100 μL Concanavalin A (ConA) dilution solution and 100 μL LPS dilution solution were added and 4 wells were set in parallel. They were incubated for 44 h at 37°C with 5% CO2; 20 μL MTT solution (5 mg/mL) was added to each well and incubated for 4 h. After centrifugation at 1,800 rpm for 5 min, the supernatant was discarded and 150 μL DMSO (containing 4% 1 N hydrochloric acid) was added to each well to dissolve the crystals by oscillation, away from light. OD value was measured at 570 nm using a microplate reader, and stimulation index (SI) was calculated as follows: SI = OD value of the original culture with mitogen/OD value of the original culture without mitogen.



Determination of Killing Activity of Natural Killer Cells (NK) and Cytotoxic T Lymphocytes (CTL) in Mice
 
Preparation of Target Cells

Human chronic myeloid leukemia K562 cells and S180 cells were collected from the exponential growth phase, and RPMI 1640 medium was added to prepare a cell suspension with a concentration of 2.0 × 105/mL.

Preparation of Effector Cells

The cell concentration of the splenocyte suspension prepared above was 1.0 × 107/mL.

Cytotoxicity Assay

RPMI 1640 culture medium was added to each well in columns 1–4 of a 96-well cell culture plate. Subsequently, K562 cell suspension was added to each well in columns 5–8, and S-180 cell suspension was added to each well in columns 9–12. Spleen cell suspension (100 μL) was added to B to G lines, and 100 μL RPMI 1640 medium was added to A and H lines. After the plate was cultured at 37°C for 24 h in a 5% CO2 incubator, 20 μL MTT solution (5 mg/mL) was added to each well 4 h before the end of the incubation, after which, incubation was continued for completion of 24 h. After centrifugation at 1,800 rpm for 5 min, the supernatant was discarded. Thereafter, 150 μL DMSO, containing 4% 1 N hydrochloric acid, was added to each well to dissolve the crystals by oscillation away from light. OD value was measured at 570 nm to calculate NK cell activity and CTL activity.



Determination of Ability of Spleen Cells to Secrete Interleukin 2 (IL-2)
 
IL-2 Induction of Splenocytes and Preparation of Culture Supernatant

The spleen cell suspension prepared above was inoculated into a 24-well cell culture plate, and 1 mL spleen cell suspension and an equal volume of ConA solution were added to each well to achieve a final concentration of 10 μg/mL. To the control group, 1 mL RPMI 1640 medium was added. The plate was incubated at 37°C for 48 h in a 5% CO2 incubator, after which cells were centrifuged at 2,000 rpm for 10 min. Thereafter, the supernatant was filtered through a 0.45 μm microporous membrane. The filtrate was collected and stored at −20°C, which contained the IL-2 to be tested.

Preparation of Target Cells

Normal ICR mice were sacrificed by cervical dislocation. Spleen cell suspension was prepared according to the conventional method, and the cell concentration was adjusted to 5 × 106/mL by RPMI1640 complete culture medium. An equal volume of ConA solution, with final concentration of 5 μg/mL, was added and the suspension was cultured at 37°C for 48 h in a 5% CO2 incubator. It was washed twice with PBS, and RPMI 1640 medium was added to adjust the cell concentration to 5 × 106/mL, which served as the target cells for IL-2 assay.

Sample Testing

The supernatants of IL-2 from each group preserved at 20°C were assayed for their IL-2 levels using ConA-activated splenic lymphocytes of mice. In a 96-well cell culture plate, 100 μL target cell suspension and 100 μL supernatant dilution (1:4) were added to each well, and 4 parallel wells were set for each sample. At the same time, a sample containing the corresponding concentration of ConA and the culture solution was prepared. They were incubated at 37°C for 20 h, in a 5% CO2 incubator, after which, 20 μL MTT solution (5 mg/mL) was added to each well. Thereafter, incubation was continued for another 4 h, after which, samples were centrifuged at 1,800 rpm for 5 min; the supernatant was discarded and 150 μL DMSO containing 4% 1 N hydrochloric acid was added to each well to dissolve the crystals by oscillation away from light. They were placed in the dark at room temperature for 15 min, and the OD value was measured at a wavelength of 570 nm using a microplate reader. The proliferation index (SI) was calculated as follows.

Detection of Specific Antibodies and Subclasses of Serum Antigens

On a 96-well microtiter plate, 100 μL coating solution (50 mM carbonate buffer, S180 cell lysate with protein concentration of 50 g/mL, pH 9.6) was added to each well which was then cultured at 4°C for 24 h. Thereafter, the plate was washed with washing solution 3 times, for 3 min each. Blocking solution (150 μL) was added to each well, and the plate was incubated at 37°C for 2 h in a 5% CO 2 incubator. The plate was then washed 3 times with washing solution, 3 min for each, after which, 100 μL (1:200) serum dilutions were added to each well. Plates were incubated at 37°C for 2 h in a 5% CO 2 incubator, followed by 3 washes of 3 min each, with washing solution. Thereafter, 100 μL horseradish peroxidase-labeled rabbit anti-mouse IgG (1:16,000), goat anti-mouse IgG2a (1:8,000), and goat anti-mouse IgG2b (1:8,000) antibody dilutions were added to each well. The plate was then incubated at 37°C for 2 h in a 5% CO 2 incubator, followed by 3 washes of 3 min each with washing solution. Thereafter, 100 μL substrate solution was added to each well. The plate was placed in the dark at 37°C for 10 min, followed by addition of NH2SO4 solution to terminate the reaction. The OD value was measured at a wavelength of 492 nm using a microplate reader.




RESULTS


Composition Analysis of PEC

The PEC sample solution was analyzed by UHPLC-Q/TOF-MS system, and the total ion flow diagram of PEC was obtained. By comparing and screening with TCM MS/MS Library in SCIEX OS software, the compounds were identified qualitatively. The identification results are shown in Figure 1 and Tables 1, 2. Thirty one compounds were identified under negative ion mode and 47 compounds under positive ion mode. Most of these compounds were the flavonoids, and it can be inferred that the main anticancer component in PEC are flavonoids.


[image: image]

FIGURE 1. The total ion flow diagram of PEC by UHPLC-Q/TOF-MS in (A) negative ion mode and (B) positive ion mode.





Table 1. High resolution mass spectrometry data and elemental composition of PEC (Negative Ion Mode).
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Table 2. High resolution mass spectrometry data and elemental composition of PEC (Positive Ion Mode).
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The Broad-Spectrum Cytotoxicity of PEC Against Various Cancer Cell Lines

The MTT assay indicated that PEC exerted cytotoxicity against various cancer cell lines. At the maximum concentration of 100 or 120 μg/mL, PEC showed an inhibition ratio of over 70% in all cancer cell lines. Among them, SGC-7901, PC-3, and PANC-1 were the most sensitive cell lines with IC50 values from 20.6 to 26.2 μg/mL. The other cell lines showed less sensitivities with IC50 values > 40 μg/mL (Table 3).



Table 3. Inhibitory effect of PEC on cancer cells after 72 h ([image: image] ± s, n = 4).
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The Inhibitory Effects of PEC on Cancer Cell Growth

To further demonstrate the anticancer activity of PEC, one sensitive cell line SGC-7901 and one cell line with less sensitivity A549 were selected for further investigation for their growth curves under PEC treatment. As shown in Figure 2, the inhibitory effect of PEC on the two cancer cell lines constantly strengthened in a time-dependent manner. At the same time point, the inhibition ratios became higher along with an increase in PEC concentration, indicating a strong dose-effect relationship (Figures 2A,B). In addition, with the same dose and at the same time point, the inhibition ratio of SGC-7901 was significantly higher than that of A549, confirming that the SGC-7901 cells were more sensitive to PEC.


[image: image]

FIGURE 2. Inhibitory effects of PEC on growth of (A) SGC-7901 and (B) A549 cells with different time ([image: image] ± s, n = 4). Inhibitory effects of PEC on (C) H22 and (D) S-180 xenograft tumors in mice ([image: image] ± s, n = 10). (E) Inhibitory effects of PEC on transplanted SGC-7901 tumors in nude mice ([image: image] ± s, n = 6). Compared with model group: *P < 0.05, **P < 0.01. Tumor inhibition rate (%) = (mean tumor weight in the model group – mean tumor weight in the administration group)/average tumor weight in the model group × 100%.





The Inhibitory Effects of PEC on Tumor Growth in vivo

We further determine the in vivo efficacy of PEC in different xenograft models. As shown in Figures 2C,D, the dose-dependent inhibitory effects were observed on the growth of H22 and S-180 tumors in mice administrated with PEC. At the dose was 14 mg/kg, the inhibitory rates were 37.25 and 60.0%, respectively, indicating a good dose-effect relation with a significant difference compared to the model group (P < 0.05).

PEC also exerted an inhibitory effect on the growth of transplanted SGC-7901 tumor in nude mice. At the dose of 14 mg/kg, PEC inhibited 53% tumor growth, with a significant difference compared to the model group (P < 0.05; Figure 2E). In addition, the PEC treatment did not make any changes in the mouse body weights in comparison to the control group, which indicated that PEC did not cause any host toxicity in vivo (S-Tables 1–3). However, CTX (cytoxan) treatment showed significant effects on the average body weights of mice, which might be related to its immunosuppressive and toxic effects.



Anti-tumor Mechanism of PEC
 
PEC Induced Cancer Cell Apoptosis

We further determined the mechanisms for PEC's anticancer activity. As shown in Figure 3A, under an inverted microscope, the SGC-7901 cells belonging to the normal control group appeared plump, thriving and stereoscopic, adhering to the wall, with a single shape, and high refractive index. However, along with an increasing concentration of PEC, the cell number decreased, the shape of the cells appeared irregular and shrunk, the number of smudged cells increased, and the refractive index decreased. At the concentration of 50 μg/mL, the intensity of cells decreased drastically, and all the cells appeared disrupted. When observed under a fluorescent microscope, SGC-7901 cells belonging to the normal control group appeared to have larger nuclei, even nuclear chromatins with green fluorescence, and active cell division. With increasing concentration of PEC, features indicative of apoptosis became evident, including karyopyknosis, nuclear fragmentation, partial nucleus fragmentation and uneven nuclear chromatins, with densely stained yellow and green fluorescence. At the concentration of 50 μg/mL, obvious nucleus fragmentation, chromatin shrinkage, red dead cells, orange terminal apoptotic cells, and apoptotic bodies were visible. These results together indicated that PEC induced apoptosis of SGC-7901 cells in a concentration-dependent manner.
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FIGURE 3. Effects of PEC on the morphology of SGC-7901 cells in (AI) the inverted microscope and (AII) the fluorescent microscope. (B) Detection of apoptosis of SGC-7901 induced by PEC in FCM. (C) Effect of PEC on SGC-7901 in Periodic Blockade. Compared with control group: *P < 0.05, **P < 0.01.



We further determined the apoptotic rates of SGC-7901 cells by flow cytometry (Figure 3B). The apoptotic rate in the normal control group was found to be 0.7%, while early apoptotic cells and apoptosis rate was found to increase with increasing PEC dosage. When treated with 50 μg/mL PEC, the apoptotic rate increased from 0.7 to 19.1%, with significant difference compared to the normal control group (P < 0.01), confirming that PEC induced apoptosis of SGC-7901 cells in a dose-dependent manner.

PEC Arrested Cancer Cells at G2 Phase

The effects of PEC on cell cycle progression were determined. As shown in Figure 3C, in the control group, cells in G1, S, and G2/M phase were 48.53, 49.44, 2.03%, respectively. Under the treatment of PEC, the proportion of cells in the G1 phase gradually decreased, while the proportion of cells in the G2 phase gradually increased. When the concentration of PEC reached 50 μg/mL, cells at G2/M phase increased to 12.43%. However, the proportion of cells in the S phase remained unchanged. These results indicated that PEC could act on the G2/M level of the SGC-7901cells.



The Inhibitory Effects of PEC on Angiogenesis of Tumors

As shown in Figure 4A, HE-stained tumor cells from the normal control group, viewed under an optical microscope, appeared to have plump nuclei and were stained uniformly blue. However, with increasing doses of PEC, the extracellular matrix in the PEC treated group appeared solidified, and the unstructured areas of red staining gradually increased. Nuclear fragmentation and dissolution were observed in tumor tissues from the group that had been administered the highest dose of PEC. Some necrotic tissues showed homogeneous red staining without structural areas, and the necrotic foci were significantly more than that observed in the normal control group. The above phenomenon indicated that PEC could promote tumor tissue necrosis in a dose-dependent manner.
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FIGURE 4. Effects of PEC on tumor tissues (HE × 200) (A) and VEGF (B,C) and CD31 (B,D) expression in SGC-7901 tumor tissue (IHC × 200). The expression of cleaved-casease3/β-actin in SGC-7901 tumor tissue (E). Compared with model group: *P < 0.05, **P < 0.01.





Immunohistochemical Staining for the Measurement of VEGF and CD31 Expression

As shown in Figures 4B,C, immunohistochemical analyses indicated that most cells in the normal control group were stained claybank, with some cell sepia showing strong VEGF expression. In the PEC-treated groups, a dose-dependent decrease was observed in the number of positive cells, indicating the inhibition of VEGF expression in vivo. In addition, the control group was also found to have abundant microvessels, with the nuclei of the vascular endothelial cells stained uniformly yellow, and the endothelial cells closely connected (Figures 4B,D). However, in the PEC-treated tumors, endothelial cells, and CD31-positive intensity significantly decreased. In the highest dose group, there were fewer positive vascular endothelial cells, which was significantly different from the control group (P < 0.01). These results indicated that PEC exerted inhibitory effects on tumor blood vessels in a dose-dependent manner. Moreover, we also examined the apoptosis level by Western blotting analysis of cleaved-caspase3. As shown in Figure 4E, PEC treatment significantly increased the expression of cleaved-caspase-3 in tumor tissues of mice.



The Effect of PEC on Immune Function of S-180 Sarcoma Mice
 
The Effect on the Proliferation of Splenic Lymphocyte in S-180 Sarcoma Mice

We first studied the effect of PEC on the proliferation response of S-180 sarcoma mice that were induced by Con A and LPS. As shown in Figures 5A,B, compared to the normal mice, the proliferation capacity of T and B lymphocytes in the tumor-bearing mice was significantly reduced (P < 0.001). PEC treatment dose-dependently enhanced the proliferation capacity of T and B lymphocytes in mice (P < 0.05). However, T and B lymphocytes were found to be significantly reduced in the CTX control group (P < 0.05).
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FIGURE 5. Effects of PEC on splenic lymphocyte proliferation induced by (A) ConA and (B) LPS in S-180 tumor-bearing mice. (C) Effects of PEC on NK in S-180 tumor-bearing mice ([image: image] ± s, n = 10). (D) Effects of PEC on CTL in S-180 tumor-bearing mice ([image: image] ± s, n = 10). Compared with model group: *P < 0.05, **P < 0.01.



Killing Activity of Natural Killer Cells (NK) and Cytotoxic T Lymphocytes (CTL) in Mice

The effects of PEC on the activity of NK cells (Figure 5C) and CTL (Figure 5D) was also studied in S-180 tumor-bearing mice. The highest dose of PEC could significantly improve the S-180 tumor-burdened NK cell activity (P < 0.01) as well as the activity of CTL (P < 0.05) dose-dependently. In the CTX control group, NK cells and CTL activity were significantly lower than the tumor-bearing control group (P < 0.01).

The Effect of PEC on IL-2 Production in Spleen Cells of S-180 Tumor-Bearing Mice

The effect of PEC on IL-2 production in spleen cells of S-180 sarcoma mice was studied (Figure 6A). It was observed that IL-2 production by the spleen cells of mice belonging to the CTX control group was significantly lower than that of the model group mice (P < 0.01). In the PEC groups, IL2 production increased with the increasing doses of PEC, showing a dose-effect relationship.
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FIGURE 6. (A) Effects of PEC on IL-2 production by splenic lymphocytes in S-180 tumor-bearing mice ([image: image] ± s, n = 10). Effects of PEC on (B) IgG, (C) IgG2b, and (D) IgG2a in Serum of S-180 tumor-bearing mice ([image: image] ± s, n = 10). Compared with model group: *P < 0.05, **P < 0.01.



Detection of Specific Antibodies and Subclasses of Serum Antigens

The effect of PEC on specific antibodies and their subclasses in the serum of S-180 tumor-bearing mice were studied (Figures 6B–D). Significantly reduced levels of tumor antigen-specific IgG, IgG2a, and IgG2b were observed in the serum of tumor-bearing mice in the CTX group (P < 0.01), while increased levels were observed in the PEC group. This observation suggested that PEC mainly stimulated the Th1 type of immune response in vivo.




DISCUSSION

According to the clinical experience and previous studies of P. perfoliatum L. an original plant of PEC in Chinese folk, we have chosen seven cancer cell lines, including a human cervical cancer line (Hela), a human gastric cancer cell line (SGC-7901), a human prostate cancer cell line (PC-3), a human lung cancer cell line (A549), a human glioma cell line (BT-325), a human pancreatic cancer cell line (PANC-1), and a human hepatoma cell line (HepG2) to investigate the anticancer activity of PEC in vitro. An MTT assay was used to investigate the inhibitory effects of PEC on the proliferation of various tumor cells. The results showed that PEC could inhibit the growth of all cell lines. SGC-7901, PC-3, and PANC-1 cells were found to be more sensitive to PEC than Hela, A549, BT-325, and HepG2 cells. At the same time, it was found that PEC showed a significant dose-effect relationship in the inhibition of the tumor cells. We, therefore, selected SGC-7901 cells that were sensitive to PEC and A549 cells that were less sensitive to PEC to perform the concentration- and time-dependent studies (Figures 2A,B). The results showed that PEC had an obvious dose-effect relationship and time-effect relationship to the growth of two cancer cell lines.

We further carried out the in vivo efficacy studies of PEC. The results revealed that PEC exhibited strong anti-tumor activities against H22 hepatoma and S-180 sarcoma cells in mice, showing a significant dose-effect relationship. The inhibition rates against H22 and S-180 tumor growth in the highest dose group were 37.25 and 64.38%, respectively. PEC also exerted significantly inhibitory effects on transplanted SGC-7901 tumor in nude mice, and the tumor inhibition effect was proportional to the dose of PEC. The relative tumor inhibition rate against SGC-7901 tumor was 52.4% in the highest dose group.

In addition, we also performed preliminary studies to examine the effects of PEC on cell cycle progression, angiogenesis, and immune function. One of the key reasons that tumors can proliferate in an unrestrained manner is because of the malfunctioning of the cell cycle regulation mechanism, leading to uncontrolled cell growth. Tumors are sometimes considered to be fallout of a cell cycle disorder, resulting from uncontrolled cell growth, caused by genetic changes. Results of this study indicated that the proportion of cells in G1 phase gradually decreased, while the proportion of cells in G2 phase gradually increased by PEC. SGC-7901 cells were blocked in the G2 phase and a significant dose-effect relationship was observed.

Since Folkman et al. proposed the theory of tumor angiogenesis in 1971 (5), tumor growth and metastasis have been thought to be closely related to the formation of neovascularization. The restriction of blood vessel formation plays an important role in inhibiting the invasion and metastasis of solid tumors. VEGF, a vascular permeability factor (6), is a major factor in the process of human tumor angiogenesis. VEGF is a specific endothelial cell mitogen, which can promote the development of neovascularization in vivo. When cancer occurs, the expression of VEGF is significantly upregulated. Nayak et al. analyzed the expression of VEGF and MVD and concluded that MVD was related to the expression of VEGF (7). Therefore, drugs acting on VEGF have broad prospects for development. In this study, high dose PEC significantly inhibited the expression of VEGF in tumor cells, suggesting that PEC may play an important role in blocking angiogenesis by down-regulating the expression of VEGF and thereby affecting proliferation, growth, migration, and vascular permeability of vascular endothelial cells. However, whether the ability of PEC to inhibit tumor growth and angiogenesis is related to the improvement of other tumor microenvironmental factors is not fully understood and needs further study.

Lastly, the body's immune response includes cellular immunity and humoral immunity. B-cell mediated humoral immunity is an antigen-antibody reaction; the antigen-antibody complex can neutralize endotoxin and prevent infection caused by microorganisms and viruses. Cellular immunity is mainly carried out by T and NK cells. T cells can directly kill tumor cells, and produce a large number of lymphokines, including macrophage migration factors, lymphotoxin, transfer factors, and interferons. These lymphokines not only promote the proliferation and differentiation of immune cells, but also enhance phagocytosis and killing function of macrophages. Therefore, they play an important role in the anti-tumor process (8, 9). In this study, the immune activity of T and B cells was detected by the proliferative response of lymphocytes. Con A could stimulate T cell proliferation, and LPS could stimulate B cell proliferation. Results showed that the proliferative abilities of T and B lymphocytes of mice were enhanced after PEC administration. T and B lymphocytes in the highest dose group increased significantly (P < 0.05), showing a dose-effect relationship.

Inhibition of tumors requires the interaction between the specific and non-specific immune response. Non-specific immune response refers to the mechanisms of non-specific defense against antigen invasion, including phagocytosis, inflammation, barrier function etc., which also play an important role in the specific immune response process. NK cells and CD8+ CTL represent two major types of cytotoxic lymphocytes (10, 11), which can kill homogeneous and homologous pathogenic cells among infected cells, such as cancer cells. Therefore, they play an important role in the anti-tumor process (12). NK cells can inhibit the proliferation and differentiation of activated B cells, regulate the immune response by secreting cytokines such as IL-2 and interferon, and enhance immune surveillance. Therefore, NK cells are considered to be the first barrier of the body's immune defense system (13–15). The activity of NK cells is determined by routine cell immune response assays in vitro, and the anti-tumor activity of drugs can also be effectively determined. This study revealed that high dose PEC could significantly enhance the activity of NK cells and CTL in S-180 tumor-bearing mice and showed a dose-effect relationship. The activity of NK cells and CTL in the CTX control group was significantly lower than that in the tumor-bearing control group.

IL-2 is a polypeptide cytokine, produced by activated T cells which augment the immune functions of various immunocompetent cells. It exerts anti-tumor effects by activating tumor killing cells such as NK cells, CTL and lymphocyte activated killing cells (LAK). Specifically, it regulates the activation and proliferation of NK cells, promotes proliferation and differentiation of activated B cells, and enhances the killing effect of monocyte macrophages on tumor cells. At the same time, IFN-γ and other lymphocytes, secreted by NK cells activated by IL-2 can further enhance the anti-tumor activities of monocyte macrophages and NK cells (16–18). In this study, we found that IL-2 production by spleen cells of S-180 tumor-bearing mice was enhanced with increased PEC dose. Further, IL-2 secretion by spleen cells of mice in the high dose group was significantly higher than that in the model group.

Th1 type immune response is mediated by Th1 helper cells that mainly produce cytokines IL-2, TNF-β, IFN-γ, and antibody subclasses, IgG2a and IgG2b. It also participates in the cellular immunity by mediating immune responses related to cytotoxicity and local inflammation. The Th2 type immune response participates in the humoral immunity, mainly by producing cytokines (IL-4, IL-5, and IL-10), antibodies (IgG1 and IgA), and by stimulating B cell proliferation for antibody production. We have found that CTX could significantly reduce serum levels of tumor antigen specific IgG, IgG2a, and IgG2b antibodies, while PEC could increase the serum levels of these antibodies in tumor-bearing mice, especially in the high dose group. These results suggest that PEC primarily stimulates the Th1 type immune response in vivo.

In summary, we aimed at demonstrating the broad spectrum anticancer activities of PEC in this study. We have chosen seven cell lines in vitro studies. The results showed that PEC could inhibit the growth of all tumor cells. Among them, PC-3, PANC-1, and SGC-7901 had strong growth inhibition, the inhibition rate was more than 80%. Then, we chose the most common clinical cancer of gastric cancer (SGC-7901) as the research object. Taking this gastric cancer cell line as the representative, we discussed the anti-cancer mechanism of PEC by investigating its effects on apoptosis, cell cycle progression, and angiogenesis. In addition, we studied the effects of PEC on the immune function of S-180 sarcoma mice. In future studies, we will focus on the molecular mechanisms of PEC, which are critical for developing PEC as an anticancer drug.



CONCLUSIONS

Our research team evaluated the in vitro and in vivo anticancer activity of ethyl acetate extracts from P. perfoliatum L. and further obtained the most active component PEC by activity-guided isolation. In the present study, we demonstrated the in vitro and in vivo antitumor effects of PEC as well as its mechanisms of action. Our results have shown that PEC inhibits cancer cell proliferation, induces apoptosis, and arrest cells at G2 phase. Furthermore, it has been found to reduce the expression of VEGF and MVD in tumor tissues and stimulate the proliferation of T and B lymphocytes in tumor-bearing mice. Moreover, it has also been shown to enhance the activity of NK cells and CTL, promote IL-2 secretion by spleen cells of mice, and increase the serum levels of IgG, IgG2a, and IgG2b antibodies in tumor-bearing mice. Taken together, PEC has shown promising anticancer activity in vitro and in vivo and could be developed as a therapeutic agent in future studies.
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Herbal compatibility is the knowledge of which herbs to combine in traditional Chinese medicine (TCM) formulations. The lack of understanding of herbal compatibility is one of the key problems for the application and popularization of TCM in western society. Because of the chemical complexity of herbal medicines, it is simpler to begin to conduct compatibility research based on herbs rather than component plant secondary metabolites. We have used transcriptome analysis to explore the effects and interactions of two plant extracts (Kushen and Baituling) combined in Compound Kushen Injection (CKI). Based on shared chemical compounds and in vitro cytotoxicity comparisons, we found that both the major compounds in CKI, and the cytotoxicity effects of CKI were mainly derived from the extract of Kushen (Sophorae flavescentis). We generated and analyzed transcriptome data from MDA-MB-231 cells treated with single-herb extracts or CKI and results showed that Kushen contributed to the perturbation of the majority of cytotoxicity/cancer related pathways in CKI such as cell cycle and DNA replication. We also found that Baituling (Heterosmilax yunnanensis Gagnep) could not only enhance the cytotoxic effects of Kushen in CKI, but also activate immune-related pathways. Our analyses predicted that IL-1β gene expression was upregulated by Baituling in CKI and we confirmed that IL-1β protein expression was increased using an ELISA assay. Altogether, these findings help to explain the rationale for combining Kushen and Baituling in CKI, and show that transcriptome analysis using single herb extracts is an effective method for understanding herbal compatibility in TCM.

Keywords: transcriptome, herb combination, traditional Chinese medicine, cancer treatment, Compound Kushen Injection


INTRODUCTION

At present many complex and chronic diseases rely on therapies that combine modern pharmaceuticals. A similar multiple-herb strategy known as “Fufang” is an essential component in traditional Chinese medicine (TCM) theory and is used to achieve better therapeutic results, and reduce side effects and herbal toxicity (1, 2). As a result of thousands of years' of accumulated clinical practice, TCM has more than 100,000 formulae and abundant experience that has contributed to an understanding of which herbs should be combined in particular circumstances, herein referred to as herbal compatibility (3, 4). However, because herbal medicines are made up of complex mixtures of plant secondary metabolites, the mechanism of most TCM formulas has not been explored. This limitation of TCM has become one of the key problems for its modernization, and hinders the application and popularization of herbal medicines (5).

Recent rapid developments in analytical chemistry and molecular biology have provided methods for researchers to tackle the complex mechanisms of herbal compatibility on a number of different levels. Usually, these methods focus on one or a few components within a complex mixture, in attempts to reveal how preparation/extraction for combined use can change their concentrations in products or pharmacokinetic processes in vivo (6–9). However, as a complex mixture may contain thousands of compounds, it is unclear how changing one or several components in a TCM formula can explain and account for the principles and observations of herbal compatibility. Furthermore, pharmacological models that measure phenotypes associated with efficacy or proxies for efficacy are limited in their ability to explain potential therapeutic effects and mechanisms. New high-throughput technologies for measuring molecular phenotypes such as gene expression, and bioinformatic methods can provide systematic ways for refining and clarifying complex biological processes that result from hundreds or thousands of molecular interactions. By applying these methods to the study of TCM, it is possible to transform the research paradigm from “main active compound that influences one target” to “multiple components that influence many network targets” (10, 11). Although it is now common to apply RNA-sequencing and systematic methods to study the effects of whole TCM formulae, no literature has applied these methods to study herbal compatibility. In this report, we apply transcriptome analysis to identify how the combination of Kushen (Sophorae flavescentis) and Baituling (Heterosmilax yunnanensis Gagnep) extracts can account for the broader and increased effects observed in Compound Kushen Injection (CKI).

Our model system for dissecting herbal compatibility, CKI, is derived from an ancient Chinese formula and was approved by the State Food and Drug Administration (SFDA) of China in 1995. It is widely used as an adjuvant medicine in the treatment of carcinomas for pain relief, activation of innate immune response and reduced side effects in cancer therapy (12, 13). Our previous results have shown that CKI suppresses the growth of cancer cells by inhibiting cell cycle, energy metabolism, and DNA repair pathways (10, 14). Kushen is considered to be the principal herb and major contributor to the molecular effects of CKI. Many published studies have reported on the alkaloids and flavonoids contained in CKI, most of which are extracted from Kushen. These compounds have been reported to have a variety of bioactivities, including antitumor, antioxidant, and anti-inflammatory activities (15, 16). However, there is no literature that mentions the role of Baituling in CKI. Therefore, current studies are not sufficient to provide a rational framework for CKI prescription or explain its molecular mechanisms.

In this report, we break down the formula into its individual components in order to study the herbal compatibility of CKI. By comparing transcriptome changes in MDA-MB-231 cells between CKI and single herbal extract treatments, we found that Kushen extract alone, perturbed most of the pathways through which CKI exerts its effects on cancer cells. However, integrating Kushen with Baituling can enhance the effects of Kushen alone on cancer-related pathways and in addition can activate innate immune functions. These results support the TCM rationale behind the CKI formula and confirm RNA-sequencing as a useful tool for the identification of candidate mechanisms in TCM research.



MATERIALS AND METHODS


Cell Culture and Drugs

MDA-MB-231 (ATCC Cat# CRM-HTB-26, RRID:CVCL_0062), HepG2 (ATCC Cat# HB-8065, RRID:CVCL_0027) and A431 (ATCC Cat# CRL-7907, RRID:CVCL_0037) cells were purchased from ATCC (VA, USA). All cell lines were cultured at 37°C with 5% CO2 in DMEM (Thermo Fisher Scientific, MA, USA) with 10% fetal bovine serum (Thermo Fisher Scientific). CKI, Baituling, and Kushen injections were provided by Zhendong pharmaceutical Co.Ltd (China). Baituling and Kushen injections were manufactured using the same processes as CKI and diluted to the equivalent concentration of CKI (total alkaloid concentration at 2 mg/ml). The concentration at 2 mg/ml (total alkaloid concentration for CKI, and equivalent total alkaloid concentration for Kushen and Baituling injections) was used in all cell assays and transcriptome analysis.

All in vitro assays were conducted in 6-well or 96-well plates. The seeding density was 4 × 105 for 6-well plates across all three cell lines. For 96-well plates, MDA-MB-231 cells, A431 cells and HepG2 cells were seeded at 1.6 × 105cells/well, 8 × 104 cells/well, and 4 × 103cells/well respectively. Cells were cultured overnight before drug treatment and the treatment time was 48 h for all assays.



Components Comparison With HPLC

CKI, Kushen or Baituling injection was diluted 1:20 with MilliQ water and then analyzed on a photodiode-array UV-Vis detector equipped Shimadzu HPLC (Japan) with a preparative C18 column (5 μm, 250 × 10 mm, Phenomenex, CA, USA). The recording range is from 200 to 280 nm, with monitoring at 215 nm. 0.01M ammonium acetate (adjusted to pH 8.0, solvent A) and acetonitrile + 0.09 % trifluoroacetic acid (solvent B) were used as mobile phase and flow rate is 2 ml/min with linear gradient elution (0 min, 100 % A; 60 min, 65 % A, 70 min, 100 % A). Nine Standard compounds, including Oxymatrine, Oxysophocarpine, N-methylcytisine, Matrine, Sophocarpine, Trifolirhizin, Adenine, Sophoridine (Beina Biotechnology Institute Co., Ltd, China), and macrozamin (Zhendong Pharmaceutical Co.Ltd, China), were used to characterize peaks in the HPLC profile.



Cell Viability Assay

Cells were cultured and treated in 96-well plates. After 48 h drug treatment, 50 μl of XTT:PMS (at 1 mg/ml and 1.25 mM, respectively, and combined at 50:1 ratio, Sigma-Aldrich, MO, USA) was added into each well and incubated 4 h for the measurement of cell viability. A Biotrack II microplate reader was used to detect the absorbance at 492 nm.



Apoptosis Rate With Cell Cycle Assay

After treatment, cells were harvested from 6-well plates and stained with propidium iodide (PI; Sigma-Aldrich) as previously described (17). The stained cells were quantified on a BD LSR Fortessa-X20 (BD Biosciences, NJ, USA) and the data were analyzed with FlowJo software (TreeStar Inc., OR, USA).



qPCR for Transcriptome Validation

The assay was performed as previously described (10). The sequences of all primers are shown in the Supplementary Table.



RNA Extraction and Sequencing

After treatment with injections, MDA-MB-231 cells were harvested from 6-well plates and snap-frozen with liquid nitrogen. Total RNA was isolated using the PureLink RNA mini kit (Thermo Fisher Scientific). Quality and quantity of RNAs were measured with a Bioanalyzer at the Cancer Genome Facility of the Australian Cancer Research Foundation (Australia) to ensure RIN>7.0 and sent to Novogene (China) for sequencing with paired-end 150 bp reads on an Illumina HiSeq X platform.



Transcriptome Data Analysis

The adaptors and low-quality sequences in raw reads were trimmed with Trim_galore (v0.3.7, Babraham Bioinformatics) using parameters: —stringency 5 —paired. STAR (v2.5.3a) was used to align reads to reference genome (hg19, UCSC) with parameters: —outSAMstrandField intronMotif —outSAMattributes All —outFilterMismatchNmax 10 —seedSearchStartLmax 30(18). Differentially expressed genes were calculated with edgeR (v3.22.3) and selected with false discovery rate (FDR) < 0.05 and Log fold change >1 or < -1(19).

The GO and KEGG over-representation analyses were performed with ClueGO and visualized with Cytoscape v3.6.0 with following parameters: right-sided hypergeometric test for enrichment analysis; p-values were corrected for multiple testing according to the Benjamini-Hochberg method and biological process at 3rd level for GO terms (20, 21). The Signaling Pathway Impact Analysis (SPIA) package in R was used to conduct the pathway perturbation analysis using all DE genes (FDR < 0.05) (22). R Pathview package was used to visualize specific KEGG pathways (23). String (V11.0) was used to identify protein-protein interactions with a threshold of 0.4 for minimum interaction score (24).



ELISA for IL-1β Level

A431 cells were treated with different injections for 48 h in 96-well plates and the cell culture supernatant was collected and tested for the level of IL-1β by ELISA using human interleukin-1 beta ELISA kit (Biosensis, CA, USA) according to the kit protocol. The absorbance at 450 nm was detected with Multiskan Ascent Plate Reader.




RESULTS


HPLC Comparison of the Composition of CKI and Single Extract Injections

In order to obtain information about plant specific components in CKI, we used high-performance liquid chromatography (HPLC) to compare the compounds in CKI and two single herb extracts/injections (Figure 1). From the chromatographic profile, it can be seen that Kushen injection contributes most of the major chemical components in CKI. In contrast, few compounds were detected in Baituling injection, which only contributes one major compound to CKI. Based on comparison with 9 reference standard compounds, 8 main compounds derived from Kushen (adenine, N-methylcytisine, sophorodine, matrine, sophocarpine, oxysophocarpine, oxymatrine, and trifolirhizin) are shown to contribute to CKI. Macrozamin, which is used as a control marker for Baituling during manufacturing, only appeared in CKI and Baituling injection. These results indicate that CKI contains major compounds from both Kushen and Baituling, and Kushen contributes most of the major chemical components in CKI.
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FIGURE 1. HPLC profiles of CKI, Kushen and Baituling injections. Nine component compounds characterized using standard compounds are marked with red arrows.





Comparison of the Anticancer Effects Between CKI and Single Injections

Our previous results showed CKI suppressed the proliferation of and induced apoptosis in MCF-7 cells (10). To determine whether single injections had similar phenotypic effects as CKI, we conducted XTT assays to measure cell viability using three different cell lines; MDA-MB-231, A431 and HepG2. Results showed that Kushen had stronger cytotoxic effects than Baituling in all three cell lines. However, neither of the single injections had apoptotic effects comparable to CKI (Figure 2A) based on rates of apoptosis determined by flow cytometry with propidium iodide (PI) staining. Consistent with XTT cell viability results, more apoptotic cells were found in CKI than single injections treatments and Baituling had the smallest effect on apoptosis of the three injections (Figure 2B).
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FIGURE 2. Comparison of the effect of CKI and single herb injections on cancer cell lines. (A,B) Viability and the percentage of apoptotic cells treated with different injections for 48 h. (C) q-PCR validation of RNA sequencing results. The expression value in transcriptome was normalized as CPM (counts per million) using a TMM (Trimmed-Mean of M values) methods from edgeR package. Results are represented as means ±SEM (n = 9). Statistical analyses were performed using the t-test compared to untreated “Media” (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).





Comparison of MDA-MB-231 Transcriptomes From CKI and Single Injection Treatments

In order to elucidate the molecular mechanisms of herbal compatibility in CKI, we carried out transcriptome profiling from CKI and the single injection treated MDA-MB-231 cells. Triplicate samples for each treatment clustered well in multidimensional scaling plots and different treatments were clearly separated (Supplementary Figure 1). Although CKI and Kushen injection have similar chemical profiles, the inclusion of Baituling in CKI is sufficient to change the transcriptome of MDA-MB-231 cells compared to Kushen single injection treatment. We used edgeR (19) to identify differentially expressed (DE) genes for each injection treatment compared to untreated. Only 253 DE genes were identified in Baituling treated cells, which is much less than CKI and Kushen treatments (Supplementary Figure 2). In addition, we also identified DE genes for CKI treatment compared to Kushen treatment to identify the effects of Baituling in CKI (Supplementary Table 3).

To validate the results of transcriptome analysis, we performed quantitative PCR for several genes known to be important read-outs for the effects of CKI; TP53, CYD1A1, and CCND1. Their expression levels confirmed the interaction of Baituling with Kushen observed in the overall RNA sequencing results (Figure 2C).



Similar Effects of CKI and Kushen Single Injection on MDA-MB-231 Cells

Because Kushen is considered to be the primary active herb in CKI, and also we observed much more shared DE genes between CKI and Kushen treatments than between CKI and Baituling treatments (Supplementary Figure 2), we first examined the overlap of DE genes between Kushen and CKI. We identified 2,520 and 3,236 DE genes in cells treated with Kushen or CKI compared to untreated cells, respectively. By comparing these two DE gene sets, we identified 2,039 genes shared between the two groups (Figure 3A), indicating that Kushen contributed to the majority of effects from CKI.
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FIGURE 3. Significantly differentially expressed genes shared by Kushen (2 mg/ml) and CKI (2 mg/ml) treated cells and their functional enrichment analysis. (A) Venn diagram showing the number of differentially regulated genes in MDA-MB-231 cells treated with Kushen (KS; blue) or CKI (yellow) compared to untreated cells. (B,C) Over-represented KEGG pathways and GO terms (Biological Process at 3rd level, GO terms with FDR < 0.01 were showed and FDR < 0.05 were listed in Supplementary Table 5) for genes similarly regulated by Kushen and CKI. Node size is proportional to the statistical significance of over-representation and colors represent the proportion of up or down-regulated genes (yellow=up-regulated and blue=down-regulated). Similar GO terms are clustered (with representative terms shown in bold) and connected with edges.



In order to better understand the functions of shared DE genes between Kushen and CKI, we performed over-representation analysis using Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways for these 2,039 genes (Figures 3B,C; Supplementary Table 5). The results showed that cell cycle- and DNA replication-related pathways and terms were largely down-regulated by both Kushen and CKI. Based on our previous publications, perturbed regulation of genes in these pathways and annotated by these terms was associated with the observed cell viability and apoptotic effects CKI on cancer cells (10, 14). Other terms showing perturbation of metabolic processes and cell migration identified in this study, such as “pyrimidine metabolism,” “steroid biosynthesis,” and “positive regulation of locomotion,” also showed up in our previous research on the effects of CKI (25). Altogether, these results indicated that Kushen was very important to the major molecular consequences of CKI treatment, and perturbed most of the biological functions perturbed by CKI, resulting in reduced viability and and increased apoptosis in cancer cells.



Different Effects of CKI and Single Injections on MDA-MB-231 Cells

Although the above results for enrichment analysis showed that Kushen and CKI mainly regulate the same pathways, they did not specifically show the magnitude and direction of these perturbations. We, therefore, performed Signaling Pathway Impact Analysis (SPIA) to compare the significantly perturbed functional pathways across the different treatments. Ninety-two pathways were found to be significantly perturbed by CKI while only 30 of them were shown to be activated. For Kushen and Baituling, the ratios of activated/inhibited were 29/100 and 24/58, respectively (Supplementary Table 4). Clearly, Baituling perturbed fewer pathways, but the ratio of activated/inhibited was higher than for Kushen or CKI. Interestingly, most pathways were perturbed in the same way (inhibited or activated) by CKI and Kushen as shown in Figures 4A,B with very few pathways showing different directions of perturbation.
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FIGURE 4. Pathway perturbation analysis for CKI and single injections on MDA-MB-231 cells. (A,B) Perturbation accumulation and significance of perturbation for different KEGG pathways treated with different injections. Positive perturbation accumulation values mean the pathway is activated and vice versa. Dot colors indicate whether the pathway was significantly perturbed by CKI and/or Kushen. (C) Heatmap showing the perturbation value of shared significantly perturbed pathways for the three injections. Table on the right-bottom corner shows the correlation coefficients for the perturbation value for the three injections. “*” and “***” represent p < 0.05 and p < 0.001 respectively (Pearson's correlation test).



This similarity of effects between Kushen and CKI could also be seen in the high level of correlation for pathway perturbation between Kushen and CKI (0.83 correlation coefficient) compared to (0.33 correlation coefficient) for Baituling and CKI. CKI also had stronger perturbation effects on most pathways (Figure 4C). In pathways contributing to cytotoxic effects in cancer cells, such as cell cycle, p53 signaling pathway, proteoglycans in cancer and pathways in cancer, Baituling perturbed the pathways in the same direction as Kushen and seemed to reinforce those effects in CKI. However, the cytokine-cytokine receptor interaction pathway was very interesting as it was perturbed in an opposite fashion in Baituling compared to Kushen and did not show up as significantly perturbed by CKI treatment (Supplementary Figure 3). By comparing DE genes for Baituling and Kushen in the cytokine-cytokine receptor interaction pathway (Figure 5), we observed that many genes were oppositely regulated by the two single injections, such as genes in the CXC subfamily and IL6/12-like cytokine and receptor genes, which supported the SPIA results.
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FIGURE 5. Comparison of gene expression changes caused by Baituling and Kushen treatments in the cytokine-cytokine receptor interaction pathway. Left half of each box represents the gene expression change with Baituling treatment and the right half represents the effect of Kushen treatment. White or gray colors indicate no significant change in gene expression as a function of treatment.





The Functions of Baituling in CKI

In order to investigate the function of Baituling in CKI, we identified the DE genes of CKI treatment compare to Kushen treatment. Only 308 DE genes were found (Figure 6A). KEGG analysis of these genes showed that with the exception of steroid hormone biosynthesis and transcriptional misregulation in cancer, all other pathways were related to immune function, and most genes in this set were up-regulated (Figure 6B, Supplementary Table 5). This result was consistent with findings in the SPIA analysis that Baituling tended to activate immune-related pathways. The over-represented GO terms for this gene set also included interferon-gamma production, organ or tissue specific immune response and interleukin-2 production, all aspects of immune function and which only contained up-regulated DE genes (Figure 6C).
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FIGURE 6. DE genes regulated by Baituling in MDA-MB-231 cells line and their functional enrichment analysis. (A) Venn diagram showing the number of differentially regulated genes with CKI compared to Kushen (CKI-KS—Blue) and single herb injections (KS—Green or BTL—Yellow) compared to untreated. (B,C) Over-represented KEGG pathways and GO terms (Biological Process at 3rd level) for DE genes calculated by CKI compared to Kushen treated. Node size is proportional to the statistical significance of over-representation and colors represent the proportion of up or down-regulated genes (yellow=up-regulated and blue=down-regulated). Terms are clustered based on similar GO group (shown in bold) and related ones are connected with edges.



The genes in the common set between Kushen and CKI compared to Kushen (Figure 6A) were originally changed with Kushen treatment and then further significantly regulated in combination with Baituling (107 genes). Only three pathways (IL-17 signaling, salmonella infection, and steroid hormone biosynthesis) were over-expressed by genes in this set, indicating Baituling could also modify functions related to immune system and hormone function upregulated by Kushen in CKI (Supplementary Figure 4). Furthermore, 24 genes appeared in both Baituling and CKI compared to Kushen set (Figure 6A), which can be regarded as the direct contribution from Baituling to the effects of CKI. Analysis of known protein-protein interactions in this gene set identified the IL-1 family and interacting proteins known to modulate immune function (Figure 7A). To verify that IL-1 protein levels were also changing as predicted, we carried out an ELISA assay to measure the IL-1β beta levels in different treatments. We were able to demonstrate that the increased IL-1β level in CKI treatment compared to untreated was mainly related to the effects of Baituling (Figure 7B). Altogether, these results showed that Baituling contributed to the effects of CKI primarily by altering functions related to the immune system.
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FIGURE 7. Validation of IL-1β expression changes regulated by Baituling. (A) Diagram showing protein-protein interactions for common DE genes between CKI compared to Kushen, and Baituling compared to untreated. (B) Comparison of expression levels and protein concentration for IL-1β with different treatments. Top panel; IL-1β gene expression levels determined by RNA sequencing, bottom panel; levels of IL-1β in culture supernatant measured by ELISA. Statistical analyses were performed using the t-test compared to untreated “Media” (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).



In summary, we characterized the herbal compatibility of Kushen and Baitulin in CKI by comparing the individual effects of the herbal extracts to the combined extract using transcriptome analysis. In this fashion, we were able to explain the origin of CKI's different effects in MDA-MB-231 cells. In addition, we also showed that Baituling could enhance the reduction of cell viability and increased apoptosis effects from Kushen in CKI. These results not only explained the specific molecular basis of the TCM rationale of combining Kushen with Baituling but also illustrate a general method to apply transcriptome analysis to study herbal compatibility in TCM.




DISCUSSION

It is undeniable that chemical composition is the basis of therapeutic effects from herbal TCM. However, because the identification and quantification of all compounds for even a single herb are still extremely difficult if not impossible, there is a pressing need for alternative methods to conduct TCM research, particularly with respect to the study of herbal compatibility (26, 27). Herbal compatibility has a basis in TCM theory, but TCM theory is not generally accepted in Western medicine and it is difficult to map concepts from TCM theory to Western medicine. Methods that can identify the molecular consequences of TCM formulations and individual herbs can begin to provide such a map. One view of TCM is that it perturbs multiple targets or pathways with multiple low activity components to generate relatively strong effects. This is in contrast to the standard approach for pharmaceutical drug development which seeks to identify single compounds that inhibit a single pathway or target. However, this method of using one or several active compounds as representative of single herbs is problematic (11) for understanding the roles of individual plant extracts in TCM formulations. This is illustrated by our results; although containing similar amounts of the main chemical compounds, CKI has much stronger effects than Kushen extract alone. Therefore, a formula disassembly approach that uses single herbs is a practical way to study herbal compatibility. Combined with omics techniques and network analysis, we can represent the mechanisms of TCM herbal compatibility as interactions between target networks familiar to Western medicine. In this report, we took CKI, a prescription containing only two herbs, as a proof of principle. However, related methods can easily be applied to more complex formulae.

As a frequently used herb, and because it is considered to contain the main bioactive components in CKI, Kushen or its main alkaloids and flavonoids are commonly used to represent CKI in studies (28, 29). Furthermore, TCM theory also regards Kushen as the primary herb in CKI. Our results support these hypotheses and TCM theory at different levels. First, at the chemical level, HPLC profiles showed that the source of most major components in CKI is Kushen. Second, in terms of overall efficacy, Kushen has much stronger cytotoxic effects than Baituling on various cell lines. Third, at the gene level, a high proportion of DE genes regulated by Kushen or CKI are the same, and most of them are consistently up- or down-regulated. Furthermore, important genes are also regulated both by Kushen and CKI. Cytochrome P450 family 1 subfamily A member 1 (CYP1A1) gene, a steroid metabolizing enzyme which is important for steroid hormone responsive cancers and shown as the most over-expressed gene with CKI in our previous results, is also highly overexpressed by Kushen but not Baituling (30, 31). Also, the down-regulation of the TP53 gene primarily results from Kushen. Our previous results based on CKI treated cells underwent apoptosis while expression of TP53 decreased, which indicates the apoptosis induced by Kushen and CKI is not TP53-dependent (10). Finally, GO and KEGG over-representation analysis also indicated that the genes in major cancer related pathways and terms perturbed by CKI, including cell cycle, DNA replication, and cell migration, are induced by the shared DE gene set between Kushen and CKI. Taken together, our findings agree with TCM theory which considers Kushen as the principle herb in CKI, and they map this specific part of TCM theory to effects on specific genetic networks and pathways.

On the other hand, we could find no Baituling literature and studies on macrozamin to support its application in CKI (32). From our HPLC and cytotoxic assay results, Baituling extract does not contain many components and has no significant effects on cancer cells. In addition, RNAseq analysis of Baituling-treated samples are close to the untreated samples in the multidimensional scaling plot, and only 253 DE genes compared to untreated were detected. However, after comparing the differences between CKI and Kushen, we found Baituling has a strong reinforcing effect on Kushen. The SPIA results showed Baituling can enhance many pathways' perturbation strength compared to Kushen treatment, including cell cycle, pathways in cancer and proteoglycans in cancer. In addition, many DE genes in immune-related pathways and GO terms are over-represented in CKI compared to Kushen. Together with the opposing direction of perturbation for the cytokine-cytokine receptor interaction pathway caused by Kushen and Baituling, we can conclude Baituling may also contribute to the immune regulatory effects of CKI. This was confirmed by our measurements of IL-1β, which was significantly up-regulated by Baituling and CKI. In summary, our results indicate that Baituling, an adjuvant herb in CKI according to TCM theory, may enhance the anticancer effects of Kushen and contribute to immune regulation.

In conclusion, we have explained the TCM herbal compatibility of CKI in the context of pathway perturbations using transcriptome analysis. Kushen primarily contributes to CKI effects on cancer cells by perturbing cell cycle regulation and other functions (10, 14), whereas Baituling enhanced potential anticancer effects for Kushen and activated the immune system. Therefore, the two herbs in CKI have complementary effects, in accordance with formulation theory in TCM. Compared to previous studies on herbal compatibility, our method can explain the beneficial interaction pattern of herbs in TCM formulae in a more systematic and comprehensive fashion.
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Biochanin A (BCA) is an isoflavone mainly found in red clover with poor solubility and oral absorption that is known to have various effects, including anti-inflammatory, estrogen-like, and glucose and lipid metabolism modulatory activity, as well as cancer preventive, neuroprotective, and drug interaction effects. BCA is already commercially available and is among the main ingredients in many types of supplements used to alleviate postmenopausal symptoms in women. The activity of BCA has not been adequately evaluated in humans. However, the results of many in vitro and in vivo studies investigating the potential health benefits of BCA are available, and the complex mechanisms by which BCA modulates transcription, apoptosis, metabolism, and immune responses have been revealed. Many efforts have been exerted to improve the poor bioavailability of BCA, and very promising results have been reported. This review focuses on the major effects of BCA and its possible molecular targets, potential uses, and limitations in health maintenance and treatment.
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Introduction

Phytoestrogens are compounds found in plants with a molecular structure and size resembling those of estrogens. Plant flavonoid isoflavones are the most popular among the many estrogenic compounds (Heinonen et al., 1999). In humans, the main dietary sources of isoflavones are soybean and soybean products. When these types of food are consumed, they have multiple effects (Vitale et al., 2013). Epidemiological studies have indicated that populations with a high isoflavone intake through soy consumption have lower rates of several cancers, such as breast, prostate, bladder, gastric, and colon cancer (Kweon et al., 2013; Zhang et al., 2017; Perez-Cornago et al., 2018; Wada et al., 2018; You et al., 2018; Grainger et al., 2019). Isoflavones are considered chemoprotective and can be used as an alternative therapy for a wide range of hormonal disorders (van Duursen, 2017; Křížová et al., 2019).

Biochanin A (5,7-dihydroxy-4’-methoxy-isoflavone, BCA) (Figure 1A) is an isoflavone present in red clover, cabbage, alfalfa, and many other herbal products (Cassady et al., 1988). BCA may occur as an aglycon and can also be used as a hormone alternative therapy. BCA plays complex roles in the regulation of multiple biological functions by binding DNA and some specific proteins or acting as a competitive substrate for some enzymes (Roberts et al., 2004; Křížová et al., 2019; Liang et al., 2019; Luo et al., 2019). BCA is the methylated precursor of the isoflavone genistein (GEN), which is another well-studied isoflavone. In the gut, intestinal bacteria convert BCA to its demethylated form (Setchell et al., 2001). However, the biological effects of BCA observed in vitro and in vivo are not identical to those of GEN. Recently, medical research focusing on BCA has increased because of its various purported biological activities, including its antioxidant, anti-inflammatory, anti-infective, and anticarcinogenic effects, and BCA has been used for several purposes, such as to treat estrogen deficiency and pain and reduce the severity of nerve damage (Puli et al., 2006; Medjakovic and Jungbauer, 2008). This extract from plants is already commercially available because of its potential benefits to human health and because it is considered innocuous (Howes et al., 2002; Atkinson et al., 2004; Beck et al., 2005; Sklenickova et al., 2010). Most commercial products are composed of several isoflavone contents, including BCA (Booth et al., 2006; Ahmad et al., 2013). These botanical dietary supplements are sold in tablet form in several countries and are commonly used to alleviate postmenopausal symptoms in women. The use of these products is clearly increasing. However, BCA is a Biopharmaceutics Classification System Class II drug because of its poor water solubility. Given that studies are increasingly focusing on the effects of BCA (Table S1), it is timely and appropriate to obtain in-depth knowledge of the effects of BCA and critically evaluate the paradoxical observations in the published literature.
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Figure 1 | (A) Molecular structure of biochanin A (BCA). (B) Molecular structure of genistein (GEN). (C) Structures of synthesized esters (1, 3) and carbamate esters (2, 4, 5), which are BCA derivatives. (D and E) Molecular structures of carboxyalkyl BCA.



BCA Has Chemopreventive Activity Against Various Cancers

Inspired by epidemiological evidence suggesting that a relationship exists between the consumption of certain foods containing isoflavones and decreased cancer incidence in humans, BCA has been evaluated in many studies related to cancer treatment. The first study was performed in 1988 in hamster embryo cell cultures and found that BCA inhibited carcinogen activation (Cassady et al., 1988). Subsequently, studies investigating the anticancer activity of BCA were carried out in different cancer cell lines, followed by animal models. Many types of tumors could be inhibited by BCA, such as lung cancer (Lee et al., 1991), prostate cancer (Peterson and Barnes, 1993; Sun et al., 1998), gastrointestinal tract cancer (Yanagihara et al., 1993), pancreatic cancer (Bhardwaj et al., 2014), breast cancer (Balabhadrapathruni et al., 2000; Sehdev et al., 2009), osteosarcoma (Hsu et al., 2018; Zhao et al., 2018), malignant melanoma (Xiao et al., 2017), and tumors of the central nervous system (Sehm et al., 2014). However, the ability of BCA to inhibit the growth of some types of cancer cells was weaker than that of GEN (Peterson and Barnes, 1991), but the anticancer usage of BCA might be broader because of its targeting of anticancer activity, especially in malignant brain tumors (Sehm et al., 2014). BCA is a potent inhibitor of cytochrome P450 (CYP) and, thus, may be useful as a chemopreventive agent against hydrocarbon-induced carcinogenesis, and BCA has an inhibitory effect on the metabolism of some carcinogens, such as benzo(a)pyrene, by binding DNA (Chae et al., 1991; Lee et al., 1991; Lee et al., 1992). BCA significantly reduces the synthesis of prostaglandin E2 and thromboxane B2 and the activity of CYP19/aromatase (Almstrup et al., 2002; Wang et al., 2008), leading to cyclooxygenase-2 (COX-2) inhibition (Lam et al., 2004; Lim et al., 2013). The chronic activation or overexpression of COX-2 has been shown to be correlated with the development of cancer, particularly at sites of inflammation. The inhibition of COX-2 has been linked to the decreased development of some types of cancer (Dannenberg and Subbaramaiah, 2003). BCA provides protection against oxidative stress and inhibits the expression and activity of invasive enzymes (Ullah et al., 2009; Sehdev et al., 2009). In earlier studies, apoptosis was regarded as the major mechanism underlying the antitumor activity of BCA (Yanagihara et al., 1993; Yanagihara et al., 1996; Balabhadrapathruni et al., 2000; Puthli et al., 2013). In recent studies, more details regarding the antitumor effects of BCA have been discovered, such as the signaling pathways and effects on vascular invasion (Xiao et al., 2017; Lai et al., 2018; Hsu et al., 2018). BCA could effectively inhibit the proliferation of lung cancer cells by downregulating Ki-67, induce apoptosis by activating the cleavage of caspase-3 and caspase-9, and suppress cell migration by downregulating matrix metallopeptidase-2 (MMP-2) and vascular endothelial growth factor (VEGF) (Lai et al., 2018; Hsu et al., 2018). BCA inhibited cell migration and invasion in a dose-dependent manner and upregulated the expression of key proteins in the NF-κB and mitogen-activated protein kinase (MAPK) signaling pathways (Xiao et al., 2017). BCA acts as a remarkable pro-oxidant factor, significantly enhancing radiotoxicity in colon cancer cells in vitro (Puthli et al., 2013). The anticancer effects of BCA are presented in Figure 2. BCA also enhances the effects of some anticarcinogens and relieves their side effects. The most important point is that BCA showed no such effects on normal tissues and cells at the moderate dose at which it inhibited cancer cells (Sehdev et al., 2009; Sehm et al., 2014; Hsu et al., 2018). BCA is considered a potent chemopreventive and/or therapeutic agent against cancer.
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Figure 2 | Schematic of the anticancer effect of BCA. →, direct stimulation; ⊥, direct inhibition.



BCA May Play a Therapeutic Role in Metabolic Disorders

BCA is metabolized in the gut to GEN or formononetin, which is converted to daidzein and then to equol (Knight and Eden, 1996). BCA is an estrogen receptor (ER) α and ERβ agonist that promotes transcriptional repression and activation at physiological levels. BCA may act as a natural selective ER modulator that elicits distinct clinical effects from estrogens used for hormone replacement by selectively recruiting coregulatory proteins to ERβ to trigger transcriptional pathways. As a promising alternative estrogen therapy, BCA might be used for the management of the renal and cutaneous changes observed in postmenopausal women while preventing bone loss (An et al., 2001; Beck et al., 2003; Hellström and Muntzing, 2012; Elsherbini et al., 2017; Galal et al., 2018). BCA is well known for its regulation of blood glucose and has significant effects in type 2 diabetes mellitus in vivo by affecting mechanisms that influence autophagy, differentiation, inflammation, and metabolism (Mehrabadi et al., 2018; Nikolic et al., 2018; Oza and Kulkarni, 2018). BCA exerts lipid-lowering effects by increasing the cholesterol efflux and preventing cholesterol ester transport (Xue et al., 2017). BCA also has a gastroprotective effect through the enhancement of cellular metabolic cycles, as evidenced by increases in superoxide dismutase (SOD) and nitric oxide (NO) activity, decreases in the malondialdehyde (MDA) and Bax levels, and increases in Hsp70 expression (Hajrezaie et al., 2015). Ovariectomy results in a marked increase in body weight and a decrease in femoral bone mineral density and trabecular bone, which are common findings after 17β-estradiol (E2) treatment. BCA treatment can effectively prevent the ovariectomy-induced increases in bone loss and bone turnover possibly by increasing osteoblast activity and decreasing osteoclast activity. All stages of bone formation, including osteoblast proliferation, differentiation, and mineralization, are influenced by BCA (Su et al., 2013a; Kaczmarczyk-Sedlak et al., 2015; Mohamed et al., 2018). BCA has been reported to stimulate endothelial NO synthase (eNOS) and the release of NO, which is vasodilatory and vasoprotective. BCA has been shown to attenuate hypertension in ovariectomized rats by decreasing the systolic, diastolic, and mean arterial blood pressures; decreasing oxidative stress and the tumor necrosis factor-α (TNF-α) levels; and increasing the NO levels in an eNOS-dependent manner (Sachdeva et al., 2016). BCA regulates bone formation by preventing adipogenesis and enhancing osteoblast differentiation in mesenchymal stem cells and has beneficial regulatory effects on bone formation. BCA may be a useful agent in the treatment and prevention of osteoarthritis (Su et al., 2013b; Wu et al., 2014). BCA is well known for its antidiabetic and hypolipidemic effects. Its hypolipidemic effect in diabetes is achieved at least partially by the activation of hepatic peroxisome proliferator-activated receptor α (PPARα) (Qiu et al., 2012). BCA increases the circulating insulin levels and improves insulin sensitivity, leading to body weight control, an increase in liver glycogen, and a decrease in plasma glucose (Harini et al., 2012; Oza and Kulkarni, 2018). BCA also has protective effects on β cells in diabetic rats (Azizi et al., 2014). BCA ameliorates hepatic steatosis and insulin resistance by modulating lipid and glucose metabolism in obese rats (Park et al., 2016). Moreover, BCA helps prevent diabetic complications because it is an excellent inhibitor of insulin and hemoglobin glycosylation and has anti-inflammatory activity (Asgary et al., 2002; Chundi et al., 2016; Patil et al., 2016; Mehrabadi et al., 2018). BCA inhibits fatty acid amide hydrolase and may be used as a novel analgesic agent (Thors et al., 2010). BCA has been shown to inhibit melanogenesis in vitro and in vivo because of its tyrosinase inhibitory effect and could be a promising candidate as a skin-whitening agent for the treatment of skin hyperpigmentation disorders (Lin et al., 2011). Therefore, BCA may have wide application prospects in the treatment of metabolic diseases.

BCA Affects Proinflammatory Responses

Numerous studies have indicated the anti-inflammatory effects of BCA, which were first demonstrated in microglia in 2007, when BCA was shown to inhibit lipopolysaccharide (LPS)-induced activation of microglia (Chen et al., 2007). The anti-inflammatory effect of BCA has been demonstrated in many other types of cells, including macrophages, various cancer cells, and endothelial cells, in numerous in vivo experiments (Lee and Choi, 2005; Park et al., 2006; Kole et al., 2011; Ming et al., 2015). BCA inhibits the production of inflammatory mediators, such as TNF-α, interleukin-1β (IL-1β), IL-6, iNOS, COX-2, MMP-9, and NO, in various inflammatory responses and tissue injury by attenuating the ERK-MAPK/MSK1 cascade, inhibiting the TLR/TIRAP/MyD88 pathway, inhibiting IκB kinase (IKK) activity, and activating PPARα as an estrogen at low concentrations or PPARγ by binding PPARγ at high concentrations, leading to the NF-κB-driven inhibition of gene transcription and decreased expression of TNF-α, IL-1β, IL-6, iNOS, COX-2, and MMP-9 (Figure 3) (Lee and Choi, 2005; Vanden Berghe et al., 2006; Mueller et al., 2010; Kole et al., 2011; Qiu et al., 2012; Breikaa et al., 2013a; Wang et al., 2015c; Zhang and Chen, 2015; Wu et al., 2018). A study claimed that BCA upregulated the production of IL-4 via the activation of the PKC/p38/AP-1 and PI3K/PKC/NF-AT pathways (Park et al., 2006). However, some recent studies drew completely different conclusions, namely, BCA did not increase the production of IL-4 and rather suppressed its increase upon stimulation (Ko et al., 2011; Chung et al., 2013). BCA also inhibits AKT/MAPK (ERK, JNK, and p38)/mTOR activation (Chung et al., 2013; Bhardwaj et al., 2014; Jain et al., 2015); this pathway is involved in the regulation of NF-κB and other transcription factors (such as MSK1 and AP1). Reactive oxygen species (ROS) and COX-2 are important proinflammatory factors that can stimulate transcription factors to increase inflammatory mediator expression. BCA scavenges ROS and increases SOD activity (Xue et al., 2017; Zhao et al., 2018). BCA significantly reduces the synthesis of prostaglandin E2 and/or thromboxane B2 by inhibiting COX-2 expression (Lam et al., 2004; Lim et al., 2013). Several BCA targets exert anti-inflammatory effects on the pathways triggered by different inducers in various types of cells (Figure 3). In animal models of acute and chronic inflammation, BCA protects against organ injury by exerting robust anti-inflammatory and antioxidant effects (Ko et al., 2011; Breikaa et al., 2013b; Oh et al., 2016).
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Figure 3 | Schematic of the BCA targets (proteins and genes) in key inflammation-associated signaling pathways. →, direct stimulation; ⊥, direct inhibition.



BCA could influence many types of diseases associated with inflammation because of its effects on several inflammatory signaling pathways. Further research is needed to obtain an in-depth understanding of its impact on these diseases.

BCA Influences Pathogen Infection

BCA was found to have an antiviral potential in 1996; BCA inhibited human herpesvirus 6 antigen expression by suppressing the phosphorylation of protein tyrosine kinases (Cirone et al., 1996). BCA also inhibited influenza A nucleoprotein production, reduced virus-induced caspase 3 cleavage and the nuclear export of viral RNP complexes, and enhanced the effects of the neuraminidase inhibitor zanamivir in influenza H5N1 virus-infected lung epithelial cells by affecting signaling pathways to ultimately reduce the virus-induced activation of AKT, ERK½, and NF-κB. BCA also inhibits the virus-induced production of cytokines, such as IL-6, IL-8, TNF-α, and IP-10 (Sithisarn et al., 2013). BCA enhances H5N1-induced ROS formation, whereas antioxidant use suppresses BCA-induced ROS formation and strongly increases its anti-H5N1 activity in H5N1-infected human alveolar basal epithelial cells (Michaelis et al., 2014). However, BCA does not have broad-spectrum antiviral activity, and it has been demonstrated that BCA does not exhibit anti-enterovirus 71 activity (Li et al., 2017).

Some researchers have studied BCA in the context of antibacterial treatment, but most results of treatment with BCA alone have been negative. However, a previous study found that BCA had selective antibacterial action; BCA inhibited all clostridia, which may be responsible for severe intestinal infections, but not bifidobacteria, which are regarded as probiotic microorganisms (Sklenickova et al., 2010). Another study found that BCA has an inhibitory effect on intracellular bacteria belonging to the genus Chlamydia and is a potent inhibitor of Chlamydia spp. (Hanski et al., 2014). A recent study demonstrated that BCA induced AMPK/ULK1/mTOR-mediated autophagy and macrophage extracellular traps (METs), which enhanced defense against Salmonella infection in vitro and in vivo. In addition, BCA inhibits both inflammatory and anti-inflammatory responses when the body is infected by bacteria. These findings provide basic data regarding the control of infections by enhancing the host immune defense and indicate a potential new strategy to overcoming the desperate scarcity of new therapeutic approaches.

Neuroprotective Effects of BCA

Microglia, which are the resident immune cells in the brain, play a role in immune surveillance and host defense against infectious agents under normal conditions. Activated microglia produce a variety of proinflammatory factors, including cytokines, such as TNF-α, and the free radicals NO and superoxide. The accumulation of these factors is deleterious to neurons (Huang et al., 2005). The abnormal activation of microglia is closely associated with some neurodegenerative diseases, such as Parkinson’s disease (PD), Alzheimer’s disease (AD), and frontotemporal dementia (FTD) (Bachiller et al., 2018). Accumulating evidence suggests that estrogen inhibits the LPS-induced inflammatory response in microglia and has a neuroprotective effect (Suuronen et al., 2005; Pozzi et al., 2006; Vegeto et al., 2006). As a promising phytoestrogen, many studies have focused on the effect of BCA on neurodegenerative diseases, especially PD and AD (Figure 4).
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Figure 4 | Schematic of the neuroprotective effects of BCA. →, direct stimulation; ⊥, direct inhibition.



BCA has been shown to protect dopaminergic neurons against LPS-induced damage by inhibiting the activation of microglia; the generation of proinflammatory factors, such as TNF-α, IL-1β, NO, and superoxide (Chen et al., 2007); and MAPK signaling pathways in microglia (Wu et al., 2015; Wang et al., 2016). BCA inhibits nicotinamide adenine dinucleotide phosphate oxidase (NADPH oxidase) activation and malondialdehyde (MDA) production, thereby increasing SOD and glutathione peroxidase (GPx) activity in the brain. The neuroprotective effect of BCA is partially associated with its antioxidant activity and ability to maintain a redox imbalance (Occhiuto et al., 2009; Wang et al., 2015b; Yu et al., 2017). BCA also exerts a neuroprotective effect against L-glutamate-induced cytotoxicity, which plays a crucial role in neuronal cell death in various neurodegenerative diseases and reduces glutathione levels (Tan et al., 2013; Biradar et al., 2014). BCA is a potent, reversible, and selective oxidase-B (MAO-B) inhibitor because of the hydrophobic interactions between BCA and MAO-B, and MAO-B inhibitors are widely used in the treatment of PD and have potential in the future treatment of AD (Zarmouh et al., 2017). BCA effectively inhibits the activity of beta-site amyloid precursor protein cleaving enzyme 1 (BACE1) not only via a mitochondria-dependent apoptosis pathway but also by binding the allosteric site of BACE1; BACE1 accumulation is among the major histological hallmarks of AD (Youn et al., 2016). BCA may be used as a preventative and/or therapeutic agent for AD by binding the preformed fibril structure of β-amyloid25–35 and inhibiting β-amyloid25–35-induced apoptosis by suppressing caspase activity (Ghobeh et al., 2014; Tan and Kim, 2016). Furthermore, BCA has been shown to have neuroprotective effects in cerebral ischemia/reperfusion and subarachnoid hemorrhage based on the inhibition of inflammatory injury and neuronal apoptosis and the induction of glutamate oxaloacetate transaminase-mediated glutamate metabolism (Wang et al., 2015c; Khanna et al., 2017; Wu et al., 2018).

BCA Plays Complex Roles in Paradoxical Drug–Drug Interactions

Multidrug resistance (MDR) is a major obstacle to the success of cancer chemotherapy and is a complex and multifactorial phenomenon. One important classical mechanism of MDR is the overexpression of drug efflux transporters, such as P-glycoprotein (P-gp). P-gp confers resistance by actively pumping cytotoxic drugs out of cancer cells (Savas et al., 1992). As a multidrug transporter, P-gp also influences the distribution of many other types of drugs (Singh et al., 2012; Stępień et al., 2012). However, BCA can inhibit P-gp-mediated cellular efflux by modulating P-gp ATPase activity without changing the cellular P-gp level (Zhang and Morris, 2003; Zhang et al., 2010; Chung et al., 2005; Dash and Konkimalla, 2017). Interestingly, BCA has been found to stimulate P-gp in some studies (An and Morris, 2010). Therefore, the effect of BCA on P-gp may be substrate dependent. BCA differentially affects the oral bioavailability of some P-gp substrates (Peng et al., 2006; An and Morris, 2010; Singh et al., 2012; Li et al., 2016). BCA can also inhibit non-P-gp-mediated pathways in MDR (Versantvoort et al., 1993), such as MDR-associated protein 1 (MRP1)-mediated drug transport (Versantvoort et al., 1993; Nguyen et al., 2003) and breast cancer resistance protein (BCRP)-mediated cellular efflux, because BCA sulfate is a substrate of BCRP (An and Morris, 2010). Oatp3 is a highly expressed influx/efflux transporter in the rat small intestine that plays an important role in limiting the absorption and, therefore, bioavailability of its substrates. BCA has been shown to inhibit Oatp3, causing a decrease in drug bioavailability (Peng et al., 2006). BCA synergizes with quinolones to inhibit Staphylococcus aureus by increasing the accumulation of ciprofloxacin and suppressing the bacterial expression of the norA protein and the efflux system [adenosine triphosphate (ATP)-binding ABC transporters] but has no inhibitory effect on the bacteria alone (Liu et al., 2011; Zou et al., 2014). Synergy between quinolones and BCA has also been observed in the treatment of pathogenic mycoplasma and Mycobacterium avium (Jin et al., 2017; Cannalire et al., 2017). The most common mechanism underlying these drug–drug interactions is the inhibition of the CYP system, which is responsible for the metabolism of nearly 90% of drugs in humans. BCA exerts minimal effects on CYP isoforms other than CYP1A2 and CYP3A4. The consumption of BCA along with other drugs is assumed to be safe with a minimal possibility of alterations in the pharmacokinetics of the coadministered drugs (Arora et al., 2015; Kopečná-Zapletalová et al., 2017). However, BCA was found to enhance the distribution and cytotoxicity of some drugs in vivo and cause unwanted pharmacokinetic interactions (Zhang and Morris, 2003; An and Morris, 2010; Li et al., 2016). BCA ameliorated the adverse effects of some anticarcinogens by increasing their cellular uptake and efficacy to reverse drug resistance, significantly improving serum oxidant/antioxidant activity or modulating the proliferation and apoptosis of cancer cells (Youssef et al., 2016; Galal et al., 2018). BCA acts as a nephroprotective agent in the presence of certain chemotherapeutics, such as cisplatin, because of its anti-inflammatory and antiapoptotic activities (Suliman et al., 2018) and protects heart tissue and the kidney against arsenic toxicity because of its antioxidant characteristics (Jalaludeen et al., 2015, Jalaludeen et al., 2016). The complex roles of BCA in paradoxical drug–drug interactions are summarized in Table S2.

It is possible that BCA could be used alone or in combination with other drugs to reverse MDR. However, the probability of pharmacokinetic interactions must be carefully considered before the coadministration of BCA with other drugs.

Bioavailability of BCA

Because of its potential benefits, BCA has been studied in many in vitro and in vivo experiments. However, BCA is a poorly soluble bioflavonoid, and this characteristic prevents its oral absorption. BCA has a high clearance and a large apparent volume of distribution, and its bioavailability is poor. BCA (Figure 1A) has been reported to undergo extensive metabolism in vivo; GEN (Figure 1B) and sulfate and glucuronide conjugates are the major metabolites in the blood of humans. Significant levels of BCA and GEN conjugates were detected in plasma and bile in vivo (Moon et al., 2006). These metabolites may contribute to the chemopreventive effects of BCA and might have longer exposure periods depending on enterohepatic recycling. The administration of multiple flavonoids, including BCA, leads to increased flavonoid bioavailability and decreased clearance potentially caused by increased enterohepatic cycling (Moon and Morris, 2007).

However, the low biological availability and poor aqueous solubility of BCA limit its usefulness as a chemotherapeutic agent. Various attempts have been made to improve the solubility and bioavailability of BCA, including the use of liposomes (Hendrich et al., 2002), dispersion agents (Han et al., 2011), silver nanoparticles (Sekine et al., 2011), different film formulations for buccal delivery (Hanski et al., 2014), nanostructured lipid carriers (Wang et al., 2013), nanostructured lipid carriers modified with polyethylene glycol (PEG) (Wang et al., 2015a), enteric-coated microparticles (Sachdeva et al., 2016), micelles (Wu et al., 2017), and inclusion complexes with cyclodextrins (Nikolic et al., 2018). Ester and carbamate ester derivatives of BCA (Figure 1C) and several carboxy–BCA compounds (Figures 1D, E) have been synthesized. These derivatives maintain estrogenic and cancer chemopreventive activities, and some have better metabolic stability than BCA in cells (Somjen et al., 2005; Kohen et al., 2007; Somjen et al., 2011; Fokialakis et al., 2012). These efforts have enhanced the solubility and bioavailability of BCA while maintaining its efficacy and activity. These findings provide excellent prospects for the application of BCA in the treatment of various diseases.

Conclusion

BCA has shown many potential benefits in numerous in vitro and in vivo studies. However, the safety of supplements containing BCA is unknown, and actual evidence from patients is limited; therefore, more research needs to be performed in this field.
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Origanum majorana Ethanolic Extract Promotes Colorectal Cancer Cell Death by Triggering Abortive Autophagy and Activation of the Extrinsic Apoptotic Pathway
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Colorectal cancer is considered as the third leading cause of cancer death. In the present study, we investigated the potential anticancer effect and the molecular mechanism of Origanum majorana ethanolic extract (OME) against human colorectal cancer cells. We showed that OME exhibited strong anti-proliferative activity in a concentration- and time-dependent manner against two human colorectal cancer cell lines (HT-29 and Caco-2). OME inhibited cell viability, colony growth and induced mitotic arrest of HT-29 cells. Also, OME induced DNA damage, triggered abortive autophagy and activated a caspase 3 and 7-dependent extrinsic apoptotic pathway, most likely through activation of the TNFα pathway. Time-course analysis revealed that DNA damage occurred concomitantly with abortive autophagy after 4 h post-OME treatment while apoptosis was activated only 24 h later. Blockade of autophagy initiation, by 3-methyladenine, partially rescued OME-induced cell death. Cell viability arose from 37% in control group to 67% in group pre-treated with 3-MA before addition of OME. Inhibition of apoptosis, however, had a minimal effect on cell viability; it rose from 37% in control group to 43% in group pre-treated with Z-VAD-FMK. We also found that OME downregulated survivin in HT-29 cells. Our findings provide a strong evidence that O. majorana extract possesses strong anti-colon cancer potential, at least, through induction of autophagy and apoptosis. These finding provide the basis for therapeutic potential of O. majorana in the treatment of colon cancer.

Keywords: colon cancer, abortive autophagy, apoptosis, DNA damage, Origanum majorana, HPLC-MS


INTRODUCTION

With an approximate of 1.8 million cases globally, and 862,000 documented deaths, colorectal cancer accounts for the third most common cancer worldwide both in men and women (1). Although conventional cancer therapies such as surgery, radiation, and chemotherapy achieve great advancements in cancer treatment and management, the undesired side effects that are accompanied by such treatments deleteriously affect the health of the patients (2). Therefore, the quest for alternative therapies with less toxicity and more potent anti-cancer drug are needed.

Currently, many researches in the field of cancer therapy, are being focused on plants as valuable source for identification and development of new anti-cancer agents for cancer treatment as they possess anti-tumor properties with minimal or no toxicity (3). One of the plants that gained a lot of interest is Origanum majorana L. (OM), commonly known as marjoram. OM is an herbaceous plant that belongs to the family of Lamiaceae, mainly distributed in the Mediterranean region and can grow up to 60 cm. The usage of OM for flavor and aroma dates back to ancient times. Traditionally, the leaves of OM are used for its medicinal properties to cure insomnia, asthma, gastritis and nervousness (4). Several studies showed that OM extract exhibited an anti-microbial activity (5), inhibited platelet adhesion, aggregation and secretion (6), attenuated nephrotoxicity of cisplatin anti-cancer drug (7), showed positive effects in acute infectious diarrhea (8), decreased the incidence of ulcers and replenished the depleted gastric wall mucus (9). Our group has previously shown that OME exhibits a potent inhibitory activity against triple negative breast cancer (TNBC). We showed that OME promoted mitotic arrest, induced apoptosis as well as inhibited migration, metastasis and tumor growth of TNBC (10, 11).

The aim of the current study is to investigate the cytotoxic effect of OME against human colorectal cancer cells. Our results revealed that OME exerts a cytotoxic effect on colon cancer cells by inducing mitotic arrest and activating of autophagic and apoptotic cell death.



MATERIALS AND METHODS


Cell Culture, Chemicals, and Antibodies

Human colon cancer cells HT-29 (Cat# 300215) and CaCo-2 (Cat # 300137) were purchased from CLS (cell lines service, Germany). Cells were cultured in DMEM supplemented with 10% fetal bovine serum and 100 U/mL penicillin/streptomycin at 5% CO2, 37°C and 95% humidity. 3-methyladenine (3-MA) and Z-VAD-FMK were obtained from sigma-Aldrich. Antibodies against target proteins used in this study are: caspase 8, caspase 7, LC3 and Beclin-1 (Cell Signaling, USA); cleaved caspase 3, Cyclin B1, H3 phospho-Ser10, γH2AX (Millipore), TNFα, p62/SQSTMI and cleaved PARP (Abcam), survivin and β-actin (Santa Cruz Biotechnology).



Preparation of Origanum majorana Ethanolic Extract (OME)

The plant was collected from a private commercial farm located at 33° 16′ 54′′ N and 35° 14′ 51′′ E. The farm is located in Tire region, Lebanon and the approval of the owner was obtained before collecting the fruit or commencing any experiments. This plant is neither endangered nor protected by any laws and it is readily and commercially available in the market. Origanum majorana plant, at the time of collection, was identified by Dr. Ali Al-Khatib, a plant biologist at the Lebanese International University (Lebanon). The dried leaves, used for the extraction, were further identified and confirmed by Dr. Mohamed Tahar Moussa, plant taxonomist at the United Arab Emirates University where a voucher specimen of the plant (No. 14670) was deposited at the National Herbarium, College of Science, Department of Biology, United Arab Emirates University.

Origanum marjorana ethanolic extract (OME) was prepared as previously described (10). Briefly, dried leaves powder (5.0 g) was extracted in 100 mL of 70% absolute ethanol and the mixture was kept in the dark for 72 h in a refrigerator without stirring. Afterward, the mixture was filtered, and the filtrate was evaporated to dryness using a rotary evaporator at room temperature. The green residue was kept under vacuum for 2–3 h and its mass was recorded. The residue was stored at −20°C until further use.



HPLC-MS Identification of Constituents in Origanum majorana Ethanolic Extract

The identity of O. majorana was analyzed by LC-MS (6420 Triple Quadrupole, Agilent Technologies). Sample of O. majorana ethanolic extract was filtered using 0.45 μm syringe filter preceding the analyses. The instrument was fitted with a Agilent EclipsePlus-C18 column (1.8 μm particle size, 2.1 × 50 mm length, Agilent Technologies, USA) maintained at 35°C, coupled to a tunable UV-Vis detector (Agilent Technologies, USA) and 6420 Triple Quadrupole LC/MS System (Agilent Technologies, USA). The mobile phases used were A = 0.1% formic acid and B = acetonitrile, and the gradient was: 0–2.5 min: 0% B, 2.5–15 min: 20–100% B, 15–18 min: 100% B, and 18–25 min: 5% B with 0.2 ml/min. Electrospray ionization (ESI) source was used in LC-MS system in positive polarity. LC-MS operating conditions were as follows: capillary voltage: 4 kV; the nebulizer pressure was 45 psi; drying gas flow was 11 L/min and drying temperature was 325°C. The mass range monitored was from 100 to 1,000 Da. Compounds were identified based on their Molecular weight (MW) and retention time (RT).

As shown in Figure 1, HPLC/MS analysis revealed the presence of several peaks which indicated the presence of 12 compounds [Limonene (MW: 136 g/mol, RT: 12.2 min), Terpinen-4-ol (MW: 153 g/mol, RT: 10.2 min), Linalyl acetate (MW: 196 g/mol, RT: 12.2 min), β-Caryophyllene (MW: 204 g/mol, RT: 10.6 min), Apigenin (MW: 270 g/mol, RT: 11.1 min), Hesperetin (MW: 302 g/mol, RT: 15.2 min), Rosmarinic acid (MW: 360 g/mol, RT: 11.3 min), Luteolin (MW: 286 g/mol, RT: 12.9 min), Arbutin (MW: 272 g/mol, RT: 15.9), Quercetin (MW: 302 g/mol, RT: 12.6 min), Ferulic acid (MW: 194 g/mol, RT: 12.7 min), Catechin (MW: 290 g/mol, RT: 12.4 min)].
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FIGURE 1. Chromatograms of compounds identified in ethanolic extract of Origanum majorana L. by HPLC-MS. Name of the compounds, their respective chemical structures, molecular masses, and retention times are shown.





Measurement of Cellular Viability

Cells (7 × 103 cells/well) were seeded in triplicates in 96-well culture plates. After overnight incubation, cells were treated with various concentrations of OME or vehicle for another 24 and 48 h. At the end of incubation, cell viability was measured with the Cell cytotoxicity assay kit (Abcam) following the manufacturer's instructions.

Cell viability was also measured by counting live cells using the Muse Count and Viability Kit (Millipore) as previously described (12).



Colony Formation Assay

For anchorage-dependent colony formation assay, HT-29 cells were seeded (2 × 103 cells/well) in 6-well culture plates, and maintained for 10 days at 37°C to form colonies. At day 10, formed colonies were treated with various concentrations of OME and were maintained at 37°C for 5 additional days. At day 15, plates were washed 3 times with PBS, fixed for 15 min with 4% formalin and stained with 0.01% crystal violet for 30 min. The colony number was counted and their surface area in each well was measured using the imageJ software.



Cell Cycle Analysis

Briefly, HT-29 cells were exposed to different concentrations of OME or vehicle. After 24 h incubation, cells were harvested, washed with 1X PBS and then fixed with ice-cold 70% ethanol and stored at −20°C overnight. Cell cycle analysis was performed using the Muse™ Cell Analyzer (Millipore) as previously described (13). Analysis of DNA content of cells at different phases of cell cycle was determined using the FlowJo software.



Whole Cell Extract and Western Blotting Analysis

HT-29 cells were seeded in 100 mm culture dishes at a density of 3 × 106 and cultured for 24 h. After OME treatment, protein extraction and Western blotting were performed as previously described (12). All Western blots shown are representative of three independent experiments.



Statistical Analysis

Statistical analyses were carried out using SPSS version 21 software. Data were presented as group mean ± SD. The data were analyzed via one-way ANOVA followed by LSD's post-hoc multiple comparison test. A p < 0.05 was considered statistically significant.




RESULTS


Origanum majorana Extract Inhibits Cellular Viability of Human Colorectal Cancer Cells

We have examined the anti-proliferation effect of OME on two human colorectal cancer cell lines (HT-29 and Caco-2 cells). Cells were treated with increased concentrations of OME for 24 and 48 h. In both cell lines, OME caused significant growth inhibition, in a concentration and time-dependent manner as shown in Figures 2A,B. IC50 values are 498 and 342 μg/mL at 24 and 48 h for HT-29 and 506 and 296 μg/mL at 24 and 48 h for Caco-2 cells. It is worth mentioning that there is no color interference between the extract and the reagent used to measure cellular viability.
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FIGURE 2. Origanum majorana ethanolic extract inhibits cellular viability of colorectal cancer cells. (A) Exponentially growing HT-29 and (B) Caco-2 colon cancer cells were treated with and without of various concentration (0, 150, 300, 450, and 600 μg/mL) OME for 24 and 48 h. Viability was measured using a colorimetric assay as described in section Materials and Methods. Values are represented as mean ± SD of n = 4 (*p < 0.05 and ***p < 0.001). (C) HT-29 cells were exposed to OME for 24 and 48 h and number of viable cells, using a fluorescent dye, was monitored as described in section Materials and Methods using the Muse Cell Analyzer (Millipore). Data represent the mean ± SD of n = 3 carried out in triplicate.



Cell viability was also measured by counting live cells using the Muse cell counting kit, which differentially stains viable and dead cells. Results showed a concentration of 150 μg/mL of OME, reduced cellular proliferation of HT-29 when compared to control cells. However, concentrations of 300, 450, and 600 μg/mL of OME caused time-dependent decline in the number of viable cells when compared to the number of cells counted at the day of treatment (day 0) (Figure 2C) hence, indicating cell death.



Origanum majorana Extract Inhibits HT-29 Colony Growth

The anti-colon cancer effect of OME was further examined by testing the ability of OME to modulate the proliferative capacity of HT-29 to form colonies. After HT-29 cells were allowed to form colonies for 10 days, wells were replaced with fresh media with or without OME and colonies were let to grow for 5 additional days. Results showed that OME caused a significant decrease in concentration-dependent manner, not only, in size (Figure 3C) but also in number (Figure 3B) of the already formed colonies and thus, clearly indicating massive cell death of HT-29 cells (Figures 3A,B).
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FIGURE 3. Origanum majorana inhibits HT-29 colony growth. (A–C) Inhibition of formed HT-29 colony growth by various concentrations of OME (0, 150, 300, 450, and 600 μg/mL) was assessed by measuring the number and average size (surface area) of the colonies obtained in control and OME-treated plate as described in section Materials and methods. Values are represented as mean ± SD of n = 3 (*p < 0.05 and **p < 0.005).





Origanum majorana Extract Induces a Mitotic Arrest

In order to investigate the mechanism through which OME exerts its cytotoxic and colony growth inhibition effect on HT-29 cells, cell cycle analysis was performed. We found that a concentration of 300, 450, and 600 μg/mL of OME caused a significant inhibition of cell cycle progression at G2/M. Indeed, the population arrested cells at G2/M cells arose from 30% in control to 51% in OME-treated cells (Figures 4A,B). To determine at which stage (M or G2) cell cycle arrest occurred, we examined the phosphorylation status of histone H3, a marker of mitosis. OME at concentrations of 300, 450, and 600 μg/mL significantly increased the level of H3p(Ser10) (Figure 4C). The level of cyclin B1, whose upregulation invokes mitotic arrest, was also examined and was found to be upregulated as well (Figure 4C). We also found that OME induces a concentration dependent increase of the cell cycle regulator p21 (Figure 4C), hence suggesting that p21 upregulation may contribute to the mitotic arrest induced by OME.
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FIGURE 4. OME induces a mitotic arrest in HT-29 cells. (A,B) Cell cycle distribution analysis in HT-29 cells treated with and without OME (0, 150, 300, 450, and 600 μg/mL) for 24 h. Values are represented as mean ± SD of n = 3 (*p < 0.05, **p < 0.005, and ***p < 0.001). (C) Alteration in proteins associated with cell cycle regulation in OME-treated HT-29 cells.





Origanum majorana Extract Activates Caspase 3 and Caspase 7-Dependent Extrinsic Apoptotic Pathway

We have shown that OME induced a concentration-dependent cell death of HT-29 (Figure 2C). Therefore, we examined whether this cell death was associated with the activation of apoptosis. Western blotting analysis showed an accumulation of cleaved PARP, active caspase 8, 3, and 7 in response to OME (Figure 5A). Interestingly, we found that TNF-α, a cytokine involved in the initiation of the extrinsic apoptotic pathway, was also upregulated by OME (Figure 5B) suggesting that OME activates the extrinsic apoptotic pathway through activation of the TNF-α signaling pathway.
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FIGURE 5. Activation of extrinsic apoptotic pathway and upregulation of TNF-α in OME-treated HT-29 cells. (A) Western blot analysis of caspase 3, 7, and 8 activation and PARP cleavage in HT-29 cells. Cells were treated with or without increasing concentration (0, 150, 300, 450, and 600 μg/mL) of OME for 48 h, then whole cell proteins were extracted and subjected to Western blot analysis for the markers of apoptosis (B) Western blot analysis of TNF-α (C) Western blot analysis of cleaved PARP in cells pretreated for 1 h with and without Z-VAD-FMK (50 μM) followed by treatment with OME (450 μg/mL) for 48 h. (D) Inhibition of apoptosis has a minimal effect of OME-induced cell death. HT-29 cells were pretreated with Z-VAD-FMK as described above and then treated for 48 h with 450 μg/mL OME. Cell viability was determined as described in section Material and Methods. Values are represented as mean ± SD of n = 3 (*p < 0.05 and ***p < 0.001).



Next, we examined whether apoptosis is the sole mechanism of cell death activated by OME. Blockade of apoptosis by the pancaspase inhibitor, Z-VAD-FMK (50 μM), revealed by the absence of cleaved PARP and cleaved caspase 8 (Figure 5C), led to a minimal recovery of cell viability. Cell viability increased from 37% in control cell treated with OME only to 43% when cells were pre-treated with Z-VAD-FMK (Figure 5D), suggesting that apoptosis is not the main way through which cell dies and that another mechanism of cell death might be activated as well.



Origanum majorana Extract Induces Abortive Autophagy in Colon Cancer Cells

Having shown that apoptosis is not the sole mechanism of cell death activated by OME, we interrogated whether autophagy is activated by OME in colon cancer cells. We found that that OME caused an increase in the accumulation of lipidized LC3II, a marker of autophagy, in a concentration-dependent manner, suggesting that autophagy is occurring or at least initiated in HT-29 cells (Figure 6). Next, we examined the expression of Beclin-1, an autophagy effector playing a key role in autophagosome. Western blot analysis showed that the level of Beclin-1 slightly decreased in OME-treated cells compared to control cells (Figure 6) and hence, suggesting that autophagy is occurring through Beclin-1-independent mechanism. Further, we scored for p62(SQSTM1), a ubiquitin-binding protein, a marker of autophagic flux degraded in productive autophagy. Strikingly, we found that level of p62(SQSTM1 increased dramatically in concentration-dependent and sustained manner (Figure 6). It is well-documented that p62 is preferentially degraded during autophagy; however, its level remains unchanged or increased during abortive autophagy. Hence our results suggest that autophagy flux was disrupted leading to abortive autophagy in HT-29 cells.


[image: image]

FIGURE 6. OME induces abortive autophagy in HT-29 cells. Western blotting analysis of LC3II, p62(SQSTM1), and Beclin-1 expression OME-treated HT-29 cells. Cells were treated with or without increasing concentration (0, 150, 300, 450, and 600 μg/mL) of OME for 48 h, then whole cell proteins were extracted and subjected to Western blot analysis, as described in section Materials and Methods, for LC3II, 62(SQSTM1), and Beclin-1.





Origanum majorana Extract Induces DNA Damage in Colon Cancer Cells

It is well-established that DNA damage can trigger cell cycle arrest, autophagy and apoptosis in cancer cells. Because the three events were observed in OME-treated cells, we decided to investigate whether OME exert its anti-colon cancer affect through induction of DNA damage. We found that OME treatment caused an increase in the levels of γH2AX (Figure 7), indicative of double strand breaks.
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FIGURE 7. OME induces DNA damage in response to OME treatment in HT-29 cells. HT-29 cells were treated with increasing concentrations (0, 150, 300, 450, and 600 μg/mL) of OME for 48 h. DNA damage was examined by western blotting by measuring the level of phosphorylated H2AX.





Abortive Autophagy, and DNA Damage Precedes Apoptosis Activation

We next monitored the accumulation of markers of DNA damage (γH2AX), autophagy (LC3II and p62) and apoptosis (cleaved caspase 8 and cleaved PARP) over time. We found that lipidized LC3II, upregulation of p62 and accumulation of DNA damage were detected concomitantly as early as 4 h post-OME treatment (Figure 8A). Again, LC3II and p62 showed sustained accumulation over time, further confirming the occurrence of abortive autophagy. Apoptosis, however, occurred only 24 h post-treatment and was maximal at 48 h. These results suggest that DNA damage and autophagy are the earliest consequence of OME-treatment to HT-29 cells.
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FIGURE 8. DNA damage and autophagy precedes apoptosis in OME-treated HT-29 cells. (A) Time-course analysis, by Western blotting, of PARP and caspase 8 cleavage, LC3-II, p62 (SQSTM1), γH2AX, and H3pser10 accumulation in OME-treated HT-29 cells. Cells were treated with 450 μg/mL OME and proteins were extracted at the indicated time-points (0, 4, 8, 24, and 48 h) as described in section Materials and Methods. (B) Western blot analysis of γH2AX accumulation in HT-29 cells pre-treated with 3MA. Cells were pretreated with or without 3-MA (5 mM) for 1 h and then OME (450 μg/mL) was added, and cells were incubated for 48 h.



To determine which event (DNA damage or autophagy) occurred first, we measured the level of γH2AX in HT-29 cells pre-treated with 3-MA (5 mM), an autophagy inhibitor of autophagosome formation, and then treated with OME. We found that the inhibition of autophagy initiation did not prevent DNA damage induced by OME (Figure 8B), hence, suggesting that DNA damage preceded autophagy activation.



Inhibition of Autophagy Initiation Partially Reduced Cell Death Induced by OME and Apoptosis Activation Depend on the Induction of Autophagy

We have shown that OME induced abortive autophagy as early as 4 h post-treatment while apoptosis was activated only at 24 h. The contribution of autophagy in OME-induced cell death was, therefore, examined in cells pre-treated with 3-MA (5 mM). Blockade of autophagy by 3-MA was confirmed by the observed decrease in the conversion of LC3-I to LC3-II (Figure 9A). Interestingly, cell viability markedly increased when autophagy was blocked compared with control group treated with OME only (Figure 9B). Indeed, cell viability arose from 38% in control group to 67% in group pre-treated with 3-MA before addition of OME (Figure 9B). It is noteworthy to mention that the blockade of autophagy reduced the level of cleaved PARP in HT-29 cells (Figure 9A); hence suggesting that activation of apoptosis is somehow dependent on the initiation of autophagy.
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FIGURE 9. Inhibition of autophagy decreases OME-induced cell death in HT-29 cells. (A) Analysis of LC3-II and cleaved PARP accumulation in HT-29 cells pre-treated with 3-MA. Cells were pretreated with or without 3-MA (5 mM) for 1 h and then OME (450 μg/mL) was added, and cells were incubated for 48 h. (B) Inhibition of autophagy reduces cell death induced by OME. HT-29 cells were pretreated with 3-MA for 1 h and then for 48 h with 450 μg/mL OME. Cell viability was determined as described in Material and Methods. Values are represented as mean ± SD of n = 3 (***p < 0.001).





Origanum majorana Downregulates the Level of Survivin

In addition to its role in mitosis and apoptosis, survivin might also protect cell from death through a mechanism involving autophagy. We found that OME significantly downregulated the level of survivin in HT-29 cells (Figure 10). This result suggests that downregulation of survivin by OME could account, although may be not solely, in sensitization of HT-29 cells to autophagic and apoptotic cell death. It is noteworthy to mention that emerging evidences suggests that survivin can also repress autophagy, it is then tempting to think that downregulation of survivin could contribute, at least partly, in promoting sustained autophagy in response to OME.
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FIGURE 10. Downregulation of survivin by OME in HT-29 cells. HT-29 cells were treated with increasing concentrations (0, 150, 300, 450, and 600 μg/mL) of OME for 48 h and the level of survivin was assessed by Western blotting.






DISCUSSION

We have previously shown that O. majorana extract exerts an anti-proliferative, anti-metastatic and anti-tumor growth against the highly proliferative and invasive TNBC. We showed that OME induced mitotic arrest, DNA damage and triggered extrinsic apoptotic pathway (10). We also showed that OME inhibited tumor growth of MDA-MB-231 in ovo (11). Other studies reported that OM inhibited the viability of human hepatocarcinoma HepG2 cells and inhibited the NFkB activity (14). Here we extended our study by examining the activity of OME against colorectal cancer. We report for the first time the anti-colorectal cancer activity of OME. Our findings demonstrate that OME reduces the viability, inhibits colony growth, induces mitotic arrest and DNA damage in colon cancer cells. In addition, we show that OME triggered abortive autophagy and activated a caspase 3 and 7-dependent extrinsic apoptotic pathway, most likely through mechanism involving TNFα pathway. Moreover, we also show that OME downregulated survivin.

Autophagy is a highly conserved lysosomal catabolic process by which damaged cellular organelles and misfolded proteins are degraded under stress conditions (15). Increasing evidence supports the notion that inhibition of autophagy enhances the efficacy of chemotherapeutic agents and hence can be used as anticancer therapeutic strategy (16). To date, a large number of anticancer agents were shown to elicit abortive autophagy in cancer cells. For example, salinomycin induced ROS-dependent abortive autophagy associated with necrotic cell death in glioblastoma. Interestingly, alleviation of ROS production restored the autophaic flux, hence suggesting that an oxidative stress could play a role in blocking the autophagy flux (17). Also, lovastatin and farnesyl transferase inhibitor (FTI)-1 co-treatment was shown to inhibit the completion of autophagy program and induce non-apoptotic cell death in the human malignant peripheral nerve sheath tumor cell line STS-26T (18). The exact mechanism through which lovastatin and FTI-1 combination induces abortive autophagy is still unknown. A possible mechanism regulating abortive autophagy has been postulated by Clearhout and collaborators. In this study, the authors showed that a productive autophagy requires the coatomer complex I (COPI) and they showed that the reduction of its members decrease cell survival and induce abortive autophagy in cancer cells (19). Here, we show for the first time that OME treatment resulted in substantial and sustained accumulation of LC3II and p62, suggestive of abortive autophagy, in HT-29 cells associated with cell death. Interestingly, and in contrast to the previous studies which reported a non-apoptotic cell death in cancer cells undergoing abortive autophagy (17, 18), OME seems to activate autophagic and apoptotic cell death. Further investigations are needed to dissect how OME disrupts autophagy flux and triggers both cell death programs.

Although apoptosis and autophagy represent two different mechanisms of programed cell death, PCD I and PCD II, respectively, a cross-talk between the two mechanisms exists. Still, the intricate interaction between these two mechanisms is still controversial in cancer treatment. Autophagy appears to play a dual role in cancer cell. It plays a protective role in helping cancer cells to survive by escaping from apoptosis (20). whereas, under different conditions, autophagy can stimulate apoptosis in cancer cells. Interestingly, under some situations, it was reported that apoptosis and autophagy can exert synergetic effects, whereas in other conditions autophagy can be initiated only when apoptosis is inhibited (20). Therefore, what determine the role of autophagy in cancer cells seems to depend upon the cell type, nature and duration of stimulus (21). In our study, we showed that cell death occurs mainly through autophagy mechanism possibly as result of excessive abortive autophagy. Although apoptosis was activated upon OME treatment, it does not seem to define the main mechanism of cell death. The following experimental evidences supports this hypothesis. Our results showed that activation of autophagy occurred as early as 4 h post-OME treatment, while activation of apoptotic pathway occurred only after 24 h pointing out that autophagy preceded apoptosis process. In addition, blockade of autophagy initiation by 3-MA markedly reduced cell death, while inhibition of apoptosis by Z-VAD-FMK had only a slight effect on cellular viability. Based on these findings, we have hypothesized that PCDII represents the main mechanism of cell death in response to OME, and the minimal observed apoptosis arises as secondary response due to extensive cellular damage resulting from continuous exposure of HT-29 cells to OME. Indeed, our claim is supported by the fact that prolonged OME treatment led to dramatic increase in DNA damage (Figures 7, 8A).

DNA damage elicits various cellular responses including cell cycle arrest and execution of programmed cell death through different molecular mechanisms (22). What defines these distinct death fates in response to genotoxic stress still remain unclear. It is reasonable to think that the magnitude of DNA damage determines the response of stressed cells. Interestingly, here we found that OME induced concentration-dependent DNA damage, that occurred upstream of autophagy induction and activation of apoptosis. This result is in agreement with our previous findings in breast cancer where we showed that OME exerted a genotoxic effect on MDA-MB-231 cells (10). We believe that prolonged exposure of colon cancer cells to high concentration of OME causes overwhelming amount of DNA damage, which inevitably resulted in prolonged (abortive) autophagy followed by apoptosis with both events contributing to cell death.

Inhibitor of apoptosis proteins (IAPs), which includes survivin, represents a family of anti-apoptotic proteins that bind and inactivate active caspases (23–25). The expression level of survivin protein was found to be upregulated in several cancer types (26) and correlated with tumor progression and associated with increased resistance to chemotherapy. Thus, survivin protein represents an attractive target in cancer therapy. Indeed, downregulation of survivin by chemotherapeutic agents or RNA interference resulted in caspase activation and increased apoptotic cell death in cancer cells (27, 28). In addition to its role in promoting cell survival through inhibition of apoptosis, it has been postulated that survivin also plays a role as mitotic inducer. Dai et al. showed that depletion of survivin in HepG2 caused a G2/M arrest followed by apoptosis (29). Increasing evidences suggests that survivin protein, in addition to its role in mitosis and apoptosis, may also protect cell from death through a mechanism involving autophagy. Indeed, inhibition of survivin by the small-molecule drug YM155, survivin suppressant, causes significant autophagy-dependent cell death in adenoid cystic carcinoma (30). Very recently, Humphry et al. showed that survivin function in a pro-survival manner by inhibiting excessive autophagy in cancer cells (31). The authors showed that cells expressing survivin accumulated p62 significantly more slowly than control cells (31). Interestingly, here we showed that survivin was severely depleted by OME in HT-29 cells. It becomes then tempting to postulate that downregulation of survivin by OME could account, at least in part, in the cell cycle arrest, excessive autophagy, and apoptosis in colon cancer cells. Further investigation are underway to elucidate the mechanism through which OME downregulates survivin and its contribution in cell death.

Phytochemical analysis carried out by several groups including this study revealed that OME is rich in bioactive compounds possessing anticancer activity (32–35). Indeed, one of the major constituents present OME is luteolin, a dietary flavonoid able to decrease the viability of various cancers cells including lung, colon, liver, and breast cancer cells (36). Luteolin was able to trigger the intrinsic as well as the extrinsic apoptotic pathways in a variety of human cancer cells (37). In addition, luteolin as shown to trigger autophagy in the Metastatic Squamous Cell Carcinoma Cells (38) and in Hepatocellular Carcinoma (39). β-Caryophyllene, also present in OME, is emerging as natural compound with anticancer potential. β-Caryophyllene was reported to inhibit cellular viability of various cancer cell lines including the HCT116 colon cancer cells (40). Quercetin, another abundant compound in OME, was also reported to possess anticancer potential in vitro and in vivo against various types of cancer (41). Quercetin was reported to induce G2/M arrest and promotes autophagic cell death through ERK activation in SW620 and HCT116 colon cancer cells (42). Rosmarinic acid, another abundant compound in OME, was shown to induce G0/G1 arrest, triggers apoptosis and inhibits migration and invasion of HCT116 and CT26 colorectal cancer cells (43). It appears then that the presence of these bioactive compounds in O. majorana extract may contribute to its anticancer activity.

Safety wise, OM did not show adverse effects on humans and animals and thus can be considered as relatively safe. It is noteworthy to mention that we have previously shown that concentrations of OME up to 450 μg/mL is perfectly safe on chick embryo in an in ovo assay (11). However, we believe that if the concentration goes significantly higher than 600 μg/mL this might impart deleterious effect on the viability not only on cancer but also on normal cells. Makrane et al. showed that OM exhibited no sign of toxicity in mice fed for 14 days with doses of up to 10 g/kg of aqueous extract of OM (8). They showed that all treated mice survived being active and healthy during the period of treatment. These authors predicted that LD50 of OM will be higher than 10 g/kg. Based on our previous data and the above cited report, we can conclude that the concentrations used in the present study are lower than the one shown to be safe in animal models. Finally, FDA has given “Generally Recognized As Safe” status for O. majorana.

In summary, our findings are consistent with the hypothetic model (Figure 11) showing the possible mechanism of action through which OME exerts an anti-proliferative effect against colorectal cancer. OME induced massive DNA damage, which consequently induced sustained autophagy followed by the activation of apoptosis and both events, led to cell death. Also, through a yet to be elucidated mechanism, OME downregulates survivin which might have contributed in triggering abortive autophagy and apoptosis.
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FIGURE 11. Hypothetic model of OME on colon cancer cells.
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Emerging evidence has shown that cinobufagin, as an active ingredient of Venenum Bufonis, inhibits tumor development. The aim of this study was to investigate the inhibitory effects of cinobufagin on A375 human malignant melanoma cells. MTT and colony formation assays showed that cinobufagin significantly inhibited A375 cell proliferation and cell colony formation. Additional studies demonstrated that cinobufagin markedly increased the levels of ATM serine/threonine kinase (ATM) and checkpoint kinase 2 (Chk2) and decreased the levels of cell division cycle 25C (CDC25C), cyclin-dependent kinase 1 (CDK1), and cyclin B, subsequently inducing G2/M cell cycle arrest in A375 cells. Moreover, cinobufagin clearly inhibited the levels of phosphoinositide 3-kinase (PI3K), phosphorylated PI3K (p-PI3K), AKT, p-AKT, and B-cell lymphoma 2 (Bcl-2). By contrast, it increased the levels of Bcl-2-associated death promoter, Bcl-2-associated X, cytoplasmic cytochrome C, and apoptotic protease activating factor 1, leading to increased levels of cleaved caspase-9 and cleaved caspase-3, resulting in the apoptosis of A375 cells. Together, these results indicate that cinobufagin can induce cell cycle arrest at the G2/M phase and apoptosis, leading to inhibition of A375/B16 cell proliferation. Thus, cinobufagin may be useful for melanoma treatment.

Keywords: cinobufagin, melanoma, A375 cell, mitochondria-mediated apoptosis, cell cycle arrest, G2/M phase


INTRODUCTION

Malignant melanoma is the deadliest type of skin cancer. It can develop from benign borderline nevus or mixed nevus and, once formed, is highly invasive and metastatic (1–3). The etiology of malignant melanoma has not been fully clarified (4). The current mainstream view is that its occurrence is mainly and strongly associated with solar radiation, ultraviolet radiation, ionizing radiation, and gene mutation (5). Ultraviolet radiation is the main external factor causing malignant melanoma (6), as reports have shown that intense ultraviolet rays destroy proteins in skin cells, leading to this disease (7). In addition, race and ethnicity are also important factors in the development of malignant melanoma. Compared with Asians and people of African descent, Caucasians are more likely to develop malignant melanoma (8–10).

At present, surgical resection is the main treatment for early non-metastatic melanoma, and the cure rate can reach up to more than 90% (11), whereas radiotherapy and chemotherapy are the main treatments for malignant melanoma (12). Currently, 5-fluorouracil (5-FU), cisplatin, and alkylating agents with cytostatic activity are commonly used for the treatment of malignant melanoma (13), of which the main role of the chemotherapy agents is to cause irreversible damage to DNA in tumor cells. These types of drugs can cause tumor cells to stagnate in a specific cell cycle and fail to divide and proliferate (14). At present, inhibiting the metastasis and spread of melanoma is one of the goals of early treatment. However, once melanoma has spread and metastasized, treatment is extremely difficult (15). There is currently no effective treatment for metastatic melanoma; thus, the identification of novel drugs for the treatment of this disease is urgently needed.

Cinobufagin is one of the main active components extracted from the Traditional Chinese Medicine Venenum Bufonis (16). Initially, cinobufagin as a painkiller was primitively used to treat pain caused by cancer such as liver, prostate, and breast cancers (16). Recently, it has been reported that cinobufagin can effectively inhibit the proliferation of tumor cells by inducing apoptosis and cell cycle arrest in several tumor cells (e.g., hepatocellular carcinoma Huh-7 cells, colorectal cancer HCT-116 and breast cancer MCF-7 cells) (17–21). Moreover, cinobufagin is one of the chemotherapeutic drugs approved by Chinese State Food and Drug Administration for the treatment of liver and prostate cancers in China (22). However, the effects of cinobufagin on malignant melanoma have not been studied. So, we employed melanoma A375 cells and B16 cells to explore the anti-tumor effects of cinobufagin.

In this study, the anti-tumor effects and molecular mechanisms of cinobufagin in A375 malignant melanoma cells in vitro was studied for the first time. The results showed that cinobufagin arrested A375 cells at the G2/M phase of the cell cycle and effectively induced apoptosis. Thus, cinobufagin may be a potential drug for the treatment of malignant melanoma.



MATERIALS AND METHODS


Cell Culture

Human malignant melanoma A375 cells (Cat no. SCSP-533) and mouse melanoma B16 cells (Cat no. TCM-2) were ordered from the Cell Bank, Typical Culture Preservation Commission, Chinese Academy of Sciences (Shanghai, China). Cells were cultured with Dulbecco's Modified Eagle's Medium (DMEM)/High glucose (Cat no. SH30243.01B; Hyclone, Logan, UT, USA) containing 10% fetal bovine serum (Cat no. 10091148; Gibco, Invitrogen, Shanghai, China), 1% sodium pyruvate (Cat no. SP0100; Solarbio, Beijing, China), 0.1 U/L penicillin, and 0.1 μg/L streptomycin (Cat no. P1400; Solarbio, Beijing, China). The cells were incubated in 5% CO2 incubator (HF90, Heal Force Bio-meditech Holdings Limited, Shanghai, China) at 37°C for 48 h and then propagated.



MTT Assay

The viability of A375/B16 cells after treatment with different concentrations of cinobufagin (Purity: 98%; Cat no. 237113; J&K Scientific Ltd., Beijing, China) was detected by the MTT assay (23). Adherent A375/B16 cells in logarithmic growth period were digested with trypsin-EDTA solution (Cat no. T1320; Solarbio, Beijing, China), and then re-suspended into 1 × 105/mL cell suspensions. The cell suspension was inoculated into 96-well plates with 100 μL per well. After incubation for 24 h, the cells were treated with different concentrations of cinobufagin for 24 and 48 h. Then 10 μL MTT solution (5 mg/mL) (Cat no. M1020, Solarbio Life Sciences, Beijing, China) was added to each well and incubated for 2 h. Next, the culture medium was discarded, 150 μL dimethyl sulfoxide (DMSO) was added to each well to dissolve the formazan crystals, and the absorbance of each well was measured at 490 nm (24). Cells treated with 0.1% DMSO in DMEM were used as the control group; the cell viability of this group was 100%. The IC50 represents the concentration of cinobufagin that reduced cell viability to 50%.



Colony Formation Assay

A375 cells were digested and plated in 6-well plates at a density of 300 cells per well. After incubating in a constant temperature incubator for 24 h, different concentrations of cinobufagin were added to the cells and cultured for 24 h. Then the medium containing the drug was discarded and replaced with fresh culture. The culture medium was changed every 3 days for 14 days. Giemsa staining solution (Cat no. G1010, Solarbio, Beijing, China) was used to stain the cells, which were observed and photographed under an inverted microscope (DMI3000B; Leica Microsystems, Wetzlar, Germany). Colonies with more than 50 cells were counted to calculate the colony formation rate.



Hoechst 33258 Staining

A375/B16 cells were inoculated on sterile cover glasses, cultured in a 6-well plate for 24 h, and treated with different concentrations of cinobufagin. After 24 h of treatment, cells on the cover glass were fixed and washed twice with phosphate-buffered saline (PBS). Then the cells were stained with Hoechst 33258 staining solution (Cat no. C1018; Beyotime, Shanghai, China) in the dark for 5 min. Finally, the cover glasses were attached to the slides and observed and photographed under a fluorescence microscope (DMI3000B; Leica Microsystems).



Cell Cycle Analysis

A375/B16 cells were treated with different concentrations of cinobufagin for 24 h, and then collected by digestion and made into cell suspensions. The cells were fixed in pre-cooled 70% ethanol solution at 4°C for 2 h and then centrifuged at 800× g in a low temperature centrifuge for 5 min. The ethanol solution was discarded and the cells were washed twice with PBS. Then they were precipitated and suspended in 500 μL phosphate buffer containing 0.02 mg/mL propidium iodide (PI) (Cat no. ST512; Beyotime, Shanghai, China) and 0.1 mg/mL Ribonuclease A (Cat no. ST576; Beyotime, Shanghai, China). After 30 min incubation in the dark at 37°C, the cells were precipitated and suspended in phosphate buffer solution. The Epics XL Flow Cytometer (Beckman Coulter, Inc., Brea, CA, USA) was used to detect fluorescence of the PI-DNA complex, and Winmdi 2.8 software (Scripps Research, La Jolla, CA, USA) was used to analyze the cell distribution at different stages of the cell cycle (25).



Annexin V-FITC/PI Double Staining Assay

A375/B16 cells were treated with different concentrations of cinobufagin for 24 h, after which they were digested and made into cell suspensions (8 × 105 cells were collected from each concentration group). Cells were centrifuged at 800× g, and then re-suspended with a pre-configured mix of dye consisting of 195 μL Annexin V-FITC binding buffer, 10 μL PI solution, and 5 μL Annexin V-FITC solution (Annexin V-FITC Apoptosis Assay Kit, Cat no. C1062L; Beyotime, Shanghai, China). The new cell suspension was placed in the dark for 15 min. The reaction was terminated by adding 400 μL 1X binding buffer. The FACSCanto II flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA) was used to detect the intensities of red and green fluorescence, and the apoptotic rates of cinobufagin-treated cells were analyzed using FACSDiva software (version 6.1.3; Becton Dickinson).



Western Blot Analysis

A375 cells (1 × 106 cells) were inoculated in 10-cm culture dishes. After incubation for 12 h, different concentrations of cinobufagin were added for treatment. After 24 h, trypsin without EDTA was used for digestion, followed by centrifugation, and the addition of RIPA lysis solution (Cat no. P0013B; Beyotime, Shanghai, China) to the cell pellet containing 150 mM NaCl, 50 mM Tris, 1 mM EDTA, 1% Triton X-100, 1% sodium deoxycholate, 2.5 mM sodium pyrophosphate, 0.1 mM sodium orthovanadate, 0.5 mM dithiothreitol, 0.1 mM phenylmethanesulfonylfluoride, and 1X protease inhibitor (the pH was adjusted to 7.4). The cells were incubated for 30 min at −4°C and placed on a vortex oscillator for 30 s every 10 min. The supernatant was collected and stored at −20°C. Protein concentrations were determined using the BCA Protein Assay Kit (Cat no. P0010; Beyotime, Shanghai, China). Cell lysates with a protein content of 40 mg were mixed with an equal volume of sodium dodecyl sulfate (SDS) loading dye (2% SDS, 10% sucrose, 0.002% bromophenol blue, 5% 2-mercaptoethanol, 625 mM Tris; pH 6.8), and subsequently separated on 12.5% SDS-PAGE gels along with a rainbow-colored protein molecular marker (Cat no. PR1920, Solarbio, Beijing, China) for 2 h at 110 V. Then the proteins were electrophoretically transferred to polyvinylidene fluoride membranes (Millipore) using the Trans-Blot SD Semi-Dry Transfer Cell (Bio-Rad, Hercules, CA, USA). The membranes were blocked in 5% bovine serum albumin (BSA) in Tris-buffered saline containing 0.1% Tween-20 (TBST) for 60 min before being probed overnight at 4°C with the following primary antibodies (all from Abcam, Cambridge, UK): protein kinase B (AKT, 1:500, ab8805), phosphorylated AKT (p-AKT, 1:500, ab38449), phosphoinositide 3-kinase (PI3K, 1:1,000, ab140307), p-PI3K (1:1,000, ab38449), ATM serine/threonine kinase (ATM, 1:1,000, ab78), checkpoint kinase 2 (Chk2, 1:1,000, ab47433), p-Chk2 (1:1,000, ab3501), cell division cycle 25C (CDC25C, 1:1,000, ab32444), p-CDC25C (1:500, ab47322), cyclin-dependent kinase 1 (CDK1, 1:1,000, ab18), cyclin B (1:1,000, ab181593), Bcl-xL/Bcl-2-associated death promoter (BAD, 1:1,000, ab90435), Bcl-2-associated X (BAX, 1:1,000, ab32503), B-cell lymphoma-2 (Bcl-2, 1:1,000, ab32124), cytochrome C (1:1,000, ab13575), apoptotic protease activating factor-1 (Apaf-1, 1:1,000, ab2000), active caspase-3 (cleaved caspase-3, 1:1,000, ab32042), caspase-3, 1:1,000, ab13585), active caspase-9 (cleaved caspase-9, 1:1,000, ab2324), and caspase-9 (1:1,000, ab202068). Subsequently, the membranes were washed with TBST buffer for 45 min and then probed with appropriate horseradish peroxidase-conjugated secondary antibodies for 1 h. Immunoreactive bands were visualized by the Novex™ ECL Chemiluminescent Substrate Reagent Kit (WP20005; Thermo Fisher Scientific, Shanghai, China) using Film processor (BioSpectrum Imaging System, Upland, CA, USA), and the gray-scale values of each band were calculated by Image-Pro Plus 6.0 (IPP6) software (26).



Statistical Analysis

The experiments were conducted at least three times. All the data are shown as the mean ± standard deviation. The Student's t-test, one-way analysis of variance (ANOVA), or two-way ANOVA were employed to analyze the statistical differences. The analyses were performed using SPSS 21.0 software package (version 21.0, SPSS Inc., Chicago, IL, USA). P < 0.05 were considered statistically significant.




RESULTS


In vitro Anti-tumor Effects of Cinobufagin in A375 Cells

To investigate the effects of cinobufagin on malignant melanoma in vitro, A375 cells were treated with different concentrations of cinobufagin for 24 and 48 h, respectively. Then the activity of cinobufagin-treated A375 cells was detected by the MTT assay. The results showed that the proliferation of A375 cells was significantly inhibited after cinobufagin treatment for 24 h with an IC50 value of 0.2 μg/mL (Figure 1A). Treatment for 48 h with the same concentration of cinobufagin led to significantly higher proliferation than treatment with 24 h (Figure 1A). To confirm these inhibitory effects, the cell morphology was observed under a microscope after cinobufagin treatment. The number of A375 cells in the cinobufagin-treated groups was significantly less than that in the control group, and the cells showed varying degrees of deformation and shrinkage, some even falling off the surface of the petri dish (Figure 1B). In addition, cinobufagin effectively inhibited the colony formation of A375 cells compared with the control group (Figures 1C,D). These data showed that cinobufagin effectively inhibited A375 cell proliferation.
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FIGURE 1. Inhibitory effects of cinobufagin on the proliferation of A375 cells. (A) A375 cells were inoculated into 96-well plates and treated with different concentrations of cinobufagin for 24 and 48 h, respectively; the cell viability was determined by the MTT assay. **P < 0.01 vs. A375 cells control group (24 h); #P < 0.05, ##P < 0.01 vs. A375 cells control group (48 h); &P < 0.05 vs. A375 cells treated with different concentrations of cinobufagin for 24 or 48 h. (B) The morphologic changes of A375 cells treated with cinobufagin were observed by a phase contrast microscope. scale bar, 50 μm. (C) Representative images of the cell colony in cinobufagin-treated A375 cells. (D) Stastatical analysis of cell colony formation rate in cinobufagin-treated A375 cells. **P < 0.01 compared with the control group. All data are presented as the mean ± SD from three independent experiments.





Cinobufagin Induces Cell Cycle Arrest at the G2/M Phase in A375 Cells

To further investigate the inhibitory effects of cinobufagin on the proliferation of A375 cells, we examined the cell cycle distribution after a 24 h treatment with cinobufagin. The percentages of cinobufagin-treated A375 cells in the G2/M phase were significantly higher than those in the control group (Figures 2A,B). To verify this change, the levels of G2/M phase regulatory proteins (CDK1 and cyclin B) were examined by western blotting. The data showed that the levels of CDK1 and cyclin B were significantly decreased compared with the control group (Figures 2C,D). These results suggested that cinobufagin effectively induced G2/M phase cell cycle arrest by inhibiting the expression of CDK1 and cyclin B.
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FIGURE 2. Cinobufagin induces cell cycle arrest at the G2/M phase in A375 cells. (A) Flow cytometry was used to determine the cell cycle distribution of A375 cells treated with cinobufagin. (B) Statistical analysis of the cell cycle distribution of A375 cells after cinobufagin treatment. (C) Levels of CDK1 and cyclin B proteins in cinobufagin-treated A375 cells were detected by western blotting. (D) Statistical analysis of relative protein levels of CDK1 and cyclin B in cinobufagin-treated A375 cells. **P < 0.01 compared with the control group. All data are presented as the mean ± SD from three independent experiments.





Effects of Cinobufagin on the ATM/Chk2/CDC25C Signaling Pathway

The aforementioned results showed that cinobufagin could decrease the expression of CDK 1/cyclin B and induce cell cycle arrest at the G2/M phase in A375 cells. Considering that the ATM/Chk2/CDC25C signaling pathway plays an important role in regulating this phase of the cell cycle, we examined the levels of these proteins in cinobufagin-treated A375 cells. Western blot analysis showed that the protein levels of ATM, Chk2, p-Chk2, and p-CDC25C in cinobufagin-treated A375 cells were significantly higher, whereas the level of CDC25C was significantly lower than the control group (Figures 3A,B).
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FIGURE 3. Effects of cinobufagin on the levels of ATM/Chk2/CDC25C signaling molecules. (A) The levels of ATM, Chk2, p-Chk2, CDC25C, and p-CDC25C in A375 cells treated with cinobufagin were detected by western blotting. (B) The relative protein levels of ATM, Chk2, p-Chk2, CDC25C, and p-CDC25C in cinobufagin-treated A375 cells were analyzed. The ratio of relative protein was standardized according to the protein levels in the control group. *P < 0.05, **P < 0.01 compared with the control group. All data are presented as the mean ± SD from three independent experiments.





Cinobufagin Promotes the Apoptosis of A375 Cells

Based on the morphological changes of cinobufagin-treated A375 cells, cell shrinkage was observed under a light microscope (Figure 1B), indicating that cinobufagin might induce A375 cell apoptosis. Subsequently, Hoechst 33258 staining was used to determine if cinobufagin induced A375 cell apoptosis. The obvious apoptotic features including nuclear shrinkage, irregular condensation of chromatin, and apoptotic bodies were observed under a fluorescence microscope (Figures 4A,B). In addition, we used the Annexin V FITC/PI Double Staining Kit to measure the apoptotic rate of cinobufagin-treated A375 cells. Flow cytometry analysis showed that the percentages of apoptotic A375 cells significantly increased with the increase of cinobufagin concentration (Figures 4C,D). These results showed that cinobufagin effectively induced A375 cell apoptosis.
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FIGURE 4. Cinobufagin induces A375 cell apoptosis. (A) Morphologic changes of cinobufagin-treated A375 cells were observed after Hoechst 33258 staining. (B) Percentages of apoptotic cells in cinobufagin-treated A375 cells were analyzed. (C) Annexin V-FITC/PI double staining was used to detect the apoptotic rate of A375 cells after cinobufagin treatment. (D) Statistical analysis of the apoptotic rate of A375 cell population after cinobufagin treatment. **P < 0.01 compared with the control group. All data are presented as the mean ± SD from three independent experiments.





Effects of Cinobufagin on Apoptosis-Related Proteins in A375 Cells

In the aforementioned experiments, we observed that cinobufagin effectively induced the apoptosis of A375 cells. Thus, we next used western blotting to explore the changes of cell apoptotic molecules. Compared with the control group, the levels of cleaved caspase-3 and caspase-9 were significantly increased in cinobufagin-treated A375 cells, indicating that cinobufagin could simultaneous activate these proteins (Figures 5A,B). Furthermore, the upstream molecules (Apaf-1 and cytochrome C) levels of caspase-9 were examined by western blotting. The data showed that the levels of Apaf-1 and cytoplasmic cytochrome C were markedly higher than those in the control group (Figures 5C,D). These data showed that cinobufagin induced A375 cell apoptosis via a mitochondria-mediated apoptotic signaling pathway.
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FIGURE 5. Effects of cinobufagin on the levels of apoptosis-related molecules. (A) Levels of caspase-9, cleaved caspase-9, caspase-3, and cleaved caspase-3 in cinobufagin-treated A375 cells were detected by western blotting. (B) The relative levels of caspase-9, cleaved caspase-9, caspase-3, and cleaved caspase-3 were analyzed. (C) The levels of Apaf-1 and cytoplasmic cytochrome C in cinobufagin-treated A375 cells were detected by western blotting. (D) The relative levels of Apaf-1 and cytoplasmic cytochrome C were analyzed. *P < 0.05, **P < 0.01 compared with the control group. All data are presented as the mean ± SD from three independent experiments.





Effects of Cinobufagin on the Upstream Molecules of Mitochondrial Apoptotic Signaling Molecules

To verify that A375 cell apoptosis induced by cinobufagin was related to activation of the mitochondrial apoptotic pathway, we measured the levels of BAD, BAX, and Bcl-2 by western blotting. We found that the levels of pro-apoptotic BAD and BAX proteins were significantly increased and the level of anti-apoptotic Bcl-2 protein was markedly decreased in cinobufagin-treated A375 cells compared with control cells (Figures 6A,B). In addition, the protein levels of PI3K, p-PI3K, AKT, and p-AKT were clearly decreased in A375 cells after cinobufagin treatment (Figures 6C,D).
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FIGURE 6. The regulatory effects of cinobufagin on the upstream molecules of mitochondrial apoptotic signaling molecules. (A) The levels of BAD, BAX, and Bcl-2 in cinobufagin-treated A375 cells were detected by western blotting. (B) The relative levels of BAD, BAX, and Bcl-2 were analyzed. (D) The levels of PI3K, p-PI3K, AKT, and p-AKT in cinobufagin-treated A375 cells were detected by western blotting. (D) Statistical analysis of the relative levels of PI3K, p-PI3K, AKT, and p-AKT in cinobufagin-treated A375 cells. *P < 0.05, **P < 0.01 compared with the control group. All data are presented as the mean ± SD from three independent experiments.





Cinobufagin Induces Cell Cycle Arrest at the G2/M Phase and Cell Apoptosis in B16 Cells

Finally, we further explored the anti-tumor effects of cinobufagin in mouse melanoma B16 cells. Consistent with the data from human melanoma A375 cells, we found that the activity of B16 cells was also significantly inhibited after cinobufagin treatment in a dose- and time-dependent manner (Figure 7A). The number of B16 cells in the cinobufagin-treated groups was obviously less than that in the control group, and the cells showed varying degrees of deformation and shrinkage, some even falling off the surface of the petri dish (Figure 7B). Moreover, the percentages of cinobufagin-treated B16 cells in the G2/M phase were significantly higher than those in the control group (Figures 7C,D). Furthermore, Hoechst 33258 staining assay showed some obvious apoptotic features (e.g., nuclear shrinkage, irregular condensation of chromatin, and apoptotic bodies) in cinobufagin-treated B16 cells (Figure 7E). Flow cytometry analysis showed that the percentages of apoptotic cells in cinobufagin-treated B16 cells were significantly higher than that in the control group (Figures 4F,G). These results showed that cinobufagin effectively induced cell cycle arrest and cell apoptosis in B16 cells.


[image: image]

FIGURE 7. Cinobufagin induces cell cycle arrest and cell apoptosis in B16 cells. (A) The cell viability of cinobufagin-treated B16 cells was determined by the MTT assay. **P < 0.01 vs. B16 cells control group (24 h); ##P < 0.01 vs. B16 cells control group (48 h); &P < 0.05 vs. B16 cells treated with different concentrations of cinobufagin for 24 or 48 h. (B) The morphologic changes of B16 cells treated with cinobufagin were observed by a phase contrast microscope. scale bar, 50 μm. (C) Flow cytometry was used to determine the cell cycle distribution of B16 cells treated with cinobufagin. (D) Statistical analysis of the cell cycle distribution of B16 cells after cinobufagin treatment. (E) Morphologic changes of cinobufagin-treated B16 cells were observed after Hoechst 33258 staining. (F) Annexin V-FITC/PI double staining was used to detect the apoptotic rate of B16 cells after cinobufagin treatment. (G) Statistical analysis of the apoptotic rate of B16 cell population after cinobufagin treatment. **P < 0.01 compared with the control group. All data are presented as the mean ± SD from three independent experiments.






DISCUSSION

Venenum Bufonis is a traditional Chinese medicine that has been used in China for hundreds of years (20, 27). Previously, Venenum Bufonis and Venenum Bufonis extracts were mainly used as a cardiac stimulant and tumor analgesic (28). In recent years, a large number of studies have shown that the extract of Venenum Bufonis can inhibit the proliferation of some tumor cells (29). As one of the active components of Venenum Bufonis, cinobufagin has also entered garnered interest from researchers, as it has been reported that cinobufagin can effectively inhibit the proliferation of lung cancer cells (30), liver cancer cells (17), prostate cancer cells (31), and osteosarcoma cells (32) in vitro. In this study, we investigated the effects of cinobufagin on the proliferation of A375 human malignant melanoma cells and its intrinsic mechanism. The results showed that cinobufagin arrested A375 cells at the G2/M phase and induced apoptosis by activating mitochondrial apoptosis pathway.

Checkpoint is an important regulatory node of the cell cycle (1, 14, 33). Only through the checkpoint test can the cell enter the next cell cycle (34). The CDK1/cyclin B complex is a key regulatory factor of checkpoint in the G2/M phase (35). The complex is synthesized in large quantities when the cell passes through the G2/M phase (36). The content of CDK 1/cyclin B complex decreased correspondingly when G2/M cycle arrest occurred (37). In our study, we found that the levels of CDK1 and cyclin B in A375 cells were decreased after cinobufagin treatment. This result suggests that cinobufagin can decrease the levels of CDK1 and cyclin B, thereby decreasing the content of the CDK1/cyclin B complex, leading to A375 cell arrest at the G2/M phase.

Once cell cycle arrest occurs in the course of cell division, it is suggested that damage and error are difficult to repair during cell division (38). Cell cycle arrest at the G2/M phase indicates that the damage of intracellular DNA is difficult to repair (39). It has been reported that the ATM/ATR signaling pathway is activated when intracellular DNA is damaged (40), and can repair damaged DNA by regulating the activity of many proteins (41). It is widely believed that the ATM protein is activated during DNA damage, which subsequently upregulates the expression of Chk2 protein and increases the phosphorylation of Chk2 and CDC25C, leading to inhibition of the formation CDK1/cyclin B complex and cell cycle arrest at the G2/M phase (42, 43). In our study, we found that cinobufagin increased the levels of ATM and Chk2 and the phosphorylation level of Chk2 and CDC25C in A375 cells. Meanwhile, cinobufagin decreased the content of the CDK 1/cyclin B complex by inhibiting the levels of CDK1 and cyclin B, and subsequently inducing cell cycle arrest at the G2/M phase. Therefore, cinobufagin may induce DNA damage and ATM/ATR signaling pathway activation, leading to A375 cell arrest at the G2/M phase.

Mitochondria-mediated caspase cascade activation, as an important apoptotic signaling pathway, can be initiated by many stimuli (44). When exogenous stimuli activate BAX and Bcl-2 in the mitochondria, the membrane permeability of mitochondria changes (45). Subsequently, cytochrome C from mitochondria is released into the cytoplasm in large quantities (46). Cytochrome C in the cytoplasm activates Apaf-1, caspase-9, and caspase-3, leading to apoptosis (47). A previous study showed that cinobufagin induces human prostate cancer cell (LNCaP and DU145 cells) apoptosis via the mitochondria-mediated apoptotic signaling pathway (31). Consistent with the abovementioned studies, we found that cinobufagin induced A375 cell apoptosis after 24 h of treatment. Furthermore, the level of Bcl-2 was clearly decreased, whereas the levels of cleaved caspase-3/9, Apaf-1, cytoplasmic cytochrome C, BAD, and Bax were significantly increased in cinobufagin-treated A375 cells. These studies demonstrated that cinobufagin could induce A375 cell apoptosis through the mitochondria-mediated apoptotic signaling pathway.

The PI3K/AKT signaling molecule, as one of the important pathways regulating cell proliferation, is also involved in cell apoptosis (48). It has reported that the phosphorylation of BAD is inhibited by PI3K/Akt signaling molecules, resulting in cell apoptosis (49). Meanwhile, the activation of caspase-9 can be suppressed by inhibiting the phosphorylation of caspase-9 (50). In addition, the release of cytochrome C from the mitochondria into the cytoplasm is also inhibited by the PI3K/Akt signaling pathway (51). In our study, we found that cinobufagin downregulated the expression of PI3K, p-PI3K, AKT, and p-AKT, indicating that the PI3K/AKT signaling pathway is also involved in cinobufagin-induced A375 cell apoptosis.

However, some limitations of this study should be noted. A melanoma-xenografted model in nude mice should also be used in future studies to evaluate the anti-tumor effects of cinobufagin. In conclusion, our results indicated that cinobufagin can inhibit A375 cell proliferation. In addition, cinobufagin upregulated ATM and Chk2, and downregulated CDC25C, leading to cell cycle arrest at the G2/M phase. Meanwhile, cinobufagin induced A375 cell apoptosis through the mitochondria-mediated apoptotic signaling pathway and inhibition of the PI3K/AKT signaling pathway. These results lay a solid foundation for the development of cinobufagin as a potential drug for the treatment of cutaneous malignant melanoma.
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Esophagus cancer is the seventh cause of cancer-related deaths globally. In this study, we analyzed interleukin 6 (IL-6) gene expression in human esophagus cancer patients and showed that IL-6 mRNA levels are significantly higher in tumor tissues and negatively correlated with overall survival, suggesting that IL-6 is a potential therapeutic target for esophagus cancer. We further demonstrated that apigenin, a nature flavone product of green plants, inhibited IL-6 transcription and gene expression in human esophagus cancer Eca-109 and Kyse-30 cells. Apigenin significantly and dose-dependently inhibited cell proliferation and promoted apoptosis while stimulating the cleaved PARP (poly ADP-ribose polymerase) (C-PARP) and caspase-8 expression. It suppressed VEGF (Vascular endothelial growth Factor) expression and tumor-induced angiogenesis. Pretreatment of cells with IL-6 could completely reverse apigenin-induced cellular changes. Finally, using a preclinical nude mice model subcutaneously xenografted with Eca-109 cells, we demonstrated the in vivo antitumor activity and mechanisms of apigenin. Taken together, this study revealed for the first time that apigenin is a new IL-6 transcription inhibitor and that inhibiting IL-6 transcription is one of the mechanisms by which apigenin exhibits its anticancer effects. The potential clinical applications of apigenin in treating esophagus cancer warrant further investigations.
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Introduction

Esophagus cancer is the seventh cause of cancer-related deaths globally (GLOBOCAN, 2018) (Bollschweiler et al., 2017). This disease is curative in the early stage via surgery; however, most cases are diagnosed at the advanced stage and require systemic chemotherapy (Edwards et al., 2018). While systemic chemotherapy can significantly improve the survival and quality of life (Wagner et al., 2017), nevertheless, drug resistance is a major challenge (Bolm et al., 2018). Despite the development of multimodality therapies, including surgery combined with chemotherapy and/or radiotherapy, the prognosis of esophagus cancer patients remains poor (Nakajima and Kato, 2013). Discovery of new drug targets and more effective drugs is important for esophagus cancer treatment.

Interleukin 6 (IL-6) is a proinflammatory cytokine released by cells in the tumor microenvironment (Masjedi et al., 2018). Interleukin 6 plays critical roles in the differentiation and expansion of tumor cells. Elevated IL-6 level has been reported in breast (Guo et al., 2012; Dethlefsen et al., 2013), gastric, bile duct, pancreatic and colorectal cancer patients (Vainer et al., 2018). There is a published report that described elevated IL-6 level in the esophagus tumor tissue of a 51-year-old male patient, suggesting that IL-6 may have a role in esophagus tumor development (Shioga et al., 2018). At present, two monoclonal antibodies against IL-6, tocilizumab and siltuximab, have been shown to have antitumor activities (Yao et al., 2014; Ham et al., 2019; Weng et al., 2019). However, to our knowledge, no small molecule IL-6 inhibitor has been reported.

Apigenin (4′,5,7-trihydroxyflavone), a small molecule natural compound extracted from plants, belongs to the flavone class constituting the aglycone of various natural element glycosides. Numerous vegetables and fruits, such as celeriac, chamomile tea, and parsley, are rich in apigenin (Salmani et al., 2017). Apigenin has been shown to exhibit antitumor activity in lung, pancreatic, breast, hepatic, prostate, and colon cancers (Johnson and De Mejia, 2013; Pan et al., 2013; Shao et al., 2013; Lee et al., 2014; Shukla et al., 2014; Huang et al., 2016). At present, it is not known whether apigenin has therapeutic effect against esophageal cancer.

In this study, we demonstrated for the first time that apigenin is an IL-6 transcription inhibitor in human esophagus cancer Eca-109 and Kyse-30 cells. It inhibited the transcription and expression of IL-6. In addition, apigenin suppressed cell proliferation and tumor-induced angiogenesis and promoted apoptosis in vitro in Eca-109 and Kyse-30 cells. Pretreatment of Eca-109 and Kyse-30 cells with excess of IL-6 could completely reverse apigenin-induced cellular changes. Finally, we demonstrated the in vivo antitumor activity and mechanisms of apigenin in a preclinical nude mice model subcutaneously xenografted with Eca-109 cells. The potential clinical applications of apigenin in treating esophagus cancer warrant further investigations.

Materials and Methods

Reagents, Cell Lines, and Cell Culture

Human esophagus cancer Eca-109 and Kyse-30 cell lines were purchased from Procell Life Science & Technology Co., Ltd., and Cellcook Biotechnology Co., Ltd. Cells were cultured at 37°C in a humidified atmosphere of 5% CO2 in the RPMI1640 medium, supplemented with 10% fetal bovine serum and antibiotics (100 U/ml penicillin and 100 mg/ml streptomycin). Apigenin was obtained from Sigma-Aldrich and dissolved in dimethyl sulfoxide, stored at −20°C until ready for use. Growth factor–reduced Matrigel was from BD Biosciences (Bedford, MA, USA). The pIL-6-promoter-luc and Renilla-luc plasmids were purchased from Beyotime Biotechnology (Shanghai, China). The antibodies against PARP and caspase-8 were from Cell Signaling Technology (Beverly, MA, USA). Monoclonal antibodies against IL-6 and GAPDH were from Proteintech (Wuhan, China).

Kaplan-Meier Analysis of Survival Probability and Gene Expression

RNAseq and clinical data were acquired from TCGA database; the information on esophagus cancer (n = 160) datasets was downloaded from the UCSC Xena Browser (https://xenabrowser.net/heatmap/#). Gene expression level and survival analysis were performed with Kaplan-Meier estimator and post hoc log-rank test using GraphPad software.

Quantitative Real-Time Polymerase Chain Reaction

Quantitative real-time reverse transcriptase–polymerase chain reaction (PCR) was used to determine the mRNA expression levels of VEGF and GAPDH. Total RNAs were extracted by Trizol reagent; reverse transcriptions were performed using SYBR Premix Dimer Eraser according to the manufacturer’s instruction. Real-time PCR was performed using QuautStudio-5 Real-Time Thermal Cycler (ABI). The following primer sequences were used for PCR: VEGF forward primer: 5′-TGTCTAATGCCCTGGAGCCT-3′; reverse primer: 5′- GCTTGTCACATCTGCAAGTACG-3′; and GAPDH forward primer: 5′- ATGGGTGTGAACCATGAGAAGTATG-3′; reverse primer: 5′-GGTGCAGGAGGCATTGCT-3′. The expression levels of VEGF were normalized to the value of GAPDH, and fold changes were calculated by relative quantification (2−ΔΔCt).

IL-6 Promoter Activity is Determined by the Luciferase Assay

The promoter sequence (−637 bp ~ +53 bp) of human IL-6 was cloned into the pGL6 vector, to prepare the pIL-6-promoter-luc vector for IL-6 promoter activity measurement. Eca-109 and Kyse-30 cells were seeded into a 24-well plate, cultured overnight, cotransfected with pIL-6-promoter-luc and Renilla-luc plasmids, and then treated with different concentrations of apigenin. Firefly and Renilla luciferase activities were measured 48 h later by the Dual Luciferase Reporter Assay System (Promega, WI, USA) and normalized to the corresponding controls as described previously (Xu et al., 2012). The IL-6 promoter activity was calculated as the ratio of Firefly luciferase value/Renilla luciferase value. Experiments were performed in three independent replicates (Xu et al., 2013).

Cell Proliferation Assay

To determine the effects of apigenin on the cell proliferation of esophagus cells, Eca-109 and Kyse-30 cells were seeded into 6-well plates at 3 × 105 cells per well, cultured overnight, and then treated with experimental medium containing various concentrations of freshly prepared apigenin at the final concentrations ranging from 0.3 to 10 µM. After 48 h of treatment, cells were stained with crystal violet, and cell numbers were calculated. Data were from three separate experiments with four replications.

Apoptosis Assay

Human esophagus cells were seeded into 6-well plates (3 × 105 cells/well) and treated with apigenin (0 µM vehicle control; 0.3, 1, 3, and 10 µM), with or without IL-6 (50 ng/µl). After 48 h, cells were harvested and stained with annexin V–fluorescein isothiocyanate (FITC) and propidium iodide (PI) for 15 min in the dark. BD ACCURI C6 PLUS Cell Analyzer was used to measure fluorescence intensity in FITC (FL1, 533 nm) and PI (FL2, 585 nm) channels. The early apoptotic cells (annexin V-positive only) and late apoptotic cells (annexin V- and PI-positive) were quantified and analyzed with the FlowJo 10.0.7 software.

Western Blot

Western blot was performed as described previously (Liu et al., 2011). Human esophagus cancer cells were harvested, washed with cold phosphate-buffered saline (PBS), and suspended in 100 µl of cold cell lyssis buffer with protease inhibitor. The lysates were incubated on ice for 30 min and centrifuged for 10 min at 4°C, supernatants collected, and the protein concentration quantified by Bradford method (Bradford, 1976). Cell lysates were resolved by sodium dodecyl sulfate–polyacrylamide gel electrophoresis and transferred onto polyvinylidene fluoride membranes and incubated in blocking buffer [5% bovine serum albumin in TBST (Tris-Buffered Saline Tween-20)] for 2 h at room temperature. The membranes were incubated with primer antibody overnight at 4°C, then horseradish peroxidase–conjugated secondary antibody for 1 h at room temperature, and washed three times with TBST. The protein-antibody complex was detected by a chemiluminescence detection system. The relative expression level of each protein in the experimental group was calculated against the control group (as one).

Tube Formation Assay

To prepare for conditional medium, Eca-109 and Kyse-30 cells were seeded into a 24-well plate, cultured overnight, and treated with medium containing indicated concentrations of apigenin for 24 h. The medium of each group was then collected and stored at −20°C until ready for use. For tube formation assay, 50 µl Matrigel (BD Biosciences, San Jose, CA, USA) was added into each well of the 96-well plate and polymerized for 1 h at 37°C. Then, human umbilical vein endothelial cells (HUVECs) in 50 µl of various conditional medium were added to each well and incubated for 8 h, and the image of tube formation was captured with a digital camera. The capillary tubes were quantified by determination of length. Each condition was assessed in triplicate and repeated once.

ELISA Assay

The levels of IL-6 in tumor tissues were detected by enzyme-linked immunosorbent assay (ELISA) kits following manufacturer’s instructions. The concentrations of IL-6 were measured using a microplate reader. Each condition was assessed in triplicate and repeated once.

Nude Mice Xenografted With Human Esophagus Eca-109 Cell

Four-week-old male nude mice were purchased from the Beijing Vital River Laboratory Animal Technology Co., Ltd., maintained in pathogen-free conditions, and sustained with standard diets. All studies were approved by the Institutional Committee on Animal Care of Zhengzhou University. Eca-109 cells in 200 µl of PBS (3 × 106 cells/tumor) were subcutaneously injected into nude mice on both sides of the armpit. When solid tumors grew to 0.5-cm diameter (5 days), mice were divided randomly into four groups (n = 6) and treated daily for 3 weeks by intraperitoneal injection, with either vehicle control (saline) or apigenin (1, 3, 5, and 10 mg/kg). Tumor volume was monitored daily and calculated using the formula: V = (π/6) × [(A + B)/2]3 (A, longest diameter; B, shortest diameter). Four weeks after drug treatment, mice were sacrificed, and tumors were dissected for immunohistochemistry and other analyses. The animal study was repeated once with similar results.

Immunohistochemistry

Immunohistochemistry was performed as described previously (Xu et al., 2012). Tumors were harvested, fixed, paraffin embedded, and sectioned (8 µm). Tumor tissue slides were deparaffinized using xylene and graded ethyl alcohol and rinsed with water. Antigen retrieval was performed by boiling the slides in 0.01 M citrate buffer in a microwave oven for 10 min and cooling at room temperature. The slides were incubated with 0.05% Triton-X 100 in PBS for 5 min, followed by sequential treatment in a humidified chamber after quenching endogenous peroxides with 3% H2O2 in MeOH, and then blocked with serum for 20 min and incubated with anti-CD31 or anti-Ki67 antibody overnight at 4°C, then secondary antibody for 20 min, hydrogen peroxidase for 15 min, and peroxidase substrate solution for 20 min at room temperature. The stained slides were counterstained with hematoxylin and coverslipped. The percentages of CD31- and Ki67-positive cells were quantified as the average of five fields for each slide.

Statistical Analysis

All results are expressed as mean ± standard deviation (SD), and all experiments were repeated at least three times. Statistical analyses were performed using Prism (GraphPad Software) by one‐way/two‐way analysis of variance with post hoc Bonferroni/Dunnett test or Student t test as indicated. Survival analyses were performed using Kaplan-Meier estimator with post hoc log‐rank test. The significance was indicated at P < 0.05; highly significant difference was indicated at P < 0.01.

Results

The Elevated Tissue and Plasma IL-6 Expression Levels in Human Esophagus Cancer Patients Are Negatively Correlated With the Overall Survival

We examined the IL-6 gene expression data in human esophagus cancer using a publicly available database from TCGA network derived from the UCSC Xena Browser. In esophagus cancer patient samples, the IL-6 mRNA levels in tumor tissues were significantly higher than those in the adjacent normal tissues (Figure 1A, left panel). In addition, the increased plasma IL-6 mRNA level is negatively (P = 0.0342) correlated with overall survival (Figure 1A, right panel).
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Figure 1 | Elevated IL-6 expression and inhibition of IL-6 expression by apigenin in human esophagus cancer Eca-109 and Kyse-30 cells. (A) The IL-6 expression level in normal and tumor tissues of esophagus cancer patient samples (left panel) and the relationship between patient survival and IL-6 expression by Kaplan-Meier estimator with post hoc log-rank test (right panel). (B) Western blotting analysis of Eca-109 (left panel) and Kyse-30 cells (right panel) treated with various concentrations of apigenin. (C) ELISA analysis of the culture medium collected from Eca-109 (left panel) and Kyse-30 cells (right panel) treated with various concentrations of apigenin. (D) The relative luciferase activities in Eca-109 (left panel) and Kyse-30 cells (right panel) transiently transfected with IL-6 promoter luciferase reporter plasmid and then treated with the indicated concentrations of apigenin. *P < 0.05 indicates significant difference as compared to the corresponding control (n = 3). *P < 0.05 and **P < 0.01 indicate significant difference as compared to the corresponding control (n =3).



Apigenin Treatment Reduced IL-6 Expression and the IL-6 Promoter Activity in Human Esophagus Cancer Eca-109 and Kyse-30 Cells

We first evaluated the effect of apigenin on the expression of IL-6 in human esophagus cancer Eca-109 and Kyse-30 cells. As shown in Figure 1B, Western blot analysis indicated that apigenin treatment down-regulated IL-6 protein expression level dose-dependently. Treatment of 0.3, 1, 3, and 10 µM of apigenin produced significant 10%, 20%, 50%, and 89% reductions of IL-6 protein levels in Eca-109 cells, respectively, as well as 13%, 23%, 56%, and 78% reductions in Kyse-30 cells, respectively. Apigenin treatment also significantly decreased the level of secreted IL-6 in the cell culture medium (Figure 1C). To investigate whether apigenin could down-regulate IL-6 expression by transcription inhibition, we prepared an IL-6 promoter reporter plasmid and determined IL-6 promoter activity as described in the Methods section. As shown in Figure 1D, 1, 3, and 10 µM of apigenin produced significant 22%, 40%, and 51% reductions of the IL-6 promoter activity in Eca-109 cells, respectively, as well as 60%, 68%, and 81% reductions, respectively, in Kyse-30 cells. Taken together, these results indicated that apigenin decreased IL-6 expression through inhibiting the transcription activity of IL-6 in esophagus cancer cells.

Apigenin Inhibited Cell Proliferation in Eca-109 and Kyse-30 Cells

We examined the effect of apigenin on cell proliferation by CCK-8 assay, with the relative cell proliferation rate (%) calculated using data from control group as 100%. As shown in Figure 2A, apigenin significantly inhibited cell proliferation rate dose-dependently in both Eca-109 and Kyse-30 cells. The IC50 values of apigenin in Eca-109 and Kyse-30 cell were 4.82 and 9.28 µm, respectively. To determine the cytotoxicity of apigenin, cells were treated with various concentrations of apigenin, and cell numbers were counted. As shown in Figure 2B, D, treatment of 0.3, 1, 3, and 10 µm of apigenin caused a significant 30%, 73%, 80%, and 89% reductions of cell growth in Eca-109 cells, respectively (Figure 2B), as well as 62.5%, 81.2%, 90%, and 95.8% reductions of cell growth in Kyse-30 cells, respectively (Figure 2D). Pretreating cells with 50 ng/µl of IL-6 for 6 h prior to the addition of apigenin completely reversed apigenin-induced changes (Figure 2C, E).
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Figure 2 | Apigenin inhibited cell proliferation in human esophagus cancer cells. (A) The cell proliferation rate of Eca-109 and Kyse-30 cells treated with indicated concentrations of apigenin, as determined by CCK-8 assay. (B) The cell number of Eca-109 and (D) Kyse-30 cells treated with apigenin (0, 0.3, 1, 3, and 10 µm). (C) The cell number of Eca-109 and (E) Kyse-30 cells pretreated with 50 ng/µl IL-6 for 6 h, prior to the addition of the indicated concentrations of apigenin. *P < 0.05 and **P < 0.01 indicate significant difference as compared to the corresponding control (n = 5).



Apigenin Induced Apoptosis in Esophagus Cancer Cells

We next evaluated the effect of apigenin in cell apoptosis by flow cytometry (FCM). As shown in Figure 3A, B, treating Eca-109 cells with 1, 3, and 10 µM of apigenin increased early apoptosis (annexin V+/PI−) from 0.3% (control) to 0.5%, 1%, and 1.5%, respectively, and increased late apoptosis (annexin V+/PI+) from 1.6% (control) to 1.7%, 4%, and 9.5%, respectively. To understand the underlying mechanisms, we measured the apoptosis-related proteins by Western blotting analysis. Treating Eca-109 cells with 1, 3, and 10 µM of apigenin increased the apoptosis marker cleaved PARP (C-PARP) from 3% (control) to 15%, 36%, and 49%, respectively, and increased the apoptosis execution-phase marker, cleaved caspase-8 (C-caspase-8), from 12% (control) to 20%, 45%, and 83%, respectively (Figure 3C). Similar results were also found in the Kyse-30 cells (Figure S1A–C). In addition, pretreating Eca-109 cells with 50 ng/µl of IL-6 for 6 h prior to the addition of indicated concentrations of apigenin completely blocked apigenin-induced cell apoptosis (Figure 3D, E), as well as the expression of apoptosis markers (Figure 3F). Similar results were also found in the Kyse-30 cells (Figure S1D–F). These results suggested the possibility that apigenin-induced cell apoptosis works through IL-6 in esophagus cancer cells.
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Figure 3 | Apigenin induced apoptosis in Eca-109 cell. (A-C) Cells were treated with the indicated concentrations of apigenin, and the apoptosis was detected by FCM annexin V/PI staining. The protein expression levels were examined by Western blot, and GAPDH was used as loading control. (D–F) Cells were pretreated with 50 ng/µl IL-6, prior to the addition of indicated concentrations of apigenin, and the apoptosis was detected by FCM annexin V/PI staining. The protein expression was examined by Western blot. (A, D) the representative charts, (B, E) the quantified data, and (C, F) the Western blot results. *P < 0.05 and **P < 0.01 indicate significant difference as compared to the corresponding control (n = 3).



Apigenin Inhibited Angiogenesis and VEGF Expression in Esophagus Cancer Cells

Angiogenesis is the essential process for tumor development (Chappell et al., 2019). Here we used tube formation assay to measure the activity of angiogenesis. It is well documented that HUVECs maintained in EBM-2 basic medium are not capable of tube formation; however, when incubated in conditioned medium (CM) prepared from tumor cells, tube formation activity is observed. We therefore evaluated whether CM from apigenin-treated Eca-109 and Kyse-30 cells could inhibit tube formation. As shown in Figure 4A, CM collected from Eca-109 cells treated with 0.3, 1, 3, and 10 µm of apigenin produced significant and dose-dependent reduction in tube formation activity. Furthermore, pretreating Eca-109 cells with 50 ng/µl of IL-6 prior to the addition of apigenin completely blocked the reduction in tube formation activity (Figure 4B). Apigenin treatment produced significant reduction in the total tube length (Figure 4C), and pretreatment with 50 ng/µl IL-6 completely blocked apigenin-induced reduction (Figure 4D). Similar results were also observed in Kyse-30 cells (Figures S2A–D).
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Figure 4 | Apigenin inhibited angiogenesis in Eca109 cell. The CM was collected from Eca-109 cells cultured in serum free medium overnight, without (A, C, E) or with (B, D, F) the pretreatment of 50 ng/µl IL-6, prior to the addition of different concentrations of apigenin. The serum-reduced media were collected and stored at –20°C for later use. Tube formation assay was conducted as described in Methods section. The HUVECs were trypsinized, counted, and resuspended in EBM-2 basic medium, and then they were mixed with an equal volume of the CM, and tube formation was determined. The total lengths of the tubes in each well were measured using CellSens Standard software. (A, B) The representative picture of tube formation; (C, D) quantified data; (E, F) VEGF expression level as determined by quantitative PCR. *P < 0.05 and **P < 0.01 indicate significant difference as compared to the corresponding control (n = 3).



VEGF plays a key role in tumor-induced angiogenesis. Therefore, we evaluated the effect of apigenin on the gene expression of VEGF in Eca-109 and Kyse-30 cells. As shown in Figure 4E, 0.3, 1, 3, and 10 µM of apigenin produced significant 28%, 40%, 50%, and 62% reductions in VEGF expression, respectively, in Eca-109 cells. Pretreatment of Eca-109 cells with 50 ng/µl of IL-6 completely blocked the reductions (Figure 4F). Similar results were also found in the Kyse-30 cells (Figures S2E, F). Taken together, these results raised the possibility that apigenin may inhibit tumor angiogenesis and VEGF expression through IL-6.

Apigenin Treatment Inhibited the Growth of Esophagus Tumor in vivo in Nude Mice Subcutaneously Xenografted With Eca-109 Cells

To study the in vivo effect of apigenin treatment in esophagus tumor, a preclinical animal model of nude mice subcutaneously xenografted with Eca-109 cells was generated. As shown in Figure 5A, apigenin treatment produced dose-dependent inhibition in tumor growth. Treatment with 1, 3, 5, and 10 mg/kg of apigenin produced significant 35.12%, 41.28%, 50.23%, and 87.21% reductions, respectively, in tumor weight on day 24 after initiation of treatment (Figure 5B, C). Furthermore, there was no significant loss of mice body weight in the apigenin treatment groups, suggesting that the indicated dose of apigenin might not cause severe toxicity in nude mice (Figure 5D). To study the association of IL-6 in apigenin-mediated inhibition in vivo, the tumor tissues were analyzed by immunohistochemical staining. Apigenin significantly inhibited the expression levels of Ki67 (the cell proliferation necessary protein) and CD31 (the angiogenesis key protein) (Figure 5E, F). Importantly, apigenin significantly inhibited the level of IL-6 in the xenograft tumor tissues (Figure 5G).
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Figure 5 | Apigenin inhibited the growth of esophagus cancer in nude mice xenografted with Eca-109 cells. Nude mice were injected subcutaneously with Eca-109 cells, randomly divided into five groups, and treated by intraperitoneal injection with the following regimens: vehicle alone (0.9% saline) and apigenin (1, 3, 5, and 10 mg/kg) every other day. (A) The tumor volume, (B) photos of the tumors, (C), tumor weight, and (D) body weight. The collected tumor tissues were analyzed by quantitative PCR and immunohistochemical analysis. (E) The immunohistochemical Ki67 and CD31 staining, (F) quantified positive cells, and (G) IL-6 expression level as detected by ELISA. The values presented are the means ± SD. *P < 0.05 and ** P < 0.01 indicate significant difference from the corresponding control (n = 6).



Discussion

In the present study, we reported that apigenin inhibited IL-6 transcription and gene expression in esophagus cancer cells. We also provided in vitro and in vivo evidence suggesting that its antitumor activities work at least in part through IL-6. Therefore, we hypothesize that inhibiting IL-6 transcription is a new mechanism by which apigenin exhibits its antitumor activity in esophagus cancer.

At present, two monoclonal antibodies against IL-6 are tested in various preclinical studies for cancer treatments. Tocilizumab was tested in ovarian cancer (Dijkgraaf et al., 2015) and siltuximab in multiple myeloma (Voorhees et al., 2013; Orlowski et al., 2015), ovarian cancer (Coward et al., 2011), and prostate cancer (Dorff et al., 2010). To our knowledge, apigenin is the first reported small molecule IL-6 transcription inhibitor. Interleukin 6 is overexpressed in a significant portion of cancers. The potential therapeutic effect of apigenin for the treatment of esophageal and other IL-6–overexpressing cancers requires further investigations.

At present, it is not known how apigenin could inhibit the transcription activity of IL-6. Interleukin 6 gene has three transcription start sites and three TATA boxes. The three transcription start sites contain two glucocorticoid response elements (GREs, -557 to -552 and -466 to -461) and one activator protein 1 (AP-1)–binding site (-283 to -277) (Edbrooke et al., 1989; Isshiki et al., 1990). The GREs and AP-1 sequences have high similarity and only one difference in two nucleotides (Grassl et al., 1999). The possibility that apigenin regulated the transcription activity of IL-6 via interaction with these transcription start sites and GREs, AP-1, and TATA boxes remains to be determined.

In this study, our results indicated that apigenin could regulate multiple carcinogenesis pathways in esophagus cancer cells. These include cell proliferation, angiogenesis, and apoptosis via regulating the expression level of PARP, caspase-8, VEGF, and their downstream factors. As IL-6 plays multiple functions in carcinogenesis, these results are consistent with what to be expected as an IL-6 inhibitor. Interleukin 6 has also been shown to play key functions in multidrug resistance via JAK, STAT3, PI3K/Akt, and Ras-MAPK signal pathways (Ghandadi and Sahebkar, 2016; Zang et al., 2017), tumor cell migration (Che et al., 2019), invasion (Cao et al., 2017), and other pathways of carcinogenesis. The potential functions of apigenin against multidrug resistance, migration, and invasion in esophagus cancer require further investigations.

Our results are also consistent with previous reports that apigenin inhibited tumor growth via multiple signal pathways. For instance, apigenin inhibited tumor metastasis through AKT/p70S6K1/MMP-9 signaling in ovarian cancer (Fang et al., 2005), suppressed tumor angiogenesis through HIF-1/VEGF signaling (Fang et al., 2007), inhibited tumorigenesis via WNT/β-catenin signaling (Ozbey et al., 2018), suppressed lung cancer progression via Akt/Snail/Slug signaling (Chang et al., 2018), inhibited the development and progression of prostate cancer via insulinlike growth factor signaling (Babcook and Gupta, 2012), and inhibited cell growth, metastasis, and tumor angiogenesis in human lung cancer cells through PI3K/AKT/mTOR/p70S6K1 and AKT/p70S6K1/MMP-9 signaling pathways (Meng et al., 2006; He et al., 2012). The potential cross-talks between the IL-6 signal pathways and the PI3K/AKT/mTOR/p70S6K1 and AKT/p70S6K1/MMP-9 signaling pathways remain to be evaluated.

Natural and innoxious agents have long proposed to inhibit or prevent human cancer development. There are several reviews of the epidemiological and dietary studies of apigenin in cancers. Results from an epidemiological study evaluating the polyphenol consumption and human cancer risk have supported the protective effects of certain food items and polyphenols in reducing cancer risk (Yang et al., 2001). There is also a report suggesting that sustained long-term treatment with a flavonoid mixture could reduce the recurrence rate of colon neoplasia in patients with resected cancer (Hoensch et al., 2008). However, the factors and molecules that contribute to the protective effects are still not well understood. Our daily diets are rich in flavonoids, and apigenin is one of the most common flavonoids, with proved anticancer activity (Bhattacharya et al., 2018; Chang et al., 2018; Li et al., 2018; Xia et al., 2018; Xu et al., 2018). Therefore, the potential anticancer activity of apigenin and its applications warrant further investigations.

In addition to tumorigenesis, IL-6 also plays important roles in inflammation, hematopoiesis, and other physiological and pathological responses. Since IL-6 has diverse and multiple functions in different tissues, an inhibitor simply targeting at IL-6 would cause severe side effects. Nevertheless, as a small molecule IL-6 gene transcription inhibitor, the effect of apigenin on IL-6 is likely to be more tissue and tumor type specific and therefore may have less toxic side effects.

At the lethal dose of 50% (LD50) in rat equal to 727.76 mg/kg, apigenin appears to be a nontoxic and safe molecule. In our study, apigenin (1 mg/kg, intraperitoneal injection for 24 days) significantly inhibited the growth of Eca-109 xenograft tumors in vivo in nude mice without loss of body weight, suggesting that it may be a relatively safe drug. In addition, no significant changes in other health characteristics including behaviors, water intake, and food intake were observed by the apigenin treatment. The drug toxicity evaluation and potential applications of apigenin for esophageal and other cancer treatments require further investigations.
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Figure S1 | Apigenin induced apoptosis in Kyse-30 cell. (A–C) Cells were treated with the indicated concentrations of apigenin, and the apoptosis was detected by FCM annexin V/PI staining. The protein expression levels were examined by Western blot, and GAPDH was used as loading control. (D-F) Cells were pretreated with 50 ng/µl IL-6, prior to the addition of indicated concentrations of apigenin, and the apoptosis was detected by FCM annexin V/PI staining. The protein expression was examined by Western blot. (A, D) The representative charts, (B, E) quantified data, and (C, F) Western blot results. *P < 0.05 and **P < 0.01 indicate significant difference as compared to the corresponding control (n = 3).

Figure S2 | Apigenin inhibited angiogenesis and IL-6 prevented Apigenin mediated angiogenesis in Kyse-30 cell. Kyse-30 cells were cultured in serum free medium overnight, without (A, C, E) or with (B, D, F) the pretreatment of 50 ng/µl IL-6, prior to the addition of different concentrations of apigenin. The serum-reduced media were collected and stored at –20°C for later use. Tube formation assay was conducted as described in the Methods section. The HUVECs were trypsinized, counted, and resuspended in EBM-2 basic medium, and then they were mixed with an equal volume of the CM, and tube formation was determined. The total lengths of the tubes in each well were measured using CellSens Standard software. (A, B) The representative picture of tube formation, (C, D) quantified data, and (E, F) VEGF expression level as determined by quantitative PCR. *P < 0.05 and **P < 0.01 indicate significant difference as compared to the corresponding control (n = 3).
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Matrine, an alkaloid compound isolated from the medicinal plant Sophora flavescens, inhibits many types of cancer proliferation. However, the precise mechanism of the matrine antihuman chronic myeloid leukemia remains unclear. In this study, we showed that matrine significantly inhibited the cell proliferation and induced apoptosis by regulating Warburg effect through controlling hexokinases 2 (HK2) expression in myeloid leukemia cells. Interestingly, matrine inhibited the expression of HK2 mediated by reduction in c-Myc binding to HK2 gene intron and led to downregulation of HK2, which upregulated proapoptotic protein Bad and then induced apoptosis. We further demonstrated that matrine could synergize with lonidamine, an inhibitor of HK2, for the treatment of myeloid leukemia, both in vitro and in vivo. Taken together, our findings reveal that matrine could promote human myeloid leukemia cells apoptosis via regulating Warburg effect by controlling HK2.
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Introduction

Human myeloid leukemia, a type of malignant disease of the hematopoietic system, is due to genetic mutation and overproliferation of myeloid blasts (Ley et al., 2013; Arrigoni et al., 2018). Currently, clinical outcome of leukemia patients remains unpredictable because expected cure rates varies around 30–40% depending on gene type of leukemia. On the one hand, severe side effects and drug resistance of BCR-ABL tyrosine kinase inhibitors attenuate the clinical efficacy of chemotherapeutics (Zhang et al., 2015; Soverini et al., 2018). On the other hand, even though CD19-based chimeric antigen receptor T cells (CAR-T) has achieved great success on acute myeloid leukemia, new therapy protocols are still great demands to be developed particularly in China because of the high cost of CAR-T therapeutics. Therefore, it is imperative to develop new strategies for human myeloid leukemia treatment.

Matrine is a pleiotropic alkaloid isolated from Chinese traditional medicine radix Sophorae flavescentis, which has various pharmacological and physiological functions, including anti-inflammation, antivirus, antifibrosis, antioxidative, and immune regulation. In China, particularly, matrine has been clinically used to treat multiple carcinoma diseases, including hepatoma and gastric cancer (Lao, 2005; Huang et al., 2011). Previously, we demonstrated that matrine could suppress cell proliferation and induce apoptosis in human chronic myeloid leukemia (CML) cells (Ma et al., 2015). However, the underlying molecular mechanism of matrine anti-CML remains largely unclear.

It’s known that cancer cells require remarkably increased glucose consumption even in the presence of oxygen, which is named as “Warburg effect” (Warburg, 1924; Warburg et al., 1927; Warburg, 1956). Such phenomenon described that cancer cells prefer to consume glucose for energy by aerobic glycolytic, rather than mitochondrial oxidative phosphorylation. This revelation of unusual metabolism mechanism of cancer cells has been confirmed in a variety of tumor contexts and shown to associate with tumor development and progression (Han et al., 2013; Poulain et al., 2017; Lu and Hunter, 2018). For instance, impairment of glycolysis by either pyruvate kinase M2 (PKM2) or lactate dehydrogenase-A (LDHA) deletion could markedly delay leukemia initiation in both CML and acute myeloid leukemia (AML) models (Wang et al., 2014). Moreover, glycolysis suppression, by targeting rate-limiting enzymes of glycolytic pathway, may be developed into a potential way for cancer therapy (Luengo et al., 2017; Akins et al., 2018).

Hexokinases (HKs) catalyze the first committed step of glycolytic pathway by phosphorylating glucose into glucose-6-phosphate. Among four isoforms of HKs, HK1, HK2, HK3, and HK4 (also known as glucokinase) (Roberts and Miyamoto, 2015), HK2 level directly and positively correlates with glycolysis level in tumor (Warburg and Dickens, 1930). Importantly, increasing evidence support that high-level expression of HK2 is directly correlated with poor overall survival in cancer patients (Mathupala et al., 2001; Wolf et al., 2011). In contrast, HK2 depletion inhibits the tumor progression in mouse models, providing attractive prospects for tumor therapeutic strategies (Patra et al., 2013; Dewaal et al., 2018). In addition, emerging evidence showed that HK2 can depress cell apoptosis (Jiang et al., 2012; Roberts et al., 2013); however, the underlying molecular mechanism for the antiapoptotic effect of HK2 is not elucidated yet.

In this work, we found that matrine inhibited leukemia cell proliferation through cell apoptosis and glycolysis depression by regulating HK2 expression, which was mediated by proto-oncogene c-Myc. In addition, we revealed that proapoptotic protein Bad participated in promoting HK2-mediated cell apoptosis in matrine-treated cells. Furthermore, we showed that matrine could synergize with HK2 inhibitor lonidamine for confronting human myeloid leukemia. Therefore, our work provided new scientific evidences for illustrating molecular mechanism of matrine’s antihuman myeloid leukemia.




Materials and Methods



Cell Lines and Reagents

Human CML cell line K562 and human AML cell line HL-60 were obtained from Shanghai Cell Bank of Chinese Academy of Science (Shanghai, China) and cultured in Roswell Park Memorial Institute 1640 supplemented with 10% fetal bovine serum. Matrine was obtained from Xi’an Botanical Garden (Shanxi, China), and its purity was >99% as assessed by high-performance liquid chromatography. A stock solution was prepared in double-distilled water (ddH2O) at 10 mg/ml and stored at 4°C.




Construction of Lentiviral and Stable Cell Lines

pLKO plasmid, pLVX plasmid, or control vector were cotransfected with the lentiviral packaging plasmids psPAX2 and pMD2.G into HEK293T cells for virus production. After 48 h of transfection, supernatant was collected and filtered using a 0.45-mm filter and subsequently used to infect cells. Lentiviral particles were used to directly infect K562 cells for 48 h, and then, stable clones were selected using puromycin (Invivogen, ant-pr-5b). The selected cell populations were subjected to immunoblotting to determine the silencing efficiency.




Cell Proliferation Assay

Cells were seeded at a density of 1 × 105 per well into 12-well plates, then treated with different concentrations of drugs for indicated time. Cell proliferation was assessed by cell counting or Cell Counting Kit-8 kit (Dojindo Molecular Technologies, CK04). The half-maximal inhibitory concentration (sIC50) values were determined using GraphPad Prism software through regression analysis. The concentration of drug was converted to logarithm as the X while the relative cell proliferation as the Y; then, a line chart was generated, and IC50 values were obtained.




Validation of Drug Synergy

Synergism effect of combinational drugs was evaluated by combination index (CI) according to Chou and Talalay (1984). Cells were treated with matrine and lonidamine at four different volume ratios: 4:1, 3:2, 2:3, and 1:4. After 48 h, cell viability was measured by the Cell Counting Kit-8 assay. To calculate the IC50, the combinations of matrine and lonidamine at the four different concentration ratios were diluted 1:4 with cell culture medium into six concentration gradients. The CI was introduced to determine whether a pair of drug combinations could produce synergy. It is considered that CI < 0.9 indicates synergism, 0.9 < CI < 1.1 indicates an additive effect, and CI > 1.1 indicates antagonism.




Metabolic Assay

The extracellular acidification rate (ECAR) was determined by a Seahorse extracellular flux (Seahorse Biosciences, XF-96) analyzer according to the manufacturer’s protocol. Briefly, cells were treated with matrine for 48 h; 5 × 104 cells per well were resuspended in XF base medium (Seahorse Biosciences, 102353-100-100) with 1 mM glutamine (Sigma, G8540) and plated into XFe 96-well plates (Seahorse Biosciences, 101104-004), which were pretreated with Cell-Tak adhesive (Corning, 354240) in an environment at 37°C with a non-CO2 incubator for 1 h. After the incubation time, 10 mM glucose (Seahorse Biosciences, 9710846), 1 μM oligomycin (Seahorse Biosciences, 9710846), and 50 mM 2-dexoxy-d-glucose (2-DG) (Seahorse Biosciences, 9710846) were loaded into the injection ports in the XFe 96 sensor cartridge in sequence. Specifically, glucose was added for glycolysis assessment, and glycolytic capacity was assessed following the oligomycin injection, which inhibits oxidative phosphorylation. After injection of 2-DG, which inhibits glycolysis, nonglycolytic acidification is dominant.




Lactate Production Assay

Lactate production was measured with a lactate assay kit (Dojindo Molecular Technologies, L256). Briefly, cells were treated with matrine for 48 h, and media on cells were replaced with phenol red-free Roswell Park Memorial Institute medium without fetal bovine serum. The plate was then incubated for 1 h at 37°C. After incubation, media from each well were assessed using the lactate assay kit. Cell numbers were counted by a microscope.




Western Blot and Antibodies

The harvested cells were lysed with radioimmunoprecipitation assay buffer (Beyotime, P0013B) for the extraction of total protein. Protein concentration was quantified with enhanced bicinchoninic acid protein assay kit (Beyotime, P0010). Then, lysate protein was subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis and electrophoretically transferred to polyvinylidene difluoride membranes (Millipore, ISEQ00010). The membranes were sequentially blocked and incubated overnight with the following primary antibodies: HK2 (Cell Signaling Technology, 2106), platelet-type phosphofructokinase (Cell Signaling Technology, 8164), phosphoglycerate kinase 1 (Abcam, ab38007), PKM2 (Cell Signaling Technology, 4053), LDHA (Cell Signaling Technology, 3582), c-Myc (Cell Signaling Technology, 13987), B-cell lymphoma-2 (Bcl-2) (Cell Signaling Technology, 4223), Bcl-XL (Proteintech, 26967-1-AP), Bad (Cell Signaling Technology, 9239), Bax (Cell Signaling Technology, 9292) and β-actin (Sungene Biotech, KM9006). The protein bands were acquired as an electronic images format using a ChemiDocTM XRS+ System (Bio-Rad) with immobilon western chemiluminescent horseradish peroxidase substrate (Millipore, WBKLS0100) and quantified the intensities by Image Lab software.




Real-Time PCR

Total RNA was extracted using Trizol reagent (Tiangen, DP424) and reversely transcribed into complementary DNA using PrimeScript RT reagent kit with gDNA eraser (Takara, RR047A). Transcribed complementary DNA was amplified and quantified by the real-time fluorescent quantitative PCR with a SYBR Green qPCR kit (Clontech, 639676). The relative expressions of every gene were assessed in comparison with β-actin. The sequences of the primers used were as follows: HK2 forward, 5′- GAGCCACCACTCACCCTACT-3′; HK2 reverse, 5′- CCAGGCATTCGGCAATGTG -3′; c-Myc forward, 5′-TGAGGAGACACCGCCCAC-3′; c-Myc reverse, 5′-CAACATCGATTTCTTCCTCATCTTC-3′; β-actin forward, 5′-ACGTGGACATCCGCAAAG-3′; and β-actin reverse, 5′-GACTCGTCATACTCCTGCTTG-3′.




Chromatin Immunoprecipitation PCR

Chromatin immunoprecipitation (ChIP) assays were performed using SimpleChIP® Enzymatic Chromatin IP Kit (Cell Signaling Technology, 9003) according to the manufacturer’s protocol. In brief, cells were first cross-linked by formaldehyde. Cells were then lysed, and chromatin was harvested and fragmented using enzymatic digestion and sonication to a length of approximately 150–900 base pairs. Fragmented chromatin was immunoprecipitated using rabbit anti-c-Myc antibody (Cell Signaling Technology, 13987) or rabbit immunoglobulin G (IgG) control and then extracted and purified. Two percent of precleared DNA (before addition of antibodies) was set aside as an input. Purified DNA was subjected to real-time PCR or standard PCR amplification using the primers, forward, 5′-GCCCCGCAGGTAGTCAGG-3′, and reverse, 5′-AGCCACGATTCTCTCCACG-3′.




Flow Cytometry Analysis for Apoptosis

Cell apoptosis was detected using an apoptosis analysis kit (Sungene biotech, AO2001-02P-H) following the manufacturer’s protocol. In brief, the harvested cells were subjected to 1× binding buffer with Annexin V fluorescein isothiocyanate (FITC) and propidium iodide (PI) double-staining dye at room temperature; then, apoptotic cells were analyzed by flow cytometry (BD FACS VERSE) to be defined as those positive for Annexin V with or without PI staining.




In Vivo Study

In vivo study was performed as previously described (Ma et al., 2017). K562 cell suspension (1 × 107 cells in 100 μl phosphate-buffered saline/mouse) was injected into the tail vein of nonobese diabetic/severe combined immunodeficiency mice at 5–6 weeks old. After 20 days of injection, mice were divided into four groups randomly. Each group was intraperitoneal injected with drugs every 2 days accordingly, while the control group was injected with phosphate-buffered saline. The mice were monitored daily and killed when they showed signs of dying. The total survival date of each group was recorded, and the survival rates were calculated by the Kaplan–Meier method.




Statistical Analysis

Data are expressed as means ± standard deviation of the mean of separate experiments. Student’ s t test was applied for comparison of the means of two groups, and ANOVA was used for the means of multiple groups. Values of P < 0.05 were considered statistically significant.





Results



Matrine Suppresses Human Myeloid Leukemia Cell Proliferation and Glycolysis

To determine the effect of matrine on the proliferation of human myeloid leukemia cells, we treated human CML cell line K562 and human AML cell line HL-60 with different concentrations of matrine, and cell viability was measured. Our data showed that matrine effectively inhibited the proliferation of K562 and HL-60 cells in a dose- and time-dependent manner. The IC50 values for 48 h was ~0.5 mg/ml in both K562 and HL-60 cells (Figure 1A and Supplementary Figure 1A).
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Figure 1 | Matrine inhibits the activity of cell proliferation and glycolysis in human myeloid leukemia cells. K562 and HL-60 cells were treated with different concentrations of matrine for 24, 48, and 72 h, and cell numbers were measured by cell counting (A). The glycolysis, glycolysis capacity, and lactate production of K562 and HL-60 cells were measured by extracellular acidification rate and lactate assay kit (B–D), respectively, following the indicated concentrations of matrine treatment for 48 h. Data were mean ± SD (n = 3). *P < 0.05, ***P < 0.001. 




Reprogramming glucose metabolism is considered as a hallmark of cancer cells (Hanahan and Weinberg, 2011), and previous works reported energy metabolic disturbance of leukemia cells including increased glycolysis, higher glucose uptake, and higher lactic acid production (Boag et al., 2006; Jitschin et al., 2015). To assess whether glycolysis is involved in matrine-induced leukemia cell growth inhibition, we measured the ECAR of matrine-treated K562 and HL-60 cells for 48 h. As presented in Figures 1B, C, compared with the control group, matrine treatment could significantly suppress both glycolysis and the glycolytic capacity in a dose-dependent manner. We further observed that matrine dramatically decreased the lactate production in both K562 and HL-60 cells in a dose-dependent manner (Figure 1D). These data are accordant with cell viability assessment, implicating that glycolysis plays an important role in matrine inhibiting the proliferation of human myeloid leukemia cells.




Matrine Downregulates HK2 Expression Through C-Myc Inhibition

To probe the molecular mechanism of how matrine depresses glycolysis of K562 and HL-60 cells, we then examined the expression of a number of key metabolic enzymes involved in glycolysis, including HK2, platelet-type phosphofructokinase, phosphoglycerate kinase 1, PKM2, and LDHA. We performed Western blot analyses and found that HK2 protein expression level was significantly downregulated by matrine in a dose-dependent manner. The expression of other key enzymes was not affected by matrine, except that PKM2 and LDHA were slightly downregulated by high concentration of matrine (Figure 2A, Supplementary Figure 2A). We also analyzed the effect of matrine on HK2 messenger RNA (mRNA), and the data showed that matrine could significantly reduce HK2 mRNA expression in a dose-dependent manner (Figure 2B).
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Figure 2 | c-Myc is important for matrine-induced downregulation of HK2. K562 and HL-60 cells were treated with indicated concentrations of matrine for 48 h, and a number of key metabolic enzyme involved in glycolysis expression were measured by Western blot (A), and HK2 mRNA expression was measured by real-time PCR (B). Schematic representation of canonical E-boxes, which are c-Myc-binding elements, localize in the first intron of HK2 gene. Sequence alignment of human HK2 with the corresponding region in mouse, chimpanzee, horse, and pig (C). ChIP assay was performed with anti-c-Myc antibody or IgG in K562 cells treated with or without matrine; then, purified DNA was subjected to real-time PCR (D) or standard PCR analysis (E). K562 and HL-60 were treated with indicated concentrations of matrine for 48 h; c-Myc mRNA and c-Myc protein expression were measured by real-time PCR (F) and Western blot (G), respectively. Western blot analysis of HK2 and c-Myc protein expression in K562 and HL-60 cells treated with matrine (0.5 mg/ml) or 10074-G5 (15 μM) alone or in combination for 48 h (H). K562 and HL-60 cells were treated with matrine (0.2 mg/ml) or 10074-G5 (15 μM) alone or in combination for 48 h, and relative cell proliferation was measured by cell counting (I). Data were mean ± SD (n = 3). **P < 0.01, ***P < 0.001.




Recent studies showed that c-Myc binds to the regulatory region of the HK2 gene and plays a pivotal role in glucose metabolism (Kim et al., 2004; Dejure and Eilers, 2017). Through sequence alignment, we identified two canonical c-Myc-binding sites (E-boxes) in the first intron of the HK2 gene of different species, including human, mouse, chimpanzee, horse, and pig. High similarity of c-Myc-binding sites in the HK2 gene implies that c-Myc-binding sites are highly conserved across species (Figure 2C). By performing ChIP assay with anti-c-Myc antibody or anti-IgG antibody, we verified that c-Myc binds to the first intron of the HK2 gene (left graph in Figures 2D, E). Thus, it is important to explore whether or not c-Myc is involved in matrine-induced depression of HK2 transcription. We found that the amount of c-Myc binding to HK2 gene was strikingly decreased upon matrine treatment (right graph in Figures 2D, E). To further verify the effects of matrine on c-Myc, real-time PCR and Western blot analysis were performed. As shown in Figures 2F, G, 0.5 mg/ml matrine displayed strong inhibition on both c-Myc mRNA and c-Myc protein expression. In addition, further experiments showed that c-Myc inhibitor 10074-G5 enhanced the inhibitory effect of matrine on c-Myc and HK2 expression, and cell proliferation in both K562 and HL-60 cells (Figures 2H, I and Supplementary Figure 1B). Collectively, these results support that c-Myc plays key role in matrine-induced downregulation of HK2.




HK2 Displays an Antagonistic Role in Matrine-Induced Cell Apoptosis

In addition to suppressing glycolysis, we also confirmed that matrine induced apoptosis in K562 cells (Figures 3A, B). To explore the role of HK2 in matrine-induced cell apoptosis, we used three lentivirus-based short hairpin RNAs against HK2 and infected K562 cells for stable cell lines after selection. It showed that all short hairpin RNAs knockdown HK2 efficiently, particularly shHK2 #1 and shHK2 #2 (Figure 3C). Subsequent experiments were carried out using shHK2 #1 and shHK2 #2 stable cell lines. K562 stable cell lines were treated with or without matrine for 48 h and then analyzed by flow cytometry with FITC-conjugated Annexin V and PI. Here, our data showed that, compared with the pLKO vector, HK2 depletion did not influence K562 cell apoptosis itself in the absence of matrine. We found that treatment with 0.5 mg/ml matrine elevated the proportion of Annexin V-positive apoptotic cells in HK2 knockdown cells when compared with the pLKO vector (Figures 3A, D). To further confirm the role of HK2, we constructed HK2 overexpression K562 cell line as well (Figure 3E). As expected, HK2 overexpression significantly inhibited matrine-induced cell apoptosis compared with the pLVX vector (Figures 3B, F). Therefore, these data suggest that HK2 displays an antagonistic effect in matrine-induced apoptosis.
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Figure 3 | HK2 antagonized matrine-induced human myeloid leukemia cell apoptosis. K562 cells were infected with lentivirus-based short hairpin RNAs (C) or overexpression (E) vector for 48 h and selected by puromycin (5 μg/ml) for 5 days; then, HK2 protein expression were measured by Western blot, respectively. K562 cells with HK2 stable knockdown were treated with or without matrine (0.5 mg/ml) for 48 h; cell apoptosis was analyzed by flow cytometry using AnnexinV/PI double staining (A, D), and Bcl-2 family members expression was analyzed by Western blot (G). K562 cells with HK2 overexpression were treated with or without matrine (0.5 mg/ml) for 48 h, cell apoptosis was analyzed by flow cytometry using AnnexinV/PI double staining (B, F), and Bcl-2 family members expression was analyzed by Western blot (H). HK2 stable knockdown (I) or overexpression (J) K562 cells were treated with or without matrine (0.5 mg/ml) for 48 and 72 h; relative cell proliferation was measured by cell counting. Data were mean ± SD (n = 3). *P < 0.05, **P < 0.01.




To further detect the mechanism by which HK2 antagonized matrine-induced apoptosis, we tested whether or not Bcl-2 family genes are involved because Bcl-2 genes are critical in apoptotic signaling pathway associated with environmental stress signals. To this end, we checked the expression of Bcl-2 family members including pro- and antiapoptotic proteins by Western blot assay. As shown in Figure 3G, matrine suppressed the expression of the antiapoptotic proteins Bcl-XL, but not Bcl-2, while the expression of the proapoptotic proteins Bad and Bax was upregulated. Surprisingly, HK2 knockdown significantly enhanced matrine-induced upregulation of Bad protein expression. On the contrary, HK2 overexpression attenuated the upregulation of Bad expression induced by matrine (Figure 3H). Therefore, these results suggest that HK2 antagonized matrine-induced apoptosis via regulating proapoptotic protein Bad expression.

In addition, we further showed that knockdown or overexpression of HK2 has no detected adverse effect on K562 cell proliferation. However, HK2 knockdown could enhance the inhibitory effect of matrine on the proliferation of K562 cells, while HK2 overexpression had an opposite effect (Figures 3I, J and Supplementary Figure 1C), suggesting that HK2 is crucial for matrine-mediated cytotoxicity of K562 cells.




Matrine Synergizes With Lonidamine in Human Myeloid Leukemia Cells

Given that knockdown of HK2 promotes matrine-induced cell apoptosis and growth inhibition, we examined whether or not pharmacological inhibition of HK2 could sensitize human myeloid leukemia cells to matrine challenge. Lonidamine, a pharmacological inhibitor of HK2, can effectively suppress multifarious cancer cell proliferation and metastasis in vitro, in vivo, as well as clinical trials (Floridi et al., 1981; Di Cosimo et al., 2003; Thamrongwaranggoon et al., 2017), which is thus used in our experiment. First, we measured relative cell proliferation of K562 and HL-60 cells treated with lonidamine and found that the concentration of lonidamine-inhibited cell proliferation at IC50 values is approximately 122.8 and 147.0 μM for K562 and HL-60 cells, respectively (Figure 4A). We also confirmed that lonidamine suppresses cell growth by targeting HK2. Knockdown of HK2 could reduce the sensitivity of K562 cells to lonidamine compared to the pLKO vector (Figure 4B).
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Figure 4 | Combining matrine with lonidamine exhibits synergistic effect in human myeloid leukemia cells. K562 and HL-60 cells were treated with different concentrations of matrine for 48 h, and relative cell proliferation was measured by cell counting (A). K562 cells with HK2 stable knockdown were treated with different concentrations of matrine for 48 h, and relative cell proliferation was measured by cell counting (B). K562 and HL-60 cells were treated with matrine or lonidamine alone or in combination for 48 h, and relative cell proliferation was measured by cell counting (C). K562 and HL-60 cells were treated with a serial volume ratio combining matrine and lonidamine for 48 h; synergistic effect of matrine and lonidamine was assessed according to approach described by Chou and Talalay. The combination index (CI) < 0.9 indicates synergism (D). K562-cell-bearing mice were divided into four groups randomly, and each group was intraperitoneally injected with matrine (20 mg/kg) or lonidamine (30 mg/kg) or in combination every 2 days accordingly. Kaplan–Meier analysis of survival rates of each group until day 60 (E). Working model of antihuman myeloid leukemia cells by combination treatment with matrine and lonidamine (F). **P < 0.01, ***P < 0.001.




Next, K562 and HL-60 cells were incubated with a combination of matrine and lonidamine at low concentration below the IC50. As shown in Figure 4C and Supplementary Figure 1D, cotreatment of K562 cells with matrine and lonidamine exhibited significant inhibitory effect on cell growth compared with matrine or lonidamine alone. Similar results were obtained in HL-60 cells as well (right graph in Figure 4C and Supplementary Figure 1D). We then tested the synergistic effect of matrine and lonidamine by assessing CI according to Chou and Talalay. Synergetic effect (CI < 0.9) was observed between the combination of matrine and lonidamine in both K562 and HL-60 cells (Figure 4D). Furthermore, we examined this synergistic effect in vivo. As expected, Kaplan–Meier curves showed that cotreatment with matrine and lonidamine evidently prolonged the survival of mice bearing K562 cells compared with matrine or lonidamine alone (Figure 4E). Taken together, these results suggest that matrine can synergize with pharmacological inhibitor of HK2 against human myeloid leukemia cells.





Discussion

For normal cells, glucose is metabolized by the coupling of glycolysis to the tricarboxylic acid cycle. Contrarily, cancer cells reprogram cellular glucose metabolism to fulfill excessive biosynthetic demands of cell proliferation in tumor microenvironment. Regardless of oxygen concentration, cancer cells tend to utilize glucose metabolism via the glycolytic pathway instead of the tricarboxylic acid cycle. Such reprogramming of glucose metabolism benefits both bioenergetics and biosynthesis necessary for cell growth and division. High glycolytic rate allows cells to use glucose to produce abundant adenosine 5′-triphosphate. In addition, increased glycolysis promotes diversion of glycolytic intermediates into various biosynthetic pathways, including ribose sugars for nucleotides, glycerol, and citrate for lipids, nonessential amino acids, as well as nicotinamide adenine dinucleotide phosphate (Vander Heiden et al., 2009; Ward and Thompson, 2012). Such reprogrammed glucose metabolism happens in leukemia cells as well (Boag et al., 2006; Jitschin et al., 2015). Therefore, inhibition of glycolysis by targeting key enzymes of glycolytic pathway is considered as a potential therapeutic approach for leukemia.

In the present study, we found that matrine could significantly inhibit both glycolysis, glycolytic capacity, and lactate production in human myeloid leukemia cell lines K562 and HL-60. Moreover, we found that matrine could inhibit the expression of c-Myc and HK2, which are a transcription regulator reprogramming tumor cell metabolism and a glycolytic rate-limiting enzyme catalyzing the phosphorylation of glucose to produce glucose-6-phosphate, respectively (Roberts and Miyamoto, 2015; Dejure and Eilers, 2017). By ChIP assay, we showed that matrine dramatically reduced c-Myc to bind with HK2 gene. These data suggested that inhibition of c-Myc by matrine leads to downregulation of HK2, thereby depressing glycolysis in human myeloid leukemia cells.

It has been shown that HK2 is a key rate-limiting enzyme for glycolysis, and our work demonstrated that HK2 can act as an antagonist in matrine-induced apoptosis. This can be supported by flow cytometry with FITC-conjugated Annexin V and PI that HK2 overexpression could promote matrine-induced apoptosis in K562 cells. To further explore the mechanism of HK2-mediated apoptosis upon matrine treatment, we examined the protein expression of Bcl-2 family, including Bcl-2, Bcl-XL, Bad, and Bax. We found that expression of proapoptosis protein Bad is inversely correlated with HK2 expression level in K562 stable cell lines treated with matrine, suggesting that HK2 exerts antagonistic effect on matrine-induced apoptosis by regulating proapoptotic protein bad expression.

In addition, lonidamine, a derivative of indazole-3-carboxylic acid, can restrict cancer cell glucose metabolism by targeting HK2. As a clinically used antitumor drug, lonidamine’s clinical efficacy is still obscure (Di Cosimo et al., 2003; Thamrongwaranggoon et al., 2017). However, combination with certain chemotherapy such as paclitaxel and epirubicin can greatly improve the therapeutic efficacy of lonidamine (Dogliotti et al., 1996; De Lena et al., 2001). Here, we combined matrine with lonidamine and found that inhibition of HK2 by lonidamine promotes the antihuman myeloid leukemia cell effect of matrine, both in vitro and in vivo. This proposed a new strategy in clinical application to enhance efficacy of lonidamine by combining with matrine.

Collectively, our work revealed that matrine inhibits human myeloid leukemia cell proliferation though suppressing glycolysis and inducing cell apoptosis. Specifically, matrine depresses glycolysis by downregulating HK2 expression via inhibiting transcription regulator c-Myc activity. Meanwhile, HK2 participates in regulating Bad protein expression to antagonize matrine-induced apoptosis. Our study further revealed that matrine plays a synergistic effect to enhance lonidamine efficiency for leukemia treatment (Figure 4F). Altogether, our present work provided new scientific evidences for illustrating molecular mechanism of matrine’s antihuman myeloid leukemia and proposed a new strategy for the clinical treatment of leukemia.
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FIGURE S1 | K562 and HL-60 cells were treated with different concentrations of matrine for 24, 48, and 72 h, and relative cell proliferation was measured by CCK-8 assay (A). K562 and HL-60 cells were treated with matrine (0.2 mg/ml) or 10074-G5 (15 μM) alone or in combination for 48 h, and relative cell proliferation was measured by CCK-8 assay (B). HK2 stable knockdown or overexpression K562 cells were treated with or without matrine (0.5 mg/mL) for 48 and 72 h, relative cell proliferation was measured by CCK-8 assay (C). K562 and HL-60 cells were treated with matrine or lonidamine alone or in combination for 48 h, and relative cell proliferation was measured by CCK-8 assay (D). Data were mean ±SD (n = 3). **P < 0.01, ***P < 0.001.

FIGURE S2 | K562 and HL-60 cells were treated with indicated concentrations of matrine for 48 h, and the protein expression of HK2, PFKP, PGK1, PKM2 and LDHA were measured by Western blot, then the protein bands’ intensities was quantified by Image Lab software (A). Data were mean ±SD (n = 3). *P < 0.05, ***P < 0.001.
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Galangin (GG), a flavonoid, elicits a potent antitumor activity in diverse cancers. Here, we evaluated the efficacy of GG in the treatment of human glioblastoma multiforme (GBM) and investigated the molecular basis for its inhibitory effects in the disease. GG inhibited viability and proliferation of GBM cells (U251, U87MG, and A172) in a dose-dependent manner (IC50 = 221.8, 262.5, 273.9 μM, respectively; P < 0.001; EdU, ~40% decrease at 150 μM, P < 0.001), and the number of colonies formed was significantly reduced (at 50 μM, P < 0.001). However, normal human astrocytes were more resistant to its cytotoxic effects (IC50 >450 μM). Annexin-V/PI staining was increased indicating that GG induced apoptosis in GBM cells (26.67 and 30.42%, U87MG and U251, respectively) and associated proteins including BAX and cleaved PARP-1 were increased (~3×). Cells also underwent pyroptosis as determined under phase-contrast microscopy. Knockdown of gasdermin E (GSDME), a protein involved in pyroptosis, alleviated pyroptosis induced by GG through aggravating nuclear DNA damage in GBM cells. Meanwhile, fluorescent GFP-RFP-MAP1LC3B puncta associated with autophagy increased under GG treatment, and transmission electron microscopy confirmed the formation of autophagic vesicles. Inhibition of autophagy enhanced GG-induced apoptosis and pyroptosis in GBM cells. Finally, in an orthotopic xenograft model in nude mice derived from U87MG cells, treatment with GG in combination with an inhibitor of autophagy, chloroquine, suppressed tumor growth, and enhanced survival compared to GG monotherapy (P < 0.05). Our results demonstrated that GG simultaneously induces apoptosis, pytoptosis, and protective autophagy in GBM cells, indicating that combination treatment of GG with autophagy inhibitors may be an effective therapeutic strategy for GBM.

Keywords: apoptosis, autophagy, galangin, pyroptosis, glioblastoma


INTRODUCTION

Glioblastoma multiforme (GBM) is the most common and deadly primary malignant tumor of the central nervous system in humans. The prognosis of GBM is bleak. Median survival is 15–23 months (1), which is in part due to several biological properties rendering the tumor type particularly resistant to current therapeutic modalities. First, the blood-brain barrier (BBB) affects the absorption of drugs (2). Second, GBM cells have an intrinsic resistance to the induction of cell death (3, 4). Finally, tumors exhibit tremendous genetic heterogeneity and a complex pathogenesis so that tumors lack a single, targetable oncogenic pathway (5). The current therapeutic schedule is aggressive, including surgical resection, temozolomide (TMZ), and concurrent adjuvant radiation therapy (6), and yet, this strategy only delays tumor progression. Furthermore, it causes significant adverse reactions reducing patient quality of life. Thus, low-toxicity, effective drugs/protocols are urgently needed.

Natural flavonoids are a group of polyphenolic compounds which are ubiquitous in plants and vegetables consumed daily by humans. Flavonoids have many biological activities, which are antineoplastic, antiviral, antioxidant, and anti-inflammatory (7–10). Galangin (GG), a natural flavonoid (Supplementary Figure 1A), is an active ingredient in galangal, a spice also used in traditional Chinese medicine. GG is widespread and also found in honey and propolis. The molecule is non-toxic to humans but toxic to tumor cells making it a potential antineoplastic drug. Previous studies have investigated the antineoplastic effects of GG which appears to work through different mechanisms (8, 11, 12).

Autophagy is a cellular self-digestion process, which functions in the degradation of misfolded proteins and dysfunctional organelles (13). Substrates, such as cytoplasmic proteins or organelles, are coated by a bilayer membrane generating a vesicle called an autophagosome. Autophagosomes migrate along tracks composed of acetylated microtubules to fuse with lysosomes. The process removes the substrate through lysosomal degradation and recycles the degradation products (amino acids) to fulfill cellular metabolic needs (14). Thus, autophagy is essential for maintaining homeostasis. The process, however, has been shown to mediate resistance to anticancer therapies such as radiation, chemotherapy, and some targeted therapies (15). Many flavonoids have the effect of inducing autophagy (16, 17).

Here, we investigated the antineoplastic effect of GG and underlying molecular mechanisms in GBM cells in vitro and in vivo. Although we found that GG induces protective autophagy, we improved efficacy by combining treatment with autophagy inhibitors in vitro and in an orthotopic tumor model in mice. Meanwhile, we also confirmed that GG induces apoptosis and pyroptosis, two kinds of programmed cell death. Finally, we explored the interactions among autophagy, apoptosis, and pyroptosis. These results support the strategy of combination therapy using GG and autophagy inhibitors in the treatment of human GBM.



MATERIALS AND METHODS


Experimental Animals

Male BALB/c athymic mice (4 weeks old; 14–17 g) were provided by the Nanjing Biomedical Research Institute of Nanjing University (Nanjing, China) and maintained in the animal facility for the neurosurgery laboratory of the Qilu Hospital, Shandong University under pathogen-free conditions.



Cell Lines and Cultures

Normal human astrocytes (NHA) and human GBM cell lines, U251, U87MG, and A172, were provided by the Chinese Academy of Sciences Cell Bank (Shanghai, China). Short Tandem Repeat profiling was used to authenticate all cell lines. Mycoplasma PCR Detection Kit was used to detect mycoplasma contamination. Cells were cultured in complete medium: Dulbecco's modified Eagle's medium (DMEM; Thermo Fisher Scientific; Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS; Thermo Fisher Scientific), streptomycin (100 μg/mL) and penicillin (100 U/mL). Cells were incubated at 37°C in 5% CO2 in a humidified chamber.



Cell Viability Assay

Cell viability was assessed using the Cell Counting Kit-8 assay (CCK-8; Dojindo, Kumamoto, Japan). GBM cells (4 × 103 cells/well) were seeded into 96-well plates and cultured at 37°C. After 12 h the medium was replaced with 100 uL of culture medium containing different concentrations of GG (Sigma-Aldrich; MO, USA) or vehicle control (dimethyl sulfoxide, DMSO; Sigma-Aldrich, MO, USA). At 24 and 48 h after dosing, GBM cells were incubated with 10 μL of CCK-8 reagent in 100 μL of serum-free DMEM at 37°C for an hour. The absorbance at 450 nm was measured using EnSight Multimode Plate Reader (PerkinElmer; Singapore).



Colony Formation Assay

GBM cells were seeded into 6-well plates (600 cells/well) containing 2 mL of complete medium. After cells attached, the medium was replaced with complete medium containing DMSO (control) or different concentrations of GG, and thereafter, every 3 days with fresh medium (+ treatment) over the course of the experiment. After 2 weeks, colonies were fixed with 4% paraformaldehyde, stained with 0.5% crystal violet for 15 min, and rinsed with phosphate buffer solution (PBS) three times. Colonies (> 50 cells) were counted under bright field microscopy.



Cell Proliferation Assay

Incorporation of 5-ethynyl-2'-deoxyuridine (EdU), a thymidine analog, into proliferating cells, was detected through a catalyzed reaction between EdU and Apollo fluorescent dyes using the EdU incorporation assay (Ribobio, C103103; Guangzhou, China). Nuclei were counterstained with DAPI. EdU-positive cells in three visual fields were counted under fluorescence microscopy per hole (Leica, Dmi8; Solms, Germany).



Protein Lysates and Immunoblotting

GBM cells were treated for 48 h and then lysed for 30 min in RIPA Lysis Buffer (Beyotime; Shanghai, China) supplemented with phenylmethanesulfonyl fluoride (PMSF, Beyotime; Shanghai, China). Cells were sonicated to enhance lysis. Lysates were centrifuged, and protein concentrations of the supernatants were determined using the BCA assay according to the manufacturer's instructions (Beyotime; Shanghai, China).

Proteins lysates (20 μg) were separated using 10–12% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). The separated proteins were transferred to polyvinylidene difluoride (PVDF) membranes (0.22 μm, Millipore). PVDF membranes were blocked with 5% skim milk in Tris-buffered saline with Tween20 (TBST, 20 mmol/L Tris-HCL pH 8.0, 150 mM NaCl, 0.1% Tween-20 or with 5% BSA in TBST for phosphoproteins) for 1 h at room temperature. The membrane was incubated with primary antibodies overnight at 4°C followed by incubation with corresponding species appropriate secondary antibodies (1:2,000) for 1 h at room temperature. The following antibodies were used: AMPKα, phospho-AMPKα (Thr172; P-AMPK), mTOR, phospho-mTOR (Ser2448; p-mTOR), CDH2, CDK4, CCND1, P21, SQSTM1, BECN1, phospho-ACC (Ser79; P-ACC), and phospho-histone H2A.X (Ser139; p-H2AX; Cell Signaling Technology; Danvers, MA, USA); MAP1LC3B, ACTB, BAX, BCL-2, MMP-2, PCNA, PDK2, HMGCR, GSDMD, GSDME, Ki67, and cleaved PARP1 (Abcam; Cambridge, UK). HRP-labeled goat anti-rabbit and goat anti-mouse secondary antibodies purchased from Zhongshan Golden Bridge Bio-technology (Beijing, China). Luminous intensity was detected with the Chemiluminescence Imager (Bio-Rad ChemiDoc XRS+; Hercules, CA, USA) according to the manufacturer's protocol.



Cell Cycle and Apoptosis Assays

GBM cells (4 × 105) were seeded in 6-well plates. After incubation overnight, the culture medium was replaced with fresh complete medium with vehicle control (diluted DMSO) or GG (150 μmol/L) for 48 h. Cells were harvested through digestion with 0.05% Trypsin-EDTA (Thermo Fisher Scientific, MA, USA), incubated in cold 75% ethanol at 4°C overnight, pelleted, stained with propidium iodide for 20 min (BD Biosciences; San Jose, CA, USA), and subjected to flow cytometry for cell cycle analysis. ModFit software (Becton Dickinson; San Diego, CA, USA) was used to determine cell cycle distribution.

The fluorescein-isothiocyanate-conjugated Annexin V and PI double staining kit (BD Pharmingen; San Diego, CA, USA) was used to distinguish between early and late stage apoptosis. Briefly, GBM cells were harvested and resuspended in 1× binding buffer and stained with fluorescent dyes according to the manufacturer's protocol. Results were analyzed with Flowjo Software (Tree Star; Ashland, OR, USA).



Quantitative Real-Time PCR (qRT-PCR)

Total RNA was prepared from treated cells using TRIzol (Thermo Fisher Scientific; MA, USA). Briefly, after centrifugation, the aqueous layer was transferred to a new eppendorf tube, and isopropanol was added to precipitate total RNA. cDNA was generated from total RNA (1–2 μg) using the ReverTra Ace qPCR RT Kit (TOYOBO; Osaka, Japan). qRT-PCR was performed with SYBR Green Master (Roche; Basel, Switzerland) on the 480II Real Time PCR Detection System (Roche; Basel, Switzerland). ACTB mRNA was used to normalize mRNA expression. The results are representative of at least three independent experiments. The sequences of the PCR primers used are the following: ACTB-F 5′-CATGTACGTTGCTATCCAGGC-3′, R 5′-CTCCTTAATGTCACGCACGAT-3′; GSMDE-F 5′-CCCAGGATGGACCATTAAGTGT-3′, R 5′-GGTTCCAGGACCATGAGTAGTT-3′; ACC-F 5′-CGCCAGCTTAAGGACAACAC-3′, R 5′-GGGATGTTCCCTCTGTTTGGA-3′; HMGCR-F 5′-GCAGGACCCCTTTGCTTAGA-3′, R 5′-GGCACCTCCACCAAGACCTA-3′; PDK2-F 5′-ATCAACCAGCACACCCTCAT-3′, R 5′-GTCACACAGGAGCTTAGCCA-3′.



Caspase-3/7 Activity Assay

The culture medium of GG-treated cells was replaced by fresh culture containing CellEvent™ Caspase-3/7 Green Detection Reagent according to the manufacturer's protocol (Thermo Fisher Scientific; MA, USA). Cells were incubated in the dark and counterstained with Hoechest 33342 (Beyotime; Shanghai, China). The number of apoptotic cells was counted under fluorescence microscopy (Leica; Solms, Germany).



Fluorescence Detection of Autophagic Flux

To detect autophagy, cells were infected with lentivirus expressing RFP-GFP- MAP1LC3B (Genechem; Shanghai, China) according to the manufacturer's protocol, and the number of RFP-GFP-MAP1LC3B puncta were counted in GG-treated cells under laser scanning confocal microscopy (Leica,SP8; Solms, Germany).



Transmission Electron Microscopy

Cells were fixed with 4% glutaraldehyde and post-fixed with 1% OsO4 in 0.1M cacodylate buffer containing 0.1% CaCl2 for 2 h at 4°C. The samples were then stained with 1% Millipore-filtered uranyl acetate, dehydrated in increasing concentrations of ethanol, infiltrated, and embedded in LX-112 medium. After polymerization of the resin at 60°C for 48 h, ultrathin sections were cut with an ultracut microtome (Leica; Solms, Germany). Sections were stained with 4% uranyl acetate and lead citrate, and images were obtained using a JEM-100cxII electron microscope (Kyoto, Japan).



Lactic Dehydrogenase (LDH) Release Assay

LDH concentration in culture medium was assessed as a measure of cell membrane integrity using the LDH Release Assay Kit according to the manufacturer's instructions (Beyotime; Shanghai, China). An increase in the LDH concentration in culture medium indicates that cell membrane integrity has been compromised.



RNA Interference

Interfering RNA sequences (siRNA) targeting GSDME (DFNA5; GenePharma Gene; Shanghai, China) were transfected into cells with Lipofectamine 2000 reagent (ThermoFisher Scientific; MA, USA) according to the manufacturer's protocol. After 4 h, fluorescently labeled RNA was used to detect transfection efficiency. Knockdown efficiency was evaluated 48 h after transfection by qRT-PCR and immunoblotting. SiRNA sequences used are the following: 5′-GCGGTCCTATTTGATGATGAA-3′.



Immunofluorescence Staining

Cells were fixed with 4% paraformaldehyde, permeabilized with 0.5% Triton X-100 (Beyotime, Shanghai, China) in PBS, and incubated with phospho-histone H2A.X (Ser139) antibody (1:200; Cell Signaling Technology; Danvers, MA, USA) in 5% bovine serum albumin (Sigma-Aldrich; MO, USA) in PBS overnight. Primary antibody was detected with Alexa Fluor 647-conjugated anti-rabbit IgG (Beyotime; Shanghai, China). Cells were incubated in the dark with DAPI to stain nuclei. Slides were examined under fluorescence microscopy, and images were acquired using laser scanning confocal microscopy (Leica, SP8; Solms, Germany).



Orthotopic Xenograft Model and Bioluminescence Imaging

3 × 105 cells of U87MG infected with lentivirus expressing luciferase-GFP (OBiO Technology; Shanghai, China) in ten microliters of cell suspension were stereotactically implanted into the brains (1 mm posterior to the bregma and 2 mm to the right of the midline suture at a depth of 1.5 mm) of 4-week-old athymic mice (18, 19). After 7 days, tumor size was determined, and animals were divided into the following 4 groups: control, n = 5; GG, n = 5; chloroquine (CQ; Sigma-Aldrich, C6628), n = 5; GG + CQ, n = 5). Mice were, respectively, gavaged with diluted DMSO alone (control), GG (100 mg/kg/day), CQ (25 mg/kg/day) and GG (100 mg/kg/day) + CQ (25 mg/kg/day) every day. Tumor growth was examined after implantation using bioluminescence imaging (IVIS SPECTRUM, PerkinElmer; Hopkinton, MA, USA) weekly. During the imaging procedure, the mouse was given D-Luciferin, Potassium Salt D (150 mg/kg; Yeasen Biotech Co., Ltd. Shanghai, China) under isoflurane gas anesthesia. Pictures were taken every 5 min. At the end of the experiment, tumors were dissected, and frozen in liquid nitrogen or fixed in formalin for further analysis.



Immunohistochemistry

Tumors were removed from sacrificed mice, fixed in 4% paraformaldehyde and paraffin-embedded. Paraffin-embedded samples were sectioned (4 μm) and fixed on glass slides. Epitope retrieval of sections was performed in 10 mmol/L citric acid buffer at pH7.2 heated in a microwave. Slides were subsequently incubated with the primary antibody (rabbit anti-Ki67 1:200 dilutions) at 4°C overnight followed by HRP-conjugated secondary antibody for 1 h at room temperature. Antibodies were detected using the substrate diaminobenzidine (DAB, Beyotime; Shanghai, China), and slides were counter-stained with hematoxylin (Beyotime; Shanghai, China).



Plotting and Statistical Analysis

Each assay was performed at least three times independently. Data analysis was performed using GraphPad Prism 6.01 software (San Diego, CA, USA). Data were reported as the mean ± SD. The statistical significance of data was evaluated using Student's t test between two groups and one-way analysis of variance (ANOVA) among more groups. Differences were considered to be significant at the following P-values: *P < 0.05; **P < 0.01; ***P < 0.001.




RESULTS


GG Reduces Viability and Proliferation of GBM Cells in vitro

To begin to determine whether GG might be cytotoxic to GBM, we exposed GBM cell lines and NHA to GG in vitro and evaluated cell growth in several assays. Treatment with increasing concentrations of GG resulted in growth inhibition of U251, U87MG and A172 cells in a dose-dependent manner, as assessed in a cell viability assay (Figure 1A). In contrast, NHA were more resistant to treatment with increasing concentrations of GG, indicating that GG might be selective for tumor cells at certain concentrations. Increasing concentrations of GG led to decreased colony numbers in U251 and U87MG cells (Figure 1B and Supplementary Figure 1B), with no colonies appearing under treatment with 150 μM GG. These results were confirmed in EdU assays. EdU incorporation was also reduced in a dose-dependent manner in both U251 and U87MG cells treated with increasing concentrations of GG, indicating that the molecule also inhibited cell proliferation (Figure 1C). These results indicated that GG potently arrested proliferation in GBM cells in a dose-dependent manner.
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FIGURE 1. GG inhibits proliferation of GBM cells. (A) Graphic representation of results from CCK-8 assays to determine cell viability of U251, U87MG, A172, and NHA treated with different concentrations of GG for 24 and 48 h. Data points are the percentage (%; OD450 treated/OD450 untreated) relative to untreated cells at same time point. (B) Graphic representation of results from colony formation assays for U87MG and U251 under treatment with different concentrations of GG. (C) Fluorescence images of EdU incorporation in U87MG and U251 cells treated with GG or DMSO for 48 h. Cells were stained with Apollo 567 (red) to detect EdU and DAPI (blue) to highlight nuclei, and images were merged (magnification, 100×). Graphic representation of cell number and EdU content of U87MG and U251 treated with different concentrations of GG for 24 h. The percentage of EdU+ cells (EdU positive/DAPI positive × 100%) was determined in 4 random fields per sample. (D) Graphic representation of cell cycle distribution obtained using PI staining and flow cytometry. Data points are the percentage of cells in G0/1, S and G2/M in U87MG and U251 at 24 h after treatment. All data are expressed as the mean ± SD of values from experiments performed in triplicate. ***P < 0.001 compared to controls.





GG Induces G0/G1 Cell Cycle Arrest in GBM Cells

To determine whether GG induces cell cycle arrest in GBM cells, exponentially growing U87MG and U251 cells were treated with 150 μM GG for 24 h, and the cell cycle distribution was examined using flow cytometry. We chose to treat cells with 150 μM GG based on the results of the cell viability curves (Figure 1A), as this concentration is also non-toxic to NHA. GBM cells accumulated in G0/G1 under GG treatment compared to controls (~10–20%; Figure 1D and Supplementary Figure 1C). We next used western blotting to determine the levels of several G1/S cell cycle checkpoint proteins in GBM cells under GG treatment. Proteins associated with cell proliferation, including CCND1, CDK4, and PCNA, were reduced by ~2–3×, while a protein critical for executing G1 cell cycle arrest, cyclin-dependent kinase inhibitor p21, increased by ~2–3× (Supplementary Figures 2A,B). These results demonstrated that levels of key checkpoint proteins paralleled GG induced cell cycle arrest.



GG Induces Apoptosis in GBM Cells

We next investigated whether GG induced apoptosis in GBM cells. GBM cells were treated with 150 μM GG for 48 h and first examined using an live cell apoptosis assay to detect cleaved caspase-3/7. The number of cells positive for activated caspase-3/7 increased significantly after treatment with GG compared to controls (15–20%; Figure 2A). The results were corroborated through analysis of ANXA5-FITC and PI staining of treated cells using flow cytometry. Apoptosis was significantly increased in tumor cells treated with GG relative to controls (26.67 and 30.42%, U87MG and U251, respectively; Figure 2B).
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FIGURE 2. GG induces mitochondrial apoptosis and pyroptosis in GBM cells. (A) Fluorescence images of caspase-3 activity assay in U87MG and U251 cells treated with GG or DMSO for 48 h. Cells were stained with CellEvent™ Caspase-3/7 Green Detection Reagent (Green) to detect cleaved caspase-3 and Hoechst33342 (blue) to highlight nuclei. Images were merged (magnification, 40×). Graphic representation of the percentage of caspase-3 cleaved cells of U87MG and U251 treated with DMSO or 150 μM GG for 48 h. The percentage of caspase-3 cleaved cells (caspase-3 activated/ Hoechst33342 positive × 100%) was determined in 4 random fields per sample. (B) Flow cytometric analysis of ANXA5-FITC and PI staining for the determination of apoptosis in U87MG and U251 cells after treatment of DMSO or 150 μM GG for 48 h. (C) Western blotting analysis of lysates (20 μg) prepared from U87MG and U251 cells treated with DMSO or GG at the indicated concentrations for 48 h. Membranes were incubated with antibodies against cleaved-PARP1, Bcl-2, BAX, and ACTB (protein loading control). All data are expressed as the mean ± SD of values from experiments performed in triplicate. ***P < 0.001 compared to controls.



We also examined levels of apoptosis-related proteins, including Bcl-2, Bax and cleaved-PARP1, in GG-treated GBM cells by western blotting. Bcl-2, an inhibitor of apoptosis, was down-regulated in cells ~4×, while Bax and cleaved-PARP1, mediators of apoptosis, were increased ~2.5× or 30× (in a dose-dependent manner) (Figure 2C and Supplementary Figure 2C). These results indicated that apoptosis in part mediated the reduced viability of GBM cells exposed to GG.



GG Induces Pyroptosis in GBM Cells

Pyroptosis is a form of cell death that is critical in pathogen infection. It can be induced by canonical caspase-1 inflammasomes or through activation of caspase-4,−5, and −11 by cytosolic lipopolysaccharide (20–22). This process is mainly mediated by the gasdermin family sharing a pore-forming domain (23). Chemotherapy drugs have been reported to induce pyroptosis through caspase-3 cleavage of GSDME in primary human cells (24). To determine whether pyroptosis contributes to reduced cell viability in GBM cells, we first examined expression of GSDME in human glioma using the genomic data in TCGA and Rembrandt databases. GBMs expressed higher levels of GSDME relative to normal brain (Figure 3A). However, no significant increase in GSDME was associated with glioma grade in the Rembrandt database (Supplementary Figure 3A). To determine whether GSDME expression was associated with survival, Kaplan–Meier survival curves were generated based on the median value of GSDME expression in GBM in the TCGA database (http://cancergenome.nih.gov) (25). Although GSDME expression was significantly higher than in normal samples, overall survival (OS) was not significantly different between GBM high GSDME and GBM low GSDME (P = 0.322; Figure 3B). However, based on the Rembrandt database (http://www.betastasis.com/glioma/rembrandt/) (26), the survival time of GBM patients with higher expression of GSDME was significantly shorter than that of patients with lower expression (P = 0.022; Supplementary Figure 3B).


[image: image]

FIGURE 3. GG induces GSDME-mediated pyroptosis. (A) Graphic representation of the mRNA expression of GSDME in GBM in the TCGA database. (B) Kaplan–Meier survival curves for patients with GBM GSDME high and GBM GSDME low from the TCGA database. (C) Western blotting analysis of lysates (20 μg) prepared from U87MG and U251 cells treated with DMSO or GG at the indicated concentrations for 48 h. Membranes were incubated with antibodies against GSDMD, GSDME, and ACTB (protein loading control). (D) Images of U87MG and U251 cells after treatment of DMSO or 150 μM GG for 48 h under phase-contrast microscopy (magnification, 200×). Graphic representation of results from (E) qRT-PCR and (F) western blotting analysis validates the efficiency of si-GSDME. Immunofluorescence staining of p-H2A.X (Ser139) after corresponding treatment (600X) in U87MG (G) and U251 (H). Western blotting analysis performed to detect levels of cleaved-PARP1, p-H2A.X (Ser139) and ACTB after knock-down of GSDME in U87MG (I) and U251 (J). All data are expressed as the mean ± SD of values from experiments performed in triplicate. *P < 0.05, **P < 0.01, and ***P < 0.001 compared to controls.



We next investigated the possible involvement of pyroptosis at the molecular level in GG-treated cells by western blotting. N-terminal fragment of GSDME rather than GSDMD was significantly increased in GG-treated U87MG and U251 in dose-dependent manner relative to controls (Figure 3C and Supplementary Figure 3C). Morphological features were also consistent with pyroptosis. Phase-contrast images revealed that characteristic large bubbles in the plasma membrane formed in dying cells, and whole cells displayed swelling typical of the process (Figure 3D). Finally, the release of LDH was also significantly elevated in both U87MG and U251, indicating that GG treatment interrupted the integrity of the cell membrane in GBM cells (Supplementary Figure 3D). In conclusion, both pyroptosis and apoptosis contributed to GG-induced cell death in GBM cells in vitro.



Inhibition of Pyroptosis Aggravates Nuclear DNA Damage in GBM Cells

To confirm that pyroptosis in GG-treated cells was mediated by GSDME, we knocked down GSDME in U87MG and U251 using siRNA. qRT-PCR and westernbloting analyses demonstrated that siRNA efficiently knocked down GSDME at the mRNA and protein levels in both U87MG and U251 (Figures 3E,F and Supplementary Figure 3E). Growth curves generated from cell viability assays revealed no significant difference between si-GSDME and control groups (Supplementary Figure 3F). LDH release was also decreased in cells with GSDME knockdown relative to controls (Supplementary Figure 3D). As pyroptosis and apoptosis are two processes engaging programmed cell death, we investigated whether loss of GSDME affected levels of proteins typically associated with apoptosis. In cells transfected with GSDME siRNAs, the treatment of GG markedly increased the patch of p-H2AX—a marker of nuclear damage (Figures 3G,H). The results of immunoblotting further confirmed this phenomenon. Co-treatment of RNAi and GG led to increases in nuclear DNA damage-related proteins, including cleaved-PARP1 and p-H2AX (~3–5×; Figures 3I,J and Supplementary Figures 3G,H). Taken together, our results demonstrated that inhibition of pyroptosis aggravated nuclear DNA damage in GBM cells in vitro, indicating a possible influence of pyrostosis to the extent of apoptosis when treating glioblastoma cells with GG.



GG Induces Autophagy in GBM Cells in vitro

Previous studies have suggested that GG exerts its anticancer effect by inducing autophagy (11, 27). We therefore investigated the relationship between GG and autophagy in human glioma cell lines U251 and U87MG in vitro. We generated U87MG cells with stable expression of GFP-RFP-MAP1LC3B. Under GG treatment, the number of MAP1LC3B fluorescent puncta increased in U87MG cells (Figure 4A). Transmission electron microscopy (TEM) is the gold standard for detecting autophagosomes, which are characterized by their double-membrane structure and contents. TEM revealed that the number of autophagosomes was increased after GG treatment (Figure 4B). Finally, the expression of MAP1LC3B-II and SQSTM1 was measured by western blotting. Alterations in the levels of these proteins, increased MAP1LC3B-II with simultaneous decreased SQSTM1, were consistent with enhanced and efficient autophagic flux (Figure 4C and Supplementary Figure 4C).
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FIGURE 4. GG induces autophagy in GBM cells. (A) Fluorescence images of GFP-RFP-MAP1LC3B stably expressed in U87MG treated with 150 μM GG or DMSO for 48 h. The puncta visible due to GFP (green) and RFP (red) indicate formation of autophagosomes. The nuclei are stained blue with Hoechst33342. (B) Images from transmission electron microscopy of U87MG treated with 150 μM GG or DMSO for 48 h. The arrows highlight the autophagosomes. Scale bars: left figure 1.2 μm, right figure 0.4 μm. (C) Western blotting analysis performed on lysates (20 μg) to detect levels of ATG5, BCLN1, SQTM1, MAP1LC3B, and ACTB in U87MG and U251 cells after treatment of DMSO or 150 μM GG. U87MG pretreated with (D) 3-MA (5 mM) or (E) CQ (10 μM) for 20 min, followed by exposure to 150 μM GG or DMSO for another 48 h. Western blotting analysis performed to detect levels of MAP1LC3B and ACTB in U87MG. All data are expressed as the mean ± SD of values from experiments performed in triplicate.



Autophagy inhibitors were used to further probe the mechanism of GG-induced autophagy. We co-treated U87MG and U251 cells with GG and 3-methyladenine (3-MA; Selleck,TX, USA) or CQ, which block early and late phases of autophagy, respectively, and examined protein levels by western blotting. Co-incubation of cells with GG and 3-MA (5 mM) for 48 h led to decreased MAP1LC3B-II. In contrast, combined treatment with GG and CQ (10 μM) led to increased expression of both SQSTM1 and MAP1LC3B-II, compared to GG treatment alone (Figures 4D,E and Supplementary Figures 4A,B,D–G). These results thus indicated that GG induced autophagy through molecules classically associated with the process.



GG Induces Autophagy Through Activation of the AMPK/mTOR Pathway in GBM Cells

The mammalian target of rapamycin (mTOR) is a protein serine/threonine kinase and a key regulator of autophagy. (mTOR senses the levels of intracellular ATP, growth factors, and insulin, and thus, changes in intracellular nutrition and energy (28). Thus, we examined whether mTOR and other proteins in the pathway were involved in GG-induced autophagy in GBM cells. We first examined mTOR, which became dephosphorylated at Ser2448 in GG-treated U87MG cells and indicated that induction of autophagy by GG was mTOR-dependent (Figure 5A and Supplementary Figure 5A). Previous studies have shown that GG activates AMP-Activated protein kinase (AMPK) (11), which suppresses mTOR and thus enhances autophagy flux. AMPK is a heterotrimeric complex composed of an α catalytic subunit, a β regulatory subunit and a γ regulatory subunit with phosphorylation of the AMPKα at the Thr172 site which is essential for AMPK activation. Phosphorylated AMPKα Thr172 was significantly increased in GG-treated U87MG cells (Figure 5A). To further verify that GG-induced autophagy was AMPK dependent, U87MG cells were treated with GG and the AMPK inhibitor Compound C (20 μM) (Selleck Chemicals, TX, USA) for 48 h. Compound C treatment led to reduced levels of P-AMPKα Thr172 and attenuated GG-induced autophagy flux, as determined by decreased levels of MAP1LC3B-II (Figure 5B and Supplementary Figure 5B). We also detected downstream molecules of AMPKα as energy receptors, such as ACC, Phosphorylated ACC (Ser79), PDK2 (Thr172), HMGCR. Their changes also confirmed the activation of the AMPK pathway (Figures 5C,D and Supplementary Figure 5C). These results indicated that the AMPK/mTOR pathway was involved in GG-induced autophagy in GBM cells.
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FIGURE 5. GG induces protective autophagy through activation of the AMPK/mTOR pathway. (A) Western blotting analysis performed on lysates (20 μg) for AMPKα, P-AMPKα (Thr172), mTOR, P-mTOR (Ser2448), MAP1LC3B and ACTB in U87MG and U251 cells treated with DMSO or 150 μM GG for 48 h. (B) Western blotting analysis performed on lysates (20 μg) for AMPKα, P-AMPKα (Thr172), mTOR, P-mTOR (Ser2448), MAP1LC3B and ACTB after co-incubation of U87MG cells with GG and AMPK inhibitor Compound C. (C) Graphic representation of results of downstream molecules of the AMPK pathway from qRT-PCR for after exposure to 150 μM GG or DMSO for 48 h. *P < 0.05, **P < 0.01, and ***P < 0.001 compared to controls. (D) Western blotting analysis of lysates (20 μg) prepared from U87MG and U251 cells treated with DMSO or 150 μM GG for 48 h. Membranes were incubated with antibodies against AMPKα, P-AMPKα (Thr172), P-ACC (Ser79), PDK, HMGCR and ACTB. *P < 0.05, **P < 0.01, and ***P < 0.001 compared to controls. Western blotting analysis performed to detect levels of cleaved-PARP1, BAX, GSDMD, GSDME, and ACTB in (E) U87MG and U251 pretreated with 3-MA (10 mM), followed by exposure to 150 μM GG or DMSO for another 48 h. All data are expressed as the mean ± SD of values from experiments performed in triplicate. ***P < 0.001 compared to controls.





Inhibition of Autophagy Enhances Aggravates GG-Induced Apoptosis and Pyroptosis in GBM Cells

Current research has demonstrated that the relationship between autophagy and apoptosis can be mutually exclusive or coordinated in programmed cell death (29, 30). We therefore investigated the relationship between autophagy, apoptosis, and pyroptosis in GBM cells under treatment with 150 μM GG. On western blotting analysis, apoptosis-related proteins, such as Bax and cleaved-PARP1, as well as the pyroptosis-related protein N-GSDME, were increased in GG-treated U87MG and U251 cells in the presence of 3-MA, an inhibitor of autophagy (Figure 5E and Supplementary Figure 5D). Taken together, 150 μM GG simultaneously induced apoptosis, pyroptosis, and protective autophagy in GBM cells in culture.



GG Inhibits Growth of GBM Cells in vivo

The therapeutic efficacy of GG was assessed in an orthotopic tumor model derived from U87MG-luciferase expressing cells implanted in athymic mice. Tumor growth was evaluated using luciferase bioluminescence. GG treatment significantly suppressed tumor growth relative to vehicle control in tumor bearing mice (at 3 weeks, ~25 × 107 vs. ~ 40 × 107 photons/s, GG vs. vehicle control; Figures 6A,B and Supplementary Figure 6). The combined administration of GG and CQ was more effective compared to GG monotherapy (~20 × 107 vs. ~25 × 107 photons/s, GG+CQ vs. GG; Figures 6A,B). However, there was no significant difference between CQ treated animals and controls. The weight of GG and GG + CQ-treated animals were also increased relative to controls at 2 and 3 weeks following initiation of treatment (P < 0.05; Figure 6C). Tissue protein immunoblotting yielded similar results to those in GBM cell lines (Figure 6D).
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FIGURE 6. GG inhibits tumor growth in an orthotopic model for GBM in mice. (A) U87MG cells expressing luciferase were orthotopically implanted into athymic nude mice, and tumor growth was monitored using the PerkinElmer IVIS Spectrum for detection of bioluminescence. Bioluminescent signals were measured at days 7, 14, and 21 after implantation. (B) Bioluminescence values plotted as a function of time in days to assess tumor growth (days 7, 14, and 21). (C) Graphic representation of results from weight of athymic mice in each experimental group (days 0, 7, 14, and 21). (D) Western blotting analysis performed on lysates (20 μg) prepared from xenografts to detect protein levels of MAP1LC3B and ACTB in each experimental group. (E) Images of immunohistochemical staining for Ki67 in tumors from each group as indicated (scale bars: 50 μm). All data are expressed as the mean ± SD of values from experiments performed in triplicate. *P < 0.05 and **P < 0.01 compared between the 2 treatments.



Immunohistochemistry performed on tissue sections from xenografts also demonstrated that Ki67, a marker of cell proliferation, was decreased in GG and GG + CQ-treated tumors compared to untreated controls (Figure 6E). Therefore, GG suppressed tumor growth in vivo, and combined treatment with an inhibitor of autophagy enhanced GG-induced tumor growth inhibition.




DISCUSSION

The antineoplastic effect of GG has been observed in a variety of tumors, including leukemia (31), colon cancer (32), retinoblastoma (33), and breast cancer (34). As a natural medicinal extract, GG exhibits low toxicity to the animal and non-specificity, with regard to tumor tissues, which differs from chemically synthesized drugs. Therefore, a molecular understanding of the antineoplastic characteristics of GG might be of value in the treatment of human GBM, which responds poorly to current therapeutic approaches. GG has been shown to inhibit cell migration and invasion of the GBM cell line A172 under non-toxic doses depending on its ability to activate ADAM9 and Erk1/2 (35). Nonetheless, our experiments paid attention to the phenomenon that GG induces not only apoptosis and pyroptosis, which inhibit GBM growth in vitro and in vivo, but also autophagy.

Autophagy is a cellular process that is extremely conserved in evolution. When cells are under stress due to energy levels incompatible with growth/survival, autophagy is the process whereby organelles and proteins are digested into amino acids and essentially recycled to maintain cell survival. Continuous cellular proliferation, insufficient blood supply, aerobic glycolysis and infiltration of inflammatory cells render tumor cells relatively energy-deficient so that they maintain a high level of autophagy. Lack of energy is often accompanied by hypoxia, which is a hallmark of GBM. Hypoxia induces autophagy as a mechanism of protection and survival. Therefore, tumor cells tend to engage autophagy for various reasons. Many antitumor treatments, including chemotherapy, radiation therapy, and common drugs, have been reported to modulate cellular autophagy (36, 37). In the case of GG, the treatment may induce energy stress in GBM cells and thus, autophagy; tumor cells face the choice between survival and death. In our work, we prefer to consider this state as the damage state. Survival requires maintaining normal organelle function and a sufficient energy supply. Cell death is a process that also requires energy and generation of the necessary components. The energy produced through autophagy may therefore be used to prepare for either cell survival or cell death. Therefore, to consider autophagy as only a protective function might not be sufficient, and we cannot simply assume that drugs inducing autophagy are always beneficial to tumor cells. So-called protective autophagy might simply halt the damage state, and thus protect cells from proceeding down a cell death pathway (Figure 7).
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FIGURE 7. A hypothetical mechanism of GG exerted antitumor activity in GBM cells. GG induces autophagy through the AMPK/mTOR signaling pathway and induces mitochondrial apoptosis and pyroptosis in GBM cells. When autophagy is blocked, apoptosis, and pyrosis increase significantly. Crosstalk between apoptosis and pyrosis may exist due to mediation of the processes by some of the same proteins.



While crosstalk between apoptosis and autophagy is well-established, the relationship between autophagy and pyroptosis remains poorly defined. Although it was initially identified in bacterial immunity, pyroptosis has become an increasingly acknowledged form of programmed cell death occurring in biological scenarios including tumor therapy and chronic inflammation. Many studies have shown that GSDME is highly expressed in normal tissues but silenced in cancers due to promoter hypermethylation. This pattern of expression is consistent with a role as a putative tumor suppressor (38, 39). In GBM, however, the situation is reversed; GSDME is highly expressed relative to normal tissue. Increased expression of GSDME may represent a unique opportunity to exploit pyroptosis in the treatment of GBM. When we blocked autophagy in vitro, pyroptosis increased in GBM cells. In vivo, combination therapy in xenograft models in mice significantly improved survival. Our studies confirm that antineoplastic drugs combined with autophagy inhibitors provide a basis for cocktail therapy. Pyroptosis differs from apoptosis, however, in a critical aspect; the cell membrane is damaged by the N-terminal region of GSDME during pyroptosis, which releases cellular contents into the extracellular environment. The released cellular contents have the potential to stimulate inflammation and may initiate an anti-tumor immune response. Thus, pyroptosis may have synergistic effects with current anti-tumor immunotherapy. In addition, certain tumor cells have anti-apoptosis mechanisms, and the existence of pyroptosis pathway may be an important way for drugs to kill tumor cells.

In summary, we have examined the role of apoptosis and pyroptosis, two mechanisms which induce programmed cell death, in GG-induced inhibition of GBM cell growth, and found that the molecule simultaneously activates both processes. However, data from other studies is controversial. Some studies have demonstrated that pyroptosis suppresses the apoptotic pathway in macrophages (40, 41), while in some cell lines, the process has been shown to occur as secondary necrosis after apoptosis (24). Recent reports have however confirmed that GSDME is a critical substrate of caspase-3 and a key mediator of non-immune cell pyroptosis (24). We thus propose that GG treatment induces concomitant apoptosis and pyroptosis at the molecular level through the same upstream pathway, activation of caspase-3, and therefore, the two processes may interact for efficient execution of cell death in response to treatment. Future studies are thus warranted to determine the relative contribution of these two processes to the anti-neoplastic effects of GG as well as the specific molecules involved.
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Supplementary Figure 1. (A) Molecular structure of GG. (B) Image of colony formation assays in U87MG and U251 after treatment with the indicated concentrations of GG for 2 weeks. Cells were fixed and stained with crystal violet. (C) Graphic representation of cell cycle distribution (PI) analyzed by flow cytometry for U251 and U87MG cells treated with 150 μM GG or DMSO for 48 h.

Supplementary Figure 2. (A) Western blotting analysis of lysates (20 μg) prepared from U87MG and U251 cells treated with DMSO or GG at the concentrations indicated for 48 h. Membranes were incubated with antibodies against CDH2, MMP2, CDK4, CCND1, P21, PCNA, and ACTB (protein loading control). (B) Quantitation of protein levels of CDH2, MMP2, CDK4, CCND1, P21, PCNA, and ACTB. (C) Quantitation of protein levels of cleaved-PARP1, Bcl-2, BAX, and ACTB in Figure 2C. *P < 0.05 and **P < 0.01 compared to controls.

Supplementary Figure 3. (A) Graphic representation of the mRNA expression of GSDME in glioma and Non-tumor in the Rembrandt database. (B) Kaplan–Meier survival curves for glioma patients with higher expression of GSDME and lower expression of GSDME. (C) Quantitation of protein levels of N-GSDME and ACTB of Figure 3C. (D) Graphic representation of LDH Release Assay in U87MG and U251 cells with knock-down of GSDME compared to controls. (E) Quantitation of protein levels of GSDME and ACTB of Figure 3F. (F) Graphic representation of Cell Counting Kit-8 between control and knockdown of GSDME in U87MG and U251. Quantitative histogram of C-PARP-1 and P-H2A.X (Ser139) in U87MG (G) and U251 (H) cells. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 compared to controls.

Supplementary Figure 4. (A) Western blotting analysis performed to detect levels of MAP1LC3B and ACTB in U251 treated with 3-MA (5 mM) for 20 min, followed by exposure to 150 μM GG or DMSO for another 48 h. (B) Western blotting analysis performed to detect levels of MAP1LC3B and ACTB in U251 CQ (10 μM) for 20 min, followed by exposure to 150 μM GG or DMSO for another 48 h. (C) Quantitative histogram of Figure 4C. Quantitation of protein levels of MAP1LC3B-II, SQSTM1 and ACTB in U87MG (D,E) and U251 (F,G) cells after corresponding treatment. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 compared to controls.

Supplementary Figure 5. (A) Quantitative of protein levels of AMPK-a, P-AMPK-a (Thr172), mTOR, P-mTOR (Ser2448) and MAP1LC3B-II and ACTB in U87MG and U251 after exposure to 150 μM GG or DMSO for 48 h. (B) Quantitative histogram of Figure 5B. (C) Quantitative of protein levels of AMPK-a, P-AMPK-a (Thr172), P-ACC (Ser79), PDK2, HMGCR treated with DMSO or GG (150 μM) in in U87MG and U251. (D) Quantitative histogram of Figure 5E. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 compared to controls.

Supplementary Figure 6. Tumor growth was monitored using the PerkinElmer IVIS Spectrum for detection of bioluminescence. Bioluminescent signals were measured at days 7, 14, and 21 after implantation.
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Tumor metastasis is the end state of a multistep process that includes dissemination of tumor cells to distant organs and requires tumor cells to adapt to different tissue microenvironments. During metastasis, tumor cells undergo a morphological change known as transdifferentiation or the epithelial-to-mesenchymal transition (EMT). In normal embryonic development, the EMT occurs in the context of morphogenesis in a variety of tissues. Over the course of this process, epithelial cells lose their cell–cell adhesion and polarity properties. In this study, we investigated whether magnolol could suppress the EMT in human colorectal cancer cells. To this end, we examined the epithelial markers E-cadherin, ZO-1, and claudin and the mesenchymal markers N-cadherin, TWIST1, Slug, and Snail. Magnolol effectively inhibited EMT in human colon cancer cell lines by upregulating epithelial markers and downregulating mesenchymal markers. The EMT is induced by the TGF-β signaling pathway. To determine whether magnolol disrupts TGF-β signaling, we examined several mediators of this pathway, and found that magnolol decreased the levels of phosphorylated (i.e., active) ERK, GSK3β, and Smad. We conclude that magnolol blocks migration in HCT116 cells by suppressing TGF-β signaling.
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INTRODUCTION

Although colon carcinoma is among the best-understood malignancies, it remains a common cause of cancer-related death. Due to advances in surgical techniques, mortality from colon cancer has declined significantly (1). However, surgical resection is exclusively used to treat localized tumors, and is therefore limited to the early stage of colon cancer progression (2). Currently, no effective therapy is available for metastatic colon cancer; consequently, despite improvements in systemic therapy and radiotherapy over the past few years, the disease continues to have a high mortality rate. Therefore, it is necessary to expand efforts aimed at blocking metastasis. In particular, it is important to identify natural substances, which are less likely to have deleterious side effects, that can prevent cancer cells from spreading.

Many bioactive compounds from plants have been considered as potential cancer therapeutics. Magnolol is a common bioactive component isolated from the bark of the Houpu magnolia (Magnolia officinalis) (3). Magnolia bark is a traditional ingredient in Chinese and Japanese folklore medicine and is still used today (4). Magnolol has a wide range of biological activities, including anti-oxidative (5), anti-microbial (6), anti-atherosclerotic (7), and anti-inflammatory effects (8), but it remains unknown whether it has anti-tumor activity. In this study, we obtained evidence that magnolol has potent activity against colon cancer.

Apoptosis is a major form of cell death, used by multicellular organisms to eliminate cells and control cell proliferation (9). Apoptosis is often inhibited in cancer, resulting in elevated proliferation and a reduction in cell death (10). A deeper understanding of apoptosis has provided the basis for targeted therapies that can induce death in cancer cells. Multiple studies have shown that defects in apoptotic pathways play significant roles in carcinogenesis, and that many therapeutic strategies focused on apoptosis could be used to treat several types of cancer (11, 12). However, apoptosis-inducing cancer therapy causes several side effects (13), including damage to normal cells and reduced production of blood cells and platelets in the bone marrow (14). Accordingly, we examined the anti-tumor effect of magnolol, focusing on inhibiting metastasis rather than promoting apoptosis.

Tumor metastasis involves several steps, over the course of which tumor cells spread from their primary site and develop into secondary tumors at remote sites (15). The epithelial-to-mesenchymal transition (EMT) is an important physiological and morphological process in cancer cell metastasis (16). During the EMT, epithelial cells forfeit their polarized phenotype and downregulate cell–cell adhesion molecules, and eventually acquire mesenchymal traits that help the cells to scatter (17). The EMT is a complex multistep process involving altered expression of many epithelial and mesenchymal genes (18). Epithelial cadherin (E-cadherin), Zona occludens-1 (ZO-1), and claudin are the best-characterized markers expressed in epithelial cells (19–21), whereas neural cadherin (N-cadherin), Twist-related protein 1 (TWIST1), Slug, and Snail are expressed in mesenchymal cells (22, 23). The loss of epithelial markers and gain of mesenchymal markers are correlated with cancer stage (24). Because changes are closely linked to disease progression, it is crucial to monitor the expression of EMT markers.

The EMT is regulated by several signaling pathways, in particular transforming growth factor β (TGF-β). TGF-β downregulates E-cadherin, ZO-1, and claudin and upregulates N-cadherin, TWIST1, Slug, and Snail (25). TGF-β is also the major inducer of the EMT in lung (26), pancreatic (27), esophageal (28), breast (29), and colon cancers (30). Signaling molecules such as extracellular signal-regulated kinases (ERKs), glycogen synthase kinase 3 beta (GSK3β), and Smad are also differentially regulated during the TGF-β-induced EMT (31–33). The expression of these molecules allows us to predict the EMT suppression through the blocking of TGF-β signaling pathway. TGF-β induces the EMT through a cell cycle–dependent mechanism in which the transition occurs in G1/S phase (27). Thus, cell growth arrest at G1/S phase may be a prerequisite for undergoing the EMT and blocking the TGF-β-induced growth arrest at G1/S by treating cancer cells with magnolol could prevent the EMT.

In this study, we investigated the potential of magnolol to suppress EMT as well as the mechanism underlying the effect of cell cycle–dependent TGF-β signaling. In addition, to address concerns about the side effects of apoptosis-inducing therapy, we confirmed that magnolol does not affect programmed cell death in human colon cancer cells. Together, our results provide strong evidence that magnolol is a bioactive compound with potent anti-cancer effects, specifically the ability to suppress tumor metastasis.



MATERIALS AND METHODS


Materials and Chemicals

Human colorectal adenocarcinoma cell lines HCT116 and SW480 were purchased from American Type Culture Collection (ATCC; Manassas, VA, USA). Antibodies against PARP-1 (sc-8007), PCNA (sc-56), α-tubulin (sc-5286), ZO-1 (sc-33725), p-GSK3β (sc-135653), and Twist (sc-15393) were purchased from Santa Cruz Biotechnology (Dallas, TX, USA). Antibodies against claudin (#132552), p-Akt (#9271), Slug (#9585), Snail (#3879), N-cadherin (#13116), E-cadherin (#3196), and p-Smad (#9511) were purchased from Cell Signaling Technology (Beverly, MA, USA). Recombinant human TGF beta 1 protein (TGF-β) was purchased from Abcam (Cambridge, UK).



Cell Culture and Treatment

Cells were maintained in Dulbecco's modified Eagle's medium (DMEM; Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% fetal bovine serum, FBS (Sigma-Aldrich), and 1% penicillin–streptomycin at 37°C in the presence of 5% CO2. Magnolol was dissolved in DMSO (Sigma-Aldrich) and filter-sterilized using a 0.22 μm filter (Millipore, Billerica, MA, USA). DMSO solution without magnolol was used as vehicle. When the cell seeded, cells were washed and cultured in serum-free medium containing magnolol.



Magnolol Compositional Analysis

Magnolol, Honokiol, and Magnolia bark extract was purchased from Rongsheng (Shaanxi, China). The composition of the extract was analyzed by high-performance liquid chromatography (HPLC). Chromatic separation was conducted at 30°C on a Luna® 5 μ phenyl-hexyl column (250 × 4.6 mm; particle size, 5 μm), after which samples were eluted using a mobile phase composed of 75% acetonitrile and 25% 0.1% TFA water, which was applied for 30 min. Analytes were detected by UV at 290 nm. The analysis was replicated three times.



Western Blotting

Cells were washed with PBS, and cell lysates were isolated in RIPA buffer (50 mM Tris-HCl [pH 7.4], 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 1% sodium deoxycholate, and 0.1% SDS) supplemented with protease inhibitors (1 mM PMSF, 5 μg/mL aprotinin, and 5 μg/mL leupeptin) and phosphatase inhibitors (1 mM Na3VO4 and 1 mM NaF) and centrifuged at 12,000 rpm for 5 min at 4°C. Protein concentrations were determined by BCA protein assay (Pierce, Rockford, IL, USA) using BSA as the standard. Proteins (20 μg/lane) were separated by SDS-PAGE and transferred to Immun-Blot PVDF membranes (Bio-Rad, Hercules, CA, USA). The membranes were incubated at 4°C overnight with specific primary antiserum in Tris-buffered saline (TBS) containing 0.05% Tween-20 (TBS-T) and 5% non-fat dry milk. After three washes with TBS-T, membranes were incubated for 1 h with peroxidase-conjugated anti-rabbit or anti-mouse IgG at room temperature. Signals were visualized using EZ-Western Lumi Femto (DoGenBio, Seoul, Korea) and quantified on an LAS-4000 (GE Healthcare Life Sciences, Marlborough, MA, USA). Densitometry of protein bands was performed using the ImageJ software (34) (Bethesda, MD, USA).



RNA Isolation and Quantitative Real-Time PCR (qRT-PCR)

Total RNA was extracted from cells using Trizol reagent (Invitrogen, Carlsbad, CA, USA). Extracted RNA was reverse transcribed to cDNA using the Maxime RT PreMix kit (Intron, Seongnam, Korea). The sequence of the oligonucleotide primer was as follows: E-cadherin 5′-TGCCCAGAAAATGAAAAAGG-3′ (sense) and 5′-GTGTATGTGGCAATGCGTTC-3′ (antisense); N-cadherin 5′-CAAGCCCTTTGAGCCAAGAAG-3′ (sense) and 5′-GCTGTAGACGTGAGGTAGGTAG-3′ (antisense); Slug 5′-TGTGACAAGGAATATGTGAGCC-3′ (sense) and 5′-TGAGCCCTCAGATTTGACCTG-3′ (antisense); Snail 5′-ACTGCAACAAGGAATACCTCAG-3′ (sense) and 5′-GCACTGGTACTTCTTGACATCTG-3′ (antisense); TWIST1 5′-GTCCGCAGTCTTACGAGGAG-3′ (sense) and 5′-CCAGCTTGAGGGTCTGAATC-3′ (antisense); Claudin-1 5′-CCCGGTCAATGCCAGATATG-3′ (sense) and 5′-CACCTCCCAGAAGGCAGAGA-3′ (antisense); ZO-1 5′-TGCTGAGTCCTTTGGTGATG-3′ (sense) and 5′-AATTTGGATCTCCGGGAAGAC-3′ (antisense); GAPDH 5′-CAGAACTACATCCCTGCATC-3′ (sense) and 5′-CCACCTTCCTGATGTCATCA-3′ (antisense). The level of GAPDH mRNA was used as the control. qPCR was performed using Mx3005P qPCR System (Agilent Technologies, CA, USA).



Conventional RT-PCR

Total RNA was analyzed using T100™ Thermal Cycler (Bio-Rad, Hercules, CA, USA). The sequence of the oligonucleotide primer was as follows: TGF-β1 5′-ATGACATGAACCGACCCTTC-3′ (sense) and 5′-ACTTCCAACCCAGGTCCTTC-3′ (antisense); TGF-β R1 5′-ACCTTCTGATCCATCCGTT-3′ (sense) and 5′-CGCAAAGCTGTCAGCCTAG-3′ (antisense); GAPDH 5′-CAGAACTACATCCCTGCATC-3′ (sense) and 5′-CCACCTTCCTGATGTCATCA-3′ (antisense). The level of GAPDH mRNA was used as the control. PCR products were run on 1.5% agarose gels, stained with ethidium bromide and photographed.



Cell Migration Assay

HCT116 cells were seeded in 6-well plates and cultured to confluence. After 24 h, scratches were made using 1 mL pipette tips, and cellular debris was removed by gentle washes with culture medium. Cells were allowed to migrate for an additional 72 h. Photographs were taken at 48 h and 72 h after cell seeding using an Olympus CKX53 inverted microscope (Olympus, Tokyo, Japan). The perimeter of the scratched area was automatically selected, and the area quantified using the “Measure” function of ImageJ, and the data was normalized to the average of 0 h values.



Single-Cell Invasion Assay

Cell invasion assays were performed using Transwell chambers (24-well; 8 μm pore size; Corning, New York, NY, USA). About 5 × 105 cells in DMEM medium containing 0.5% serum were added to the upper compartment of the insert and allowed to migrate toward the underside of the insert filter at 37°C for 48 h. Cells that did not migrate through the pores were gently removed with a cotton swab. Cells on the lower side of the insert filter were fixed with 5% glutaraldehyde and stained with 1% crystal violet in 2% ethanol for 10 min. Cells on the underside of the filter were counted in randomly selected microscopic fields.



Cell-Cycle Analysis

Cells were collected by trypsinization, washed twice with PBS, and centrifuged at 1,000 rpm for 5 min. After washing with PBS, the cells were fixed in 70% ethanol for 24 h at 20°C. The cells were then centrifuged, washed again with PBS, and suspended in 500 μL of PBS. The cells were incubated with RNase A from bovine pancreas (Sigma-Aldrich); the working solution was made by diluting the 10 mg/mL stock solution 1:2000 in PBS. The cells were then stained for 3 h at 4°C with propidium iodide (PI; Thermo Fisher, Waltham, MA, USA); the working solution was made by diluting the 1 mg/mL stock solution 1:2000 in PBS. Cell-cycle distribution was determined by flow cytometry (FACS Calibur; BD Biosciences, Franklin Lakes, NJ, USA), and the data were analyzed with FlowJo (Ashland, OR, USA).



Apoptosis Assay

Cells (1 × 106) were collected with trypsin-EDTA, washed twice with PBS, and then fixed in 70% ethanol for 24 h at 20°C. The cells were then centrifuged and washed with 200 μL of 1× binding buffer from the ApoAlert Annexin V–FITC Apoptosis kit (cat #630109; Clontech, Mountain View, CA, USA). The cells were incubated for 5–15 min in the dark with 5 μL of Annexin V solution from the kit. After staining, the cells were washed with PBS. The cell-cycle distribution was determined by flow cytometry on a Guava easyCyte (Luminex, Austin, TX, USA) and analyzed using the FlowJo software.



MTT Assay

Cells (5 × 103 cells/well in a 96-well plate) were incubated overnight with DMEM with 10% FBS and 1% penicillin–streptomycin. The cells were then treated with magnolol (0, 1.25, 2.5, 5, 10, or 20 μM) and cultured for an additional 24 h. Then, MTT reagent was added to the 96-well plate and incubated for 3 h at 37°C. Supernatant was gently removed, and 100 μL of DMSO was added to extract intracellular formazan. MTT-formazan product was measured on a PowerWaveHT ELISA reader (BioTek, Winooski, VT, USA) at 570 nm.



Statistical Analysis

Data are represented as means ± standard deviation (SD) of triplicate experiments. Comparisons were evaluated by one-way analysis of variance (ANOVA) followed by Tukey's multiple range tests; statistical analyses were performed in SPSS (IBM, Armonk, NY, USA). A value of p < 0.05 was considered to indicate a statistically significant difference.




RESULT


Magnolol Does Not Affect Apoptotic Cell Death, but Suppresses the EMT in HCT116 Cells

To determine the cytotoxic effect of magnolol, we treated HCT116 cells with various concentrations of magnolol (0–20 μM) for 24 h. Cell viability was not significantly affected by any concentration of magnolol (Figure 1A), so we selected concentrations of 0, 2.5, 5, and 10 μM for subsequent experiments. To determine whether magnolol induces apoptosis in HCT116 cells, we exposed the cells to magnolol (0, 2.5, 5, or 10 μM) for 24 h, and then performed western blot for poly (ADP-ribose) polymerase (PARP) and proliferating cell nuclear antigen (PCNA), both of which are associated with apoptosis. Regardless of magnolol concentration, cleaved PARP fragment was not detected and expression of PAPR and PCNA remained constant (Figure 1B). In addition, we analyzed apoptosis by flow cytometry; in these experiments, detection was based on binding of Annexin V–FITC to phosphatidylserine (PS) in the cell membrane. All three concentrations of magnolol yielded similar flow cytometry histograms (Figure 1C). Thus, magnolol did not affect apoptosis in HCT116 cells.
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FIGURE 1. Cytotoxicity of magnolol and its effect on apoptosis in HCT116 cells. (A) HCT116 cells were treated for 24 h with 0, 1.25, 2.5, 5, 10, or 20 μM magnolol in medium containing 1% serum. Cell viability was assessed after 24 h by MTT assay. Experiments were repeated five times independently to confirm reproducibility; standard deviation of the mean is indicated by error bars (n = 5). (B) HCT116 cells were treated with 0, 2.5, 5, or 10 μM magnolol for 24 h. Western blots were performed for apoptosis-associated proteins PARP and PCNA. α-tubulin was used as an internal control. (C) HCT116 cells were treated with 0, 2.5, or 10 μM magnolol for 24 h. Cells were examined by flow cytometry. In (A,C), values labeled with the letter a do not differ significantly (i.e., p > 0.05).



Given the lack of an effect on apoptosis, we next explored the possibility that magnolol influences the EMT in colon cancer cells. To this end, we performed western blots for EMT biomarkers in the primary colon cancer cell lines HCT116 and SW480. After treatment with magnolol (0, 2.5, 5, or 10 μM) for 24 h, the expression of epithelial markers (E-cadherin, ZO-1, and claudin) was increased in a concentration-dependent manner in both cell lines (Figure 2A), whereas the expression of mesenchymal markers (N-cadherin, TWIST1, Slug, and Snail) was decreased in a concentration-dependent manner in HCT116 (Figure 2B). We used qRT-PCR to confirm the expression levels of EMT marker genes (Figures 2C,D), and the result was same as the western blot result. Thus, magnolol inhibited the EMT in human colon cancer cells.
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FIGURE 2. Magnolol regulates the expression of EMT marker genes in human colon cancer cells. (A) HCT116 and SW480 cells were treated with 0, 2.5, 5, or 10 μM magnolol for 24 h, and western blots were performed for E-cadherin, ZO-1, Claudin, and α-tubulin (used as an internal control). (B) HCT116 cells were treated with 0, 2.5, 5, or 10 μM magnolol for 24 h, and western blots were conducted for N-cadherin, TWIST1, Slug, Snail, and α-tubulin. (C) mRNA expression of E-cadherin, ZO-a, and Claudin in HCT116 cells treated with magnolol (0, 2.5, 5, or 10 μM) for 24 h. (D) mRNA expression of N-cadherin, TWIST1, Slug, and Snail in HCT116 cells treated with magnolol (0, 2.5, 5, or 10 μM) for 24 h. In (C,D), GAPDH served as a control. All data values labeled with different letters are significantly different (p < 0.05).





Magnolol Inhibits Cell Migration and Blocking the TGF-β Signaling Pathway in HCT116 Cells

Given that magnolol suppressed the EMT in HCT116 cells, we first observed whether magnolol inhibits alteration of HCT116 cells to EMT cell morphology by light microscopy. HCT116 cells were incubated for 48 h, and the cells changed their shape from a typical epithelial to fibroblast-like appearance. However, after treatment with magnolol (10 μM) markedly enhanced cell-to-cell contact, and the cells formed a more rounded shape (Figure 3A). We next investigated the influence of magnolol on cell migration. For this purpose, the cells were cultured until confluence, scratched with a pipette tip, treated with magnolol (0, 2.5, or 10 μM), and allowed to migrate for 72 h. The cell migration assay revealed that magnolol inhibited cell migration, as determined by measuring the migration area covered by cells from 0 to 72 h in a dose-dependent manner (Figure 3B).
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FIGURE 3. Cell migration is suppressed and the TGF-β signaling pathway is blocked in HCT116 cells by magnolol. (A) The morphological changes in HCT116 cells treated with or without magnolol (10 μM). Images were taken at 48 h after treatment using a microscope. (B) Confluent monolayers of HCT116 cells were scratched using a pipette tip prior to treatment with 0, 2.5, or 10 μM magnolol. The area of migration was measured at 0, 48, and 72 h. Photographs were taken at 48 and 72 h after cell seeding using a microscope. The area quantified using ImageJ, and the data was normalized to the average of 0 h values. (C) RT-PCR analysis of TGF-β and TGF-β RI expression in HCT116 cells treated with (0, 2.5, 5, or 10 μM) for 24 h. GAPDH was used as control. (D) Quantitative RT-PCR analysis of TGF-β and TGF-β RI expression in HCT116 cells treated with (0, 2.5, 5, or 10 μM) for 24 h. The graphs show the mRNA expression of TGF-β and TGF-β RI relative to GAPDH. (E) HCT116 cells were treated with the indicated concentrations of magnolol for 24 h, and western blots were performed for p-ERK, p-GSK3β, p-Smad, and α-tubulin. Data values labeled with different letters are significantly different (p < 0.05).



Because the EMT can be controlled by the TGF-β signaling pathway, we sought to determine whether magnolol treatment affects TGF-β signaling. The mRNA expression of TGF-β and TGF-β receptor I (TGF-β RI) was examined using RT-PCR and qRT-PCR (Figures 3C,D). RT-PCR analysis showed the down-regulation of TGF-β and TGF-β RI gene expressions compared to control after treatment with magnolol (Figure 3C). The qRT-PCR analysis showed the similar results (Figure 3D). Moreover, we treated cells with magnolol (0, 2.5, 5 or 10 μM) and performed western blots for p-ERK, p-GSK3β, and p-Smad, all of which are downstream proteins of the TGF-β signaling pathway. As shown in Figure 3E, magnolol consistently decreased the expression of these downstream target proteins. In particular, at 10 μM magnolol, expression of the entire TGF-β signaling pathway was significantly reduced.



Magnolol Regulates TGF-β-Induced EMT Signaling in HCT116 Cells

TGF-β induces the EMT by upregulating epithelial marker proteins and downregulating mesenchymal marker proteins. Hence, we investigated the role of magnolol in the TGF-β-induced EMT. When we treated HCT116 cells with TGF-β (20 μM) in the absence of magnolol, the expression of epithelial marker proteins (E-cadherin, ZO-1 and claudin) was reduced, whereas expression of mesenchymal marker proteins (Snail, Slug, and TWIST1) was elevated. However, when we treated cells with TGF-β (20 μM) in the presence of magnolol, we obtained the opposite results: epithelial marker proteins were upregulated relative to the control, and mesenchymal marker proteins were downregulated (Figure 4A). Because magnolol inhibited the TGF-β-induced EMT in HCT116 cells, we investigated the role of magnolol in TGF-β-induced cancer cell invasion. TGF-β stimulated invasion by HCT116 cells, whereas magnolol decreased the number of invading cells to control levels (Figure 4B). Together, these data demonstrated that magnolol suppresses the TGF-β-induced EMT and TGF-β-induced cell invasion.
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FIGURE 4. Magnolol blocks TGF-β-induced EMT signaling. (A) HCT116 cells were treated with TGF-β (20 μM) in the presence or absence of magnolol (10 μM), and western blots were performed for the indicated EMT-related proteins. α-tubulin was used as an internal control. (B) Single-cell invasion assay of HCT116 cells treated with TGF-β (20 μM) in the presence or absence of magnolol (10 μM). Cells were allowed to migrate for 48 h after treatment. Microscopic fields were randomly selected (n = 3). Values labeled with different letters are significantly different (p < 0.05), and the standard deviation of the mean is indicated as error bars (n = 3).





Magnolol Inhibits the TGF-β-Induced EMT by Altering the Cell Cycle Distribution in HCT116 Cells

We previously showed that the TGF-β-induced EMT is related to the cell cycle, in particular G1/S phase (27). To determine whether magnolol affects cell cycle–dependent TGF-β signaling in HCT116 cells, we assessed the proportion of cells in various phases of the cell cycle by flow cytometry. When HCT116 cells were treated with TGF-β (20 μM), the number of cells at G1/S phase increased relative to the control, but treatment of TGF-β (20 μM) with magnolol (10 μM) had the opposite effect. In addition, the number of cells in G1/S phase decreased further when magnolol was treated alone (Figure 5A). In quantitative terms, the number of cells in G1/S phase increased from 59.40% (ctrl) to 75.97% when TGF-β was applied, indicating induction of the EMT. However, when the cells were treated with TGF-β after magnolol exposure, the number of cells in G1/S phase dropped to 64.50%. The number of cells in G1/S phase further dropped to 52.37% when the cells were treated with magnolol alone (Figure 5B left). Graphical analysis yielded the same result (Figure 5B right). Thus, TGF-β induces EMT by arresting the cell cycle at G1/S, and magnolol suppresses the EMT by inhibiting this arrest.
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FIGURE 5. Magnolol prevents the TGF-β-induced EMT by inhibiting cell-cycle arrest at G1/S phase. (A) Cell cycle measurements using flow cytometry after exposure to TGF-β (20 μM) for 24 h, TGF-β (20 μM) for 3 h and magnolol (10 μM) for 18 h, and magnolol (10 μM) for 24 h. Representative cell cycle profiles are shown (n = 3). (B) Cell-cycle distributions, shown in table (b, left) and column graph format (b, right). Data values labeled with different letters are significantly different (p < 0.05).






DISCUSSION

Anti-cancer therapies have been studied for decades, and the most common mechanism of action of these drugs is induction of apoptosis (35). Several drugs activate caspases, thereby inducing apoptosis in cancer cells (36). However, according to recent studies, chemical-induced apoptosis can cause brutal side effects, including damage to normal cells (13). Despite efforts to minimize damage to normal cells, side effects of apoptosis-inducing treatments continue to be reported. Hence, we focused on curbing the spread of cancer cells, the other common mechanism of anti-cancer therapies. Magnolol, a natural bioactive compound, is known to have several biological activities, but the effect on metastasis of cancer cell is not well-known. We suggested that novel target for magnolol is TGF-β, which is inducer of metastasis in colon cancer cell. Magnolol represents a cancer treatment that does not affect apoptosis, but instead inhibits cancer cell metastasis.

Several studies have evaluated apoptosis in cancer cells using apoptotic markers (37). PARP and PCNA play central roles in cell death. Hyperactivation of PARP results in specific programmed cell death and PARP is cleaved by enzymes such as caspases of cathepsins during apoptosis (38), whereas a low level of functional PCNA drives cells into apoptosis (39). Our data revealed that magnolol does not affect apoptosis, as reflected by the constant levels of PARP and PCNA when HCT116 cells are treated with magnolol. Another way to measure apoptotic cells is flow cytometry analysis. In this approach, detection is based on the position of PS in the cell membrane. In normal cells, most PS is localized inside of the plasma membrane, but when the cells start to undergo apoptosis, PS is relocated to the outside of the membrane and is exposed to the extracellular environment (40). The proportion of apoptotic cells can be calculated from the number of cells that bind Annexin V–FITC, which interacts with PS (40, 41). Magnolol did not change the proportion of apoptotic cells, providing further evidence that it has no influence on programmed cell death in human colon cancer cells.

Tumor metastasis is the end state of a multistep process that includes dissemination of tumor cells to distant organs, and requires cells to adapt to different tissue microenvironments (42). During metastasis, cells undergo morphological alteration called the EMT (43). Over the course of this reversible process, epithelial cells lose their polarity, preventing them from interacting with membrane surfaces, and acquire characteristics of invasive mesenchymal cells (44). The EMT is characterized by loss of cell adhesion, downregulation of epithelial markers, and upregulation of mesenchymal markers (43). We used E-cadherin, ZO-1, and claudin as representative epithelial markers. E-cadherin is a typical epithelial cell adhesion molecule, and loss of E-cadherin is thought to enable metastasis by collapsing intercellular contacts (20). ZO-1 and claudin are the main components of tight junctions, and are thus critical for the maintenance of cell polarity (45, 46). To determine the effect of magnolol on epithelial markers, we used the human colon cancer cells HCT116 and SW480. As mesenchymal markers, we examined N-cadherin, TWIST1, Slug, and Snail. N-cadherin, an adhesion molecule, is associated with invasive potential in cancers, and its overexpression promotes motility and invasion (22). TWIST1, Slug, and Snail are transcription factors that repress E-cadherin expression; thus their overexpression indicates that the EMT is already underway (47, 48). Our findings present strong evidence that magnolol effectively inhibits the EMT in human colon cancer cell lines by increasing the expression of epithelial markers and decreasing the expression of mesenchymal markers in a concentration-dependent manner. In addition, we found that magnolol significantly inhibited HCT116 cell morphological alteration and cell migration. Together, these results imply an important role for magnolol in repressing EMT and cancer progression.

Progression of colon cancer toward metastatic disease is associated with activation of the EMT, which is in turn induced by TGF-β. TGF-β signaling is mediated by ERK, GSK3β, and Smad (49, 50). As proof that magnolol disrupts TGF-β signaling, we showed that magnolol decreased expression of p-ERK, p-GSK3β, and p-Smad; in each case, the phosphorylated form of the molecule is the activated form. The EMT response to TGF-β signaling is induced by reconstitution of transcriptional activation, which promotes inactivation of genes encoding epithelial marker proteins and activation of genes encoding mesenchymal marker proteins (50). In our experiments, the TGF-β-induced EMT decreased the expression of epithelial proteins and increased the expression of mesenchymal proteins in HCT116 cells; however, magnolol restored expression of these markers to control levels. Our results strongly suggest that magnolol effectively inhibits the TGF-β-induced EMT. Moreover, TGF-β also promotes migration of individual tumor cells; consequently, inhibition of TGF-β signaling prevents the movement of single cells. Thus, magnolol blocked TGF-β signaling in HCT116 cells by inhibiting single-cell migration.

The TGF-β-induced EMT occurs at the G1/S phase of the cell cycle (27). Cell-cycle progress is driven by cyclin-dependent kinases (CDKs), which integrate mitogenic and growth signals (51). TGF-β induces cell growth arrest at G1/S by inhibiting molecules required for CDK activation, as well as by activating CDK inhibitors. When TGF-β-induced growth arrest occurs, the EMT process is initiated by attenuation of epithelial adhesion and tight junctions; subsequently, the cancer cells acquire invasive mesenchymal characteristics (26, 27, 51). Our observation that the number of cells at G1/S was lower under magnolol treatment than under treatment with TGF-β alone demonstrates that magnolol inhibited cell cycle–dependent TGF-β signaling. It means that the reason for the reduced migration of treated cells is more focused on inhibiting EMT process, which is an important physiological and morphological process in cancer cell metastasis, than on the reduction of cell growth.

The results of this study suggest a novel application of magnolol as an anti-tumor treatment in human colon cancer. One of the most important strategies in colon cancer treatment is preventing tumor metastasis, which is characterized by the EMT. Our findings provide a model for magnolol-mediated inhibition of the EMT in colon cancer. We propose that magnolol inhibits the TGF-β-induced EMT by blocking downstream TGF-β signaling and alteration of cell-cycle distribution. In addition, we confirmed that magnolol does not induce cell death in colon cancer cells, suggesting that it would have less severe side effects than apoptosis-inducing agents. Collectively, our findings provide insight into the distinct pathways associated with magnolol-mediated EMT inhibition and suggest that magnolol could be used in a rational therapeutic strategy against colon carcinoma.



CONCLUSION

Colorectal cancer is a devastating disease, but therapies for this cancer remain insufficient. Moreover, the most common strategy for treating colorectal cancer involves inhibition of apoptosis, which is often associated with severe side effects. Accordingly, drugs that act via another mechanism of action are urgently required. In this paper, we demonstrate that magnolol, a natural product used in traditional Asian medicines, can prevent cancer cell invasion (an aspect of metastasis) by blocking the TGF-β-induced EMT. We suggest that magnolol inhibits the TGF-β-induced EMT by blocking downstream TGF-β signaling and alteration of cell-cycle distribution. The role of magnolol needs to be reconsidered in any future research with prevent metastasis of obvious clinical value in colorectal cancer.
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Purpose: 3,3′-Diindolylmethane (DIM), derived from indole-3-carbinol (I3C) in the Brassica species of cruciferous vegetables, has anticancer effects, but its exact underlying mechanism of action is unknown. We explored the roles of cytosolic free calcium ([Ca2+]i) and p38 MAPK in the anti-cancer effects of DIM in human hepatocellular carcinoma cells.

Methods: Cell proliferation was measured with a Cell Counting Kit-8 (CCK-8) and the clonogenic formation assay. Cell apoptosis was examined by flow cytometric analysis and Hoechst dye staining. Cleaved-caspase3, cleaved-PARP, Bax, total, and phosphorylated p38 MAPK were assayed by western blotting. [Ca2+]i was measured with Fluo-3/AM by fluorescence microscopy. A23187, a calcium ionophore, was used to increase [Ca2+]i levels.

Results: DIM inhibited cell proliferation in both SMMC-7721 and HepG2 cells in a concentration- and time-dependent manner. DIM also enhanced phosphorylation of p38 MAPK (p-p38), which was attenuated by SB203580. The proliferation inhibition and apoptosis induction by DIM were also blunted. In addition, DIM increased [Ca2+]i in HCC cells, and this effect was inhibited by the calcium chelator, BAPTA-AM, resulting in reduced p-p38 MAPK activation and apoptosis in DIM-treated cells, though the proliferation inhibition by DIM was unchanged. However, the DIM-induced cell proliferation inhibition and apoptosis were significantly enhanced by A23187, a selective calcium ionophore, which was attributed to exaggerated p-p38 MAPK.

Conclusions: The calcium ionophore enhanced DIM-induced anti-cancer effects in hepatocellular carcinoma cells, secondary to [Ca2+]i-dependent activation of p38 MAPK. Treatment with a combination of DIM and calcium ionophore may offer a new approach to enhance the chemotherapeutic efficacy in liver cancer.

Keywords: 3,3′-diindolylmethane, cytosolic Ca2+, p38 MAPK, hepatocellular carcinoma cells, apoptosis, proliferation



Introduction

Human hepatocellular carcinoma (HCC) is the sixth most common malignancy in the world and the third most common prevalent cause of cancer-related death worldwide (Forner et al., 2018). As HCC is highly resistant to standard chemotherapy, surgical resection or other treatments, most current therapies have limited efficacy. The identification of safe and effective treatments for advanced HCC remains challenging. Chemo-preventive agents with low toxicity and high efficiency in inhibiting tumor growth are promising candidates for cancer therapy (Sun and Hai, 2006).

3,3’-diindolylmethane (DIM), derived from Brassica species of cruciferous vegetables (broccoli, cabbage, and cauliflower) has displayed antitumor activity in several human cancers, including colon (Kim et al., 2007), pancreatic (Abdelrahim et al., 2006), and prostate cancer (Beaver et al., 2012). High intake of cruciferous vegetables has been associated with lower incidence of lung and colorectal cancer (Higdon et al., 2007). Pharmacologically, indole-3-carbinol inhibits WWP1, leading to the activation of the tumor suppressor PTEN, and in turn, attenuating PI3K-AKT-mTOR activation (Lee et al., 2019). We have also previously demonstrated that DIM inhibited the proliferation of gastric cancer cells by a miR-30e-ATG5-mediated autophagy (Ye et al., 2016). Thus, DIM may offer potential prevention and therapy in HCC.

Mitogen-activated protein kinases (MAPKs) are serine–threonine protein kinases that are involved in the regulation of cell proliferation, apoptosis (Davies et al., 2000), and other critical processes. The extracellular signal-regulated kinase (ERK), c-Jun NH (2)-terminal kinases (JNKs), p38 MAPK, are sub-families of MAPK (Kyriakis and Avruch, 2012). JNK and p38 MAPK are activated by cytokines and subsequently induce apoptosis (Davies et al., 2000). However, the role of p38 MAPK in mediating the protective cellular effects of DIM in cancers, including HCC, has not been determined.

Calcium ions act as second messengers in cytosolic signaling. The concentration of cytosolic Ca2+([Ca2+]i) is a key regulator of important cellular processes, such as cell proliferation and apoptosis (Zaichick et al., 2016; Tajbakhsh et al., 2018). In MG63 osteosarcoma cells, anandamide induces [Ca2+]i elevation leading to p38 MAPK phosphorylation and subsequent apoptosis (Hsu et al., 2007). Aconitine significantly aggravates [Ca2+]i overload and promotes apoptosis by phosphorylation of p38 MAPK (Sun et al., 2014). Up-regulation of [Ca2+]i can induce a series of cellular responses, leading to cell death and apoptosis.

In the present study, we assessed the anticancer properties of DIM in two HCC cell lines, SMMC-7721 and HepG2 cells, and the potential involvement of the MAPK signaling pathway and [Ca2+]i. Our results identified a new mode of action for DIM, which could be beneficially exploited in future studies for therapeutic development.




Materials and Methods



Chemicals and Reagents

Dulbecco’s modified Eagle medium (DMEM) was purchased from Hyclone (MD, USA), primary antibodies anti-phosphory-p38 (1:1000), anti-cleaved caspase3 (1:1000), anti-cleaved PARP (1:1000), anti-Bax (1:1000), anti-p38 (1:1000), anti-caspase 3 (1:1000) were purchased from Cell Signaling Technology (MA, USA). Primary antibodies for PCNA and crystal violet dye were purchased from Bioss Biotechnology (Beijing, China). Primary antibody for β-actin and horseradish peroxidase (HRP)-labeled secondary antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The flow cytometry reagent was purchased from BD Bioscience (San Jose, CA, USA). The p38 MAPK inhibitor SB203580, DIM (catalog no. BML-GR207), BAPTA-AM, A23187, Fluo-3/AM and Hoechst 33342 dye, were purchased from Sigma-Aldrich (St. Louis, MO, USA). SB203580 and DIM were dissolved in dimethyl sulfoxide (DMSO) as stock solution, respectively. The final concentration of DMSO did not exceed 0.1%.




Cell Culture and Treatment

Two human HCC cell lines (SMMC-7721 and HepG2) were purchased from Shanghai Institute of Cell Bank (Shanghai, China). Both cell lines express alpha fetoprotein (AFP) protein (Liu et al., 2018; Qin et al., 2019), an established marker of liver cancer (Dezso et al., 2019; Takahashi et al., 2019), though notably SMMC-7721 is a HeLa derived cell line. The cells were grown as adherent monolayers in DMEM supplemented with 10% FBS (Thermo Fisher Scientific, WI, USA), 100 U/mL penicillin, and 100 μg/mL streptomycin. The cells were maintained at 37°C in an atmosphere of 5% CO2 and 95% humidity.




Measurement of Cell Proliferation

Cell viability was assessed with the CCK-8 assay. The CCK-8 (Cell Counting Kit-8) was purchased from Dojindo (Kumamoto, Japan). Briefly, cells were seeded into 96-well plates at 5 × 103 cells per well and cultivated for 24 h to adhere. Cells were then incubated with various concentration of DIM (0, 20, 40, 60, 80, 100 and 120µM) for 24, 48, or 72 h; or pretreated with SB203580 (5µM or 10µM) for 3 h, BAPTA-AM (10µM), A23187 (1µM) for 0.5 h, then DIM was added for 24 h. The media was removed, and the mixture of CCK-8 and DMEM (1:10, v/v) was added to each well. Plates were incubated for an additional 40 mins at 37°C; and the absorbance was measured at 450 nm using an Automated Microplated Reader (Bio-Tek ELx800uv, Bio-Tek Instrument Inc., Winooski, VT, USA) at wave length of 450 nm.




Clonogenic Formation Assays

SMMC-7721 and HepG2 cells were seeded at 4×105 cells/well into 6-well plates and incubated overnight. Cells were cultured in the presence or absence of DIM or SB203580 for 3 h and incubated with DIM for an additional 24 h. Cells were trypsinized, counted, and replated in triplicate in predetermined cell numbers to yield 300 colonies per well. Plates were incubated for 10–15 days to allow clonogenic growth. Colonies were washed X3 with cold PBS and fixed in methanol for 20 min. After washing with PBS, the colonies were counted after staining with 0.3% crystal violet solution at RT for 30 min.




Measurement of Apoptosis

Apoptosis in hepatoma cells was assayed with Hoechst 33342 staining. Hepatoma cells (3000 cells/well) were plated in triplicate in 24-well plates and incubated overnight. Cells were incubated in the presence or absence of SB203580 for 3 h, and then DIM was added for an additional 24 h. After washing with PBS, the cells were incubated with Hoechst dye in the dark at RT for 15 min and imaged with an inverted fluorescence microscope (Olympus, Japan). Typical DNA fragmentation photographs were chose to indicate cell morphology, while apoptotic cells were counted with 1,000 cells at each group. The apoptotic index was calculated as follows: apoptotic index = apoptotic cell number/(apoptotic cell number + non apoptotic cell number). The similar data are presented with flow cytometry and the pictures from Hoechst are more directly. Apoptosis was evaluated with propidium iodide/annexin V-FITC apoptosis detection kit (BD Biosciences, CA, USA) according to the manufacturer’s instructions. Cells were seeded in 6-well plates and allowed to attach overnight. Cells were incubated in the presence or absence of SB203580 for 3 h, 10 μM BAPTA-AM, 1μM A23187 for 0.5 h, and subsequently DIM was added for an additional 24 h. The cells were collected and processed using the detection kit and analyzed with flow cytometry (FACScan, Becton Dickinson, USA) in the FACS facility at Jiangsu University. Apoptosis was quantified by flow cytometry. At least 20,000 events were counted for each sample.




Western Blotting Analysis

Cells were washed with ice-cold 1 × PBS and lysed in radio immune precipitation assay buffer supplemented with phenylmethanesulfonyl and phosphatase inhibitor cocktail, and centrifuged at 12,000g for 15 min at 4°C. Protein concentration was determined by the bicinchoninic acid protein assay, and equal amounts of proteins were subjected to 12% SDS-PAGE, and then transferred onto nitrocellulose membranes. The membranes were blocked for nonspecific binding with 5% nonfat milk in Tris-buffered saline containing 0.05% Tween 20 for 2 h at RT and then probed with primary antibodies overnight at 4°C, followed by incubation with HRP-conjugated immunoglobulin G (IgG) for 1 h at RT. Chemiluminescence was detected with ECL reagents (Thermo Fisher Scientific, Etten-Leur, The Netherlands).




Measurement of Cytosolic Ca2+ Levels

Cells were seeded at a density of 5×105 cells/well in 6-well plates. The next day, cells were pretreated with BAPTA-AM (10µM) or A23187(1µM) for 0.5 h, then treated with DIM (60µM) for another 24 h, followed by removal of the medium, and three washes with PBS. Cells were loaded with 5 µM Fluo-3/AM for 1 h at 37°C in the dark, and then washed once with PBS to remove the extracellular Fluo-3/AM. Calcium imaging was acquired with a Nikon Eclipse TE2000-U inverted fluorescence microscope. Cells were treated as previously described, washed X2 with PBS, and incubated with Fluo-3/AM for 1 h, followed by trypsinization and loading with 1× binding buffer. At least 10,000 events were counted for each sample. The Ca2+-dependent mean fluorescence intensity was measured with Cytoflex (Beckman Coulter, CA, USA). The experiments were conducted independently three times.




Statistical Analysis

All experimental data from three independent experiments were presented as mean ± SD. Prism 5.0 software (Graph Pad Software, San Diego, CA, USA) was used for data analysis. Comparisons among at least three groups were analyzed with one-way analysis of variance (ANOVA) followed by the Dunnett’s post hoc test or Student-Newman-Keuls post-hoc test depending on the test purpose. Statistical differences were considered significant when P < 0.05.





Results



Effects of DIM on Cell Proliferation in Liver Cancer Cells

The effects of DIM on liver cancer cell growth were evaluated with the CCK-8 assay. DIM increased the cytotoxic effect compared with untreated controls (Figure 1A). Cell viability was significantly decreased in SMMC-7721 cells treated with 80μM DIM and by 25% in HepG2 cells treated with 60 μM DIM for 24 h. DIM significantly inhibited colony formation in SMMC-7721 cells (at 60 µM) by 46% and in HepG2 cells by 49% (80 µM) compared with controls (Figure 1B). The cytotoxicity of DIM was apparent at 24, 48, 72 h; however, since the protein lysates were difficult to acquire at 48 or 72 h, the 24-h timepoint was chosen for the following experiments. As shown in Figure 1C, western blotting analysis established that DIM significantly reduced the protein level of proliferation cell nuclear antigen (PCNA) and p-AKT in both cell lines.
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Figure 1 | Effects of DIM on cell proliferation and related proteins in SMMC-7721 and HepG2 liver cancer cells. (A) Effects of DIM on cell proliferation were measured with the CCK-8 assay. Results are expressed as the percentage of blank control cells. (B) Colony formation assays in HCC cell lines treated with the indicated concentrations of DIM for 24 h. (C) Western blotting analysis of PCNA and p-AKT in HCC cells treated with the indicated concentrations of DIM for 24 h. β-actin was used as an internal control. Data represent mean ± SD of three independent experiments (n = 3). *P < 0.05, **P < 0.01 and ***P < 0.001 compared with the control group. DIM: 3,3’-diindolylmethane.







Effects of DIM on Cell Apoptosis and Related Protein Activity in Liver Cancer Cells

The effects of various concentrations of DIM on apoptosis in HCC cells were examined by Hoechst staining. Upon 24 h treatment with 60 μM or 80 μM DIM of SMMC-7721 or HepG2 cells, respectively, the number of apoptotic cells with DNA fragmentation was significantly greater than in the control group (Figure 2A). To corroborate this observation, propidium iodide/Annexin V-FITC staining and flow cytometry in HCC cells treated with DIM were performed. As shown in Figure 2B, DIM significantly increased the apoptotic cell population up to 4–5-fold compared with control untreated cells.
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Figure 2 | Effects of DIM on cell apoptosis and apoptosis-related protein levels in SMMC-7721 and HepG2 liver cancer cells. (A). Effects of DIM on apoptosis assessed with Hoechst staining. Red arrows indicate apoptotic cells. Cells were divided and counted as apoptotic cells and non apoptotic cells in 1,000 events at each group. Apoptotic index = apoptotic cell number/(apoptotic cell number + non apoptotic cell number). (B) Effects of DIM on apoptosis assessed by flow cytometry analysis and Annexin V-FITC and PI staining. (C) Effects of DIM on apoptosis-related protein expressions. Western blotting was performed for the indicated proteins in HCC cells treated with various concentration of DIM for 24 h. β-actin was used as an internal control. Scale bar represents 15 μM. Data represent mean ± SD of three independent experiments (n = 3). *P < 0.05, **P < 0.01 and ***P < 0.001 compared with the control group.






To elucidate the apoptotic mechanisms associated with DIM, levels of apoptosis-related proteins were evaluated by western blotting. One of the key events in apoptosis is the activation of a cascade of intracellular cysteine proteases known as caspases (Jacobson et al., 1997). Upon proteolytic activation by upstream caspases, caspase-3 cleaves a variety of substrates, including PARP. As shown in Figure 2C, treatment with DIM increased cleaved-caspase3, as well as other apoptosis-associated protein, such as cleaved-PARP and Bax/Bcl2, in a concentration-dependent manner. These results establish that cleaved-caspase3 is activated in response to DIM, and that the caspase cascade signaling is responsible, at least in part, for DIM induced apoptosis.




Effects of DIM on Phosphorylation of p38 MAPK in Liver Cancer Cells

To explore the potential mechanism underlying DIM-induced cell proliferation inhibition, the effects of DIM on MAPK activation were examined. HCC cells were treated with various concentrations of DIM for 24 h, and the levels of phospho-p38 MAPK and total p38 MAPK were evaluated by western blotting (Figure 3). DIM significantly increased the phosphorylation of p38 MAPK in both SMMC-7721 and HepG2 cell lines in a concentration-dependent manner compared with untreated cells, with no effect on total p38 MAPK level. The level of phospho-p38 was normalized to the total p38.
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Figure 3 | Effects of DIM on phosphorylation of p38 MAPK in hepatoma cancer cells. β-actin was used as an internal control. The level of phospho-p38 was normalized on the total p38.Data represent mean ± SD of three independent experiments (n = 3). *P < 0.05 and ***P < 0.001 compared with the control group.









Effects of p38 MAPK Inhibitor on DIM-Induced Phosphorylation of p38 MAPK and Apoptosis in Liver Cancer Cells

To evaluate the role of phospho-p38 in DIM-induced growth inhibition, a specific phospho-p38 MAPK inhibitor (SB203580) was used 3 h prior to the addition of DIM for 24 h. Western blot analysis confirmed that the inhibitor partially impaired the activation of phospho-p38 MAPK in response to DIM (Figure 4). Based on the results in Figure 1, 80 μM or 100 μM DIM in DIM in SMMC-7721 or HepG2, respectively, led to ~50% loss in cell viability. Pretreatment with the phospho-p38 inhibitor for 3 h partially attenuated the cell growth inhibition induced by 80 or 100 μM DIM in CCK-8 assays as well as colony formation assays (Figures 5A, B) in the following 24 h. In previous experiments, 5 μM SB203580 or 10 μM SB203580 in SMMC-7721 or HepG2, repectively, led to no cytotoxicity. SB203580 was used 3 h prior to the addition of DIM for 24 h. Western blotting analysis was consistent with the cell viability data, showing restoration of PCNA levels in cells treated with the p38 inhibitor and DIM compared with DIM treatment alone (Figure 5C). These results suggest that DIM-induced inhibition of proliferation is dependent, at least in part, upon phospho-p38 activity and that the proliferation inhibition is highly correlated with the phospho-p38 MAPK pathway in both SMMC-77721 and HepG2 cells.






[image: ]

Figure 4 | Effects of p38 MAPK inhibitor (SB203580) on DIM-induced phospho-p38 levels in hepatoma cancer cells. SB203580 was used 3 h prior to the addition of DIM for 24 h. β-actin was used as an internal control. Data represent mean ± SD of three independent experiments (n = 3). ***P < 0.001 compared with the control group; #P < 0.05, ##P < 0.01 compared with DIM alone group.
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Figure 5 | Effects of p38 MAPK inhibitor on DIM-induced apoptosis in hepatoma cancer cells. SB203580 was used 3 h prior to the addition of DIM for 24 h. (A) Effects of SB203580 on DIM-induced proliferation inhibition assessed by CCK-8 assay. (B) Effects of SB203580 on DIM-induced cell proliferation inhibition assessed by clonogenic formation assay. (C) Effects of SB203580 on DIM-induced PCNA protein expression. (D) Effects of SB203580 on DIM-induced changes of cleaved caspase-3. β-actin was used as an internal control. (E) Effects of SB203580 on DIM-induced apoptosis determined by Hoechst staining. (F) Effects of SB203580 on DIM-induced apoptosis determined by Annexin V-FITC/PI staining and flow cytometry. Scale bar represents 15 μM. Data represent mean ± SD of three independent experiments (n = 3). *P < 0.05, **P < 0.01 compared with controls; #P < 0.05, ##P < 0.01 compared with DIM alone group. 





To explore the potential mechanism underlying DIM-induced apoptosis, the evaluation of the expression of cleaved-caspase 3 in HCC cells pretreated with p38 inhibitor was observed. The results indicated that DIM-induced cleavage of caspase 3 was dependent upon phospho-p38 MAPK activity (Figure 5D). The p38 inhibitor also reversed the apoptosis induced by DIM partially, as evidenced by both Hoechst dye staining and flow cytometry analysis (Figures 5E, F). These results suggest that DIM-induced apoptosis in HCC is likely mediated through the phospho-p38 MAPK pathway.




Effects of DIM on Cytosolic Free Calcium in Liver Cancer Cells

To determine whether DIM affected [Ca2+]i levels, calcium imaging was performed with Fluo-3/AM in calcium-containing medium using fluorescence microscopy. As shown in Figures 6A, B, 60 μM DIM increased [Ca2+]i in both HCC cell lines. To further verify the role of cytosolic Ca2+ in this response, we chelated Ca2+ with 10 µM BAPTA-AM, in previous experiments, 10 μM BAPTA-AM showed no cytotoxicity in SMMC-7721 or HepG2 and found that BAPTA-AM strongly reduced the rise in free calcium concentrations.
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Figure 6 | Effects of DIM on cytosolic free calcium in hepatoma cancer cells. (A, B) Effects of BAPTA/AM on DIM-induced changes of cytosolic Ca2+ levels. Similar results were observed in at least three independent experiments. BAPTA-AM: 1,2-bis (2-aminophenoxy)ethane-N, N, N’, N’-tetraacetic acid/acetoxymethyl ester. Scale bar represents 15 μM. Data represent mean ± SD of three independent experiments (n = 3). *P < 0.05, **P < 0.01 compared with controls; #P < 0.05 compared with DIM alone group.








Effects of Chelating Cytosolic Ca2+ on DIM-Induced Cell Apoptosis in Liver Cancer Cells

To identify the source of the DIM-induced [Ca2+]i increase, HCC cells were pretreated with BAPTA-AM (10 µM) for 0.5 h to prevent the increase in [Ca2+]i transients. DIM (60 µM) was subsequently added for 24 h in the following experiments. No significant change in cell viability analysis was noted (Figure 7A). Western blotting analysis was consistent with the cell viability data. PCNA expression levels showed that BAPTA-AM loading did not alter the inhibition of proliferation (Figure 7B). In the presence of 60 µM DIM, BAPTA-AM loading did not prevent DIM-induced cytotoxicity. However, pretreatment with BAPTA-AM significantly suppressed DIM-induced apoptosis (Figures 7C, D). Western blotting showed that chelating Ca2+ with BAPTA-AM partially inhibited the DIM-induced phosphorylation of p38 MAPK (Figure 7E).
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Figure 7 | Effects of chelating Ca2+ with BAPTA-AM on DIM-induced changes of proliferation and apoptosis in HCC cells. BAPTA-AM (10 µM) was added 0.5 h prior to the addition of DIM (60 µM) for 24 h in the following experiments. (A) Effects of BAPTA-AM on DIM-induced cell proliferation measured with CCK-8 assays. Results are expressed as the percentage of blank control cells. (B) Effects of BAPTA-AM on DIM-induced changes of PCNA and p-AKT proteins. Similar results were observed in at least three independent experiments and β-actin served as a loading control. (C, D) Effects of BAPTA-AM on DIM-induced apoptosis detected by flow cytometry. Similar results were observed in at least three independent experiments. (E) Effects of BAPTA-AM on DIM-induced changes of p-p38 and cleaved-caspase 3 levels. GAPDH was used as an internal control. Data represent the mean ± SD of experiments conducted in triplicate (n = 3). *P < 0.05, **P < 0.01 and ***P < 0.001 compared with the control group; #P < 0.05, ##P < 0.01, ###P < 0.001 compared with DIM alone group.







Effects of Ca2+ Ionophore A23187 on DIM-Induced Cell Apoptosis and Phosphorylation of p38 MAPK in Liver Cancer Cells

To further address the calcium elevation effects, we decided to focus our studies on the use of a calcium ionophore. In previous experiments, 1 μM A23187 showed no cytotoxicity in HCC cells. Therefore the cells were pretreated A23187 (1 µM) for 0.5 h to increase [Ca2+]i, and DIM (60 µM) was subsequently added for 24 h. The calcium ionophore (A23187, 1 µM) increased the 60 µM DIM-induced elevation in [Ca2+]i transients (Figures 8A, B). The calcium ionophore also enhanced DIM-induced cytotoxicity by ~20% (Figure 8C). Western blotting analysis was consistent with the cell viability data. As shown in Figure 8D, increased [Ca2+]i led to a statistically significant decrease in AKT phosphorylation. A23187 significantly increased DIM-induced apoptosis (Figure 8E). Pretreatment with a calcium ionophore (Figure 8F) increased the phosphorylation of p38 MAPK in the presence of DIM by 75% in SMMC-7721 cells and 50% in HepG2 cells. In addition, cleaved-caspase3 increased by 50% in comparison with the DIM alone-induced protein level.
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Figure 8 | Effects of Ca2+ ionophore A23187 on DIM-induced cell apoptosis and phosphorylation of p38 MAPK in liver cancer cells. A23187 (1 µM) was added 0.5 h prior to the addition of DIM (60 µM) for 24 h in the following experiments. (A, B) Effects of A23187 on DIM-induced changes of [Ca2+]i. Analogous results were observed in a minimum of three independent experiments. (C) Effects of A23187 on DIM-induced changes of cell proliferation assessed by CCK-8 assays. Results are expressed as the percentage of blank control cells. (D) Effects of A23187 on DIM-induced changes of PCNA and p-AKT. β-actin served as a loading control. (E) Effects of A23187 on DIM-induced apoptosis detected by flow cytometry. Similar results were observed in a minimum of three independent experiments. (F) Effects of A23187 on DIM-induced apoptosis and phosphorylation of p38 MAPK. GAPDH was used as an internal control. Scale bar represents 15 μM. Data represent the mean ± SD of experiments conducted in triplicate (n = 3). *P < 0.05, **P < 0.01 and ***P < 0.001 compared with the control group, #P < 0.05, ##P < 0.01, ###P < 0.001 compared with the DIM alone group.










Discussion

In the present study, we probed the signaling mechanisms underlying the DIM-induced proliferation inhibition and apoptosis induction in liver cancer cells. Our study demonstrated several novel findings. First, we showed that DIM inhibited cell proliferation and enhanced cell apoptosis in SMMC-7721 and HepG2 cell lines. Second, DIM-induced activation of apoptosis and proliferation inhibition were attenuated by inhibiting p38 MAPK with SB203580, indicating that p38 MAPK activation is involved, at least in part, in the cellular effects of DIM. In addition, DIM altered calcium homeostasis, enhancing cytosolic calcium levels, accompanied by up-regulation of phospho-p38 MAPK. Pretreatment with the calcium chelator BAPTA-AM and calcium ionophore A23187 corroborated these findings. Thus, these results demonstrate that the apoptotic effects of DIM are mediated by the Ca2+-dependent p38 MAPK signaling pathway.

Proliferation inhibition and induction of apoptosis are two key mechanisms by which chemotherapeutic agents induce cytotoxic effects in cancer cells (Li et al., 2005). The present study shows that DIM treatment induces proliferation inhibition and apoptosis in HCC cells, consistent with earlier reports on the anti-proliferative and pro-apoptotic abilities of DIM (Shorey et al., 2012; Zhu et al., 2012; Li et al., 2015). These results suggest that this diet-derived phytochemical might have clinical utility as a therapeutic or adjuvant therapeutic agent for HCC.

Apoptosis is a process of programmed cell death. Previous studies have shown that DIM induces apoptosis in several cancer cell lines (Shorey et al., 2012; Weng et al., 2012; Zhu et al., 2012). Our results provide new evidence that DIM induces apoptosis in HCC cells, consistent with the antitumor effects of DIM in other cancers. Apoptosis is associated with activation of caspases (Kim, 2016) and MAPK (White and Sacks, 2010). Cleaved-caspase3, which is critical in executing cell death (Maddika et al., 2007), was significantly elevated after exposure to DIM.

Several studies have shown that DIM has antitumor effects via the Hippo signaling pathway in gastric cancer cells (Li et al., 2013), ERK signaling pathway, as well as the MAPK and PI3K pathways in cervical cancer cells (Zhu et al., 2012). Nevertheless, the mechanisms underlying DIM-induced proliferation inhibition and apoptosis induction in HCC have yet to be fully clarified.

p38 MAPK has also been shown to produce anti-apoptotic effects (Nakagawa et al., 2004). DIM suppressed p38 MAPK in human retinal pigment epithelial cells (Park et al., 2015). Thus, p38 MAPKs might play a dual role: namely in mediating cell survival or promoting cell death through differential mechanisms (Grossi et al., 2014). Here we examined whether the p38 MAPK signaling pathway is functionally involved in the proliferation inhibition and apoptosis induction by DIM. We found that DIM was effective in inducing proliferation inhibition in hepatoma cells through activation of the p38 MAPK signaling pathway.

We investigated the molecular mechanism underlying the effect of DIM in suppressing tumor cell proliferation. Phosphorylation of p38 MAPK has been implicated in cellular responses to apoptosis (Zarubin and Han, 2005). The human MAPK pathway has been repeatedly shown to be down-regulated in cervical cancer cells (Meira et al., 2009) and considered as a potential therapeutic target in melanoma (Inamdar et al., 2010). Thus, we speculated that increased p38 phosphorylation might offer efficacy in DIM cancer therapy by inhibition of proliferation and induction of apoptosis. Lu et al. have previously demonstrated that inhibition of p38 prevented p38-mediated apoptosis in HCC cells (Lu et al., 2015), showing that the selective p38 MAPK inhibitor SB203580 attenuated the DIM-induced apoptosis. Taken together, these studies indicate that p38 activation is critical in the induction of apoptosis by DIM.

p38 MAPK signaling has been shown to promote tumor growth (Voisset et al., 2013), and enhanced p38 MAPK phosphorylation has been correlated with poor overall survival in patients with HER-2 negative breast cancer (Esteva et al., 2004) or with HCC (Wang et al., 2012). The induction of apoptosis by an improved triptolide derivative is closely associated with down-regulation the PCNA, a proliferation marker (Wang et al., 2017). In this study, PCNA was found to be down-regulated in response to DIM treatment along with reduced proliferation and enhanced phosphorylation of p38 MAPK in HCC cells, suggesting that the p38 MAPK pathway was involved in the growth inhibition of HCC cells by DIM. This is consistent with earlier reports using other tumor cell types (Khwaja et al., 2009; Vivar et al., 2009). Furthermore, the DIM-induced proliferation inhibition in HCC cells was attenuated by treatment with a pharmacological inhibitor of p38 MAPK.

Prolonged cytosolic elevation of Ca2+ might be toxic and trigger cell death. Studies have shown that DIM-induced interferon-γ expression in MCF-7 human breast cancer is mediated by p38, which is dependent upon cytosolic calcium signaling (Xue et al., 2005). Lim et al. found that induction of apoptosis by carvacrol, a monoterpenoid phenol, is mediated by depolarization of overloaded mitochondrial calcium (Lim et al., 2019). We observed an increase in [Ca2+]i in response to DIM, which suggests DIM may induce sensitivity in HCC by causing disruption of cytosolic Ca2+ homeostasis.

We further noted that BAPTA-AM effectively prevented an increase in DIM-induced [Ca2+]i and that DIM-induced apoptosis could be partially blocked by BAPTA-AM. Cheng et al. found that elevated cytosolic calcium concentration is inseparable from apoptosis in hepatoma cells (Cheng et al., 2011). Therefore, we posited that a continuously increasing cytosolic Ca2+ level might disturb the fine-tuned Ca2+ homeostasis and trigger a cascade of events resulting in tumor cell apoptosis. Arachidonic acid-induced calcium release from the endoplasmic reticulum is a critical step of the signaling pathway leading to JNK activation in bone marrow stromal cells (Rizzo et al., 1999a; Rizzo et al., 1999b). Therefore, we hypothesized that cytosolic calcium might be involved in the upstream signaling events leading to DIM-induced p38 MAPK activation and subsequent apoptosis. Pre-treatment with BAPTA-AM followed by DIM was shown to decrease phosphorylated p38 levels, indicating that cytosolic calcium elevation mediated the DIM-induced activation of p38. The activated p38 subsequently led to SMMC-7721 and HepG2 cell apoptosis. Although elevation of [Ca2+]i may not be the primary cause for DIM cytotoxicity in HCC cells, since chelating free calcium with BAPTA-AM did not alter DIM-induced effects on cell proliferation, we found that [Ca2+]i chelation attenuated DIM-induced apoptosis. Taken together, these observations suggest that DIM requires Ca2+ signaling to activate p38 MAPK and subsequent apoptosis.

A23187 is a selective Ca2+ ionophore and is commonly used to increase [Ca2+]i in intact cells (White and Sacks, 2010). Increased intracellular calcium concentration by calcium ionophore A23187 aggravated the tamoxifen induced-proliferation inhibition in skin squamous cell carcinoma cells (Hasegawa et al., 2018). In the present study, co-treatment with DIM and A23187 at non-cytotoxic levels enhanced the proliferation inhibition of DIM. Co-treatment with A23187 and DIM in liver cancer cells also enhanced cell apoptosis in both cell lines, suggesting the calcium ionophore could enhance the effects of DIM. Modulation of Ca2+ influx has been previously shown to regulate several processes relevant to cancer, including cellular proliferation (Azimi et al., 2014). The A23187-treated C2C12 myoblasts cells occur in a manner distinct from its common effect on mitochondrial functions (Chmielewska and Malinska, 2011). A23187 administration led to a transient increase in cytosolic calcium levels, concomitant activation of calpain and a decrease in state 3 respiration rates, indicating mitochondrial dysfunction in C2C12 myoblasts, too. A23187 influenced of the opener on intracellular calcium levels led to elevation of [Ca2+]i (Malinska et al., 2010), A23187 had effects on mitochondrial respiration and ATP production, emphasizing the multiple mechanisms of A23187 to enhance the anti-cancer effect of DIM, and the effects of this molecule on mitochondrial respiration and ATP production deserves further exploration in HCC. Overall, enhancement of cytosolic calcium may offer a novel therapeutic route for chemotherapy in the treatment of liver cancer.




Conclusion

Cytosolic free calcium-dependent activation of p38 MAPK plays a key role in the anti-cancer effects of DIM. Combination of DIM with Ca2+ ionophore may serve as a new therapeutic approach to enhance chemotherapy efficacy in HCC.
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Hepatocellular carcinoma (HCC) is the sixth most common cancer and the third leading cause of cancer-related deaths globally. Despite advances in diagnosis and treatment, the incidence and mortality of HCC continue to rise. Piperlongumine (PL), an alkaloid isolated from the fruit of the long pepper, is known to selectively kill tumor tissues while sparing their normal counterparts. However, the killing effects of PL on HCC and the underlying mechanism of PL are not clear. We report that PL may interact with thioredoxin reductase 1 (TrxR1), an important selenocysteine (Sec)-containing antioxidant enzyme, and induce reactive oxygen species (ROS)-mediated apoptosis in HCC cells. Our results suggest that PL induces a lethal endoplasmic reticulum (ER) stress response in HCC cells by targeting TrxR1 and increasing intracellular ROS levels. Notably, PL treatment reduces TrxR1 activity and tumor cell burden in vivo. Additionally, TrxR1 is significantly upregulated in existing HCC databases and available HCC clinical specimens. Taken together, these results suggest PL as a novel anticancer candidate for the treatment of HCC. More importantly, this study reveals that TrxR1 might be an effective target in treating HCC.

Keywords: thioredoxin reductase 1, reactive oxygen species, hepatocellular carcinoma, endoplasmic reticulum stress, piperlongumine



Introduction

Liver cancer, the sixth most common human malignancy and the third leading cause of cancer mortality, is a major public health problem, and hepatocellular carcinoma (HCC) represents more than 90% of primary liver cancers (Zhou et al., 2017). Typically, HCC is usually diagnosed at an advanced stage, and many patients with advanced stage HCC are not eligible for curative therapies (Liu et al., 2015a). Moreover, the effects of traditional systemic chemotherapy on HCC and the survival rate are poor (Del Pozo and Lopez, 2007; Cidon, 2017). Thus, the identification of a novel therapeutic approach for treating HCC is urgently needed.

Piperlongumine (PL) is a naturally occurring small molecule derived from the fruits and roots of the long pepper plant (Karki et al., 2017). The chemical structure of PL has been well characterized (Figure 1A). PL has been used in traditional Ayurvedic medicine to treat gastrointestinal and respiratory diseases for a thousand years (Xiong et al., 2015). Recent studies demonstrated that PL is highly and selectively toxic toward cancer cells, strongly suggesting that PL is a promising bioactive agent for liver cancer therapy (Gong et al., 2014). PL has been proposed to induce cancer-selective cell death by elevating reactive oxygen species (ROS) levels (Jin et al., 2014). However, the mechanism by which PL induces ROS remains poorly defined, and the primary cellular target and mode of action of PL in HCC are still unclear.



[image: ]

Figure 1 | PL inhibits cell growth and induces ROS accumulation in HCC cells. (A) Chemical structure of PL. (B) The effect of PL on the proliferation of HCC cells. Cells were incubated with increasing doses of PL for 24 h, respectively. Cell viability was determined by MTT assay. (C) Intracellular ROS generation in HUH-7 cells was determined in a time- and dose-dependent manner using the redox-sensitive dye DCFH-DA (10 μM). HUH-7 cells were treated with PL (15 μM) for the indicated times. HUH-7 cells were preincubated with or without 5 mM NAC for 2 h before exposure to PL at the indicated concentrations for 30 min. Intracellular ROS generation was measured by flow cytometry. (D) Quantiﬁcation of 2’-,7’dichlorofluorescein (DCF) fluorescence data from (C). (E) Intracellular ROS generation induced by PL was measured by fluorescence microscopy. Magnification, 200×. Bar, 100 µm. HUH-7 cells were preincubated with or without 5 mM NAC for 2 h before exposure to PL (15 μM) for 30 min. Then, intracellular ROS generation was measured by fluorescence microscopy. (F) Effect of PL treatment on colony formation. Cells were preincubated with or without 5 μM NAC for 1 h before exposure to PL at the indicated concentration for 5 h and then stained with crystal violet on day 8. Data represent similar results from three independent experiments. Error bars represent the S.E.M. of triplicate experiments (*p < 0.05, **p < 0.01).




Continuous oxidative stress resulting from the generation of ROS by environmental factors or cellular mitochondrial dysfunction has recently been associated with the progression of HCC (Sosa et al., 2013). Simply put, ROS play a key role in the development of cancer. A moderate increase in ROS can promote cell proliferation and differentiation, whereas excessive amounts of ROS can cause oxidative damage to crucial cellular macromolecules and lead to cell death (Cairns et al., 2011; Taniguchi et al., 2012; Glasauer and Chandel, 2014). Therefore, modulating ROS homeostasis or oxidative stress-responses has been proposed as an effective therapeutic strategy for cancer.

The thioredoxin (Trx) system, which consists of NADPH, Trx reductase (TrxR), and Trx, is a vital antioxidant system that plays a critical role in regulating cellular redox processes (Lu and Holmgren, 2014; Koharyova and Kollarova, 2015). There are three mammals TrxR1 (H-TrxR) isoforms: TrxR1, which is found in the cytoplasm; TrxR2, which is found in mitochondria; and TrxR3 (also called Trx glutathione reductase, TGR), which is expressed only in specialized tissues (e.g., the testis) (Arner, 2009; Rigobello and Bindoli, 2010). TrxR1 is overexpressed in many human tumors and has emerged as a valuable target for anticancer drug development (Mahmood et al., 2013; Fan et al., 2014). Generally, one possible mechanism is that cancer cells atypically drive their reductive pathways to maintain cell viability and escape from the cytotoxic effects of increased ROS. The Trx system using NADPH channeled through Trx reductase 1 (TrxR1) is one of the major redox systems. Mounting evidence suggests that many redox regulators are involved in resistance to anticancer drugs (Arner, 2017). Targeting TrxR1 has been shown to occur with many different electrophiles with anticancer potential (Cebula et al., 2015).

In the present study, we noticed that TrxR1 is overexpressed in clinical liver HCC and that PL could inhibit TrxR1 activity to induce oxidative stress in HCC. Additionally, PL could induce apoptotic cell death in HCC cells via activating the ROS-dependent endoplasmic reticulum (ER) stress pathway. Taken together, our findings provided a molecular mechanism by which PL kills liver cancer cells and shed light on how PL works in vivo.




Materials and Methods



Reagents

PL (S7551) was purchased from Selleck Chemical (Shanghai, China), the purity of PL is 99.33%. N-Acetylcysteine (NAC) was purchased from Sigma-Aldrich (St. Louis, MO, USA). PI was purchased from BD Pharmingen (Franklin Lakes, NJ). Hoechst stain and DCFH-DA were purchased from Beyotime Biotechnology (Nantong, China). Anti-Cdc2, anti-Bcl-2, anti-Bax, anti-CyclinB1, anti-TrxR1, and anti-Ki67 antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA), and anti-ATF-4, anti-EIF2α, anti-CHOP, and anticleaved caspase-3 antibodies were purchased from Cell Signaling Technology (Danvers, MA). HRP-conjugated secondary antibodies were also obtained from Cell Signaling Technology.




Cell Culture

Human HCC cell lines (HUH-7 and HepG2) were purchased from the Institute of Biochemistry and Cell Biology, Chinese Academy of Sciences (Shanghai, China). HUH-7 cells were cultured in DMEM medium (Gibco, Eggenstein, Germany), whereas HepG2 was grown in MEM(Gibco). All medium formulations were supplemented with 10% heat-inactivated fetal bovine serum (Gibco, Eggenstein, Germany), and cells were grown in a humidiﬁed cell incubator with an atmosphere of 5% CO2 at 37°C.




Cell Viability Assay

HUH-7 and HepG2 cells were seeded into 96-well plates at a density of 8 × 103 cells per well in DMEM and MEM, respectively, containing 10% heat-inactivated FBS for 24 h and allowed to attach overnight. PL was dissolved in DMSO and diluted with DMEM or MEM to final concentrations of 0.625, 2.5, 5, 10, 15, 20, 30, 40, and 50 µM. The cells were incubated with PL for 24 h before the (Mosman, 1983) MTT assay.




Determination of Cellular ROS

Cellular ROS generation was measured by flow cytometry. Briefly, 5 × 105 cells were plated in 6-well culture dishes and allowed to attach overnight. The cells were then treated with PL at different concentrations and for different indicated times. Then, the cells were stained with 10 μM DCFH-DA (Beyotime Biotechnology, Nantong, China) at 37°C for 30 min. The cells were harvested and then washed three times with ice-cold PBS, and fluorescence was measured by flow cytometry (FACSCalibur, BD Biosciences, CA). In some experiments, the cells were pretreated with 5 mM NAC for 2 h. In all experiments, 8,000 viable cells were analyzed.




Colony Formation Assay

Cells were seeded in 6-well plates at 500 cells per well for 24 h and then preincubated with or without NAC for 1 h before PL treatment for 5 h. One week later, the cells were stained with a crystal violet solution (0.5 crystal violet in 25% methanol) to assess colony growth.




Determination of Morphological Features of Apoptosis

A total of 5 × 105 cells were plated on 60-mm dishes, allowed to attach overnight, and then treated with PL (15 μM) in the presence or absence of NAC (5 mM) for 2 h. Twenty-four hours later, the cells were ﬁxed, washed twice with PBS, and stained with Hoechst or PI or acridine orange and ethidium bromide staining solution according to the manufacturer’s instructions. The cells were observed and imaged using a ﬂuorescent microscope (Nikon, Tokyo, Japan) with 20× ampliﬁcation.




Cell Transfection for Gene Silencing

ATF4 and TrxR1 siRNA oligonucleotides were synthesized by GenePharma (Shanghai, China). HUH-7 cells were seeded at a density of 1 × 105 in 6-well plates for 24 h. siRNA against human ATF4, TrxR1, or nontargeting control siRNA (GenePharma) were transfected at a final concentration of 50 pmol (ATF4: sense 5’-GCCUAGGUCUCUUAGAUGATT-3’; antisense 5’-UCAUCUAAGAGACCUAGGCTT-3’) or 100 nmol (TrxR1: sense 5’-GCAAGACUCUCGAAAUUAUTT-3’; antisence 5’-AUAAUUUCGAGAGUCUUGCAG-3) using lipofectamine 3,000 reagent (Invitrogen, CA) in serum-free medium for 6 h. Complete growth medium was then added and the cells were cultured for an additional 24 h. Levels of silenced genes were determined by western blotting and apoptotic cell death was assessed by acridine orange and ethidium bromide dual staining.




Cell Cycle Analysis

Cells were placed on 60-mm plates for 24 h and then treated with PL (5, 10, or 15 μM) for 16 h in the presence or absence of NAC (5 mM). The cells were then collected and centrifuged at 1,000 rpm for 5 min. The supernatant was discarded, and the isolated cells were washed with ice-cold PBS. After being resuspended in 100 µL PBS, the cells were fixed with ice-cold 75% ethanol and stored at −20°C for 12 h. After centrifugation, the cells were washed twice with ice-cold PBS and then stained with PI at 4°C for 20 min in the dark. Cell cycle analysis was performed with a FACSCalibur ﬂow cytometer. The fractions of cells in G2/M phase were used for statistical analysis using FlowJo 7.6 software (TreeStar, San Carlos, CA, USA).




Western Blot Analysis

Cells or tumor tissues were homogenized in protein lysis buffer, and debris was removed by centrifugation at 12,000 rpm for 10 min at 4°C. Protein concentrations in all samples were quantified by using a Bradford protein assay (Bio-Rad, Hercules, CA). Protein samples were separated using 6–12% sodium dodecyl sulfate-polyacrylamide gels and transferred to PVDF membranes. The blots were blocked for 2 h at room temperature with freshly prepared 5% nonfat milk in TBST. Blots were then probed with specific primary antibodies overnight at 4°C. Horseradish peroxidase-conjugated secondary antibodies and an ECL kit (Bio-Rad) were used for protein  detection.




Endpoint Insulin Reduction Analysis

Untreated HUH-7 cells or xenografted tissues were collected and lysed with RIPA buffer in the presence of protease inhibitors. The concentrations of protein in the cell lysate and tumor tissue lysate were determined using the Bradford method. Cell extracts containing 50 μg of total proteins were incubated in ﬁnal reaction volumes of 50 μl containing 4 μM E. coli Trx, 0.4 mM NADPH, and 0.32 mM insulin for 30 min at 37°C. Then, the reaction mixtures were incubated at room temperature for 2 h. The reactions were terminated by the addition of 100 μl of 1 mM DTNB in 6 M guanidine hydrochloride (pH 8.0), and the absorbance at 412 nm was measured using a microplate reader. The blank value was subtracted from the corresponding absorbance value of the sample. The activity was expressed as the percentage of the control.




Hepatoma Xenograft Model

All animal experiments complied with Wenzhou Medical University’s Policy on the Care and Use of Laboratory Animals. Protocols for animal studies were approved by the Wenzhou Medical College Animal Policy and Welfare Committee (approved documents: 2016/APWC/0046). Five-week-old athymic BALB/c nu/nu female mice (17–20 g) were purchased from Vital River Laboratories (Beijing, China). The mice were housed at a constant room temperature with a 12/12 h light/dark cycle, fed a standard rodent diet, and given water ad libitum. The mice were blindly and randomly divided into two experimental groups. A total of 5×106 HUH-7 cells in 100 μl of PBS were subcutaneously injected into the right flank of the mice. When tumors reached a volume of 50–100 mm3, the experimental group was treated with intraperitoneal injections of PL (10 mg/kg) every three days for 18 days. The tumor volumes were determined at the indicated time points by measuring tumor length (l) and width (w) and calculating tumor volume (V = 0.5 × l × w2). At the end of the experiment, the mice were killed after being anaesthetized by intraperitoneal injection of pentobarbital sodium (50 mg·kg−1), and the tumors were isolated by surgery in a room separated from the other animals. Then, the tumors were removed and weighed for in vitro experiments. Samples were prepared for histology and protein assays.




Malondialdehyde (MDA) Assay

Tumor samples from nude mice were homogenized. The tissue lysates were then centrifuged at 12,000 × g for 10 min at 4°C to collect the supernatants. Total protein content was determined by the Bradford assay. MDA levels were detected using a Lipid Peroxidation MDA assay kit (Beyotime Institute of Biotechnology).




Patient Samples

This study was approved by the Institutional Research Human Ethical Committee of Wenzhou Medical University for the use of clinical biopsy specimens, and informed consent was obtained from the patients. A total of 16 liver cancer biopsy samples from patients who were clinically diagnosed at the Fifth Aﬃliated Hospital of Wenzhou Medical University from 2015 to 2017 were analyzed. HCC tissues and matched tumor-adjacent morphologically normal liver tissues were frozen and stored in liquid nitrogen until further use.




Immunohistochemistry and Haematoxylin and Eosin (H&E) Staining

Collected tumor tissues were fixed in 10% formalin at room temperature, processed and embedded in paraffin. Paraffin-embedded tissues were sectioned at 5 μm. After being hydrated, the tissue sections were incubated with primary antibodies overnight. Conjugated secondary antibodies and diaminobenzidine (DAB) were used for detection. Routine H&E staining was performed on mouse liver, kidney, and heart tissues. Sectional images were obtained with Image-Pro Plus 6.0 (Media Cybernetics, Inc., Bethesda, MD).




Statistical Analysis

All experiments were carried out as three independent replicates (n = 3). The data are expressed as the means ± S.E.M.s. All statistical analyses were conducted using GraphPad Prism version 5.0 (GraphPad, San Diego, CA, USA). Student’s t-test was employed to analyze the differences between sets of data. A p-value < 0.05 indicated statistical signiﬁcance.





Results



PL Increases ROS Levels and Significantly Inhibits the Proliferation of HCC Cells

To detect the effect of PL on HCC cells, we selected two HCC cells lines (HUH-7 and HepG2), treated them with increasing concentrations of PL for 24 h and evaluated cell viability using the MTT assay. PL treatment significantly decreased the viability of the two cell lines in a dose-dependent manner (Figure 1B). Next, we evaluated whether the killing effect of PL on HCC cells was related to ROS accumulation. ROS levels in HUH-7 cells were examined by flow cytometry using the redox-sensitive fluorescent probe 2’-,7’dichlorofluoresce in diacetate (DCFH-DA). PL treatment caused a time-dependent and dose-dependent increase in ROS levels in HUH-7 cell, which suggested that PL could disturb the levels of intracellular ROS. Interestingly, pretreatment with NAC, a specific ROS inhibitor, for 2 h apparently suppressed PL-induced increases in ROS levels (Figures 1C, D). Similarly, we detected the fluorescence intensity by a fluorescence microscope also discovered that PL may increase the levels of intracellular ROS and that this effect was almost completely reversed by pretreatment of the cells with NAC (Figure 1E). In addition, colony formation by HCC cells was significantly reduced when the cells were treated with PL. However, NAC fully abolished this reduction in colony formation induced by PL (Figure 1F). These results suggest that PL can induce ROS accumulation and cell death in HCC cells.




PL Induces ROS-Dependent Apoptosis in HCC Cells

To investigate the proapoptotic effects of PL in HCC cells, the two HCC cell lines were treated with PL in the presence or absence of NAC using Hoechst and propidium iodide (PI) staining assays. HCC cells exhibited the apoptotic characteristics nuclear condensation and fragmentation after treatment with PL for 24 h. NAC pretreatment almost completely reversed PL-induced apoptosis in HCC cells (Figures 2A, B). HCC cell apoptosis was also observed in PL-treated cells through morphological changes. The morphology of HCC cells changed markedly in comparison with the morphology of regular cancer cells. As observed under a microscope, the cancer cells became round and clearly shriveled following PL treatment. Pretreatment with NAC reversed the morphological changes in the cells induced by PL (Figure 2C). The proapoptotic effect of PL on HCC cells was further examined using a western blot assay. PL treatment decreased the levels of the antiapoptotic proteins Bcl-2 and procaspase3 and increased the levels of the proapoptotic proteins Bax and cleaved caspase-3 in a dose-dependent manner. Preincubation with NAC almost completely reversed these changes (Figures 2D, E). To conclude, these results confirmed that ROS induction mediates PL activated apoptotic pathways and is a vital upstream regulator of apoptosis.
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Figure 2 | PL-induced apoptosis is dependent on intracellular ROS generation in HCC cells. (A–C) PL treatment induces apoptotic characteristics in HCC cells. Magnification, 200×. Bar, 100 µm. HCC cells were preincubated with or without 5 mM NAC for 2 h before exposure to PL (15 μM) for 24 h. Cell morphology was observed using an inverted microscope after Hoechst and PI staining. (D) Two HCC cell lines were preincubated with or without 5 mM NAC for 2 h before exposure to PL at the indicated concentration for 24 h, and apoptosis-related protein expression was determined by western blotting. Data represent similar results from three independent experiments. (E) Western blot results from (D) were calculated and compared with the BAX or caspase3. Western blot results were calculated and represent the percentage of the control (*p < 0.05, **p < 0.01). All images shown here are representative of three independent experiments with similar results. 






PL Induces ROS-Dependent G2/M Cell Cycle Arrest in HCC Cells

To confirm whether the growth inhibition in HCC cells by PL treatment was caused by cell cycle arrest, HCC cells were preincubated with NAC for 2 h before their exposure to various concentrations of PL for 16 h, and the cell cycle was then determined by ﬂow cytometry. PL induced the accumulation of cells in G2/M phase in a dose-dependent manner, while the blocking of ROS generation by NAC completely attenuated PL-induced cell cycle arrest in HCC cells (Figures 3A–C). These ﬂow cytometry data were mirrored by western blot analysis of cell cycle related proteins such as Cyclin B1 and Cdc2 in HCC cells (Figure 3D). These results revealed that the potent growth-inhibitory properties of PL are partly related to the induction of G2/M phase arrest and that ROS induction also mediates PL-induced G2/M phase cell cycle arrest.
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Figure 3 | PL induces -induced cell cycle arrest is dependent on intracellular ROS generation in HCC cells. (A) HUH-7 and HepG2 cells were preincubated with or without 5 mM NAC for 2 h before exposure to PL at the indicated concentrations for 16 h. The cell cycle distribution was analyzed by flow cytometry. (B and C) Representative histogram from the cell cycle analysis shown in panel (A). (D) Expression of G2/M phase-related proteins CyclinB1 and CDC2 in HCC cells exposed to the indicated concentration of PL with or without NAC (5 mM) for 20 h. GAPDH was used as an internal control. Data represent similar results from three independent experiments. Error bars represent the S.E.M. of triplicate experiments (*p < 0.05, **p < 0.01).






PL Activates ROS-Dependent ER Stress Signaling in HCC Cells

As reported, ROS accumulation and redox status perturbation disrupt protein folding in the ER, causing ER stress (Plackova et al., 2016). Therefore, we attempted to understand whether PL induced ROS-dependent apoptosis was associated with ER stress. We examined the ER stress-related proteins, phosphorylated protein kinase RNA-like eukaryotic initiation factor 2α (p-EIF2α) and activating transcription factor-4 (ATF4), in PL-treated HCC cells. We recorded a time-dependent increase in ATF4 and phosphorylated eIF2α in HCC cells. Peak ATF4 and phosphorylated eIF2α levels were observed 3–6 h after the treatment of HCC cells with PL (Figures 4A, B). Furthermore, PL increased the expression of p-PERK and ATF4 in a dose-dependent manner. Importantly, pretreatment with the antioxidant NAC completely blocked the expression of these proteins in HCC cells (Figures 4C, D). Finally, to confirm if ER stress plays an essential role in response to PL-induced cell death, ATF4 was silenced in HUH-7 cells. ATF4-silencing led to significantly reduced number of apoptotic cells upon 15 µM PL treatment (Figure 4E). These findings indicated that the ER stress pathway may potentially be involved in PL-induced HCC cell apoptosis and that ROS induction also mediates PL-induced ER stress.
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Figure 4 | The ER stress pathway is involved in PL-induced apoptosis by promoting the accumulation of ROS. (A) HUH-7 and HepG2 cells were treated with PL (15 μM) for the indicated times, and the protein levels of p-eIF2α and ATF4 were determined by western blotting. GAPDH and eIF2α were used as internal controls. (B) Western blot results from (A) were calculated and compared with the control. (C) HUH-7 and HepG2 cells were pretreated with or without 5 mM NAC for 2 h before exposure to PL at the indicated concentrations. Six hours later, ATF4 and p-EIF2α expression was detected by western blot. GAPDH and eIF2α were used as internal controls. (D) Western blot results from (C) were calculated and compared with the control. (E) HUH-7 cells were transfected with siRNA against ATF4. Cells were then exposed to 15 μM PL and apoptotic cells were determined by acridine orange and ethidium bromide dual staining. Data represent similar results from three independent experiments. Western blot results were calculated and represent the percentage of the control (*p < 0.05, **p < 0.01).






TrxR1 Is Upregulated in HCC

Elevated levels of TrxR1 have been found in several malignancies and may be connected with aggressive tumor growth and poor survival. We speculated that TrxR1 is also overexpressed in HCC. Subsequent analyses using 369 liver hepatocellular carcinoma (LIHC) cases and 50 normal adjacent tissues (NATs) from the GSE59590 data set suggested that TrxR1 is significantly upregulated in LIHC tissues compared with its level in NATs (Figure 5A). Kaplan-Meier survival analysis showed that high TrxR1 expression is significantly correlated with poor patient survival (Figure 5B). Histopathological analyses were conducted to further examine TrxR1 expression in clinical LIHC. Analyzing of 16 evaluable paired clinical LIHC tissues and NATs, in which TrxR1 was measured in cancer tissues and compared with TrxR1 in corresponding NATs, revealed that TrxR1 was overexpressed in clinical LIHC cases (Figures 5C, D). These results supported the idea that TrxR1 is significantly upregulated in clinical LIHC tissues. In addition, to examine whether inhibition of TrxR1 was involved in PL-induced liver cancer apoptosis, we silenced TrxR1 in cells and exposed the cells to 15 µM PL. TrxR1 silencing significantly enhanced PL-induced HUH-7 cell apoptosis when compared to PL alone treated cells (Figure 5E). Thus, our findings indicates that PL directly targeted TrxR1 and induced apoptotic cell death by reducing TrxR1 activity.
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Figure 5 | Upregulation of TrxR1 expression in LIHC. (A) TrxR1 levels in LIHC liver hepatocellular carcinoma and NATs normal adjacent tissues. (B) Higher increased TrxR1 protein expression predicts decreased survival. (C) Representative immunohistochemical staining for TrxR1 in LIHC and NATs. Bar, 100 µm. (D) Summary of immunohistochemical staining results. (E) HUH-7 cells transfected with TrxR1 siRNA and treated with 15 µM PL. Apoptotic cells were determined by acridine orange and ethidium bromide dual staining. Three independent experiments were performed.






PL Inhibits HUH-7 Xenograft Tumor Growth Accompanied by Increased ROS Levels and Decreased Trxr1 Activity

To assess the effect of PL treatment in vivo, we used a subcutaneous xenograft model of HUH-7 cells in immunodeﬁcient mice. Next, We treated mouse HUH-7 tumors with PL. Treatment with 10 mg/kg PL for 18 days resulted in both a visual reduction in tumor volume and a reduction in tumor weight (Figures 6A–C). Importantly, no significant changes in body weight were observed in PL-treated mice compared to untreated mice (Figure 6D). We next examined vital organs (heart, liver, and kidney) to ascertain the any potential toxicity of PL and found that PL treatment is nontoxic (Figure 6E).
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Figure 6 | PL inhibits HUH-7 xenograft tumor growth accompanied by increasing ROS levels and decreasing TrxR1 activity. PL treatment inhibited tumor volume (A–B) and tumor weight. (C) of HUH-7 HCC xenografts in nude mice, but did not affect the body weight. (D) of the mice. (E) H&E staining images of kidney, liver, and heart tissues from the two groups showing no significant alterations. Bar, 100 µm. (F) Western blot analysis of ATF4, CHOP, and cleaved caspase-3 levels in resected tumor specimens. Bar, 100 µm. GAPDH and caspase-3 were used as loading control. (G) Immunohistochemical staining of tumor specimens for the cell proliferation marker Ki-67, the apoptosis marker cleaved caspase-3 and Bcl-2. (H) Levels of the oxidative stress marker MDA in the tumor tissues. (I) TrxR1 enzyme activity was measured with/without PL treatment in vitro. (J) TrxR1 activity of TrxR1 in tumor tissue lysates as determined by an endpoint insulin reduction assay. Data represent similar results from three independent experiments. Error bars represent the S.E.M. of triplicate experiments (*p < 0.05, **p < 0.01).
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Figure 7 | Schematic illustration of the underlying mechanism of the anticancer activity of PL.





To determine whether the mechanisms we identified in our in vitro studies are also relevant to a xenograft model as vitro studies, we assessed the levels of key proteins identified from our culture studies. Western blotting analyses of the tumor tissues suggested that PL treatment increased the levels of ATF4, CHOP, and cleaved caspase-3 (Figure 6F), suggesting that PL-induced apoptosis in HUH-7 cells is connected to ER stress in vivo. Apoptosis, as assessed by the cleaved caspase-3 level, was increased in tumors following treatment with PL (Figure 6G). Correspondingly, PL treatment decreased the level of Bcl-2 and Ki-67 immunoreactivity. These ﬁndings indicated increased apoptosis and reduced cell proliferation in tumor tissues (Figure 6G). Moreover, PL treatment increased the levels of the product of lipid peroxidation (MDA) in tumor tissues (Figure 6H), suggesting increased ROS levels. In addition, TrxR1 activity in HUH-7 cells and tumor xenografts was measured by an endpoint insulin reduction assay, which showed that treatment with PL signiﬁcantly reduced the activity of TrxR1(Figures 6I, J). In conclusion, these results support the targeting of TrxR1 by PL, which elevates oxidative stress and subsequently induces apoptosis in HCC.





Discussion

Natural products have played an important role as effective sources of antitumor agents (Khoogar et al., 2016; Zhou et al., 2016). PL, a natural product isolated from the fruit of the long pepper, is a promising bioactive agent with proven antineoplastic effects on some tumor models (Wang et al., 2015). Relative to healthy cells, cancer cells harbor higher levels of ROS and exhibit an increased antioxidant defense system in an uncontrolled status (Trachootham et al., 2009; Denicola et al., 2011). As a result, cancer cells fail to deal with excrescent oxidative stress and become vulnerable to superfluous ROS (Raj et al., 2011; Glasauer and Chandel, 2014). This fact makes prooxidant cancer therapy an interesting area of study. Our results showed that PL could interfere with intracellular ROS levels in HCC cells, but a specific ROS inhibitor, NAC, significantly inhibited this PL-induced increase in ROS levels. Apoptosis usually manifests as cell contraction and separation, as well as nuclear condensation and fragmentation (Taatjes et al., 2008). By Hoechst, and PI staining using an inverted microscope, we observed that PL could induce ROS-dependent apoptosis. In addition, mitochondria are central to the regulation of apoptosis (Briehl et al., 2014). Several Bcl-2-family proteins, both antiapoptotic (Bcl-2) and proapoptotic (Bax), have C-terminal transmembrane domains that inserted in the outer membranes of mitochondria (Yip and Reed, 2008; Bhat et al., 2017). In this study, consistent with the observed morphological changes, treatment with PL signiﬁcantly decreased the Bcl-2/Bax protein ratio in HCC cells. Importantly, NAC almost completely reversed these PL-induced changes in HCC cells. Imbalance of Bcl-2 family expression eventually leads to the apoptosis of HUH-7 and HepG2 cells. Thus, our ﬁndings revealed that ROS are pivotal upstream regulators of the anticancer activity of PL.

The ER is a crucial organelle in protein folding, modification, and secretion (Liu et al., 2015b). ER malfunction induced by various factors can lead to the unfolded protein response (UPR), resulting in ER stress. The UPR induces PERK-mediated phosphorylation of eIF2α, which attenuates normal mRNA translation but allows the preferential translation of ATF4 (Lafleur et al., 2013; Bhat et al., 2017; Marciniak, 2017; Oakes, 2017). ATF4 is a pivotal transcription factor in the ER stress pathway that mediates the induction of death-promoting transcriptional regulatory genes (Iurlaro and Munoz-Pinedo, 2016). As expected, PL was capable of inducing ROS-dependent ER stress in HCC cells, which led to cell death. In addition, the extent of ER stress following PL treatment was impaired after ROS were blocked by NAC, indicating that down-stream signaling was mediated by upstream signaling from ROS.

Redox homeostasis, the balance of which is maintained by two major cellular antioxidant systems, including the glutathione system and the thioredoxin system, is crucial for cellular viability and normal cellular functions (Benhar et al., 2016; Dagnell et al., 2018). Inside cells, the Trx system also acts as a redox regulator, which protects cells from damage caused by oxidative stress, scavenges ROS, and controls cellular redox balance (Koharyova and Kollarova, 2015). However, acting as a double-edged sword, TrxR1 both prevents and promotes cancer (Hatfield et al., 2009; Mahmood et al., 2013; Arner, 2017). In normal cells, TrxR1 can protect against oxidant stress and regulate cell apoptosis, whereas in tumor cells with high TrxR1expression (Du et al., 2012), the antiapoptotic function of TrxR1 promotes their growth and progression (Tonissen and Di Trapani, 2009). Moreover, Trx/TrxR system confers an aggressive tumor phenotype, poorer prognosis, decreased patient survival and resistance to programmed cell death (Mollbrink et al., 2014; Fu et al., 2017; Cho et al., 2019). Consistent with this, our results demonstrate that TrxR1 is overexpressed in LIHC and that high TrxR1 expression is associated with poor patient survival. This renders TrxR1 an interesting candidate for liver cancer chemotherapy. In this work, PL inhibited the enzyme function of TrxR1 and further shifted TrxR1 to an NADPH oxidase to generate superoxide anions, leading to ROS accumulation and ultimately eliciting oxidative stress.

We have summarized the possible mechanisms involved in PL-induced cell death in HCC based on analysis of the experimental results (Figure 7). In summary, we suggest TrxR1 as a novel target for liver cancer treatment and have demonstrated that PL induces ROS-dependent apoptosis in HCC cells by targeting TrxR1. Elucidating the PL-TrxR1 interaction may shed light on how this alkaloid acts in vivo, and understanding this novel targeting mechanism could lead to the development of small molecule inhibitors of TrxR1 as potential HCC chemotherapeutic agents.
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A series of ester and amide derivatives of triterpenoid saponin Pulsatilla saponin D (PSD) were designed, synthesized, and evaluated for their antiproliferative activity. Compounds 1 and 6 displayed 1.7–8.3 times more potent cytotoxicity (IC50 = 1.2–4.7 and 1.7–4.5 μM, respectively) against five human tumor cell lines (SMMC-7721, MCF-7, NCI-H460, A549, and HCT-116) in vitro and lower acute toxicity to mice in vivo than did PSD. Furthermore, compound 6 was observed to show potent tumor growth inhibition against mice H22 hepatocellular cells (49.8% at 20 mg/kg) and induce cell cycle at G1 phase and apoptosis in HCT-116 cells.

Keywords: Pulsatilla saponin D, synthesis, antiproliferative activity, acute toxicity, apoptosis



Introduction

The Pulsatilla chinensis (Bunge) Regel, a traditional Chinese herb, is used for “blood cooling,” stopping dysentery, and detoxification (Chen et al., 2015; Liu et al., 2013; Jiang et al., 2009; Fang et al., 2016). A series of triterpenoid saponins were isolated from the plant and reported to possess various biological activities such as anticancer, anti-inflammatory, antiviral and antibacterial, and so on (Liang et al., 2011; Ye et al., 2014; Guan et al., 2015; Acebey-Castellon et al., 2011). In our efforts to discover anticancer agents, we focus on the modification of natural product as an effective and powerful strategy, which is also a promising approach to develop new lead compounds (Che et al., 2014).

Among these triterpenoid saponins, several abundant components including hederacolchiside A1, Pulsatilla saponin D (PSD), and α-hederin (Figure 1) exhibited potent antitumor activities in vitro and in vivo (Chen et al., 2018; Zhang et al., 2015; Shu et al., 2013; Xu et al., 2012; Yan et al., 2008; Kim et al., 2013). However, due to the hemolytic toxicity of triterpenoid saponins, it is impossible to develop them as clinical medicines directly. We have previously investigated hederacolchiside A1 derivatives bearing furoxan fragment as a nitric oxide donor against solid tumor in animal models (Fang et al., 2017). Nevertheless, since the isolation of hederacolchiside A1 was in a lower yield than PSD, it was difficult to obtain the material, which limited its modification.



[image: ]

Figure 1 | The structures of three triterpenoid saponins.




In our attempts to discover the valuable anticancer agents, PSD was chosen as the lead compound. PSD (hederagenin 3-O-a-L-rhamnopyranosyl-(1/2)-[b-D-glucopyranosyl-(1/4)]-a-L-arabinopyranoside), also named SB365 in the literature, was isolated from P. chinensis (Bunge) Regel in our department and showed excellent bioactivity (Kim et al., 2004; Bang et al., 2005). A structure–activity relationship study indicated that the 28-COOH is the moiety causing hemolytic toxicity, so modification of PSD was conducted by converting it to ester or amide bearing various functional groups such as alkyl, amino, halogen, hydroxyl, and carboxyl groups. We would see whether these moieties were beneficial for enhancement of antitumor activity and lowering of toxicity. In addition, we envisaged that the shelter of carboxyl group would significantly improve antiproliferative activities and hemolysis issue. Herein we presented the synthesis, biological evaluation, and mode of action of PSD derivatives as antitumor agents.




Results and Discussion



Chemistry

PSD derivatives were generated from the natural product PSD, following the procedures and conditions as shown in Schemes 1 and 2. Esterification of PSD with iodomethane, iodoethane, or 1-iodopropane in the presence of K2CO3/DMF at room temperature afforded esters 1, 2, and 3, respectively, in good yields. Reaction of PSD with dichloroethane in the presence of K2CO3/NaI/DMF at 50°C provided chlorinated ester 5 in 52%. Condensation of PSD with bromo-substituted materials in the presence of K2CO3/DMF at 50°C yielded substituted esters 4 and 6–10, respectively. The amides 11–13 were obtained via condensation of PSD with amines in the presence of EDCI/HOBt/DIPEA/DMF at room temperature.
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Scheme 1 | Reagents and conditions: (a) R-I, K2CO3, DMF, R.T., 12h or R-Br, K2CO3, DMF, 50°C, 12h or R-Cl, K2CO3, DMF, NaI, 50°C, 12h.
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Scheme 2 | Reagents and conditions: (a) NH2-R, EDCI, HOBt, DIPEA, DMF, R.T., 12h.






Antiproliferative Activity

Compounds 1–13 were evaluated for their antiproliferative activities against SMMC-7721, MCF-7, NCI-H460, A549, and HCT-116 human cancer cell lines using the MTT assay. PSD was selected as a positive control, and the cytotoxicity assay results are illustrated in Table 1. Compounds 1 and 6, methyl ester and β-bromoethyl ester of PSD, exhibited 1.7–8.3 times more potent antiproliferative activities than did PSD against all five cancer cell lines. The ethyl ester 2 and β-chloroethyl ester 5 displayed stronger cytotoxicity than did PSD against the four cell lines MCF-7, NCI-H460, A549, and HCT-116 with IC50 less than 10 μM, and similar activities to those of PSD against SMMC-7721. In general, the halogen substitution and ester derivatives were favorable to the activities compared with hydroxyl and amide, respectively. However, the β-carboxylic ethyl ester 10 also showed superior cytotoxicity to PSD against the three cell lines MCF-7, NCI-H460, and HCT-116.



Table 1 | Cytotoxicity of PSD derivatives against 5 human cancer cell lines after 48 h incubation.
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Mice Acute Toxicity

PSD derivatives 1 and 6 exhibited potent antitumor activities on five human cancer cell lines (IC50 = 1.2–4.7 and 1.7–4.5 μM, respectively) and were selected to identify the mice acute toxicities compared with PSD. Due to the poor solubility, these three compounds were made in micelle formation with methoxyl poly(ethylene glycol)-poly(lactide) copolymer (mPEG-PLA; molecular weight, 4000) at 1.0-mg/ml concentration of PSD and at 2.4-mg/ml concentration of 1 and 6. The mice were injected with the solutions via the caudal vein at a dose of 0.1 ml/10 g/d for 7 days and continued to be under observation for another 7 days without injection. As shown in Table 2, the tolerance dose of natural product PSD was less than 10 mg/kg, and 12 mice were all dead in 1 h after injection. The tolerance doses of 1 and 6 were both higher than 168 mg/kg, and no mouse was dead in 14 days. The results indicated that 1 and 6 declined the acute toxicity greatly and supplied an evidence to design the suitable dose for tumor inhibition rate trial.






	
Table 2 | Mice acute toxicity of compound 1 and 6.





	
Compound


	
Number of mice


	
Tolerance dose (mg/kg)


	
Death number


	
Death time





	
1


	
12


	
>68


	
0


	
 > 14 days





	
6


	
12


	
>168


	
0


	
 > 14 days





	
PSD


	
12


	
<10


	
12


	
 < 1 h












Tumor Growth Inhibition Study In Vivo

Compound 6 was observed to exhibit significant and consistent cytotoxicity in five human cancer cell lines without apparent mice acute toxicity. The effect of compound 6 on tumor growth inhibition was evaluated using H22 hepatocellular carcinoma model in male mice with PSD as a positive control. Compounds 6 and PSD were made in micelle with mPEG-PLA at concentrations of 2.4 and 1.0 mg/ml, respectively. Then compound 6 was injected via the caudal vein at doses of 10 and 20 mg/kg/d for 14 days, respectively; PSD was injected at a dose of 6 mg/kg/3 d five times. The results are illustrated in Table 3. Treatment with 6 at 10 mg/kg significantly inhibited the growth of H22 tumor in 42.8%, but treatment with 6 at 20 mg/kg enhanced the inhibitory effect on the growth of H22 tumor (49.8%), which was almost equal to the treatment of PSD (50.2%). Remarkably, no mice were dead after treatment with 6 in 14 days, which indicated that derivative 6 could reduce the toxicity greatly.






	
Table 3 | In vivo H22 xenograft studies of compound 6.





	
Compound


	
Number of mice


	
Dose(mg/kg)


	
Death number


	
Tumor weights(g)


	
Tumor inhibition rates (%)





	
Model group


	
13


	
–


	
0


	
2.15 ± 1.54


	



	
6


	
13


	
10


	
0


	
1.23 ± 1.09*


	
42.8





	
6


	
13


	
20


	
0


	
1.08 ± 1.11*


	
49.8





	
PSD


	
13


	
6


	
2


	
1.07 ± 0.52**


	
50.2





	
Control with model group, *P < 0.05, **P < 0.01.












Cell Cycle Study

To elucidate the relationship between the mechanism of cell growth suppression and cell cycle arrest, cell cycle distribution on HCT-116 cells by treating with compound 6 was investigated. As shown in Figure 2, the cells of the control group in G1, S, and G2 phases accounted for 51.8%, 4.9%, and 33.3%, respectively. After cells were treated with 6 at concentrations of 2.5, 5 and 10 μg/ml, the cell percentages of G1 phase increased to 68.3%, 70.6%, and 74.7%, respectively. These results indicated that compounds 6 could inhibit tumor cell proliferation by blocking the cell cycle at G1 phase in a concentration-dependent manner.



[image: ]

Figure 2 | Compound 6 induced G1 cycle arrest in HCT-116. D, E and F represent G1, S and G2 phase.






Apoptosis Induction

Activation of apoptosis is always involved in the mechanism of action of antiproliferative agents. An Annexin V–FITC and propidium iodide (PI) double-staining assay was used to evaluate the effect of compound 6 on the induction of apoptosis. The HCT-116 cells were treated with three concentrations of 6 (5, 10, and 20 μg/ml) for 48 h, and the apoptotic cells were determined. As shown in Figure 3, the ratios of early and late apoptotic cells were 27.6%, 85.1%, and 87.0% at the respective concentrations, which indicated that compound 6 induced apoptosis in a concentration-dependent manner also.



[image: ]

Figure 3 | Compound 6 induced apoptosis in HCT-116. Q2 and Q3 represent late and early apoptosis.







Statistical Methods

T-test was used to evaluate the statistical differences between samples. Differences were considered to be significant when p < 0.05.




Conclusion

In summary, 13 PSD derivatives were designed, synthesized, and evaluated for their antiproliferative activities. Among them, compounds 1 and 6 were revealed to exhibit the most potent cytotoxicity against all five cancer cell lines with greatly reduced mice acute toxicity. Remarkably, compound 6 displayed 8.3 times more potent cytotoxicity against HCT-116 (IC50 = 1.7 μM) than did PSD and equal potent tumor inhibition rate in vivo (49.8%). The mode of action study revealed that compound 6 caused cell cycle arrest of G1 phase and induced apoptosis in HCT-116 cells. These results encourage us to develop a preclinical candidate as an anticancer agent from natural products. The follow-up studies on pharmacokinetics of active compounds are in progress, and the results will be reported in due course.




Materials and Methods



Chemistry

All starting materials were obtained from commercial suppliers and used without further purification. 1H-NMR and 13C-NMR spectra were recorded on a Bruker AVANCE III HD 600 (600 Hz) spectrometer. Chemical shifts are reported in parts per million downfield relative to tetramethylsilane as an internal standard. Peak splitting patterns are abbreviated as s (singlet), br s (broad singlet), d (doublet), t (triplet), dd (doublet of doublet), and m (multiplet). Mass spectra were recorded on a Thermo Fisher (LCQ Fleet). High-resolution mass spectrometry (HRMS) spectra were recorded on an AB SCIEX (Triple TOF 5600+). Thin-layer chromatography was performed on silica F254 purchased from the Branch of Qingdao Haiyang Chemical Co. and detected by UV light at 254 and 365 nm or by charring with sulfuric acid. Column chromatography was performed on silica gel column (200–300 mesh; Branch of Qingdao Haiyang Chemical Co.).




General Procedure to Synthesize Compounds 1-3

To a solution of PSD (100 mg, 0.11 mmol) in DMF (3 ml) was added K2CO3 (45 mg, 0.33 mmol) and alkyl iodide (0.33 mmol), respectively. The reaction was stirred at room temperature overnight. Then the mixture was poured into ice water and extracted with ethyl acetate (25 ml × 2). The organic phase was combined, washed with saturated brine (15 ml × 2), dried over anhydrous MgSO4, and filtered. The filtrate was evaporated to give the crude product, which was purified by column chromatography (dichloromethane methanol mixture as eluent) to afford the target compounds.



Methyl Ester of PSD (1)

White solid, 75% yield. 1H-NMR (600 Hz, MeOD): δ 5.27 (t, J = 3.4 Hz, 1H, H-12), 5.23 (s, 1H, H-1II), 4.51 (d, J = 6.1 Hz, 1H, H-1III), 4.46 (d, J = 7.6 Hz, 1H, H-1I), 3.64 (s, 3H, COOCH3), 1.26 (d, J = 6.2 Hz, 3H, H-6II), 1.19 (s, 3H), 0.99 (s, 3H), 0.96 (s, 3H), 0.93 (s, 3H), 0.77 (s, 3H), 0.73 (s, 3H). HRMS–time-of-flight mass spectrometry (TOF; m/z) calcd for C48H78O17 [M + H]+: 927.5317, found, 927.5329.




Ethyl Ester of PSD (2)

White solid, 71% yield. 1H-NMR (600 MHz, MeOD) δ 5.25 (t, J = 3.3 Hz, 1H, H-12), 5.22 (s, 1H, H-1II), 4.49 (d, J = 6.1 Hz, 1H, H-1III), 4.44 (d, J = 7.6 Hz, 1H, H-1I), 4.11–4.02 (m, 2H, COOCH2CH3), 1.23 (t, J = 6.9 Hz, 6H, COOCH2CH3), 1.18 (s, 3H), 0.98 (s, 3H), 0.94 (s, 3H), 0.91 (s, 3H), 0.77 (s, 3H), 0.71 (s, 3H). HRMS-TOF (m/z) calcd for C49H80O17 [M + H]+: 941.5474, found 941.5463.




n-Propyl Ester of PSD (3)

White solid, 64% yield. 1H-NMR (600 MHz, MeOD) δ 5.27 (t, J = 3.5 Hz, 1H, H-12), 5.23 (d, J = 1.4 Hz, 1H, H-1II), 4.52 (d, J = 6.1 Hz, 1H, H-1III), 4.46 (d, J = 7.6 Hz, 1H, H-1I), 4.04–3.96 (m, 2H, COOCH2CH2CH3), 1.70 (m, 2H, COOCH2CH2CH3), 1.26 (d, J = 6.2 Hz, 3H, H-6II), 1.18 (s, 3H), 0.99 (m, 3H, COOCH2CH2CH3), 0.98 (s, 3H), 0.95 (s, 3H), 0.93 (s, 3H), 0.78 (s, 3H), 0.73 (s, 3H). HRMS-TOF (m/z) calcd for C50H82O17 [M + H]+: 955.5630, found 933.5644.





General Procedure to Synthesize Compounds 4-10

To a solution of PSD (100 mg, 0.11 mmol) in DMF (3 ml) was added K2CO3 (45 mg, 0.33 mmol) and bromide (0.33 mmol; or 0.33 mmol of dichloroethane plus catalytic amount of NaI for 5), respectively. The reaction was stirred at 50°C overnight. Then the mixture was poured into ice water and extracted with ethyl acetate (25 ml × 2). The organic phase was combined, washed with saturated brine (15 ml × 2), dried over anhydrous MgSO4, and filtered. The filtrate was evaporated to give the crude product, which was purified by column chromatography (dichloromethane methanol mixture as eluent) to afford the target compounds.



β-Methyl Butyl Ester of PSD (4)

White solid, 72% yield. 1H-NMR (600 MHz, MeOD) δ 5.27 (t, J = 3.5 Hz, 1H, H-12), 5.23 (d, J = 1.3 Hz, 1H, H-1II), 4.51 (d, J = 6.1 Hz, 1H, H-1III), 4.46 (d, J = 7.6 Hz, 1H, H-1I), 3.92–3.89 (m, 2H, COOCH2CH(CH3)CH2CH3), 1.52–1.47 (m, 2H, COOCH2CH(CH3)CH2CH3), 1.26 (d, J = 6.2, 3H, H-6II), 1.20 (s, 3H), 1.03 (m, 1H, COOCH2CH(CH3)CH2CH3), 0.99 (s, 3H), 0.98 (d, J = 6.8 Hz, 3H, COOCH2CH(CH3)CH2CH3), 0.96 (s, 3H), 0.94 (m, 6H, COOCH2CH(CH3)CH2CH3), 0.77 (s, 3H), 0.73 (s, 3H). HRMS-TOF (m/z) calcd for C52H87O17 [M + H]+: 983.5943, found 983.5935.




β-Chloroethyl Ester of PSD (5)

White solid, 58% yield. 1H-NMR (600 MHz, MeOD) δ 5.29 (t, J = 3.5 Hz, 1H, H-12), 5.23 (d, J = 1.4 Hz, 1H, H-1II), 4.51 (d, J = 6.1 Hz, 1H, H-1III), 4.46 (d, J = 7.6 Hz, 1H, H-1I), 4.35–4.29 (m, 1H, COOCH2CH2Cl), 4.23 (m, 1H, COOCH2CH2Cl), 3.74 (m, 2H, COOCH2CH2Cl), 1.26 (d, J = 6.2 Hz, 3H), 1.20 (s, 3H), 0.99 (s, 3H), 0.97 (s, 3H), 0.94 (s, 3H), 0.79 (s, 3H), 0.73 (s, 3H). 13C-NMR (150Hz, MeOD) δ 177.6, 143.4, 122.6, 104.7, 103.2, 100.5, 80.8, 78.4, 76.7, 76.5, 75.5, 73.9, 72.6, 72.5, 70.7, 70.6, 69.9, 65.4, 64.1, 63.7, 63.1, 61.2, 46.8, 46.7, 45.6, 42.5, 41.6, 41.5, 41.4, 39.2, 38.3, 36.2, 35.5, 33.4, 32.3, 32.1, 32.0, 30.2, 27.4, 25.1, 25.0, 23.1, 22.6, 22.5, 17.4, 16.6, 16.4, 15.0, 12.4. HRMS-TOF (m/z) calcd for C49H79ClO17 [M + H]+: 975.5084, found 975.5106.




β-Bromoethyl Ester of PSD (6)

White solid, 73% yield. 1H-NMR (600 MHz, MeOD) δ 5.29 (t, J = 3.6 Hz, 1H, H-12), 5.23 (s, 1H, H-1II), 4.51 (d, J = 6.1 Hz, 1H, H-1III), 4.45 (t, J = 6.9 Hz, 1H, H-1I), 4.40–4.35 (m, 1H, COOCH2CH2Br), 4.32–4.27 (m, 1H, COOCH2CH2Br), 3.60-3.58 (m, 2H, COOCH2CH2Br), 1.25 (d, J = 6.1 Hz, 3H), 1.19 (s, 3H), 0.99 (s, 3H), 0.96 (s, 3H), 0.93 (s, 3H), 0.79 (s, 3H), 0.73 (s, 3H). 13C-NMR (150Hz, MeOD) δ 177.5, 143.4, 122.7, 104.7, 103.2, 100.5, 80.8, 78.4, 76.7, 76.5, 75.5, 73.9, 72.6, 72.5, 70.7, 70.6, 69.9, 68.7, 64.0, 63.7, 63.2, 61.2, 46.8, 46.7, 45.7, 42.6, 41.5, 41.3, 39.3, 38.3, 36.2, 35.6, 33.4, 32.3, 32.1, 32.0, 30.2, 28.9, 27.4, 25.1, 25.0, 23.1, 22.6, 22.5, 17.4, 16.6, 16.5, 15.0, 12.4. HRMS-TOF (m/z) calcd for C49H79BrO17 [M + H]+: 1019.4579, found 1019.4585.




β-Hydroxyethyl Ester of PSD (7)

White solid, 70% yield. 1H-NMR (600 MHz, MeOD) δ 5.27 (t, J = 3.5 Hz, 1H, H-12), 5.21 (d, J = 1.4 Hz, 1H, H-1II), 4.49 (d, J = 6.1 Hz, 1H, H-1III), 4.44 (d, J = 7.6 Hz, 1H, H-1I), 4.13 (m, 2H, COOCH2CH2OH), 3.71 (m, 2H, COOCH2CH2OH), 1.24 (d, J = 6.2 Hz, 3H), 1.18 (s, 3H), 0.97 (s, 3H), 0.94 (s, 3H), 0.91 (s, 3H), 0.77 (s, 3H), 0.71 (s, 3H). HRMS-TOF (m/z) calcd for C49H80O18 [M + H]+: 957.5423, found 957.5433.




γ-Hydroxypropyl Ester of PSD (8)

White solid, 55% yield. 1H-NMR (600 MHz, MeOD) δ 5.28 (t, J = 3.6 Hz, 1H, H-12), 5.20 (d, J = 1.3 Hz, 1H, H-1II), 4.48 (d, J = 6.2 Hz, 1H, H-1III), 4.42 (d, J = 7.6 Hz, 1H, H-1I), 4.18–4.14 (m, 2H, COOCH2CH2CH2OH), 3.83–3.69 (m, 2H, COOCH2CH2CH2OH), 1.88–1.83 (m, 2H, COOCH2CH2CH2OH), 1.25 (d, J = 6.2 Hz, 3H), 1.15 (s, 3H), 0.98 (s, 3H), 0.95 (s, 3H), 0.91 (s, 3H), 0.76 (s, 3H), 0.71 (s, 3H). HRMS-TOF (m/z) calcd for C50H82O18 [M + H]+: 971.5579, found 971.5595.




β-Methylaminoethyl Ester of PSD (9)

White solid, 51% yield. 1H-NMR (600 MHz, MeOD) δ 5.26 (s, 1H, H-12), 5.23 (s, 1H, H-1II), 4.52 (d, J = 6.1 Hz, 1H, H-1III), 4.46 (d, J = 7.6 Hz, 1H, H-1I), 4.36–4.31 (m, 2H, COOCH2CH2NHCH3), 3.38 (m, 2H, COOCH2CH2NHCH3), 3.37 (m, 3H, COOCH2CH2NHCH3), 1.26 (d, J = 6.2 Hz, 3H), 1.20 (s, 3H), 1.00 (s, 3H), 0.96 (s, 3H), 0.93 (s, 3H), 0.84 (s, 3H), 0.73 (s, 3H). HRMS-TOF (m/z) calcd for C50H83NO17 [M + H]+: 970.5739, found 970.5753.




β-Carboxyethyl Ester of PSD (10)

White solid, 42% yield. 1H-NMR (600 MHz, MeOD) δ 5.26 (s, 1H, H-12), 5.24 (d, J = 1.3 Hz, 1H, H-1II), 4.52 (d, J = 6.1 Hz, 1H, H-1III), 4.47 (d, J = 7.7 Hz, 1H, H-1I), 4.39–4.34 (m, 2H, COOCH2CH2COOH), 2.67–2.57 (m, 2H, COOCH2CH2COOH), 1.26 (d, J = 6.2 Hz, 3H), 1.19 (s, 3H), 0.99 (s, 3H), 0.96 (s, 3H), 0.93 (s, 3H), 0.84 (s, 3H), 0.73 (s, 3H). HRMS-TOF (m/z) calcd for C50H80O19 [M + H]+: 985.5372, found 985.5386.





General Procedure to Synthesize Compounds 11-13

To a solution of PSD (100 mg, 0.11 mmol) in DMF (3 ml) was added EDCI (42 mg, 0.22 mmol), HOBt (30 mg, 0.22 mmol), DIPEA (43 mg, 0.33 mmol), and aliphatic amine (0.33 mmol), respectively. The reaction was stirred at room temperature overnight. Then the mixture was poured into ice water and extracted with ethyl acetate (25 ml × 2). The organic phase was combined, washed with saturated brine (15 ml × 2), dried over anhydrous MgSO4, and filtered. The filtrate was evaporated to give the crude product, which was purified by column chromatography (dichloromethane methanol mixture as eluent) to afford the target compounds.



β-Chloroethyl Amide of PSD (11)

White solid, 67% yield. 1H-NMR (600 MHz, MeOD) δ 5.38 (t, J = 3.3 Hz, 1H, H-12), 5.23 (s, 1H, H-1II), 4.72–4.66 (m, 1H, CONHCH2CH2Cl), 4.66–4.60 (m, 1H, CONHCH2CH2Cl), 4.51 (d, J = 6.1 Hz, 1H, H-1III), 4.46 (d, J = 7.7 Hz, 1H, H-1I), 3.65–3.58 (m, 2H, CONHCH2CH2Cl), 1.26 (d, J = 6.2 Hz, 3H), 1.20 (s, 3H), 0.97 (s, 3H), 0.94–0.93 (m, 3H), 0.93 (s, 3H), 0.74 (s, 3H), 0.71 (s, 3H). HRMS-TOF (m/z) calcd for C49H80ClNO16 [M + H]+: 974.5244, found 974.5230.




β-Bromoethyl Amide of PSD (12)

White solid, 58% yield. 1H-NMR (600 MHz, MeOD) δ 5.37 (t, J = 3.4 Hz, 1H, H-12), 5.23 (d, J = 1.3 Hz, 1H, H-1II), 4.73–4.66 (m, 1H, CONHCH2CH2Br), 4.63 (m, 1H, CONHCH2CH2Br), 4.51 (d, J = 6.1 Hz, 1H, H-1III), 4.46 (d, J = 7.7 Hz, 1H, H-1I), 3.61 (m, 2H, CONHCH2CH2Br), 1.26 (d, J = 6.2 Hz, 3H), 1.20 (s, 3H), 0.97 (s, 3H), 0.94 (s, 3H), 0.93 (s, 3H), 0.74 (s, 3H), 0.71 (s, 3H). HRMS-TOF (m/z) calcd for C49H80BrNO16 [M + H]+: 1018.4739, found 1018.4755.




n-Propyl Amide of PSD (13)

White solid, 70% yield. 1H-NMR (600 MHz, MeOD) δ 5.37 (t, J = 3.3 Hz, 1H, H-12), 5.23 (d, J = 1.3 Hz, 1H, H-1II), 4.52 (d, J = 6.1 Hz, 1H, H-1III), 4.46 (d, J = 7.6 Hz, 1H, H-1I), 3.19 (m, 1H, CONHCH2CH2CH3), 3.04 (m, 1H, CONHCH2CH2CH3), 1.52 (m, 2H, CONHCH2CH2CH3), 1.26 (d, J = 6.2 Hz, 3H), 1.20 (s, 3H), 0.99 (s, 3H), 0.97 (s, 3H), 0.93 (m, 6H, CONHCH2CH2CH3), 0.81 (s, 3H), 0.73 (s, 3H). 13C-NMR (150 MHz, MeOD) δ 178.9, 144.1, 122.6, 104.7, 103.2, 100.5, 80.8, 78.3, 76.7, 76.5, 75.5, 73.9, 72.6, 72.5, 70.7, 70.6, 69.9, 68.7, 63.7, 63.9, 1, 61.3, 46.8, 46.3, 46.1, 42.6, 41.7, 41.2, 41.1, 39.3, 38.3, 36.2, 33.7, 33.0, 32.2, 31.9, 30.2, 29.4, 27.1, 25.1, 25.0, 23.2, 22.6, 22.5, 22.2, 17.4, 16.6, 16.5, 15.0, 12.4, 10.5. HRMS-TOF (m/z) calcd for C50H83NO16 [M + H]+: 954.5790, found 954.5814.





Mtt Assay

Cell culture and cytotoxicity test: The human cancer cell lines were purchased from Shanghai Institutes for Biological Sciences and maintained in a humidified atmosphere at 37°C in 5% CO2. The cells were grown in RPMI-1640 (GIBCO) media containing 10% heat-inactivated fetal bovine serum. Cytotoxicity was determined by the MTT assay according to the manufacturer’s protocol. Briefly, cells were seeded in 96-well microtiter plates at a density of 8 × 103 cells per well. After a 24-h incubation, cells were treated with various concentrations of PSD derivatives, cultured for 48 h. At the end of the treatment period, 20 μl of the MTT (5 mg/ml) reagent was added to each well. After a 4-h incubation at 37°C, the supernatant was aspirated, and formazan crystals were dissolved in 150 μl DMSO for 10 min with gentle agitation. The absorbance per well was measured at 490 nm with a SpectraMax i3 (Molecular Devices Corp.). The assay was done in triplicate. The IC50 values were then determined for each compound from a plot of log (drug concentration) versus percentage of loss of viability




Tumor Growth Inhibition In Vivo

Male KM mice with a weight of 18–22 g were inoculated subcutaneously with 5 × 106 H22 cells (purchased from the Chinese Academy of Medical Sciences). After 72 h, the tumor-bearing mice were randomized into four groups. The three test groups were treated via caudal vein injection with 6 mg/kg/3 d of PSD five times, or 10 or 20 mg/kg/d of compound 6 for 14 days, respectively. After 24 h of the last administration, the mice were sacrificed, and their tumors were dissected out and weighted.




Cell Cycle Analysis

HCT-116 cells were plated in 6-well plates and incubated at 37°C for 24 h, then incubated with or without 2.5, 5, and 10 μg/ml of 6, respectively. After 48 h, the cells were centrifuged and fixed in 70% ethanol at 4°C overnight, washed with PBS, treated with 20 μl RNase A (1 mg/ml), and stained with 20 μl PI (1 mg/ml) for 30 min. Cellular DNA content was determined using a flow cytometer (Beckman–Coulter Gallios).




Apoptosis Analysis

Apoptosis-mediated cell death of tumor cells was examined using an FITC–Annexin V/PI apoptosis detection kit (BD Pharmingen™) according to the manufacturer’s instructions. In brief, 1 × 106 cells were harvested and washed with PBS. They were resuspended in 500 μl of binding buffer, and then 5 μl of FITC–Annexin V and 5 μl of PI were added. Flow cytometric analysis was performed immediately after supravital staining. Data acquisition and analysis were performed with BD FACSCalibur™ flow cytometer. The cells in early stages of apoptosis were Annexin V positive and PI negative, whereas the cells in the late stage of apoptosis were both Annexin V and PI positive.
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Erinacine A, which is one of the major bioactive diterpenoid compounds extracted from cultured mycelia of H. erinaceus, displays great antitumorigenic activity. However, the molecular mechanisms underlying erinacine A inducing cancer cell apoptosis in colorectal cancer (CRC) remain unclear. This study found that treatment with erinacine A not only triggers the activation of extrinsic apoptosis pathways (TNFR, Fas, FasL, and caspases) but also suppresses the expression of antiapoptotic molecules Bcl-2 and Bcl-XL via a time-dependent manner in DLD-1 cells. Furthermore, phosphorylation of Jun N-terminus kinase (JNK1/2), NFκB p50, and p300 is involved in erinacine A–induced cancer cell apoptosis. Inhibition of these signaling pathways by kinase inhibitors blocks erinacine A–induced transcriptional activation implicates histone H3K9K14ac (Acetyl Lys9/Lys14) of the TNFR, Fas, and FasL as promoters. Moreover, histochemical and immunohistochemical analyses revealed that erinacine A treatment significantly induced the TNFR, Fas, and FasL levels in the in vivo xenograft mouse model. Together, these results demonstrated an increase in the cellular transcriptional levels of TNFR, Fas, and FasL by erinacine A induction to cell apoptosis via the activation of the JNK, p300, and NFκB p50 signaling modules, thereby providing a new mechanism for erinacine A treatment in vitro and in vivo.

Keywords: H. erinaceus, erinacine A, colorectal cancer cells, apoptosis, death receptors, JNK1/2, H3K9K14ac



Introduction

Colorectal cancer (CRC), the most common cancer worldwide, is commonly categorized as a leading cause of cancer-related deaths due to its uncontrolled metastasis (Brenner et al., 2014). Very few CRC cases are confirmed by diagnosis at the early stage during the disease’s progression. Rapid tumor growth is a key feature in promoting the malignance of CRC along with poor outcome under medicinal therapies, such as surgery, chemotherapy, and radiotherapy (Jonker et al., 2007). Daily diet is an important risk factor for CRC, such as excessive red meat. On the other hand, treatment diet for colon cancer also has been considered as a vital way to prevent and fight CRC during and after medicinal therapies (Li-Weber, 2009). Thus, it is critical to find the novel diet compounds for the treatment of CRC.

Hericium erinaceus (Lion’s mane or Yamabushitake), an edible mushroom with medicinal properties, is used as a culinary and medicinal product in Japan and China without harmful effects (Malinowska et al., 2009). As a candidate of traditional folk medicine, medicinal cuisine, and health-promoting compounds, the fruit bodies and mycelia of H. erinaceus contain a variety of structurally different components with valuable biological properties, such as the diterpenoid components (Ulziijargal and Mau, 2011). Erinacines A–I and hericenone C–H components are identified as a series of diterpenoid derivatives in the extracts of mycelium and the fruit bodies, respectively (Friedman, 2015). More recent studies have demonstrated that H. erinaceus possesses a number of therapeutic properties, including antioxidant activity (Han et al., 2013), hypolipidemic activity (Yang et al., 2003), hemagglutinating activity (Gong et al., 2004), antimicrobial activity (Yim et al., 2007), antiaging activity (Shimbo et al., 2005), and immune modulation and anticancer activities (Lee and Hong, 2010; Li et al., 2014). Erinacine A component (Figure 1), which previously has been collected and purified by ethanol extraction and HPLC analysis techniques from H. erinaceus, decreases malignance of several cancers, such as leukemia, hepatocarcinoma cancer cells, gastric cancer carcinomas, and CRC (Li et al., 2014; Kuo et al., 2016; Kuo et al., 2017). The evidence illustrates that cell cycle arrest and increased reactive oxygen species (ROS) production are involved in the erinacine A prevention against cancer cells proliferating and invasiveness through modulating PI3K/mTOR/p70S6K and ROCK1/LIMK2/Cofilin pathways (Kuo et al., 2017). In addition, our previous study exhibited that erinacine A induces CRC cells apoptosis and modulates the cancer-related actin depolymerization pathway, thereby inhibiting cancer invasion (Kuo et al., 2016). However, its molecular mechanism in inducing cell apoptosis of CRC remains unclear.


[image: ]

Figure 1 | HPLC analysis of the ethanol H. erinaceus mycelium extract. For the conditions, see the Methods section. Retention time peak at 7.493 mins is erinacine A from 20-ton bioreactor (UV detection at 340 nm).




Impairment of cell apoptosis, which is an important physiological process of cell death, contributes to initiation, proliferation, growth, and aggressiveness of cancer (Brenner et al., 2014; Friedman, 2015). Cellular ROS generation is an intrinsic apoptotic stimulus that causes the release of cytochrome c from the mitochondria, resulting in the activation of caspase-9 and caspase-3 sequentially. Activated caspase-3 cleaves proteins, leading to apoptosis (Hanahan and Weinberg, 2000). On the other hand, the extrinsic pathway for apoptosis involves the binding of ligands Fas, FasL, and TNFR1 to their corresponding receptors, followed by the activation of caspase-8 and caspase-3 (Huang et al., 2017). Numerous studies have demonstrated that intracellular ROS function as the second messenger is sensitive to oxidative damage, in order to induce cell apoptosis under either intrinsic or extrinsic apoptotic stimulus (Li-Weber, 2013). Most recently, epigenetic modification such as histone acetylation is involved in selective dietary components-mediated death receptor-dependent apoptosis (Rajendran et al., 2011). In this study, we want to determine if erinacine A induces cell apoptosis of CRC at the epigenetic level and its mechanism. Our results showed that, in addition to activate JNK1/2, p300, and NFκB p50 signaling pathways, erinacine A increases the transcription activation of TNFR, Fas, and FasL genes through modulating histone H3 acetylation (Acetyl Lys9/Lys14) on their promoter areas, causing cell apoptosis of DLD-1 cells.




Materials and Methods



Hericium Erinaceus Extracts and Analysis of Erinacine A

H. erinaceus (BCRC 35669) was purchased from the Bioresources Collection and Research Center (BCRC) of the Food Industry Research and Development Institute (Hsinchu, Taiwan). The H. erinaceus was transferred from an agar slant into a potato dextrose agar plate and, then, maintained at 26°C for 15 days, as previously described (Li et al., 2014). After fresh mycelium extraction of Hericium erinaceus by ethanol, the fermentation process of the Hericium erinaceus mycelia was performed. Then, these mycelia were cultivated, harvested, lyophilized, ground to powder, and kept in a desiccator at room temperature. The mycelia extract was further concentrated and fractionated by a solvent partition between ethyl acetate and water. Following proximate composition analysis with silica gel column chromatography, HPLC analysis of erinacine A was executed according to the previous study with minor modifications (Kuo et al., 2016). By using the analytical COSMOSIL 5C18-AR-II column (250 × 4.6 mm; particle size 5 μm, Nacalai USA, Inc., Kyoto, Japan), the retention time of erinacine A was approximately ~7.5 mins at a flow rate of 1.0 mL/min with a scanning UV wavelength at 340 nm. The yield rate of erinacine A in the H. erinaceus with ethanol extraction is ~5 mg/kg, which was confirmed and quantified by HPLC (Kuo et al., 2016). The chemical compound of erinacine A (PubChem CID:9867477) is shown in Figure 1.




Cell Culture

All culture materials were purchased from Gibco (Grand Island, NY, USA). Two human colon cancer cell line DLD-1 (CCL-221) and the human colorectal carcinoma cell line HCT-116 (CCL-247) were purchased from the American Type Culture Collection (ATCC). DLD-1 cells were cultured in RPMI 1640 medium composed of 10% fetal calf serum (FCS) (S0113; Biochrom KG, Berlin, Germany) and 1% antibiotics (100 units/mL of penicillin and 100 μg/ml of streptomycin); HCT-116 cells were cultured in DMEM supplemented with 10% heat-inactivated newborn calf serum. Passage number 1 of human normal human colonic epithelial cells (HCoEpiC) was purchased from ScienCell Research Laboratories (Carlsbad, CA) and cells were grown. Both cells were maintained at 37°C in a humidified 5% CO2 incubator (Lee et al., 2013).




Cell Growth and Proliferation Assay

The MTT quantitative colorimetric assay is a method for cell viability determinations, as previously described (Kuo et al., 2017). The cells were incubated with MTT (0.5 mg/mL) for 4 h. After solubilization of the MTT-treated cells with isopropanol, the production of formazan was spectrophotometrically measured at 563 nm, which was directly proportional to the viable cells. The trypan blue (0.2%) exclusion assay (Huang et al., 2017) was performed to determine cell growth by manually counting the cells number with a Coulter counter at the indicated time points.




Apoptosis Assay

The morphological characteristics of the cells stained with 4′,6-diamidino-2-phenylindole (DAPI) were observed under fluorescence microscopy. First, the cells were fixed with 4% paraformaldehyde for 30 mins at room temperature and, then, permeabilized in 0.2% Triton X-100 in phosphate-buffered saline three times for 15 mins. After PBS washing, these cells were incubated with 1 μg/ml of DAPI for 30 mins. Under 200× magnification using a fluorescent microscope with a 340/380 nm excitation filter, the percentage of the apoptotic nuclei in the field of the 200~300 cells was observed and scored according to a previous report (Kuo et al., 2016).

Costaining with Annexin V–FITC and propidium iodide (Biosource International, USA) was used for measurement of cell apoptosis, as previously described (Huang et al., 2017). After staining, the cells were subjected to FACS analysis (Becton Dickinson), and the number of the apoptotic cells (V+/PI-) were quantified and analyzed by CellQuest and WinMDI software (Becton Dickenson). The data of fluorescent intensity are represented as a percentage of the untreated control group with three independent experiments.




Protein Extraction and Immunoblot Analyses

The cells were lysed with a buffer, in which 1% NP-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), and a protease inhibitor mixture (phenylmethylsulfonyl fluoride, aprotinin, and sodium orthovanadate) and the protein lysates were obtained, as previously described (Huang et al., 2016). Following SDS-polyacrylamide gel electrophoresis (PAGE) (12% running, 4% stacking) and transfer to the PVDF member, protein expression was detected by using specific antibodies, as indicated with Western-Light chemiluminescent detection system (Bio-Rad, Hercules, CA, USA).




Animal Study

Animal care and the general protocols for animal experiments were approved by the Institutional Animal Care and Use Committee of Chang Gung Memorial Hospital, Chiayi, Animal Ethics Research Board (IACUC approval: 2012-017). Male BALB/c-nu nude mice, 4–6 weeks old (18-20 g), were purchased from the National Laboratory Animal Center in Taiwan and maintained under specific pathogen-free (SPF) conditions with sterilized food and water. The DLD-1 cells (106 cells/0.2 ml) were injected subcutaneously into the flanks of 4-week-old to 6-week-old female athymic BALB/c-nu mice. After tumor inoculation, the mice were randomly divided into four groups (n = 8 per group). The control group animals were treated daily with 0.1 mL DMSO (0.25%; i.p.); the test animals were treated with erinacine A at different concentrations of 1, 2, 5 mg/day; i.p. for 5 days. Tumor volumes were monitored and measured every four days using calipers. Calculation of tumor volumes was based on the following formula: length × width2 × π/6 14. The body weights of the mice were measured every week to monitor drug toxicity. After 18 days of drug treatment, the mice were euthanized, and their tumors and organs, including the liver, lungs, and kidneys, were collected for further analysis.




Histochemistry and Immunohistochemistry Analysis

Tumor tissue sections were fixed in 4% formaldehyde and, then, embedded in paraffin blocks. After staining with hematoxylin and eosin, these tissue slides were mounted for microscopic examination. Regarding immunohistochemical analysis, 5 μm thick sections of each subcutaneous tumor specimen were incubated with monoclonal anti-p21 and p70S6K antibodies (Santa Cruz, CA, USA) overnight at 4°C after blocking and, then, incubated with 1:100 diluted biotinylated horse antimouse IgG for 1 h. After the PBS wash, the tissue sections were reacted with 1:100 diluted avidin-biotin peroxidase mixture (Vectastain Universal Elite ABC Kit) for 30 mins. Following a thorough PBS wash, these slides were counterstained with hematoxylin, dehydrated, and mounted for microscopic examination. The digital images were captured using a digital camera (Canon A640), and the positive area and optical density (OD) of immunoreactive cells (brown) were analyzed in three randomly selected microscopic fields (400× magnification) for each slide. According to previous reports (Huang et al., 2016; Kuo et al., 2017), the IHC index was defined as having average integral optical density (AIOD; positive area × OD/total area).




Chromatin Immunoprecipitation (ChIP) Analysis

DLD-1 cells were incubated with 1% formaldehyde at room temperature for DNA-protein crosslink, and then, 10 mins later, 125 mM glycine was added into the cells for 5 mins. The cells were scraped into an SDS lysis buffer (50 mM Tris-HCl [pH 8.1], 1% SDS, and 10 mM EDTA) and rotated with specific antibodies against with the histone H3K9K14ac and IgG overnight at 4°C in the presence of protease inhibitors (1 μg/ml leupeptin, aprotinin, and pepstatin A, 1 mM phenylmethylsulfonyl fluoride [PMSF]). After elusion with an elution buffer (50 mM Tris-Cl [pH 7.5], 1 mM EDTA, 1% SDS), the cross-links immunoprecipitated complexes were reversed at the temperature of 65°C incubation for at least 2 h. DNA fragments were purified by a ChIP DNA Clean & Concentrator Kit (Zymo), and then, quantitative polymerase chain reaction (PCR) analysis was performed to amplify the promoters region of the TRAIL, DR5, Fas, FasL, TNFR, and TNFα genes by using specific primers (Table 1) under the following conditions: 40 cycles of denaturation at 94°C, primer annealing at 60°C, and extension at 72°C. Disassociation curves were generated after each PCR to ensure that a single PCR product of the amplified appropriate length ran in electrophoresis. In addition, the mean CT ± SE was calculated from individual CT values from triplicate determinations per stage. The normalized mean CT was estimated as ∆CT by subtracting the mean CT of the input from that of the individual regions among the untreated control and drug treatment groups (Huang et al., 2012).






	
Table 1 | The specific primers.





	
TRAIL





	
5′- TGCATGGATCCTGA GGGCAAGG -3′





	
5′-TTGAACCTGCAACTGTCCCTCCC-3′





	
DR5





	
5′-GCCAGGGCGAAGGTTA-3′





	
5′-GGGCATCGTCGGTGTAT-3′





	
FAS





	
5'-TTGGGTAACTTTGGGTGGTCC-3'





	
5'-ATGTGGTTGGTTGTGAAGGGAG-3'





	
FasL





	
5′- GGGGGCAGTGTTCAATCTTA-3′





	
5′- TGGAAAGAATCCCAAAGTGC-3′





	
TNFR





	
5′-GAT TGG TGG GTT GGG GGC ACA





	
5′-ATT AAA GCA GAG AGG AGG GGA GAG A





	
TNF-α





	
5′-CAA GCA TTA TGA GTC TCC GG





	
5′-AAG CTG TGT TGA GTC CTG AG












Statistical Analysis

All data are expressed as the mean ± standard deviation and were compared between groups using the Student’s t-test or one-way analysis of variance (ANOVA) with Tukey’s multiple comparison test. The statistically significant difference between values was set at P < 0.05.14,35





Results



Effects of Erinacine A on the Viability of Human CRC DLD-1 Cells

The yield of purified erinacine A from the fresh mycelium of H. erinaceus by ethanol extraction and HPLC quantification was established in our previous study. HPLC analysis of erinacine A was executed according to the previous study with minor modifications. Separation was performed at 40°C using two different gradients for the mobile phase, which consisted of two solvents, acetonitrile (A) and water (B), with the following profile: 0–20 mins and the retention time of erinacine A was approximately ~7.5 mins at a flow rate of 1.0 mL/min with a scanning UV wavelength at 340 nm (Figure 1). To determine whether the erinacine A had cytotoxic effects on human CRC cells, we treated HCoEpiC and human DLD-1 cells with erinacine A at different concentrations for 24 h and examined their cell viability by MTT assays. As shown in Figure 2, when treated with 30 µM, erinacine A was able to cause loss of the DLD-1 or HCT-116 cells by 53% and 60% reduction of human CRC viability with a dose-dependent manner but no cytotoxic effects of HCoEpiC cells. We further determined whether erinacine A reduced the cell viability of the HCT-116 and DLD-1 cells by inducing cell apoptosis. Our data showed that, after exposure to 30 µM erinacine A for 24 h, the untreated control group had 7 ± 2%, 9 ± 2% annexin V-positive cells, as basal control. After 24 h of erinacine A treatment, the annexin V-positive cells increased to 27 ± 2%, meaning 30 ± 2% in total cells, which is a characteristic feature for cell apoptosis (Figure 2).
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Figure 2 | Effects of erinacine A on in vitro cell viability and the morphological characteristics of HCoEpiC, human colorectal cancer DLD-1 or HCT-116 cells, and its role in assessing cell death: (A) HCoEpiC and CRC cells were treated with either 0.1% DMSO (as the control) or erinacine A for 24 h, and the proportion of surviving cells was measured by the MTT assay; (B) HCoEpiC, HCT-116 and DLD-1 cells were treated with the vehicle or 30 μM erinacine A for 24 h, and cells were stained with FITC-conjugated Annexin-V and PI for flow cytometry analysis, as described in the Materials and Methods section. The data are presented as the mean of three repeats of one independent experiment. Other data in this figure are presented as the mean ± SD of three independent experiments. &Indicates the means that are significantly different when compared to the control group (0.2% DMSO) of HCoEpiC with P < 0.05. *Indicates the means that are significantly different when compared to the control group (0.2% DMSO) of DLD-1 with P < 0.05. #Indicates the means that are significantly different when compared to the control group (0.2% DMSO) of HCT-116 with P < 0.05.






Activation of Extrinsic Cell Apoptosis Pathway by Erinacine A in DLD-1 Cells

We determined whether erinacine A induced the DLD-1 cell apoptosis by regulating these cell death-related proteins. Western blot analysis revealed that erinacine A treatment increased the active form of caspase-3, -9, and -8 that has been classically considered as hallmarks of apoptotic cell death (Figure 3A). In addition, erinacine A also decreased the expression of the antiapoptotic proteins Bcl-2 and Bcl-XL but decreased the apoptotic protein Bax levels in the DLD-1 cells (Figure 3A). When assessment of erinacine A on in vitro cell viability of HCoEpiC cells and its role in assessing cell death and proteins expression, these findings suggest that erinacine A did not show significant cytotoxic effects in HCoEpiC cells (Figure 3B). Next, we determined if the extrinsic death receptor signaling pathway participated in erinacine A–induced cell apoptosis in DLD-1 cells. Our data showed that erinacine A treatment increased the protein level of Fas, FasL, and TNFR1 at 6, 12, and 24 h (Figure 3C). In addition, phosphorylated JNK at Thr183 and Tyr185, NFκB, and p300 protein were upregulated in DLD-1 cells treated with erinacine A (Figure 3C).
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Figure 3 | Effect of erinacine A on the Bcl-2 family of proteins, caspases, PARP1, Fas, FasL, TNFR1, and JNK/NFκB/p300 in HCoEpiC and HCT-116 or DLD-1 cells. Cells were treated with erinacine A for 3–24 h and separated by an SDS PAGE; subsequently, they were immunoblotted with antibodies against: (A, B) Bcl-2, Bcl-XL, Bax, FasL, cleavage caspase-3, cleavage caspase-9, cleavage caspase-8, and PARP1; and (C) Fas, FasL, TNFR, and p-JNK/NFkB/p300, or b-actin, which served as the internal control.






Activation of the Intrinsic Cell Apoptosis Pathway by Erinacine A in DLD-1 Cells

Annexin-V staining was used to verify that treatment with erinacine A can induce DLD-1 cells apoptosis. Our data showed that the untreated control group had 12 ± 2% annexin V-positive cells, as basal control. After 24 h of erinacine A treatment, the annexin V-positive cells increased to 36 ± 2 in total cells (Figure 4). Consistent with Figure 3, our data showed that erinacine A treatment elicited DLD-1 cells apoptosis. Several signaling pathways involved in the induction of cell apoptosis and activation of caspase can be triggered by either the intrinsic (mitochondria-mediated) or extrinsic (receptor-mediated) stimuli, including Bcl-2, Bcl-XL, Bax, NFκB, p300, c-Jun N-terminal kinases (JNK), and p38 mitogen-activated protein kinase (p38MAPK) (Khanal et al., 2011; Teng et al., 2012). To investigate the roles of the JNK1/2 and the NFκB p50/p300 signaling pathways in erinacine A–induced DLD-1 cells apoptosis, we exposed DLD-1 cells to erinacine A and then cotreated them with the specific JNK inhibitor SP600125, p300 inhibitor C646, or the NFκB p50 inhibitor (PDTC). The effects of those inhibitors in blocking erinacine A–induced cell death were determined, and then, erinacine A did not show significant cytotoxic effects in HCoEpiC cells, which were demonstrated no effect of apoptosis signaling pathway by the kinase inhibitors (Figure 4). Furthermore, we examined if erinacine A also can induce DLD-1 cells apoptosis in vivo xenograft mouse model. Erinacine A at the concentrations of 1, 2, and 5 mg/kg/day was intraperitoneally injected into the nude mice xenografted with DLD-1 cells. Figure 5 shows that the tumor volume of DLD-1 xenograft of the erinacine A-treated (1, 2, 5 mg/kg/day) mice was inhibited to 60, 32, and 26%, as compared with the control group after cell implantation. At the end of the experiment, DLD-1 xenograft tumor of each mouse was removed and weighed. It demonstrated that erinacine A significantly decreased the solid tumor mass as compared to the control group (Figure 5). In addition, no signs of toxicity were observed (body weight and microscopic examination of individual organs; data not shown) in all nude mice. H&E and TUNEL staining revealed that intraperitoneal injections of erinacine A reduced the tumors along with an increase in the number of cell deaths in these tumors compared with the untreated control group (CL) (Figure 5). Consistent with the in vitro results, immunohistochemistry staining analysis revealed that the number of TNFR1, Fas, and FasL positive cells was significantly increased by erinacine A at the concentrations of 2 and 5 mg/kg (Figure 5, middle and bottom panels; *P < 0.05).
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Figure 4 | Effects of the kinase inhibitors blocking the erinacines A induction associated with DLD-1 cells death. After the indicated treatment for 24 h, the DLD-1 (A) and HCoEpiC cells (B) were stained with FITC-conjugated Annexin-V and PI for flow cytometry analysis, as described in the Materials and Methods section. The percentages presented in each frame depict the apoptotic cells. *P <0.01, as compared with the control group (0.2% DMSO).
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Figure 5 | Immunohistochemical analysis of tumor inhibition of the CRC xenograft by erinacine A. Nude mice were implanted subcutaneously with DLD-1 cells into their flanks on day 0 and, then, treated with or without (as a control) erinacine A, as described in the Materials and Methods section. (A) The results are presented as isolated tumors and tumor weights. (B) Effect of erinacine A on the growth of the DLD-1 xenograft was evaluated by immunohistochemical analysis of the tumors was conducted, and multiple tumor fields were evaluated per group. Representative images for all groups from both experiments are presented. H&E staining revealed similar s.c. tumor morphology among all groups of tumors. Fas, FasL, and TNFR staining show the expressed tumor cells treated with erinacine A. TUNEL staining revealed significantly greater apoptosis in response to erinacine A in tumors. (C) Quantitative immunohistochemical proteins Fas, FasL, TNFR, and histone H3K9K14ac were evaluated by average integrated optical density (AIOD). The positive stained area was evaluated from three randomly selected observation fields of each brain section. Data are expressed as mean ± SD (n = 6/group). *P < 0.05, as compared with the control group at magnification X400.






JNK MAPK/p300/NFκB p50 Pathways Involved in the Regulation of Erinacine A–Induced Transcriptional Activation of Histone H3K9K14ac (Acetyl Lys9/Lys14) of TNFR, Fas, and Fas-L Promoters in DLD-1 Cells

Epigenetic modification of the genes involved in cell growth, proliferation, and apoptosis has been implicated in pathogenesis of CRC (Bannister and Kouzarides, 2011). For instance, histone H3 acetylation on K9 and K14 (histone H3K9K14ac) signifies the well-established markers of active gene transcription. To determine if histone H3K9K14ac participated in the erinacine A-upregulated gene expression, we first checked the level of histone H3K9K14ac in the tumor areas in the in vivo xenograft mouse model with erinacine A injection. Our data showed that erinacine A injection increased the level of histone H3K9K14ac measured by immunohistochemistry staining (Figure 5). Furthermore, we determined if erinacine A can alter the status of histone acetylation on the promoters of Fas, FasL, and TNFR genes by ChIP with anti-H3K9K14ac (Acetyl Lys9/Lys14) antibodies. The PCR primers specific for the promoter regions of Fas, FasL, and TNFR were used. Our data showed that treatment of DLD-1 cells with erinacine A increased the level of histone H3 acetylation on the promoters of Fas, FasL, and TNFR at 24 h (Figure 6). Some reposts demonstrate that activation of JNK, p300, and NFκB signaling is a critical event for the upregulation of gene expression by histone acetylation (Behrens et al., 2001; Wang et al., 2015). Thus, we studied if JNK, p300, and NFκB were involved in the modification of histone H3K9K14ac by erinacine A. Specific chemical inhibitors SP600125, C646, and PDTC were used to inhibit the JNK, p300, and NFκB activation, respectively. In Figure 6, our results indicate that inhibition of JNK, p300, and NFκB activation by these inhibitors all decreased the erinacine A–induced promoter acetylation of Fas, FasL, and TNFR on histone 3 at K9 and K14 residuals (H3K9K14ac (Acetyl Lys9/Lys14)). Taken together, these results suggest that erinacine A treatment upregulated the death receptor molecules, such as Fas, FasL, and TNFR through JNK MAPK/p300/NFκB pathway-mediated histone H3K9K14ac modification, in order to induce CRC apoptosis.
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Figure 6 | Effect of the kinase inhibitors in blocking the binding activities of the Fas, FasL, and TNFR promoter regions, as induced by erinacine A stimulation. (A) Next, the chromatin immunoprecipitation (ChIP) assays were performed using antibodies against histone H3K9K14ac (Acetyl Lys9/Lys14), in order to pull down associated DNA. The precipitated DNA was amplified by PCR using primer sets specific to the target sites of Fas, FasL, and TNFR promoters. DNA pulled down by the anti-IgG antibody served to identify the background amplification. Input DNA was amplified as a loading control. The recovered DNA is amplified by quantitative real-time PCR (qRT-PCR), which used specific primers on the sequence of interest to detect the bound DNA in electrophoresis. The CT values, as generated in triplicate technical repeats, are similar, and the quantitative data are presented as the mean of three repeats of one independent experiment. (B) DLD-1 cells were incubated with or without various concentrations of the specific JNK1/2 inhibitor SP600125, NFκB inhibitor PDTC, or the p300-Binding Protein inhibitor C646 for 24 h. The data are presented as the mean ± SD of three independent experiments. *P < 0.05, as compared to the control group.







Discussion

CRC is one of the most commonly occurring malignant tumors in the digestive tract. The main or first treatment for CRC that has not spread to distant sites is usually surgery; chemotherapy may also be used after surgery (Haggar and Boushey, 2009). Usage of natural or synthetic substances is considered as additional chemoprevention following cancer treatment to prevent cancer formation or cancer progression. Some medicinal herbs or foods are potential sources of chemopreventive compounds for antitumor activities that target the apoptosis pathways in cancer cells (Li-Weber, 2009; Fullgrabe et al., 2011). Here, we found the novel functions of H. erinaceus on inducting CRC apoptosis, in part, through the epigenetic modification of the death receptor-dependent signaling pathways. H. erinaceus has long been used for its beneficial health properties. Our in vitro data demonstrated that erinacine A and the treatment concentration of 30 µM resulted in a significant cytotoxic effect against human colorectal DLD-1 or HCT-116 cancer cells (Figure 2). Furthermore, erinacine A treatment for 24 h resulted in an induction of DLD-1 cell apoptosis. Erinacine A induces sustained activation of the JNK1/2 and p50/p300 pathway, and the apoptotic pathway is required for erinacine A induction of DLD-1 cells apoptosis (Figure 4). We also found that erinacine A induced apoptosis on other HCT-116 cells (unpublished data). Previous studies have shown that a number of dried fruit body Hericium erinaceus extractions could reduce the expression of MMP-2 and MMP-9 in human colon cancer and invasion through modulations of the phosphorylation of ERK, JNK, and p38 MAPK (Kim et al., 2011; Kim et al., 2013; Lee et al., 2014). Our study demonstrated that H. erinaceus mycelium erinacine A treatment at the concentration of 30 µM for 24 h resulted in an induction of DLD-1 cell apoptosis, which caused the activation of caspase-3, caspase-9, and caspase-8 in the time-dependent induction of apoptosis and a decrease in the Bcl-2 and Bcl-XL levels (Figure 3). In addition, there was an increase in the cellular levels of the phospho-JNK MAPK/p300/NFκB p50 pathways, TNFR, Fas, and FasL in the erinacine A–induced apoptosis (Figure 3). Moreover, the present in vivo study demonstrated that intraperitoneal injections of erinacine A (1–5 mg/kg/day) treatment significantly increased the expression of TNFR, Fas, and FasL, as well as histone H3K9K14ac (Acetyl Lys9/Lys14). This was examined using immunohistochemistry in the DLD-1 CRC xenograft of nude mice (Figure 5).

Growing evidence indicates that these pathways could strongly contribute to preventing cancer growth and that, when induced, they could sustain MAPK activation, leading to cell death by dietary phytochemicals. They are widely present in food and nutraceuticals (Li et al., 2014). Phytochemicals have shown the cellular changes that cause modulation of the MAPK pathways by inducing apoptosis (Rajendran et al., 2011; Teng et al., 2012). These may be a promising target for anticancer effects (Li-Weber, 2009; Li-Weber, 2013). Our previous results showed that erinacine A could be used to investigate in vitro and in vivo antitumor activity through cell cycle arrest in human DLD-1 cancer cells involved in the generation of the ROS activates p70S6K/NFκB pathways, leading to p21 expression. These activation effects result from the phosphorylation of the PI3K/mTOR/p70S6K and ROCK1/LIMK2/Cofilin pathways, as well as the execution of apoptosis and antiinvasiveness by erinacine A (Kuo et al., 2016; Kuo et al., 2017). Additionally, other JNK/p300/NFκB p50 pathways were directly involved in inducing apoptosis by H. erinaceus mycelium erinacine A in this study.

Previous data suggest that natural phytochemicals from certain plants that affect the epigenome can also trigger sustained DNA damage and apoptosis induction31. Examples are cited from in vitro and in vivo studies of polyphenols, isothiocyanates, epigallocatechin-3-gallate (EGCG), curcumin, resveratrol sulfur, selenium compounds, indoles, sesquiterpene lactones, and anacardic acid (Kouzarides, 2007; Rajendran et al., 2011). It is interesting that they can induce the growth arrest of neoplastically transformed cells and trigger apoptosis via signaling pathways in cancer cells exposed to dietary phytochemicals, such as histone deacetylase inhibitors (HDAC) (Bolden et al., 2006). Inhibition of HDAC activity may occur in human colon cancer cells, with an increase in histone H3 acetylation in extensive histone modification statuses, such as induction of TNFR, Fas, FasL, and p21 genes, via histone acetyltransferase (HAT) p300 (Bolden et al., 2006; Kouzarides, 2007; Rajendran et al., 2011). Similarly, for the first time, our current in vitro study demonstrated that erinacine A treatment significantly upregulated the expression of p300 and H3K9K14ac (Acetyl Lys9/Lys14) in DLD-1 cells, as well as transcriptional activation of histone H3K9K14ac (Acetyl Lys9/Lys14) of the TNFR, Fas, and FasL promoters (Figure 6). Thus, erinacine A, as an individual natural phytochemical, may be seen as a novel chemotherapeutic agent worth continued investigation in the treatment of CRC. Additional studies are still needed to elucidate the erinacine A effects on the HAT and HDAC between different molecular cellular signaling pathways and epigenetic machinery, as well as to determine in vivo CRC cells’ xenograft.




Conclusion

In conclusion, this study suggests the roles of H. erinaceus mycelium components, erinacine A–induced apoptosis, and the histone modification (H3K9K14ac) of the TNFR, Fas, and FasL promoters by the JNK/p300/NFκB p50 signaling pathways in human DLD-1 cancer cells. These results led us to theorize that erinacine A may play a role in an apoptotic cascade in DLD-1 cells via TNFR, Fas, and FasL, and Bax, the inhibition of Bcl-2 and Bcl-XL expression and cytochrome c release, and caspase-8, -9, and -3 activation (Figure 7). This study is especially interesting with regard to the antitumor effect of erinacine A as it relates to the development of novel dietary phytochemicals for the H. erinaceus mycelium and epigenetic mechanism in the treatment of malignant CRC.
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Figure 7 | Schematic presentation of the signaling pathways involved in erinacine A–induced cell apoptosis in human DLD-1 cancer cells, and the effect of erinacine A on the activation of the JNK/p300/p50 NFκB pathways, which leads to TNFR, Fas, and FasL expression with the implications of histone H3K9K14ac (Acetyl Lys9/Lys14) in human DLD-1. Erinacine A triggered the apoptosis pathway through the inhibition of Bcl-2 and Bcl-XL and the Bax increase and activation of caspase-8, -3, and -9.
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Expression patterns of estrogen receptors [ERα, ERβ, and G-protein associated ER (GPER)] in melanoma and skin may suggest their differential roles in carcinogenesis. Phytoestrogenic compound cyanidin-3-o-glucoside (C3G) has been shown to inhibit the growth and metastatic potential of melanoma, although the underlying molecular mechanism remains unclear. The aim of this study was to clarify the mechanism of action of C3G in melanoma in vitro and in vivo, as well as to characterize the functional expressions of ERs in melanoma. In normal skin or melanoma (n = 20/each), no ERα protein was detectable, whereas expression of ERβ was high in skin but weak focal or negative in melanoma; and finally high expression of GPER in all skin vs. 50% melanoma tissues (10/20) was found. These results correspond with our analysis of the melanoma survival rates (SRs) from Human Protein Atlas and The Cancer Genome Atlas GDC (362 patients), where low ERβ expression in melanoma correlate with a poor relapse-free survival, and no correlations were observed between SRs and ERα or GPER expression in melanoma. Furthermore, we demonstrated that C3G treatment arrested the cell cycle at the G2/M phase by targeting cyclin B1 (CCNB1) and promoted apoptosis via ERβ in both mouse and human melanoma cell lines, and inhibited melanoma cell growth in vivo. Our study suggested that C3G elicits an agonistic effect toward ERβ signaling enhancement, which may serve as a potential novel therapeutic and preventive approach for melanoma.

Keywords: estrogen receptor, C3G, CCNB1, apoptosis, melanoma


INTRODUCTION

Melanoma skin cancer with the rising incidence, originates from pigment-producing cells melanocytes, found in the basal layer of the epidermis and in the eye (1). Due to presence of the melanin pigment, melanoma is a disease that is accurately diagnosed earlier than most other malignancies and, thus, has been subjected to numerous therapeutic strategies. However, aside from early surgical resection, no therapeutic modality has enabled a high likelihood for a curative outcome (2).

Estrogen receptors (ERs), such as nuclear ERα and ERβ, and G protein-coupled estrogen receptor (GPER), are aberrantly expressed in a wide variety of malignancies other than estrogen-related cancers, and ERβ expression has been reported to decline in tumor tissues compared with normal tissues (3–6). A growing body of evidence shows important protective roles for ERβ in breast (3), melanoma (7), colorectal (6), prostate (5), and ovarian (4) carcinogenesis and their progression. Although the mechanism of this protective effect is unknown, the clinical association suggests that estrogen signaling is involved. Studies have shown that ERβ is the predominant ER subtype, while ERα is not detected in human melanoma cell lines (7) or melanocytic lesions (8, 9). Expression of ERβ expression has been suggested to be lower in melanoma tissues compared with the adjacent healthy skin (10), which could be a favorable prognosis factor of melanoma (10–12). Recently, an activation of GPER signaling that inhibits melanoma has been reported in two melanoma cell lines (13), which may expand the understandings of the melanoma carcinogenesis.

Studies have shown that consumption of fruit and vegetable rich diet may help to prevent melanoma (14). It is believed that phytochemicals, such as the widely distributed anthocyans (composed of anthocyanins and anthocyanidins) in fruits and vegetables induce cell apoptosis or cell cycle arrest in certain types of human cancers (15, 16), but exert little or no effect on the growth of normal cells (17, 18). Anthocyanins are a subgroup of flavonoids that are synthesized via the phenylpropanoid pathway, and are abundant in our daily diet, contributing to the intense color of many fruits, vegetables, and pigments (19). There are six particularly important anthocyanidins, including cyanidin, delphinidin, pelargonidin, malvidin, peonidin, and petunidin. Due to their instability in nature, the acylated anthocyanidins are most frequently forms and are glycosylated two or three-fold with monosaccharides (20). The anti-tumor effects of anthocyanins have been studied in melanoma (21), although the antitumor mechanism of individual anthocyanins remains elusive. The anthocyanin cyanidin-3-o-glucoside (C3G) has phytoestrogen activity by binding to ERs (22, 23), and possess higher selectivity for ERβ than for ERα. C3G is the most abundant anthocyanin pigment in many vegetables and fruits (24). The goal of this study was to reveal the underlying mechanistic effects of C3G in melanoma both in vitro and in vivo.



MATERIALS AND METHODS


Compounds and Chemicals

C3G was purchased from Polyphenols AS Laboratories (Hanabryggene Technology Center, Norway). 17β-Estradiol (E2) and the ERs antagonist ICI 182,780, Dimethylsulfoxide (DMSO), phosphate buffered saline (PBS), and other chemicals were purchased from Sigma-Aldrich (Sigma, USA); ERα agonist PPT and ERβ agonist DPN were from Tocris Biosciences (Tocris Biosciences, UK).



Antibodies

The monoclonal and polyclonal antibodies for cleaved-caspase-3 (#9664), caspase-3 (#9665), caspase-8 (#9746), and caspase-9 (#9508) were obtained from Cell Signaling Technology (CST, USA), RIP3 was obtained from Abcam (ab16090, Abcam, US); the polyclonal antibody for human ERβ (clone H-150, Santa Cruz Biotechnology, USA), the monoclonal antibody for human ERα (clone H222, Thermo Scientific, USA) were used as reported previously (7); the polyclonal antibody for mouse ERα (PA5-16476, Invitrogen Antibodies, USA), monoclonal antibody for mouse ERβ (NB200-305, Novus Biologicals, USA); the polyclonal antibody for human ERα (ABCA1866819, DAKO, Denmark); for immunohistochemical assay the monoclonal antibody for human ERβ (PPZ0506, R&D Systems, USA); for immunohistochemical assay the polyclonal antibody for human GPER (Sigma, HPA027052, USA); the polyclonal antibody for human/mouse GPER (Merck, SAB1304967, USA); human/mouse CCNB1 antibody (AF6000, R&D system, USA); monoclonal anti-rabbit for human TYR (1:100, Abcam, USA) polyclonal mouse anti-rabbit TYR (Cat No. 9319, Cell Signaling Technology, USA); (Monoclonal mouse anti-human Melan-A (Clone A103, DAKO; Denmark) were used. The monoclonal antibody for β-actin (sc-47778) was purchased (Santa Cruz Biotechnology, USA). Anti-mouse or anti-rabbit secondary horseradish peroxidase (HRP) conjugate was obtained (ZSGB-BIO co., China).



Cell Cultures and Treatments

Cell lines for human breast cancer MCF7 (ATCC® HTB-22™) and MDA-MB-231 (ATCC® HTB-26™) and melanoma SK-MEL-1 (ATCC® HTB-67™) and A-375 (ATCC® CRL-1619™), human embryonic kidney 293 (ATCC® CRL-1573™), mouse B16-F10 (ATCC® CRL-6475™) were from National infrastructure of cell line recourse (NICLR, Beijing, China. NICLR is licensed by American Type Culture Collection, ATCC, USA). The B16-F10-luc cell line was purchased from Cold Spring Biotech co. (Beijing, China).

Cells were routinely maintained in Dulbecco's modified Eagle's medium (DMEM; Sigma, USA), supplemented with 10% FBS, 100 U/mL penicillin, and 50 U/mL streptomycin in a humidified atmosphere, containing 5% CO2 at 37°C.

MDA-MB-231 cells were maintained in L15 medium (Sigma, USA) supplemented with 10% FBS, 100 U/mL penicillin/50 U/mL streptomycin at 37°C. For all experiments, cells were used during the linear phase of growth.



Cell Viability and Cytotoxicity Assay

Cells were suspended at a final concentration of 4 × 103 cells/well in 96-well flat-bottomed microplates. Cells at 60–75% confluence were treated with C3G (50 and 150 μM) or vehicle DMSO alone for 48 h. C3G was dissolved in DMSO and the final concentration of DMSO stayed below 0.001% for all experiments. Cell morphology was observed via phase-contrast microscopy. For the cytotoxicity assay, measurement of cell membrane integrity was used as a parameter for cell death. Briefly, 2×CellTox Green Reagent (Promega, USA) was added to each well at the time of C3G dosing, and the provided lysis solution at 1:25 ratio was used as the positive control. Fluorescence was measured using a Tecan Infinite plate reader with 485–510 nm excitation and 520–530 nm emission. All experiments were performed in triplicate on three separate occasions and the data are presented as the mean of the respective triplicate.



Cell Cycle Analysis

Cells were subjected to trypsin and the cells treated with DMSO or C3G were collected and washed in cold PBS, and gently fixed in 70% ethanol overnight at 4°C. After re-suspension in PBS, containing 0.01 mg/mL propidium iodide (PI; Sigma, USA) and 0.1 mg/mL RNase, cells were incubated in the dark for 30 min and stained cells were analyzed with a FC-500 flow cytometer (Beckman Coulter, USA). Cell cycle distribution was analyzed via MultiCycle software (Phoenix Flow Systems, USA). For each experiment, 10,000 cells were recorded. Each experiment was run in triplicate and carried out thrice.



Apoptosis Assay for Cells

Cells were analyzed via Flow cytometric analysis: cells treated with DMSO or C3G were trypsinized, washed in cold PBS, dual stained with the AnnexinV/PI apoptosis detection kit (Sigma, USA) following the manufacturer's instructions, and signals were detected with FL-1 (FITC) and FL-3 (PI) detectors. Non-stained cells (lower-left quadrant) were considered live cells. Cells that stained with AnnexinV only (lower-right quadrant) were considered to be early apoptotic. Cells that stained with both AnnexinV and PI (upper-right quadrant) were considered to be late apoptotic or necrotic. Approximately, 5,000 cells were recorded per analysis.

Second, this method was performed as previously described (25): 4 micron tissue sections were deparaffinized in xylene and rehydrated through a series of decreasing ethanol concentrations. The slides were pretreated with hydrogen peroxide (3%) for 10 min to remove endogenous peroxidase, followed by antigen retrieval in a microwave in 10 mM citrate buffer (pH 6.0) for 15 min. The primary antibodies Cleaved Caspase-3 (9664s, Cell Signaling Technology, USA) were applied, followed by washing and incubation with the biotinylated secondary antibody for 30 min at room temperature. The slides were counterstained with hematoxylin and dehydrated in alcohol and xylene before mounting.

Apoptotic cell death also was confirmed using the terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL) technique as described by the in situ Cell Death Detection kit, POD (Roche, Germany) for DNA chromatin morphologic features used during quantification following the manufacturer's guidelines. For apoptosis quantification, the results were viewed under a fluorescence microscope (Olympus, Japan). Two observers counted at least 1,000 cells from more than 10 random microscopic fields.



Terminal Deoxynucleotidyl Transferase-Mediated dUTP Nick End Labeling (TUNEL) Staining

TUNEL was performed to detect apoptosis in the melanoma tissue with the in situ cell death detection kit, POD (7seabiotech, China). Briefly, the samples were dewaxed through xylene and gradient ethanol. The 20 μl/ml of proteinase K was used to increase the sample permeability. After washing with PBS, the biotin-labeled reaction solution was added dropwise and incubated at 37°C for 1 h. After washing again, the pod reaction solution was added and the slides were incubated at 37°C for 30 min, Finally, DAB coloring solution was used for the color development.



Chromatin Immunoprecipitation (ChIP) Assay

ChIP assays were performed according to the manufacturer's protocol (P2078, Beyotime Co., China) with slight modifications. Chromatin solutions were sonicated and incubated with anti-ERβ or with control IgG, and rotated overnight at 4°C. DNA-protein cross-links were reversed and chromatin DNA was purified and subjected to PCR analysis. The primer pair: 5′-CCGTAGAAATGGAAAGTGTGC-3′ and 5′-TGGAGAGCAGTGAAGCCAGT-3′ were used to amplify the predicated ERβ DNA interaction domain in CCNB1 promoter sequence. GAPDH was used as a negative control, the primer pair for GAPDH were: 5′-TACTAGCGGTTTTACGGGCG-3′ and 5′-TCGAACAGGAGGAGCAGAGAGCGA-3′. As IGF1 promoter region reported containing at least two sites for binding ERβ, IGF1 promoter was used as a positive control for the ERβ-DNA interaction, the primer pair were: 5′-CATAGTCTTTGCCTCATCGC-3′ and 5′-TTGTCCCAGTTGCCAAGT-3′. After amplification, PCR products were resolved on a 1.5% agarose gel and visualized by ethidium bromide staining.



Measurement of Mitochondrial ROS

Cells treated with DMSO or C3G were removed from the culture medium at 24 h and stained with MitoTrackerRed CM-H2XRos (Invitrogen, USA) at 37°C in a humidified 5% CO2 atmosphere for 30 min. Cells were observed via laser scanning confocal microscope (Nikon, Japan).



Isolation and Cultivation of Mouse and Human Primary Melanocytes

Mouse primary melanocytes were performed as previously described (26): punch skin biopsies were obtained from three C57BL/6C male mice (2-day old) on ice for anesthesia. First the underlying connective tissue was removed and digested in 0.2% dispase II at 4°C for 20 h. Then, epidermal tissue was separated from the underlying dermal tissue and digested in 0.25% trypsin and 0.02% EDTA at 37°C for 8 min. Finally, the dissociated cell suspensions were centrifuged. Total cell number and yield of viable cells were determined and maintained DMEM supplemented with 10% FBS, 100 U/mL penicillin and 50 U/mL streptomycin in a humidified atmosphere containing 5% CO2 at 37°C for all subsequent experiments.

The skin specimens were obtained from skin nevus in the Guangzhou Military Command, and informed consent was obtained from all patients. Briefly, the skin specimens were immersed in an iodine solution for 5 min, then washed extensively with cold saline. The subcutaneous tissue and dermis were removed, and the remaining skin was cut into small sections (0.5 mm thick) and placed in 0.25 % neutral protease overnight at 4°C to obtain the epidermis, which was then immersed in a solution of 0.25 % trypsin and 0.02 % EDTA at 37°C for 5 min. This digestion was terminated by the addition of serum. Single cell suspensions were obtained by pipette blowing, filtered through a 200 mesh filter for screening and centrifuged twice at 1,500 rpm for 6 min. M254 medium, supplemented with 1 % (v/v) human melanocyte growth supplement (HMGS2), 100 U/ml penicillin and 50 U/ml streptomycin, was added to the cells. The cells were then seeded into 25 cm2 culture flasks, at 5 × 105 cells per flask, and cultured at 37°C in a humidified atmosphere.



Validation of Purity of Melanocytes

Purity of melanocytes was determined by visual observation of cell morphology and histochemical analyses. Melanocytes were morphologically identified based on their characteristic dendritic morphology with multiple long processes and variable pigmentation. Tyrosinase (TYR) activity in melanocytes was assayed via L-DOPA reaction as previously described (27): culture media were removed and melanocytes rinsed twice in PBS, fixed for 20 min in fixative solution (ethanol:chloroform:acetic acid = 6:3:1), washed three times with PBS, and then incubated at 37°C for 18 h in the dark with 10 mM L-DOPA (Sigma, USA). Negative control melanocytes were incubated in the absence of L-DOPA. After incubation, the melanocytes were rinsed with distilled water, dehydrated, and mounted. Melanocytes that stained positive for TYR activity were observed via light microscopy.



Plasmids

To experimentally determine whether ERβ bind to the promoter of CCNB1 the coding sequence of the ERβ was cloned into the eukaryotic expression plasmid pEGFP-C1 using XhoI and SalI restriction sites. Meanwhile, the promoter sequence of CCNB1 (from −1,000 bp to +100 bp) was amplified from the genome of Hela cell line IGR-39 (The human IGR-39 (BRAF V600E-mutant) and cloned into the luciferase reporter vector pGL3-basic (Promega, USA) using KpnI and XhoI restriction sites (pGL3- CCNB1). All generated constructs were confirmed by sequencing.



Transient Transfection and Luciferase Activity Assay

Hela cells (ATCC® CCL-2™) were transiently transfected with reporter constructs together with expression vector using Lipofectamine 3000 (Invitrogen, USA) following the manufacturer's protocol. Briefly, the day before transfection, cells were seeded into the 96 well plate with normal growth medium and were 70–80% confluent at the time of transfection. The time of the started transfection was considered time 0. For reporter assays, cells were lysed 48 h after transfection and the supernatant was collected to measure the luciferase with the Dual-Luciferase Reporter Assay System (Promega, USA).



RNA Extraction and Real-Time RT-PCR

Total RNA and quantitative real-time PCR (qPCR) were performed as previously described (28). Primer pairs are shown in Table 1. Data were analyzed with LightCycler® 480 software, Version 1.5 (Roche). Melting curves were run to confirm the specificity of the signal. Relative quantification of gene expression was performed using standard curves and normalized to the value for glyceraldehyde 3-phosphate dehydrogenase (GAPDH) in each sample. The films were scanned and quantified using NIH Image J 1.42 (http://rsb.info.nih.gov/ij/download. html) and each experiment was run in triplicate.


Table 1. The sequences of oligonucleotide primers and amplified products of real-time PCR.
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Western Blot

Western blot analysis was performed as previously described (25). Protein was extracted from cell samples using the RIPA method and quantified via a Bio-Rad protein assay kit (cat. 500-0002; BioRad, USA). Protein samples were separated via SDS-PAGE and then transferred to a PVDF membrane (cat. IPVH00010; Millipore, USA). The membrane was incubated overnight at 4°C with the primary antibody diluted in 5% non-fat dry milk. The membranes were washed thrice and incubated for 45 min at room temperature with the HRP conjugated secondary antibody (Beijing, China). Each reaction was performed in triplicate in three independent Western blotting assays. The films were scanned and quantified using NIH Image J 1.42 (http://rsb.info.nih.gov/ij/download.html).



In vivo Tumor Growth and Bioluminescent Imaging

This study was carried out in accordance with the principles of the Basel Declaration and recommendations of the Institutional Animal Care and Use Committee guidelines of China Agricultural University (CAU) under the permission number of AW02129102-3, the Institutional Animal Care and Use Committee of China Agricultural University (CAU). The protocol was approved by the Institutional Animal Care and Use Committee of China Agricultural University (CAU).

Four-week-old intact male C57BL/6 mice were purchased (Animal Center, Academy of Military Medical Sciences, China) and randomly divided into three groups (n = 10 for per group). The control and tumor model groups received a normal diet (ND; n = 10), while the C3G group was fed ND containing C3G 420 mg/kg (n = 10). At 6 weeks of age, mice were injected s.c. with B16-F10-luc cells (2 × 103) in matrigel (BD Biosciences, USA). Body weights and food intake were monitored weekly. Tumor growth was monitored in real time with bioluminescent imaging of luciferase activity in live mice using the cryogenically cooled IVIS-imaging system (Calipers, USA). Tumor size was measured weekly using calipers, and the volume was calculated with the formula [(4/3π[image: image] × r2) (0.125)], where r1 was the smaller radius and r2 was the larger radius. At 9 weeks of age, mice were sacrificed. Four weeks post injection, mice were euthanized and tumors were removed, weighed, and identified via hematoxylin and eosin staining and cleaved-caspase-3 histological staining.



Human Samples of Melanoma

Twenty cases of melanoma were retrospectively reviewed for their histopathological features; patients were seen at the Chinese PLA General Hospital in Beijing, China, in 2012–2013. The study was approved by the Ethics Committee of the Chinese PLA General Hospital.



Gene Expression Correlation Analysis and Overall Survival Analysis

The TCGA SKCM dataset (n = 352) were download in FPKM (Fragments per kilo-base of exon per million reads mapped) format and transferred to TPM (Transcripts per million reads) format. Gene expression correlation and scatter plot were analyzed by R program. Overall survival analysis was analyzed using the R package “survival.”



The Quantification of Microvasculature Density

Microvessel density (MVD) was quantified according to our previous study (25): slides were scanned at low power (×100) to identify the “hot spots” the areas of highest neovascularization. The average vessel count for the five “hot spots” was calculated as MVD. The results were calculated as MVD/mm2 (vessels/mm2). Differences were deemed significant with p < 0.01 and n = 20 fields were compared.



Immunohistochemistry

This method was performed as previously described (29): 4 micron tissue sections were deparaffinized in xylene and rehydrated through a series of decreasing ethanol concentrations. The slides were pretreated with hydrogen peroxide (3%) for 10 min to remove endogenous peroxidase, followed by antigen retrieval in a microwave in 10 mM citrate buffer (pH 6.0) for 15 min. The primary antibodies were applied, followed by washing and incubation with the biotinylated secondary antibody for 30 min at room temperature. The slides were counterstained with hematoxylin and dehydrated in alcohol and xylene before mounting.



ERα and ERβ Transactivation Assays

To assess activation of both human ERα and ERβ, ERα and β Reporter Assay Systems utilize non-human mammalian cells were performed (Indigo Biosciences, USA). Briefly, compounds were diluted in a medium provided by the manufacturer. After warmed to 37°C, the cell recovery medium provided in the assay kit was added to the tube of frozen reporter cells. To allow the cells attached firmly, the cell suspension (100 μL) was dispensed into the wells of a 96-well assay plate and incubated for 4 h. The test compounds (100 μL) were added to the cells at the indicated concentrations and incubated for 24 h. Luciferase activity was measured the luciferase with the Dual-Luciferase Reporter Assay System (Promega, USA).



Competitive Binding Assays

To assess the competitive binding assays, the PolarScreen ERα and ERβ Competitive Binding Assay Kits Green (Life Technologies, USA) were used according to the manufacturer's protocol. Recombinant human ERα (25 nM) and ERβ (23 nM) and 4.5 nM Fluormone ES2 Green (fluorescently labeled estradiol) were incubated for 2 h with the test compounds, respectively. Fluorescence polarization was quantified using a Flex Station 3 (Molecular Devices, USA). IC50 values (the ligand concentration that yields 50% inhibition of Fluormone ES2 Green) were determined from competitive binding curves generated using GraphPad Prism ver. 6.01 for Windows (GraphPad Software, USA).



Statistical Analysis

One-way ANOVA and Dunnett's post hoc tests were performed for all statistical analyses using the SPSS18.0.1 Package (SPSS Inc., Chicago, IL). Differences with p < 0.05 *), p < 0.01 (**), or p < 0.001(***) were considered statistically significant. Values are presented as the mean ± SEM (standard error of the mean).




RESULTS


Low ERβ Expression in Melanoma Patients Was Critical for the Survival Rate in Patients

To check the expressions of ERs in melanoma patients, immunohistochemical analyses were performed in melanoma paraffin sections. No ERα expression was observed in the normal skin (n = 10) and all melanoma samples (n = 20) (Figures 1A–2,B–2). Surprisingly, high ERβ expression was observed in the skin (Figure 1A–3), but was very weak positive (2/20, where high background could be observed) to negative in melanoma samples (18/20) (Figure 1B–3). High expression of GPER was observed in 50% (10/20) of the melanoma samples (Figure 1B–4), which consisted of focal negative (Figure 1B–4a) and focal positive (Figure 1B–4b) area, next to each other.
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FIGURE 1. ERs expressions and the survival rates in melanoma patients. (A) Immunoshitochemical staining of Melanin (A–1), ERα (A–2), ERβ (A–3), and GPER (A–4) in skin (upper panel) (A–1–A–4) and (B) melanoma (lower panel) (B–1–B–4), where normal human skin serves as control. Arrows indicates the positive signals. Kaplan–Meier survival curves of the expression of ERα (C,F), ERβ (D,G), and GPER (E,H) in all patients from the Human Protein Atlas (C–E) and TCGA (F–H). Scale bar is 100 μm.


We analyzed with Kaplan–Meier plot for melanoma survival rates (SRs) and its correlation with ERα, ERβ, and GPER expression levels from the Human Protein Atlas. For the expression of ERα mRNA in melanoma patients (n = 75) across all melanoma subtypes, no significant difference in survival rate between the lower expression (n = 38) and the higher levels of ERα (n = 64) was observed (Figure 1C). Low expression of ERβ mRNA in melanoma patients (n = 75) across all melanoma subtypes correlated with a poorer relapse-free survival compared with patients expressing high levels of ERβ (n = 27) (Figure 1D). The 3-year survival rate for patients with higher ERβ expression was 68%, whereas it was 37% for patients with lower ERβ expression. The 5-year survival rate for patients with higher ERβ expression was 45%, but the 5-year survival rate for patients with lower ERβ expression was 0. High expression of GPER mRNA in melanoma patients (n = 55) across all melanoma subtypes correlated with a poorer relapse-free survival compared with patients expressing higher levels of GPER (n = 47) (Figure 1E). The 3-year survival rate for patients with higher GPER expression was 20%, whereas it was 65% for patients with lower GPER expression. In order to validate the expressions of these three ERs in the large numbers of the melanoma patients, we explored the expressions of ERα, ERβ, and GPER in The Cancer Genome Atlas (TCGA) GDC Melanoma with 352 human samples. We confirmed that patients with high expression of ERβ had better prognosis (P = 0.0024) (Figure 1G), but the survival rates of ERα or GPER with high or low expression did not show any significant changes (Figures 1F,H).



C3G Inhibited the Growth of Mouse and Human Melanoma Cells

We previously demonstrated that C3G preferentially promoted apoptosis of triple negative breast cancer cells (TNBC) by directly binding to the ligand-binding domain (LBD) of ERα36 and could be a novel potential preventive/therapeutic agent against TNBC (25). In this study, we were interested in the role of C3G in melanoma, which is also an ER-related cancer (12). To analyze the treatment effects of C3G in melanoma, we isolated and cultivated mouse primary melanocytes from C57BL/6 skin tissue, and human primary melanocytes from the skin nevus. As TYR activity is a specific histochemical marker of melanocytes (30), L-DOPA staining was carried out to identify mouse and human primary melanocytes (Figure 2A). Based on the L-DOPA staining and the morphology of melanocytes with dendritic morphology, and variable pigmentation, the purity of the melanocytes was 93% for human and 97% for mouse.
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FIGURE 2. C3G inhibits growth of melanoma cells. (A) L-DOPA staining of cultured human and mouse primary melanocytes. (B,C) Cell viability was measured by treating the SK-MEL-1 (B) and B16-F10 (C) melanoma cells with different concentrations of C3G. DMSO served as the vehicle control. (D–G) Mouse (D1–3) and human (F1–3) primary melanocytes, as well as mouse melanoma B16-F10 (E1–3) cells and human SK-MEL-1 (G1–3) were treated without or with 50 and 150 μM C3G. DMSO served as the vehicle control, and cell morphology was observed by phase-contrast microscopy. Scale bar is 100 μm. (H–K) Cytotoxicity of doses (50 and 150 μM) of C3G in mouse primary melanocytes (H) and in mouse melanoma B16-F10 (I), as well as in and human primary melanocytes (J) and human SK-MEL-1 melanoma cells (K). The results represent the mean ± SEM from three independent experiments. Differences with *p < 0.05, **p < 0.01, or ***p < 0.001 were considered significant.


The MTT assay was performed 48 h after treatment to determine the inhibitory concentration of the 50% (IC50) dose of C3G in the human and mouse melanoma cells (Figures 2B,C). We compared the cytotoxic effects of C3G in the SK-MEL-1 and B16-F10 cell lines. The results revealed that growths of the melanoma B16-F10 (Figures 2E,I) and SK-MEL-1 (Figures 2G,K) were inhibited by C3G treatment (50 and 150 μM) over 48 h compared to the DMSO vehicle control (Figures 2E,G,I,K). In contrast, the growth of primary melanocytes from mice and humans did not change significantly in either the 50 or 150 μM C3G treatments compared to the DMSO vehicle control (Figures 2D,F,H,J). These data demonstrate that C3G specifically inhibited the growth of B16-F10 and SK-MEL-1 melanoma cells.



Decreased Expression of ERβ in Human and Mouse Melanoma Cell Lines

Growing evidence strongly suggests that ERβ plays a preventive role in the development and progression of melanoma (12). The expressions of ERα, ERβ, and GPER in human melanoma cell lines were analyzed by Western blot (Figure 3A). The MCF-7 and MDE-MB-231 breast cancer cell lines were used as the positive controls for ERα, ERβ, and ERα36. A band corresponding to ERα (66 kDa), a band corresponding to ERβ (59 kDa), and a band corresponding to ERα36 (36 kDa) at different expression levels were observed from the MCF-7 and MDE-MB-231 breast cancer cell lines, respectively (Figure 3A). No band corresponding to ERα or ERα 36 was detected in any of the primary melanocyte or melanoma cell lines analyzed (Figure 3A, lanes 1 and 2), confirming previous observations (11). A strong band and a very weak ERβ band were detected in the MCF-7 or MDE-MB-231 (positive and negative controls; lane 4), as shown previously (25). The human melanoma SK-MEL-1 and A-375 and mouse B16F10 cells lines (lane 4) expressed ERβ (59 kDa), but at lower levels (Figure 3A, lane 4) compared to the human and mouse primary melanocytes, respectively. Decreased expression of ERβ was observed in the human and mouse melanoma cells compared to primary melanocytes (Figure 3A, lane 4). Interestingly, no significant altered expression of GPER was observed in the human and mouse melanoma cells compared to primary melanocytes (Figure 3A, lane 6).
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FIGURE 3. C3G binds to ERα and ERβ and possess ER transactivation activity. (A) Western blot analysis of ERα, ERβ, and GPER in human primary melanocytes and SK-MEL-1 and A-375 melanoma cells, and mouse primary melanocytes and B16-F10 melanoma cells. Human breast cancer cell lines MCF-7 and MDA-MB-231 were used as positive and negative controls for ERα, ERβ, and GPER, respectively. (B,C) Changes in cell numbers after treating the B16-F10 and SK-MEL-1 cells with E2 (10 nM), the ER antagonist ICI 182,780 (1.0 μM), the selective ERα agonist PPT, the selective ERα agonist DPN, and C3G, at 24 h (upper panel) and 72 h (lower panel), respectively. ERα reporter assay of cells treated with 50 μM C3G or 100 pM E2 in the absence (D) or presence (E) of 1.0 μM ICI 182,780. ERβ reporter assay of cells treated with 50 μM C3G or 100 pM E2 in the absence (F) or presence (G) of 1.0 μM ICI 182,780 for 24 h. RLU, relative light units. Data are mean ± SEM of three independent experiments. *p < 0.05 vs. control. Competitive binding curves for C3G displacement of fluorescein-labeled E2 from human ERα. ERα and fluorescein-labeled E2 were incubated for 2 h with a serial dilution of (H) E2, (I) C3G, in triplicate. IC50 corresponds to the concentration of test compound inhibiting binding of 4.5 nM FluormoreTM ES2 Green to ERα by 50%. Competitive binding curves for C3G displacement of fluorescein-labeled E2 from human ERβ. ERβ and fluorescein-labeled E2 were incubated for 2 h with a serial dilution of (J) E2, (K) C3G, at least in triplicate. IC50 corresponds to the concentration of test compound inhibiting binding of 4.5 nM FluormoreTM ES2 Green to ERβ by 50%. RBA values were calculated as 100 × IC50 (E2)/IC50 (test compounds). Inhibition by E2 was defined as 100%. Values are means ± SEM. Differences with *p < 0.05, **p < 0.01, or ***p < 0.001 were considered significant.




ERβ Agonist DPN, but Not ERα Inhibited Melanoma Cell Proliferation

The selective ERβ agonist DPN decreased melanoma cell proliferation at a concentration of 10−8 M, while the selective ERα agonist PPT had no effect on melanoma cell proliferation at 10−8 M (Figures 3B,C). The natural estrogenic ligand E2 exerted some anti-proliferative effects on the melanoma B16F10 and A-375 cell lines at a concentration of 10−8 M (Figures 3B,C). C3G exerted a significant anti-proliferative effect on both melanoma cell lines at a concentration of 5 × 10−5 M. In a time course study, we observed the anti-proliferative activities of DPN, E2 (10−8 M), and C3G were completely counteracted by co-treatment of the cells with the ER antagonist ICI 182,780 (10−6 M) at 24 h (Figures 3B,C), and statistically significant results were obtained at 72 h (Figures 3B,C).



C3G Binds to ERα and ERβ and Showed ER Transactivation Activity

C3G exhibited estrogenic activity both in human ERα and ERβ reporter assays at 50.0 μM (p < 0.05 and p < 0.01, respectively) (Figures 3D–G). C3G-mediated induction of estrogen response element-dependent luciferase activity was inhibited by co-treatment with 1 μM ICI 182,780 (Figures 3D,F), suggesting these effects were ERα- and ERβ-mediated, respectively. Our data suggest that C3G had phytoestrogenic activity mediated mainly via the ERβ signal.

To investigate whether the phytoestrogenic activity of C3G in vitro resulted from binding to ERα and ERβ, we calculated the approximate IC50 values using PolarScreen assays. E2 is positive control of C3G (Figures 3H,J). C3G exhibited the ability to bind to ERα and ERβ (Figures 3I,K). The IC50 values of E2 and C3G were 3.5 nM and 3.8 μM, respectively.



C3G Decreases the CCNB1 Expression Arrested Cell-Cycle at the G2/M Phase in B16-F10 Cells Directly via ERβ

We asked whether the B16-F10 cell death promoted by C3G was due to the cell-cycle intervention. DNA content of B16-F10 cells was assessed by flow cytometry to evaluate the effects of C3G on cell cycle progression. We observed a decrease in the S phase population after the 24 h C3G (150 μM) treatment, and the cells were arrested in the G2/M phase at 24 h (Figure 4A). The 24-h flow cytometric analysis of cells treated with C3G showed about a four-fold increase in the percentage of cells in the G2-M phase (28%) compared with cells not in that phase (7%; Figure 4A). Furthermore, we also tested mRNA expression of cell cycle regulatory molecules (CCNB1, CCND1, CCNE2, CDK1 and CDK2, and CDK6) after 24 h of C3G (150 μM) treatment. We set a two-fold change as the threshold for significant expression of the genes, and observed a sharp decrease in CCNB1 after the C3G (150 μM) treatment, while the other genes did not change significantly (Figure 4B). CCNB1 is known to be an ERβ response gene in breast cancer cells (31).
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FIGURE 4. C3G treatment of B16-F10 cells and cell-cycle progression (arrested at G2/M phase). (A) C3G affects B16-F10 cell cycle progression measured via flow cytometry after 12 and 24 h treatments. DNA contents were measured via PI staining (x-axis) and the population of cells was measured (y-axis). (B) Relative mRNA expression levels of cyclin B1, cyclin D1, cyclin E2, and CDK2, CDK4, and CDK6 following C3G 24 h treatment in B16-F10 cells. Data are mean ± SEM (n = 3). Triplicate measurements were performed for each experiment. Two-fold changes were used as the significant threshold. Differences with *p < 0.05, **p < 0.01, or ***p < 0.001 were considered significant. (C) The region of 1,000 nucleotides upstream of CCNB1 was analyzed using the NCBI. Multiple predicted ERβ binding sites in the CCNB1 promoter are marked in the sketch. (D) Luciferase activities were significantly activated by the pGL3-CCNB1 reporter vector and inhibited by DPN and C3G. (E) E is the background of luciferase. Differences with *p < 0.05, **p < 0.01, or ***p < 0.001 were considered significant.


To determine whether C3G inhibited the expression of CCNB1 via ERβ, we analyzed the region of 1,000 nucleotides upstream of CCNB1 using NCBI. We found multiple predicted ERβ binding sites in the CCNB1 promoter (Figure 4C). To verify this prediction, we performed the luciferase assay. As illustrated in Figures 4D,E, luciferase was significantly activated by the pGL3-CCNB1 reporter vector and inhibited by the E2, PPT (ERα selective agonist), DPN (ERβ selective agonist), and C3G. ERα and ERβ antagonist ICI 182,780 induced pGL3-CCNB1 reporter vector luciferase activation was ERβ dependent. The luciferase of control of pGL3-CCNB1 reporter vector was not affected by these molecules (Figure 4E). Taken together, the result indicated that ERβ mediates the expression of CCNB1 by binding to its promoter region. To determine whether CCNB1 is a direct target of ERβ, ChIP assay with the ERβ antibody in SK-MEL-1 cells was carried out. Data showed enrichment of both binding sites within the CCNB1 promoter region, indicating that the increases of mRNA and subsequent protein levels of CCNB1 in melanoma cell lines are likely due to a direct interaction of ERβ with the CCNB1 gene promoter (Figure S1A).



Low ERβ and High CCNB1 mRNA Expressions Correlate With Decreased Survival in Melanoma Patients

For evidence linking ERβ and CCNB1 expression to the progression of melanoma, immunohistochemical analyses were performed from the paraffin sectioned in human melanomas samples. By using the same paraffin sections for the expression of ERs, we detected strong CCNB1 expression in malignant melanoma tissues in 10/20 patients (50%) (Figure S1B), moderate expression in 5/20 patients (25%), and mild expression in 5/20 patients (25%). The bivariate correlation of ERβ and CCNB1 between these samples with Pearson's correlation value was −0.577 (P = 0.008). From Figures 1F–H, we noticed that high expression of ERβ had better prognosis (P = 0.0024), but the survival rate of ERα or GPER with high expression and low expression did not shown any significant differences for the survival rate. Furthermore, we analyzed the correlation between ERα, ERβ, or GPER and CCNB1, respectively. The expression of CCNB1 was found to be negatively correlated with ERβ (R = −0.259, P = 0.02292) (Figure S1D), but no correlations with the expressions of ERα and GPER were obtained (Figures S1C,E), which further confirmed our findings. These bioinformatical analyses further confirmed our immunohistochemical studies in human melanoma samples (shown in Figure 1).



C3G Induced Melanoma Cells Death of via Apoptosis in the Caspase Cascade Pathway

We tested whether C3G promoted apoptotic cell death. Quantification by flow cytometry demonstrated that the C3G treatments (48 h) induced a dramatic increase in the amount of Annexin V/PI double-positive B16-F10 cells from 16.02 to 81.87% (Figure 5A). As both apoptosis (32) and necroptosis (33) are considered two of the most important mechanisms of cancer cell death, we determined which pathway was involved in C3G-induced cell death and cell death pathways. We first detected RIP3 expression in B16-F10 cells, using the mouse pancreas as a positive control (Figure 5B). We failed to detect RIP3 expression in B16-F10 cells treated with C3G, suggesting that necroptosis was not involved in C3G-induced cell death. Effector caspase-3 is cleaved-caspase-3, resulting in cleavage of critical cellular proteins and leading to cell death (34). We observed an increase in cleaved-caspase-3 subsequent to C3G treatment in B16-F10 cells (Figure 5C). TUNEL assay showed an increased number of dead cells after the C3G treatment (Figures 5D,E). These results indicated that C3G inhibited the growth of B16-F10 cells by promoting apoptotic death.
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FIGURE 5. C3G promotes B16-F10 cells apoptosis via the mitochondrial pathway. (A) Annexin V/PI double staining of B16-F10 cells observed via flow cytometry after a 48 h C3G treatment. Phosphatidylserine was measured via Annexin V-FITC staining (X-axis), and apoptosis was measured via PI staining (Y-axis). (B) Upper panel: RIP3 expression in B16-F10 cells detected by Western blotting; the mouse pancreas was the positive control. Lower panel: relative RIP3 protein levels. (C) Upper panel: expression levels of cleaved-caspase-3 (17 and 19 kDa) and caspase-3 (35 kDa). β-actin was the internal control. The lower panel shows the relative protein levels of cleaved-caspase-3 in B16-F10 cells. (D) TUNEL staining to detect late apoptotic cells after C3G treatment. Late apoptotic cells have green nuclear regions (arrows), bar graphs show the number of TUNEL-positive cells. (E) The results represent mean ± SEM from three independent experiments. (F) Mitochondrial ROS fluorescent images were recorded with a fluorescence microscope 30 min after adding CM-H2XRos to the B16-F10 cells. DMSO cells remained unstained. (G) Bar graphs show the percentage of ROS-positive cells. (H) Western blot analysis of caspase 9 in C3G-treated mice tumors. The results represent mean ± SEM from three independent experiments. Differences with *p < 0.05, **p < 0.01, or ***p < 0.001 were considered significant.




C3G Induced Melanoma Cell Apoptosis via the Mitochondrial Pathway

We studied whether C3G induced apoptosis via mitochondrial dysfunction. Mitochondria plays an important role in the regulation of apoptosis by generating reactive oxygen species (ROS) and releasing cytochrome c, subsequently activating caspase-9 and caspase-3/7 (35–37). As shown in Figures 5F,G, C3G increased ROS in a dose-dependent manner in B16-F10 cells. In addition, we detected active caspase-9 (cleaved-caspase-9) expression in B16-F10 cells using Western blot analysis (Figure 5H). The C3G treatment promoted the expression of cleaved-caspase-9 compared to the DMSO control. These results indicate that C3G induces B16-F10 cell apoptosis via the mitochondrial pathway.



C3G Inhibits the Growth of Mouse Melanoma Cells in vivo

The male C57BL/6 mice syngeneic graft model was used to examine the in vivo efficacy of C3G. We utilized stably expressing luciferase mouse melanoma (B16-F10-luc) cells to visualize and monitor melanoma growth in real-time. The results revealed that tumor growth and volume in mice treated with C3G were significantly smaller compared to that of control mice during the 4 weeks of observations (Figure 6A). Tumor size and weight further confirmed the inhibitory function of C3G when the mice were sacrificed (Figures 6B,C). A histological analysis showed that C3G treatment significantly inhibited micrangium formation (Figure 6D). The MVD was 12.00 ± 1.00/mm2 (tumor group) vs. 5.75 ± 0.95/mm2 (C3G group). Body weight and food intake were monitored weekly as indicators of overall health, and no differences were detected among the control, tumor, and C3G groups. Consistent with the in vitro results, apoptosis (cleaved-caspase-3 staining) and CCNB1 of the tumor specimens increased significantly, whereas CCNB1 of the tumor specimens decreased significantly in the C3G group (Figures 6E,F). The TUNEL assay also showed an increased number of dead cells in the mice tumor after C3G-treated (Figure 6G) These results illustrate that C3G also inhibits melanoma B16-F10 cells in vivo.
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FIGURE 6. C3G inhibits the growth of B16-F10 cells in vivo. In situ tumor growth monitored via Xenogen IVIS imaging at different time points after implanting syngeneic B16-F10-luc tumors into male C57BL/6 mice (n = 10) either fed with control or C3G diet for 4 weeks. (A) Melanoma tumor growth was monitored in real-time via bioluminescent imaging of luciferase activity in live mice using the cryogenically cooled IVIS-imaging system from baseline to week 4 post implantation. (B) Graphical representation of tumor weight and tumor growth was monitored using Vernier calipers. (C) Photographic images of excised tumors were captured (n = 3). The largest tumor size in diameter is 2.0 cm. (D) Hematoxylin and eosin staining of tumor and capillaries are red (arrows). (E) Cleaved-caspase-3 was brownish in the cytoplasm (arrows) of the tumor and (F) Western blot analysis of caspase 3 and CCNB1 in C3G-treated mice tumors. (G), TUNEL staining to detect late apoptotic cells of the tumor (left panel) and C3G-treated mice tumors (Right panel). Late apoptotic cells had brownish nuclear regions (arrows). Differences with *p < 0.05, **p < 0.01, or ***p < 0.001 were considered statistically significant. Scale bar is 100 μm.





DISCUSSION

A growing body of evidence shows the preventive roles for estrogen and its ERs signaling pathway in melanoma, and suggests that ERs (nuclear ERs and GPER) may be the potential therapeutic targets associated with a suppressive function in them. By immunohistochemical analyses from melanoma patients (n = 20) and the mined data from the public databases, we demonstrated that ERβ expression was decreased in melanoma, and low expression of ERβ in melanoma patients in all melanoma subtypes correlate with a poor relapse-free survival, whereas no correlations were observed between survival rates and the expression of ERα or GPER in melanoma. We also demonstrated that the C3G inhibits the growths in mouse and human melanoma cell lines via ERβ, and a mouse melanoma model. Our study suggested that agonistic effects of C3G targeted ERβ signaling enhancement, which could be a potential novel therapeutic and preventive approach for melanoma.

ERβ is believed to be one of the main prognostic factors in malignant melanoma (10), although the molecular role of ERβ in melanoma remains elusive. de Giorgi et al. study was the first one showing a statistical analysis that evaluated ERβ expression in malignant melanoma. Based on 66 malignant melanocytic lesions, they demonstrated that loss of ERβ may represent a crucial step in the development of malignant melanoma (10). Interestingly, Schmidt et al. (38) showed that ERβ is the predominant ER in melanocyte physiology. They also demonstrated that low ERβ expression occurs in progressively deeper malignant melanoma (n = 36). As for immunohistochemical assay, the results for human ERβ antibody are still contradictory and debated in last 20 years. Recently, Andersson et al. showed that the rarely used monoclonal antibody may specially target the human ERβ in immunohistochemistry (39). In accordance with de Giorgi's findings, by using this antibody, we also observed high expression of ERβ in human skin, and with very low or absent expression of the ERβ protein from 20 human melanoma samples.

By mining data from the Human Protein Atlas and TAGC, we found an inverse correlation between survival rate and the ERβ expression level in melanoma patients.

Marzagalli et al. demonstrated that ERβ (but not the ERα subtype) expression was decreased in most of the tested melanoma cell lines (7). Moreover, they reported that ERβ agonists exert antiproliferative activities in BLM melanoma cells by modulating cell cycle progressing factors (CCNB1, CCND3, and p27) and by blocking the G1-S transition phase without triggering the apoptosis pathway. They hypothesized that inhibition of these cell cycle-related proteins may not be directly related to ERβ, but to some of the ERβ downstream proteins. In line with their results, we also observed that ERβ (but not the ERα subtype) was expressed in most of the tested melanoma cell lines.

Natale et al. demonstrated that GPER was expressed in two of the tested melanoma cell lines (13). Moreover, they reported that activation of GPER signaling inhibits melanoma and improves response to immune checkpoint blockade, which extends the comprehensive mechanisms of estrogen signal action on the etiology and carcinogenesis in melanoma, and may provide the “proof of concept” for the new therapeutic strategy for melanoma. Surprisingly, we observed high GPER expression in 50% (10/20) of the melanoma samples, with their focal negative and positive area side by side, suggesting high heterozygosity of melanoma. Moreover, by mining the public data from Human Protein Atlas and TAGC, we demonstrated that low expression of ERβ in melanoma patients across all melanoma subtypes correlate with a poor relapse-free survival, whereas no correlations were observed between survival rates and the expression of ERα or GPER in melanoma patients. To avoid any analysis bias, a large clinical investigation to valid the GPER as the biomarker for human melanoma is needed. Combining the studies from Natale et al. (13) and ours, it is highly likely that certain subtypes of melanoma might be more sensitive toward GPER therapy. As in Natale's study, systemically delivered GPER agonist was well-tolerated, and cooperated with immune checkpoint blockade in melanoma-bearing mice to dramatically extend survival rate in mice, with up to half of mice clearing their tumor. Whereas, for the clinical immune checkpoint blockade study, only 15–40% patients responded to PD-1/PDL-1 therapy (40, 41), which suggests GPER and immune checkpoint blockade therapies are tumor subtype-specific. ERβ has been known for its cell anti-proliferative effects (42). In this study, we showed that the luciferase activity of ERβ by E2 is seven-fold higher compared with C3G, but the cell proliferation by E2 did not significantly change compared to C3G treatment. The plausible explanation for this controversial result could be due to the differential ligand binding potentials to the nuclear receptor. It is well-known that ER ligands mediate their actions through recruiting of different co-activators or co-repressors by forming different multiprotein complexes on the basis of the shape of the ligand–receptor complex. These complexes influence the activity of the receptors, which activate or repress gene transcription for the cell proliferation (42). These above mentions issues could explain the differential activation results.

Anthocyanins have phytoestrogen activity via ERα and ERβ, and C3G has a higher binding affinity to ERβ than to ERα (22, 23). We also confirmed that C3G has a higher binding affinity to ERβ than ERα by the ERα and ERβ PolarScreen assay. The IC50 of C3G was ~1/1000 that of E2, indicating a weaker effect of the phytoestrogen compared to endogenous estrogen (22, 23). In this study, we demonstrated that the ER agonist C3G exerts its antiproliferative activity by inhibiting the expression of CCNB1 and triggering the apoptosis pathway. Our data suggest that activation of C3G-induced ERβ may inhibit melanoma growth by blocking the G2-M transition phase. Specifically, we observed significantly reduced CCNB1 expression at the transcriptional level in response to C3G, and that ERβ may be a favorable prognostic factor for melanoma (10–12). By using the ChIP assay with the ERβ antibody in melanoma cell, we also demonstrated that CCNB1 is a direct target of ERβ. We further demonstrated that Pearson's correlation coefficient between ERβ and CCNB1 was −0.577 (P = 0.008) from 20 paraffinized melanoma samples. One of the limitations of this study could be that the number of melanoma patient samples was small. A further large clinical investigation is needed to confirm this finding. CCNB1 is known to be an ERβ response gene in breast cancer cells (31). By mining the data from the Human Protein Atlas, we found an inverse correlation between survival rate and CCNB1 levels in melanoma patients. The newly opened TCGA provides a large amount of conveniently accessible primary tumor mutations, facilitating these conclusions regarding driver candidates. Furthermore, an inverse correlation was confirmed between expression levels of ERβ and CCNB1 in melanoma by mining data from the TCGA.

We observed that C3G treatment could inhibit the growth of melanoma cell lines, but not the primary melanocytes. So far a clear understanding of how ERβ exert its antiproliferative activity remains elusive. The plausible explanations for ERβ which elicits its proliferative and antiproliferative activities could be due the following reasons: (1) Numerous studies have demonstrated differentially expressed genes in the normal melanocytes vs. melanoma (43–47), Lu et al. has showed that tumor-specific promoters were specifically activated in melanoma compared to melanocytes (45). According to this study the potential candidates for the melanoma tumor specific promoters were Cox-2, CXCR4, EGP-2, and survivin [done by comparison analysis in melanoma cell lines, primary melanoma cells, and HEMs (a normal melanocyte control)]. These tumor-specific promoters may be the potential targets for C3G or drug targets for melanoma. Many studies have shown that compounds can inhibit the proliferation and differentiation of many different tumor cells (48, 49), including murine and human melanoma cells (50), and had limited or no effects on non-cancerous cell. This could also be the issue in our study for the melanoma-specific treatment effects with C3G. (2) It is well-known that ER ligands mediate their actions through recruiting of different co-activators or co-repressors by forming different multiprotein complexes on the basis of the shape of the ligand-receptor complex. This melanoma cell specific C3G treatment effects could have been also mediated through the specific nuclear receptors co-activator/corepressors complexes along with the basal transcriptional machinery in the context of the cells (42, 51).

So far there has been no report about the effects of C3G on melanoma in the existing literature. Rugina et al. have reported anthocyanins enriched extract (AEE) inhibited proliferation of metastatic melanoma B16-F10 cells in a concentration-dependent manner (21). They found 250 μg/mL AEE destroyed melanoma cell membrane integrity leading to apoptosis compared to the controls. Diaconeasa et al. have demonstrated the anti-proliferative effect of chokeberry and red grape anthocyanins rich extracts on melanoma (52, 53). Similar as what we observed in our study, anthocyanins from chokeberry and red grape have no negative influence on normal cells. In this study, we demonstrated that the anthocyanin C3G was an effective agent against melanoma both in vitro and in vivo. The preventive and therapeutic efficacy of C3G against melanoma needs to be further studied in a large clinical investigation. Our data reveal that C3G promoted melanoma cell apoptosis both in vitro and in vivo by binding to the ERβ, which, in turn, inhibited the expression of CCNB1 and triggered the apoptosis pathway. Our results further indicate that C3G could be used as a chemopreventive or adjuvant treatment for melanoma.
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Figure S1. (A) ChIP assay was used to detect the direct binding of ERβ to the CCNB1 promoter. SK-MEL-1 cells were processed for ChIP using anti-ERβ antibody. CCNB1 represent prediction binding site. The IGF1 promoter primers were used as a positive control, and GAPDH primers were used as a negative control. (B) Immunoshitochemical stainings of Melanin A (left panel) from the normal human skin serve as the controls. Arrows indicated the positive signals. Immunoshitochemical stainings of CCNB1 (right panel) from the human melanoma samples. Gene expression correlation analysis for CCNB1, ERα, ERβ, GPER in SKCM (TCGA dataset). The scatter plot shows Pearson correlation of ERα (C), ERβ (D), and GPER (E) expression with expression of CCNB1.
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C3G, cyanidin-3-o-glucoside (OR anthocyanin cyanidin-3-o-glucoside); RIP3, receptor-interacting serine-threonine kinase 3; DMSO, dimethyl sulfoxide; ROS, reactive oxygen species.
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Eupafolin is the main bioactive component extracted from the traditional Chinese medicine Ay Tsao (Artemisia vulgaris L.), and its anti-tumor activity has had been studied in previous researches. T-LAK cell-originated protein kinase (TOPK) belongs to serine/threonine protein kinase and is highly expressed in several cancer cells and tissues, such as colon cancer, lung cancer, esophagus cancer, and so on. Therefore, it was recognized as an important target for treating tumors. Nowadays, we found that eupafolin suppressed TOPK activities at the first time in vitro and in vivo. The cells study indicated that eupafolin suppressed TOPK activities in JB6 Cl41 and KYSE450 cells. Furthermore, knockdown of TOPK in KYSE450 cells decreased their sensitivities to eupafolin. The animal study showed that the injection of eupafolin in patient-derived xenograft (PDX) mouse effectively suppressed tumor growth. Histone H3 and Ki67 were reduced, and cleaved caspase 3 was increased in tumor tissues after eupafolin treatment. To sum up, eupafolin as an TOPK inhibitor can suppress growth of esophagus cancer in vitro and in vivo. The TOPK downstream signaling molecule histone H3 in tumor tissues was also reduced after eupafolin treatment. In short, eupafolin can suppress growth of esophagus cancer cells as an TOPK inhibitor both in vitro and in vivo.
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Introduction

T-LAK cell-originated protein kinase (TOPK) is a serine-threonine kinase, which is a member of MAPKK family. TOPK is also related with the mitotic spindle to the centromere. The studies showed that over-expression of TOPK leads to characteristic of cancerous cell, creating aneuploidy cells in transformed cells JB6 C141 cells (Zhu et al., 2007). TOPK was highly expressed in several malignancies and promoted tumorigenesis and progression (Herbert et al., 2018; Xu and Xu, 2019). Therefore, TOPK might be an excellent drug target for cancer chemotherapy.

It is necessary to find TOPK inhibitors with low toxicity to overcome the side-effect of current TOPK inhibitors (Matsuo et al., 2014; Ishikawa et al., 2018). There were several small molecule compounds from Chinese herbal medicine reported to be an inhibitor of TOPK to reduce the proliferation of tumor cells (Diao et al., 2019; Wang et al., 2019). However, the study of inhibiting TOPK in esophageal cancer has not been reported, although TOPK was highly expressed in esophageal cancer.

In our study, we found that eupafolin can block TOPK and inhibit TOPK kinase activity.



Materials and Methods


Reagents and Antibodies

Eupafolin or 6-methoxyluteolin was extracted from Ay Tsao (Artemisia vulgaris L.). The plant material was purchased from Anyang Jiutou Xian Ai Co. Ltd. (Anyang, China). Air-dried plant material (3.0 kg) of Ay Tsao was extracted with 95% ethanol under reflux three times, for 2 h for each time. The extract was concentrated in rotary vacuum evaporator to give a residue (23.5 g). The residue was dissolved in H2O and then extracted successfully with petroleum ether (2 L), EtOAC (2 L), and n-BuOH (each 2 L). The active EtOAC fraction (15.7 g) was subjected in to silica column chromatography to (200–300 mesh) and eluted with petroleum ether/EtOAc (90:10, 80:20, 50:50, 25:75) and followed by CHCl3/MeOH in a stepwise gradient (90:10, 80:20, 70:30, 60:40, 0:100) to obtain eight fractions (fr.1−8) on the basis of TLC profiles. Fraction 3 (1.785 g) was further chromatographed on Sephadex LH-20 eluted with (CHCl3/MeOH 1:1) to furnish four sub-fractions, designated as fr.3–1 to 3–4. Fr.3–2 (265.2 mg) was further purified by preparatory TLC to obtained pure compound 6-methoxyluteolin (14.8 mg).

HI-TOPK-032 was purchased from National Institutes of Health (NIH). Recombinant active TOPK and inactive TOPK were purchased from Millipore (Billerica, MA). The CNBr-Sepharose 4B was purchased from GE Healthcare (Pittsburgh, PA). Antibodies to detect β-actin, p-histone H3, histone H3, and cleaved caspase-3 were from Cell Signaling Technology (Danvers, MA).



Cell Culture and Cytotoxicity Assay

The cells were purchased from American Type Culture Collection. They were cultured at 37°C in a 5% CO2 incubator using DMEM medium containing 10% fetal calf serum. Cells were planted in 96 well plant and treated with different doses of eupafolin. The cytotoxicity of eupafolin was measured using 3-(4,5-Dimethylthiazol2-yl)-5-(3-carboxymethoxyphenyl)-2H-tetrazdium (MTS) Assay Kit (Promega, Madison, WI) according to the manufacturer’s instructions.



Soft Agar Assay

The cell lines (8 × 103/well) were suspended in a six-well plate were exposed or not exposed to EGF (20 ng/ml) and cultured in 1 ml of 0.3% Basal Medium Eagle Agar Medium (Sigma–Aldrich Corp.) containing 10% FBS over 3 ml of 0.5% BME agar containing 10% FBS. The cells were maintained about 5–10 days in a 37°C and 5% CO2 incubator, and then, their colonies were counted by microscopy.



Molecular Docking Model

To estimate the interaction mode of TOPK and eupafolin, a TOPK structure was modeled and subsequent induced-fit docking was applied. Three-dimensional protein model of TOPK (5j0a) was downloaded from the Protein Data Bank (PDB). Among those with the highest sequence identity (30%) with TOPK, structures of 4L52, 2EVA, and 4GS6 (PDB entries) were protein-ligand complex, thus suitable for the modeling of the TOPK and eupafolin complex. The sequence of TOPK and the four templates, 4L52, 2EVA, 4GS6 and 2F4J, were aligned using SYBYL-X 2.0 server with the default parameters.



Microscale Thermophoresis (MST)

Inactive TOPK protein was labeled with the Monolith NT™ Protein Labeling Kit RED (Cat#L001) according to the supplied labeling protocol. The TOPK proteins were diluted in a 20 mM HEPES (pH 7.4) and 0.05 (v/v) % Tween-20 to 50 nM. The eupafolin stock was dissolved in ddH2O in a concentration of 5 mM. We used 5 mM eupafolin as the highest concentration for the serial dilution. After 10 min incubation at room temperature, the samples were loaded into Monolith™ standard-treated capillaries, and the thermophoresis was measured at 25°C after 30 min incubation on a Monolith NT.115 instrument (NanoTemper Technologies, München, Germany). Laser power was set to 20% or 40% using 30 s on time. The LED power was set to 100%. The dissociation constant Kd values were fitted by using the NTAnalysis Software (NanoTemper Technologies, München, Germany) (Wienken et al., 2010).



In Vitro Beads Binding Assay

KYSE450 cell lysates (1 mg) were incubated with eupafolin-Sepharose 4B beads in the reaction buffer [5 mM ethylenediaminetet acid, 150 mM NaCl, 50 mM Tris (pH 7.5), 1 mM dithiothreitol, 2 µg/ml bovine serum albumin, 0.01% Nonidet P-40, 1 µg/ml protease inhibitor mixture, and 0.02 mM phenylmethylsulfonyl fluoride]. After incubation with gentle rocking overnight at 4°C, the beads were washed five times, and proteins bound to the beads were detected by western blotting.



Protein Expression and Purification of the GST-Histone H3

The human GST-histone H3 fusion protein was expressed in Escherichia coli BL21 bacteria. The bacteria were grown at 37°C to an absorbance of 0.8–0.9 at 600 nm, induced with 0.5 mM isopropyl-β-D-thiogalactopyranoside (IPTG) 2–3 h at 37°C, and then harvested by centrifugation. The cell pellets were suspended in phosphate buffered saline (PBS). After sonication and centrifugation, the supernatant fraction was incubated with Glutathione-Sepharose beads (GE, USA) overnight at 4°C. The beads were washed with PBS and then eluted with 50 mM glutathione. After protein quantitation, the samples were separated by a 10% SDS-PAGE and visualized by Coomassie brilliant blue staining.



In Vitro Kinase Assay

The TOPK active kinase (0.2 μg) and inactive GST- histone H3 substrate (2 μg) were incubated at 32°C for 40 min in 1×kinase buffer (25 mM Tris-HCl pH 7.5, 5 mM beta- glycerophosphate, 2 mM dithiothreitol, 0.1 mM Na3VO4, 10 mM MgCl2, and 5 mM MnCl2) containing 100 μM ATP. The samples were added with 5×SDS buffer and detected by western blot.



Western Blot

The cells were harvested with 300 μl of RIPA buffer and sonicated 15 s for three times and centrifuged at 13,000 rpm for 10 min. Then the quantity of protein was determined by the BCA method. The samples (30 μg) with 5×SDS loading buffer were heated at 95°C for 10 min and then separated on a 10%-15% SDS-PAGE and subsequently transferred onto a PVDF membrane, then the membrane was blocked with 5% milk for 1 h and added into special primary antibody at 4°C overnight. Then, the membrane was washed 5 min for three times, and added secondary antibody was labeled with HRP. The membrane was detected by chemiluminescence.



Patient-Derived Xenograft (PDX) Mouse Model

Esophageal cancer (Anyang Tumor Hospital) fragments (2–3 mm) were implanted into the immune deficient (SCID) mice. Mice were divided into three groups: control group and two eupafolin-treated (20 or 50 mg/kg) groups. Five days after tumor implantation, mice were treated with control (0.9% saline) or eupafolin by i.p. injection three times a week for 35 days. Body weight and tumor volume were measured once a week, tumor volume was calculated using the formula, tumor volume = length×width×height×0.5. Tumor tissues and peritumoral tissues were embedded in a paraffin block and stained by immunohistochemistry. This study was approved under a protocol approved by the Anyang Institute of Technology (Anyang, Henan, China).



Immunohistochemistry Staining

Then, the sections were incubated at 4°C overnight with an antibody against histone H3 and cleaved caspase-3 (diluted 1:200). Then, sections were washed in phosphate-buffered saline (PBS) and incubated with the secondary antibody (biotinylated goat anti-rabbit, 1:200; Vector Laboratories, Burlingame, CA) for 30 min. The sections were counterstained with hematoxylin after diaminobenzidine staining. Photomicrographs were taken with a digital camera. The positively stained cells within each photomicrograph were counted.



Caspase-3 Activity Assay

Caspase-3 activity in the tumor and peritumoral tissues was determined by a Caspase-3 Activity Assay Kit (BioVision K106; BioVision, Milpitas, CA, USA) according to the manufacturer’s instructions. Tissues were ground and then incubated with cold lysis buffer on ice for 15 min. The lysed tissues were centrifuged for 10 min at 16,000 g at 4°C; then, the supernatants were collected, and the protein concentrations were calculated. The supernatants were transferred to a 96-well plate containing detection buffer, and Ac-DEVD-pNA was added. After incubation at 37°C for 2 h, absorbance was measured at 405 nm with a microplate reader (Thermo Fisher Scientific). The caspase-3 activity of each sample was calculated according to the standard curve and normalized to the protein concentration.



Statistical Analysis

All quantitative data are expressed as mean values ± standard deviation, and significant differences were determined by Student’s t test or by one-way ANOVA. P < 0.05 was used as the criterion for statistical significance.



Ethics Statement

Primary tumor samples of ESCC were obtained from 10 consecutive patients with ESCC who had undergone curative esophagostomy at the Division of Digestive Surgery, Department of Surgery, Anyang Tumor Hospital (Anyang, China), between 2017 and 2019. Written consent was always obtained in the formal style and after approval by the local Ethics Committee. None of these patients had undergone endoscopic mucosal resection, palliative resection, preoperative chemotherapy, or radiotherapy, and none of them had synchronous or metachronous multiple cancer in other organs. The animal study was reviewed and approved by Henan Joint International Research Laboratory of Veterinary Biologics Research and Application, Anyang Institute of Technology.




Results


Eupafolin Binds With TOPK and Inhibits TOPK Activity

To estimate whether eupafolin binds to TOPK, the homology modeling and subsequent molecular docking method were applied. The binding model generated by docking simulation indicated that the compound eupafolin was positioned at the hydrophobic pocket of TOPK, surrounded by the residues Tyr-271, Lys-65, Glu-210, Thr-209, and Gly-208, forming a stable hydrophobic binding (Figure 1A). To further evaluate this binding model, the MST method can quantify protein and small molecule interactions with high sensitivity and low sample cost by detecting fluorescent changes of molecules during thermophoresis. We detected the binding affinity between several nature compounds and TOPK using this technology. The results showed that the eupafolin had the lowest equilibrium dissociation constant (Kd) of 21.3 ± 2.1 µM (Figure 1B, Table 1), which meant the strongest binding between the eupafolin and TOPK.




Figure 1 | Eupafolin binds with TOPK and suppresses TOPK activity in vitro. (A) The docking model of eupafolin and TOPK. (B) Measurement of affinity between TOPK and eupafolin by MST in standard treated capillaries, and the resulting binding curve was shown. From the resulting binding curve, Kd of 21.3 ± 2.1 is calculated. (C) Eupafolin binds directly with TOPK. Sepharose 4B was used for binding and pull-down assay as described in section “Materials and methods.” Lane 1 is input control (TOPK protein standard); lane 2 is the negative control, indicating there is no binding between TOPK and beads alone; and, lane 3 indicates that TOPK binds with eupafolin-Sepharose 4B beads. (D) Eupafolin inhibits TOPK activity in vitro. The inhibitory effect of eupafolin on TOPK was determined by an in vitro kinase assay. An inactive GST-histone H3 protein was used as the substrate with active TOPK and 100 μM ATP in the reaction buffer. Protein were resolved by 10% SDS-PAGE gel and detected by Western blot. Histogram statistics is the expression of the p-histone H3 in the first line. Data are representatives of results from triplicate experiments. *Significant compared with lane 3 alone, P < 0.05.




Table 1 | Binding affinity and inhibitory activities of screening hits.



To validate the veracity of the MST method, we employed the in vitro beads binding assay to analyze the binding between eupafolin and TOPK in esophageal adenocarcinoma KYSE450 cell lysates which has high expression of TOPK. No obvious band representing TOPK was observed in the beads without eupafolin group, whereas a strong band was seen in eupafolin-conjugated beads group (Figure 1C).

The above results implied that eupafolin might inhibit the TOPK activity. To confirm this hypothesis, we performed an in vitro kinase assay with inactive GST-histone H3 as the substrate with active TOPK in the presence of 25, 50, and 100 µM of eupafolin and 10 nM ATP. The results showed that phosphorylation of histone H3 (Ser10) was substantially attenuated in a dose-dependent manner after treatment with eupafolin (Figure 1D). HI-TOPK-032, a TOPK inhibitor, was used as a positive control (Kim et al., 2012).



Eupafolin Inhibits EGF-Induced Neoplastic Transformation and Signal Transduction in JB6 Cl41Cells

The molecular structure of eupafolin was shown in Figure 2A. In the present study, we first examined the cytotoxicity of eupafolin in JB6 Cl41 cells by MTS assay. The results indicated that eupafolin did not decrease the viability of JB6 Cl41 cells up to 100 µM at 24 h (Figure 2B). Furthermore, we detected the effect of eupafolin on EGF-induced neoplastic transformation of JB6 Cl41 cells. Anchorage-independent growth ability is an ex vivo indicator and a key characteristic of the transformed cell phenotype (Freedman and Shin, 1974). Treatment of JB6 Cl41 cells with eupafolin significantly inhibited EGF induced neoplastic transformation in a dose-dependent manner (Figure 2C). Eupafolin at 20, 50, or 100 µM decreased 42, 57, or 81% compared to the control group, respectively. These results suggested that eupafolin can reduce the malignant potential of JB6 Cl41 cells induced by EGF.




Figure 2 | Eupafolin inhibits EGF-induced neoplastic transformation and signal transduction in JB6 Cl41 cells. (A) The chemical structure of eupafolin. (B) Cytotoxic effects of eupafolin on JB6 Cl41 cells. An MTS assay was used after treatment of JB6 Cl41 cells with eupafolin for 24 h. (C) Eupafolin inhibits EGF-induced anchorage-independent growth of JB6 Cl41 cells. JB6 Cl41 cells (8 × 103) were exposed to EGF (20 ng/ml) and treated with eupafolin (0-100µM) in 1 ml of 0.3% Basal Medium Eagle (BME) agar containing 10% FBS, 2 mM L-glutamine, and 25 µM gentamicin. The cells’ colonies were scored using a microscope Motic AE 20 (China). Data are shown as mean ± standard deviation from triplicate experiments. #Significant compared with control alone, P < 0.05. *Significant compared with EGF alone, P < 0.05. (D) Eupafolin inhibits TOPK signaling in JB6 Cl41 cells. The cells were starved in serum-free medium for 24 h, then treated in the presence of 50 µM eupafolin for 3, 6, and 9 h, and then treated with 20 ng/ml EGF for 30 min; histones were extracted from cells; total histone H3 and phosphorylated histone H3 proteins were detected by western blot using specific antibodies. Data are representatives of results from triplicate experiments. (E) JB6 Cl41 cells were starved in serum-free medium for 24 h, then treated with 20, 50, and 100 µM eupafolin or 2 µM HI-TOPK-032 for 6 h, and then treated with 20 ng/ml EGF for 30 min. The cells were harvested, and protein levels were determined by western blot analysis. #Significant compared with control alone, P < 0.05. *Significant compared with EGF alone, P < 0.05.



In the above study, we have found that TOPK is a potential target of eupafolin, and we further detected the downstream signal pathway of TOPK in JB6C141 cells. Western blot results showed that eupafolin suppressed the phosphorylation of histone H3 in a dose- and time-dependent manner, and 2 µM TOPK inhibitor HI-TOPK-032 has the similar effect to 50 or 100 µM eupafolin (Figures 2D, E).



Eupafolin Inhibits Anchorage-Independent Growth of Esophagus Cancer Cells

Previous studies revealed that TOPK is highly expressed in human esophagus cancer (Ohashi et al., 2016). We attempted to determine whether eupafolin could affect anchorage-independent growth of esophagus cancer cells. We detected the TOPK expression in several esophagus cancer cell lines. We found that TOPK expression was high, medium, and low in three kinds of esophageal carcinoma cells KYSE450, KYSE510, and KYSE70, respectively. At the same time, the trend of p-histone H3 expression was consistent with that of TOPK (Figure 3A). Besides, we determine the cytotoxicity of eupafolin by MTS assay. Different concentrations of the drug were used to treat esophagus cancer cell lines KYSE450, KYSE510, and KYSE70 for 48 h, respectively. The results indicated that eupafolin had different cytotoxicity toward different esophagus cancer cells. KYSE450 cells with high TOPK expression were more sensitive to eupafolin (Figure 3B). What’s more, neoplastic transformation results showed that eupafolin at 20, 50, and 100 µM inhibited colony formation of KYSE450 cells on 21, 63, and 82%; KYSE510 cells on 12, 35, and 52%; and KYSE70 on 8, 12, and 10% compared with the non-treated cells, respectively (Figures 3C–E). Overall, our results suggested that inhibitory effect of eupafolin on colony formation was significant in KYSE450 cells with a high expression level of TOPK.




Figure 3 | Eupafolin inhibits anchorage-independent growth of esophagus cancer cells. (A) Expression of TOPK and p-histone H3 in esophagus cancer cell lines KYSE450, KYSE510, and KYSE70. (B) Different concentrations of eupafolin were used to treat the three kinds of esophagus cancer cell lines for 48 h, respectively. Cytotoxicity was measured by MTS assay. (C–E) The effect of eupafolin on anchorage-independent growth of esophagus cancer cell lines with different level of TOPK expression, including KYSE450 cells (C), KYSE510 (D), and KYSE70 (E). The cells were treated with 20, 50, and 100 µM eupafolin for 2 weeks; then, the number of colonies was scored using a microscope Motic AE 20 (China). Data are shown as means ± standard deviation of values from three independent experiments. *Significant compared with control group, P < 0.05.





Knocking Down TOPK in KYSE450 Cells Decreased the Sensitivity of Eupafolin

We then examined whether knocking down TOPK expression influences the sensitivity of KYSE450 cancer cells to eupafolin. Firstly, we determined the efficiency of TOPK shRNA. The results showed that the expression of TOPK obviously decreased after shRNA transfection; the efficient of shTOPK1# was better than shTOPK2# (Figure 4A). Then, the growth of cells on anchorage-independent growth assay also decreased over 30% after transfection shTOPK1# compared with the mock group (Figure 4B). Moreover, KYSE450 cells transfected with TOPK shRNA1# or mock control were treated with eupafolin or vehicle and subjected to anchorage-independent growth assay. The results showed that eupafolin (20 µM) inhibited colon number of KYSE450 cells transfected with mock shRNA by about 65%. In contrast, the inhibition was only about 17% in KYSE450 cells transfected with shTOPK1#, indicating that KYSE450 cells transfected with shTOPK1# were more resistant to eupafolin treatment (Figure 4B). These results suggested that TOPK plays an important role in the sensitivity of KYSE450 cells to the antiproliferative effects of eupafolin. We then investigated the effect of eupafolin on downstream targets of TOPK, the phosphorylation of histone H3 in KYSE450 cells which was relatively more sensitive to eupafolin. Western blot results showed that the phosphorylation level of histone H3 (Ser10) was significantly decreased with eupafolin treatment in a time dependent manner (Figure 4C). The above results showed that TOPK is a direct target for eupafolin to suppress esophagus cancer cells growth.




Figure 4 | Knocking down TOPK attenuates the inhibitory effect of esophagus cancer cell growth by eupafolin. (A) Efficiency of TOPK shRNA in KYSE450 cells. (B) Anchorage-independent growth of KYSE450 cells transfected with shMOCK or shTOPK 1#. Data are represented as mean ± standard deviation from triplicate experiments. *Significant compared with control group, P < 0.05. (C) Eupafolin inhibits TOPK activity in KYSE450 cells. KYSE450 cells were starved in serum-free medium overnight. Then, the cells were treated with eupafolin (50 µM) for different time then treated with EGF (20 ng/ml) for 15 min. The cells were then harvested, and the protein levels were texted by western blot. Data are representatives of results from triplicate experiments. #Significant compared with control alone, P < 0.05. *Significant compared with EGF alone, P < 0.05.





Eupafolin Suppresses Esophageal Tumor Growth in a PDX Mouse Model

Furthermore, to explore the anti-tumor effectiveness of eupafolin in patient-derived xenograft (PDX) with tumor tissues collected from esophageal cancer patients with high expression of TOPK to further investigate the effectiveness of eupafolin. The results showed that eupafolin (20 or 50 mg/kg) effectively inhibited PDX tumor growth compared with the vehicle-treated group (Figure 5A) with no significant loss in body weight (Figure 5B), suggesting minimal toxicity. Additionally, treatment with eupafolin suppressed phosphorylation of histone H3 expression downregulated the expression of Ki-67 and increased cleaved caspase 3 levels in tumor tissues. While, there were no significant different of cleaved caspase 3 expression in peritumoral tissues (Figure 5C). The positive expression of Figure 5C was statistically shown in Figure 5D. Furthermore, we detected the activity of caspase 3 using Caspase 3 Activity Assay Kit in tumor and peritumoral tissues. The results showed that eupafolin inhibited the activity of caspase 3 significantly in a dose dependent manner in tumor tissues, but it had no effect on the peritumoral tissues (Figure 5E). Overall, these results illustrated that eupafolin has potential as chemotherapeutic agent against esophageal cancer.




Figure 5 | Effect of eupafolin on esophagus cancer growth in PDX mouse model. (A) Eupafolin significantly suppresses cancer growth in PDX mouse model. A tumor growth of untreated PDX or treated with different concentration of eupafolin for 35 days. Tumor size was measured once a week and calculated based on the formula: tumor volume = length×width×height×0.5. *Significant compared with control group, P < 0.05. (B) Eupafolin has no effect on mouse body weight. Body weights from the treated or untreated groups of mice were measured once a week. (C) Eupafolin inhibits expression of phosphorylated histone H3 and Ki67 and increases the expression of cleaved caspase-3 in tumor tissues, and there was no effect on cleaved caspase3 in peritumoral tissues of PDX mouse model. (D) Immunohistochemistry analysis was used to determine the expression level of phosphorylated histone H3, Ki67, and cleaved caspase-3 in tumor tissues. (E) Eupafolin inhibits the activity of caspase-3 in tumor tissues but had no effect in peritumoral tissues. *Significant compared with control group, P < 0.05. **Signifcant compared with control group, P < 0.01.






Discussion

Esophageal cancer is a kind of malignancies, which is increasing gradually year by year with a higher incidence and mortality. The 5-year survival rate of esophageal cancer is only 10% (Song et al., 2014). Esophageal squamous cell carcinoma and esophageal adenocarcinoma are two kinds of esophageal cancer. Esophageal squamous cell carcinoma accounts for 90% of all cases of esophageal cancer (Smyth et al., 2017) and approximately 70% of esophageal cancer cases occur in China, especially in Anyang city of Henan province (Lin et al., 2017; He et al., 2019).

Chemotherapy is a common method for treating esophageal cancer including 5-fluorouracil (FU), cisplatin, paclitaxel, and mitomycin which are commonly used to treat esophageal cancer as a single treatment or in combination (Chen et al., 2018; Konishi et al., 2018). However, these agents are prone to hematological toxicity (Lyons and Ku, 2017).

Over the past few decades, most of targeted therapies against esophageal cancer has not been progressing as smoothly as hoped, and new targets and inhibitors need to be identified for the treatment of esophageal cancer. TOPK (also known as protein PBK) is a serine-/threonine-specific protein kinase and has been known to audience since 2000 (Abe et al., 2000). Whereafter, a series of discoveries of TOPK function were reported in many kinds of cancers and is involved in various biological processes, including cell proliferation, apoptosis, transcription, migration, and invasion (Hu et al., 2019). It’s reported that TOPK is highly expressed in esophageal cancer and plays an important role in esophageal cancer metastasis (Ohashi et al., 2016). Therefore, TOPK inhibitor could be a promising therapeutic agent for application in esophageal cancer.

Due to the natural compound have higher efficacy and lower toxicity, natural anticancer products have been studied for many years. Eupafolin also is called methoxyluteolin, a flavonoid compound from the Ay Tsao (Artemisia). It has shown anti-inflammation (Chen et al., 2016; Zhang et al., 2017), anti-viral (Wang et al., 2013), anti-autism (Patel et al., 2016), anti-angiogenic, and anti-tumor (Liu et al., 2015; Jiang et al., 2017) bioactivities. Eupafolin could be a superior drug for cancer treatment. In our study, we found that eupafolin effectively suppressed anchorage-independent cell growth of esophageal cancer cells with highly expressed TOPK and inhibited growth of patient derived xenograft tumor by suppressing TOPK activities in vivo.

In conclusion, eupafolin is a promising therapeutic agent in esophageal cancer chemotherapy by directly targeting TOPK.
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Natural compounds are highly effective anticancer chemotherapeutic agents, and the targets of plant-derived anticancer agents have been widely reported. In this review, we focus on the main signaling pathways of apoptosis, proliferation, invasion, and metastasis that are regulated by polyphenols, alkaloids, saponins, and polysaccharides. Alkaloids primarily affect apoptosis-related pathways, while polysaccharides primarily target pathways related to proliferation, invasion, and metastasis. Other compounds, such as flavonoids and saponins, affect all of these aspects. The association between compound structures and signaling pathways may play a critical role in drug discovery.
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INTRODUCTION

In 2018, an estimated 9.6 million deaths were caused by cancer, and cancer is anticipated to be the leading cause of death worldwide in the twenty-first century (1). Therefore, cancer prevention remains an innovative area of anticancer research, in addition to cancer therapy. The mechanisms of aberrant signal transduction pathways in cancer and the impacts of these pathways on tumorigenesis, apoptosis, and metastasis have been increasingly revealed due to intensified study (2). Searching for targeted molecules that can regulate signal transduction has recently emerged as a globally popular research area in biomedicine.

Herbal medicines, such as Chinese medicines, are naturally exceptional at ameliorating many human diseases. Increasing numbers of new drugs with pharmacological activity have been discovered due to the modernization of herbal medicine. The anticancer agents vincristine, taxol, and vinblastine have been used for their anticancer effects in many countries (3). Moreover, other promising anticancer agents are available, including arteannuin (4), quercetin (5), and tetrandrine (6). Alkaloids and polyphenols are significantly dominant among cancer therapeutics (7, 8). Recently, the targets and mechanisms of plant-derived anticancer agents have been widely reported (9). In this review, we will focus on advances in knowledge about the signaling pathways affected by plant-derived natural products.



POLYPHENOLS

Polyphenols are particularly ubiquitous in vegetables, fruits, and other foods. Thousands of polyphenols have been identified (10), and these compounds have broad-spectrum pharmacological activities including anticancer effects. Polyphenols can be classified by their chemical structures into several classes such as flavonoids, xanthones, stilbenes, lignans, and curcuminoids (Table 1) (11–14). Many natural polyphenols have cytostatic and apoptotic properties because of their antioxidant characteristics (11). The anticancer effects of polyphenols depend not only on their chemical structure and concentration but also on the type of cancer. Lignans considered to be phytoestrogens are bioactive compounds exhibiting various anticancer properties, such as apoptosis induction and tumor growth reduction (15). Xanthones, such as α-mangostin, mediate cytotoxicity mainly via cell cycle arrest and reactive oxygen species (ROS)-induced apoptosis (16). The anticancer effects and molecular mechanisms of polyphenols are reported to be associated with their chemical constitution which is necessary for its anticancer activities, such as the C-3 prenylation of benzoxanthone-type prenylated flavonoids, C-1 hydroxy group and isoprenyl group at C-8 of prenylated xanthones, the C-2 carbonyl group, C-4 prenyl group and pyran ring connected at the C-2 and C-3 of caged xanthones (9). Anticarcinogenic activities of polyphenols include suppressing the proliferation, differentiation, metastasis, and angiogenesis of various kinds of cancer cells through inhibiting several kinases involved in signal transduction (17–20). Polyphenols can bind and cross cell membranes easily and trigger various pathways involving microRNAs (miRNAs), caspases, B cell lymphoma 2 (Bcl-2) family proteins, nuclear factor (NF)-κB, epidermal growth factor (EGF)/epidermal growth factor receptor (EGFR), phosphatidylinositol-3-kinase (PI3K)/Akt, mitogen-activated protein kinase (MAPK) (Table 2).


Table 1. Classifications of polyphenols.
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Table 2. Polyphenols and their anticancer mechanisms.
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MicroRNAs

MicroRNAs (miRNAs) are small non-coding RNAs (NC-RNAs) and regulate gene expression via binding to 3′ untranslated regions (UTRs) of target mRNA (44). Approximate 1,500 miRNA have been identified in the human (45). Oncogenic miRNAs have been identified in many kinds of cancers such as miR-7-1, miR-21, miR-92, miR-122, miR-125b, miR-155, miR-330 (46). It is indicated miRNAs are critical in cancer cell proliferations, differentiation, apoptosis, and invasion through the regulation of oncogenic gene expression (47, 48). It is predicted a miRNA can recognize an average of 100–200 different mRNA targets (49, 50). For example, miR-155 modulates the expression of NF-κB and MAFK via regulation of BACH1 (BTB and CNC homology 1, basic leucine zipper transcription factor 1) and LDOC1 (leucine zipper, downregulated in cancer 1) which is critical to malignant transformation in leukemia, breast and lung cells (51–53). It is emphasized that miRNAs are novel therapeutic targets of polyphenols such as curcumin, resveratrol, genistein, EGCG and silibinin (45, 54–56).

Curcumin [(1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptane-3,5-dione] is a curcuminoid extracted from the rhizome of Curcuma longa Linn (57). It is demonstrated that 5–40 μM of curcumin has effects on a variety of miRNAs in different cancer cell lines such as miR-192-5b (58), miRNA-98 (59), miR-21 (60–62), miR-15a (63, 64), miR-101 (65, 66) in lung cancer, colorectal cancer, leukemia, colon cancer, and breast cancer to inhibit cell viability and metastasis, induce apoptosis.

According to quantitative reverse transcription-polymerase chain reaction (qRT-PCR) analysis, resveratrol (3,4′,5-trihydroxy-trans-stilbene) with dosage of 10–150 μM induces apoptosis and depresses cell proliferation, invasion via inhibition of NF-κB activity, Akt/Bcl-2 pathway, EZH2 pathway, STAT3 and COX-2 activity through upregulation of miR-34a (67), miR-326 (68), miR-200c (69), miR-137 (70), and miR-328 (71), and downregulation of miR-19 (72), miR-21 (73), miR-196b (74), miR-1290 (74), and miR-221 (75, 76).

Genistein (4′,5,7-trihydroxyisoflavone, Figure 1), found in soy products, has effects on miRNAs in various cancer cells (77). Breast cancer cell growth is inhibited by the induction of miR-23b and inhibition of miR-155 by 25–175 μM of genistein treatment (78, 79). Genistein inhibits the expression of miR-27a (80) and miR-223 (81) and induces the expression of let-7d (82) and miR-34a (83) which play an important role in pancreatic cancer cell growth and invasion. Genistein also exerts its anticancer activity via upregulation of miR-200c (84) and downregulation of miR-151 in prostate cancer (85).


[image: Figure 1]
FIGURE 1. Chemical structures of some flavonoids.


The green tea extracts (–)-epigallocatechin (EGC) and (–)-epigallocatechin-3-gallate (EGCG) also targets oncogenic miRNAs including upregulation of miR-16, let-7a, and miR-221 and downregulation of miR-18a, miR34b, miR-193, miR-222, and miR-342 in human hepatocellular carcinoma cells (86). Expression of miR-548m and miR-720 are down-regulated in human breast cancer MCF-7 cells (87). miR-210 is up-regulated by EGCG in lung cancer cells which is associated with HIF-1α (hypoxia-inducible factor 1-alpha) (88). EGCG (40–60 μg/ml) suppresses cell growth of cervical carcinoma by regulation of miRNAs including up-regulation of miR-29, miR-29a, miR-203 and miR-210, and down-regulation of miR-125b, miR-203, miR-125b (89).



NF-κB Pathways

NF-κB can regulate the transcription of genes associated with the inflammatory response, cell death, and proliferation (90, 91). NF-κB pathways participating in the development of various cancers can be disrupted by polyphenols. The PI3K/Akt signaling pathway and MAPK signaling pathways are related to the activation of NF-κB in numerous tumor cell lines (92).

The flavonoid component chrysin (5,7-dihydroxyflavone, Figure 1) has been shown to suppress the growth of colon cancer cells via direct inhibition of NF-κB expression and activity, according to computational docking experiments (24). In addition, 30 μM chrysin activates NF-κB/p65 by inducing p38 MAPK signaling pathways in HeLa cells (33). Quercetin (Figure 1) has a potential role in inhibiting processes in human oral cancer cells through the NF-κB pathway (93). The results of Western blot and flow cytometric assays indicate that the flavonoid fisetin (3,3′,4′,7-tetrahydroxyflavone, Figure 1) effectively suppresses the apoptosis, metastasis, angiogenesis and invasion of cancer cells via ERK1/2-, Akt/NF-κB/mTOR- and p38 MAPK-dependent NF-κB signaling pathways (94, 95). Furthermore, fisetin is not cytotoxic to normal cells (94). Genistein has a potential role in inhibiting cell division and apoptosis via Akt and NF-κB (28). Wogonin (Figure 1), extracted from Scutellaria baicalensis Georgi, can decrease the phosphorylation levels of IκB and p65. Modulation of the NF-κB/Bcl-2 signaling pathway has been shown by Western blot analysis to play a critical role in both of the invasion and proliferation of hepatocellular carcinoma (HCC) in a dose-dependent manner (96). Wogonin is shown to decrease the protein and mRNA levels of cyclooxygenase (COX)-2 in skin fibroblast NIH/3T3 cells and in animal experiments (97). The stilbene pterostilbene (trans-3,5-dimethoxy-4-hydroxystilbene, Figure 2), the dimethylated analog of resveratrol, is a highly bioactive natural polyphenolic compound that is mainly found in grapes, blueberries, tomatoes, and other berries (98). According to the results of COX-2 activity assays and enzymatic immunoassays, both resveratrol (Figure 2) and pterostilbene cause COX-2 inactivation via the NF-κB signaling pathway (31, 99).


[image: Figure 2]
FIGURE 2. Chemical structures of some stilbenes.




Matrix Metalloproteinase (MMP)-2 and MMP-9

The MMPs are a group of metal-dependent proteolytic enzymes that are involved in matrix remodeling and facilitate the migration of cancer cells through degradation of the extracellular matrix (100). MMP-2 and MMP-9 can degrade type IV collagen in the basement membrane and facilitate tumor cell metastasis (101).

Various polyphenols affect MMPs. Some, such as 5 μM resveratrol (102) and 75–100 μM kaempferol, inhibit the activity of MMPs (Figure 1) (103). Others decrease the expression of MMPs. The flavone luteolin (Figure 1) inhibits colon cancer metastasis by reducing the expression of MMP-2 and MMP-9 (104). The flavonolignan silibinin (C25H22O10, Figure 1), an active compound of Silybum marianum (L.) Gaertn, decreases the expression of MMP-2, MMP-3 and MMP-9 and increases the expression of TIMP-2 in prostate tumor tissue in transgenic adenocarcinoma of the mouse prostate (TRAMP) model mice and in vitro in various cancer cells (26, 104, 105). MMP-2 expression is downregulated in human prostate cancer cells by genistein treatment (28). In addition, treatment with 5 μM quercetin and chrysin decreases the expression of MMP-9 in A549 cells (106). Still other polyphenols affect both the activity and expression of MMPs. For example, naringin (4',5,7-trihydroxyflavanone 7-rhamnoglucoside, Figure 1) can inhibit the adhesion and invasion of human glioblastoma U87 cells and U251 cells via dose-dependent reductions in both the activity and expression of MMP-2 and MMP-9, according to zymograohy and Western blotting results, this effect is associated with the p38 MAPK signaling pathway (107, 108). EGCG (20 μM) reduce the activity of MMP-2 and MMP-9 in prostate cancer cells (109) and decrease the expression of MMP-9 in bladder cancer cells (110).



Caspases

Caspases, which are activated by other caspases, are cysteinyl aspartate-specific proteases and are divided into two groups. One group comprises initiators (caspase-8, -9, and -10); the others, executioners (caspase-3, -6, and -7). Caspase -3 is considered the major downstream target of caspase-4, -8, and -9. Overexpression of caspases is a common alteration in cancer cells that can be exploited therapeutically. Activation of caspase-3 by fisetin treatment associated with induction of the proapoptotic proteins Bad, Bax, Bim, and inhibition of the antiapoptotic proteins Bcl-2 and Mcl-1(L) (35). Genistein has also been shown to increase the expression of caspase-3,-9 and Bax in vitro (28). Chrysin-induced apoptosis was associated with induction of caspase-3 and-8 and downregulation of phospholipase C-gamma-1 (PLC-gamma1) and XIAP. This finding suggests that the mechanism of apoptosis induced by chrysin is associated with Akt dephosphorylation in the PI3K signaling pathway (33). EGCG can induce apoptosis and reduce cancer cell proliferation by decreasing the mitochondrial membrane potential (ΔΨm) and stimulating caspase-3, -9 and c-Jun N-terminal kinase 1 (JNK1) expression in human glioblastoma T98G and U87MG cells but does not induce apoptosis in human normal astrocytes (111). The flavonoid baicalein (Figure 1), found in Scutellaria baicalensis Georgi, participates in apoptosis by increasing the expression of caspase-3 and -8 (112). The lignan phillygenin (Figure 3) induces apoptosis by increasing the mitochondrial membrane potential due to increased ROS levels in human esophageal cancer SH-1-V1 cells. Concurrent upregulation of Bax and cleaved caspase-3 and -9, along with dose-dependent downregulation of Bcl-2, was found by propidium iodide staining and Western blotting (15). The anticancer effects of arctigenin (Figure 3), the active component of Arctium lappa, are mainly directed toward cancer cell growth inhibition and apoptosis through the peroxisome proliferation-activated receptor α (PPARα)/gankyrin, Bax and caspase pathways (36). The xanthone α-mangostin (Figure 4) increases the activity of caspase-3 and causes late apoptosis in ovarian adenocarcinoma SKOV3 cells after 12 h and 72 h of treatment, respectively (113).


[image: Figure 3]
FIGURE 3. Chemical structures of some lignans.
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FIGURE 4. Chemical structures of some xanthones.





ALKALOIDS

Alkaloids are the secondary biologically active components found in many plants. Alkaloids have various biological activities that render them important sources for drug discovery. The presence of nitrogen in their molecular architecture is critical to the biological activity of this class of compounds. Many studies have shown that alkaloids inhibit the growth of human breast, liver, colon, prostate, and liver cancer cells (114).


Bcl-2 Protein Family

Bcl-2 proteins are divided into two groups. Bcl-2 and Bcl-xL are antiapoptotic proteins, while Bax and Bad are multidomain proapoptotic proteins. The balance of antiapoptotic proteins to proapoptotic proteins, for example, the ratio of Bax to Bcl-2 is crucial to the regulation of apoptotic pathways (115). The balance between Bcl-2 family proteins is a potential target of alkaloids for inducing cell death (116).

Oxymatrine (Figure 5), derived from Sophora flavescens Aiton, significantly increases p53 and Bax expression and decreases Bcl-2 expression dose-dependently, as evidenced by A Western blot assay, in osteosarcoma cancer cells via dephosphorylation of PI3K and Akt in the PI3K/Akt signaling pathway (117).


[image: Figure 5]
FIGURE 5. Chemical structures of some alkaloids.


Treatment with crude alkaloid extractof Rhazya stricta (CAERS) induced apoptosis and suppressed the proliferation of HCT116 cells. Downregulation of Bcl-2, survivin, Bcl-X and XIAP expression and upregulation of Bad and Noxa expression were examined by qRT-PCR and Western blot analyses and coincided with the increase in the Bax/Bcl-2 ratio (118).

Various alkaloids induce apoptosis via an increase in the Bax/Bcl-2 ratio. Cancer cells treated with nitidine chloride (NC, Figure 5), matrine (Figure 5), berberine (Figure 5), and subditine (Figure 5) showed upregulation of Bax expression and downregulation of Bcl-2 expression (119–123).



PI3K/Akt/mTOR Signaling Pathway

Autophagy is a critical process for maintaining intracellular homeostasis. Generally, autophagy may play a critical role in cancer prevention (124). The PI3K/Akt/mTOR pathway is critical for autophagy induction and is a latent target in cancer therapeutics and control (101).

Piperlongumine (Figure 5) (125), swainsonine (Figure 5) (126), and sinomenine (Figure 5) (127) induce apoptosis and inhibit cancer cell growth through the PI3K/Akt/mTOR pathway, with decreased levels of p-Akt and p-mTOR, as evidenced by the results of Western blot analysis and immunofluorescence. Isoliensinine (Figure 5), matrine, dauricine (Figure 5), and cepharanthine (Figure 5) induce autophagy through the AMPK-TSC2-mTOR signaling pathway, with suppression of mTOR activity (128–130).



ERK Signaling Pathway

The MAPK/ERK pathway participates in multiple processes in cancer including growth, invasion, metastasis, angiogenesis, and inhibition of apoptosis (131, 132). Because of these multiaspect effects, the MAPK/ERK pathway plays a critical role in the promotion of cancer cell growth and the inhibition of apoptosis (133, 134).

β-carboline alkaloids extracted from the seeds of Peganum harmala inhibit the proliferation and induce the apoptosis of SGC-7901 cells, possibly because β-carboline alkaloids can disrupt the balance between PTEN and ERK, inhibit the MAPK/ERK signaling pathway and induce apoptosis in cancer cells (135). Berberine can suppress the senescence of human glioblastoma cells by inhibiting the EGFR/Raf/MEK/ERK pathway (136). Sinomenine, extracted from Sinomenium acutum, is reported to inhibit various types of cancer cells. Sinomenine hydrochloride (SH) increases the phosphorylation of ERK1/2, p38 and JNK but does not affect the total levels of the abovementioned cytokines (137). The benzo phenanthridine alkaloid chelerythrine chloride (CC, Figure 5) (5 and 10 μM) significantly enhances ERK1/2 phosphorylation and dose-dependently decreases Akt phosphorylation, as detected by Western blot analysis (138).

The other anticancer targets of alkaloids are summarized in Table 3.


Table 3. Alkaloids and their anticancer mechanisms.

[image: Table 3]




SAPONINS

Saponins are valuable sources with minimal toxic effects and are found in many dietary plants. Saponins are composed of a triterpenoid or steroidal aglycone attached to one or more sugar chains (145). Saponins are divided into two types: triterpenoid saponins and steroidal saponins. Both types have various biological activities, such as anticancer and immunological adjuvant activities (146).

Diosgenin (DG, Figure 6), a steroidal saponin, has been shown to be an anticancer agent in many tumors. DG acts against cancers via the following pathways and mechanisms: (1) the STAT pathway, (2) activation of caspase-3 and p53, (3) activation of the TRAIL death receptor DR5 and (4) the Wnt-β-catenin pathway (147).


[image: Figure 6]
FIGURE 6. Chemical structures of some saponins.


The steroidal saponin of Paris polyphylla (Chinese name: Chonglou) has long been used for lung cancer treatment (148). Paris saponin I (PSI, Figure 6) and Paris polyphylla steroidal saponins (PPSS) regulate the Bcl-2 family and caspase-3 and -8, inducing apoptosis (149). In addition, PSI and PPSS induce autophagy by the conversion of LC3 I to LC3 II and upregulation of Beclin 1 (150). Paris saponin VII (PS VII, Figure 6), extracted from Trillium tschonoskii Maxim, inhibits the migration and invasion of several types of cancer cells via the downregulation of MMP-2 and -9 expression and p38 MAPK phosphorylation in a dose- and time- dependent manner (151).

Saikosaponin D (SSD, Figure 6), prescribed for liver diseases, was reported to exhibit anticancer activities (152, 153). SSD effectively suppresses invasion, metastasis and angiogenesis via the downregulation of TNF-α mediated NF-κB signaling, affecting proteins such as MMP-9, VEGF, c-myc, cyclin D1, ICAM-1, and COX-2. In addition, SSD activates the Ca2+/calmodulin-dependent kinase/AMPK/mTOR pathway and attenuates STAT3/HIF-1 pathway signaling, which induces the apoptosis and inhibits the proliferation of cancer cells (154, 155).

Ginsenosides (ginseng saponins) derived from ginseng were reported to exhibit anticancer effects. Ginsenoside Rh2 (GRh2, Figure 7) and ginsenoside Rg1 (Figure 7) induce apoptosis via activating extrinsic apoptosis pathways by p53-Fas-caspase-8 signaling and the EpoR-mediated JAK2/STAT5 signaling pathway, respectively (156, 157). Moreover, the expression of phosphoglucose isomerase/autocrine motility factor (PGI/AMF) enhances the anticancer effects of GRh2 by attenuating Akt/mTOR signaling (158). A metabolite of ginsenoside compound K (CK, 20-O-D-glucopyranosyl-20(S)-protopanaxadiol, Figure 7) can enhance apoptosis via the ROS-mediated p38 MAPK pathway (159).


[image: Figure 7]
FIGURE 7. Chemical structures of ginsenosides.




POLYSACCHARIDES

Polysaccharides which are abundant in plants, possess anticancer activities, and are being used as immunopotentiators for cancer patients, thus they are relatively ideal anticancer agents (160).

Fucoidans, a class of fucose-enriched sulfated polysaccharides, primarily affect apoptosis-related pathways, as proven both in vivo and in vitro (161, 162). Apoptotic morphological changes result from the activation of caspases. Caspase-3 and-9 are activated by fucoidan from Ascophyllum nodosum (163) mainly composed of 52.1% fucose, 21.3% glucose, 19% sulfate content, and 16.5% xylose. And caspase-7 and -8 are regulated by a sulfated polysaccharide isolated from an enzymatic digestion of Ecklonia cava (164). Cell apoptosis induced by S-fucoidan from Cladosiphon okamuranus depends on caspase-3 and -7 (165). Other targets involved in apoptotic effects include Bax and Bcl-xL, ERKs, p38, and the PI3K/Akt signaling pathway (166). Fucoidan, from Cladosiphon novae-caledoniae Kylin, which is consisted of 73% fucose, 12% xylose and mannose, inhibits invasion and tubule formation via the suppression of MMP-2 and -9 activity and downregulation of VEGF expression in tumor cells (167).

The purified polysaccharide extracted from Caulerpa lentillifera, SP1, composed mainly of sulfated xylogalatan and galactose, showed potent immunostimulatory effects by activating macrophage cells through both the NF-κB and p38 MAPK signaling pathways (168). SP1 decreased the levels of IκBα and the NF-κB p65 subunit and increased p38 MAPK phosphorylation, as determined by Western blot assay.

Polysaccharides extracted from Phellinus linteus (PL) significantly inhibit cell proliferation by decreasing β-catenin and cyclin D1 expression in vitro. In addition, PL inhibits invasion and motility by directly reducing the activity of MMP-2 and -9, with no effect on the gene expression or secretion of MMPs, as indicated by RT-PCR and gelatin zymography (169).

The Radix astragali active extract Astragalus polysaccharide (APS) can enhance the immune response by promoting IL-2, IL-6, and TNF-α in H22 tumor-bearing mice. The effects on the immune response are involved in the inhibition of cancer. In addition to the immune response, the anticancer mechanism involves apoptosis, cell cycle arrest, Akt phosphorylation, Bcl-2 and Bax, caspase-3 and -9, p53 and PTEN (163, 170).

The polysaccharides obtained from enzymatic digestion by Celluclast enzyme digest (CCP) suppresses the activation of NF-κB p50 and p65 and the phosphorylation of p38 MAPK in macrophages (171).

Ganoderma lucidum (G. lucidum) polysaccharides (GLPs) can inhibit growth in many types of cancer by inducing apoptosis through FOXO3a-TNF-α-NF-κB signalway (172).



CONCLUSION

Natural compounds offer a great diversity of chemical structures that are likely important in cancer therapeutics (18). Many studies have shown that phytochemicals influence targets and signaling pathways involved in oncogenesis and tumor progression such as proliferation, invasion, metastasis and angiogenesis (173). Different components have various anticancer activities. (1) Alkaloids, with low bioavailability and poor water solubility, have difficulty to reaching the intended target. Moreover, the toxicity of alkaloids cannot be ignored, primarily target apoptosis-related pathways (174). (2) Flavonoids can affect the development of colon, lung, esophageal, stomach and endometrial cancer, with minimal acute toxic effects because of their poor water solubility accompanied by their rapid digestion (17, 175). Polyphenols primarily target pathways related to proliferation, apoptosis, invasion and metastasis. (3) Polysaccharides and saponins effectively modulate the immune response rather than directly inducing cell death. Polysaccharides primarily affect apoptosis-related pathways, while saponins affect apoptosis-related and invasion- and metastasis-related pathways (176). The anticancer effects of these compounds are associated with multiple targets (Figure 8) (176). Signaling pathways are believed to be associated with specific chemical structures, and this association is critical for continuing drug development.


[image: Figure 8]
FIGURE 8. Signaling pathways of the natural products.
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Chalcone derivatives, as a hot research field, exhibit a variety of physiological bioactivities and target multiple biological receptors. Based on the skeleton of (E)-1,3-diphenyl-2-propene-1-one, 14 chalcone derivatives were designed and synthesized, and evaluated as the antitumor candidates agents against four human cancer cell lines (A549, Hela, HepG2, and HL-60) as well as one normal cell line (WI-38). Among the title compounds, compound a14 showed better inhibitory activity against HepG2 cells (IC50 = 38.33 μM) and had relatively weak cytotoxicity towards normal cells WI-38 (IC50 = 121.29 μM). In this study, apoptosis, cycle arrest, assessment of reactive oxygen species (ROS) level, and measurement of mitochondrial membrane potential were adopted to explore the inhibitory mechanism of a14 towards HepG2. Compound a14 could effectively block the division of HepG2 cell lines in the G2/M phase and robustly induced generation of ROS, demonstrating that the generation of ROS induced by a14 was the main reason for resulting in the apoptosis of HepG2 cells. Moreover, the mitochondrial membrane potential (MMP) of HepG2 cells treated with a14 was significantly decreased, which was closely related to the enhanced ROS level. Furthermore, based on Western blot experiment, cell apoptosis induced by a14 also involved the expression of B-cell lymphoma-2 (Bcl-2) family and Caspase 3 protein. In summary, compound a14 could contribute to the apoptosis of HepG2 cells through regulating ROS-mitochondrial pathway, which provides valuable hints for the discovery of novel anti-tumor drug candidates.

Keywords: chalcone, HepG2 cell, reactive oxygen species, mitochondrial membrane potential, B-cell lymphoma-2, Caspase 3



Introduction

Recently, more and more researchers have realized that nature is a potential resource of new therapeutic candidate compounds with diverse molecular skeletons, and an increasing number of studies have shown that natural products or their derivatives play a vital role in the treatment of various diseases (da Rocha et al., 2001; Cao et al., 2018; Jin et al., 2018), making the application of raw materials to synthesize the natural product analogs become much more indispensable (Koehn and Carter, 2005; Cai et al., 2012; Sahu et al., 2012; Singh et al., 2014; Yang et al., 2014; Zhang et al., 2015; Zhang et al., 2019). Among these raw materials, chalcone derivatives are the precursors used for the synthesis of flavonoids, which have been applied as anti-diabetic (Zhang et al., 2015), antiplatelet, anti-inflammatory (Lin et al., 2019), anti-allergic, antimicrobial (Yibcharoenporn et al., 2019), antioxidant, and anti-cancer agents (Cai et al., 2012) due to their simple chemical structures, simplicity of synthesis, and multiple modification sites in the skeletons (replaceable hydrogens) (Sahu et al., 2012; Coskun et al., 2017).

With the deepening of research, chalcone derivatives have shown excellent therapeutic effects in the treatment of many diseases, especially cancers (Padhye et al., 2009). In addition, due to the broad anti-tumor spectrum of chalcone derivatives, low toxicity to the normal cells, and immune enhancement, research on anti-tumor of such compounds has attracted widespread attention from more and more experts and scholars (Reddy et al., 2008; Loa et al., 2009; Zhou et al., 2009). Until now, several pure chalcone derivatives isolated from different plants have been applied in the clinical trials for treating viral, cardiovascular disorders, and especially the conservative treatment of malignant tumors, which demonstrate the research potential of such compounds (Batovska and Todorova, 2010; Sahu et al., 2012; Zhuang et al., 2017).

Moreover, many studies have explored the molecular mechanism of anti-tumor effects of chalcone derivatives, and it is necessary to note that chalcone derivatives can inhibit angiogenesis, induce caspase-dependent apoptotic cell death, and regulate the expression of pro-apoptotic proteins and anti-apoptotic cells related to the Bcl family (Zi and Simoneau, 2005; George et al., 2007; Wani et al., 2016). In addition, the cellular physicochemical properties of tumor cells make the mitochondria more susceptible to the influence and interference of chalcone derivatives (El-Meligie et al., 2017; Hawash et al., 2017; Makhdoumi et al., 2017; Karimi-Sales et al., 2018; Yan et al., 2019). Besides, the reactive oxygen species (ROS) is closely related to mitochondria of tumor cells, and the high levels of ROS will oxidize and nitrate macromolecules (Chen et al., 2011; Radhakrishnan et al., 2016; Li et al., 2018), further impairing the biological function of mitochondria (Sahu et al., 2012). In addition, chalcone derivatives have the ability to inhibit angiogenesis and induce caspase-dependent apoptotic cell death (Casaschi et al., 2004; Park et al., 2015; Ramirez-Tagle et al., 2016; Gomes et al., 2017). Therefore, it is very necessary to design and synthesize a series of chalcone derivatives and study their mechanisms of promoting apoptosis of tumor cell.

In this study, on the basis of the skeleton of chalcone ([2E]-1, 3-Diphenylprop-2-en-1-one), classical Claisen Schmidt condensation was applied to synthesize the target compounds using benzaldehyde and acetophenone as the raw materials under acidic and alkaline environments. Generally, the aryl rings of a large number of natural chalcone compounds (e.g. Isobavachalcone, Xanthoangelol) are polyhydroxylated (Yu et al., 2019), and ring A substituted by hydroxyl and amide substituents in the molecular structure would increase solubility and enhance bioactivity. Thus, on the basis of retaining the ring A structure, 14 chalcone derivatives were designed and synthesized for the first time. In addition, the cytotoxic activities of the 14 synthesized chalcone derivatives were assessed by thiazolyl blue tetrazolium bromid (MTT) assay, and compound a14 with three methoxyl substituents showed the strongest cytotoxic activity on hepatocellular carcinoma cells (HepG2). Furthermore, the mechanism of compound a14 contributing to the apoptosis of HepG2 cells was studied, which could provide valuable information for the research on chalcone derivatives applied in the treatment of cancers.




Materials and Methods



Materials and Instruments

Dulbecco’s modified Eagle medium (DMEM) and fetal bovine serum (FBS) were purchased from Hyclone (Shanghai, China). DCFH-DA (2′, 7′-dichlorodi-hydrofluoresceindiacetate) and MTT (3-[4, 5-dimethylthiazol-2-yl]-2, 5-diphenyltetrazolium bromide) were obtained from Sigma (Beijing, China).

All antibodies were obtained from Affinity Biosciences (Changzhou, China). DAPI (4DCFH-DA [2′, 7′-dichlorodi-hydrofluoresceindiacetate],6-diamidino-2-phenylindole), N-acetyl-L-cysteine (NAC) and carbonyl cyanide m-chlorophenyl hydrazine (CCCP) were obtained from Beijing Solarbio Science & Technology Co., Ltd. Varian Mercury spectrometer operating at 400 MHz for 1H NMR and 100 MHz for 13C NMR was used to record the 1H NMR and 13C NMR spectra, and Orbitrap Elite (Thermo Scientific) mass spectrometer Bruker APEX II 47e mass spectrometer was applied to determine the ESI/HRMS spectra.




Chemistry

5 mmol aldehyde and 5 mmol ketone were dissolved in absolute ethanol (10 ml) before the addition of 1.0 ml SOCl2, and the mixed solution was stirred at room temperature (25°C) for 24 h. 10 ml water was added into the reaction solution and then boiled, which removed the impurities soluble in water. The reaction was then naturally cooled to room temperature and the solvent was discarded through filtration. The filtered cake rinsed with iced ethanol was dissolved in acetone and filtered in vacuum. After that, the filtrate was added to a silica gel and dried, and separated by column chromatography with hexane:acetone = 1:1 as the eluent to obtain the target compounds.




Compound Purity Determination

Chromatographic conditions: Eclipse XDB-C18 (250 mm × 4.6 mm, 5 μm) was used as the column model; Methanol:H2O (60:40, v/v) was applied as the mobile phase, and the flow rate was 1.0 ml/min with detection at 282 nm. The samples were weighed in volumetric flasks and dissolved in methanol to prepare the solution of 0.5 mg/ml. 10 μl solution of the samples was accurately taken and injected into the liquid chromatograph to record the chromatogram.




Cell Viability Assay

HeLa, A549, HepG2, HL-60, and WI-38 cell lines were incubated in DMEM solution containing 10% FBS for 48 h. The incubated tumor cells were seeded into 96-well plates (5 × 103 cells/well) to make them attach for 12 h. Afterwards, the cells were processed with the various concentrations of the synthetic compounds and 5-FU for 48 h. After removing the cell culture supernatant, 10 μl MTT (5 mg/ml) solution was dripped into the cells to generate a formazan product, which were dissolved by dimethyl sulfoxide (DMSO) 4 h later. Multifunction microplate reader (Bio-Rad Laboratories, Shanghai, China) was adopted to measure the absorbance at the wave length of 490 nm. The IC50 (the lowest drug concentration causing 50% of the tumor cells inhibition) was then calculated using GraphPad Prism Software (version 5.02) and used to indicate the cytotoxic effect of the target compounds on the selected tumor cells.




Inhibition Curve of A14 on Hepg2 Cells Under Different Conditions

HepG2 cells (5 × 103 cells/well) were seeded into the 96-well plates and kept to attach overnight. Then the cells were dealt with a14 at different concentrations for 24, 48, and 72 h, respectively. After the incubation time, 10 μl MTT was added to each well, and the culture was continued in a sterile incubator at 37°C for 4 h under the environment of 5% CO2. Then, the supernatant medium was discarded, and the solid was dissolved in 200 μl DMSO. Then, a multifunction microplate reader (Bio-Rad Laboratories, Shanghai, China) was applied to record the absorbance at 490 nm. Cell growth inhibition rates at different concentrations were calculated and plotted using Origin Pro8 software. Each set of data represented the average value of three independent experiments.




Apoptosis and Cycle Arrest of Hepg2 Cells Caused by A14



Morphology Analysis of Apoptotic Cells With Fluorescence Microscopy

Firstly, HepG2 cells (3 × 105 cells/well) were seeded into six-well plates and kept to attach overnight. Then, the cells were incubated with a14 at different concentrations (0, 30, 50, and 70 μM) for 48 h, washed by ice-cold PBS solution and fixed with 4% paraformaldehyde for 10 min at room temperature. The cells was processed by DAPI (10 μg/ml) for 15 min in the dark, and the residual DAPI was rinsed two more times by ice-cold PBS. Then, the cells were transferred on a glass slide, fixed with a coverslip and placed under a fluorescence microscope (Motic China Group Co., Ltd., Shenzhen, China) to be observed and photographed at an excitation wavelength of 480/30× nm and the emission wavelength of 515 nm. Condensation of chromatin and fragmentation of nuclei could be applied to determine the apoptotic cells.




Quantitative Detection of the Apoptotic Cell by Annexin V-Alexa Fluor 647/propidium iodide (PI) Staining

HepG2 cells were seeded into six-well plates (3 × 105/well) overnight to allow the cells to grow adherently and then incubated with a14 at the concentrations of 0, 30, 40, 50, 60 or 70 μM for 48 h. In order to assess apoptosis, the double Annexin V-Alexa Fluor 647/PI (Beijing Solarbio Science & Technology Co., Ltd) immunofluorescence labeling method was used. After the cells were collected by centrifugation, 5 μl of Annexin V-Alexa Fluor 647 and 10 μl of PI solution (20 ug/ml) were added to each well. The cells were mixed and incubated at room temperature for 15 min in the dark and then mixed with 400 μl of PBS. Then, a Beckman Coulter flow cytometer (Beckman Coulter, Inc. California) was used to monitor the fluorescence. Ten thousand events were collected for each sample, and the data were analyzed via Flow Jo-V10 software.




Analysis of Cell Cycle Arrest Using PI Staining

HepG2 cells were seeded into six-well plates (3 × 105/well) overnight to allow the cells to grow adherently and then incubated with a14 at the concentrations of 0, 30, 40, 50, 60 or 70 μM for 24 and 48 h. After the incubation time, the cells were collected by centrifugation (1000 r/min) and fixed overnight with 79% ethanol at 4°C, and then the cells were removed and washed three times with ice-cold PBS. Afterwards, the cells were added to RNase A (Beijing Solarbio Science & Technology Co., Ltd.), and incubated for 30 min at 37°C, after which PI (Beijing Solarbio Science & Technology Co., Ltd.) was added. The fluorescence was monitored by a Beckman Coulter flow cytometer (Beckman Coulter, Inc. California). Ten thousand events were collected per sample, and the data were analyzed using Modfit LT 5.0 software.




Measurement of Reactive Oxygen Species

HepG2 cells were seeded into six-well plates (3 × 105 cells/well) overnight to make the cells grow adherently and then incubated with a14 (50 μM) for 0, 3, 6, 8, 9, and 12 h. After that, the cells were added to 1 ml DCFH-DA (10 μM) and incubated for 30 min in the dark. After the cells were washed twice by the pre-cooled PBS, the cells were trypsinized and collected by centrifugation. The cells of the blank group were implemented the same experimental procedures, except for the process with a14. Besides, 5 mM N-acetyl-L-cysteine (NAC) was applied as anti-oxidative substance to prevent the oxidation of the cells, which could entirely block the production of ROS induced by a14. The generation levels of ROS were evaluated in fluorescence intensity (FL-1, 530 nm) by Beckman Coulter flow cytometer (Beckman Coulter, Inc. California). The data collected was analyzed using the CytExpert 2.0 software embedded in Beckman flow cytometry, and the histogram was plotted by Origin Pro8.




Detection of Changes in Mitochondrial Membrane Potential by JC-1 Probe.

JC-1 probe was used to detect changes in MMP. Firstly, HepG2 cells (3 × 105 cells/well) were seeded into a six-well plate overnight for adherence, and then treated with various concentrations of a14 for 48 h. Next, the cells were treated with JC-1 (2.5 μg/ml) at 37°C for 10 min in the dark and rinsed three times with PBS. Then, the six-well plate was placed under the fluorescence microscope (excitation 480/30× nm, emission 515 nm) to observe the fluorescence color and intensity of JC-1 in the cells. In addition, HepG2 cells (3 × 105 cells/well) were inoculated on another six-well plate overnight to allow adherence, and then treated with a14 (50 μM) for 0, 12, 24, 36, and 48 h, adding CCCP (without a14) for 20 min to completely lose the mitochondrial membrane potential. Cells were then incubated with JC-1 (2.5 μg/ml) at 37°C in the dark for 10 min and rinsed with PBS for three times. Fluorescence intensity of residual JC-1 in cells was measured by Beckman Coulter flow cytometer (FITC, 525/40BP). The data obtained was analyzed by CytExpert 2.0 software imbedded in the flow cytometry.




The Expression of Apoptotic Protein in Hepg2 Cells

HepG2 cells (3 × 105 cells/well) were seeded into a six-well plate overnight for adherence, and then treated with a14 (0, 30, 40, 50, 60, and 70 μM) for 48 h. After the cells were collected by centrifugation, they were lysed with the radio immunoprecipitation assay (RIPA) buffer (high) containing 50 mM Tris (pH = 7.4), 150 mM NaCl, 1% TritonX-100, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), 2 mM sodium pyrophosphate, 25 mM β-glycerophosphate, 1 mM ethylenediaminetetraacetic acid (EDTA), 1 mM Na3VO4, and 0.5 ug/ml leupeptin (Beijing Solarbio Science & Technology Co., Ltd.).The extract was then centrifuged at 12,000 rpm for 30 min and the total protein concentration was quantified using the BCA kit (Beijing Solarbio Science & Technology Co., Ltd.). The protein extracts were mixed with the SDS-PAGE protein loading buffer (Beijing Solarbio Science & Technology Co., Ltd.) and then boiled in 100°C water bath for 10 min. The gel was gelatinized using an SDS Gel Kit (Beijing Solarbio Science & Technology Co., Ltd.) and protein extracts were separated by protein SDS-polyacrylamide gel electrophoresis and transferred to Immobilon-NC Membrane (Beijing Solarbio Science & Technology Co., Ltd.). After blocking with 5% nonfat dried milk in Tris-buffered saline (TBS) containing 1% Tween-20 for 90 min at room temperature, the membranes were incubated overnight with specific primary antibodies (Affinity Biosciences, Changzhou, China) at 4°C. After washing three times with TBST, they were incubated in secondary antibodies for 2 h and washed three times with TBST. The chemiluminescence analysis system was applied to label the target protein with a specific primary antibody and detect the target protein with a specific secondary antibody.






Data Analysis and Statistics

The data were expressed as the means ± SE of at least three independent experiments. Statistical differences between the two groups of data were analyzed by one-way ANOVA. Unless otherwise indicated, there was a statistical difference between the two sets of data at P < 0.05.




Results



Chemical Synthesis of Chalcone Derivatives

Structurally, chalcone derivatives generally consist of two aryl groups (rings A and B) connected by an α, β-unsaturated ketone moiety, which forms the more thermodynamically stable trans-conformation (Zhang et al., 2017). Based on the skeleton, 14 chalcone derivatives were designed and synthesized, and Scheme 1 showed the synthetic pathway. Due to the 2′-OH in the target compounds, sodium hydroxide cannot be applied as the catalyst for Claisen-Schmidt reaction. In this study, thionyl chloride (SOCl2) can react with ethanol (EtOH) to give off hydrogen chloride (Petrov et al., 2008; Hou et al., 2019), which would be used as the acid catalyst.
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Scheme 1 | Synthesized compounds with different substituents.




Briefly, different kinds of aldehydes were added to 5-acetyl-2-hydroxybenzamide in the condition of the mixed solutions of SOCl2 and EtOH, which will undergo Claisen-Schmidt condensation and produce the corresponding chalcone derivatives. The compounds (a1-a14) were reported herein for the first time, of which the structures were determined by HRMS, 1H-NMR, and 13C-NMR. Since all compounds were synthesized for the first time, no standard controls could be used as a reference. Based on this, the purities of the 14 compounds were analyzed by area normalization through HPLC, of which 12 compounds’ liquid phase purities were >94% and the remaining compounds were >91%. The information of HPLC, HRMS, 1H-NMR, and 13C-NMR of all compounds was attached to the Supplementary Material.




Analysis of Cytotoxic Activity by Thiazolyl Blue Tetrazolium Bromid

The synthesized compounds were tested for the inhibitory activities towards A549, Hela, HepG2, and HL-60 and a normal cell line (WI-38) by &&MTT assay with 5-FU as the positive control. The results were summarized in Table 1, and showed that the 14 synthesized compounds exhibited significant cytotoxic effect on the adherent tumor cell lines (HepG2, A549 and Hela) as well as lower cytotoxic effect on the suspension cell (HL-60). In addition, according to the experimental results, it could be found that these compounds showed weaker cytotoxic effects on the normal cells (WI-38) than that of adherent tumor cells (HepG2, A549 and Hela). Moreover, a14 showed better cytotoxic activities against HepG2 cells than 5-FU with relatively low toxicity towards human normal cells (WI-38), which was selected as a molecular probe to investigate the inhibitory mechanism of HepG2 cells through a series of biological activity experiments. According to Figure 1, a14 could exhibit the inhibitory activities on HepG2 cells by a dose- and time-dependent manner.



Table 1 | Biological activities of target compounds towards different cell lines.
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Figure 1 | (A) Time and concentration-dependent effects of a14 on HepG2 cells’ growth and viability. Values are expressed as the means ± SE, by t test, n = 3, *P< 0.05, **P< 0.01, ***P< 0.001 compared with the group (cell growth inhibition rate in 0 μM); (B) Chemical structure of a14.






Apoptosis and Cycle Arrest of Hepg2 Cells Caused by A14

Cell apoptosis and cycle arrest are the main approaches to investigate the mechanism of tumor cells growth inhibition and cell death induced by the compounds interference. In this study, corresponding experiments were performed to determine whether the cytotoxicity of a14 on HepG2 cells was the result of apoptosis. HepG2 cells were dealt with various concentrations of a14 for 48 h and the morphological changes of the nucleus could be detected by DAPI staining. In Figure 2, it could be seen that HepG2 cells had a large number of nuclear condensation and nuclear fragmentation (shown by red arrows) and emitted strong blue fluorescence under the intervention of a14, which indicated that HepG2 cells had undergone apoptosis. In addition, in order to further evaluate the apoptotic effects and a14, flow cytometry was conducted using double Annexin V-Alexa Fluor 647/PI immunofluorescence labeling method. After 48 h treatment of HepG2 cells with different concentrations of a14 (30, 40, 50, 60, and 70 μM), the number of early-apoptotic cells increased from 3.10 to 28.62% and the number of late-apoptotic cells increased from 9.45 to 32.89%, which was positively correlated with the concentration of a14 (Figure 2). In addition, it was worth pointing out that when the concentration of a14 changed from 40 μM to 50 μM, the percentage of both early apoptosis and late apoptosis increase rapidly, indicating that most tumor cells underwent apoptosis at this concentration.
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Figure 2 | Concentration dependent effects of a14 on HepG2 cell apoptosis. (A) HepG2 cells were stained with DAPI solution, and fluorescence microscope using a blue filter (magnification, 400×) was applied to observe the stained nuclei (red arrow indicating chromatin condensation); (B) Analysis of HepG2 cell apoptosis induced by a14 using Annexin V-Alexa Fluor 647/PI immunofluorescence labeling method; (C) Analysis of cell cycle arrest by PI staining assay after 24 and 48 h incubation with a14.




Moreover, PI staining was applied to assess the cycle block of a14 on HepG2 cells, and in this study, HepG2 cells were treated with a14 with the same concentration gradient mentioned above for 24 and 48 h, respectively. The number of HepG2 cells stagnated in G2/M phase ranged from 19.07 to 79.57% after the treatment with different concentrations of a14, and the blocking effects of a14 on HepG2 cells were more obvious when the action time was prolonged to 48 h. From the above results, it could be concluded that a14 mainly prevented HepG2 cells from dividing in the G2/M phase (Figure 2).




Assessment of ROS Level in Hepg2 Cells Caused by A14

To further research the mechanism underlying the pro-apoptosis activity of a14, the ROS level in HepG2 cells was assessed. In this study, HepG2 cells were treated with a14 (50 μM) for 3, 6, 8, 9 and 12 h, and flow cytometry was applied to measure the intracellular fluorescence intensity using DCFH-DA probe, which could evaluate the levels of ROS production (Figure 3) (Cathcart et al., 1983). The experimental results showed that the intracellular ROS levels of HepG2 were significantly changed when stimulated by a14 (50 μM). Compared to the control group, the intracellular fluorescence intensity of HepG2 increased continuously from 0 to 8 h(from 4351.6 to 236197.3) and began to decay after 8 h(Figures 3A, C), indicating that a14 (50 μM) could induce a large amount of ROS production in HepG2 cells in a short period of time. However, if the HepG2 cells were pretreated with the antioxidant N-acetyl-L-cysteine (NAC, inhibiting the production of intracellular ROS) and then cultured with a14, there was no significant change in intracellular fluorescence intensity. Thus, it could be inferred that due to the action of a14, there was a significant transition in the level of ROS in HepG2 cells (Figures 3B, D).
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Figure 3 | Changes in ROS levels induced by a14 were probed by DCFH-DA in HepG2 cells. (A) Determination of fluorescence intensity in HepG2 cells under different conditions by flow cytometry; (B) Fluorescence intensity comparison chart with or without NAC; (C) Quantitative analysis of fluorescence intensity in HepG2 cells under different conditions; (D) Quantitative analysis of fluorescence intensity with or without NAC blockers; (E) Flow Cytometric analysis was applied to evaluate the pro-apoptosis of a14 (50 μM) on HepG2 cells for 48 h with or without the intervention of NAC (5 mM). Values are expressed as the means ± SE, by t test, n = 3, **P < 0.01, ***P< 0.001 vs. the black group (cell + DCF).




Furthermore, the relationship between the HepG2 cells apoptosis and the burst of ROS was further explored. HepG2 cells were pretreated with NAC for 1 h, and co-cultured with a14 (50 μM) for 48 h, and the number of apoptotic cells was determined by Annexin V-Alexa Fluor 647/PI double staining. It was found that the number of early apoptotic cells in the group treated by NAC and a14 was significantly reduced compared to the group cultured only with a14 (Figure 3).




Influences on Mitochondrial Membrane Potential in Hepg2 Cells Induced by A14

To investigate the role of mitochondria in the process of HepG2 cells apoptosis induced by a14, the changes in mitochondrial membrane potential (MMP) were measured using JC-1 as the probe. In general, JC-1 shows red fluorescence in normal cells. However, JC-1 will present a monomeric state and show green fluorescence when early apoptosis occurs in cells and the MMP is reduced. In this study, HepG2 cells were incubated with different concentrations of a14 for 48 h and the pictures were taken by fluorescence microscopy (excitation 480/30× nm, MOTIC CHINA GROUP CO., LTD.). It could be found that almost all the cells showed red fluorescence at the concentration of 0 μM. As the concentration of the a14 increased, more and more cells emitted green fluorescence (Figure 4). When the HepG2 cells were cultured at the concentration of 50 μM, almost all cells had shown green fluorescence, indicating that early-apoptosis occurred among the majority of HepG2 cells.
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Figure 4 | (A) The relationship between MMP and a14 concentration in HepG2 cells; (B) The relationship between MMP and action time of a14 in HepG2 cells (CCCP, as the positive control, was used to completely deprive the MMP); (C) Flow cytometric analysis was applied to evaluate the effects on the MMP of a14 (50 μM) for 48 h with or without the intervention of NAC (5 mM).




In addition, time-dependent relationship between fluorescence intensity and the action time of a14 (50 μM) in HepG2 cells was analyzed by flow cytometry using JC-1 as the probe. Based on the experimental results (Figure 4), the intracellular green fluorescence intensity gradually increased by a time-dependent manner. Compared to the group untreated with compound a14 (50.08%), the intracellular green fluorescence intensity of the HepG2 cells cultured with a14 (50 μM) for 48 h increased to 91.94%, which was also comparable to HepG2 cells treated by CCCP for 20 min that could completely deprive the MMP (99.98%). To further investigate whether the decrease in MMP of HepG2 cells induced by a14 was related to ROS, NAC was applied to completely block the production of ROS induced by a14. HepG2 cells were pretreated with NAC for 1 h and then co-incubated with a14 (50 μM) for 48 h. According to Figure 4, it could be found that the MMP of HepG2 cells previously treated with NAC could not be decreased by the treatment of a14 (50 μM), which demonstrated that the intracellular ROS levels would affect the MMP.




Regulation of Bcl-2 Family Proteins and Caspase 3 by Compound A14

Expression of apoptosis-related proteins in HepG2 cells is important to elucidate the inhibitory mechanism of compound a14. From Figure 5, Western blot analyses revealed that HepG2 cells treated with different concentrations of a14 (48 h) up-regulated the expression of pro-apoptotic proteins (Bax) and correspondingly down-regulated the expression of anti-apoptotic proteins (Bcl-2) by a dose-dependent manner. The results showed a14 could induce the decrease in the expression level of Caspases 3 and PARP as well with the increase level of cleaved PARP proteins compared to the control group. Therefore, a14 could not only regulate mitochondria-associated apoptotic proteins (Bax and Bcl-2), but also participate in the regulation of the Caspases 3 related apoptotic protein.
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Figure 5 | (A) Protein levels of Caspase 3, Bax, Bcl-2 in HepG2 cells; (B) Protein levels of PARP and CF-PARP proteins in HepG2 cells; (C) The relative protein level of Bax; (D) The relative protein level of Bcl-2; (E) The relative protein level of Caspase 3; (F) The relative protein level of PARP and CF-PARP. Values are expressed as the means ± SE, by t test, n = 3, *P< 0.05, **P< 0.01, ***P< 0.001 compared with the control.







Discussion

Nowadays, systematic therapies with anti-tumor agents are usually the fundamental treatment strategies for cancer patients, especially the patients with advanced or metastatic tumors (Miyata and Sakai, 2018). However, frequent occurrence of adverse effects during the treatment is a major obstacle to the clinical application of chemotherapy, especially in the elderly patients (Bosch et al., 2004; Itatani et al., 2018; Le Saux and Falandry, 2018; Zhang et al., 2018). Therefore, the development of more effective and safer antitumor agents has become the focus of drug discovery. In general, natural products are advantageous due to the easy availability and relative safety, and chalcone derivatives have good cytotoxic activity towards several tumor cells(Tsai et al., 2014; Yan et al., 2016; Makhdoumi et al., 2017; Wang et al., 2018; Jung et al., 2019), which has led to the increasing consideration of chalcone derivatives as the anti-tumor treatment (Bommareddy et al., 2018; Kim and Kim, 2018). Based on the skeleton of chalcone, the hydrogens on the benzene ring were replaced by various substituents (electron-acceptor groups: –Br, –Cl, and –F; electron-donor groups: –OCH3, –CH3) to explore the effects of electronegativity on the inhibitory activities of the compounds against the tumor cells. All the synthesized chalcone derivatives were fully characterized by HRMS, 1H-NMR, and 13C-NMR.

Then, the MTT assay was adopted to evaluate the cytotoxic effects of the target compounds on the tumor cells and human normal cells, and the experimental results showed that the 14 synthesized compounds exerted cytotoxic effect on the adherent tumor cell lines (HepG2, A549, and Hela), indicating that the title compounds had selective inhibition against the tumor cell types and provide guiding value for the selection of cell model in future studies. In addition, from the perspective of structure-activity relationship, it could be found that the IC50 of compounds (a1, a2, a3, and a4) substituted by electron withdrawing groups was generally larger than that of compounds (a11, a12, a13, and a14) substituted by electron donating groups with IC50 ranging from 23.30 to 54.37 μM. Therefore, it could be speculated that the electron-donating group (methoxy group) might contribute to the increase in the biological activity of the chalcone derivatives. In the subsequent experiments, further modification of chalcone skeleton was needed to discover more active chalcone derivatives against tumor cells.

Due to the highest cytotoxic activity against HepG2 cells and lowest toxicity to normal cell line WI-38 of a14, a14 was selected as the probe for subsequent studies. According to the experimental results (Figure 1), it could be learned that when the action time of a14 on HepG2 cells was less than 24 h, the cytotoxic effect was relatively weak. However, when the action time was extended to 48 or 72 h, the growth inhibition effect of a14 on HepG2 cells was significantly improved, indicating that the effect of the drug has certain requirements on the action time.

Cell apoptosis is one of the most prominent ways to regulate cancer cell death, and in the original stages of the apoptotic process, the apoptotic signaling is activated, which will induce the death of tumor cells rather than kill the cells directly. In this study, HepG2 cells were dealt with various concentrations of a14 for 48 h and the morphological changes of the nucleus could be detected by DAPI staining. According to Figure 2, cell morphology underwent a series of significant changes from the qualitative analysis of DAPI staining, such as membrane blebbing, cell shrinkage and detachment, and nuclear condensation and fragmentation. Additionally, the quantitative analysis of Alexa Fluor 647/PI double-staining experiments also proved that a14 could induce the apoptosis of HepG2 cells. Based on the cycle arrest experiment, a14 could inhibit the proliferation of HepG2 cells significantly at the phase of G2/M. Compared with the untreated group, the percentages of early apoptosis, late apoptosis, and G2/M rapidly increased by 28.35, 13.51, and 73.82%, when the HepG2 cells were treated with 50 μM a14 for 48 h. Therefore, the experimental results could serve as a reference for the setting of subsequent experimental parameters in vivo.

ROS, a cellular metabolite that regulates multiple cancer-related signaling pathways and can serve as an important regulatory signal for tumor cell apoptosis, has attracted the special attention of researchers (Ralph et al., 2010). Indeed, high levels of ROS can lead to DNA damage and tumor cell apoptosis via oxidizing and nitrating macromolecules including RNA, DNA, lipids, and proteins (O'Donovan et al., 2005; Waszczak et al., 2014). In this research, a14 could induce a large amount of ROS production in HepG2 cells in a short period of time, which could be blocked by antioxidant NAC (Figure 3). Moreover, the blocking effects of NAC could weaken the pro-apoptotic effects of compound a14 on HepG2 cells (Figure 3), indicating that the pro-apoptotic mechanism of compound a14 was closely related to the ROS pathway.

Moreover, mitochondria play an important role in the apoptotic pathway of tumor cells, and the mitochondria-dependent apoptotic pathway could be regulated by pro-apoptotic and anti-apoptotic proteins of the Bcl-2 and caspase families (Guerra et al., 2011; Wang et al., 2013). According to Figure 4, the MMP of HepG2 cells could decrease under the induction of a14, and the decrease in MMP could be blocked by NAC intervention, which indicated that the decrease in MMP was related to the expression level of ROS. In addition, the expression levels of mitochondria-related apoptosis proteins (Bax, Bcl-2, and Caspase 3) also changed significantly by the intervention of a14. In summary, compound a14 could block HepG2 cells from mitosis in the G2/M phase and induce early apoptosis and late apoptosis in HepG2 cells, and the apoptosis mechanism induced by a14 was related to the ROS-mitochondrial pathway (expression level of ROS, MMP, and the apoptosis-related proteins) through a series of biological experiments. In the follow-up study, anti-tumor effects in vivo will also be evaluated, which aims to provide valuable candidate compounds for the research of anti-tumor drugs.




Data Availability Statement

All datasets generated for this study are included in the article/Supplementary Material.




Author Contributions

DH and LZ conceived the work and directed the experiments; HZ and LT performed the experiments and collected the data. CZ, PY, and BW analyzed the data. HZ and YZ drafted the first and second versions of the manuscript. All authors read, edited, and approved the final version of the manuscript.




Funding

This work was supported by Lanzhou Science and Technology Bureau Program Funds (2016-3-108, 2017-RC-16), Gansu Science and Technology Fund Grant (ID: 17ZD2FA009, 18JR3RA417), and National Science and Technology Ministry (ID: 2017ZX09101001).




Abbreviations

MMP, mitochondrial membrane potential; DMEM, Dulbecco’s modified Eagle medium; FBS, fetal bovine serum; MTT, Thiazolyl Blue Tetrazolium Bromid; DAPI, 4′, 6-diamidino-2-phenylindole; ROS, reactive oxygen species; NAC, N-acetyl-L-cysteine; DCFH-DA, 2, 7-Dichlorodi-hydrofluorescein diacetate; CCCP, carbonyl cyanide m-chlorophenyl hydrazine; Bcl-2, B-cell lymphoma-2.




Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2019.01341/full#supplementary-material



References

Batovska, D. I., and Todorova, I. T. (2010). Trends in utilization of the pharmacological potential of chalcones. Curr. Clin. Pharmacol. 5, 1–29. doi: 10.2174/157488410790410579

Bommareddy, A., Knapp, K., Nemeth, A., Steigerwalt, J., Landis, T., Vanwert, A. L., et al (2018). Alpha-santalol, a component of sandalwood oil inhibits migration of breast cancer cells by targeting the beta-catenin Pathway. Anticancer Res. 38, 4475–4480. doi: 10.21873/anticanres.12750

Bosch, F. X., Ribes, J., Diaz, M., and Cleries, R. (2004). Primary liver cancer: worldwide incidence and trends. Gastroenterology 127, S5–S16. doi: 10.1053/j.gastro.2004.09.011

Cai, W., Zhang, B., Duan, D., Wu, J., and Fang, J. (2012). Curcumin targeting the thioredoxin system elevates oxidative stress in HeLa cells. Toxicol. Appl. Pharmacol. 262, 341–348. doi: 10.1016/j.taap.2012.05.012

Cao, Y., Xu, W., Huang, Y., and Zeng, X. (2018). Licochalcone B, a chalcone derivative from Glycyrrhiza inflata, as a multifunctional agent for the treatment of Alzheimer's disease. Nat. Prod. Res. 1–4. doi: 10.1080/14786419.2018.1496429

Casaschi, A., Maiyoh, G. K., Rubio, B. K., Li, R. W., Adeli, K., and Theriault, A. G. (2004). The chalcone xanthohumol inhibits triglyceride and apolipoprotein B secretion in HepG2 cells. J. Nutr. 134, 1340–1346. doi: 10.1093/jn/134.6.1340

Cathcart, R., Schwiers, E., and Ames, B. N. (1983). Detection of picomole levels of hydroperoxides using a fluorescent dichlorofluorescein assay. Anal. Biochem. 134, 111–116. doi: 10.1016/0003-2697(83)90270-1

Chen, S. Y., Chiu, L. Y., Maa, M. C., Wang, J. S., Chien, C. L., and Lin, W. W. (2011). zVAD-induced autophagic cell death requires c-Src-dependent ERK and JNK activation and reactive oxygen species generation. Autophagy 7, 217–228. doi: 10.4161/auto.7.2.14212

Coskun, D., Erkisa, M., Ulukaya, E., Coskun, M. F., and Ari, F. (2017). Novel 1-(7-ethoxy-1-benzofuran-2-yl) substituted chalcone derivatives: synthesis, characterization and anticancer activity. Eur. J. Med. Chem. 136, 212–222. doi: 10.1016/j.ejmech.2017.05.017

da Rocha, A. B., Lopes, R. M., and Schwartsmann, G. (2001). Natural products in anticancer therapy. Curr. Opin. Pharmacol. 1, 364–369. doi: 10.1016/S1471-4892(01)00063-7

El-Meligie, S., Taher, A. T., Kamal, A. M., and Youssef, A. (2017). Design, synthesis and cytotoxic activity of certain novel chalcone analogous compounds. Eur. J. Med. Chem. 126, 52–60. doi: 10.1016/j.ejmech.2016.09.099

George, N. M., Evans, J. J., and Luo, X. (2007). A three-helix homo-oligomerization domain containing BH3 and BH1 is responsible for the apoptotic activity of Bax. Genes Dev. 21, 1937–1948. doi: 10.1101/gad.1553607

Gomes, M. N., Muratov, E. N., Pereira, M., Peixoto, J. C., Rosseto, L. P., Cravo, P. V. L., et al. (2017). Chalcone derivatives: promising starting points for drug design. Molecules 22 (8), 1210. doi: 10.3390/molecules22081210

Guerra, M. T., Fonseca, E. A., Melo, F. M., Andrade, V. A., Aguiar, C. J., Andrade, L. M., et al. (2011). Mitochondrial calcium regulates rat liver regeneration through the modulation of apoptosis. Hepatology 54, 296–306. doi: 10.1002/hep.24367

Hawash, M. M., Kahraman, D. C., Eren, F., Cetin Atalay, R., and Baytas, S. N. (2017). Synthesis and biological evaluation of novel pyrazolic chalcone derivatives as novel hepatocellular carcinoma therapeutics. Eur. J. Med. Chem. 129, 12–26. doi: 10.1016/j.ejmech.2017.02.002

Hou, Y. X., Sun, S. W., Liu, Y., Li, Y., Liu, X. H., Wang, W., et al. (2019). An improved method for the synthesis of butein using SOCl2/EtOH as catalyst and deciphering its inhibition mechanism on xanthine oxidase. Molecules 24 (10), 1948. doi: 10.3390/molecules24101948

Itatani, Y., Kawada, K., and Sakai, Y. (2018). Treatment of elderly patients with colorectal cancer. Biomed. Res. Int. 2018, 2176056. doi: 10.1155/2018/2176056

Jin, H., Kim, H. S., Seo, G. S., and Lee, S. H. (2018). A new chalcone derivative, 3-phenyl-1-(2,4,6-tris(methoxymethoxy)phenyl)prop-2-yn-1-one), inhibits phorbol ester-induced metastatic activity of colorectal cancer cells through upregulation of heme oxygenase-1. Eur. J. Pharmacol. 841, 1–9. doi: 10.1016/j.ejphar.2018.10.011

Jung, E., Koh, D., Lim, Y., Shin, S. Y., and Lee, Y. H. (2019). Overcoming multidrug resistance by activating unfolded protein response of the endoplasmic reticulum in cisplatin-resistant A2780/CisR ovarian cancer cells. BMB Rep. 4615.

Karimi-Sales, E., Mohaddes, G., and Alipour, M. R. (2018). Chalcones as putative hepatoprotective agents: preclinical evidence and molecular mechanisms. Pharmacol. Res. 129, 177–187. doi: 10.1016/j.phrs.2017.11.022

Kim, C., and Kim, B. (2018). Anti-cancer natural products and their bioactive compounds inducing er stress-mediated apoptosis: a review. Nutrients 10 (8), 1021. doi: 10.3390/nu10081021

Koehn, F. E., and Carter, G. T. (2005). The evolving role of natural products in drug discovery. Nat. Rev. Drug Discovery 4, 206–220. doi: 10.1038/nrd1657

Le Saux, O., and Falandry, C. (2018). Toxicity of cancer therapies in older patients. Curr. Oncol. Rep. 20, 64. doi: 10.1007/s11912-018-0705-y

Li, K., Wang, B., Zheng, L., Yang, K., Li, Y., Hu, M., et al. (2018). Target ROS to induce apoptosis and cell cycle arrest by 5,7-dimethoxy-1,4-naphthoquinone derivative. Bioorg. Med. Chem. Lett. 28, 273–277. doi: 10.1016/j.bmcl.2017.12.059

Lin, Y., Zhang, M., Lu, Q., Xie, J., Wu, J., and Chen, C. (2019). A novel chalcone derivative exerts anti-inflammatory and anti-oxidant effects after acute lung injury. Aging (Albany NY) 11 (18), 7805–7816. doi: 10.18632/aging.102288

Loa, J., Chow, P., and Zhang, K. (2009). Studies of structure-activity relationship on plant polyphenol-induced suppression of human liver cancer cells. Cancer Chemother. Pharmacol. 63, 1007–1016. doi: 10.1007/s00280-008-0802-y

Makhdoumi, P., Zarghi, A., Daraei, B., and Karimi, G. (2017). Evaluation of cytotoxicity effects of chalcone epoxide analogues as a selective COX-II inhibitor in the human liver carcinoma cell line. J. Pharmacopuncture 20, 207–212. doi: 10.3831/KPI.2017.20.024

Miyata, Y., and Sakai, H. (2018). Anti-cancer and protective effects of royal jelly for therapy-induced toxicities in malignancies. Int. J. Mol. Sci. 19 (10), 3270. doi: 10.3390/ijms19103270

O'Donovan, P., Perrett, C. M., Zhang, X., Montaner, B., Xu, Y. Z., Harwood, C. A., et al. (2005). Azathioprine and UVA light generate mutagenic oxidative DNA damage. Science 309, 1871–1874. doi: 10.1126/science.1114233

Padhye, S., Ahmad, A., Oswal, N., and Sarkar, F. H. (2009). Emerging role of garcinol, the antioxidant chalcone from garcinia indica choisy and its synthetic analogs. J. Hematol. Oncol. 2, 38. doi: 10.1186/1756-8722-2-38

Park, C. S., Ahn, Y., Lee, D., Moon, S. W., Kim, K. H., Yamabe, N., et al. (2015). Synthesis of apoptotic chalcone analogues in HepG2 human hepatocellular carcinoma cells. Bioorg. Med. Chem. Lett. 25, 5705–5707. doi: 10.1016/j.bmcl.2015.10.093

Petrov, O., Ivanova, Y., and Gerova, M. (2008). SOCl2/EtOH: catalytic system for synthesis of chalcones. Catalysis Commun. 9, 315–316. doi: 10.1016/j.catcom.2007.06.013

Radhakrishnan, S. K., Shimmon, R. G., Conn, C., and Baker, A. T. (2016). Evaluation of novel chalcone oximes as inhibitors of tyrosinase and melanin formation in B16 cells. Arch. Pharm. (Weinheim) 349, 20–29. doi: 10.1002/ardp.201500298

Ralph, S. J., Rodriguez-Enriquez, S., Neuzil, J., and Moreno-Sanchez, R. (2010). Bioenergetic pathways in tumor mitochondria as targets for cancer therapy and the importance of the ROS-induced apoptotic trigger. Mol. Aspects Med. 31, 29–59. doi: 10.1016/j.mam.2009.12.006

Ramirez-Tagle, R., Escobar, C. A., Romero, V., Montorfano, I., Armisen, R., Borgna, V., et al. (2016). Chalcone-induced apoptosis through caspase-dependent intrinsic pathways in human hepatocellular carcinoma cells. Int. J. Mol. Sci. 17, 260. doi: 10.3390/ijms17020260

Reddy, M. V., Su, C. R., Chiou, W. F., Liu, Y. N., Chen, R. Y., Bastow, K. F., et al. (2008). Design, synthesis, and biological evaluation of Mannich bases of heterocyclic chalcone analogs as cytotoxic agents. Bioorg. Med. Chem. 16, 7358–7370. doi: 10.1016/j.bmc.2008.06.018

Sahu, N. K., Balbhadra, S. S., Choudhary, J., and Kohli, D. V. (2012). Exploring pharmacological significance of chalcone scaffold: a review. Curr. Med. Chem. 19, 209–225. doi: 10.2174/092986712803414132

Singh, P., Anand, A., and Kumar, V. (2014). Recent developments in biological activities of chalcones: a mini review. Eur. J. Med. Chem. 85, 758–777. doi: 10.1016/j.ejmech.2014.08.033

Tsai, J. P., Hsiao, P. C., Yang, S. F., Hsieh, S. C., Bau, D. T., Ling, C. L., et al. (2014). Licochalcone A suppresses migration and invasion of human hepatocellular carcinoma cells through downregulation of MKK4/JNK via NF-kappaB mediated urokinase plasminogen activator expression. PloS One 9, e86537. doi: 10.1371/journal.pone.0086537

Wang, X., Bathina, M., Lynch, J., Koss, B., Calabrese, C., Frase, S., et al. (2013). Deletion of MCL-1 causes lethal cardiac failure and mitochondrial dysfunction. Genes Dev. 27, 1351–1364. doi: 10.1101/gad.215855.113

Wang, Y., Xue, S., Li, R., Zheng, Z., Yi, H., and Li, Z. (2018). Synthesis and biological evaluation of novel synthetic chalcone derivatives as anti-tumor agents targeting Cat L and Cat K. Bioorg. Med. Chem. 26, 8–16. doi: 10.1016/j.bmc.2017.09.019

Wani, Z. A., Guru, S. K., Rao, A. V., Sharma, S., Mahajan, G., Behl, A., et al. (2016). A novel quinazolinone chalcone derivative induces mitochondrial dependent apoptosis and inhibits PI3K/Akt/mTOR signaling pathway in human colon cancer HCT-116 cells. Food Chem. Toxicol. 87, 1–11. doi: 10.1016/j.fct.2015.11.016

Waszczak, C., Akter, S., Eeckhout, D., Persiau, G., Wahni, K., Bodra, N., et al. (2014). Sulfenome mining in Arabidopsis thaliana. Proc. Natl. Acad. Sci. U. S. A. 111, 11545–11550. doi: 10.1073/pnas.1411607111

Yan, J., Chen, J., Zhang, S., Hu, J., Huang, L., and Li, X. (2016). Synthesis, evaluation, and mechanism study of novel indole-chalcone derivatives exerting effective antitumor activity through microtubule destabilization in vitro and in vivo. J. Med. Chem. 59, 5264–5283. doi: 10.1021/acs.jmedchem.6b00021

Yan, W., Xiangyu, C., Ya, L., Yu, W., and Feng, X. (2019). An orally antitumor chalcone hybrid inhibited HepG2 cells growth and migration as the tubulin binding agent. Invest. New Drugs 37, 784–790. doi: 10.1007/s10637-019-00737-z

Yang, Z., Wu, W., Wang, J., Liu, L., Li, L., Yang, J., et al. (2014). Synthesis and biological evaluation of novel millepachine derivatives as a new class of tubulin polymerization inhibitors. J. Med. Chem. 57, 7977–7989. doi: 10.1021/jm500849z

Yibcharoenporn, C., Chusuth, P., Jakakul, C., Rungrotmongkol, T., Chavasiri, W., and Muanprasat, C. (2019). Discovery of a novel chalcone derivative inhibiting CFTR chloride channel via AMPK activation and its anti-diarrheal application. J. Pharmacol. Sci. 140, 273–283. doi: 10.1016/j.jphs.2019.07.012

Yu, B., Liu, H., Kong, X., Chen, X., and Wu, C. (2019). Synthesis of new chalcone-based homoserine lactones and their antiproliferative activity evaluation. Eur. J. Med. Chem. 163, 500–511. doi: 10.1016/j.ejmech.2018.12.014

Zhang, B., Duan, D., Ge, C., Yao, J., Liu, Y., Li, X., et al. (2015). Synthesis of xanthohumol analogues and discovery of potent thioredoxin reductase inhibitor as potential anticancer agent. J. Med. Chem. 58, 1795–1805. doi: 10.1021/jm5016507

Zhang, S., Li, T., Zhang, L., Wang, X., Dong, H., Li, L., et al. (2017). A novel chalcone derivative S17 induces apoptosis through ROS dependent DR5 up-regulation in gastric cancer cells. Sci. Rep. 7, 9873. doi: 10.1038/s41598-017-10400-3

Zhang, B., Fang, C., Deng, D., and Xia, L. (2018). Research progress on common adverse events caused by targeted therapy for colorectal cancer. Oncol. Lett. 16, 27–33. doi: 10.3892/ol.2018.8651

Zhang, Y., Ying, J. B., Hong, J. J., Li, F. C., Fu, T. T., Yang, F. Y., et al. (2019). How does chirality determine the selective inhibition of histone deacetylase 6? A lesson from trichostatin a enantiomers based on molecular dynamics. ACS Chem. Neurosci. 10, 2467–2480. doi: 10.1021/acschemneuro.8b00729

Zhou, J., Geng, G., Batist, G., and Wu, J. H. (2009). Syntheses and potential anti-prostate cancer activities of ionone-based chalcones. Bioorg. Med. Chem. Lett. 19, 1183–1186. doi: 10.1016/j.bmcl.2008.12.089

Zhuang, C., Zhang, W., Sheng, C., Zhang, W., Xing, C., and Miao, Z. (2017). Chalcone: a privileged structure in medicinal chemistry. Chem. Rev. 117, 7762–7810. doi: 10.1021/acs.chemrev.7b00020

Zi, X., and Simoneau, A. R. (2005). Flavokawain A, a novel chalcone from kava extract, induces apoptosis in bladder cancer cells by involvement of Bax protein-dependent and mitochondria-dependent apoptotic pathway and suppresses tumor growth in mice. Cancer Res. 65, 3479–3486. doi: 10.1158/0008-5472.CAN-04-3803

Conflict of Interest: HZ, LT, and CZ worked at Lanzhou Weihuan Biological
Science and Technology Development Co, Ltd and studied at the School of
Pharmacy of Lanzhou University. In the process of completing the project, the company provided the experimental apparatus.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Zhu, Tang, Zhang, Wei, Yang, He, Zheng and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.







REVIEW
published: 28 November 2019
doi: 10.3389/fphar.2019.01438

[image: image2]


Harnessing the Power of Optical Microscopic and Macroscopic Imaging for Natural Products as Cancer Therapeutics

Tianyu Yan 1†, Qi Zeng 1†, Lin Wang 2, Nan Wang 1, Honghao Cao 1, Xinyi Xu 1 and Xueli Chen 1*

1 Engineering Research Center of Molecular and Neuro Imaging of Ministry of Education and School of Life Science and Technology, Xidian University, Xi’an, China, 2 School of Information Sciences and Technology, Northwest University, Xi’an, China



Edited by:
 Huizi Jin, Shanghai Jiao Tong University, China

Reviewed by:
 Jinchao Feng, Beijing University of Technology, China 
Chen Ling, Fudan University, China 
Fangfang Wu, Guangxi Botanical Garden of Medicinal Plant, China

*Correspondence:
Xueli Chen
xlchen@xidian.edu.cn

†These authors have contributed equally to this work

Specialty section:
 This article was submitted to Pharmacology of Anti-Cancer Drugs, a section of the journal Frontiers in Pharmacology

Received: 25 September 2019

Accepted: 11 November 2019

Published: 28 November 2019

Citation:
 Yan T, Zeng Q, Wang L, Wang N, Cao H, Xu X and Chen X (2019) Harnessing the Power of Optical Microscopic and Macroscopic Imaging for Natural Products as Cancer Therapeutics. Front. Pharmacol. 10:1438. doi: 10.3389/fphar.2019.01438



Natural products (NPs) are an important source for new drug discovery over the past decades, which have been demonstrated to be effectively used in cancer prevention, treatment, and adjuvant therapy. Many methods, such as the genomic and metabolomic approaches, immunochemistry, mass spectrometry, and chromatography, have been used to study the effects of NPs on cancer as well as themselves. Because of the advantages in specificity, sensitivity, high throughput, and cost-effectiveness, optical imaging (OI) approaches, including optical microscopic imaging and macroscopic imaging techniques have also been applied in the studies of NPs. Optical microscopic imaging can observe NPs as cancer therapeutics at the cellular level and analyze its cytotoxicity and mechanism of action. Optical macroscopic imaging observes the distribution, metabolic pathway, and target lesions of NPs in vivo, and evaluates NPs as cancer therapeutics at the whole-body level in small living animals. This review focuses on the recent advances in NPs as cancer therapeutics, with particular emphasis on the powerful use of optical microscopic and macroscopic imaging techniques, including the studies of observation of ingestion by cells, anticancer mechanism, and in vivo delivery. Finally, we prospect the wider application and future potential of OI approaches in NPs as cancer therapeutics.
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Introduction

As an important tool to break through the bottleneck of drug development, natural products (NPs) and their derivatives have contributed about 50% of new drugs over the past 30 years (Camp et al., 2012; Newman and Cragg 2016), including anti-cancer, anti-inflammatory, and antibiotics (Shukla and Singh 2011). NPs extracts and some herbal formulas have proven to be useful in the prevention and treatment of cancer (Zhang et al., 2018). In China, the addition of traditional Chinese medicines or Chinese herbal medicines derived from NPs to cancer treatment is being accepted by more and more people because of its ability to improve the quality of life and low toxicity (Kasymjanova et al., 2018). NPs have the following effects in anti-cancer. Firstly, certain NPs can be used to prevent cancer, such as Urtica dioica, an edible plant with anticancer ability (Esposito et al., 2019). Secondly, NPs that have been confirmed to be toxic to cancer cells may be directly used in the treatment of cancer in the future. For example, isoflavones have effective growth inhibition and apoptosis induction effects on human and animal cancer cells (Sarkar and Li, 2009), and ursolic acid has anti-cancer properties for breast cancer and colorectal cancer (Chan et al., 2019). Thirdly, NPs can be used in combination with radiotherapy and chemotherapy. It has been reported that resveratrol can be used as an effective chemical protection and synergistic agent in cancer chemotherapy (Zhang et al., 2018; Xiao et al., 2019). Some cancers may not be sensitive to radiotherapy and chemotherapy, such as pancreatic cancer. In this case, NPs of various components can improve their therapeutic effect (Yue et al., 2017). In addition, multidrug resistance of tumors limits the therapeutic effects of existing antitumor drugs (Guo et al., 2017). Therefore, obtaining new anticancer drugs from NPs is an important method for humans to resist drug toxicity, drug resistance, and improve targeting (Saha and Khuda-Bukhsh, 2013).

At present, there are a variety of techniques available as a research method for obtaining anticancer drugs from NPs. First of all, functional genomics can study natural drugs from the perspective of mechanism of action (Harvey et al., 2015). Lukasz Huminiecki et al. have reviewed published functional genome studies on the relationship between curcumin and cancer, revealing the anticancer process of curcumin (Huminiecki et al., 2017). Zhenyu Yue et al. have developed a machine learning method that can comprehensively predict the response of NPs to a group of cancer cell lines based on the gene expression and chemical properties of NPs (Yue et al., 2015). Secondly, metabolomics methods can be used for quantitative and qualitative metabolite assessments in biological systems for environmental toxicology analysis and disease diagnosis (Cox et al., 2014). Vittoria Graziani et al. analyzed the cytotoxic effects of 31 metabolites from 14 legumes on colon cancer cell lines by metabolomics (Graziani et al., 2018). Tawfike et al. used metabolomics tools to analyze the effect of bioactive metabolites of Curvularia extract against leukemia cell line of K562 (Tawfike et al., 2018). Thirdly, chemical proteomics methods can provide important clues in the study of molecular targets of NPs (Yue et al., 2012). Yiqing Zhou et al. used a NP of pseudolaric acid B derived photoaffinity probe to directly target CD147, a glycosylated transmembrane protein on the surface of tumor cells, by chemical proteomics method (Zhou et al., 2017). Haibin Shi et al. developed a cell-permeable kinase probe derived from staurosporine for proteomic analysis of potential cellular targets in HepG2 cells (Shi et al., 2011). These methods mentioned above require some special tools such as chromatography, mass spectrometry, and Western blotting (Wu and Liang, 2010; Yang et al., 2015; da Silva et al., 2018; Wu et al., 2018).

However, methods such as genomics and metabolomics do not provide an intuitive morphological or functional image, while optical imaging (OI) techniques can compensate for this deficiency, providing two-dimensional or three-dimensional spatial distribution and functional information of drugs and lesions at the microscopic and macroscopic scales (Krucker and Sandanaraj, 2011; Walsh et al., 2017; Song et al., 2019). OI technology is a high-throughput detection technology. Due to its advantages in time and spatial resolution, imaging sensitivity, tissue specificity (Ntziachristos et al., 2005), OI technology has been widely used in gene expression, substance metabolism, cancer detection, drug development, and other fields (Weissleder et al., 1999; Sharpe et al., 2002; Gao et al., 2005; Sega and Low, 2008). OI covering microscopic and macroscopic imaging scales, can be used for imaging or analyzing living system at different levels, including molecular, cellular, tissue, and organ levels (Moriyama et al., 2008). Therefore, in the development of NPs based anticancer drugs, OI technology can be of great applicability in studying composition and action mechanism of drugs as well as evaluating their therapeutic effects. Optical microscopic imaging having a spatial resolution at micron or sub-micron level is suitable for observation of morphological and subcellular structures of cells, as well as quantitative analysis of biochemical components inside the cells (Gordon et al., 2007; Cui et al., 2008). With the help of super resolution techniques, molecular structures with resolutions below the diffraction limit (i.e., < 200 nm) can be achieved (Bullen, 2008). Optical macroscopic imaging technology can achieve large-scale imaging with resolution of sub-millimeter scale at tissue or organ level (Walsh et al., 2017). Importantly, it can provide in vivo whole-body imaging of living animals (Yang et al., 2000). With the help of labeling technique, optical macroscopic imaging can be used for tracking the delivery of drugs in vivo, detecting the enrichment state of drugs, as well as performing specific imaging of tumors to analyze the development of diseases and evaluate the therapeutic effect of drugs (Ntziachristos et al., 2004; Walsh et al., 2017).

In this review, we focus on the contribution of OI technology as a research tool to study NPs based anticancer drugs, including the studies of structure, composition, action mode, and therapeutic effects, and so on. The OI technologies include optical microscopic imaging technology represented by fluorescence microscopy and super-resolution microscopy, and optical macroscopic imaging technology with an example of near infrared (NIR) fluorescence imaging technique having a good targeting ability and detecting depth in the in vivo imaging of NPs. Finally, we prospect the wider application and future potential of OI approaches in NPs as cancer therapeutics.




Application of Optical Microscopic Imaging for Natural Products

Cell experiments of NPs by using a variety of cancer cell lines is an indispensable step in the screening of a NP with anticancer potential (Krutzik et al., 2008; Ashidi et al., 2010; Kell, 2013). Three aspects should be concerned in this process. First, the uptake of a compound derived from NPs in one cancer cell needs to be verified (Xing et al., 2012). Second, it is necessary to confirm action mechanism between NPs and cancer cells as well as the cell toxicity, which includes binding to specific organelles or cell structures, inhibiting the expression of important proteins in cells, and other factors that can cause changes in cell status (Lin et al., 2014; Cavalieri et al., 2015; Xie and Peng, 2017). Third, the effect of inducing apoptosis or inhibiting the increment of cancer cells by NPs should be investigated (Earley et al., 2012). Having high spatial resolution, optical microscopic imaging technology enables precise imaging of cell morphology and structures. Further combining with fluorescent labeling technique, it can realize the tracking and specific imaging of specific substance or structure labeled by fluorescent probes (Xie and Peng, 2018). With targeted labeling, fluorescence microscopy can monitor the NPs uptake in cells, track the intracellular targets of NPs, observe the NPs-induced destruction of cells, and count the cells having morphological changes to quantitatively analyze the anticancer effects of NPs. This high-resolution visualization provides the most direct evidence for anticancer studies of NPs.



Observation of Natural Products Ingested by Cancer Cells

Fluorescence based microscopic imaging has been an important research tool in the biomedical field over the past few decades. Fluorescence microscope and super-resolution microscope which provide high-resolution images of living systems, can observe the state of NPs ingested by cancer cells (Fumagalli et al., 2015), which is helpful for the preliminary screening of anticancer activity of NPs. Furthermore, with the fluorescence based microscopic imaging techniques, the distribution of NPs components in the cells can be precisely tracked to provide evidence for the targeting of the NP. Jürg Gertsch et al. prepared a green fluorescence labeled 12-aza-epothilone (azathilone) derivative, and used confocal laser scanning microscopy (CLSM) to directly observe that it entered into cancer cells and was distributed only in the cytoplasm (Figure 1A). Further results demonstrated that it bound to cell microtubules and inhibited the proliferation of cancer cells by preventing cell cycle from entering G2/M conversion (Gertsch et al., 2009). Maria V. Chatziathanasiadou et al. synthesized quercetin-alanine bioconjugation based on quercetin which is cytotoxic to cancer cells, and detected its cellular internalization to observe the cytotoxicity using confocal microscopy. The results demonstrated that quercetin-alanine bioconjugation had stronger cytotoxicity, which indicated that the bioconjugates of NPs could enhance the therapeutic effects of NPs (Chatziathanasiadou et al., 2018). Fidelia I. Uche et al. used CLSM to detect intracellular uptake of cycleanine that was labeled with Alexa 488 azide via specific click chemistry reaction and demonstrated the resistance of cycleanine to ovarian cancer (Uche et al., 2018). For tracking the drug entering the cell, Liwei Huang et al. used liposomes modified with folic acid to deliver artemisinin into lysosomes of cancer cells, resulting in lysosomal membrane permeabilization and inducing cell death. In their study, CLSM was used to detect the distribution of artemisinin in lysosomes (Huang et al., 2017). Paolo Beuzer et al. developed a STORM (stochastic optical reconstruction microscopy, a super-resolution imaging strategy) based experimental scheme to verify the anticancer potential of ophiobolin A, a phytotoxin produced by plant pathogen Drechslera gigantea and labeled with small molecule based fluorescent probes. The STORM technique provided high resolution image (12 to 30 nm) of the fluorescent probes, revealing that the fluorescence signals in the high concentration region are uniformly distributed in the nucleus and cytoplasm, while most of the signals in the lower concentration region are located outside the nuclear membrane (Beuzer et al., 2016).
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Figure 1 | Microscopic imaging of natural products in cell experiments. (A) The green fluorescent 12-aza-epothilone (azathilone) derivative localization in the cytoplasm, the blue area indicates the fluorescence imaging result of nucleus. Adapted with permission from Ref. Gertsch et al., 2009. (B) Confocal laser scanning microscopy detects mitochondria fission and swelling. Scale bar: 20 μm. Adapted with permission from Ref. Li et al., 2015. (C) Direct stochastic optical reconstruction microscopy imaging mTOR (red) and cell nucleus (blue). Scale bar: 10 μm. Adapted with permission from Ref. Teng et al., 2017. (D) Apoptosis assay of cells treated with apigenin by flow cytometry, yellow arrows indicate apoptotic cells. Adapted with permission from Ref. Cao et al., 2013.






Investigation of Anticancer Mechanism of Natural Products

Different NPs prevent the proliferation and induce the apoptosis of cancer cells in various ways, including disrupting the cytoskeleton, deactivating the function of a certain organelle, reducing the expression level of essential proteins, and interfering with the proliferation and division of cells. These changes often lead to significantly morphological feedback, which can be easily captured by optical microscopic imaging devices. For example, it has been reported that the optical microscopic imaging can be used to detect the cytoskeleton of cancer cells destroyed by NPs. Marisa Rangel et al. extracted geodiamolides A, B, H, and I from the marine sponge Geodia corticostylifera on the Brazilian coast and found that they have anti-proliferative effects on human breast cancer cell lines of T47D and MCF7. With the help of CLSM, they found that the anticancer mechanism of geodiamolides is to destroy the actin filaments in cancer cells, demonstrating the potential of these compounds to fight cancer (Rangel et al., 2006). Radim Havelek et al. used structured illumination microscopy, a super-resolution imaging strategy, to examine the effects of homochelidonine and chelidonine on blood cancer cells. Relevant results showed that homochelidonine and chelidonine caused microtubule disruption around the nucleus (Havelek et al., 2016). Optical microscopic imaging can also be used to explore effective dose of NPs. Wen-Jing Guo et al. employed CLSM to investigate the effects of different concentrations paclitaxel on the death form of human lung cancer cells. Corresponding results showed that paclitaxel of low concentration (35 nM) can lead to changes in the mode of apoptosis, including nuclear fragmentation, phosphatidylserine externalization, and G2/M cell cycle arrest. Although the mechanism of cell death induced by high concentration paclitaxel (70 μM) was not clear, imaging results showed that high concentration paclitaxel (70 μM) can lead to obvious cytoplasmic vacuolation (Guo et al., 2010). Xin Li et al. studied the mechanism of Guttiferone F on the growth inhibition of prostate cancer cells. They used red fluorescent dye to stain cells for observation of mitochondria via CLSM (Figure 1B). Results of LNCaP cells in serum depleted medium showed that the action of 10 μM Guttiferone F will cause the swelling of mitochondria, ultimately leading to cell apoptosis (Li et al., 2015). About the detection of life activities of cancer cells, Osayemwenre Erharuyi et al. reported their detection of anticancer NPs of African folklore. The CLSM results showed that one of the NPs, Jatropha multifida affected the cellular respiration of MCF-7 and BT-20 cells (Erharuyi et al., 2014). With the help of specially designed probes, super-resolution microscopy can be used to directly detect the concentration and distribution of specific proteins in cancer cells. Bo Teng et al. studied the molecular mechanism of anticancer effect of 20(S)-protopanaxadiol (PPD), a natural product of ginseng, on Hep-2 cells. With the help of direct STORM (STORM) technique, the authors demonstrated that PPD could reduce the number of mTOR as well as its downstream proteins of 4EBP1 and eIF4E (Figure 1C), and the degree of decrease was proportional to the concentration of PPD. Thus, PPD can inhibit mTOR pathway by reducing the expression level of related signal proteins (Teng et al., 2017).




Verification of Apoptosis

The decrease in proliferation rate of cancer cells and the apoptosis of cancer cells can provide the most direct evidence for cancer therapeutics. Optical microscopic imaging techniques have been already employed to observe the cell apoptosis and quantitative analysis of drug-treated cancer cells, including the traditional chemotherapeutic drugs and NPs (Sharma et al., 2012). Agata Antosiak et al. studied the toxicity of genistein on human ovarian cancer cells and monitored apoptosis of cancer cells using CLSM, whose images provided morphological information of cells, including membrane blebs and condensed or pyknotic nuclei. The experimental results confirmed anticancer activity of genistein-genistein-8-C-glucoside against ovarian cancer (Antosiak et al., 2017). Xucen Cao et al. analyzed the toxicity of apigenin (4’,5,7-trihydroxyflavone, a member of the flavone subclass of flavonoids present in fruits and vegetables) on the human breast cancer cells of T47D and MDA-MB-231, and the apoptosis of cells was observed using fluorescence microscopy and flow cytometry (Figure 1D) (Cao et al., 2013).





Application of Optical Macroscopic Imaging for Natural Products

In vitro cell experiments can observe the toxicity of NPs to different cancer cell lines, but when applied to living organisms, the complexity increases dramatically compared to the physiological environment in petri dishes (Walsh et al., 2016). Fortunately, in vivo experiments of small animals can establish a pharmacokinetics model closer to clinical application environment for NPs with anticancer potential (Dufort et al., 2010). Such experiments are usually performed by injecting the tested drugs into small animals implanted with tumors, which facilitates in vivo detection of tumors, and in vivo tracking the delivery as well as enrichment of drugs (Tsai et al., 2014). In this case, optical microscopic imaging technology is difficult to play an important role due to the low imaging depth and small field of view. With the help of fluorescent labeling technology, optical macroscopic imaging technology, such as fluorescence imaging technique, can be well adapted to whole body small animal imaging, providing with a large field of view and an acceptable resolution (Chen et al., 2014). By labeling the NPs with fluorescence probes, optical macroscopic imaging technology can monitor the transportation, enrichment and metabolism of drugs in the whole body of small animals in vivo (Bednar et al., 2007).



Monitoring the Delivery of Natural Products In Vivo

By conjugating the drug and fluorescent probe to a specific nano-carrier, optical macroscopic imaging technology enables real-time tracking of drug transport and enrichment within the organism with the help of fluorescent probe. Jianqin Lu et al. developed PEG5K-EB2 micelles in which the polyethylene glycol 5000 (PEG5K) and embelin (EB, a NP with anticancer activity) were conjugated to encapsulate hydrophobic drugs such as paclitaxel (PTX, a broad-spectrum cancer therapeutic). With the help of NIR fluorescence imaging, the enrichment of PEG5K-EB2 micelles within living animal can be observed in vivo, whose results showed that PEG5K-EB2 micelles mainly concentrated in the tumor site of mice except that a small amount existed in the liver and spleen (Lu et al., 2013). In order to improve the delivery capacity of gambogic acid (GA), a NP having anticancer ability, Wenzhe Huang et al. prepared a nano-formulation of GA using a series of telodendrimers and then applied it to living nude mice implanted with HT-29 cells (a human colon cancer cell line). Results of in vivo NIR fluorescence imaging showed that GA accumulated in tumor area (Figure 2A), which proved that the nano-formulation of GA had good targeting ability and a great potential of replacing traditional chemotherapy in colon cancer treatment (Huang et al., 2015).
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Figure 2 | Macroscopic imaging of natural products in living animal experiments. (A) Delivery process of gambogic acid in nude mice implanted with HT-29 cells. Adapted with permission from Ref. Huang et al., 2015. (B) Fluorescence images and infrared camera imaging results show that DPAHB nanovesicles can be used for both NIR fluorescence imaging and photothermal. Adapted with permission from Ref. Zheng et al., 2018.






Combining With Natural Products to Assist Cancer Treatment

It has been reported that certain compounds of NP can be used as a heat-generating agent of photothermal therapy (PTT) for adjuvant treatment of tumors, while NIR fluorescence imaging technology has good synergy with PTT. Xiuli Zheng et al. modified the hypocrellin B isolated from traditional Chinese medicine of Hypocrella bambusae with 1,2-diamino-2-methyl propane to form amino-substituted hypocrellin (DPAHB), and they combined DPAHB with poly(ethylene glycol)-b-poly(lactic-co-glycolic acid) to prepared biodegradable water-dispersible nanovesicles(DPAHB NVs). Under laser irradiation, the cytoplasm of 4T1 cells incubated with DPAHB NVs produced strong NIR emission, proving that the DPAHB NVs can be successfully absorbed by cancer cells and used as a contrast agent for fluorescence imaging. NIR fluorescence imaging of 4T1 tumor-bearing nude mice intravenously injected with DPAHB NVs, showed that DPAHB NVs accumulated in tumor, liver, and kidney. Under 721 nm excitation (0.8 W cm−2) to perform IR thermography, results showed that the temperature of tumor site where DPAHB NVs accumulated rapidly increased to 58.3°C (Figure 2B), which proved that DPAHB NVs can effectively convert NIR light into heat and be used for PPT treatment of tumors (Zheng et al., 2018). In the follow-up study, the same research group constructed hypocrellin-derivative nanoparticles (APHB NPs) and applied it to the in vivo deep tumor imaging, in which they successfully realized the synchronization of NIR fluorescence imaging and sonodynamic therapy of cancer treatment (Zheng et al., 2019).





Conclusion and Perspective

NPs are an important source for new drug discovery, and have been demonstrated to be effectively used in cancer prevention, treatment, and adjuvant therapy. Although many methods, such as the genomic approach, metabolomics approach, immunochemistry, mass spectrometry, and chromatography, have been used to study the effects of NPs on cancer as well as themselves, such tools do not provide an intuitive morphological or functional image. OI techniques, providing two-dimensional or three-dimensional spatial distribution and functional information of drugs and lesions at the microscopic and macroscopic scales, can compensate for this deficiency. This work reviewed the recent advances in NPs as cancer therapeutics, with particular emphasis on the powerful use of optical microscopic and macroscopic imaging techniques, including the studies of observation of ingestion by cells, anticancer mechanism, in vivo delivery, and therapeutic effects. With high time and spatial resolution, high sensitivity, and high specificity, OI technology has been widely used in drug development and therapy effect evaluation. In particular, some techniques have been used in clinical studies (Fung et al., 2007; Schaafsma et al., 2011). However, the potential applications of OI technology in NPs has not been fully tapped.

Screening of anticancer NPs requires accessing a variety of indicators, including the molecular structure, composition distribution, metabolic pathways, as well as the targeting, dosage, anticancer effects, and toxic side effects on cells, tissues, and living organisms. Raman spectroscopic imaging (RSI), providing the unique fingerprint information related to vibration bands of molecules, has the advantages of high chemical specificity, non-invasive detection capability, low sensitivity to water, and no special sample pretreatment, so that it has become an invaluable tool in the field of medicinal chemistry (Zhao et al., 2007; Evans and Xie, 2008; Freudiger et al., 2008; Kneipp et al., 2010). RSI has been widely used in all aspects of pharmaceuticals, including crystal form study, composition distribution and identification, pharmacological screening, and monitoring anticancer effect on cells and tissues (Popp and Windbergs, 2015; Seidel et al., 2019). Genetically modified probe based bioluminescence imaging can be used to study the metabolic pathways, anticancer mechanisms as well as toxic side effects on living small animals in vivo (Tung et al., 2014; Liu et al., 2015; Horibe et al., 2018). Dynamic OI techniques can in vivo monitor the delivery process and whole-body distribution of drugs inside the body of living animals, which is great helpful for the study of drug metabolism and mechanism of action (Moriyama et al., 2008; Ma et al., 2015; Zhang et al., 2017). The application examples of the above OI technology in medicinal chemistry can be used in the study of NPs in the same way.

During screening of anticancer NPs, a single research tool cannot achieve such comprehensive information at the same time, whether it is genomics, metabolomics, or OI technology. In addition, OI technology also has some shortcomings that cannot be ignored. For example, there is a contradictory balance among spatial resolution, field of view, and imaging speed. Penetration depth is another huge defect of OI technology, because light is easily scattered and absorbed by tissues. Fortunately, OI technology has good compatibility to integrate with other techniques, which can help it overcome the defects and expand the applications. For example, fusing with X-ray or CT imaging, OI technique can be powerfully used for imaging pharmacokinetic rates (Zhang et al., 2013), visualization of antitumor treatment (Ntziachristos et al., 2004), monitoring anticancer drug delivery (Tian et al., 2015), discriminating the efficacy of disease-modifying anti-rheumatic drug (Peterson et al., 2010), and so on. Similarly, OI techniques are also integrated with magnetic resonance imaging, nuclear imaging, or optoacoustic imaging (Ma et al., 2011; Razansky et al., 2012; Sun et al., 2018), which are applied in drug development, discovery, delivery, as well as therapy monitoring. Combining with miniaturization and endoscopy technology, optical microscopic imaging can even be applied to high-resolution imaging in vivo (Jabbour et al., 2014; Zong et al., 2017). In addition, other emerging OI techniques, such as fluorescence lifetime imaging and multiphoton imaging, can also be used for drug discovery and screening (Konig et al., 2006; Kumar et al., 2011).

In summary, OI technology, including both the optical microscopic imaging and macroscopic imaging techniques is a very important tool in the field of medicinal chemistry. We believe that the power of optical microscopic and macroscopic imaging will become a major boost for NPs as cancer therapeutics (Figure 3).
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Figure 3 | Application potential of optical microscopic and macroscopic imaging for natural products as cancer therapeutics.
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Acute myeloid leukemia (AML) is a common type of hematological malignancy that can progress rapidly. AML has a poor prognosis and a high incidence of relapse due to therapeutic resistance. Azelaic acid (AZA), a small molecular compound is known to exhibit antitumor effect on various tumor cells. This study aimed to evaluate the antiproliferative and immunoregulatory effects of AZA against AMLviathe activation of the notch signaling pathway. We found that AZA can inhibit the proliferation of AML cells. In addition, laser confocal microscopy showed AZA-treated AML cells began to swelling and undergo cytoplasmic vacuolization. Importantly, AZA promoted the proliferation of NK and T cells and increased the secretion of TNF-αand IFN-γ. AZA also increased the expression levels of CD107a and TRAIL in NK cells, and CD25 and CD69 in T cells to influence their activation and cytotoxic ability. AZA-treated NK cells can kill AML cells more efficiently at the single-cell level as observed under the microfluidic chips. Further mechanistic analysis using protein mass spectrometry analysis and Notch signaling reporter assay demonstrated that Notch1and Notch2 were up-regulated and the Notch signaling pathway was activated. Moreover, combining AZA with the Notch inhibitor, RO4929097, decreased the expression of Notch1and Notch2, and downstream HES1 and HEY1, which rendered AML cells insensitive to AZA-induced apoptosis and alleviated AZA-mediated cytotoxicity in AML. In vivo, AZA relieved the leukemic spleen infiltration and extended the survival. The percentage of CD3-CD56+NK cells and CD4+CD8+T cells as well as the secretion of cytotoxic cytokines was increased after the treatment of AZA. The overall findings reveal that AZA is a potential Notch agonist against AML in activating the Notch signaling pathway.

Keywords: azelaic acid, acute myeloid leukemia, immunoregulatory, Notch signaling pathway, Notch agonist



Introduction

Acute myeloid leukemia (AML) is a hematological malignancy arising from hematopoietic stem cells. AML is a common form of acute leukemia in adults with poor prognosis. Only 25% of patients survival 5 years after their diagnosis (Beyar-Katz and Gill, 2018) and AML treatment remains largely unchanged over the past several decades. High dose chemotherapy for inhibiting the accumulation of leukemic blasts, consolidation chemotherapy, and a stem cell transplant during remission remain as the main methods of AML treatment. However, the remission method is difficult to maintain without subsequent treatment and the toxic side effects of chemotherapy, such as the myelosuppression or subsequent severe infection, render some patients intolerable to treatment. Although some novel targeted therapies and chemotherapeutic agents benefit more AML patients, overall survival remains low due to drug resistance and disease recurrence (Yanada and Naoe, 2012).

Notch signaling is a conserved cell-to-cell pathway that participated in different functions, such as stem cell maintenance, cell fate, apoptosis, and the regulation of immunity. The aberrant activation of the Notch signaling pathway has contributed to many solid tumors and T cell acute lymphoblastic leukemia (Espinoza and Miele, 2013), but Notch receptor activation and the expression of Notch downstream targets were found to be low in AML samples. Importantly, the reactivation of Notch can inhibit the proliferation of AML cells and can lead to the loss of B cell lymphoma 2 (Bcl-2) and the upregulation of p53, thereby inducing the caspase-dependent apoptosis (Kannan et al., 2013; Lobry et al., 2013). Additionally, the intracellular Notch 1 (ICN1) downstream target, HES-1, can bind to the promoter region of theFLT3gene, the activation of Notch can exert an antileukemic effect by repressing the expression ofFLT3 (Kato et al., 2015).

The Notch signaling pathway plays a substantial role in regulating the development and functions of immune cells (Radtke et al., 2013). Notch1 signaling is thus involved in the generation and differentiation of CTL (Cho et al., 2009; Kuijk et al., 2013), while Notch2 signaling played a crucial role in CTL cytotoxic response by promoting the differentiation of CTL and directly regulating granzyme B and perforin expression (Maekawa et al., 2008; Sugimoto et al., 2010). Additionally, Notch2 signaling is concerned involved the development and maturation of human NK cells (Felices et al., 2014; Kyoizumi et al., 2017). Prior studies have shown that Jagged2–Notch can enhance the antitumor cytolytic activity of NK in vitro and in vivo (Kijima et al., 2008). AML cells are susceptible to T cell recognition and attack as they express major histocompatibility complex (MHC) classes I and II. AML cells are also susceptible to NK cell attack as they express MIC-A/B to activate the NK receptor, NKG2D (Barrett and Le Blanc, 2010); hence, the activation of Notch can enhance the cytotoxicity of NK and T cells to AML. As such, we believe that targeting Notch not only inhibits the proliferation of AML cells, but also improves the immunologic function which can benefit more AML patients.

AZA is a nine-carbon dicarboxylic acid that has antimicrobial and anti-inflammatory properties and is used to treat some skin diseases, such as acne and rosacea (McGee and Wilkin, 2018). AZA exerts antitumor effect on several tumor cells, such as human melanoma (Fitton and Goa, 1991) and human T lymphotropic virus I (HLTV-1) infected T-cell leukemia (U-Taniguchi et al., 1995). Early studies have shown that AZA can scavenge reactive oxygen species (ROS) and decrease the superoxide anion and other free radicals (Akamatsu et al., 1991; Passi et al., 1991). Excessive H2O2 triggered the up-regulation of oncogene c-Jun activation domain-bind protein-1 (Jab1) and thioredoxin-1 (Trx1) which are related to the poor prognosis of AML (Pan et al., 2017). AZA had a dose- and time-dependent cytotoxic effects on AML cell lines and can sensitize AML cells to chemotherapy; more importantly, AZA can inhibit the expression of Trx/Jab1 against AML cells (Pan et al., 2017). However, the molecular basis for the antileukemic effects of AZA is unknown. In the present study, we investigated the antileukemic activity and immunoregulatory effect of AZA and explored its potential mechanism.




Materials and Methods



Materials

AZA (Cat# 95054) and DMSO (Cat# D2650) were from Sigma (USA). Notch inhibitor RO4929097 was from Selleck (Cat# 847925-91-1). The following antibodies were used: CD3(Cat# 100203), CD4 (Cat# 100431), CD8 (Cat# 100761), CD107a (Cat# 328605), TRAIL (Cat# 308205), CD25 (Cat# 302605), and CD69 (Cat# 310903) were purchased from BioLegend (USA), ICN1 (Cat# CSB-PA084572), ICN2 (Cat# CSB-PA964902) were from CUSABIO (USA); GAPDH (Cat# 6004-1), β-actin (Cat# 14395-1) were from ProteinTech (USA). TNF-α (Human Cat# 1117202, Mouse Cat# 1217202) and IFN-γ (Human Cat# 1110002, Mouse Cat# 1210002) enzyme-linked immunosorbent assay kits were purchased from DAKEWEI (China). Human Notch Pathway Reporter kit was from BPS Bioscience (Cat# 79503).




Cell Culture and Cell Isolation

The AML cell lines, HL60, THP-1, U937, Molm-13, NB4, and Human AML cells were maintained in laboratory. All the cells were grown in RPMI-1640 medium with 10% fetal bovine serum (FBS) (Gibco, Grand Island, NY) and 1% penicillin streptomycin solution. The C1498 cell lines and 293T cells were purchased from ATCC and were cultured in DMEM. The NKL cell line was a gift from Bei Du Biotech (Wuhan, PR China). It was maintained in the laboratory and cultured in complete IL-2-containing (100 IU/mL) RPMI-1640 medium.

Peripheral blood was obtained from 10 healthy adult donors who provided written informed consent for participation in this study. Peripheral mononuclear cells (PBMC) were isolated by Ficoll-Hypaque gradient centrifugation (TBD sciences, Cat# HY2015, China). Furthermore, human NK cells were enriched from PBMC with NK-cell Enrichment Cocktail (StemCell, Cat#15065, Canada) and the NK cells sorted as CD45+CD3-CD56+on fluorescence-activated cell sorter.

The freshly isolated PBMCs were cultured in RPMI-1640 medium supplemented with 10% PBS, IL-2 (100 IU/ml), 0.1 mM of nonessential amino acid solution, 50 μM of 2-mercaptoehanol, and CD3/CD28 T cell activator (Stemcell, Cat# 10971, Canada) following the exchange of the cell medium every 3 days, twice. After dendritic cells (DCs) grew against the wall of the flask, the resting suspension cells obtained was T cells. AML patient primary cells (AML-PC) were isolated from the AML patients’ bone marrow samples by lymphocyte isolation. Importantly, all subjects gave written informed consent in accordance with the recommendations of the Ethics and Scientific Committee of Zhongnan Hospital of Wuhan University and the Declaration of Helsinki.




Cell Proliferation

AML cells, NK, or T cells (1.0×104/well) were seeded in 96-well plates at 37 °C in a 5% CO2 incubator for 24 h. The cells were counted after trypan blue staining. Each sampling was performed in triplicate and each well was counted three times. The cell proliferation assays were performed using a Cell Counting Kit-8 (Dojindo, Cat# JE603, Japan). AZA at different concentration was added and cultured 2 days. Thereafter, 10 μl CCK8 was added and the plates were incubated for additional 4 h. The absorbance reading at 450 nm in each well was determined with a microplate reader (SpectraMax M2, Molecular Devices, China).




Synthesis of AZA With Fluorophores and Fluorescence Confocal Microscopy

To observe the changes in cell morphology after AZA treatment, a fluorophore was attached to AZA. We found that 4,4-difluoro-8-(4-hydroxy) phenyl-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-indacene (BDP-OH) can combine perfectly with AZA without affecting the physicochemical properties of the drug. In addition, we synthesized BDP-AZA which can emit a green light under the excitation of blue light. The detailed steps for the synthesis are presented in Additional File 1.

Apoptotic cell morphology was detected by a confocal microscope. HL60 cells and THP-1 cells were seeded in 10 mm laser confocal dish (Corning, USA) with 1mL RPMI-1640 over night. BDP-AZA (1 mM) was then added before dynamic observation. The dynamic changes in the cell morphology at different time points were observed with a confocal microscope (Nikon, AIR) and the images were captured using NIS-Elements (AR 4.50.00).




Cytotoxicity Assay

Cytotoxicity was determined with an LDH Cytotoxicity assay Kit (Beyotime, Cat# C0017, China). The effector cells were treated with AZA for 48 h before the start of the experiment. C1498, U937, and NB4 cells were used as the target cells and placed in 96-well plates at 4.0×103/well. Effector cells were added to target cells at effector/target (E:T) ratio of 10:1 and 5:1, respectively. The effector and target cell mixtures were incubated for 6 h. Thereafter, the supernatant was separated after centrifugation and moved to a new plate, LDH working reagent (60 μl) was added and the plates were incubated for additional 1 h. The absorbance (A) at 490 nm in each well was determined with a microplate reader. Cytotoxicity (%) = [(A of target plus effector cells − A of effector cells)/A of target cells] × 100%.




Co-Culture Assay

Cell viability was determined by using the Alamar Blue assay (Yeasen, Cat# 40202ES60, China). NK cells or T cells were placed under treatment with AZA or PBS for 48 h and the supernatant was harvested for the following experiment. The THP-1, U937, and Human AML cells were then co-cultured with the collected supernatant in 96-well plates for 48 h. Subsequently, 10 μl Alamar Blue was added to each well and the plates were incubated to record measurements at different time points. The absorbance at 560 nm in each well was determined with a microplate reader.




CM-Dil Living Cell Staining and Microfluidic Single-Cell Technology

Chlormethylbenzamido-1,1-dioctadecyl-3,3,3',3'-tetramethylin-docarbocyamine (CM-Dil) is a type of tracer that is commonly used for labeling cellular membrane. Cells were centrifuged at 1,000 rpm for 5 min at 4°C and washed with PBS twice, and then incubated with 5 μl CM-Dil dye (ThermoFisher, Cat# C7001, USA) at 37°C for 5 min and 4°C for 15 min. Under the excitation wavelength, the cell membranes displayed orange-red color when excited by green light.

To detect the cytotoxicity of NK cells after AZA treatment at the single-cell level, the microfluidics chips were designed for single-cell capture as previously described (Liang et al., 2018; Yan et al., 2018). AML cells with CM-Dil staining were injected into the chip and fixed in one inlet. After AZA treatment, NK cells were injected from another inlet and the AML cells and NK cells were fixed in the middle of the chips and contacted with each other. The dynamic changes in cell morphology at different time points were observed by microscopy (NIKON, ECLIPSE TiU) and the images were acquired with a sCMOS camera (Hamamatsu, ORCA-Flash 4.0 v2).




Cytokine ELISA

NK cells or T cells (1.0×106/well) were treated with AZA or Notch inhibitor, RO4929097, for 48 h following by plating in the 6-well plates with THP-1 cells at an E:T ratios of 3:1. After 24 h of co-culture, TNF-α and IFN-γ levels in cell culture supernatants were evaluated by commercial enzyme-linked immunosorbent assay (ELISA) kits according to the manufacturer's procedure.




Protein Mass Spectrometry Analysis

Proteins of the AZA-treated group and the blank group were degraded to peptides by tryptic digestion, and the peptides from two different samples were labeled with isotopomeric dimethyl labels and analyzed using a hybrid Quadrupole-TOF LC-MS/MS Mass Spectrometer (TripleTOF 5600, AB Sciex Instruments). Raw mass spectrometry data were submitted to BGI WEGO2.0 (http://biodb.swu.edu.cn/cgi-bin/wego/index.pl) to analyze the function of the differential proteins.




Notch Reporter Assay

Notch activity was measured on 293T cells using Human Notch Pathway Reporter kit, according to the manufacturer's recommendation. Briefly, 1.0×105 cells/well were transfected with the Notch reporter or controls, and then treated with DMSO or 10 μM RO4929097 or 10 μM AZA for 24 h. The Notch pathway activity was measured by Luciferase reporter gene assays.




Western Blot Analysis

Protein was extracted by RIPA buffer and PMSF (BD Biosciences, USA) derived from AML cells in the log phase of growth. Total protein (20 μg) was resolved by SDS gel electrophoresis and transferred to nitrocellulose membranes. Membranes were incubated with the following primary antibodies at 4°C overnight: ICN, ICN2, and β–actin antibodies (1:5000). Additionally, the membranes were incubated with HRP-conjugated goat antirabbit IgG (diluted 1:5000, ProteinTech) and goat antimouse IgG (diluted 1:5000, ProteinTech) secondary antibodies for 60 min at 25°C and detected with the Immobilon™ Western Chemiluminescent HRP Substrate (Millipore, Billerica, USA) using a Western Chemiluminescent Imaging System (Tanon 5200).




Flow Cytometry Analysis

NKL cells or T cells were treated with AZA for 48 h then harvested. NK and T cells in mice were collected from the splenic mononuclear cells (MNC). To detect the expression levels of cytotoxicity-associated molecules, NKL cells were stained with FITC-conjugated CD107a or PE-conjugated TRAIL, and T cells were stained with FITC-conjugated CD69 or PE-conjugated CD25. The NK cells in mice were stained with PE-conjugated CD56, while, T cells were stained with FITC-conjugated CD3, PERCP-conjugated-CD4, and PE-conjugated CD8 at 37°C for 30 min. Stained cells were analyzed using a flow cytometer, and data were analyzed using CytExpert 2.0 software and Flowjo 10 software.




RNA Isolation, Cdna Preparation, and Quantitative PCR

AML cells were seeded and allowed to grow for 24 h, and then treated with AZA for 48 h. Cells were homogenized in Trizol (BD Biosciences, USA) and total RNAs were isolated according to the manufacturer’s recommendations. In addition, cDNAs were synthesized using the PrimeScript™ RT reagent kit with gDNA Eraser (Takara, Japan) and amplified with the SYBR GREEN MIXTURE kit (Bio-Rad, USA) in a final volume of 20 μl containing 1 μl each primer, 12.5 μl mixture, and 8.5 μl ddH2O. Thirty-five to thirty-nine amplification cycles were performed at 95°C for 10 min and 15 sec; and 60°C for 15 sec. Primers are listed in Additional File 2.




Animal Studies

All animal experiments were approved by the Animal Care and Use Committee of Wuhan University. C1498 cells (4×106per mouse) were injected into C57BL/6 mice (female, 4–5 weeks) through the tail-vein for the development of leukemic disease, and then randomly assigned to two experimental groups(i.e., saline and AZA) with six mice in each group. When WBC counting and peripheral blood cell smear test indicated the development of leukemia, 10 mg/kg AZA/per mouse was intraperitoneally injected once every 3 days. However, for the survival studies, mice were sacrificed when any signs of distress were recognized (i.e., immobility and extreme emaciation). Importantly, all animal studies were performed according to the Institutional Animal Care and Use Committee of Wuhan University (2017048).




Wright’s Staining, Hematoxylin, and Eosin (H&E) and Immunohistochemistry

The collected blood and bone marrow from the animal studies were used to create blood smear and bone marrow smear by Wright's staining. Tissues collected from mice were cut, dewaxed, and hydrated. Some samples were also stained with H&E while some samples were under pretreatment for antigen retrieval within citrate buffer at pH 6.0 at 100°C for 30 min. The primary antibodies (Notch1 antibodies, 1:150; Notch2 antibodies,1:100) were then blocked overnight at 4°C, followed by HRP-conjugated secondary antibody. All slides were viewed and photographed with a Nikon microscope mounted with a high-resolution spot camera.




Statistical Analysis

The sample sizes for each study were sufficiently chosen to allow statistical analysis of the outcomes of the experimental versus control of the studies based on literature documentation of similar well-characterized experiments. Additionally, in vitro experiments, such as qPCR and CCK-8 assay were routinely repeated at least three times unless indicated in figure legends or main text. The statistical analysis was performed using Student’s t-test and analysis of variance (ANOVA). All analyses were performed using the GraphPad Prism 5 Software. P < 0.05 indicated statistical significant and the survival time of mice was analyzed by the Kaplan-Meier method.





Results



Aza Inhibits Aml Cell Viability

A previous study demonstrated that AZA can inhibit the proliferation of AML cells at low micromolar level (Pan et al., 2017) and our experimental results further verified this conclusion. Notably, AZA displayed cytolytic activity on all tested AML cell lines and AML patient cells. Cell viability after treatment with 5 mM AZA was nearly 34% (U937), 57% (HL60), 37% (Molm-13), 44% (AML-M1), 12% (AML-M3), and 65% (AML-M5), respectively (Figures 1A, B). However, we did not observe any obvious apoptosis in healthy PBMC at the same AZA concentration (Figure 1C), suggesting that AZA can selectively inhibit the proliferation of AML cells. Furthermore, to clarify the observed cell morphology after the entry of drugs into the cell, AZA was subjected to a fluorescent modification, without alteration to its structure and function (Figure 1D). The fluorescent modified BDP-AZA appeared green under the excitation of blue fluorescence (Additional File 1: Figure S1). In addition, we found when BDP-AZA was added to the medium, cell membrane instantly turned green and gradually spread to the whole cell (Figure 1E). Subsequently, the green fluorescence gradually faded and disappeared completely at 3 h. Interestingly, cells began to develop swelling and cytoplasmic vacuolization as revealed by the fluorescence confocal microscopy (Figure 1F).
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Figure 1 | Azelaic acid (AZA) inhibits acute myeloid leukemia (AML) cell proliferation. (A) The U937, HL60, and Molm-13 cells were treated with AZA at concentration of 5.0 mM for 48 h. Cell viability was measured by the CCK-8 method. (B) AML patient cells were isolated and then treated with 5 mM AZA for 48 h. Cell viability was measured by the CCK-8 method. (C) Peripheral mononuclear cells (PBMC) were treated with 5 mM AZA and then stained with Annexin V/PI. The apoptotic rate was measured by flow cytometry analysis. (D) The synthetic method of BDP-AZA. (E) HL60 cells were cultured in confocal dish for 24 h and 1 mM BDP-AZA was added to the medium. Thereafter, cell membrane was observed to turn green with confocal microscope under the excitation of blue light. (F) HL60 and THP-1 cells began to develop swelling and cytoplasmic vacuolization under fluorescence confocal microscopy after AZA treatment. A total of three independent experiments were performed, ***P < 0.001. ns, no significance.






AZA Promotes the Proliferation of Immunologic Effector Cells and Enhances the Generation of the Cytolysis-Associated Cytokines

NK and T cells were pre-treated with AZA at different times and doses before the cell viability was measured by CCK-8 methods. We found that AZA can promote the proliferation of NK and T cells at the optimum concentration of 10 μM (Figure 2A). AZA promoted nearly a 1.5 fold increase in NK cells and 2.1 fold increase in T cells in 24 h. In addition, after simulation for 2 days, NK cells and T cells became highly proliferative, where NK cells formed some cell colonies and T cells became enlarged (Figure 2B). By maintaining stimulation with AZA consistently for 12 days, cell viability and proliferation were monitored by Trypan Blue exclusion test every 2 days. Notably, we found AZA could promote nearly 2.6-fold higher proliferation rate than the un-stimulated group (Figure 2C).
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Figure 2 | Azelaic acid (AZA) promotes cell proliferation of NK and T cells and increases the secretion of cytokines. (A) NK and T cells were treated with 10 μM AZA for 24 h and cell proliferation rates were measured by the CCK-8 methods. (B) NK and T cells were treated with DMSO and 10 μM AZA for 48 h and then observed under a microscope. (C) NK and T cells were treated with 10 μM AZA for 12 days. Cell proliferation rates were measured and cumulative growth curve of NK or T cells was derived. (D) NK and T cells were pre-treated with 10 μM AZA before the collected supernatants were co-cultured with the AML cell lines and the human acute myeloid leukemia (AML) patient cells. The viability of AML cells was measured by Alamar Blue assay. (E) NK and T cells were treated with 10 μM AZA for 48 h before co-culture with THP-1 cells at an E:T ratio of 3:1 for 6 h, the level of TNF-α and IFN-γ in the supernatants was measured by ELISA. Data represent standard deviations for three independent experiments. Compared to “control” group (student’s test), *P < 0.05, **P < 0.01,***P < 0.001, E:T, the ratio of effector cell and target cell; AML-PC, primary AML patient cells.




NK and T cells could mediate cytotoxicity depending on the secretion cytolysis-related cytokines. We collected the supernatants of NK and T cells and detected whether the supernatants had an anti-leukemic effect. The supernatants were harvested when the effector cells were treated with AZA for 48 h. The collected supernatant was co-cultured with THP-1, U937, and human AML cells with fresh RPMI-1640 medium for 24 h. The AML cell viability was measured by an Alamar Blue assay. The result showed that the AZA-treated supernatant had a stronger antileukemic effect (Figure 2D). Thus, to provide a suitable reasoning, we analyzed the levels of IFN-γ and TNF-α in the supernatant. As shown in Figure 2E, the IFN-γ and TNF-α levels produced by AZA-treated NK cells co-cultured with THP-1 cells were 186 ± 19 pg/ml and 64 ± 2 pg/ml, respectively, and those produced by AZA-treated T cells were 218 ± 2 pg/ml and 82 ± 7 pg/ml, respectively, these values, which were significantly higher than those in control group. These results indicate that AZA can promote the proliferation of effector cells and increase the secretion of cytolysis-related cytokines against AML cells.




AZA Promotes the Activation of NK and T Cells

To evaluate whether AZA treatment increased the susceptibility of AML cells to NK and T cell-mediated cytotoxicity, 10 μM AZA was used to treat NK and T cells for 48 h. Effector cells then were co-cultured with AML cells at different ratios for 6 h. AML cell viability was measured by LDH assay. As shown in Figure 3, NK (Figure 3A) and T cells (Figure 3D) treated with AZA had a significantly higher cytotoxicity than without AZA treatment.
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Figure 3 | Azelaic acid (AZA) promotes the activation of NK and T cells and enhances cytotoxicity against acute myeloid leukemia (AML) cells. (A, D) NK and T cells were treated with 10 μM AZA for 48 h before incubation with AML cell lines at different E:T ratio for the cytotoxicity assay (E:T = 5:1 and 10:1). Cytotoxicity was measured by an LDH assay. (B, C) NK cells were treated with 10 μM AZA for 48 h before incubation with the AML cell lines at an E:T ratio of 3:1. Cells were then stained with CD107a and TRAIL for flow cytometric analysis. Right, the percentage of positive staining cells. (E, F) T cells were treated with 10 μM AZA for 48 h before incubation with the AML cell lines at an E:T ratio of 3:1. Cells were then stained with CD25 and CD69 for flow cytometric analysis. Right, the percentage of positive staining cells. A total of three independent experiments were performed, diagrams represents mean percentage, statistical significance was determined with student's test. *P < 0.05, **P < 0.01, ***P < 0.001.




The expression levels of cytolysis-related receptors and molecules are known to influence NK and T cells activation and cytotoxic ability. To investigate the mechanism how AZA improves the cytotoxicity of NK and T cells, we analyzed the general and early activation markers of T cells (CD25 and CD69, respectively) and the general activators of NK cells (TRAIL and CD107a). The results showed that the percentage of CD107a and TRAIL in NK cells (Figures 3B, C) and CD25 and CD69 in T cells (Figures 3E, F) in the AZA-treated group were higher than those in the control group. This finding indicated that AZA can promote the activation of NK and T cells against AML.




Validation of AZA Sensitive the Cytotoxicity of NK Cells on the Single-Cell Level

To observe how AZA can sensitize the antileukemic activity of effector cells, we designed a microfluidic chip which can trap cells from two opposite directions. Depending the cell size, the NK cells were trapped from one direction and the target cells were trapped from the opposite direction. The trapped cells can be contacted with each other between the clips (Figure 4A). Hence, to distinguish between the NK cells and target cells, to further observe the tumor-killing effect of NK cells, the target cells were prestained with a CM-Dil dye, to distinguish the target cells, which could be observed as the membrane displayed orange-red color with green fluorescence microscope (Figure 4B). Notably, the CM-Dil stained THP-1 cells were distinguished from the label-free NK cells based on the fluorescence under the optical filter (Figure 4C), and after continuous observation for 3 h, we found that the morphology of THP-1 cells developed swelling and lysis. Total number of CM-Dil stained membrane rupture cells in different fields at different times was observed under the microscope (Figures 4D, E) and the statistical results were analyzed (Figure 4F). The result showed that AZA-treated NK can kill AML cells faster and more efficient.
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Figure 4 | Azelaic acid (AZA) enhanced the cytotoxicity of NK cells against acute myeloid leukemia (AML) cells. (A) The micro-fluidic chips used for trapping cells and cytotoxic analysis, D1 = 5 μm and D2 = 50 μm. The NK cells and the target cells can be trapped from two opposite directions between the clips. (B) The CM-Dil stained THP-1 cells membrane can display an orange-red color with the excitement of green light. (C) The fluorescent THP-1 cells (CM-Dil stained) and NK cells (none stained) were trapped in the micro-fluidic chip and observed with a fluorescence microscope. (D, E) NK cells and AZA-treated NK cells were in contact with trapped THP-1 cells. The THP-1 cell motion morphology was observed on the micro-fluidics chip with a fluorescence microscope. (F) The total number of CM-Dil stained membrane rupture cells in different fields at different times were observed under the microscope. Data represent standard deviations for three independent experiments. Statistical significance was determined with student's test. *P < 0.05, **P < 0.01.






AZA Induces the Up-Regulation of Notch

To clarify the exact mechanism of AZA, we performed Protein Mass Spectrometry Analysis and WEGO Analysis. A total of 528 differential expressed proteins (DEPs) were filtered depending on two independent peptides with 95% confidence. The detailed method has been described previously (Jin et al., 2018). Briefly, total proteins are listed in Additional File 3. Importantly, the 528 DEPs were annotated according to the function by WEGO Analysis (Figure 5B). One hundred and twenty DEPs involved in DNA damage and DNA repair, cell growth, cytotoxicity, immune response, and antioxidant activity were analyzed by heat map (Figure 5A), whilst 10 DEPs were involved in the immune system development, immune effector process, positive and negative regulation of immune system process, leukocyte activation, activation of immune response, and immune response. The detailed information was screened in Additional File 4.
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Figure 5 | Notch was found up-regulated after azelaic acid (AZA) treatment. (A) 120 differential expressed proteins associated in 52 functions after AZA treatment by protein mass spectrometry analysis in the heat map. (B) GO annotation with 528 differential expressed proteins. (C, D) THP-1, Molm-13, NK, and T cells were treated with 10 μM AZA for 24 h, the expression level of ICN1 and ICN2 was validated by western blot. (E) The expression of Notch1 and Notch2 in mouse spleen measured by ICH. IHC, immunohistochemistry.




Furthermore, we found that the expression levels of the Notch1 and Notch2 proteins were significantly up-regulated. The Notch signaling pathway is an important regulator of immune cell development and function (Radtke et al., 2013). Hence, we analyzed the proteins that interact with Notch1 by STRING v11.0 (Additional File 5, Figure S2), and then detected the expression level of Notch1 and Notch2 in AZA-treated AML cell lines and NK and T cells. As shown in Fig5, the intracellular Notch, the activated form of Notch (ICN), was increased after the administration of AZA, as shown by western blotting (Figure 5C), the Notch expression in NK and T cells were similarly increased in NK and T cells (Figure 5D). Similar results were obtained by immunohistochemistry in the AML model (Figure 5E).




AZA Exerts Antileukemic Effect via Activation of Notch Signaling Pathway

To confirm that the Notch signaling pathway was activated by AZA to evaluate the effect of AZA on Notch activation, we detected the activity of the Notch signaling pathway in 293T cells expressing CBF1/RBP-Jκ luciferase reporter vector by luciferase reporter assay. We found that, AZA remarkably increased the activity of Notch signaling pathway compared to the single use of Notch inhibitor, RO4929097, and the combination (Figure 6A). We proceeded to perform quantitative real-time PCR to confirm this finding. As a result, AZA was found to be able to induce higher Notch1 and Notch2 expression levels. Moreover, the activation of Notch signaling pathway can induce the upregulation of the Notch downstream target gene HES1 and HEY1 (Figure 6B). Interestingly, the following western blotting results also confirmed that AZA induced the activation of Notch signaling pathway (Figure 6C).
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Figure 6 | Azelaic acid (AZA) exerts anti-leukemic effect by activating the Notch signaling pathway. (A) Notch responsive elements were transfected into 293T cells after 24 h. Cells were then treated with 10 μM AZA, 10 μM RO4929097, and combination for 24 h, the Notch signaling reporter assay was measured by dual luciferase reporter activity. (B) Validation of the RNA expression of Notch1 and Notch2, the downstream target genes HES1 and HEY1 in Molm-13 and THP-1 cells by qPCR. (C) The protein expression level of ICN1, ICN2, HEY1, and HES1 in acute myeloid leukemia (AML) cell lines after treatment of AZA and RO4929097 and their detection by western blot. ImageJ was used for the densitometric analysis. Data represent means ± SD. (D) Molm-13 cells were pretreated with 10 μM RO4939097 for 24 h, and then treated with 10 μM AZA for another 24 h. Cells were collected for apoptosis analysis. (E) NK cells and T cells were pretreated with 10 μM AZA, 10 μM RO4929097, and combination for 24h before co-culture with THP-1 cell and Molm-13 cells at an E:T ratio of 5:1. The cytotoxicity of NK and T was determined by detecting the LDH release rate. (F) NK and T cells were pre-treated with AZA and RO4929097, then co-cultured with THP-1 cell at an E:T ratio of 3:1 for 4 h. The level of TNF-α and IFN-γ in the supernatant was measured by ELISA. A Total of three independent experiments were performed. *P < 0.05, **P < 0.01,***P < 0.001.




To identify whether AZA-mediated cytotoxicity was caused by Notch activation, we pharmacologically inactivated endogenous Notch with RO4929097 and assessed the eﬀect of AZA on apoptosis. Molm-13 cells were pretreated with RO4929097 for 24 h, then treated with AZA for apoptosis analysis. The results suggested that AML cells were resistant to AZA when preinactivated with Notch (Figure 6D). We proceeded to measure the cytotoxicity against AML cells of NK and T cells pre-treated with AZA and RO4929097 and RO4929097 combined with AZA. Following the inhibition of Notch by RO4929097, the cytotoxic activity of NK and T cell was attenuated in RO429097 group; as shown in Figure 6A, the strong inhibition caused by RO4929097 cannot be reversed by AZA, and as such, the cytotoxicity of NK and T cells in RO4929097 combined with AZA group was also attenuated (Figure 6E). Finally, we analyzed the levels of IFN-γ and TNF-α in the supernatant of NK and T cell after treatment with RO4929097 and AZA. The IFN-γ and TNF-α levels were dramatically decreased in RO4929097 group and RO4929097 combined with AZA group in contrast to the AZA group (Figure 6F). The results sufficiently demonstrated that AZA mediated the cytotoxic activity via the activation of Notch.




AZA Inhibits the Tumorigenicity of AML and Prolongs Survival In Vivo

To assess whether AZA can be successfully applied in vivo to treat AML, we constructed an AML mouse model using C1498 cell as reported previously (Yan et al., 2018). Briefly, C1498 cells (4×106 per mouse) were injected into 4–5 weeks old C57BL/6 female mice through the tail-vein (n = 12, six mice per group), when the WBC counts indicated the illness, the model was successfully established. AML cells were also observed in peripheral blood smear(Additional file 6: Figure S3A). Additionally, AZA were administered every 3 days for three weeks and the administration of saline was used as a negative control. Mice were sacrificed 4 weeks later, and their tissues (heart, liver, spleen, lung, kidney, bone marrow) and blood were harvested for a pathological study (Figure 7A). Consistent with its inhibitory effects on AML cells in vitro, AZA could remarkably reduce the number of WBCs (Figure 7C) and extend the overall survival of leukemia mice compared to the control group (Figure 7D). Furthermore, body weight of leukemia mice in the saline group was dramatic decreased (Figure 7B) and trichomadesis was observed (Additional file 6: Figure S3B) due to the leukemic disease. However, spleen weight index was decreased (Figure 7F) and the leukemic spleen infiltration was relieved in the AZA group suggesting the disease remission (Figure 5E, Figure S3C).
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Figure 7 | Azelaic acid (AZA) inhibits the tumorigenicity of acute myeloid leukemia (AML) in vivo. (A) The construction of leukemia-bearing mice model and the therapeutic pattern. (B) Body weight change. (C) White blood cell counting. (D): Survival analysis. (E) Leukemia cells showed spleen infiltration by the ICH method.(F) Tissue weight index. (G) The level of TNF-α and IFN-γ in plasma. (H) Mouse MNCs were stained with CD3 and CD56 for flow cytometric analysis. Right, the percentage of positive staining cells. (I) Mouse MNCs were stained with CD3, CD4, and CD8 for flow cytometric analysis. Right, the percentage of positive staining cells. MNCs: the splenic mononuclear cells.




To further test the immunomodulatory effect of AZA in vivo, we harvested mouse spleen MNCs and plasma. IFN-γ and TNF-α levels in the plasma secreted in AZA-treated group were significantly higher than those in the saline group (Figure 7G). The proportion of CD3-CD56+NK cells (Figure 7H) and CD4+CD8+T cells (Figure 7I) were significantly increased after AZA treatment, but the proportion of CD3+CD4+T cells and CD3+CD8+cells did not show a clear change (Additional file 6: Figure S3D). Thus, we inferred that AZA can enhance the cytotoxicity of effector T cells in vivo, but it had no effect on the differentiation of the T cell subsets. Taken together, these results indicated that AZA represses AML tumorigenicity in vivo.





Discussion

Although targeted drugs and the novel immunotherapies such as chimeric antigen receptor T cells (CAR-T) and immune checkpoint inhibitors (ICI) have achieved meaningful success in the treatment of some hematologic malignancies, due to lack of leukemia-specific cell surface antigens and the lowest mutational burdens, targeted therapy, CAR-T and ICI have only limited effect on AML (Beyar-Katz and Gill, 2018). The overall survival of AML remains very poor. Therefore, identification of novel agents is necessary.

AZA was revealed to have a cytotoxic action on many tumor cells (Schulte et al., 2015), a previous study showed that AZA had antileukemic activity in different types of AML cells, and normal cells were found to be unaffected at the same dose (Pan et al., 2017). The present findings verified the antileukemic effect of AZA and discovered its immunoregulatory effect for the first time. A further mechanistic analysis identified the increase in Notch expression after AZA treatment by quantitative proteomics, qPCR, Western blot, dual luciferase reporter gene assays, and immunohistochemistry. Importantly, these results support the claim that AZA suppresses the proliferation of AML cell and enhances the cytotoxicity of NK and T cells against AML by activating the Notch signaling pathway.

Although studies demonstrated that Notch was an oncogene in many tumors (Gu et al., 2012), and Notch1 was exclusively oncogenic in hematological malignancies such as T cell acute lymphoblastic leukemia (Aifantis et al., 2008), recent studies suggest that Notch was a tumor suppressor in AML. The activation of Notch can inhibit leukemogenesis through the downstream target (Klinakis et al., 2011; Kannan et al., 2013). In addition, Notch played a crucial role in regulating the development and cytotoxicity of NK and T cells (Radtke et al., 2013). We also found that Notch promotes the development and late stage maturation of NK cells (DeHart et al., 2005). Additionally, the activation of Notch enhanced the upregulation of CD16 and killer Ig–like receptor (KIR), which is concomitant with the increased cytolytic effector capacity such as the upregulation of CD107a and the secretion of TNF-α and IFN-γ (Kijima et al., 2008; Felices et al., 2014). Notch participated in early T cell development (Radtke et al., 2004), activation, CTL differentiation (Osborne and Minter, 2007), and immune response (Wong et al., 2003). Notch can directly regulate the expression of granzyme B and perforin in CD8+T cell (Cho et al., 2009); additionally, Notch also promotes the cytotoxicity of CD8+T cell by the transcription factors RBP-J and CREB1(Maekawa et al., 2008). Interestingly, the activation of Notch enhanced the cytolytic activity of CD8+T cell by increasing the secretion of TNF-α, IFN-γ, and granzyme B (Kuijk et al., 2013). TNF-α suppressed the proliferation of AML cells and patient myeloid leukemia cells effectively, IFN-γ can act in in synergy with TNF-α (Geissler et al., 1989). The abnormalities of the immune microenvironment in AML contributed to the dysfunction of NK and T cells, which affected the immunosurveillance (Barrett and Le Blanc, 2010), this was one of the main reasons for the relapse and poor prognosis of AML patients (Lamble and Lind, 2018). Thus, reactivation of Notch can enhance the cytotoxicity and the secretion of TNF-α and IFN-γ of NK and T cells against AML.

Identification of the Notch agonist is of great interest. To date, pharmacological Notch activation like lentivirus or peptide-mediated Notch reactivation is still associated with several problems such as low bioavailability and peptide instability (Ye et al., 2016). Importantly, the combination of nontoxic, nonteratogenic, and nonmutagenic properties of AZA encourages its promising Notch agonist function (Breathnach et al., 1989), thereby allowing AZA to inhibit the proliferation of AML cells. Furthermore, from the present study, we found that AZA enhances the sensitivity of chemotherapy (Pan et al., 2017), AZA is expected to be a novel agent for the treatment of AML. However, further research on its effectiveness when used alone or in combination with other agents is encouraged.

This study provides a potential therapeutic approach in AML through activating the Notch signaling pathway, which proves beneficial in giving some insights on the treatment of some cancers where Notch servers as a tumor suppressor (Lobry et al., 2011).




Conclusion

AZA exerts anti-leukemic effect by activating the Notch signaling pathway. The activation of this pathway does not merely act as a tumor suppressor in AML; but also promotes the proliferation and activation of NK and T cells, which increase the secretion of cytotoxic cytokines against AML. AZA is also a promising agent against AML, and reactivating the Notch signaling pathway may provide a new strategy in the treatment of AML.
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Combination chemotherapy has been proven to be an efficient strategy for the treatment of prostate cancer (PCA). However, the pharmacokinetic distinction between the relevant drugs is an insurmountable barrier to the realization of their synergistic use against cancer. To overcome the disadvantages of combination chemotherapy in the treatment of PCA, targeted nanoparticles (NPs), which can codeliver docetaxel (DOC) and doxorubicin (DOX) at optimal synergistic proportions, have been designed. In this study, the DOC and DOX codelivery nanoparticles (DDC NPs) were constructed by hyaluronic acid (HA) and cationic amphipathic starch (CSaSt) through a self-assembly process. Human PCA cell lines (PC-3, DU-145, and LNCap) and mouse models were then used for evaluation in vitro and in vivo, respectively, of delivery and antitumor effects. The DDC NPs were spherical with rough surfaces, and the size and zeta potential were 68.4 ± 7.1 nm and -22.8 ± 2.2 mV, respectively. The encapsulation efficiencies of DOC and DOX in the NPs were 96.1 ± 2.3% and 91.4 ± 3.7%, respectively, while the total drug loading was 9.1 ± 1.7%. Moreover, the ratio of DOC to DOX in the DDC NPs was approximately 1:400, which aligned with the optimal synergistic proportions of the drugs. The DDC NPs exhibited excellent loading capacities, performed sustained and enzymatic release, and were stable in PBS, medium, and serum. After investigations in vitro, the DDC NPs were as effective as the dual drug combination in terms of cytotoxicity, antimigration, and apoptosis. Internalization results indicated that the DDC NPs could effectively deliver and fully release the payloads into PCA cells, and the process was mediated by the ligand-receptor interaction of HA with the CD44 protein. Low toxicity in vivo was confirmed by acute toxicity and hemolytic assays. The distribution in vivo showed that DDC NPs could enhance the accumulation of drugs in tumors and decrease nonspecific accumulation in normal organs. More importantly, DDC NPs significantly promoted the curative effect of the DOC and DOX combination in the PCA cell xenograft mouse model, indicating that the drugs with NPs did indeed act synergistically. This study suggests that the DDC NPs possess noteworthy potential as prospects for the development of PCA clinical chemotherapy.


Keywords: prostate cancer, synergistic chemotherapy, codelivery nanoparticles, docetaxel, doxorubicin



Introduction

In 2019, approximately 17,000 patients are expected to be diagnosed with PCA in the US, and such cases are approximately 20% of all new male cancers. PCA accounted for approximately 1 in 10 cancer-related deaths in 2018 (Siegel et al., 2019). Androgen deprivation has long been the first-line therapy for the disease; however, there was only an approximate 2–3-year survival time before the cancer progressed to an androgen-independent state (Bubendorf et al., 2000; Hellerstedt and Pienta, 2002; Roudier et al., 2003; Shah et al., 2006). Since the end of the last century, several studies have demonstrated that PCA cells can be effectively suppressed by mitotic spindle inhibitors such as paclitaxel and docetaxel (Beer and Raghavan, 2000; Canil and Tannock, 2004; Raghavan, 2004). Among these inhibitors, docetaxel is a derivative of taxane that enhances water solubility, reduces toxicity and broadens the antitumor spectrum. On this basis, docetaxel progressively became the first-line chemotherapeutic agent against PCA and increased the median overall survival of PCA patients (Liu and Zhang, 2013). However, the side effects of docetaxel cause excruciating suffering for many PCA patients and include myelosuppression, hepatotoxicity, and thrombosis, which caused most patients to discontinue using the drug (Singer and Srinivasan, 2012). Although several novel anti-PCA medicines, such as abiraterone and cabazitaxel, were approved by the FDA, the effect was still unsatisfactory (El-Amm and Aragon-Ching, 2013). Thus, the development of new treatments for PCA is of great importance and is in urgent practical demand.

Traditional antitumor chemotherapies, such as nontargeted and single drugs, are being slowly discontinued (Kahn et al., 2014). Combination chemotherapy has become a prospective successor in cancer treatment because the combination therapy has the synergistic effects of multiple drugs and has an impact on different action pathways to increase curative effects, decrease the necessary dosage, and reduce side effects (Broxterman and Georgopapadakou, 2005; Greco and Vicent, 2009). In the treatment of PCA, the combination of docetaxel and prednisone has been the standard clinical therapy since 2004 (Tannock et al., 2004). After decades of work, several combinations, including prednisone and satraplatin, epothilones and estramustine, have been developed for PCA clinical treatment (Pienta and Smith, 2005). Moreover, some combinations were investigated and evaluated in the laboratory phase; among them, the combination of paclitaxel and curcumin has attracted much attention. Several studies have reported that the combination of curcumin and paclitaxel could suppress PCA via various mechanisms, including downregulated expression of some proliferation factors and induced apoptosis (Wei et al., 2017). However, the current research on combination therapies could not satisfy the requirements for PCA treatment. Hence, the investigation and development of novel combination chemotherapies are still worthy endeavors. DOC remains the mainstream therapeutic agent for PCA treatment and is combined with other drugs, including mitoxantrone and estramustine, to treat PCA (Sinibaldi et al., 2002; Petrylak et al., 2004). Several clinical studies have demonstrated that DOC combined with anthracyclines could increase the anti-PCA effect because anthracyclines would enhance the sensitivity of the PCA cells to DOC (Pienta, 2001; Kouroussis et al., 2005; Mackler and Pienta, 2005; Neri et al., 2005; Petrioli et al., 2007; Neri et al., 2009). DOX is a kind of anthracycline that can prevent DNA remodeling (Pommier et al., 2010). Budman et al. (2002) have verified the synergistic effects of DOC and DOX in human PCA cell lines. Tsakalozou and colleagues further reported the synergistic effect of DOC combined with DOX in the treatment of human PCA cell lines (PC-3 and DU-145); they investigated various drug concentrations and proportions in their study (Tsakalozou et al., 2012). Nevertheless, there is an enormous obstacle to the further utilization of the DOX and DOC combination. The different physicochemical properties of these two drugs would cause differences in biodistribution and pharmacokinetic profiles. The difficulty in entering tumor tissues at the optimal dose and proportion fundamentally limits the synergistic effect of these drugs. The development of nanocarriers could effectively overcome the barriers to the delivery of multiple therapeutic agents (Hu and Zhang, 2012).

The nano vehicle encapsulates and delivers multiple drugs into tumors at the appropriate proportions and doses, which effectively decreases accumulation in normal organs and tissues to enhance the curative effects and minimize the side effects (Glasgow and Chougule, 2015). Numerous researchers have devoted themselves to the study of nanodelivery carrier use in PCA treatment and have obtained remarkable results. Sanna et al. (2011) prepared (-)-epigallocatechin 3-gallate nanocarriers with cross-linked targeting ligands on the surface to achieve targeted delivery through selective binding to prostate-specific membrane antigen (PSMA). The nanocarrier system exhibited an efficient targeting effect in PCA cell lines that express high levels of PSMA (Sanna et al., 2011). The team of Farokhzad has made a long-term commitment to the development of a nanocarrier system for chemotherapy. They used FDA-approved materials to design and prepare controlled-release NPs for DOC delivery that targeted PSMA (Farokhzad et al., 2006). Rocha and coworkers used polysaccharides to prepare nanoparticles for drug delivery targeted to PCA and demonstrated that the NPs could induce apoptosis in PCA cell lines (Rocha et al., 2011). Thangapazham and colleagues delivered curcumin via a targeted liposome with a surface that absorbed the PSMA antibody. These NPs effectively suppressed the proliferation of PCA cells (Thangapazham et al., 2008). In addition to chemotherapeutic agents, a gene was also delivered by nanoparticles. Peng et al. (2007) used polymeric NPs to deliver the diphtheria toxin suicide gene into PCA cells and thus significantly inhibited the progression of PCA. In recent years, extracellular vesicles (EVs), such as exosomes, have been revealed to be ideal candidates for drug delivery because the EVs can interact with related target cells in local or distant areas (Fais et al., 2016). EVs have been used to encapsulate small molecular agents, oncolytic viruses, in the treatment of various tumors (Yang et al., 2013; Pascucci et al., 2014; Ran et al., 2016; Garofalo et al., 2018; Garofalo et al., 2018). In the treatment of PCA, Saari et al. (2015) used EVs that effectively enhanced the cytotoxicity of Paclitaxel in PCA cells. In a previous study, our group developed nanocarriers for the encapsulation of dual drugs useful for antitumor treatment. The NPs were coloaded with DOX and apogossypolone and were adjustable in terms of drug dose and ratio. Moreover, the outer material was comprised of HA, which could provide a tumor target. In that study, tumor suppression was evaluated in vivo in a PC-3-bearing mouse model. The NPs effectively enhanced the inhibition of tumor progression in the mice, with relatively few side effects (Li et al., 2015).

In the present study, multifunctional nanocarriers were used to overcome the pharmacokinetic differences between DOX and DOC and to achieve maximal anti-PCA effects and minimal side effects. Initially, the synergistic anti-PCA effect of DOX and DOC was evaluated by cytotoxicity assay in three human PCA cell lines (PC-3, DU-145, and LNCap), which verified the optimal ratio of the two drugs. CSaSt and HA were then used for the coencapsulation of DOC and DOX through self-assembly methods, thereby creating the DDC NPs. When the DDC NPs had been prepared and characterized, three human PCA cell lines were used for the evaluation of internalization and inhibition in vitro, and mouse models were used to investigate delivery and suppression in vivo. The study improved the synergistic effect of DOC and DOX in an anti-PCA treatment and demonstrated that there is an excellent outlook for the use of DDC NPs in PCA therapy.



Materials and Methods


Materials

Human PCA cell lines (PC-3, DU-145, and LNCap) were provided by Sure Bio-Tech Co., Ltd. (Shanghai, China). The cells were cultured in DMEM containing 10% fetal bovine serum (FBS) and 1% antibiotics. The medium, trypsin, and antibiotics were purchased from HyClone Co., Ltd. (UT, USA). The FBS was obtained from Gibco Co. (NY, USA). DOX, DOC, HA, coumarin-6, and IR-780 were purchased from Aladdin Corp. (Shanghai, China). The protein extraction kit, CCK-8 kit, TUNEL staining kit, and cell apoptosis detection kit were purchased from Beyotime Co., Ltd. (Shanghai, China). The antibodies (Bcl-2, Bax, Caspase 3, horseradish peroxidase-labeled secondary antibody) were supplied by Cell Signaling Co. (MA, USA). Other dyes and chemical reagents were obtained from Bokeri Co., Ltd. (Xi’an, China). The BALB/c mice and BALB/c-nu/nu mice were provided by Peking HFK Biotech Co., Ltd. (Beijing, China). CSaSt was synthesized in our lab.



Optimal Synergistic Proportions of the Drugs

To obtain the optimal proportions of DOX and DOC, CCK-8 assay was used for the detection of suppression in different combinations in vitro. Three PCA cell lines (PC-3, DU-145, and LNCap) were cultured in complete DMEM high glucose medium (10% FBS and 100 U/mL of antibiotics) at 37°C under 5% CO2 in an incubator (MCO-20AIC, SANYO, Osaka, Japan). The cells were seeded in 96-well plates at a concentration of 0.8×104 cells/well. After 24 h, the treatment was applied. The DOX concentration was 100-800 nmol/L, and the DOC concentration was 0.25-2 nmol/L. All of the treatments were repeated in three wells during the experiment. After 48 h, 100 μL of colorless DMEM, which contained 10% CCK-8 (v/v), was used to replace the stale medium in each well, where it continued to incubate for 2 h. The optical density (OD) of wells at 450 nm was then measured with a microplate reader (Infinite® 200 Pro, Tecan, Switzerland). The IC50 values were calculated by GraphPad Prism 5.0 software. According to the IC50 values, the cells were treated with different combinations of DOX and DOC. The combination index (CI) was then computed with CompuSyn software (Liu et al., 2005). The optimal drug proportions for effective synergy were ascertained based on the CI values, where a lower CI value meant a better synergistic effect.



Construction of DDC NPs

For the preparation of DDC NPs, we refer to the research of Li et al. (2015). Initially, the DOC micelles were constructed with CSaSt and DOC via hydrophobic interactions. DOC and CSaSt were codissolved in DMSO at ratios of 1:8 to 1:10. Subsequently, the DMSO solution was added dropwise into water while stirring. After 10 min of stirring, the DOC MC solution was obtained. In addition, the DOX NPs were directly prepared by DOX and HA via electrostatic interactions. The proportion of HA to DOX was more than 10:1, and overdoses of HA were ensured. The DOC MC solution was then injected dropwise into the DOX NPs solution at the appropriate drug ratio. After 20 min of stirring, the fabrication of the DDC NPs was completed. DMSO, unencapsulated DOX, and other soluble impurities were removed by dialysis. The surplus materials were removed by centrifugation.



Detection of DDC NPs Properties

The DDC NPs morphology was examined by transmission electron microscopy (TEM) (JEM-2100F, JEOL, Japan). The size and zeta potential were measured with a Malvern instrument (Nano-ZS90, Malvern, UK). The concentrations of DOX and DOC were detected by fluorescence spectrophotometry and HPLC, respectively. The loading capacity was then calculated on the basis of the concentration data.

The release of DOX in the DDC NPs in vitro was measured by dialysis. Free DOX was used as a control. HAase was added for the enzymatic released test. All samples contained the same concentration of DOX and were dialyzed under the same conditions. The direct release of DOC was too difficult to measure because the drug was practically insoluble in water. Thus, the indirect release ratio of DOC was investigated by maintaining the amount of DOC during lyophilization after dialysis.

The stability of the DDC NPs was measured on the basis of changes in size under different conditions. To ensure that the DDC NPs could be used in subsequent experiments in vitro and in vivo, PBS, complete medium, and FBS were used as dispersed solutions.



Cytotoxicity of DDC NPs In Vitro

In order to demonstrate that DDC NPs has equivalent inhibitory effect with free drugs, three human PCA cell lines (PC-3, DU-145, and LNCap) were used for the evaluation of the cytotoxicity test in vitro. The cells were seeded into 96-wells plates (densities of cell lines: PC-3: 0.6×104 cells/well, DU-145: 0.8×104 cells/well, LNCap: 0.8×104 cells/well) and incubated at 37 °C with 5% CO2 for 24 h. The cells were then treated with complete DMEM medium with DDC NPs, and the free drugs in combination at the same concentrations as used in the DDC NPs were used as controls. The concentration gradients in DOC were 0.25, 0.5, and 1 nmol/L, and those in DOX were 100, 200, and 400 nmol/L. After 48 h of treatment, the cytotoxicity was also evaluated by a CCK-8 assay, as described previously.



Clone Formation Assay

The level of inhibited cell proliferation in vitro was evaluated by a clone formation assay. The PC-3 cells were seeded into 60 mm dishes at a density of 500 cells/dish and incubated with complete medium containing DDC NPs, dual drugs, DOX, and DOC. The concentration of DOX was 200 nmol/L, that of DOC was 0.5 nmol/L, and dual drugs consisted of 200 nmol/L of DOX added to 0.5 nmol/L of DOC. The concentrations of the drugs in the DDC NPs group were equal to those in the dual drug group. All dishes were incubated at 37 °C with 5% CO2 for 72 h. The stale medium was then replaced by fresh medium with 20% FBS. After 5 d, the cells were fixed with 4% paraformaldehyde and stained with crystal violet. The number of clones in each group was quantified.



Transwell Assay

Transwell assays were used to evaluate cell migration after different treatments. Millicell hanging cell culture inserts (8.0 μm, Millipore, Darmstadt, Germany) were used to perform the transwell assay. Samples of 200 μL of FBS-free medium with 4×104 PC-3 cells, which were treated with DDC NPs, dual drugs, DOX, and DOC, respectively, were then added into the upper chamber of the insert. The medium with 40% FBS was added to the 24-well plate. The insert was then placed in the well of the plate, and the bottom of the insert was immersed into the medium. The plate was incubated at 37 °C with 5% CO2 for 24 h. Subsequently, the inserts were steeped with methanol and stained with crystal violet. The cells remaining in the upper chamber were removed. The inserts were then examined by microscopy (DP72, Olympus, Tokyo, Japan), and the number of migrated cells was counted in five random fields.



Apoptosis Investigation

The extent of apoptosis was investigated by flow cytometry and western blotting. In the flow cytometry assay, the PC-3 cells were seeded into 10 mm dishes and cultured to 60-70% confluence. The cells were then treated with DDC NPs, DOX, DOC, or dual drug combinations. The concentration of DOX was 100 nmol/L, that of DOC was 0.25 nmol/L, and the dual drugs contained 100 nmol/L of DOX added to 0.25 nmol/L of DOC. The concentrations of the drugs in the DDC NPs group were equal to those in the dual drugs group. After 48 h of treatment, the cells were stained with Annexin V/PI and detected by flow cytometry (C6, BD Accuri®, NJ, USA).

The PC-3 cells were seeded into 10 mm dishes and cultured to 60-70% confluence. A DDC NPs sample, DOX, DOC, or dual drug combination was added to the dishes. After 24 h, the proteins were extracted with a protein extraction kit and quantified by BCA assay. The samples were separated by 12.5% SDS-PAGE gel electrophoresis and transferred to polyvinylidene fluoride membranes. The membranes were blocked with 5% BSA solution and incubated with primary antibodies (against Bcl-2, Bax, Caspase 3, and β-actin). Subsequently, the membranes were incubated with a second antibody, and the bands were visualized by using an ECL Plus system (Thermo Fisher Scientific, Waltham, MA, USA). The intensity of the band was analyzed by ImageJ software. The intensity of the β-actin protein served as a loading control.



Cell Internalization and Affinity of DDC NPs In Vitro

The green fluorescent dye coumarin-6 was used to label the NPs. The encapsulation process of coumarin-6 was the same with DOC; thereinto, the dye and CSaSt were encapsulated in the NPs at ratios of 1:8 to 1:10. Moreover, DOX has red fluorescence. The NPs were therefore visualized with dual fluorescence, which was examined to determine internalization and affinity. The PC-3 cells were seeded into φ3.5 mm confocal cell dishes. When the cells had been cultured to 40-50% confluence, the fluorescent NPs were co-incubated with PC-3. The cells were fixed with 4% paraformaldehyde solution at sequential time points, and the nuclei were stained with a DAPI kit. A confocal microscope (TCS SP5 II, Leica, Germany) was used to examine the dishes. The cell affinity test was aimed at investigating whether endocytosis in the cells with NPs was mediated by HA. HA was utilized to block endocytosis by competition. The PC-3 cells were cultured in complete medium containing 1% HA for 24 h, and then fluorescent NPs were added. The cells in normal medium were used as the control. After incubation, the cells were treated and observed. The fluorescence intensities were determined and quantified by ImageJ software.



Acute Toxicity In Vivo

Ten male and ten female BALB/c mice, which each weighed approximately 18 g, were randomly distributed into two groups. The mice were adapted to the breeding environment for 5 d and labeled with ear tags. The mice were then intravenously injected with the dual drug combinations or DDC NPs at the same dose (DOX: 20 mg/kg and DOC 0.05 mg/kg). The death rate of mice in each treated group was calculated after 2 w. The live mice were euthanized by CO2 overdose, and the organs were collected for pathological evaluation. In this study, all animal experiments were conducted following the Guidelines for the Use and Care of Experimental Animals at Xi’an Medical University and were approved by the Laboratory Animal Administration Committee of Xi’an Medical University. The Animal Ethics Approved Document Number is XY-AUC-2017-213.



Hemolysis Assay

The whole blood of the mice was collected and immediately treated with heparin. The blood was divided into six pools that were treated with Triton X-100 (1% v/v), DMSO (0.5% v/v), a dual drug combination (DOX: 20 mg/ml, DOC: 0.05 mg/ml), DDC NPs (concentrations were the same as those in the drug combination), empty NPs, or saline. The samples were incubated in a 37°C water bath for 2 h and were subsequently centrifuged at 13,000 rpm for 15 min. The level of hemolysis was evaluated on the basis of the absorbance of the supernatant at 394 nm.



Xenograft Mouse Model

Male BALB/c-nu/nu mice (4 weeks old with an average weight of approximately 16 g) were fed in the SPF breeding room for adaptation. After 7 d, the physiological status of the mice was evaluated. Then, 100 μL of PC-3 cell suspension, at a density of 5×106 cells/mL, was injected into the inguinal area of each mouse. After 5 d, the mice were checked daily. When the tumor volumes had increased to an appropriate range, the xenograft models were used for experiments in vivo.



Delivery Evaluation In Vivo

The NIF fluorescent dye IR780 was used to label the DDC NPs. Both DOC and IR-780 are hydrophobic compounds; therefore, IR-780 was encapsulated in core micelles to replace DOC. Two xenograft animal models were selected for investigation of the delivery of DDC NPs in vivo. Two hundred microliters of NIR-labeled NPs with 20 μg/mL of IR-780 and 200 μL of an equal concentration of IR-780 solution were intravenously injected into two mice. Fluorescence imaging was used to measure the signal distribution in vivo with an IVIS imaging system (Perkin Elmer, Waltham, MA, USA). At the end of the experiment, the mice were euthanized by CO2 overdose, and the organs and tumor tissues were collected for fluorescence observation.



Antitumor Investigation In Vivo

Thirty PCA xenograft mouse models were prepared for the antitumor experiment in vivo. When the average tumor volume had reached approximately 200 mm3, the mice were randomly divided into five groups. The treatments in the groups were saline, DOX separately, DOC separately, DOC and DOX combination, and DDC NPs. The samples were administered at the same dose via intravenous injection. The injection volume was 200 μL, and the injection frequency was twice per week. The tumor sizes and body weights were recorded during the experiment. After 3 weeks, the mice were euthanized by CO2 overdose. The tumor tissues were collected and weighed. The tissues were then fixed with 4% paraformaldehyde. Histological investigation was performed by paraffin section via HA staining and TUNEL staining.



Statistical Analysis

The Student t-test and one-way and two-way ANOVA were utilized in the analysis of the data via GraphPad Prism 5.0 software. The data are presented as the mean ± SD of independent experiments. A P-value < 0.05 indicated that the data showed a significant difference.




Results


The Optimal Synergistic Proportion of DOX and DOC

As shown in a previous report, DOX and DOC have synergistic effects against PCA (Tsakalozou et al., 2012). In the present study, the synergy of DOX and DOC was further demonstrated by CCK-8 assay. More importantly, the optimal proportion of DOX and DOC was obtained via the experiment. As Figure 1 shows, the combination with a DOX to DOC ratio of 400:1 exhibited the most effective suppression of proliferation in all three PCA cell lines. The cell viability in the combination treatment group was significantly lower than that of the two single drug-treated groups. Moreover, the two drugs coencapsulated in the NPs could be delivered at this proportion.




Figure 1 | Inhibitory effects of DOC, DOX, and their combination in three PCA cell lines. Error bars represent the SD of the mean. P-values in the results were calculated by Tukey’s post-test; ** indicates P < 0.01, *** indicates P < 0.001.





Preparation and Characterization of DDC NPs

Initially, DOC was encapsulated by CSaSt and formed MCs with a size of 45 ± 4.5 nm and zeta potential of 31 ± 2.1 mV (Figure 2A). The DOX NPs, which were 12 ± 3.7 nm in size and had a zeta potential of -25 ± 1.9 mV, were absorbed around the surface of the DOC MCs. Finally, the DDC NPs were prepared. As shown in Figure 2B, the TEM revealed that the morphology of the DDC NPs that of spherical particles with rough surfaces. The size was 68.4 ± 7.1 nm, and the zeta potential was -22 ± 2.2 mV. The size and zeta potential results further demonstrated that during the process of construction, DOX NPs were absorbed on the surface of DOC MCs via electrostatic interactions.




Figure 2 | Characteristics of DDC NPs. TEM photos, size, and zeta potential of DOC MCs (A) and DDC NPs (B). In vitro release of DDC NPs (C). In vitro stabilities of DDC NPs in PBS, medium, and FBS (D).





Encapsulation, Release and Stability of DDC NPs

The encapsulation capacities assessed included EE and DL. The DOX data were measured using a fluorescence spectrophotometer, and the results were 91.4 ± 3.7% and 9.1 ± 1.4%, respectively. DOC was measured by HPLC; the EE was 96.1 ± 2.3%, and the DL was approximately 0.02%. The proportions of the DOX and DOC aligned with previous results, which meant that the DDC NPs could achieve effective synergy.

The release of the drugs In vitro was evaluated by DOX dialysis. The release curves are shown in Figure 2C. In the free DOX group, the burst releasing phenomenon was extremely obvious. Approximately 90% of the DOX was released to the outside of the dialysis membrane in the initial 8 h. After 12 h, less than 5% of the DOX remained in the dialysis membrane, and DOX almost reached the outer phase in another 12 h. In contrast, the DOX in the DDC NPs group showed gradual release within 72 h, and nearly 60% of the DOX remained in the dialysis membrane at the end of dialysis. HAase was used for the investigation of enzymatic release. As shown in the results, before the addition of HAase, the release curve was smooth. However, approximately 70% of DOX was released within 12 h when HAase was added. In contrast, DOC is insoluble in water; hence, the release was indirectly evaluated by the residual amount after dialysis. The results indicated that the vast majority of the DOC remained in the DDC NPs after dialysis. The stability was reflected by changes in the hydrodynamic diameter. As Figure 2D shows, at 4°C, both the DDC NPs and the DOC MCs exhibited good stability in PBS, and when the temperature was increased to 37°C, the sizes of the DDC NPs and DOC MCs were also unchanged. To verify that the DDC NPs could be used in subsequent experiments, the NPs were dispersed into complete medium and FBS. At 37°C, the sizes of the DDC NPs and DOC MCs exhibited a slight increase. However, over time, the DDC NPs and DOC MCs ceased to swell. The size increased by approximately 10%.



Cytotoxicity of the DDC NPs In Vitro

The DDC NPs efficiently retained the synergistic effect of DOX and DOC. As shown in Figure 3A, the DDC NPs exhibited the same inhibitory effect in all three PCA cell lines as the combination of free drugs of equal concentrations.




Figure 3 | In vitro inhibition of DDC NPs. Cytotoxicity of DDC NPs in three PCA cell lines. The cells were treated by DDC NPs and dual drugs with different concentrations for 48 h. (A). The results of clone formation assay of DDC NPs (B). The results of transwell assay of DDC NPs (C). Error bars represent the SD of the mean. P-values in (B and C) were calculated by Bonferroni’s post-test of ANOVA; *** indicates P < 0.001.



The clone formation assay further demonstrated that DDC NPs can effectively suppress proliferation. The PC-3 cells were used in this test. The results are shown in Figure 3B. The clone number in the DDC NPs-treated group was much less than it was in the single drug treatment and saline groups, and it was not significantly different from the dual-drug combination.



Antimigratory Effects of DDC NPs In Vitro

Transwell assay was employed to evaluate the antimigratory effect of the DDC NPs. The PC-3 cells were also used for this experiment. The results are shown in Figure 3C. It is evident that the DDC NPs can inhibit cell migration. The effect was similar to that of the clone formation assay. The transmembrane cells in the DDC NPs-treated group were significantly decreased compared with those in the single drug-treated groups. In addition, the inhibition of the dual drug combination treatment was also similar to that of the DDC NPs.



Evaluation of Apoptosis

Whether the DDC NPs mechanism involves triggering apoptosis was first determined through flow cytometry analysis. As shown in Figure 4A, early apoptosis was clearly observed in the DDC NPs-treated group and the dual drug combination-treated group. By contrast, both of the single drug-treated groups exhibited a significantly lower apoptosis ratio. Moreover, the results from the western blot analysis further verified that the DDC NPs could induce apoptosis. As shown in Figures 4B–D, Bcl-2, Bax, and cleaved Caspase 3 were affected by the treatments. The expression of Bcl-2, which is an antiapoptotic protein, was decreased in DDC NPs and dual drug combinations. The ratio of Bcl-2 and Bax in the DDC NPs was significantly lower than it was in the single drug-treated groups and the saline-treated group. Moreover, the pro-apoptotic factor cleaved Caspase was obviously increased in the DDC NPs-treated group. The results verified that DDC NPs could effectively induce apoptosis.




Figure 4 | Induction of apoptosis. Results of flow cytometry (A). Western blotting of apoptosis-related factors (B). Quantitative analysis of Bcl-2/Bax and cleaved Caspase 3 (C and D). Error bars represent the SD of the mean. P-values in B and C were calculated by Bonferroni’s post-test of ANOVA; * indicates P < 0.05, ** indicates P < 0.01.





Internalization and Affinity of the DDC NPs In Vitro

Figure 5 shows the process of internalization. The green fluorescence was emitted by coumarin-6. The dye mainly stains the cell membrane and primarily accumulates in the cytoplasm. DOX emits red fluorescence, and it binds to the nucleus. The change in the distribution and intensity of the fluorescence signal could reflect the process of internalization and intracellular release. In the first 30 min, both the green and red fluorescence signals were concentrated in the cytoplasm, and the fluorescence intensities were relatively weak. Then, over time, the fluorescence intensity increased, and the signals separated. DOX started to gather into the nucleus. After 3 h, the intensity of the red fluorescence signal had accumulated equally in the cytoplasm and the nucleus. At the 6th hour, almost all the DOX had accumulated in the nucleus, and coumarin-6 remained in the cytoplasm. These results indicated that the DDC NPs could effectively deliver the payloads into the cell, where they were fully released.




Figure 5 | Internalization and intracellular release of DDC NPs. Confocal imaging of the fluorescent-labeled DDC NPs (A). Quantitative analysis of fluorescent intensity in cells (B and C). Error bars represent the SD of the mean. The means were compared using one-way ANOVA; ** indicates P < 0.01, *** indicates P < 0.001.



The cell-targeted delivery of the DDC NPs depended on ligand-receptor mediation via HA and CD44. The HA blocking test was used to investigate the mediated endocytosis. As shown in Figure 6, the fluorescence intensity in the HA pretreated group was significantly lower than that in the control group, suggesting that HA competitively suppressed the endocytosis of the DDC NPs in the PC-3 cells. Thus, the results indicated that the DDC NPs could be used for tumor-targeted delivery in vivo.




Figure 6 | Affinity of DDC NPs in PCA cells. Confocal imaging of DDC NPs with/without HA blocking (A). Quantitative analysis of fluorescent intensity in cells (B). Error bars represent the SD of the mean. ** indicates p < 0.01 in t-test.





Acute Toxicity In Vivo

Toxicity in vivo is the primary obstacle to using chemotherapeutic agents. In the present study, an acute toxicity test was used to evaluate whether the DDC NPs could decrease the toxicity induced by the drugs in vivo. The results are shown in Figure 7A. At the same dose of drugs, the mortality in the DDC NPs-treated group was significantly lower than that in the dual drug combination group. After 14 d, only 20% of the mice had survived in the dual drug combination group; by contrast, 80% of the mice in the DDC NPs-treated group had survived. The pathological results further demonstrated that the DDC NPs could decrease the toxicity in other organs. The results are shown in Figure 7B. In the dual drug combination groups, the cardiac tissues exhibited characteristics typical of myocarditis, which included disappearing myocardial cells, extravasated blood and inflammatory cell infiltration. In addition, pathological changes occurred in the kidney. Several glomeruli were observed through acidophilic staining, and the small vessels in mesenchyme exhibited dilation and congestion. Moreover, injuries were detected in hepatic tissue. Hepatocytes exhibited irregular arrangement, swelling, and accumulated lipid droplet vacuoles. In contrast, the tissues from the DDC NPs-treated group did not show serious pathological changes.




Figure 7 | In vivo toxicity of DDC NPs. Mouse survival rate in acute toxicity (A). Pathological sections of heart, liver, and kidney (B). Results of hemolytic test (C).





Hemolytic Test

The results of the hemolysis assay are shown in Figure 7C. As the positive control, Triton X-100 caused severe hemolysis, with a lysis rate of approximately 70%. More than 10% of the DMSO-treated sample had lysed. Treatment with dual drug combinations caused nearly 30% the cells to undergo hemolysis. The hemolysis ratios in the DDC NPs-treated group and the empty NPs group were 15% and 5%, respectively. These results suggested that the DDC NPs could effectively decrease the damage to erythrocytes caused by drugs.



Targeted Delivery In Vivo

Fluorescence imaging was employed in vivo to investigate the distribution of the DDC NPs in a PCA xenograft mouse model. The NIF fluorescent dye IR-780 was used for labeling the NPs. Two mice were used in this experiment. One mouse (left) was injected with free IR-780, and the other mouse (right) was treated with DDC NPs (Figure 8A). The tumors are marked by arrows. After 30 min of injection, the difference in the fluorescence signal between the two mice was obvious. As shown in Figures 8B and C, the signal in the mouse injected with free IR-780 was significantly lower than that in the DDC NPs-treated mouse, and the total intensity was approximately 10-fold different. In the free IR-780-injected mouse, the distribution of fluorescence did not exhibit any obvious difference among the main parts of the body. However, in the DDC NPs-injected mouse, the fluorescence mainly accumulated in the thorax and abdomen within the first 1 h. After 2 h, the fluorescence signal in the tumor areas gradually increased and peaked at 12 h. Although the fluorescence was also largely concentrated in the thorax, the signal attenuation was faster in the thorax than in the tumor area. After 72 h, the fluorescence in the thorax and abdomen was significantly lower than it was in the tumor area. The fluorescence distribution in tissues (Figure 8D) further demonstrated that the DDC NPs could effectively deliver to and accumulate in tumors. As shown in Figure 8E, in the DDC NP-injected mouse, the intensity of the signals in the tumors was obviously higher than it was in the organs. The results indicated that the DDC NPs possessed excellent tumor-targeted effects. But meanwhile, the results also indicated that the tumor accumulation was high 8-48 h after injection. Because the main materials of the DDC NPs were starch and HA, they had a short half-life in vivo. Thus, the injection interval was not more than three days in the tumor inhibition experiment.




Figure 8 | In vivo targeted delivery of DDC NPs. Fluorescent signal distribution of DDC NPs during the experiment (A). Quantitative analysis of fluorescent intensity in mice (B and C). Fluorescent intensity in organs and tumors (D). Quantitative analysis of fluorescent intensity in tissues (E).





Tumor Suppression In Vivo

The PC-3 cell xenograft mouse models were used to evaluate tumor suppression of DDC NPs in vivo. The doses of DOX and DOC were approximately 2 mg/kg and 5 μg/kg, respectively, which aligned with the optimal proportion obtained in the previous experiment. The DDC NPs treated group and the combination treated group have same doses of the drugs. As shown in the tumor photos and tumor growth curves (Figures 9A, C), the average volume of the tumors in the saline-treated group increased more than 10-fold during the experiment. The free drug treatments inhibited tumor progression to a certain extent; however, the inhibitory effects were unsatisfactory. The average tumor volume in the DOX-, DOC- and dual drug-treated groups increased approximately 6-, 6-, and 5-fold, respectively. It is noteworthy that the DDC NPs exhibited excellent antitumor effects. The average tumor volume increased only approximately 2-fold, and the tumors were significantly smaller than those in other treatment groups. The result was further demonstrated by differences in tumor weights (Figure 9B). The tumors in the DDC NP-treated group were obviously lighter than the tumors in the free drug-treated and saline-treated group. Figure 9D presents changes in body weight, illustrating the differences between groups, and shows the weight change during the experiment. The mice in the free drug-treated groups exhibited an obvious decrease. However, there were no significant differences between the DDC NP-treated group and the saline-treated group. The results indicated that the DDC NPs could effectively perform such that the synergistic effects of DOX and DOC were realized with few side effects in vivo.




Figure 9 | In vivo antitumor effect of DDC NPs. Photograph of tumor tissues (A). Weight of tumors (B). Tumor growth curves in treated groups (C). Changes in body weight in each group (D). Error bars represent the SD of the mean. P-values in the results were calculated by Tukey’s post-test; * indicates p < 0.05, ** indicates P < 0.01, *** indicates P < 0.001.





Histological Examination

The pathological sections were used to investigate the antitumor effect at the histological level. The top row in Figure 10 shows HE staining of tumor tissues in all five groups. The treated groups exhibited necrosis to a certain extent. Among them, tumors in the DDC NPs group showed the most severe necrosis. The necrosis in the tumors of the other treated groups was indicated with lighter dye, and a few pathological lesions were found in the saline groups. The results of the TUNEL staining are shown in the bottom images in Figure 10 and shows significant differences. The tumors in the saline group had rare positive spots (brown). The free drug-treated groups exhibited partially positive spots. In contrast, positive spots appear extensively as dots in the DDC NP-treated groups. TUNEL staining can effectively reflect cell death in tumor tissues. These results indicated that treatment with DDC NPs could synergistically inhibit the progression of PCA.




Figure 10 | Histological assay of tumors. Photographs of HE staining and TUNEL staining. Quantitative analysis of positive spots in TUNEL assay. P-values in results were calculated by Bonferroni’s post-test of ANOVA; ** indicates P < 0.01, *** indicates P < 0.001.






Discussion

PCA is a disease that is seriously harmful to male health and impacts quality of life. As the first-line chemotherapeutic medicine in the treatment of PCA, DOC does not have a satisfactory curative effect (Pienta and Smith, 2005). Combination of DOC with other drugs has been developed for the treatment of PCA (Scheme 1). Studies have indicated that anthracyclines can enhance the inhibitory effect of DOC against PCA (Pienta, 2001; Kouroussis et al., 2005; Mackler and Pienta, 2005; Neri et al., 2005; Petrioli et al., 2007; Neri et al., 2009). Several studies have verified that the combination of DOC with DOX has a synergistic effect in the treatment of PCA. The following concentrations provided effective synergy in the human PCA cell line PC-3: for DOC, 0.25 to 1 times the IC50 value, and for DOX, 2 to 8 times the IC50 value (Budman et al., 2002; Tsakalozou et al., 2012). In the present study, the combination of DOC and DOX effectively suppressed all three human PCA cells, which included two that were androgen-independent (PC-3 and DU-145) and one that was Androgen-dependent (Lncap), indicating the broad spectrum of the anti-PCA effect. The optimal proportion of DOX to DOC was 400:1. At the proportions and concentrations used, the combination indexes in the treatments of the three cell lines were below 0.9, indicating that DOC and DOX have excellent synergistic effects against PCA.




Scheme 1 | Preparation process of the DDC NPs. DOC and DOX were coencapsulated into the NPs. DDC NPs delivered the drugs into tumor tissues and cells, and then released in cytoplasm.



To overcome the barriers of pharmacokinetic differences between DOC and DOX, nanotechnology was applied in this study. Nanocarriers are to effectively deliver multiple drugs into tumors while decreasing the accumulation of the drugs in normal organs and tissues, resulting in a reduction in the doses needed and an increased curative effect (Glasgow and Chougule, 2015). The advantages of nano delivery systems benefit combination chemotherapy (Patra et al., 2018). A previous study by our group provided the support, direction, and basis for the current research (Li et al., 2015). Core micelles were used for the encapsulation of apogossypolone. The agent was a hydrophobic compound, as is DOC. Hence, the CSaSt material and the encapsulation vehicle were tested by loading with DOC, and DOC MCs were then prepared. The MCs were spherical, and their size and zeta potential were 45 ± 4.5 nm and 31 ± 2.1 mV, respectively. The properties of the MCs provided an appropriate basis for further NPs construction. The preparation of the DOX NPs and the entire DDC NPs production process were achieved following a previously described process. The primary distinction between the current DDC NPs and previously generated NPs was the drug ratio. In the MLDC NPs, the proportion of DOX and apogossypolone was approximately 1:1 (Li et al., 2015), and in the present study, the ratio of DOC to DOX was 400:1. This difference was significant. Hence, the preparation techniques should be modified to fit current demand. In contrast, the packing materials were provided in excess during the DOC MCs construction step to achieve the objective of having less DOC in the MCs. The amount of DOX NPs was then also increased during the assembly process. At the end of the preparation, the surplus CSaSt and HA were absorbed through electrostatic interactions and removed by centrifugation. The shape of the DDC NPs was a spherical particle with a rough surface, as expected. The size and zeta potential were 68 ± 7.1 nm and -22 ± 2.2 mV, respectively. The changes in size and zeta potential provided further verification of the construction process. The maximum EE values of DOX and DOC were 91.4 ± 3.7% and 96.1 ± 2.3%, respectively. The total DL of the drugs was 9.1 ± 1.7%. The actual ratio of DOX to DOC in the DDC NPs was approximately 350–380:1. At this ratio, the synergy of DOX and DOC was also effective. The release profile of DOX demonstrated that the DDC NPs could gradually release the payload, but when HAase was added, the release was expedited, indicating that the DDC NPs could perform enzymatic release. The stability of the DDC NPs was reliable, and they could be applied in vitro and in vivo.

The nanocarriers offer a viable choice for use in combination chemotherapy because they can overcome differences in the pharmacokinetics of the drugs and achieve the maximal synergistic effect. Zhang et al. (2007) coencapsulated DOC and DOX in nanocarriers and demonstrated enhanced cytotoxicity against PCA cells. Kolishetti et al. (2010) prepared dual drug nanoparticles for loading DOC and Pt(IV). Their dual drug NPs exhibited 2-fold cytotoxicity in LNCap cells compared with that of the single drug NPs (Kolishetti et al., 2010). The Gu group developed NPs for codelivery of camptothecin and DOX, and the NPs demonstrated excellent inhibition in investigations both in vitro and in vivo (Tai et al., 2014). An investigation of DDC NP cytotoxicity was initially conducted in vitro. The results of the CCK-8 assay demonstrated that the DDC NPs could effectively and synergistically act in both androgen-dependent PCA and androgen-independent PCA cell lines. The clone formation assays further verified that the DDC NPs had obvious cytotoxicity in the PC-3 cells. The DDC NPs exhibited significantly enhanced suppression over either single drug treatment; in addition, there was no obvious difference from the free dual drug treatment. The results further verified that DDC NPs have complete synergy. Moreover, DDC NPs induced effective antimigration in the PC-3 cell line. The effect was not significantly different from the free dual drug-treated group. The effect of the DDC NPs on PCA cell apoptosis was initially assessed by flow cytometry. The apoptosis ratio in the DDC NPs-treated group was much higher than that in the single drug treatments and was similar to that of the dual drug treatment group. The results were further demonstrated by western blotting. The DDC NPs and dual drugs had obviously downregulated Bcl-2 protein, while they obviously induced upregulation of the apoptosis-related factors, such as Bax and cleaved Caspase 3. In general, the DDC NPs with DOC and DOX acted well as curative agents, and the synergistic effect of the two drugs was efficiently realized by the NPs.

The targeted delivery of the DDC NPs was performed by HA. HA is widely used in drug delivery systems because it has ligand-receptor interactions with CD44 (Underhill, 1992). CD44 is expressed at low levels in normal tissues; however, it is pathologically and highly expressed on the surface of tumor cells (Naor et al., 2002; Cichy and Pure, 2003; Naor et al., 2008). Moreover, HA possesses excellent biocompatibility and is biodegradable, nonimmunogenic, and nontoxic, which makes it a favorable alternative to biomaterials, which have raised concerns with respect to these areas (Dosio et al., 2016). The fluorescent label of the NPs has been widely used to observe internalization (Eley et al., 2004; Rivolta et al., 2011). The test of competitively suppressed endocytosis demonstrated that internalization of the DDC NPs was mediated by the ligand-receptor interaction of HA and the CD44 protein. The internalization process of the DDC NPs was directly observed through the distribution of different fluorescence signals. The green fluorescence gradually accumulated in the cytoplasm. The distribution of red fluorescence was clearly distinguished from the green fluorescence, indicated that DOX bound to DNA. The sites where accumulation was observed changed from the cytoplasm to the nucleus. The results indicated that the NPs could effectively deliver the payloads into the cell, where they could be fully released. Thus, the results indicated that DDC NPs could effectively deliver payloads into PCA cells.

The properties of the DDC NPs in vivo are critical as application criteria. One important function of NPs is the reduced accumulation of drugs in normal organs and tissues (Byrne et al., 2008). The distribution of the NPs in vivo is affected by their size, shape, and surface characteristics (Alexis et al., 2008). NIF imaging and fluorescence labeling in vivo were applied to investigate the distribution of DDC NPs in vivo. The mouse models were implanted with PC-3 cells. The fluorescent signal in the free IR-780-injected mouse attenuated rapidly, since the majority of the dye was excreted or metabolized. The remaining dye accumulated in the organs and tumors equally. In contrast, the fluorescence signal in DDC NPs-treated mouse exhibited an entirely different mechanism. The initial accumulation sites were the thorax and abdomen, with some found in the lung and liver. It then accumulated in the tumor, where it continuously accumulated. The signal decreased in the abdomen and thorax gradually. This phenomenon was similar to that reported by Yin, in which the fluorescence signals accumulated primarily in the liver and tumor and then attenuated in the liver (Ferguson et al., 2010). The distribution of fluorescence signals in tissues further verified that DDC NPs mainly accumulated in tumors. The results provide strong evidence that DDC NPs possess the ability to target delivery against PCA in vivo. Reducing drug accumulation in normal organs and tissues was the primary basis for the decrease in side effects. The results of the acute toxicity test indicated that the DDC NPs could efficiently reduce the toxicity of DOC and DOX in vivo. The mortality and pathological changes in DDC NPs-treated mice were significantly lower compared with those in the mice receiving the dual drug treatment. Moreover, the DDC NPs could decrease the occurrence of hemolysis. The hemolysis ratio in the DDC NPs group was obviously lower than that in the free drug-treated group. Antitumor evaluation was the last experiment conducted in vivo in the present study. The PC-3 cell xenograft mouse models were used for the experiment. The doses of DOX and DOC were approximately 2 mg/kg and 5 μg/kg, respectively, which were based on the optimal proportion in vitro. The results showed that neither the single drug treatment nor the dual drug combination exhibited satisfactory tumor suppression in the mouse models. The DDC NPs effectively suppressed the progression of PCA in the mouse models. The average volume and weight of tumors in the DDC NPs-treated group were significantly smaller than those in the other groups. The histological investigation reflected that tumors in the DDC NPs-treated group exhibited more pathological changes, which indicated that the DDC NPs could deliver more therapeutic agents into tumors. Moreover, the average body weight in the DDC NPs group was significantly greater than that in the other groups. This finding further demonstrated that the antitumor treatment in vivo through the NPs was relatively safe.



Conclusion

In conclusion, the present study demonstrated that the DDC NPs exhibited excellent targeted delivery and inhibition against PCA in vitro and in vivo. Initially, DOC and DOX at an optimal synergistic ratio were successfully coencapsulated into NPs that were smaller than 100 nm to form DDC NPs. In investigations in vitro, the DDC NPs had an equivalent effect when compared with the dual drug combination, including on the parameters for cytotoxicity, antimigration, and induction of apoptosis. The results in vivo showed that the synthetically created DDC NPs enhanced the accumulation of drugs in tumor tissues and reduced nonspecific accumulation in normal organs; thus, the NPs effectively enhanced the curative effect while decreasing toxicity in vivo. The study suggests that these functional NPs are a platform worthy of development as potential prospects in clinical chemotherapy for PCA.
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Ethoxysanguinarine (Eth) is a benzophenanthridine alkaloid extracted from Macleaya cordata (Willd) R. Br. It possesses antibacterial and antiviral activities and offers therapeutic benefits for the treatment of respiratory syndrome virus-induced cytopathic effects. However, the effect of Eth on human tumors and its pharmacological effects remain to be elucidated, together with its cellular target. Here, we examined the effects of Eth on breast cancer (BC) cells. We found that at low doses, Eth strongly inhibited the viability of BC cell lines and induced autophagy. Mechanistic studies showed that Eth induced autophagy by upregulating the activity of the AMP-activated protein kinase (AMPK). The AMPK inhibitor compound C significantly attenuated Eth-induced autophagy and inhibited proliferation. Meanwhile, the AMPK activator metformin significantly enhanced Eth-induced autophagy and inhibited proliferation. Computational docking and affinity assays showed that Eth directly interacted with the allosteric drug and metabolite site of AMPK to stabilize its activation. AMPK was less activated in tumor samples compared to normal breast tissues and was inversely associated with the prognosis of the patients. Moreover, Eth exhibited potent anti-BC activity in nude mice and favorable pharmacokinetics in rats. These characteristics render Eth as a promising candidate drug for further development and for designing new effective AMPK activators.


Keywords: ethoxysanguinarine, breast cancer, autophagy, AMP-activated protein kinase, molecular docking, pharmacokinetic



Introduction

Breast cancer (BC) is the most frequently diagnosed cancer and the leading cause of cancer death among females worldwide, with an estimated 2,088,849 cases and 626,679 deaths in 2018 (Bray et al., 2018). In China, BC is the leading cause of cancer death in women younger than 45 years. Based on reports in 2015 from the cancer statistics in China, 70.7 persons per 100,000 die annually from BC (Chen et al., 2016). The major treatment methods for BC patients are surgery, radiotherapy, and chemotherapy. Despite recent advances in diagnosis and treatment, BC mortality rates are still high, making newer and more advanced therapies indispensable. The development of novel agents for the prevention and treatment of human BC is therefore highly desirable.

Autophagy is a catabolic process for the degradation and recycling of macromolecules and organelles, which is characterized by the sequestration of bulk cytoplasm and organelles in double- or multi-membrane autophagic vesicles and their subsequent degradation by lysosomes for macromolecular synthesis and adenosine triphosphate (ATP) generation (Liang et al., 2017). Many studies have demonstrated that autophagy is not only a survival response to either growth factors or nutrient deprivation but also an important molecular mechanism for tumor cell suicide (Shi et al., 2012; Zhang et al., 2014). The molecular mechanism underlying the induction of autophagy in cancer has not been completely described, but so far, more than 30 autophagy-related genes (ATGs) have been identified (Zhang et al., 2017). Upstream of the ATGs, mammalian target of rapamycin (mTOR) kinase has the most potent impact on autophagy (Ebrahim et al., 2018). mTOR complex 1 (mTORC1) promotes protein synthesis, lipid biogenesis, cell growth, and anabolism and inhibits cellular catabolism by preventing autophagy. Once mTORC1 is activated, it inhibits autophagy via phosphorylation of the ATG proteins (Wan and Liu, 2019). Many studies have shown that AMP-activated protein kinase (AMPK) activation leads to autophagy through the negative regulation of mTORC1 (Shi et al., 2012; Chen et al., 2017). AMPK is a heterotrimer enzyme composed of one catalytic subunit (α1 or α2), one scaffolding subunit (β1 or β2), and one regulatory subunit (γ1, γ2, or γ3). Full AMPK activation requires the specific phosphorylation of the α subunit at Thr172. AMPK is most widely known for its role as an energy state sensor. Upon activation, AMPK induces a series of metabolic changes to maintain the production of intracellular energy and balance consumption (Kurumbail and Calabrese, 2016). Recent studies have shown that AMPK is a possible autophagy-associated tumor suppressor for the prevention and treatment of several cancer types (Han et al., 2018; Zhang et al., 2018; De Veirman et al., 2019). Accordingly, AMPK activators have been discovered as potential targeted drugs for the treatment of human cancer, and there is a need to develop novel AMPK activators with a low toxicity and high efficiency for inducing tumor cell autophagic suicide.

Macleaya cordata (Willd.) R. Br. (Figure 1A), also known as Bo Luo Hui in China, belongs to the Papaveraceae family (Huang et al., 2018). It is an herbaceous perennial plant that is ubiquitously dispersed in central China and has been used as traditional Chinese medicine for thousands of years. M. cordata has a variety of therapeutic uses for anti-fungal, anti-microbial, anti-inflammatory, anti-oxidant, and anti-tumor activities (Kosina et al., 2010; Ouyang et al., 2010; Yao et al., 2010; Cai et al., 2016). In Europe, North America, and China, M. cordata is also used to treat skin infections and insect bites (Cai et al., 2016). M. cordata is rich in various alkaloids, including sanguinarine, dihydroderivative, chelerythrine, protopine, allocryptopine, and phenolic acids (Ni et al., 2016; Lin et al., 2018). Ethoxysanguinarine (Eth, Figure 1B) is a product of the transformation of sanguinarine by crystallization of ammoniated ethanol during the extraction process (Konda et al., 1991). There are limited reports on the effect of Eth on cancer cells. In 2018, we revealed that Eth can induce inhibitory effects and downregulate the oncoprotein CIP2A (cancerous inhibitor of protein phosphatase 2A) in colorectal cancer cells (Jin et al., 2018). The effect and mechanism of Eth in other cancer types needs investigation. This study investigated the antitumor effects and possible mechanisms of Eth against BC.




Figure 1 | Eth inhibits BC cells. (A): M. cordata image. (B): Chemical structure of Eth. (C): The IC50 of Eth for indicated cell lines. (D–F): The inhibitory effects of Eth on MCF-7, MDA-MB-231, and MDA-MB-436 cells analyzed by MTT assay. (G–I): Inhibitory effects of Eth on cell viability of MCF-7, MDA-MB-231, and MDA-MB-436 cells assayed by trypan blue exclusion assay. (J–K): The colony formation assays of MCF-7, MDA-MB-231, and MDA-MB-436 cells treated with Eth at indicated concentration. **P < 0.01.





Materials and Methods


Patients

Two independent BC cohorts tissue microarray (TMA) were utilized in this study. The training cohort TMA was purchased from Wuhan Iwill Biological Technology Co., Ltd. (Wuhan, China). It included 143 patients’ tissues and 36 paired non-cancerous normal tissues from these patients were obtained. The array dot diameter was 1.5 mm, and each dot represented a tissue spot from one individual specimen that was selected and pathologically confirmed.



Immunohistochemistry of TMA

Immunohistochemical analysis as well as the scoring of immunoreactivity was performed using the rabbit monoclonal anti-pAMPKα (Thr172) antibody. The intensity of pAMPKα staining was scored as 0 (no signal), 1 (weak), 2 (moderate), and 3 (marked). Percentage scores were assigned as 1, 1–25%; 2, 26–50%; 3, 51–75%; and 4, 76–100%. The scores of each tumor sample were multiplied to give a final score of 0–12, and the tumors were finally determined as negative (−), score 0; lower expression (+), score ≤4; moderate expression (++), score 5–8; and high expression (+++), score ≥9. Tumor sample scored (+) to (+++) were considered positive (overexpression). An optimal cutoff value was identified: a staining index of 5 or greater was used to define of high expression and 4 or lower for low expression.



Reagents

Eth with a purity of up to 98% was purchased from Shanghai Yuanye Bio-Technology Co., Ltd. (Shanghai, China). Eth was dissolved in DMSO (Sigma) at a stock solution of 50 mM and stored at –20°C. Biotinylated Eth (purity > 95%) was synthesized by Boshixing Synthetic Technologies, Inc. (Shenzhen, China).



Cell Culture

Human BC cell lines MCF-7, MDA-MB-231, DMA-MB-436, SK-BR3, MDA-MB-468, MDA-MB-453, and MDA-MB-435S and non-tumorigenic MCF-10A human mammary epithelial cells were obtained from American Type Culture Collection (ATCC; Manassas, VA, USA). MCF-7, SK-BR3, MDA-MB-231, and MDA-MB-436 cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM; high glucose; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS; HyClone; Logan, UT, USA) and antibiotics and incubated in a humidified atmosphere with 5% CO2 at 37°C. MDA-MB-468, MDA-MB-453, and MDA-MB-435S cells were maintained in Leibovitz’s L-15 (Gibco) supplemented with 10% FBS and antibiotics and incubated in a humidified atmosphere without CO2 at 37°C. MCF-10A cells were maintained in DMEM/F12 medium containing 5% horse serum (HS), insulin (10 mg/mL), epidermal growth factor (EGF, 20 ng/mL), choleratoxin (100 mg/mL), hydrocortisone (0.5 mg/mL), penicillin (50 U/mL), and streptomycin (50 U/mL), and incubated in a humidified atmosphere with CO2 at 37°C.



Cytotoxic Assay and Cell Viability

Cells were seeded into 96-well plate and pre-cultured for 24 h, then treated with Eth for 24. Cell cytotoxicity was determined by MTT assay. The absorbance was measured at 490 nm by automated microplated reader (BioTek Instruments, Inc., Winooski, VT, USA), and the cell death rate was calculated as followed: inhibition rate (%) = (average A490 of the control group − average A490 of the experimental group)/(average A490 of the control group − average A490 of the blank group) × 100%. Cell viability was estimated by trypan blue dye exclusion.



Soft-Agar Colony Formation Assay

Cells were suspended in 1 mL of L-15 or DMEM containing 0.3% low-melting-point agarose (Amresco, Cleveland, Oh, USA) and 10% FBS, and plated on a bottom layer containing 0.6% agarose and 10% FBS in 6-well plate in triplicate. After 2 weeks, plates were stained with 0.2% gentian violet and the colonies were counted under light microscope (IX70; Olympus Corporation, Tokyo, Japan) after 2 weeks.



Autophagy Assays

The cells were transfected with pQCXIP-GFP-LC3 plasmid using the Lipofectamine 3000 (Invitrogen; Thermo Fisher Scientific, Inc.) according to the recommended protocol by the manufacturer and then fixed in 4% paraformaldehyde. The percentage of cells with fluorescent dots representing GFP-LC3 translocation was counted. For visualization of cell nucleus, DAPI was used. Sections were observed using an Olympus laser scanning confocal microscope with imaging software (Olympus Fluoview FV-1000, Tokyo, Japan).



Western Blot

Cells were lysed in radioimmunoprecipitation assay buffer containing 50 mM Tris, pH 8.0, 150 mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% NP-40, 1 mM DTT, 1 mM NaF, 1 mM sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride (PMSF; Sigma-Aldrich; Merck KGaA), and 1% protease inhibitors cocktail (EMD Millipore, Billerica, MA, USA). Protein concentration was determined using the Bradford method. Equal amounts of sample (25 µg) were separated by SDS-PAGE (8–12% gels). Electrophoresed proteins were then transferred onto polyvinylidene fluoride membranes (EMD Millipore, Billerica, MA, USA). The membranes were blocked with 5% skimmed milk in Tris-buffered saline at room temperature for 1 h. Following blocking, membranes were incubated overnight at 4°C with primary antibodies and then rinsed with Tris-buffered saline with Tween 20. The following primary antibodies were used: anti-Glut3 (1:500; catalog no. sc-74399) (Santa Cruz Biotechnology, Inc., Dallas, TX, USA); anti-LC3 (1:1000; catalog no. 12741), anti-AMPKα (1:1000; catalog no. 2532), anti-phospho-AMPKα (Thr172) (1:1000; catalog no. 2535), anti-phospho-AMPKβ1 (Ser108) (1:1000; catalog no. 4181), anti-AMPKγ1 (1:1000; catalog no. 4187), anti-mTOR (1:1000; catalog no. 2983), anti-phospho-mTOR (Ser2448) (1:1000; catalog no. 5536), anti-P70S6K (1:1000; catalog no. 9202), anti-phospho-P70S6K (Thr389) (1:1000; catalog no. 92775), anti-4E-BP1 (1:1000; catalog no. 9234), anti-phospho-4E-BP1 (Thr37/46) (1:1000; catalog no. 2855), anti-ACC (1:1000; catalog no. 3676), anti-phospho-ACC (Thr79) (1:1000; catalog no. 11818), anti-Glut1 (1:1000; catalog no. 12939), anti-Glut4 (1:1000; catalog no. 2213) (All Cell Signaling Technology, Inc., Danvers, MA, USA), and anti-GAPDH (1:5000; catalog no. M20006; Abmart, Shanghai, China). Membranes were then washed, and incubated with horseradish peroxidase-conjugated secondary antibody (1:10000; E030120-01 and E030110-01; EarthOx, LLC, San Francisco, CA, USA) for 1.5 h at room temperature. The protein bands were visualized using SuperSignal® West Pico PLUS Chemiluminescent substrate (catalog no. 34579; Pierce; Thermo Fisher Scientific, Inc., Rockford, IL, USA) (Zhang et al., 2018).



AMPK Activity Assay

AMPK kinase activity was assay was performed by AMPK kinase activity kit which was purchased from CycLex Co., Ltd. (Cat#CY-1182). Absorbance was measured at 450 nm.



Molecular Docking

Ligand docking studies were performed with Autodock4. The structure of AMPK (PDB code: 4CFF) was obtained from the protein data bank. α is green, β is cyan, γ is magenta, and the ligands are cyan. The chemical structure of Eth is shown in Figure 2A. Docking was performed with the docking box sizes large enough to include the binding sites.




Figure 2 | Eth induces autophagy in BC cells. (A): MCF-7, MDA-MB-231, or MDA-MB-436 cells were treated with increasing concentrations of Eth for 24 h. Western blot was performed using antibodies indicated. GAPDH was used as the loading control. (B): MCF-7 (MDA-MB-231 or MDA-MB-436) cells were treated with 2.4 µM (2.0 µM or 2.0 µM) Eth for the indicated times, and cell lysates were subjected to western blot assay. (C): MCF-7, MDA-MB-231, or MDA-MB-436 cells transfected with pQCXIP-GFP-LC3 plasmid were treated with increasing concentrations of Eth for 24 h, and assessed by immunoﬂuorescence analyses. Scale bar = 20 µm. (D): MDA-MB-231 or MDA-MB-436 cells transfected with pQCXIP-GFP-LC3 plasmid were treated with Eth (2.0 µM) and/or 3-MA (1 mM) for 24 h, and assessed by immunoﬂuorescence analyses. Scale bar = 20 µm. (E): Graph shows quantification of LC3-positive punctate cells in (D). (F): MCF-7, MDA-MB-231, or MDA-MB-436 cells were treated with Eth (3.5 µM, 3.0 µM, or 3.0 µM) and/or 3-MA (1 mM) for 24 h and analyzed by MTT assay. (G): MCF-7, MDA-MB-231, or MDA-MB-436 cells were treated with Eth (2.4 µM, 2.0 µM, or 2.0 µM) and/or 3-MA (1 mM) for 24 h, and western blot was performed using antibodies indicated. *P < 0.05.





Immunoprecipitation and Streptavidin Agarose Affinity Assay

Cell pellets were lysed and the supernatant collection was incubated with indicated antibodies overnight at 4°C, after which protein A/G Plus beads (Santa Cruz Biotechnology) were added and incubated at 4°C for 4 h. The beads were washed 4 times in NETN buffer (1% NP-40, 2 mM EDTA, 40 mM Tris-HCl, 137 mM NaCl, pH 7.4), resuspended in SDS-PAGE loading buffer and boiled for 5 min. For streptavidin agarose affinity assay, cells upon Bio-Eth were lysed; the lysates were incubated with streptavidin agarose, washed and boiled in SDS-PAGE loading buffer. For Eth competition, the cell lysates were pretreated with Eth (4 μM) for 1 h, followed by 12 μM Bio-Eth treatment for 3 h at 4°C, and streptavidin agarose affinity assay were performed. Western blot assays were performed.



Xenograft Studies

Female nude immunodeficient mice (nu/nu) (weighing ~16 g, 5-week-old) were purchased from Hunan SJA Laboratory Animal Co., Ltd. (Changsha, China), and maintained under specific pathogen-free conditions. Mice were given free access to sterile water and to a standard diet, and maintained under controlled conditions of temperature (22–24°C), humidity (40–70%), and light (12 h light-dark cycles). The present study was approved by Animal Ethics Committee of Hubei University of Medicine. The mice were subcutaneously injected with human BC MDA-MB-231 cells (5 × 106 cells which were suspended in 100 μL DMEM) into the right flank of each mouse. Treatments started when tumors reached a palpable size (0.5 cm in diameter). Mice were randomly divided into the following two groups: control group (vehicle; 0.8% DMSO, 12% cremophor, and 8% ethanol in normal saline; n = 8) and Eth-treated group (intraperitoneal injection of 1 mg/kg Eth; n = 8). The mice were treated 5 times per week for a total of 30 weeks. Caliper measurements of the longest perpendicular tumor diameters were performed twice a week to estimate the tumor volume, using the following formula: 4π/3 × (width/2)2 × (length/2), representing the three-dimensional volume of an ellipse. Animals were sacrificed when tumors reached 1.5 cm or if the mice appeared moribund to prevent unnecessary morbidity to the mice.



Pharmacokinetic Study

Eleven Sprague–Dawley rats (220–250 g, female) were bought from Hunan SJA Laboratory Animal Co., Ltd. (Changsha, China), and maintained and monitored in a specific pathogen-free environment. They were fasted overnight before the experiments. All rat studies were conducted according to protocols approved by the Animal Ethics Committee of Hubei University of Medicine. Six rats were administered with Eth (2 mg/kg) by intravenous injection, and the other five rats were inoculated with Eth (15 mg/kg) by intragastric injection. Blood samples of 100–200 mL were collected from the orbit at the time points indicated. The plasma concentrations of Eth were determined by nuclear magnetic resonance analysis (Figure S1). The pharmacokinetic parameters were obtained from the pharmacokinetic software DAS 2.0 (Drug and Statistics Version 2.0).



Statistical Analysis

All experiments were repeated at least three times and the data are presented as the mean ± SD. All statistical analyses were conducted using GraphPad Prism 8 (GraphPad Software, Inc., La Jolla, CA, USA) and SPSS 22.0 (IBM Corp., Armonk, NY, USA). Results were analyzed using unpaired Student’s t test or one-way analysis of variance followed by Bonferroni post-test. P < 0.05 was considered to indicate a statistically significant difference.




Results


Effects of Eth on BC Cells

The effect of Eth on cell growth was investigated with seven BC cell lines, MCF-7, SK-BR3, MDA-MB-231, MDA-MB-436, MDA-MB-468, MDA-MB-453, and MDA-MB-435S. Using an MTT assay, we found that Eth had moderate cytotoxicity to these cell lines, with IC50 values ranging from 2.63 μM to 9.15 μM (Figure 1C, Table 1). The normal human mammary epithelial cell line MCF-10A was less sensitive to Eth than the BC cell lines. As shown in Figures 1D–F, Eth was effective in inhibiting the growth of MCF-7, MDA-MB-231, and MDA-MB-436 BC cells. Using a trypan blue exclusion assay, we found that Eth rapidly reduced viable MCF-7 (Figure 1G), MDA-MB-231 (Figure 1H), and MDA-MB-436 cells (Figure 1I) in a dose- and time-dependent manner. We investigated the effect of Eth on cell colony formation activity, and the results showed that Eth significantly inhibited the clonogenic ability of MCF-7, MDA-MB-231, and MDA-MB-436 cells (Figures 1J, K). These results suggested that Eth inhibited the anchorage-dependent (cell proliferation) and anchorage-independent (colony formation) growth of BC cells.


Table 1 | IC50s of Eth on BC cell lines.





Eth Induces Autophagy in BC Cells

Autophagy is the process of sequestrating cytoplasmic proteins into lytic compartments and is characterized by the formation of the autophagosome (LC3-positive vesicle), a double membraned structure that sequesters the target organelle/protein and then fuses with endo/lysosomes where the contents are its major component (Kong et al., 2017).We tested whether Eth could induce autophagy in BC cells by detecting changes in the lipidated form (LC3-II) of the autophagy marker LC3. Interestingly, we found that Eth induced the accumulation of LC3-II and Beclin-1in MCF-7, MDA-MB-231, and MDA-MB-436 cells in a dose- and time-dependent fashion (Figures 2A, B). Accordingly, the pQCXIP-GFP-LC3 plasmid was transfected into MCF-7, MDA-MB-231, and MDA-MB-436 cells which were then treated with Eth for 24 h, followed by confocal microscopy assessment. We showed that while control cells displayed diffuse staining, MCF-7, MDA-MB-231, and MDA-MB-436 cells upon Eth exhibited a speckled fluorescent staining pattern, indicating the redistribution of LC3 to autophagosomes (Figure 2C). Autophagy has been reported to play contradictory roles in tumor progression and suppression (Lin and Baehrecke, 2015). To demonstrate Eth induced autophagy, Eth and the autophagy inhibitor 3-MA were combined to treat MCF-7, MDA-MB-231, and MDA-MB-436 cells. Our results showed that 3-MA could antagonize the induction of autophagy by Eth (Figures 2D, E). 3-MA significantly reversed the cell proliferation inhibited by Eth (Figure 2F). Furthermore, 3-MA antagonized the upregulation of autophagy-related proteins LC-3II and Beclin1 by Eth (Figure 2G). Taken together, the data presented here indicate that Eth induces autophagy in BC cells.



Eth Induces Autophagy Through AMPK/mTORC1 Signaling

Next, we examined the target signal pathway of Eth inducing autophagy in BC cells. A pivotal role in the control of autophagy is played by mTORC1 (Rabanal-Ruiz et al., 2017), which brings together regulatory information from multiple upstream signal transduction pathways, including AMPK. AMPK is induced by various conditions of stress that are known to activate autophagy (Wang et al., 2016). The AMPK subunits were therefore determined to define their roles in BC cells treated with Eth. As shown in Figures 3A, B, the phosphorylation of AMPKα at Thr172, instead of the β- or γ-subunits, was increased upon Eth treatment in both a dose- and time-dependent manner. We next detected mTORC1, the downstream targets of AMPK, and found that Eth decreased the phosphorylation of mTORC1 effectors (mTOR, p70S6K, and 4EBP1) in an AMPK dependent manner. Based on the above results, we hypothesized that Eth inhibits cell proliferation and induces autophagy depending on AMPK activation. To test this hypothesis, we treated MCF-7, MDA-MB-231, and MDA-MB-436 cells with Eth alone and in combination with compound C (CC), an AMPK inhibitor. Our data showed that a significant inhibition of the phosphorylation of mTORC1 was observed in cells treated with Eth alone. However, treatment with CC reversed the reduction in phosphorylation (Figure 3C), and reversed the increased LC-3II expression and number of autophagic vacuoles in Eth-treated cells (Figures 3C–E). Moreover, co-treatment of Eth and metformin, a known AMPK activator, enhanced the effect of Eth on the phosphorylation of mTORC1 and autophagy (Figures 3F–H). Altogether, these findings indicate that Eth induces autophagy through the AMPK/mTORC1 signaling.




Figure 3 | Eth induces autophagy through the AMPK/mTORC1 signaling. (A): MCF-7, MDA-MB-231, or MDA-MB-436 cells were treated with increasing concentrations of Eth for 24 h. Western blot was performed using antibodies indicated. (B): MCF-7, MDA-MB-231, or MDA-MB-436 cells were treated with 2.4 µM, 2.0 µM, or 2.0 µM Eth for the indicated times, and cell lysates were subjected to western blot assay. (C): MCF-7, MDA-MB-231, or MDA-MB-436 cells were treated with Eth (2.4 µM, 2.0 µM, or 2.0 µM) and/or Compound C (CC, 25 µM) for 24 h, and western blot was performed using antibodies indicated. (D): MDA-MB-231 or MDA-MB-436 cells transfected with pQCXIP-GFP-LC3 plasmid were treated with Eth (2.0 µM) and/or CC (25 µM) for 24 h, and assessed by immunoﬂuorescence analyses. Scale bar = 20 µm. (E): Graph shows quantification of LC3-positive punctate cells in (D). (F): MCF-7, MDA-MB-231, or MDA-MB-436 cells were treated with Eth (1.6 µM, 1.0 µM, or 1.6 µM) and/or metformin (Met, 10 mM) for 24 h, and western blot was performed using antibodies indicated. (G): MDA-MB-231 or MDA-MB-436 cells transfected with pQCXIP-GFP-LC3 plasmid were treated with Eth (1.0 µM or 1.6 µM) and/or Met (10 mM) for 24 h, and assessed by immunoﬂuorescence analyses. Scale bar = 20 µm. (H): Graph shows quantification of LC3-positive punctate cells in (G). *P < 0.05, **P < 0.01.





Eth Is a Direct Activator of AMPK

Next we determined whether Eth modulates the activity of the AMPK kinase. For this purpose, MCF-7, MDA-MB-231, and MDA-MB-436 cells were treated with Eth and incubated for different time periods (1, 6, 12, and 24 h). The AMPK activity assay revealed a robust increase in AMPK activity after Eth treatment in the three cell lines (Figure 4A). These results confirmed the potential of Eth as a potent AMPK activator.




Figure 4 | Eth is a direct activator of AMPK. (A): MCF-7, MDA-MB-231, or MDA-MB-436 cells were treated with increasing concentrations of Eth for 24 h, and AMPK activity assay was performed. (B): The binding mode of Eth docked into AMPK. (C): The binding mode of Eth docked into AMPK. α subunit is green, β subunit is cyan, γ subunit is magenta and Eth is gold. (D): Details of the binding site of Eth in the ADaM site of AMPK. The main residues involved in drug interactions are shown as labeled green sticks. α subunit is green, β subunit is cyan. The pSER-108 was shown in stick and colored by gold. (E) The interaction pattern of Eth with the residues. (F): The 2D representation of the AMPK crystal structure in complex with Eth. (G): Chemical structure of Eth intermediate and Biotin-labeled Eth. (H): Viability of MCF-7, MDA-MB-231 or MDA-MB-436 cells exposed to Biotin-Eth as determined by MTT assay. (I): MCF-7, MDA-MB-231, or MDA-MB-436 cells were treated with 4 μM Biotin or Bio-Eth for 12 h, lysed, and the cell lysates were subjected to immunoprecipitation using S. agarose and western blot using indicated antibodies. (J–L): MCF-7, MDA-MB-231, or MDA-MB-436 cells were treated with Bio-Eth (4 μM) in the presence or absence of Eth (12 μM) for 3 h, lysed, and the cell lysates were subjected to immunoprecipitation and western blot. *P < 0.05, **P < 0.01.



We further determined the interaction of Eth and AMPK in silico. Molecular docking experiments were conducted between Eth and the crystal structure of AMPK (PDB code: 4CFF) by Autodock4. The greater the negative energy was, the larger the sum of the physical terms that present the combined free energy. The lower the energy was, the better the docking orientation. Some orientations had similar poses of similar energy and were considered a set of hits. Among the α, β, and γ subunits, there is an ADaM site (allosteric drug and metabolite site), which was constructed by the catalytic kinase domain of α subunit and the regulatory carbohydrate-binding module (CBM) of the β subunit. Eth bound to the ADaM site with a binding energy of –7.4 Kcal/Mol (Figures 4B, C) and interacted with a cluster of hydrophobic residues from each domain: VAL-11(Kinase), LEU-18(Kinase), LYS-29(Kinase), LYS-31(Kinase), ILE-46(Kinase), PHE-90(Kinase), VAL-81(CBM), ARG-83(CBM), SER-108(CBM), ASN-111(CBM), and Val-113(CBM) (Figures 4D–F). To confirm the Eth/AMPK interaction, we first generated biotinylated Eth. Eth does not contain modifiable sites such as hydroxyl (–OH) and carboxyl (–COOH) sites; thus, we removed the ethyl in the ethoxy group and linked biotin to obtain biotinylated Eth (Bio-Eth, Figure 4G). To ensure that the generated Bio-Eth retained its inhibitory activity in BC, we assessed cell viability and compared the results to Eth. we found that the IC50 values of Bio-Eth in the MCF-7, MDA-MB-231, and MDA-MB-436 cells were 3.78 μM, 3.74 μM, and 3.71 μM, respectively, which were more similar to the IC50 values (3.29 μM, 3.75 μM, and 2.63 μM, Respectively) of Eth (Figure 4H). Therefore, Bio-Eth was selected for subsequent study. In Bio-Eth-treated MCF-7, MDA-MB-231, and MDA-MB-436 Cells, AMPKα was pulled down by streptavidin agarose (Figure 4I). The in Vitro experiment showed that the binding of Bio-Eth to AMPKα was significantly attenuated by unlabeled Eth (Figures 4J–L), indicating the direct binding of Eth to AMPK.



Eth Impairs Glucose Metabolism in BC Cells

AMPK is a major regulator of cellular homeostasis and is activated in response to metabolic stress. We investigated the effect of Eth on energy metabolism (Hardie and Lin, 2017). We detected the expression and activity of acetyl-CoA carboxylase (ACC), which is an intermediate substrate playing a pivotal role in the regulation of fatty acid metabolism and energy production, and found Eth has no significant effect on the expression and activation of ACC. We detected the expression of glucose and lactate metabolism-associated proteins and found that Eth downregulated the expression of glucose uptake-associated proteins Glut1, Glut3, and Glut4 (Figure S2 and S3), suggesting that Eth significantly impairs glucose metabolism in BC cells.



AMPKα Is Phosphorylated at Low Levels in BC and Correlates With Clinicopathological Parameters

AMPKα expression and phosphorylation (pAMPKα) were studied by western blot in the BC cell lines MCF-7, BT-474, SK-BR3, BT-549, MDA-MB-453, MDA-MB-435S, MDA-MB-468, MDA-MB-231, and MDA-MB-436, and the normal human mammary epithelial cell line MCF-10A. The results showed that AMPKα was phosphorylated at low levels in most of the investigated BC cell lines (MCF-7, MDA-MB-468, MDA-MB-231, and MDA-MB-436) (Figures 5A, B). We also analyzed pAMPKα expression in 143 BC patients specimens and 36 adjacent normal tissues from Hubei Province in central China using immunohistochemistry analysis. We found that pAMPKα was decreased in 52% of the tumor samples (75 of 143), and the adjacent normal tissues exhibited high (or moderate) pAMPKα staining (26 of 36, 72%) (Figures 5C, D). These results suggested that AMPKα phosphorylation might be a critical mechanism in BC development. The clinical characteristics of the patients are shown in Table 2. No significant correlation was observed between AMPKα phosphorylation and age, tumor size, or TNM stage (P > 0.05). However, significant correlations between AMPKα phosphorylation and grade and distant metastasis were observed (P< 0.05). To further determine the relationship between AMPKα phosphorylation and the survival of BC patients, we performed Kaplan-Meier analysis based on the available follow-up data from 38 BC patients. The survival analysis revealed that a survival advantage was identified in patients whose tumors had higher AMPKα phosphorylation than those with lower AMPKα phosphorylation (Figure 5E, P < 0.05), indicating that lower AMPKα phosphorylation is related to a poor clinical outcome in BC. In 36 cases of BC tissues with paired adjacent nontumor tissues, we observed a significantly lower phosphorylation of AMPKα in tumor tissues compared with the paired adjacent nontumor tissues (P < 0.05, Figure 5F). Western blot analyses were used to detect the phosphorylation of AMPKα in the human BC tissues of 9 patients. AMPKα exhibited lower phosphorylation in all tumor tissues compared with the patient-matched adjacent normal colonic tissues (Figure 5G). These results indicated that AMPK phosphorylation might be a critical event in BC development.




Figure 5 | AMPKα is low phosphorylated in BC and correlates with clinicopathological parameters. (A, B): Western blot analysis showed AMPKα expression and phosphorylation in different cell lines. (C): Immunohistochemistry analysis of AMPKα phosphorylation levels in BC specimens and normal tissues. **P < 0.01. (D): Representative immunohistochemical staining examples of AMPKα phosphorylation in BC tissues. (E): Survival curves of BC patients with low phosphorylation versus high phosphorylation of AMPKα. (F): The distribution of the difference in AMPKα phosphorylation staining (ΔIRS = IRSN−IRST). Immunoreactivity score (IRS) of AMPKα phosphorylation staining was available from 36 pairs of tissues; P values were calculated with the Wilcoxon test. AMPKα phosphorylation was lower in tumor tissues (T) compared with paired adjacent non-tumor tissues (N). IRST, IRS of tumor tissues; IRSN, IRS of non-tumor tissues. P < 0.05. (G): The expression and phosphorylation of AMPKα in 9 human BC tumor tissues and adjacent non-tumor tissues (N) as tested by western blot assay.




Table 2 | Characteristics of AMPKα phosphorylation in BC patients.





Eth Inhibits Tumor Growth in Murine Models and Shows Favorable Pharmacokinetic Profiles

To determine the anti-tumor effect of Eth on BC in vivo, MCF-7 xenografted and MDA-MB-231 xenografted murine models were generated. Once the tumors grew to a measurable size, each group was administered with vehicle (MCF-7 = 8, MDA-MB-231 = 8) or Eth (MCF-7 = 8; MDA-MB-231 = 8) i.p. at 2 mg/kg four times a week for 4 weeks. The tumor-bearing mice were humanely killed when their tumors reached 1.5 cm in diameter or when paralysis or major compromise in their quality of life occurred. We found that Eth efficiently repressed tumor growth compared with the vehicle control (P < 0.05; Figures 6A–C). Eth treatment also significantly reduced the tumor weight of the mice (Figures 6D, E). In addition, Eth treatment did not significantly reduce the body weight of the mice. This finding suggested that Eth did not cause evident side effects (Figures 6F, G). All of the mice were euthanized, and the tumor specimens were examined by western blot. The results showed that the expression levels of pAMPK and LC-3II were upregulated in the Eth-treated groups (Figure 6E).




Figure 6 | Eth inhibits tumor growth in murine models and shows favorable pharmacokinetic profiles. (A–B): Murine models were treated with vehicle, Eth (2 mg/kg) and the tumor volumes were calculated twice a week. **P < 0.01. (C): Images of xenograft tumors obtained from mice with different treatment after about 4 weeks. (D–E): Weight of the tumor from each group taken out from the sacrificed mice at the end of the study **P < 0.01. (F–G) Eth treatment did not affect the murine model body weight. (H–I): The expressions of LC3-II, AMPKα, and pAMPKα in xenograft tumor tissues were analyzed by western blot. (J): The concentration-time profiles of Eth after i.v. injection (2 mg/kg) in Sprague-Dawley rats. (K): The concentration-time profiles of Eth after i.g. injection (15 mg/kg) in Sprague-Dawley rats.



We then tested the pharmacokinetic features of Eth in Sprague-Dawley rats. To do this, six rats were administered Eth (2 mg/kg) by intravenous (i.v.) injection, and another five rats were inoculated with Eth (15 mg/kg) by intragastric (i.g.) injection. the mean plasma concentration-time profiles are shown in Figures 6J, K, and the main pharmacokinetic parameters are summarized in Table 3. We found that in the six rats that received an i.v. injection of Eth At 2 mg/kg, the Eth in plasma achieved a peak concentration of 3.578 ± 0.756 mg/L At 0.083 h (1.980 min), with a T1/2 of 3.539 h in five rats administrated Eth at 15 mg/kg i.g. injection, the Eth in plasma achieved a peak concentration of 0.498 ± 0.110 mg/L at 2.000 h, with a T1/2 of 4.049 h. These results demonstrate that the administration of Eth via i.v. injection can reach the therapeutic concentration of Eth used in vivo. Therefore, Eth could be a potential therapeutic agent against BC.


Table 3 | Pharmacokinetic parameters of Eth in Sprague-Dawley rats.






Discussion

Traditional Chinese medicine, as an important source of medicine and therapeutics, plays a critical role in the treatment of numerous human diseases. Eth, an active natural compound, has been reported to possess potential anticancer activities by targeting the oncoprotein CIP2A (Liu et al., 2014; Jin et al., 2018). Here, we have demonstrated for the first time that Eth induces the activation of autophagy as a new direct AMPK activator, resulting in the inhibition of BC proliferation in vitro and in vivo. The different mechanisms of action of Eth in different tumors suggest that Eth may be a multi-targeted drug, or that a regulatory mechanism exists between CIP2A and AMPK.

However, the role of autophagy in cancer treatment is still controversial. On the one hand, autophagy may promote cell death (Denton and Kumar, 2018; Kriel and Loos, 2019); on the other hand, autophagy may play a supporting role in the malignant progression and drug resistance of tumors (Li et al., 2017; Mowers et al., 2017). In this study, we demonstrated that Eth can induce autophagosome biosynthesis, manifested by increased autophagosome formation, LC3-II conversion, and LC3B-puncta (Figures 2A–C). 3-MA specifically blocks autophagosome formation and is widely used as an autophagy inhibitor. We further found that 3-MA can partially block the activation of autophagy by Eth and further block the inhibition of Eth on cell proliferation (Figures 2D–G), suggesting that Eth functions as a promising antitumor agent by inducing a particular autophagy-activating effect.

As one of the main metabolic sensors, AMPK plays a pivotal role in the regulation of the autophagy process. Conventionally, AMPK triggers autophagy by directly activating unc-51 like autophagy activating kinase 1 (ULK1) or indirectly inhibiting mTORC1, both of which ultimately lead to autophagosome aggregation and autophagy activation by Beclin1 (Wang et al., 2016; Hardie and Lin, 2017). Here, we demonstrated that Eth significantly induced the phosphorylation of AMPK and inactivation of the mTORC1 complex to elicit autophagy (Figures 3A, B). Further studies have found that the AMPK inhibitor CC can antagonize the inhibitory effect of Eth on mTORC1 signaling and the activation of autophagy (Figures 3C–E). At the same time, we co-treated Eth and AMPK activator metformin and found that they synergistically inhibited mTORC1 signaling and the synergistic activation of autophagy (Figures 3F–H). Based on the results above, we hypothesized that the inhibition of mTORC1 and induction of autophagy by Eth was dependent on AMPK activation. By using AMPK enzyme activity assay, we confirmed that Eth had a remarkable AMPK activation ability (Figure 4A). In silico modeling, we employed to investigate the potential interactions between Eth and AMPK. The results indicated that the ADaM active site of AMPK was the preferred binding site for Eth (Figures 4B, C). The ADaM site has been used to design selective activators of AMPK containing the β1 subunit and to screen β1-selective AMPK activators (Huang et al., 2017). Several direct AMPK activators (A-769662 (Shin et al., 2014), Salicylate (Liao et al., 2014), and Compound 991 (Bultot et al., 2016)) bound to the ADaM site and showed better potency. These activators activate AMPK both directly and through increased protection against T172 dephosphorylation (Yan et al., 2018). Eth interacted with a cluster of hydrophobic residues (VAL-11(Kinase), LEU-18(Kinase), LYS-29(Kinase), LYS-31(Kinase), ILE-46(Kinase), PHE-90(Kinase), VAL-81(CBM), ARG-83(CBM), SER-108(CBM), ASN-111(CBM), and VALl-113(CBM)) in the ADaM site, especially the hydrogen bond formed with phosphorylated serine (pSER-108). SER-108 is an autophosphorylation site on the β1 subunit, and the sustained phosphorylation of this site is beneficial for maintaining the stability of the ADaM site and ligand binding (Huang et al., 2017). Eth induces AMPK α, β subunit allosteric change by its benzene ring, methyl group, and ethoxy group through transient weak interactions such as Pi-sigma force, Van der waals and carbon hydrogen bond. Phosphorylation of Thr172 on the AMPK α subunit is then maintained to maintain AMPK activity. Furthermore, the Bio-Eth/streptavidin-agarose pull-down experiment demonstrated the direct interaction of Eth/AMPK (Figures 4G–L). AMPK acts as tumor suppressor to inhibit carcinogenesis, and promote apoptosis (Sun and Zhu, 2017). We showed that in 75/143 (52%) BCs, pAMPK was lower in tumor samples than in normal breast tissues (Figures 5C, D). Moreover, low AMPK phosphorylation was inversely associated with the poor prognosis of the patients (Figure 5E). These results suggest that AMPK activation may have a critical role in breast carcinogenesis. In xenografted murine models for BC, Eth significantly inhibited tumor growth (Figures 6A–E), and activated autophagy and AMPK in vivo (Figures 6H, I). Moreover, Eth exhibited favorable pharmacokinetics in rats (Figures 6J, K).

In summary, our study has provided a new compound structure, Eth, which directly binds to the ADaM site of AMPK and activates AMPK, exhibiting an anticancer effect on BC cells. It induced autophagy through AMPK/mTORC1 signaling to inhibit cancer cell proliferation. Our results suggest that Eth is a potential agent for treating BC patients and a promising drug for AMPK research.
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Hepatocellular carcinoma (HCC) is one of the most common malignant cancers with poor prognosis and high incidence. Cancer stem cells play a vital role in tumor initiation and malignancy. The degree of differentiation of HCC is closely related to its stemness. Glycyrrhizic acid (GA) plays a critical role in inhibiting the degree of malignancy of HCC. At present, the effect of GA on the differentiation and stemness of HCC has not been reported, and its pharmacological mechanism remains to be elucidated. This study evaluated the effect of GA on the stemness of HCC and investigated its targets through proteomics and chemical biology. Results showed that GA can repress stemness and induce differentiation in HCC in vitro. GEO analysis revealed that cell differentiation and stem cell pluripotency were up-regulated and down-regulated after GA administration, respectively. Virtual screening was used to predict the c-Jun N-terminal kinase 1 (JNK1) as a direct target of GA. Moreover, chemical biology was used to verify the interaction of JNK1 and GA. Experimental data further indicated that JNK1 inhibits stemness and induces differentiation of HCC. GA exerts its function by targeting JNK1. Clinical data analysis from The Cancer Genome Atlas also revealed that JNK1 can aggravate the degree of malignancy of HCC. The results indicated that, by targeting JNK1, GA can inhibit tumor growth through inducing differentiation and repressing stemness. Furthermore, GA enhanced the anti-tumor effects of sorafenib in HCC treatment. These results broadened our insight into the pharmacological mechanism of GA and the importance of JNK1 as a therapeutic target for HCC treatment.

Keywords: glycyrrhizic acid, stemness, differentiation, JNK1, sorafenib


INTRODUCTION

Hepatocellular carcinoma (HCC) is one of the most common malignant cancers worldwide (1). Cancer stem cells (CSCs) play a vital role in tumor progression because of their self-renewal and infinite proliferation properties (2). In experimental models, the existence of CSCs is one of the major factors causing resistance to conventional radiotherapy and chemotherapy (3–5). HCC exhibits poor differentiation and unlimited proliferative capacity. Mutations occurring in well-differentiated cells can lead to increase numbers of self-renewing cells (6, 7).

HCC dedifferentiation contributes to malignant progression, which is characterized by a significant change of morphology and loss of hepatic function (8). The induction of HCC differentiation is regarded as a prospective strategy for HCC treatment (9–11). Numerous studies have elucidated that poor differentiation can lead to high recurrence rates (12, 13). Differentiation markers, such as the fetal liver marker AFP, is highly expressed in poorly differentiated HCCs, whereas the hepatocyte lineage differentiation marker HEPPAR1 presents low expression (13–15). Evaluating the differentiation degree of HCC is vital to the development of therapeutic strategies. These findings suggest that differentiation therapy may be an effective method to treat HCC.

Glycyrrhizic acid (GA) is the main active ingredient in Glycyrrhiza uralensis Fisch, a commonly used traditional Chinese medicine (TCM). GA is widely used as a therapeutic agent to cure chronic liver diseases. In addition, it can exert an anti-tumor effect by repressing angiogenesis (16) and inhibiting metastasis (17). Thus, far, the effect of GA on the differentiation and stemness of HCC has not been reported, and its pharmacological mechanism remains to be elucidated.

c-Jun N-terminal kinase 1 (JNK1), a member of the JNK family, plays a vital role in malignant transformation. JNK1 is involved in regulating CSC, and high JNK1 activation is closely associated with poor prognosis in HCC patients (18, 19). Blocking the JNK1 signaling cascade with its inhibitor SP600125 can reduce the CSC population and enhance differentiation in glioma (20). A previous study has demonstrated that the JNK1 pathway can sufficiently block the differentiation of leukemia cells (21). Another prior study revealed that differentiation is obviously down-regulated in HCC samples with high JNK1 activation (22). Therefore, strategies to inhibit the levels and activities of JNK1 may be effective for HCC prevention and therapy.

However, the potential target of GA and its mechanisms remain unclear. This study was the first to evaluate the effect of GA on the differentiation and stemness in HCC. We clarified that GA can inhibit tumor growth by inducing differentiation and repressing stemness. Moreover, JNK1 was found to be the direct target of GA. JNK1-knockdown-medicated differentiation likewise dramatically inhibits stemness. In conclusion, GA-induced differentiation represses stemness in HCC by targeting JNK1. The results of our study may be used to develop more efficient guidelines to treat HCC.



MATERIALS AND METHODS


Cell Culture

The HCC cell lines (HepG2 and PLC/PRF/5) were purchased from KeyGen Biotech (Nanjing, China) and cultured in Dulbecco's modified Eagle's medium and RPMI 1640 medium, respectively. The complete medium was supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin. The cells were maintained at 37°C in a humidified atmosphere including 5% CO2.



Cell Viability Assay

Cell viability was assessed by using the MTT method. Cells were seeded in a 96-well plate at a density of 1 × 104 cells/well. Different concentrations of GA (0, 1, 2, 3, 4, and 5 mM, Meilunbao, Dalian, China) were added after 24 h. After 48 h of continuous exposure to GA, 10 μL of MTT (5 mg/mL) was added and incubated for another 4 h at 37°C. Afterwards, 100 μL of dimethyl sulfoxide (DMSO) was added to dissolve formazan crystals. Cell viability was determined by measuring the optical density at 570 nm with a microplate reader (Multiskan™ FC, Thermo Scientific, Waltham, MA, USA). The experiments above were performed in triplicate.



Clone Formation Assay

The cells were seeded in 6-well plate at a density of 400 cells per well. For pharmacodynamic test, the cells were continuously maintained in different concentrations of GA (0, 0.5, 1, and 2 mM). For target validation experiment, PLC/PRF/5 cells transfected with siNC or siJNK1 were continuously exposed to 0 or 2 mM GA. Cells were incubated for ~10 days to form sizeable colonies. The colonies were fixed with 4% paraformaldehyde for 20 min at room temperature and then stained with 0.1% crystal violet to visualize the colonies. The experiments above were performed in triplicate. Photographs were taken by a microscope (Nikon, Japan).



Sphere Formation Assay

The cells were collected and rinsed to remove serum and then dissociated to a single-cell suspension in 3D Tumor Sphere Medium XF (Promocell, Sickingenstr, Heidelberg, Germany). For pharmacodynamic test, cells were continuously incubated with medium containing different concentrations of GA (0, 0.5, 1, and 2 mM). For target validation, PLC/PRF/5 cells transfected with siNC or siJNK1 were continuously exposed to medium containing 0 or 2 mM GA. Cells were subsequently cultured in an ultra-low attachment 24-well plate at a density of 1,000 cells per well for ~10 days. Images were photographed using a microscope (Nikon, Japan). The experiments above were performed in triplicate.



Western Blot Assay

Proteins were extracted with a RIPA buffer containing phenylmethane sulfonyl fluoride (Sigma, St. Louis, MO, USA) and a protease inhibitor cocktail (Sigma). Then, 20 μg of protein was separated by 8–12% Tris-acrylamide gels and incubated with primary antibodies overnight at 4°C. Afterwards, the membranes were incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies for 1 h at room temperature. The primary antibodies used were as follows: anti-AFP (1:500; Affinity), anti-GAPDH (1:1,000; Affinity, Cincinnati, OH, USA), anti-HEPPAR1 (1:500; Novus Biologicals Centennial, CO, USA), anti-JNK1 (1:1,000; Abcam, Cambridge, UK), anti-OCT4 (1:1,000; Abcam), and anti-SOX2 (1:1,000; Abcam). The results were detected through an ECL reagent (Millipore, Billerica, MA, USA) and captured by an electrophoresis gel imaging system (ChemiScope 6000, CLIX, Shanghai, China). The experiments above were performed in triplicate.



Bioinformatics Analysis

Data related to HepG2 treated with GA were downloaded from GEO databases. The GEO series accession number is GSE67504. Significantly different expression was identified as up-regulated or down-regulated according to the following standard: ANOVA P < 0.05, |Fold change| > 1.5. Hierarchical clustering was generated by the R package (pheatmap). The functions of down-regulated and up-regulated genes were analyzed with Metascape and visualized in Cytoscape. Data related to JNK1 in HCC were acquired from The Cancer Genome Atlas (TCGA). Patient samples were classified into either JNK1-high or JNK1-low group. Gene Set Enrichment Analysis (GSEA) analysis was performed on the basis of JNK1 mRNA expression (23, 24).



Synthesis of GA Probe

Synthesis of GA-yne was performed using the purchased GA as the raw material. The terminal alkyne-containing GA-yne probe was synthetized by linking GA to 2-(3-but-3-ynyl-3H-diazirin-3-yl)-ethanol. The fluorescent group rhodamine-N3 was synthesized in accordance with previously published procedures (25).



Molecular Docking

Molecular docking was performed using Sybyl X1.1 software. The crystal structure of JNK1 was downloaded from the PDB database (PDB code, 2XS0). The 3-D structure of the GA was formed with LigPrep. Docking score was used to screen out the potential target of GA amongst multiple proteins.



Immunofluorescence Assay

GA-yne was added when HepG2 cells seeded in dishes had grown to 70% confluence. After 5 h, UV irradiation (350 nm) was performed for 30 min. The cells were fixed with 4% formaldehyde and then blocked with 5% FBS, including 0.1% TritonX-100. Afterwards, a solution (1 mM/L CuSO4, 1 mM/L TCEP, 100 μM/L rhodamine-N3, and 100 μM/L TBTA dissolved in PBS) was added to generate click chemistry reaction. Samples were incubated overnight with primary antibody JNK1 (1:100; Abcam) at 4°C and then with secondary antibodies combined with Alexa Fluor 488 (Invitrogen, Waltham, MA, USA) for 1 h at room temperature. The images were obtained with a confocal microscope (Nikon, Japan).



Super-Resolution Microscopy

HepG2 cells were seeded in 35 mm dishes (World Precision Instruments, USA) and then grown to 60% confluency. Afterwards, a GA probe was added and incubated for 4 h followed by UV irradiation (350 nm) for 30 min. The GA probe was coupled with 647-conjugated azide (Thermo Fisher, USA) by click chemistry reaction after cells were fixed and blocked. Subsequently, cells were incubated overnight with primary antibody JNK1 (1:100; Abcam) at 4°C and then with Cy3B-conjugated goat anti-rabbit secondary antibodies for 1 h at room temperature. Images were captured with a Nikon stochastic optical reconstruction microscope (N-STORM, Nikon, Japan).



Biacore Assay

Biacore assay was carried out using a Biacore 3000 instrument (GE Healthcare, Piscataway, NJ, USA). JNK1 was coupled to CM5 sensor chips activated by 50 mM NHS and 200 mM EDC (at a ratio of 1:1). Afterwards, GA was diluted in a buffer and then injected into JNK1-immobilized CM5 sensor chips at concentrations of 3.125, 6.25, 15.625, 31.25, and 62.5 μM. All signals were adjusted by a reference channel. Results were analyzed by using the BIA evaluation software.



RNA Interference

All siRNAs were transfected using Lipofectamine RNAi MAX following the standard protocol. The PLC/PRF/5 and HepG2 cells were collected after 72 h of the experiments. Negative control siRNA sequence: 5′- UUCUCCGAACGUGUCACGUTT-3′. JNK1 siRNA: 5′- GCUGGUAAUAGAUGCAUCUTT-3′.



Lentiviral Production

The sequences of shRNA used in this study are as follows. shNC: CCGGTTTCTCCGAACGTGTCACGTTTCAAGAGAACGTGACACGTTCGGAGAATTTTTTG; shJNK1: CCGGTGTGTCTTCAATGTCAACAGCTTCCTGT CAGACTGTTGACATTGAAGACACTTTTTTG. The palindromic DNA oligo was annealed to form a double-strand oligo and then ligated to the linearized pLKD-CMV-EGFP-2A-Puro-U6-shRNA (OBIO, Shanghai) vector to generate circled pLKD-CMV-shRNA-Puro. pLKD-CMV-shRNA-Puro, pLP1, pLP2, and VSV-G were then co-transfected into HEK 293T cells by using Lipofectamine 2000 (Invitrogen, Grand Island, NY, USA). PLC/PRF/5 cells were infected with lentivirus carrying pLKD-CMV-shJNK1-puro or pLKD-CMV-shNC-puro plasmids, followed by selection using 2 mg/mL puromycin to generate stablely transfected cell lines.



Tumor Xenograft

Four- to five-week-old female BALB/c nu/nu mice were raised in specific pathogen-free (SPF) conditions at Tianjin International Joint Academy of Biomedicine. For target validation experiment, PLC/PRF/5 cells stably transfected with shNC or shJNK1 were injected subcutaneously into nude mice (2 × 106 cells in 100 μL PBS), which were then randomly divided into four groups (n = 4). When the tumor volume reached ~50 mm3, the mice were treated by gavage with 100 mg/kg GA daily or with saline as control. For combination experiment, PLC/PRF/5 cells were injected subcutaneously into nude mice (2 × 106 cells in 100 μL PBS), which were then randomly divided into four groups (n = 4). The mice in the experiment groups were treated by gavage with GA (100 mg/kg daily), sorafenib (10 mg/kg daily) or a combination of GA (100 mg/kg daily), and sorafenib (10 mg/kg daily) when the tumor volume reached ~50 mm3. Meanwhile, the mice in the control group were treated with the same volume of saline. Body weight and tumor diameter were measured every 3 days. Tumor volumes were evaluated using the following formula: V = length × width2/2 (26). Finally, all mice were euthanized simultaneously and the tumors were subjected to immunohistochemistry (IHC) staining. All animal experiments were performed under the approved protocols of the Institutional Animal Care and Use Committee.



Immunohistochemistry

The tumors were fixed in 10% formalin and embedded in paraffin followed by serial transverse sections (5 μm). The sections were deparaffinized, dehydrated, and rehydrated before IHC was performed. After blocking with 10% normal goat serum for 20 min, the sections were incubated overnight with primary antibodies at 4°C. The primary antibodies were listed as follows: anti-AFP (1:100; Affinity), anti-HEPPAR1 (1:200; Novus Biologicals), anti-JNK1 (1:100; Abcam), anti-OCT4 (1:100; Abcam), and anti-SOX2 (1:100; Abcam). Subsequently, HRP-conjugated secondary antibodies were dropped into the sections for 1 h at room temperature. The sections were then stained with the 3,3-diaminobenzidine (DAB) solution and counterstained with hematoxylin. Photographs were captured with an Olympus light microscope (Nikon, Japan).



Statistical Analysis

Statistical analysis was conducted using GraphPad software (version 7, GraphPad Software, Inc., La Jolla, CA, USA). Data were presented as means ± SD. One-way ANOVA was used to compare the multiple groups of data. Survival curve was analyzed using Kaplan–Meier method with logrank (Mantel-Cox test). P < 0.05 was considered statistically significant.




RESULTS


GA Reduces Stemness and Induces the Differentiation of Hepatic Cancer Cells

We first performed MTT on HepG2 and PLC/PRF/5 to detect the effect of GA on cell viability. The cells were then incubated with various concentrations of GA (0, 1, 2, 3, 4, and 5 mM) for 48 h. The half-maximal inhibitory concentrations (IC50) in HepG2 and PLC/PRF/5 cells were 4.045 and 4.075 mM, respectively (Figure 1A). Afterwards, the effects of GA on proliferation were evaluated via colony formation assay. The results showed that GA can inhibit proliferation in a concentration-dependent manner (Figure 1B; one-way ANOVA, *P < 0.05, **P < 0.01, ***P < 0.001). The effects of GA on stemness were then evaluated via sphere formation assay. Results showed that GA can reduce the number and size of the spheres in a dose-dependent manner compared with those of the control group (Figure 1C; one-way ANOVA, *P < 0.05, **P < 0.01, ***P < 0.001). The protein levels of stem cell markers, such as SOX2 and OCT4, dramatically decreased in a dose-dependent manner after GA incubation compared with the unexposed group (Figure 1D; one-way ANOVA; *P < 0.05, **P < 0.01, ***P < 0.001). To explore whether GA can induce the differentiation of HCC, we observed the HepG2 and PLC/PRF/5 cell phenotype and found that GA can lead to marked morphological changes compared with the control (Figure 1E). In addition, the expression of AFP was significantly decreased, whereas that of HEPPAR1 was dramatically increased in a dose-dependent manner (Figure 1F; one-way ANOVA; *P < 0.05, **P < 0.01). Taken together, these data indicated that GA can reduce stemness and induce differentiation in HepG2 and PLC/PRF/5 cells.


[image: Figure 1]
FIGURE 1. GA reduces stemness and induces differentiation of hepatic cancer cells. (A) Survival of HepG2 and PLC/PRF/5 cells incubated with the indicated amounts of GA for 48 h. (B) Cell proliferation was assessed through a colony formation assay. The number of colonies was compared (one-way ANOVA; *P < 0.05, **P < 0.01, ***P < 0.001). (C) Images of sphere formation assay of HepG2 and PLC/PRF/5. The number of spheres was compared (one-way ANOVA; *P < 0.05, **P < 0.01, ***P < 0.001). (D) Expression of representative CSC markers (SOX2 and OCT4) was analyzed by Western blot assay (one-way ANOVA; *P < 0.05, **P < 0.01, ***P < 0.001). (E) Images of HepG2 and PLC/PRF/5 cells were taken after incubation with different GA concentrations. (F) Expressions of representative differentiation markers (AFP and HEPPAR1) were analyzed by Western blot assay (one-way ANOVA; *P < 0.05, **P < 0.01). Scale bars in C and E are at 200 and 20 μm, respectively.




Multiple Functions in HCC Are Affected After GA Treatment

Metascape was used to confirm the functional enrichment of multiple genes (27). To investigate the functions affected after GA treatment, we downloaded and analyzed data (HepG2 treated with GA) from the GEO database (GSE67504). The heat map generated from differential genes is shown in Figure 2A. Down-regulated and up-regulated genes are marked in blue and red, respectively. The function of the differential protein was analyzed using the Metascape database and presented in Cytoscape (Figure 2B). Gene ontology (GO) and KEGG analysis of the up-regulated and down-regulated genes revealed that GA can promote cell maturation, inhibit proliferation, reduce the pluripotency of stem cells and decrease EGFR tyrosine kinase inhibitor resistance (Figures 2C,D). These results demonstrated that GA can result in terminal maturation and loss of self-renewal. The results also implied that GA can suppress the proliferation and stemness of HCC cells while inducing their differentiation.


[image: Figure 2]
FIGURE 2. Multiple functions in HCC were affected after treatment with GA. (A) Heat map of the differential gene expression profile in HepG2 cells after GA treatment. (B) Functions were analyzed using Metascape and shown in Cytoscape. (C) GO analysis of up-regulated and down-regulated genes. (D) KEGG analysis of up-regulated and down-regulated genes.




Synthesis and Target Validation of GA Probe

The GA probe (GA-yne) was synthesized to confirm the GA target. The synthesis of the GA probe is shown in Figure 3A. The GA probe (GA-yne) was composed of a core unit and a linker unit (28, 29). To screen out the potential target of GA, virtual screening was performed and JNK1 was chosen as the GA target according to the docking score (Figure 3B). First, we performed an immunofluorescence assay in HepG2 and then observed the co-localization of the GA probe and JNK1 under confocal microscopy. The result clearly demonstrated that the GA probe (red) and immunofluorescence of JNK1 (green) co-located, with a Pearson's correlation of 0.960102 (Figure 3C). Furthermore, N-STORM was used to observe the co-localization of the GA probe and JNK1. Figure 3D illustrates that the GA probe and JNK1 are well co-located, with a Pearson's correlation of 0.918397. A Biacore experiment was carried out to further confirm the interaction of GA and JNK1. The dissociation constant (KD) value was 9.68e-6 (M) (Figure 3E). Finally, the molecular dynamics simulation visualized the combination of GA with JNK1, and the binding sites between GA and JNK1 were ASN-114, ASP-112, GLN-117, and GLU-154 (Figure 3F). These results above demonstrated that GA directly targets JNK1 to block the downstream pathway.


[image: Figure 3]
FIGURE 3. Synthesis and target validation of GA probe. (A) Synthetic route and structure of the GA probe used in the study. (B) Molecular docking results of GA with multiple proteins. (C) Immunofluorescence co-localization of GA probe and JNK1. (D) N-STORM picture of GA probe bound with JNK1. (E) Biacore analysis revealed that GA can bind well with JNK1. (F) Image of molecular dynamics simulation visualizes the combination of GA with JNK1.




GA Reduces Stemness and Induces Differentiation by Targeting JNK1

To investigate the mechanism of GA, we knocked down JNK1 and performed Western blot assay. The results clearly showed that JNK1 expression was down-regulated in HepG2 and PLC/PRF/5 cells after being transfected with the siJNK1 plasmid compared with siNC (Figure 4A). JNK1 knockdown and addition of GA alone obviously inhibited colony formation. When JNK1 was knocked down, GA showed no significant inhibitory effect on colony formation compared with DMSO (Figure 4B; one-way ANOVA, ***P < 0.001). Meanwhile, either adding GA alone or knocking down JNK1 dramatically reduced sphere formation and expression of CSC markers. Nevertheless, no remarkable difference in the siJNK1 group was observed with or without GA treatment (Figures 4C,D; one-way ANOVA, ***P < 0.001). Similarly, knocking down JNK1 or adding GA alone could reverse the poor differentiation of HCC to well-differentiation, and the expression of differentiation markers exerted corresponding changes. However, when JNK1 was knocked down, the degree of differentiation showed no difference in the GA group compared with that in the DMSO group (Figures 4E,F; one-way ANOVA, *P < 0.05, ***P < 0.001). In addition, GA blocked the effect on stemness and differentiation induced by JNK1 over-expression (Figure S1). These results further demonstrated that GA represses stemness and induces differentiation in HCC by targeting JNK1.
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FIGURE 4. GA reduces stemness and induces differentiation by targeting JNK1. (A) JNK1 expression in HepG2 and PLC/PRF/5 cells after being transfected with siNC and siJNK1 plasmids. Colony formation assay (B) and sphere formation assay (C) in HepG2 and PLC/PRF/5 cells transfected with siNC and siJNK1, followed by treatment with DMSO or GA (2 mM) for 48 h. The numbers of colonies and spheres were compared (one-way ANOVA; ***P < 0.001). (D). Expressions of representative CSC markers (SOX2 and OCT4) were analyzed by Western blot assay (one-way ANOVA; ***P < 0.01). (E) Images of HepG2 and PLC/PRF/5 cells transfected with siNC and siJNK1 followed by incubation with DMSO or GA (2 mM) for 48 h separately. (F) Representative markers of differentiation (AFP and HEPPAR1) were analyzed by Western blot assay (one-way ANOVA; *P < 0.05, ***P < 0.001). Scale bars in (C,E) are at 200 and 20 μm, respectively.




JNK1 Can Aggravate the Degree of Malignancy of HCC

Clinical data analysis was conducted to investigate the role of JNK1 in HCC. A representative image of IHC downloaded from The Human Protein Atlas database and a statistical analysis illustrated that JNK1 expression is higher in tumors than in normal tissues (Figure 5A; one-way ANOVA, **P < 0.01). The UALCAN database was used to analyze the JNK1 expression. Similarly, JNK1 expression was found to be significantly higher in tumors than in normal tissues (Figure 5B; one-way ANOVA, **P < 0.01). JNK1 expression was positively correlated with the clinical stage and AFP level in TCGA (Figures 5C,D; one-way ANOVA, *P < 0.05, ***P < 0.001). Subsequently, we performed survival analysis, and the results indicated that high JNK1 expression predicts poor prognosis (Figure 5E). GO and KEGG enrichment analysis likewise implied that JNK1 can accelerate proliferation (Figure 5F). GO enrichment consisted of biological process (BP), cellular component (CC), and molecular function (MF). As shown in Figure 5F, DNA replication in BP, condensed chromosome in CC and helicase activity and DNA-dependent ATPase activity in MF were closely associated with proliferation. In KEGG enrichment, the cell cycle was closely correlated to proliferation. Functions related to proliferation are highlighted in red boxes. Taken together, these data revealed that JNK1 can aggravate the degree of malignancy of HCC.


[image: Figure 5]
FIGURE 5. JNK1 can aggravate the degree of malignancy of HCC. (A) Representative IHC images of JNK1 in normal tissues and tumors downloaded from the Human Protein Atlas (one-way ANOVA; **P < 0.01). (B) Statistical analysis of JNK1 expression level in normal tissues and tumors downloaded from TCGA database (one-way ANOVA; **P < 0.01). (C,D) Statistical analysis of JNK1 expression level in liver hepatocellular carcinoma (LIHC) based on clinical stage and AFP level (one-way ANOVA; *P < 0.05, ***P < 0.001). (E) Survival curve analysis based on low and high JNK1 expressions in LIHC samples. (F) GO and KEGG enrichment analysis of JNK1-positive genes.




GA Suppresses Tumor Growth and Enhances the Anti-tumor Effect of Sorafenib

To assess the anti-tumor effect of GA, we subcutaneously injected BALB/c nu/nu mice with PLC/PRF/5 transfected with shNC or shJNK1. Tumors images, tumor weight (Figure S2) and tumor volumes indicated that the degree of tumor malignancy was significantly decreased in the shJNK1 group or when 100 mg/kg GA alone was administered compared with the shNC group. Nevertheless, JNK1 knockdown cells exhibited no response to GA (Figures 6A,B; one-way ANOVA, ***P < 0.001). These results demonstrated that the anti-tumor effect of GA is JNK1 dependent. Moreover, GA exhibited no influence on the body weight of shNC or shJNK1 group compared with the control (Figure 6C).


[image: Figure 6]
FIGURE 6. GA suppresses tumor growth and enhances the antitumor effect of sorafenib. Images of tumors (A), tumor volumes (B), and body weight (C) of PLC/PRF/5 transfected with shNC or shJNK1 in BALB/c nu/nu mice treated with 100 mg/kg GA or saline as control. (D) IHC staining indicates the expression of CSC markers (SOX2 and OCT4) and differentiation markers (AFP and HEPPAR1) in tumors. (E) IHC analysis of SOX2, OCT4, AFP, and HEPPAR1 in tumors (one-way ANOVA; ***P < 0.001). Scale bars in (D), 30 μm. Images of tumors (F), tumor volumes (G) and body weight (H) of PLC/PRF/5-bearing BALB/c nu/nu mice. GA or sorafenib treatment obviously inhibited tumor growth. Furthermore, GA could enhance the anti-tumor effect of sorafenib.


The IHC analysis of SOX2 and OCT4 also indicated the stemness is inhibited after GA treatment or JNK1 knockdown. Meanwhile, AFP and HEPPAR1 expression dramatically decreased and increased, respectively, after GA was administered or when JNK1 was knocked down, transforming poorly differentiated HCC to well-differentiated HCC. Nevertheless, no remarkable difference in stemness and differentiation was observed in the shJNK1 group regardless of GA addition (Figures 6D,E; one-way ANOVA, ***P < 0.001). These results indicated that GA reduces stemness and induces differentiation by targeting JNK1 in vivo.

Sorafenib, is a multikinase inhibitor that has shown efficacy against a wide variety of tumors in preclinical models (30). It can exert antitumor effect through blocking cell proliferation and angiogenesis. Considering the inhibitory effect of GA on the EGFR tyrosine kinase inhibitor resistance of HCC, we hypothesized that combining GA with sorafenib can enhance the antitumor effect of sorafenib. Combination effects were then evaluated in the PLC/PRF/5-bearing BALB/c nu/nu mice. Tumor volumes were significantly smaller in the GA- or sorafenib-treated groups than in the control group. Moreover, GA enhanced the antitumor effect of sorafenib on tumor growth compared with sorafenib alone (Figures 6F,G; one-way ANOVA, ***P < 0.001). Overall, GA could suppress tumor growth and sensitize HCC cells for sorafenib. Moreover, GA exhibited no influence on the body weight of GA, sorafenib or a combination of GA and sorafenib group compared with the control (Figure 6H).




DISCUSSION

Our study elucidated that GA can reduce stemness and induce differentiation by targeting JNK1 in vitro and in vivo. Malignant HCC cells undergo unlimited proliferation and feature dedifferentiation (31). Dedifferentiation is a virtual event during tumorigenesis, which features morphological changes. Differentiation induced by the effective ingredient of TCM is a new trend in the development of differentiation therapy to treat tumors. Drugs can induce differentiation in many tumor cells, suggesting their clinically importance (32, 33). Differentiation therapy is a potential method to cure tumors (9–11). GO analysis indicated that the regulation of cell differentiation is dramatically up-regulated after GA treatment. The major strength of our study is that it is the first to report the capability of GA to induce HCC differentiation.

GA can exert an anti-tumor effect by reducing proliferation (34, 35). Consistent with a previous study, GO analysis revealed that regulation of the cell cycle process is dramatically down-regulated after GA treatment. Importantly, no studies have reported the effect of GA on the pluripotency of stem cells in HCC. On the basis of the down-regulated GO, the result indicated that the pluripotency of stem cells is dramatically inhibited after GA treatment. Sorafenib, a multi-kinase inhibitor with efficacy against HCC in clinical application, showed drug resistance upon long-term administration. Hagiwara et al. reported that activated JNK and high CD133 expression contributed to poor response to sorafenib in HCC (36, 37). Interestingly, our study indicated that combination with GA can effectively enhance the anti-tumor effect of sorafenib. This study provides new theoretical guidance to improve the anti-tumor effects of sorafenib by its combination with natural drugs.

High JNK1 expression is closely associated with poor prognosis and increases the degree of malignancy of HCC (18, 19, 38). Similarly, in our study, the data analysis based on TCGA illustrated that JNK1 can aggravate the degree of malignancy of HCC. Activated JNK1 is positively correlated with the maintenance of stemness in gliomas, indicating the potential of JNK1 as a target for eliminating stemness. Furthermore, JNK1 blockage inhibits self-renewal and induces differentiation in gliomas (20). Our finding about the relationship of stemness and differentiation are well-consistent with those reported by Chen et al. (39).

In summary, our data showed for the first time that GA reduces the properties of CSCs and induces the differentiation of HCC via JNK1. Our study suggested that GA in combination with sorafenib may be an effective strategy for HCC therapy in the future.
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Lung cancer is the most prevalent in cancer-related deaths, while breast carcinoma is the second most dominant cancer in women, accounting for the most number of deaths worldwide. Cancers are heterogeneous diseases that consist of several subtypes based on the presence or absence of hormone receptors and human epidermal growth factor receptor 2. Several drugs have been developed targeting cancer biomarkers; nonetheless, their efficiency are not adequate due to the high reemergence rate of cancers and fundamental or acquired resistance toward such drugs, which leads to partial therapeutic possibilities. Recent studies on cardiac glycosides (CGs) positioned them as potent cytotoxic agents that target multiple pathways to initiate apoptosis and autophagic cell death in many cancers. In the present study, our aim is to identify the anticancer activity of a naturally available CG (strophanthidin) in human breast (MCF-7), lung (A549), and liver cancer (HepG2) cells. Our results demonstrate a dose-dependent cytotoxic effect of strophanthidin in MCF-7, A549, and HepG2 cells, which was further supported by DNA damage on drug treatment. Strophanthidin arrested the cell cycle at the G2/M phase; this effect was further validated by checking the inhibited expressions of checkpoint and cyclin-dependent kinases in strophanthidin-induced cells. Moreover, strophanthidin inhibited the expression of several key proteins such as MEK1, PI3K, AKT, mTOR, Gsk3α, and β-catenin from MAPK, PI3K/AKT/mTOR, and Wnt/β-catenin signaling. The current study adequately exhibits the role of strophanthidin in modulating the expression of various key proteins involved in cell cycle arrest, apoptosis, and autophagic cell death. Our in silico studies revealed that strophanthidin can interact with several key proteins from various pathways. Taken together, this study demonstrates the viability of strophanthidin as a promising anticancer agent, which may serve as a new anticancer drug.

Keywords: cardiac glycoside, strophanthidin, Na+/K+-ATPase, G2/M phase, apoptosis, autophagy


INTRODUCTION

Cancer denotes an assembly of diseases that share a collective overall phenotype, irrepressible cell progression, and proliferation which can affect any organ in humans (1). Cancer is the most prominent cause of death worldwide, with 1.7 million new cases per annum, and is likely to extend to 26 million by 2030 (2). Among all the cancers, breast cancer, and lung cancer are the most affected parts and are known to be malicious diseases in the world (3). Apart from this, liver cancer is also one of the most fatal cancers, having worldwide dominance, particularly in Asia and Africa. Even with the existing chemotherapy and other treatment modalities, cancer remains a challenging disease because of frequent deteriorations after therapy (4). Innumerable small molecules retaining antitumor activity have been discovered that includes cardiac steroids/cardiac glycosides (CGs), which are naturally derived organic compounds from plants' secondary metabolites that contain a sugar (glycoside) and an aglycone (steroid) moiety (5). CGs act by increasing the cardiac contractility by hindering the sodium—potassium—adenosine triphosphatase or sodium—potassium pump (Na+/K+-ATPase) of the plasma membrane (6). Apart from being involved in the membrane transporter function, Na+/K+-ATPase is also involved in cellular processes like cell survival and apoptosis along with contribution in cell signaling transduction pathways (7). Modern studies have publicized that CGs like digitalis, ouabain, digoxin, oleandrin, and bufalin have anticancer activity (8) and may serve as lead compounds for the improvement of various cancer treatments. Apoptosis with CGs is mainly associated with the inhibition of Na+/K+-ATPase and further generates downstream effector genes/proteins, which are related to cell growth and apoptosis by inhibiting the general protein synthesis, angiogenesis, anoikis sensitizers, and tumor growth (9). Apart from this, various reports suggest that several CGs such as ouabain and digoxin have a therapeutic effect on cancer by affecting topoisomerases I and II. Moreover, additional studies suggest that various types of tumor cells can show differential sensitivities to multiple CGs, and it is predicted that it may be because of differences in cellular contents of different cancer cells (10). However, the underlying antitumor contrivances of CGs have not been reported clearly. The activity of CGs depends on glycoside sugar regions, as well as the number of hydrogen/hydroxyl substituents and the linkage between oxygen and nitrogen in glycoside and aglycones. Structurally, strophanthidin is a monosaccharide CG with one aglycone portion and without any sugar unit (5). Strophanthidin is one of the less studied CGs, naturally derived from Strophanthus kombe. The action of strophanthidin was described to be similar to ouabain in heart failures. It has been reported that slight modification in either aglycone or sugar groups can significantly alter the efficiency of the CGs. A nitrogen link serves as an alternative for an oxygen link for sugar and steroid moiety, leading to the loss of activity (11). Some CGs (digitoxin) have been already approved as anticancer drugs through the drug repurposing approach. This motivates the need for further studies to explore the activity and underlying anticancer mechanism of strophanthidin due to its structural similarity to digitoxin and ouabain. In this study, the effect of strophanthidin was investigated on the signaling mechanism(s) such as MAPK, PI3K/AKT/mTOR, and Wnt/β-catenin pathways. Furthermore, we have investigated the role of strophanthidin in cell cycle arrest and in the expression of various proto-oncogenes, tumor suppressor genes (TSGs), and other transcription factors in three human cancer cell lines, that is, breast (MCF-7), non-small cell lung (A549), and hepatocellular (HepG2) carcinomas.



MATERIALS AND METHODS


Chemicals and Reagents

Strophanthidin was procured from Sigma-Aldrich chemicals, while 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), Dulbecco's modified Eagle's medium (DMEM), fetal bovine serum (FBS), and propidium iodide were obtained from HiMedia Chemicals. + + + + + All the antibodies were purchased from Cell signaling technologies and Elabscience. Alexa Fluor 488 and ProLong Gold Antifade Mountant were procured from Thermo Fisher Scientific, 4′,6-diamidino-2-phenylindole (DAPI) was obtained from Roche Chemicals, and SYBR Green Master Mix was procured from Origin (India). Strophanthidin was stored as stock solution (10 mM) in DMSO in amber-colored glass containers at −20°C. Final working concentrations were prepared in the media before the experiment. The control contained the highest DMSO concentration (0.001%).



Cell Culture

The human breast, lung, and hepatocellular carcinoma cell lines (MCF-7, A549, and HepG2) and normal lung and liver cells (L132 and WRL68) were obtained from the National Center for Cell Science (NCCS) (Pune, India). All these cells were cultured in DMEM supplemented with 2 mM L-glutamine, 10% FBS, 100 U/ml penicillin, and 100 mg/ml streptomycin. All cells were cultured in a 5% CO2 environment at 37°C. Peripheral blood mononuclear cells (PBMCs) were purchased from HiMedia (CL003-25). The cells were revived in RPMI medium supplemented with 10% FBS, 1% L-glutamine, and 1% penicillin–streptomycin solution. Approximately 1 × 104 cells per milliliter were seeded in each well of a 96-well plate and incubated for 3–4 h. For checking the toxicity, 0.01–100 μM range of strophanthidin concentrations were used. Control cells were maintained in DMSO. All experiments were done with triplicates, and graphs were plotted in OriginPro 9.0.0.



Cell Viability Assay

The antiproliferative effect of strophanthidin on MCF-7, A549, HepG2, and normal cells such as L132, WRL68, and PBMCs was determined by performing an MTT assay. About 4,000 cells per well were plated in a 96-well cell culture microplate and incubated overnight in complete media (DMEM containing 10% FBS with antibiotic) for cells to adhere to the plate. Cells were then treated with various concentrations ranging from 15 to 0.1 μM of strophanthidin for 24 h in serum-free media. An MTT assay was performed to identify cell viability. The absorbance of solubilized formazan was read at 570 nm and at the reference wavelength (non-specific readings) of 650 nm using a multimode plate reader (Epoch BioTek, USA).



Comet Assay for DNA Damage

The alkaline comet assay for DNA damage was carried out according to Olive and Banáth (12), with slight modifications. The surface of the comet slides was scored with a diamond-tipped pen for better adhesion. Cell suspension of about 2 × 104 cells per milliliter was mixed with low-melting agarose (Invitrogen, USA) and layered on dust-free comet slides without forming air bubbles. The air-dried slides were then placed in a prechilled neutral lysis buffer: 2% sarkosyl, 0.5 M Na2EDTA, and 0.5 mg/ml proteinase K (pH 10). The slides were then incubated at 37°C overnight. After overnight lysis, the slides were rinsed three times with an electrophoresis buffer for 20 min at room temperature, and electrophoresis was carried out for 25 min at 0.6 V/cm. The slides were then rinsed with distilled water and incubated with propidium iodide stain (2.5 μg/ml) for 20 min. This step was followed by destaining with distilled water, and the slides were visualized under the fluorescence microscope. Individual cells were visualized at 20X magnification in a Leica DMI3000 microscope with fluorescence attachments.



Cell Cycle Analysis

Approximately 1 × 105-106 cells were seeded and incubated for overnight growth before treating with strophanthidin for 24 h. An appropriate number of cells were added to a conical tube and centrifuged at 1,000 rpm for 3 min. Then the cells were washed with chilled phosphate-buffered saline (PBS) and vortexed for 10 s to attain single-cell suspension. Then the cells were fixed with 4.5 ml of chilled ethanol (100%) for 30 min at 4°C. The cells were then rinsed with cold PBS to remove ethanol and then incubated with 10 μg/ml of RNase for 1–2 h in the dark at 37°C. After incubation, the fixed cells were stained with 0.25 μg/ml of propidium iodide for 30 min, and cell cycle distribution was measured by a flow cytometer (BD Biosciences).



Gene Expression Studies Through Real-Time PCR

Total cellular RNA was isolated using the TRIzol® reagent (Thermo Fisher Scientific, USA) as per manual instructions. The cells were treated with strophanthidin for 24 h, and the total RNA was isolated in the TRIzol reagent. Purity and concentrations were estimated using NanoDrop (Thermo Fisher Scientific, USA). A Verso complementary DNA (cDNA) synthesis kit was used for the synthesis of cDNA by following manufacturer instructions. A total of 2 μg of pretreated RNA was used for the synthesis of cDNA. Real-time quantitative PCR was performed using the Origin SYBR Green Master Mix (Origin, India) in the Roche LightCycler 480 system. RNA expression levels were normalized to that of GAPDH and calculated using the ΔΔCt method, and the log2 values were plotted in the graphs. All the primers used in this study are listed in Supplementary Table 1.



Enzyme-Linked Immunosorbent Assay

Briefly, the cells were treated with lethal doses of strophanthidin for 24 h, and the total cell lysate was extracted with a RIPA lysis buffer (Thermo Fisher Scientific). Enzyme-linked immunosorbent assay (ELISA) antibodies for caspases 3, 7, 8, and 9 were purchased from Cell Signaling Technology. The experimentation was processed by following the manufacturer guidelines. Likewise, we performed ELISA to understand the role of strophanthidin in pathway activation, cellular growth, and apoptosis. We have used a PathScan® MAP Kinase Multi-Target Sandwich ELISA Kit (Cell Signaling Technology, Cat# 7274), to understand the phosphorylation of Phospho-MEK1/2 (Ser217/Ser221), Phospho p38 MAPK (Thr180/Tyr182), Phospho p44/42 MAPK (Thr202/Tyr204), and Phospho-SAPK/JNK (Thr183/Tyr185). The absorbance was measured at 450 nm. The experiment was repeated thrice, and the obtained results were plotted in bar charts.



Western Blot Analysis

Cells were initially treated with strophanthidin for 24 h. Treated cells were then harvested and lysed in lysis buffer containing 150 mM NaCl, 100 mM Tris (pH 8.0), 1% Triton X-100, 1% deoxycholic acid, 0.1% sodium dodecyl sulfate (SDS), 5 mM EDTA, 10 mM sodium formate, 1 mM sodium orthovanadate, 2 mM leupeptin, 2 mM aprotinin, 1 mM phenylmethylsulfonyl fluoride, 1 mM dithiothreitol, and 2 mM pepstatin A, along with a protease inhibitor cocktail (Roche, Lewes, Sussex, UK), on ice for 30 min. After centrifugation at 14,000 g for 15 min at 4°C, the supernatant was collected as total cellular protein content. The concentration of total proteins was estimated by the Bradford protein estimation assay. An equal concentration (30 μg) of total protein was resolved on 12–15% of SDS-polyacrylamide gel electrophoresis (PAGE) for different-sized proteins and transferred to a polyvinylidene difluoride (PVDF) membrane using the Trans-Blot Turbo Transfer System (Bio-Rad). The membrane was then blocked with 5% bovine serum albumin (BSA) and incubated with primary antibodies at 4°C overnight. After being washed three times with TBST containing 150 mM NaCl, 10 mM Tris, and 0.1% Tween 20 with pH 7.4, the membrane was incubated with a horseradish peroxidase (HRP)-conjugated secondary antibody for 1 h and washed with TBST for five to six times in 5-min intervals. Immunoreactive proteins were detected with a chemiluminescent ECL substrate (Bio-Rad) and quantified using the C-DiGit chemiluminescent western blot imaging system (LI-COR). Mean densitometry data from independent experiments were normalized to those of control experiments. Antibodies were procured as follows: caspases 3, 7, and 9 and PARP-1 were obtained from Cell Signaling Technology and Chk1, Chk2, cyclin D1, p53, AKT, p38, MEK1, mTOR, CDK6, SAPK/JNK, C-Myc, BAX, JAK, STAT3, GSK3α, β-catenin, Beclin 1, p62, LC3, PI3K, and GAPDH were obtained from Elabscience.



Immunofluorescence

Immunofluorescence was done to understand the protein migration after treating with strophanthidin. Approximately 0.3 × 106 cells were seeded on top of the coverslips in a 6-well plate. After 16 h, the cells were treated with strophanthidin and incubated for 24 h. After incubation, the cells were fixed with 4% paraformaldehyde for 20 min and again incubated with 0.1% Triton X for 20 min. After the coverslip was washed with 1X TBS four to five times, it was blocked with 5% BSA for 1 h. Then the coverslip was incubated with a primary antibody overnight at 4°C. The coverslip was then washed with 1X TBS and incubated in a secondary antibody (Alexa Fluor 488) for 2 h. Then the coverslip was washed and incubated with 0.1 μg/ml concentration of DAPI (Roche) for 20 min in the dark and washed five to six times with 1X TBS. Then the coverslip was transferred to clean glass slides coated with ProLong Gold Antifade Mountant (Invitrogen). Excess amount of Antifade was removed, and the slides were sealed with wax and observed under a fluorescent microscope with 40X magnification (Leica DMI3000, India).



Molecular Docking With Discovery Studio

Using Discovery Studio V3.1 (built-in ligand preparation wizard), hydrogen atoms, probable tautomers, low-energy ring confirmers, and isomers were produced. Aromaticity was preserved for the compound, and pH (6.5–8.5) built ionization was applied. CHARMM was used for the energy minimization for dihedral angles and exact bond length. The 2D chemical structures of strophanthidin were downloaded from PubChem (6185), and it was exported to Discovery Studio V3.1 window for generating a 3D structure. Optimization was done using the CHARMM force field and root-mean-square (RMS) gradient energy (0.001 kcal/mol) with a default-parameter setup (13). Crystal structures of p38 alpha (PDB: 1OVE), NF-kβ (PDB: 1VKX), STAT3 (PDB: 1BG1), caspase 3 (PDB: 1NMS), Chk1 (PDB: 2E9P), Bcl-2 (PDB: 2O21), BCL-XL (PDB: 2W3L), MEK1 (PDB: 3VVH), and Chk2 (PDB: 2WTJ) protein structures were retrieved from the Protein Data Bank (PDB), and the retrieved structures were imported to the LibDock work environment. Later, the heteroatoms, co-factors, and unwanted water crystals were removed in the process of protein preparation. Along with this, protonation, ionization, energy minimization, and hydrogen bonds were added. The geometry was optimized with the CHARMM force field, and the modified protein was used for binding site definition from the “Edit binding site option from the receptor-ligand interaction toolbar.” Bound ligand binding position was used to create the active site and was found to have a 9.16-Å radius of active site. Docking was carried out by all prepared ligands, with each of the protein structures at the defined active site using LibDock from the receptor–ligand interactions toolbar. LibDock scores were used for all the docked ligand poses and further graded and grouped by names.



Statistical Analysis

Statistical analysis was performed using OriginPro 9.0.0, and the significant variances between groups were determined by Student's t-test and/or ANOVA. Data were signified as mean ± standard error of the mean (SEM) from a minimum of three experiments. A p of <0.05 compared with the control was considered to be statistically significant.




RESULTS


Effects of Strophanthidin on the Proliferation of Cancer Cells

Strophanthidin inhibited the proliferation in three different cancer cells, namely, MCF-7, A549, and HepG2, in a dose-dependent manner, and the obtained inhibitory concentrations (IC50) were shown in Figure 1A. It showed low values in A549 (0.529 ± 0.05 μM), high values in HepG2 (1.75 ± 0.02 μM), and moderate values in MCF-7 cells (1.12 ± 0.04 μM) [Figure 1A, (i)]. The nontoxic nature of this compound was evaluated in the non-malignant cells such as L132 and WRL68. However, we did not find any significant toxicity of strophanthidin in L132 and WRL68 at the IC50 concentrations of cancer cells (0.529–1.75 μM) and even up to Log2 difference of the IC50 concentrations [Figure 1A, (ii)]. We observed proliferation inhibition after treatment with strophanthidin for 24 h in all the cancer cells, under the microscope. The morphological observations have been checked in these concentrations at 24 and 48 h (Figure 1B). These data demonstrate that strophanthidin was effective at suppressing the growth of cancer cells and had no toxicity in normal cells. The structure of strophanthidin was compared with two known anticancer agents such as digitoxin and ouabain, and we found that the core structures of all these three compounds were the same (Supplementary Figure 1). All the chemical structures of compounds were drawn by using ChemDraw.


[image: Figure 1]
FIGURE 1. (A) Strophanthidin effectively suppresses the growth of human cancer cell lines. Cell viability of Strophanthidin in cancer cells (i) in comparison with normal cell lines (ii). Plots show mean values ± SE of quadruplicates with determinations of three or more experiments at P < 0.05. (B) MCF-7, A549, and HepG2 cells were treated with strophanthidin for 24 or 48 h. Morphological changes in the cells were observed. Representative images were obtained at 40X magnification. Scale bar: 50 μm.




Strophanthidin Does Not Show Significant Cytotoxicity in PBMCs

To evaluate the antiproliferative effect of strophanthidin in normal blood cells, we treated PBMCs with strophanthidin with a wide range from a high of 500 to 0.50 μM. At the concentrations of IC50 and at the difference of log2-fold, no inhibition or cell death were observed [Figure 1A, (ii)].



Strophanthidin Treatment Causes Cell Death Through DNA Damage in Cancer Cells

Strophanthidin's contributions in inducing DNA damage were estimated through the comet assay. We observed the induction of DNA damage by the formation of comets after treatment with strophanthidin for 24 h in MCF-7, A549, and HepG2 cells (Supplementary Figure 2). This result suggests that strophanthidin mediates cell death by damaging DNA and that the movement of the tail increased rapidly in the case of treatment compared to control. The percentage of DNA is very high in the tail region compared to head regions, while the results were vice versa in the case of control. The percentage of tail movements and the percentages of DNA are shown in Table 1.


Table 1. Distance of comets traveled with and without treatment with strophanthidin for 24 h with IC50 concentrations.

[image: Table 1]



Strophanthidin Induces Cell Cycle Arrests at the G2/M Phase in Cancer Cells

As strophanthidin showed clear cytotoxicity and DNA damage in three cancer cell lines used in the current study, we evaluated whether these effects correlated with the events of the cell cycle. All the cells were exposed to serum starvation for 72 h and then treated with strophanthidin with lethal concentrations of IC50 for MCF-7 (2 μM), A549 (1 μM), and HepG2 (2.5 μM), and all the experiments were carried out with these concentrations. Treated cells were incubated for 24 h with serum. While releasing the cells, we observed that more number of cells were arrested in G2/M (Figures 2A,B). In MCF-7, the control gated 62.74% cells at G0/G1, but the treatment was restricted to 44.28%. Likewise, in A549 cells, a total of 63.38% of cells were gated at G0/G1, whereas the treatment was limited to 44.22%. In HepG2 cells, 61.33% cells were gated in G0/G1, whereas the treatment was regulated to 43.66%. In the case of the G2/M phase, the total number of cells gated for MCF-7 control was 18.82%, whereas the treatment raised this to 37.84%. In the case of A549, the control gated cells were 26.25%, and in treatment, they increased to 27.85%. In HepG2 cells, the total number of cells gated in control for the G2/M phase was 25.51%, and we have observed 34.82% of cells in the treatment conditions. This indicated that strophanthidin can arrest cell cycle at the G2/M phase in all studied cancer cells. Along with the studies on cell cycle, we analyzed the percentage of dead cells in treatments compared to control cells. In MCF-7 cells, the percentage of dead cells in control was 2.27%, but in the case of treatment, the percentage of dead cells was doubled and reached 4.87%. A549 control cells contain only 2.23% of dead cells, but with strophanthidin treatment, a total of 4.22% of dead cells were observed in the total gated cells. In the case of HepG2 cells, dead cell percentage in control was 3.77%, but in the case of treatment, the percentage increased to 5.66%. In order to validate these results, we further investigated important genes and proteins that can mediate cell cycle progression, which includes cyclin D1, Chk1, Chk2, and CDK6.


[image: Figure 2]
FIGURE 2. Strophanthidin induces cell cycle arrest at the G2/M phase. (A) Controls and treatments of MCF-7, A549, and HepG2 with strophanthidin and stained with propidium iodide, and the changes in cell cycle distribution were analyzed by flow cytometry (BD Bioscience). (B) Quantitative analysis and representation of flow cytometry data. Data are the mean values ± SE of at least three independent experiments performed in triplicates at P < 0.05. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.




Strophanthidin Inhibits Expression of G2/M Cell Cycle Regulator, MAPK, and PI3K/AKT/mTOR Pathway Genes

Real time-PCR was performed to study the effects of strophanthidin in altering the expression level of various genes involved in cell signaling. We initially checked the expression of proto-oncogenes (c-Myc, c-Jun, and c-Fos) in strophanthidin treatment and observed significant downregulation. Further, we extended our study to identify the regulation of cell cycle-dependent genes such as cyclin D1, Chk1, Chk2, and CDK6 and observed inhibition in their expressions. We analyzed the role of strophanthidin treatment in several biochemical signal transduction pathways such as the NF-κB signaling pathway and observed cell-specific expression. In MCF-7 and A549, genes were upregulated, whereas, in HepG2, overexpression of NF-κB inhibited the expression of MSK1. In addition to this, the role of strophanthidin in PI3K/AKT/mTOR autophagy was also checked. To asses this effect, we analyzed the expressions of p62, AKT, PI3K, mTOR, Beclin, Sestrin, and LC3 and observed the significant downregulation in p62, LC3, Beclin, Sestrin, mTOR, and PI3K in all cancer cells and upregulation of AKT. Further, for studying the effect of strophanthidin in MAPK signaling, p38MAPK, MEK1, MAPK24, SAPK/JNK, and p44 genes were selected. Initiator gene p38 is highly expressed, and MEK1 is deregulated in all the cells used in this study. The expressions of MAPK24 and p44 were also in a cell-specific manner; that is, only breast cells showed upregulation of these genes, whereas lung and liver cells showed downregulation. SAPK/JNK also showed the differential expression by undergoing downregulation in MCF-7 and upregulation in A549 and HepG2 cells. Subsequently, we checked the effect of strophanthidin in the expression of the JAK-STAT pathway by analyzing the expression levels of JAK and STAT3 genes. We found downregulations of both genes irrespective of the type of cancer cells. For understanding the effect on Wnt/β-catenin pathway, we checked the expression levels of Gsk3α and β-catenin. Substantial dysregulation of Gsk3α was observed, which further suppressed the expression of β-catenin. In addition to this, we analyzed the expression levels of TSGs (PTEN and p53), a pro-apoptosis gene (BAX), and an antiapoptotic gene (Bcl-2). We observed cell-specific expressions, as PTEN is dysregulated in MCF-7 and HepG2 and overexpressed in A549. In the case of p53, we observed downregulation in MCF-7 and A549 as opposed to upregulation in HepG2 cells. At the same time, consistent overexpression and dysregulation were observed for BAX and Bcl-2, respectively, in all the cancer cells (Figure 3).


[image: Figure 3]
FIGURE 3. Gene expression analysis of various genes related to cell death and survival from various signaling transduction pathways; GAPDH was used as internal control. MCF-7 cells were treated with 2 μM concentration of Strophanthidin for 24 h, and the expressions were normalized with GAPDH. Gene expression analysis of A549 cells induced with 1 μM concentration of strophanthidin for 24 h, and the obtained results were normalized with GAPDH. Real-time PCR gene expression analysis of HepG2 cells treated with 2.5 μM concentrations of strophanthidin, and the expressions were normalized to GAPDH. All the expressions were analyzed with the 2–ΔΔCt method, and the obtained results are statistically significant (n = 3 and P ≤ 0.01).




Strophanthidin Dysregulates the Expression of Checkpoint and Cyclin-Dependent Kinases in Cancer Cells

The cell cycle plays a critical role in cancer cell survival and death. To determine whether strophanthidin at tested concentrations induces the expressions of several checkpoints and cyclin-dependent kinase proteins, we performed and analyzed western blot experiments for cyclin D1, Chk1, Chk2, and CDK6. We found that strophanthidin inhibits the expression of checkpoint and cyclin-dependent kinases in three cancer cells compared to untreated controls (Figure 4).


[image: Figure 4]
FIGURE 4. Western blot expressions of target proteins with strophanthidin treatment. Expression of cell cycle-regulating proteins such as Chk1, Chk2, CDK6, and cyclin D1 in three cancer cell lines and statistical analysis of cell cycle-regulating proteins in strophanthidin-treated cancer cells. Blots were compared with those of GAPDH expression to compare equal loading of samples. Representative blots from three independent experiments are shown (P < 0.05). *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.




Strophanthidin Shows Caspase-Dependent Cell Death in Cancer Cell Lines

To show the activity of strophanthidin as an anticancer agent, we determined the expression of proteins involved in apoptosis such as BAX, proto-oncogenes like c-Myc, caspases, and PARP in tumor cells (Figure 5A). Our results suggest that strophanthidin treatment in cancer cells led to the overexpression of the initiator caspase 9 and further led to the activation of execution caspases including caspases 3 and 7, which eventually induced apoptosis. Along with that, we investigated the expression of caspase 8 in the treatment conditions compared to controls and identified that this protein is highly upregulated in the treatments compared to control cells. On the other hand, we have observed the expressions of c-Myc (proto-oncogene) downregulation and BAX (pro-apoptotic protein) upregulation in MCF-7, A549, and HepG2 cells. A type of cell death initiated by the JAK-STAT pathway was also observed by checking the expressions of JAK, STAT3, and p53 proteins. Strophanthidin at its inhibitory concentrations showed cell-specific expression changes in HepG2 cell lines. Both transcription factor STAT3 and tumor suppressor p53 showed significant upregulation, whereas they showed downregulation in MCF-7 and A549 cells. JAK protein showed consistent downregulation in the three cell lines (Figure 5B and Supplementary Figure 3). All the obtained expressions were normalized to GAPDH, and the graphs were plotted with mean values.


[image: Figure 5]
FIGURE 5. (A) Enzyme-linked immunosorbent assay (ELISA) for the expression analysis of caspases on strophanthidin treatment. Overexpressions of caspases 3, 7, 8, and 9 in strophanthidin-treated cells along with controls were observed in strophanthidin-induced MCF-7, A549, and HepG2 cells. (B) MCF-7, A549, and HepG2 cells were treated with lethal doses of Lanatoside C for the indicated times, and lysates were prepared. Western blot analysis was performed with antibodies to detect activation caspases 3, 7, 8, and 9. Also, the differential expression of p53 was observed. Experiments were performed in triplicates (n = 3), and the P is <0.05. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.




Strophanthidin Exerts Changes in the Expression of PI3K/AKT/mTOR Signaling

After confirming the anticancer potential of strophanthidin, we recognized some of the crucial pathways to associate such kind of effects. MCF-7, A549, and HepG2 cells were incubated with strophanthidin with tested concentrations for 24 h, and we evaluated the protein expressions related to PI3K/AKT/mTOR pathways that can impact apoptosis, cell cycle, cell survival, and autophagy. In this study, we selected the crucial proteins such as AKT, mTOR, LC3, Beclin 1, PI3K, and p62. After analyzing the results, we identified the overexpression of AKT in all the cell lines related to the untreated cases. A consistent downregulation was observed in the case of mTOR, LC3, Beclin 1, PI3K, and p62, supporting the gene expression studies. These expressions specify the role of strophanthidin in cell death and autophagy signaling. The obtained expressions were normalized to GAPDH expression, and mean densitometry graphs were plotted with standard errors (Figure 6 and Supplementary Figure 3).


[image: Figure 6]
FIGURE 6. Western blot and statistical analysis of proteins from PI3K/AKT/mTOR signaling. Overexpression of AKT and downregulation of mTOR, LC3, PI3K, p62, and Beclin 1 have also been observed. Blots were compared with those of GAPDH expression to compare equal loading of samples. Representative blots from three independent experiments are shown (P < 0.05). **p ≤ 0.01, ***p ≤ 0.001.




Strophanthidin Alters the Expressions in the MAPK Signaling and Wnt/β-Catenin Pathway

To investigate the role of strophanthidin in the phosphorylation event of MAPK signaling, we performed ELISA with the phosphorylated antibodies of MEK1, p38MAPK, p44/42, and SAPK/JNK. Cancer cells were treated with strophanthidin for 24 h, and the total cell lysates were analyzed using Phospho-MEK1/2 (Ser217/Ser221), Phospho p38 MAPK (Thr180/Tyr182), Phospho p44/42 MAPK (Thr202/Tyr204), and Phospho-SAPK/JNK (Thr183/Tyr185). After strophanthidin treatment, a robust and rapid phosphorylation of MEK1, p38MAPK, p44/42, and SAPK/JNK was detected in parallel with total MEK1 and p38MAPK levels (Figure 7A). To determine the role of strophanthidin on MAPK signaling, we have squared the expressions of p38 MAPK, MEK1, and SAPK/JNK. In the case of p38MAPK, differential cell-dependent expressions were observed. In the case of HepG2 cell, this protein was inhibited, whereas it exhibited consistent upregulation in the two other cell lines. The reason for this differential expression may be due to the activity of CGs in general protein synthesis inhibition. We also observed significant downregulation in the expressions of MEK1, while in SAPK/JNK, we found strong upregulation (Figure 7B). The Wnt/β-catenin pathway displays a significant role between cell survival and apoptosis. In the current study, we have checked the expression regulations of Gsk3α and β-catenin from the Wnt/β-catenin signaling pathway. Inhibitory concentrations of strophanthidin displayed consistent dysregulation of both of these proteins, supporting the gene expression studies (Figure 7B). All the protein expressions were normalized to internal control, and mean densitometry graphs were plotted.
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FIGURE 7. (A) Detection of relative Phospho-MEK, p38 MAPK, p44/42, and SAPK/JNK levels in MCF-7, A549, and HepG2 cells following stimulation with strophanthidin. All the cancer cells were treated with strophanthidin for 24 h. Cell lysates were analyzed using rabbit Phospho-MEK (S217/S221), Phospho p38 MAPK (Thr180/Tyr182), Phospho p44/42 MAPK (Thr202/Tyr204), and Phospho-SAPK/JNK (Thr183/Tyr185) and total MEK1 with enzyme-linked immunosorbent assay (ELISA) (category # 7274). (B) Western blot and statistical analysis of proteins from MAPK and Wnt/β-catenin signaling. Cell-specific expression of p38MAPK and consistent downregulation of MEK1 were observed. Both Gsk3α and β-catenin are downregulated in strophanthidin-induced cancer cells. Blots were compared with those of GAPDH expression to compare equal loading of samples. Representative blots from three independent experiments are shown (P < 0.05). *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.




Immunofluorescence Analysis-Based Confirmation of Pathways Attenuated by Strophanthidin

We performed immunofluorescence to identify the underlying mechanism of the antiproliferative activity of strophanthidin in MCF-7 (Supplementary Figures 4A–G), A549 (Supplementary Figures 5A–G), and HepG2 (Supplementary Figures 6A–G). Subcellular localization describes the function and presence of proteins inside the cells; therefore, we initiated this investigation and analyzed the localization of several proteins from cell cycle regulation such as Chk1, Chk2, CDK6, and cyclin D1; we found that strophanthidin treatment can change protein localization in the cytoplasm and within the membrane as well as nucleus, whereas it was only present in the nucleus in untreated cells. Also, we checked the localizations of two crucial proteins, that is, pro-apoptotic protein (BAX) and proto-oncogene encoding protein (c-Myc), which play a foremost role in apoptosis. Strophanthidin treatment showed overexpression of BAX and low expression in c-Myc. We then checked the role of some important proteins from different biochemical signal transduction pathways: Gsk3α and β-catenin from Wnt/β-catenin signaling; JAK, STAT3, and p53 from JAK-STAT signaling; p38MAPK, MEK1, and SAPK/JNK from MAPK signaling; and AKT, mTOR, LC3, p62, and PI3K from PI3K/AKT/mTOR signaling in three cancer cells. Taken together, the obtained results suggested that strophanthidin could modulate the protein localization from the nucleus to the membrane as well as to the cytoplasm. Here, we have shown the localization of p62 from A549 (control and treated), PI3K from HepG2 cells (control and treated), and GSK3α from MCF-7 cells (control and treated) (Figure 8).


[image: Figure 8]
FIGURE 8. Immunofluorescence imaging for the analysis of protein localizations in strophanthidin-induced A549 cells (p62), MCF-7 cells (GSK3α), and HepG2 cells (PI3K) was observed in comparison with control. Scale bar: 10 μM.




Molecular Docking Analysis Shows Strophanthidin Can Potentially Inhibit Multiple Cancer Targets

We next studied the interactions of strophanthidin with various cell cycle-regulating proteins like checkpoints and cyclin-dependent kinases (Chk1, Chk2, and cyclin D1). It was observed that MET42 interacts with strophanthidin and forms a hydrogen bond with Chk1 with a LibDock score of 84.1472. Chk2 forms four hydrogen bonds with strophanthidin at GLU233, VAL270, ASP347, and HIS371, with a LibDock score of 90.4444. Then, we checked the interactions with cyclin D1 and found that GLN98 and ASP99 interacts with the ligand to form hydrogen bonds with a LibDock score of 87.7488. We further extended our study to identify the binding mechanisms of strophanthidin with antiapoptotic proteins such as Bcl-2 and Bcl-xl. Strophanthidin packs against the residues PHE150, ASP61, ARG65, PHE71, and SER75, to form hydrogen bonds for Bcl-2 and Bcl-xl with scores of 98.77 and 78, respectively. The docking phase of STAT3 showed that strophanthidin can bind to the DNA binding domain and pack against the residues ARG379 and HIS437 and form hydrogen bonds with the highest LibDock score of 106.562. The molecular docking level of MAPK signal transduction pathway proteins such as p38 alpha and MEK1 showed good binding with strophanthidin and packing against ALA111, GLY77, ASN78, LYS97, GLU144, MET146, and SER194, by forming hydrogen bonds with LibDock scores of 110.982 and 66.5941, respectively. Finally, we checked the interactions of strophanthidin with apoptosis-regulating proteins caspase 3 and PARP. We found fitting molecular docking with both target proteins. Residues ASN208, TRP214, HIS862, GLY863, ASN868, and SER904 interacted with strophanthidin to form hydrogen bonds with LibDock scores of 58.1 and 137.42 for caspase 3 and PARP, respectively. The binding pockets of the ligand–protein complex are available in Figure 9. Other than hydrogen bond-forming residues, many other residues were also noted to be interacting, which are shown in Supplementary Figure 7, and the residues are reported in Table 2.


[image: Figure 9]
FIGURE 9. Protein–ligand docking complex of (A) Chk1, (B) Chk2, (C) cyclin D1, (D) Bcl-2, (E) STAT3, (F) p38MAPK, (G) MEK1, (H) PARP, and (I) NF-kβ with strophanthidin.



Table 2. Ligand interactions of strophanthidin with various cell signaling proteins from different pathways and the residues which are forming hydrogen bonds along with amino acids at 4-Å distance.
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DISCUSSION

CGs have been recognized as the oldest drugs and used for centuries to treat congestive heart diseases. Epidemiological reports recommended that cancer patients under treatment with digitalis showed less mortality rates compared to others, which reintroduced the attention toward the antiproliferative activities of CGs (14, 15). In the past 10 years, several in vitro and in vivo studies have been conducted, and many of the CGs or its derivatives are in clinical trials for cancer treatments (16). Several studies have reported that CGs like digoxin and digitoxin have reproducible anticancer effects. The results of this study also suggest a significant difference in cytotoxic concentration of strophanthidin compared to other CGs, which revealed that the underlying mechanism of apoptosis varies between commonly used anticancer drugs. For example, proscillaridin A, ouabain, and digoxin were shown to attenuate the proliferation by DNA topoisomerase inhibition activity, and oleandrin inhibits the growth of lung cancer cells to initiate apoptosis by upregulating the expression of DR4 (17). In the current study, we found that strophanthidin, one of the less-studied CGs, has anticancer activity in breast, lung, and liver cancer cell lines and contains no toxicity in non-malignant cell lines as well as PBMCs. It has been reported that CGs are toxic to a wide range of cell types, which can be a possible reason for their failures in clinical trials. We discovered the possible mechanism underlying the cell death induced by strophanthidin, which includes downregulation of proto-oncogenes, upregulation of TSGs, cell cycle arrest at the G2/M phase, apoptosis through expression changes in MAPK signaling, significant changes in the expression of PI3K/AKT/mTOR and Wnt/β-catenin signaling, and upregulation and downregulation of pro-apoptotic and antiapoptotic genes/proteins (BAX and Bcl-2), respectively. The whole summary of expressions of all the proteins and genes used in this study is mentioned in Supplementary Table 2. The protein–ligand interactions through the molecular docking approach showed the promising results of strophanthidin interacting with various proteins from different biochemical pathways.

Proto-oncogenes normally encode proteins that play a critical role in cell proliferation by participating in cellular pathways. Oncogenes arise from proto-oncogenes and are known to regulate multiple cellular signal transduction pathways (18). Oncogenes get activated by the mutations in proto-oncogenes which can change their structure and functions. Identification of oncogenes that show an important role in the instigation and expansion of cancers has raised novel targets and expanded the suite of novel anticancer drugs. Numerous molecules, new drugs, and monoclonal antibodies that act by directly affecting the activity of proto-oncogenes have been developed (19). Here, we have studied the expressions of three proto-oncogenes, namely, c-Fos, c-Myc, and c-Jun, and found their consistent upregulation in cancer cells, and inhibition of these genes can result in apoptosis of various cancer cells (20, 21). A significant downregulation in the gene expression was observed in the 24-h treatment with strophanthidin. Taken together, our results suggest that strophanthidin induces apoptosis through proto-oncogene dysregulation. As it is reported that proto-oncogenes serve as the downstream targets for several pathways (22), the results from the present study could enhance the importance of proto-oncogenes in cancer therapy.

An important mechanism for the cancer cell to survive is by deregulating the cell cycle. Mutated oncogenes and deactivated TSGs could raise the dependence of cancer cells in the G1 phase (23). Generally, in the cell cycle, G1 progression is controlled by cyclin D1, which assembles combinatorially with CDK6. The loss of CDK6 activity results in the arrest of the cell cycle (24). We have found that 24 h of strophanthidin treatment to MCF-7, A549, and HepG2 results in cell cycle arrest at the G2/M phase. Further, we checked the expressions of cyclin D1, CDK6, and checkpoint kinases (Chk1 and Chk2). Previous reports stated that the upregulation of Chk1, Chk2, and cyclin D1 promotes tumor cell growth (25). Therefore, downregulation or inhibition of Chk1, Chk2, cyclin D1, and CDK6 could be an innovative target for cancer treatment (26). It has been previously reported that CGs such as bufalin, glucoevatromonoside, digitoxin, and ouabain induce cell cycle arrest at the G2/M phase by deregulating the expression of polo-like kinase 1 (Plk1) expression in cancer cells (27, 28). Taken together, we have found a significant downregulation/inhibition of these genes compared to untreated cells. Overall, our results recommend that strophanthidin induces cell cycle arrest at the G2/M phase, and this effect was further confirmed by observing the downregulation of cyclin-dependent and checkpoint kinases.

Human bodies use numerous sophisticated mechanisms to safeguard against many diseases including cancer. These mechanisms recognize DNA mutations and induce either repair or death of faulty DNA or cell before it becomes oncogenic. Apoptosis is a programmed biological process that leads to cell death through various intrinsic and extrinsic pathways. Caspases are a family of cysteine endoproteases that regulates inflammation and apoptosis (29). In mammals, caspases 3, 6, 7, 8, and 9 are known to exhibit the main role in apoptosis. Mechanisms behind the caspase-mediated apoptosis start with the overexpression of the initiator caspase 9. Once the initiator caspase is activated, it regulates the downstream effector caspases like caspases 3, 6, and 9. Stimulated caspase 3 cleaves α-fodrin, PARP, lamin A, and DFF and thereby induces cell death. Overexpression of caspase 8 was observed in the strophanthidin-treated cells compared to untreated controls. It has been previously reported that CGs induce apoptosis through inhibition of death receptor 4 (17), which is a common activator for FADD and caspase 8. Activated caspase 8 is known to play a crucial role in death receptor signaling; hence, the current study delineates the importance of this compound in the cell death mechanism through death receptor signaling. However, MCF-7 cells are in general deficient of caspase 3 protein due to the partial deletion of CASP-3 between nucleotide positions 345 and 391, which creates the loss of function for this particular protein (30, 31). Nevertheless, apoptosis is even possible in the lack of caspase 3 with the help of caspase 7/6, which retains the same function as that of caspase 3 (32, 33). We have checked the protein expressions of initiator caspases 7 and 9 and effector caspases like caspase 3 and PARP and found the significant activation in effector caspases and PARP, which suggests that strophanthidin mediates apoptosis by the activation of caspases.

MAPK signaling is a complicated process involved in the pathogenesis of human disorders ranging from cancers and neurodegenerative diseases. The stimulation of MAPK cascades leads to disease development by initiating neuronal apoptosis (34). Inhibitors of ERK1/2, MEK, JNK, and p38 MAPK are considered to be potential drugs for many diseases including cancer (35). We have checked the expressions of genes/proteins involved in the MAPK pathway to cause apoptosis with strophanthidin treatment. It has been reported earlier that any changes in the MAPK cascade could lead to the uncontrolled growth of the cancer cells (36). Any compound that can inhibit the expression of any of the proteins in MAPK signaling can be used for treating cancer (37). So far, only a few compounds such as cobimetinib and selumetinib were reported to inhibit MEK1 (38). In this study, we have found the downregulation of MEK1, MAPK24, and p44. MEK1 is a dual-specificity protein kinase that will get activated by the phosphorylation of Raf, and also it can be activated by a variety of cytokines, membrane depolarization, and calcium influx (39). Among this, p44/ERK1/2 (which is activated in response to the MEK1/2 through the phosphorylation of Thr202/Tyr204 and Thr185/Tyr187) is the one that gets adversely regulated by the dual specificity of MEK inhibitors (40). It has been reported that the pathway crosstalk is necessary for several proteins from various pathways. For instance, Ras/Raf/MEK/ERK and Ras/PI3K/PTEN/Akt pathways interact with each other to regulate growth and tumorigenesis (41). In the current study, we have found an upregulation of Phospho-MEK1/2 (Ser217/Ser221), and this could be a consequence of the phosphorylation of PI3K as reported in the earlier studies (42, 43). The activation of AKT is controlled by a multistep process that involves PI3K (44), and this phosphorylated AKT inhibits the GSK3α activity by forming an autoinhibitory pseudosubstrate sequence; GSK3α in turn phosphorylates several upstream targets, mainly AKT, through the feedback mechanism (45). Along with that, PI3K also controls the expression of mTOR complex 1 that contains mTOR, Raptor, mLST8, PRAS40, and DEPTOR, which play crucial roles in apoptosis and other cellular events (46). Furthermore, phosphorylated MEK1 leads to phosphorylation of the regulatory Tyr and Thr residues of ERKs at the next tier of the cascade, thereby causing their activation to lead to cell death (47), which is also witnessed in the present study. Moreover, we have observed overexpression in the phosphorylation of SAPK/JNK by using Phospho-SAPK/JNK (Thr183/Tyr185), and this phosphorylation could lead to the activation of pro-apoptotic genes such as BAX (48), which is also identified in the present study. Along with that, p38 MAPK contributes to the cell cycle arrest and tumorigenesis. Depending on the cell types, p38 MAPK can arrest the cell cycle at G0, G1/S, and G2/M transitions and can control cytoskeleton remodeling (49). The activation of p38 MAPK depends on the upstream events such as caspase activations (50), which are also identified in the present study. Taken together, our findings are consistent with the literature that states that CGs inhibit the expression of MEK1/2 and ERK1/2 signaling to inhibit cancer cell proliferation and also inhibit the HIV-1 gene in HIV infections (51, 52).

Differential cell cycle modulation by strophanthidin led to a G2/M arrest, as it showed downregulation of cyclin D1 in MCF-7, A549, and HepG2, but differential expression of p53 was observed as downregulation in MCF-7 and A549 but not in HepG2 cells. As the TSGs act as negative controllers of oncogenes and checkpoint kinases. Many TSGs have activity in both malignant and non-malignant cells. But very few TSGs are known to be regulated only in the case of cancer and remains active in normal cells (53). For example, p53 is one of the crucial TSGs which are known to be associated with 50% of human cancers. This will express only in the cancer cell, and it will be inactive in normal cells (54). The major function of TSGs includes apoptosis/programmed cell death. In the current study, we have checked the expressions of two TSGs, namely, p53 and PTEN. Under normal conditions, p53 and PTEN express at a very low level unless the cells are activated by a variety of stress or DNA damage. The response to cellular stress and DNA damage results in the upregulation of TSGs (55). We have observed the DNA damage by comet assay in 24-h treatment with strophanthidin and the overexpression of PTEN. In contrast with the earlier results, we have identified that unlike glucoevatromonoside, strophanthidin also showed a differential expression in certain proteins, mainly p53, which leads to the cell cycle arrest at the G2/M phase (27). The obtained results in the present study were correlated with the findings of Wang et al. (28), showing CGs (digoxin and ouabain) also induce apoptosis independently of their p53 status (56). Several reports have suggested that PI3K/AKT/mTOR signaling contributes a central role between cell survival, apoptosis, and autophagy inhibition (57, 58). PI3K is known to promote cancer cell growth by its upregulation in the tumor/tumor cells and its role in cell survival, neovascularization, and proliferation. Overexpression of PI3K is reported in malignant cells, and the inhibitors of this could lead to the discovery of novel drug targets (59, 60). The activation of mTOR is also dependent on mitogen signaling through the PI3K/AKT/mTOR signaling through the pathway crosstalk mechanism (61). mTOR is a downstream regulator of the PI3K/AKT/mTOR pathway and is a known target for cancer therapy, and mTOR inhibition leads to the blockade of downstream pathways, controls the cell cycle, and ultimately leads to cell cycle arrest (62). This inhibition of mTOR can also diminish the chances of Wnt signaling by suppressing/knocking out effector proteins such as LC3 and Beclin 1, and it further raises Wnt transformed transcriptional movement, which suggests that Wnt signaling also plays a role in the inhibition of autophagy (63, 64). In the current study, we have found a significant downregulation of mTOR, PI3K, p62, and Beclin 1, which can effectively cause autophagy and could further induce apoptosis due to nutritional deficiency upon the stress created by strophanthidin. A similar result was observed by Hossan et al. (15), suggesting that CGs such as cerberin act through PI3K/AKT/mTOR signaling to inhibit autophagy and to induce apoptosis in cancer cells. Our results in the current study not only enrich the anticancer potentiality of strophanthidin but also give novel insights into the mechanism of the cytotoxic effect on PI3K/AKT/mTOR signaling for improved cancer treatment.

The Wnt/β-catenin pathway is implicated in several cellular functions ranging from embryonic development to cancer, cell proliferation, cell cycle, and cell death (65, 66). The Wnt/β-catenin pathway promotes cell death in cancer cells by deregulating (67), while activation leads to inhibition of apoptosis (68). Inhibition of GSK3α leads to the suppression of β-catenin, which further leads to the changes in the expression of cyclin-dependent kinase (cyclin D1) and proto-oncogene encoding protein (c-Myc). We have observed the inhibition of GSK3α and β-catenin by the activation of a destructive complex and further enhancing the deregulation of c-Myc and cyclin D1, stimulating cell death. In the current study, our results confirm strophanthidin's importance in the inhibition of Wnt/β-catenin signaling, and this activity was correlated with earlier reports suggesting that bufalin inhibits Wnt/β-catenin signaling in gastric cancer cells to induce apoptosis (69). However, this is the first report to show the role of strophanthidin in Wnt/β-catenin signaling and its downstream target genes.

The anticancer activity of strophanthidin has been revealed in the current study. However, the exact binding modes and molecular interactions have not been elucidated for most of the protein targets. In this study, we initiated an in silico approach to identifying the novel interacting residues of these protein targets which mediate the binding of strophanthidin for the first time. Along with that, the exact mode of inhibition among the multiple modes possible is also shown. Moreover, the present study used docking approaches to identify interacting residues of many important proteins like STAT3, p38MAPK, NF-κB, Chk1, Bcl-2, Chk2, MEK1, PARP-1, and cyclin D1 for the first time. Strophanthidin inhibits the target molecules by influencing their functionally important residues and thereby results in function loss. Strophanthidin–protein architecture is anticipated to guide scientists by providing an appropriate model for a multitarget drug structure and by providing structural details on the inhibitory mechanism. As per our knowledge, this is the first attempt to identify the molecular interactions in CGs with various crucial proteins from different pathways.



CONCLUSION

In conclusion, our in vitro and in silico experiments demonstrate that a natural compound strophanthidin has a potent anticancer effect on breast, lung, and liver cancer cells. We have demonstrated the possible hypothetical mechanism of apoptosis in these three cancer cells (Figure 10). Strophanthidin hinders the expression of PI3K in MCF-7 cells, which is a key protein for PI3K/AKT/mTOR signaling. This inhibition leads to further activation of AKT, and the inhibition of mTOR and also shows multistep inhibition of p53, which in turn leads to the deregulation of anti-apoptotic protein (Bcl-2) and apoptosis. Suppression of mTOR leads to the downregulation of Beclin 1 and stimulates the inhibition of LC3 and p62 complex to inhibit autophagy. Inhibition of MEK1 was identified in A549 cells due to the downregulation of PI3K and plays a crucial role by inhibiting Gsk3α and β-catenin, which can directly target c-Myc and cyclin D1 to influence apoptosis. Dysregulated MEK1 targets p38MAPK and inhibits the expression of STAT3 and c-Myc to initiate apoptosis. A549 cells exhibit solid autophagic flux compatible with their proliferation rate, and strophanthidin inhibits the expression of LC3 and p62 complex through MEK1 inhibition; hence, it seems that this compound can inhibit autophagy. The inhibition of autophagy exacerbates apoptosis, which is a critical mechanism for a cancer cell to maintain the cellular energy and nutritional homeostasis. MEK1 also activated the expression of BAX by multistep stimulation, which could be an important factor for the activation of initiator caspase 7 and further leads to the expression of caspase 3 and causes apoptosis through death receptor signaling and caspase-mediated apoptosis as witnessed in HepG2 cells. Moreover, strophanthidin exhibited a differential expression that shows the p53-dependent and p53-independent apoptosis in cancer cells. To the best of our knowledge, this is the first study to identify the changes in various biochemical apoptotic signal transduction pathways like MAPK signaling, PI3K/AKT/mTOR, and Wnt/β-catenin pathways to initiate apoptosis. Conclusively, this study revealed for the first time that strophanthidin induced apoptosis by the attenuation of multiple biochemical signaling pathways and by arresting cell cycle at the G2/M phase through p53-dependent and p53-independent mechanisms.
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FIGURE 10. Proposed apoptosis and autophagic cell death mechanism induction with strophanthidin in MCF-7, A549, and HepG2 cancer cells.
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Purpose: Due to a lack of recognized molecular targets for therapy, patients with triple-negative breast cancer (TNBC), unlike other subtypes of breast cancers, generally have not benefited from the advances made with targeted agents. The CXCR4/SDF-1 axis is involved in tumor growth and metastasis of TNBC. Therefore, down-regulation of the expression of CXCR4 in cancer cells is a potential therapeutic strategy for inhibiting primary tumor growth and metastasis of TNBC. In order to identify bioactive compounds that inhibit the expression of CXCR4 in traditional Chinese medicines, we investigated the capacity of saikosaponin A (SSA), one of the active ingredients isolated from Radix bupleuri, to affect CXCR4 expression and function in TNBC cells.

Methods: Analyses of cell growth, migration, invasion, and protein expression were performed. Knockdowns by small interfering RNA (siRNA) and non-invasive bioluminescence were also used.

Results: SSA reduced proliferation and colony formation of SUM149 and MDA-MB-231 cells. SSA inhibited migration and invasion of TNBC cells. For mice, SSA inhibited primary tumor growth and reduced lung metastasis of highly metastatic, triple-negative 4T1-luc cells. SSA inhibited CXCR4 expression but did not regulate CXCR7 expression in vitro and in vivo. The inhibitory effects on the migration and invasion of TNBC cells were reversed by down-regulation of CXCR4 expression. In addition, SSA inactivated the Akt/mTOR signaling pathway and inhibited MMP-9 and MMP-2 expression.

Conclusions: The results show that SSA exerts an anti-TNBC effect through the inhibition of CXCR4 expression and thus has the potential to be a candidate therapeutic agent for TNBC patients.

Keywords: saikosaponin A, natural product, triple-negative breast cancer, metastasis, SDF-1/CXCR4 axis


INTRODUCTION

Breast cancer is a major risk factor for women's health. In the United States in 2019, it was estimated that 268,600 women would be diagnosed with breast cancer, accounting for 30% of all new cancer diagnoses in women (1). Compared with Western countries, the incidence of breast cancer in China is relatively low. However, with the acceleration of urbanization in China, the incidence of breast cancer has increased rapidly since the 1990s, and the number of cases will reach 2.5 million by 2021 (2). Of all of the subtypes of breast cancer, triple-negative breast cancer (TNBC) has the most lethal characteristics and is associated with a poor prognosis, lacking expression of the estrogen receptor, progesterone receptor, and human epidermal growth factor receptor-2 (HER-2/neu) (3). Due to the lack of defined molecular targets and its biological heterogeneity, there is no approved targeted therapy for TNBC. At present, the main modality of treatment is cytotoxic chemotherapy for patients with either early- or late-stage disease (4). Although there is a relatively high response to cytotoxic chemotherapy, local recurrence in TNBC patients is more likely to cause lung and brain metastases, ultimately leading to death (5).

CXCR4 is involved in tumor growth and metastasis in TNBC (6), implying that there is therapeutic promise for CXCR4-targeted agents (7). CXCR4 binding to its ligand SDF-1 triggers the activation of signaling pathways including phosphoinositide 3-kinase/protein kinase B (PI3k/Akt), ERK1/2, and MAPK (8). TNBC expresses CXCR4 more frequently than other breast cancer subtypes (9), and high expression levels of CXCR4 are related to a high histological grade of TNBC and high incidences of recurrence and cancer-related death (9–11). As a new strategy, targeting CXCR4 or its ligand by antibodies, small peptides, or small interfering RNAs (siRNAs) is effective for inhibiting primary tumor growth and metastasis in TNBC (12–14).

Natural products are a rich source to provide lead compounds for the development of novel drugs (15). Many bioactive compounds from traditional Chinese medicines show anti-tumor effects on TNBC (16–19), and some of these compounds inhibit CXCR4 expression in TNBC cells (19). However, none of the above-cited studies targeted CXCR4 to identify drug candidates against TNBC.

In previous studies (20), we identified saikosaponin A (SSA), which possesses the potential to inhibit CXCR4 expression, from 100 herbal monomers via dual-luciferase assay. In the present study, the inhibitory effects of SSA on the expression of CXCR4 and growth of TNBC cells in culture and in mice were investigated. SSA is a triterpenoid glycoside (Figure 1A), a primary active component of the plant Radix bupleuri. SSA has anti-inflammatory, anti-fibrotic, anti-epileptic, analgesic, neuro-modulatory, and anti-cancer activity (21). SSA inhibits human breast cancer cell proliferation and induces apoptosis (22). However, it is unclear whether SSA down-regulates CXCR4 expression in TNBC. Here, we confirmed that SSA is a potent inhibitor of CXCR4 and that it suppressed tumor growth and metastasis of TNBC through its effects on the CXCR4/SDF-1 axis.


[image: Figure 1]
FIGURE 1. SSA inhibits growth and colony formation of TNBC cells. (A) Chemical structure of SSA. SUM149 (B) and MDA-MB-231 (C) cells were treated with SSA at concentrations of 0, 0.625, 1.25, 2.5, 5, 10, 15, 20, 25, or 30 μM. At 24 and 48 h, cck-8 assays were performed, and cell viability was determined. Data from three independent experiments were pooled. (D) SUM149 and MDA-MB-231 cells were treated with SSA at different concentrations of 0, 5, and 10 μM for 12 days. Colonies were stained with crystal violet. Data for SUM149 cells (E) and MDA-MB-231 cells (F) from three independent experiments were pooled. *p < 0.05; **p < 0.01.




METHODS


Cell Cultures

The human SUM149 and MDA-MB-231 cell lines (TNBC) and murine 4T1-luc cells (TNBC, highly metastatic) were obtained from Cobioer (Nanjing, China). SUM149 cells were maintained in Ham's F12 medium supplemented with 5% (v/v) fetal bovine serum (FBS), 5 μg/mL of insulin, 1 μg/mL of hydrocortisone, 100 U/mL of penicillin, and 100 μg/mL of streptomycin. MDA-MB- 231 cells were maintained in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% (v/v) FBS, 100 U/mL penicillin, and 100 mg/L streptomycin. The 4T1-luc cells were maintained in RPMI 1640 medium supplemented with 10% (v/v) FBS, 100 U/mL penicillin, and 100 mg/L streptomycin. The cells were incubated at 37°C in a 5% CO2 incubator with saturated humidity.



Cell Proliferation Assays

SSA was purchased from Shanghai Winherb Medical Technology Co., Ltd. (Shanghai, China). SUM149 and MAD-MB-231 cells were seeded into 96-well plates separately. Twelve hours later, the culture medium was replaced with fresh medium containing various concentrations of SSA (0, 0.625, 1.25, 2.5, 5, 10, 15, 20, 25, and 30 μM). After incubation for 24 or 48 h, cell viability was assessed by the use of a Cell Counting Kit-8 (CCK-8; Dojindo Laboratories, Kumamoto, Japan) according to the manufacturer's protocol. Briefly, the medium was replaced by 100 μl of fresh medium containing 10 μl of CCK-8 solution, and cells were incubated for another 2 h. Values of OD450 nm were measured with a BioTek instrument (Winooski, Vermont, USA).



Colony Assays

To further determine the inhibitory effect of SSA on the tumorigenicity of TNBC cells, colony formation assays were performed. Two hundred SUM149 or MDA-MB-231 cells were seeded into 6-well plates to incubate overnight. The cells were then incubated with different final concentrations (0, 5, and 10 μM) of SSA for 10–15 days. After fixing with 4% paraformaldehyde and staining with a crystal violet solution, colonies containing more than 50 individual cells were counted under a stereomicroscope.



Animal Preparation and Tumor Xenografts

The study was approved by the Ethics Committee of Shanghai University of Traditional Chinese Medicine and conducted in accordance with the principles of the Basel Declaration and the recommendations of the Guidelines for the Care and Use of Laboratory Animals. Seven-week-old female athymic BALB/c nude mice (SLAC Laboratory Animal Co., Ltd., Shanghai, China) and BALB/c mice (Charles River Laboratories, Beijing, China) were raised under specific-pathogen-free environmental conditions at an animal experiment center at the Shanghai University of Traditional Chinese Medicine. One million MDA-MB-231-Luc cells were suspended in 0.1 mL of a mixture (equal volumes) of PBS and Matrigel (Corning, New York, USA) and injected orthotopically into the upper left mammary fat pads of nude mice. When the tumor volume reached ~100 mm3, the mice were randomly assigned into four groups for treatment: control (n = 5); paclitaxel (n = 5); AMD3100, a CXCR4 antagonist (n = 5); and SSA (n = 5). Experiments were then performed. Tumor volumes were calculated with the formula V= (π/8) a × b2, where V denotes tumor volume, a denotes maximum tumor diameter, and b denotes minimum tumor diameter. To assess the overall health of the animals, body weight was measured once a week as an indicator.

To assess the effect of SSA on the metastasis of TNBC cells, 1 × 105 4T1-luc cells suspended in 0.1 mL of PBS were injected into the tail veins of BALB/c mice. The mice were then randomly assigned to the four groups detailed above.



Therapies

The animals in the orthotopic breast tumor models were treated when the tumor volume reached ~100 mm3 as follows: (1) mice in the control group were intraperitoneally injected twice a week with the vehicle, a mixture of equal volumes of Cremophor El and ethanol, (2) mice in the paclitaxel group were intraperitoneally injected with paclitaxel (30 mg/kg) dissolved in the vehicle once a week, (3) mice in the AMD3100 group were intraperitoneally injected every day with AMD3100 (2.5 mg/kg) dissolved in PBS, and (4) mice of the SSA group were intraperitoneally injected once a week with SSA (12 mg/kg) in the vehicle. The volume of each intraperitoneal injection was 0.1 mL. Therapies were administered until the tumor volumes reached 2,000 mm3, and animals were sacrificed by CO2 asphyxiation. The animals used in the lung metastasis model were treated 2 h after transplantation and sacrificed by euthanasia 2 weeks later.



Bioluminescence Imaging

For nude mice engrafted with MDA-MB-231-Luc cells, whole-body bioluminescence imaging was performed to obtain baselines at the beginning of therapy. Tumor volumes were examined weekly using the IVIS system (Xenogen, Alameda, CA, USA). Mice were intraperitoneally injected with 150 mg/kg of D-luciferin dissolved in PBS (15 mg/mL) and then anesthetized with isoflurane. At 10 min after the injection, bioluminescence images were collected for 1–60 s, depending on the amount of luciferase activity. Bioluminescence from regions of interest (ROI) was defined manually around the mammary fat pad tumor, and data were expressed as photon flux (photons/s/cm2/steradian) using Living Image software (version 2.50, Xenogen, Alameda, CA, USA). Metastases to the lung were similarly quantified at day 14 after implantation of 4T1-luc.



Histological Analysis of Lung Metastasis

To observe the lung metastasis of 4T1-luc cells, the lungs of each group were fixed with 4% paraformaldehyde and embedded in paraffin 14 days after tail vein injection. After being cut into 5 μm-thick sections, the lung tissues were stained with hematoxylin–eosin (H&E) and then examined under a stereomicroscope or upright optical microscope (100 magnification).



Plasmid Construction

A 279-bp sequence from the human CXCR4 promoter (−191 to +88) (23) was inserted into the XhoI/Hind III site of the pGL4.17 plasmid, which contains the firefly luciferase gene (YouBio, Hunan, China). The recombinant plasmid, confirmed by sequencing, was named pGL4.17- CXCR4p.



Transient Transfection and Luciferase Assay

pGL4.17-CXCR4p was transfected into Human Embryonic Kidney 293 (HEK-293) cells using SuperFectin II DNA Transfection Reagent (Pufei Biotech, Shanghai, China) according to the manufacturer's instructions. A pRL-TK plasmid containing the Renilla luciferase gene (YouBio, Hunan, China) was co-transfected as an internal control. The transfection was accomplished in 24-well plates; the final concentrations of pGL4.17-CXCR4p and pRL-TK were 0.65 and 0.35 μg/mL, respectively. After G418 resistance screening and single-cell clone culture, positive cells were used for luciferase assays in triplicate in 96-well plates by use of luciferase assay kits (Promega, Madison, WI) according to the manufacturer's protocol.



Wound-Healing Assay

SUM149 and MAD-MB-231 cells were seeded into 6-well culture plates at a density of 5.0 × 105 cells per well and cultured for 24 h to grow to 90% confluency in complete medium. Then the cells had been serum-starved for 24 h, and monolayers of confluent cells were scraped with a 200-μl sterile pipette tip to obtain a wound in each well. After removing the floating cells by washing the scraped surface three times with PBS, wounded monolayers were photographed with a microscope. Cells were then incubated in medium in the absence or presence of SSA (0, 2.5, 5, or 10 μM) for 24 h. After incubation, the medium containing SSA was changed to complete medium containing 100 ng/mL SDF-1α. The images of cells migrating into the wound surface and the average distance of migrating cells were determined under a phase-contrast microscope at 24 (for MDA-MB-231 cells) or 48 (for SUM149 cells) h later.



Transwell Migration and Invasion Assay

To evaluate cell migration, the upper chambers of Transwell migration chambers with 8-μm pores (Falcon, New York, USA) were seeded with cancer cells (1 × 105). Twelve hours later, the culture medium was changed to serum-free medium containing SSA at concentrations of 0, 2.5, 5, or 10 μM. After incubation for 24 h, 600 μl of complete medium containing 100 ng/mL SDF-1α was added to the lower chambers. Cells were then allowed to migrate for 24 h. The upper surfaces of the chambers were wiped with a cotton swab, and migrated cells were fixed with 3.5% paraformaldehyde in PBS then stained with 0.2% crystal violet (Beyotime Biotechnology, Nantong, China). The numbers of invading cells were counted in five randomly selected microscope fields (×100). To evaluate the invasion of cells, the BD Bio-Coat Matrigel invasion assay system (BD Biosciences, CA, USA) was used according to the manufacturer's instructions. The conditions for invasion assays were the same as for the Transwell assays.



siRNA Analysis

A double-stranded siRNA against CXCR4 was synthesized by GenePharma (Shanghai, China). The sequences were sense, 5′CUGUCCUGCUAUUGCAUUATT3′ and anti-sense, 5′UAAUGCAAU AGCAGGACAGTT3′. Negative control siRNA sequences were sense, 5′ UUCUCCGAACGU GUCACGUTT3′ and antisense, 5′ACGUGA CACGUUCGGAGAATT3′. For transfection, SUM149 and MDA-MB-231 cells were seeded in 6-well plates for 12 h to produce 90–95% confluence. Cells were then transfected with the siRNA against CXCR4 for 24 h at a concentration of 40 nM with Hieff TransTM Liposomal Transfection Reagent (Yeasen, Shanghai, China) according to the manufacturer's instructions. Transfection with a control siRNA served as a negative control. To measure the effects of the siRNA, cells were subjected to Western blotting to detect CXCR4 expression after incubation in complete medium for 24 h. The transfected cells were seeded for wound-healing, Transwell migration, and invasion assays.



Western Blotting Analysis

After SUM149 and MDA-MB-231 cells were treated with SSA (0, 2.5, 5, or 10 μM) for 24 h, total cell protein lysates were extracted using RIPA lysis buffer that contained a protease inhibitor cocktail and a phosphatase inhibitor cocktail. Protein lysates (40 μg), determined by BCA analysis (Beyotime, Shanghai, China), were then subjected to Western blotting analysis. The primary antibodies used in analyses were as follows: CXCR4 (1:1,000, Novus, USA), CXCR7 (1:1,000, Proteintech, China), AKT (1:500, Cell Signaling Technology, USA), p-AKT (1:2,000, Cell Signaling Technology, USA), mammalian target of rapamycin (mTOR, 1:1,000, Proteintech, China), matrix metalloproteinase-9 (MMP9, 1:500, Cell Signaling Technology, USA), MMP2 (1:500, Cell Signaling Technology, USA), and caspase 3 (1:1,000, Proteintech, China). The second antibody was a goat anti-rabbit secondary antibody coupled to horseradish peroxidase (1:20,000, Proteintech, China).

To further investigate the effect of SSA on the expression of these proteins in vivo, lungs from each group were collected and subjected to Western blotting as described above.



Immunohistochemical Staining

To evaluate the expression of CXCR4 in TNBC cells transplanted orthotopically (MDA-MB-231-luc) or migrated to lung (4T1-luc), immunohistochemical staining was performed by using VECTASTAIN ABC kits (VECTOR, CA, USA). Briefly, specimens were embedded in Tissue-Tek OCT Compound (Sakura Finetek, CA, USA) and cut into 5 μm sections. After incubation in 3% hydrogen peroxide and blocking serum, the sections were reacted with primary antibody (1:100, Novus, USA) overnight at 4°C in humidified chambers. The sections were then incubated in a biotinylated secondary antibody for 30 min at room temperature after washing three times with PBS. The sections were stained with a complex of avidin and biotinylated horseradish peroxidase (HRP) for 30 min, followed by diaminobenzidine (DAB) staining. After counterstaining with hematoxylin, the sections were examined under a light microscope.



Statistical Analysis

Data were expressed as mean ± SEM, and P < 0.05 was considered statistically significant. Statistical analyses were performed using Student's t test and one-way analysis of variance (ANOVA) with the use of SPSS 18.0.




RESULTS


SSA Reduces Proliferation and Colony Formation of TNBC Cells

The effects of SSA on the proliferation of TNBC cells were evaluated with CCK-8 kits. SSA inhibited the proliferation of SUM149 and MDA-MB-231 cells in a concentration-dependent manner. After these cells were incubated with SSA for 24 or 48 h, the IC50 values for SUM149 cells were 19.18 ± 0.99 and 19.54 ± 1.28 μM (n = 3), respectively, and the IC50 values for MDA-MB-231 cells were 18.26 ± 1.20 and 16.26 ± 0.25 μM (n = 3), respectively (Figures 1B,C). Therefore, the lower doses of SSA (0, 2.5, 5, 10 μM) were selected for the following studies. To exclude deviations in the results of the subsequent experiments that might be caused by the cytotoxicity of low-dose SSA, flow cytometry (Data Sheet 1) was performed after staining the cells with Annexin V-FITC/propidium iodide (PI) (BD, USA). The results showed no significant difference in the percentage of apoptotic cells between the control (0 μM SSA) and the lower doses of SSA (5, 10 μM) (Supplementary Figure 1A). To further confirm this, the protein levels of caspase 3 were evaluated by Western blotting, and similar results were obtained (Supplementary Figure 1B). Next, the inhibitory effects of lower doses of SSA (5, 10 μM) on the colony formation of TNBC cells were examined. After 12 days of continuous culture, SSA also reduced the colony formation of SUM149 and MDA-MB-231 (Figures 1D–F). These findings suggested that SSA had potential anti-TNBC properties.



SSA Inhibits Tumor Growth in situ

To investigate the effect of SSA in inhibiting tumor growth in animals, athymic BALB/c nude mice bearing MDA-MB-231-luc cells were injected intraperitoneally with 12 mg/kg of SSA weekly after the establishment of orthotopic breast cancer tumors. Bioluminescent imaging demonstrated that SSA suppressed primary tumor growth compared to that in control mice (Figure 2A). At the 4-week time point, the mice treated with SSA had a 3-fold reduction in photon flux [(0.45 ± 0.23) × 108 vs. (1.35 ± 0.42) × 108, p < 0.05] in primary tumor burden compared to that in the control mice. The photon flux values for the paclitaxel group and the AMD3100 group were (0.10 ± 0.04) × 108 and (0.73 ± 0.31) × 108, respectively (Figure 2B).


[image: Figure 2]
FIGURE 2. SSA reduces orthotopic tumor growth of MDA-MB-231-luc cells. (A) Luciferase imaging of primary tumors before and 4 weeks after treatment with paclitaxel, AMD3100, or SSA. (B) ROI analysis of images was used to quantify bioluminescence from orthotopic tumors of mice. The data represent mean values ± SEM for photon flux in each group (n = 5). *p < 0.05, vs. control.




SSA Inhibits Migration and Invasion of TNBC Cells Toward SDF-1α and Lung Metastasis of 4T1 in Mice

To assess the capacity of SSA to inhibit migration of SUM149 and MDA-MB-231 cells, wound scratch healing and Transwell migration assays were carried out. Migration from the extracellular membrane is a first step in the metastasis of cancer cells (24). Tumor cells were incubated with SDF-1α (100 ng/mL) after treatment with SSA. The cells exposed to 0 μM SSA showed a relatively high degree of wound closure (Figures 3A,B) and migration through Transwell membranes (Figures 3C,D), although effects were diminished in the SSA-treated groups in a concentration-dependent manner. The results of Matrigel invasion assays showed that SSA inhibited cell invasion in a concentration-dependent manner (Figures 3E,F).


[image: Figure 3]
FIGURE 3. SSA suppresses the migration and invasion of TNBC cells and the lung metastasis of 4T1-luc cells. (A,B) Photographs and quantification of wounds to SUM149 and MDA-MB/231 cells treated with SSA. (C,D) Photographs and quantification of SUM149 and MDA-MB/231 cell migration through Transwell migration chambers with 8-μm pores and stained with 0.2% crystal violet. (E,F) Photographs and quantification of SUM149 and MDA-MB/231 cell invasion through Matrigel-coated polycarbonate membranes, with cells stained by 0.2% crystal violet. The independent experiments were performed in triplicate. *p < 0.05; ***p < 0.001 compared with 0 μM of SSA. (G) Luciferase imaging of lung metastases at 2 weeks after injection of 4T1-luc cells and treatment with paclitaxel, AMD3100, or SSA. (H) ROI analysis of images obtained at 2 weeks was used to quantify changes in cell numbers in lungs after treatment with paclitaxel, AMD3100, or SSA. The data represent mean values ± SEM for photon flux in each group (n = 5). **p <0.01, ***p <0.001 vs. control. (I) H&E staining of lung tissue of 4T1-luc mice. The photographs in the right row are magnifications of the boxes in the left row. Asterisks indicate bronchioles in lung tissue.


To determine if SSA inhibits the metastasis of TNBC cells in vivo, BALB/c mice injected with 4T1-luc cells through the tail vein were dosed with SSA as described above. At 2 weeks after transplantation of 4T1-luc cells, evaluation of the bioluminescent signals for the lungs revealed less metastasis for SSA-treated mice compared to control mice [photon flux (1.55 ± 0.43) × 107 vs. (3.40 ± 0.66) × 107, p < 0.01]. The photon fluxes for the groups dosed with paclitaxel or AMD3100 were (3.01 ± 0.54) × 107 and (0.34±0.13) × 107, respectively (Figures 3G,H).

To further confirm the inhibitory effects of SSA on lung metastasis of 4T1-luc cells, lung tissues were sectioned and subjected to H&E staining after sacrifice of mice. The numbers and sizes of tumors were significantly reduced in the SSA and AMD3100 groups as compared to the control group, but no obvious changes were observed in the paclitaxel group (Figure 3I).



CXCR4 Is a Target of SSA in Inhibiting Metastasis of TNBC Cells

Dual-luciferase assay was performed to evaluate the effects of SSA on the activities of the CXCR4 promoter; results were expressed as relative light units. There were inhibitory effects for 2.5, 5, and 10 μM of SSA, and there was a concentration-response effect (Figure 4A). Subsequently, Western blotting analysis was applied to quantify the expression of CXCR4 in SUM149 and MDA-MB-231 cells. The results showed that SSA suppressed the expression of CXCR4. At concentrations of 2.5, 5, and 10 μM, the levels of CXCR4 expression were down-regulated in a concentration-dependent manner (Figures 4B,C). CXCR7 is another receptor for SDF-1. By binding to SDF-1, CXCR7 participates in tumor growth and metastasis of TNBC as CXCR4 (25). To verify whether the inhibitory effect of SSA on CXCR7 in TNBC cells was similar to that of CXCR4, Western blotting analysis was performed. Unexpectedly, the results indicated that SSA cannot down-regulate the expression of CXCR7 in TNBC cells (Figures 4D,E).


[image: Figure 4]
FIGURE 4. SSA down-regulates CXCR4 to inhibit the migration and invasion of TNBC cells. (A) SSA inactivates the CXCR4 promoter in a concentration-dependent manner. SUM149 (B) and MDA-MB-231 (C) cells were incubated with SSA at various concentrations for 24 h. CXCR4 expression of cells was analyzed by Western blot. The histograms on the right of Western blots show the expression levels of CXCR4 in SUM149 and MDA-MB-231 cells. Data from three independent experiments were pooled. ***p < 0.001 vs. 0 μM of SSA. CXCR7 protein expression of SUM149 (D) and MDA-MB-231 (E) after incubating with SSA at various concentrations for 24 h. The histograms on the right of Western blots show the expression levels of CXCR7 in SUM149 and MDA-MB-231 cells. Data from three independent experiments were pooled. (F) Sections of xenografts (upper row) and lung tissue (lower row) in different groups were submitted to immunohistochemistry using antibodies of CXCR4. (G) Western blot analysis detection of the CXCR4 and CXCR7 protein expression in the lung tissue of 4T1-luc mice in different groups. (H) Western blot analysis of CXCR4 protein expression in SUM149 and MDA-MB-231 cells transfected with an siRNA against CXCR4 for 24 h. SUM149 and MDA-MB/231 cells were transfected with an siRNA against CXCR4 followed by treatment with SSA for 24 h at the indicated concentrations. Transwell (I,J) and invasion (K,L) assays were performed. The independent experiments were performed in triplicate. *p < 0.05; **p < 0.01; ***p < 0.001 compared with cells transfected with control siRNA.


To further confirm the inhibitory effects of SSA on CXCR4 expression in vivo, immunohistochemical analysis was performed in xenograft tumors and lung tissues. The results showed that, like AMD3100, SSA significantly reduced the expression of CXCR4 in tumors transplanted in situ or migrated to the lung (Figure 4F). Similar results were obtained in Western blotting analysis (Figure 4G). However, paclitaxel was observed to have relatively weak inhibitory effects of on CXCR4 expression in both immunohistochemistry and Western blotting analysis (Figures 4F,G). We also examined the expression of CXCR7 in lung tissue in animals that were injected 4T1-luc cells via the tail vein, but no significant changes were observed (Figure 4G).

To verify the role of CXCR4 in SSA-induced inhibition of cell migration and invasion, siRNA was used to knock down CXCR4 in SUM149 and MDA-MB-231 cells (Figure 4H), and then experiments similar to those described above were performed. The results showed that when CXCR4 expression in TNBC cells was downregulated, the inhibitory effects of SSA on migration through Transwell membranes (Figures 4I,J) and invasion (Figures 4K,L) were attenuated. It is suggested that CXCR4 is the main factor through which SSA inhibits cell migration and invasion.



SSA Suppresses the Expression of Phospho-Akt, mTOR, MMP-2, and MMP-9 in TNBC

The PI3K/Akt signaling pathway is activated by the binding of CXCR4 and SDF-1α (26, 27). mTOR is a downstream effector of the PI3K/Akt axis (28), and MMPs are regulated by CXCR4 in tumor metastasis through the PI3K/Akt signaling pathway (29). To investigate the potential mechanisms by which SSA inhibits the proliferation and migration of TNBC cells, Western blotting analyses were, respectively, used to determine the expression of phospho-Akt, mTOR, MMP-2, and MMP-9 in SUM149 (Figure 5A) and MDA-MB-231 (Figure 5B) cells, following the down-regulation of CXCR4 by SSA. SSA downregulated the expression of phospho-Akt, mTOR, MMP-2, and MMP-9 in a concentration-dependent manner, suggesting that SSA suppressed the downstream targets of CXCR4, including mTOR, MMP-2, and MMP-9, via the PI3K/Akt pathway.


[image: Figure 5]
FIGURE 5. Effect of SSA on the expression of phospho-Akt, mTOR, MMP-2, and MMP-9 in TNBC cells and lung tissue of 4T1-luc mice. Western blot analysis of phospho-Akt, mTOR, MMP-2, and MMP-9 expression in SUM149 (A) and MDA-MB-231 (B) cells after treatment with SSA at the indicated concentrations for 24 h. Quantification of protein expression is shown below the Western blots. *p < 0.05; **p < 0.01; ***p < 0.001 compared with 0 μM of SSA. (C) Western blot analysis of phospho-Akt, mTOR, MMP-2, and MMP-9 expression in lung tissue of 4t1-luc mice after treatment with paclitaxel, AMD3100, and SSA for 2 weeks. Quantifications of C are shown below the Western blots. The independent experiments were performed in triplicate. *p < 0.05; **p < 0.01 compared with control group.


To further verify the down-regulation of these proteins after treatment in vivo, the lung tissues of 4T1-injected mice were lysed and subjected to Western blot analysis. Similar inhibitory effects on phosphorylated Akt, mTOR, MMP9, and MMP2 expression were observed in the SSA and AMD3100 groups, but not in the paclitaxel group (Figure 5C).




DISCUSSION

We established that SSA inhibited the growth of TNBC cells in culture and in mice. Furthermore, we found that SSA suppressed the metastasis of TNBC cells. To elucidate the molecular mechanism by which SSA inhibits the growth and metastasis of TNBC, the CXCR4/SDF-1 axis and its downstream signaling pathways were investigated. CXCR4/SDF-1 axis plays a vital role in breast cancer growth and metastasis (30). In TNBC, there is high expression of CXCR4, and down-regulation of CXCR4 expression inhibits TNBC growth and metastasis (7, 14). Therefore, CXCR4 is a potential therapeutic target for the diagnosis and therapy of TNBC. In our study, it was found that SSA inhibited the activity of the CXCR4 promoter and downregulated CXCR4 expression levels in vitro and in vivo. To determine whether CXCR4 was a target of SSA in inhibiting the metastasis of TNBC cells, we applied an siRNA to knock down CXCR4 in TNBC cells. After knockdown of CXCR4, the effects of SSA on the inhibition of migration and invasion were reduced. Similar to CXCR4, CXCR7 binding to SDF-1 is also involved in regulating breast cancer growth and metastasis (25). Therefore, we investigated the effects of SSA on CXCR7 expression in vitro and in vivo. However, no significant differences were observed. These results demonstrate that SSA suppresses the growth and metastasis of TNBC cells through action on CXCR4.

Signaling through CXCR4 activates the PI3K/AKT pathway (26), which is involved in the initiation and progression of breast tumors and regulates various cellular functions, including survival, proliferation, and metabolism (31, 32). In TNBC, the oncogenic PI3K/AKT pathway is activated by overexpression of epidermal growth factor receptor (EGFR) (one of the upstream regulators), dysfunction of phosphatase and tensin homolog (PTEN), and mutations of PI3K catalytic subunit α (PIK3CA). Akt is an integrator of these upstream inputs, and its phosphorylation is a trigger for the activation of the PI3K signaling pathway. We confirmed that SSA downregulated the phosphorylation of Akt (p-AKT) in vitro and in vivo, suggesting that inhibition of the PI3K/Akt signaling pathway was a step following inhibition of CXCR4 by SSA. In addition, we observed that paclitaxel, unlike SSA, increased p-AKT expression in lung tissue and exhibited lower inhibiting efficacy on TNBC lung metastasis than did SSA in the 4T1 mouse model. Wen et al. (33) also reported the up-regulation effect of paclitaxel on p-AKT, which suggests a possible mechanism for the relatively poor overall survival of patients with metastatic TNBC treated with paclitaxel (34).

In recent years, many cancer studies have described the crosstalk between the CXCR4/SDF-1 axis and the Akt/mTOR pathway and demonstrated the inhibitory effect of CXCR4 antagonist (AMD3100) on mTOR expression (35). We found that SSA inhibited mTOR expression in vitro and in vivo, suggesting that mTOR inhibition is downstream of the CXCR4 axis. Similar results were obtained in the 4T1-luc mice treated with AMD3100. However, an inhibitory effect on mTOR was not observed in mice treated with paclitaxel. This may be a potential mechanism through which paclitaxel shows lower anti-TNBC metastasis capability. Similar results were reported by Wen et al. (33).

MMPs, which are highly expressed in tumor tissues, degrade the extracellular matrix, a process necessary for invasion and metastasis of breast cancer cells (36). MMP9 and MMP2 are proteases in the MMP family, which, in TNBC tissues, are necessary for extracellular matrix remodeling and cancer cell invasion. CXCR4 is an essential mediator of MMP2 expression and activation (37). Inhibition of MMP9 and MMP2 restricts the capacity of TNBC cells for invasion and metastasis (38). In our study, the levels of MMP9 and MMP2 in TNBC cells were significantly downregulated by SSA, suggesting that their inhibition in TNBC cells was a mechanism by which SSA inhibited the invasion and metastasis of TNBC.

Our study demonstrated that SSA inhibits the proliferation, invasion, and metastasis of TNBC in both cultured cells and mice. By downregulating the expression in TNBC cells of CXCR4, which is involved in the PI3K/Akt/mTOR and MMP signaling pathways, SSA demonstrated anti-growth and anti-metastasis effects on TNBC. However, due to experimental limitations, a direct inhibitory effect of SSA on these signaling pathways, instead of triggered by CXCR4, cannot be ruled out, so the inhibitory effect of SSA on TNBC may involve multiple signaling pathways besides the CXCR4/SDA-1 axis. These results indicate that SSA can be used as a CXCR4 inhibitor and is a candidate therapeutic agent for TNBC patients.
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Abnormal histone deacetylase (HDAC) expression is closely related to cancer development and progression. Many HDAC inhibitors have been widely used in cancer treatment; however, severe side effects often limit their clinical application. In this study, we attempted to identify natural compounds with HDAC inhibitory activity and low physiological toxicity and explored their feasibility and mechanisms of action in liver cancer treatment. A yeast screening system was used to identify natural compounds with HDAC inhibitory activity. Further, western blotting was used to verify inhibitory effects on HDAC in human liver cancer cell lines. Cell functional analysis was used to explore the effects and mechanisms and the in vitro results were verified in BALB/c nude mice. We found that hydroxygenkwanin (HGK), an extract from Daphne genkwa, inhibited class I HDAC expression, and thereby induced expression of tumor suppressor p21 and promoted acetylation and activation of p53 and p65. This resulted in the inhibition of growth, migration, and invasion of liver cancer cells and promoted cell apoptosis. Animal models revealed that HGK inhibited tumor growth in a synergistic manner with sorafenib. HGK inhibited class I HDAC expression and had low physiological toxicity. It has great potential as an adjuvant for liver cancer treatment and may be used in combination with anticancer drugs like sorafenib to improve therapeutic efficacy.

Keywords: hydroxygenkwanin (HGK), liver cancer, histone deacetylase (HDAC), p21, sorafenib


INTRODUCTION

Liver cancer is the second most common cause of cancer-related deaths worldwide (1). Due to primary drug resistance and the propensity for metastasis, liver cancer is one of the most refractory cancers (2). Currently, surgery is the main treatment option, but for patients with advanced liver cancer that has metastasized, chemotherapy or radiotherapy is the main treatment approach (3, 4). However, most chemotherapeutic agents have strong side effects, which negatively impact patient quality of life. Therefore, the development of effective liver cancer treatments with low side effects is urgently needed.

Targeted therapy is a new approach in cancer treatment. Since it targets and deactivates specific proteins that cause carcinogenesis, targeted therapy has the advantages of high specificity and low adverse effects and is widely used in the treatment of various cancers (5, 6). Currently, the most commonly used drugs for liver cancer treatment are sorafenib and bevacizumab (7). Sorafenib inhibits the activation of multiple kinases related to tumor growth and angiogenesis and is currently the most effective drug for targeted therapy of liver cancer. In contrast, bevacizumab is a monoclonal antibody that targets vascular endothelial growth factor and inhibits tumor growth by inhibiting angiogenesis inside the tumor (8, 9). The causes of liver cancer are complex, often involving mutations in more than two carcinogenic pathways. This complexity, coupled with the heterogeneous nature of liver cancer tumors, results in the efficacy of treatments usually being limited (10, 11). Even sorafenib can only prolong survival by ~3 months (4, 12). Therefore, the development of drugs with multiple targets to improve the efficacy against liver cancer and low side effects is crucial for liver cancer research.

Histone deacetylase (HDAC) regulates the de-acetylation of histone and non-histone proteins, thereby regulating gene expression or protein stability and activity (13, 14). De-acetylation of histone proteins results in increased binding of the coiled chromonema, thereby inhibiting gene expression. Non-histone protein de-acetylation is closely related to their activity and affects the binding ability of these proteins to DNA and other proteins, indirectly regulating the activation or expression of other proteins (15, 16). Currently, 18 human HDACs have been identified, which are divided into four types, including class I (HDAC1, HDAC2, HDAC3, HDAC8), class IIa (HDAC4, HDAC5, HDAC7, HDAC9), class IIb (HDAC6, HDAC10), class III Sir2-like enzymes (consisting of seven sirtuins), and class IV (HDAC11). Among these, class I HDACs are over-expressed in most cancers, including liver cancer, making these a treatment target for many cancers (17–19). Currently, HDAC inhibitors such as trichostatin A, vorinostat (suberoylanilide hydroxamic acid, SAHA), trapoxin A, and valproic acid (VPA) have been widely used with good results in the treatment of lung cancer, breast cancer, and esophageal cancer (20–22). However, application of these HDAC inhibitors alone fails to achieve satisfactory results in the treatment of liver cancer, likely due to tumor heterogeneity. Recent studies have found that HDAC inhibitors have considerably improved efficacy against liver cancer if combined with sorafenib (23, 24). However, since most HDAC inhibitors cause strong physiological side effects, it remains necessary to carefully assess the physiological conditions of patients prior to administration.

Numerous studies have confirmed that some natural compounds have specific anticancer effects. Compared with drugs of Western medicine, these natural compounds have low physiological side effects and are thus suitable for use as therapeutic adjuvants in combination with other drugs to improve efficacy (25, 26). Currently, drugs such as artemisinin and curcumin have been used in the treatment of liver cancer and have been confirmed to considerably inhibit tumor growth and metastasis and to prolong patient survival (27–29). Certain Chinese herbal extracts such as sulforaphane have inhibitory activity against HDAC, giving them the potential for use in the treatment of a variety of diseases, including cancer (30–32). In the current study, we used a yeast analysis platform and identified hydroxygenkwanin (HGK) as an herbal extract with class I HDAC inhibitory activity. We found that HGK, a bioactive substance extracted from Daphne genkwa Sieb. et Zucc., inhibited expression of class I HDAC, induced expression of tumor suppressor p21, and promoted acetylation of p53 and p65, thereby inhibiting the proliferation, migration, and invasion of liver cancer cells. In addition, HGK had a synergistic effect with sorafenib, suggesting that its combination with sorafenib may enhance the inhibitory effects on liver cancer cells in clinical practice.



MATERIALS AND METHODS


Cell Lines and Yeast

The hepatocellular carcinoma cell lines Huh7 and HepG2 were purchased from the American Type Culture Collection (Manassas, VA, USA). Human skin fibroblasts (HFB) were kindly provided by Dr. P. C. Yang of Taiwan University. The cells were routinely maintained in Dulbecco's Modified Eagle Medium (DMEM; GIBCO, Gaithersburg, MD, USA) supplemented with 10% fetal bovine serum at 37°C with 5% CO2 in a humidified incubator. Yeast cultures were grown for 12 to 14 h in yeast extract-peptone (YEP) media containing lactic acid.



Antibodies and Drugs

Antibodies against HDAC1, HDAC2, HDAC3, HDAC8, p21, p53, p65, acetyl-p53, acetyl-p65, and β-actin, and antibodies for histone H3 and acetyl-histone H3 were purchased from Cell Signaling Technology (Beverly, MA, USA) and Genetex (Irvine, CA, USA). Antibody for cyclin D1 was purchased from ABclonal Technology (Woburn, MA, USA) and antibody for CDK4 was purchased from Proteintech (Rosemont, IL, USA). Secondary antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Prestained protein marker and TOOLSmart RNA extractor were purchased from BIOTOOLS (New Taipei City, Taiwan). HGK powder (purity >98% as measured by HPLC) was purchased from Shanghai BS Bio-Tech Co., Ltd (Shanghai, China). SAHA (purity >98% as measured by HPLC) and Sorafenib was purchased from Sigma-Aldrich (St. Louis, MO, USA).



Real-Time RT-PCR Analysis

Total RNA from Huh7 and HepG2 cells under different treatment conditions was extracted using an RNeasy Mini Kit (QIAGEN, Gaithersburg, MD, USA) according to the manufacturer's instructions. Complementary DNA (cDNA) was synthesized from the total RNA using a Reverse Transcription Kit (QIAGEN) and ToolScript MMLV RT Kit (BIOTOOLS CO., LTD., Taiwan), and used as template in quantitative real-time PCR assays using the TaqMan Gene Expression Kit (Applied Biosystems, Foster City, CA, USA) and an ABI StepOnePlus™ System (Applied Biosystems) to detect p21, p53, and p65 expression. GAPDH was used as an internal control.



Western Blotting Analysis

Huh7 and HepG2 cells were treated with various concentrations HGK, sorafenib, or DMSO for 48 h followed by being washed twice with phosphate-buffered saline (PBS) and lysed in RIPA lysis buffer (BIOTOOLS CO., LTD., Taiwan) containing protease inhibitors. Protein samples (30 μg) were separated using SDS-polyacrylamide gel electrophoresis (PAGE), transferred to nitrocellulose membranes, and analyzed by western blot. β-actin served as a loading control. Immuno-reactive bands were detected using an ECL Chemiluminescence Kit (NEN Life Science Products, Boston, MA, USA) and developed using X-ray film. The relative intensities of the protein bands were quantified using ImageQuant 5.2 software (GE Healthcare, Piscataway, NJ, USA).



Cell Proliferation Assay

Cell proliferation capacity was monitored using an xCELLigence Real-Time Cell Analyzer (Roche Life Science, Indiana, USA) according to the manufacturer's instructions.



Cell Migration and Invasion Assay

Cell migration and invasion activity was analyzed using a Transwell assay as previously described (33, 34). For the migration assay, cells at a concentration of 5 × 104 were resuspended in 100 μl serum-free culture medium (DMEM) with/without HGK and placed in the upper chambers. The lower chambers were filled with 500 μl DMEM medium containing 10% FBS. Twenty-four hours after treatment, the cells were fixed with methanol, and the cells on the upper surface of the membrane were removed using cotton swabs. The membrane was washed twice with PBS and stained with 0.1% crystal violet. The stained cells were imaged using the ImagePro 6.2 software. Cell counts were obtained from five random fields at 100× magnification. For the invasion assay, the membrane was coated with 30 mg/cm2 Matrigel (ECM gel, Sigma–Aldrich, St. Louis, MO, USA) to form a matrix barrier. The procedure followed for the invasion assay was the same as that for the migration assay except that the permeating time for the cells was 48 h.



Terminal Deoxynucleotidyl Transferase dUTP Nick End Labeling (TUNEL) Assay

Apoptosis status of Huh7 cells was determined using a DeadEndTM Fluorometric TUNEL Assay Kit (Promega, Madison, WI) according to the manufacturers' protocol. In brief, Huh7 cells were treated with HGK (40 μM), sorafenib (5 μM), or both, for 48 h. The cells were then subjected to a TUNEL assay. The cells were then counted using a microscope (magnification, × 100). Cells in five different microscopic fields/dish were analyzed for each experiment.



Cell-Cycle Analysis

Cells were trypsinized, washed twice, and incubated in PBS containing 0.12% Triton X-100, 0.12 mmol/L EDTA, and 100 mg/mL ribonuclease A. Propidium iodide (50 μg/mL) was then added to each sample for 20 min at 4°C. Cell cycle distribution was analyzed by flow cytometry (Beckman Coulter Epics Elite, Beckman, Inc.).



In vivo Study

Six-week-old male BALB/c nude mice were purchased from the National Laboratory Animal Center (Taipei, Taiwan), maintained under specific pathogen-free conditions, and manipulated according to protocols approved by the Institutional Animal Care and Use Committee (IACUC) of Chang Gung Memorial Hospital (IACUC approval no.: 2018031301, approval date: 6/19/2018). A total of 5 × 106 Huh7 cells were resuspended in 100 μl of saline with 50% Matrigel (BD Biosciences) and the suspensions were subcutaneously implanted into the left and right flank regions of the mice. All tumors were allowed to grow for 1 wk prior to the initiation of drug treatments. At the start of the second week, the mice with tumors were intraperitoneally injected 3 d/wk with 100 μl of HGK (1 mg/kg of body weight), sorafenib (15 mg/kg), or an equal volume of DMSO, which served as a control. Subcutaneous growth of the tumors was measured every 3 d and tumor volumes were calculated using the following equation: length × width2 × 0.5. Twenty-one days after drug administration, the mice were sacrificed and the tumors were subjected to immunohistochemical staining and analysis.



Immunohistochemistry

The tumors of the mice were fixed in formalin and embedded in paraffin. Consecutive 2-μm-thick sections were cut from the paraffin-embedded tissue blocks and floated onto glass slides. The slide-mounted tissue sections were subjected to immunohistochemical staining as described previously (35).



Chromatin Immunoprecipitation (ChIP)-qPCR Analysis

Chromatin immunoprecipitation assays were carried out using an Acetyl-Histone H3 Immunoprecipitation Assay Kit (Merck Millipore, Temecula, CA) according to manufacturer's instruction. Each of the purified DNAs (5 μl) were used as template for 60 cycles of PCR amplification using p21 promoter-specific primers (36) and TOOLS 2x SYBR qPCR Mix (BIOTOOLS CO., LTD., Taiwan).



Statistical Analysis

All data were recorded as continuous variants and analyzed using Student's t-test. All statistical analyses were performed using SPSS 16.0 and Excel 2007 software. All statistical tests were two-sided and the p-values of significance were established at < 0.05 (*), < 0.01 (**), or < 0.001 (***), as indicated.




RESULTS


HGK Inhibited the Expression of Class I HDAC in Yeast

Previous studies have shown that over-expression of class I HDAC is closely related to the development and progression of liver cancer. To identify natural compounds with inhibitory activity against class I HDAC, we used a yeast analysis platform previously established for drug screening (37). After treating the yeasts with different natural compounds, western blotting was performed to analyze the expression of reduced potassium dependency 3 (Rpd3) corresponding to human class I HDAC. We found that the amount of Rpd3 expressed in yeast treated with HGK was significantly lower compared to that in the vehicle control group (Figures 1A,B). The results showed that HGK may have inhibitory activity against class I HDAC in human cell lines.
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FIGURE 1. Hydroxygenkwanin (HGK) inhibited the expression of class I histone deacetylase (HDAC) in yeast and human liver cancer cell lines. (A) Chemical structure of HGK. (B) Western blot analysis revealed the effect on Rpd3 expression in yeast after the 48 h of 1 mM HGK treatment. Quantitative results are shown in lower panel. p < 0.05 (*), p < 0.01 (**), as assessed using the Student's t-test. (C,E) Huh7 and HepG2 cells were treated with HGK or vehicle for 48 h. The expression levels of HDAC 1, 2, 3, and 8 were determined using western blotting. Quantitative results are shown (D,F). (G) RNA expression levels of HDAC 1, 2, 3, and 8 in Huh7 and HepG2 cells following treatment with vehicle (DMSO) or HGK analyzed by quantitative real-time RT-PCR. (H) The levels of acetylated histone H4 were determined by western blotting after 48 h of HGK treatment. Quantitative results are shown in the lower panel. p < 0.001 (***). All data are expressed as the mean ± standard deviation (SD) of three independent experiments.




HGK Inhibited Class I HDAC Expression and Suppressed Proliferation, Migration, and Invasion Capacities of Liver Cancer Cells

To determine whether HGK inhibits the expression of class I HDAC in liver cancer cell lines, western blotting was used to analyze class I HDAC expression in HepG2 and Huh7 cells following treatment with different concentrations of HGK. The results demonstrated that expression levels of HDAC 1, 2, 3, and 8 were significantly decreased by HGK treatment in a dose-dependent manner (Figures 1C–G), suggesting that HGK was able to inhibit class I HDAC expression in liver cancer cells. In order to further understand the effect of HGK on the acetylation of histone proteins, we performed western blot analysis on the acetylation status of histone H4 in liver cancer cell lines treated with HGK. We found that, after treatment, the proportion of acetylated histone H4 was significantly increased compared with that of the vehicle group (Figure 1H), indicating that HGK promotes the acetylation of histone by inhibiting HDAC.

To elucidate the effect of HGK on the physiology of liver cancer cells, we performed cell functional analysis to detect changes in proliferation, migration, and invasion of liver cancer cell lines Huh7 and HepG2. The results revealed that proliferation, migration, and invasion abilities of the two cell lines were significantly lower in HGK-treated cells compared to those of control cells. Additionally, increased HGK concentrations resulted in greater inhibition (Figures 2A–F), showing that HGK may exert its anticancer activity by inhibiting class I HDAC. The half-maximal inhibitory concentration (IC50) of HGK toward Huh7 and HepG2 cells was calculated using GraphPad Prism software and was about 40 and 30 μM, respectively. However, no inhibitory effect was observed on the growth of human skin fibroblast cell line HFB at the above concentrations (Figure 2B). This indicated that HGK selectively inhibits the growth of liver cancer cells without significant toxicity to normal cells.
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FIGURE 2. Hydroxygenkwanin (HGK) selectively inhibited the proliferation, migration, and invasion of hepatocellular carcinoma cells. (A,B) Huh 7, HepG2, and human skin fibroblast (HFB) cells were treated with different concentrations of HGK or vehicle (DMSO), and the cell proliferation status was analyzed using the xCELLigence Real-Time Cell Analyzer. (C) Cell migration capacities of Huh7 and HepG2 cells with/without HGK treatment (40 and 30 μM in Huh7 and HepG2 cells, respectively) were compared using transwell assays. The quantitative results are shown in (D). (E,F) Invasion assays were performed using matrigel-coated polyethylene terephthalate membrane inserts. The results shown are the mean of three independent experiments. Significant differences vs. the control groups, p < 0.001 (***).


Moreover, we compared the efficacy of HGK against liver cancer with the clinically used HDAC inhibitor SAHA and its toxicity to normal cells. The half-maximal inhibitory concentration (IC50) of SAHA toward Huh7 and HepG2 cells was about 3 μM. We found that the physiological toxicity of HGK to human skin fibroblast (HFB) cell line was significantly lower than that of SAHA at the half maximal inhibitory concentration (Figure S1D). In addition, after 30 h of treatment, both HGK and SAHA significantly inhibited the growth of the liver cancer cell lines. However, the inhibitory effect of SAHA was better than that of HGK, as SAHA obviously triggered apoptosis (data not shown). Flow cytometry results also confirmed that the tumor suppressor mechanism of HGK mainly caused cell cycle arrest, while SAHA caused apoptosis (Figures S1A–C).



HGK Effects on p21, p53, and p65 Gene

HDAC regulates the de-acetylation of histone and non-histone proteins, affecting gene expression or protein activation. Previous studies have shown that class I HDAC inhibits the expression of the tumor suppressor gene p21 and alters the acetylation and activation of p53 and p65 proteins, which in turn promote carcinogenesis (38–41). To determine the effect of HGK on tumor suppressor molecules, real-time RT-PCR and western blotting were used to analyze the expression of p21 and acetylation of p53 and p65 in liver cancer cell lines treated with HGK (Figures 3A–C). The results showed that compared with that in the vehicle control group, expression levels of p21 mRNA and protein significantly increased in Huh7 and HepG2 cells treated with HGK, which inhibited the expression of cell cycle regulatory proteins CDK4 and cyclin D1, thereby inducing S-phase cell cycle arrest and promoting apoptosis (Figures 3D–F). To further confirm that HGK increased expression from the p21 gene region by modulating acetylation of histones, we performed a chromatin immunoprecipitation (ChIP) assay. The assay demonstrated that the degree of histone H3 acetylation in four distinct p21 promoter regions were significantly increased following treatment with HGK (Figure 4A). This suggested that HGK enhanced p21 expression by promoting the acetylation of histone H3 in the p21 promoter region. Moreover, the degree of p53 and p65 protein acetylation in the two cell lines was significantly increased following HGK treatment (Figures 4B–E), showing that HGK altered the activation of tumor suppressor proteins, such as p53 and p65.
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FIGURE 3. Hydroxygenkwanin (HGK) induced the expression of tumor suppressor gene p21. (A) Huh7 and HepG2 cells were treated with HGK or vehicle for 48 h and the RNA levels of p21, p53, and p65 were analyzed using quantitative real-time RT-PCR. (B,C) Expression levels of p21 and downstream proteins in Huh7 and HepG2 cells following treatment with vehicle (DMSO) or HGK analyzed by western blotting (left panel). β-actin served as an internal control. Quantitative results are shown in right panel. p < 0.01 (**), p < 0.001 (***). (D–F) Effect of HGK on the cell cycle progression in Huh7 and HepG2 cells. Cells were treated with vehicle or HGK for 48 h. The cell cycle distribution was analyzed by flow cytometry. The results shown are the mean of three independent experiments. p < 0.05 (*), p < 0.01 (**), p < 0.001 (***).
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FIGURE 4. Hydroxygenkwanin (HGK) induced histone acetylation of p21 promoter and promoted the acetylation of p53 and p65 proteins. (A) Acetylation of histone H3 associated with the p21 promoter was increased in HGK treated cells. HepG2 cells were treated with HGK or vehicle for 48 h and subjected to ChIP-qPCR analysis using acetyl-histone H3 antibody. Precipitated genomic DNA was amplified for the four proximal promoters of the p21 locus by real-time PCR. (B,D) Huh7 and HepG2 cells were treated with HGK for 48 h and the expression and acetylation levels of p53 and p65 proteins were analyzed by western blotting. β-actin served as an internal control. Quantitative results are shown (C,E). p < 0.05 (*), p < 0.01 (**), p < 0.001 (***). All data are expressed as the mean ± standard deviation (SD) of three independent experiments.




Synergistic Effect of HGK and Sorafenib

Previous studies have shown that HDAC inhibitors have synergistic effects with sorafenib that enhance cancer suppression efficacy. To determine whether HGK and sorafenib had synergistic effects, liver cancer cell lines were treated with HGK and sorafenib, separately and combined, and the cells were analyzed for apoptosis. The results demonstrated that treatment with HGK or sorafenib alone slightly induced cell apoptosis. However, when both compounds were administered simultaneously, the cytotoxic effects on the cell lines were significantly greater compared with that observed in cells that received single-drug treatments (Figure 5A). Moreover, the combination of the two drugs inhibited cancer cell proliferation, migration, and invasion by more than 1-fold compared to the inhibition by either HGK or sorafenib alone (Figures 5B–F). These results confirmed that the combined use of HGK and sorafenib had synergistic effects against liver cancer cells.
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FIGURE 5. Hydroxygenkwanin (HGK) and sorafenib had synergistic effects against liver cancer cells. (A) Huh7 cells were treated with 40 μM HGK and 5 μM sorafenib individually or in combination and cell apoptosis was determined using a terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay. Green punctate staining represents TUNEL-positive cells. Apoptotic cells were identified as DAPI and TUNEL double-stained cells. Magnification: 100×. Effects of HGK (40 and 30 μM in Huh7 and HepG2 cells, respectively) combined with sorafenib (5 μM in Huh7 and 4 μM in HepG2 cells) on cell proliferation (B), migration (C,D), and invasion (E,F). p < 0.05 (*), p < 0.01 (**), p < 0.001 (***). All experiments were performed in triplicate.




Combination of HGK and Sorafenib Enhanced Efficacy Against Liver Cancer in vivo

To verify that HGK had anticancer effects in vivo and to confirm the regulatory mechanisms involved, a mouse xenograft model was used. Huh7 cells were injected into the back of mice and HGK and sorafenib were periodically administered by intraperitoneal injection, either separately or in combination. The results showed that tumor growth in mice treated with HGK, sorafenib, or both was significantly inhibited compared with that in the vehicle dimethyl sulfoxide (DMSO)-treated group. Moreover, the inhibitory effects of the combination treatment on the tumors were significantly greater compared to that of single-drug treatment (Figures 6A–D), showing a synergistic efficacy for HGK and sorafenib. Additionally, there was no significant difference in body weight between the mice given HGK alone and the vehicle group (Figure 6E), nor were there any significant abnormalities in the serological test results for the two groups of mice (Figure 6F). This indicated that HGK failed to demonstrate any noteworthy physiological toxicity.
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FIGURE 6. Combination of hydroxygenkwanin (HGK) and sorafenib enhanced in vivo anticancer efficacy. (A,B) A total of 5 × 106 Huh7 cells were inoculated into nude mice (n = 5 per group). The mice with tumors were intraperitoneally injected three times per wk with 100 μl of HGK (1 mg/kg of body weight), sorafenib (15 mg/kg), or an equal volume of dimethyl sulfoxide (DMSO), which served as a control. Representative images show the tumor xenografts at 4 wk post-implantation. (C) Tumor volumes were recorded every 3 d after injection as follows: length × width2 × 0.5. The error bars indicate the S.D. p < 0.05 (*), p < 0.001 (***). Tumor weights (D) and body weights (E) were calculated every 3 d after injection. (F) Serological test results of the four groups of mice.


In addition, expression of class I HDAC genes was analyzed using immunohistochemical staining of mouse tumor tissues. Interestingly, the results were consistent with those from the in vitro experiments. Expression levels of class I HDAC were significantly decreased in mouse tumors treated with HGK (Figure 7A). These results confirmed that HGK induced expression of a tumor suppressor genes by inhibiting class I HDAC, thereby promoting apoptosis in liver cancer cells and inhibiting tumor growth (Figure 7B).
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FIGURE 7. Hydroxygenkwanin (HGK) repressed tumor growth by inhibiting class I histone deacetylase (HDAC). (A) Immunohistochemical staining representing the effect of HGK on class I HDACs, p21, caspase 3, and caspase 7 expression in mice xenograft tumors. Magnification: 400×. (B) Schematic representation summarizing the anti-hepatocellular carcinoma mechanism of HGK.





DISCUSSION

Abnormal regulation of epigenetics is closely related to tumorigenesis, which is partly regulated by HDAC. Previous studies have demonstrated that class I HDACs are highly expressed in liver cancer tissues and closely associated with tumor development and progression, which makes them important targets for liver cancer treatment (42–44). In the current study, we determined that the natural compound HGK possessed class I HDAC inhibitory activity and low physiological toxicity. We also confirmed that HGK induced expression or activation of p21, p53, p65, and other tumor suppressor genes to inhibit the growth of liver cancer tumors. Importantly, we determined that HGK exhibited a synergistic effect with sorafenib in enhancing tumor-suppressing effects. To our knowledge, this is the first study to identify HGK as a class I HDAC inhibitor and to demonstrate its therapeutic potential for liver cancer treatment.

HDAC regulates gene expression and protein activation by regulating the acetylation of histone and non-histone proteins; however, the regulatory mechanism of cancer physiology is extremely diverse and complex and the carcinogenic and tumor-suppressing pathways regulated in various cancers are different. In the current study, we limited our analyses to tumor suppressor genes such as p21, p53, and p65, which explains only part of the anticancer mechanism of HGK. We believe that there are multiple key factors involved; however, this needs to be clarified with further experiments.

In the present study, we found that HGK promoted histone acetylation in the p21 promoter region, which in turn upregulated p21 expression. p21 is a cyclin-dependent kinase inhibitor (CKI) that acts on cyclin-dependent kinases (CDKs), consequently inhibiting cell cycle progression (45). The p21 gene is also one of the genes regulated by p53. Previous studies have shown that acetylation of the p53 protein enhances its stability allowing it to bind to the target gene promoter, thereby upregulating the expression of tumor suppressor genes, such as p21 and BAX (46, 47). The results of the present study indicate that HGK can promote the acetylation of p53 at lysine 382 (K382), suggesting that HGK can also indirectly promote p21 expression through the regulation of p53 acetylation (48). Furthermore, previous research has determined that acetylation at different sites on the p65 protein produces different effects on p65 activity (49). For example, acetylation of p65 at K310 enhances the ability of p65 to bind to the target gene promoter, which in turn regulates the expression of tumor suppressor genes, such as miR21 and DR5, and activates the downstream pathways. Therefore, the acetylation of p65 at K310 is also regarded as an indicator of the anticancer activity of p65. In the present study, we found that p65 acetylation at K310 was significantly increased in HGK-treated cells, showing that HGK can achieve anticancer effects by activating p65 and upregulating the expression of its downstream tumor suppressor genes.

Currently, histone deacetylase inhibitors (HDACi) are widely used in cancer treatment and have achieved good therapeutic effects in treating various cancers. Suberoylanilide hydroxamic acid (SAHA) and romidepsin, two widely studied HDACi, have been approved by the US FDA for treatment of T-cell lymphomas (50). Many studies have shown that these HDACi can also inhibit the progression of cancers such as breast cancer, lung cancer, and prostate cancer (51–54). Furthermore, many clinical trials have demonstrated that the concomitant use of HDACi and other anticancer drugs provides synergistic therapeutic effects (55–57). For instance, the concomitant use of SAHA and bortezomib can synergistically induce ROS-driven caspase-dependent apoptosis of nasopharyngeal carcinoma (58); the concomitant use of romidepsin with cisplatin and nivolumab can enhance the therapeutic effects of the individual medications on triple-negative breast cancer; and a combination therapy using pralatrexate and romidepsin enhances the therapeutic effects on relapsed and refractory T-cell lymphoma [56]. Studies on liver cancer have also indicated a similar synergistic killing effect on liver cancer cell lines when using the HDACi valproic acid (VPA) along with aspirin (59). In the present study, we found that the concomitant use of HGK and sorafenib significantly enhanced their inhibitory effects on the growth and metastasis of malignant liver tumors. Thus, the different mechanisms by which HGK and sorafenib achieve their anticancer effects result in synergism during concomitant use. This result also suggests that HGK can potentially be used as an adjuvant agent in clinical treatment.

SAHA is an HDAC inhibitor that is currently approved by the FDA for the treatment of T-cell lymphoma. It can specifically bind to the zinc-containing catalytic domains of class I, II, and VI histone deacetylases (HDACs), thereby suppressing their enzymatic activities. However, HGK inhibits the growth of liver cancer cells by inhibiting the expression of class I HDAC, which is different from the mechanism of action of SAHA. In addition, in our recent study, we found that HGK can also inhibit the expression of FOXM1, thereby inhibiting EMT progression by regulating miR320a expression (60). The anti-HCC effect of HGK is known to involve two or more regulatory mechanisms. In this study, we aimed to show that HGK can inhibit the progression of liver cancer by inhibiting the expression of class I HDAC. Although its efficacy and specificity are not as good as SAHA, the results of our study indicate that HGK has lower physiological toxicity to normal cells and can be potentially used as a therapeutic adjuvant in the treatment of liver cancer.

Class I HDAC is highly expressed in most tumor tissues, including liver cancer, breast cancer, lung cancer, and colorectal cancer, and is one of the main targets for cancer treatment (61–64). Therefore, we focused on the regulation of class I HDAC by HGK. However, in yeast, HGK also inhibited the expression of Sir2, suggesting that it may also have class III HDAC inhibitory activity in human cells (data not shown). Previous studies have shown that class III HDAC is closely related to tumorigenesis and prognosis in leukemia, glioblastoma, prostate cancer, colorectal cancer, and skin cancer (65–69). Therefore, we plan to continue exploring whether HGK inhibits human class III HDAC and to test its inhibitory effect on multiple cancer cell types in effort to assess whether HGK might be used to treat other types of cancer. In addition, further studies are needed to understand how HGK upregulates HDACs expression.

Although high HDAC expression levels are closely related to tumor progression and patient outcome in most cancers, HDAC deactivation due to gene mutations has been observed in some cancers. For example, HDAC1 somatic mutations have been found in 8.3% of dedifferentiated liposarcoma and HDAC4 homozygous deletions are found in 4% of melanoma (70, 71). These mutations result in deactivation of HDAC and slows tumor growth. However, since mutations increase resistance to HDAC inhibitors, it is speculated that this is one reason why many cancers, including liver cancer, are not sensitive to HDAC inhibitors. Therefore, the combination of different drugs in cancer treatment is crucial for improving efficacy.



CONCLUSIONS

While HDAC inhibitors have been widely used in treating various cancers, their side effects cause bottlenecks in treatment. In the current study, we identified HGK, a natural compound with class I HDAC inhibitory activity, as an anticancer compound that acted synergistically with sorafenib. Importantly, since HGK is not physiologically toxic, it is suitable as a therapeutic adjuvant in combination with other anticancer drugs to enhance their therapeutic effects.
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Figure S1. Comparison of antiproliferative effect and physiological toxicity of HGK and SAHA. (A,B) Effect of HGK and SAHA on the cell cycle progression in Huh7 and HepG2 cells. Cells were treated with or without stated concentrations of HGK or SAHA for 30 h. The cell cycle distribution was analyzed by flow cytometry. The quantitative results were shown in (C). (D) Human skin fibroblast (HFB) cells were treated with stated concentrations of HGK, SAHA, or vehicle (DMSO), and the cell viability was analyzed using the xCELLigence Real-Time Cell Analyzer. The results shown are the mean of three independent experiments. Significant differences versus the control group (vehicle), ***p < 0.001.
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This study aimed to compare the efficacy and safety of traditional Chinese medicines (TCMs) combined with paclitaxel-based chemotherapy and paclitaxel-based chemotherapy alone for gastric cancer treatment. Literature searches (up to September 25, 2019) were performed using the Cochrane Library, EMBASE, PubMed, Chinese Science and Technology Journals (CQVIP), Wanfang, and China Academic Journals (CNKI) databases. Data from 14 randomized controlled trials (RCTs), with 1,109 participants, were included. The results indicated that, compared with paclitaxel-based chemotherapy alone, the combination of TCMs and paclitaxel-based chemotherapy significantly improved the tumor response rate (TRR; RR: 1.39; 95% CI: 1.24–1.57; p < 0.001, I2 = 12%), increased the quality of life based on the Karnofsky Performance Scale score (RR: 1.53; 95% CI: 1.19–1.96; p < 0.001, I2 = 0%), and reduced the side effects, such as neutropenia (RR: 0.68; 95% CI: 0.55–0.84; p < 0.001, I2 = 44%), leukopenia (RR: 0.69; 95% CI: 0.54–0.90; p < 0.01, I2 = 40%), thrombocytopenia (RR: 0.66; 95% CI: 0.46–0.96; p < 0.05, I2 = 32%), and nausea and vomiting (RR: 0.50; 95% CI: 0.32–0.80; p < 0.01, I2 = 85%). Hepatic dysfunction (RR: 0.63; 95% CI: 0.33–1.20; p = 0.16, I2 = 0%), neurotoxicity (RR: 0.64; 95% CI: 0.26–1.55; p = 0.32, I2 = 0%), and anemia (RR: 0.65; 95% CI: 0.40–1.04; p = 0.07, I2 = 0%) were similar between the two groups. Evidence from the meta-analysis suggested that compared with paclitaxel-based chemotherapy alone, the combination of TCMs and paclitaxel-based chemotherapy may increase the TRR, improve quality of life, and reduce multiple chemotherapy-related side effects in gastric cancer patients. Additional rigorously designed large RCTs are required to confirm the efficacy and safety of this treatment.
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Introduction

Gastric cancer (GC) is the fifth-most commonly diagnosed cancer and the third leading cause of cancer-related death in the world. In 2018, there were more than 1,000,000 new GC cases and GC resulted in an estimated 783,000 deaths (Bray et al., 2018). Despite the progress in diagnosis and treatment, the initial detection of most GC cases occurs at advanced stages, which leads to poor prognosis, with a median overall survival of 11 months (Wagner et al., 2017). Currently, chemotherapy is widely used as the main treatment for GC. However, the side effects and the development of resistance to chemotherapy in clinical practice reveal its limitations and have prompted more attention to be paid to the study of complementary treatments (Biagioni et al., 2019).

Paclitaxel is a widely used second-line chemotherapy drug for advanced GC (Bang et al., 2017). However, it has a low response rate (16–22%) (Bang et al., 2002) and significant side effects (such as neutropenia and gastrointestinal adverse reactions) (Shitara et al., 2010), so a paclitaxel-based combination regimen may be more beneficial.

Traditional Chinese medicines (TCMs), which can be used as complementary treatments for cancer patients, have been widely used in China for years (Wong et al., 2001; Chen et al., 2016). TCM combinations have been reported to alleviate chemotherapy drug resistance and enhance the efficacy of chemotherapy. However, it remains uncertain whether paclitaxel-based chemotherapy combined with TCMs is more effective than paclitaxel-based chemotherapy alone for GC.

In this study, we aimed to use a meta-analysis to summarize and analyze high-quality RCTs in order to evaluate the efficacy and safety of combination therapy using paclitaxel and TCMs compared to paclitaxel alone for GC. We further aimed to identify the most frequently used TCM herbal compounds in order to provide a reference for the selection of a reasonable TCM regimen for the treatment of GC.



Materials and Methods


Study Selection

Databases, comprising PubMed, EMBASE, Cochrane Library, Wanfang, Chinese Science and Technology Journals (CQVIP), and China Academic Journals (CNKI), were independently searched from their inceptions to September 25, 2019 by two reviewers (Yicong Li and Chunyue Yu). The search terms (in English and Chinese) involved the following: “paclitaxel OR Taxol” AND “Chinese herb OR traditional medicine” AND “stomach neoplasm OR gastric neoplasm OR stomach cancer OR gastric cancer”. There was no restriction on the language. The Jadad scale was used to assess study quality (Jadad et al., 1996). 



Inclusion and Exclusion Criteria

Studies were included if they met the following PICOS criteria: (1) participants: GC patients (diagnosed based on pathology results); (2) intervention: paclitaxel-based chemotherapy regimen combined with TCM; (3) comparator: paclitaxel-based chemotherapy regimen alone; (4) outcomes: tumor response rate (TRR), Karnofsky Performance Scale (KPS) score, and/or side effects (at least one of these outcomes); (5) study design: randomized controlled trial (RCT).

The exclusion criteria were as follows: (1) outcomes not reported clearly or appropriate data could not be extracted; (2) Jadad score <2; (3) duplicate studies by the same authors.



Data Extraction

All the included studies were screened independently by two reviewers (Yicong Li and Chunyue Yu) to extract the following data: first author (year), study period, sample sizes, tumor, node, metastasis (TNM) stage, TCM intervention, paclitaxel regimen, drug administration route, treatment duration, and outcomes. Any differences were resolved by discussion between the two reviewers, and differences that could not be resolved were settled by a third reviewer (Xinbing Sui).



Risk of Bias Assessment

We used the Cochrane risk of bias tool (Higgins et al., 2011) to assess the risk of bias of the RCTs. The domains of this tool include selection bias, performance bias, detection bias, attrition bias, and reporting bias. Low, high, and unclear risk of bias indicate that the study met the criteria, did not meet the criteria, and did not provide enough information to make a judgment, respectively.



Primary Outcomes

Tumor response rate (TRR), containing the criteria of complete response (CR), partial response (PR), stable disease (SD), and progressive disease (PD), was the primary outcome. CR plus PR was also included as TRR. Subgroup analyses were then used to assess whether there was a difference in TRR between the paclitaxel+TCM and control groups in various subgroups of studies, according to administration route (studies were categorized into an oral administration subgroup in which TCMs were taken orally as a decoction or capsules [seven studies] or an injection subgroup [six studies]), TNM stage (studies were categorized into a stage IV-only subgroup [two studies] or other stages subgroup [eleven studies]), treatment duration (studies were categorized into ≤4 weeks [four studies], 4–8 weeks [six studies], and >8 weeks [three studies] subgroups), and the three most commonly used TCM combinations (studies were categorized into overlapping subgroups depending on whether they used a combination of Dangshen and Gancao [eight studies], Dangshen, Gancao, Baizhu and Fuling [seven studies], or Dangshen, Gancao, Baizhu, Fuling, Chenpi, Shanyao, Yiyiren, and Sharen [three studies]).



Secondary Outcomes

KPS score was used to assess quality of life (QOL). Improvement of QOL was defined as a KPS score increase of ≥10 points after treatment. Side effects, which included blood abnormalities (neutropenia, leukopenia, anemia, and thrombocytopenia), nausea and vomiting, hepatic dysfunction, and neurotoxicity, were also evaluated as secondary outcomes.



Data Analysis

Cochrane Review Manager (RevMan) software version 5.3 was utilized for statistical analysis. Risk ratio (RR) with a 95% confidence interval (CI) for the dichotomous outcomes was used to estimate the pooled effects. Heterogeneity was estimated by Cochran's Q test and assessed using I2. A fixed-effects model was used to estimate the pooled effect when heterogeneity was absent (I2 < 50%). Otherwise, a random-effects model was used. p < 0.05 was considered significant. A funnel plot was used to assess publication bias regarding TRR data.




Results


Literature Search

As shown in Figure 1, 237 articles were retrieved in the literature search. After removal of duplicate articles, 165 articles remained. After reviewing the titles and abstracts, 100 irrelevant articles were excluded. After adding two articles based on a review of the references of the remaining 65 articles, there were 67 articles. The full-text articles were then evaluated based on the inclusion and exclusion criteria, and 53 articles were excluded due to: Jadad score <2 (n = 22), not being an RCT (n = 19), not providing a clear evaluation of tumor responses (n = 7), duplicate reports (n = 3), and comparator not based on paclitaxel (n = 2). Further details are shown in Supplementary Table 1. Fourteen articles were finally included in our meta-analysis.




Figure 1 | Flow diagram showing study selection for meta-analysis.





Study Characteristics

The main characteristics of the 14 included studies are shown in Table 1. The publication years ranged from 2009 to 2018 and there were 1,109 included patients, with 502 in the paclitaxel+TCM group and 506 in the control group.


Table 1 | Characteristics of the included studies.





Risk of Bias and Methodological Quality

We selected the risk of bias tool provided by the Cochrane Collaboration (Higgins et al., 2011) to assess the risk of bias of the included studies. All of the included studies exhibited bias according to at least one of the bias categories. “Random” or “randomized” or “randomization” was mentioned in all 14 studies, along with descriptions of the specific randomization methods. One study reported allocation concealment and blinding of participants and healthcare providers, but there was unclear blinding of outcome assessment (Ge et al., 2014). One study lacked essential data TRR (Lai et al., 2018), while the other 13 studies reported detailed outcome data. None of the 14 studies provided clear descriptions of detection bias, reporting bias, or other bias. Figure 2 shows detailed overviews of the scores in each bias category for each study.




Figure 2 | Risk of bias summary and diagram. (A) Risk of bias summary: review of authors' judgments about each risk of bias item for all included studies. (B) Risk of bias diagram: review of authors' judgments about each risk of bias item presented as percentages across all included studies. Red, green, and yellow indicate high, low, and unclear risk of bias, respectively.





Meta-Analysis of TRR

We extracted the TRR data from 13 of the 14 included studies. The fixed-effects meta-analysis showed that the TRR was significantly improved in the paclitaxel+TCM group compared to the control group (RR: 1.39; 95% CI: 1.24–1.57; p < 0.001, I2 = 12%) (Figure 3).




Figure 3 | Forest plot of meta-analysis of tumor response rate (TRR) (all studies and subgroups of studies: oral administration subgroup, injection subgroup).



Regarding the administration route subgroup analysis, the TRR was significantly enhanced in the paclitaxel+TCM group compared with the control group in the oral administration subgroup (seven studies; RR: 1.55; 95% CI: 1.31–1.84; p < 0.001, I2 = 0%) and the injection subgroup (six studies; RR: 1.24; 95% CI: 1.05–1.47; p < 0.05, I2 = 0%) (Figure 3).

Regarding the TNM subgroup analysis, the TRR was significantly improved in the paclitaxel+TCM group compared with the control group in the stage IV-only subgroup (two studies; RR: 1.59; 95% CI: 1.16–2.18; p < 0.01, I2 = 0%) and the other stages subgroup (eleven studies; RR: 1.36; 95% CI: 1.20–1.55; p < 0.001, I2 = 20%) (Figure 4).




Figure 4 | Forest plot of subgroup meta-analysis of TRR according to TNM stages.



Regarding the treatment duration subgroup analysis, there were no significant effects on TRR in the ≤4 weeks subgroup (four studies; RR: 1.21; 95% CI: 0.99–1.48; p = 0.06, I2 = 6%), but there was significant improvement in the 4–8 weeks subgroup (six studies; RR: 1.33; 95% CI: 1.12–1.58; p < 0.01, I2 = 0%) and the >8 weeks subgroup (three studies; RR: 1.84; 95% CI: 1.39–2.42; p < 0.001, I2 = 28%) (Figure 5).




Figure 5 | Forest plot of subgroup meta-analysis of TRR according to treatment duration.





Meta-Analysis of KPS

The fixed-effects meta-analysis showed a significant difference between the two groups in the rate of KPS improvement (≥10 points) (four studies; RR: 1.53; 95% CI: 1.19–1.96; p < 0.001, I2 = 0%) (Figure 6). The KPS was significantly higher in the paclitaxel+TCM group than the control group. The results indicated that, compared with paclitaxel-based chemotherapy alone, combined therapy with TCMs can significantly improve the QOL of patients with GC.




Figure 6 | Forest plot of meta-analysis of improvement in Karnofsky Performance Scale (KPS) score (≥10 points).





Meta-Analysis of Blood Abnormalities

The fixed-effects meta-analyses showed significant decreases in the paclitaxel+TCM group in the rate of neutropenia (five studies; RR: 0.68; 95% CI: 0.55–0.84; p < 0.001, I2 = 44%), the rate of leukopenia (four studies; RR: 0.69; 95% CI: 0.54–0.90; p < 0.01, I2 = 40%), and the rate of thrombocytopenia (six studies; RR: 0.66; 95% CI: 0.46–0.96; p < 0.05, I2 = 32%) (Figure 7). The rate of anemia did not differ significantly (five studies; RR: 0.65; 95% CI: 0.40–1.04; p = 0.07, I2 = 0%) (Figure 7). The results showed that paclitaxel-based chemotherapy combined with TCMs significantly reduced the rate of neutropenia, leukopenia, and thrombocytopenia, but had no significant effect on the rate of anemia during the treatment of GC.




Figure 7 | Forest plot of meta-analysis of blood abnormalities.





Meta-Analysis of Nausea and Vomiting, Hepatic Dysfunction, and Neurotoxicity

The random-effects meta-analysis showed a significantly lower rate of nausea and vomiting in the paclitaxel+TCM group compared to the control group (eight studies; RR: 0.50; 95% CI: 0.32–0.80; p < 0.01, I2 = 85%). However, there were no significant differences in hepatic dysfunction (three studies; RR: 0.63; 95% CI: 0.33–1.20; p = 0.16, I2 = 0%) or neurotoxicity (three studies; RR: 0.64; 95% CI: 0.26–1.55; p = 0.32, I2 = 0%) (Figure 8). Regarding the analysis of nausea and vomiting, a random-effects model was used to calculate the pooled RR (and 95% CI) due to significant heterogeneity (p < 0.001, I2 = 72%). These results indicated that paclitaxel combined with TCMs can significantly reduce nausea and vomiting compared to paclitaxel-based chemotherapy alone, without causing additional hepatic dysfunction or neurotoxicity.




Figure 8 | Forest plot of meta-analysis of nausea and vomiting, hepatic dysfunction, and neurotoxicity.





TCM Formulae and Frequently Used Herbal Compounds

Among the studies in the oral administration subgroup that used multi-ingredient TCM regimens, there were eight studies with a total of 29 TCM ingredients. Nine of these ingredients were used in four or more formulations. Ordered according to their frequency of use, the TCMs were as follows: Dangshen (n = 8), Gancao (n = 8), Baizhu (n = 7), Fuling (n = 7), Chenpi (n = 5), Banxia (n = 4), Shanyao (n = 4), Yiyiren (n = 4), and Sharen (n = 4) (Table 2 and Figure 9). Using fixed-effects models, we performed a subgroup analysis of the three most commonly used combinations. Regarding the subgroup involving the combination of Dangshen and Gancao, TRR was significantly improved in the paclitaxel+TCM group compared to the control group (eight studies; RR: 1.44; 95% CI: 1.22–1.70; p < 0.001, I2 = 40%). Moreover, regarding the subgroup involving the combination of Dangshen, Gancao, Baizhu and Fuling, there was a significant improvement (seven studies; RR: 1.31; 95% CI: 1.09–1.56; p < 0.01, I2 = 0%). Furthermore, regarding the subgroup involving the combination of Dangshen, Gancao, Baizhu, Fuling, Chenpi, Shanyao, Yiyiren, and Sharen, there was also a significant improvement (three studies; RR: 1.30; 95% CI: 1.20–1.41; p < 0.001, I2 = 0%).


Table 2 | Name of High Frequency TCMs.






Figure 9 | Traditional Chinese medicine (TCM) herbal compounds used in each study.





Publication Bias

A funnel plot of the 13 studies that reported TRR data was used to assess publication bias (Figure 10). The funnel plot was asymmetrical, indicating the existence of publication bias.




Figure 10 | Funnel plot assessing publication bias regarding TRR.






Discussion

Paclitaxel, which is a representative second-line chemotherapy drug for GC, is generally recognized as being able to inhibit cancer (Zhang et al., 2019). However, because of its stronger side effects compared with the first-line chemotherapy drugs, it represents a double-edged sword in GC treatment. This has become an urgent problem to be solved, potentially with TCM combination therapy. Our study showed that, overall, paclitaxel+TCM significantly improved the TRR in GC patients, and it particularly improved the TRR in the subgroups of studies that used oral administration of TCM, included only stage IV patients, and had a long treatment duration. As the primary outcome, TRR can directly reflect the efficacy of chemotherapy regimens on tumors. A meta-analysis by Xie et al. (2013) also showed that TCM (Huachansu) combined with chemotherapy increased the TRR in patients with GC, which is consistent with our findings. In addition, it is necessary to assess QOL to evaluate the effects of chemotherapy combined with TCMs. Among the included studies, four reported the number of patients in each group with a KPS increase ≥10 points. We evaluated the dichotomous variable (KPS improvement) in the meta-analysis, which showed a positive result in the paclitaxel+TCM group compared to the control group.

In addition to enhancing the effect of chemotherapy, combining chemotherapy with TCMs can reduce the side effects and decrease mild drug resistance. Accordingly, our study comprehensively compared the side effects of the two regimens. The blood abnormality results showed that the paclitaxel+TCM group reduced the rates of neutropenia, leukopenia, and thrombocytopenia. Paclitaxel+TCM also alleviated nausea and vomiting after chemotherapy, which shows the positive effect of TCMs on the gastrointestinal system. Furthermore, given that there are a few reports on the adverse effects of TCMs, we evaluated negative effects related to hepatic dysfunction and neurotoxicity. It is gratifying to note that the paclitaxel+TCM group had fewer cases of hepatic dysfunction and neurotoxicity than the groups involving paclitaxel-based chemotherapy alone.

To discern the commonalities between the TCM formulae that were combined with paclitaxel in the various studies, we analyzed the frequency and compatibility of the oral Chinese herbal compounds in the included studies. As the most effective qi tonic among the administered TCMs, the combination of Dangshen and Gancao was used in all eight studies in the oral administration subgroup that used multi-ingredient TCM regimens. In addition, seven of these studies (87.5%) used a combination of Dangshen, Gancao, Baizhu and Fuling, which is the most representative basic qi tonic TCM formula and is known as Sijunzi Decoction. According to these findings, we can infer that when treating GC using paclitaxel-based chemotherapy combined with TCMs, most of the studies invigorated the qi and strengthened the spleen as the standard treatment approach. This is also supported by the existing evidence on TCM treatment for advanced GC and TCMs combined with chemotherapy (Chen et al., 2018). In addition, we found a frequently recurring combination of eight ingredients (Dangshen, Gancao, Baizhu, Fuling, Chenpi, Shanyao, Yiyiren, and Sharen). This combination could be used to guide the prescribing of TCMs in paclitaxel+TCM regimens for the clinical treatment of GC and can be used as a candidate treatment for further RCTs.

An advantage of our study was the use of strict inclusion and exclusion criteria, excluding studies with Jadad scale <2 to improve the quality of the meta-analysis. Furthermore, we not only systematically searched the databases (from their inceptions) for studies in English, but we also searched the databases in Chinese; therefore, the included literature was not limited to English. Additionally, we comprehensively evaluated and compared the side effects of paclitaxel+TCM with paclitaxel-based chemotherapy alone. The results indicate that paclitaxel+TCM is more effective and safer. Finally, we discovered a frequently used combination of herbal compounds, which should be assessed in future RCTs.

Our research has several limitations. There was a lack of large, multicenter, standardized RCTs, and our included studies were mostly small, which may have led to some bias in the outcomes. We look forward to more high-quality RCTs being published in international journals. Moreover, the included studies lacked assessment of the efficacy of paclitaxel+TCM regimens in paclitaxel-resistant patients. In the future, we plan to focus on drug resistance in order to facilitate a more comprehensive evaluation of the role of TCMs in combination therapies.
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Ovarian cancer is one of the most common gynecological malignancies in women worldwide with a poor survival rate. We have previously reported that compound fuling granule (CFG), a traditional Chinese medicinal preparation used to treat ovarian cancer in China for over 20 years, significantly promotes cell cycle arrest, apoptosis, senescence, TGFβ-induced invasion and migration, tumor growth, and distant metastasis in ovarian cancer cells. However, the underlying mechanisms are not clear. In the present study, we found that PHF19 expression in ovarian cancer cells positively correlated with their resistance ability to CFG. In addition, PHF19 overexpression increased the resistance of HEY-T30 and SKOV3 cells to CFG, while knockdown of PHF19 enhanced their sensitivity to CFG. Moreover, CFG significantly inhibited the expression of PHF19 both in mRNA and protein levels in these cells. Gain of function and loss of function experiments further proved that PHF19 is a crucial mediator involved in the ovarian cancer progression, including cell proliferation, invasion, migration, and stemness. Importantly, rescue the expression of PHF19 reverted CFG-induced suppression in ovarian cancer cell growth, EMT and stemness, while PHF19 knockdown accelerated CFG’s anti-tumor effect. Overall, our results provide a series of evidence to reveal that PHF19 is critical suppressor for CFG’s anti-tumor effect in ovarian cancer.




Keywords: ovarian cancer, compound fuling granule, PHF19, drug resistance, cancer progression



Introduction

Ovarian cancer is considered to be one of the most common gynecological tumors in women worldwide with the highest mortality rate (Kim et al., 2012). Although there are many new advances in strategies for ovarian cancer treatment, the 5-year survival rate is below 45% (Webb and Jordan, 2017). Up to now, the clinical strategy for ovarian cancer is still reduction surgery supplemented by platinum-therapy, while 15%–25% of ovarian cancer patients appeared primary resistant to platinum, and over 80% of patients eventually develop secondary resistance to this drug (Bartels et al., 2019; Pokhriyal et al., 2019; Tsibulak et al., 2019). Therefore, new strategies were urgently needed for improving survival rate and life quality of ovarian cancer patients.

Compound fuling granule (CFG) is a traditional Chinese medicinal preparation widely used in clinical practice for ovarian cancer in China. In clinical experience, CFG can promote blood circulation, enhance chemotherapy efficacy, suppress distant metastasis and improve life quality (Tao et al., 2016). In vitro experiments demonstrate that CFG can suppress ovarian cancer cell proliferation and epithelial-to-mesenchymal transition (EMT) (Tao et al., 2016). Meanwhile, in vivo animal experiments also reveal that administration of CFG inhibits tumor growth and metastasis to lung (Tao et al., 2016). Moreover, CFG disrupts the mitochondrion-related energy metabolisms in ovarian cancer cells (Ruan et al., 2018). However, the molecular mechanisms underlying CFG’s function remains poorly understood.

PHD finger protein 19 (PHF19), also called PCL3, is an essential component of polycomb repressive complex 2 (PRC2) that functions as a transcriptional repressor in regulating developmental regulatory genes. Human PHF19 gene was first identified in 2004 and its products are markedly overexpressed in many types of cancers, including colon, skin, lung, rectal cervical, uterus, and liver cancers (Wang et al., 2004). Moreover, this increase in expression correlated with cancer progression (Wang et al., 2004). After that, accumulating evidence uncover the oncogenic role of PHF19 in a wide range of tumors (Ghislin et al., 2012; Xu et al., 2015; Lu et al., 2018; Tao et al., 2018b; Ren et al., 2019). For instance, PHF19 knockdown reduces the cell proliferation rate and increases the migration capacities of melanoma cells (Ghislin et al., 2012). In myeloma, PHF19 promotes its tumorigenesis through activating PRC2 complex (Ren et al., 2019). In our previous study, we have also preliminarily proved that PHF19 may act as an oncogene in ovarian cancer SKOV3 cells by using RNAi technology (Tao et al., 2018b), however, its exact role in the biological behaviors of ovarian cancer, especially its role in drug-resistance, needs to be further investigated. Moreover, the findings that CFG exerts an anti-tumor effect and PHF19 functions as an oncogenic role in ovarian cancer promote us to examine the relationship between CFG and PHF19 in ovarian cancer.

In the present study, we found that the resistance ability of ovarian cancer cells to CFG positively correlated with PHF19 expression, which promoted us to determine the response of ovarian cancer cells with PFH19 overexpression or knockdown to CFG. The results demonstrated that overexpression of PHF19 increased cell resistance to CFG and knockdown of PHF19 reduced their resistance to CFG. Additionally, CFG obviously suppressed both the mRNA and protein levels of PHF19 in HEY-T30 and SKOV3 cells. Functional experiments further confirmed that PHF19 was involved in ovarian cell proliferation, invasion, migration and stemness. Moreover, rescue the expression of PHF19 reverted CFG-induced suppression in the cell growth, EMT and stemness of ovarian cancer cells, while knockdown of PHF19 accelerated the anti-tumor effect of CFG. Taken together, our findings provide systematic evidence that PHF19 serves as an important suppressor for the anti-tumor effect of CFG in ovarian cancer.



Materials and Methods


Cell Culture

Human HEY-T30 and SKOV3 cells were obtained from the American Type Culture Collection (ATCC; Manassas, VA, USA). HEY-T30 cells and SKOV3 cells were grown in RPMI 1640 medium (Gibco, Grand Island, NY, USA) and McCoy’s 5A medium (Gibco), respectively, supplemented with 10% fetal bovine serum (FBS; Gibco), 100 µg/ml streptomycin (Sigma, St. Louis, MO, USA), and 100 U/ml penicillin (Sigma). All cells were incubated at 37°C in 5% CO2.



CFG Preparation

The CFG was prepared as previously described (Tao et al., 2016). Briefly, four constituent herbs, Radix aconite Lateralis praeparata, Patrinia heterophylla, Poria cocos and Radix paeoniae rubra were combined in the ratio of 1:1:1:1, and extracted with 75% ethanol for (1:10, w/w) twice, 1 h each time (Tao et al., 2016).



Quantitative RT-PCR (RT-qPCR)

Total RNA was extracted from cells using the TRIzol reagent (Invitrogen, Carlsbad, CA, USA) following the manufacturer’s procedure and then reversely transcribed to cDNA product using the PrimeScript™ 1st Strand cDNA Synthesis Kit (Takara, Dalian, China). Then, RT-qPCR was performed on ABI 7500 Real-Time PCR System using the TB Green® Fast qPCR Mix (Takara). The GAPDH was used as an internal control. The following primers were used: PHF19 forward: ACTCGGGACTCCTATGGTGC, PHF19 reverse: CCTCCGTCAGTTTGGACATCA; GAPDH forward: GGTGGTCTCCTCTGACTTCAACA, GAPDH reverse: GTTGCTGTAGCCAAATTCGTTGT.  RT-qPCR for miR-211 detection was performed as previously described (Tao et al., 2018b).



Western Blot Analysis

Western blot analysis was performed as previously described (Zhu et al., 2019). Primary antibodies were used at a dilution of 1:1000. Horseradish peroxidase (HRP) conjugated goat anti-mouse and anti-rabbit secondary antibodies were used at a dilution of 1:5000. PHF19 antibody (Cat. No. #77271), BCL-2 antibody (Cat. No. #15071), BAD antibody (Cat. No. #9292), E-CADHERIN antibody (Cat. No. #14472), N-CADHERIN antibody (Cat. No. #13116), VIMENTIN antibody (Cat. No. #5741), and β-ACTIN antibody (Cat. No. #3700) were purchased from Cell Signaling Technology (CST; Danvers, MA, USA). OCT4 (Cat. No. ab18976), NANOG (Cat. No. ab109250), SOX2 (Cat. No. ab137385), KLF4 (Cat. No. ab215036), HRP-conjugated goat anti-mouse IgG H&L (Cat. No. ab205719), and anti-rabbit IgG H&L (Cat. No. ab205718) were purchased from Abcam (Cambridge, UK).



Immunofluorescence Assay

Twenty-four hours or 48 h post treatment of HEY-T30 and SKOV3 with CFG (3 mg/ml or 12 mg/ml), cells were fixed with 4% paraformaldehyde (PFA; Sangon, Shanghai, China) for 15 min and permeabilized by 0.2% Triton X-100 (Sigma) for 5 min at room temperature (RT). Fixed cells were washed twice in TBS and blocked for 1 h with 5% BSA in TBS and then incubated with an anti-PHF19 antibody (CST, Cat. No. #77271) at 4 °C overnight, washed three times in PBS and incubated with goat anti-rabbit IgG H&L (Alexa Fluor® 488; Abcam, Cat. No. #150077) for 1 h at room temperature. Finally, cells were incubated with 10 μg/ml DAPI (Solarbio, Beijing, China) for 10 min at room temperature. Images were captured under a fluorescence microscope (OlymPus BX53; Tokyo, Japan).



Lentivirus Production

Lentivirus overexpressing PHF19 CDS (Ubi-MCS-3FLAG-SV40-puromycin) and PHF19 shRNAs (hU6-MCS-CMV-Puromycin) were produced by GeneChem (Shanghai, China) as previously described (Tao et al., 2018b). The oligonucleotides synthesized for construction of PHF19 shRNA plasmids were as follows: PHF19 shRNA -1: CCGGCCTCGTGACTTTCGAAGATAACTCGAGTTATCTTCGAAAGTCACGA
GGTTTTTG; PHF19 shRNA -2: CCGGCCCACCTCAAGTCATCTATCACTCGAGTGATAGATGACTTGAGGTG
GGTTTTTG.



Cell Proliferation and Colony Formation Assays

For cell proliferation assay, HEY-T30 and SKOV3 were infected with PHF19 CDS or PHF19 shRNA lentivirus for 72 h and a total of 5×103 infected cells were plated into 96-well plates for 24 h. Then, the proliferation was monitored for 8 days. In every 2 days, MTT reagent (Solarbio) was added to each well and incubated for 4 h. Then, culture medium was removed and 100 µl of DMSO was added and the absorbance was measured at 570 nm. Soft agar colony formation assay was performed as previously described (Tao et al., 2018a).



Apoptosis Detection

Apoptosis assay was performed by an Annexin V-FITC/PI Apoptosis Detection Kit (Solarbio) according to the manufacturer’s manual. Briefly, after harvesting the treated cells, they were washed with PBS three times and resuspended with 100 μl of 1× Annexin V binding buffer. Then, 5 μl of FITC-Annexin V and PI were added to each sample with incubation for 15 min at RT in the dark. Stained cells were washed with 1 ml of 1× Annexin V binding buffer once and resuspended with 400 μl of PBS. Flow cytometry (BD LSRFortessa™; BD Biosciences, Franklin Lakes, NJ, USA) was applied to analyze the population of early and late apoptotic cells.



Cell Viability Determination

A total of 2×104 wildtype HEY-T30, SKOV3, OVCAR3, and A2780 cells, as well as HEY-T30 or SKOV3 cells infected with PHF19 CDS or PHF19 shRNA lentivirus for 72 h were seeded as triplicate in 96-well plates and then were treated with 0, 0.75, 1.5, 3, 6, 9, 12, 18, and 24 mg/ml of CFG, or treated with 0, 2, 4, 8, 16, 32, 64, 128, 256, and 512 μM of cisplatin (MCE, Shanghai, China), respectively. Twenty-four hours later, 10 μl of 5 mg/ml MTT (Solarbio) was added to the cells for 4 h. Then, the supernatant was discarded and the formazan crystals were dissolved in DMSO (100 μl) for 10 min. At last, the plates were placed on a microplate autoreader (BioTek, Winooski, VT, USA) and the absorbance was detected at 570 nm.



Transwell Invasion and Migration Assays

For migration assay, HEY-T30 and SKOV3 were infected with PHF19 or shPHF19 lentivirus for 72 h and treated with 3 mg/ml of CFG for 24 h. Then, 5×104 (for Figures 4A, C) or 1×105 (Figures 7A, C and Figure S2D) cells were resuspended with 100 μl of fresh basic culture medium and seeded into the top chamber of a Transwell insert (pore size: 8 μm, Corning, NY, USA). The lower chamber was incubated with culture medium with 10% FBS. Twenty-four hours later, the insert was fixed with 4% PFA for 30 min. Non-migrated cells on the top surface of the insert were removed by a cotton swab and migrated cells on the lower surface of the insert were air-dried and stained with 0.05% crystal violet (Sigma) for 30 min. Images of cells on the Transwell membrane were taken with a microscope (Olympus) at 200× magnification and cell numbers of six random fields were counted. For invasion assay, 20 μl of growth factor-reduced Marigel (Corning) were even plated onto the upper chamber of the insert.



Spheroid Formation Assay

A total of 2×103 cells were seeded into 24-well Corning™ Costar™ Ultra-Low Attachment Microplates and were cultured in serum-free DMEM-F12 (Gibco) supplemented with 1× B27 (Gibco), 20 ng/ml recombinant human EGF (Gibco) and 10 ng/ml recombinant human FGF (Gibco) for 14 days. Images of spheres were taken with a microscope (Olympus). Spheroid numbers and average diameters of six random fields were counted.



Determination of Cancer Stem Cell Population

ALDH enzymatic activity was assessed using the ALDEFLUOR kit (Stem Cell Technologies, Vancouver, BC, Canada) following the manufacturer’s protocol. Cells treated with ALDH inhibitor DEAB were used as a negative control. The surface markers of ovarian cancer stem cells CD44 (FITC anti-human CD44; Cat. No. 338804; Biolegend, San Diego, CA, USA) and CD117 (APC anti-human CD117; Cat. No. 313206; Biolegend) were also stained for determination of cancer stem cells. Flow cytometry (BD LSRFortessa™) was applied to analyze the ALDH+ and CD44+CD117+ cells.



Statistical Analysis

All analysis was performed by SPSS version 17.0. Statistical significance was determined using student’s t-test or one-way ANOVA analysis. Data were presented as mean ± SD. P-value < 0.05 was considered as statistically significant.




Results


PHF19 Protects the Resistance of HEY-T30 and SKOV3 Cells to CFG

Initially, to determine whether PHF19 is involved in the regulation of drug-resistance of ovarian cancer cells to CFG, we detected the protein expression of PHF19 in four ovarian cancer cell lines HEY-T30, SKOV3, A2780, and OVCAR3 and determined the viability of these cell lines with different doses of CFG treatment. The results showed that the resistance ability of these cells to CFG positively correlated with PHF19 expression (Figures 1A, B). Then, the viability of HEY-T30 and SKOV3 ovarian cancer cells with/without PHF19 overexpression or knockdown was evaluated in the presence of different concentrations of CFG (HEY-T30: 0, 0.75, 1.5, 3, 6, 9, 12, 18, and 24 mg/ml; SKOV3: 0, 0.75, 1.5, 3, 6, 9, 12, 15, and 18 mg/ml) for 24 h. As shown in Figures 1C, E, the viability of HEY-T30 and SKOV3 cells showed a gradual decrease with increasing concentrations of CFG. PHF19 overexpression increased the resistance of these cells to CFG (Figures 1C, E). On the contrary, knockdown of PHF19 in HEY-T30 or SKOV3 cells further decreased their viability after CFG treatment (Figures 1D, F). On the other hand, we also examined the effect of PHF19 on ovarian cancer cells with cisplatin treatment. We found that overexpression or knockdown of PHF19 could not influence the chemoresistance of HEY-T30 and SKOV3 to cisplatin (Figure S1), suggesting that the drug-resistance of ovarian cancer cells induced by PHF19 may be specific for CFG.




Figure 1 | PHF19 enhances the resistance of ovarian cancer HEY-T30 and SKOV3 cells to CFG. (A) The protein level of PHF19 in ovarian cancer HEY-T30, SKOV3, A2780 and OVCAR3 cells were determined by Western blot analysis. (B) HEY-T30, SKOV3, A2780, and OVCAR3 cells were treated with 0, 0.75, 1.5, 3, 6, 9, 12, 18, and 24 mg/ml of CFG for 24 h and cell viability was detected by MTT assay. (C, E) Cell viability was determined in HEY-T30 (C) and SKOV3 (E) cancer cells treated with different concentrations of CFG in the presence or absence of PHF19 overexpression. The data are shown as average ± SD from three different experiments. *, P < 0.05; **, P < 0.01. (D, F) Different concentrations of CFG were administered to the HEY-T30 (D) and SKOV3 (F) cancer cells in the presence or absence of PHF19 knockdown and cell viability was assayed. The data are shown as average ± SD from three different experiments. * and #, P < 0.05; ** and ##, P < 0.01; ###, P < 0.001; * and **: sh-Control v.s. sh-PHF19-1; #, ## and ###: sh-Control v.s. sh-PHF19-2.





CFG Suppresses the mRNA and Protein Levels of PHF19 in Dose- and Time- Dependent Manners

Next, to gain insight into whether CFG influences the expression of PHF19, HEY-T30, and SKOV3 cells were treated with different concentrations of CFG (0, 3 and 12 mg/ml) for 24 h. RT-qPCR results showed that CFG inhibited the mRNA level of PHF19 in HEY-T30 and SKOV3 cells in a concentration-dependent manner (Figure 2A). Next, we performed time-course experiments in the presence of 3 mg/ml of CFG and quantitated the mRNA expression of PHF19 at time points 0, 12, 24, and 48 h. The results also indicated that gradually decreased PHF19 expression occurred from 12 to 48 hours after CFG treatment (Figure 2B). Western blot analysis (Figures 2C, D) and immunofluorescence assay (Figures 2E, F) also proved that CFG suppressed the protein level of PHF19 in dose- and time- dependent manners.




Figure 2 | CFG suppresses the mRNA and protein levels of PHF19 in time- and dose- dependent manners. (A) HEY-T30 and SKOV3 cells were treated with 0, 3 or 12 mg/ml of CFG for 24 h, and subjected to RT-qPCR to detect the mRNA expression of PHF19. (B) RT-qPCR were performed to determine the mRNA expression of PHF19 in HEY-T30 and SKOV3 cells treated with 3 mg/ml of CFG for 0, 12, 24, or 48 h, respectively. (C) Western blot analysis to examine the protein expression of PHF19 in HEY-T30 and SKOV3 cells treated with 0, 0.75, 1.5, 3, 6, or 12 mg/ml of CFG for 24 h. (D) HEY-T30 and SKOV3 cells were treated with 3 mg/ml of CFG for 0, 12, 24, or 48 h, respectively. Then, Western blot analysis to examine the protein expression of PHF19. (E, F) Immunofluorescence examination of PHF19 expression in HEY-T30 and SKOV3 cells treated with CFG at a concentration of 0, 3 or 12 mg/ml for 24 h (E) or at a dose of 3mg/ml for 0, 24, or 48 h. (green, PHF19; blue, DAPI; scale bars = 100 μm). Data are the mean ± SD of three independent experiments. *, P < 0.05; **, P < 0.01.





PHF19 Promotes Cell Proliferation and Inhibits Apoptosis in Ovarian Cancer HEY-T30 and SKOV3 Cells

We have previously found that silence of PHF19 suppresses cellular proliferation, migration, and xenograft growth and promotes programmed cell death in SKOV3 cells. In this study, before elucidating the mechanisms of PHF19 underlying the resistance of ovarian cancer cells to CFG, we systematically determine the function of PHF19 in the pathogenesis of ovarian cancer by conducting gain-of-function and lose-of-function experiments. We constructed an overexpression lentivirus (Ubi-MCS-3FLAG-SV40-puromycin-PHF19, also named pLV-PHF19) to upregulate the expression of PHF19 and two shRNA lentivirus (hU6-MCS-CMV-Puromycin-PHF19-shRNA 1 & 2 also named sh-PHF19-1 and sh-PHF19-2) to knockdown the expression of PHF19 in HEY-T30 and SKOV3 cells. After infection with the PHF19 overexpression or shRNA lentivirus for 72 h, we ensured the overexpression and silencing efficiencies using Western blot analysis and all the lentivirus were well functioned (Figure 3A). Next, we evaluated the effects of PHF19 overexpression or knockdown on cell proliferation in HEY-T30 and SKOV3 cells using MTT and colony formation assays. As shown in Figures 3B–D, upregulation of PHF19 significantly promoted the proliferation rate and colony formation ability of HEY-T30 and SKOV3 cells, whereas downregulation of PHF19 inhibited cell proliferation and colony formation. To evaluate the effect of PHF19 on HEY-T30 and SKOV3 cell apoptosis, apoptotic population was detected by flow cytometry. Compared with the control group, both the early and late apoptotic populations in PHF19-silenced HEY-T30 and SKOV3 cells were significantly increased (Figures 3E, F). We also detected the expression of apoptosis-associated proteins BAD and BCL-2 in HEY-T30 and SKOV3 cells infected with PHF19 shRNA or control shRNA lentivirus. We found the expression of pro-apoptotic gene BAD was increased, while the expression of anti-apoptotic gene BCL-2 was decreased in PHF19-silenced cells compared with that of control cells (Figure 3G). These results confirmed that PHF19 can function as a pro-proliferation regulator in ovarian cancer.




Figure 3 | PHF19 promotes proliferation and suppresses apoptosis in ovarian cancer HEY-T30 and SKOV3 cells. (A) After overexpression of PHF19 or knockdown of PHF19 by infecting with corresponding lentivirus in HEY-T30 and SKOV3 cells, PHF19 protein expression was determined by Western blot analysis. (B) Cell proliferation was evaluated by MTT assay. After infection of PHF19 overexpression lentivirus or PHF19 shRNA lentivirus, OD570 values were detected. ANOVA was analyzed to compare cell proliferation curves. (C, D) Colony formation assay to examine the clonogenic ability of HEY-T30 and SKOV3 cells infected with PHF19 overexpression lentivirus or PHF19 shRNA lentivirus. Representative pictures are shown in (C) and quantitative analysis of colony numbers is shown in (D). (E, F) Cell apoptosis rates were detected in HEY-T30 and SKOV3 cells with PHF19 knockdown using flow cytometry. Representative images are shown in (E) and early and late apoptotic cells were analyzed in (F). (G) BAD and BCL-2 protein expression in HEY-T30 and SKOV3 cells with PHF19 knockdown were determined by Western blot analysis. The data are shown as average ± SD from three different experiments. **, P < 0.01; ***, P < 0.001.





PHF19 Facilitates Ovarian Cancer HEY-T30 and SKOV3 Cell Invasion and Migration

In order to further confirm the role of PHF19 in ovarian cancer cell progression, the cell invasion and migration capacities were determined in HEY-T30 and SKOV3 cells with/without PHF19 overexpression or knockdown by Transwell assays. The invaded and migrated cell numbers of HEY-T30 and SKOV3 cells with PHF19 overexpression were significantly increased compared with that of the control groups (Figures 4A–D). By contrast, PHF19-silenced HEY-T30 and SKOV3 cells showed significantly lower invasion and migration abilities than that of control shRNA-infected cells (Figures 4A–D). Progression of cancer cell invasion and migration was usually companied with changes of epithelial-mesenchymal transition (EMT) markers. In this part, we also detected the protein expression of epithelial marker E-CADHERIN and mesenchymal markers N-CADHERIN and VIMENTIN in different groups by Western blot analysis. The results demonstrated that overexpression of PHF19 decreased E-CADHERIN and increased N-CADHERIN and VIMENTIN expression (Figures 4E, F), while silence of PHF19 enhanced the protein expression of E-CADHERIN and reduced the protein levels of N-CADHERIN and VIMENTIN (Figures 4E, F). These data indicates that PHF19 promotes aggressive cancer phenotypes of ovarian cancer cells in vitro.




Figure 4 | PHF19 promotes invasion and migration in ovarian cancer HEY-T30 and SKOV3 cells. (A–D) After overexpression of PHF19 or knockdown of PHF19 by infecting with corresponding lentivirus, invasion and migration abilities in HEY-T30 and SKOV3 cells were detected by Transwell assays. (A, C) Representative image of cell migration and invasion. Scale bar: 100 μm. (B, D) Quantitative results of migration and invasion assays. The data are shown as average ± SD from three different experiments. **, P < 0.01; ***, P < 0.001. (E, F) Expression of EMT markers, E-CADHERIN, N-CADHERIN, and VIMENTIN was determined by Western blot analysis.





PHF19 Increases the Stemness of Ovarian Cancer HEY-T30 and SKOV3 Cells

It is hypothesized that cancer stem cells (CSC) might be the origin of cancers and responsible for the proliferation, EMT, metastasis, recurrence, and chemoresistance of tumor cells (Carnero et al., 2016; Matsui, 2016; Toledo-Guzman et al., 2018). Herein, we sought to determine whether PHF19 plays a role in ovarian cancer stemness. Well-studied ovarian cancer stem cell biomarkers include aldehyde dehydrogenase (ALDH) and CD44/CD117. Firstly, to detect the ALDH positive (ALDH+) cells in different groups, HEY-T30 and SKOV3 cells infected PHF19 overexpression lentivirus or control lentivirus underwent ALDEFLUOR assays using flow cytometry. The inhibitor of ALDH enzyme DEAB was used as a negative control. The results demonstrated that PHF19 overexpression significantly increased the population of ALDH+ cells both in HEY-T30 and SKOV3 cells (Figures 5A, B). We also determined the stem cell population with CD44 and CD117 double staining. The data also showed that ectopic expression of PHF19 sharply elevated the CD44+CD117+ cell population (Figures 5C, D). In addition to the marker analyses, we also examined the effect of PHF19 expression changes on the self-renewal ability of cancer stem cells using sphere formation assay. HEY-T30 and SKOV3 cells with PHF19 overexpression formed larger and more spheres compared to control cells, while silence of PHF19 suppressed the size and number of spheres (Figures 5E–G). Western blot analysis also revealed that PHF19 induced the protein expression of stem cell markers KLF4, NANOG, SOX2, and OCT4 and PHF19 knockdown suppressed their expression (Figures 5H, I).




Figure 5 | PHF19 enhances tumor stemness in ovarian cancer HEY-T30 and SKOV3 cells. (A, B) ALDEFLUOR staining of ALDH+ cells in HEY-T30 and SKOV3 infected with PHF19 overexpression lentivirus. (A) representative FACS analysis. (B) percentage of ALDH+ cells. (C, D) Flow cytometric analysis of surface markers of CD44 and CD117 in PHF19-overexpressed HEY-T30 and SKOV3 cells. (C) representative FACS analysis. (D) percentage of CD44+CD117+ cells. (E–G) HEY-T30 and SKOV3 cells with PHF19 overexpression or knockdown were subjected to a sphere formation assay. Scale bar: 200 μm. The number and size of tumor spheres were shown in (F, G) respectively. (H, I) Western blotting analyses were used to determine the expression levels of stem cell markers, KLF4, NANOG, SOX2, and OCT4. The data are shown as average ± SD from three different experiments. **, P < 0.01; ***, P < 0.001.





Rescue the Expression of PHF19 Attenuates CFG-Induced Ovarian Cancer Cell Apoptosis

To further understand the reason why PHF19 enhances the resistance of ovarian cancer cells to CFG, we attempted to performed the following rescue experiments. Apoptosis assay by Annexin V/PI double staining showed that CFG significantly promoted the apoptotic rate of HEY-T30 and SKOV3 cells. Overexpression of PHF19 resulted in decreased apoptotic population of HEY-T30 and SKOV3 cells induced by CFG (Figures 6A–C). In addition, CFG treatment suppressed the protein expression of anti-apoptotic gene BCL2 and induced the protein level of pro-apoptotic gene BAD (Figures 6D, E). Rescue expression of PHF19 reverted the expression of BCL2 and BAD (Figures 6D, E).




Figure 6 | Ectopic expression of PHF19 reverses the promoting effect of CFG on ovarian cancer cell apoptosis. (A–C) Apoptosis assay for control and 3 mg/ml of CFG treated cells with/without PHF19 overexpression. The analyses of early and late apoptotic cells were shown in (B, C), respectively. The data are shown as average ± SD from three different experiments. **, P < 0.01; ***, P < 0.001. (D, E) Western blot analysis of PHF19, BCL-2, and BAD protein expression in control and 3 mg/ml of CFG treated cells with or without PHF19 overexpression.





Ectopic Expression of PHF19 Rescues Invasion and Migration Abilities of CFG-Treated Ovarian Cancer Cells

To further clarify how PHF19 influences CFG’s anti-tumor effect in ovarian cancer. We rescued the expression of PHF19 in CFG-treated HEY-T30 and SKOV3 cells and determined the invasion and migration abilities using Transwell assays. As expected, CFG obviously suppressed ovarian cancer cell invasion and migration compared with the control group (Figures 7A–D). Importantly, ectopic expression of PHF19 in CFG-treated HEY-T30 and SKOV3 cells partially attenuated the anti-invasion and anti-migration effects of CFG (Figures 7A–D). Moreover, overexpression of PHF19 reversed the induction of epithelial marker E-CADHERIN and attenuated the suppression of mesenchymal markers N-CADHERIN and VIMENTIN caused by CFG (Figures 7E, F).




Figure 7 | Overexpression of PHF19 attenuates the suppressive effect of CFG on ovarian cancer cell invasion and migration. (A–D) Transwell assays to determine the invasion and migration capacities of HEY-T30 (A) and SKOV3 (C) cancer cells treated with 3 mg/ml of CFG in the presence and absence of PHF19 overexpression. (A, C) Representative images of cell migration and invasion. Scale bar: 100 μm. (B, D) Quantitative results of migration and invasion assays. The data are shown as average ± SD from three different experiments. ***, P < 0.001. (E, F) Western blot analysis of EMT markers, E-CADHERIN, N-CADHERIN, and VIMENTIN protein expression in control and 3 mg/ml of CFG treated cells with/without PHF19 overexpression.





Rescue of PHF19 Expression Attenuates the Inhibitory Effect of CFG on Ovarian Cancer Cell Stemness

To investigate whether dysregulation of PHF19 expression contributes to the suppression of ovarian cancer cell stemness caused by CFG, sphere formation assay was performed. The results showed that CFG treatment led to the decrease of both size and number of spheres in HEY-T30 and SKOV3 cells (Figures 8A–C), while ectopic expression of PHF19 re-elevated the sphere formation capacity (Figures 8A–C). In addition, the protein expression levels of stem cell markers OCT4, SOX2, NANOG, and KLF4 were downregulated by CFG, whereas rescue expression of PHF19 reelevated their expression (Figures 8D, E). Moreover, CD44 and CD117 double staining also demonstrated that CFG treatment reduced the population of CD44+CD117+ cells, which could be reverted by overexpression of PHF19 (Figures 8F, G).




Figure 8 | Rescue expression of PHF19 reverts the suppression of tumor stemness ability of HEY-T30 and SKOV3 cells by CFG. (A–C) Comparison of sphere formation in HEY-T30 and SKOV3 cells treated with 3 mg/ml of CFG in the presence and absence of PHF19 overexpression. (A) Representative images. Scale bar: 200 μm. (B, C) Quantitative analyses of sphere size (B) and number (C). (D, E) The expression of the stemness associated genes, OCT4, SOX2, NANOG, and KLF4, were determined in control and 3 mg/ml of CFG treated cells with/without PHF19 overexpression by Western blot analysis. (F, G) Flow cytometric analysis of surface markers of CD44 and CD117 in control and 3 mg/ml of CFG treated cells with/without PHF19 overexpression. The data are shown as average ± SD from three different experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001.





Knockdown of PHF19 Accelerates the Anti-Tumor Effect of CFG in Ovarian Cancer

Next, we further evaluated the effect of CFG on ovarian cancer SKOV3 cells with PHF19 knockdown, including cell apoptosis, invasion, migration and stemness. As expected, PHF19 knockdown could accelerate CFG-induced cell apoptosis in ovarian cancer (Figures S2A–C). Meanwhile, silence of PHF19 also enhanced the suppression of cell migration (Figures S2D–F) and stemness (Figures S2G–I) induced by CFG.

Therefore, it can be concluded that PHF19 antagonizes CFG’s anti-tumor effect in ovarian cancer by protecting cell proliferation, invasion, migration, and stemness.




Discussion

As a cellularly and molecularly heterogeneous disease, ovarian cancer is one of the deadliest gynecological malignancies in women owing to enduring challenges for diagnosis, increasing rate of recurrence, high incidence of metastasis, and developing resistance to chemotherapy (Islam and Aboussekhra, 2019). This study is the first to report the role of PHF19 in the anti-ovarian tumor effect of CFG. CFG is a traditional Chinese medicine (TCM), which has been widely used in the treatment of ovarian cancer for over 20 years in China. CFG consists of four ingredients, Aconitum napellus, Poria cocos F.A. Wolf, Patrinia heterophylla DC, and Radix paeoniae Rubra. Surprisingly, not like the compound, none of these ingredients could reduce the expression of PHF19 alone, suggesting that the interaction among these ingredients and the integrity of this compound are vital for the anti-tumor function of CFG. However, the molecular mechanism by which CFG modulates the expression of PHF19 remains unclear. We have previously found that miR-211 can suppress the expression of PHF19 in ovarian cancer cells by targeting to its 3’ untranslated region (3’ UTR) (Tao et al., 2018b). Here, we also determined the expression of miR-211 in ovarian cancer cells with 0, 3 and 12 mg/ml of CFG treatment for 24 h and found that CFG could not influence the expression of miR-211, suggesting that CFG-induced PHF19 downregulation is not mediated by miR-211 (Figure S3). Moreover, interestingly, the protective role of PHF19 in drug-resistance could not be found in cells treated with cisplatin. Nevertheless, more drug should be detected to determine whether the function of PHF19 in CFG’s anti-tumor effect is specific.

During the past several decades, little has been known about the molecular events involved in ovarian cancer. In the present study, we systematically elucidated the role of PHF19 in ovarian cancer proliferation, apoptosis, invasion, migration and stemness, which may help us to find a potential molecular target for the prevention and treatment of ovarian cancer.

PHD finger protein 19 (PHF19) contains a Tudor domain, two PHD finger domains (Lu and Wang, 2013). As a member of polycomblike proteins, it can modulate the recruitment and catalytic activity of polycomb repressive complex 2 (PRC2) (van Mierlo et al., 2019). PRC2 is a unique protein complex with multiple subunits and involved in epigenetic regulation during the development of multicellular organisms. Generally, recruitment of PRC2 to DNA regions of target genes to catalyze the methylation of lysine 27 on histone 3 (H3K27me3), are essential for controlling the developmental gene expression and maintaining cell specification (Kouznetsova et al., 2019). Aberrant expression of PHF19 has been implicated in regulating the pathogenesis and progression of a wide range of cancers, including melanoma (Ghislin et al., 2012), hepatocellular carcinoma (Xu et al., 2015; Cai et al., 2018), glioma (Lu et al., 2018), glioblastoma (Deng et al., 2018), multiple myeloma (Ren et al., 2019). In our previous publication, we have found that patients with higher expression of PHF19 are associated with shorter progression-free survival (PFS) than that with lower PHF19 expression. Functionally, PHF19 knockdown suppresses proliferation, migration, and xenograft growth in SKOV3 cells (Tao et al., 2018b). Moreover, PHF19 is found to be a direct target of miR-211 in ovarian cancer (Tao et al., 2018b). In this study, we further elucidate the exact role of PHF19 in ovarian cancer proliferation, apoptosis, invasion, and migration by a series of gain-of-function and loss-of-function experiments both in HEY-T30 and SKOV3 cells. More importantly, the present study is the first to report that PHF19 enhances tumor stemness in ovarian cancers. Actually, in embryonic stem cells, PHF19 can recruit PRC2 to stem cell genes marked by H3K36me3 and promote silencing of differentiation-associated genes during development via the Tudor domain of PHF19 (Ballare et al., 2012; Cai et al., 2013). Here, we also demonstrate that PHF19 can activate the expression of stem cell markers OCT4, NANOG, SOX2, and KLF4, nevertheless, the underlying mechanisms need to be further investigated.

On the other hand, PHF19 encodes two distinct isoforms: a full-length isoform (580 amino acids; also named hPCL3l) with one Tudor domain, two PHD finger domains and a conserved C-terminal chromo-like domain and a shorter isoform (207 amino acids; also called hPCL3s) with only a TUDOR domain and the first PHD domain. In this research, we cloned the longer isoform for PHF19 overexpression. The expression profiles and function of the shorter isoform of PHF19 in ovarian cancer are still unknown.

In conclusion, results of the current study demonstrate that CFG exerts its anti-tumor function in ovarian cancer, at least partially, depending on the downregulation of PHF19.
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Figure S1 | Changes of PHF19 expression cannot influence the anti-tumor effect of cisplatin in ovarian cancer HEY-T30 and SKOV3 cells. (A and C) HEY-T30 (A) and SKOV3 (C) cells with/without PHF19 overexpression were treated with different concentrations of cisplatin (0, 2, 4, 8, 16, 32, 64, 128 or 256 μM) and cell viability was detected by MTT assays. (B and D) Different concentrations of cisplatin (0, 2, 4, 8, 16, 32, 64, 128 or 256 μM) were added into the HEY-T30 (B) and SKOV3 (D) cancer cells with/without PHF19 knockdown and cell viability was assayed. The data are shown as average ± SD from three different experiments.

Figure S2 | PHF19 knockdown facilitates the anti-tumor effect of CFG on HEY-T30 and SKOV3 cells. (A, B) Comparison of apoptotic cells in CFG-treated SKOV3 cells with/without PHF19 knockdown. A: Representative images. Scale bar: 200 μm. B: Quantitative analyses of early and late apoptotic cells. (C) Western blot to detect the expression of apoptosis-associated proteins BAD and BCL2 in CFG-treated SKOV3 cells with/without PHF19 knockdown. (D, E) Invasion and migration abilities were determined in CFG-treated SKOV3 cells with/without PHF19 knockdown. D: Representative image of cell migration and invasion. Scale bar: 100 μm. E: Quantitative results of migration and invasion assays. (F) The expression of the EMT markers, E-CADHERIN, N-CADHERIN and VIMENTIN, were determined in CFG-treated SKOV3 cells with/without PHF19 knockdown by Western blot analysis. (G-I) HEY-T30 and CFG-treated SKOV3 cells with PHF19 knockdown were subjected to a sphere formation assay. Scale bar: 200 μm. The number and size of tumor spheres were shown in H and I, respectively. The data are shown as average ± SD from three different experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

Figure S3 | CFG does not affect the expression of miR-211 in ovarian cancer cells. (A and B) HEY-T30 (A) and SKOV3 (B) were treated with 0, 3 and 12 mg/ml of CFG for 24 h and the expression of miR-211 was determined by RT-qPCR.
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M2-like tumor-associated macrophages (TAMs) in the tumor tissues promote tumor progression by various mechanisms and represent possible targets of antitumor therapy. In the present study, we tested whether compounds from Epimedii Herba inhibit macrophage polarization to the M2/protumorigenic phenotype and prevent tumor progression, using human monocyte-derived macrophages (HMDMs) and an animal sarcoma model. Four Epimedii Herba-derived flavonoid compounds, namely, limonianin, epimedokoreanin B, icaritin, and desmethylicaritin, inhibited CD163 expression and interleukin (IL)-10 production, which are known M2 markers, suggesting that these compounds inhibit M2 polarization. Among these compounds, epimedokoreanin B and limonianin suppressed STAT3 activation in HMDMs. Notably, epimedokoreanin B also suppressed cell proliferation by blocking STAT3 activation in Saos-2 human sarcoma and LM8 mouse sarcoma cell lines. Furthermore, oral administration of epimedokoreanin B inhibited tumor growth in an LM8 tumor-bearing murine model. These results indicate that Epimedii Herba and Epimedii Herba-derived compounds, such as epimedokoreanin B, may be potentially new agents that can be used for the treatment and prevention of various malignant tumors. They may also be promising compounds for targeting the tumor microenvironment by inhibiting M2 polarization of the TAMs.
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INTRODUCTION

The heterogeneity of macrophage activation plays an important role in innate immunity and is involved in the pathogenesis of various diseases. Initially, in the 1990s, several differences were found between interferon (IFN)-γ-stimulated macrophages and interleukin (IL)-4-stimulated macrophages, and these were called classically and alternatively activated macrophages, respectively (Stein et al., 1992). Later, based on arginine metabolism, macrophages were characterized to be of two phenotypes, namely, Th1- and Th2-like phenotypes, also described as M1 and M2 phenotypes, respectively (Mills et al., 2000). Now these concepts have been blended, and the M1/M2 paradigm is well known. M1-like macrophages are proinflammatory, characterized by high levels of IL-1β, tumor necrosis factor-α (TNF-α), and IL-23 production, and are involved in the elimination of invading microorganisms. In contrast, M2-like macrophages are anti-inflammatory and are mainly involved in immunosuppression and tissue remodeling. M2-like macrophages produce high levels of IL-10 and low levels of IL-12 and express special receptors such as the mannose receptor (CD206), class A scavenger receptor (SR-A, CD204), hemoglobin scavenger receptor (CD163), and DC-SIGN (CD209) (Mantovani et al., 2002, 2004, 2013; Martinez et al., 2006; Komohara et al., 2014, 2015). The phenotype of macrophages is highly plastic and can change between the M1 and M2 phenotypes depending on the types of stimulii (Porcheray et al., 2005).

The presence of tumor-associated macrophages (TAMs) in tumor tissues is closely associated with the development of the tumor microenvironment (Lewis and Pollard, 2006; Komohara et al., 2014). Clinically, a higher number of infiltrating M2-like TAMs is generally associated with poor prognosis and higher grade of malignancy in patients with various cancers, including glioma, sarcoma, and lymphoma (Espinosa et al., 2009; Clear et al., 2010; Komohara et al., 2011b, 2014; Kurahara et al., 2011; Takeya and Komohara, 2016). In addition, in vitro studies have shown that M2-like TAMs can promote tumor cell proliferation, angiogenesis, invasion, and metastasis by secreting several kinds of protumor cytokines and chemokines (Mantovani et al., 2002; Pollard, 2004; Sica and Bronte, 2007). Therefore, inhibiting polarization of macrophages to the M2 phenotype is considered a promising approach for antitumor therapy.

In the present study, we tested whether compounds derived from Epimedii Herba inhibit the polarization of macrophages to the M2 phenotype using a screening system to identify compounds that inhibit tumor progression.



MATERIALS AND METHODS


Cells and Cell Culture

Saos-2 (a human sarcoma cell line) and LM8 (a mouse sarcoma cell line) cells were purchased from the RIKEN Cell Bank (Tsukuba, Japan) and cultured in RPMI 1640 supplemented with 10% fetal bovine serum (FBS), and 100 μg/mL penicillin and streptomycin. We had previously established a high metastatic-potential cell line, LM8 clone 5 (Horlad et al., 2013), and we used this clone for the in vitro and in vivo studies. These cells were regularly tested and found to be negative for mycoplasma contamination.

Peripheral blood mononuclear cells were obtained from healthy volunteers, and written informed consent was obtained from all the donors. All protocols using human materials were approved by the Kumamoto University Review Board (No. 486) and were conducted in accordance with the approved guidelines. Monocytes were isolated using LymphoprepTM and then stimulated with GM-CSF (5 ng/mL) or M-CSF (100 ng/mL) for 7 days to differentiate them into human monocyte-derived macrophages (HMDMs). HMDMs were cultured in DMEM supplemented with 2% FBS, and 100 μg/mL penicillin and streptomycin.



General Procedure

The NMR spectra were measured with a JEOL ECA 500 NMR spectrometer. Preparative HPLC was performed using a SIMADZU LC-20AT pump, JASCO 830-RI detector, Sugai U-620 column heater, and column of COSMOSIL 5C18 AR-II (5 μm, ϕ10.0 × 250 mm, Nacalai Tasque Inc., Kyoto, Japan), SunFire Prep C18, X-Bridge Prep C18 (5 μm, ϕ10.0 × 250 mm, Waters Co., MA, United States) with a flow rate of 2.0 mL/min and column temperature of 40°C. TLC was performed on pre-coated silica gel 60 F254 (Merck Ltd., Frankfurter, Germany) and detection was achieved by spraying with 10% H2SO4 followed by heating. Column chromatography was carried out on MCI gel CHP-20P (Mitsubishi Chemical Co., Tokyo, Japan), Sephadex LH-20 (GE Healthcare Bioscience Co., Uppsala, Sweden), μ-Bonda Pak C18 (Waters Co., MA, United States), and silica gel 60 (230-400 mesh, Merck Ltd., Frankfurter, Germany).



Plant Materials

Epimedii Herba (lot number: C1S1504) was purchased from Uchida Wakan-yaku Co. Ltd. (Tokyo, Japan) according to the specifications in the Japanese Pharmacopeia, which permitted the use of Epimedium spp. including Epimedium pubescens Maximowicz, Epimedium brevicornu Maximowicz, Epimedium wushanense TS Ying, Epimedium sagittatum Maximowice, Epimedium koreanum Nakai, Epimedium grandiumum Morren var. thunbergianum Nakai, and Epimedium sempervirens Nakai. A voucher specimen was deposited at the herbarium of the Faculty of Pharmaceutical Sciences, Sojo University, Japan (SJU1103).



Extraction and Isolation

The aerial parts of Epimedium spp. (3.0 kg) were extracted twice with MeOH by sonication for 6 h (30 min × 12) at room temperature (20–25°C). The extract was concentrated under reduced pressure to obtain a residue (485.0 g). The residue was partitioned between n-Hexane and 80% MeOH, and the 80% MeOH layer was concentrated to give a residue (408.1 g), which was loaded onto a MCI gel CHP-20P column [ϕ50 × 300 mm; eluted with H2O-MeOH gradient (0, 50, 100%; each MeOH%; 1.5 L of each gradient solution)] to give three fractions. The second fraction (46.5 g, eluted with 50% MeOH) was further applied to a MCI gel CHP20P column [ϕ50 × 300 mm; eluted with H2O-MeOH gradient (50, 60, 70, 80, 100%; each MeOH%; 1.5 L of each gradient solution)] to give five fractions (fractions 2-1–2-5). An aliquot of fraction 2-3 (5.3 g, eluted with 70% MeOH from the MCI gel) was separated using a Sephadex LH-20 column (ϕ20 × 1000 mm; eluted with MeOH) and a μ-Bonda Pak C18 [ϕ25 × 200 mm; eluted with H2O-MeOH gradient [60%, 70%, 80%; each MeOH%; 135 mL of each gradient solution)], successively, and then purified with preparative HPLC [COSMOSIL AR-II (70% MeOH)] to give compounds 6 (4.5 mg). The third fraction (65.0 g, eluted by 100% MeOH) was further applied to a MCI gel CHP20P column [ϕ50 × 300 mm, eluted with H2O-MeOH gradient (0, 50, 60, 70, 80, 90, 100%; each MeOH%; 1.5 L of each gradient solution)] to give seven fractions (fractions. 3-1–3-7). An aliquot of fraction 3-4 (9.0 g, eluted with 70% MeOH from MCI gel) was loaded on a Sephadex LH-20 column (ϕ20 × 1000 mm, eluted with MeOH) and μ-Bonda Pak C18 [ϕ25 × 200 mm, eluted with H2O-MeOH gradient (60, 70, 80%; each MeOH%; 135 mL of each gradient solution)], and a SiO2 column [ϕ10 × 100 mm, eluted with CHCl3: MeOH: H2O = 9: 1: 0.1 (v/v)], successively, and then purified with preparative HPLC [Sunfire Prep C18 (70% MeOH)] to give compounds 1 (28.9 mg). An aliquot of fraction 3-5 (10.4 g, eluted by 80% MeOH from MCI gel) was subjected to a Sephadex LH-20 column (ϕ20 × 1000 mm, eluted with MeOH), and then purified with preparative HPLC [COSMOSIL 5C18 AR-II (70% MeOH)] to give compounds 5 (3.3 mg) and 2 (28.1 mg). An aliquot of fraction 3-6 (12.2 g, eluted by 90% MeOH from MCI gel) was subjected to a Sephadex LH-20 column (ϕ20 × 1000 mm, eluted with MeOH) and a μ-Bonda Pak C18 [ϕ25 × 200 mm, eluted with H2O-MeOH gradient (70, 80, 90%; each MeOH%; 135 mL of each gradient solution)], successively, and then purified with preparative HPLC [COSMOSIL 5C18 AR-II (85% MeOH)] to give compounds 3 (7.7 mg) and 4 (33.7 mg). Icaritin and desmethylicaritin were obtained by an enzymatic hydrolysis of glucosides 5 and 6, respectively. To a solution of 5 (2.0 mg) in acetate buffer (1.0 mL, pH 5.0, 100 mM), β-glucosidase from almonds (5.0 mg, EC 3.2.1.21, Sigma) was added and incubated for 12 h at 37°C. The reaction was quenched by adding MeOH, and the solvent was evaporated in vacuo to get a residue. The residue was purified with a SiO2 column [ϕ8 × 40 mm, eluted with CHCl3: MeOH = 20: 1 (v/v)] to obtain the compound icaritin (1.0 mg). In the same manor described above, compound 6 (2.0 mg) was treated with β-glucosidase to obtain desmethylicaritin (1.0 mg). The chemical structure of compounds 1 (icariin), 2 (icariside II), 3 (limonianin), 4 (epimedokoreanin B), 5 (icariside I), 6 (epimedoside C), icaritin, and desmethylicaritin were identified by comparing with the authentication data (1H- and 13C-NMR data) published in literature (Mizuno et al., 1988; Li et al., 1994; Wen-Kui et al., 1998; Jung et al., 2005; Bacher et al., 2010; Quan et al., 2010).



HPLC Analysis

HPLC profiling was analyzed on a SIMADZU LC-10AD pump, SIMADZU SPD-10A detector, SIMADZU CTO-10AC column heater, and column of COSMOSIL 5C18 AR-II (5 μm, ϕ4.6 × 250 mm, Nacalai Tasque Inc., Kyoto, Japan) with a flow rate of 1.0 mL/min, column temperature of 40°C, and detection wavelength of 280 nm. The stock solution of the compounds 1–6 were mixed with the same volume to make a standard solution. The solution was injected to the HPLC system (10 μL). The third fraction (MCI gel CHP-20P eluted by 100% MeOH) was dissolved in DMSO at 10 mg/mL concentration and injected to the HPLC system (10 μL).



Preparation of Tumor Culture Supernatant (TCS)

Cell lines were maintained in culture medium for 24 h. The supernatant was used as the tumor culture supernatant (TCS) for the experiments.



Measurement of the Effects of Extracts and Isolated Compounds on CD163 Expression

All the test samples were initially dissolved in DMSO (100 mg/mL for extracts and 10 mM for pure compounds). The DMSO solutions were then diluted with cell culture medium to a concentration of 100 μg/mL for extracts and 5–30 μM for pure compounds. In all the procedures, including extraction, elution of fractions, and isolation of compounds (icariin, icariside II, limonianin, epimedokoreanin B, icaritin, and desmethylicaritin), the mixtures were dissolved well to avoid any precipitates. HMDMs (1 × 104 cells per well in a 96-well plate) were incubated with the extracts and isolated compounds from Epimedii Herba for 24 h along with IL-10, followed by the determination of CD163 expression using cell enzyme-linked immunosorbent assay (cell-ELISA) as described previously (Komohara et al., 2006). Briefly, each well of a 96-well plate was blocked with Block Ace (DS Pharma Biomedical, Osaka, Japan) and washed thrice with washing buffer (PBS containing 0.05% Tween 20). The wells were incubated with an anti-human CD163 antibody (AM-3K; 2 μg/mL) for 1 h. The wells were then incubated with a horseradish peroxidase (HRP)-conjugated anti-mouse IgG antibody after washing thrice with washing buffer, followed by addition of TMB Microwell Peroxidase Substrate (SeraCare Life Science Inc., Milford, MA, United States). The reaction was then terminated by the addition of 1 M sulfuric acid, and the absorbance was read at 450 nm using a micro-ELISA plate reader.



Measurement of the Effects of the Isolated Compounds on IL-10, TNF-α, and IL-1β Secretion

Human monocyte-derived macrophages (1 × 104 cells per well in a 96-well plate) were stimulated with 100 ng/mL LPS for 24 h after treatment with the compounds isolated from Epimedii Herba for 24 h in the presence of TCS. The secretion of IL-10, TNF-α, and IL-1β were measured using a cytokine ELISA kit (Thermo Fisher Scientific, Waltham, MA, United States).



Measurement of the Effect of the Isolated Compounds on CD206 Expression

Human monocyte-derived macrophages (2 × 105 cells per well in a 12-well plate) were incubated with the compounds isolated from Epimedii Herba for 24 h during incubation with IL-4, followed by the determination of CD206 expression by western blot analysis. The lyzed HMDMs were separated on a 10% sodium dodecyl sulfate (SDS)—polyacrylamide gel and transferred to a polyvinylidene fluoride (PVDF) transfer membrane (Millipore, Bedford, MA, United States). The membranes were incubated with an anti-human CD206 antibody (ab125028; Abcam, Cambridge, United Kingdom, 0.1 μg/mL), followed by visualization with an HRP-conjugated secondary anti-IgG antibody and the enhanced chemiluminescence (ECL) western blotting detection reagent (Thermo Fisher Scientific, Waltham, MA, United States). The membranes were reblotted with an anti-β-actin antibody as an internal calibration control.



JAK/STAT Activation Assay

JAK1/STAT3 activation was determined by measuring the increased expression of phosphorylated STAT3 by western blot analysis as described previously (Fujiwara et al., 2011). Briefly, lyzed HMDMs and/or tumor cells were separated on a 10% SDS-polyacrylamide gel and transferred to a PVDF transfer membrane (Millipore, Bedford, MA, United States). The membranes were incubated with an anti-phosphorylated STAT3 antibody (D3A7; Cell Signaling Technology; 1:2000), an anti-phosphorylated JAK1 antibody (#3331; Cell Signaling Technology; 1:2000), and an anti-STAT3 antibody (sc-8019; Santa Cruz Biotechnology; 1:2000) (Yokogami et al., 2000; Duan and Simpson-Haidaris, 2006), followed visualization with an HRP-conjugated secondary anti-IgG antibody and the ECL western blotting detection reagent (Thermo Fisher Scientific, Waltham, MA, United States). The membranes were reblotted with an anti-β-actin antibody as an internal calibration control.



Immunohistochemistry

Paraffin-embedded subcutaneous tumor tissues were sectioned (5 μM thick) and immunostained with pSTAT3, proliferating cell nuclear antigen (PCNA), Iba-1, CD3, CD34, and CD204. Anti-pSTAT3 (D3A7, Cell Signaling Technology; 1:200), anti-PCNA (M0879, DAKO; 1:200), anti-Iba-1 (019-19741, Wako; 1:4000), anti-CD3 (413591, Nichirei Biosciences; 1:2), anti-CD34 (ab8129, Abcam; 1:2000), and anti-CD204 (2F8, Invitrogen; 1:2000) antibodies were used as primary antibodies. The sections were subsequently treated with an HRP-conjugated secondary antibody (Nichirei, Tokyo, Japan), followed by the visualization with diaminobenzidine.



Cell Proliferation and Cytotoxicity Assay

Briefly, 1 × 104 tumor cells (Saos-2 and LM8) were cultured with the Epimedii Herba-derived compounds for 24 h in a 96-well plate. Cell viability was determined using the WST-8 assay (Dojin Chemical, Kumamoto, Japan) according to the manufacturer’s protocol.



Co-culture and 5-Bromo-2′-Deoxyuridine (BrdU) Incorporation Assay

Tumor cells (1 × 104 cells/well) and macrophages stimulated with or without the flavonoid compounds were directly co-cultured in 96-well plates for 2 days. 5-Bromo-2′-deoxyuridine (BrdU) incorporation was assayed using a BrdU Cell Proliferation Kit (Roche, Basel, Switzerland) according to the manufacturer’s protocol.



Colony Formation Assay

Tumor cells (100 cells/well) were cultured in RPMI 1640 supplemented with 10% FBS and SphereMax (Wako) in a 96-well ultra-low attachment plate (Corning, NY, United States) for 10 days. The number of colonies (size > 100 μM) was counted under a microscope.



Murine Sarcoma Model

Female C3H mice (8–10 weeks old) were purchased from CLEA Japan (Tokyo, Japan). LM8 cells (5 × 105 cells) were suspended in 100 μL DMEM culture medium and injected subcutaneously on back of the mice (Day 0). Vehicle (0.5% methylcellulose) or epimedokoreanin B (20 mg/kg) was administered orally thrice a week. The mice were sacrificed on day 17 and the subcutaneous tumor development and lung metastasis were analyzed. All animal experiments were approved by the Ethics Committee for Animal Experiments of Kumamoto University (Permission Number: A30-047) and were performed in accordance with the Guidelines for Laboratory Animal Experiments.



Statistical Analysis

All data are representative of two or three independent experiments. Data are expressed as the mean ± standard deviation (SD). Differences between groups were examined using the Mann–Whitney U-test and the non-repeated measures ANOVA to determine the statistical significance. A p-value < 0.05 was considered to be a statistically significant difference.




RESULTS


Effects of the Crude Extract and Isolated Compounds From Epimedii Herba on Macrophage Activation

We first examined the effects of a crude extract prepared from Epimedii Herba on IL-10-induced expression of CD163, an M2 phenotype marker, in HMDMs by cell-ELISA. The Epimedii Herba extract significantly inhibited IL-10-induced CD163 expression (Figure 1A). Next, the Epimedii Herba extract was subjected to MCI column chromatography and eluted with H2O and 50–100% MeOH to obtain three fractions. As shown in Figure 1B, both the 50% MeOH fraction and the 100% MeOH fraction significantly suppressed the CD163 expression, suggesting that these fractions contained compound(s) that could inhibit CD163 expression. Therefore, we isolated the compounds from these fractions and identified them as icariin, icariside II, limonianin, epimedokoreanin B, icariside I, and epimedoside C (Figure 2). Icariin, a flavonoid glycoside, is the main constituent in the MeOH-eluted fractions, as shown in Figures 3A,B. Because the sugar chains of glycosides such as icariin, icariside II, icariside I, and epimedoside C are degraded by the action of intestinal bacteria after oral administration, the aglycons such as icaritin and desmethylicaritin (Figure 2) can be assumed to act as the physiologically active compounds (Kida et al., 1997; Hasegawa and Uchiyama, 1998).


[image: image]

FIGURE 1. Effects of extract prepared from Epimedii Herba on IL-10-induced CD163 expression in human macrophages. (A) HMDMs (5 × 104 cells per well in 96-well plates) were incubated with Epimedii Herba extract (200 μg/mL) in the presence of IL-10 (20 ng/mL) for 24 h, followed by the determination of CD163 expression using cell-ELISA. (B) HMDMs (5 × 104 cells per well in 96-well plates) were incubated with H2O-eluted and MeOH-eluted fractions prepared from the Epimedii Herba extract (200 μg/mL) in the presence of IL-10 (20 ng/mL) for 24 h. CD163 expression was then determined using cell-ELISA. The data are presented as mean ± SD.
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FIGURE 2. Chemical structure of compounds derived from Epimedii Herba.
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FIGURE 3. HPLC profile of compounds contained in Epimedii Herba. (A) HPLC analysis of the standard compounds isolated from Epimedii Herba. (B) HPLC profile of the fraction prepared using MCI gel CHP-20P (eluted with MeOH).


Therefore, we examined the effects of these compounds (Figure 2) on CD163 expression in HMDMs. We found that limonianin, epimedokoreanin B, icaritin, and desmethylicaritin inhibited IL-10-induced CD163 expression (Figure 4A), while they had no cytotoxic effect on the macrophages (Figure 4B), suggesting that aglycons are the active compounds in this study. Therefore, we chose to use limonianin, epimedokoreanin B, icaritin, and desmethylicaritin for further evaluations.
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FIGURE 4. Effects of compounds isolated from Epimedii Herba on macrophage activation. (A) HMDMs were incubated with compounds (5 μM) in the presence of IL-10 (20 ng/mL) for 24 h, followed by measurement of CD163 expression using cell-ELISA. (B) HMDMs were incubated with the indicated concentrations of the four flavonoid compounds for 24 h, followed by the determination of cell viability using WST-8 assay. (C) HMDMs were incubated with the four flavonoid compounds (5 μM) for 24 h in the presence of tumor culture supernatant (TCS), followed by the determination of IL-10, TNF-α, and IL-1β secretion by ELISA. (D) HMDMs were incubated with flavonoid compounds (5 μM) in the presence of IL-4 (20 nM) for 24 h, followed by the determination of CD206 and β-actin protein expression by western blot analysis. (E) HMDMs were incubated with the four flavonoid compounds (5 μM) in the presence of IL-10 (20 nM) for 6 h, followed by the determination of phosphorylated JAK1, phosphorylated STAT3, STAT3, and β-actin protein expression by western blot analysis. Experiments ware repeated three times with almost identical results. The data are presented as mean ± SD. *p < 0.05, **p < 0.01 vs. control.


Next, we measured the effect of limonianin, epimedokoreanin B, icaritin, and desmethylicaritin on the secretion of IL-10, TNF-α, and IL-1β from HMDMs induced by TCS stimulation. TCS stimulation increased IL-10 secretion, a cytokine marker of M2 macrophages, and decreased TNF-α and IL-1β secretion, cytokine markers of M1 macrophages, in HMDMs (Figure 4C). Under the assay conditions employed, the tested compounds significantly inhibited TCS-induced IL-10 secretion (Figure 4C). In addition, epimedokoreanin B also enhanced TNF-α and IL-1β secretion reduced by TCS stimulation (Figure 4C). Furthermore, epimedokoreanin B also inhibited IL-4-induced CD206 expression, another M2 phenotype marker (Figure 4D). These data indicate that epimedokoreanin B has a potentially inhibitory effect on M2 polarization of HMDMs.



Effect of Limonianin, Epimedokoreanin B, Icaritin, and Desmethylicaritin on STAT3 Activation in Macrophages

Since the activation of STAT3 contributes to the M2 polarization of macrophages (Mantovani et al., 2002), we next examined the effect of limonianin, epimedokoreanin B, icaritin, and desmethylicaritin on IL-10-induced JAK1/STAT3 activation in HMDMs. As shown in Figure 4E, IL-10 induced JAK1/STAT3 activation in HMDMs. Under the assay conditions employed, epimedokoreanin B significantly suppressed IL-10-induced JAK1/STAT3 activation. These results suggest that epimedokoreanin B regulates conversion of M2 into M1 phenotype in HMDMs by inhibiting STAT3 activation.



Effect of Limonianin, Epimedokoreanin B, Icaritin, and Desmethylicaritin on STAT3 Activation and Proliferation in Tumor Cells

It is well known that the activation of STAT3 is critically associated with tumorigenesis (Thoennissen et al., 2009), and STAT3 is considered an important target for anticancer therapy (Iwamaru et al., 2007; Fuh et al., 2009). Therefore, we investigated the effect of limonianin, epimedokoreanin B, icaritin, and desmethylicaritin on the proliferation of Saos-2 human osteosarcoma cells and LM8 mouse sarcoma cells. As shown in Figure 5A, epimedokoreanin B, icaritin, and desmethylicaritin significantly inhibited the proliferation of Saos-2 cells. Among these compounds, epimedokoreanin B had a strong inhibitory effect on Saos-2 cell proliferation. Epimedokoreanin B also significantly inhibited the proliferation of LM8 cells (Figure 5B). Furthermore, epimedokoreanin B also inhibited colony formation in both Saos-2 and LM-8 cells (Figure 5C). As shown in Figures 5D,E, STAT3 was constantly activated in both cell lines. Under the assay conditions used, epimedokoreanin B also suppressed STAT3 activation in both Saos-2 cells and LM8 cells (Figures 5D,E). These data suggest that inhibition of STAT3-related signal pathway by epimedokoreanin B suppresses tumor cell proliferation.
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FIGURE 5. Effects of compounds isolated from Epimedii Herba on STAT3 activation and proliferation in tumor cells. Saos-2 human osteosarcoma cells (A) and LM8 mouse sarcoma cells (B) were incubated with the indicated concentrations of the four flavonoid compounds for 24 h, followed by determination of cell viability using the WST-8 assay. (C) Tumor cells were incubated with epimedokoreanin B (5 μM) for 10 days in the presence of SphereMax, followed by determination of the number of colonies under a microscope. Saos-2 human osteosarcoma cells (D) and LM8 mouse sarcoma cells (E) were incubated with flavonoid compounds (10 μM) for 24 h. The expression of phosphorylated STAT3, STAT3, and β-actin was determined by western blot analysis. Experiments ware repeated three times with almost identical results. The data are presented as mean ± SD. *p < 0.01, **p < 0.005 vs. control.




Effect of Epimedokoreanin B on Tumor Proliferation Under Co-culture Conditions With Macrophages and Sarcoma Cells

Epimedokoreanin B also suppressed TCS-induced STAT3 activation in mouse peritoneal macrophages (Figure 6A). On the other hand, limonianin had no effect on TCS-induced STAT3 activation (Figure 6A). These data suggest that epimedokoreanin B regulates macrophage activation in both human and mouse macrophages. We next tested whether the macrophages treated with the flavonoid compounds (epimedokoreanin B and limonianin) inhibit sarcoma cell proliferation in a co-culture study using mouse macrophages and the LM8 mouse sarcoma cell line. Mouse peritoneal macrophages and mouse LM8 sarcoma cells were co-cultured, and the BrdU incorporation assay was performed, as shown in Figure 6B. Co-culture with macrophages enhanced tumor cell proliferation (Figure 6B). This enhanced effect was reduced by co-culture with epimedokoreanin B-treated macrophages (Figure 6B), indicating that epimedokoreanin B suppresses tumor proliferation by regulating macrophage activation.
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FIGURE 6. Effect of epimedokoreanin B on cell-cell interactions between mouse macrophages and mouse sarcoma cell line. (A) Mouse peritoneal macrophages were incubated with epimedokoreanin B (5 μM) and limonianin (5 μM) in the presence of TCS from LM8 cells for 6 h. The expression of phosphorylated STAT3, STAT3, and β-actin was determined by western blot analysis. (B) Mouse peritoneal macrophages were incubated with LM8 sarcoma cells under direct co-culture conditions for 24 h after stimulation with epimedokoreanin B (3 μM) and limonianin (3 μM) for 2 days, followed by the determination of proliferation by the BrdU incorporation assay. Experiments ware repeated three times with almost identical results. The data are presented as mean ± SD. *p < 0.05 vs. control.




Epimedokoreanin B Suppressed Subcutaneous Tumor Development

To verify the antitumor effects of epimedokoreanin B in an in vivo study, we next investigated the effects of epimedokoreanin B in a mouse tumor model. Epimedokoreanin B was administered orally after the subcutaneous injection of LM8 cells in C3H mice, as shown in Figure 7A. On day 17 following tumor injection, subcutaneous tumors (>10 mm) were detected in all the control mice. On the other hand, epimedokoreanin B significantly inhibited subcutaneous tumor development (Figure 7B). We next performed immunohistochemical studies to examine the effects of epimedokoreanin B on the subcutaneous tumor cells. Tumor cell proliferation was evaluated by immunostaining for PCNA, and angiogenesis was evaluated by immunostaining for CD34. Both PCNA and CD34 expression was reduced following treatment with epimedokoreanin B (Figure 7C). STAT3 activation in the subcutaneous tumor tissue was also reduced following epimedokoreanin B administration (Figure 7C). However, the numbers of Iba-1-positive macrophages (pan-macrophages), CD204-positive macrophages (M2-like macrophages), CD3-positive lymphocytes, CD4-positive lymphocytes, and CD8-positive lymphocytes in subcutaneous tumor tissue remained unchanged following epimedokoreanin B administration (Figures 8A,B). However, the ratio of CD204-positive cells to Iba-1-positive cells decreased in response to epimedokoreanin B administration. These data indicate that epimedokoreanin B also inhibits tumor development in a mouse model by suppressing STAT3 activation.


[image: image]

FIGURE 7. Effect of epimedokoreanin B on tumor progression in LM8 cell-injected mice. Epimedokoreanin B (20 mg/kg) was administered to mice injected with LM8 cells as described in the procedure (A), followed by the determination of subcutaneous tumor weights (B). PCNA expression, CD34 expression, and STAT3 activation in subcutaneous tumor tissues were evaluated by immunostaining (C).
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FIGURE 8. Number of lymphocytes and macrophages in tumor tissue. (A) CD3+, CD4+, and CD8+ lymphocytes in subcutaneous tumor tissues evaluated by immunostaining. (B) Iba-1- and CD204-positive macrophages in subcutaneous tumor tissues were evaluated by immunostaining.





DISCUSSION

Flavonoid compounds from Epimedii Herba have been shown to have various activities. Desmethylicaritin has an inhibitory effect on LPS-induced NO production in murine macrophages by suppressing iNOS activity (Chen et al., 2008) and an inhibitory effect on tumor proliferation in U87MG human glioblastoma cells (Kang et al., 2016). In the present study, desmethylicaritin inhibited the proliferation of Saos-2 cells (Figure 5A). It has been reported that icaritin has anti-inflammatory effects on mouse peritoneal macrophages by suppressing both p38 and JNK activation (Lai et al., 2013) and that it exerts antitumor and anti-inflammatory effects by modulating the function of myeloid-derived suppressive cells (MDSCs) (Zhou et al., 2011). However, there are limited number of reports on the biological activities of limonianin and epimedokoreanin B. We believe that this is the first report describing the antitumor effect of epimedokoreanin B both in vitro and in vivo.

In the present study, CD163 was used to evaluate M2 polarization in HMDMs. CD163 is a well-documented marker for detecting M2-like macrophages in paraffin-embedded surgical specimens (Komohara et al., 2006). In clinicopathological studies of malignant tumors using CD163 to detect M2-like TAMs, patients with glioma (Komohara et al., 2011b), follicular lymphoma (Clear et al., 2010), renal cancer (Komohara et al., 2011a), and pancreatic cancer (Kurahara et al., 2011) were shown to have poorer clinical prognosis in the presence of TAMs with a higher expression of CD163. CD163 is a member of the scavenger receptor cysteine-rich protein superfamily. It binds the hemoglobin–haptoglobin (Hb-Hp) complex (Kristiansen et al., 2001) and subsequently induces IL-10 secretion and HO-1 expression (Philippidis et al., 2003), which suggests that CD163 contributes to immunosuppression. Therefore, inhibition of TAM polarization to a CD163-positive M2 phenotype is a probable therapeutic strategy for cancer. In our previous studies, several compounds that suppress the polarization of macrophages to the CD163-positive M2 phenotype were discovered using an established screening system based on CD163-specific cell-ELISA. Corosolic acid and onionin A inhibit tumor proliferation by suppressing M2 polarization of macrophages as shown in in vitro and in vivo studies (Fujiwara et al., 2011, 2016; Horlad et al., 2013; Tsuboki et al., 2016). We also recently reported that the expression of CD163 on macrophages is associated with poor prognosis in undifferentiated human pleomorphic sarcoma. CD163 promotes murine sarcoma progression by inducing IL-6 secretion (Shiraishi et al., 2018), which indicates the pro-tumorigenic role of TAMs expressing CD163 in sarcoma. In the present study, we demonstrated that four flavonoid compounds isolated from Epimedii Herba inhibited M2 marker expression (CD163 and IL-10) in HMDMs (Figures 4A,C), while having no cytotoxic effect on these cells (Figure 4B).

We also demonstrated that limonianin and epimedokoreanin B inhibited IL-10-induced STAT3 activation in HMDMs (Figure 4D). It is known that the excessive activation of STAT3 in tumor cells is associated with poor prognosis, and IL-6, a classic STAT3-activator produced by mesenchymal stem cells, induces STAT3 activation in tumor cells such as Saos-2 osteosarcoma cells and consequently promotes tumor proliferation and metastasis (Tu et al., 2012). It was recently reported that CD163-positive macrophages are also associated with both proliferation in Saos-2 cells and tumor progression in a sarcoma-bearing mouse model by IL-6-induced STAT3 activation (Shiraishi et al., 2018). Epimedokoreanin B showed an inhibitory effect on STAT3 activation in both macrophages and tumor cells (Figures 4D, 5C,D), and epimedokoreanin B suppressed tumor progression in the LM8 tumor-bearing mouse model in the present study (Figure 7B). Furthermore, administration of epimedokoreanin B significantly decreased both pSTAT3-positive area and PCNA-positive cells in subcutaneous tumor tissues (Figure 7C), thus indicating that epimedokoreanin B suppresses tumor development in a mouse model by inhibiting STAT3 activation in both macrophages and tumor cells. STAT3 is a known M2 phenotype-inducer in macrophages. As shown in Figure 8, epimedokoreanin B reduced the ratio of CD204+ M2 macrophages to Iba-1+ total macrophages in the subcutaneous tumor tissues. However, there was no significant effect on M2-polarization in the in vivo mouse model in the present study. The reason for this discrepancy may be the differences in sensitivity of humans and mice to these compounds. Since lack of M2-related genes such as that coding CD163 was seen in mouse TAMs (Shiraishi et al., 2018), the differences in the gene expression profiles between humans and mice may also cause this discrepancy.

In several human tumors, a STAT3 inhibitor rescued the expression of proinflammatory cytokines and costimulatory molecules on TAMs and peripheral macrophages and resulted in the enhancement of immune responses (Hussain et al., 2007), thus indicating the significance of STAT3 activation in cell–cell interactions between TAMs and tumor cells. STAT3 is involved not only in macrophage differentiation but also in tumor cell proliferation (Yu et al., 2007). Activation of STAT3 in glioma cells is closely correlated with poor clinical prognoses in patients with grade III glioma (Abou-Ghazal et al., 2008). Therefore, STAT3 is considered to be a target molecule in several tumor types (Brantley and Benveniste, 2008). Furthermore, the activation of STAT3 in tumor cells was reported to cause resistance to anticancer therapies, such as radiotherapy and chemotherapy (Gao et al., 2010).

Niclosamide, a selective STAT3 inhibitor, had a stronger inhibitory effect on STAT3 activation compared to epimedokoreanin B (Supplementary Figure S1). However, niclosamide affected the vitality of human macrophages, thus suggesting that direct STAT3 targeting agents may have undesirable side effect on macrophages (Supplementary Figure S1). It is known that natural compound-derived STAT3 inhibitors such as curcumin and butein are non-specific and target STAT3 indirectly. We believe that epimedokoreanin B also targets STAT3 indirectly.

We also previously revealed that natural compound-derived STAT3 inhibitors, such as corosolic acid and onionin A, enhanced the efficacy of chemotherapeutic agents against tumor cells (Fujiwara et al., 2013, 2014). In the present study, we revealed that epimedokoreanin B significantly inhibited STAT3 activation in human macrophages and tumor cells and suppressed macrophage polarization to the M2 phenotype. In addition, the oral administration of epimedokoreanin B significantly suppressed tumor development in tumor-bearing mice.

These findings indicate that epimedokoreanin B is a functional compound for antitumor therapy that regulates macrophage activation and tumor proliferation. Epimedokoreanin B may also directly suppress tumor proliferation and enhance tumor sensitivity to radiotherapy and chemotherapy. Therefore, epimedokoreanin B may be a useful compound for anticancer therapy, and the products derived from Epimedii Herba may be useful for tumor prevention.
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Cancer is a common malignant disease worldwide with an increasing mortality in recent years. Salvia miltiorrhiza, a well-known traditional Chinese medicine, has been used for the treatment of cardiovascular and cerebrovascular diseases for thousands of years. The liposoluble tanshinones in S. miltiorrhiza are important bioactive components and mainly include tanshinone IIA, dihydrodanshinone, tanshinone I, and cryptotanshinone. Previous studies showed that these four tanshinones exhibited distinct inhibitory effects on tumor cells through different molecular mechanisms in vitro and in vivo. The mechanisms mainly include the inhibition of tumor cell growth, metastasis, invasion, and angiogenesis, apoptosis induction, cell autophagy, and antitumor immunity, and so on. In this review, we describe the latest progress on the antitumor functions and mechanisms of these four tanshinones to provide a deeper understanding of the efficacy. In addition, the important role of tumor immunology is also reviewed.
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INTRODUCTION

Tanshinone is a natural terpenoid and the main bioactive component isolated from traditional Chinese medicine Salvia miltiorrhiza. It is traditionally used in the treatment of cardiovascular and cerebrovascular diseases in China (Chen et al., 2012; Shi et al., 2019; Sun et al., 2019). Modern pharmaceutical studies showed that tanshinone also possess antiangiogenic, antioxidant, antibacterial, anti-inflammatory, and antitumor activities (Wang et al., 2016; Gao et al., 2017; Zhou et al., 2017). According to the chemical structure, tanshinones could be classified into different types, out of which tanshinone IIA (Tan IIA), dihydrotanshinone (DT), tanshinone I (Tan I), and cryptotanshinone (CT) generally considered most important (Hao et al., 2016a; Shi et al., 2016a). Their chemical structures and physicochemical properties are summarized in Figure 1 and Table 1, respectively. The main precursor of tanshinones biosynthesis is geranyl diphosphate (GPP), which is derived from the mevalonate and the 2-C-methyl-d-erythritol-4-phosphate pathway (Kai et al., 2011; Shi et al., 2016b; Cao et al., 2018). A series of downstream enzymes were involved to catalyze the various steps of biosynthesis, and GPP finally transformed into tanshinones (Gao et al., 2009; Guo et al., 2013).


TABLE 1. Basic physicochemical properties of tanshinone compounds.
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FIGURE 1. The chemical structure of four tanshinone monomers.


Tumor is a group of cells/tissues that has lost its control on the normal growth at the gene level due to the activation of various oncogenes or inactivation of tumor suppressors (Noda et al., 1999; Zhang et al., 2013). According to the size and growth characteristics, tumor tissue can be divided into malignant (cancerous) and benign (non-cancerous) (Avgerinou et al., 2017). Malignant tumor grows rapidly and often infiltrate to the surrounding tissues without envelops on the surface. The pathological examination indicated that these cells often exhibit atypical mitosis (Machado et al., 2016). Patients with advanced cancer often exhibited severe systemic symptoms and high recurrence rate after surgical excision, causing a big challenge for cancer therapy (Bax et al., 2016; Bendella et al., 2016; Frohman et al., 2016). In view of the enormous harm caused by cancer, the development of new antitumor treatments has become a research hotspot. Natural products are a good resource of antitumor compounds. In recent years, tanshinones have drawn scientists’ attention because of its broad-spectrum and effective antitumor activities. Their efficacy and the mechanisms have been excavated gradually. This article summarizes the latest researches on the antitumor effects and the mechanisms of the four tanshinones (Tan IIA, DT, Tan I, and CT). Current study may provide reference for the research and development of tanshinone compounds.



PHARMACOLOGICAL ACTIVITIES OF DIFFERENT TANSHINONE MONOMERS

Various studies showed that tanshinone compounds have a wide range of pharmacological effects, such as antibacterial, anti-inflammation, antioxidation, and antithrombosis (Zhou et al., 2017; Luo et al., 2019). With the excavating study, people also found the unique effect of tanshinones in the treatment of some diseases, such as diabetic cardiomyopathy (Tao et al., 2019), nephropathy (Liang et al., 2018), and diverse cancers. Here we mainly summarized the antitumor effects of four tanshinone monomers; detailed description is as follows:


The Antitumor Function and Mechanism of Tan IIA

Tanshinone IIA appears as a kind of red crystalline substance that isolated from S. miltiorrhiza. Modern researches showed that Tan IIA has various physiological functions with extremely high medicinal value such as repair on myocardial damage, improvement of microcirculation, and extensive antitumor activity (Lin et al., 2006; Wang J. et al., 2013; Wang et al., 2014; Yang X. J. et al., 2018; Zhang Y. et al., 2018). Meanwhile, as one of the most severely studied monomers in S. miltiorrhiza, the antitumor activities and functions of Tan IIA have drawn more and more scientists’ attention. The various antitumor mechanisms of Tan IIA were shown in Figure 2 and discussed in details as follows.
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FIGURE 2. The antitumor mechanism of Tan IIA. Tanshinone IIA inhibits cancer cell proliferation, induces differentiation and apoptosis through MAPK, AMPK/Skp2/Parkin, ER stress and mitochondrial pathway, inhibits of invasion and migration through Notch1/NF-κB signaling, induces of autophagy in cancer cells through PI3K/Akt/mTOR signaling pathway, and inhibits angiogenesis by inhibiting the activity of VEGF. The arrow represents the promotion effect, and the T area represents the inhibition effect.



Tan IIA Inhibits Tumor Cell Growth and Proliferation

Inhibition of tumor cell growth and proliferation is usually considered as the main strategy of anticancer compounds on diverse tumors. In general, endoplasmic reticulum (ER) stress, apoptosis induction, and cell cycle arrest can inhibit cell proliferation. Previous studies reported that Tan IIA may inhibit the growth and proliferation of various cancer cells, such as lung, breast, liver, leukemia, and colon cancer (Liu et al., 2006; Chen et al., 2012; Zhao et al., 2013; Lin C. Y. et al., 2017; Lu et al., 2018; Wang et al., 2018; Zhou et al., 2018). The ER stress response is usually defined as the unfolded protein response, which is an imbalance between the accumulations of unfolded or misfolded proteins in the ER lumen (Chen W. et al., 2019). Sustained ER stress activates protein interacting with C-kinase (PICK), inositol-requiring enzyme 1 (IRE1), and activating transcription factor 6 (ATF6), leading to the activation of the proapoptotic factor C/EBP homologous protein (CHOP), which further promotes the activation of caspase-dependent apoptosis (Zhu et al., 2019). Previously, Tan IIA increased expression of protein kinase RNA-like ER kinase (PERK), ATF6, inositol-requiring enzyme 1α (IRE1α), caspase-12, and downstream eukaryotic initiation factor 2α (eIF2α), phosphorylated c-Jun N-terminal kinase (p-JNK), and CHOP to activate ER-mediated apoptosis in human pancreatic cancer BxPC-3 cells in vitro (Chiu and Su, 2017). Tan IIA also induced ER stress and apoptosis in human breast cancer BT-20 cells by increasing caspase-12, DNA damage-inducible gene 153 (GADD153), caspase-3, p-JNK, phospho-p38 mitogen-activated protein kinases (p-p38), and Bcl-2-Associated X protein (Bax) levels with decreased expression of B-cell lymphoma extra large (Bcl-xl) and p-ERK in a time- and dose-dependent manner (Yan et al., 2012). In another research, Tan IIA increased p53, p21, and Bax; decreased B-cell lymphoma-2 (Bcl-2), cell division cycle gene 2 (cdc2), and cdc25 expression; and induced ER-related apoptosis in hepatocellular carcinoma 15 cells through the regulation of calreticulin, caspase-12, and GADD153 expression (Cheng and Su, 2010). Additionally, Tan IIA inhibited the protective mitophagy through the inhibition of the adenosine monophosphate-activated kinase (AMPK), S-phase kinase–associated protein 2 (Skp2), Parkin pathway, leading to the mitochondria-mediated apoptosis of cancer cells (He and Gu, 2018).

The normal cell cycle circulation is driven by cyclin-dependent serine/threonine kinases and their regulated cyclin subunits. These proteins consist of cyclin-dependent kinases (CDKs), such as CDK2, CDK4, and CDK6, and cyclins, such as cyclin B, cyclin D, and cyclin E (Thangaraj et al., 2019). The mutation and dysregulations of CDKs/cyclins lead to the uncontrolled cell proliferation (Marion et al., 2015). Tan IIA suppressed the growth of breast cancer MCF-7 cell line through arresting the S and G2 phase cell cycle by inhibiting the phosphatidylinositol-3-kinase (PI3K), protein kinase B (Akt), mammalian target of rapamycin (mTOR), protein kinase C (PKC), rheumatoid arthritis (Ras), and mitogen-activated protein kinase (MAPK) signaling pathway. Interestingly, Tan IIA did not function as an Hsp90 inhibitor but could act synergistically with the Hsp90 inhibitors 17-AAG and ganetespib. Tan IIA inhibited the enzymatic activity of PKC especially the PKCζ and PKCε isoforms. Furthermore, the expression of antiapoptosis protein Bcl-2 was decreased, and the levels of cleaved caspase-3 and poly ADP-ribose polymerase (PARP) protein were increased after treatment with a certain concentration of Tan IIA for 24 h (Lv et al., 2018). Similarly, Tan IIA also plays a critical inhibitory role on diverse lung cancer cells. For instance, Tan IIA induced apoptosis and S phase cell cycle arrest in lung cancer PC9 cells by regulating the PI3K-Akt signaling pathway (Liao et al., 2019). Besides, combination of Tan IIA and adriamycin significantly up-regulated the expression of cleaved caspase-3 and Bax and down-regulated the expression of vascular endothelial growth factor (VEGF), VEGFR2, p-PI3K, p-Akt, Bcl-2, and caspase-3; induced apoptosis; and arrested cell cycle at the S and G2 phases in A549 cells (Xie et al., 2016).

The antitumor efficacy of Tan IIA was also found in other malignancies. Signal transducer and activator of transcription 3 (STAT3) is a member of signal-responsive transcription factors and plays a pivotal role in tumorigenesis (Chen et al., 2017; Wang et al., 2017). Activation of the STAT3 signal directly stimulates the expression of forkhead box M1 (FOXM1), which is a regulator of cell cycle (André et al., 2012; Tan et al., 2014). This evidence revealed that STAT3 constitutively activated in gastric cancer. Zhang and his colleagues showed that Tan IIA could suppress gastric cancer cells growth by down-regulating STAT3 and FOXM1 expression (Zhang Y. et al., 2018). Furthermore, Tan IIA could inhibit osteosarcoma MG-63 cell proliferation and achieve its best inhibitory effect with 8.8 mg/L of Tan IIA (Zhang et al., 2012b; Ma et al., 2016a, b). Tan IIA treatment also induced cell apoptosis and arrested cell cycle in human oral cancer KB cells line by mitochondrial pathway via activation of caspase-3, caspase-9, and PARP (Tseng et al., 2014), by MDM4-IAP3 signaling pathway in lung cancer H1299 cells (Zu et al., 2018), and by inducing the formation of cleaved caspase-8 and cleavage of RIP1, RIP3, and MLKL in human hepatocellular carcinoma HepG2 cells (Lin C. Y. et al., 2016).



Tan IIA Inhibits Tumor Cell Invasion and Migration

It is well known that the recrudescence after operation and metastasis are the major causes of death in cancer patients. The invasion and migration are two key factors that contributed to the recurrence and metastasis of cancer cells (Lin et al., 2007; Nurnberg et al., 2011). Therefore, effective suppression of tumor invasion and metastasis might be an important part for cancer therapy (Yang et al., 2015). Previous in vivo and in vitro studies showed that Tan IIA could inhibit the invasion and migration of colon cancer cells (Su and Lin, 2008; Su et al., 2012). High dose of Tan IIA was shown to inhibit astrocytoma migration through up-regulating transmembrane receptor notch homolog 1 (Notch-1) pathway and down-regulating matrix metalloproteinase-9 (MMP-9), cellular-myelocytomatosis viral oncogene (c-Myc), and Bcl-2 expression (Dong W. et al., 2018). FOXM1 is a member of the FOX family and associated with cell fate decisions. Overexpression of FOXM1 promoted tumor progression and metastasis (Tan et al., 2014). Tan IIA could down-regulate FOXM1, MMP-2, and MMP-9 expression in gastric cancer SGC7901 cell line, resulting in the suppression of proliferation and migration in a dose-dependent way (Yu et al., 2017).



Tan IIA Inhibits Tumor Angiogenesis

Angiogenesis is a vital step in the physiological process of tissue repair and regeneration, bone remodeling and reproduction, and embryonic development (Folkman, 2006; Garona et al., 2018; Annese et al., 2019). Moreover, it also played a critical role in the progression of tumor formation, infiltration, invasion, and metastasis (Carmeliet, 2006; Seano et al., 2014; Lii et al., 2016; Ao et al., 2017; Yang et al., 2017). Thus, inhibition of angiogenesis has become an effective strategy for cancer therapy. VEGF is a key factor in the production and release of angiogenesis in tumor tissues under hypoxia. There are eight members of the gene family: VEGF-A, VEGF-B, VEGF-C, VEGF-D, VEGF-E, VEGF-F, and placenta growth factor-1 (PIGF-1) and PIGF-2. It has many functions, including stimulating angiogenesis, recruiting new blood vessels, inflammation, and vascular permeability through angiogenic, which constitutes the most important signal pathway in tumor angiogenesis (Xie et al., 2017). In a recent study, Tan IIA dramatically suppressed; VEGF promoted the migration and tube formation of human endothelia progenitor cells through the phospholipase C (PLC), Akt, and JNK signaling pathways without cytotoxic effect (Lee et al., 2017). Meanwhile, Tan IIA was found to effectively restrain β-catenin/VEGF-mediated angiogenesis by targeting transforming growth factor-β (TGF-β1) in normoxic and hypoxia-inducible factor 1α (HIF-1α) in hypoxic microenvironments in human colorectal cancer (Sui et al., 2017). Tan IIA exhibited antiangiogenic effects in vivo and in vitro by modulating the secretion of MMP-2 and TIMP-2 (Tsai et al., 2011). Other studies also suggested that Tan IIA could inhibit angiogenesis in some cells, such as osteosarcoma cells, breast cancer cells, and vascular endothelial cells (Li et al., 2015; Xing et al., 2015; Huang et al., 2017).



Tan IIA Induces Tumor Cell Autophagy

Cell autophagy is an important physiological process in organism development. Basal autophagy is essential to the normal metabolism of cells, which process waste by removing damaged organelles and protein aggregates (Qiu et al., 2017). The latest research focused on autophagy has made great progress in the understanding of the antitumor mechanisms of Tan IIA. Autophagy involves multiple signaling pathways, such as the AMPK and PI3K/Akt/mTOR signaling pathways (Yang et al., 2019; Zhou et al., 2019). AMPK consists of a catalytic subunit (α 1, α2) and two regulatory subunits β (β1 and β2) and γ (γ1, γ2, and γ3). AMPK regulated variety of biochemical pathways, which control the signal of cellular energy metabolism, whereas its dysfunction is associated with many human diseases (Ge et al., 2019). mTOR is present in both mTORC1 and mTORC2 complexes and has a negative regulatory effect on autophagy. PI3K/Akt and AMPK pathways have positive and negative regulation of mTORC1 effect, respectively (Yang et al., 2019).

In another study, Tan IIA induced autophagic cell death viaactivation of AMPK and ERK and inhibition of mTOR and rapamycin(mTOR), ribosomal protein S6 kinase (p70 S6K) in KBM-5 leukemia cells(Yun et al., 2013; Han et al., 2018). Moreover, it was pointed that thesurvival of osteosarcoma cell could be inhibited by Tan IIA throughthe PI3K/AKT signaling pathway, indicating that Tan IIA could effectively induce autophagy in human osteosarcoma cells(Yen et al., 2018). Analogously, Tan IIA induced autophagocytosis of tumor cells by activating autophagic-related Beclin-1 and light chain3-II (LC3-II) expression in melanoma A375 cells (Li et al., 2017). In addition, Tan IIA might induce the autophagy in oral squamous cell carcinoma by both activating the Beclin-1/Atg7/Atg12-Atg5 pathway and inactivating the PI3K/Akt/mTOR pathway (Ye et al., 2018). Another recent study proved that Tan IIA suppressed colorectal cancer cell growth, decreased mitochondrial membrane potential, and inhibited mitophagy through inactivation of AMPK/Skp1/Parkin pathway (He and Gu, 2018).



Tan IIA Induces Tumor Immune Checkpoint Blockade

Programmed cell death-ligand 1 (PD-L1) expressed on various cancer cells played a protective role against the cytotoxicity of immune cells. It interacts with programmed cell death-1 receptor (PD-1) to inhibit the cytotoxicity of T cells and block the antitumor immune response. Thus, dismissing immune suppression using immune checkpoint blockade agents is helpful for cancer therapy. Tan IIA was shown to inhibit breast cancer BT-20 cells by inhibiting the expression of PD-L1, cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4), cluster of differentiation 80 [B7-1 (CD80)], and B7-2 (CD86) (Su, 2018). In addition, Tan IIA enhanced interleukin 15 (IL-15)–mediated natural killer (NK) cell differentiation via activation of p38MAPK pathway (Kim et al., 2012).



The Antitumor Activities of Tan IIA in vivo

To study the antitumor activity and function of a potential anticancer drug, in vivo experiments are often necessary and more convincing. In recent years, more and more in vivo studies revealed the unique antitumor activity of Tan IIA. Here, the main antitumor studies of Tan IIA in vivo are summarized in Table 2. Using Lewis lung cancer mice model, intraperitoneal injection of Tan IIA at 15 mg/kg significantly inhibited tumor growth, neovascularization, and Bcl-2 expression and increased the levels of CD4+, CD4+/CD8+, and NK cells. Moreover, combination of Tan IIA with cyclophosphamide (CTX) showed potent efficacy (Li et al., 2016). Endothelial progenitor cells (EPCs) usually derive from bone marrow that are generally considered as the key regulator in tumor angiogenesis and metastasis (Asahara et al., 1999; Adams et al., 2012; Mund et al., 2012). Tan IIA was first proved to reduce EPC angiogenesis by inhibiting PLC, Akt, and JNK signaling pathways in a chick embryo chorioallantoic membrane model and Matrigel plug assay in mice, indicating that Tan IIA might be the new potential treatment of angiogenesis-related cancers (Lee et al., 2017). In an acute promyelocytic leukemia (APL) NOD/SCID mice model, Tan IIA was found to prolong the survival of APL-bearing mice, prevent APL-mediated body weight reduction, and inhibit the proliferation of APL cells by inducing apoptosis and differentiation (Zhang et al., 2016). Moreover, in NOD-SCID mice xenografted with human osteosarcoma 143B cells, Tan IIA inhibited the expression of CD31 and mitochondrial fusion proteins Mfn1/2 and Opa1, increased the expression of dynamic-related protein 1 (Drp1), induced apoptosis and antiangiogenesis (Huang et al., 2017). In gastric cancer AGS cell xenograft SCID mice model, results showed that treatment with Tan IIA for 8 weeks significantly reduced the protein expression levels of epidermal growth factor receptor (EGFR), inverted gravity flame reactor (IGFR), PI3K, AKT, and mTOR and inhibited AGS cell proliferation by blocking the PI3K/AKT/mTOR pathway (Su and Chiu, 2016). In BxPC-3-derived xenograft tumor model, treatment with Tan IIA induced ER stress by up-regulating the levels of PERK, ATF6, caspase-12, IRE1α, eIF2α, p-JNK, CHOP, and caspase-3 and inhibited the tumor growth in vivo (Chiu and Su, 2017).


TABLE 2. The antitumor experiment of tanshinone compounds in vivo.
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According to these studies, it can be concluded that Tan IIA is a promising natural product and deserves further study for cancer therapy. The further detailed research on the antitumor mechanism of Tan IIA will have a clearer understanding about the antitumor function, targets, and the whole regulation network of Tan IIA. Based on this, it may provide a new and effective antitumor strategy for the treatment of cancer.




The Antitumor Function and Mechanism of CT

CT is an important active component in S. miltiorrhiza and considered as one of the most effective antineoplastic constituents in tanshinone compounds. Many studies showed that CT significantly inhibited the growth of a variety of tumor cells in addition to its antibacterial and anti-inflammatory activities (Shi et al., 2014; Yu et al., 2014; Hao et al., 2015; Zhou et al., 2016). The antitumor mechanisms of CT are shown in Figure 3. STAT3 is one of the most frequently activated members of the STAT family and plays an important role in the proliferation, survival, invasion, and angiogenesis signaling pathways of various tumors. Abnormal activation of JAK/STAT3 signaling is associated with tumor progression, tumor microenvironment, and immune evasion (Chen et al., 2017; Ke et al., 2017a; Wang et al., 2017). Interleukin 6 is a representative stimulant of STAT3 signaling pathway. CT was identified as a potent STAT3 inhibitor that inhibited the phosphorylation of STAT3 Tyr705 and the target proteins such as survivin, Bcl-XL, and cyclin D1 through blocking the dimerization in DU145 prostate cancer cells (Shin et al., 2009). CT induced apoptosis of esophageal EC109 cancer cells by inhibiting p-STAT3 (Tyr705) and p-JAK2 without effect on the expression of the total STAT3 and JAK2 in vitro and in vivo (Ji et al., 2019). It is confirming that the antiesophageal cancer effect of CT was associated with the inhibition of IL-6–mediated activation of JAK2/STAT3 signaling pathway (Ji et al., 2019). Similarly, CT was found to have strong inhibition effects on malignant gliomas (MGs) but also preliminarily explored its potential mechanisms through a series of experiments in vivo and in vitro. In this study, they elaborated that CT could inhibit the proliferation of MG by suppressing the phosphorylation of STAT3 Tyr705 through activating the tyrosine phosphate activity of SHP-2 protein (Lu et al., 2017). Furthermore, CT could significantly suppress the growth and colony-forming of HCCC-9810 and RBE cells by inducing apoptosis in a dose-dependent manner. The underlying mechanism contributed to the inhibition of the JAK2/STAT3 and PI3K/Akt/nuclear factor-κB (NF-κB) pathways. Their work may provide a possible effective treatment for cholangiocarcinoma (Ke et al., 2017b). Aerobic glycolysis is a hallmark of cancer and also called Warburg effect. CT inhibited the expression of glycolysis-related proteins including glucose transporter 1 (GLUT1), hexokinase 2 (HK2), and lactate dehydrogenase A (LDHA) in ovarian cancer Hey cells and xenograft nude mice by repressing STAT3/SIRT3/HIF-1α signaling pathway (Yang Y. et al., 2018). CT inhibited p-STAT5 and p-STAT3, effectively blocked IL-6–mediated STAT3 activation, and reversed chronic myeloid leukemia (CML) fusion gene (BCR-ABL) kinase-independent drug resistance and inhibited key cell coproliferation and drug resistance pathway of K562/ADR in CML (Dong B. et al., 2018). Another study showed that CT induced cell cycle arrest and apoptosis of multidrug-resistant leukemia cell line K562/ADM by inhibiting the expression of cyclin D1, Bcl-2, and eIF4E (Ge et al., 2012). Simultaneously, CT induced autophagic cell death in multidrug-resistant colon cancer cell line SW620 Ad300 via ROS-p38 MAPK–NF-κB signaling pathway (Xu et al., 2017).
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FIGURE 3. The antitumor mechanism of CT. Cryptotanshinone inhibits the proliferation of cancer cells and induces autophagy and apoptosis by inhibiting IGF-1, IL-6, and glycolysis and mediating the cell cycle and mitochondrial pathway and inhibits angiogenesis by inhibiting the LPS/Wnt signaling pathway. The arrow represents the promotion effect, and the T area represents the inhibition effect.


Inducing apoptosis of tumor cells is generally considered to be a major mean for the efficacy of antitumor drugs, and it is no exception for CT. For example, CT inhibited the proliferation of human cancer cell A549 and H1299. Detailed studies demonstrated that CT exerted its inhibition effect by down-regulating the insulin-like growth factor 1 receptor (IGF-1R), PI3K/Akt signaling pathway. The insulin-like growth factor 1(bIGF-1) induced IGF-1R and AKT phosphorylation, suggesting that it may become a potential clinical therapeutic agent for the treatment of human lung cancer (Zhang J. et al., 2018). CT induced S-phase cell cycle arrest, apoptosis, and mitochondrial fragmentation in osteosarcoma cells with increased Bax, Bad, and Bak; decreased Bcl-2; and the activation of caspase-3, caspase-8, and caspase-9 expressions. Further Data confirmed that CT directly promoted the interaction of Drp1with Bax, directly, which promoted the translocation of Bax from cytoplasm to mitochondria, resulting in the apoptotic fragmentation of mitochondria (Yen et al., 2019). In a recent study, CT induced apoptosis in melanoma cell lines and increased the sensitivity of A375 cell line to tumor necrosis factor (TNF)–related apoptosis-inducing ligand (TRAIL), which further led to the enhancement of cell death in melanoma cells (Radhika et al., 2018). DNA topoisomerase 2 is an important nuclear enzyme, which regulates cell proliferation by modulating DNA topology and chromatid separation. Treatment with CT dramatically decreased the stabilization of topoisomerase 2a at mRNA level and showed anticancer effect against human prostate cancer in vitro and in vivo (Kim et al., 2017). In addition, CT also inhibited mTORC1 expression through activating AMPK-TSC2 axis in Rh30 cells (Chen W. et al., 2019). CT induced autophagy by activating JNK signaling through increasing intracellular reactive oxygen species (ROS) formation (Hao et al., 2016b).

As we mentioned earlier, angiogenesis plays a key role in providing oxygen and nutrition for tumor growth and metastasis. Therefore, it has been considered as a potential target for cancer therapy (Yu et al., 2002; Guo et al., 2012; Boreddy and Srivastava, 2013). Studies showed that CT also plays a unique role in this respect. CT inhibited tumor angiogenesis in lipopolysaccharide (LPS)–induced neovascular sprouts in zebrafish embryos and vascularization in mouse Matrigel plug model. Moreover, CT could suppress VEGF-induced tube formation and sprout of human umbilical vein endothelial cells (HUVECs) in vitro. Tumor necrosis factor α is generally considered as a key angiogenic factor that is related to both NF-κB and STAT3 pathways. Their further study pointed out that CT could cause the reduction of RNA-binding factor HuR stability and inhibited angiogenesis through posttranscriptional mechanism of TNF-α mediated by NF-κB and STAT3 pathways (Zhu et al., 2016). Basic fibroblast growth factor (bFGF) is a proangiogenic factor that stimulates the migration and spreading of endothelial cell invasion. CT suppressed bFGF-stimulated angiogenesis of bovine aortic endothelial cells in vitro. However, Tan IIA showed no effect at the same concentration. CT and Tan IIA have similar structures except C-15 position of dihydrofuran ring. This might infer that the double bond at C-15 position of dihydrofuran ring contributed to the antiangiogenesis efficacy (Hur et al., 2005). In another research, CT inhibited tubular-like structure formation and decreased VEGF expression and LiCl-induced β-catenin augmentation in HUVECs. Thus, CT-mediated antiangiogenesis was associated with the inhibition of Wnt/β-catenin signaling pathway (Chen et al., 2014).

Cryptotanshinone may also exert its anticancer function by enhancing the activity of other antitumor drugs. As we know, arsenic trioxide (ATO) is often used in the treatment of advanced liver cancer. Combined treatment of ATO with CT showed potent inhibition effect on the growth of Bel-7404 cells than ATO or CT alone. Meanwhile, the combination caused the obvious changes in the expression level of antiapoptotic proteins (depressing XIAP, Bcl-2, and survivin) and apoptotic proteins (promoting Bak), which lead to the suppression of tumor growth (Shen et al., 2017). In addition, CT could enhance the sensitivity of ovarian cancer A2780 cells and showed favorable effect on various solid tumors and could sensitize A2780 cells to cisplatin treatment in a dose-dependent manner (Jiang et al., 2017).

Immunosuppressive tumor microenvironment can lead to tumor-evading immunotherapy, so immunosuppression is a major problem in antitumor therapy. Tumor tissues are infiltrated by immunosuppressive cells such as regulatory T cells and myeloid-derived suppressor cells, and M2-polarized TAMs, which produce inhibitors such as PD-1/PD-L1, lymphocyte activation gene-3, IL-10, and TGF-β, inhibit the proliferation of CD4, CD8 cells, and their immune response (Han et al., 2019; Liu et al., 2019; Yu et al., 2019). CD4+ regulatory T cells possess immune functions that are associated with tumor cell immunosuppressive process. CT could increase the cytotoxicity of CD4+ T cells without affecting the activity of CD8+ T cells. Further investigation indicated that CT activated the JAK 2/STAT 4 pathway in the CD4+ T cells, thereby inhibiting the growth of small cell lung cancer (Yong et al., 2016). Perforin is one of the direct target genes of STAT 4 and is activated by IL-12 (Yamamoto et al., 2002). CT might function like IL-12 to activate CD4+ T cells to secrete perforin through STAT 4 gene. CT inhibited breast tumor MCF-7 growth by triggering proliferation and increasing perforin secretion of CD4+ T cells which is associated with enhancement of the p-JAK 2 and p-STAT 4 expressions. However, the efficacy was abrogated when treated with perforin inhibitor concanamycin, suggesting that CT exhibited the anti–breast tumor activity mainly by activating CD4+ T cells to secrete perforin (Zhou et al., 2017). Macrophages are heterogeneous and exert contrast functions. M1 phenotype possess tumor inhibitory properties, whereas tumor-associated macrophages displaying the M2 phenotype promote tumor growth and metastasis (Sica and Bronte, 2007). Moreover, CT was revealed to activate bone marrow–derived macrophages toward an M1 phenotype with elevated expression of CD80, CD86, TNF-α, and IL-12p40 through the TLR7/MyD88/NF-κB and the JAK2/STAT3 signaling pathway in mouse hepatoma Hepa1-6 cells in vitro. Further in vivo studies in a mouse Hepa1-6 model revealed that CT treatment increased the levels of inducible nitric oxide synthase, TNF-α, interferon α (IFNα), IFNβ, and IL-12p40, but not IL-10 or TGFβ1. Flow cytometry revealed that CT enhanced antitumor T-cell responses with markedly increased infiltration of macrophages, CD45+ leukocyte, and CD8+ T cells into the tumor tissue. Importantly, combined treatment of CT with anti–PD-L1 successfully eradicated the tumor and showed a synergistic effect on the induction of Hepal-specific immunity responses and developed a long-term antitumor immunity memory. Hepal-bearing mice cured by CT treatment exhibited resistance to Hepal but not EG7 (another C57BL/6 lymphoma cell line) tumor (Han et al., 2019). In addition, CT could promote the maturation of dendritic cells (DCs) and stimulate DC to secrete proinflammatory cytokines TNF-α, IL-1β, and IL-12p70 through the activation of NF-κB, p38, and JNK expression. CT -induced DC maturation is dependent on MyD88 expression because the effects were compromised in MyD88–/– DC. Encouragingly, mice bearing established Lewis lung tumors were cured by CT alone or more effective when combined with anti–PD-L1. Data further demonstrated that CT plus low doses of anti–PD-L1 generated LLC-specific antitumor immune response and immunological memory as resultant tumor-free mice were resistant to rechallenge with LLC, but not B16 melanoma (Liu et al., 2019). Natural killer cells are a subset of lymphocytes crucial for innate and adaptive immune responses that are triggered in the presence of IL-15. CT was shown to increase IL-15–induced NK cell differentiation through enhancing the phosphorylation of p38 MPAK and the expression of transcription factors, such as T-box transcription factor TBX21 (T-bet), GATA-binding protein 3 (GATA-3), inhibitor of DNA biding 2 (Id2), and ETS proto-oncogene 1(ETS-1) (Kim et al., 2012). The antitumor immune mechanisms of CT in different cells are shown in Figure 4.
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FIGURE 4. The antitumor immune mechanisms of CT in different cells. Cryptotanshinone plays a role in tumor immunity by regulating NF-κB, MAPK, JAK, and STAT4 signals in immune-related cells, including macrophage, NK cells, CD4+T cells, and dendritic cells.


To sum up, as another lipid-soluble active component of S. miltiorrhiza, CT plays an important role in inducing tumor cell apoptosis; inhibiting tumor cell proliferation, invasion, and angiogenesis; and enhancing the activity of other antitumor drugs. However, the study on the antitumor function and mechanism of CT is still in its initial stage, and there are some deficiencies in the analysis of the whole antitumor regulatory network. It is still necessary to perform further studies on CT in terms of molecular biology, cell biology, receptor pharmacology, and so on.



The Antitumor Function and Mechanism of Tan I

Tanshinone I is a kind of red crystalline powder and accounted for approximately 1.79% of the alcohol extract of S. miltiorrhiza roots (Lee et al., 2008). Modern researches showed that Tan I is mainly used in the treatment of cardiovascular and cerebrovascular diseases and also possesses broad-spectrum antitumor activity. Recent studies showed that Tan I significantly inhibited the growth of osteosarcoma cell lines U2OS and MOS-J with IC50 (half maximal inhibitory concentration) values around 1 to 1.5 mol/L. It was further shown that Tan I induced apoptosis via up-regulation of Bax and down-regulation of Bcl-2 expression. Tan I also inhibited both the mRNA and protein expression of MMP-2 and MMP-9, which are crucial for tumor metastasis. The underlying mechanism can be concluded as the down-regulation of the JAK/STAT3 signaling pathway (Wang et al., 2019). Similarly, Tan I attenuated proliferation, colony formation, and cisplatin resistance of cervical cancer. The expression of p-AKT and kainate receptors (KARS) was markedly suppressed by Tan I treatment. In contrast, overexpression of KRAS or ETS-like 1 transcription factor (ELK1) markedly impaired the suppression of Tan I on HeLa cells (Dun and Gao, 2018). In the research of Li et al., Tan I showed the most potent effect on the proliferation of lung cancer cells compared with CT and Tan IIA. Tan I also induced apoptosis and G2/M cell cycle arrest in vitro; inhibited the expression of Aurora A, survivin, cyclin B, cdc2, and CDK2; and increased the ratio of Bax/Bcl-2. Aurora A–specific siRNA confirmed that Aurora A is a potential target for Tan I. In addition, H1299 xenograft mice oral gavaged with Tan I at a dose of 200 mg/kg exhibited the marked reduction of tumor weight, angiogenesis, and Aurora A expression in vivo (Li et al., 2013). Tan I was explored that could cause the death of tumor multidrug resistance cells by inducing PARP, caspase-3, caspase-8, and caspase-9 cleavage and decreasing mitochondria membrane potential without influence on drug transporter proteins P-glycoprotein (P-gp) and multidrug resistance protein 1 (MRP1). It enhanced the depression of p-705-STAT3 and the secondary activation of p38-, AKT-, and ERK-involved signaling networks (Xu et al., 2013). Moreover, Tan I was also proven to induce the apoptosis of prostate cancer cells and enhance its sensibility to TRAIL (Shin et al., 2018). In addition, Tan I could induce apoptosis in both estrogen receptor positive MCF-7 cells and negative MDA-MB-231 cells via the activation of caspase-3 and Bax and the inhibition of Bcl-2 expression (Nizamutdinova et al., 2008). The antitumor mechanisms of Tan I are shown in Figure 5.
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FIGURE 5. The antitumor mechanism of Tan I. Tanshinone I inhibits proliferation and induces apoptosis of cancer cells by regulating cell cycle and mitochondrial pathway and inhibits cancer cell invasion and migration by inhibiting MMP-2 and MMP-9 signals. The arrow represents the promotion effect, and the T area represents the inhibition effect.




The Antitumor Function and Mechanism of DT

Dihydrotanshinone is also an important component of tanshinone compounds. However, there is still less research on its antitumor functions and mechanisms compared to the other three monomers. DT exhibited special biological inhibitory activities on diverse tumors (Chen X. et al., 2019). The antitumor mechanisms of DT are shown in Figure 6. DT inhibited the growth of liver cancer cells with an EC50 (50% effective concentration) value of 2.52 μM. In this study, DT induced caspase-3, -8, and -9 cleavages in a concentration-dependent manner. Moreover, DT significantly induced phosphorylation of P54 and P46 SAPK/JNK (Thr183/TYR185) and p38MAPK (th180/bar182), increased Bax and decreased cytochrome c in mitochondria after p38 MAPK activation, but significantly inhibited PARP cleavage after p38 MPAK inhibition. This indirectly demonstrates that ROS-mediated phosphorylation of p38MAPK is involved in a certain extent in the apoptosis of human hepatoma HepG 2 cells induced by DT (Lee et al., 2009). Cancer stem cells (CSCs) play a key role in tumor metastasis and recurrence. DT activated NOX5 to generate ROS and then phosphorylate STAT3 expression, reduce IL-6 secretion, and induce CSC death (Kim et al., 2019). Similarly, DT exhibited strong cytotoxicity in HCT116 p53(-/-) and HCT116 p53(+/+) colon cancer cells and induced PARP cleavage in a time-dependent manner. They further observed that DT decreased mitochondria membrane potential and stimulated mitochondria to produce ROS, causing a decrease in mitochondrial metabolites and ROS leakage. However, DT-induced apoptosis was inhibited by the ROS scavenger NAC or catalase–PEG alone, confirming that DT impairs mitochondrial function. These results also suggested that DT induced apoptosis of colon cancer cells through a p53-independent but ROS-dependent pathway (Wang L. et al., 2013). In multidrug-resistant colon cancer cell line SW620 Ad300, DT, and CT were shown to induce accumulation of LC3B-II and increase autophagy flux. In addition, the cytotoxic effects of the two tanshinones were independent of p53, suggesting that both DT and CT inhibited the growth of multidrug-resistant colon cancer cells by inducing autophagic cell death in a p53-independent manner (Hu et al., 2015). Recently, DT-I decreased the expression of MMP-9, MMP-2, MMP-7, Snail, and N-cadherin, thus inhibiting the migration and invasion of osteosarcoma cells. Besides, DT-I increased the expression of PARP and caspase-3, decreased the expression of Bcl-2, and induced apoptosis of osteosarcoma cells through mitochondrial pathway. DT I down-regulated the expression of β-catenin, IRP6 (upstream of β-catenin), c-Myc (downstream of β-catenin), and cyclin D1 protein and suppressed Wnt/β-catenin signaling. In an in vivo mouse model, DT-I showed inhibited formation of osteosarcoma. These results suggested that DT-I inhibited the proliferation, migration, and invasion and induced apoptosis of osteosarcoma cells in vivo and in vitro by inhibiting Wnt/β-catenin signaling pathway (Tan et al., 2019). DT activated the activity of caspase-3, caspase-9, PARP, and cytochrome c release; inhibited proliferation of glioma cell; and induced apoptosis in SHG-44 cells (Cao et al., 2017). Moreover, DT had an antiproliferative effect on human hepatocellular carcinoma cells. DT could induce cell cycle arrest of SK-HEP-1 cells at G0/G1 phase, which led to the inhibition of tumor cell growth by down-regulating the expression of cyclin D1, cyclin A, cyclin E, CDK4, CDK2, c-Myc, and retinoblastoma protein (p-Rb) expression with increased expression of the CDK inhibitor p21, suggesting that the antiproliferative activity of DT is related to the regulation of AMPK/AKT/mTOR and MAPK signaling pathways (Hong et al., 2018). In addition, DT could obviously inhibit the angiogenesis of infantile hemangioma by up-regulating several apoptosis-related proteins, such as caspase-3, caspase-8, caspase-9, PARP, AIF, Bax, cytochrome c, and so on (Cai et al., 2018). Lin et al. accessed data from the Taiwan Computerized Insurance Reimbursement Claims Database and used National Health Insurance Research Database (NHIRD) analysis to find out that S. miltiorrhiza has a protective effect on colon cancer patients in clinical practice. DT inhibited protein expression of Skp2, Smad nuclear interacting protein 1 (Snip1), and Ras homolog gene family member A (RhoA) and induced apoptosis of HCT116 cells and HT-29 cells by reducing the secretion of CCL2 in macrophages and blocking the recruitment of colon cancer cells. DT treatment also reduced tumor burden in xenograft nude mice (Lin Y. Y. et al., 2017).
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FIGURE 6. The antitumor mechanism of DT. Dihydrotanshinone inhibits cancer cell proliferation and induces apoptosis by mediating signals such as Wnt/β-Catenin, AMPK/Akt/mTOR, MAPK, CCL2, and p21 and inhibits the invasion and migration of cancer cells and angiogenesis by inhibiting MMP-2, MMP-9, and VEGFR2 signals. The arrow represents the promotion effect, and the T area represents the inhibition effect.




The Antitumor Activities of Other Tanshinone Compounds

There are also many other liposoluble compounds in S. miltiorrhiza except those elaborated above, including Tan IIB, isocryptotanshinone, hydroxytanshinone, and so on (Li et al., 2018). These compounds also exhibit antitumor activities on various cancers. For example, isocryptotanshinone was proven as a STAT3 inhibitor that could induce the apoptosis and autophagy of A549 lung cancer cells (Guo et al., 2016). Isocryptotanshinone treatment down-regulated the expression of cell cycle and apoptosis-related proteins cyclin D1, phosphorylated Rb, E2F transcription factor 1 (E2F1), myeloid cell leukemia 1 (Mcl-1), Bcl-2, and survivin expression; inhibited the phosphorylation of STAT3; and induced cell cycle arrest at G1/G0 phase, thereby inhibiting the proliferation of gastric cancer cells. In addition, isocryptotanshinone also inhibited the gastric tumor growth of BALB/c nude mice in vivo (Chen et al., 2018). Moreover, isocryptotanshinone down-regulated the expression of Bcl-2 and Bcl-xl proteins; up-regulated the expression of Bax, Bak, PARP, caspase-3, and caspase-9; induced cell cycle arrest at G1 phase; and decreased mitochondrial membrane permeability in MCF-7 cells. Phosphorylation of JNK, ERK, and p38 MAPK was induced by time and concentration dependence, and the MAPK signal was activated to inhibit the proliferation of MCF-7 cells (Zhang et al., 2015). S222 and S439 are derivatives of Tan I that exhibited anti–multidrug resistance and antiangiogenic properties. In a panel of 15 cancer cell lines, S222 and S439 inhibited STAT3 phosphorylation, induced DNA double-strand breaks, blocked cell cycle at G2/M phase, and induced apoptosis (Tian et al., 2018). Acetyl tanshinone IIA (ATA) is a compound obtained by chemical modification of Tan IIA. Acetyl tanshinone IIA induced G1/S phase arrest and apoptosis in HER2-positive MDA-MB-453, SK-BR-3, and BT-47 breast cancer cells by inhibiting receptor tyrosine kinases (RTKs) EGFR/HER2 and downstream survival signaling pathways. Moreover, ATA significantly inhibited tumor growth in athymic MDA-MB-453 xenograft mouse (Guerram et al., 2015). Acetyl tanshinone IIA inhibited the growth of breast cancer cells and the growth of xenografted mouse by inducing the production of ROS and up-regulating the expression of Bax, cytochrome c, and caspase-3 in breast cancer cells (Tian et al., 2010). PTS33, a sodium derivative of CT, could selectively inhibit prostate cancer cells growth by inhibiting the expression of androgen receptor (AR) protein and blocking the expression of AR-regulated genes (Xu et al., 2012). Neo-tanshinlactone, a natural product isolated from S. miltiorrhiza, could selectively inhibit the proliferation of estrogen receptor–positive breast cancer cells by inhibiting the synthesis of ESR1 mRNA and down-regulating the transcription of estrogen receptor α (Lin W. et al., 2016). DYZ-2-90 is a novel ring-opening compound modified by neo-tanshinlactone that induced ERK-mediated cell division arrest and apoptosis in human colorectal cancer cells by activating the stress-related JNK pathway (Wang et al., 2012), although there are still few studies on the anticancer effect of these liposoluble monomers. We believe that with the deepening of research, their unique antitumor functional activities will be gradually excavated.




THE CLINICAL CHALLENGES OF TANSHINONES

In recent years, there have been more and more studies on the anticancer effects of tanshinones. However, because tanshinones have a high hydrophobicity, it is difficult to prepare an injection, and the absorption is poor at the time of oral administration or injection. Poor bioavailability has been a major challenge for pharmaceutical development. Studies have shown that the structural modification of tanshinone compounds can solve the solubility problem to some extent and improve the limitation of tanshinones in clinical application (Zhang et al., 2012a).



CONCLUSION AND PERSPECTIVES

Traditional Chinese herbal medicine are important sources of antitumor drugs. From their initial use (in the treatment of cardiovascular and cerebrovascular diseases) to the unique antitumor activities, researches on tanshinone compounds have made a great progress. In the last decade, numerous studies have demonstrated the antitumor properties of tanshinones on various tumors both in vitro and in vivo. Tanshinones exerted a broad range of antitumor functions such as the induction of apoptosis and autophagy; regulation of cell cycle; inhibition of proliferation, invasion, metastasis, and angiogenesis; and enhancement of immunology. It suggests that tanshinones especially Tan IIA and CT may become a potential antitumor agent and provide a new therapeutic strategy for human cancers.

The investigations on the signaling pathways help us to have a better understanding on the antitumor mechanisms of tanshinones. However, process and pathways are usually extremely large and complicated; because of this, our understanding is quite limited. Besides, studies have proven CT having a potent antitumor immune function, whereas there are few reports on other tanshinone compounds. Because of their similar chemical structures, it can be speculated that they may also possess the immunosuppressive effect. However, further investigation is needed. Meanwhile, the in vivo antitumor experiments of the four tanshinones are quite few especially for Tan I and DT. Besides, there is still no strong evidence whether it has cytotoxicity on normal cells. This might be a limit for further clinical application. Therefore, more preclinical or clinical trials are also a direction of future research.
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The highly invasive nature of glioblastoma imposes poor prospects for patient survival. Molecular evidence indicates glioblastoma cells undergo an intriguing expansion of phenotypic properties to include neuron-like signaling using excitable membrane ion channels and synaptic proteins, augmenting survival and motility. Neurotransmitter receptors, membrane signaling, excitatory receptors, and Ca2+ responses are important candidates for the design of customized treatments for cancers within the heterogeneous central nervous system. Relatively few published studies of glioblastoma multiforme (GBM) have evaluated pharmacological agents targeted to signaling pathways in limiting cancer cell motility. Transcriptomic analyses here identified classes of ion channels, ionotropic receptors, and synaptic proteins that are enriched in human glioblastoma biopsy samples. The pattern of GBM-enriched gene expression points to a major role for glutamate signaling. However, the predominant role of AMPA receptors in fast excitatory signaling throughout the central nervous system raises a challenge on how to target inhibitors selectively to cancer cells while maintaining tolerability. This review critically evaluates a panel of ligand- and voltage-gated ion channels and synaptic proteins upregulated in GBM, and the evidence for their potential roles in the pathological disease progress. Evidence suggests combinations of therapies could be more effective than single agents alone. Natural plant products used in traditional medicines for the treatment of glioblastoma contain flavonoids, terpenoids, polyphenols, epigallocatechin gallate, quinones, and saponins, which might serendipitously include agents that modulate some classes of signaling compounds highlighted in this review. New therapeutic strategies are likely to exploit evidence-based combinations of selected agents, each at a low dose, to create new cancer cell-specific therapeutics.
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Glioblastoma Invasiveness Severely Limits Patient Survival

The prospects for survival of patients diagnosed with glioblastoma are poor, even with the most powerful therapies, largely because of the highly invasive nature of the cancer. After diagnosis, average survival expectancy ranges from a few months to less than 2 years, depending on cancer subtype and treatment strategy (Stupp et al., 2005). As reviewed recently, glioblastoma is divided into primary GBM, constituting 80% of cases with a mean age of onset at 62 years, and secondary GBM progressing from lower grade astrocytomas or oligodendrogliomas with a mean age of onset of 45 years (Ghosh et al., 2018). Glioblastoma multiforme is designated as Grade IV by the World Health Organization, the most malignant type of brain tumor. Molecular markers that have been defined for GBM include DNA repair and methylation enzymes, epidermal growth factor receptor, proto-oncogenes, and tumor suppressor genes (Ghosh et al., 2018). Current treatments for GBM depend on a combination of surgical resection, radiation therapy and chemotherapy, but even with this multi-pronged approach, median survival time is only 14.6 months (Ghosh et al., 2018).

In historical records, the first intracranial procedure in 1884 to remove a glial tumor was attributed to Bennett and Godlee (Walker et al., 1976). Surgical resection can remove most of a tumor bulk, but the problem is that a subset of GBM cells at the time of treatment will have already spread a substantial distance beyond the visible boundary of the main mass. Postmortem analyses of sectioned whole brains from untreated GBM patients revealed that in none of the 15 cases studied did the computer-tomography defined area capture the full extent of the neoplasm, and in three cases, infiltration extended 3.5 to 5 cm beyond the observed electron-dense boundaries of the tumors (Burger et al., 1988). Conventional radiological evaluations frequently underestimate the full area over which an invasive glioma has extended (Claes et al., 2007). In the late 1970s, addition of radiotherapy after surgery was shown to further improve GBM patient survival, and has since been refined progressively to optimize focused applications (Mann et al., 2017). Radiation damage to DNA acts to decrease cell proliferation, but falls short of being curative as a result of the invasive nature of GBM, as well as radiation-induced necrosis, neuronal damage, and the insensitivity of some GBM subtypes to radiation treatment. Adjuvant chemotherapy was found to further improve survival. In 2005, a Phase 3 clinical trial conducted by the European Organization for Research and Treatment of Cancer (EORTC) 26981-22981/National Cancer Institute of Canada Clinical Trials Group (NCIC CTG) showed significantly better overall survival when patients were treated with temozolomide in combination with radiotherapy and maximal surgical resection (Stupp et al., 2005). However, recurrence remains a serious problem, as GBM cells escape resection by early migration, and show inherent or acquired resistance to chemo- and radio therapy treatments (Ghosh et al., 2018). More work is needed to understand the mechanisms of motility, to define new intervention strategies for this devastating disease, and potentially to aim treatments to specific subtypes of GBM.

GBM arises throughout the brain most frequently in the cerebral hemispheres, particularly in frontal lobes or both frontal and temporal lobes, whereas it is relatively rare in cerebellum (Iacob and Dinca, 2009). Categories of glioblastoma traditionally were defined based on histology; recently a systematic correlation of phenotypes with molecular markers identified diagnostic indicators of the major subtypes (Louis et al., 2016; Verhaak, 2016). The molecular markers themselves are not necessarily key drivers of glioblastoma pathology, but their usefulness in defining subtypes is expected to allow tailoring of treatment aggressiveness to optimize patient outcomes (Verhaak, 2016). Frequently altered pathways in cancers involve tyrosine and serine/threonine kinases and relevant receptors, including the epidermal growth factor receptor (EGFR), which alter the regulation of Ras oncogenes overexpressed in glioblastoma (Cancer Genome Atlas Research, 2008). Downstream cascades of kinases include the mitogen-activated protein kinase family that are associated with an array of outcomes including proliferation, invasion, and chemotherapy resistance. We suggest that additional contributions from neurotransmitters, membrane signaling, excitatory receptors, and Ca2+ responses could be similarly important, and might offer opportunities for customized treatment of cancer cells within the heterogeneous cell populations of the central nervous system by combinations of agents at subtoxic doses.

Limiting cell migration is a compelling goal in the broad cancer field. Tools for managing the invasive spread of cancer cells in general through the body are essential, given that metastasis is a major cause of cancer-related deaths (Welch and Hurst, 2019). In GBM, the cancer rarely metastasizes outside the central nervous system, yet within the brain the highly invasive properties of these cells constitute a major challenge for effective treatment. Controlling GBM spread using inhibitors of cell migration and invasion would constitute a powerful adjunct therapy that could be applied in parallel with other procedures aimed at direct eradication of primary tumors. This review critically evaluates classes of ligand- and voltage ion channels and synaptic proteins as new targets for experimental therapies in GBM, and integrates cross-disciplinary evidence for their potential roles in the pathological features of glioblastoma.



Pharmacological Targets for Cancer Treatment

The majority of published work in the drug discovery field for cancers including GBM has focused on cell death and reduced proliferation as the primary outcomes of interest for therapeutics. While these candidate agents would have desired effects of killing cancer cells, non-selective toxicity, side-effects, and efficacy in vivo remain constraints on effective drug development. Alkylating agents that modify DNA structure have been shown to improve patient survival by driving apoptosis of the cancer cells, but concurrent activity on non-cancerous cells creates side effects which limit tolerable doses. Alkylating agents for GBM include chloroethylating drugs such as carmustine and lomustine, and methylating agents such as temozolomide which, due to its comparatively lower toxicity, has in combination with radiotherapy become a standard of care for GBM patients in countries that can afford the high cost of this chemotherapeutic agent (Lonardi et al., 2005). A second tier of cytotoxic agents for non-responsive GBM cases includes carboplatin, etoposide, oxaliplatin, and irinotecan. These agents also alter DNA to reduce cell proliferation, with greatest effects exerted on populations of rapidly dividing cells such as cancers. Anti-angiogenic agents and antibodies against EGFR and other tyrosine kinase receptors also have been of interest for new experimental chemotherapy strategies (Iacob and Dinca, 2009). A major gap in knowledge in this field is how to constrain GBM cell motility while treatments of the primary tumor masses are in progress, preventing the escape that leads to recurrence. As summarized in this review, the discovery of pharmacological tools to intervene in processes of cell migration and invasion in GBM is a promising area of work, possibly utilizing traditional medicinal herbs as one source of novel agents, but this area remains largely unexplored to date. As an indicative survey, of more than 38,000 papers listed in the National Institutes of Health PubMed database that were identified as relevant to glioblastoma as of Nov 2019, 18% identified use of an inhibitor, 26% were linked to proliferation, and 11% considered effects on motility (Figure 1). Less than 4% of published studies in glioblastoma evaluated candidate therapeutics as tools for limiting cancer cell motility. Approximately 2% of the papers published evaluated the effects of inhibitors on both cell survival and motility.




Figure 1 | Illustration of a sample distribution of published glioblastoma studies suggesting less than 3% combine three themes (inhibitor, proliferation, motility). Venn diagram (A) summarizing the numbers of published articles on glioblastoma, with key words linked to inhibition, migration and growth, as of November 2019 based on a search of the NIH PubMed database, with search strings as defined in the table (B).



Evidence suggests combinations of therapies could be more effective than single agents alone. For example, a Chinese traditional medicinal extract known as Compound Kushing Injection has been fractionated, chemically defined, and evaluated for dose-dependent activities in a broad array of cancer cell types measured by changes in rates of migration, cell survival, proliferation, and gene expression (Nourmohammadi et al., 2019). The interesting conclusions drawn in this work were that no single compound in the Compound Kushing Injection mixture accounted for the full therapeutic effect of the whole extract; combinations of agents were required to reconstitute the beneficial activity, and the most effective combinations of compounds depended on the cancer cell type. Combined block of glioma cells with 5-nitro-2-(3-phenylpropylamino)-benzoate (a non-specific chloride channel blocker), covalently linked to temozolomide (an oral chemotherapeutic drug for glioblastoma) suppressed glioma cell proliferation, migration, and invasion (Park et al., 2016). Temozolomide modifies DNA or RNA at guanine and adenine bases by addition of methyl groups (Lee, 2016); however, a substantial proportion of tumors are insensitive to temozolamide due to expression of methyltransferase genes.

Limitations of current therapies highlight the need for new drugs that induce fewer side effects and can lead to a more favorable prognosis. While the combination of radiotherapy and temozolomide is a principal treatment strategy, a rising concern is that radiation exposure at therapeutic levels can alter gene expression and signaling to promote a highly invasive phenotype in the surviving glioblastoma cells (Birch et al., 2018). Promising results have indicated that a blocker of a key kinase (which regulates cytoskeletal contractility at the leading edges of glioblastoma tumors) could be co-administered to suppress the recurrence of the invasive cells after radiotherapy, with potential promise for extending patient survival time and reducing the neurological impairment associated with the disease (Birch et al., 2018). A major active ingredient of the herbal medicinal plant ginseng (ginsenoside Rg3), has additive anti-tumor and anti-angiogenic effects when applied in combination with temozolomide (Sun et al., 2016b). Epigallocatechin gallate from green tea synergizes with temozolomide to inhibit viability, migration, and drug resistance of glioma stem-like cells isolated from the U87 line (Zhang et al., 2015). The anti-invasive activity of a medicinal herbal extract from olive (Olea) leaf on glioblastoma stem cells derived from human primary tumors was increased when given in combination with bevacuazimab (Tezcan et al., 2017a). Further work seems likely to demonstrate that the most effective clinical strategies will include co-administration of multiple agents, targeted to subtype-specific panels of factors in glioblastoma, to enhance the successful outcomes of interventions.



Mechanisms Enabling Glioblastomal Progression

High motility, heterogeneity of cell types within the cancer clusters, as well as the ability of the glioblastoma cells to transition between proliferative and non-proliferative phases make these cancers difficult to treat, and complicate the accurate diagnoses of tumor types based on small biopsies (Scherer, 1940; Singh et al., 2004; Behnan et al., 2019). Migration pathways of glioblastoma through the human brain, described by Scherer (1940) and confirmed in rodents with human tumor cell implants (Laws et al., 1993), suggest a predominant pattern of reliance on myelinated tracts such as corpus callosum, basement membranes of blood vessels, pial surfaces, and subependymal layers surrounding the ventricles as routes for invasion. Insights from Scherer's work further indicated that interactions with the brain tissue environment were an important part of glioblastoma progression, a concept highly relevant to current discoveries.

Surprising capacities for membrane signaling in glioblastoma are reminiscent of properties characteristic of excitable cells, and appear to be important for disease progression (Soroceanu et al., 1999; Catacuzzeno et al., 2011; Molenaar, 2011; Wong et al., 2017; Venkataramani et al., 2019; Venkatesh et al., 2019). Although glioblastoma cells have been thought to arise from glia in the CNS, molecular evidence indicates they originate from stem cell precursors (Emlet et al., 2014), and undergo an intriguing expansion of phenotypic properties to include neuron-like signaling, which has been proposed to augment glioblastoma cell survival and motility (Venkataramani et al., 2019). As analyzed here, a select set of excitable membrane ion channels and synaptic proteins (usually assumed to be the province of cells such as neurons, not glia) are upregulated in glioblastoma. This unusual portfolio of signaling proteins could endow glioblastoma cells with functional capabilities that aid their robust persistence and merit investigation as targets for new therapeutics, though the signaling protein contributions to the underlying pathological mechanisms are yet to be fully defined.

Glutamate, the main excitatory neurotransmitter in the central nervous system, in early brain development promotes the proliferation of neuronal progenitor cells, but interestingly also has been found to enhance proliferation and migration in glioblastoma cells (Lyons et al., 2007; Corsi et al., 2019). Glutamate responses associated with glioblastoma are more than excitotoxicity mechanisms to kill neurons and create space for tumor growth (Sontheimer, 2008); the process is an integral part of bidirectional communication between neurons and glioblastoma cell networks (Robert and Sontheimer, 2014; Ribeiro et al., 2017; Corsi et al., 2019). Excitation of AMPA-activated classes of ionotropic glutamate receptors (GluA1 to 4) augments the cell migration and proliferation of human glioblastoma cells (Ishiuchi et al., 2002), mediated in part by Ca2+-dependent activation of a survival factor Akt kinase, as confirmed in surgical samples and in glioblastoma cell lines (Ishiuchi et al., 2007). Pathological tumor cells are not unique among non-neuronal brain cells in being responsive to glutamate; immature glia also show sensitivity. In oligodendrocyte precursor cells, functional synapses marked by fast depolarizing currents were measured in response to voltage- and calcium-dependent release of glutamate from pyramidal neurons in hippocampal slice preparations (Bergles et al., 2000). During oligodendrocyte maturation, signaling from axons is proposed to coordinate the process of myelination. In human glioblastoma, synapses from neurons onto glioblastoma cell processes were observed by electron microscopy in resected tumor samples, complete with hallmark structures including presynaptic docked vesicles, synaptic clefts, and postsynaptic densities carrying AMPA receptors, confirmed by molecular markers and electrophysiological recordings (Venkataramani et al., 2019). Prior work had showed glutamate-induced Ca2+ signals and suggested the occurrence of action potentials in some dissociated cells cultured from glioma samples (Labrakakis et al., 1998), though cell types in the mixed sample were not precisely identified. Postsynaptic responses characterized in identified glioblastoma depend directly on the activity of surrounding neurons and seem focused on increasing intracellular Ca2+; no action potentials were observed in more than 300 tumor cells recorded (Venkataramani et al., 2019). Signals driven by synaptic input spread through the gap-junction linked network of glioma cells to promote proliferation, and reciprocally drive hyperexcitability of neurons in the glioma microenvironment, further boosting glioblastoma synaptic input and amplifying the problem (Venkatesh et al., 2019). We propose that analysis of a transcriptomic database with a focus on classes of ion channels, ionotropic receptors, and synaptic proteins that are enriched in human glioblastoma biopsy samples, offers a timely opportunity to generate predictive hypotheses for further testing the possible functional roles of these signaling proteins in glioblastoma progression.

Quantitative data on transcript levels measured from biopsied samples from human glioblastoma multiforme (GBM) patients, available in the Human Protein Atlas, were queried here to compare the patterns of gene expression of an array of excitable membrane signaling proteins for GBM patients with the likelihood of their survival of at 3 years after diagnosis (Uhlen et al., 2005; Uhlen et al., 2017). Table 1 provides a summary of compiled data for the classes of ionotropic receptors, ion channels, and synaptic proteins that showed distinct upregulation in measured transcript levels in GBM patients. Transcriptomic data were based on analyses of biopsied samples from 153 patients diagnosed with GBM (54 female and 99 male). At the time of the data collection, 123 patients were deceased. Transcript levels were quantified as ‘Fragments per kilobase of transcript per million fragments mapped' (FPKM). The percent survival at 3 years is calculated from deceased patients whose samples showed transcript levels for a given signaling protein greater than the median value across the GBM group; these values ranged from 3% to 14%, depending on the gene. Several genes were significant as negative prognostic indicators of survival when upregulated, including the small-conductance Ca2+-activated K channel (KCa3.1), synaptotagmin 5, gap junction channel connexin 26, and the Na+ proton exchanger NHE1 (though upregulation of this transporter was seen in multiple types of cancers, not selectively in GBM). Among the classes of ionotropic glutamate receptors enriched in GBM patients (Table 1), transcript levels were high for the AMPA-activated classes GluA1, GluA2, and GluA3, and the kainate-activated class GluK5. Ionotropic receptors for GABA and acetylcholine were enriched in GBM, but were not expressed at levels as high as those seen for glutamate receptors. Analyses of gene expression for the voltage-gated ion channel family showed expression of CaV and NaV channels, as well as multiple types of K+ channels. The highest levels of ion channel transcripts were seen for the inward rectifier K+ channel Kir4.1, and were appreciable as well for voltage-gated Kv4.2 and Kv7.2, and Ca2+-activated KCa2.3 channel classes. High levels of synaptic proteins were seen for synaptosome-associated protein SNAP25, synaptic vesicle glycoprotein, synapsin, synaptophysin, and synaptotagmins. Other channels with higher levels of expression in GBM include Aquaporins 1 and 4, the acid-sensing channel ASIC1, cyclic nucleotide gated channel CNG3, and the chloride channel ClC3. Though downregulation of expression of other genes in GBM also could contribute to pathological features of the disease, work here has focused on the genes showing upregulation of transcript levels, based on the proposed goal of finding potential therapeutic targets for novel inhibitory agents.




Table 1 | Summary of ion channels and synaptic proteins showing enriched transcript levels (FPKM, fragments per kilobase of transcript per million fragments mapped) in human glioblastoma biopsy samples, analyzed using TGCA RNAseq (n=153; Human Protein Atlas database); and percent survival at 3 years for patients with FPKM values greater than median.






Transcriptomic Analyses of Ion Channel Genes Selectively Enriched in Glioblastoma

Transcriptomic data from RNAseq analysis of human glioblastoma samples (Human Protein Database) were further analyzed by banding data into pooled subsets based on patient survival duration, for intervals ranging from 0–3 months up to more than 3 years, and calculating the transcript levels (median FPKM values), depicted as a heat map (Figure 2). The negative prognostic indicators NHE1 and Cx26 as expected showed a general pattern in which GBM patients with the highest levels of transcript expression showed the shortest average survival times. A similar pattern might be suggested by data for the voltage gated Ca2+ channel, inward rectifier K+ channels, and Ca2+-activated K+ channel classes shown. No distinct correlation between survival and transcript level was evident in this analysis for AQP1 and ClC3 channels, both identified previously as targets of interest in pathological mechanisms of glioblastoma progression (McCoy and Sontheimer, 2007; Cuddapah and Sontheimer, 2010; El Hindy et al., 2013). However, this link between expression and survival is based on small biopsies of heterogeneous tumor masses, and does not rule out potential impacts for any of the channels or synaptic proteins that are enriched in GBM. Signaling molecules often have overlapping functions; thus, analyses that consider sets of related channels within a class, rather than a specific individual channel, might potentially be more meaningful predictors of survival outcomes (see further discussion and Figure 4 below).




Figure 2 | Correlation between relative expression levels of key genes and patient survival. Heat maps summarizing the quantitative median levels of transcripts (FPMK, color bars) for 12 genes, for results banded into bins based on durations of patient survival. Results were calculated from TCGA data available in the Human Protein Atlas. Asterisks indicate relative prognostic values: *** increased transcript expression is an unfavorable prognostic marker in GBM; ** transcript levels are selectively enriched in GBM; * transcript levels are enhanced in cancers.





Glutamate Receptors Enriched in Glioblastoma

Neurons in the central nervous system express diverse classes of direct ligand-gated ion channels that are activated by changes in membrane voltage, by the binding of intracellular ligands such as Ca2+ and cyclic nucleotides, by the binding of extracellular ligands such as neurotransmitters, or a combination. Glioblastoma cells express a subset of receptors and channels which are associated with excitable cells, and are of substantial interest for their potential roles in signaling pathways that promote the aggressive and lethal properties of the glioblastoma tumor. Of the direct ligand gated channels, the highest transcript levels were for glutamate receptor genes, with comparatively low levels seen for GABAA and nicotinic acetylcholine receptors (Table 1).

Glutamate is the major excitatory neurotransmitter in the brain and spinal cord, released from presynaptic terminals in response to an increase in intracellular Ca2+ mediated through voltage-gated Ca2+ channels, and detected at postsynaptic glutamate receptors, resulting in an excitatory change in membrane potential. As reviewed by Traynelis and colleagues (2010), direct ligand-gated glutamate receptors are cation-permeable channels built as tetramers of subunits, and have been subdivided by selective agonist sensitivities into the N-methyl-D-aspartate (NMDA) and the non-NMDA classes (AMPA, alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid, and kainate), categories which align with genetic classifications based on amino acid sequence homology. Transcripts enriched in glioblastoma RNA seq data include receptors in the non-NMDA group activated by the agonist AMPA (GluA1 to -4) and by kainate (GluK1 to -5).

A key determinant of ionic permeability of AMPA and kainate receptors is the type of amino acid located in the second transmembrane domain. In GluA2, the residue is either glutamine (in the unedited form) yielding a receptor which conducts Ca2+ as well as monovalent cations, or arginine (in the edited form) which confers low Ca2+ permeability (Hume et al., 1991; Verdoorn et al., 1991). Co-assembly of edited GluA2 with GluA1, 3 or 4 subunits prevents Ca2+ entry through the receptor channel. In neurons, the efficiency of editing is high and thus the Ca2+ permeability of the majority of AMPA receptors is negligible; however, in malignant brain tumors, the editing efficiency is substantially reduced (Maas et al., 2001). Similarly in pediatric glioblastomas, only 50 to 70% of the GluA2 RNA is edited (Venkatesh et al., 2019), likely augmenting the Ca2+ signaling pathways that have been implicated in glioblastoma proliferation and migration.



Voltage-Gated Ion Channels Enriched in Glioblastoma

Voltage-gated Ca2+ (CaV) channels are involved in diverse functions, including regulating the entry of Ca2+ to control the release of neurotransmitters and hormones. CaV channels are composed of a number of subunits encoded by separate genes; the largest alpha-1 subunit forms the ion pore, and is associated with alpha-2, beta, gamma and delta auxiliary subunits that modulate functional properties. The Ca2+ channel-related genes showing transcript levels enriched in glioblastoma (Table 1) were CaV gamma3, -7, and -8. CaV alpha subunits were not represented in the GBM-enriched category, perhaps hinting at a role for gammas other than voltage-gated Ca2+ entry. As reviewed by Snutch and colleagues (2000-2013), there are eight types of CaV γ subunits. One of the first to be discovered was stargazin (classified as γ2), named after the Stargazer mouse strain which is prone to absence seizures caused by a mutation in the gamma2 gene. It is intriguing to note that gamma subunits γ3, γ7, and γ8 are expressed in brain and have been found to serve as transmembrane AMPA receptor regulatory proteins, known as TARPs (Tomita et al., 2003; Yamazaki et al., 2010). TARPs γ2 and γ7 cooperatively promote AMPA receptor expression in cerebellum, and γ7 also promotes expression in glia (Yamazaki et al., 2010). The primary AMPA receptor found in the hippocampus is a heteromeric combination of GluA1 and 2 subunits, associated with two γ8 auxiliary subunits which modulate gating by interacting with the GluA2 ligand-binding domain (Herguedas et al., 2019). The interaction of GluA2 receptors with TARP γ8 shifts the AMPA receptor channel conductance to a higher level (Carrillo et al., 2019). It will be interesting to test whether the augmentation of glutamate signal amplitudes by increasing expression or conductance is a key adaptive mechanism favoring gamma subunit expression in glioblastoma.

Based on transcriptomic data, the voltage-gated Na+ (NaV) alpha subunits 1, 2, and 3 appear to be expressed in glioblastoma at the RNA level. In excitable cells the primary role of NaV channels is to generate action potentials that can be conducted over distances, harnessing a regenerative loop fueled by the Na+ gradient. The Na+-dependent action potential typically links to voltage-gated Ca2+ entry to generate biological work such as the release of neurotransmitters, secretion of hormones, or contraction of muscle, for example. The reported absence of measurable action potentials in identified GBM cells (Venkataramani et al., 2019) however invites speculation on alternative hypotheses, including possibilities that NaV protein might not be assembled or functional, its distribution in plasma membrane might lack a requisite spatial organization, or shunting of currents through the gap junction-linked network might render depolarization responses undetectable. In the U87 GBM cell line, the effectiveness of a NaV channel blocker found to reduce migration and invasiveness was not dependent on Na+ channel inhibition, not replicated by application of tetrodotoxin, and was suggested to be due to side effects on RNA demethylase (Malacrida et al., 2020). In general, NaV channels serve as a mechanism for the amplification of small excitatory signals into large amplitude depolarizations, and in principle might contribute a role in boosting excitatory responses in glioblastoma, but a logical role for NaV channels in GBM remains to be proposed for testing.

Voltage-gated K+ channels are a large diverse group of channels that serve to maintain the negative resting membrane potential in many different types of cells, and to restore the resting voltage during the repolarization phase of action potential responses in excitatory cells such as neurons, muscle and sensory cells. Ca2+ dependent K+ channels add the capacity to shape membrane potential by controlling the amplitude and kinetics of repolarizing K+ currents in response to both voltage and intracellular Ca2+ levels. K+ channels identified at moderate transcript levels (Table 1) include the voltage-gated Kv4.2 (KCND2), an inactivating A-type channel expressed in brain and heart, and Kv7.2 (KCNQ2), which alone or with KCNQ3 forms M channels in the central and peripheral nervous system. M-currents activate and deactivate slowly, regulating excitability in neurons. Channel closure by Gq-protein-coupled muscarinic acetylcholine receptors enables repetitive firing (Brown and Passmore, 2009). The Ca2+-activated KCa2.2 (KCNN2) and 2.3 (KCNN3), members of the small conductance class labeled SK, are more sensitive to Ca2+ and less sensitive to voltage than the big conductance BK channels, and contribute to hyperpolarized interludes in neurons following bursts of firing, as reviewed by Kaczmarek and colleagues (2017). In glioblastoma, a proposed purpose of cation efflux through K+ channels (in parallel with anion efflux though Cl- channels) is to induce osmotic shrinking, decreasing glioma cell volume to expedite invasiveness through confined spaces (Olsen et al., 2003). Alternatively, in the absence of a substantial Cl- leak, K+ currents would be expected to buffer membrane potential at a negative voltage, maintaining the driving force for Ca2+ entry (through pathways including for example, the Ca2+ permeable glutamate receptors). Relatively high transcript levels in glioblastoma were indicated for the inward rectifier Kir4.1 (KCNQ2), summarized in Table 1. This channel is expressed in brain and kidney. In brain oligodendrocytes, Kir4.1 channels are clustered near nodes in the myelin, where they are thought to remove accumulations of K+ near electrically active membranes (Schirmer et al., 2018). Loss of function of Kir4.1 is associated with axonal degeneration. The pattern of subcellular localization of the water channel AQP4 in glial cells coincides with that of the potassium channel Kir4.1, suggesting a coordination of activities for the spatial buffering of K+ and water homeostasis (Nagelhus et al., 2004; Yool, 2007).



Synaptic Proteins Enriched in Glioblastoma

Since the synapses onto glioblastoma cells are made by neurons, and reverse synapses have not been observed (Venkataramani et al., 2019), at first glance it seems a mystery why glioblastoma cells would have measureable levels of transcripts for presynaptic proteins. However, a careful evaluation of the candidate genes indicates that these proteins might not be exclusively limited to presynaptic functions. Synaptic proteins in glioblastoma (Table 1) with moderate transcript levels include NSG2 and SYN1. Neuronal vesicle trafficking associated 2 (NSG2) protein is abundant in the dendrites and cell bodies of developing neurons, but its role until recently was unknown. Chander and colleagues discovered Nsg1 physically interacts with GluA1 and GluA2 in postsynaptic domains, where it promotes synapse formation, GluR expression, and synaptic activity (Chander et al., 2019). Synapsin I (SYN1) is regarded as a reliable presynaptic marker for immunocytochemistry. In axonal nerve terminals, it associates with synaptic vesicles to hold them in a reserve (non-released) pool. Phosphorylation in response to Ca2+ influx causes synapsin I to dissociate, freeing the vesicle for docking and transmitter release. Immunostaining and northern analyses have shown SYN1 protein and mRNA can expressed outside of neural tissues, in liver, epithelia, and cell lines, in which it is associated with the Golgi complex rather than plasma membrane, suggesting involvement in protein trafficking (Bustos et al., 2001). Synapsins have been identified in a variety of non-neuronal cells (Cesca et al., 2010) including chromaffin cells, PC12, immature astrocytes, pancreatic beta cells (in which synapsin I is associated with secretory granules), and in osteoblasts which are able to trigger glutamate release by processes mimicking neurotransmission (Bhangu et al., 2001).

It is interesting to note that human glioblastoma cells can release sufficient glutamate to raise extracellular concentrations up to 600 µM, which promotes GBM cell motility and growth, and causes excitotoxic cell death and seizures in peritumoral brain tissues (Corsi et al., 2019). The glutamate release process could be mediated by entirely by amino acid exchangers; but atypical neurotransmission-like mechanisms remain to be explored.

High transcript levels in glioblastoma (Table 1) were measured for SNAP-25, the synaptic vesicle glycoprotein 2A (SV2A), and for synaptophysin. Synaptosome associated protein 25 (SNAP-25) is involved in the control of synaptic vesicle exocytosis, and is essential for synaptic transmission (Jahn et al., 2003). SNAP-25-mediated effects do not point exclusively to a presynaptic role; it also has been suggested to govern postsynaptic morphology (Fossati et al., 2015) and receptor trafficking (Selak et al., 2009; Lau et al., 2010; Jurado et al., 2013) though some details remain controversial (Antonucci et al., 2016). SV2A, expressed throughout the brain, is a binding site for some anti-epileptic drugs such as levetiracetam, and is differentially associated with GABAergic and glutamatergic synapses, depending on the brain region, to regulate the balance of excitatory and inhibitory inputs (Venkatesan et al., 2012; Vanoye-Carlo and Gomez-Lira, 2019). Knock out of this gene in mice gives rise to violent spontaneous seizure activity leading to early death. Although viewed as a marker of neuronal synaptic vesicles, synaptophysin protein (SYP) was identified in medulloblastoma, neuroblastoma, and other tumors more than 30 years ago (Schwechheimer et al., 1987). It is linked to endo- and exocytotic mechanisms including formation of a fusion pore for the release of neurotransmitter, though genetic knock out does not result in an overt phenotype (McMahon et al., 1996). Continuing work has found synaptophysin immunoreactivity to be a diagnostic and prognostic tool in a wide array of cancer types, but the functional role of the protein remains unclear.

Very high transcript levels in glioblastoma (Table 1) were measured for synaptotagmin-11. Synaptotagmins generally are associated with evoked release of synaptic and secretory vesicles, as low affinity Ca2+ sensors that can bind to syntaxin and SNAP-25 (Burgoyne et al., 2019). Synaptotagmin 11 (Syt11), a substrate for ubiquitinylation by parkin, is one of the risk genes for Parkinson's disease; overexpression (resulting from parkin dysfunction) leads to impaired dopamine release, degeneration of dopaminergic neurons, and associated motor behavioral deficits (Wang et al., 2018a). These findings indicated a role for synaptotagmin-11 in the inhibition of endocytosis and vesicle recycling in neurons. Another member of the synaptotagmin family, Syt3 was shown to interact with GluA2 receptors in postsynaptic membranes, where it enhanced the endocytosis of receptors in response to Ca2+, generating an activity-dependent decrease in synaptic strength (Awasthi et al., 2019). It would be interesting to test the idea that Syt11 in glioblastoma slows endocytosis of GluA2 receptors, promoting glutamate-driven signaling.



Transcriptomic Analysis of Additional Channels and Transporters Linked to Glioblastoma

The specificity of enhanced channel and transporter gene expressions as markers for GBM can be assessed by comparing median transcript levels for a protein of interest across a broad panel of cancer types (Figure 3A) and assessing whether expression at levels greater than the median correlates with a poorer prospect of survival (Figure 3B). Aquaporins 1 and 4 (AQP1 and AQP4) are both strongly elevated in GBM; AQP1 is also upregulated in renal cancer. The high levels of AQP1 and AQP4 seen in GBM correlate with a poor chance of survival that is characteristic of the GBM diseases (Figure 2B). Conversely, the low levels of AQP1 and absence of detectable AQP4 transcripts in stomach and pancreatic cancers do not appear to offer any protective advantage in terms of survival, and the higher level of AQP1 in renal cancer does not coincide with a higher risk of death.




Figure 3 | Comparison of transcript levels across different cancers. (A) Heat map comparison of median transcript levels (FPMK, color bars) across a panel of different cancers. (B) Heat map comparison of patient survival at 3 years (%, color bars) across a panel of different cancers. Results were calculated from TCGA data available in the Human Protein Atlas. TCGA, The Cancer Genome Atlas.



The expression of AQP1 in the leading edges of migrating cells has been linked to enhanced motility, as documented in neural crest (McLennan et al., 2020) and various types of cancer cells including colon cancer, gliomas, breast cancer, and endothelial cells involved in angiogenic responses (McCoy and Sontheimer, 2007; Pei et al., 2016a; Nakhjavani et al., 2019; Tomita et al., 2019). AQP1 is a dual water and ion channel (Anthony et al., 2000; Yu et al., 2006; Campbell et al., 2012; Kourghi et al., 2018), which has been suggested to accelerate cell migration by enabling parallel water and cation entry (Yool et al., 2009; Pei et al., 2019), promoting the cellular lamellipodial and filopodial extensions needed for forward movement. Inhibition of either the AQP1 water pores (in each subunit) or the ion channel (thought to reside in the central pore of the tetramer) slows migration in AQP1-expressing cancer cell lines (Kourghi et al., 2016; Pei et al., 2016b), and the inhibition of both shows an enhanced blocking effect on motility (De Ieso et al., 2019).

Transcript levels for the chloride channel ClC3 are seen across multiple classes of cancers, with the highest in prostate cancer, fairly high values in GBM, melanoma and colorectal cancers, and moderate levels in others. Molecular knockdown of ClC3 channels in glioma cells decreased Cl- efflux, and slowed the volume decrease associated with DNA condensation in mitosis, suggesting a role for this conductance in promoting proliferation (Habela et al., 2008). Block of outwardly rectifying Cl- currents in U251MG cells with chlorotoxin reduced motility in invasion assays in vitro and in rat cortical brain slice assays, suggesting glioma cell motility might be enhanced by a Cl–mediated decrease in cell volume, facilitating penetration through extracellular matrices (Soroceanu et al., 1999). Subsequent work showed the site of action of chlorotoxin in glioma invasion was via the selective inhibition of matrix metalloprotease-2 (Cao et al., 2013). Chlorotoxin binds preferentially to cancer cells including gliomas (Lyons et al., 2002), and its promise as a selective histopathological marker has proven valuable for targeting nanoparticles in situ in human GBM xenografted mice (Stephen et al., 2019), opening exciting possibilities for GBM cell-targeted delivery of chemotherapeutics (Fang et al., 2015).

The sodium proton exchanger NHE1, though a negative prognostic indicator for GBM, is most strongly expressed in cancer types such as head and neck, stomach, pancreatic, urothelial, and comparatively low in GBM. Nonetheless, increased levels of NHE1 expression found in the lamellipodial leading edges in primary glioma and GBM cell lines including U87, U251 and U118 are associated with increased export of protons, resulting in a more acidic environment and basic intracellular pH, associated with resistance to temozolomide, and enhanced tumor progression (Cong et al., 2014).

Other candidates meriting further analysis include gap junction channels (connexin 26) and bestrophin. Connexin 26, Cx30 and Cx43 are characteristic components of the majority of gap junctions between astrocytes in the rat central nervous system (Rash et al., 2001). Bestrophin Ca2+-activated anion channels are permeable to chloride as well as large organic anions such as glumate and GABA; they are expressed throughout the brain and in the retinal pigment epithelium of the eye, in which inherited mutations are associated with Best's type of macular degeneration (Oh and Lee, 2017). Roles of these channels in GBM remain to be determined.



Prognostic Value in Evaluating Sets of Signaling Proteins

The GBM Bio Discovery portal provides an interface for evaluating defined sets of multiple genes as prognostic indicators, drawing on the Human Protein Altas TCGA transcriptomics database. For the analysis here, clusters of genes were created from the GBM-enriched genes summarized in Table 1 that had strong reliability scores (i.e., links to GBM based on multiple lines of evidence including immunocytochemistry, protein and RNA analyses, as denoted by “pathological evidence” scores of 1.0). The three clusters created were ionotropic neurotransmiter receptors, ion channels, and synaptic proteins (Figure 4). Data are presented as heatmaps (above), and as Kaplan Meier survival curves (below) for each cluster. Each column in the heat map represents data from a single GBM patient, and illustrates the different transcript levels measured for the genes in the cluster, presented as Z-scores relative to the average transcript level across the GBM sample population. Subtypes of glioblastoma assigned per patient are depicted by a color key (top row). Column order in the heat map columns reflects overall transcript levels, with predominantly low (blue) on the left side of the heat map, ranging to high (red) on the right side.




Figure 4 | Evaluation of expression patterns and additional prognostic information available in analyzing sets of related signaling genes, for ionotropic neurotransmitter receptors (A), ion channels (B), and synaptic proteins (C) enriched in glioblastoma. Data were analyzed using the GBM Bio Discovery Portal, a resource for user-specified interrogation of The Cancer Genome Atlas (TCGA) database, for glioblastoma multiforme categorized by molecular subtype (Verhaak et al., 2010). GBM, glioblastoma multiforme.



The subtype categories (neural, proneural, mesenchymal, and classical) serve as a useful tool for TCGA data analysis but do not reflect a consensus opinion; evidence for the neural classification has been questioned (Behnan et al., 2019) leaving support for three subtypes only. Limitations of the TCGA database include the fact that many of the samples analyzed were taken from single random sites in the tumor bulk, not capturing the inherent heterogeneity of subtypes across different regions within the tumor (Puchalski et al., 2018). However, biological relevance for the classification scheme has been supported by similarities in expression profiles of glioma cells with those of brain cell populations, prompting the idea that a common source for the gliomas might be pleuripotent neuronal stem cells of adult brain, which become glioblastoma stem cells and differentiate into subtypes based on environmental and genetic factors. Proneural cells show an oligodendrocyte progenitor cell-like signature, and classical and mesenchymal subtypes reflect astrocyte-like lineages (Verhaak and Valk, 2010; Alcantara Llaguno et al., 2015).

For the Ionotropic receptors (Figure 4A) and Ion channels (Figure 4B) clusters, the samples with predominantly high levels of expression (right side) correlated most frequently with GBM subtypes diagnosed as proneural in character. For the Synaptic proteins cluster (Figure 4C), the high expression patterns correlated with both proneural and neural subtypes of GBM. The branched tree (left side of the heat map) summarizes the degree of covariance in transcript levels for genes within the cluster. The survival plots in each cluster demonstrated that the prognostic impact of expression of a set of genes was stronger than that of any individual gene alone, as indicated by Hazard Ratio (HR) scores nearing as high as four for clusters (i.e., a 4-fold increase in chance of death in 3 years for transcript levels > median), as compared with hazard ratios close to 1.0 (ranging mainly 0.8 to 1.2) when evaluated for individual genes.

A comparable analysis of genes in the ‘Other channels and transporters' cluster (Figure 5) based on Table 1 (not limited to pathological evidence scores of 1.0) shows that patterns of high transcript levels in this group correlated most strongly with the classical and proneural subtypes of GBM, with hazard ratios of 2.4 to 2.5 determined from survival curves.




Figure 5 | Evaluation of expression patterns for additional classes of channels enriched in glioblastoma. Data were analyzed using the GBM Bio Discovery Portal. GBM, glioblastoma multiforme.



Transcriptomic data analyses indicated that the proneural subtype is consistently correlated with patterns of transcript levels across several clusters of membrane signaling proteins associated with GBM, and illustrate the point that calculations of hazard ratios for related groups of genes in GBM could have a stronger prognostic significance with respect to evaluating patient survival time than predictions based on expression levels of single genes alone. This insight at the genomic level is likely to be meaningful from a functional point of view as well. A major limitation that must be kept in mind in these analyses is that the tumor biopsy samples used for generating the RNAseq database were taken from random locations in the tumor, and thus are unlikely to capture the full heterogeneity and range of cell phenotypes within the tumor mass, complicating determination of correlations with patient survival and transcript prognostic value. Nonetheless, the transcriptomic analyses highlight the concept that cellular signaling is carried out by sets of proteins with partial overlap in functional properties, providing cells with capacity for compensation following the loss of a given signaling component. Therapeutic strategies aimed at modulating multiple proteins within a class, and multiple targets across classes, might prove to be more effective in realizing a clinically relevant outcome. A key point is that an ideal treatment, tailored to a given cancer, would incorporate multiple pharmacological agents targeted across a set of key proteins, each administered at low doses to reduce the severity of side effects, but achieving potency by a synergistic complementation. In this regard, it will be of interest to screen herbal medicinal extracts comprising naturally complex combinations of chemical components, for effects on a panel of different classes of signaling proteins for potentially synergistic interactions.



Natural Plant Products as Sources of Therapeutic Agents

The current therapies for glioblastoma involving temozolomide chemotherapy, radiation, and surgical resection yield only limited improvements in survival periods. New drugs that induce fewer side effects and lead to more favorable prognoses are needed. Plant extracts have since ancient times been used traditionally as medicines in Egypt, China, India, Greece, and other countries. Some of the first written records on the medicinal uses of plants date back to 2600 BC. The plant kingdom comprises nearly 250,000 plant species of which only around 10% have been screened thus far for different diseases. Medicinal herbs found by experience to be valuable for treating diseases and ailments have served as original sources for many clinical compounds in the current therapeutic armamentarium. The National Cancer Institute (USA) has screened 35,000 plant samples (114,000 extracts) from 20 countries for anti-cancer activity (Developmental Therapeutics Program, NIH, USA). Approximately 60% of the clinically approved anti-cancer drugs available commercially are derived from medicinal plants (Khan, 2014). Many studies have considered compounds as effective potential anticancer treatments if they arrest the cell cycle or trigger apoptosis (reducing proliferation), impair angiogenesis (reducing metabolic supply), or decrease the expression of matrix metalloproteinases (impairing invasion) as reviewed by Park, Erices, and colleagues (Park et al., 2017; Erices et al., 2018). Ability to cross the blood brain barrier would facilitate drug delivery to the tumors.

Natural plant products tested in glioblastoma including flavonoids, terpenoids, polyphenols, epigallocatechin gallate, quinones, saponins, and others (Table 2), have been assayed mainly in glioblastoma cell lines, as well as xenografts in mice. A diverse set of plant products are effective in slowing proliferation and migration, and increasing cell death. The molecular mechanisms underpinning the effect of these compounds include decreased expression of angiogenic factors (VEGF and TGF-β1), disruption of signaling pathways (PI3K/AKT/mTOR, RAF-MEK-ERL, TLR4, IL-6 mediated JAK/STAT3, and Rho/ROCK), impaired mitosis (cell cycle arrest at G2/M phase), decreased expression of proliferation-associated genes (PCNA and cyclin D1), enhancement of apoptosis by increased Caspases (CASP 3, 9) and PARP 1 cleavage activities, decreased anti-apoptotic protein (Bcl-2) expression, downregulation of the activity of matrix metalloproteinases (MMP 2,9,14,16), and inhibition of actin assembly (see references in Table 2).


Table 2 | Summary of alternative medicinal compounds and extracts reported to affect proliferation, viability, and/or motility of glioblastoma and malignant brain tumor cells.










The limited number of natural plant compounds identified as inhibitors of motility in glioblastoma (Table 2) included bittersweet (Celastrus orbiculatus), curcubitacin B (Trichosanthes kirilowii), OLE (Olea europaea leaf), paeoniflorin (Radix paeoniase alba), resveratrol (red wine and other sources), and withaferin A (Withania somnifera); however, it is important to note that potential anti-motility effects of other glioma-active plant preparations in Table 2 are not excluded, but remain to be evaluated. A useful starting point is to survey whether any of the motility-blocking herbal compounds have published effects on ion channels or ionotropic receptors. Evidence is limited in this under-researched field, but available publications suggest possible links. For example, celangulin I isolated from bittersweet activated high-voltage activated L-type Ca2+ channels in insect neurons, consistent with excitoxicity and insecticidal activity (Li et al., 2016b). Cucurbitacin IIa decreased the expression of glutamate receptors GluN2B (NMDA) and GluA1 (AMPA), and increased GABAAα2 expression in mouse brain amygdala (Zhou et al., 2017). OLE from Olea inhibited L-type Ca2+ currents in rat cardiac cells (Scheffler et al., 2008), and reduced L-type Ca2+ channel RNA levels in rat spinal cord (Zare et al., 2012). Oleuropein from Olea caused dose-dependent increases in intracellular Ca2+ in mesothelioma cells, suggested to be mediated by activation of low-threshold T-type Ca2+ channels (Marchetti et al., 2015). An analgesic action of paeoniflorin was suggested to be mediated by activating adenosine A1 receptors and reducing glutamate release in rat pain sensory fibers (Zhang et al., 2009). Resveratrol has been found alter activity in an array of ion channel classes, including the inhibition of Ca2+ channels involved in pain perception pathways in mice, consistent with an anti-nociceptive effect of systemic treatment (Pan et al., 2017), inhibition of cardiac L-type Ca2+ currents in rat ventricular myocytes (Zhang et al., 2006), and activation of T-type Ca2+ channels in a mesothelioma cell line (Marchetti et al., 2016), providing an interesting parallel with the effects of Olea extracts listed above. Resveratrol activated defined subtypes of GABAA receptors containing α1 subunits, expressed in Xenopus oocytes (Groundwater et al., 2015), and blocked the calcium-dependent K+ channel, KCa3.1, heterologously expressed in 3T3 fibroblasts (Olivan-Viguera et al., 2013). Withania extract activated mammalian brain GABAA and GABArho receptors recorded by voltage clamp in the Xenopus expression system, evoking currents comparable to those induced by the native neurotransmittter; however, responses were not activated by the isolated components withaferin A and withanolide A, suggesting other active agents are present in the extract (Candelario et al., 2015). These observations point to an important gap in knowledge regarding the ion channel and receptor modulatory effects of anti-cancer medicinal herb extracts.

It is interesting to note that some compounds such as curcumin [1.25 µg/ml] (Yin et al., 2014), OLE extract [1 mg/ml] (Tezcan et al., 2017a), resveratrol [10 µM] (Yuan et al., 2012) and quercetin [30 µmol/L] (Sang et al., 2014) when tested in combination with temozolomide have been effective in increasing survival in animal models, overcoming temozolomide resistance by increasing ROS production, disrupting AKT/mTOR signaling, reducing MGMT gene expression, suppressing Hsp27 protein expression, and downregulating the expression of MMP-2 and -9. The plant derived compounds are effective in low doses and intriguingly the effective concentration of temozolomide required in combination is also reduced (50–100 µM) leading to more effective treatments with fewer side effects. Thus, natural products from traditional medicinal plants could prove useful in combination with other plant products or chemotherapy drugs, as a new way forward in treating glioblastoma tumors and improving prognoses, alone and in combination with front-line chemotherapeutic agents.



Combining Modulators for Multiple Targets to Increase Selectivity and Potency of Treatments for Glioblastoma

Selected sets of membrane signaling proteins that are upregulated in glioblastoma might be added to the matrix of markers supporting diagnosis and targeted intervention. Moving from bench to bedside is challenging; many failures have resulted from approaches focused on single targets and single agents as therapies. Combinations of agents offer potential to focus treatments more precisely on a class of cells of interest, based on unique signature profiles reflecting expression of multiple key proteins from more than one essential pathway. However even combinations of approaches have not yet achieved the desired endpoints.

The standard current therapy for GBM does use a combined approach, employing radiotherapy, temozolomide chemotherapy and surgical resection. Studies have explored possible benefits of layering additional agents onto this standard therapy regime with the aim of further extending survival. Some logical pharmacological candidates such as gefitinib (an inhibitor of the EGF receptor) or bevacizumab (an inhibitor of angiogenesis) added to the standard therapy have not met the aims for improved overall survival (Okonogi et al., 2015).

With a diverse types of GBM-enriched proteins all appearing to point to a major role for glutamate signaling in glioblastoma, glutamate receptors are a clear target of interest for potential therapies, but have proven elusive thus far. Glutamate driven Ca2+ entry is linked to the invasion and growth, while release of excitotoxic glutamate in the local environment causes neuronal loss and further recruits tumor-associated microglia which produce growth factors enhancing tumor cell survival (Corsi et al., 2019). AMPA receptors are associated with integrin, and could contribute localized signaling at cytoskeletal anchor points in focal adhesion complexes (Piao et al., 2009) which might be key in invasive motility. A non-competitive antagonist of AMPA receptors, talampanel (also known as GYKI 53773 or LY300164) was found to increase the median survival of patients with GBM (20.3 months versus 14.6 months) in a cohort study of 60 patients (Grossman et al., 2009). Despite promise in Phase II, it has not been validated further and might be limited by a short half-life of 3 h (Langan et al., 2003). This agent, a derivative of benzodiazepine, also blocks kainate receptors (Donevan et al., 1994).

Targeting the AMPA glutamate receptors would seem to be a compelling approach. However, the predominant role of AMPA receptors in fast excitatory signaling throughout the central nervous system raises a challenge on how to target inhibitors selectively to cancer cells while maintaining tolerability. Most AMPA receptor antagonists tested thus far have proven unsuitable due to side effects and pharmacokinetics, in contrast to effectiveness in preclinical animal models (Lee et al., 2015). The natural extracts in traditional medicines that have been found to be effective might serendipitously include agents which modulate more than one of the classes of signaling molecules highlighted in this review, that are enriched in glioblastoma and could be important contributors to the pathological process. New approaches will be likely to exploit evidence-based combinations of selected agents, each at low doses, along with tools for cancer-selective targeting to GBM cells, to engineer new and potent therapeutic strategies for meeting the medical challenge of treating glioblastoma.
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Chamaejasmin B (CHB), a natural biflavone isolated from Stellera chamaejasme L., has been reported to exhibit anti-cancer properties; however, its effect in melanoma cells is not clear. Here, we aimed to investigate the anticancer effect of CHB in mouse melanoma B16F0 and B16F10 cells. We found that CHB significantly suppressed cell proliferation and promoted cell cycle arrest at G0/G1 phase in B16F0 cells; it also induced cell differentiation and increased melanin content by increasing tyrosinase (TYR) activity and mRNA levels of melanogenesis-related genes in B16F0 cells. Meanwhile, wound closure, invasion, and migration of B16F0 and B16F10 cells were dramatically inhibited. Moreover, CHB significantly increased ROS levels and decreased ΔΨm, resulting in B16F0 and B16F10 cell apoptosis. Finally, in vivo studies showed that CHB inhibited tumor growth and induced tumor apoptosis in a mouse xenograft model of murine melanoma B16F0 and B16F10 cells. Overall, CHB decreases malignant characteristics and may be a promising therapeutic agent for malignant melanoma cells via multiple signaling pathways.

Keywords: chamaejasmin B, melanoma, cell cycle arrest, cell differentiation, metastasis, apoptosis, glycolysis


INTRODUCTION

Cancer is a heterogeneous pathological disease, and ranks second in leading cause of mortality worldwide. Melanoma is a common and highly aggressive skin cancer, leading to >75% of skin cancer deaths but accounting for <5% of skin cancer cases (1). As melanoma is characterized by rapid progression, poor prognosis, and high mortality, various treatments have been developed. Chemotherapy is the optimal treatment for melanoma, although it results in low bioavailability, side effects, poor tumor selectivity, and dose-limiting systemic toxicity (2). In addition, uncontrolled melanoma cell proliferation results in resistance to conventional treatment approaches. Thus, developing a novel treatment or strategy to combat the disease is still needed.

Stellera chamaejasme L. (SCL), known in traditional Chinese medicine as Rui Xiang Lang Du, has been used for treatment of tumors, tinea, stubborn skin ulcers, and so on (3, 4). Chamaejasmin B (CHB) isolated from the root of SCL is the major potent cytotoxic bioflavonoid. It was reported that CHB inhibited many cancers, such as colon cancer, liver carcinoma, osteosarcoma, non-small cell lung cancer and cervical cancer (5). CHB inhibited breast cancer MDA-MB-231 cell metastasis by rebalancing TGF-beta paradox (6). Moreover, CHB also inhibited the growth of multidrug resistance cells through mitochondrial pathway (7). However, the effect of CHB toward melanoma is still uncertain. We further evaluate the anti-melanoma activity of CHB in vitro and in vivo.



MATERIALS AND METHODS

The methods were approved by the Shihezi University Animal Care and Use Committee (Permit Number A2016-072). Experimental protocols were consistent with the guidelines of the Association for Assessment and Accreditation of Laboratory Animal Care International. All studies were designed to minimize animal numbers and the severity of procedures.


Cell Culture

B16F0 and B16F10 cells were purchased from the China Center for Type Culture Collection (CCTCC, Wuhan, China). B16F0 cells were cultured in RPMI 1640 Medium (Gibco, Grand Island, NY, USA), and B16F10 cells were maintained in Dulbecco's Modified Eagle Medium (Gibco, Grand Island, NY, USA) and supplemented with 10% FBS (Tianjin Haoyang Biological Manufacture, Tianjin, China), 100 U/mL penicillin (Shandong Sunrise Pharmaceutical, Zibo, China), and 100 μg/mL streptomycin (Shandong Sunrise Pharmaceutical, Zibo, China) at 37°C with 5% CO2. All experiments were performed on logarithmically growing cells.



Analysis of Cell Viability and Apoptosis

SRB (Sigma, St. Louis, MO, USA) was utilized for detecting cell viability According to the manufacturer's instructions (8). Viable cell number was determined using the trypan blue exclusion test (TBET) (9). Colony-formation assay was used to test cell survival ability (10). Cell apoptosis was analyzed using nuclear staining with Hoechst 33258 (Sigma, St. Louis, MO, USA) (9).



Cell Apoptosis, Cycle, ROS, and ΔΨm Measurement

According to the manufacturer's instructions, cell apoptosis was assessed using Annexin V-fluorescein isothiocyanate (FITC)/propidium iodide (PI) staining (BD Pharmingen, San Diego, CA, USA). Cell cycle was determined with PI (0.05 mg/mL) and RNase A (0.5 mg/mL) staining. Intracellular ROS generation was measured by incubating cells with 10 mmol/L DCF-DA (Sigma, St. Louis, MO, USA) at 37°C for 30 min. ΔΨm was measured by JC-1 dye solution (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) in the dark at 37°C for 20 min. The cells were analyzed using a FACScan flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA).



Melanin Content Assessment

In order to detect melanin content, cells and the supernatant were collected, respectively. Extracellular and intracellular melanin content was measured according to the previously described method (11).



TYR Activity Assay

TYR activity was assayed by measuring L-3, 4-dihydroxyphenylalanine oxidase activity (12), and absorbance was measured at 405 nm using a microplate reader.



Scratch-Healing Migration Assay

Cells were wounded by scratching with a sterile pipette tip, treated with CHB, fixed, and photographed. Images were acquired with an inverted fluorescence microscope (Zeiss, Axiovert 200, Germany) (13).



Transwell Assays

Migration and invasion were determined using transwell assay (9, 14). For adhesion assay, B16F0 cells and B16F10 cells were plated onto the 50 μg/mL matrigel precoated plate and washed at 1 and 2 h to remove non-adherent cells. The adhered cells were measured with SRB assay after washed. For migration assays, B16F0 cells and B16F10 cells were seeded in the top of the chambers with the non-coated membrane and incubated overnight. For invasion assays, cells were plated in the top chamber with matrigel-coated membrane. Medium without serum or containing 10% FBS was added to the upper chamber or the lower chamber, respectively. After 24 h, the cells were fixed in 10% neutral buffered formalin solution for 30 min and stained with Giemsa. Cells on each insert were calculated using a microscope (Zeiss, Axiovert 200, Germany).



Quantitative Real-Time Polymerase Chain Reaction

Total RNA was extracted using TRIzol Reagent (Sangong Biotech Co. Ltd., Shanghai, China). cDNA synthesis was performed using a RevertAid First Strand cDNA Synthesis Kit (TaKaRa, Shiga, Japan), and the synthesized cDNA was amplified. The polymerase chain reaction (PCR) primers (Table 1) were set as indicated, and reaction conditions were established using 12.5 μL 2× QuantiFast SYBR (QIAGEN GmbH, Hilden, GERMANY), 3 μL cDNA template, and 0.5 μL of each primer.


Table 1. Primers used for real-time PCR.
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Determination of B16F0 and B16F10 Tumor Growth in vivo

The animals were prepared as previously described (15). We conducted experiments on C57BL/6 mice based on tumor suppression and tumor colony formation. Mice were divided into three treatment groups randomly (five of each group). For the tumor-suppression experiment, the mice received 1.5, and 3.0 mg/kg of CHB via intragastric administration every day for 10 days (15). For the tumor colony-formation experiment, B16F0 and B16F10 cells were pretreated with CHB (0.75, 1.5, and 3.0 mg/kg) for 24 h and injected subcutaneously into the right flank of C57BL/6 mice, and colony formation was observed 12 days after injection. The implanted melanomas were separated, weighed, and fixed in 10% formaldehyde for at least 24 h and subsequently embedded in paraffin and submitted for hematoxylin and eosin (H&E) staining (16). TUNEL assays were performed as previously described (15).



Western Blot Analysis

Total protein (equal amounts) were separated by SDS-PAGE, transferred onto Immobilon®-P Transfer Membrane (Millipore Corporation, Billerica, MA, USA) and blocked with 5% non-fat milk. The membranes were incubated with the respective primary antibodies against Mmp2 (Santa Cruz, CA, USA), Mmp9 (Santa Cruz, CA, USA), Bcl-2 (Santa Cruz, CA, USA), Bax (Santa Cruz, CA, USA), pro-caspase-3 (Cell Signaling Technology, Danvers, MA, United States), cleaved-caspase-3 (Cell Signaling Technology, Danvers, MA, United States), caspase-9 (Santa Cruz, CA, USA) and β-actin (Santa Cruz, CA, USA), and then incubated with the appropriate concentrations of horseradish peroxidase-conjugated secondary antibody. The blots were visualized using the SuperSignal West Pico Chemiluminescent Substrate® (Thermo Scientific, Rockford, IL, USA).



Statistical Analysis

All results are expressed as mean ± standard deviation (SD). Statistical differences among groups were determined using one-way ANOVA followed by Bonferroni multiple comparison test. All analyses were done using SPSS 18.0 statistical software. The results are considered significantly different when P < 0.05 and highly significantly different when P < 0.01.




RESULTS


CHB Inhibits Mouse Melanoma Cell Proliferation

After exposure for 48 h, CHB significantly inhibited the proliferation of B16F0 and B16F10 cells in a concentration-dependent manner (Figures 1A,B). CHB did not remarkably induce cell necrosis on TBET analysis, indicating that CHB did not have a significant lethal effect on B16F0 and B16F10 cells (Figures 1A,B). In addition, there is an obvious decrease in cell density and a distinguishable morphological change in the CHB-treated group (Figures 1C,D). Colony-formation assays revealed that CHB inhibited colony formation of B16F0 cells in a dose-dependent manner (Figures 1E,F). Moreover, the colony size evidently changed following CHB exposure (Figure 1G), suggesting that CHB effectively inhibited the proliferation of B16F0 and B16F10 cells.


[image: Figure 1]
FIGURE 1. Effects of CHB on B16F0 and B16F10 cell proliferation. The inhibition rate and lethal ratio of B16F0 and B16F10 cells were determined by SRB assay and the trypan blue exclusion test, respectively (A,B). Morphological changes were observed by phase-contrast microscopy (C,D, magnification, x200). Colonies were photographed and counted under a microscope (E,F, magnification, x200). Effects of various CHB concentrations on colony formation of B16F0 cells (G, magnification, x200). Data were presented as mean ± SD for at least three independent experiments. *P < 0.05, **P < 0.01 compared with the control group cells.




CHB Induces G0-G1 Arrest by Regulating mRNA Levels of Cell Cycle-Related Genes

We examined cell cycle progression of B16F0 cells by flow cytometry (Figure 2A) to investigate the inhibitory effect of CHB. Treatment with CHB (9 μg/mL) resulted in an increase at G0-G1 phase (from 51.09 to 79.91%) and a decrease at S (from 40.22 to 18.18%) and G2-M (from 8.69 to 1.91%) phases (Figure 2B), indicating that CHB markedly caused G0/G1 phase arrest in B16F0 cells. Further, we evaluated Cdk4, cyclin D1 (Ccnd1), Pcna, and p21 expression in B16F0 cells after CHB treatment and found that compared with the control group, the CHB-treated groups had a significant decrease in Cdk4, Ccnd1, and Pcna mRNA levels and a remarkable increase in the p21 mRNA level (Figure 2C). These results suggest that CHB induced cell cycle arrest at the G0-G1 phase via decreasing the mRNA levels Cdk4, Ccnd1, and Pcna and increasing the mRNA level of p21.


[image: Figure 2]
FIGURE 2. CHB induces G0-G1 arrest and influences cell cycle-related factors in B16F0 cells. B16F0 cells were incubated with 3, 6, and 9 μg/mL of CHB for 48 h. (A) Cells were harvested to measure the cell cycle distribution by flow cytometry. (B) Quantitative analysis of cell cycle distribution. (C) Quantitative analysis of Cdk4, Ccnd1, Pcna, and p21 via qPCR. Results were expressed as mean ± SD for three separate experiments. *P < 0.05, **P < 0.01 compared with control group cells.




CHB Promotes Melanin Biosynthesis by Increasing TYR Activity

We measured the melanin content of B16F0 cells to investigate the depigmentation activity of CHB. The extracellular (Figure 3A) and intracellular (Figure 3B) melanin contents increased considerably following CHB treatment. Moreover, CHB significantly increased TYR activity in a concentration-dependent manner (Figure 3C). Tyr and Tyrp1 mRNA levels dramatically increased in CHB-treated B16F0 cells (Figure 3D), indicating that CHB increased the melanin content in B16F0 cells by upregulating Tyr and Tyrp1 mRNA levels.


[image: Figure 3]
FIGURE 3. CHB promotes melanin biosynthesis. Effects of CHB on extracellular (A) and intracellular (B) melanin synthesis in B16F0 cells after treatment for 48 h in vitro. (C) Effects of CHB on TYR activities in B16F0 cells. (D) Tyr, Tyrp1, and Tyrp2 mRNA levels were analyzed by qPCR, and relative intensities were normalized by Gapdh mRNA levels. Results were expressed as mean ± SD for three separate experiments. *P < 0.05, **P < 0.01 compared with control group cells.




CHB Inhibits Wound Closure, Invasion, and Migration of B16F0 Cells

Invasion and migration are a vital step in the process of tumor metastasis, and it is essential to clarify whether CHB influences the migration and invasion potential of B16F0 cells. First, lower concentrations (0.5, 1.0, and 1.5 μg/mL) of CHB, with no apparent effect on B16F0 cell proliferation, were measured (Figure 4A). Next, we found that B16F0 cells exhibited low adhesion ability following CHB treatment for 1 and 2 h (Figure 4B). Wound closure assays showed a remarkable reduction of migrated cells after 24 h of CHB exposure (Figures 4C,D). In the cell migration assay, CHB significantly suppressed the migration of B16F0 cells (Figure 4E). The number of B16F0 cells migrating through the porous membrane of the transwell insert was reduced from 135.03 ± 3.21 in the control group to 44.10 ± 6.82 in the CHB group (P < 0.01). In the Matrigel invasion assay (Figure 4F), we also found that CHB significantly reduced the average number of cells through the insert membrane, from 218.04 ± 10.62 in the control group to 67.00 ± 7.14 in the CHB group (P < 0.01). Lastly, Timp1 and Timp2 mRNA levels increased, whereas Mmp2 and Mmp9 mRNA and protein levels decreased in CHB-treated cells (Figures 4G–I). Overall, the data suggested that CHB repressed the invasion and migration abilities of B16F0 cells.


[image: Figure 4]
FIGURE 4. CHB inhibits wound closure, invasion, and migration in B16F0 cells. B16F0 cells were treated with CHB (0.5, 1.0, and 1.5 μg/mL). (A) The inhibition rate of B16F0 cells was determined by SRB assay. (B) Adhesion ability test. (C, magnification, x200) Typical pictures of CHB on migration ability. (D) The analysis of the migrated B16F0 cells by quantitation. (E,F, magnification, x200), Migration and invasion of B16F0 cells were detected using the transwell assay. Relative invasion ability was determined by counting the cells on the lower surface of the filters in five individual fields. (G) Mmp2, Mmp9, Timp1, and Timp2 mRNA levels were analyzed by qPCR. Mouse Gapdh mRNA was used as the internal control. All mRNA levels were normalized to the mean value of the control group. (H) Mmp2 and Mmp9 expressions were measured by western blots. (I) Band density of the specific protein was analyzed with Quantity One image software, and the results are expressed as average density to β-actin. Results were expressed as mean ± SD for three separate experiments. *P < 0.05, **P < 0.01 compared with control group cells.




CHB Induces B16F0 Cell Apoptosis

To confirm apoptosis induction in B16F0 cells following CHB treatment, fluorescence microscopy was used to examine the morphological changes, which demonstrated a notable change in nuclei with typical characteristics (Figure 5A). Annexin V-FITC apoptosis assay was performed to further distinguish the inhibition of cell proliferation, and the apoptotic rates were increased in B16F0 cells following CHB treatment (Figure 5B). The data demonstrated that the maximum concentration (9 μg/mL) of CHB induced a higher percentage (67.77 ± 3.30%) of apoptosis cells in the CHB group (8.95 ± 1.20%) (Figure 5C). Furthermore, mRNA levels of apoptosis-associated genes were examined by quantitative PCR (qPCR) assay to determine the molecular mechanism of CHB-induced apoptosis. The Bax, caspase-3, and caspase-9 mRNA levels were significantly increased, whereas the Bcl-2 mRNA level was remarkably decreased (P < 0.01) in a dose-dependent manner in the CHB treatment (Figure 5D). Moreover, CHB decreased the expression of antiapoptotic Bcl-2 protein, increased expressions of proapoptotic Bax and caspase-9 proteins and induced caspase-3 cleavage in B16F0 cells (Figures 5E,F). In order to clarify whether CHB-induced apoptosis was through mitochondrial pathway, ΔΨm changes were tested by JC-1 dye following CHB treatment for 2, 8, and 12 h. As shown in Figures 5G,H, CHB broke down mitochondrial integrity. We also examined intracellular ROS level in B16F0 cells following exposure to CHB for 2, 8, 12, and 24 h and found that the ROS level was increased in a dose- and time-dependent manner (Figures 5I,J). The results indicated that CHB induced B16F0 cell apoptosis via the mitochondrial-dependent apoptosis pathway.
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FIGURE 5. CHB induces apoptosis in B16F0 cells. Cells were treated with CHB (3, 6, and 9 μg/mL). (A, magnification, x200) Changes in nuclei were stained with Hoechst 33258. (B) Representative images show the apoptotic cells. (C) The apoptotic rates of B16F0 cells. (D) Bcl2, Bax, Casp3, and Casp9 mRNA levels were analyzed by qPCR. Mouse Gapdh mRNA was used as the internal control. All mRNA levels were normalized to the mean value of the control group. (E) Bcl-2, Bax, caspase-3 and caspase-9 expressions were measured by western blots. (F) Band density of the specific protein was analyzed with Quantity One image software. (G) The representative images of ΔΨm were determined by flow cytometry. (H) The ratio of red to green fluorescence showing ΔΨm. (I) The representative images of intracellular ROS level indicated by DCF fluorescence. (J) The fluorescent intensity of DCF showing intracellular ROS. Results were presented as mean ± SD for three separate experiments. *P < 0.05, **P < 0.01 compared with control group cells.




CHB Inhibits Tumor Growth and Induces Tumor Cell Apoptosis a Mouse Xenograft Model of B16F0 Cells

Considering that CHB induces mouse melanoma B16F0 cell apoptosis in vitro, we used B16F0 tumor-bearing mice to study whether CHB could suppress tumor progression in vivo. First, the mice were treated with CHB every 2 days after inoculation for 7 days, and there was an obvious difference in tumor-bearing mice following CHB treatment (Figure 6A). Tumor growth inhibition rates were significantly increased in the CHB-treated groups (69.25% for 1.5 mg/kg and 90.38% for 3.0 mg/kg) (Figure 6B). Next, C57BL/6 mice were subcutaneously injected with CHB in the right flank, and colony formation was observed, indicating that CHB inhibited tumor colony formation (Figures 6C,D). In addition, we examined cell morphology of melanoma tumors with H&E staining and observed that the tumor cells had become more irregular following CHB treatment (Figure 6E). Furthermore, the TUNEL assay demonstrated that CHB increased TUNEL-positive cells in tumor tissue in a dose-dependent manner (Figure 6F). The results confirmed that CHB inhibited mouse melanoma B16F0 cell in vitro and vivo.


[image: Figure 6]
FIGURE 6. CHB inhibits growth in B16F0 tumor models in vivo. (A,C) Representative images of tumor suppression and tumor colony formation in tumor-bearing mice. (B,D) Typical picture of isolated tumors and inhibition effect of CHB on tumor suppression and tumor colony formation. (E, magnification, x200) Tumor tissues were stained with H&E. (F, magnification, x200) Tumor tissues were stained using TUNEL. Results were expressed as mean ± SD for three separate experiments. **P < 0.01 compared with control group cells.




CHB Decreased Malignant Characteristics of B16F10 Cells

In order to ascertain the effect of CHB on melanoma, we supplement studies on B16F10 cells. CHB treatment (9 μg/mL) caused an increase at G0-G1 phase (from 53.86 to 70.98%) and a decrease at S phase (from 37.03 to 20.78%) and G2-M phase (from 9.11 to 8.14%) (Figure 7A), indicating that CHB markedly caused G0/G1 phase arrest in B16F10 cells. Compared with B16F0 cells, B16F10 cells are metastatic or have higher metastatic potential. Transwell assays examined the effect of CHB on migration and invasion; the cell migration assay indicated that CHB significantly suppressed B16F10 cell migration (Figure 7B). The number of B16F10 cells migrating through the porous membrane of the transwell cell culture insert was reduced from 145.1 ± 9.85 in the control group to 48.27 ± 5.21 in the CHB-treated group (P < 0.01). The Matrigel invasion assay revealed that CHB significantly reduced the average number of migrating cells from 112.95 ± 5.72 in the control group to 30.41 ± 6.22 in the CHB-treated groups (P < 0.01) (Figure 7C), demonstrating that CHB considerably decreased the invasion and migration abilities of B16F10 cells. In addition, the maximum concentration (9 μg/mL) of CHB induced a higher percentage (51.08 ± 2.70%) of apoptosis in B16F10 cells than the control group (4.86 ± 0.91%). The apoptotic rates were significantly increased in B16F10 cells following CHB treatment (Figure 7D). These results implied that the inhibitory effect of CHB might be kind of “universal” to various types of melanoma cells.


[image: Figure 7]
FIGURE 7. Effects of CHB on B16F10 cells. (A) B16F10 cells were harvested to measure cell cycle distribution by flow cytometry and quantitative analysis. (B,C, magnification, x200) Migration and invasion of B16F10 cells were detected by the transwell assay. Relative invasion ability was determined by counting the cells on the lower surface of the filters in five individual fields. (D) The apoptotic rates of B16F10 cells. Results were expressed as mean ± SD for three separate experiments. *P < 0.05, **P < 0.01 compared with control group cells.




CHB Inhibits Tumor Growth in a Mouse Xenograft Model of B16F10 Cells

Lastly, we used tumor-bearing mice models to investigate the effect of CHB on B16F10 tumor progression in vivo. There was a notable difference in tumor-bearing mice after CHB treatment (Figure 8A). The B16F10 tumor growth inhibition rates were 60.38% (1.5 mg/kg) and 72.94% (3.0 mg/kg) in the CHB-treated groups (Figure 8B). In addition, the results of the tumor colony-formation experiment indicated that CHB remarkably inhibited tumor colony formation (Figures 8C,D). Taken together, these results indicated that CHB inhibited mouse melanoma B16F0 and B16F10 cells in vitro and vivo.


[image: Figure 8]
FIGURE 8. CHB inhibits growth in B16F10 tumor models in vivo. (A,C) Representative images of tumor suppression and tumor colony formation in tumor-bearing mice. (B,D) Typical picture of isolated tumors and inhibition effect of CHB on tumor suppression and tumor colony formation. Results were expressed as mean ± SD for three separate experiments. **P < 0.01 compared with control group cell.





DISCUSSION

The key finding of this study is that CHB greatly reduces malignant characteristics and may be a promising therapeutic agent for malignant melanoma cells via multiple signaling pathways. Studies have shown that CHB induces apoptosis in KB and KBV200 cells, possibly via activation of the mitochondrial-dependent intrinsic apoptosis pathway (7). More studies are required to evaluate the effect of CHB as an optimal treatment for melanoma patients because the antitumor mechanisms of CHB on melanoma cells are still not completely understood.

Cell cycle is closely related to many cell fate decisions, such as reprogramming, differentiation, and apoptosis. Cell cycle arrest in G0/G1 by downregulating CDK4 and CCND1 induces apoptosis (17). PCNA showed a function in cell cycle regulation, proliferation and DNA replication (18, 19). In addition, P21 is a CDK inhibitor, which has been proposed as a key determinant of cell cycle decisions, and it could bind with several cyclin/CDK complexes and result in S-phase arrest (20). In our study, CHB increased the percentage of B16F0 and B16F10 cells in G0/G1 phase, downregulating Cdk4, Ccnd1 and Pcna mRNA levels and upregulating p21 mRNA levels in B16F0 cells. Thus, CHB inhibited B16F0 cell proliferation in vitro primarily via the inhibition of cell cycle progression by downregulating Cdk4, Ccnd1 and Pcna expressions and upregulating p21 expression in B16F0 cells.

Stimulation of melanogenesis, melanin content and TYR activity are considered to be markers for melanoma cell differentiation (21–23). The process of melanogenesis is initiated by TYR, which plays a key role in melanin synthesis (24). TYR, TYRP1, and TYRP2 are involved in the melanogenesis pathway (25). Our results showed that CHB increased melanin production, significantly upregulated Tyr activity and mRNA expression, and upregulated melanogenesis-related gene expression, indicating that Tyr may play the main role in decreasing malignant characteristics and increasing cell normalization-related properties.

Tissue invasion and metastasis are hallmarks of cancer (26). Metastasis involves an extensive range of steps, in which cancer cells leave the original tumor site and migrate to other body parts (27). Cell migration and invasion play a key role in tumor growth and metastasis (28). Enzymes such as matrix metalloproteinases (MMPs), which cause proteolytic degradation and dysfunctional intracellular interaction, are vital in tumor invasion and metastasis (27). Mmp2 and Mmp9 are closely related to cancer invasion and metastasis, and the inhibition of MMP-mediated cell migration or invasion can be a key strategy against cancer metastasis. TIMPs are inhibitors of active MMPs, including TIMP1 and TIMP2, which are inhibitors of MMP9 and MMP2, respectively (29). Our findings demonstrated that CHB inhibited invasion and migration of B16F0 and B16F10 cells. Consistent with the above demonstration, CHB effectively inhibited invasion and migration of B16F0 cells by regulating the mRNA expressions of metastasis-associated proteases.

Apoptosis is another essential bio-process for maintaining cell and tissue homeostasis. Mitochondria not only produce most of the ATP but also regulate metabolism and programmed cell death, thus playing a vital role in cell survival and death (30). In addition, they are known as the main source of ROS in many cell types. Mitochondrial ROS are critical signaling molecules that are involved in many cellular adaptive mechanisms, such as cancer cell migration, differentiation, and apoptosis (31–33). In the current study, we confirmed that increased activity and rapid release of Bax, Casp9, and Casp3 subsequently decrease ΔΨm and increase the intracellular ROS level in B16F0 cells. Therefore, CHB induced mitochondrial-mediated apoptosis through mitochondrial pathway in B16F0 cells.

In summary, CHB induced cell cycle arrest at the G0-G1 phase by downregulating Cdk4, Ccnd1, and Pcna expressions and upregulating p21 expression in B16F0 cells. Besides, tyrosinase activity and melanin content were increased, which indicated melanoma cell differentiation. Invasion and migration of B16F0 cells were also inhibited by regulating the mRNA expressions of metastasis-associated proteases. In addition, CHB induce apoptosis of B16F0 cells through mitochondrial pathway in vitro. CHB also inhibited growth of B16F0 and B16F10 tumor in vivo. Our results provide new insights into the antitumor mechanisms of CHB, indicating that CHB could be a potential natural agent for the prevention and treatment of melanoma. Further investigations regarding the mechanisms of CHB on the malignant phenotype of melanoma cells are necessary, and our study primarily evaluates the potential therapy of CHB in mouse melanoma cells.
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Uveal melanoma (UM) is the most common primary intraocular carcinoma in adults. Cinobufagin, secreted by the Asiatic toad Bufo gargarizans, is a traditional Chinese medicine, widely used in tumor treatment. Here, we explored the potential antitumor function of cinobufagin and investigated its biochemical mechanisms in UM cells. The antitumor potential of cinobufagin was determined via cell viability, cell cycle, and apoptosis assays. Colony formation assays confirmed that cinobufagin exerted potent antitumor activity in a dose-dependent manner. We found that cinobufagin could induce cell apoptosis and upregulate the expression of cleaved caspase-3, cleaved poly(ADP-ribose) polymerase (PARP), and cleaved caspase-9 in vivo and in vitro. In addition, after treatment with increased concentrations of cinobufagin, the intrinsic mitochondrial apoptosis pathway was also activated, which was demonstrated by increased cell apoptosis with increased expression of Bad and Bax, decreased expression of Bcl-2 and Bcl-xl, and reduced mitochondrial membrane potential (MMP) in OCM1 cells. Taken together, the results of this preclinical study suggest that cinobufagin can both inhibit cell survival and induce cell apoptosis in a dose-dependent manner in UM cells, which provides new insights into the biochemical mechanism of cinobufagin and its potential as a future chemotherapeutic agent for UM.
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INTRODUCTION

Uveal melanoma (UM) represents the most frequently occurring primary intraocular malignant carcinoma in adults, with an annual incidence rate of 5.1 cases per million. Lesions are situated either in the choroid (90%), ciliary body (6%), or iris (4%) (1). Currently, the main treatment of UM is surgery, radiotherapy, and even enucleation. However, the long-term survival rate of uveal melanoma is relatively low due to the risk for liver metastasis. Thus, early detection and treatment of small lesions play a crucial role in achieving not only local disease control and vision preservation but also the possibility of preventing metastasis and improving overall patient survival (1, 2).

Traditional Chinese medicine (TCM) provides valuable resources for the treatment of cancers (3). With higher efficiency, weaker side effects, easier access, and better quality of life outcomes, TCMs are widely used in clinics (4). Recently, in the United States and Europe, TCM has been widely used as a complementary and alternative treatment (5).

Chan-su is a universally known TCM among some Asian countries, which is derived from the dried secretion and parotid glands from the skin of the Asiatic toad Bufo gargarizans (6). Cinobufagin (CBG) is a primary and active component of Chan-su, which has potential anticancer properties (7). Researches have demonstrated that cinobufagin showed antitumor effect in gastric cancer (8), lung cancer cachexia (9), breast cancer (10), osteosarcoma (11), and pancreatic cancer.

Preliminary studies have also demonstrated that CBG could suppress cell growth and induce apoptosis via the Notch pathway in osteosarcoma cells. The expression of Notch-1, Hey-1, Hes-1, and Hes-5 was significantly downregulated after treated with cinobufagin in osteosarcoma (OS) cell lines. In addition, the activation of Notch pathway could attenuate CBG-induced apoptosis (11). Another report showed that cinobufagin could induce cell apoptosis through the intrinsic, mitochondrion-dependent apoptosis pathway via the aggregation of reactive oxygen species (ROS) and the loss of mitochondrial membrane potential (ΔΨm) in FOB1.19 and U2OS osteosarcoma cells (12). In U266 human multiple myeloma cells, cinobufagin possibly exerted its antitumor effects via the activation of c-JUN N-terminal kinase (JNK), extracellular signal-regulated kinase (ERK), p38, mitogen-activated protein kinase (MAPK), and caspase-3 mediated through ROS (13). Cinobufagin inhibited the cell growth and triggered apoptosis via the alternation of the expression of Bax and Bcl-2 in human breast cancer MCF-7 cells (10). However, the antitumor activities and biochemical mechanism of cinobufagin in uveal melanoma are still elusive and need to be further elucidated.



MATERIALS AND METHODS


Chemicals and Reagents

Cinobufagin was purchased from Anhui Jinchan Biochemical Co., Ltd. (Anhui, China). Cell counting kit-8 (CCK-8) was purchased from Dojindo (Kumamoto, Japan). The primary antibody against β-actin was purchased from Sigma (St. Louis, MO, United States). Primary antibodies against caspase-3, caspase-9, Bcl-2, and PARP were purchased from Abcam (Cambridge, United Kingdom).



Cell Culture

The human UM cell line OCM1 was cultivated in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS) and 1% antibiotics (penicillin, 100 U/ml; streptomycin, 100 μg/ml). These cells were placed in a humidified environment at 37°C with 5% CO2 and 100% humidity. The culture medium was replaced every 3 days.



Cell Viability Assay

OCM1 cells were suspended at a final concentration of 5 × 103 cells/well and cultivated in triplicate in a 96-well plate. The viability of cells was measured via the CCK-8 assay at the indicated time points. Then, CCK-8 (10 μl) was added to each well-containing a 100-μl mixture of culture medium. The plate was incubated for 1.5 h at 37°C. Viable cells were counted by absorbance measurements at 450 nm using an automated microplate reader (Tecan Sunrise, Austria). All experiments were performed in triplicate.



Flow Cytometry

Cells were collected and fixed in 70% ethanol, treated with 300 μg/ml RNase A (Sigma-Aldrich, St. Louis, MO, United States), and their nuclei were stained with 10 μg/ml propidium iodide (Sigma-Aldrich, St. Louis, MO, United States). The stained nuclei were detected by a FACSCalibur cytometer. The data were analyzed by ModFit software. The apoptosis assay was performed using an Annexin V-FITC apoptosis detection kit (Sigma-Aldrich, St. Louis, MO, United States). Cells were washed twice with phosphate-buffered saline (PBS) buffer and then resuspended in 1 × binding buffer at a concentration of 1 × 106 cells/ml, and 5 μl of Annexin V-FITC conjugate and 10 μl of propidium iodide (PI) solution were added to each 500-μl cell suspension. Cells were then stained with Annexin V-FITC/PI for 10 min at room temperature. Stained samples were analyzed via FACS Calibur, and the concrete apoptosis rate was determined using FlowJo software (11).



Western Blotting

Proteins were extracted via protein lysis buffer. Lysates were centrifuged at 12,000 × g at 4°C for 5 min, and the supernatants were collected. The protein concentration was assessed via the bicinchoninic acid protein assay kit. Cell lysates containing 40 μg protein were separated on a 10% sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) gel and then transferred onto polyvinylidene difluoride (PVDF) membranes (Millipore, United States) using a Trans Blot Turbo. Membranes were then blocked in a solution of Tris-buffered saline containing 0.05% Tween-20 and 5% skimmed milk for 60 min at room temperature. Primary antibodies were incubated overnight at 4°C. The primary antibodies used were anticleaved caspase-9 (1:1,000), anticleaved caspase-3 (1:1,000), anti-PARP (1:1,000), anti-Bcl-2 (1:1,000), anti-Bcl-xl (1:1,000), anti-Bad (1:1,000), anti-Bax (1:1,000), and anti-β-actin (1:5,000). Horseradish peroxidase-conjugated secondary antibodies were incubated with the membranes for 2 h at room temperature. Membranes were finally developed via an enhanced chemiluminescence substrate (11).



Mitochondrial Membrane Potential Measurement

The ΔΨm was evaluated via a commercial mitochondrial membrane potential assay kit with JC-1 (Invitrogen, Carlsbad, CA, United States). Cells were treated with the suggested concentrations of cinobufagin (0, 0.1, 1, and 3 μM) in six-well-plates for 24 h and stained with JC-1 for 15 min at 37°C in the dark. Then, the cells were then harvested, washed twice with PBS, and resuspended in 1 ml PBS for subsequent flow cytometry analysis.



Tumor Xenograft Model in Nude Mice

OCM1 cells (1 × 107 in 200 μl per injection) were subcutaneously injected into the right flanks of 3-week-old thymic nude mice (n = 20). On the ninth day, when the tumor size was ~100 mm3, the nude mice were randomly divided into four groups (n = 5), and experimental group 1 began receiving drugs via intraperitoneal injection of CBG at 5 mg/kg once a day for 10 days. Control group 1 was intraperitoneally injected with 0.5 mg/kg saline for 10 days. On the fifth day, 10 mice had tumors up to 300 mm3 in size, and experimental group 2 was injected with cinobufagin at 5 mg/kg once a day for 7 days. Control 2 group was untreated. The mice were housed under a controlled environment in a sterile facility. The tumor volume was measured every 3 days with calipers. Tumor volume was calculated using the formula: 0.5 × length × width × width. After 30 days, the mice were killed; then, the tumors were removed and analyzed. The Animal Care and Use Committee at Shanghai Jiaotong Medical University approved the animal protocols.



Total RNA Isolation, Reverse Transcription, and Quantitative Polymerase Chain Reaction

The tissues were immersed in TRIzol reagent (Invitrogen, Carlsbad, CA, United States) and ultrasonicated to extract the total RNA according to the manufacturer's protocol. Complementary DNA (cDNA) was synthesized using the PrimeScriptTM RT reagent Kit (TaKaRa, Tokyo, Japan). The concentration and purity of total RNA were spectrophotometrically determined by the optical density (OD) at 260 nm and the OD at 280 nm using a NanoDrop 2000 UV spectrophotometer (Thermo Scientific, United States) (14). The primers for caspase-3, PARP, Bcl-2, Bcl-xl, Bad, and Bax used for reverse transcription quantitative polymerase chain reaction (RT-qPCR) analyses are described in Supplemental Table 1. RT-qPCR was conducted using the Applied Biosystems 7500 Real-Time PCR System (Applied Biosystems, Irvine, CA, United States) and SYBR Premix Ex TaqTM (TaKaRa, Tokyo, Japan). The PCR for each gene was repeated at least three times for each sample, and data were analyzed by comparing the 2−ΔCt values. Gene expression levels were normalized to GAPDH (14).



Statistical Analysis

Statistical analysis was conducted via Prism 5 software (GraphPad Software, Inc., La Jolla, CA, United States). Data were shown as the mean ± standard error of mean (SEM). The significant difference between the treated and the control was tested by Student's t-test. The Kaplan–Meier method was used to estimate the survival curve and the log-rank test to generate statistical significance. P < 0.05 was considered as statistically significant. Each experiment in this article was repeated at least three times (15).




RESULTS


Cinobufagin Exerted Potent Cytotoxic and Anticell Growth Activity Against Human UM Cells

To explore the potential effect of cinobufagin on uveal melanoma cells, a colony formation assay was used to determine the inhibitory effect of cinobufagin. As shown in Figure 1A, cinobufagin had a significant inhibitory effect on OCM1 cells. After treatment with different concentrations (0, 0.03, 0.1, and 0.3 μM) of cinobufagin for 1 week, the number of colonies decreased in a dose-dependent manner (Figure 1B). In addition, the CCK-8 cell viability assay showed that the proportions of living cells were approximately 87, 77, 53, and 48% at concentrations of 0.1, 0.3, 1, and 3 μM cinobufagin, respectively. However, after treatment with 10 and 30 μM cinobufagin, the proportion of viable cells was only 37 and 35%, respectively (Figure 1C). These results demonstrated that cinobufagin effectively inhibited OCM1 cell survival. Here, the IC50 value of cinobufagin in OCM1 cells was 0.8023 μM after treatment for 48 h. In consideration of the toxicity of cinobufagin, we chose 0.3, 1, and 3 μM concentrations for the following experiments.


[image: Figure 1]
FIGURE 1. Cinobufagin inhibits OCM1 cell proliferation. (A) Colony formation assay was used to determine the inhibitory effect of cinobufagin (CBG) on OCM1 proliferation. Representative images of colonies from six-well plates by colony formation assay. OCM1 cells were treated with 0, 30, 100, and 300 nM CBG for 1 week. (B) Quantification of the colony number of OCM1 cells. (C) CCK-8 assay was used to detect the toxicity of CBG after treatment for 48 h on OCM1 cells. The IC50 was calculated to be 0.8023 μM. The results are expressed as the mean ± SEM of three independent experiments [n = 3, *P < 0.05, **P < 0.01, and ***P < 0.001 compared with the dimethyl sulfoxide (DMSO) control].




Cinobufagin Arrested OCM1 Cell Cycle Progression

The impact of cinobufagin on OCM1 cell cycle progression was measured by flow cytometry. As shown in Figure 2A, after treatment with cinobufagin for 24 h in OCM1 cells, the percentage of cells in G1 phase significantly increased (Figure 2B). Correspondingly, the percentages of S and G2/M phase cells decreased (Figure 2C). In addition, cinobufagin arrested the cell cycle in the G1 phase in a concentration-dependent manner. It showed that cinobufagin induced cell cycle arrest in OCM1 cells.


[image: Figure 2]
FIGURE 2. Cinobufagin induces cell cycle arrest of OCM1. (A) OCM1 cells were treated with 0, 0.3, 1, and 3 μM cinobufagin. After 24 h, OCM1 cells were collected and stained with propidium iodide (PI). Then, the cell cycle distribution was measured with flow cytometry. The percentages of cells in the (B) G1 phase and (C) S + G2/M phase were quantified. The results are displayed as the mean ± SEM of three independent experiments [*P < 0.05, compared to OCM1 cells incubated with DMSO control].




Cinobufagin Induced Cell Apoptosis and Alterations of Apoptosis-Related Proteins in OCM1 Cells

Next, to determine whether cinobufagin influences the apoptosis of OCM1 cells, we utilized the Annexin V-FITC/PI staining method according to a previous study (16, 17). Our results showed that cinobufagin could induce OCM1 cell apoptosis with apoptosis rates of approximately 12.6, 56.4, and 63.6% after treatment with different concentrations of cinobufagin (0.3, 1, and 3 μM), while the percentage of apoptotic cells showed no statistically significant difference at a concentration of 0.3 μM compared with that in the control group (Figures 3A,B). Furthermore, Western blot analysis showed that cinobufagin significantly upregulated the expression of cleaved caspase-3, cleaved caspase-9, and cleaved PARP in a dose-dependent response (Figures 4A,B,D,E). The mitochondrion-dependent apoptosis pathway is controlled by B-cell lymphoma 2 (Bcl-2) family proteins (18). Antiapoptotic Bcl-2 and Bcl-xl are important in determining cell death. The low levels of Bcl-2 and Bcl-xl could attenuate the inhibitory effect on apoptosis with subsequent induction of the caspase cascade. Here, we observed decreased expression levels of Bcl-2 and Bcl-xl and increased expression levels of proapoptotic proteins Bad and Bax in cinobufagin-treated OCM1 cells (Figures 4A,C,F–H). These data demonstrated that cinobufagin induced cell apoptosis in OCM1 cells via a mitochondrion-dependent pathway.


[image: Figure 3]
FIGURE 3. Cinobufagin induces OCM1 cell apoptosis. (A) OCM1 cells were treated with 0, 0.3, 1, and 3 μM cinobufagin (CBG) for 24 h. Then, the cells were stained with Annexin V-FITC/PI and measured by flow cytometry. The living cells were located in the lower left quadrant. (B) Quantification of living OCM1 cells. The results are expressed as the mean ± SEM of three independent experiments [***P < 0.001 compared with OCM1 cells treated with DMSO].



[image: Figure 4]
FIGURE 4. Cinobufagin triggers apoptotic signaling pathways in OCM1 cells. OCM1 cells were treated with 0, 0.3, 1, and 10 μM cinobufagin for 24 h. (A) The expression of cleaved caspase-3, cleaved caspase-9, cleaved poly(ADP-ribose) polymerase (PARP), and Bcl-2 was detected by Western blot. β-Actin was used as a loading control. The expression of (B) cleaved caspase-3, (C) cleaved caspase-9, (D) cleaved PARP, (E) Bcl-2, (F) Bcl-xL, (G) Bad, and (H) Bax was quantified using ImageJ software. The results are shown as the mean ± SEM of three independent experiments [*P < 0.05, **P < 0.01, and ***P < 0.001 compared with the DMSO control].




Cinobufagin Induced Mitochondrial Membrane Potential Depolarization in OCM1 Cells

The alteration of mitochondrial membrane potential (MMP) is one of the intracellular events that occurs in apoptosis (19). JC-1 is an ideal fluorescent probe for detecting MMP. As shown in Figures 5A,B, cinobufagin could decrease the proportion of polymer using the JC-1 indicator. Statistical analysis showed that this effect was dose dependent, with JC-1 aggregates significantly decreasing to 50.4 and 23.4% in OCM1 cells treated with 1 and 3 μM cinobufagin, respectively. The results above demonstrated mitochondrion-mediated cell apoptosis in cinobufagin-treated OCM1 cells.


[image: Figure 5]
FIGURE 5. Cinobufagin reduced the mitochondrial membrane potential (MMP) of OCM1 cells. (A) OCM1 cells were treated with cinobufagin at 0, 0.3, 1, and 10 μM for 24 h. Then, OCM1 cells were stained with JC-1, and the change in MMP was measured by flow cytometry. (B) The percentage of aggregated JC-1 was quantified using GraphPad. The results are shown as the mean ± SEM of three independent experiments [*P < 0.05 and **P < 0.01 compared with the DMSO group].




Cinobufagin Inhibited Xenograft Growth by Inducing Cell Proliferation

Untreated OCM1 cells were injected into nude mice. On the ninth day, the tumors in groups treated with intraperitoneal injection of cinobufagin and direct injection with cinobufagin grew more slowly than those treated with intraperitoneal injection of saline or untreated (Figure 6A). After intraperitoneal injection of cinobufagin in nude mice for 10 days, tumors in nude mice grew more slowly than those treated with intraperitoneal injection of saline at 24 days. Tumors treated with direct injection for 7 days grew more slowly than those in the control group at 18 days. After 30 days, the mice were executed, and the tumors were removed. The tumors from groups directly injected weighed less than those in the control group (control 2), while differences in the groups treated with intraperitoneal injection of cinobufagin were not statistically significant (Figure 6B). RT-qPCR experiments were conducted on the removed tumors. The expression of caspase-3 and PARP was increased in tumor tissues (Figures 6C,D). There was decreased Bcl-2 and Bcl-xl expression in mouse tumor tissues and increased expression of Bad and Bax (Figures 6E–H). These data indicate that proliferation is impaired after cinobufagin treatment in vivo.


[image: Figure 6]
FIGURE 6. Cinobufagin modulates tumor growth and apoptosis. (A) Nu/Nu nude mice were injected with OCM1 cells. After the tumor size reached 100 mm3, the experimental group was intraperitoneally injected with cinobufagin at 5 mg/kg once a day for 10 days (cinobufagin 1). The control group (control 1) was intraperitoneally injected with 0.5 mg/kg saline for 10 days. After the remaining 10 mice had tumors up to 300 mm3, the tumors were injected with cinobufagin at 5 mg/kg once a day for 7 days (cinobufagin 2). The control 2 group was untreated (control 2). Tumor volume was measured every 3 days. (B) After 30 days, the mice were killed, and the tumors were removed and analyzed. The tumors treated with cinobufagin weighed less. The expression of (C) caspase-3, (D) PARP, (E) Bcl-2, (F) Bcl-xL, (G) Bad, and (H) Bax was quantified by RT-qPCR in the tumors of the mice. The results are shown as the mean ± SEM of five independent experiments (*P < 0.05).





DISCUSSION

At present, neoadjuvant chemotherapy for advanced UM have been adopted largely. However, side effects of chemotherapy and drug resistance cannot be avoided (11). Therefore, it is crucial to identify new chemicals targeting malignant cells. Recently, various novel drugs have been detected. Cinobufagin, secreted by the Asiatic toad B. gargarizans, is a traditional Chinese medicine that has received increasing attention due to its various biological functionalities (20). Whatever, the role of cinobufagin in UM has not been investigated. Therefore, we performed research on whether cinobufagin could inhibit the proliferation and detected the underlying biochemical mechanism in uveal melanoma cells.

Previous researches have demonstrated that cinobufagin exerts antitumor activities by disrupting the cell cycle progression, inducing cell apoptosis, inhibiting angiogenesis, and reversing multidrug resistance (20, 21). However, to date, the role of cinobufagin in OCM1 is not well-understood. To determine the functions of cinobufagin on OCM1 cells, we measured the antitumor effect of cinobufagin via a colony formation assay. The results demonstrated that cinobufagin inhibit cell proliferation in a dose-dependent manner in OCM1 cells. In addition, G2/M phrase was arrested, and cell apoptosis was enhanced with higher expression of mitochondrion-related apoptotic proteins after cinobufagin treatment in OCM1 cells. Furthermore, loss of MMP was observed to verify mitochondrion-based cell apoptosis.

Cell apoptosis, also known as programmed cell death, initiates by certain internal or external signals. Apoptosis plays crucial roles in aging, neoplasm, and neurological disorders, such as amyotrophic lateral sclerosis and Parkinson's disease (22), and is characterized by chromatin condensation, subsequent DNA cleavage, and shedding of small fragments from cells (23). Two different pathways are involved in the induction of apoptosis, which occur via the mitochondria (the intrinsic pathway) and/or the activation of death receptors (the extrinsic pathway). Both pathways converge to activate caspases as final executioners of cell death (23). The initialization of apoptosis is a powerful therapeutic strategy in the treatment of various cancers (24). Here, flow cytometry analysis of Annexin V-FITC/PI double-labeled cells revealed that apoptotic rates increased in a concentration-dependent manner after cinobufagin treatment in OCM1 cells. Consistent with our findings, cinobufagin induces apoptosis in a wide range of human tumor cells. Combined, these results confirmed that cinobufagin could induce apoptosis in OCM1 cells.

The mitochondrial apoptotic pathway encompasses the production of ROS, loss of ΔΨm, then triggers the release of cytochrome c from mitochondria into cytoplasm. The upregulated expression of ROS damages mitochondrial DNA (mtDNA), followed by transcriptional impairment of mtRNAs relevant to the respiratory chain, further enhancing ROS generation (25). Excessive ROS production and oxidative damage to mitochondrial membrane trigger apoptosis and other a series of mitochondrion-associated biological events (26, 27). The Bcl-2 family proteins governs the intrinsic mitochondrial apoptotic pathway (18). Antiapoptotic Bcl-2 and Bcl-xl are important in determining cell fate, and downregulated expression of Bcl-2 causes the loss of ΔΨm and the subsequent release of cytochrome c from the mitochondrion into the cytoplasm (28). The proapoptotic proteins Bad and Bax can reside in the cytoplasm, translocate to the mitochondria after receiving death signals, and promote the release of cytochrome c in mitochondria. Cytochrome c then binds to Apaf-1, which activates caspase-9 to start the caspase cascade where caspase-3 is cleaved, which triggers the cleavage of numerous key cellular substrates, such as PARP, leading to the fragmentation of DNA and thus inducing cell apoptosis (23). Our results showed the decreased antiapoptotic protein Bcl-2 and Bcl-xl and increased proapoptotic proteins Bad and Bax after treated with cinobufagin in a dose-dependent manner, accompanied with gradual expression of cleaved caspase-9, PARP, and caspase-3 in OCM1 cells.

Animal experiments further demonstrated that cinobufagin could significantly inhibit tumor growth. After 24 days, tumors in nude mice grew more slowly after 10 days of treatment with intraperitoneal injection of cinobufagin than after treatment with intraperitoneal injection of saline. However, compared with control groups, tumors with direct injection for 7 days grew more slowly on the 18th day. Direct injection of cinobufagin into tumors in nude mice was more effective than intraperitoneal injection of cinobufagin when the cinobufagin was at the same concentration. The mice were killed after a treatment duration of 30 days, and the tumors were excised. The directly injected tumors weighed less than the tumors in the control group (control 2), while the tumors treated with intraperitoneal injection of cinobufagin were not significantly different by weight; the concentration of cinobufagin may need to be increased, or there may not have been enough time for cinobufagin to function after intraperitoneal injection. RT-PCR experiments were conducted on the removed tumors. Increased expression of caspase-3, PARP, Bad, and Bax was detected in the tumor tissues. However, compared to control tissues, the expression of Bcl-2 and Bcl-xl were decreased in mouse tumor tissues. These data indicate that proliferation is impaired after treated with cinobufagin in vivo.

Furthermore, we assessed the decreased ΔΨm after cinobufagin treatment. It was supported by the fact that JC-1 aggregate fluorescence waned in cinobufagin-treated OCM1 cells in a dose-dependent manner. However, there were no significant changes in cell apoptosis when treated with 0.3 μM cinobufagin. Bcl-2 and cleaved PARP expression were not significantly changed at 0.3 μM. This means that the mitochondrial/intrinsic pathway was not activated after treatment with 0.3 μM cinobufagin. As the caspases were activated at 0.3 μM, the extrinsic pathway was activated at lower concentrations, which needs further exploration. In general, our data demonstrated that cinobufagin first activates the intrinsic apoptosis pathway to induce OCM1 cell apoptosis.



CONCLUSION

In conclusion, this study revealed the potential antitumor role of cinobufagin in treating UM and encourages further anticancer research on cinobufagin, which could lead to further studies of cinobufagin for clinical usage in UM.
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Recent studies have revealed that natural plants-derived polysaccharides exhibit potent anti-tumor activity. Our earlier studies suggest that dandelion polysaccharide (DP) inhibits hepatocellular carcinoma (HCC) cell proliferation in vitro and in vivo. Here, we investigated the effects of DP on the angiogenesis of HCC and the potential molecular mechanisms by which DP regulates angiogenesis. Wound-healing and transwell invasion assays revealed that DP inhibited HUVECs migration and invasion in vitro, respectively. Tube formation assay, chick chorioallantoic membrane (CAM) assay, and immunohistochemistry (IHC) demonstrated that DP suppressed vasculogenesis in vitro and in vivo. Moreover, Western blot and immunofluorescence staining verified that DP treatment decreased the protein levels of some key factors involved in angiogenesis of HCC, such as hypoxia-inducible factor 1α (HIF-1α), vascular endothelial growth factor (VEGF), p-PI3K, and p-AKT. However, activation of PI3K/AKT pathway with insulin-like growth factor 1 (IGF-1) treatment attenuated the effect of DP on angiogenesis via lowering the expression of HIF-1α and VEGF. In summary, we found that DP treatment inhibited angiogenesis in vivo and in vitro through suppressing expression of VEGF and HIF-1a. Furthermore, we showed that the expression of VEGF and HIF1-α was modulated by PI3K/AKT signaling. Collectively, our study suggests that DP is a promising anti-cancer drug candidate for treating HCC.
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Introduction

Hepatocellular carcinoma (HCC) is the sixth most common malignancy worldwide and ranks the fourth cause of lethal tumor (Bray et al., 2018). HCC is a typical hypervascular tumor and commonly associated with hypervascularity (Srivastava et al., 2018; Morse et al., 2019). Therefore, inhibiting angiogenesis is believed to be a potential strategy to control HCC (Taketomi, 2016; Barbhuiya et al., 2017).

Current approaches for HCC therapy include surgical resection, chemotherapy, and liver transplantation. Surgical resection is the most widely used and effective treatment for HCC. As most patients are often diagnosed at the intermediate-advanced stage and unable to surgical therapies, chemotherapy is still one of the essential means in the treatment of HCC. However, the drug resistance and severe toxic side effects of chemotherapy are the important factors to limitation the clinical application of chemotherapy. Clinical practices have improved that Chinese medicine definitely improve the effect of chemotherapy and reduce adverse effect. Thus, finding Chinese medicine with therapeutic effects and less toxicities for the prevention and treatment of HCC are urgently needed.

Vascular endothelial growth factor (VEGF), one of the most prominent regulators involving vasculogenesis, is highly expressed in human HCC specimens (Choi et al., 2017; Liu et al., 2017). Hypoxia is one of the most potent stimuli for increased VEGF production in tumor cells (Liu et al., 2017; Campbell et al., 2019). With tumor tissues growing, one of the critical mediators of hypoxic responses is the hypoxia-inducible factor 1α (HIF-1α). Increasing evidence have demonstrated that the activation of PI3K/AKT signaling pathway elevates VEGF expression by up-regulating HIF-1α (Lee et al., 2015; Blagotinsek and Rozman, 2017; Kim et al., 2017). Thus, identification of drugs that inhibit PI3K/AKT signaling pathway and decrease VEGF and HIF-1α expression is instructive for treating HCC.

Many natural products have been found to possess many bioactivities, such as anti-tumor effects, anti-oxidant function, and anti-inflammatory activity (Newman and Cragg, 2012; Chen et al., 2016a; Chen et al., 2016b; Ren et al., 2018). Dandelion is a popular Chinese medicinal herb widely grown in lawns, roadsides as well as shores of water ways and often consumed as a vegetable. Generally, dandelion is regarded as a medicinal nontoxic herb to treat digestive diseases as well as disorders of the breast, liver, and gallbladder (Jeon et al., 2008; Domitrovic et al., 2010; Oh et al., 2015). Several studies have shown that dandelion possesses anti-carcinogenic activity on breast cancer, lung cancer, and intestinal carcinoma (Mingarro et al., 2015; Oh et al., 2015; Chien et al., 2018; Ding and Wen, 2018). Dandelion polysaccharide (DP), α-type polysaccharides, is derived from the root of dandelion and consisted of glucose, galactose, arabinose, arabinose rhamnose, and glucuronic acid (Chen et al., 2016b; Cai et al., 2017). Our previous findings have demonstrated that DP markedly inhibited the proliferation of HCC cancer cells in vitro and in vivo and induced cell apoptosis and arrested cell cycle at the G0/G1 phase. Furthermore, in vivo studies demonstrated that 400mg/kg DP treatment was well-tolerated by mouse without any adverse systemic toxicological changes (Ren et al., 2019). In the present study, we found that DP inhibited angiogenesis both in vitro and in vivo through suppression of HIF-1a and VEGF expression which was regulated by PI3K/AKT signaling.



Materials and Methods


Cell Lines and Cell Culture

Human HCC cell lines (HepG2) were provided by the Stem Cell Bank, Chinese Academy of Sciences. Mouse HCC cell lines (Hepa1-6 and H22) and Human umbilical vein endothelial cells (HUVEC) were obtained from China Center for Type Culture Collection. HCC cells were cultured in DMEM (Hyclone, Logan city, USA) and HUVECs were cultured in DMEM low-glucose (1,000 mg/L glucose) (Hyclone, Logan city, USA). Cell cultures were supplemented with 10% fetal bovine serum (FBS) and maintained in 5% CO2 humidified atmosphere at 37 °C. DP with purity > 98% was obtained from Ci Yuan Biotechnology Co., Ltd. Shanxi (Xian, China). Insulin-like growth factor 1 (IGF-1) was obtained from PeproTech China (Suzhou, China). DP was dissolved in double distilled water. The HepG2 cells were treated with DP (0, 100, 200, 400 mg/L) for 48 h. Then, conditioned medium (CM) was made from the cell supernatants which collected and filtered by 0.22 µm filter. The collected CM was stored at -80 °C.



Western Blotting

Protein lysates were prepared, subjected to SDS-PAGE, transferred onto PVDF membranes, and blotted according to standard protocols described previously (Ren et al., 2019). The primary antibodies used in this study were as follows: VEGF (Rabbit mAB, diluted 1:500, Proteintech, USA), HIF-1α (Rabbit mAB, diluted 1:1,000, Abcam, Cambridge, MA, USA), PI3K, phosphor-PI3K (p-PI3K), AKT, phosphor-AKT (p-AKT) (Rabbit mAB, diluted 1:500, Cell Signaling Technology, Beverly, USA), β-actin (Mouse mAB, diluted 1:1,000, Santa Cruz Biotechnology, Santa Cruz, USA).



Immunofluorescence (IF)

HepG2 and Hepa1-6 cells were cultured on coverslips. Cells were fixed with 4% paraformaldehyde at 4 °C for 15 min and incubated in 0.3% Triton X-100 for 15 min. After blocking with 5% goat serum for 30 min, the cells were incubated with primary antibodies against VEGF (1:200) and HIF-1α (1:200) at 4 °C overnight, and then incubated with Alexa Fluor 488-conjugated or 594-conjugated secondary antibody (Proteintech, USA) for 2 h. DAPI was used to stain nuclear. The immunofluorescent signals were detected by fluorescence microscope (Leica Microsystems, Wetzlar, Germany).



Cell Counting Kit-8 (CCK8) Assay

1 × 103 HUVECs were seeded to each well of 96-well plates, treated with DP-CM or DMSO (vehicle) for 0, 24, 48, 72, 96, and 120 h, respectively. Then 10μl CCK-8 buffer (Dojindo, Kumamoto, Japan) was added to each well and incubated for 2 h. The absorbance at 450 nm was measured by using Microplate Auto-reader.



Wound Healing Assay

HUVECs were seeded in 6-well plates and incubated under permissive conditions until 80–90% confluence. Wounds were created in the confluent cells using a sterile 10ul pipette tip. HUVECs were treated with DP-CM or DMSO and images of the scratches were photographed at the identical location of the initial image at 0, 24, and 48 h with inverted microscope (Olympus, Tokyo, Japan). The width of the scratch was analyzed using the Olympus CellSens Dimension software. The assays were performed in triplicate.



Transwell Migration Assay

Migration of HUVEC were evaluated by a Transwell assay using a 24-well, 8-μm-pore size Transwell plate (Costar, Cambridge, MA). HUVEC (1.5 × 105 cells/well) were seeded in the upper chamber. The lower side of the chamber was filled with CM from the HepG2 cell lines following DP treatments. After 48 h incubation, the migrated cells were stained by 0.1% crystal violet. Migrated cells were photographed by a microscope (Olympus BX51).



Tube Formation Assay

A 96-well plate was coated with cold Matrigel 50 μl/well and incubated at 37 °C to solidify the Matrigel. HUVECs (4 × 104 cells/well) with different doses (0, 100, 200, 400 mg/L) of DP-treated CM were seeded onto the Matrigel and incubated at 37 °C for 6 h. Tube formation was photographed by a microscope (Olympus, Japan).



Chick Embryo Chorioallantoic Membrane (CAM) Assay

Fertilized chick eggs were incubated at 37 °C with 70% humidified atmosphere. On the eighth day of incubation, the eggshell was cracked and peeled away from the region over the airspace. 0.5 cm diameter filter papers with DP at different concentrations (0, 100, 200, 400 mg/L, n=6) were placed on the CAMs. The eggs were sealed using sterilized bandages and incubated for another 48 h. The CAMs were photographed with a microscope (Olympus BX51) after fixation (methanol: acetone = 1:1).



Immunohistochemical Analysis

Balb/c mice were used for tumor growth assay in vivo. After subcutaneous injection of Hepa1-6 cells or H22 cells (2×106 cells per mouse) for 6 days, tumor-bearing mice were randomly divided into two groups (n=6): the control group and the DP group. The DP group were intraperitoneally injected with DP at 200 mg/kg once daily for 14 days. The control group was intraperitoneally injected with the same volume of 0.9% normal saline (NS). Dosages and time were determined according to preliminary experiments (Davaatseren et al., 2013; Gulfraz et al., 2014).

Tumor of mice were harvested and embedded in paraffin followed by incubation of target primary antibody at 4 °C overnight. Then these were incubated with HRP conjugated secondary antibodies (Cell Signaling Technology, Beverly, USA) at room temperature for 2 h. The primary antibodies used in this study were as follows: CD31 (Abcam, Cambridge, MA, USA), VEGF (Proteintech, USA), HIF-1α (Abcam, Cambridge, MA, USA). A semi-quantitative evaluation method was applied as follows: the score obtained by the percentage of positive cells (0% = 0; 1–25% = 1, 26–50% = 2, 51–75% = 3, and > 75% = 4) was multiplied by the score obtained by the staining intensity (no staining = 0, weak staining = 1, moderate staining = 2, and strong staining = 3).



Statistical Analysis

Data were presented as mean ± standard deviation (SD) for normal distribution. Groups were compared by one-way Analysis of variance (ANOVA) and multiple comparisons by LSD-t test by SPSS 21.0 (IBM SPSS for Windows, Version 21.0; IBM Corporation, Armonk, NY, USA). Outliers were excluded with larger or smaller than 2 SD. P < 0.05 was considered significant.




Results


DP Inhibits Angiogenesis In Vitro and In Vivo

To assess the antiangiogenic effects of DP, we conducted tube formation assay and chick CAM assay. To get the CM, HepG2 cells were treated with DP (0, 100, 200, 400 mg/L) for 48 h and then the CM was collected. HUVECs were incubated in CM, then tube formation was visualized utilizing microscope photograph technology (Figures 1A, D). We observed that CM from DP-treated group significantly prevented HUVECs from forming capillary tubes. After culturing HUVECs with CM derived from 100, 200, and 400 mg/L DP-treatment, the tube formation rate was decreased by 27.73, 51.62, and 62.54% compared to HUVECs cultured with control CM, respectively (P < 0.05).




Figure 1 | DP inhibits angiogenesis in vivo and in vitro. (A, D) Tube formation of HUVECs on Matrigel. Cells were treated with CM derived from 0, 100, 200, and 400 mg/L DP treated HepG2 cells for 48 h. (B) The newly formed blood vessels on the chick embryo chorioallantoic membrane (CAM) after treated with DP (0, 100, 200, and 400 mg/L) for 48 h. (C, E) Histopathological analyses of tumor growth in mice xenografted with Hepa1-6 and H22 cancer cells. The tumor sections were subjected to IHC staining using an antibody against CD31. The magnification is 400x. Error bars represent mean ± SD from three independent experiments. (*P < 0.05, **P < 0.01, ***P < 0.001).



Since we observed that DP inhibited tube formation in HUVECs in vitro, we next validated the antiangiogenic effects of DP in vivo using CAM assay. After 48 h of incubation, angiogenesis was clearly observed in the fertilized eggs. Importantly, DP treatment caused a reduction of microvessel density in a concentration-dependent manner (Figure 1B).

As discussed in the previous study, DP inhibited tumor growth in vivo (Ren et al., 2019). To understand whether the inhibition effects of DP contribute to the angiogenesis disruption, IHC of tumor tissues was carried out to evaluate the expression of CD31, a marker representing microvessel density. Hepa1-6 or H22 tumor xenograft mice were randomly divided into two groups: the DP group (treated with DP at 200 mg/kg/d for 14 days) and the vehicle control group (treated with saline for 14 days). Results of IHC revealed that tumors derived from the vehicle control group exhibited markedly higher CD31 expression compared to those from the DP group (Figures 1C, E). These results showed that DP inhibited angiogenesis in vivo and in vitro.



DP Suppresses HUVECs Migration and Invasion In Vitro

Endothelial cell migration and invasion are crucial steps which involved in angiogenesis. As we showed above, DP suppressed HUVECs capillary tube formation. To explore whether DP influences HUVECs migration and invasion, wound-healing assay, and transwell invasion assay were performed to assess the activity of migration and invasion in HUVECs, respectively. As expected, we observed that various concentrations of DP-treated HepG2 CM significantly decreased the capacity of wound healing in HUVECs compared with those cells without DP-CM treatment (Figures 2A, B). We also found that DP-CM markedly inhibited the capacity of HUVECs invasion in a dose-dependent manner in HUVECs (Figures 2C, D). Collectively, our data demonstrated that DP suppressed HUVECs migration and invasion.




Figure 2 | DP suppresses HUVECs migration and invasion in vitro. (A, B) HUVECs were treated with different concentration (0, 100, 200, and 400 mg/L) of DP-CM for 0, 24, and 48 h. Migration ability of HUVECs was evaluated by wound healing assay. (C, D) HUVECs treated with different concentration (0, 100, 200, and 400 mg/L) of DP-CM were seeded into the inner chamber. Invasion of HMEC-1 cells were evaluated by a Transwell assay. (E) The effect of DP-CM on HUVECs proliferation was evaluated by CCK-8 assay. (*P < 0.05, **P < 0.01, ***P < 0.001).





DP Treatment Has No Detectable Effect on Proliferation of HUVECs In Vitro

To further assess whether DP inhibits the proliferation of HUVECs, we performed CCK8 assay. The HUVECs were subjected to various concentrations of DP-treated CM, and the proliferation rate of the HUVECs was evaluated. Data from CCK8 assay showed that the proliferation rate of HUVECs was comparable between DP-CM treated and vehicle-DM treated HUVECs. (P ≥ 0.05) (Figure 2E). These data showed that DP had no effect on HUVECs proliferation.



DP Decreases the Expression of VEGF and HIF-1α in HCC Cells

Several studies have shown that VEGF and HIF-1α are important for tumor vasculogenesis. Thus, we assessed the effect of DP on HIF-1α and VEGF expression in HCC cells. The HepG2 and Hepa1-6 cells were selected and treated with 200 mg/L DP or vehicle for 48 h. The expression of VEGF and HIF-1α was evaluated by immunofluorescence staining, respectively. As shown in Figure 3, DP treatment significantly decreased the expression of VEGF and HIF-1α. Moreover, the western blot results indicated that the protein levels of VEGF and HIF-1α were markedly downregulated in HCC cells treated with DP as compared to the vehicle treated group.




Figure 3 | DP decreases the expression of VEGF and HIF-1a in HCC cells. (A) Immunofluorescence assays of VEGF and HIF-1a proteins in HepG2 and Hepa1-6 cells treated or untreated with 200 mg/L DP for 48 h. (B, C) WB analyses of VEGF and HIF-1a expression in HepG2cells treated or untreated with IGF-1 and DP. (D, E) WB analyses of VEGF and HIF-1a expression in Hepa1-6 cells treated or untreated with IGF-1 and DP. No significance (ns), *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.





DP Decreases the Expression of VEGF and HIF-1α In Vivo

Then, we further determined the influence of DP on VEGF and HIF-1α expression in vivo. We used the IHC assay to confirm the tumors expression of VEGF and HIF-1α in situ. We observed that tumors in the control group exhibited significantly higher VEGF and HIF-1α expression than those of in the DP group (Figure 4).




Figure 4 | DP reduces VEGF and HIF-1a expression in vivo. Immunohistochemical analysis of tumors from Hepa1-6 and H22 tumor-bearing mice. (A, C) Thetumor sections were subjected to IHC staining using an antibody against VEGF. (B, D) The tumor sections were subjected to IHC staining using an antibody against IGF-1a. *P < 0.05, **P < 0.01.



In conclusion, our results demonstrated that the expression of VEGF and HIF-1α could be effectively repressed by DP in vitro and in vivo.



DP Regulates VEGF and HIF-1α Expression via PI3K/AKT Pathways In Vitro

Our previous data demonstrated that DP was an inhibitor for PI3K/AKT/mTOR pathway in HCC cells (Ren et al., 2019). It is well known that PI3K/AKT pathway involved in angiogenesis induced by VEGF. In order to further determine the role of PI3K/AKT pathway plays in DP mediated inhibition of angiogenesis in HCC cells, the expression of key factors involved in the PI3K/AKT signaling pathway was tested in HepG2 and Hepa1-6 cells. The cells treated with 200 mg/L of DP or vehicle for 48 h were harvested and subjected to western blot analysis. The analysis was performed based on the absence or presence of IGF-1, an activator of PI3K/AKT signaling pathway.

In HepG2 and Hepa1-6 cells, DP treatment significantly lowered the levels of p-PI3K and p-AKT, which can be reversed with 2 nM IGF-1treatment. Additionally, the decreased expression of VEGF and HIF-1α, resulted by DP treatment, was also recovered by IGF-1 stimulation (Figures 5A–D). Therefore, all these results above demonstrated that DP regulated the expression of VEGF and HIF-1α expression through suppression of PI3K/AKT pathways in vitro.




Figure 5 | DP inhibits the activation of PI3K/AKT/mTOR pathway. (A) WB analyses of p-PI3K, total AKT, p-AKT and total AKT expression in the HepG2 and Hepa1-6 cells treated or untreated with IGF-1 and DP. (B–D) Proposed mechanism of DP exerts anti-angiogenesis effect on HepG2 and Hepa1-6 cells. no significance (ns), *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.





Discussion

Angiogenesis is a vital process involved in tumor growth and metastasis. As HCC is a highly vascularized type of tumor, inhibition of its angiogenesis is considered to be a promising approach with therapeutic value to treat HCC (Nakao et al., 2015; Akhtar et al., 2017; Barbhuiya et al., 2017). The angiogenesis process involves endothelial cell proliferation, invasion, migration, and differentiation into tubular capillaries. In this study, we demonstrated that DP attenuated the process of the tube formation, migration, and invasion of HUVECs in vitro. Moreover, DP also significantly decreased the formation of branched blood vessels in CAM, a natural in vivo model of angiogenesis. CD31, a molecular marker of microvessel density, was detected by histological analysis of tumor tissues formed from Hepa1-6 and H22 cells. Our data showed that CD31 levels were significantly decreased in tumor tissues following DP treatment. Taken together, these data suggested that DP possessed an ability to inhibit angiogenesis both in vitro and in vivo.

VEGF, a specific mitogen essential for endothelial cells, has been shown to promote proliferation of endothelial cells, induce angiogenesis, and even enhance the permeability of small vessel. Clinical studies has clarified that the expression of VEGF in HCC is highly related to tumor progression and poor prognosis (Choi et al., 2017; Mao et al., 2017). At the early stage of tumor-induced angiogenesis, a large amount of VEGF is secreted from the cancer cells. The angiogenic effect of VEGF is mainly regulated via binding and activating its receptors, e.g.VEGFR2, on endothelial cells (Hida et al., 2016). Previous researches have also revealed that VEGF is a target gene of HIF-1α (a hypoxia response protein). HIF-1α enhanced the transcription level of VEGF, through which to promote neovascularization (Xiao et al., 2015). Our results showed DP administration significantly decreased the expression of VEGF and HIF-1α in HCC cells and subcutaneous tumors, suggesting that DP exerted an inhibitory effect on the tumor angiogenesis via blocking the production of VEGF.

PI3K/AKT signaling pathway is an important signaling pathway responsible for malignant cancer cells proliferation, apoptosis, invasion, metastasis, and angiogenesis. Previous studies have shown the PI3K/AKT path way is overactivated in some HCC cases and PI3K/AKT over-activation is associated with poor prognosis in HCC patients (Minguez et al., 2009; Golob-Schwarzl et al., 2017). It has been revealed that PI3K/AKT activation enhances the transcriptional activity of HIF-1α, further inducing VEGF expression (Zhang et al., 2015). We previously reported that DP exhibited significant inhibitory eﬀects on the growth of HCC cells via attenuating PI3K/AKT signaling pathway (Ren et al., 2019). In the present study, our results showed that DP markedly decreased the protein levels of p-PI3K and p-AKT in HCC cells, suggesting that DP is capable of modulating PI3K/AKT signaling. Notably, pre-treatment of HCC cells with IGF-1 significantly recovered the protein levels of VEGF, HIF-1α, p-PI3K, and p-AKT which were downregulated by DP treatment. In contrast, neither DP nor IGF-1 treatment obviously changed the protein levels of PI3K and AKT. In conclusion, we have demonstrated that DP displays a remarkable antiangiogenic effect both in vivo and in vitro and the mechanism appears to be associated with the inhibition of VEGF and HIF-1α expression by targeting PI3K/AKT pathway.

Taken together, the current study extended our understanding on the molecular mechanisms of DP on anti-angiogenic activity in HCC cancer cells. DP could be deemed as a promising tumor angiogenesis inhibitor and can be developed as a drug candidate in clinical treatment in the future. In this study, the in vivo model using xenografted Hepa1-6 and H22 cells in mice may not completely correspond to natural growth of tumors in patients. Therefore, immunodeficient nude mice and human HCC cells will be used for the experiments in the further.
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Mitophagy is a crucial process in controlling mitochondrial biogenesis. Balancing mitophagy and mitochondrial functions is required for maintaining cellular homeostasis. In this study, we found that Gerontoxanthone I (GeX1) and Macluraxanthone (McX), xanthone derivatives isolated from Garcinia bracteata C. Y. Wu ex Y. H. Li, induced Parkin puncta accumulation and promoted mitophagy. GeX1 and McX treatment induced the degradation of mitophagy-related proteins such as Tom20 and Tim23. GeX1 and McX directly stabilized PTEN-induced putative kinase 1 (PINK1) on the outer membrane of the mitochondria, and then recruited Parkin to mitochondria. This significantly induced phosphorylation and ubiquitination of Parkin, suggesting that GeX1 and McX mediate mitophagy through the PINK1-Parkin pathway. Transfecting ParkinS65A or pretreated MG132 abolished the induction effects of GeX1 and McX on mitophagy. Furthermore, GeX1 and McX treatment decreased cell death and the level of ROS in an ischemia/reperfusion (IR) injury model in H9c2 cells compared to a control group. Taken together, our data suggested that GeX1 and McX induce PINK1-Parkin–mediated mitophagy and attenuate myocardial IR injury in vitro.




Keywords: mitophagy, PINK1-Parkin pathway, Gerontoxanthone I, Macluraxanthone, ischemia/reperfusion injury



Introduction

Mitochondria are essential organelles for maintaining myocyte functions and survival. Mitochondria provide myocytes with ATP (adenosine triphosphate) via oxidative phosphorylation (Youle and Narendra, 2011; Kubli et al., 2015). Mitochondrial proteins are involved in metabolic processes, such as autophagy (especially mitophagy), apoptosis, innate immunity, heart disease, and neurodegenerative disease (Wang et al., 2012; Subramanian et al., 2013; Wu et al., 2019b). Mitochondria are key regulators and important signaling organelles in different tissues (Scialo et al., 2016). However, damaged or dysfunctional mitochondria, which produce less ATP than healthy mitochondria, are harmful to myocytes, as they generate excess reactive oxygen species (ROS) and toxic byproducts. Additionally, damaged or dysfunctional mitochondria are associated with various diseases (Scialo et al., 2016). Therefore, it is important to remove damaged or dysfunctional mitochondria (Wallace, 1999).

Mitophagy can remove damaged or dysfunctional mitochondria, which has been intensively investigated (Dombi et al., 2018). Mitophagy is an autophagic response that specifically targets dysfunctional or damaged mitochondria. Previous studies have indicated that mitophagy maintains a healthy mitochondrial population and mitochondrial quality (Youle and Narendra, 2011). Mitophagy can be triggered by multiple forms of cellular stress, such as starvation, hypoxia, and ROS, which are also associated with some kinds of neurodegeneration and cardiovascular diseases (CVDs) (de Vries and Przedborski, 2013; Dorn and Kitsis, 2015; Ji et al., 2016). For example, Blass et al. have proposed that mitochondrial dysfunction is the early characteristic of Alzheimer’s disease (Blass and Gibson, 1991). Recent studies have illustrated that accumulation of Aβ can impair mitophagy. Impaired mitophagy promotes Aβ and Tau pathologies in Alzheimer’s disease (Kerr et al., 2017). Billia et al. have demonstrated that the protein level of PINK1 is significantly decreased in end-stage human heart failure. In agreement with this, PINK1-/- mice have a greater tendency than wild-type mice to develop pathological cardiac hypertrophy (Billia et al., 2011; Bravo-San Pedro et al., 2017). Current studies have shown that PINK1 and the cytosolic E3 ubiquitin ligase Parkin are the two main regulators of mitophagy in mammalian cells (Hang et al., 2018). PINK1 is a kinase localized to mitochondria. It is maintained at very low levels by being rapidly degraded by proteolysis when it is imported into mitochondria (Youle and Narendra, 2011). When mitochondria are damaged, mitochondrial membrane potential (MMP) decreases. When this occurs, full-length PINK1 accumulates on the outer membrane of mitochondria and recruits Parkin to mitochondria. Upon activation, Parkin then ubiquitinates mitochondrial surface proteins, which leads to recruitment of nuclear dot protein 52 kDa (NDP52), an ubiquitin- and LC3-binding adaptor protein. When NDP52 is recruited to mitochondria, it modulates the process of mitophagy by causing the decrease of mitochondrial mass, finally resulting in elimination of damaged mitochondria (Liu et al., 2012; Park et al., 2012; Pi et al., 2013; Wei et al., 2014).

Cardiovascular disease is the most common cause of morbidity worldwide. Cardiomyocytes heavily rely on ATP produced by mitochondria, so they are more sensitive to mitochondrial dysfunction than many other cell types (Liang et al., 2013; Mortality and Causes of Death, 2015). Myocardial ischemia is caused by initial interruption of blood flow supplying oxygen and nutrients to the heart (Yang et al., 2019). Post-ischemic reperfusion is essential to rescue viable myocardium and to maintain cardiac function (Kambe et al., 2009). Strikingly, the process of reperfusion can induce cardiomyocyte death. This phenomenon is called reperfusion injury (Kambe et al., 2009; Hausenloy and Yellon, 2013). Myocardial ischemia/reperfusion (IR) led to cell death and decreased cardiac output (Mozaffarian et al., 2016). The role of mitophagy in myocardial ischemia/reperfusion injury has drawn extensive recent attention. Mitophagy has a “double effect” in the setting of cardiac IR injury. On one hand, excessive mitophagy can participate in the pathogenesis of cardiac IR injury (Ma et al., 2015; Ishikita et al., 2016); on the other hand, mitophagy is significantly suppressed by IR injury. IR injury can be attenuated via inducing mitophagy. PINK1-Parkin-mediated mitophagy is particularly regarded as a novel therapeutic pathway for myocardial IR injury (Zhou et al., 2017; Zhang et al., 2019b). Our study showed that GeX1 and McX have cardioprotective effects by promoting mitophagy in H9c2 cells.

Nowadays, natural plant-derived compounds are widely studied. Gerontoxanthone I (GeX1) and Macluraxanthone (McX), the dimeric xanthones, were extracted from Garcinia bracteata C. Y. Wu ex Y. H. Li. In this study, we found that GeX1 and McX directly stabilized PINK1 on the outer membrane of the mitochondria. Then they recruited Parkin to mitochondria and significantly induced Parkin phosphorylation and ubiquitination to promote mitophagy. GeX1 and McX treatment also inhibited cell death in an IR injury model in H9c2 cells.



Materials and Methods


Plant Material

GeX1 and McX (with a purity greater than 98%, Figures S1A, B) were extracted from the leaves of Garcinia bracteata C. Y. Wu ex Y. H. Li, collected from Nanning, Guangxi Province, People’s Republic of China, in October 1981 and authenticated as G. bracteata C. Y. W u ex Y. H. Li by Specialist Yu Wan. A voucher specimen (GXMG0020900) was deposited at Guangxi Botanical Gargen of Medicinal Plants.



Reagents and Antibodies

Carbonyl cyanide m-chlorophenylhydrazone (CCCP) and propidium iodide (PI) were purchased from Sigma. The following antibodies were used for western blot analysis or immunofluorescence: COX IV (4850), NDP52 (60732), and GST (2625) were purchased from Cell Signaling Technology; monoclonal anti-ubiquitin (sc-8017), anti-Tom20 (sc-17764), anti-PINK1 (sc-517353), and anti-Parkin (sc-32282) were purchased from Santa Cruz; anti-LC3B (L7543) was purchased from Sigma; and anti-Tim23 (611222) was purchased from Becton Dickinson and Company. Actin (EM21002) was purchased from HuaBio. GAPDH (ab128915) was purchased from Abcam.



Cell Culture

H9c2 cells, YFP-Parkin HeLa cells, and SH-SY5Y cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco, C11995500CP) supplemented with 10% (v/v) fetal bovine serum (FBS) (BI, 04-001-1ACS) and 1% penicillin/streptomycin (Genom, GNM15140). All cells were maintained in a humidified incubator with 95% air and 5% CO2 at 37°C. For ischemic or hypoxic damage, H9c2 cells were incubated in a hypoxic incubator (1% O2, 5% CO2, and 94% N2) with ischemia-mimetic solution (CaCl2, 1.8 mM; NaCl, 135 mM; MgCl2, 0.5 mM; KCl, 8 mM; Na+-lactate, 20 mM; NaH2PO4, 0.33 mM; HEPES, 5.0 mM, pH 6.8) (Sun et al., 2016). For reperfusion, H9c2 cells with ischemic or hypoxic damage were rapidly transferred into a normoxic incubator with fresh DMEM.



Measurement of Cell Survival

Cell viability was determined with propidium iodide. H9c2 cells, YFP-Parkin HeLa cells, and SH-SY5Y cells were plated in 24-well plates and then treated with GeX1 and McX for 24 h. Cells were incubated with 5 μg/mL propidium iodide for 30 min at 37°C and then washed with pre-warmed PBS. The fluorescence of the cells was analyzed by flow cytometry (Becton Dickinson and Company).



Measurement of Mitochondrial Mass

After treatment with GeX1 and McX for 4 h, SH-SY5Y cells were incubated with 100 nM MitoTracker Green in the dark for 30 min at 37°C. They were then washed with pre-warmed PBS. The fluorescence of the cells was analyzed by flow cytometry.



Cell Fractionation and Mitochondrial Isolation

SH-SY5Y cells were plated in 10 cm dishes, and they were treated with GeX1 and McX for 0, 4, or 8 h. Using a Cell Mitochondria Isolation Kit (Beyotime), we separated the cytosolic and mitochondrial proteins according to the manufacturer’s instructions. In brief, cells were washed with pre-cooled PBS and lysed with a Cell Mitochondria Isolation buffer on ice. Mitochondria and cytoplasm are separated by grinding followed by centrifugation at 600g for 10 min at 4°C. Then the supernatant was further centrifuged at 11,000g for 10 min at 4°C. The pellet was collected as the mitochondria-enriched fraction, and it was then further resuspended in mitochondrial lysis buffer. The remaining supernatant was centrifuged 12,000g for 10 min at 4°C as cytosolic proteins. Protein concentrations were detected using a Multimode Plate Reader (PerkinElmer). Equal amounts of protein (20 μg) from each fraction were measured by western blotting.



Immunofluorescence Microscopy

Following treatment with GeX1 and McX for 4 h, YFP-Parkin HeLa cells on coverslips were fixed in 4% paraformaldehyde. Then cells were permeabilized and blocked with 2% goat serum containing 0.5% Triton X-100 and 3% BSA for 1 h at room temperature. The cells were probed with the primary antibodies anti-Parkin and anti-Ub. After three PBS washes, the cells were stained with secondary antibody. All fluorescent images were acquired on a confocal microscope (Olympus).



Quantitative Real-Time PCR

After treatment of SH-SY5Y cells with GeX1 and McX for 4 h, total RNA was extracted using Trizol reagent (Takara, 9108). RNA was converted to cDNA with the use of a PrimeScript RT reagent kit (TaKara, DRR037A), and relative mRNA levels were measured using SYBR green (TOYOBO, QPK-201). Then, real-time PCR was performed in a StepOnePlus Real-Time PCR System (Applied Biosystems, Life Technologies). The primers for human genes were as follows: for Tim23, forward primer: 5′-CAACATCCTCCAATCGTAAAG-3′, reverse primer: 5′-GGTATGAACCCTCTGTCTCCT-3′; for Tom20, forward primer: 5′-CTGGAACACTGGTGGTGGAAG-3′, reverse primer: 5′-AGGTGAATATGAGAAGGGCGTAG-3′; and for TBP, forward primer: 5′-CCACTCACAGACTCTCACAAC-3′, reverse primer: 5′-CTGCGGTACAATCCCAGAACT-3′.



Western Blot Analysis

Cells were solubilized in ice-cold whole cell extract buffer (50 mM Tris-HCl, pH 8.0, 4 M urea, and 1% Triton X-100) supplemented with protease inhibitor mixture (Roche Diagnostics, 04693132001). The mixture was clarified by centrifugation at 14,000g for 30 min at 4°C. Protein samples were loaded and separated on a 12% sodium dodecyl sulphate–polyacrylamide gel (SDS-PAGE) and transferred to a polyvinylidene fluoride membrane. This was blocked with 5% non-fat milk for 1 h at room temperature in Tris-buffered saline (50 mM Tris-HCl, pH 7.5, 150 mM NaCl) containing 0.2% Tween 20. Blots were probed with the following antibodies: LC3, NDP52, monoclonal anti-ubiquitin, Tom20, PINK1, Parkin, Tim23, Actin, COX IV, or GST. GAPDH, Actin, and COX IV were used as the loading control. Then they were incubated with secondary anti-mouse (KPL, 074-1806) or anti-rabbit antibodies (KPL, 474-1506) for 1.5 h at room temperature. Protein bands were visualized using ECL blotting detection reagents (KPL, 54-61-00).



Transfection of siRNA or GST-Parkin Plasmid

SH-SY5Y or H9c2 cells were seeded in 12-well plates and transfected with siRNA for 24 or 48 h, using Lipofectamine 2000 (Invitrogen, 11668027) as instructed according to the manufacturer’s specifications. Cells were then treated with GeX1 and McX. PINK1 siRNA (Santa Cruz Biotechnology, sc-44598), Parkin siRNA (rat) and negative control siRNA were purchased from GenePharma. The sequences of PINK1 siRNA were as follows: PINK1 siRNA: 5′-CGCUGUUCCUCGUUAUGAATT-3′; The sequences of Park2 were offered as below: Park2: 5′-CCAACUCCCUGAUUAAAGATTUCUUUAAUCAGGGAGUUGGTT-3′; negative control siRNA (sense), 5′-UUCUCCGAACGUGUCACGUTT-3′; and negative control siRNA (antisense), 5′-ACGUGACACGUUCGGAGAATT-3′. HeLa cells were plated in 12-well plates and transfected with GST-ParkinWT or GST-ParkinS65A plasmid for 24 h, using Lipofectamine 2000 (Invitrogen, 11668027) as instructed according to the manufacturer’s specifications, and then treated with GeX1 and McX.



Co-Immunoprecipitation

YFP-Parkin HeLa cells were lysed in IP lysis buffer (10 mM Tris-HCl, pH 7.4, 100 mM NaCl, 2.5 mM MgCl2, 0.05% Triton-100, with protease inhibitors). This was followed by centrifugation at 500g for 10 min at 4°C. The cell supernatants were incubated with 10 μL GFP-Trap (ChromoTek) beads overnight at 4°C with rotation. On the next day, the beads were washed three times with 1 mL of the IP buffer. Then the samples and corresponding total cell lysates were boiled with 2× sample loading buffer and separated by SDS-PAGE for further western blotting. Proteins were transferred onto polyvinylidene difluoride membranes. Membranes were incubated overnight at 4°C with anti-Parkin antibody.



Statistical Analysis

Each experiment was repeated three times. Date are expressed as means ± SEM. Statistical analyses were performed using the GraphPad Prism software Student’s t test.




Results


Screening Novel Mitophagy Regulators From Garcinia Species

To identify novel mitophagy regulators from Garcinia species, we performed a functional screen using a cell-based assay. We treated HeLa cells stably expressing YFP-Parkin with a series of xanthones from Garcinia species and observed YFP-Parkin puncta accumulation, which can be used to monitor mitophagy. The most interesting finding was that a group of xanthone compounds isolated from Garcinia bracteata C. Y. Wu ex Y. H. Li, represented by GeX1 and McX (Zhang et al., 2019a), intensively promoted the accumulation of Parkin puncta. We found that GeX1 and McX significantly induced a dose-dependent increase of Parkin puncta accumulation, suggesting that these compounds can regulate mitophagy (Figures 1A–D). The toxicity of these two compounds in YFP-Parkin HeLa, SH-SY5Y, and H9c2 cells were tested. Propidium iodide exclusion assay results showed that GeX1 and McX have no obvious toxicity to cells at 20 μM for 24 h treatment (Figure 1E).




Figure 1 | GeX1 and McX induce mitophagy. (A) HeLa cells stably expressing YFP-Parkin were treated with xanthone derivatives for 4 h. The distribution of YFP-Parkin was examined by confocal microscopy. Scale bar, 10 μm. (B) HeLa cells stably expressing YFP-Parkin were treated with GeX1 or McX for 4 h. Then we performed quantification of YFP-Parkin puncta-positive cells at different drug concentrations (10 or 20 μM), **P < 0.01, treatment with GeX1 and McX compared to DMSO. (C, D) The molecular structure of GeX1 and McX. (E) Cell proliferation after treatment with GeX1 and McX was measured in SH-SY5Y, H9c2, and YFP-Parkin HeLa cells by propidium iodide exclusion. NS, not significant.





GeX1 and McX Promote Parkin-Dependent Mitochondrial Degradation

Previous studies have revealed that Parkin plays an important role in maintaining mitochondrial integrity by degradation of damaged mitochondria during mitophagy (Choo et al., 2012), so we investigated whether GeX1 and McX promote Parkin-dependent mitochondrial degradation. We transfected exogenous Parkin into HeLa cells and performed immunostaining assays. As shown in Figure 2A, GeX1 and McX had markedly reduced red fluorescence intensity of Tom20 (an outer mitochondrial membrane protein) in HeLa cells transfected with YFP-Parkin, which also inhibited MitoTracker Green staining in SH-SY5Y cells (Figure 2B). However, Tom20 (Red fluorescence) did not decrease in cells without Parkin (No green fluorescence cells) (Figure 2A). These results suggested that these two compounds increased the removal of mitochondria, and this required the participation of Parkin. We also observed that the protein levels of Tom20 and Tim23 (an inner mitochondrial membrane protein) were degraded in a time-dependent manner in the presence of GeX1 and McX in SH-SY5Y cells. This suggested that GeX1 and McX promoted Parkin-dependent mitochondrial degradation (Figures 2C, D). Furthermore, the Q-PCR results suggested that GeX1 and McX treatment had no effect on the mRNA levels of Tim23 and Tom20 (Figures 2E, F), suggesting that GeX1 and McX promoted the degradation of these proteins.




Figure 2 | GeX1 and McX promote the removal of mitochondria. (A) HeLa cells were transfected with eGFP-Parkin for 24 h and then treated with GeX1 or McX (20 μM) for 6 h. The cells were stained with Tom20 (red). Representative fluorescence microscopy images were shown. The cells marked with the white solid ovals expressed no or low levels of Parkin and still had mitochondria, whereas cells marked with yellow dotted ovals expressed a high level of Parkin and had no mitochondria. (B) SH-SY5Y cells were treated with GeX1 or McX (20 μM) for 4 h. The cells were stained with MitoTracker Green and subjected to flow cytometric analysis. (C, D) SH-SY5Y cells were treated with GeX1 or McX (20 μM) at the indicated times and analyzed by western blot. Actin was used as a loading control. (E, F) SH-SY5Y cells were treated with GeX1 or McX (20 μM) for 4 h and analyzed by RT-PCR. Data for Tim23 or Tom20 mRNA levels compared with actin are shown (mean ± SEM of 3 independent experiments). NS, not significant.





GeX1 and McX Trigger Parkin Phosphorylation and Ubiquitination

It has been well established that phosphorylation of Parkin at Ser65 mediates global polyubiquitination of the outer mitochondrial membrane proteins and regulates proper execution of mitophagy (Kondapalli et al., 2012; Lazarou et al., 2015). We examined the translocation of Parkin after GeX1 and McX treatment. We observed marked colocalization of Parkin and Tom20 (red) in YFP-Parkin HeLa cells treated with GeX1 or McX (Figure S2), suggesting that these compounds could promote Parkin transfer to mitochondria, consistent with previous studies.

When PINK1 stably accumulates on the outer mitochondrial membrane, it will active and recruit Parkin to mitochondria. Several studies reported that PINK1 phosphorylates Parkin serine 65 (Ser65) leading its activation (Koyano et al., 2014; Bingol and Sheng, 2016; Kazlauskaite et al., 2015).We wondered whether GeX1 and McX affect the phosphorylation of Parkin at Ser65. To address this, we transfected GST-ParkinWT or GST-ParkinS65A mutant plasmids into HeLa cells to detect the translocation of Parkin and the expression of mitochondrial related proteins. Strikingly, immunostaining results revealed that GeX1 and McX treatment induced Parkin puncta formation in GST-ParkinWT transfected cells. In contrast, the puncta were hardly found in cells transfected with mutant GST-ParkinS65A (Figure 3A), which illustrated that GeX1 and McX-induced mitophagy is related to Parkin Ser65 phosphorylation. The Western blot results showed that GST-ParkinS65A mutant reversed the degradation of Parkin and Tim23 after GeX1 or McX treatment (Figure 3B), suggesting GeX1 and McX could phosphorylate Parkin at Ser65.




Figure 3 | GeX1 and McX trigger Parkin phosphorylation and ubiquitination. (A) HeLa cells were transfected with GST-ParkinWT or GST-ParkinS65A mutant for 24 h and then treated with GeX1 or McX (20 μM) for 4 h. (B) The GST-ParkinS65A mutant can reverse the effects of GeX1 and McX (20 μM) on the induction of protein upregulation or downregulation. (C) YFP-Parkin HeLa cells were treated with GeX1 or McX (20 μM) for 4 h, and were then stained with anti-ubiquitin, followed by confocal microscopy. Scale bars, 10 µm. (D) YFP-Parkin HeLa cells were treated with GeX1 or McX (20 μM) for 4 h and analyzed using immunoprecipitation followed by western blotting. (E) MG132 pre-treatment for 2 h prevented GeX1 and McX (20 μM) from inducing protein increases or decreases.



Parkin is an RBR-type E3 ligase that normally localizes in the cytosol as an autoinhibited form, but it translocates to damaged mitochondria to ubiquitinate mitochondrial proteins during mitophagy (Yamano et al., 2016). Therefore, we tested whether GeX1 and McX triggered ubiquitination of Parkin and promoted mitochondria clearance. First, we performed confocal immunofluorescence microscopy analysis testing ubiquitin (red) distribution in YFP-Parkin HeLa cells. Under normal conditions, ubiquitin was spread throughout the cell. When YFP-Parkin HeLa cells were treated with GeX1 or McX, ubiquitin was colocalized with Parkin puncta (Figure 3C). Second, we treated cells with GeX1 or McX and found that this increased the expression of ubiquitin. Co-immunoprecipitation assay results further suggested that GeX1 and McX could increase the ubiquitination of Parkin (Figure 3D). Finally, we observed that SH-SY5Y cells treated with GeX1 or McX had no effect on protein degradation in the presence of MG132 (a proteasome inhibitor) (Figure 3E), suggesting that GeX1 and McX increased Parkin ubiquitination. In summary, GeX1 and McX induce mitophagy via inducing the phosphorylation and ubiquitination of Parkin.



GeX1 and McX Induce Mitophagy Depending on the Stabilization of PINK1

The PINK1-Parkin pathway is a canonical mechanism to mediate mitophagy in most mammalian cells, with PINK1 acting upstream of Parkin (Wei et al., 2014; Qu et al., 2015; Georgakopoulos et al., 2017). PINK1 is an extremely unstable mitochondrial protein. It is constitutively proteolyzed by the mitochondrial rhomboid protease, presenilin-associated rhomboid-like (PARL), at the healthy mitochondria (Muqit et al., 2006; Takatori et al., 2008). However, once mitochondria are damaged, PINK1 degradation is blocked, and PINK1 will accumulate on the outer mitochondrial membrane (OMM), activating Parkin (Kane et al., 2014). We next verified whether the GeX1- and McX-mediated promotion of mitophagy depended on PINK1. Western blot results suggested that GeX1 and McX treatment increased the accumulation of PINK1 in SH-SY5Y cells (Figures 4A, B). There are many unique adaptor proteins termed autophagy receptors which play important roles during the mitophagy process (Padman et al., 2019). Some studies have reported that PINK1 recruits NDP52 (the primary receptor for PINK1-Parkin-mediated mitophagy) to mitochondria, where it binds to LC3, completing the mitophagy process (Lazarou et al., 2015). We therefore analyzed the redistribution of NDP52 and LC3. GeX1 and McX treatment upregulated the expression of NDP52 and LC3 II in a dose- and time-dependent manner in SH-SY5Y cells (Figures 4A, B and S3A, B). To confirm that PINK1, NDP52, and LC3 II translocated to mitochondria followed GeX1 and McX treatment, we prepared mitochondrial and cytoplasmic fractions. GeX1 and McX promoted the accumulation of PINK1, NDP52, and LC3 II on mitochondria in SH-SY5Y cells (Figures 4C, D), consistent with previous studies. Furthermore, we employed small interfering RNA (siRNA) to knock down PINK1 in SH-SY5Y cells and investigated the effects of GeX1 and McX on mitophagy. In contrast to si-Ctrl, treatment with GeX1 and McX had no effect on Parkin puncta formation in YFP-Parkin HeLa cells knocked down for PINK1 (Figures 4E, F). Western blot results suggested that GeX1 and McX had no effect on the accumulation of PINK1 or on the degradation of mitochondrial-related proteins (Tom20 and Tim23) after PINK1 was knocked down (Figure 4G). These findings suggested that GeX1- and McX-induced mitophagy depends on the stabilization of PINK1.




Figure 4 | GeX1 and McX induce mitophagy in a manner dependent on PINK1. (A, B) The expression of mitophagy-related proteins follows GeX1 and McX treatment of SH-SY5Y cells. (C, D) A redistribution of mitophagy-related proteins followed GeX1 and McX (20 μM) treatment of SH-SY5Y cells. (E, F) YFP-Parkin HeLa cells were transfected with siPINK1 for 24 h and then treated with GeX1 and McX (20 μM). The distribution of YFP-Parkin was examined by confocal microscopy. Scale bars, 10 µm. NS, not significant. **P < 0.01, PINK1 knockdown YFP-Parkin HeLa cells compared to YFP-Parkin HeLa cells. (G). YFP-Parkin HeLa cells were transfected with siPINK1 for 24 h, and then treated with GeX1 and McX (20 μM). Then related proteins were analyzed by Western blot.





GeX1 and McX Attenuate IR Injury in H9c2 Cells

Cardiomyocytes are sensitive to IR injury caused by insufficient oxygen supply. IR injury can lead to mitochondria damaged, which further harm to cardiomyocytes. Therefore, it is necessary to remove damaged mitochondria via mitophagy for the maintenance of cardiomyocyte survival (Kubli and Gustafsson, 2012; Moyzis et al., 2015; Li et al., 2019). Our precious results illustrated that GeX1 and McX could induce mitophagy in SH-SY5Y cells, thus we wondered whether GeX1 and McX can rescue the cell death in IR injury model via inducing mitophagy. First, we analysed the effect of GeX1 and McX on mitophagy in H9c2 cells. As shown in Figures 5A, B, GeX1 and McX treatment upregulated the expression of PINK1 and degraded Tim23 in time dependent way. In order to investigate the effects of GeX1 or McX on ischemia/reperfusion injury, we established an IR injury model in vitro, GeX1 and McX were added at the beginning of reoxygenation. As shown in Figure 5D, cell viability increased with the treatment of GeX1 or McX at the beginning of reperfusion. We then evaluated the roles of GeX1 and McX in IR injury after Parkin knockdown (Parkin-KD) cells (Figure 5C). However, GeX1 and McX could not rescue the cell death after IR injury in Parkin-KD H9c2 cells, indicating that GeX1 and McX could protect H9c2 cells from IR injury by inducing mitophagy.




Figure 5 | GeX1 and McX attenuate IR injury in H9c2 cells. (A, B) H9c2 cells were treated with GeX1 and McX for 4, 8, 16, and 24 h, then analysed the expression of mitophagy related proteins. (C) H9c2 cells were transfected with siRNA for 48 h, then measured the expression of Parkin using western blot. (D) H9c2 cells or Parkin knockout H9c2 cells were subjected to 6 h of ischemia followed by 4 h of reoxygenation. GeX1 and McX were administered at the onset of reoxygenation. Cell proliferation was detected by propidium iodide exclusion. NS, not significant. *P < 0.05,**P < 0.01, GeX1 and McX treatment cells compared to no treatment.






Discussion

Natural compounds are important resources for drug discovery. Xanthones and polycyclic polyprenylated acylphloroglucinols (PPAPs) are the major chemicals from Garcinia bracteata C. Y. Wu ex Y. H. Li plants. These types of chemicals exhibit multiple bioactivities. For example, 7-methoxy-4′,6-dihydroxy-8-isobutyryl-flavone has anti-tobacco mosaic virus (TMV) activity (Li et al., 2015); 1,4,5,6-tetrahydroxyxanthone displays anti-cancer activity (Niu et al., 2012); and Scortechinone B, isolated from Garcinia bracteata C. Y. Wu ex Y. H. Li, shows antibacterial activity toward methicillin-resistant Staphylococcus aureus (Wu et al., 2019a). In this study, we used YFP-Parkin HeLa cells to screen mitophagy regulators and found that GeX1 and McX markedly promoted Parkin puncta accumulation. We then determined that GeX1 and McX induced mitophagy through the PINK1-Parkin pathway, which also attenuated IR injury in H9c2 cells.

Mitochondria are essential double-membrane intracellular organelles that are necessary for cell integrity, function, and survival. Mitochondria can produce ATP via oxidative phosphorylation and regulate cellular energy metabolism (Wu et al., 2019a). Mitophagy is responsible for removing damaged, dysfunctional, and redundant mitochondria to maintain mitochondrial biogenesis and functions. The PINK1-Parkin pathway is well known to play a central role in regulating mitophagy. Under physiological conditions, PINK1 is transported to the mitochondrial membrane and then is cleaved and degraded by PARL protein (Yamano and Youle, 2013). However, when mitochondria are damaged, PINK1 accumulates on the OMM and recruits Parkin to ubiquitinate mitochondrial proteins. Subsequently, these proteins are engulfed into autophagosomes, and mitophagy is induced. To determine the effects of GeX1 and McX on mitophagy, we performed western blot to detect the protein expression levels of PINK1, Tom20, and Tim23. We observed that GeX1 and McX stabilized PINK1 on the mitochondrial outer membrane and promoted the degradation of Tom20 and Tim23. Furthermore, GeX1 and McX significantly triggered the phosphorylation and ubiquitination of Parkin. These results suggested that GeX1 and McX induced the PINK1-Parkin dependent pathway. The autophagy receptor NDP52 recognizes ubiquitinated mitochondria. As shown in previous studies, NDP52 binds to autophagosomes via ubiquitin and LC3 binding domains during the process of mitophagy (Wong and Holzbaur, 2014; Lazarou et al., 2015). Consistent with these studies, we observed that the expression of NDP52 was increased in the mitochondria of GeX1- and McX-treated cells.

Dysfunctional mitochondria and impaired mitophagy are known to participate in the process of cancer, neurodegenerative diseases, aging, and CVDs (Yoo and Jung, 2018; Yang et al., 2019). Previous studies demonstrated that transient myocardial ischemia leads to cardiac dysfunction, and the stage of reperfusion is particularly injurious to mitochondria (Lesnefsky et al., 2001; Heusch, 2015). The causes of damage mainly include (1) production of excessive ROS, (2) injuries to the mitochondrial respiratory chain, (3) release of Ca2+ and cytochrome c to the cytosol, and (4) loss of mitochondrial membrane potential (Shenouda et al., 2011; Ong and Gustafsson, 2012; Ma et al., 2017; Bian et al., 2018). Healthy mitochondria are critical for various biological processes, while damaged mitochondria are cytotoxic to tissues and organs. It is necessary to clear the damaged mitochondria. PINK1-Parkin–mediated mitophagy may be a potential therapeutic target for protecting against myocardial IR injury. IR injury process can lead to insufficient mitophagy. For instance, a recent study found that mitophagy deficiency could induce cardiomyocyte injury and dysfunction at physiological level, and the adequate mitophagy is necessary for cardiomyocyte survival and function followed IR injury (Li et al., 2019). Ling et al. agreed that Polydatin could prevent myocardial IR injury via promoting autophagic flux to remove damaged mitochondria to reduce ROS in mice (Ling et al., 2016). However, other groups demonstrated that PINK1/Parkin-mediated mitophagy played advanced effects during IR injury. Zha et al. showed that the advanced glycation end products treatment increased the activation of PINK1/Parkin–mediated mitophagy in the process of cardiomyocyte senescence, thus inhibition of mitophagy might be a promising approach to block the senescent state in cardiomyocytes (Zha et al., 2017). In addition, Woodall et al. suggested that Parkin is dispensable for mitochondrial quality control in a mtDNA mutation mice model of cardiac aging (Woodall et al., 2019). Zhou et al. reported that melatonin may activate AMPKα to suppress mitophagy and protect cardiac microvasculature against IR injury (Zhou et al., 2017). Taken together, we speculate that these findings may vary with the different cell types or animal models, and the relationships between mitophagy and cardioprotection still need further investigation. Our study found that the compounds GeX1 and McX decreased the cell death. GeX1 and McX had a protective effect against myocardial IR injury in H9c2 cells. The mechanism of protective effect of GeX1 and McX against myocardial IR injury needs to be further investigated in an animal model.

Taken together, our findings indicated that GeX1 and McX induce PINK1-Parkin dependent mitophagy. The primary autophagic receptor NDP52 was increased, leading to the degradation of damaged mitochondria by mitophagy. GeX1 and McX attenuated ischemia and reperfusion injury in H9c2 cells by reducing ROS levels. These ﬁndings provide new insights into the molecular mechanisms of natural compounds and explore the function of mitophagy in protection against myocardial IR injury.
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Background

Pancreatic cancer is one of the most aggressive malignancies. Bufalin, a traditional Chinese medicine, has been used to treat pancreatic cancer as an antitumor agent although the mechanism by which it exerts its effects is still unclear. c-Myc has been found to be overexpressed in more than half of human cancers including pancreatic cancer. However, the role of c-Myc in pancreatic cancer cells and its influence in bufalin-treated pancreatic cancer are yet to be clarified. The present study aimed to investigate the role of c-Myc in the antitumor activity of bufalin in pancreatic cancer.



Methods

c-Myc siRNA and overexpression plasmid were transfected into pancreatic cancer cells to construct the cell models. c-Myc expression was detected via quantitative real-time polymerase chain reaction and western blot. The effect of c-Myc on bufalin-induced inhibition of cell proliferation was detected via CCK-8 assay. Cell apoptosis and the cell cycle were analyzed via flow cytometry. Cell invasion and migration was detected via Transwell and wound healing assays, respectively. In addition, the effect of bufalin on the suppression of tumor growth in vivo was studied in nude mice model subcutaneously injected with PANC-1 and SW1990 cells. Hematoxylin-eosin and terminal deoxynucleotidyl transferase dUTP nick-end labeling assay were used to evaluate pathological changes in vivo. The expression of HIF-1α/SDF-1/CXCR4 were detected via western blot.



Results

CCK-8 assay showed that bufalin could inhibit the proliferation of pancreatic cancer cell, and c-Myc downregulation enhanced this effect. Similarly, c-Myc downregulation enhanced the effect of bufalin on cell cycle arrest, apoptosis, and the invasion and migration of pancreatic cancer cell in vitro. Further mechanism assay showed that c-Myc enhances the effect by regulating the HIF-1α/SDF-1/CXCR4 signaling pathway. The in vivo studies verified the results that c-Myc enhances the effect of bufalin through regulation of the HIF-1α/SDF-1/CXCR4 pathway.



Conclusions

Downregulation of c-Myc enhanced the antitumor activity of bufalin in pancreatic cancer cells by suppressing the HIF-1α/SDF-1/CXCR4 pathway. These findings indicate that c-Myc inhibitors could enhance the clinical therapeutic effect of bufalin and may expand the clinical application of bufalin accordingly.
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Introduction

Pancreatic cancer is the one of the most aggressive digestive system malignancies worldwide, with a 5-year survival rate of less than 5% (Siegel et al., 2015). Due to the insidious onset of pancreatic cancer, the difficulty of early diagnosis, and the high risk of metastasis, it is usually diagnosed at an advanced stage, and the mortality rate has been increasing (Vincent et al., 2011). Surgical resection is an effective treatment modality for pancreatic cancer, but fewer than 20% of patients are eligible for curative resection (Lin et al., 2015). Therefore, gemcitabine-based chemotherapy has been the standard regimen for advanced pancreatic cancer. However, the overall survival of pancreatic cancer patients is extremely poor because of high chemotherapy resistance (Singh et al., 2015). Thus, there is a crucial need for better understanding of the underlying mechanisms of tumorigenesis and more effective chemotherapeutic strategies.

Chansu, a traditional Chinese medicine, is a dried toad venom secreted from the auricular and skin glands of toads and has been widely used as an analgesic, a cardiac drug, an anti-microbial agent, a local anesthetic, and an anti-inflammatory drug (Qi et al., 2014). Some studies have shown that bufalin, one of the major active components of Chansu, induces apoptosis and cell cycle arrest, suppressing the invasion and migration of cancer cells by regulating various signaling pathways and genes, in several cancers such as leukemia, lung cancer, liver cancer, prostate cancer, bladder cancer, and osteosarcoma (Cheng et al., 2019; Lan et al., 2019). As such, bufalin might be a potential antitumor chemotherapeutic drug. However, the potential mechanisms by which bufalin exerts anticancer activity in pancreatic cancer remains to be further investigated.

The mechanism by bufalin exerts its antitumor activity at the molecular level is extremely complex and involves the regulation of various signaling pathways and genes. c-Myc, a proto-oncogene, has been one of the research hotspots in tumor molecular biology since it was first discovered more than 30 years ago as a cellular homolog of v-myc, which induces tumorigenesis in birds (Hsieh et al., 2015; Majello and Perini, 2015). In addition, the c-Myc is aberrantly overexpressed in over half of human cancers, such as breast cancer, osteosarcomas, liver cancer, and prostate cancer (Gabay et al., 2014). The expression of c-Myc is closely related to the occurrence and development of many kinds of tumors, including pancreatic cancer, but the role of c-Myc in bufalin-treated pancreatic cancer is yet to be clarified. Therefore, this study aimed to investigate the role of c-Myc in pancreatic cancer and its effect on bufalin-treated pancreatic cancer.



Materials and Methods


Reagents

Bufalin (98% purity as per the manufacturer, determined via high-performance liquid chromatography; CAS: 465-90-7, batch number: B24688-5mg) was purchased from Shanghai Yuanye Bio-Technology Co., Ltd. (Shanghai, China). The chemical structure is shown in Figure 2A.



Cell Lines and Cell Culture

Human pancreatic cancer cell lines BxPC3, SW1990, and PANC-1 were purchased from iCell Bioscience Inc (Shanghai, China). HS766T and colo357 cell lines were obtained from Shanghai Jining Shiye (Shanghai, China). PCI-35 cell was purchased from Hangzhou Young Eagle Biotechnology Co., Ltd (Hangzhou China). PANC-1, HS766T, and Colo357 cells were cultured in Dulbecco’s modified Eagle medium, while SW1990, BxPC3, and PCI-35 cells were grown in RPMI-1640 medium (HyClone Laboratories Inc., Waltham, Massachusetts, USA). All medium contained 10% fetal bovine serum (FBS, Zhejiang Tianhang Biotechnology Co., Ltd. Hangzhou, China), penicillin (100 U/ml), and streptomycin (100 µg/ml). Cells were maintained at 37°C in a humidified atmosphere of 5% CO2.



Cell Transfection

c-Myc siRNA and overexpression plasmid were purchased from Hangzhou Young Eagle Biotechnology Co., Ltd. The siRNA sequences were as follows: NC siRNA, forward: 5′-CGUACGCGGAAUACUUCGATT-3′; reverse: 5′-UCGAAGUAUUCCGCGUACGTT-3′; c-Myc RNA, forward: 5′-AACAGAAAUGUCCUGAGCAAUTT-3′; reverse: 5′-AUUGCUCAGGACAUUUCUGUUTT-3′. The cells were divided into blank, negative control (si-NC/pcDNA), and si-c-Myc/pcDNA-c-Myc. PANC-1 and SW1990 cell lines were used because c-Myc expression was the highest and lowest, respectively, in these cell lines. Cells (1×106/well) were seeded in 6-well plates and cultured at 50%–60% confluency. Transient transfection of cells was performed using lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) following the manufacturer’s protocol. The transfected RNA or DNA were dissolved in Opti-MEM and incubated with Lipofectamine-2000 at room temperature for 20 min to form a compound. Then, the solution was added into each well and incubated at 37°C for 48 h. c-Myc expression was detected via western blot and quantitative real-time polymerase chain reaction (qRT-PCR).



qRT-PCR

Total RNA was extracted using Trizol reagent (Sangon Biotech Co., Ltd. Shanghai, China). RNA purity and concentrations were detected via the spectrophotometric method (Thermo Scientific, Waltham, MA, USA). Total RNA was reverse transcribed into cDNA using a cDNA Reverse Transcription kit (CoWin Biosciences, Taizhou, Jiangsu, China) according to the manufacturer’s protocol. PCR was conducted using SYBR Green qPCR kit (CoWin Biosciences) and followed by amplification using LightCycler® 96 Real-Time PCR System (Roche Molecular Systems, Inc. Basle, Switzerland) at 95°C for 10 min, 95°C for 15 s, and 60°C for 60 s (40 cycles). The relative mRNA expression was calculated using the 2 −ΔΔCt method and normalized against β-actin. The primer sequences were: c-Myc, forward: 5′-GGCTCCTGGCAAAAGGTCA-3′; reverse: 5′-CTGCGTAGTTGTGCTGATGT-3′; β-actin, forward: 5′-TGAGCGCGGCTACAGCTT-3′; reverse: 5′-TCCTTAATGTCACGCACGATTT-3′.



Protein Extraction and Western Blot Analysis

The cells and tissue specimens were lysed with radioimmunoprecipitation assay buffer (Beyotime Institute of Biotechnology, Shanghai, China) containing phenylmethanesulfonyl fluoride (Beyotime) and a protease inhibitor (CoWin Biosciences). The protein concentration was determined using a bicinchoninic acid protein assay kit (Beijing Solarbio Science and Technology Co., Ltd. Beijing, China). Each sample with equal amounts of protein were separated using 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis. After running 1–2 h under 120V, the protein was transferred onto a polyvinylidene difluoride membrane. Next, the membranes were blocked with 5% not-fat milk for 1 h at room temperature and incubated with primary antibodies c-Myc, HIF-1α, CXCR4, SDF-1, vimentin, E-cadherin, and β-actin overnight at 4°C (Affinity Biosciences). Subsequently, the membranes were washed 3 times with tris-buffered saline and Tween-20 and incubated with a horseradish peroxidase-conjugated goat anti-rabbit or anti-mouse secondary antibody (Cell Signaling Technology, Beverly, MA, USA). Finally, the membranes were treated with a chemiluminescence reagent and exposed to X-ray. The band intensities were quantified using image J software (National Institutes of Health, Bethesda, MD, USA). Relative protein expression was quantified using control protein β-actin.



Cell Viability Assay

Cell viability was measured using Cell Counting Kit-8 (CCK-8; MedChemExpress LLC, USA). Cells were seeded into 96-well plates and incubated for 24 h. Bufalin was diluted to a final concentration of 80 nmol/L in dimethyl sulfoxide (DMSO). Cells treated with only DMSO (0.1%) served as control. The experiment was carried out according to the above groups. After 24-h treatment, 10 μl CCK-8 solution was added to each well, and the cells were incubated for 0.5–2 h at 37°C. The absorbance was measured at 450 nm using a microplate reader (SpectiaMax, Molecular Devices, USA). All of the experiments were repeated at least three times. The cell viability percentage was calculated by comparison of the treatment OD to that of the control.



Flow Cytometry and Cell Cycle Analysis

Cells were incubated with DMSO and bufalin as the above groups for 24 h. Then, the cells were collected and fixed with cold 70% ethanol at -20°C overnight. After centrifugation, the fixed cells were washed twice with phosphate-buffered saline (PBS) resuspended with PBS containing 100 μg/ml RNase and 5 μg/ml propidium iodide, and incubated for 30 min at room temperature in the dark. Then, the cells were analyzed using FACS Accuri C6 flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA), with an analysis software determining the percentage of cells during the different phases of the cell cycle.



Cell Apoptosis Analysis

Cell apoptosis was analyzed using Annexin V-FITC/PI Apoptosis Detection Kit (CoWin Biosciences) according to the manufacturer’s instruction. Briefly, after treatment with DMSO and bufalin (24 h), the cells were collected and washed twice with PBS, and resuspended with annexin V binding buffer. Then, cells were stained with 5 μl annexin V/FITC and 10 μl 20 μg/ml propidium iodide (PI) for 15 min in the dark at room temperature. The stained cells were analyzed using FACS Accuri C6 (BD Biosciences).



Transwell Assay

Cell invasion assay was performed using Transwell chambers (Corning, NY, USA) coated with Matrigel (BD Biosciences). Cells were treated with bufalin as above groups for 24 h. Transwell chambers were placed in the 24-well plates. Cells (5×104) in serum-free medium were placed into the upper chamber coated with Matrigel, and medium containing 10% FBS was added to the lower chamber. After 24 hours of incubation at 37°C, the non-invasive cells were washed, and cells that had invaded through the membrane were fixed and stained with methanol and crystal violet. Then, the cells were counted and imaged using an inverted microscope (Nikon, Tokyo, Japan).



Wound Healing Assay

Cell migration was measured via cell scratch test. Cells were seeded on 6-well plates and cultured to a confluent monolayer. Then, the scratches were performed using a pipette tip (200 µl), and the scraped cells were washed thrice with PBS. The cells were treated according to the above groups and continued to be cultured and replaced with serum-free medium. The scratch distance was detected and photographed after 0 h and 24 h. The percentage of cell migration was calculated in the pictures using image J software (National Institutes of Health).



Animal Models and Experiments

We purchased 4-week-old male athymic BALB/c nude mice from the SLAC Laboratory Animals Co. Ltd. (Shanghai, China) and maintained in the Zhejiang Chinese Medical University Laboratory Animal Research Center. SW1990/PANC-1-1 cells (1×106) in 0.2 ml PBS were injected in the 24 mice and allowed to grow for 7 days to reach a tumor size of more than 50 mm3. Then, the mice injected with different cells were randomly divided into the control group, the positive group (cisplatin, diaminedichloroplatinum [DDP]), and the bufalin group, with eight mice per group. Mice in the control group were injected intra-peritoneally (i.p.) with normal saline, while those in the treatment group were injected i.p. with DDP and bufalin at a dosage of 2 mg/kg per day for 14 days. The tumor volume was measured twice weekly. At the end of the experiments, the mice were sacrificed, and the tumor were dissected to measure the volume ((length × width2) × 0.5). Then, the tumor tissues were cut into slices for further pathological experiment.

The animal protocol experiment was approved by the Ethics Committee of Zhejiang Chinese Medical University. All applicable international, national, and/or institutional guidelines for the care and use of animals were followed.



Hematoxylin-Eosin (HE) Staining

HE staining was used to evaluate the effect of bufalin on the pathological changes of pancreatic cancer in mice. Deparaffinized and rehydrated tumor tissue sections were stained with hematoxylin (Wuhan Servicebio Technology Co., Ltd. Wuhan, China) for 5 min and rinsed with running water. Then, the sections were differentiated using hydrochloric acid ethanol for 30 s and socked in tap water for 15 min. Next, the sections were stained with eosin (Zhuhai Beso Biotechnology Co., Ltd. Zhuhai, Guangdong, China) for 2 min, rinsed with water, and dehydrated for transparency. The pathological changes were examined and photographed using an optical microscope.



Terminal Deoxynucleotidyl Transferase-Mediated dUTP Nick-End Labeling (TUNEL) Assay

The TUNEL assay was used to evaluate cell apoptosis. Briefly, after xylene dewaxing and gradient ethanol dehydration, the TUNEL assay was performed according to the instructions in the apoptosis detection kit (Beyotime). Apoptotic cells are stained brown. The result was photographed using an optical microscope and analyzed by image J software.



Statistical Analysis

Data were expressed as mean ± standard deviation. The results were analyzed using student’s t test or one-way ANOVA. All statistical analyses were carried out using SPSS 19.0 software (SPSS Inc., Chicago, IL, USA), and results were presented with Graph Prism 8.0 software (GraphPad Software, Inc., La Jolla, CA, USA). P < 0.05 was considered as statistically significant.




Results


Construction of the Cell Lines With Different c-Myc Expression

qRT-PCR and western blot analysis showed that c-Myc was expressed in Colo357, HS76T, PANC-1, BxPC3, SW1990, and PCI-35 pancreatic cells (Figures 1A, B), with the highest and lowest expression in PANC-1 and SW1990 cells, respectively. Thus, PANC-1 and SW1990 cells were selected for further experiments. To evaluate the role of c-Myc in pancreatic cancer cells, siRNA targeting c-Myc (si-c-Myc) and siRNA negative control (si-NC) were transfected into PANC-1 cells, and the c-Myc overexpression vector (pcDNA-c-Myc) and empty vector (pcDNA) were transfected into SW1990 cells. Compared with the control, c-Myc expression in PANC-1 cells was reduced significantly after transfection with si-c-Myc (P < 0.01; Figures 1C, D). Similarly, c-Myc expression in SW1990 cells transfected with pcDNA-c-Myc was significantly increased, compared with the control (P < 0.01; Figures 1E, F). The results suggested that the cell line model with different c-Myc expression was successfully constructed.




Figure 1 | Construction of the cell lines with different c-Myc expression. The expression of c-Myc in human pancreatic cancer cells (Colo357, HS766T, PANC-1, BxPC3, SW1990, PIC-35) was detected via (A) Quantitative real-time polymerase chain reaction (qRT-PCR) and (B) western blot (n = 3). The expression of c-Myc in PANC-1 cells transfected with si-c-Myc or siRNA negative control was detected via (C) qRT-PCR and (D) western blot (**p < 0.01 vs control, n = 3). The expression of c-Myc in SW1990 cells transfected with pcDNA-c-Myc or empty vector pcDNA was detected via (E) qRT-PCR and (F) western blot (**p < 0.01 vs control, n = 3).





Downregulation of c-Myc Expression Enhanced the Inhibition Effect of Bufalin on Cell Proliferation in Pancreatic Cancer Cells

As shown in Figure 2B, bufalin inhibits the cell viability of PANC-1 and SW1990 cells, compared with the control. To determine the underlying role of c-Myc in bufalin-mediated inhibition of cell proliferation, we evaluated the effects of bufalin on pancreatic cancer cells after knockdown and overexpression of c-Myc. The results of CCK-8 assay revealed that decreased expression of c-Myc could inhibit PANC-1 cell growth, while its overexpression could increase cell proliferation, when compared with the control (P < 0.05; Figure 2B). This result indicated that c-Myc expression is critical for the proliferation of pancreatic cancer cells.




Figure 2 | Downregulation of c-Myc enhanced the inhibition effect of bufalin on cell proliferation and cell cycle in pancreatic cancer cells. PANC-1 and SW1990 cells were transfected with si-c-Myc and pcDNA-c-Myc, respectively. Cells were treated with dimethyl sulfoxide (DMSO) or bufalin (80 nmol/L) for 24 h. (A) The structure of bufalin. (B) The viability of PANC-1 and SW1990 cells were detected via CCK-8 assay (*p < 0.05, **p < 0.01 vs control, n = 3). (C) Cell cycle distribution was analyzed via flow cytometry. (D) Statistical histograms of cells in the G1/G0, S, and G2/M phases of the cell cycle (*p < 0.05, **p < 0.01 vs control, ▲▲p < 0.01 vs bufalin treatment group, n = 3).





Downregulation of c-Myc Expression Enhanced the Effect of Bufalin on Cell Cycle Arrest in Pancreatic Cancer Cells

In our previous study, we have reported that bufalin inhibits pancreatic cancer cell growth by inducing cell cycle arrest at the S phase (Liu et al., 2016). Here, we analyzed the effect of c-Myc on the cell cycle in bufalin-treated pancreatic cancer cells. Flow cytometry analysis showed that compared with the bufalin only treatment group without c-Myc knockdown, cell cycle arrest at the S phase was enhanced in the bufalin-incubated group with c-Myc knockdown (P < 0.01; Figures 2C, D). The results revealed that downregulation of c-Myc could enhance the effect of bufalin on arresting cell cycle at S phase.



Downregulation of c-Myc Enhanced Bufalin-Induced Apoptosis of Pancreatic Cancer Cells

As shown in Figures 3A, B, bufalin increased cell apoptosis in PANC-1 and SW1990 pancreatic cells. Our analysis of the influence of c-Myc on pancreatic cell apoptosis and its role in bufalin-induced cell apoptosis showed that decreased c-Myc expression could increase apoptosis in PANC-1 pancreatic cells (P < 0.01). Furthermore, in PANC-1 pancreatic cells, bufalin-induced apoptosis was significantly enhanced in the bufalin-incubated group with c-Myc knockdown compared with the bufalin treatment only group without c-Myc knockdown (P < 0.01). Similarly, bufalin-induced SW1990 cell apoptosis was significantly decreased in the bufalin-incubated group with c-Myc overexpression group compared with the bufalin only treatment group without c-Myc overexpression (P < 0.01). These results indicated that c-Myc inhibits pancreatic cell apoptosis, and its downregulation enhanced bufalin-induced apoptosis of pancreatic cancer cells.




Figure 3 | Downregulation of c-Myc enhanced bufalin-induced apoptosis of pancreatic cancer cells. Cells were treated with dimethyl sulfoxide (DMSO) or bufalin (80 nmol/L) for 24 h. (A) The apoptosis rate of PANC-1 and SW1990 cells was measured via flow cytometry. (B) Statistical histograms of the apoptosis rate of PANC-1 and SW1990 cells (**p < 0.01 vs control, ▲▲p < 0.01 vs bufalin treatment group, n = 3).





Downregulation of c-Myc Enhanced Bufalin-Induced Suppression of Pancreatic Cancer Cell Invasion and Migration

The results of Transwell and wound healing assays showed that PANC-1 and SW1990 cell invasion and migration were significantly inhibited in the bufalin treatment group compared with the control group (Figures 4A, B; Figures 5A, B). The Transwell assay also demonstrated that c-Myc overexpression promoted SW1990 cell invasion compared with the control group (P < 0.05; Figures 4A, B), and c-Myc overexpression increased the number of invasive cells after bufalin incubation compared with bufalin only treatment (P < 0.05; Figures 4A, B). Wound healing assay revealed that the migration distance of c-Myc overexpression SW1990 cells was longer compared with that in the control group (P < 0.05; Figures 5A, B), and the distance was decreased after incubation with bufalin for 24 h compared with bufalin treatment only (P < 0.05; Figures 5A, B). Western blot assay to evaluate the effect of bufalin and c-Myc expression on epithelial-mesenchymal transition (EMT) markers, including vimentin and E-cadherin protein, showed that bufalin increased the expression of E-cadherin and decreased the expression of vimentin in pancreatic cells, indicating that bufalin could inhibit EMT, and downregulation of c-Myc expression enhanced this effect (Figures 6A–C). By contrast, c-Myc overexpression induced the opposite effect (Figures 6A, C). These results indicated that c-Myc promoted the invasion and migration of pancreatic cells, and c-Myc knockdown could enhance the effect of bufalin on EMT.




Figure 4 | Downregulation of c-Myc enhanced the suppression effect of bufalin on pancreatic cancer cell invasion. Cells were treated with dimethyl sulfoxide (DMSO) or bufalin (80 nmol/L) for 24 h. (A) The invasive capacity of PANC-1 and SW1990 cells was measured via Transwell assay (magnification, ×200). (B) Statistical histograms of the invasive cells per field (*p < 0.05, **p < 0.01 vs control, ▲p < 0.05 vs bufalin treatment group, n = 3).






Figure 5 | Downregulation of c-Myc enhanced the suppression effect of bufalin on pancreatic cancer cell migration. The scratches were performed after the cells were cultured in a confluent monolayer. Cells were treated with dimethyl sulfoxide (DMSO) or bufalin (80 nmol/L). The scratch distance was detected and photographed after 0 h and 24 h. (A) The migration capacity of PANC-1 and SW1990 cells was measured via wound healing assay (magnification, ×40). (B) Statistical histograms of the gap distances (*p < 0.05, **p < 0.01 vs control, ▲p < 0.05 vs bufalin treatment group, n = 3).






Figure 6 | Downregulation of c-Myc enhanced the antitumor effect of bufalin in pancreatic cancer cells through the HIF-1α/SDF-1/CXCR4 pathway. (A) The protein expression of c-Myc, vimentin, E-cadherin, HIF-1α, CXCR4, and SDF-1 in PANC-1 and SW1990 pancreatic cancer cells under different treatments was detected via western blot. (B) Quantification results of protein expressions of c-Myc, vimentin, E-cadherin, HIF-1α, CXCR4, and SDF-1 in PANC-1 pancreatic cancer cells. (C) Quantification results of protein expression of c-Myc, vimentin, E-cadherin, HIF-1α, CXCR4, and SDF-1 in SW1990 pancreatic cancer cells (*p < 0.05, **p < 0.01 vs control, ▲p < 0.05, ▲▲p < 0.01 vs bufalin treatment group, n = 3).





Downregulation of c-Myc Regulated the HIF-1α/SDF-1/CXCR4 Pathway to Enhance the Antitumor Effect of Bufalin in Pancreatic Cancer Cells

Previous studies have shown SDF-1/CXCR4 signaling induces pancreatic cancer cell invasion and EMT (Li et al., 2012). Thus, we then investigated the molecular mechanism by which c-Myc enhances the effect of bufalin in pancreatic cancer cells. We examined the role of HIF-1α, CXCR4, and SDF-1 protein in c-Myc regulation in pancreatic cancer cells. As shown in Figures 6A, B, c-Myc knockdown in PANC-1 cells resulted in significantly decreased expression of HIF-1α, CXCR4, and SDF-1 compared with the control (P < 0.05), and the effect was increased when combined with bufalin treatment (P < 0.05 or P < 0.01). These results were further verified via c-Myc overexpression (Figures 6A, C). Collectively, these results suggested that c-Myc regulated the HIF-1α/SDF-1/CXCR4 pathway in pancreatic cancer cells to enhance the antitumor effect of bufalin.



Bufalin Inhibited Tumor Growth in Nude Mice Through the HIF-1α/SDF-1/CXCR4 Pathway

As shown previously, bufalin inhibits the proliferation, invasion, and migration of pancreatic cancer cells in vitro. Thus, we validated the effect of bufalin on the cancer cell growth through tumor-forming experiments in nude mice. Tumor volume was significantly inhibited in the bufalin treatment group compared with the control group (P < 0.01; Figures 7A, B). HE staining showed that the tumor cells in the control group displayed active growth and obvious mitotic phase, while the tumor tissue of bufalin treatment groups showed large areas of necrosis and inflammatory exudation compared with the control group (Figure 7C). TUNEL staining assays revealed that the number of apoptotic cells increased in the DDP and bufalin group compared with the control group (Figures 7C, D). Western blot analysis of the expression of EMT-associated proteins and HIF-1α/SDF-1/CXCR4 of pancreatic cancer tissues revealed that bufalin significantly downregulated vimentin but upregulated E-cadherin in PANC-1 cells. Further, bufalin significantly inhibited the expression of c-Myc and HIF-1α/SDF-1/CXCR4 (P < 0.05 or P < 0.01; Figures 7E–G), which was consistent with the results in vitro. These results support that bufalin inhibits the growth of pancreatic cancer cells by downregulating the HIF-1α/SDF-1/CXCR4 pathway, which was regulated by c-Myc.




Figure 7 | Bufalin inhibited tumor growth in nude mice by regulating the HIF-1α/SDF-1/CXCR4 pathway. The nude mice were injected with PANC-1 and SW1990 cells, respectively, and grew for 7 days. Xenograft tumor masses were harvested after 14 days following administration of bufalin or diaminedichloroplatinum (DDP), with the group treated with normal saline set as control. (A) The tumor size was assessed via caliper measurement. (B) Statistical histograms showing tumor size (**p < 0.01 vs control, n = 3). (C) The tumor tissues were cut into slices and subjected to 2.12 hematoxylin-eosin (HE) and TUNEL assays. HE staining showed the pathological changes of the pancreatic cells in mice (magnification, ×400). TUNEL assay showed the apoptosis of the pancreatic cells in mice (magnification, ×400). (D) Statistical histograms of the apoptotic cells. Image J was used to analyze the relative IOD value of apoptotic cells. (*p < 0.05, **p < 0.01 vs control, n = 3). (E) The protein expression of c-Myc, vimentin, E-cadherin, HIF-1α, CXCR4, and SDF-1 in PANC-1 and SW1990 pancreatic cancer tissues in the control, DDP, and bufalin treatment groups was detected via western blot. (F) Quantification results of protein expression of c-Myc, vimentin, E-cadherin, HIF-1α, CXCR4, and SDF-1 in PANC-1 pancreatic cancer tissues. (G) Quantification results of protein expression of c-Myc, vimentin, E-cadherin, HIF-1α, CXCR4, and SDF-1 in SW1990 pancreatic cancer tissues (*p < 0.05, **p < 0.01 vs control, n = 3).






Discussion

Pancreatic cancer is one of the most lethal cancers worldwide because it is highly invasive and metastatic. The GLOBOCAN 2012 report shows that pancreatic cancer causes more than 331,000 deaths annually (Ferlay et al., 2015). Surgical resection is currently the only curative treatment modality for pancreatic cancer, but most patients are ineligible as they already have metastasis during initial diagnosis. Further, the tumor resistance to chemotherapy and limited knowledge of the underlying mechanisms that cause the malignance of this cancer make the treatment of pancreatic patients a challenge. Bufalin, as a traditional Chinese medicine, has been demonstrated to inhibit cancer cell proliferation by inducing apoptosis and cell cycle arrest in many cancers (Takai et al., 2012; Yin et al., 2012) and also few works have been reported that bufalin could suppress the invasion and migration of cancer cells (Qiu et al., 2013; Wang et al., 2018). In our previous study, we showed that bufalin inhibits the proliferation of pancreatic cancer cells by inducing apoptosis and cell cycle arrest at S phase and the possible mechanisms for this effect might be bufalin inhibits the transcriptional activity and decreases the expression of c-Myc. Therefore, we performed the further mechanism study in present study, and the results showed that downregulation of c-Myc enhanced the antitumor activity of bufalin on pancreatic cancer cells by suppressing the HIF-1α/SDF-1/CXCR4 pathway.

c-Myc, as a transcriptional factor, activates many genes that are involved in cellular processes, including cell growth, differentiation, apoptosis, metabolism, angiogenesis and transformation (Li et al., 2012). The role of c-Myc in tumor growth and inhibition of tumor progression are being studied extensively. Some studies have shown elevated expression of c-MYC oncogene or its protein product c-Myc in pancreatic cancer (Gabay et al., 2014; La Rosa et al., 2018). Other studies showed that c-Myc was deregulated in pancreatic cancer, and only cytoplasmic c-Myc expression was an independent prognostic biomarker of pancreatic cancer (He et al., 2014; Kalkat et al., 2017). In addition, c-Myc overexpression was considered to be closely related to the tumor-node-metastasis stage, tumor size, and poor prognosis of pancreatic cancer (He et al., 2015). He et al. reported that expression of c-Myc and Fas played an important role in perineural invasion of pancreatic cancer (He et al., 2012). Thus, in this case, we also investigated the role of c-Myc in pancreatic cancer cells. Our results showed that c-Myc knockdown could inhibit the proliferation, invasion, and migration of pancreatic cancer cells, and induce EMT with the upregulation of E-cadherin and downregulation of vimentin. EMT is simply defined as the phenotypic transition from an epithelial to a mesenchymal state with increased cell migration and invasion. Several studies have demonstrated that the invasiveness of pancreatic cancer correlates with the EMT (Wang et al., 2017). Further, increasing evidence has shown that the EMT played a key role in tumor metastasis (Rhim et al., 2012; Zheng et al., 2015). c-Myc overexpression caused the opposite results. These results indicate that c-Myc plays an important role in the process of pancreatic tumorigenesis and invasion. Therefore, c-Myc may be considered a useful biomarker for metastasis of pancreatic cancer.

Bufalin inhibits metastasis in different cancer types, including liver and lung cancer (Wu et al., 2015; Wang et al., 2016). An important strategy in cancer treatment is to prevent or reduce the metastasis of cancer cells. However, few studies have investigated the mechanism of bufalin-inhibited migration and invasion in human pancreatic cancer cells. Therefore, we investigated the effect of bufalin on invasion, migration, and EMT-related protein in pancreatic cancer cells along with c-Myc siRNA and c-Myc pcDNA3.1. Our results demonstrated that c-Myc downregulation enhanced the inhibition effect of bufalin on the invasion and migration in pancreatic cancer cells. Furthermore, bufalin significantly downregulated the mesenchymal marker vimentin and upregulated the epithelial marker E-cadherin in vivo and in vitro. Moreover, c-Myc downregulation improved the inhibition effect of bufalin on EMT. These results provide evidence on the feasibility of combination of anti-c-Myc and bufalin in the treatment of pancreatic cancer.

HIF-1α, a signal transcription factor, plays an important role in tumorigenesis, development, invasion, metastasis, and apoptosis (Semenza, 2003). It was reported that bufalin suppressed hepatocellular carcinoma invasion and metastasis by targeting HIF-1α (Wang et al., 2016). SDF-1 is a member of the CXC chemokine family and is a ligand for CXCR4 (Koshiba et al., 2000). Increasing evidence showed that SDF-1/CXCR4 signaling was correlated to cancer (Gao et al., 2010). Further, previous studies have demonstrated that CXCR4 was highly expressed in pancreatic cancer, and the elevated levels of SDF-1 and CXCR4 were associated with poor prognosis (Wehler et al., 2006; Liang et al., 2010). Recent studies have verified that SDF-1/CXCR4 signaling could induce pancreatic cancer cell invasion and EMT in vitro (Li et al., 2012). Our results revealed that bufalin inhibited the expression of HIF-1α/SDF-1/CXCR4 in vitro and in vivo. Further, c-Myc knockdown decreased the expression of HIF-1α/SDF-1/CXCR4 and enhanced the antitumor effect of bufalin in pancreatic cancer cells. Conversely, c-Myc overexpression upregulated the expression of HIF-1α/SDF-1/CXCR4 and impaired the effect of bufalin. These results suggested that the HIF-1α/SDF-1/CXCR4 signaling pathway might be a promising therapeutic target to prevent pancreatic cancer progression.

In conclusion, our study showed that c-Myc could promote the development of pancreatic cancer, and c-Myc downregulation could synergistically enhance the antitumor activity of bufalin by downregulating the HIF-1α/SDF-1/CXCR4 pathway. This study provides a theoretical support for using bufalin combined with anti-c-Myc in the treatment of pancreatic cancer and expanding the application of bufalin in clinical practice. Moreover, the HIF-1α/SDF-1/CXCR4 signaling pathway may be a potential therapeutic target for pancreatic cancer.
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Traditional Chinese medicine is an accepted and integral part of clinical cancer management alongside Western medicine in China. However, historically TCM physicians were unaware of the chemical constituents of their formulations, and the specific biological targets in the body. Through HPLC, flow cytometry, and other processes, researchers now have a much clearer picture of how herbal medicine works in conjunction with the immune system in cancer therapy. Among them, the regulation of tumor-related T cells plays the most important role in modulating tumor immunity by traditional Chinese medicine. Encouraging results have been well-documented, including an increase in T cell production along with their associated cytokines, enhanced regulation of Tregs and important T cell ratios, the formation and function of Tregs in tumor microenvironments, and the promotion of the number and function of normal T Cells to reduce conventional cancer therapy side effects. Chinese herbal medicine represents a rich field of research from which to draw further inspiration for future studies. While promising agents have already been identified, the vast majority of Chinese herbal mechanisms remain undiscovered. In this review, we summarize the effects and mechanisms of specific Chinese herbs and herbal decoctions on tumor related T cells.
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Introduction

Traditional Chinese medicine (TCM) has utilized herbs and herbal extracts to treat a variety of diseases and disorders for over 2000 years. Among these diseases, Chinese doctors have treated masses and tumors through the prescription of various herbs and formulations to reduce symptoms describing the etiology of cancer. As cancer is one of the leading causes of death in China (He J. et al., 2005), significant resources have been devoted to study the effects of TCM alongside Western medical treatments. Clinical and preclinical trials have demonstrated the efficacy of Chinese medicinal herbs as adjuvant treatments by enhancing the effects of conventional cancer therapies, reducing toxicity, and improving quality of life factors (Nie et al., 2016; Xiang et al., 2019).

Cancer was first described during the Shang dynasty (6th –11th century BC) where it was described as liú, tumor, or lump (Liu et al., 2015; Xiao, 2018). Clinical manifestations were described in medical literature as early as 400 BC with further elucidation by Wei Ji Bao Shu in 1170 AD, and Yang S.Y. in 1264 AD (Hu et al., 2012; Li et al., 2013). But, it is in the classic text, the Huang Di Nei Jing (HDNJ) or Yellow Emperor’s Inner Classic, circa 250 BC, that the full clinical picture of cancer is presented.

Today, TCM is an accepted and important part of cancer treatment alongside Western medicine in China and is gaining acceptance in the United States. (Liu et al., 2015; Ling et al., 2018; Wang Q. et al., 2017; Xiang et al., 2019). Complementary medicine has increased 30% in National Cancer Institute (NCI) designated cancer centers, and acupuncture is represented in 73% of those centers, herbal medicine in 66.7% (Yun et al., 2017). Chinese herbs are typically used as an adjuvant therapy, and research suggests the alleviation of clinical symptoms, such as pain, and prolonged survival time of post-operational, and advanced stage cancer patients (Zhang et al., 2017).

Within TCM, treatment methods are inextricably linked to pattern-differentiation (BIAN ZHENG). This differential diagnosis is based on four distinct examination methods—observation, palpation (Chinese pulse methods), interrogation, hearing, and smelling. These diagnoses are dependent upon the clinician’s subjective judgement and clinical experience, which can induce considerable variability in clinical trials and evidence-based research (Hsiao and Liu, 2010). Further, a western diagnosis of cancer may present as a variety of TCM patterns for which the clinician might devise a treatment plan (Ferreira and Lopes, 2011; Jiang et al., 2012). As such, TCM treatments are very specific and the emphasis is on individual therapy (Hsiao and Liu, 2010).

TCM practitioners may consult with a patient’s oncologist in devising a treatment plan; however, the TCM strategy may also be conceived completely outside the biomedical treatment program as TCM practitioners in the United States most often work in private practice, removed from institutional settings (NCCAOM.org). A typical TCM treatment would involve the aforementioned differential diagnosis, followed by an acupuncture protocol involving one or more needles designed to strengthen the patient’s immune system, alleviate current side effects resulting from chemo or radio therapy, and in some cases, reduce masses (Lu et al., 2008). The specific acu-points used would be determined by traditional functions and indications as indicated in classical texts such as the Zhenjiu Da Cheng and the Huangdi Neijing Ling Shu. The practitioner would then determine if an herbal formula is suited to the patient’s diagnosis. Once again, the formula chosen would be based on differential diagnosis and classical Chinese medicine texts such as the Shang Han Lun and Jin Gui Yao Lue. In some cases, TCM practitioners may have advanced training through a doctoral program or specialty centers, such as Memorial Sloan Kettering’s Cancer Center, from which they may have additional sources for choosing treatment protocols (mskcc.org).

As this review will demonstrate, several classical treatment methods, such as QUXIE, HUOXUE TONGLUO, and QINGRE, are widely used alongside FUZHENG in TCM herbal medicine and cancer treatment. As shown in Figure 1, in addition to directly inhibiting tumor proliferation and metastasis, all of these methods have an impact on the immune environment of tumor patients, especially the distribution and function of T lymphocytes, and each method has its own characteristics and emphases. Simply speaking, they are aimed at different subgroups of T cells with different mechanisms of action. Herbal treatments, dietary therapy, acupuncture, and moxibustion have long been the standard form of treatment in Chinese medical literature, and represent a rich resource for future investigation.




Figure 1 | The role of seven traditional Chinese medicine (TCM) herbal methods in T cell regulation and tumor progression. Cyto T, cytotoxic T cell; Memory T, Memory T cell Tm; NKs, Natural Killer cells; Pro T, T lineage progenitor; Tc or cytotoxic T lymphocyte; Ths, helper T cell; Tregs, regulatory T cell.





Methods

An extensive search was undertaken in PubMed/MEDLINE, ScienceDirect, Ovid, PLoS, and Google using the keyword search terms TCM, Chinese herbs, T cells, tumor regulation, and cancer along with specific T cell descriptors, and both individual Chinese herbs and formulas. We selected and reviewed all relevant studies, both in vivo and in vitro, that analyzed the relationships of various Chinese formulas, herbs, and their constituents with T cells and cancer therapy over the last 25 years (1994–2019).



Tumor Related T Cells and Their Role in Tumor Progression

Also called thymocytes (reflecting their development in the thymus), T cells or T lymphocytes are developed from hematopoietic stem cells in the bone marrow. They help protect the body from infection and help fight cancer (cancer.gov). A type of white blood cell, they search the body for cells displaying antigens either from infectious organisms or antigens arising from tumor cell mutations known as neoantigens. When the T-cell receptor (TCR) of a cytotoxic T cell recognizes and binds to an antigen, the T cell kills the cell displaying that antigen (Sarkizova and Hacohen, 2017).

Normally, the body recognizes and destroys cancer cells via the innate and acquired immune system, and their relative immune effector cells via the process of immunosurveillance (Figure 2). However, cancer cells may evade such immunosurveillance through immunoselection and immunosubversion. Block and Markovic (2009) suggest that multiple factors may disrupt normal immune function including production of cell surface molecules, cytokines, and growth factors by tumors in order to promote their own progression (Ha, 2009). Tumor clones, which may be more evasive to immune detection, emerge in a process called immunoediting propelled by the selective pressures of immunosurveillance (Gross et al., 2013).




Figure 2 | T Cell Subsets and their role in Tumor Inhibition and Progression. IFN-γ, Interferon- γ; IL-2, Interleukin-2; IL-4, Interleukin-4; IL6, Interleukin-6; IL-10, Interleukin-10; NK cell, natural killer cells; Pro T, T lineage progenitor; Th1, T helper cell 1; Th2, helper T cell 2; Th17, helper cell type 17; TNF- β, Tumor necrosis factor- β; Tregs, regulatory T cell.



As cancer develops in the human body the number of normal T cells decreases, along with B cells and natural killer (NK) cells (Noguchi et al., 2014). Further, the specific ratios between Th1 and Th2, CD4+ and CD8+, and Th17 and regulatory T Cells (Tregs) are essential in a healthy system, but as cancer develops, these ratios are dysregulated. While previous anti-genetic experience is essential in developing the body’s T cell sensitivity, additional factors such as patient and tumor genetics, and the microbiome all play essential roles as well (Lanitis et al., 2017). As the immune system continuously interacts with tumors it is essential to understand these mechanisms in developing cancer therapies.


Pro-T Cells, Cytotoxic T Cells, and Effector T Cells

Pro-T cells or CD3+ cells help to activate cytotoxic T cells (CD8+ naive T cells) and T helper cells (CD4+ naive T cells). These cells are required for T cell activation, and are frequent targets of drug development. CD8+ T cells (cytotoxic T cells) are T lymphocytes that have the ability to recognize and kill cancer cells directly. Many studies, as outlined below, have identified Chinese herbs and formulations that promote CD8+ function and infiltration. Furthermore, effector T cells respond to stimulus, acting locally at sites of infection to either kill infected cells or to help other cells eliminate pathogens (Molecular Biology, 2002), and are also identified as targets for TCM herbal therapy.



T Helper Cells

CD4+ T cells (T helper cells) assist white blood cells in eliminating pathogens as a part of our acquired or adaptive immune system. These cells activate cytotoxic T cells and macrophages, and aid the maturation of B cells into both plasma cells and memory cells. T helper cells suppress and regulate the immune response by secreting cytokines during the immune response and may differentiate into Th1, Th2, Th17, and others.

Th1cells are responsible for activating and regulating the development of cytotoxic T cells (CTL). They regulate the production of cytokines IFN-γ and TNF-α, and activate antigen-presenting cells (APC). The release of cytokines from Th1cells activates death receptors on tumor cell surfaces leading to their destruction (Knutson and Disis, 2005). Th1 cytokines also include IL-1, IL-2, and IL-12. Further, Th1 cells induce secretion of IL-1β and IL-6 in antigen-presenting macrophages, and this collaboration leads to cancer cell death (Haabeth et al., 2011).

Th2 cells are essential in facilitating protective type 2 immune responses (producing cytokines IL-4, IL-5, and IL-13), such as those that target parasites and facilitate tissue repair. However, they also contribute to chronic inflammatory diseases, such as asthma and allergies. Their anti-tumor effects and contributions to tumor growth remain one of the more challenging mechanisms within immunotherapy, and studies often focus on the ratio between Th1 and Th2. Factors secreted byTh2 such asIL-4, IL-10, and TGF-β play suppressive roles in tumor immune microenvironment, and promote tumor recurrence and metastasis (Guo et al., 2014).

Th17cells protect the body against pathogens as a part of the acquired or adaptive immunity. In murine studies Th17cells mediate the regression of tumors (Martin-Orozco et al., 2009). However, they were also shown to promote the formation of tumors when induced by colonic inflammation (Wu et al., 2009). The mechanisms by which Th17 cells contribute to tumor progression are not clear despite being identified in a wide variety of human tumors including ovarian, gastric, prostate, renal, and pancreatic cancers (Kim and Cantor, 2014). Studies of Th17 are primarily concerned with inflammatory diseases, and autoimmune disorders. Nonetheless, the results may help us understand how the regulatory effects of Chinese herbs may be useful in immunotherapy.



CD4+CD8+ Cells and Memory T Cells

CD4+CD8+ cells are double positive T cells that express both CD4 and CD8 co-receptors. Memory T cells (TM, CD4+/CD44+) are T cells that have had interaction with specific antigens or cancer, and are able to mount a strong and rapid response to the pathogen or cancer.



Regulatory T Cells

Regulatory T cells (Tregs) play an important role in regulating the immune system, preventing autoimmunity, and moderating inflammation. However, they also play a significant role in the development and progression of cancer via the suppression of tumor-specific immunity. As Tregs secrete a variety of immunosuppressive cytokines, it is essential to investigate strategies that reduce their regulatory influences while enhancing anti-tumor immunity (Ha, 2009). It has been shown that regulation of Treg cells can increase immune protection from tumor-associated antigens that are expressed as self-antigens (Kosmaczewska et al., 2008). Treg cells are characterized by CD25 and Foxp3 mRNA, a protein involved in immune responses, and the development of Treg cells.



Natural Killer Cells

Natural Killer cells (NK) are cytotoxic lymphocytes (white blood cells) that behave like cytotoxic T cells. However, they do not require antibodies or MHC to respond to harmful cells. NK cells, also known as CD56+, play a major role in detecting and controlling early signs of tumors, and in killing virally infected cells (immunology.org). NK cells also produce interferon-γ, which activates M1 and Th1 immune responses, thus indirectly increasing cytotoxicity of cancer cells (Gross et al., 2013).




Regulating Effects of Traditional Chinese Medicine on Tumor Related T cells

The regulatory effects of Chinese herbal medicines on the immune system of tumor-bearing organisms is commonly accepted. As shown in Table 1, Chinese herbs and formulas can play an important auxiliary role in the treatment of tumors by affecting many kinds of T cells, including Pro-T cells, Tregs, T helper cells, Cytotoxic T cells, and NK cells. The targeted T cells and the mechanism of change often reflect the characteristics of specific TCM treatment methods.


Table 1 | The effects of Traditional Chinese herbal medicine on tumor related T cells.




FUZHENG Combined with QUXIE

FUZHENG (扶正) therapy was developed in modern China, and utilizes herbal formulations to protect and enhance the immune system from the damage exerted by conventional therapies such as chemotherapy and radiation on patients. Though similar in concept to classical Chinese medicine tonification formulas (BUFA), it is the addition of herbs to eliminate pathogens (QUXIE) that often makes them unique in their category. The primary strategy of FUZHENG formulas combined with QUXIE (eliminating pathogens) is the positive regulation of overall immunity through the promotion of normal T lymphocyte and macrophage function, and inhibition of tumor immunosuppressive T cells such as Tregs. As FUZHENG formulas are a modern creation utilizing Chinese herbs and formulas, there is no historical record of these formulas. The formula FUZHENG QINGJIE (FZQJ) is often used along with chemotherapy in gastrointestinal cancer (Chen et al., 2017b). It was found that FZQJ could alleviate chemotherapy induced stresses including white blood cell and platelet destruction, and reduction of CD3+ and CD4+ T lymphocytes. FZQJ could also help maintain the concentration of hemoglobin, prevent the loss of body weight, and increase serum TNF-α and IL-2 levels, thus alleviating the side effects of chemotherapy (in this case cyclophosphamide or CTX). Interestingly, while FZQJ was able to inhibit the development of tumors on its own, its effects were more pronounced when used with CTX. How this occurs is still poorly understood; however, the authors suggest that the elevated levels of TNF-α (perhaps triggered by IL-2) may activate apoptosis via mitochondrial mediation and Bcl-2 family proteins.

Another Chinese herbal formula used in FUZHENG therapy, FUZHENG FANGAI pill (FZFA), has been shown to have few side effects with moderate but persistent efficacy. FZFA contains Codonopsis pilosula (tangshen, 15g), Astragalus mongholicus (huang qi, 30g), lycii fructus (gouqizi, 12g), Polygonum multiflorum (he shou wu, 12g), bistort root (quanshen, 10g), and Chinese Actinidia root (tenligen, 12g). Liu et al. (2014) demonstrated that FZFA along with cyclophosphamide could restore the ratio of spleen lymphocytes such as CD4+, and their associated cytokines IL-17, Th17, CD4+CD25+, and Foxp3+ Treg cells while inhibiting the inflammatory response. Remarkably, the ratio of Th17 to Treg cells approached normal ranges with this combination. Like FZQJ above, FZFA administered with CTX inhibited tumor growth and metastasis, and could improve survival rates while increasing life span, compared with the administration of CTX alone (Liu et al., 2014).

FUZHENG YILIU Decoction (Radix ginseng (ren shen), Radix astragali (huang qi), Ganoderma lucidum (lingzhi), Angelica sinensis (dang gui), and Lycium chinense (gou qi zi)), remarkably inhibited the proliferation of hepatoma cells, and induced apoptosis in vivo by promoting the production of Th1 cytokine IL-2 (Chen et al., 2014). A number of studies demonstrating FUZHENG Yiliu’s effects on hepatoma cells have been published showing an increase in CD3+, CD4+ and NK cells in peripheral blood with an increase in IL-2 and TNF-α, thus inhibiting hepatocellular cancer proliferation (Cao et al., 2011; Cao et al., 2012).

In a meta-analysis of 8 trials utilizing SHEN QI FU ZHENG Injection (SFI), Xu et al. (2017) found that the formula consisting of Codonopsis (dang shen) and Radix astragalus (huang qi) could improve chemotherapy outcomes, and improve immune function, upregulating CD3+, CD4+, CD4+/CD8+, and NK+ cells. They also found that SFI could reduce adverse side effects such as leukocytopenia, thrombocytopenia and gastrointestinal toxicity (Xu et al., 2017). Though the meta-analysis pointed out the shortcomings of the included trials (the small sample size was 772, and lacked double-blind controls), it did provide encouraging results that warrant larger, better quality clinical trials.

Li et al. (2013) demonstrated that an injection of the herbal formula XIAO AI PING (Marsdenia tenacissima, tong guan teng) in combination with Cisplatin promotes both the infiltration and the function of CD8+ T cells, thus reducing tumor growth and promoting the apoptotic effects of cisplatin in Lewis lung cancer cells. XIAO AI PING was also found to increase the infiltration of cytotoxic T lymphocytes CD8+ T cells (Li et al., 2013). XIAO AI PING was shown to target proliferating cell nuclear antigen (PCNA) and phosphorylated Akt, both markers for tumor growth, and increased levels C/EBP homologous protein (CHOP), a marker for tumor cell apoptosis. The study concluded that XIAO AI PING used in combination with cisplatin was more effective than either formula or chemotherapy alone. A 2019 systematic review and meta-analysis confirms this data. Wu et al. (2019) compared data from 14 studies between 2009 and 2018 utilizing a variety of chemotherapy protocols including XELOX (capecitabine and oxaliplatin), SOX (S-1 and oxaluplatin), and others in combination with XIAO AI PING. They concluded that the combination could offer an effective treatment strategy for gastric cancer patients, especially with the XIAO AI PING and XELOX pairing. They reported a reduction in leukopenia, liver and renal damage, and reduced incidence of erythrodysesthesia or hand-foot syndrome.

The formula FEI YANNING Decoction [Radix astragali mongolici (sheng huangqi) 40 g, Rhizoma atractylodis macrocephalae (baizhu) 15 g, Succys bufo skin (gan chenpi) 9 g, Nidus vespae (fengfang) 9 g, Rhizoma paridis (qiye yizhihua) 15 g, Rhizoma polygonati sibirici (huangjing) 30 g, Herba epimedii brevicornus(xianlingpi) 15 g, Ganoderma lucidum (lingzhi) 30 g] has undergone several studies related to cancer (Wang et al., 2009; Guo et al., 2012; Wang et al., 2012; etc.). Specifically, FEI YANNING (FYN) decoction was found to reduce Treg cells in the spleen and thymus, and in tumors along with significantly downregulating Foxp3 mRNA. These results suggest that FYN may be used as an adjuvant treatment to improve chemo and radiotherapy treatment, as well as anticancer vaccines.



BUFA (Formulas and Herbs That Tonify)

BUFA formulas promote the proliferation and function of T cells and other immune positive regulatory cells through a variety of mechanisms. Important herbs that have been studied with regard to BUFA include Radix astragalus (huang qi), and its ability to enhance the immune system (Denzer et al., 2006); Atractylodes rhizome (bai zhu), which increases lymphocyte proliferation and stimulates the immune system (Son et al., 2017); and Radix codonopsis (dang shen), which increases red blood cells and assists in T cell formation (He et al., 2015b). Additionally, American ginseng or Panacis quinquefolii radix (xi yang shen) has been found to inhibit cancer of the liver (Qu et al., 2018), colon (Yang et al., 2016), and breast cancer (Yonghe, 2004). Chinese ginseng or Radix ginseng (ren shen) has been intensely studied as an athletic performance enhancer, and as an immunomodulator. Radix ginseng has also been found to have inhibitory effects on prostate cancer, hepatic carcinoma, glioblastoma, and other malignant tumors (Wang et al., 2017b). One of its constituents, ginsenoside Rh2, has been found to enhance the antitumor immunological response by increasing tumor infiltration by T lymphocytes.

The Chinese formula XIAOJI has been shown to increase both CD3+ and CD4+ cells after treatment in patients with suppressed immune systems as a result of non-small cell lung cancer. The formula contains several tonifying herbs: Astragalus mongholicus (huang qi), Coriolus versicolor (yun zhi), Psoralea corylifolia L. (bu gu zhi), along with herbs to clear heat and drain damp including Hedyotis diffusa (bai hua she she cao), Curcuma kwangsiensis (jiang huang), Scorpion (quan xie), Centipede (wu gong), and Rhubarb (da huang). Li et al. (2015) combined the formula with chemotherapy, and a transfusion of cytokine induced killer cells. Patients with this combined therapy had greater progression free survival rates, higher disease control rates, and there were no significant side effects. Li also noted that in their studies XIAOJI increased lung cancer cell apoptosis, and inhibited tumor cell growth and metastasis (Chai et al., 2014).

Zhang et al. (2018) found that Cistanche deserticola (rou cong rong), when used as a replacement for alum as an adjuvant, enhanced the proliferation of T and B cells, the production of IFN-γ and IL-4 in CD4+ T cells, and the expression of IFN-γ in CD8+ T cells. Remarkably, the extraction also down-regulated Tregs, while up-regulating levels of both CD40 and CD80, signaling proteins found on the surface of antigen presenting cells, dendritic cells, B cells, and monocytes. Though this study demonstrated the use of cistanche as an adjuvant, it provides evidence that the polysaccharides of the herb enhance humoral and cellular immunity, and should be further investigated.

Wang et al. (2017a) found that polysaccharides from Epimedium koreanum nakai (yin yang huo), a Chinese tonic herb, could substantially increase macrophage activity in Lewis Lung Carcinoma-bearing mice. The results of this activity enhanced CD4+ differentiation, and increased immunomodulatory cytokines (IFN-γ) thus inhibiting the growth of tumors. These antitumor activities achieved host-immune regulation, and an increase in the antigen presenting function of dendritic cells.

Lycium barbarum (gou qi zi), an herb used to nourish the blood and mentioned earlier as a component of FUZHENG FANGAI pill, showed similar effects in an additional study (He Y. L. et al., 2005). Cao et al. (1994) found that Lycium barbarum polysaccharides (LBP), one of the primary constituents of gou qi zi, significantly increased the response rate and effectiveness of NK cells in advanced stage cancer patients. More recent studies demonstrated that LBP significantly increased CD4+ and CD8+ as compared with the control groups to reduce immunosuppression in H22-bearing mice, and that LBP can enhance the immune system and inhibit tumor growth (Bo et al., 2017; Deng et al., 2018; Wang et al., 2018a). In addition, goji reduces inflammation via regulation of the NF-κB pathway and has been shown to inhibit the growth of colon (Mao et al., 2011), and breast cancer (Li et al., 2009), along with leukemia, liver, and gastric cancer (Cheng et al., 2014).

DANG GUI BU XUE TANG (DGBXT) is a Chinese herbal formula consisting of two herbs, Radix astragali (huang qi) and Angelicae sinensis radix (dang gui), and is used to nourish blood and improve overall energy levels, especially in post-partum women. Interestingly, after just 3 weeks of oral administration, Hsieh et al. (2003) found that DGBXT “increased the population of cytotoxic T lymphocytes and NK cells,” while down-regulating T helper cells (CD4+/CD25+) in both the spleen and in tumor-draining lymph nodes. The study also demonstrated that DGBXT also increased the production of TNF-α. Chen et al. (2017) found that DGBXT could also inhibit colorectal cancer (CT-26) through autophagic processes, or cell degradation. The mechanism, LC3B lipidation, downregulation of phospho-p70s6k, and upregulation of Atg7, was elucidated further in vitro.

Ganoderma lucidum or Reishi mushroom (língzhī) has traditionally been used to calm the spirit in TCM, and has been known as a longevity herb for centuries. Modern research has touted numerous health benefits related to its polysaccharides and triterpenes including strengthening the immune system, and enhancing T cell and macrophage function (Wachtel-Galor et al., 2011). It has also been shown to reduce the side effects of chemo and radiotherapy (Gao et al., 2003; Kladar et al., 2016; Jin et al., 2016). In another study (Li A. et al., 2015), Ganoderma lucidum polysaccharides(GLPS)significantly inhibited tumor growth in hepatoma-bearing mice by increasing the ratio of T effector cells to Tregs. GLPS also increased IL-2 secretion, thus eliminating the suppression of T effector cells by Tregs. GLPS also inhibited Foxp3 mRNA expression, but in this study they further demonstrated that this occurred through an increase of miR-125b expression. Zhang et al. (2019) found similar results with Ganoderma lucidum polysaccharides combined with gold nanocomposites (GLP-Au). They found that the combination increased DC activation which resulted in the proliferation of CD4+ and CD8+, and when combined with the chemotherapy drug doxorubicin, GLP-Au increased CD4+/CD44+ T cells. In a clinical trial of advanced stage cancer patients, Gao et al. (2003) prescribed an extract of Ganoderma lucidum. After 12 weeks of oral administration they found increased levels of CD56+ (NK cells), plasma IL-2, IL-6, and IFN-y, along with decreased levels of IL-1 and TNF-α. Additionally, CD3+ (T lymphocytes), CD4+ (T helper cells), and CD8+ (T suppressor cells) showed increased levels. Chang et al. (2014) noted that Ganoderma lucidum stimulated the secretion of perforin and granulysin, granule proteins with lytic properties that increase NK cell cytotoxicity. However, in a Cochrane review (Jin et al., 2016), researchers noted that Zhang et al. (2000) found a negative impact on NK cell activity with ganoderma administration; however, this study is only available in Chinese and not available for verification.

Glycyrrhiza uralensis, licorice root (gan cao) is an herb used in many traditional Chinese herbal formulas to moderate and harmonize the characteristics of other herbs (Bensky et al., 2004). Ayeka et al. (2017) found that the polysaccharides of Glycyrrhiza uralensis significantly suppressed the growth of tumors in CT26 tumor bearing mice while activating CD4+ and CD8+. This activation of CD4+ and CD8+ increased cytokine production, specifically IL-2, IL-6, IL-7, and decreased TNF-α levels. Ayeka’s previous study (2016) also showed benefits from Glycyrrhiza uralensis polysaccharides on inhibiting carcinoma cell growth and upregulation of IL-7 in vitro. A recent study (Guo et al., 2015) showed that an extract of licorice root increased production of Foxp3+ regulatory T cells “after stimulation of purified naive (CD4+CD25−) T cells by CD3 and CD28 antibodies, and transforming growth factor-beta (TGFβ).” Furthermore, T cell proliferation and survival may be compromised by licorice as it reduces levels of Th1 cytokine IL-2. While Regulatory T cells are crucial in the prevention and regulation of inflammatory diseases, their immuno-suppressive actions are counterproductive in the treatment of cancer. Therefore, contradicting Ayeka et al.’s findings, the use of licorice extracts might be contraindicated despite its ability to enhance T helper cells.

Siberian ginseng, radix et caulis acanthopanacis senticosi (ci wu jia), is a qi tonic in Chinese medicine that is primarily used to strengthen the body, invigorate the blood, and improve concentration or even alleviate mild depression. Studies by Szolomocki et al. (2000) found that the herb positively affected physical fitness and lipid metabolism while stimulating T lymphocytes and natural killer cell production. Lau (2019) demonstrated that the primary active constituents from A. senticosi include the polysaccharides and glycopolysaccharides which stimulate or enhance T cells, cytotoxic cells, and NK cells. Lau further suggests that it is the whole-herb aqueous extract of A. senticosi, not extracted constituents, that may yield the most promising mechanisms for investigation.

Treatment with ACML-55 (Ma et al., 2008), a standardized extract of American ginseng or Panacis quinquefolii radix (xi yang shen), showed increased CD8+ T cells, and increased activation of innate lymphocytes, including NK cells and gamma-delta T cells (γδ). The study showed that the immune response was able to significantly delay tumor development in colon cancer-bearing murine models, and indicates that ACML-55 increases the antitumor response of both our adaptive immune system, and our innate immune system.

Wang and Chen (2009) observed that patients with esophageal squamous cell carcinoma (ESCC) receiving radiation therapy had significantly lower expressions of Th1 type transcription factor T-bet and cytokines IFN-γ and IL-2, while expressions of Th2 type transcription factor GATA-3 and cytokines IL-4 and IL-10 were significantly higher. However, using Aidi injection (Mylabris (ban mao), Radix ginseng (ren shen), Radix astragali (huang qi), and Radix et caulis acanthopanacis senticosi (ci wu jia)) during radiotherapy the Th2 factors were inhibited, suggesting that this herbal extract may reverse the Th2 predominant status (Wang and Chen, 2009). A retrospective study by Gang et al. (2018) further suggested that Aidi injection could be used along with chemotherapy to significantly improve Quality of Life (QoL) scores for a variety of cancers, including gastric, lung, breast, colorectal, cardiac and esophageal cancers, liver and ovarian cancer. This extensive study included 3,200 patients and further supported findings that Aidi injection could increase CD3+, CD4+, CD8+, NK cells, and the ratio of CD4+/CD8+, and Th1/Th2, thus enhancing cellular immunity.



QINGRE (Formulas and Herbs That Clear Heat)

QINGRE (清热–Formulas that Clear Heat), one of the eight classical treatment methods (BA FA, 八法) in TCM, seeks to clear heat in the body in order to eliminate pathogens. From a biomedicine perspective, these herbs and formulas are considered antipyretic and anti-inflammatory, and may have antibacterial, antiviral, and antifungal effects (Chen and Chen, 2004, p. 105). A recent study (Huang et al., 2016) investigated the use of Rehmannia glutinosa polysaccharide liposome (RGPL), a standardized extract of the unprepared form of rehmannia (sheng di huang). Rehmannia glutinosa is traditionally used in TCM to clear heat from the body, and nourish fluids in cases of high or continuous low-grade fever, thirst, dry mouth, and constipation. In TCM, these symptoms would most commonly be associated with warm pathogenic diseases, diabetes, and in a modern context, the side effects of chemo and radiotherapy. The study found that RGPL significantly increases the percentages of central and memory cells, and effector memory cells in murine models. Of particular interest in the study was the encapsulation of RPG within a liposome in order to reduce the rate of metabolism, and therefore extend its duration of action within the body. The study demonstrated that the RGPL not only increased antigen-specific immune responses, but also triggered dendritic cell (DC) activation and immune memory. DC’s are antigen presenting cells (APC) with high levels of cell surface receptors whose main function is to capture and process antigens (Melief, 2003). The study demonstrated the upregulation of DCs, and allogenic T cell proliferation while strengthening antigen presenting functions. Though the study was primarily looking at RGPL as a vaccine adjuvant, the results provide a mechanism for increased antitumor and antiviral immune responses, and warrant further study of this important herbal extract.

A study conducted by Ip et al. (2017) found that anemoside A3 (AA3), a triterpenoid constituent of Pulsatilla chinensis (bai tou weng), inhibits Th17 cell differentiation, and reduced both Th1 and Th17 inflammatory responses. While this study measured the immunomodulatory and neuroprotective effects of AA3 in MS, its findings elucidate the effects of AA3 on the immune system, and the mechanisms by which it may help restore homeostasis via the downregulation of these inflammatory cytokines (Th1 and Th17).

Scutellaria baicalensis (huang qin) has been studied extensively, and a variety of mechanisms have been discovered. These include inhibition of PGE2 synthesis and G0, G1, G2, and S phase arrest. Scutellaria also has neuroprotective and hepatoprotective affects (Wang et al., 2018b). In TCM, it is said to clear heat from the body and is typically used to eliminate toxins. Wogonin, a flavonoid-like chemical compound found in Scutellaria, was found to induce apoptosis of tumor cells via DC’s, and to promote NK, DC and T cells in tumor tissue (Nie et al., 2016, and Xiao et al., 2015). Baicalin, a flavonoid found in Scutellaria baicalensis, significantly decreases inflammatory mediators such as TNF-α, IL-1B, and in Th1 related cytokines such as IL-12 and IFN-γ in rats with TNBS-induced ulcerative colitis (Zou et al., 2015). Baicalin also reduces the number of Th17 cells and their associated cytokines, IL-17 and Il-6. Zou states that the effects of baicalin are associated with the regulation of Th17 and Tregs. It is this ratio of Th17 to Treg that may be the mechanism with which baicalin reduces inflammation, and could lead to further research in the regulation of the tumor microenvironment.

In an older study, Yoshida et al. (1997) found that extracts of Oldenlandia diffusa (bai hua she she cao) enhanced the induction of alloantigen specific cytotoxic T lymphocytes, and stimulated murine spleen cells. Oldenlandia diffusa is used in TCM to clear heat and eliminate toxins, and as such is often used in herbal formulas to treat cancer in China. Studies consistently show its pro-apoptotic effects via caspase-dependent apoptosis and other mechanisms (Gupta et al., 2004; Yadav and Lee, 2006; Willimott et al., 2007; Yang et al., 2010).

Musca domestica (MDPF, also known as wugu chong), the larvae of domestic houseflies, has been used in China for cancer treatment along with osteomyelitis, decubital necrosis, and other diseases. Sun et al. (2014) found that oral administration of MDPF for 10 days could not only inhibit the growth of S180 sarcoma, but also enhance splenocyte proliferation, and both NK cell and CTL activity from the splenocytes. Furthermore, MDPF significantly promoted Th1 transcription factors T-bet and STAT-4 in splenocytes, while enhancing Ig2, IgG2a, and IgG2b antibody levels. Sun et al. speculated that MDPF may trigger Th1 specific cell-mediated immunity. Previous studies showed that MDPF inhibited bacterial pathogens such as e.coli, and inhibited tumor growth in human colon cancer CT26 cell lines (Hou et al., 2007).

Artesunate (ART), is an artemisinin based compound derived from Artemisia annua (huang hua hao), an herb that is traditionally used to treat malaria as an anti-inflammatory and antifebrile medicinal. A 2014 study showed that ART was capable of inhibiting orthotopic tumor growth in human cervical cancer cells while decreasing Foxp3 expression in T cells, and facilitated the reduction of Tregs (Zhang et al., 2014). The study demonstrates that ART may be effective for use in the treatment of cervical cancer utilizing immunotherapy. Another study utilized ART as an adjuvant treatment in esophageal cancer with radiotherapy (Fei et al., 2018). It was found that administration of ART inhibited esophageal cancer cell growth (TE-1 cell line), and increased the sensitivity to radiotherapy. Interestingly, pretreatment with ART enhanced the apoptotic effects of radiotherapy, and downregulated or reversed radiation induced G2/M arrest, the process by which damaged cells are not able to initiate mitosis.



HUOXUE TONGLUO (Formulas and Herbs That Promote Blood Circulation and Remove Obstructions)

Herbs and formulas to promote blood circulation and remove obstructions from the collateral channels (HUOXUE TONGLUO, 活血通络) may also be included in TCM cancer treatment. HUOXUE TONGLUO herbs may dilate blood vessels, and have anticoagulant and antiplatelet effects. They may also provide analgesic and anti-inflammatory effects (Chen and Chen, 2004, p. 612). Ligusticum chuanxiong is one of the primary herbs used in TCM to improve blood circulation. Wei et al. (2003) found that a preparation of the herbs Radix astragali (huang qi), and one of the primary constituents of Ligusticum chuanxiong (chuan xiong), tetramethylpyrazine (TTMP), could enhance levels of Th1 cytokines (IFN-γ and IL-2), and reduce Th2 cytokines in cultured peripheral blood mononuclear cells (PBMC) of lung cancer patients. Additional studies showed that the polysaccharides of Radix astragali reduced the percentage of Th2 cells along with Tregs, and restored the ratio of Th1 and Th2 (Hou et al., 2015).

Chang et al. (2011) found that extracts of Carthamus tinctorius (hong hua), another important herb used to increase blood circulation in TCM, increased production of cytotoxic CD8+ T cells while also enhancing dendritic cell cancer vaccines. In the study, a Carthamus tinctorius (CT) treated DC vaccine also stimulated splenic T lymphocytes to secrete IFN-γ and IL-10, and heightened expressions of CD86, MHC-1, and MHC-II antigen-presenting cells. Studies have further demonstrated the antitumor effects of CT polysaccharides (Wakabayashi et al., 1997; Ando et al., 2002; Shi et al., 2010).

In another study by Chueh et al. (2015), a crude extract of Polygonum cuspidatum (hu zhang) was found to promote natural killer cell activity of splenocytes, and promoted B cell proliferation at specific doses (200 mg/kg), but did not promote T cell proliferation in leukemic mice. Polygonum cuspidatum is typically used in Chinese medicine as a laxative due to the natural presence of emodin. Recent studies have focused on its resveratrol content, though Kimura and Okuda (2001) note that resveratrol has no effect on the levels of CD4+, CD8+, or NK cells.

Further, Tripterygium wilfordii or Thunder God Vine (lei gong teng) has had an almost meteoric rise in research circles for its positive effects on arthritis, and in fighting cancer. The herb is used in Chinese medicine to increase blood circulation and remove obstructions (HONGXUE TONGLUO), but rarely as it has potential toxic side effects (Chen, 2004; Zhao et al., 2015). More than 100 different compounds have been isolated from Tripterygium wilfordii (Liu et al., 2011), and research aimed at understanding their actions is underway. One such study suggests that leukemic T-lymphocyte apoptosis is induced by triptolide, a diterpenoid epoxide, and is related to cell cycle G1 phase arrest (Zhang et al., 2015).

XUEBIJING (XBJ) injection is commonly-used to treat sepsis and septic shock. The formula contains five Chinese herbs, Radix Angelicae Sinensis (dang gui), Rhizoma Chuanxiong (chuanxiong), Radix Paeoniae Rubra (chi shao), Radix Salviae Miltiorrhizae (dan shen), and Flos Carthami (hong hua). From a TCM perspective, XUEBIJING was derived from Xuefu zhuyu decoction, and invigorates blood circulation, dispels stasis, cools and detoxifies blood. In a meta-analysis and systematic review, Chen et al. (2018) found that XBJ could inhibit inflammation through the regulation of Tregs and Th17, and reduced inflammatory cytokines TNF-α and IL-6. In another study, Jiang et al. (2013) identified the constituents by which the inflammatory process was downregulated via the NF-kB pathway by senkyunolide I, safflor yellow A, oxypaeoniflorin, and benzoylpaeoniflori (Jiang et al., 2013). Though these studies demonstrate the use of XBJ to reduce sepsis and septic shock, the mechanisms by which they operate via T cells encourage further research and investigation.

Several studies have shown the efficacy of YUNZHI-DANSHEN decoction (Wong et al., 2005; Bao et al., 2006; Saleh et al., 2017). This simple formula consists of Coriolus versicolor (yun zhi, commonly called Turkey Tail mushroom), and Salvia miltiorrhiza (dan shen). Yun zhi is traditionally used in TCM to promote the immune system, while dan shen is typically used to improve circulation. Wong et al. (2005) found in a clinical trial of post-treatment breast cancer patients that yunzhi-danshen decoction could significantly elevate CD4+ T cells along with B-lymphocytes after just 6 months of oral administration. The formula also improved the ratio of CD4+/CD8+. Further, plasma sIL-2R (a membrane receptor) concentration was significantly reduced, showing that consumption of yunzhi-danshen decoction orally can promote immune function and response in post-treatment breast cancer patients. Interestingly, YUNZHI-DANSHEN decoction was also effective in reducing lymphopenia during radiotherapy of nasopharyngeal carcinoma patients during a 16-week trial (Bao et al., 2006).



XIAFA (Formulas and Herbs That Drain Downward)

XIAFA, another classical treatment method in TCM eight methods, cleanses the intestines and stomach, so that the pathogenic factors can be removed from the body, such as food, dry excrement, excess heat, cold accumulation, blood stasis, phlegm knot, and effusion. Lectin-55 is an active constituent of Chinese mistletoe (hu ji sheng or herb visci). It is primarily used in Chinese medicine to dispel or drain damp, terminology often used to describe symptoms of rheumatoid arthritis, and soreness/weakness of the tendons in the low back or knees. Ma et al. (2008) demonstrated herb visci’s ability to enhance CD4+ and CD8+ T cell proliferation in colon cancer, and were able to demonstrate increased production of both antigen-specific CD8+ T cells, and cytokine IFN-γ. Lectin’s represent an important focus in cancer research as they are present in many plant species, and may increase both apoptosis and autophagy (Yau et al., 2015).

Natural Killer cells can be promoted with an extract of Solanum lyratum (bai ying). A traditional herb used to clear heat and dampness from the body, it is now used to regulate the immune system and treat allergies. Liu et al. (2011) found that the main active fraction, n-butanol extract (BESL), promoted NK cell, and CTL activity while significantly inhibiting the growth of S180 sarcoma transplanted mice. BESL also promotes splenocyte proliferation, and in turn increases IL-2 and IL-y production improving the immune response. Guan et al. (2013) confirmed Solanum lyratum’s immunomodulatory effects, and its ability to inhibit the growth of tumors in S180 sarcoma transplanted mice. Additional studies by Yang et al. (2010) showed that Solanum lyratum could increase both macrophage and natural killer cell activity in murine models bearing WEHI-3 murine leukemia cells, and may act as an anticancer agent in patients (Yang et al., 2012).

Further studies suggest that Liqi, another traditional herbal formula used for centuries in China to treat cancer, increases the activity of both NK cells and TNF-α, while increasing IL-2 activity and production (Ji et al., 2009). Liqi was also effective in regulating T lymphocyte subpopulations, and inhibited Lewis lung carcinoma metastasis. The formula consists of Poncirus trifoliate (L.) Raf (zhi ke), Akebia Trifoliate Koidz (san ye mu tong), Citrus medica var. sarcodactylis Swingle (fo shou), and Saussurea lappa (yun mu xiang), and contains a wide variety of active constituents including coumarins, flavonoids, terpenoids, triterpenes and triterpenoids, polysaccharides, and sesquiterpenes.



HUATAN (Formulas and Herbs That Transform Phlegm)

Phlegm, an accumulation of damp, is often a part of the TCM diagnosis related to cancer as phlegm is considered a primary cause of masses in the body. Cai et al. (2011) found that Trichosanthes kirilowi (gua lou), an herb used to transform and remove damp phlegm in TCM, increased the percentage of effector T cells, including CD4+ and CD8+ T cells which produce cytokine interferon-gamma (IFN-γ). The increased immune response to tumor growth occurs via the interaction between tumor suppression in lung cancer 1 (TSLC1) and class 1-restricted T cell-associated molecule (CRTAM), and results in inhibited cell proliferation and increased apoptosis. Interestingly, Trichosanthes kirilowi has been shown to augment Th2 cells, and to induce HLA-associated immune suppression in bone marrow derived cells, and to decrease CD3+CD8+ T cells in the lymph nodes and spleen of naive mice although Cai et al. demonstrated this was not the case in tumor-bearing mice.



XI FENG (Formulas and Herbs That Extinguish Wind)

XI FENG means extinguish wind, this method normally uses animal derived proteins or alkaloids to remove pathogenic factors. Zhao et al. (2012) found that polysaccharides from centipede, Scolopendra subspinipes (wu gong), could also increase the percentage of CD4+, B cells, and NK Cells, while regulating the ratio of Th1 and Th2 cytokines in sarcoma S180 bearing mice, thus inhibiting the growth of S180. Scolopendra subspinipes is typically used in TCM to stop tremors and spasms, but is also used to attack toxins in the body and dissipate nodules. The same study revealed that Scolopendra subspinipes polysaccharides also prolonged the survival time of hepatoma H22 bearing mice. Ma et al. (2014) further elucidated the effects of Scolopendra subspinipes on cancer cells, specifically A375 human melanoma cells, finding that the extract could inhibit cell growth at the DNA synthesis phase (S-phase), and induce cell apoptosis. And Ding et al. (2016) repeat this finding of cell cycle arrest and apoptosis in their investigation of human glioma (U87) cancer cells with isoquinoline alkaloids 1-2 isolated from Scolopendra subspinipes.




Conclusion and Perspectives

The vast majority of traditional Chinese medicine formulas are extracted from one or more medicinal herbs with multiple bioactive constituents. Understanding these constituents, their interactions, and biological pathways is key to not only developing targeted cancer therapies but also to create a bridge between allopathic and TCM practitioners.

FU ZHENG therapy and other herbal treatment methods can be beneficial when used in conjunction with conventional cancer treatments (Nie et al., 2016; Xiang et al., 2019). However, TCM herbal therapy, personalized cancer therapy, and immunotherapy strive to enhance a cancer patient’s own ability to fight cancer. As these therapies gain a stronger foothold in cancer treatment strategies (especially T cell-based therapy), Chinese medicine practitioners are presented with a unique opportunity to improve TCM’s mainstream role in clinical cancer management. Moreover, TCM differential diagnosis may be used as a significant tool to create individualized treatment plans and protocols, thus guiding personalized cancer therapy. Utilizing these unique diagnostic tools and the Eight Treatment Methods as presented above may further enhance clinical outcomes.

As researchers discover the mechanisms and effects of Chinese medicinal herbs on specific body systems such as T cells (summarized in Table 1), we can form consensus treatments and offer more valuable insights into cancer patient care. Looking forward, future investigations should be directed at TCM’s effects on cancer stem cells and the tumor microenvironment (Qi et al., 2015; Xiang et al., 2019), as these represent exciting potential for the discovery of new multi-targeted cancer drugs and therapies.
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Considerable pharmacological studies have demonstrated that the extracts and ingredients from different parts (seeds, peels, pulps, and flowers) of Litchi exhibited anticancer effects by affecting the proliferation, apoptosis, autophagy, metastasis, chemotherapy and radiotherapy sensitivity, stemness, metabolism, angiogenesis, and immunity via multiple targeting. However, there is no systematical analysis on the interaction network of “multiple ingredients-multiple targets-multiple pathways” anticancer effects of Litchi. In this study, we summarized the confirmed anticancer ingredients and molecular targets of Litchi based on published articles and applied network pharmacology approach to explore the complex mechanisms underlying these effects from a perspective of system biology. The top ingredients, top targets, and top pathways of each anticancer function were identified using network pharmacology approach. Further intersecting analyses showed that Epigallocatechin gallate (EGCG), Gallic acid, Kaempferol, Luteolin, and Betulinic acid were the top ingredients which might be the key ingredients exerting anticancer function of Litchi, while BAX, BCL2, CASP3, and AKT1 were the top targets which might be the main targets underling the anticancer mechanisms of these top ingredients. These results provided references for further understanding and exploration of Litchi as therapeutics in cancer as well as the application of “Component Formula” based on Litchi’s effective ingredients.
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Introduction

Cancer is one of the most serious public health problems globally. In 2018, approximately 18.1 million new cancer cases and 9.6 million cancer-related deaths occurred in the world (Bray et al., 2018). There is an urgent need for a more effective therapy. Traditional Chinese medicine (TCM) has been used for thousands of years in Asia for its good efficacy and compliance, and this also made it an important supplemental medicine in cancer treatment (Xiang et al., 2019). Comparing with the current “one drug, one target” mode, TCM has the feature of “multiple active ingredients, multiple targets” (Li and Zhang, 2013). Given that cancer is a complex disease which alters a range of cellular and molecular processes, TCM may hold the advantage of targeting multiple cancer-related molecules simultaneously with potential synergistic effects. However, as a result of the feature of “multiple ingredients, multiple targets”, herbs can potentially interact with prescription medications like when cancer patients use plant-based regimens with chemotherapy (Yeung et al., 2018; Parvez and Rishi, 2019; Pezzani et al., 2019). Therefore, the potential risk of using TCM as complementary medicine should be considered for maximum safety and efficacy.

Litchi chinensis Sonn (Litchi), a member of Litchi, Sapindaceae family, is a subtropical evergreen plant which has been widely cultivated as an economic cultivar for its delicious taste and rich nutrition fruitage in China, Philippines, Indonesia, and Vietnam (Mitra, 2002; Menzel et al., 2005). In China, Litchi seeds were used as an analgesic agent for the alleviation of neuralgia, orchitis, testicular swelling, hernia, gastralgia, lumbago, abdominal pain, etc. (Lan and Lan, 2011). The decoctions of Chinese herbal formula containing Litchi seeds were used as indigenous remedies for urologic neoplasms including prostate cancer, bladder cancer, and renal carcinoma (Shi, 2004; Wang, 2011c). Moreover, a considerable amount of studies have shown that in addition to Litchi seeds, the extracts and ingredients from other parts (peels, pulps, and flowers) of Litchi can exert multiple pharmacological actions which have the anti-inflammatory (Das et al., 2016), anti-oxidative (Lee et al., 2016), anti-bacterial (Yang et al., 2016), anti-viral (Gangehei et al., 2010; Xu et al., 2010a), anti-liver injury, and immune-enhancing effects (Noh et al., 2011; Huang et al., 2014a; Yamanishi et al., 2014; Huang et al., 2014b; Huang et al., 2016a; Su et al., 2016; Xiao et al., 2017; Queiroz et al., 2018). Furthermore, there was accumulating evidence indicating that the extracts and compounds from Litchi exhibit anticancer effects by targeting multiple proteins and signal pathways involved in cancer cell proliferation, metastasis, angiogenesis, apoptosis, autophagy, etc. However, current studies are limited to the traditional research method of identifying “single-drug, single-target, and single-pathway”, which failed to reflect the “multiple ingredients-multiple targets-multiple pathways” anticancer effects of Litchi. In order to elucidate its multiple modes of action, network pharmacology and bioinformatics were employed in this study as a powerful approach (Zhang et al., 2019a) to systematically analyze the complicated interactions between Litchi ingredients and confirmed targets based on published research results. This study has provided a solid base for the further exploration of its anticancer effects.



Methods

We collected the anticancer ingredients and targets of Litchi based on original published articles. In order to systematically analyze the complex relationships between these anticancer ingredients and their targets, an interaction network was constructed by network pharmacology approach. All networks maps were visualized and analyzed by Cytoscape 3.2.1 (http://www.cytoscape.org/). As shown in the ingredient-target network (Figures 1A, 2A, 3A, 4A, and 5), the oval nodes represent ingredients, the rectangle nodes represent targets and each edge linking an ingredient to a target indicates a regulator-target relationship. In Figures 1A–4A, the targets distributing in the inner orange circle (rectangle) can be modulated by multiple ingredients rather than a single ingredient. The “degree” is an important parameter for the network pharmacology approach, which represents the number of related nodes to a particular node in the network. The greater the degree of a node, the more biologically important it is. Therefore, the top ingredients and targets were screened out by the Network Analyzer in Cytoscape based on the major parameter of “degree”. To further explore the core biological processes of the top targets involved, we performed KEGG pathway enrichment analysis (http://www.kegg.jp/) and screened out the top signal pathways based on the P-value. The relationships among top targets, corresponding ingredients and signal pathways were analyzed by combining Cytoscape 3.2.1 with KEGG pathway enrichment analysis. In order to test the reliability of the top ingredient-target interactions and explore the accurate binding modes, we performed molecular docking analysis by using surflex module of Sybyl X2.0. A total score greater than 6 represents good protein-ligand binding. The crystal structures of proteins (targets) were extracted from Protein Data Bank (https://www.rcsb.org/).




Figure 1 | Ingredient-Target Network of Litchi Anti-Proliferation. (A) Network of 13 ingredients (oval) and 100 corresponding targets (rectangle). (B) The histogram of “ingredient and corresponding target number”. (C) The ingredient-top target-signal pathway network. The round rectangle nodes (orange) correspond to 4 top targets, ellipse nodes (pink) are 11 ingredients acting on top targets, the size of the nodes is illustrated from small to big in ascending order of degree values, the hexagon nodes (blue) represent signal pathways enriched based on top targets. (D) The top 10 pathway based on KEGG enrichment analysis.






Figure 2 | Ingredient-Target Network of Litchi Inducing Cancer Cell Apoptosis and Autophagy. (A) The ingredient-target network of 18 ingredients (oval) associated with 138 targets (rectangle). (B) The histogram of “ingredient and corresponding target number”. (C) The ingredient-top target-signal pathway network. The round rectangle nodes (orange) represent 6 top targets, ellipse nodes (pink) represent 18 ingredients acting on top targets, the size of the nodes is illustrated from small to big in ascending order of degree values, the hexagon nodes (blue) represent signal pathways enriched based on top targets. (D) The top 10 pathways based on KEGG enrichment analysis.






Figure 3 | Ingredient-Target Network of Litchi Inhibiting Cancer Metastasis. (A) The ingredient-target network of 9 ingredients (oval) associated with 99 targets (rectangle). (B) The histogram of “ingredient and corresponding target number”. (C) The ingredient-top target-signal pathway network. The round rectangle nodes (orange) represent 2 top targets, ellipse nodes (pink) represent 8 ingredients acting on top targets, the size of the nodes is positively related to their degrees in the network, the hexagon nodes (blue) represent signal pathways enriched based on top targets. (D) The top 5 pathways based on KEGG enrichment analysis.






Figure 4 | Ingredient-Target Network of Litchi Sensitizing Chemotherapy and Radiotherapy. (A) The ingredient-target network of 12 ingredients (oval) and 106 targets (rectangle). (B) The histogram of “ingredient and corresponding target number”. (C) The ingredient-top target-signal pathway network. The round rectangle nodes (orange) are top targets, ellipse nodes (pink) represent ingredients acting on top targets, the node size of ingredients is proportional to the degree values, the hexagon nodes (blue) represent signal pathways enriched based on top targets. (D) The top 10 pathways based on KEGG enrichment analysis.






Figure 5 | Ingredient-Target Network of Litchi Inhibiting Cancer Stemness, Metabolism, Angiogenesis, and Enhancing Immunity. (A) The ingredient-target network involving in cancer stemness. Different colors of ovals indicate 4 ingredients, the rectangle nodes represent 16 targets. (B) The ingredient-target networks involving cancer metabolism. Different colors of ovals indicate 5 ingredients, the rectangle nodes represent 23 targets. (C) The ingredient-target networks involving angiogenesis. Different colors of ovals indicate 6 ingredients, the rectangle nodes represent 12 targets. (D) The ingredient-target networks involving cancer immunity. Different colors of ovals indicate 3 ingredients, the rectangle nodes represent 18 targets.





Results


Ingredients From Litchi

Litchi contains a variety of natural products, such as anthocyanins, flavonoids, phenolic acids, terpenes, fatty acids, sterols, lignans, coumarins, and esters. A total of 110 compounds (32 Anthocyanins, 32 Flavonoids, 9 Phenolic acids, 9 Tocotrienols, 8 Lignans, 4 Alcohols, 4 Sterols, 3 Triterpenes, 3 Fatty Acids, 2 Esters, 2 Glycosides, 1 Furfurals, 1 Coumarins) isolated from Litchi have been reported, which were summarized in Table 1 according to the parts (peels, pulps, seeds, leaves, and flowers) of Litchi, with their molecular formulae, structure category and corresponding reference (Ref). As shown in Table 1, various kinds of chemical constituents were isolated from its peels (28 compounds), pulps (12 compounds), seeds (49 compounds) leaves (28 compounds), and flowers (1 compound). Among them, we identified flavonoids and anthocyanins which were mostly found in Litchi peels, seeds, and leaves to be the main compounds.


Table 1 | Compounds Isolated from L. chinensis.







The Multi-Targeted Anticancer Effects of Litchi Ingredients

We summarized the confirmed anticancer ingredients of Litchi by going through each original published articles and found that 19 compounds (6 Anthocyanidins, 7 Flavonoids, 3 Phenolic acids, 2 Sterols, 1 Triterpenes) might inhibit cancer development through multifunctional mechanisms including regulation of cell proliferation, apoptosis, metabolism, metastasis, angiogenesis, stemness, and immunity. The anticancer ingredients with their corresponding effects, molecular targets, and cancer types were listed in Table 2. We then discovered that a single component could have a range of targets and different components had overlapping molecular targets, hence they formed a complicated regulatory network. In order to unravel this intricate web of interactions, we applied network pharmacology method to analyze the anticancer effects of Litchi from a perspective of system biology.


Table 2 | The Anticancer Ingredients and Targets from Litchi.







Inhibition of Cancer Cell Proliferation

Sustained proliferation is a hallmark of cancer cells, and the restoration of dysregulated signaling pathways has always been a target for cancer treatment. The extracts from Litchi peels, pulps, seeds, leaves have been shown to inhibit the proliferation of a variety of cancer cells (Huang et al., 2015a; Gong et al., 2018; Zhao et al., 2019a). The 13 anti-proliferative compounds identified from Litchi and 100 regulated targets were summarized in Table S1. The detailed analysis of the top active ingredients, corresponding targets, and signal pathways affected was shown in Figure 1.

In total, this ingredient-target network (Figure 1A) was consisted of 113 nodes (Table S1) and the mean degree of all nodes in the network was 3.080. Overall, 3 out of the 13 anticancer compounds (Figure 1A) had high degree distributions (kaempferol: degree=39, Epigallocatechin gallate (EGCG): degree=36, gallic acid: degree=22) and all of them modulated more than 20 targets, which marked their pharmacological importance. Notably, those targets have more than one regulator (Table S2). Apart from 1 target that was regulated by 10 ingredients, 4 targets were regulated by over 5 ingredients and 28 targets were regulated by 2–4 ingredients (Figure 1B). Further, the 4 top targets (MAPK1, CDKN1A, MAPK14, AKT1) were screened out from Figures 1A, B, whose degree values were more than two folds of the median degree of all nodes in the network. This suggested that multiple ingredients could potentially exert synergistic anti-proliferation effects. In particular, the interactions among the above 4 top targets and Litchi ingredients (Table S3) were analyzed in Figure 1C. With the results shown in Figure 1C, we could conclude that there were 11 out of 13 ingredients that could regulate the top targets with anti-proliferative effects. It was also confirmed that the top 4 targets played an important role in the anti-proliferative process. Particularly, kaempferol, EGCG, and gallic acid could regulate all the top targets, and this conclusion was similar to that in Figure 1A where 3 ingredients mentioned above had outstanding pharmacological significance. To further clarify the anticancer mechanism of Litchi ingredients, the pathway enrichment analysis based on above 4 top targets was performed. There were 63 signaling pathways involved in the anti-proliferation effects of Litchi ingredients (Figure 1C and Table S3), and FoxO, VEGF, Prolactin, ErbB, HIF-1, Toll-like receptor, TNF, Rap1, MAPK, and PI3K-Akt signaling pathways were the top 10 pathways according to their P values (Figure 1D). All of the 4 top targets were elements of FoxO signaling pathway and 3 out of the top 4 targets were elements of other 9 top pathways. It indicated that these top 10 pathways might be the major signaling pathways that are responsible for the anti-proliferation effects of Litchi.



Induction of Cancer Cell Apoptosis and Autophagy

Apart from uncontrollable proliferation, resistance to cell death is another strategy employed by cancer cells to fuel its growth. Cancer cells have evolved a series of strategies to inhibit cell death while Litchi ingredients have been reported to have pro-apoptosis and pro-autophagy effects (Hsu et al., 2012a; Emanuele et al., 2018). Hence, we summarized data from literature and constructed the network (Figure 2A) based on 18 ingredients from Litchi and 138 targets (Table S4) which related to cell apoptosis and autophagy. The network was consisted of 156 nodes and 283 edges altogether, representing the extensive interactions among 18 ingredients and 138 targets (Table S4). Not surprisingly, we found that the mean degree of node was 3.679 based on the topological analysis, suggesting that it was common for ingredients to have multiple targets. By referring to the mean degree, we identified 6 top ingredients with a median degree ≥20, namely luteolin, EGCG, kaempferol, gallic acid, betulinic acid, and chlorogenic acid, with the top 2 having over 40 targets. Hence, we concluded that those top 6 ingredients were likely to be crucial components in promoting apoptosis and autophagy. Further, in order to clearly elucidate if these targets were regulated by multiple ingredients, another analysis was performed in Figure 2B, which showed that there were 3 targets regulated by over 10 ingredients, 9 targets were regulated by 5–10 ingredients and 33 targets were regulated by more than 2 ingredients (Figure 2B and Table S2). From Figures 2A, B, we next screened out the top 6 targets (BAX, BCL2, CASP3, CASP9, TP53, AKT1) based on their degrees in the ingredient-target network. As shown in Figure 2C and Table S5, all of the top 6 targets could be regulated by luteolin and EGCG, and this implied that they had multiple anticancer activities. In addition, all the 18 ingredients involving in apoptosis and autophagy interacted with the top targets, which consolidated the importance of these top targets. KEGG enrichment analysis based on these 6 top targets showed that 39 signaling pathways were involved in the effects of inducing cancer cell apoptosis and autophagy (Figure 2C and Table S5), while p53, Neurotrophin, Sphingolipid, PI3K-Akt, Thyroid hormone, MAPK, VEGF, HIF-1, TNF signaling pathway and Adrenergic signaling in cardiomyocytes were the top 10 pathways (Figure 2D). Four out of these top 6 targets were elements of p53, Neurotrophin, Sphingolipid, and PI3K-Akt signaling pathways, which indicates that these four signaling pathways might be the major pathways responsible for anticancer effect by inducing apoptosis and autophagy.



Inhibiting Metastasis

Metastasis is another target in cancer therapeutic development due to its lethality (Liu et al., 2017). Litchi seed extracts could attenuate migration and invasion capabilities of PC3 and DU145 cells (Guo et al., 2017). Nine anti-metastasis ingredients of Litchi and 99 corresponding targets were listed in Table S6, the interaction network of which was shown in Figure 3A. We found that the mean degree of nodes in the network was 3.296. Then we screened out 4 top ingredients, namely EGCG, gallic acid, luteolin, and PA, with a median ≥20 degrees, which acted on 41, 29, 22, and 21 targets respectively. Therefore these 4 top ingredients identified were likely to be crucial bioactive components to inhibit metastasis. In addition, among the 99 targets, the network showed that MMP2 had the largest number of ingredient-target interactions (degree value of 8), followed by MMP9 (degree value of 7), making them likely to perform anti-metastasis functions. The remaining targets with lower degree and less than two folds of the mean degree of all nodes were also included. Then, the targets regulated by multiple ingredients were analyzed with a similar approach for more information. As shown in Figure 3B and Table S2, MMP2 and MMP9 were regulated by 8 and 7 ingredients respectively, followed by another 6 targets regulated by up to 5 ingredients and 26 targets regulated by 2 to 4 ingredients. The “ingredients-top targets-pathways” network (Figure 3C and Table S7) was constructed for the purpose of confirming the significance of top 2 targets, and this network indicated that as much as 8 ingredients exerted the anti-metastasis function through modulating MMP2 and MMP9. However, the signaling pathways enriched by KEGG based on 2 top targets merely included bladder cancer, estrogen signaling pathway, leukocyte transendothelial migration, proteoglycans in cancer and pathways in cancer. Both the top 2 targets were elements of these 5 pathways (Figures 3C, D and Table S6), which indicated these 5 pathways might be the key anti-metastasis mechanism of Litchi.



Sensitizing Chemotherapy and Radiotherapy

Chemotherapy and radiotherapy are two of the most common cancer treatments. Despite their clinical efficacy in clearing cancer cells, therapeutic resistance often inevitably occurs. Another reported effect of Litchi was that it sensitized chemotherapy and radiotherapy. Here we identified 12 compounds from Litchi and 106 corresponding molecular targets responsible for this function (Table S8), with the detailed interactions of the top ingredients, targets and signal pathways shown in the Figure 4. From Figure 4A, we screened out 5 top ingredients with a median degree ≥20, including luteolin, EGCG, kaempferol, gallic acid, and betulinic acid, which linked to as much as 35, 34, 25, 22, and 21 targets respectively. Not surprisingly, the mode of “multi-ingredients, multi-targets” was confirmed again by identifying CASP3, BAX, and BCL2 as the top targets, which had the degree values of 9, 8, 6 respectively, which were more than two folds of the median degree of all nodes in the network. In addition, there were another 32 targets regulated by more than 2 ingredients (Figure 4B and Table S2), which implied that Litchi ingredients could overcome chemo- and radio-resistance through a “multi-compounds, multi-targets” mode with potential synergistic effects. The “ingredients-top targets-pathways” network (Table S9) confirmed the importance of CASP3, BAX, and BCL2 further. In Figure 4C, 10 out of 12 ingredients that were involved in sensitizing chemotherapy and radiotherapy exerted anticancer activity through regulating the 3 top targets. Moreover, KEGG enrichment analysis of top 3 targets showed that 15 signaling pathways were involved in the chemotherapy and radiotherapy sensitization (Figure 4C and Table S9). All of the top 3 targets were elements of Amyotrophic lateral sclerosis (ALS), Colorectal cancer, Apoptosis, Hepatitis B, Tuberculosis and pathways in cancer, and 2 out of the top 3 targets were elements of p53 signaling pathway, Toxoplasmosis, Sphingolipid, and Neurotrophin signaling pathway, which indicates that the 10 pathways mentioned above might be responsible for the anticancer effect of Litchi on chemotherapy and radiotherapy sensitization (Figure 4D).



Other Anticancer Effects

Apart from the four effects exerted by Litchi ingredients for the major anticancer functions as listed above, several other targets were also found to be involved in the suppression of cancer stemness, metabolism, and angiogenesis, while also in the enhancement of immunity as listed in Table S10. However, the experiments validations on the anticancer effect of Litchi ingredients from these four aspects were very limited. Therefore, we only constructed a simple ingredient-target network map (Figure 5). The results showed that these mechanisms involved a total of 10 active ingredients, among which 5 belonged to the top ingredients from the previous screening including betulinic acid, EGCG, luteolin, gallic acid, and kaempferol, which further illustrated their importance. At the same time, we suggest that the remaining 5 ingredients (chlorogenic acid, (-)-Epicatechin-3-gallate (ECG), naringenin, cyanidin-3-glucoside, lupeol) and their detailed mechanisms need to be further explored.





Discussion

Numerous studies have shown that Litchi contains a variety of anti-cancer ingredients, which act by multiple targeting. Emanuele and Ibrahim described Litchi’s nutritional value and reviewed the anti-tumor components and targets of Litchi with detailed listing but lacked a systematic analysis (Ibrahim and Mohamed, 2015; Emanuele et al., 2017). In the present study, we collected 110 compounds isolated from Litchi and found 19 components with anticancer effects based on 241 published research papers. The detailed information for each one of these compounds was listed in Tables 1 and 2 with corresponding targets. Then the network pharmacology approach was applied to explore the complicated “multi-ingredients, multi-targets, multi-pathways” anticancer mechanisms of Litchi from a system biology perspective.

We identified the top ingredients, top targets, and top signaling pathways of Litchi with anticancer effect from four major aspects including anti-proliferation, cell death promotion, inhibition of metastasis, and sensitization of chemotherapy and radiotherapy. Further, in order to identify the primary ingredients and targets acting on all four anticancer functions listed above, we performed analysis (Figure 6 and Table S11) and found EGCG and gallic acid to be the top ingredients participating in all of the four anticancer functions (Figure 6A and Table S11). Moreover, EGCG was also involved in the suppression of cancer stemness, cancer metabolism, and angiogenesis, while gallic acid was involved in attenuating angiogenesis (Table S10). These results suggest that they are likely to be the major anticancer ingredients in Litchi. Apart from that, we also found that kaempferol, luteolin, and betulinic acid were the top ingredients which carried out at least 2 of anticancer mechanisms (Figure 6A and Table S11). After selecting the primary ingredients from the overlapping parts, we found that BAX, BCL2, and CASP3 were the common targets which could induce apoptosis, autophagy, and sensitization, while AKT1 was a common target to suppress proliferation and induce apoptosis (Figure 6B and Table S11). To further study the interactions among top ingredients (EGCG and gallic acid) and top targets (BAX, BCL2, CASP3, and AKT1), a molecular docking study was carried out to elucidate their binding modes. The result indicated a high binding affinity between EGCG and 4 targets with all of their total score greater than 6. However, gallic acid showed a lower binding affinity with each of their total score less than 6, while, only 2 top targets had active binding pockets for gallic acid with a total score of more than 5 (Figure 7 and Table S12). We speculated that gallic acid might exert anticancer effects by indirectly interacting with the top targets. Other than identifying single ingredient and its corresponding effect or vice versa, we mapped the complex interactive network of the primary targets and ingredients from Litchi (Table S11). The results could be used to maximize the effects of Litchi ingredients by extracting only the identified functional components based on the principles of Component Formula, which is a new model to develop innovative TCM with the understanding of the effective ingredients and pharmacological mechanisms (Zhang and Wang, 2005). Notably, we have also found that some of the top pathways screened out in this study have been experimentally verified, such as PI3K-Akt, Ras and MAPK signaling pathways etc. (Lin et al., 2011; Wang et al., 2011a; Lim et al., 2017). Hence, we have collected and summarized the results from independent studies, and also investigated further into the complex network of the multiple active ingredients and targets of Litchi. This would help to guide people to further explore the potential cancer therapy values of Litchi.




Figure 6 | Overlaps of Top Ingredients and Targets Related to Anti-Proliferation, Inducing Apoptosis and Autophagy, Inhibiting Metastasis and Sensitizing. (A) Top ingredients. (B) Top targets.






Figure 7 | The Binding Modes of Top Ingredients and Top Targets. (A) The binding modes of EGCG in the active pockets: a (BAX/PDB ID: 6EB6); b (BCL2/PDB ID: 4AQ3); c (CASP3/PDB ID: 6CL0); d (AKT1/PDB ID: 6HHG). (B) The binding modes of gallic acid in the active pockets: a (BAX/PDB ID: 5W5Z); b (BCL2/PDB ID: 5VAX); c (CASP3/PDB ID: 6CL0); d (AKT1/PDB ID: 6BUU).



This study systematically explored the anti-cancer mechanisms of Litchi using network pharmacology methods. However, it was distinct from traditional network pharmacology research, in which, the components and targets of a natural herb were mainly predicted based on online databases, followed by experimental verification in vitro and in vivo. In contrast, in this study, experiments were not of necessity because the anti-cancer ingredients, targets, and their interactions have already been experimentally confirmed in published literature. Furthermore, we collected information from independent studies and transformed them into a systematic interaction network with further analysis of the top ingredients, top targets and possible signaling pathways. For the first time, the anti-cancer properties of Litchi were explored from a new “multi-ingredients, multi-targets, and multi-pathways” perspective. However, selecting the top ingredients and top targets by network pharmacological methods alone has limitations, such as that it could neither reflect the anticancer effect intensity of these top ingredients, nor indicate if there was a correlation between the effectiveness of the ingredients and their concentrations. Also, we could not compare the pharmacokinetic parameters which directly affect drug efficacy. Therefore, based on the results of this article, we would use these top ingredients as a “Component Formula” in a combinatory manner and to explore their anti-cancer effect with in vitro and in vivo experiments in the follow-up studies.
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Purpose: Complementary and Alternative Medicine (CAM) interventions are widely used by patients with chronic disorders, including cancer, and may interact with cancer treatment. Physicians are often unaware of this, probably due to poor patient-physician communication on CAM. The purpose of this study was to evaluate physicians' knowledge, attitudes and practice patterns regarding CAM in a survey conducted in Italy.

Methods: A questionnaire was administered to 438 physicians (11 Italian hospitals) who predominantly treat patients with chronic disease, to collect personal and professional data and information on attitudes toward CAM and its possible role in Conventional Medicine (CM).

Results: Of the 438 participants, most were specialists in oncology (18%), internal medicine (17%), surgery (15%), and radiotherapy (11%). Most worked at university (44%) or research hospitals (31%). Forty-two percent of participants believed that CAM could have an integrative role within CM. Oncologists were the physicians who were best informed on CAM (58%). Physicians working at research institutes or university hospitals had a greater knowledge of CAM than those employed at general hospitals (p < 0.0001), and those who were also involved in research activity had a greater knowledge of CAM than those who were not (p < 0.003). Length of work experience was significantly related to CAM knowledge. Moreover, 55% of participants suggest CAM interventions to their patients and 44% discuss CAM with them. The best-known interventions were acupuncture, Aloe vera and high-dose vitamin C.

Conclusion: CAM use by patients with chronic disease and/or cancer has become a topical issue for the scientific community and for physicians. Knowing the reasons that prompt these patients to use CAM and guiding them in their decisions would improve treatment and outcomes and also benefit healthcare systems. Our findings contribute to a greater understanding of CAM knowledge, attitudes, and practice among Italian physicians. Further research is needed to identify the more effective CAM treatments and to work toward an integrated healthcare model.

Keywords: complementary medicine, alternative medicine, physicians, cancer, treatment, Italian survey, attitudes


INTRODUCTION

According to the U.S. National Center for Complementary and Integrative Health (NCCIH), Complementary and Alternative Medicine (CAM) therapies include a wide spectrum of practices and products, either biological (e.g., herbs or botanicals, vitamins, minerals, probiotics, homeopathic products, and Chinese herbal remedies) or non-biological (e.g., prayer, meditation, music therapy, yoga). These interventions are defined as “alternative” when they are used instead of Conventional Medicine (CM) and as “complementary” when they are used together with it (1). Their popularity has been increasing, and according to 26 studies conducted all over the world by the 1990s they were used by 7–64% of patients with chronic disorders, including cancer (2–5). In the past decade the interest in CAM has grown further, the main reasons being massive internet marketing, dissatisfaction with CM, and a desire by patients to achieve greater control over medical decisions (2).

CAM has become widespread in most industrialized countries; individuals who have used it at least once account for about 70% of the population in Canada (6), ~50% in Italy, France and Australia (7–9), 40% in the USA (3), 30% in Japan (2), and 31% in Belgium (8).

The diffusion of CAM therapies is relevant to physicians, because several biologically based approaches, such as herbs and supplements, can interfere with CM treatment efficacy, including antiblastic chemotherapy (AC) and target therapy (TT), besides heightening the risk of treatment-related toxicity and other complications. For example, St John's wort, Asian ginseng and green tea have all been found to induce toxicity and to interact with a number of medications, including AC and TT (10–13). A study of adult cancer patients estimated that 28% were at risk of AC-herb interactions; notably, 46% of these patients were treated with curative intent (14). The interactions described between the most common AC and CAM interventions published in the English literature are reported in Table 1 (15–42). To the best of our knowledge, there are no studies in English on interactions between immunotherapy and CAM.


Table 1. Most common CAM interventions adopted by cancer patients and possible interactions with AC.
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The wide diffusion of CAM and the attendant risk for some patients—especially those receiving active anticancer treatment (ACT)—involve that physicians should inquire about their use by patients and be familiar with the more common CAM therapies.

In a recent multicentre Italian study (7), we found that 49% of cancer patients combined CAM remedies with their ACT and that in 67% of cases the interventions were self-prescribed. Their main sources of information were the internet and the media (48%), whereas only 6% of patients received information on CAM from physicians. Critically, 85% of patients were not aware of the risk of side-effects of CAM remedies and of potential interactions with CM treatments. The latter issue raises disturbing questions and highlights the need for greater patient-physician communication on CAM. Although oncologists generally discuss treatment options with patients (choice of treatment, therapeutic targets, side-effects), they largely ignore CAM (43–45). A study conducted at the University of Texas MD Anderson Cancer Center in Houston has found limited communication and discordant views among physicians with regard to CAM therapies (46). Insufficient patient-oncologist communication on CAM has also been reported (46). Poor communication between healthcare professionals and patients has been described with regard to CAM; for instance, in a previous Italian multicentre survey, Crocetti et al. (47) highlighted a poor attitude of oncologists toward CAM. According to data published by Censis (an Italian socioeconomic research body) on fake news on medications in 2017, 28% of Italians who have a medical problem consult primarily “Dr Google,” likely due to poor or no communication with their physicians (48).

The medical education of Italian physicians is evidence-based. Most have never been taught CAM at any stage of their training, a fact that may be ascribed to lack of significant scientific evidence for its effectiveness. Indeed, the current literature on CAM and cancer is largely based on the patients' standpoint, whereas papers addressing the physicians' point of view are now beginning to be published. Since the attitudes toward CAM of Italian physicians who treat patients with chronic disorders, including cancer, have never been surveyed, we set out to investigate the personal and professional characteristics and CAM attitudes, knowledge, and use in a sample of physicians who predominantly treat this type of patients.



MATERIALS AND METHODS


Participants

A nationwide cross-sectional descriptive questionnaire survey was undertaken to collect data on CAM attitudes, knowledge and use by physicians. Letters of invitation were sent to 20 institutions, which included: research hospitals, universities and general hospitals, and 11 agreed to participate to the survey. Physicians were invited to complete the questionnaire by the researchers involved in the study (the chief of their department/the chief medical officer). The study was conducted in accordance with the 1964 Helsinki Declaration.

Participants were grouped into four specialty groups: (G1) “Oncology/Hematology/Pain management/Radiotherapy/Anaesthesiology” (40.4%); (G2) “Internal medicine/Geriatric medicine/Infectious diseases” (25.3%); (G3) “Surgical specialties” (15.1%); and (G4) Nuclear medicine/No specialty/Other” (19.2%).



Questionnaire

A 41-item questionnaire was developed by two of the authors (M.B. and A.C.) based on literature data (47) and divided into 3 sections. The first section collected personal and professional data, including participant gender, age, education, medical specialty, years of experience, type of institution and place of work in Italy (North, Center, South and Islands). The second section focused on CAM and asked questions on participants' knowledge of it; their view of its ability to be used with CM; whether they suggest CAM to patients or discuss it with them; whether and how it could be used in their patients, their trust in CM, and their personal use of CAM. The third section asked which CAM interventions were known to the participant; to which patients they would suggest CAM, the role they thought it could have, and which effects they have actually observed. In line with the literature (47), the commonly prescribed medical therapies such as support therapy (e.g., iron, vitamin D, calcium supplements) were not considered as CAM and are not included in the analysis.



Statistical Analysis

All questionnaires were coded and checked. Missing data and ambiguous responses were excluded from the analysis. Participant information was summarized in descriptive tables. Differences in participant characteristics and knowledge of CAM were analyzed by the chi-square test or Fisher's exact test, as appropriate. The level of significance was set at p < 0.05. Analyses were performed with IBM SPSS Statistics 25.0 (49). The variables showing significant differences were entered into a logistic regression model to test the relationships between them (as independent variables) and the four specialty groups, to gain insight into participants' attitudes to CAM. Odds ratios (ORs) and 95% confidence intervals (CIs) were computed to assess participants' attitudes using G1 physicians as the reference category.




RESULTS

A total number of 438 participants responded, yielding an adjusted response rate of 82% (534 physicians were invited and 96 incomplete questionnaires were excluded). Participants were equally distributed among men and women and their median age was 53 years (range, 30–67). As regards education, 55.7% had a specialization, and only 5% had a Ph.D. degree; the most common specialty areas were G1 (40.4%), G2 (25.3%), G3 (15.1%), and G4 (19.2%); most participants (60.7%) worked in institutions in Southern Italy and were involved in research activity (54%) (Table 2).


Table 2. Personal and professional data of participants.
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Slightly more than half (50.9%) knew the meaning of the CAM acronym; most (78.6%) knew about “alternative and complementary medicine,” and most (41.8%) thought that CAM could have a role in CM (Table 3).


Table 3. Key questions.
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The statistical comparisons based on specialty group are reported in Table 4. G1 physicians were more likely to work in Northern Italy (34.5%) in a research hospital (42.4%) and were more interested in CAM than the other groups (“Do you know what CAM stands for?” yes, 57.6%; “Have you ever heard about alternative and complementary medicine?” yes, 88%; “Should patients be treated exclusively with CM?” no, 52%). The distribution of physicians involved in research activity and their interest in CAM are reported in Table 5.


Table 4. Physicians' characteristics and their CAM knowledge according to their specialty.
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Table 5. CAM knowledge in relation to participants' involvement in research activity.
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CAM knowledge and communication with patients were analyzed by multivariate logistic regression (Table 6). G1 physicians were significantly associated with CAM knowledge (p < 0.0001) and with awareness of the difference between complementary and alternative medicine (p = 0.01). The lack of an association between G1 physicians and CAM suggestion and prescription to their patients explains their poor propensity for CAM interventions (p = 0.4 and 0.09, respectively). About half of participants stated that they do not discuss CAM with their patients.


Table 6. Odds ratio (OR) and 95% confidence intervals (CIs) computed to assess the attitudes toward CAM of G1 physicians (specialties: Oncology, Hematology, Pain management, Radiotherapy, Anaesthesiology).
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The CAM interventions best known to our sample of physicians (Figure 1) were acupuncture (60.7%), Aloe vera (57.1%), and high-dose vitamin C (40.6%); the least known were Hamer's method (12%) and Rophalurus junceus (poison of the blue scorpion, marketed as “Escozul”) (8.3%). We decided to exclude from this list the medical therapies that are usually prescribed as support therapy (iron, vitamin D, and calcium supplements).


[image: Figure 1]
FIGURE 1. Type of CAM interventions known to participants in relation to specialty group.


The patients to whom participants would recommend CAM therapies (Figure 2) are those with cancer and chronic disease (similar percentages). A significant association was found for none of the specialty groups.


[image: Figure 2]
FIGURE 2. Physicians answer to the question “To whom would you suggest using CAM?”.


As regards the possible use of CAM (Figure 3), G1 physicians would not recommend their cancer patients to treat their disease with CAM alone (10%) but would recommend it as a support treatment (55%) during AC, whereas G4 physicians would recommend CAM as a ACT (60%). Most (33%) G2 and G3 physicians consider CAM as useless and expensive.


[image: Figure 3]
FIGURE 3. Participants' perception of the value of CAM interventions in relation to their specialty group.




DISCUSSION

In recent years the interest in CAM has mounted considerably due to media influence and to internet marketing, besides patients' desire to gain greater control on their treatment. The available data suggest that although 29–91% of chronic and cancer patients use CAM remedies together with their treatment, less than half of physicians, and especially of oncologists, discuss them with their patients (4, 5, 7). CAM has largely been ignored by physicians for at least 30 years and has only recently begun to attract the attention of the scientific community and of healthcare institutions.

This study surveyed the CAM knowledge, use, perception, and attitudes of Italian physicians who predominantly treat patients with chronic disease, including cancer. Although 44% of participants believe that patients should be treated exclusively with CM, most (59%) replied that they accept and prescribe CAM interventions. The patients to whom they would prescribe CAM are predominantly those with cancer (76%) or chronic disease (74%) as well as terminally ill (49%) and elderly patients (47%). Moreover, 45% (p < 0.005) of those surveyed believed that CAM could have a role in CM as a complementary therapy in a context of integrative medicine (IM), as also found by several studies (20, 50–55). Indeed, IM models for cancer patients are applied in hospital setting in several countries (56–59). The analysis of physicians' characteristics highlighted that 40% of our sample are involved in treating cancer patients and work at a university (44%) or a research hospital (31%). Awareness of CAM was acknowledged by 60% of oncologists, by 42% of internal medicine specialists and 45% of “other” specialists; their different knowledge may be due to the widespread use of CAM remedies by cancer patients. This 60% of oncologists constitutes a significant improvement on the 48% described by Crocetti et al. (47) in 1996 and reflects a much greater awareness and knowledge of CAM, a greater attention to the problem and an increased use of CAM in Italy. Participant age (40–65 years) and years of practice (>10 years) were found to be significantly associated with CAM knowledge (respectively, p < 0.001 and p < 0.002); a similar finding has been reported in a recent national survey of China's oncologists (60). As expected, the physicians with a more limited knowledge of CAM were less likely to discuss it with patients, as also noted by other researchers (61). A recent Norwegian study of cancer patients who use complementary medicine suggests that poor communication experiences with physicians may result in the adoption of CAM interventions, and in some cases in postponement or reduction of the conventional cancer treatment; in contrast, positive communication experiences led to CAM use as a supplement rather than an alternative to CM (62). Effective patient-physician communication may be critical for patient satisfaction and compliance and for favorable outcomes. Patients' negative attitudes toward CM have also been linked to possible adverse reactions to treatment (62). The Norwegian study also reported that patients who had been with the same general practitioner (GP) for more than 2 years were less likely to visit a complementary medicine provider than those with a shorter relationship with their GP (12.5 vs. 15.5%, respectively) (62). Notably, the lack of communication between physicians and providers of complementary interventions is an additional risk for patients who wish to combine what they perceive to be the best of the two worlds.

Interestingly, a study of data from a Dutch health insurance company (63) has found that the patients of GPs who had had CAM training had lower mortality rates and cost less to the healthcare system due to shorter hospital stays and fewer drug prescriptions. In addition, various studies indicate that better educated patients with higher than average incomes are more likely to choose CAM and are frequently supported in this choice by their GPs (7, 64–66). Informing physicians about the high prevalence of CAM use and the commonly used CAM interventions has the potential to advance communication with patients. Our survey found that half of physicians discuss the role of CAM with their patients: these physicians are those who are involved in research work, have more than 10 years of specialization and belong to G1 group.

The need for improving physicians' CAM knowledge and communication with patients has also been highlighted in recent studies by the Working Group Prevention and Integrative Oncology of the German Cancer Society (54), the German society for Palliative Medicine (67), other German institutions (68, 69) and the national survey of China's oncologists (60). The German studies also indicate that some CAM practices (psycho-oncology, sport, micronutrient supplements) are more popular in Germany than in Italy.

Negative experiences related to physician-patient interactions and CM outcomes can encourage cancer patients to use CAM and to refuse or postpone CM (70).

In our survey, the physicians working at a university and/or a research hospital knew CAM significantly better than those who worked at a general hospital (p < 0.0001), and those who were also involved in research work knew CAM better than those who did no research (p < 0.003). Similar results are reported in the national survey of Chinese oncologists: those working in metropolitan areas and academic hospitals have a greater knowledge of and a more favorable attitude toward CAM (60). Interestingly, in our survey 60% of the physicians involved in research would suggest CAM to patients, and 45% of them discuss it with them; surprisingly, this is also the proportion of physicians who do no research (p < 0.1). Our survey demonstrated that the lack of communication about CAM between physicians and patients is not necessarily related to physicians's knowledge of CAM. The CAM interventions best known to participants were acupuncture (60.7%), Aloe vera (57.1%), high-dosage vitamin C (40.6%), and yoga (36.1%), whereas the least known was Escozul (8.3%). Surgeons were the physicians with the most limited CAM knowledge. All physicians stated they would prescribe CAM chiefly to patients with cancer and/or chronic disease; 33% of internal medicine physicians feel that CAM is useless and expensive, 50% of oncologists think that CAM remedies could be used as supplements, and 47% of them consider CAM useful as support in chronic treatments. Notably, most (55%) G1 physicians view CAM as a support treatment during ACT and only 10% believe that it can be used as an ACT. Interestingly, 30 and 60% of G2 and G4 physicians, respectively, believe that CAM can have a role as an ACT. Such widely different views could be related to lack of CAM training in the medical degree course. Similar to our oncologists, the national survey found that China's oncologists accept CAM (44.9% of participants) to manage the most common symptoms related to cancer treatment such as lack of appetite, fatigue and sleep disorder (60), i.e., as support treatment. Moreover, 22% of G1 and 33% of G2 and G3 physicians consider CAM expensive and useless. To improve CAM knowledge, most U.S. medical schools (64%) are offering alternative medicine courses (69, 71). Moreover, a recent study has reported that 95% of students in an Arabic medical school were satisfied with a course on integrative and prophetic medicine (72). These data indicate an increasing need for greater insight into CAM interventions, mostly for use with CM.

The two chief limitations of the study are the size of the sample and the fact that an interest in CAM may have enhanced respondents' willingness to participate. However, this the first survey involving a large number of physicians of several specialties, all of whom are involved in treating patients with chronic conditions, including cancer. Moreover, analysis of their responses, to highlight different approaches to CAM, enabled extensive dissection of the data, since participants were grouped into specialty groups as well as by their involvement in research work and the type and geographical site of their institution.

In conclusion, our survey provides up to date information about physician's knowledge of CAM and their attitudes to it. The CAM awareness of Italian physicians has considerably improved since the late 1990's, when a similar questionnaire was distributed, and their attitudes have changed accordingly. Although it is difficult to assess their CAM knowledge, attitudes and practice patterns and their true prevalence, we believe that this survey provides new and topical information. Since in Italy the question is increasingly being discussed by the medical and the lay community alike, this study provides a long overdue update on a highly topical issue.



PERSPECTIVES

The lack of CAM knowledge by physicians and their limited communication with patients have negative consequences on and implications for clinical management and outcomes. Notably, it has been demonstrated that the use of CAM instead of CM was associated with worse five-year survival in cancer patients (73). The use of CAM by cancer patients is therefore an outstanding issue that warrants greater attention by the scientific community and physicians. Critically, its unguided use by patients with chronic disease and/or cancer has important implications for healthcare services and care providers as well as for the patients themselves. Assessing the soundness of CAM information sources and improving communication with physicians on this topic is crucial to enhance or preserve patient health and to strengthen the therapeutic relationship and patient compliance. We believe that physicians should expand their knowledge of CAM interventions, beneficial effects and potential interactions and toxicity. Indeed, an earlier pilot study (74) has identified 47 different potential interactions among 136 herb-drug combinations whereas a more recent investigation has found that 37.2% of patients were at risk of interaction between CM and CAM interventions (75). This risk can be reduced by improving physician-patient communication, as shown by several studies (50–55, 76, 77), as well as by the adoption of an integrative medicine model. It would be useful to run clinical trials on some interventions, like mushrooms, mistletoe, ozone, and high-dose vitamin C, for which there is some scientific evidence (78–87). It is essential to find an evidence base for CAM therapies using suitable, sensitive approaches. Discussion of CAM interventions and guidance on potential benefits and toxicities is a task that physicians should urgently undertake. Extensive research is required to assess actual CAM use and dosage in patients receiving different treatments and to work toward achieving an integrated model of healthcare provision, which should also inform EU legislation.
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Cancer pain is one of the most common and serious symptoms of cancer patients. At present, the agents used for the prevention or treatment of cancer pain do not act with optimal safety and efficacy. The nuclear factor kappa B (NF-κB) signaling pathway and its downstream inflammatory factors interleukin-6 (IL-6), interleukin-1β (IL-1β), and tumor necrosis factor-α (TNF-α) play an important regulatory role in the developmental process of cancer pain. IKKβ is a key molecule of the IκB (IKK) kinase that propagates cellular responses to inflammation. Previous studies have shown that phosphorylation and degradation of the IκBα protein promotes the activation of NF-κB and the expression of TNF-α, IL-1β, and IL-6, participating in the formation and development of cancer pain. Chanling Gao (CLG) is a compound preparation of traditional Chinese medicine. It contains specific functions, namely nourishing Yin, activating blood circulation and relieving pain and dysfunction syndrome. It is used in the treatment of a variety of pain disorders including cancer-induced bone pain (CIBP), which has a certain relief effect. However, its mechanism of action still remains unclear. In the present study, a rat model of tibia CIBP was successfully established using the Walker 256 breast cancer cell line. The IKKβ/NF-κB signaling pathway and its related factors TNF-α, IL-1β, and IL-6 were used as the entry points to explore the effect of CLG on CIBP and their possible mechanisms of action. The results indicated that CLG improved the body mass of the CIBP rat model and increased the pain threshold in rats. CLG significantly inhibited the degradation of IκBα and the levels of p-IκBα, p-IKKβ, and p-p65 NF-κB proteins in the spinal cord of CIBP rats, inhibiting the contents of TNF-α, IL-1β, and IL-6. Therefore, we conclude that the analgesic effect of CLG in this rat model of CIBP may be related to the inhibition of the IKKβ/NF-κB signaling pathway and the reduction of synthesis and release of TNF-α, IL-1β, and IL-6.
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Introduction

According to the World Health Organization, 30 to 50% of all cancer patients have symptoms of pain. Approximately 15% of all patients with early stage cancer and approximately 60% to 90% of patients in the advanced stage of cancer have clinical manifestations of pain. From the perspective of pain, 40 to 50% of patients have moderate-to-severe pain, and 25% to 30% of patients experience very severe pain (Caraceni and Shkodra, 2019). The diagnosis and treatment of cancer pain is still regarded a very serious complication in clinical practice. At present, cancer pain is treated based on the principle of the “three-step analgesic therapy”; however, due to drug resistance, side effects of drugs, psychological factors, and individual differences, the effects of clinical treatment are not optimistic and seriously affect the quality of life of the patients (Sun and Gu, 2002; Yao et al., 2019). Tramadol hydrochloride is a centrally acting opioid analgesic that is often used clinically for the treatment of various acute and chronic pains, such as cancer pain, fractures, or postoperative pain due to its rapid and complete absorption and high bioavailability (Kim et al., 2019; Musich et al., 2020). However, certain adverse reactions may occur following administration of this drug (Kim et al., 2019; Musich et al., 2020). Previous studies have found that the analgesic mechanism of tramadol hydrochloride may be associated with the activation of the NF-κB signaling pathway (Wojciech and , 2009; Zhou et al., 2015). Chinese medicine is one of the components of multi-disciplinary comprehensive treatment of cancer, which exerts a certain relief on adjuvant treatment of cancer pain, significantly improving the patient symptoms and as a result the quality of life in patients (Wang et al., 2019). This regimen is associated with lesser adverse reactions (Wang et al., 2019). Therefore, it is of great clinical significance to explore effective drugs for preventing and treating cancer pain with the aid of traditional Chinese medicine.

Cancer-induced bone pain (CIBP) is the most common type of cancer pain and is the main cause of poor quality of life in patients suffering from cancer. Nuclear factor kappa B (NF-κB) is an important transcription factor in the body that plays a significant role in the regulation of immune and inflammatory responses. Similarly, IKKβ is also a key molecule of the IκB (IKK) kinase that propagates cellular responses to inflammation. It has been reported that the IKKβ/NF-κB pathway is involved in the formation and developmental processes of cancer pain, inflammatory pain, mechanical hyperalgesia, and thermal hyperalgesia (Wang et al., 2018; Tian et al., 2019). The IκB kinase is activated and phosphorylated under the stimulation of inflammatory factors, followed by ubiquitination and degradation. This process in turn promotes the entry of NF-κB into the nucleus and initiates the expression of its corresponding target genes, inducing several target proteins. The synthesis of these proteins exhibits certain biological effects (Jing et al., 2015; Oguiza et al., 2015). The inflammatory response is closely associated with the development of cancer pain. Previous studies have shown that the proinflammatory cytokines, such as interleukin-6 (IL-6), interleukin-1β (IL-1β), and tumor necrosis factor-α (TNF-α) play an important role in the development and progression of neuralgia in the central nervous system, eventually leading to central sensitization and formation of persistent pain (Nadeau et al., 2011; Doong et al., 2015; Lu et al., 2015; Hung et al., 2017). Activation of NF-κB in the spinal cord tissues of rats with neuropathic pain and inflammatory pain indicates close association with the production and maintenance of pain, while inhibition of NF-κB activation significantly alleviates pain and inflammation in rats (Fu et al., 2010). According to previous studies, the expression of NF-κB is significantly increased in the spinal cord of CIBP rats, suggesting that the occurrence of CIBP is related to the activation of the NF-κB pathway (Zhou et al., 2015). Stimulation of pro-inflammatory cytokines activates TNF-α, IL-1β, and IL-6 and NF-κB. The activated NF-κB regulates the expression levels of IL-1β, IL-6, and TNF-α and the two feedback each other to promote the occurrence and development of pathological neuralgia (St-Jacques and Ma, 2011; Hoesel and Schmid, 2013; Chen et al., 2019). In summary, the IKKβ/NF-κB signaling pathway and the pro-inflammatory cytokines TNF-α, IL-1β, and IL-6 play important regulatory roles in the development of cancer pain.

Chanling Gao (CLG, Patent No.: 201410626601.3) is a Chinese traditional medicine used in Liu Shangyi's clinical experience for more than 40 years. It is mainly composed of skin of toad (Bufo gargarizans Cantor) and other traditional Chinese medicinal components and is used to treat benign and malignant masses, causing a relief effect on cancer pain in various advanced tumors (Huang et al., 2017). The application of CLG in the First Affiliated Hospital of Guizhou University of Traditional Chinese Medicine since 2010 enabled the treatment of nearly 10,000 cancer patients. Modern pharmacological research suggests that the active constituents of the main components of CLG, such as Chan Pi (Toad Skin), Wei Ling Xian (Clematis chinensis), Ge Gen (Radix Puerariae), Chuan Xiong (Ligusticum chuanxiong Hort), and E Zhu(Curcuma aeruginosa Roxb) exhibit anti-tumor effects that reduce the side effects of chemotherapy and improve immunity (Cao et al., 2015; Lee et al., 2015; Zhang et al., 2018; Hao et al., 2019; Zhan et al., 2020). Our previous study demonstrated that the clinical application of CLG (Huang et al., 2016; Yang et al., 2016; Yang et al., 2019) exhibited a certain relief effect in patients with cancer pain and a significant effect on a colorectal cancer nude mouse model. The HPLC (Supplementary Material: Figure 1, Tables 1 and 2) analysis of CLG indicated (Figure 1A) that this extract mainly contained bufogenins [bufalin (0.47 μg/ml), resibufogenin (0.49 μg/ml), telocinobufagin (0.32 μg/ml), gamabufotalin (0.28 μg/ml), arenobufagin (0.36 μg/ml)] (Figures 1a–e), flavonoids [scutellarin (0.26 μg/ml), apigenin (0.65 μg/ml), kaempferol-7-O-β-d-glucopyranoside (0.41 μg/ml), calycosin (1.37 μg/ml), formononetin (0.44 μg/ml), and nobiletin (0.72 μg/ml)] (Figures 1f–k), alkaloids [ammothamnine (0.36 μg/ml) and magnoflorine (0.98 μg/ml)] (Figures 1l, m) as well as other ingredients, such as emodin (0.39 μg/ml), adenosine (0.56 μg/ml), 9-Oxo-10(E),12(E)-octadecadienoic acid (0.18 μg/ml), cryptotanshinone (0.55 μg/ml), and diosgenin (0.58 μg/ml) (Figures 1n–r). However, the specific role of CLG in cancer pain and its mechanism remain unclear. Inflammatory factors are important components for the occurrence and development of cancer pain and therefore, inhibition of inflammatory factors plays an important role in the prevention and treatment of cancer pain.




Figure 1 | The identification of the active compounds of CLG as determined by HPLC. (A). HPLC of CLG. a. Bufalin. b. Resibufogenin. c. Telocinobufagin. d. Gamabufotalin. e. Arenobufagin. f. Scutellarin. g. Apigenin. h. Kaempferol-7-O-β-d-glucopyranoside. i. Calycosin. j. Formononetin. k. Nobiletin. l. Ammothamnine. m. Magnoflorine. n. Emodin. o. Adenosine. p. 9-Oxo-10(E),12(E)-octadecadienoic acid. q. Cryptotanshinone. r. Diosgenin.





Materials and Methods


Animal Model

The Walker 256 breast carcinoma cell line was purchased from the ATCC cell bank (ATCC Number: XB-2496, Shanghai, China). The Walker 256 cells that were collected in the logarithmic growth phase were inoculated into the abdominal cavity of 4-week-old female Wistar rats weighing 60 to 80 g that were purchased from Hunan Changsha Tianqin Co., Ltd. [experimental animal license number SCXK (Liao) 2015-0001], after 10 days, the ascites was collected waiting to use. A rat model of bone cancer pain established by following the method of Medhurst et al. (2002). First, the rats were anesthetized with 10% chloral hydrate (3 g/kg) by intraperitoneal injection [weighing 160–180 g, 5-week-old male rats, purchased from Hunan Changsha Tianqin Co., Ltd., experimental animal license No. SCXK (Liao) 2015]. After the rats were anesthetized, they were fixed in the supine position on the operating table. When the cornea reflex and the clamp response disappeared, the tibia of the right hind limb of the rat was shaved and disinfected. Second, cut the middle and upper sections of the tibia to expose the tibial bone surface, and then use a 1-mm diameter stainless steel drill to make holes, but prevent the tibia from being punctured. Third, when the tibial foramen was unobstructed, 10 μl (3×104/μl) of ascites containing Walker256 cells was injected into the bone marrow cavity using a micro-syringe, and then the drilling site was quickly closed with bone wax, and only 10 μl of the normal saline was injected into the rats in the sham operation group (Sham). Fourth, disinfect the wound and then perform layered sutures, and the entire operation strictly adheres to the aseptic operation. The rats were tested on days 7, 14, and 21 of modeling using hot and cold plates (DB026, Beijing Zhimoo Duobao Biotechnology Co., Ltd., Beijing, China) and von frey (IITC-2393, USA) electronic pain meter. These rats were housed under specific-pathogen free (SPF) conditions at a temperature of 24 ± 0.5°C and in a relative humidity of 50% to 60%. All experimental procedures were approved by the Medical Ethics Committee of Guizhou University of Traditional Chinese Medicine.



Groups and Administration

Following successful modeling, the model rats were randomly divided into the model control group, the Changling Gao high (CLGH), the Chanling Gao middle (CLGM), the Chanling Gao low (CLGL), and the tramadol hydrochloride (QMD) groups.

The dose of CLGM rats administered was the equivalent dose of CLG used clinically in adults. CLG was provided by the First Affiliated Hospital of Guizhou University of Traditional Chinese Medicine (100 g/bottle, brown paste, batch number: 20180827). The CLGH group was administered with 8 g (raw drug)/Kg (body mass)/d (800 g/l) aqueous solution (2 ml gavage), the CLGM group with 4 g/Kg/d (400 g/l) aqueous solution (2 ml gavage) and CLGL group with 2 g/Kg/d (200 g/l) of an aqueous solution of 2 ml. The Sham group and the model control group were administered intragastrically saline (2 ml/d) for 7 days. The QMD group (purchased in Shanghai Xudong Haipu Pharmaceutical Co., Ltd., specification: 0.025 g/tablet, 25 mg×10 pieces/box, batch number: FA170304) rats were administered 2 ml 0.02 g/kg (0.02 g/l) aqueous solution for 7 days.



Effect of CLG on Model Rats

The general condition of the rats was observed daily, including their diet, stool, spirit, dull hair, and sensitivity to irritation. The body weight of the rats was measured every 7 days, and the body mass growth curve of the nude mice was measured to observe the effects of CLG. Concomitantly, the paw withdrawal latency to heat stimulation [PWL: The rats were placed in a glass plate chamber, and the palms of the hind toes were stimulated with a hot and cold plate in a quiet awake state, The time (s) from the start of the stimulus to the occurrence of footlift avoidance is PWL. Repeat the measurement three times for each rat, each interval is at least 3 min, and the PWL value is an average of 3 times.] and paw withdrawal threshold to mechanical stimulation [PWT: Von Frey filament was used to stimulate the depression of the plantar skin of the hind limbs, the filament is bent half and lasts for no less than 5 s. When rats lift or lick their feet, it is a positive reaction, otherwise it is a negative reaction, and the positive response is recorded in grams (g).] of the rats were measured every 7 days during the administration of hot and cold plates (DB026, Beijing Zhimoduo Biotech Co., Ltd., Beijing, China) and von frey (IITC-2393, USA).



X-ray Film

The parts of each group on days 7, 14, and 21 following modeling were filmed by X-rays to observe the bone destruction caused by the tumor of the affected limb.



Hematoxylin and Eosin (H&E)

Following the last administration, the rats were sacrificed the next day, and the tibia of the model site was obtained. The tibia was subsequently fixed with 10% formalin, decalcified, dehydrated, soaked to transparency, dipped in wax, embedded, and converted into 5 m thick slices. The specimens were subsequently stained with H&E to observe bone destruction.



Immunohistochemistry

Paraffin sections of spinal cord tissues were 5 μm thick and stained with the SP kit (purchased from Beijing Zhongshan Jinqiao Biological Co., Ltd., Beijing, China) according to the routine immunohistochemical procedure. The dilution concentrations of the primary antibodies were the following: TNF-α, 1: 200, (ab6671, ABCAM); IL-1β, 1:200 (ab9722, ABCAM); and IL-6, 1:200 (ab9324, ABCAM). Subsequently, the sections underwent DAB color development and were photographed under an inverted microscope. Each immunohistochemical section was randomly observed under five fields of view and the number of positive cells per unit area was calculated. According to the percentage of positive cells, the scoring was divided into the four following levels: negative expression (< 5%, −); weak positive expression (5–25%, +); positive expression (25–75%, ++); strong positive expression (75–100%, +++) (Tang et al., 2019).



Western Blot Analysis

A total of 100 mg of spinal cord tissue was obtained from each group, sonicated on ice, and centrifuged at 13,500 rpm for 30 min at 4°C. The supernatant protein solution was extracted, quantified, diluted with 5 X loading buffer in order to denature the protein. Subsequently, 50 μg protein was loaded on 10% SDS polyacrylamide gels for immunoblotting. The primary antibodies were diluted with 3% skimmed milk as follows: IκBα (1:1,000, E130, ab32518, ABCAM), p-IκBα (1:1,000, SC-8059, Santa Cruz), IKKβ (1:1,000, EPR6043, ab124957, ABCAM), p-IKKβ (1:1,000, 2697S, CST), p65 NF-κB (1:1,000, 8242S, CST), p-p65 NF-κB (1:1,000, 3033S, CST). The antibodies were incubated with the membranes overnight at 4°C. The secondary antibodies of the corresponding sources were used separately. The gray values of the protein bands were analyzed by the Bandscan software (Tang et al., 2019).



ELISA

Total blood from the rats was collected at the end of the experiment, centrifuged at 3,000 rpm for 15 min, and subsequently, the supernatant was aspirated to determine TNF-α and IL-1β levels by ELISA (ERC102a.96, ERC007.96, ERC003.96, Shenzhen Xinbosheng). The content of IL-6 was also determined.



Statistical Analysis

The data obtained were expressed as mean ± standard error (mean ± SEM) and were statistically analyzed by the GraphPad Prism 5 statistical software (GraphPad software Inc, USA). The one-way analysis of variance (ANOVA) method was used to determine significant differences. The comparison between the groups was performed by the Bonferroni correction. A P value lower than 0.05 (*P < 0.05) was considered for significant differences.




Results


The CIBP Rat Model Was Successfully Established

In the model group, the PWL and PWT were decreased on days 7, 14, and 21 following surgery. No significant changes were noted in the PWL in the sham group, while the PWT was decreased in the first 7 days following surgery. Subsequently it was increased on days 7 to 14 and decreased slowly after the 14th day (Figures 2B, C). The X-ray films of the rat tibia were obtained on days 7, 14, and 21 of the model, and it was found that on the 21st day, the tibial structure of the model group was significantly damaged and the local bone density was uneven, with loss of bone structure, cortical bone defect, and swelling of surrounding muscles and soft tissues (Figure 3A). However, in the sham group, no abnormalities were present in the tibia and the bone density was uniform (Figure 3A). The cortical bone was continuous in the absence of bone deletion (Figure 3A). H&E analysis indicated that the bone marrow cavity of the model group was filled with a large number of tumor cells, whereas the trabecular bone was destroyed, the bone structure was seriously depleted and the surrounding muscle and soft tissues were destroyed by the tumor cells (Figure 3B). Various normal bone marrow cells were observed in the bone marrow cavity of the sham group, and the trabecular bone and cortical bone were intact without any apparent abnormalities (Figure 3B). These results suggested that the CIBP model was successfully established (Medhurst et al., 2002; Khasabova et al., 2011).




Figure 2 | Effect of CLG on body mass, the paw withdrawal latency to heat stimulation (PWL) and the paw withdrawal threshold to mechanical stimulation (PWT) in the CIBP rat model. (A) Growth curve of body weight of rats in each group (n=6). (B) The PWL of rats in each group (n = 6). (C) The PWT of rats in each group (n=6). In the model group, the PWL and PWT were decreased on the 7th, 14th, and 21st day following surgery, and no significant changes were noted in the sham group. On day 21 of administration, and 7 days following administration, the PWL and PWT were increased in the CLGH, CLGM, CLGL, and QMD groups and the model control group indicated a continuous decrease, whereas the sham group indicated no significant change.






Figure 3 | The results of X-ray and H&E of tibia of CIBP rats. (A) On the 7, 14, 21st day the X-ray results of tibia in the sham and model groups indicated that the arrow pointed to the site of tibia destruction. It was found that the tibial structure of the model group was significantly damaged, whereas the local bone density was uneven, with loss of cortical bone defect, swelling of surrounding muscles and soft tissues. However, in the Sham group, no abnormalities were noted in the tibia, the bone density was uniform, and the cortical bone was continuous. No deletion was present. (B) H&E results of tibia in the sham group and the model group (400×). The results indicated that the bone marrow cavity of the model group was filled with a large number of tumor cells, the trabecular bone was destroyed, the bone structure was seriously lost and the surrounding muscle and soft tissues were destroyed by the tumor cells. Various normal bone marrow cells were observed in the bone marrow cavity of the sham group and the trabecular and cortical bones were intact without any obvious abnormalities.





CLG Can Improve the General Condition of Model Rats

The rats in the sham-operated group were fed during the whole experiment, and they exhibited normal stools, shiny hair, and were in good shape. These animals were sensitive to irritation and had no limp. Following 7 days of model establishment, the rats in the model group indicated decreased food intake, decreased activity, persistent wilting, dull hair, claudication, and progressive aggravation. Following 3 to 7 days of administration of CLG and tramadol, the food intake of the rats in each group was increased, and they showed significant improvement in their vital signs. Moreover, their activity was increased, the gloss of the hair showed improvement, and the lameness was also improved. Following saline administration in the rats of the model control group, their food intake and tiredness were reduced, whereas their vital signs were decreased. The hair of the animals was dull. No significant changes in the sham operation group were noted. These results suggested that CLG could improve the general vital signs and health of the CIBP model rats.



CLG Can Improve the Body Weight of Model Rats

The results of the body mass growth curve revealed that the body mass of the sham group rats was gradually increased on days 7, 14, and 21 following modeling, while the rats in the model group exhibited weight loss (Figure 2A). The body mass of the rats following 7 days of intervention with CLG, QMD, and saline indicated a continuous increase in the sham group. The groups of CLGH, CLGM, CLGL, and QMD exhibited a slow increase and the model control group indicated a continuous decrease (Figure 2A). This suggested that CLG could improve the body mass of CIBP model rats.



CLG Increases PWL and PWT of Model Rats

In the model group, the parameters PWL and PWT were decreased on 7, 14, and 21 days following surgery, and no significant changes were noted in the sham group (Figures 2B, C). On day 21 of administration and following 7 days of administration, the parameters PWL and PWT were increased in the CLGH, CLGM, CLGL, and QMD groups, whereas the model control group indicated a continuous decrease and the sham group revealed no significant change (Figures 2B, C). This suggested that CLG could improve the pain of CIBP rats.



CLG Significantly Inhibits IκBα Protein Degradation and p-IκBα, p-IKKβ, p-p65 NF-κB Protein Levels in the Spinal Dorsal Horn

Previous studies have shown that tramadol hydrochloride can significantly improve cancer pain (Wojciech and , 2009), and the occurrence of cancer pain may be related to the activation of the NF-κB signaling pathway (Zhou et al., 2015). Western blotting demonstrated that the expression levels of the p-IκBα, p-IKKβ, and p-p65NF-κB proteins were significantly increased compared with those of the sham group (P < 0.05). IκBα protein levels were significantly decreased (P < 0.05), whereas IKKβ and NF-κBp65 protein levels exhibited no significant differences in the spinal dorsal horn of the model control group (P > 0.05) (Figures 4A, B). The levels of p-IκBα, p-IKKβ, and p-p65NF-κB in the spinal dorsal horn of the CLGH, CLGM, CLGL, and QMD group rats were significantly lowered (P < 0.05) and the IκBα protein levels were significantly increased compared with those of the model control group (P < 0.05), (Figures 4A, B). The levels of p-IκBα, p-IKKβ, and p-p65NF-κB proteins in the spinal dorsal horn of the CLGH group rats were significantly decreased (P < 0.05), while IκBα protein levels were significantly increased compared with those of the CLGM and CLGL groups (P < 0.05) (Figures 4A, B). This suggested that CLG could significantly inhibit the degradation of the IκBα protein and reduce the levels of the p-IκBα, p-IKKβ, and p-p65 NF-κB proteins in spinal cord tissues at a dose-dependent relationship.




Figure 4 | The regulating effect of CLG on related proteins. (A) Inhibitory effects of CLG on the expression of IκBα (p-IκBα), IKKβ (p-IKKβ) and NF-κB (p-p65 NF-κB) in the transplanted tumor as determined by western blot analysis. (B) Semi quantification of the protein levels of IκBα (p-IκBα), IKKβ (p-IKKβ) and NF-κB (p-p65 NF-κB) in the sham, model and in the QMD, CLGH, CLGM, and CLGL groups. The data are mean ± SEM (n = 6). *P < 0.05 vs. sham, #P < 0.05 vs. Model, △P < 0.05 vs. CLGL and CLGM.





CLG Significantly Inhibits TNF-α, IL-1β, and IL-6 Protein Levels in Spinal Cord and Serum Samples

The immunohistochemical results indicated that TNF-α, IL-1β, and IL-6 proteins exhibited a strong positive expression (+++) in the model control group, weak positive expression (+) in the CLGH and QMD groups and positive expression (++) in the CLGM and CLGL groups (Figure 5A). ELISA results indicated that the levels of TNF-α, IL-1β, and IL-6 in the serum of the model control group were significantly higher than those in the sham group (P < 0.05) (Figure 5B). The serum levels of TNF-α, IL-1β, and IL-6 in the CLGH, CLGM, CLGL, and QMD groups were significantly lower compared with those of the model control group (P < 0.05) (Figure 5B). The TNF-α, IL-1β, and IL-6 protein levels were significantly lower in the CLGH group compared with those of the CLGM and CLGL groups (P < 0.05) (Figure 5B). These results suggested that CLG could significantly inhibit the synthesis and release of the cytokines, TNF-α, IL-1β, and IL-6 in the spinal cord as well as in the serum in a dose-dependent manner.




Figure 5 | Inhibitory effects of CLG on the inflammatory factors in the rat models of bone cancer pain. (A) Immunohistochemical results of TNF-α, IL-1β, and IL-6 proteins in rat spinal cord (n = 3). The arrows indicate the positive expression. (B) Elisa results of TNF-α, IL-1β, and IL-6 proteins in rat serum (n = 6). *P < 0.05 vs. sham, #P < 0.05 vs. Model, ΔP < 0.05 vs. CLGL and CLGM.






Discussion

The present study demonstrated that CLG could improve the body mass of the tibia in a CIBP rat model established by the Walker 256 breast cancer cell line and improve the thermal pain threshold as well as the mechanical pain threshold of the model rats, thereby alleviating cancer pain. CLG significantly inhibited the degradation of the IκBα protein and the phosphorylation of IκBα, IKKβ, and p65NF-κB proteins in the spinal cord of CIBP rats, which in turn inhibited the contents of TNF-α, IL-1β, and IL-6. Therefore, we suggest that the analgesic effect of CLG on the CIBP rat model may be related to the regulation of the IKKβ/NF-κB signaling pathway and the reduction in the synthesis and release of TNF-α, IL-1β, and IL-6.

CLG is a traditional Chinese medicinal compound based on dried toad skin (Bufo gargarizans Cantor). The HPLC analysis of CLG indicated that CLG mainly contained bufogenins, flavonoids, alkaloids, and other ingredients. Previous studies have shown that bufogenins (Ba et al., 2018; Hao et al., 2019), flavonoids (Kono et al., 2014; Gui et al., 2018) and alkaloids (Gutridge et al., 2019) can significantly reduce the occurrence of cancerous pain. The associated mechanism of action may be related to the reduction in the levels of the proinflammatory cytokines TNF-α, IL-1β, and IL-6 by regulating the NF-κB pathway.

CIBP is the most common type of cancer pain. It causes severe pain and is more commonly observed in a variety of primary bone cancers. Also it is caused by metastasis of other malignant tumors, such as bone metastasis of breast cancer, lung cancer, and prostate cancer. The pathogenesis of cancer pain remains complex and unclear. The features of cancer pain include inflammatory pain and neuropathic pain. The mechanisms involved in this process include cancer cell proliferation and infiltration, central and peripheral nerve facilitation, and imbalance of inflammation and immune responses (Diaconu et al., 2015; Fagundes et al., 2015). It has been reported that NF-κB plays an important role in the regulation of inflammatory response in vivo. Previous studies have revealed that the NF-κB signaling pathway is involved in the regulation of the expression of various inflammatory mediators present in pathological neuralgia, in aggravation of the inflammatory response and in the induction of pain (Wang et al., 2018; Tian et al., 2019). Previous studies have reported the activation of NF-κB in the spinal cord of CIBP rats. Intrathecal injection of NF-κB antagonists alleviates hyperalgesia induced by CIBP in rats. Activation of NF-κB induces or promotes the formation of tibia in rats with CIBP (Song et al., 2016; Wu et al., 2018). As the N-terminus of NF-κB has a Rel homology region of approximately 300 amino acid residues, it is collectively referred to as the NF-κB/Rel protein family, which mainly includes the Rel A (p65), c-Rel, Rel B, NF-κB1 (P50), and NF-κB2 (P52) transcription factors. According to previous studies, the expression of phosphorylated NF-κB-p65 and its nuclear translocation are increased during pain (Gupta et al., 2011). IKK includes the three subunits IKKα, IKKβ, and IKKγ, of which IKKβ plays a particularly important role in the activation of the classical NF-κB signaling pathway (Prescott and Cook, 2018). In a large number of cell types, IKKβ is regarded a key IκB kinase, and phosphorylation of IκBα by phosphatases is a necessary condition for NF-κB activation. However, this step alone is not sufficient for NF-κB activation (Gao et al., 2014). IKKβ is another important factor that plays a vital role in promoting the activation of NF-κB by stimulating phosphorylation and degradation of the IκBα protein. The present study demonstrated that CLG exhibited increasing effects of thermal pain and mechanical pain thresholds in model rats, thereby alleviating cancer pain. Western blot analysis indicated that CLG significantly inhibited p-IκBα, p-IKKβ, and p-p65NF-κB protein levels and upregulated the expression of IκBα protein in the spinal cord of CIBP rats. Therefore, the data suggested that the analgesic effect of CLG on CIBP rats might be associated with the inhibition of phosphorylation of the IKKβ protein by CLG, thereby inhibiting the activation of IκBα and consequently the activation of NF-κB.

Cytokines are small-molecular weight proteins with a wide range of biological activities. They are synthesized and secreted by immune cells and certain non-immune cells and possess a wide-ranging role in regulating cellular functions and the occurrence of pain. The tumor tissues can release a range of cytokines, chemical factors, and growth factors. For example, most of the receptors, such as TNF-α, IL-6, interleukin-1 (IL-1), prostaglandin (PGE), and endothelin (ET) can be expressed on primary sensory neurons (Tang et al., 2016; Khodorova et al., 2018). It has been shown that IL-6, IL-1β, and TNF-α play an important role in the pathogenesis and development of pathological neuralgia, eventually leading to central sensitization and formation of persistent pain, resulting in reduced quality of life in patients (Hung et al., 2017). IL-1β and IL-6 are considered important regulatory mediators in the neuro-endocrine-immune system. External noxious stimuli increases the expression of IL-1β and IL-6, which in turn is directly associated with the degree of acute inflammatory response and the degree of pain (Fang et al., 2015). TNF-α increases the synthesis of prostaglandin E2, bradykinin, and substance P through the cyclooxygenase-2 pathway, which in turn leads to hyperalgesia and increased neuronal excitability (de Araujo et al., 2015). Previous studies also found that activated NF-κB regulates the expression of genes such as IL-1β, IL-6, and TNF-α and promotes the occurrence and development of pathological neuralgia (Zhang et al., 2015; Su et al., 2017). IKKβ acts as a key molecule of IκB kinase and phosphorylation and degradation of the IκBα protein promotes the activation of NF-κB (Jing et al., 2015; Oguiza et al., 2015). Cancer pain is closely associated with IKKβ/NF-κB, IL-1β, IL-6, and TNF-α. Inhibition of IKKβ enzyme activity and IκBα protein phosphorylation and degradation has an important inhibitory effect on NF-κB protein activation. It further causes an important inhibitory effect on the expression of the downstream inflammatory factors TNF-α, IL-1β, and IL-6. In the present study, CLG was shown to improve pain in the CIBP rat model. Western blot analysis indicated that CLG inhibited phosphorylation of IκBα, IKKβ, and p65NF-κB proteins in the spinal cord of the CIBP rat model, whereas it upregulated the levels of the IκBα protein (Figures 4A, B). Immunohistochemical analysis demonstrated that TNF-α, IL-1β, and IL-6 exhibited a strong positive expression in the model control group, a weak positive expression in the QMD and CLGH groups and a positive expression in the CLGM and CLGL groups (Figure 5A). Furthermore, the ELISA results indicated that the levels of TNF-α, IL-1β, and IL-6 in the serum of the model control group were significantly higher than those in the sham group (P < 0.05) (Figure 5B). The serum levels of TNF-α, IL-1β, and IL-6 in the CLGH, CLGM, CLGL, and QMD groups were significantly lower compared with those of the model control group (P < 0.05) (Figure 5B). These results suggested that CLG improved the overall vital signs, health, and pain reduction in the CIBP rat model, while inhibiting the degradation of the IκBα protein and the phosphorylation of the IκBα, IKKβ, and p65NF-κB proteins in the spinal cord of rats with CLG inhibition. The role of TNF-α, IL-1β, and IL-6 proteins was inter-related.

In conclusion, the results of the present study indicated that CLG could improve the general quality of life and body mass in a rat CIBP model, while increasing the thermal and mechanical pain thresholds in model rats, thereby alleviating cancer pain. Its mechanism may be related to the inhibition of the IKKβ/NF-κB signaling pathway, which was involved in the reduction of the synthesis of the pathway-associated proteins and the release of the inflammatory factors TNF-α, IL-1β, and IL-6.

The present study can be further improved. A shorter dosage cycle can be used and the question of whether CLG improves the bone destruction of CIBP rats can be addressed. Moreover, the survival rate of CLG in the CIBP rat model and the analgesic effect of CLG combined with QMD in the CIBP rat model can be further explored. Although the results of the present study suggested that the analgesic effect of CLG on CIBP rats might be related to the inhibition of its related biological factors, their specific targets and their association were not clarified. We hope to continue to improve these limitations in our subsequent studies.
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Tetrahydroanthraquinones are a kind of important microbial secondary metabolites with promising biological activities. Most of them were found in microorganisms, a few were derived from Chinese herbal medicine. In this review, aiming to provide basis for the further research and development of tetrahydroanthraquinone compounds, we summarized the physiological activities of natural tetrahydroanthraquinone compounds, including anti-cancer, anti-microbial, and antidiabetic activities. The source, structure, and action mechanisms of active tetrahydroanthraquinones are described in detail. Furthermore, this review firstly analyzed the structure–activity relationship of tetrahydroanthraquinones. Our study will serve as a valuable guideline for further research on the structural optimization, mechanism study, and development of tetrahydroanthraquinone as novel drugs. Aiming to provide references for further studies and development of tetrahydroanthraquinone compounds.
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Introduction

Anthraquinones characterized by an anthraquinone scaffold structure, are widely distributed in plant as secondary metabolites. Modern pharmacological researcher showed that anthraquinones have various potent activities, including anticancer, anti-inflammatory, anti-injury, antibacterial, anti-osteoporosis, antioxidant, etc. (Li and Jiang, 2018).

Tetrahydroanthraquinone is a class of derivatives of anthraquinone in which the unsaturated double-bonds on the benzene ring A are hydrogenated by four hydrogens (Figure 1). Most of them were found in microorganisms, while a little were derived from Chinese herbal medicine. To date, about 60 different tetrahydroanthraquinones are found, of which only nine are from plants (Wang C. et al., 2015). Because of some of tetrahydroanthraquinones showing good pharmacological activity, such as anticancer, antibacterial, anti-malarial, and anti-viral, more and more researchers are being focused on the exploration of their pharmacological activity, mechanism, and structure activity relationships.




Figure 1 | The structure of tetrahydroanthraquinone.



Structurally, tetrahydroanthraquinones are generally classified into tetrahydro-9,10-anthraquinones, hydroxyphenanthrenes, tetrahydro-1,4-anthraquinones, and bi-tetrahydroanthraquinone, and according to their sources, tetrahydroanthraquinones can be divided into the ones from microorganisms and the ones from plants. In this paper, we focus on the pharmacological activities and related structure–activity relationships of active tetrahydroanthraquinones, aiming to provide references for further studies and development of tetrahydroanthraquinone compounds.



Structure and Classification


Tetrahydroanthraquinones From Microorganisms


Tetrahydro-9,10-Anthraquinones

The tetrahydroanthraquinone ring is the fundamental parent nucleus of tetrahydroanthraquinones (Figure 1). Hydroxyls could locate in the C-1 to C-8 positions. In general, a compound with single tetrahydroanthraquinone nucleus is called a tetrahydro-9,10-anthraquinone. There are nineteen tetrahydro-9,10-anthraquinones that were isolated from endophytes and marine strains (Table 1 and Figure 2). Besides, nine kinds of tetrahydro-9,10-anthraquinones extracted from the root of Prismatomeris connata, and they are named as prisconnatanones A-I (Table 1 and Figure 2). Most tetrahydro-9,10-anthraquinones isolated from microorganisms have a structure with 5-OH and 7-OCH3, and substituent groups at A ring can be variable. However, tetrahydro-9,10-anthraquinones extracted from P. connata have a basic structure with 2-OH (R) and 3-CH3 (R), and their C ring mostly substituted with hydroxyl and methoxy groups.


Table 1 | The source and activities of tetrahydro-9,10-anthraquinones compounds.






Figure 2 | The structure of tetrahydro-9,10-anthraquinones compounds (1–28).





Hydroxyphenanthrenes

Hydroxyphenanthrene is a class of compounds in which the C-9 or C-10 position is hydrogenated to a hydroxyl group compared to a tetrahydroanthraquinone, and generally named as 10-hydroxy-1,3,4,4a,9a,10-hexahydrohydroanthracene-9(2H)-one. There are ten hydroxyphenanthrenes that has been isolated and identified. Their detailed source and structure information were displayed in Table 2 and Figure 3.


Table 2 | The source and activities of hydroxyphenanthrene compounds.






Figure 3 | The structure of hydroxyphenanthrene compounds (29–38).





Tetrahydro-5,8-Anthraquinones

Tetrahydro-5,8-anthraquinones is a class of compounds in which the C5 and C8 positions of a tetrahydroanthraquinone are oxidized to a ketone group. They are rare in natural products due to their instability. In nature, most of anthraquinones and tetrahydroanthraquinones exist in the form of C9 and C10 ketone groups. Although rare, five Tetrahydro-5,8-anthraquinones have been isolated and identified as (1S,3R)-austrocortirubin (6-methoxy-1β,3β,9,10-tetrahydroxy-3α-methylanthracene-9,10-dione), (1S,3S)- austrocortirubin (6-methoxy-1β,9,10-trihydroxy-3α,3β-dimethylanthracene-9,10-dione), 1-deoxyaustrocortirubin (7-methoxy-2β,9,10-trihydroxy-2α-methylanthracene-9,10-dione), deoxybostrycin (7-methoxy-2β,3β,9,10-tetrahydroxy-2α-methylanthracene-9,10-dione), and bostrycin (7-methoxy-1α,2β,3β,9,10-pentahydroxy-3α-methylanthracene-9,10-dione). The detailed source and structure information was displayed in Table 3 and Figure 4.


Table 3 | The source and activities of tetrahydro-5,8-anthraquinones compounds.






Figure 4 | The structure of tetrahydro-5,8-anthraquinones compounds (39–43).





Bi-Tetrahydroanthraquinones

Bi-tetrahydroanthraquinones were formed by two tetrahydroanthraquinones or a tetrahydroanthraquinone and an anthraquinone through dehydration condensation to establish dimeric alterporriols. Seventeen bi-tetrahydroanthraquinones have been reported (Table 4 and Figure 5), among which based on the type of the monomeric units, biaryl linkage, presence of axial chirality, they could be further classified as anthraquinone connected to tetrahydroanthraquinone unit via C-5−C-5′ biaryl linkage (44, 45, 51, 55, and 56), and C-7−C-5′ biaryl linkage (48, 49, 59, and 60). As to the bi-tetrahydroanthraquinone units, compounds 46, 47, 50, 57, and 58 coupled by C-5−C-5′ biaryl linkage, compounds 53 and 54 presented a C-7−C-5′ biaryl linkage, only compound 52 featured a C-4−C-4′ cyclohexene connection. Moreover, compounds 50, 52, 53, and 54 demonstrated as axial chirality monomers, compounds 44 and 45, compounds 46 and 47, compounds 48 and 49 were atropodia steremoers.


Table 4 | The source and activities of Bi-tetrahydroanthraquinones compounds.






Figure 5 | The name of bi-tetrahydroanthraquinones compounds (44–60).







Pharmacological Effects


Anti-Tumor Activity


Anti-Tumor Activity of Tetrahydro-9,10-Anthraquinones

Some natural anthraquinones have been proven to have anti-tumor effects, such as rhein and emodin (Li and Jiang, 2018; Han et al., 2018). Tetrahydroanthraquinones, a class of anthraquinones, can also exhibit anti-cancer activity such as inhibiting cell proliferation, invasion, metastasis, and angiogenesis by inducing cell apoptosis, arresting cell cycle or suppressing the relevant enzymes. Altersolanol A, one of the most researched tetrahydroanthraquinone, exhibits antitumor activities against broad spectrum cancers (bladder, colon, gastric cancers, etc.) (Zhang N. et al., 2016). It can inhibit the proliferation and migration of both adherent cells K562 and non-adherent cells A549, whereas leave non-cancer cells (PBMCs cells) unaffected (Teiten et al., 2013). The anti-tumor activity of Altersolanol A is correlated with its pro-apoptotic and anti-invasive effect due to the inhibition of NF-κB transcription (Teiten et al., 2013). Another study also showed Altersolanol A exerted anti-cancer activity by inhibiting angiogenesis at low concentration in vitro and in vivo, and suppress the proliferation, tube formation, and migration of endothelial cells (Phunlap et al., 2013). Altersolanol F impaired the viability of colorectal cancer HCT-116 cells and cervical cancer Hela cells (Bin et al., 2016). 4-Dehydroxyaltersolanol A showed cytotoxicity against L5178Y mouse lymphoma cells with IC50 value of 9.4 μM (Uzor et al., 2015). Altersolanol N and alterporriol G were also cytotoxic towards the murine cancer cell line L5178Y (Aly et al., 2008). SZ-685C, isolated from Halorosellinia sp. (No. 1403), exhibits broad spectrum of antitumor activity. A study showed it inhibits the growth of human glioma, hepatoma, prostate cancer, and breast cancer cells with IC50 values ranging from 3.0 to 9.6 μM (Xie et al., 2010). In vivo experiment indicated that SZ-685C could suppress the tumor growth in nude mice by inducing apoptosis through the Akt/FOXO pathway (Xie et al., 2010). In addition, SZ-685C was reported to induce apoptosis in primary human nonfunctioning pituitary adenoma cells and adriamycin-resistant human breast cancer cells by inhibition of the Akt Pathway (Zhu et al., 2012; Wang X. et al., 2015). Moreover, recent studies found that it may play antitumor function through regulating the expression of micro RNAs. Chen et al. (2013) reported that SZ-685C inhibited the proliferation of rat pituitary adenoma MMQ cells and induced cell apoptosis through downregulating the expression of miR-200c. Dujuan Wang et al. (2013) suggested that SZ-685C abrogated the radio resistance of human nasopharyngeal carcinoma CNE2 cells through the miR-205−PTEN-Akt pathway. (±)-4-deoxyaustrocortilutein treatment induced mitochondrial ROS, reduced NF-κB signaling activity and increased up-regulation of the cell cycle inhibitors cyclin-dependent kinase inhibitor p21 (p21WAF1/Cip1) and the tumor suppressor protein p53 in a dose-dependent manner (Genov et al., 2016).

Prisconnatanones A and I were isolated from Prismatomeris connata, showed strong anticancer activity. Prisconnatanones A (HG30) inhibits the proliferation of HEp-2, A549, and H1299 cells, inducing apoptosis through caspase-dependent apoptosis pathways and disturbing the balance between Bcl-2 and IAP families, in addition, its cytotoxicity was associated with the cell cycle arrest at G2/M phase (Feng et al., 2016; Feng et al., 2018). Prisconnatanone I showed the highest activity, with IC50 values ranging from 2.7 µM to 3.9 µM in the suppression of lung tumor cell growth (H1229, HTB179, A549, and H520), while compounds Prisconnatanone C-H had relatively low values (IC50, 2.7 µM to 3.9 µM) (Wang C. et al., 2015). In conclusion, these data suggest that some natural tetrahydroanthraquinones are bioactive, and hydroxylation at C-1 significantly increases the cytotoxicity of these compounds against lung tumor cells growth.



Anti-Tumor Activity of Tetrahydro-5, 8-Anthraquinones

(1S,3S)-austrocortirubin, a tetrahydro-5, 8-anthraquinones, has a GI50 of 3 µM against colon cancer HCT116 cells and induces apoptosis via inducing DNA damage. It causes significant DNA damage during G0/G1, S, and G2 cell cycle phases. Cells are stopped at the G2/M phase checkpoint, and do not reach mitosis due to large amounts of DNA damage (Wang Y. et al., 2015). Deoxybostrycin exerted cytotoxicity against A549, Hep-2, Hep G2, KB, MCF-7, and MCF-7/Adr cells with IC50 values of 2.44, 3.15, 4.41, 3.15, 4.76, and 5.46 µg/ml, respectively. Bostrycin also inhibited the growth of these same cancer cell lines with IC50 values of 2.64, 5.39, 5.90, 4.19, 6.13, and 6.68 µg/ml, respectively (Xuekui et al., 2011). For bostrycin, previous study reported it inhibited cell proliferation via upregulation of miRNA-638 and miRNA-923 and downregulation of the PI3K/Akt pathway (Wei-Sheng et al., 2011). Besides, it could induce apoptosis and cell cycle arrest in A549 cells (Wei-Sheng et al., 2011). Further study uncovered that bostrycin inhibits the proliferation of breast cancer cells through changing the structure of PTP1B (protein tyrosine phosphatase 1B) and inhibiting its activity (Dongni et al., 2013).

To further explore the structure–activity relationship of bostrycin, Hong Chen et al. (2012) synthesized 18 bostrycin derivatives through structural modification at positions 2, 3, 6, and 7. And found that dioxylcarbonyl groups at C-2 and C-3 positions, tertiary amino groups at C-6 position and alkylthio groups at C-6 and C-7 positions of the bostrycin could enhance cytotoxicity of bostrycin derivatives.



Anti-Tumor Activity of Bi-Tetrahydroanthraquinones

Alterporriol L could effectively inhibit the proliferation and growth of breast cancer cell line MCF-7 (IC50, 13.11 μM) and MDA-MB-435 cells (IC50, 20.04 μM), and there was a dose-dependent manner of cell death. Moreover, alterporriol L could induce cancer cell apoptosis and necrosis through triggering the generation of oxidative stress (Huang et al., 2012).

It is interesting that we have not found any report of hydroxyphenanthrenes with anti-tumor activity. This may suggest that the tetrahydroanthraquinone skeleton with carbonyl groups at C-9 and C-10 positions is important for the anti-tumor activity of tetrahydroanthraquinones.




Antimicrobial Activity

Many tetrahydroanthraquinones exhibit good antimicrobial activities. Altersolanols A–C and E inhibited the growth of all Gram-positive bacteria and Pseudomonas aeruginosa IF0 3080 with minimum inhibitory concentration (MIC) value ranging from 12.5 to 25 μg/ml. However, Altersolanol D and F, lack of hydroxy group at C-5 compared to Altersolanols A–C and E, even at concentration as high as 100 μg/ml, have not inhibited bacteria growth. This indicated that the hydroxy group at C-5 position was necessary to the antibacterial activities of tetrahydroanthraquinones (Yagi et al., 1993). Coniothranthraquinone 1 showed antibacterial activity against Staphylococcus aureus ATCC 25923 (SA) and Staphylococcus aureus SK1 (MRSA), with MIC values of 16 and 8 μg/ml, respectively (Khamthong et al., 2012; Ng et al., 2015). While trichodermaquinone showed antibacterial activity against MRSA, with a MIC value of 200 μg/ml, had no inhibition on SA (Khamthong et al., 2012). This study suggested that the hydroxyl group at C-5 position and the methyl group at C-7 position are important to the antibacterial activity of a tetrahydroanthraquinone. Deoxybostrycin and Bostrycin showed strong antimicrobial activities against Staphylococcus aureus, Escherichia coli, Pseudomonas aeruginosa, Sarcina ventriculi, Bacillus subtilis with an IC50 of 3.13 µg/ml, and inhibited Candida albicans with an IC50 of 12.5 µg/ml. Besides, Deoxybostrycin showed good anti-mycobacterial activity, it exhibited a better inhibitory effect on clinical multidrug-resistant M. tuberculosis (K2903531 and 0907961) than the first line anti-tuberculosis drug (Nigrosporin) (Yagi et al., 1993). Alterporriol G showed antibacterial activity only against Streptomyces pneumonia (Aly et al., 2008).



Antiviral Activity

Tetrahydroaltersolanol C exhibited a significant anti-PRRSV (Porcine reproductive and respiratory syndrome virus) activity with a EC50 value of 12.11 µM, it inhibited the internalization and replication of PRRSV, but did not directly inactivate the virus or block its adsorption to cell surface (Zhang S.L. et al., 2016).



Antidiabetic Activity

4-des-hydroxyl altersolanol A significantly reduced the level of blood sugar in alloxan-induced diabetic mice (Uzor et al., 2017).




Conclusions and Perspectives

Anthraquinone compounds and their natural derivatives, especially tetrahydroanthraquinones, showed a considerably wide range of pharmacologica1 effects, and 60 tetrahydroanthraquinones have been found since altersolanol A was originally reported in 1967 (Stoessl, 1969b). Some of them exhibited considerable cytotoxicity, antimicrobial, antiviral activity, and hypoglycemic activities. In this review, anti-tumor, anti-microbial, antiviral activity, and anti-diabetic activities of tetrahydroanthraquinones are summarized in detail, and 17 active ones are involved. We try to sum up the structure and activity relationship of tetrahydroanthraquinones from previous literatures.

Anthraquinones exhibited potent antitumor effect, while they also with DNA toxicity, can be inserted into the helical structure of DNA in the form of a flat structure, affecting the transcription and DNA replication (Adhikari and Mahar, 2016). Hence, anthraquinones showed stronger toxicity than pharmacological effect. Tetrahydroanthraquinones, especially tetrahydro-9,10-anthraquinones, avoided DNA toxicity caused by anthraquinone planar structure. Tetrahydroanthraquinone forms a dimensional construct of cyclohexene after hydrogenation, and forms two or more chiral centers by substitution with OH or CH3. This increased the potential druggability and formed multiple targeting centers, providing more possibilities for chemical modification and structure transformation. There are few reports in the available literature that the antitumor effect of tetrahydroanthraquinone is related to DNA toxicity, except for (1S,3S)-austrocortirubin (Wang Y. et al., 2015). More studies suggested that the antitumor effect of tetrahydroanthraquinone is through targeting signaling pathways, including NF-κB, PI3K/Akt pathway (Xie et al., 2010; Zhu et al., 2012; Genov et al., 2016). Suggesting that the antitumor mechanisms of tetrahydroanthraquinones are different from that of anthraquinone. Tetrahydroanthraquinones deserve more attention and more research.

For anti-cancer activity, it seems that the p-quinone moiety of tetrahydroanthraquinone is fundamental, as reduction of one of the carbonyl groups of the quinone moiety nullified the cytotoxicity of the tetrahydroanthraquinone derivatives (Zhang N. et al., 2016). Adding short side chains to the benzoquinone increases cytotoxicity of tetrahydroanthraquinones, whose cyclohexyl ring is substituted with two hydroxyl groups with the appropriate stereochemistry, and elimination of both or even a single hydroxyl, or change of stereochemistry of the tertiary hydroxyl eliminates biological activity, and additive hydroxyl moiety at C-1 of a tetrahydroanthraquinone might be the active profile for inhibiting lung tumor cell growth. Linker at a 3-atom with a phenyl or para-chlorophenyl moiety also can enhance cytotoxicity (Phunlap et al., 2013; Teiten et al., 2013; Li and Jiang, 2018). For anti-microbial activity, from the few studies, the hydroxyl group on the C-5 might be crucial to the anti-microbial activity (Yagi et al., 1993).

The most pharmacological researches of tetrahydroanthraquinones focused on cytotoxicity and antitumor mechanisms, suggesting its potential for developing antitumor drugs. While we found some of them are not suitable for drug research. Bi-tetrahydroanthraquinones are not suitable for drug research due to large weight and large steric resistance. Tetrahydro-5,8-anthraquinones are a class of rare compounds with unstable structure, with tautomerism at the 9, 10 positions of its 5,8-dione. They are not suitable for drug development due to the difficult in structural modification and pharmacological research. Hydroxyphenanthrenes is characteristic by the C9 carbonyl group undergoes a reduction reaction to form a hydroxy substitution. However, under acidic conditions, the C9 carbonyl group undergoes dehydration reaction, and becomes keto group. therefore, special attention needs to be paid to the conditions in pharmacological and synthetic research of Hydroxyphenanthrenes.

The tetrahydroanthraquinone isolated and identified are mainly from endophytes, and some of them are isolated from marine fungi and plants. Some pharmacological activities of tetrahydroanthraquinones are reported, yet are not enough. There is still a strong possibility that some tetrahydroanthraquinones with better regulatory activities remain in the shadow or have not been fully studied. Our study will serve as a valuable guideline for further research on the structural optimization, mechanism study, and development of tetrahydroanthraquinone as novel drugs.
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Gehua Jiecheng Decoction (GHJCD), a famous traditional Chinese medicine, has been used in the prevention and treatment of precancerous lesion of liver cancer, but its active mechanism has not been reported. This study aimed to evaluate the therapeutic effect of GHJCD on diethylnitrosamine (DEN)-induced hepatocellular carcinoma (HCC) in mice and the mechanism of this effect. We found that GHJCD effectively inhibited the occurrence of liver cancer and reduced the tumor area. The ratio of regulatory cells (Tregs), tumor-associated macrophages (TAMs), and myeloid-derived suppressor cells (MDSCs) in HCC microenvironment was down-regulated, whereas that of CD8 T and effective CD8 T cells was up-regulated. In addition, the expression levels of inflammatory factors IL-6, IL-10, TNF-α, and CCL-2 in the liver were inhibited, whereas those of the angiogenesis related molecules CD31 and VEGF were decreased. Moreover, WNT1, β-catenin, NF-kB, p-MAPK, p-AKT, and p-SRC content in the liver decreased, whereas APC content increased. These results suggested that GHJCD exerted a good inhibitory effect on liver cancer induced by DEN and thus may have a multi-target effect; GHJCD not only antagonized the immunosuppressive effect of the microenvironment of liver cancer but also exerted strong anti-inflammatory and antiangiogenesis effects.
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Introduction

Hepatocellular carcinoma (HCC) is the fifth most common cancer in the world and the third leading cause of cancer-related death (Siegel et al., 2018). In most countries, the mortality rate is almost equal to the morbidity rate, which indicates the lack of effective treatment for liver cancer. The molecular pathogenesis of HCC is extremely complex and heterogeneous. The traditional cancer treatment is mainly focused on a single target or a single mechanism. Unexpectedly, it has not achieved the ideal therapeutic effect. Or spectral anti-cancer produces greater toxicity and promotes the development of tumors (Xu et al., 2016). Systemic therapy is the best choice for patients with advanced liver cancer. Combination therapy of multiple treatment schemes is still the way to focus on in the future. Traditional Chinese medicine (TCM) shows a wide range of biological effects, and more evidence shows that it may be related to the regulation of tumor microenvironment and killing tumors by strengthening the immune system (Xu et al., 2016). Because of the effectiveness and fewer side effects of TCM, it has been widely accepted as a supplement and alternative therapy for cancer in China (Xiang et al., 2019).

As a new and effective tumor therapy, immunotherapy is considered to be one of the most promising areas of oncology, which aims to help patients’ own immune system resist cancer (Hu et al., 2019). In most patients with solid tumors, vascular abnormalities help the tumor evade attack by the immune system (Mukaida and Nakamoto, 2018). These abnormalities are due to an increase in angiogenic factors, such as VGEF (Bouzin et al., 2007) and angiogenin 2 (ANG2) (Etoh et al., 2000). Drugs targeting these molecules can normalize the abnormal tumor vascular system and increase the infiltration of immune effector cells. In addition, tumor-related inflammation destroys the anti-tumor immune response by promoting angiogenesis (Bouzin et al., 2007) and metastasis (Bollrath and Greten, 2009). Persistent inflammatory cells and factors can also transform tumor-related inflammatory microenvironment into immunosuppressive microenvironment, promoting tumor progression (Deng-Bo and Cui, 2010). Therefore, inflammation, angiogenesis, and immunosuppressive microenvironment are three major obstacles to tumor therapy.

Gehua Jiecheng Decoction (GHJCD) is derived from the theory of spleen and stomach written by Li Dongyuan, one of the four masters of medicine in the Yuan Dynasty. It is composed of green skin, wood incense, orange peel, ginseng, Polyporus umbellatus, Poria cocos, Fried Shenqu, Alisma, Ginger, Atractylodes macrocephala, Nutmeg kernel, and Pueraria lobate, Amomum villosum, a total of 13 TCMs. In China, GHJCD is often used to treat liver cirrhosis and liver injury caused by drinking (Hu et al., 2020). Pueraria lobata, the main component of GHJCD, has long been used in the treatment of chronic alcoholic liver injury, has a protective effect on alcohol-induced apoptosis, and there are no side effects of it (Wu et al., 2019). Pueraria lobata extracted reduces hepatic fibrosis and hepatotoxicity (Peng et al., 2019), inhibits the activation of Kupffer cells and weakens the anti-inflammatory response of NF-kB pathway (Ahmad et al., 2020). Ginseng has a strong inhibitory effect on inflammatory mediators such as IL-6 (IL-6) and TNF-α and proinflammatory cytokines induced by macrophages (Yao et al., 2019). 6-shogaol (6-sho), the bioactive component of ginger, has anti-inflammatory and anticancer properties, weakens the proliferation of tumor cells and induces the death of liver cancer cells (Nazim and Park, 2019). Polyporus umbellatus polysaccharide is the main bioactive component of its, which has the effects of immune enhancement, anti-tumor, anti-inflammation, and liver protection (Guo et al., 2019). Poria cocos polysaccharide is the main active component of its. Through the combined regulation of NF-kB signal transduction, it shows immunomodulatory activity can significantly reduce the tumor volume and has the pharmacological effect of anti-cancer (Tian et al., 2019). The racemic-dihydroguaiacic acid extracted from nutmeg showed effective cytotoxicity and anti-tumor activity in allogenic tumor-bearing mice (Thuong et al., 2014). Its water extract can inhibit the release of proinflammatory cytokines such as IL-6 and tumor necrosis factor (Kim et al., 2013). The water extract of Amomum villosum could significantly increase the percentage of CD4 T cells (Chen et al., 2018). Atractylodes macrocephala shows good cytotoxicity and anti-tumor effect by blocking S phase tumor cells. Especially compared with cyclophosphamide, it can protect immune organs better (Feng et al., 2019). Our previous study found that GHJCD can inhibit subcutaneous transplantation and orthotopic liver transplantation of HCC cells in mice (Guo et al., 2019). However, the active mechanism of GHJCD regulates liver cancer is still not clear.

This study is to observe the therapeutic effect of GHJCD on liver cancer induced by diethylnitrosamine (DEN), and to explore the mechanism of its anti-tumor activity, so as to provide theoretical basis for clinical treatment.



Materials and Methods


Animals and Reagents

Eighty male C3H mice (6 weeks old, weighing 20–25 g) were purchased from Beijing Weitong Lihua Experimental Animal Technology Co., Ltd. (Beijing, china), and kept in a specific pathogen free mouse breeding room with controlled temperature of 25 ± 1°C. The mice were provided free access to food.

Anti-CD45 FITC, anti-F4/80 PE, anti-CD11b APC, and anti-Gr1PerCP-Cy5.5 were purchased from BD Biosciences (Lake Franklin, New Jersey, United States). Anti-CD3 FITC antibody was purchased from BioLegend (San Diego, California, United States). Primary antibodies against WNT1 (H-89) and NF-KB P65(F-6) were purchased from Santa Cruz Biotechnology Co., Ltd. (Santa Cruz Avenue, California, United States). Primary antibodies against VEGFA (VG-1), β-catenin, and APC were purchased from Abcam (Cambridge, MA, United States). Primary antibody against β-actin was purchased from Huaan Biotechnology Co., Ltd. (Hangzhou, China). Anti-CD31 was purchased from Abcam. DEN was purchased from Merck Group (Darmstadt, Germany).



Liver Cancer Model

C3H mice were provided free access to water containing DEN 15 μg/ml, which was changed daily, for 23 weeks without interruption to successfully induce liver cancer in the mice.



Experimental Groups

Eighty 6-week-old male C3H mice were randomly divided into four groups: the control, model, low-dose GHJCD (LG), and high-dose GHJCD (HG) groups. There were 20 mice in each group. For 23 weeks, mice in the control group were provided sterile water, whereas those in the other groups were provided DEN solution (15 μg/ml).



Preparation of Extracts and Drug Treatment

GHJCD containing Flower of Pueraria montana var. lobata (Willd.) 15 g (Zhejiang Chinese Medical University prepared pieces Co., Ltd, Hangzhou, Zhejiang, China, No.: 190301), Nutmeg 15g (Hangzhou East China traditional Chinese Medicine prepared pieces Co., Ltd, Hangzhou, Zhejiang, China, No.: 190326), Fructus Amomi 15 g (Zhejiang Chinese Medical University prepared pieces Co., Ltd, Hangzhou, Zhejiang, China, No.: 190601), Alisma plantago-aquatica subsp. Orientale 6 g (Zhejiang Zoli Baicao traditional Chinese Medicine pieces Co., Ltd. Huzhou, Zhejiang, China, No.: 20190601), Atractylodes Macrocephala 6 g (Zhejiang Zoli Baicao traditional Chinese Medicine pieces Co., Ltd. Huzhou, Zhejiang, China, No.: 20190501), Panax ginseng C.A.Mey. (Araliaceae) 4.5 g (Zhejiang Chinese Medical University prepared pieces Co., Ltd, Hangzhou, Zhejiang, China, No.: 190601), Polyporus umbellatus 4.5 g (Hangzhou East China traditional Chinese Medicine prepared pieces Co., Ltd, Hangzhou, Zhejiang, China, No.: 190326), Poria cocos 4.5 g (Hangzhou East China traditional Chinese Medicine prepared pieces Co., Ltd, Hangzhou, Zhejiang, China, No.: 190830), Zingiber officinale Roscoe [Zingiberaceae] 6 g (Zhejiang Chinese Medical University prepared pieces Co., Ltd, Hangzhou, Zhejiang, China, No.: 190601), Pericarpium Citri Reticulatae 4.5 g (Hangzhou East China traditional Chinese Medicine prepared pieces Co., Ltd., Hangzhou, Zhejiang, China, No.: 190908), Pericarpium Citri Reticulatae Viride 0.9 g (Zhejiang Zoli Baicao traditional Chinese Medicine pieces Co., Ltd. Huzhou, Zhejiang, China, No.: 20190402), Radix Aucklandiae 1.5 g (Zhejiang Chinese Medical University prepared pieces Co., Ltd., Hangzhou, Zhejiang, China, No.: 181101), Massa Medicata Fermentata 6 g (Zhejiang Zoli Baicao traditional Chinese Medicine pieces Co., Ltd. Huzhou, Zhejiang, China, No.: 20190801). The above drugs were soaked in 500-ml aseptic water for 30 min, boiled for 30 min, and then filtered and concentrated into low-dose (crude drug concentration 2.25 g/ml) and high-dose (4.5 g/ml) GHJCD solutions.

Determination of components in water extract of GHJCD by UPLC-Q/TOF MS. The chromatographic conditions were as follows: the chromatographic column was Waters ACQUITY UPLC BEH C18 column (2.1 × 50 mm, 1.7 μ m, Waters, Milford, MA, USA); protection column was BEH C18 Van Guard (2.1 × 50 mm, 1.7 μ m, Waters, Milford, MA, USA); mobile phase: A solvent (methanol); B solvent (0.1% formic acid solution); flow rate: 0.25 ml; elution procedure: 0–0.5 min, 5%–45% A;10–15 min, 45%–70% A; 15–19 min,70%–100% A;, 5% A; 0.5–10 min. 19–20 min, 100% A; 20–21 min, 100–5% A; 21–24 min, 5% A. Column temperature: 40°C; sample temperature: 10°C; sample and standard sample injection volume: 0.5 μl.

Mass spectrometry conditions: SYNAPT G2-Si (Waters, Milford, MA, USA) mass spectrometer, electrospray ion source (ESI); positive and negative ion scanning mode, desolvation gas flow rate: 1,000 L, desolvation gas temperature: 500°C, ion source temperature: 120°C; Cone hole voltage: 20.0 V, capillary voltage: 3.0 kV (+), 3.0 kV (−); Locked mass solution: the on-line quality correction was carried out by Lockspray correction system of Waters company, leucine-enkephalin (Leueine-Enkephalin, [M + H]+ = 556.2771, [M − H] = 554.2615), the concentration of the solution was 2 ng/L and the flow rate was 10 μl. The scanning mode is MSe; mass scanning range: m50–1,200 Da, scanning time 0.2 s, positive and negative ion mode high collision energy transfer is 15–30 V, trap is 10 V, workstation: MassLynx V4.1 workstation. Data is matched and analyzed by Unifi 2.0 software (Waters, Milford, MA, USA).

The drugs were administered orally at a volume of 10 ml/kg once a day, and distilled water was administered at an equal volume. Three rats in each group were sacrificed at the 8th week, and six rats at the 12th week. The liver was removed, and liver sections were then stained with hematoxylin-eosin (HE) to observe the dynamic formation of liver cancer. After 23 weeks of treatment, the remaining mice were sacrificed. Before isolation of the liver, the hepatic portal vein was located by laparotomy and perfused with 10-ml normal saline to flush the liver until it turned gray.



HE Staining of Liver Tissues

Mouse livers were cut into approximately 2.0 cm × 2.0 cm × 0.3 cm tissue blocks, fixed in 4% paraformaldehyde fixed solution for 24 h, dehydrated until transparent, embedded in wax, and then cut into 4-μm-thick sections. The sections were then subjected to Harris hematoxylin staining for 5 min, 1% hydrochloric acid ethanol color separation for 5 s, 0.5% ammonia for 20 s, and 0.5% eosin staining for 3 min. After each staining, the sections were washed in distilled water for 1 min. The sections were sealed after dehydration and transparent staining. The sections stained with HE were scanned, imaged, and observed by an Eclipse80i microscope (Nikon, Tokyo, Japan). The area of liver cancer was evaluated by NDP.view2 U12388Mui 01 digital pathological scanning software (Hamamatsu, Japan).



Immunohistochemical Assay

Liver sections embedded in paraffin were dewaxed, subjected to antigen repair, incubated with 3% hydrogen peroxide for 10 min, blocked with 10% goat serum at 37°C for 10 min, incubated with CD31 antibody dilution with 1:500 at 37°C incubation for 2 h, and incubated with biotin-labeled secondary antibody at 37°C for 30 min. Next, the sections were incubated with horseradish enzyme-labeled streptavidin at 37°C for 30 min and mounted. The liver tissue sections were observed under a microscope with Ci-s positive image and text acquisition system (Nikon), analyzed by the ImageJ_v1.8.0 software (National Institutes of Health, Maryland).



Flow Cytometry Analysis

The liver was placed into a 6-well plate and grinded. Next, lymphocytes were isolated using a lymphocyte separation solution, stained with the above antibodies, and detected by flow cytometry (Beckman Coulter, Pasadena, California).



Cytometric Bead Array

A CBA Flex Set kit (BD Biosciences, San Jose, CA, United States) was used to assess interleukin-6 (IL-6), IL-10, interferon gamma (IFN-γ), TNF-α, and C-C motif chemokine ligand 2 (CCL2) levels in cell culture supernatant, according to the manufacturer’s instructions. Data were analyzed using the CellQuest software (BD Biosciences) and BD Pharmingen (BD Biosciences).



Western Blotting Analysis

First, 100-mg liver tissue was cut, mixed with 350-µl lysate (Biyuntian Biotechnology Co., Ltd., Shanghai, China), ground on ice, and centrifuged (12,000 rpm at 4°C for 10 min). The supernatant was taken, and the total protein in liver tissue was extracted. Protein concentration in liver tissue was detected by BCA protein concentration determination kit (Biyuntian Biotechnology Co., Ltd.). The total protein was then separated by 8% or 10% SDS gel electrophoresis according to the molecular weight of the protein, and transferred to a nitrofibrin-imprinted membrane. The nitrofibrin imprinted membrane was blocked by 5% skim milk in Tris buffer for 2 h, and then incubated for 24 h with anti-NF-kB, WNT1, β-catenin, VEGF, and APC (1:1,000 dilution) at 4°C. The membrane was then washed three times with washing buffer for 10 min, incubated with secondary antibodies at room temperature for 2 h, washed three times for 10 min each, and treated with Millipore Western Blot HRP chemiluminescence solution (Millipore Corporation, Billerica, MA, USA). Protein visualization was carried out with an ultra-sensitive chemiluminescence imaging system (A Biotechne Brand, United States), and then the strip was quantitatively analyzed by the AlphaView-FluorChem FC3 3.4.0.0 software (ProteinSimple, Silicon Valley, California).



Statistical Analysis

Differences between mean values of normally distributed data were evaluated by one-way analysis of variance (ANOVA) using the statistical package for the social sciences (SPSS) 18.0 software (SPSS Inc., Chicago, IL, USA). All the data were expressed as mean ± standard error of mean (SEM).




Results


Determination of GHJCD Water Extract by UPLC-Q/TOF MS

The water extract of GHJCD was detected by UPLC-Q/TOF MS method, and the results showed that there were 60 components in the water extract, many of which came from Flower of Pueraria montana var. lobata (Willd.), the “monarch medicine” of GHJCD, and the others from Panax ginseng C.A.Mey. (Araliaceae), Atractylodes Macrocephala and so on (Table 1).


Table 1 | Characteristics of some chemical components in GHJCD by UPLC-Q/TOF MS analysis.





Inhibitory Effect of GHJCD on DEN-Induced HCC in Mice

After 8 weeks of treatment, no liver cancer nodules were observed in the liver of all mice (Figure 1A: a, d, g, j), and little sporadic punctate carcinoma was found in the model (Figure 1B: d).




Figure 1 | Inhibitory effect of GHJCD on diethylnitrosamine-induced hepatocellular carcinoma in mice. (A) General appearance of the liver was changed dynamically at the 8th, 12th, and 23rd week of experiment. (B) Pathological changes in HE-stained liver sections were observed at the 8th, 12th, and 23rd week of treatment. Scale bar: 250µm. (C) Carcinogenic rate of liver cancer: the ratio of the number of mice with at least one liver cancer lesion to that of experimental mice. (D) Number of liver cancer nodules: number of liver cancer lesions in the liver. (E) Cancer area ratio: the percentage of liver cancer lesion area and liver tissue section area. (F) Serum ALT level in mice. (G) The content of serum AST in mice. *p < 0.05, **p < 0.01 vs. control; #p < 0.05, ##p < 0.01 vs. model.



After 12 weeks of treatment, there were obvious liver cancer nodules on the liver surface of the model mice (Figure 1A: e), but none were found in the control, LG, and HG groups (Figure 1A: b, h, k). HE staining assay showed that typical cancer nests were found in the model group mice (Figure 1B: e), and only localized punctate carcinogenesis occurred in the LG group (Figure 1B: h), while no cancerous changes in the HG and the control (Figure 1B: b, k).

As the experiment entered the final stage at the 23rd week, a large number of liver cancer nodules appeared on the liver surface of the model mice and merged into large liver cancer nodules (Figure 1A: f); moreover, a small amount of liver cancer nodules appeared on the liver surface of mice in the LG group (Figure 1A: i), but no liver cancer nodules were found on the liver surface of the control and HG groups (Figure 1A: c, l). HE staining analysis showed no cancer in the control mice (Figure 1B: c), but a large area of cancer nest was found in the model mice (Figure 1B: f). Although obvious cancer nests were also found in the LG group, the tumor area was much smaller than that in the model group (Figure 1B: i; Figure 1D), and only locally sporadic punctate carcinoma (Figure 1B: l) was found in the HG group.

The canceration rate was 100% in the model group, 55.56% in the LG group, and 47.37% in the HG group, and no cancer was found in the control group (Figure 1C). Hepatoma surface nodule data was performed with homogeneity test of variance, P = 0.001, P <0.05, the variance was not uniform, so after that, the Games-Howell test was used for multiple comparisons: the number of liver nodules in the model group was significantly higher than that in the control group (Figure 1D). Compared with those in the model group, the nodules in the LG and HG groups were significantly reduced, but the reduction was more significant in the HG group than in the LG group (Figure 1D).

Variance analysis is used to test the surface ratio data of liver cancer. First, we judge whether the variance is the same. Because P = 0.001, P < 0.05, the variance is not the same, so we use the Games-Howell test for multiple comparison: the cancerous area of the model was larger than that of the control, LG, and HG groups, with the HG group showing smaller cancerous area than the LG group (Figure 1E).

We detected the expression of Glutamic pyruvic transaminase (ALT) and Glutamic oxaloacetic transaminase (AST) in mouse serum. Compared with Control, ALT in Model was significantly higher, P < 0.01, while serum ALT in LG and HG was significantly lower than that in Model, P < 0.05 (Figure 1F).

Compared with control group, AST in model was significantly higher, with significant difference, P < 0.05; compared with model, AST in LG was significantly lower, with significant difference, P < 0.05; compared with model, AST in HG was significantly lower, with significant difference, P < 0.01 (Figure 1G).



Immune Microenvironment of HCC Is Improved by GHJCD

The ratio of CD4+T cell (Th), CD4+Tem, CD4+Tcm, Cytotoxic T cells (CD8+T cells), CD8+Tcm, CD8+Tcm, CD8+ Regulatory T cell (Tregs), TAMs, Myeloid-derived suppressor cells (MDSCs) in the liver was detected by flow cytometry at the 23rd week of experiment. The expression of CD4+ decreased in the model; Low concentration of CHJCD increased the content of CD4Tem, but decreased CD4Tcm, and the expression of CD4Tcm in the model increased (Figures 2A–C).




Figure 2 | Expression of CD4+ and CD8+ in immune microenvironment of hepatocellular carcinoma at 23th weeks. (A) CD4+ level in the liver. (B) CD4+Tem content in the liver. (C) CD4+ Tcm expression in the liver. (D) CD8+ level in the liver. (E) CD8+ Tcm level in the liver. (F) CD8+ Tem level in the liver. The CD4 +, CD4+Tem, CD4+ Tcm, CD8+, CD8+ Tcm, CD8+ Tem data in the liver cancer microenvironment were analyzed by ANOVA. The homogeneity test was first performed, P > 0.05, the variances were uniform, and the LSD (L) test was used for multiple comparisons afterward, P < 0.05, the variances were not uniform. **p < 0.01 vs. control; #p < 0.05, ##p < 0.01 vs. model.



The expression of CD8+ increased in the model (Figure 2D). Treatment with different concentrations of GHJCD led to different physiological activities: low-concentration GHJCD increased the level of CD8+ Tem (Figure 2F), whereas high-concentration GHJCD improved the function of CD8+ Tcm (Figure 2E).

Immunosuppression of liver cancer microenvironment was very obvious. CD8+Tregs, TAMs, MDSCs increased significantly in the microenvironment of liver cancer, with obvious differences. However, the intervention of GHJCD led to the decrease of the expression of the above immunosuppressive factors, especially in the case of high concentration of GHJCD (Figures 3A–C).




Figure 3 | The content of CD8 + Tregs, TAMs, and MDSCs in the immune microenvironment of hepatocellular carcinoma at 23th weeks. (A) CD8 + Tregs level in the liver. (B) TAMs content in the liver. (C) MDSCs expression in the liver. CD8 + Tregs, TAMs, and MDSCs data in the liver cancer microenvironment were analyzed by ANOVA. The homogeneity test was first performed, P > 0.05, the variances were uniform, and the LSD (L) test was used for multiple comparisons afterward, P < 0.05, the variances were not uniform. *p < 0.05, **p < 0.01 vs. control; #p < 0.05, vs. model.





Inflammatory Factors and Chemokines in HCC Microenvironment Are Downregulated by GHJCD

Compared with that in the control, IL-6 content was significantly increased in the model, but significantly decreased by GHJCD treatment in a dose-dependent manner (Figure 4A). IL-10 content also changed; it was significantly higher in the model group than in the control group, but significantly lower in the GHJCD-treated groups, especially in the HG group (Figure 4B). The TNF-α level in the LG and HG groups was significantly higher than that in the control group (Figure 4C), but significantly lower than that in the model (Figure 4C). The same trend was observed for CCL2 levels (Figure 4D).




Figure 4 | Inflammatory factors and chemokines in the microenvironment of hepatocellular carcinoma are down-regulated by GHJCD. (A) IL-6 content in liver tissue. (B) IL-10 content in liver tissue. (C) Expression of TNF-α in the liver. (D) CCl-2 content in liver tissue. IL-6, IL-10, TNF-α, and CCl-2 data in the liver cancer microenvironment were analyzed by ANOVA. The homogeneity test was first performed, P > 0.05, the variances were uniform, and the LSD (L) test was used for multiple comparisons afterward, P < 0.05, the variances were not uniform.*p < 0.05 vs. control; #p < 0.05, ##p < 0.01 vs. model. Data were analyzed using single-variance t-test.





Angiogenic Ability of HCC in Its Microenvironment Is Inhibited by GHJCD

The enhancement of angiogenesis in tumor microenvironment is also the characteristic of occurrence and metastasis of liver cancer. We used WB and immunofluorescence techniques to detect the ability of angiogenesis in the microenvironment of HCC. We found that GHJCD significantly inhibited the ability of angiogenesis in HCC.

The expression of CD31 was detected by immunohistochemistry at the 23rd week of the experiment. The expression of CD31 in the model was significantly higher than that control (Figures 5A, B), LG was significantly reduced than that model (Figure 5B), especially in HG (Figure 5B).




Figure 5 | Angiogenic ability of hepatocellular carcinoma in microenvironment is inhibited by GHJCD. (A) Representative image of CD31 immunohistochemical staining in liver tissue. Top scale bar: 200 µm; bottom scale bar: 100 µm. (B) Area of CD31-positive distribution in liver tissue (µm2). (C) Expression of VEGF in liver tissue. CD31, VEGF data in the liver cancer microenvironment were analyzed by ANOVA. The homogeneity test was first performed, P > 0.05, the variances were uniform, and the LSD (L) test was used for multiple comparisons afterward, P < 0.05, the variances were not uniform.*p < 0.05, **p < 0.01 vs. control; #p < 0.05 vs. model.



Compared with the control group, the expression of VEGF protein in the model was significantly increased (Figure 5C), but compared with the model, the LG and HG groups gradually decreased, and the HG was more obvious (Figure 5C).



GHJCD Downregulates NF-kB p65, WNT1, β-Catenin, Frz-7, P-MAPK, P-Akt, and P-src Expression, but Upregulates APC Expression in the Liver of DEN-Induced Liver Cancer Mice

NF-KB P65, WNT1, β-catenin, FRZ-7, APC, p-MAPK/MAPK, p-AKT/AKT, and p-SRC/SRC content in the liver was detected by western blotting. The protein levels of NF-kB, WNT1, β-catenin, p-MAPK/MAPK, p-AKT/AKT, and p-SRC/SRC in the liver of model mice were significantly higher than those in the control mice (P < 0.05, Figures 6A–H). With increasing drug concentration, NF-kB p65, WNT1, β-catenin, p-MAPK/MAPK, p-AKT/AKT, and p-SRC/SRC levels decreased in the liver of the LG and HG groups compared with those of the model group, but there was a significant difference in the HG group (Figures 6A–H). On the contrary, western blotting analysis showed that the level of APC protein in the model group was significantly lower than that in the control group (Figure 6E). GHJCD treatment, especially at a high concentration, significantly increased the expression of APC protein in the liver cancer microenvironment (Figure 6E).




Figure 6 | Expression of NF-kB p65, WNT1, β-catenin, Frz-7, APC, p-mapk/mapk, p-Akt/Akt, and p-src/src in the liver of mice with DEN-induced liver cancer. (A) Expression of NF-kB p65 in liver tissue. (B) Expression of WNT1 in liver tissue. (C) Expression of β-catenin in liver tissue. (D) Expression of Frz-7 in liver tissue. (E) Expression of APC in liver tissue. (F) Expression of p-MAPK/MAPK in liver tissue. (G) Expression of P-AKt/AKt in liver tissue.(H) Expression of p-src/src in liver tissue. NF-kB p65, WNT1, β-catenin, Frz-7, APC, p-mapk/mapk, p-Akt/Akt and p-src/src data in the liver cancer microenvironment were analyzed by ANOVA. The homogeneity test was first performed, P > 0.05, the variances were uniform, and the LSD (L) test was used for multiple comparisons afterward, P < 0.05, the variances were not uniform. *p < 0.05, **p < 0.01 vs. control; #p < 0.05 vs. model. Data were analyzed using single-variance t-test.






Discussion

In this study, we found that GHJCD could significantly improve the pathological features of liver cancer. The incidence of HCC in the model group was 100%, and the area ratio of HCC was significantly increased. In LG and HG groups treated with GHJCD, the incidence of cancer and nodular number of HCC were decreased dose-dependently, as well as the area ratio of HCC were reduced. GHJCD not only improved the microenvironment of HCC, including up-regulated the ratio of CD8+ T cells, down-regulated the ratio of Tregs, TAMs, and MDSCs, but also decreased the levels of inflammatory factors IL-6, IL-10, TNF-α, and CCl-2. In addition, GHJCD inhibited the angiogenic ability of liver cancer. These were also accompanied by down-regulation of single protein molecules in the inflammatory, such as NF-kB p65, and angiogenic signaling pathways, such as WNT1/β-catenin, Frz-7, APC, p-MAPK, p-AKT, and p-SRC.

The HCC model induced by DEN is a mature and widely used method to establish liver cancer in mice, and it is also a repeatable model of chronic liver injury, which is similar to that of human liver injury (Shou et al., 2015). For example, reactive oxygen species (ROS) production, compensatory proliferation, inflammation, and fibrosis (Guo et al., 2015). In our study, we found that liver cancer was successfully induced by DEN. In the model, there were no cancer nodules on the surface of the liver at the 8th week, but HE showed scattered canceration. Cancer nodules appeared on the surface of the liver at the 12th week of the experiment. A large number of cancer nodules were found on the surface of the liver at the end of the 23rd week of the experiment, combined with the cancer nest, and the canceration area was further expanded.

Immunosuppression is closely related to the occurrence and development of liver cancer. However, the liver’s unique immune tolerance microenvironment, liver cancer progression may have uncertain results. Persistent accumulation of cytotoxic T cells in liver cancer microenvironment and strong inhibition of liver tumors, and confers survival advantage to mice (Wen et al., 2019). By reshaping the tumor immune microenvironment, it can improve the anti-tumor immune response and inhibit the occurrence and development of liver cancer (Lei et al., 2018). It is well known that TAMS and MDSCs play a key role in the occurrence, deterioration, and metastasis of tumor in tumor microenvironment. TAMs promote the progress and metastasis of tumor cells by releasing a variety of cytokines, including chemokines, inflammatory factors, and growth factors (Jamieson et al., 2012). MDSC is a group of heterogeneous cells derived from bone marrow. It can significantly inhibit immune response and promote the formation of blood vessels such as (Lu et al., 2019). Treg cells suppress immune function in the immune system. Although the role of CD4+ CD25 +regulatory Tregs in maintaining immune homeostasis has studied been extensively, recent findings indicate that CD8 + Tregs potentially play an immunomodulatory role in cancer (Dinesh et al., 2010). CD122+CD8+ Tregs are also an important regulatory T cell type and produce an anti-tumor immune response (Liu et al., 2006). T cells attack an infection in the body, and when the threat is over, the Treg cells signal the T cells to stop attacking. Cancer immunotherapy works by “overloading” the immune system to fight tumors. So when Tregs initiate signals that suppress the immune response, it inevitably blocks the effectiveness of immunotherapy. In our research, we found that the microenvironment of liver cancer was improved by GHJCD, the ratio of CD8 T cells in liver was up-regulated by GHJCD, while the ratio of TAMs and MDSCs, Tregs were down-regulated.

Inflammation is another important core factor in tumor microenvironment besides immunity. HCC is associated with chronic inflammation and fibrosis caused by different causes. The NF-κB pathway has an active role during inflammation (Wu et al., 2020) though factors such as p65, whose levels can reflect the extent of inflammation (Wang et al., 2020). P65 can aggravate inflammation by interacting with other signaling pathways such as the NF-κB/MAPK signaling pathway (Dong et al., 2020). The activation of NF-κ B may be a key step in the inflammatory cascade, which can induce the expression of IL-6 (Quay et al., 1998) TNF-α (Lee et al., 2016). Now, new findings suggest that chronic liver inflammation also promotes cancer by inhibiting immunity and increasing blood vessel formation (Ray, 2017). IL-10 is a pleiotropic cytokine, that appears to have contradictory roles (Mannino et al., 2015). For example, IL-10 not only down-regulates HLA-I but also up-regulates HLA-G, and causes immune escape in cancer cells (Urosevic and Dummer, 2003). IL-10 participates in the inflammatory response by inhibiting the bactericidal ability of polymorphonuclear leukocytes (PMN). If IL-10 is blocked, the ability to kill pathogenic microorganisms is enhanced (Siwapornchai et al., 2020). Furthermore, IL-10 is considered an immunosuppressive cytokine, which promotes tumor immune escape by reducing the anti-tumor immune responses in the tumor microenvironment. Additionally, the expression level of IL-10 is positively correlated with cancer recurrence (Li et al., 2019). In contrast, the accumulation of Tregs in cancer tissues requires high IL-10 expression (Kindlund et al., 2017). To understand the mechanisms by which IL-10 works, we propose to study drug-induced secretion of IL-10 in different types of cells in the future. Many inflammatory factors regulate immunosuppressive cells and affect the formation of blood vessels. Interleukin-6 (IL-6), IL-10 (Heim et al., 2015), and TNF (Xue et al., 2012) are important triggers of myeloid origin inhibiting the proliferation and recruitment of MDSCs and are considered to be the main coordinator of immunosuppressive tumor microenvironment (Zhang et al., 2018). Myeloid inhibitory cells promote tumor angiogenesis by increasing the expression of VEGF (Lu et al., 2019). In turn, VEGF can also promote the activity of MDSCs in HCC (Xu et al., 2016). So these evidences indicate that inflammation, immunosuppression, and angiogenesis affect and promote each other. Our results showed GHJCD not only inhibited the release of inflammatory cytokines, such as TNF-α, IL-10, and IL-6, but also inhibits the formation of blood vessels, the CD31 and VEGF protein expression. CD31 is also known as the platelet endothelial cell adhesion molecule. In immunohistochemistry, CD31 is mainly used to identify endothelial cells and evaluate tumor angiogenesis by correlating its expression levels to the extent of tumor growth (Sathornsumetee et al., 2008; Harmsen et al., 2019; Wang et al., 2019).

The WNT/β-catenin pathway is highly conserved and plays an important role in tumorigenesis, and it has been found to be overactivated in a variety of cancers. VEGF is one of the downstream of WNT/β-catenin pathway (Han et al., 2016). Moreover, the β-catenin/VEGF axis can promote tumor angiogenesis (Tang et al., 2019). APC protein is a negative regulator of WNT signaling pathway. It is encoded by tumor suppressor gene APC and binds to β-catenin, which prevents β-catenin from accumulating in cells and entering the nucleus, and promotes the degradation of β-catenin. The activation of WNT signal also can enhance the activity of antigen presenting cells and provide stimulation for Tregs (Mitkin et al., 2018). WNT/β-catenin pathway can regulate the function and differentiation of CD4, CD8 T cells, while blocking WNT/β-catenin pathway can inhibit Tregs (Dai et al., 2016). MAPK transmits signals from the cell surface to the nucleus and regulates a variety of physiological processes such as cell growth, differentiation, apoptosis and death (Yin et al., 2018). By regulating MAPK signaling pathway, TAMs can change from immunosuppressive M2-like phenotype to anti-tumor M1-like phenotype, increase the proportion of M1 macrophages, promote tumor recruitment of cytotoxic T lymphocytes (CTL) and inhibit angiogenesis (Deng et al., 2019). Akt is also associated with tumor increment and angiogenesis. Overexpression of VEGF mediated by Akt signal transduction can stimulate angiogenesis, which can be reduced by the use of inhibitor (Wang et al., 2019). SRC protein is also closely related to tumor angiogenesis. The transformation of SRC from inactivity to active conformation triggers the secretion of VEG through SRC/VEGF signal transduction pathway, which leads to the increase of tumor angiogenesis (Sun et al., 2018). In our study, GHJCD can significantly improve these protein molecules expressions, which suggests that GHJCD may inhibit angiogenesis and inflammation by these signaling pathways.

Exposure to high-risk factors such as DEN, which induces like precancerous lesions, is more likely to cause malignant tumors. In this experiment, GHJCD was administered to mice in the treatment group before the development of malignant tumors. The effective results confirmed that GHJCD can reduce the inevitable occurrence of malignant tumors, even after the occurrence of liver cancer, it can also effectively inhibit the development of tumor. In this study, GHJCD was found to significantly improve tumor microenvironment, including inhibiting inflammation and angiogenesis, and improving the infiltration of immunosuppressive cells. We know that these three factors themselves affect each other. Therefore, it is not clear whether GHJC has a direct effect on the three aspects at the same time, or whether it influences the other two factors through one factor. Next, we will explore the mechanism of inflammation, angiogenesis and immunosuppressive cells one by one.

In conclusion, GHJCD has a significant inhibitory effect on DEN-induced liver cancer, and its anti-HCC pathway is extensive and multi-target. GHJCD not only has a strong anti-inflammatory effect, but also can inhibit the formation of blood vessels in liver cancer, resist the immunosuppressive effect in tumor microenvironment, and play the role of anti-liver cancer (Figure 7).




Figure 7 | GHJCD inhibits HCC pathway by improving tumor microenvironment.
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Bruceine D (BD) is a natural compound extracted from a Chinese herb Brucea javanica that has been used for anti-inflammatory and anti-cancer treatment. However, little is reported about BD's effects in breast cancer tumorigenesis. In this paper, we aimed to investigate the effect of BD in breast cancer and elucidate the potential mechanism of BD by integrated multiple databases. Our data suggested BD inhibited MCF-7 and MDA-MB-231 cells proliferation and promoted cells apoptosis. We integrated multiple bioinformatics analysis strategies to identify genes, hub modules and pathways associated with BD treatment. Three key pathways, including AMIT_SERUM_RESPONSE_40_MCF10A, BILD_HRAS_ONCOGENIC_SIGNATURE, and NAGASHIMA_NRG1_SIGNALING_UP were identified to be associated with therapeutic effects of BD in breast cancer. Additionally, we validated the key genes by using quantitative real-time PCR and western blot. In conclusion, these findings revealed potential molecular mechanisms of BD to treat breast cancer by affecting AMIT_SERUM_RESPONSE_40_MCF10A, BILD_HRAS_ONCOGENIC_SIGNATURE, and NAGASHIMA_NRG1_SIGNALING_UP pathways and regulating expression of ZFP36, EGR1, and FOS.

Keywords: Bruceine D, breast cancer, bioinformatics, WGCNA, GSNCA


INTRODUCTION

Breast cancer is one of the most common malignancies with high rates of morbidity and mortality in women (1–4). Over the past 20 years, the incidence rate of breast cancer is increasing in China (5–7). Although, several therapeutic strategies, including radiation therapy, chemotherapy, surgery and molecule-targeted therapy, improve survival rates greatly, many patients still face recurrence, drug resistance and serious side effects (8–11). Therefore, it is urgent to identify a more effective therapy.

Recently, natural compounds have been considered as an important source of anti-tumor drugs (12, 13). Bruceine D (BD) is a natural compound derived from a herb of Brucea javanica. It has been reported that BD has good pharmacological activities including cytotoxic effects on cancer cell, anti-inflammatory and hypoglycemic activities (2, 14–17). However, little is reported about BD's effects in breast cancer. In our present study, we used breast cancer cells MCF-7 and MDA-MB-231 to test the effects of BD. Results illustrated that the intervention with BD significantly inhibits the proliferation and induces apoptosis of MCF-7 and MDA-MB-231 cells. In recent years, integrated bioinformatics analysis has been applied to understand molecular mechanisms of cancer and drug action mechanism (18, 19). A large amount of genomic data was generated which has aided cancer studies considerably. Thus, we investigate the underlying pharmacological mechanism of BD in breast cancer by integrated bioinformatics analysis. We identified three pathways, including AMIT_SERUM_RESPONSE_40_MCF10A BILD_HRAS_ONCOGENIC_SIGNATURE and NAGASHIMA_NRG1_SIGNALING_UP pathways and three genes, including ZFP36, EGR1, and FOS. Finally, we adopt quantitative real-time PCR and western blot to validate the effects of BD on ZFP36, EGR1 and FOS expression in MCF-7 and MDA-MB-231 cells.

In this work, we firstly reported that BD significantly inhibited MCF-7 and MDA-MB-231 breast cancer cells proliferation and induced S phase cell cycle arrest and apoptosis in MCF-7 and MDA-MB-231 cells. Integrated computational analysis results indicated that BD mainly affects AMIT_SERUM_RESPONSE_40_MCF10A, BILD_HRAS_ONCOGENIC_SIGNATURE, and NAGASHIMA_NRG1_SIGNALING_UP pathways and regulates expression of ZFP36, EGR1, and FOS.



MATERIALS AND METHODS


Chemical and Reagents

Bruceine D was purchased from Shanghai Zaiqi Bio-Tech (Shanghai, China). Cell counting kit-8 (CCK-8) was obtained from Dojindo Laboratories (Kumamoto, Japan). The cell cycle kit was purchased from MultiSciences (Lianke) Biotech Co., Ltd (Hangzhou, China), and the Annexin-V/propidium iodide (PI) double-labeled flow cytometry kit was obtained from KeyGen Biotech Co., Ltd (Nanjing, China). Goat anti-rabbit horseradish peroxidase (HRP)–conjugated secondary antibodies was acquired from Cell Signaling Technology (USA). Rabbit anti- ZFP36 (catalog no. abw8) and anti-EGR1 (catalog no. ab133695) were from Abcam (UK). Rabbit anti- ZFP36 (catalog no. ab33058) and anti-EGR1 (catalog no. ab133695) were from Abcam (UK). Rabbit anti-FOS (c-FOS) (catalog no. 2250) and anti-GAPDH (catalog no. 5174) were purchased from Cell Signaling Technology (USA).



Cell Culture

Human breast cells MCF-7 and MDA-MB-231 were cultured in DMEM supplemented with 10% Fetal Bovine Serum (FBS), 100 μg/ml of streptomycin, and 100 U/ml of penicillin in a humidified incubator at 37°C where the carbon dioxide content is 5%. The cells were grown to 70% confluence in monolayer and treated with indicated concentrations of BD for experiment, dissolved in dimethyl sulfoxide and subsequently diluted in cell culture medium.



Cell Cycle Distribution Assay and Apoptosis Assay

MCF-7 and MDA-MB-231 cells were treated with 0 μM (control), 0.1, 0.5, and 1.5 μM BD for 72 h. According to the instructions of the cell cycle detection kit, the cell cycle distributions were identified by PI staining and followed analyzed by flow cytometric. The BD's effect on cell apoptosis was evaluated using the Annexin-V/PI double-labeled flow cytometry kit. Cells were analyzed by flow cytometry with a FACS Calibur flow cytometer (BD Biosciences, San Jose, CA, USA).



Data Collection and Preprocessing

The mRNA raw count profiles of the TCGA-BRCA project were downloaded from the GDC data portal (https://portal.gdc.cancer.gov). Total of 1109 BRCA patient samples and 113 control samples were available in TCGA. Simultaneously, the GSE85871 datasets were obtained from the Gene Expression Omnibus database (https://www.ncbi.nlm.nih.gov/geo). Raw CEL files of MCF-7 cells treated with BD (GSM2286384 and GSM2286384) and the respective controls (GSM2286316 and GSM2286317) were downloaded from the GSE85871 dataset which contained the gene expression profiles of 102 TCM ingredients used to treat MCF-7 cells. Raw CEL files were normalized by Robust Multiarray Average using affy package.



Differential Expression Analysis

Using DESeq2 package, we performed differential expression analysis at the cutoff of |log2 fold change| > 2 and padj < 0.05 (p-value adjusted using Benjamini-Hochberg method) in TCGA dataset. For GEO datasets, the limma package was used to screen the differential expression genes at the cutoff of |logFC| > 1 and padj < 0.05 (p-value adjusted using Benjamini-Hochberg method). In addition, a pre-ranked gene list of all genes ordered by the absolute value of fold change were constructed in GEO dataset for further analysis.



Establishment of Gene Co-expression Network

First, we normalized the counts data from TCGA by the TMM algorithm implemented in the edgeR package. Next, the weighted correlation network analysis (WGCNA) was conducted to construct the co-expression network in TCGA dataset using WGCNA package. The detailed procedure for WGCNA construction could be found in our previous study (20). Briefly, according to an appropriate β, we built a weighted adjacency matrix and transformed the adjacency into a topological overlap matrix (TOM). Finally, we performed an average linkage hierarchical clustering according to the TOM-based dissimilarity measure (20). In this study, we chose a minimum module size of 30 for the gene dendrogram and a cut-line (0.25) for the module dendrogram (20).



Determination of Significant Modules Associated With Breast Cancer

According to gene expression similarities in samples, gene modules were discerned. Simultaneously, using two methods, the correlation was calculated between the gene modules and sample information to find significant modules associated with breast cancer. First, we calculated the module eigengene (ME) of a module to represent the overall expression level of the module. Subsequently, we also calculated gene significance (GS) between gene expression and a sample trait, which was defined as the log10 transformation of the P-value (GS = lgP) in the linear regression (20). Finally, the gene module most correlated with sample traits were identified as a module of interest.



Differential Co-expression Analysis and Gene Set Enrichment Analysis

The gene set net correlations analysis (GSNCA) was conducted to find pathways that were differentially co-expressed between BRCA samples and control samples. There was an assumption that the co-expression network of a pathway did not alter between two conditions in GSNCA, which was implemented in GSAR package. Using the most correlated genes, it builds a core of co-expression network in each condition and finds a hub gene with the highest correlations with the other genes in a pathway. It hinted regulatory changes of the pathway when hub genes in a pathway were different between two conditions. The colors of nodes represent weight factor (w)'s value distributed to all genes for suggesting the mean correlation with any other gene in the gene set co-expression (21). In this paper, it is worth noting that pathways only with 10 ≤ n ≤ 500 where n represents the number of genes were kept. Then, using structure of minimum spanning tree-2 (MST2), the most highly correlated pathways were distinguished (21). In this study, the pathway gene sets were used in C2 collection (curated gene sets) from Molecular Signatures Database (MSigDB). In addition, a pre-ranked gene list of all genes ordered by fold change were constructed in BD samples vs. model samples. Then, we performed gene set enrichment analysis (GSEA) for C2 collection (curated gene sets) of MSigDB using clusterProfiler package. Simultaneously, other functional enrichment analysis also was did using clusterProfiler package at a cutoff of P < 0.05.



Quantitative Real-Time PCR Analysis

Human breast cancer cells MCF-7 and MDA-MB-231 were treated with BD at indicated doses for 72 h. The total RNA was extracted from MCF-7 and MDA-MB-231 cells using a commercial kit (TianGen Biotech Co., Ltd, China) according to the manufacturer's instructions, and 500 ng of RNA were reverse transcribed to cDNA using high capacity cDNA reverse transcription kit (TaKaRa Biotechnology Co., Ltd, Japan). The expression of ZFP36, EGR1 and FOS genes were determined by real-time PCR using the ABI Prism 7900 sequence detection system (Applied Biosystems Co., Ltd, USA) and SYBR PrimerScript RT-PCR Kit (TaKaRa Biotechnology Co., Ltd, Japan). The primers were: ZFP36 (Gene bank: 7538) sense, CTGTCACCCTCTGCCTTCTC; anti-sense, TCCCAGGGACTGTACAGAGG, EGR1 (Gene bank:1958) sense, TGACCGCAGAGTCTTTTCCT; anti-sense, TGGGTTGGTCATGCTCACTA and FOS (Gene bank: 2535) sense, AGAATCCGAAGGGAAAGGAA; anti-sense, CTTCTCCTTCAGCAGGTTGG. To control variation in mRNA concentration, all results were normalized to the housekeeping gene, GAPDH.



Western Blot Analysis

Human breast cancer cells MCF-7 and MDA-MB-231 were grown in 6-wells plates up to 60% confluence, and treated with BD at indicated doses for 72 h. The cells were washed 2 times with phosphate buffered saline (PBS), lysed in 40 μL of cold RIPA lysis buffer containing 1X Phenylmethylsulfonyl Fluoride (PMSF) and then used for western blot assay. Western blot assay was performed as described previously (22). Membranes were probed using rabbit antibodies specific for ZFP36, EGR1, FOS, and GAPDH (1:1000), followed by incubation with HRP-conjugated secondary antibody (1:2000).



Statistical Analysis

All statistical tests were did using Student's t-test or one-way analysis of variance (ANOVA) when appropriate. GraphPad and R software were used for statistical analysis of the original data and the data were expressed as the means ± standard deviation (SD). For all statistic al analysis, a P < 0.05 was considered statistically significant.




RESULTS


The Effect of BD on MCF-7 and MDA-MB-231 Breast Cancer Cells Proliferation

After BD treatment of MCF-7 and MDA-MB-231 (triple negative breast cancer) cells at different concentrations for 24, 48, and 72 h, we used CCK8 method to determine the inhibition rates of cell proliferation. As shown in Figure 1, the IC50 values of BD at 24, 48, and 72 h were 96.64, 3.027, and 1.522 μM in MCF-7 cells and 49.10, 4.589, and 2.139 μM in MDA-MB-231 cells, respectively. MCF-7 cells showed more sensitivity to BD than MDA-MB-231. These results indicate that the inhibition of BD on MCF-7 and MDA-MB-231 cells proliferation is dose and time dependent.


[image: Figure 1]
FIGURE 1. The effect of BD on MCF-7 and MDA-MB-231 breast cancer cells proliferation. (A) The chemical structure of BD. (B) Cytotoxicity of BD against MCF-7 and MDA-MB-231 breast cancer cells on the CCK-8 assay. Result are mean ± SD (N = 3).




The Effects of BD on Cell Cycle and Apoptosis in MCF-7 and MDA-MB-231 Breast Cancer Cells

As demonstrated above, BD strongly inhibited MCF-7 and MDA-MB-231 proliferation in a dose-dependent manner. To further explore if BD could induce cell cycle, MCF-7 and MDA-MB-231 cells were treated with 0, 0.1, 0.5, and 1.5 μM of BD for 72 h and then stained with PI for flow cytometry analysis. As shown in Figures 2A,B, the arrest of MCF-7 and MDA-MB-231 cell cycle happened in the S phase and showed BD-concentration dependent. Similar studies for apoptosis were performed using flow cytometry. MCF-7 and MDA-MB-231 breast cells were treated with corresponding concentrations of BD for 72 h and then stained with annexin V/PI. As shown in Figures 2C,D, the ratio of apoptotic cells was clear increased as the concentration of BD increased. These findings indicate that BD could induce S phase cell cycle arrest and apoptosis in MCF-7 and MDA-MB-231 cells in a dose-dependent manner.


[image: Figure 2]
FIGURE 2. The effect of BD on cell cycle arrest and apoptosis in MCF-7 and MDA-MB-231 cells. (A,B) The number of MCF-7 and MDA-MB-231 cells in different stages of cell cycle after treatment with different concentrations of BD for 72 h. (C,D) Flow cytometry based on Annexin V/PI double staining to assess extent of apoptosis in two breast cancer lines after treatment with BD for 72 h; *p < 0.05 to control group; **p < 0.01 to control group; ***p < 0.001 to control group (0 μM).




Identification of Modules by Weighted Co-expression Network Analysis

Firstly, the genes for co-expression network analysis were selected by differential expression analysis in TCGA dataset. A total of 1844 DEGs (1141 up-regulated and 703 down-regulated) were identified using TCGA dataset (Figure 3A). Meanwhile, 1106 DEGs (707 up-regulated and 399 down-regulated) were identified in BD samples vs. model samples in GSE85871 (Figure 3B). Then, the 1844 DEGs were analyzed for co-expression modules by the average linking clustering implemented in WGCNA package. In this work, the power of β = 6 (scale free R2 = 0.9) was chosen to ensure a scale-free network (Figures 4A–D). Then, the hierarchical clustering tree was determined by conducting hierarchical clustering for dissTOM and 6 modules were determined (Figure 5A). Subsequently, two methods were used to test the relations between each module and disease condition. Modules with a larger MS were considered to have more relations with disease condition. We found that the ME in brown module displayed a highest correlation with disease condition (Figure 5B). In addition, the ME of the brown module also showed the highest gene significance (Figure 5C). Finally, the brown module was selected for further analysis.


[image: Figure 3]
FIGURE 3. Volcano diagrams of differentially expressed DEGs in TCGA (A) and GEO (B). Green dots show downregulated DEGs and red dots show upregulated DEGs.



[image: Figure 4]
FIGURE 4. The identification of soft-thresholding power in the weighted gene co-expression network analysis. (A) Analysis of the scale-free topology index for various power values between 1 and 20. (B) Analysis of the mean connectivity for various power values between 1 and 20. (C) Histogram of connectivity distribution when β = 6. (D) Checking the scale free topology when β = 6.
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FIGURE 5. Determination of modules associated with clinical traits. (A) Dendrogram of all differentially expressed genes clustered on a dissimilarity measure (1-TOM). (B) Heatmap of the correlation between clinical traits of BRCA and module eigengenes. (C) Distribution of the mean gene significance and errors in the modules associated with BRCA status.




Identification of Key Pathways and Key Genes

According to the above analysis results, the hub module was selected to identify the key pathways and key genes. Finally, the AMIT_SERUM_RESPONSE_40_MCF10A, BILD_HRAS_ONCOGENIC_SIGNATURE, and NAGASHIMA_NRG1_SIGNALING_UP pathways were identified and ZFP36, EGR1, and FOS genes were identified as key genes by MST2 plot in BRCA samples (Figures 6A–C). Simultaneously, we also performed GSEA to identify the potential therapeutic mechanism of BD in GSE85871 dataset. Interesting, the pathways were also significantly enriched (Figure 7). In addition, the w-values of three key genes above are increased in BRCA samples, indicating their regulatory roles in breast cancer samples and their loss in the control samples (21). Although the w-values of the three genes was decreased in control samples, these genes were still close to each other in structure of MST2 in control samples, this suggests that correlation of them with other genes was not completely lost (21). Additionally, to further find the intervention biological processes of BD, we also performed functional enrichment analysis. The GO terms of biological process were most significantly enriched in regulation of lipid metabolic process, protein-DNA complex assembly, intracellular receptor signaling pathway, intrinsic apoptotic signaling pathway, regulation of interferon-beta production and DNA conformation change (Figure 8). Detail parameters of pathways and GO terms are shown in Tables 1–3. These results suggest the BD may affect these pathways and biological process and thus inhibited breast cancer cells proliferation and induced their apoptosis.


[image: Figure 6]
FIGURE 6. The construction of correlation network. The package GSAR was used to clarify the associated pathway and their key genes in control samples and BRCA samples. Three biological pathways associated with BRCA status were screened by GSNCA (A–C).
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FIGURE 7. Gene set enrichment analysis (GSEA). The graph depicts the three gene sets from MSigDB enriched in BD samples.
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FIGURE 8. Circos plots of closely related GO terms and differentially expressed genes belonging to relevant GO terms. Gene involvement in the GO terms was identified by colored connecting lines.



Table 1. Identification of crucial genes and pathways in BRCA samples by co-expression analysis.
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Table 2. Gene set enrichment analysis of differently expressed genes in BD samples.
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Table 3. GO enrichment analysis of differently expressed genes in BD samples.
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Validation of Key Genes by qRT-PCR and Western Blot Assays

To validate the effects of BD on key genes, we initially quantified its effect on the level of ZFP36, EGR1 and FOS genes mRNA. As shown in Figure 9A, at three concentration of BD, 0.1, 0.5, and 1.5 μM, the expression of ZFP36 and EGR1 mRNA were increased in MCF-7 and MDA-MB-231 cells in a dose-dependent manner, while the level of FOS mRNA was significantly reduced in a concentration-dependent manner in MCF-7 and MDA-MB-231 breast cancer cells. We then determined whether BD was able to regulate ZFP36, EGR1, and FOS protein expression by western blot assays (Figure 9B). In the 0.5 and 1.5 μM BD-treated MCF-7 breast cancer cells, the expression levels of ZFP36 and EGR1 were markedly increased compared with DMSO-treated. In addition, the treatment of 1.5 μM BD significantly decreased the expression of FOS in MCF-7 cells. In MDA-MB-231 cells, 1.5 μM BD displayed a significant increase in the expression of ZFP36 and EGR1, and a marked inhibition in FOS expression. However, the treatment of 0.5 μM BD only significantly promoted EGR1 expression in MDA-MB-231 cells. These results indicated that BD could induce S phase cell cycle arrest and apoptosis in MCF-7 and MDA-MB-231 cells probably by promoting the expression of ZFP36 and EGR1 and inhibiting the expression of FOS.


[image: Figure 9]
FIGURE 9. Validation of Key Genes by qRT-PCR and Western Blot. (A) The effects of BD on ZFP36, EGR1, and FOS mRNA expression in MCF-7 and MDA-MB-231 breast cancer cells were analyzed by qRT-PCR. (B) The effects of BD on FOS, ZFP36, and EGR1 protein expression in MCF-7 and MDA-MB-231 breast cancer cells were detected by western blot. *p < 0.05 to control group; **p < 0.01 to control group; ***p < 0.001 to control group (0 μM).





DISCUSSION

Bruceine D, a tetracyclic triterpene quassinoid, is one of the active compounds of the Chinese herb Brucea javanica. Several studies have shown that BD exhibits good pharmacological activity including anti-inflammatory (23), anti-parasitic (24), hypoglycemic activities (25), and anti-tumor activity such as hepatocellular carcinoma (2), human chronic myeloid leukemia (26), and pancreatic cancer (27). However, by literature search, we found that therapeutic effects and mechanisms of BD have been rarely reported in breast cancer. In this study, we firstly demonstrated that BD significantly inhibited MCF-7 and MDA-MB-231 proliferation and induced S phase cell cycle arrest and apoptosis, which indicates BD could exhibit anti-breast cancer pharmacological activity. Then, we utilized computational analysis to investigate the mechanism of BD intervention in breast cancer. We built a weighted co-expression network and identified six modules from BRCA. And the brown module showed the best correlation with BRCA by correlation analyses. In addition, GSNCA and GSEA was conducted to identify key pathways and key genes to elucidate molecular mechanisms of BD. The results showed BD in breast cancer treatment may take actions through affecting AMIT_SERUM_RESPONSE_40_MCF10A, BILD_HRAS_ONCOGENIC_SIGNATURE, and NAGASHIMA_NRG1_SIGNALING_UP pathways and regulation expression of ZFP36, EGR1, and FOS(c-FOS). More importantly, the key pathways are closely associated with cancer. For example, it was reported that a number of genes within AMIT_SERUM_RESPONSE_40_MCF10A pathway are down-regulated in diverse tumor types and have a correlation with clinical outcomes. BILD_HRAS_ONCOGENIC_SIGNATURE pathway can discriminate cells expressing activated HRAS from control cells expressing GFP and distinguish between specific cancers and tumor subtypes. By making use of these oncogenic pathway signatures, it provides an opportunity to guide the use of targeted therapeutics. It has been confirmed that NAGASHIMA_NRG1_SIGNALING_UP pathway was associated with dose-dependent transient and sustained intracellular signaling, proliferation and differentiation of breast cancer cells.

Additionally, some studies have revealed three key genes play an important role in cancer development. ZFP36 is a tandem zinc finger protein in TTP family, which can directly bind AU-rich elements (ARE) and destabilize the host transcript. Several studies showed that ZFP36 binds to and degrades the GM-CSF, TNFα, and VEGF mRNAs, in turn affecting the function of transcription factors such as NF-κB, which has a vital impact on cell viability (28, 29). In breast cancer, ZFP36 gene defects will contribute to cancer progression and development. Our results showed that BD could significantly increase ZFP36 mRNA and protein expression in a dose-dependent manner in MCF-7 and MDA-MB-231 breast cancer cells. EGR1 is a tumor suppressor and an oncogene (30–32). As a transcription factor, EGFR can active or repress gene transcription (33, 34). In addition, the transcription of EGR1-mediated brings together a multitude of signaling cascades, which have a vital impact on cell growth, apoptosis and differentiation (33, 35). Recent studies have demonstrated the in breast cancer EGR1 defects are associated with poor prognosis, which is independent of subtype (36). In accordance with this context, we illustrated that EGR1 may be a BD's target for breast cancer treatment. FOS (c-FOS) is one of FOS family protein, which contains transcription factors such as Fra-1, Fra-2, FosB, FosB2, and ΔFosB (37). FOS plays a relevant role in the regulation of normal cell growth, differentiation, and cellular transformation processes (38, 39). The c-Jun family members can interact with nuclear protein, which was encoded by FOS, to form the heterodimeric activating protein-1 (AP-1) transcription factor complex (40). This complex binds to DNA at its specific sites in promoters and enhancer regions and causes changes in gene expression patterns, which might be critical for cell cycle progression. Normally, FOS protein plays a major role in several cellular functions, and its overexpression has been observed in many neoplasias (41). In the present study, we demonstrated that BD significantly decreased the level of FOS mRNA and protein expression in MCF-7 and MDA-MB-231 breast cancer cells. Hence, these key genes are likely to be potential targets of BD. However, there were some limitations in our study. Above all, in our paper, we just chose differentially expressed genes for weighted correlation network analysis. This did not include all the genes that may be associated with breast cancer. Then, there was only two biological replicates in GSE85871 dataset, which may affect the accuracy of the results. Finally, experimental studies need to be carried out to verify the three potential targets of BD in future work.

In summary, by integrated multiple computation methods, we found that the BD may influence some key pathways that are closely associated with cancer, such as AMIT_SERUM_RESPONSE_40_MCF10A, BILD_HRAS_ONCOGENIC_SIGNATURE, and NAGASHIMA_NRG1_SIGNALING_UP pathways. Simultaneously, the key genes, including ZFP36, EGR1, and FOS may be potentially effective targets of BD and also are crucial for breast cancer development. Additionally, this is the first work to report therapeutic effects and possible molecular mechanisms of BD in breast cancer which would future improve our understanding of BD.
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Resveratrol is a natural polyphenolic compound with multiple biological effects, e.g., proliferation inhibition, anti-oxidation, and neuroprotection. Besides that, studies have shown that resveratrol inhibits tumor growth and migration, as well as epithelial–mesenchymal transition (EMT). However, its molecular mechanisms in tumor progression are not fully understood. Nutrient-deprivation autophagy factor-1 (NAF-1) is mainly found in the endoplasmic reticulum and mitochondrial outer membrane. It is an important genetic locus for regulating oxidative stress and autophagy. The molecular mechanism of NAF-1 in pancreatic cancer is currently unclear. The current study found that NAF-1 is expressed in pancreatic cancer tissue and correlated with the progression of pancreatic cancer. Furthermore, we found that NAF-1 inhibition significantly inhibits the stem cell characteristics and the invasion and migration abilities of pancreatic cancer cells. In a subcutaneous xenograft model of pancreatic cancer in nude mice, resveratrol inhibited the expression of NAF-1, thereby inhibiting tumor growth. Taken together, resveratrol could be an effective anti-tumor drug, and NAF-1 may be a rational therapeutic target.

Keywords: resveratrol, NAF-1, cancer stem cells, pancreatic cancer, progression


INTRODUCTION

Pancreatic cancer is one of the deadly malignant tumors, with a 5-year survival rate of <9% (1). For patients who cannot undergo an operation, chemotherapy is the only standard treatment option (2). However, due to the biological characteristics of pancreatic cancer cells, they are insensitive to a variety of chemotherapeutic drugs and show multidrug resistance. In the context of the increasing incidence each year, deepening our understanding of pancreatic cancer and the mechanism of chemoresistance in pancreatic cancer is of great significance for improving the effect of chemotherapy.

Resveratrol has a variety of biological effects, such as anti-oxidant, anti-inflammatory, cardioprotective, neuroprotective, and anti-diabetic effects (3). In recent years, many studies have shown that resveratrol can directly inhibit the proliferation of tumor cells and induce growth inhibition, cell cycle arrest, and apoptosis in pancreatic cancer. As a result, the progression of the tumor is prevented by resveratrol (4). However, the specific molecular mechanism of resveratrol in the treatment of cancer is still unclear, and further research is needed.

Cancer stem cells (CSCs) are defined as cells within the tumor that have the ability to self-renew, which allows these cells to develop into different types of cancer cell lines (5), forming new tumors and subsequently causing recurrence and metastasis. Therefore, the activity of CSCs leads to treatment failure. CSCs play an important role in the progression of cancer, such as the occurrence, maintenance, invasion, immunosuppression, and drug resistance of tumors (6). Pancreatic cancer stem cells (PCSCs) have been reported to be involved in a variety of signaling pathways, including the Notch, Hedgehog, Wnt/ß-catenin, JNK, and c-Met pathways (7). Shen et al. (8) showed that resveratrol has the ability to reverse epithelial–mesenchymal transition (EMT), impair the initiation of stem cell-like properties in tumors, inhibit proliferation, and enhance the radiosensitivity of cancer. In human PCSCs and in PCSCs produced by KRASGD12 transgenic mice, Shankar et al. (9) also conducted experimental studies to demonstrate that resveratrol inhibits the properties of certain PCSCs by inhibiting various cytokines, drug-resistant genes, and EMT. Furthermore, resveratrol induced tumor cell apoptosis by activating capase-3/7 and inhibiting bcl-2 and XIAP in pancreatic cancer.

Nutrient-deprivation autophagy factor 1 (NAF-1), a nutrient deficiency-induced autophagy factor, mainly exists in the endoplasmic reticulum and mitochondrial outer membrane (10). Studies have found that NAF-1 is mainly involved in the regulation of oxidative stress and autophagy and is closely related to tumor growth (11). The high expression of NAF-1 indicated poor prognosis. In vivo and in vitro experiments also confirmed that NAF-1 can promote the proliferation and the tumorigenicity of tumor cells. At present, the molecular mechanism of NAF-1 in tumors, especially in pancreatic cancer, is still unclear.

In the present study, we sought to explore the role of NAF-1 and resveratrol in stem cell characteristics and to explore their contribution to the progression of pancreatic cancer.



MATERIALS AND METHODS

All experimental protocols were approved by the Ethical Committee of the First Affiliated Hospital, Xi'an Jiaotong University, Xi' an, China.


Reagents and Antibodies

Resveratrol (>99% pure) was purchased from Sigma-Aldrich (St. Louis, MO, USA), was dissolved in dimethyl sulfoxide (DMSO) to prepare 50- and 10-mM stock solutions and stored at −20°C. DMSO was used as the vehicle control.

Primary antibodies against SOX2 (No. ab93689, 1:1,000), NANOG (No. ab109250, 1:1,000), and OCT4 (No. ab18976, 1:1,000) were purchased from Abcam (Cambridge, MA, USA). N-cadherin (No. 13116S, 1:1,000), E-cadherin (No. 3195S, 1:1,000), and Vimentin (No. 5741, 1:1000) were provided by Cell Signaling Technology (Danvers, MA, USA). The secondary antibodies [anti-rabbit IgG (No. ab6721, 1:10,000) and anti-mouse IgG (No. ab6728, 1:10,000)] were provided by Abcam (Cambridge, MA, USA). The antibodies against NAF-1 (No. 13318-1-AP, 1:1000), α-tubulin (No. 66031-1-Ig, 1:5,000) were purchased from Proteintech Group (Chicago, IL, USA). Other reagents were purchased from common commercial sources.



Human Tissue Specimens and Histological Analyses

Pancreatic cancer tissues (91 cases) were collected from the Department of Hepatobiliary Surgery, and normal pancreatic tissue (five cases) were obtained from patients undergoing liver transplantation at the First Affiliated Hospital of Xi'an Jiaotong University. The sixth edition of the TNM classification of the American Joint Commission on Cancer was used to assess the pathological TNM status in this study. Two pathologists examined the pathological factors. The clinical pathological data are summarized in Table 1. Immunohistochemistry was performed according to the methods described in a previous study (12).


Table 1. Statistical relationship between the expression of NAF-1 and the clinicopathological features in 91 cases of pancreatic cancer.
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NAF-1 staining status was evaluated according to cytoplasmic expression. NAF-1 staining was classified into the following four groups based on the percentage of positive cells and the staining intensity: negative (0), weak (1+), moderate (2+), and strong (3+). Specifically, based on the percentage of positive cells (percentage scores), the samples were scored as follows: <10% (0), 10–25% (1), 25–50% (2), 50–75% (3), and >75% (4). The intensity of staining was scored with the following four grades (intensity scores): no staining (0), light brown (1), brown (2), and dark brown (3). NAF-1 staining status was determined by the following formula: overall score = percentage score × intensity score. An overall score of ≤ 3 was defined as negative (0), an overall score > 3 and ≤ 6 was defined as weak (1+), an overall score > 6 and ≤ 9 was defined as moderate (2+), and an overall score of > 9 was defined as strong (3+).



Cell Lines and Cell Culture

The human Panc-1, MiaPaCa-2, BxPC-3, CF PAC-1, and SW1990 pancreatic cancer cells were used in this study, and they were purchased from the Cell Bank of Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). All cells were cultured in proper media (HyClone, Logan, USA), and 10% fetal bovine serum (FBS) and 1% penicillin and streptomycin were added into the proper media. A humidified atmosphere at 37°C with 5% CO2 was provided to culture all cells. Pancreatic stellate cells (PSC) were isolated from the tissue and cultured as previously described (13). The study was conducted following the Declaration of Helsinki, and all protocols were approved by the relevant ethical committee of the First Affiliated Hospital of Xi'an Jiaotong University, Xi'an, China.



Stable Lentiviral Transfection

NAF-1 shRNA (shNAF-1) and negative control shRNA (shNC), which were in eukaryotic GV248 lentiviral vectors, were used to establish stably transfected cells. The eukaryotic GV248 lentiviral vectors were used to establish the stable NAF-1-overexpression cells. All transfection reagents and materials were purchased from GeneChem Co., Ltd. (Shanghai, China).

Before transfection, the cells were seeded into six-well plates at 1 × 105 cells/well. Polybrene (5 μg/ml) and ENi.S (reagent for enhancing the effect of lentivirus transfection) were used during virus transfection according to the manufacturer's protocol. Transfection was carried out using lentiviral particles [Panc-1, multiplicity of infection (MOI) = 10; BxPC-3, MOI = 20]. At 12 h after transfection, a virus-containing medium was replaced with the fresh medium. Puromycin (Merck, USA) was used to select the successfully transfected cells when it was 96 h after transfection.

The media was changed three times per week after transfection to generate stably transfected cells. Puromycin-resistant colonies were isolated after 3 weeks. The stable NAF-1-suppressed/NAF-1-overexpressed pancreatic cancer cells were named shNAF-1/NAF-1(+) and the control pancreatic cancer cells were named shNC. qRT-PCR (not shown) and Western blot were used to analyze the effect of gene silencing and the effect of gene over-expression.



Western Blot Analysis

After washing with phosphate-buffered saline (PBS) and according to the manufacturer's instructions, the pancreatic cancer cells (Panc-1 and MiaPaCa-2 cells) were lysed by RIPA buffer (Beyotime, Guangzhou, China). Whole-cell lysates were collected for the subsequent experiments. Bicinchoninic acid protein assay kit (Pierce, Rockford, USA) was used to determine the protein concentration.

Next, 10% polyacrylamide gel, with 5% stacking gel, was used to subject the proteins to sodium dodecyl sulfate-polyacrylamide gel electroporesis. Then, the proteins were transferred to polyvinylidene difluoride (PVDF) membranes. Fat-free milk (10%) which was dissolved with Tris-buffered saline-Tween (TBST) was used to block the PVDF membranes for 2 h at room temperature. Then, all the membranes were incubated with primary antibodies at 4°C overnight. After washing three times with TBST, secondary horseradish peroxidase-conjugated antibodies were used to incubate the membranes for 2 h at room temperature. An enhanced chemiluminescence kit and the Molecular Imager ChemiDoc XRS System (Bio-Rad, Hercules, CA, USA) were used to detect immunocomplexes after washing three times with TBST.



Immunofluorescence Staining

Paraformaldehyde (4%) was used to fix the cells for 15 min. After washing in PBS, 0.3% Triton X-100 was used to permeabilize the cells. Bovine serum albumin (5%), in PBS, was used to block the cells for 30 min at room temperature. Then, primary antibodies were used to incubate the cells overnight at 4°C. After washing three times with PBS, fluorescently labeled secondary antibodies were used to incubate the cells for 2 h at room temperature. 4′,6-Diamidino-2-phenylindole was used to stain the nuclei for 1 min at room temperature. Finally, Zeiss Instruments confocal microscope was used to detect the fluorescence.



Spheroid Formation Assay

We have fully resuspended all the pancreatic cancer cells including Panc-1 and BxPC-3 until they separated into single cells (observed through a microscope) before planting. Panc-1 and BxPC-3 (1 × 104 cells/well) were cultured in six-well ultralow attachment plates (Corning, Corning, NY, USA) in Dulbecco's Modified Eagle's Medium (DMEM) containing EGF, bFGF, and B27 and grown at 37°C under 5% humidified CO2-containing atmosphere for 2 weeks. The number of tumor spheres was counted with a microscope (Nikon Instruments Inc.).



Cell Invasion Assay

Before inoculating the cells, Transwell chambers were placed in a 24-well plate, and diluted Matrigel matrix gel (1:8) was added. In addition to the 24-well plate, the prepared Transwell chambers were kept in an incubator at 37°C overnight. Before using the chambers, 50 μl of serum-free DMEM culture solution was added to each chamber membrane to hydrate the substrate. A total of 700 μl of complete culture medium, containing 10% FBS, was added to the 24-well plate, and 200 μl of preintervention and diluted cell suspension was inoculated into the Transwell chambers. After 24–48 h of incubation in a constant-temperature incubator at 37°C with 5% CO2, the Transwell chambers were fixed with 4% paraformaldehyde for 2 min. Then, methanol was added, and the solution was mixed for 20 min. Next, the cells in the chamber were stained with 0.3% crystal violet dye for 15 min. Finally, cell images were observed with an inverted microscope and recorded with a camera.



The Scratch Assay

After digestion, the cells in the different groups were uniformly inoculated into six-well plates, and the density reached approximately 5 × 105 cells/ml. Panc-1 and BxPC-3 cells were cultured at 37°C with 5% CO2 and grown in a single layer. When confluency reached 100%, a sterile ruler was used to draw straight lines. Then, PBS was used to remove the suspended cells, and serum-free medium was added. The results were observed and recorded with an inverted microscope (Nikon Corporation) at 0, 24, and 48 h after the six-well plates were kept at 37°C with 5% CO2.



In vivo Tumor Model

Nude mice were used to study the effect of resveratrol in this study, and they were housed under pathogen-free conditions and given free access to water and food. All experimental protocols were approved by the Ethical Committee of the First Affiliated Hospital of Xi'an Jiaotong University, Xi'an, China. When they were 6–8 weeks of age, 1 × 106 BxPC-3 cells, which were resuspended in a 1:1 (v/v) mixture of culture medium and Matrigel (BD Biosciences, San Jose, CA, USA), were injected into both flanks of nude mice. A subcutaneous tumor model of pancreatic cancer was established. At 1 week after inoculation, the nude mice were randomly divided into the following two groups (five mice per group): blank group (sterile water 100 μl/day, gavage) and resveratrol group (50 mg/kg/day, gavage). At the end of the 5th week of intervention, the nude mice were sacrificed, and the tumor volume was examined. The volume calculation method is (length/2) × (width2). H&E staining was used to analyze the tumor samples. A light microscope at ×400 magnification was used to take the representative images of each tumor.



Statistical Analysis

Each experiment was independently performed at least three times. The data were presented as mean ± SD. Student's t-test via SPSS (version 15.0; SPSS, Chicago, IL, USA) was used to verify the comparison between two groups. P-values < 0.05 were considered as significant.




RESULTS


NAF-1 Is Overexpressed in Pancreatic Cancer Cells and Pancreatic Cancer Tissue

To investigate the expression levels of NAF-1, Western blot analysis, real-time PCR, and immunofluorescence were utilized to detect the expression of NAF-1 in several different pancreatic cancer cell lines (Panc-1, MiaPaCa-2, BxPC-3, CF PAC-1, and SW1990) and static pancreatic stellate cell (Q-PSC).

We found that NAF-1 was significantly expressed in the five different pancreatic cancer cell lines tested, but NAF-1 was weakly expressed in CF PAC-1. The other four pancreatic cancer cell lines showed a strong NAF-1 expression. Among the tested cell lines, NAF-1 was also significantly expressed in non-activated Q-PSC, suggesting that NAF-1 also plays an important role in tumor-related PSC, which remains to be further explored and studied (Figures 1A,B). To verify the localization of NAF-1 in cells, immunofluorescence was performed, and the results showed that NAF-1 was mainly located in the cytoplasm of pancreatic cancer cells without nuclear expression (Figure 1C). Based on the experimental results, we selected two pancreatic cancer cells with high NAF-1 expression, namely, Panc-1, and BxPC-3, for our subsequent experiments.
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FIGURE 1. NAF-1 gene expression in pancreatic cancer cells and pancreatic cancer tissue. (A) The expression of NAF-1 in different pancreatic cancer cell lines was detected by Western blot. (B) The quantified histograms of the Western blots in (A). The bar graph below shows the relative protein expression levels in the cell lines. Column, mean; bar, SD. (C) Immunofluorescence staining was performed to estimate the basic expression levels and the locations of NAF-1 in four pancreatic cancer cell lines. NAF-1 staining is shown in green, and nuclear DNA staining by 4′,6-diamidino-2-phenylindole is shown in blue (magnification, ×400; scale bar, 20 μm). (D) Immunohistochemistry staining showed the expression pattern of NAF-1 in normal pancreatic tissue and in pancreatic cancer tissue, classified as none, weak, moderate, or strong.


To elucidate the expression pattern of NAF-1 in normal and malignant pancreatic tissues, we analyzed 96 pancreatic specimens, including five normal and 91 pancreatic cancer specimens. In normal pancreatic tissue, there was low coloration in the cytoplasm of pancreatic cells and no coloration in the nucleus, indicating that NAF-1 is expressed at low levels in normal pancreatic tissue. In addition, NAF-1 expression is significantly higher in pancreatic cancer tissue than in normal pancreatic tissue, suggesting that NAF-1 may be related to the progression of pancreatic cancer (Figure 1D).

In addition, in 82/91 cases, immunohistochemical staining confirmed the widespread presence of NAF-1 staining in pancreatic cancer. The expression of NAF-1 in the different pancreatic tissue groups was classified as negative, weak, moderate, and strong. Negative or moderate NAF-1 expression was found in normal pancreatic tissue. Compared with normal pancreatic tissue, the pancreatic cancer tissue had a significantly increased expression of NAF-1 (Figure 1D). It is worth noticing that the expression level of NAF-1 was closely related to the T stage and the TNM stage of pancreatic cancer and was not related to age, gender, tumor differentiation degree, or other factors of the patients (Table 1). These results suggest that NAF-1 may be associated with the progression of pancreatic cancer and is a valuable biomarker.



Inhibition of NAF-1 Significantly Reduces the Invasion of Pancreatic Cancer Cells

To study the effect of NAF-1 on the invasion and the migration of pancreatic cancer cells in vitro, we first inhibited the expression of NAF-1 by shRNA in two pancreatic cancer cell lines (Panc-1 and BxPC-3). Then, a cell scratch assay and a transwell assay were used.

Cell migration ability was first tested by the scratch assay. In this experiment, the Panc-1 and the BxPC-3 cells were each divided into two groups, the shNC and the shNAF-1 interference groups. The cells in the negative control group were transfected with shNC, the scrambled shRNA, and the cells in the control group (NC group) were transfected with shNAF-1, which had been verified for knockdown efficiency. The cells of both groups were cultured without serum for 48 h after the scratch treatment. The area of the scratch edge between two blanks was recorded at 0, 24, and 48 h for each group. The cell migration rate was calculated as the percentage of the difference in the initial (0 h) area and the areas at different time points. Statistical analysis was conducted on the results of three experiments, and a histogram was drawn. The results showed that the degree of cell migration from the scratch edge to the center was lower in the NAF-1 knockdown group than in the control group. The cell migration rate of the two groups was significantly different (p < 0.01) (Figures 2A,B).
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FIGURE 2. The inhibition of NAF-1 significantly reduced the invasion and the migration of pancreatic cancer cells. (A,B) A scratch assay was used to detect the effect of shNAF-1 intervention on the migration ability of Panc-1 and BxPC-3 cells; statistical analyses of the percent cell migration distance are shown (**p < 0.01). Scale bar = 100 μm. (C,D) Migration of two pancreatic cancer cell lines in the shNAF-1-positive knockdown group and the shNC control group after 24 h in a Transwell chamber precoated with matrix gel. Crystal violet staining showed that the cells in the two groups migrated to the subcompartment membrane within 24 h; the statistical analysis of the assay is shown. Scale bar = 100 μm. (E,F) Panc-1 and BxPC-3 cells were cultured under the same normal conditions for 48 h. Western blot was used to detect the changes in epithelial–mesenchymal transition-related indicators (*P < 0.05, **p < 0.01, ***p < 0.001).


To further confirm the effect of NAF-1 on the invasion ability of pancreatic cancer cells, we used a cell invasion assay to detect the invasion ability of the pancreatic cancer cell lines Panc-1 and BxPC-3. It shows that the number of cells in the experimental group was significantly less than that in the control group, and the ratios of cells in the two groups were significantly different (p < 0.01) (Figures 2C,D). It is known that the occurrence of EMT is an important mechanism, leading to the invasion and the metastasis of tumor cells. Therefore, the markers related to EMT (E-cadherin, N-cadherin, and Vimentin) were examined by Western blot analysis. Image J software was used to quantify the expression of NAF-1 and EMT-related proteins. We found that the epithelial markers, such as E-cadherin, were increased, while the interstitial markers, such as N-cadherin and Vimentin, were significantly decreased in the shNAF-1 knockdown group compared with those in the control group (Figures 2E,F). These results suggest that the inhibition of NAF-1 significantly reduces the invasion of pancreatic cancer cells.



Inhibition of NAF-1 Significantly Inhibits Stem Cell Characteristics

For many years, the post-operative recurrence and metastasis of pancreatic cancer had been a major problem in the treatment of pancreatic cancer. Most researchers attribute these processes to the existence of PCSCs. A previous study found that the stem cells in pancreatic cancer have a complex association with chemotherapy resistance (14). Therefore, identifying whether NAF-1 is a key signaling molecule that affects the characteristics of PCSCs and developing interventions against this key molecule may be of great significance for inhibiting the progression of pancreatic cancer and preventing resistance to chemotherapy.

Through a spheroid formation assay, we found that the spheroid of pancreatic cancer cells was significantly decreased after NAF-1 inhibition. The number of stem cell spheroids in the control group was significantly increased compared to that in the experimental group (Figures 3A,B). SOX2, NANOG, and OCT4 are markers of stem cells. After treating with shRNA, Western blot analysis was used to detect the expression levels of stem cell markers in Panc-1 (Figures 3C,D) and BxPC-3 (Figures 3E,F). The expression levels of all the three markers were reduced after the NAF-1 knockdown, which was consistent with the results of the spheroid formation assay. Taken together, our results showed that the downregulation of NAF-1 expression can reduce the stem cell characteristics of pancreatic cancer cells.
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FIGURE 3. Inhibition of NAF-1 significantly inhibited the stem cell characteristics. (A) The pancreatic cancer cells treated with shNC or shNAF-1 were inoculated in serum-free Dulbecco's Modified Eagle's Medium/F12 medium (containing 20 ng/ml epidermal growth factor, 20 ng/ml fibroblast growth factor, and 1% B27) for 1 week to determine the ability of the cancer cells to form spheroids. The representative bright-field microscopy images of tumor spheres after shNAF-1 intervention in Panc-1 and BxPC-3 are shown. Scale bar = 100 μm. (B) Quantification of the number of spheres in Panc-1 and BxPC-3 treated with shNC or shNAF-1. (C,E) Western blot showed the effect of shNAF-1 on the protein expression levels of stem cell indexes in Panc-1 and BxPC-3 after intervention. (D,F) Statistical analyses of (C,E) (column, mean; bar, SD; *p < 0.05, **p < 0.01, ***p < 0.001).




Resveratrol Inhibits the Invasion of Pancreatic Cancer Cells

The remarkable feature of malignant tumor cells is the acquisition of strong invasion and metastasis abilities. Moreover, these invasion and metastasis tendencies are also one of the important reasons for the poor prognosis of pancreatic cancer (15). As a polyphenol plant anti-toxin, resveratrol has many biological effects, including anti-tumor effects. Additionally, whether resveratrol has a similar effect in pancreatic cancer is not entirely clear. To investigate this effect of resveratrol, we treated Panc-1 and BxPC-3 cells with different concentrations of resveratrol and used an invasion assay and a scratch assay to detect the invasion and migration ability of pancreatic cancer cells.

Based on previous experiments (16), the scratch assay showed that both 50 and 100 μM of resveratrol could inhibit the migration ability of pancreatic cancer cells (Figures 4A,B); the cell migration ability of the experimental group was significantly decreased compared with that of the negative control group at the same time point (Figures 4C,D). In addition, we used 50 and 100 μM resveratrol to treat Panc-1 and BxPC-3 cells for 24 and 48 h, respectively. We found that the number of cells passing through the membrane was decreased with resveratrol treatment, indicating that resveratrol can significantly inhibit the invasion ability of pancreatic cancer cells (Figures 4E,F). Taken together, our results indicate that resveratrol inhibits the invasion of pancreatic cancer cells.


[image: Figure 4]
FIGURE 4. Resveratrol inhibits the invasion and the migration of pancreatic cancer cells. (A–D) A scratch assay was used to detect the effect of resveratrol intervention on the migration ability of Panc-1 and BxPC-3 cells; statistical analyses of the percent cell migration distance are shown (*p < 0.05, **p < 0.01, ***p < 0.001). Scale bar = 100 μm. (E,F) Migration of two pancreatic cancer cells in the resveratrol-treated knockdown group and the shNC control group after 24 h in a Transwell chamber precoated with matrix gel. Crystal violet staining showed that the cells in the two groups migrated to the subcompartment membrane within 24 h; the statistical analysis of the assay is shown. Column, mean; bar, SD (*p < 0.05, **p < 0.01, ***p < 0.001). Scale bar = 100 μm.




Resveratrol Inhibits the Stem Cell Characteristics of Pancreatic Cancer

To study the effects of resveratrol on the characteristics of PCSCs, we conducted a spheroid formation assay. Panc-1 and BxPC-3 were pretreated with resveratrol at different concentrations (50 and 100 μM) for 24 h and then inoculated in serum-free DMEM/F12 medium (containing 20 ng/ml EGF, 20 ng/ml FGF, and 1% B27) for 1 week to determine the ability of the cancer cells to form pellets. The results showed that resveratrol, at different concentrations, could inhibit the ability of the pancreatic cancer cells to form spheroids, and the number of stem spheres in the experimental group was significantly lower than that in the control group (Figures 5A,B). In addition, Western blot analysis was used to detect the expression levels of the stem cell markers SOX2, NANOG, and OCT4 after treating with resveratrol at different concentrations (50 and 100 μM) for 24 h (Figures 5C,D). The expression levels of the three markers were reduced after the resveratrol intervention (Figures 5E,F), and the results were consistent with the results of the spheroid formation assay. In summary, our results reveal that resveratrol can inhibit the stem cell characteristics of pancreatic cancer cells.
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FIGURE 5. The effects of resveratrol on the characteristics of pancreatic cancer stem cells. (A) The pancreatic cancer cells treated with resveratrol and the representative bright-field microscopy images of tumor spheres after resveratrol intervention in Panc-1 and BxPC-3 are shown. Scale bar = 100 μm. (B) Quantification of the number of spheres in Panc-1 and BxPC-3 treated with resveratrol. (C,D) Western blot showed the effect of resveratrol on the protein expression levels of cell stem indexes in Panc-1 and BxPC-3 after the intervention. (E,F) Statistical plots of (C,D) (column, mean; bar, SD; *p < 0.05, **p < 0.01, ***p < 0.001).




Resveratrol Inhibits the Stem Cell Characteristics and the Migration of Pancreatic Cancer via Suppressing NAF-1

To confirm the results in vitro, we constructed a subcutaneous tumor model of pancreatic cancer in nude mice by inoculating pancreatic cancer cells (1 × 106) under the skin of the back. After 1 week of inoculation, the nude mice were randomly divided into two groups, the blank group and the resveratrol group. At the end of the 5th week of intervention, the nude mice were sacrificed by the vertebral detachment method, and the tumor volume was examined and recorded. The results indicate that the growth of pancreatic cancer tumors can be inhibited by resveratrol (Figures 6A,B).
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FIGURE 6. The effects of resveratrol on the stem cell characteristics of pancreatic cancer. (A,B) The effect of resveratrol on the growth of pancreatic cancer tumors subcutaneously transplanted in nude mice. [The mice in the control and resveratrol groups were treated daily with vehicle or resveratrol (50 mg/kg) by gavage, respectively] (**P < 0.01). (C) Immunohistochemical staining shows the expression level of NAF-1 in the different groups. (D) Proteins were extracted from the tissue, and the expression of NAF-1 and stem cell-related markers in the tumor tissue of each group was verified by Western blot.


In addition, H&E and immunohistochemical staining were performed on pancreatic cancer tumor specimens subcutaneously transplanted in nude mice. The results showed that the tumor tissue of the control group (NC group) contained many interstitial components and the cancer nests in the NC group were distributed in a focus-like pattern surrounded by interstitium. In the resveratrol group, the tumor tissues were similar to those in the control group and contained many interstitial components. However, the NAF-1 staining of the resveratrol group was significantly weaker than that of the control group, indicating that the expression of NAF-1 was inhibited under resveratrol intervention (Figure 6C). Furthermore, we extracted proteins from the tumor samples of the control group and the resveratrol group, and Western blot was performed to detect changes in NAF-1 and stem cell-related markers. The results showed that, compared with the control group, the resveratrol group had significantly decreased expression levels of NAF-1 and stem cell-related markers (Figure 6D). These results suggest that resveratrol can inhibit the stem cell characteristics of pancreatic cancer and further inhibit the progression of pancreatic cancer.

We constructed a pancreatic cancer cell line with increased NAF-1 expression using lentivirus. The experiment was divided into the following four groups: control group, resveratrol group, resveratrol combined with NAF-1(+) group, and NAF-1(+) group. In contrast, under the resveratrol intervention, the above effects were inhibited. Interestingly, we found that resveratrol supplementation can reverse the characteristics of NAF-1 expression in pancreatic cancer (Figures 7A,C). Western blot was used to detect changes in EMT-related indicators in the groups, and the results were consistent with the above results (Figures 7B,D). Therefore, we conclude that resveratrol inhibited the invasion of pancreatic cancer and stem cell characteristics by inhibiting NAF-1.
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FIGURE 7. (A) Effects of resveratrol combined with NAF-1(+) on the invasion, metastasis, and stem cell characteristics of Panc-1 cell line. Scale bar =100 μm. (B) The pancreatic cancer cells (Panc-1 cells) were treated with resveratrol alone or resveratrol combined with NAF-1(+), and Western blot was used to detect the expression of epithelial–mesenchymal transition (EMT)-related indicators. (C) Effects of resveratrol combined with NAF-1(+) on the invasion, metastasis, and stem cell characteristics of BxPC-3 cell line. Scale bar =100 μm. (D) Pancreatic cancer cells (BxPC-3 cells) were treated with resveratrol alone or resveratrol combined with NAF-1(+), and Western blot was used to detect the expression of EMT-related indicators.





DISCUSSION

Pancreatic cancer is a highly malignant disease, with a 5-year survival rate of < 9% (1). Despite improvements in treatment, including surgical techniques and local and systemic adjuvant therapy, the mortality rate of pancreatic cancer remains high (17). Pancreatic cancer is one of the leading causes of cancer-related death in developed countries.

In the past decade, considerable progress has been made in understanding the changes in genes involved in local and systemic tumor growth, with the most important changes occurring in genes that regulate cell cycle progression, extracellular matrix homeostasis, and cell migration. However, the molecular mechanism of pancreatic cancer remains unclear. It is generally accepted that invasion and tumor metastasis are closely related (18). In recent years, NAF-1 has gained increasing interest, and it was found that NAF-1 expression is increased in a variety of tumors, including gastric cancer (19), prostate cancer (20), cervical cancer (21), liver cancer (22), and laryngeal cancer. Elevated NAF-1 expression often indicates a high recurrence rate and poor prognosis. In this study, we found that NAF-1 is positively expressed in pancreatic cancer tissue. A histopathological analysis of clinical specimens revealed that the NAF-1 expression levels are significantly increased in pancreatic cancer tissue compared with those in normal pancreatic tissue. According to the statistical analysis of the clinicopathological results, the expression level of NAF-1 was related to the T stage of pancreatic cancer, but not to age, gender, tumor differentiation degree, or other factors. These results suggest that NAF-1 may accelerate the progression of pancreatic cancer and is a valuable biomarker (23). We also found that it seemed that the expression of NAF-1 was not always higher in pancreatic cancer cells. The reason may be that the pancreatic cancer cell lines originated from different patients and different parts of these patients. Each cell line has a unique genetic background. The biologic and pathologic characteristics of the tumor cell line resulted in different abilities of proliferation, invasion, and other malignant phenotypes. Besides that, these characteristics also resulted in different gene expression levels in different cell lines (24).

From a clinical perspective, CSCs are important because they are resistant to a variety of chemotherapies and radiation (7). CSCs were first identified in hematological cancers, followed by their detection in practically all solid tumors, including pancreatic ductal adenocarcinoma (25). In this context, it is very important to better understand the characteristics of pancreatic CSCs in order to develop new therapies that target these cells. Our study showed that the inhibition of NAF-1 can effectively inhibit the stem cell characteristics of pancreatic cancer and the invasion and the metastasis of pancreatic cancer, thereby inhibiting the progression of pancreatic cancer. It is well-known that NAF-1 mainly exists in the endoplasmic reticulum and mitochondrial outer membrane and is necessary for maintaining mitochondrial integrity (26). When the NAF-1 expression is defective, mitochondrial degeneration and functional decline occur, and then mitochondrial-related cell death is induced (27, 28). In addition, NAF-1 is involved in regulating Becnl-1-mediated autophagy (29). CSCs express a high level of reactive oxygen species (ROS) scavenger proteins, which is related to the low level of intracellular ROS (30). There is a large difference in the energy and the metabolism of CSCs and ultimately differentiated stem cells. In addition, the stem cells maintain their pluripotency by relying on At93 autophagy to participate in mitochondrial homeostasis regulation (31). Therefore, NAF-1 is likely to be an important part of the metabolic regulation of tumor stem cells.

Several mechanisms have been reported to be involved in the regulation of pancreatic cancer invasion and metastasis, including EMT (32, 33). EMT is a process in which cancer cells acquire mesenchymal features and lose epithelial phenotypes at the same time. This process is accompanied by a decreased expression of E-cadherin and an increased expression of N-cadherin and vimentin. Tumor cells with a mesenchymal phenotype show marked plasticity, which contributes to cell deformation and promotes cell migration and metastasis. The EMT and the invasion behavior of pancreatic cancer cells are regulated by some transcription factors, such as Snail, Slug and Twist. In this study, we found that the inhibition of NAF-1 can inhibit the EMT characteristics. These results suggest that NAF-1 plays an important role in the development of pancreatic cancer. Therefore, a targeted molecular intervention against NAF-1 may provide a positive theoretical basis for the development of a novel treatment for pancreatic cancer in the future. The EMT process endows cancer cells with stem cell-like characteristics to achieve self-renewal and enhance their ability of proliferation and metastases (34). Therefore, there is a direct relationship between the EMT process and CSCs. The results in our study showed that the inhibition of NAF-1 can effectively inhibit the EMT and the stem cell characteristics of pancreatic cancer cells, suggesting that NAF-1 intervention may be an effective compound for inhibiting pancreatic cancer metastasis by targeting PCSCs and EMT. Although the molecular markers that can be used to label tumor stem cell-like phenotypes were not very clear yet, SOX2, OCT4, and NANOG, which are transcription factors, have been confirmed to be the main regulatory factors to maintain tumor stem cell-like phenotypes (35). SOX2, OCT4, and NANOG are overexpressed in poorly differentiated malignant tumors and their expression overlaps with the characteristics of embryonic stem cells. This study confirmed the discovery that NAF-1 signaling plays an important role in the regulation of pancreatic cancer EMT and stem cells.

Resveratrol has a variety of biological effects, such as anti-oxidant, anti-inflammatory, cardiac and neuro protection, and anti-diabetic effects (3). Besides that, resveratrol plays an important role in stem cell-related mechanisms (36). Resveratrol can modulate non-cancer cells in the tumor microenvironment and inhibit the cellular reprogramming of non-cancer cells to inhibit metastasis and suppress resistance to anti-cancer therapy in cancer cells (37). In recent years, many studies have shown that resveratrol can directly inhibit the proliferation of tumor cells, induce growth inhibition, cell cycle arrest, and apoptosis, and reduce tumor cell viability (4). However, the specific molecular mechanism of resveratrol in cancer treatment is still unclear, and further research is needed. Resveratrol can significantly inhibit various tumor cells, such as hepatocellular carcinoma, leukemia, and breast cancer, through various mechanisms (3, 38). In pancreatic cancer models, resveratrol has been considered to be a protective or therapeutic drug and has been shown to have synergistic anti-tumor effects, in combination with gemcitabine (16). In this study, we also found that resveratrol significantly inhibits stem cell characteristics as well as the invasion and the migration of pancreatic cancer cells by inhibiting NAF-1. It is well-known that NAF-1 is an important regulator of intracellular oxidative stress and autophagy (39), and resveratrol can induce apoptosis by regulating intracellular autophagy (40). Therefore, whether autophagy plays a role in mediating the transmission of information between resveratrol and NAF-1 remains to be further explored. Furthermore, studies have shown that an increased ROS level of malignant tumor cells plays an important role in the occurrence and the development of cancer by promoting cell proliferation, survival, invasion, and metastasis (41). Resveratrol regulates the activity of intracellular anti-oxidant enzymes through ROS, which may contribute to its anti-cancer effect. The main molecular mechanisms of resveratrol as a tumor suppressor include the following: (1) regulating the activation of mitochondria and the caspase cascade enzyme system, (2) upregulating cyclin-dependent kinase inhibitors, tumor suppressor genes, death-inducing cytokines, and their receptors, (3) downregulating the expression of surviving, cFLIP, cIAPs, and anti-apoptotic proteins (bcl-2 and bcl-xl) related to the occurrence of chemotherapy resistance (42), (4) activating adenosine 5′-monophosphate-activated protein kinase, (5) inhibiting MAPK, PI3K/Akt (43), Sonic hedgehog (44), Hippo-YAP (16), PKC, EGFR kinase, and NF-kappaB, and (6) activating protein-1 (45), HIF-1 (46), and STAT3 (47), etc. NAF-1 may play an important role in resveratrol-mediated mitochondrial metabolism; however, the exact molecular mechanisms need to be further studied.

Our present study demonstrates that the inhibition of NAF-1 significantly inhibits the stem cell characteristics as well as the invasion and migration abilities of pancreatic cancer cells. Furthermore, resveratrol, as a natural anti-tumor drug, can inhibit the progression and the stem cell characteristics of pancreatic cancer via NAF-1. These findings elucidate the important role of NAF-1 in the resveratrol-mediated modulation of tumor progression and may hold promise as a potential therapeutic target against pancreatic cancer.
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A Corrigendum on 


Eupafolin Suppresses Esophagus Cancer Growth by Targeting T-LAK Cell-Originated Protein Kinase Protein Kinase 
By Fan X, Tao J, Cai X, Fredimoses M, Wu J, Jiang Z, Zhang K and Li S (2019) Front. Pharmacol. 10:1248. doi: 10.3389/fphar.2019.01248


Xin Cai was not included as an author, and Xiaoying Zhang was incorrectly included as an author in the published article. The corrected Author Contributions Statement appears below.


Author Contributions

XF designed research, performed research and wrote the paper; JT analyzed the data; MF extracted Eupafolin from Ay Tsao; JW expressed Histone H3 protein; XC, ZJ performed animal research andanalyzed data; SL, KZ designed research and analyzed data.

Furthermore, there was a mistake in Figure 1D as published. The TOPK western picture has an extra strip. The corrected Figure 1 appears below.




Figure 1 | Eupafolin binds with TOPK and suppresses TOPK activity in vitro. (A) The docking model of eupafolin and TOPK. (B) Measurement of affinity between TOPK and eupafolin by MST in standard treated capillaries, and the resulting binding curve was shown. From the resulting binding curve, Kd of 21.3 ± 2.1 is calculated. (C) Eupafolin binds directly with TOPK. Sepharose 4B was used for binding and pull-down assay as described in section “Materials and methods.” Lane 1 is input control (TOPK protein standard); lane 2 is the negative control, indicating there is no binding between TOPK and beads alone; and, lane 3 indicates that TOPK binds with eupafolin-Sepharose 4B beads. (D) Eupafolin inhibits TOPK activity in vitro. The inhibitory effect of eupafolin on TOPK was determined by an in vitro kinase assay. An inactive GST-histone H3 protein was used as the substrate with active TOPK and 100 μM ATP in the reaction buffer. Protein were resolved by 10% SDS-PAGE gel and detected by Western blot. Histogram statistics is the expression of the p-histone H3 in the first line. Data are representatives of results from triplicate experiments. *Significant compared with lane 3 alone, P < 0.05.



The authors apologize for these errors and state that this does not change the scientific conclusions of the article in any way. The original article has been updated.
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Gallic acid (GA), a hydrolyzable tannin, has a wide range of pharmacological activities. This study revealed that, GA significantly inhibited T24 cells viability in a concentration- and time- dependent manner. The IC50 of GA stimulating T24 cells for 24, 48, and 72 h were 21.73, 18.62, and 11.59 µg/ml respectively, and the inhibition rate was significantly higher than the positive control drug selected for CCK-8 assay. Meanwhile, after GA treatment, the morphology of T24 cells were changed significantly. Moreover, GA significantly inhibited T24 cells proliferation and blocked T24 cells cycle in S phase (p < 0.001). GA induced T24 cells apoptosis (p < 0.001), accompanied by reactive oxygen species (ROS) accumulation and mitochondrial membrane potential (MMP) depolarization. Western blotting analysis showed that GA significantly increased Cleaved caspase-3, Bax, P53, and Cytochrome C (Cyt-c) proteins expression, and decreased Bcl-2, P-PI3K, P-Akt, P-IκBα, P-IKKα, and P-NF-κB p65 proteins expression in T24 cells (p < 0.05). Real-Time PCR results verified that GA significantly promoted Caspase-3, Bax, P53, and Cyt-c genes expression, and inhibited Bcl-2, PI3K, Akt, and NF-κB p65 genes expression (p < 0.001). However, on the basis of GA (IC50) stimulation, NAC (an oxidative stress inhibitor) pretreatment reversed the apoptotic rate of T24 cells and the expression of Bax, Cleaved caspase-3, P53, Bcl-2 proteins, and the MMP level in T24 cells, as well as the expression of Cyt-c protein in T24 cells mitochondria and cytoplasm. In addition, GA significantly suppressed T24 cells migration and invasion ability with VEGF protein inhibition (p < 0.001). Briefly, GA can inhibit T24 cells proliferation, metastasis and promote apoptosis, and the pro-apoptotic activity is closely associated with mitochondrial dysfunction and PI3K/Akt/NF-κB signaling suppression. Our study will help in finding a safe and effective treatment for bladder cancer.




Keywords: gallic acid, bladder cancer, proliferation, metastasis, apoptosis



Introduction

Bladder cancer is a common malignant tumor in the urogenital system. It was estimated that 430,000 new cases of bladder cancer were diagnosed worldwide in 2012 (Antoni et al., 2017). Clinically, bladder cancer patients are usually treated with the tumor resection, but even so, the recurrence rate is still very high (Li et al., 2015). Intravesical instillation chemotherapy is needed to reduce the recurrence rate, but these chemotherapy drugs have serious complications, such as urinary pain, hematuria, allergy, and other toxic side effects (Godwin et al., 2018; Harraz et al., 2019). Therefore, it is necessary to find a safe and effective drug to inhibit bladder cancer progression with less adverse effects.

Tannin is rich in nuts, fruits, and other foods, and is a common ingredient in the daily diet. More recent studies have displayed that tannin not only had antioxidant activity, but also showed perfect anti-tumor activity with low toxicity (Anantharaju et al., 2016; Li et al., 2018). Our team have also revealed that pomegranate peel tannins had good anti-bladder cancer activity, and one of the main monomer is gallic acid (GA). GA is a natural polyphenolic compound, also known as 3,4,5-trihydroxybenzoic acid, which belongs to hydrolyzable tannin and widely exists in plants, such as Rheum rhaponticum L, Punica granatum L, Rubus idaeus L, and so on. At present, more and more scholars have paid close attention to GA, due to its extensive pharmacological activities (Karimi-Khouzani et al., 2017; Tsai et al., 2018), simple and clear structure, low price, easy to access, and other advantages. In addition, an increasing number of literature have confirmed GA presented potent pro-apoptotic activity on many types of cancers (Ho et al., 2010; Subramanian et al., 2015; Wang et al., 2016; Lin and Chen, 2017; Gu et al., 2018; Tsai et al., 2018).

As we all know, apoptosis is closely associated with a variety of genes and proteins expression, of which mitochondria plays an important role. Mitochondria is not only a sensor of endogenous apoptosis pathway, but also an amplifier of apoptotic signal, making apoptosis proceeding rapidly and efficiently (Burke, 2017). As apoptosis is initiated, mitochondria activates downstream apoptotic pathway by releasing Cytochrome C (Cyt-c), and then further activating cysteine-aspartic proteases (caspase) (Min et al., 2018). The activated caspase will directly cause intracellular proteins degradation and cytoplasmic nucleus substrates decomposition, and eventually leading to apoptosis (Wen et al., 2019). Several studies have indicated that certain drugs caused cancer cells apoptosis were closely associated with mitochondrial pathway (Song et al., 2016; Wang et al., 2016; Fan et al., 2019). In the latest research, Lin et al. (Lin and Chen, 2017) found that GA could promote human oral cancer SCC-4 cells apoptosis, and the mechanism is related to BIK mediated ROS-dependent apoptotic activity of ER-associated BAX/BAK with Casein Kinase II activation. NF-κB is a transcription factor, and closely associated with genes transcription in immune response and anti-apoptotic aspects (Xu et al., 2018). In addition, Akt, activated by phosphoinositide-3-kinase (PI3K), can participate in different stages of apoptosis by regulating the expression of downstream target proteins such as Bad, Caspase-9, NF-κB, GSK-3, FKHR, p21Cip1, and p27Ki or regulating mitochondria function (Lien et al., 2017; Liu et al., 2018). Madrid et al. (2000) verified that Akt could inhibit apoptosis through activating NF-κB p65. Therefore, PI3K/Akt/NF-κB signaling pathway is very important in cell proliferation and tumor progression, and its inhibition may affect cancer cells proliferation and viability (Ni and Yi, 2017; Yu et al., 2017; Pei et al., 2019). Gu et al. (2018) found that GA significantly induced apoptosis of acute myeloid leukemiacell lines (AML), primary mononuclear cells (MNC) and CD34 stem/progenitors isolated form AML patients via Akt/mTOR dependent mitochondrial respiration inhibition, and mitochondrial respiratory inhibition was the result of Akt/mTOR signal inhibition. In addition, Yeh et al. (2008) collected 90 specimens of bladder cancer patients and treated them with NF-κB immunological staining, and the results revealed that nuclear NF-κB can be served as an important predictor of specific and overall survival rate of bladder cancer patients, so it is expected to be a therapeutic target for bladder cancer.

Although some studies have indicated GA has significant anti-tumor activity, the specific mechanism of its pro-apoptosis activity is not yet well-elucidated. Considering this situation, the purpose of our research is to explore the effects of GA on bladder cancer progression. We used human bladder cancer T24 cell as the target cell, and assessed the effects of GA on T24 cells proliferation, apoptosis, cell cycle distribution, and metastasis. In addition, we explored the involved mechanism and determined whether the apoptosis induced by GA is associated with mitochondrial dysfunction and PI3K/Akt/NF-κB signaling inhibition.



Materials and Methods


Reagents

GA with 99% purity, 5-Fluorouracil (5-FU) and N-acetylcysteine (NAC) were obtained from Sigma (USA). Punicalagin, ellagic acid and punicalin with 99% purity were purchased from Chengdu Institute of biology, Chinese Academy of Sciences (Chengdu, China). CCK-8 kit was acquired from Dojindo (Japan). The 5-ethynyl-2-deoxyuridine (EdU) labeling/detection kit was purchased from Ribobio (Guangzhou, China). Annexin V-FITC apoptosis detection kit and PI/RNase Staining Buffer kit were obtained from BD Biosciences (Becton Dickinson, USA). ROS detection kit was obtained from Jiancheng Bioengineering (Nanjing, China). Mitochondrial Membrane Potential (MMP) detection kit was obtained from BestBio company (Shanghai, China). The primary antibodies against Cleaved Caspase-3, Caspase-3, P53, Bcl-2, Bax, Cyt-c, P-Akt, Akt, P-NF-κB p65, NF-κB p65, and P-IκBα were purchased from Cell Signaling Technology (CST, USA). The primary antibodies against PI3K, P-PI3K, P-IKKα, VEGF, COX-IV, and β-Actin were purchased from abcam (UK). The second antibody was obtained from LI-COR (USA). PrimeScipt™ RT reagent Kit with gDNA Eraser and SYBR@Premix Ex Taq™ II were obtained from Takara Bio (Japan). Minimum essential medium (MEM), fetal bovine serum (FBS), penicillin-streptomycin were purchased from Gibco (Grand Island, USA). Matrigel was obtained from BD Biosciences (San Jose, USA).



Cell Culture and Drug Preparation

The human bladder cancer T24 cell line was obtained from China Center for Type Culture Collection (CCTCC, No : GDC078). T24 cells were cultured in MEM medium (Gibco) with 10% FBS, 100 units/ml penicillin and 100 units/ml streptomycin, then maintained in 37°C with 5% CO2 incubator (Binder, Germany). Preparing GA stock solution at a concentration of 500 µg/ml: precisely weighed 2.00 mg GA in a EP tube, added 4 ml FBS free MEM medium, mixed with a vortex to ensure complete dissolution, and then stored at -20°C. The GA stock solution needs to be diluted before use. Specifically, the GA stock solution was taken out and dissolved in the dark at 37°C, and then it was diluted to the appointed concentration with FBS-free MEM medium to obtain the working solution. Attention should be paid here to avoid light in the use of GA.



Cell Viability Assay

For cell counting kit-8 (CCK-8) assay, T24 cells were firstly plated in a 96-well plate for 24 h incubation. After that, the previous medium was removed, and 100 µl 0, 6.25, 12.5, 25, 50, 75, and 100 µg/ml GA or 5-FU solution were respectively added into each well for 24, 48, and 72 h stimulation. After reaching the appointed time, the previous medium was replaced with 100 µl new MEM medium containing 5% CCK-8. After 1 h incubation at 37°C in the dark, the absorbance at 450 nm was measured by a microplate reader (Perkin Elmer, USA). Finally, the inhibition rate and half inhibition concentration (IC50) in each group were calculated.



Cellular Morphology Analysis

T24 cells were firstly plated in a 6-well plate for 48 h incubation. After that, the previous medium was removed, and 100 µl different concentration of GA (0, 6.25, 12.5, and 25 µg/ml) were added into each well. After 24 h stimulation, the cell morphological changes in each group were observed by an inverted microscope (Olympus, Japan).



Plate Clone Formation Assay

T24 cells were firstly plated in a 6-well plate and cultured for 48 h, the cells were then treated with different concentrations of GA (0, 6.25, 12.5, 25 µg/ml) for 24 h. Subsequently, the cells in each well were digested, counted, and plated into a new 6-well plate with complete media at a density of 2×103 cells/well, and consecutively cultured for one week at 37°C. After the medium was removed, the cells were washed with phosphate buffered saline (PBS) for 3 times. After being fixed with 4% paraformaldehyde for 15 min, the cells were stained with 0.5% crystal violet solution for 15 min. Finally, the cells were washed with PBS and dried in the air, and the number of colonies was counted manually.



Ethynyldeoxyuridine (EdU) Staining

T24 cells were firstly plated in a 6-well plate with equal volume and cultured for 48 h at 37°C with 5% CO2. The cells were then treated with different concentrations of GA (0, 6.25, 12.5, 25 µg/ml) for 24 h. Subsequently, the EdU working solution (20 µM) was added to each well with equal volume and incubated for 2 h. After treatment with 4% paraformaldehyde and PBS containing 0.3% Triton X-100, the cells were stained with the EdU reaction liquid according to the instructions of 5-ethynyl-2-deoxyuridine labeling/detection kit (Ribobio, Guangzhou, China). DAPI was used to label the nuclei for 15 min after PBS washing. Finally, the EdU-positive cells in five randomly selected fields were viewed by a fluorescence microscopy (Olympus, Japan).



Cell Cycle Analysis

T24 cells were firstly stimulated with an increasing concentration of GA solution (0, 6.25, 12.5, 25 µg/ml) for 24 h. After that, the cells were collected and washed with PBS. 1 ml 70% ethanol was added into each tube and incubated at -20°C overnight for fixing. Subsequently, the fixed T24 cells were collected and washed with 4°C PBS, and 500 µl PI/RNase dye solution was added into each tube and incubated for 15 min at 25°C in the dark. Finally, the fluorescence intensity of each group was detected immediately using the flow cytometry (BD Biosciences, USA).



Cell Apoptosis Analysis

Briefly, T24 cells were firstly stimulated with an increasing concentration of GA solution (0, 6.25, 12.5, 25 µg/ml). After 24 h treatment, the cells were collected by centrifugation after trypsinization, and washed with cold PBS. Then 500 µl binding buffer solution was added into each tube for resuspension. Finally, 5 µl fluorescein-conjugated Annexin V solution and 5 µl PI solution were added into each tube respectively and incubated for 15 min at 25°C in the dark. Finally, the apoptosis rates of T24 cells were detected using the flow cytometry (BD Biosciences, USA).



Intracellular ROS Production

T24 cells were firstly stimulated with an increasing concentration of GA solution (0, 6.25, 12.5, 25 µg/ml) for 24 h. After stimulation, T24 cells were digested by trypsin and collected by centrifugation. Then 1 ml DCFH-DA working solution was added to each tube and dyed for 30 min at 25°C in the dark. After incubation, the cells were obtained and washed with PBS to remove the excess DCFH-DA. Finally, the fluorescence intensity was immediately detected by a microplate reader (Perkin Elmer, USA) after adjusting the consistency of cell density.



MMP Level Assessment

The JC-1 staining method was used to measure the changes in T24 cells MMP level after GA stimulation. Briefly, T24 cells were firstly stimulated with an increasing concentration of GA solution (0, 6.25, 12.5, 25 µg/ml) for 24 h. After stimulation, the cells were collected and washed with PBS. The JC-1 working solution was added to each tube and dyed for 15 min at 25°C in the dark. Then the cells were obtained by centrifugation and resuspended with PBS. Finally, the MMP level changes were detected using the flow cytometry (BD Biosciences, USA). In addition, the evaluation of MMP level was also performed with a fluorogenic lipophilic cation, according to the manufacturer’s protocol. In cells with hyper-polarized mitochondrial membranes, JC-1 spontaneously forms complexes (J-aggregates) emitting red fluorescence. In cells with depolarized mitochondrial membranes, JC-1 remains in the monomeric form, emitting green fluorescence. The detection of MMP was performed by fluorescent microscopy (200×magnification). All experiments were repeated three times.



Western Blotting Analysis

T24 cells were firstly plated in a 6-well plate for 48 h incubation. After that, the previous medium in each well was removed and replaced with different concentrations of GA solution (0, 6.25, 12.5, 25 µg/ml). After 24 h stimulation, the 6-well plate was moved on the ice and washed by PBS. Then the cells in each well were incubated with 600 µl RIPA lysis buffer solution, and lysed on ice for 20 min, and scraped with a cell scraper, then transferred into an EP tube. The total protein was obtained by collecting supernatant after centrifugation. The BCA method was used to detect the extracted protein concentration, and the sample volume was adjusted according to the protein concentration before electrophoresis. Then the sample was added into each pore respectively and the marker was added at both ends, 10% Tris–Glycine gels were used to separate the protein sample under constant current. After that, the protein gelatin was transferred to PVDF membranes. Five percent BSA in TBST (TBS with 0.1% Tween-20) was used to block the membranes for 1 h at room temperature. Then the membranes were incubated with the specific primary antibodies against Bax, Bcl-2, Caspase-3, Cyt-c, P53, P-Akt, Akt, P-PI3K, PI3K, P-IκBα, P-IKKα, P-NF-κB p65, NF-κB p65, VEGF, COX-IV, and β-Actin at 4°C overnight respectively. The next day, the membranes were washed with TBST for three times, and incubated with the corresponding secondary antibody (LI-COR, USA) for 1 h at room temperature in the dark. The membranes were scanned by Odyssey imaging system (USA). Finally, the relative gray value of the target proteins and internal reference protein were respectively measured by Image J Software.



Quantitative Real-Time Polymerase Chain Reaction (QRT-PCR) Analysis

In our experiment, the expression of the target genes was regarded as the mRNA level. The relative expression of Bax, Bcl-2, Cyt-c, Caspase-3, P53, PI3K, Akt, and NF-κB p65 genes in T24 cells after GA stimulation were detected by RT-PCR method. In short, T24 cells were firstly stimulated with an increasing concentration of GA solution respectively. After 24 h stimulation, the cells were collected through trypsinization and transferred to the EP tubes. Trizol was then added into each tube to extract the total RNA according to the manufacturer’s protocol. The ultraviolet spectrophotometer (Beckman, USA) was used to detect the concentration and purity of the extracted RNA from each group. The reverse transcription was performed using an ABI PCR instrument (Thermo Fisher, USA) with GAPDH as the internal reference. The primer sequence was obtained from Wuhan Google Biotechnology. The design and synthesis of the primer sequences were shown in Table 1. Finally, the genes mRNA relative expression was detected by an AB7500 detection system (Thermo Fisher, USA).


Table 1 | Sequences of Real-Time Polymerase Chain Reaction (RT- PCR) Primer.





Wound Healing Assay

T24 cells from each group were plated in 6-well plates for 48–72 h. When the cell density reached approximately 80%, the monolayer was wounded by scratching with a 200 µl sterile pipette tip lengthwise along the plate surface, and the media was removed. The cells were then washed 2–3 times with PBS and cultured in serum-free media. Images of cell migration were captured at 0, 12, and 24 h by an inverted microscope (Olympus, Japan), and the area of migration (µm2) was measured with ImageJ software.



Transwell Migration and Invasion Assay

For transwell migration assay, T24 cells were firstly stimulated with an increasing concentration of GA solution (0, 6.25, 12.5, 25 µg/ml). After 24 h stimulation, the cells were collected by trypsin and suspended in FBS-free MEM medium. After adjusting the density of cells, we added 100 µl 1×105 cells/ml T24 cells suspension on the upper boyden chamber (Corning, USA), and added 700 µl MEM medium containing 20% FBS on the lower chamber, and placed the 24-well plate in 37°C incubator. After 24 h incubation, the transwell chamber was taken out from the incubator. The non-migrated cells were scraped with a cotton swab. Then the migrated cells were fixed with 95% methanol for 15 min, and then dyed with 0.5% crystal violet solution for 15 min. Finally, the migrated cells were observed and photographed by an inverted microscope (Olympus, Japan). The cells in 5 random fields were counted and the mean was calculated. For transwell invasion assay, the matrigel was firstly diluted in a ratio of 1:8 with FBS-free MEM medium. The transwell upper chambers were then coated with 80 µl diluted matrigel. The subsequent operations were the same as the migration experiments.



Enzyme-Linked Immunosorbent Assay (ELISA) Analysis

The samples were collected from T24 cells culture supernatant and centrifuged at 4°C, 2,000×g for 10 min. The separated supernatant was used for biochemical analysis. The level of VEGF (cat. no. EK0393) was measured using an ELISA kit purchased from Wuhan Boster Biological Technology, Ltd. (Wuhan, China). The absorbance at 450 nm was measured on a microplate reader (BioTek Elx9808, BioTek Instruments, Inc., Winooski, VT, USA).



Statistical Analysis

All experiments were repeated at least three times independently. The data were expressed as the mean ± standard deviation (SD). The treated groups were compared by one-way variance (ANOVA) with SPSS 13.0 (IBM, USA). The statistically significant p values were labeled as follows: *p<0.05, **p<0.01, ***p<0.001.




Results


GA Inhibits T24 Cells Viability

In order to find the effective anti-cancer component in pomegranate peel tannins, we firstly compared the effects of each monomer in pomegranate peel tannins on T24 cells viability, and found the inhibition of GA on T24 cells viability was significantly higher than the other three monomers (Figure 1A). Subsequently, in order to measure the effects of GA on T24 cells viability, CCK-8 assay was used. Furthermore, 5-fluorouracil (5-FU) was selected as a positive control. The results were represented in Figures 1B–D, which revealed that the inhibition of GA on T24 cells viability was significantly higher than 5-FU with the same concentration and time, especially for stimulating with 24 and 48 h (p < 0.001). The half inhibitory concentration (IC50) of GA stimulating T24 cells for 24, 48, and 72 h were 21.73, 18.62, and 11.59 µg/ml respectively, while the IC50 of 5-FU were 102.04, 35.63, and 20.01 µg/ml respectively. Compared with the control group, T24 cells viability in GA-treated group was significantly decreased, indicating that GA significantly inhibited T24 cells viability in a time- and concentration-dependent manner (p < 0.01). As GA stimulated T24 cells for 24 h, the inhibition rate of GA with 6.25 and 25 µg/ml was 6.89 and 65.77%, respectively. These results indicated that GA significantly inhibited T24 cells viability. Combining with the results of CCK-8, we determined GA with 6.25, 12.5, and 25 µg/ml as the appropriate action concentration and 24 h as the appropriate action time.




Figure 1 | GA inhibited T24 cells viability and affected cells morphology. (A) The viability of T24 cells with different concentrations of monomers in pomegranate peel tannins treatment were measured respectively by CCK-8 assay. (B–D) The viability of T24 cells with different concentrations of GA treatment in 24, 48, and 72 h were measured by CCK-8 assay. (E) The changes of T24 cells morphology with different concentrations of GA treatment were observed by an inverted microscope (40× magnification). The red arrow refers to T24 cell.





GA Changes T24 Cells Morphology

In order to observe the effects of GA on T24 cells morphology, we used the inverted microscope, and found that T24 cells were elongated, with strong adherence, large cell bodies, clear cell contour, and cells were in a good condition. After stimulating with GA for 24 h, T24 cells were shrank, with weak adherence, loose intercellular contact, blurred cell contour, and cells were in an apoptotic state (Figure 1E).



GA Inhibits T24 Cells Proliferation

In order to further assess the effects of GA on T24 cells proliferation, we adopted the plate clone formation assay and EdU staining. The plate cloning assay results showed that there were significantly fewer number of colonies of T24 cells in the GA-treated groups than in the control group, and the number of colonies were decreasing with an increasing concentrations of GA (Figure 2A). The EdU staining results showed that there were significantly fewer fluorescent dots indicating nuclei in T24 cells in the GA-treated groups than in the control group, and the number of fluorescent dots were decreasing with an increasing concentrations of GA (Figure 2B). These results indicated that GA suppressed T24 cells proliferation in a concentration dependent way.




Figure 2 | GA affected T24 cells proliferation and cells cycle distribution. (A) Representative images and quantitative analyses of T24 cell colonies in each group were displayed according to the plate cloning assays. (B) Representative fluorescent images of proliferating T24 cell nuclei were shown by EdU staining (200× magnification). (C) Representative images and quantitative analyses of T24 cell cycle status were assessed by flow cytometry. *p < 0.05, **p < 0.01, ***p < 0.001, compared to the control group.





GA Affects T24 Cells Cycle Distribution

In order to assess the effects of GA on T24 cells cycle, we adopted the flow cytometry, and found that, in the control group, the percentage of T24 cells in G1 phase was 73.63%, while that in S phase was 18.50%. With the increasing concentration of GA, the number of T24 cells in S phase was significantly increased, while the number of T24 cells in G1 phase was significantly decreased (p < 0.01). In the group of GA with 25 µg/ml, the percentage of cells in G1 phase was 57.52%, while that in S phase was 36.49% (Figure 2C). These results showed that GA blocked T24 cells cycle in S phase.



GA Induces T24 Cells Apoptosis

In order to explore whether GA could induce T24 cells apoptosis, the FITC/PI staining method was used, and the results were displayed in Figure 3A, in which, the right upper quadrant represented the late stage apoptotic cells, and the right lower quadrant represented the early stage apoptotic cells. The results revealed that GA significantly induced T24 cells apoptosis, and the apoptotic rate of T24 cells in GA-treated groups were significantly higher than the control group (p < 0.01). The apoptotic rate of T24 cells in the control group was 5.13%, while the apoptotic rate in GA-treated groups with 6.25, 12.5, and 25 µg/ml were 8.64, 18.84, and 36.79% respectively (p < 0.01). In addition, the early apoptotic rate was 3.25% in the control group and 31.17% in GA (25 µg/ml) treated group, indicating that GA mainly caused T24 cells early apoptosis. These results suggested that GA promoted T24 cells apoptosis in a concentration-dependent manner, and mainly induced early apoptosis of T24 cells.




Figure 3 | GA induced T24 cells apoptosis and ROS accumulation as well as MMP depolarization. (A) Representative images and quantitative analyses of T24 cells apoptosis in each group were measured by flow cytometry. (B) Quantitative analyses of ROS level in T24 cells with different concentrations of GA treatment were measured by a microplate reader. (C) Quantitative analyses of MMP level in T24 cells with different concentrations of GA were assessed by flow cytometry. *p < 0.05, ***p < 0.001, compared to the control group.





GA Promotes Intracellular ROS Generation

Current researches have revealed that mitochondrial ROS plays a vital role in cell apoptosis, and the mechanism is involved in many aspects of apoptosis (Moloney and Cotter, 2018). Since GA-induced T24 cells apoptosis may be caused by the generation of intracellular ROS, the level of mitochondrial ROS in T24 cells was measured. The DCFH-DA fluorescent probes were used to detect intracellular ROS accumulation to assess the degree of cell damage. The results were shown in Figure 3B, after GA stimulation for 24 h, the relative levels of ROS in T24 cells in GA-treated group with 6.25, 12.5, and 25 µg/ml were 113.4, 194.3, and 213.1% respectively. Compared with the control group, the levels of ROS were significantly increased in GA-treated groups (p < 0.05). These results indicated that GA induced oxidative stress in T24 cells.



GA Reduces Intracellular MMP Level

An obvious decrease in MMP level is generally regarded as the earliest change in apoptosis. The MMP level changes in T24 cells were expressed as the ratio of red/green fluorescence after stimulating with GA. As shown in Figure 3C, the cells in the control group had strong red fluorescence and weak green fluorescence. After GA stimulation, the red fluorescence was getting weaker and the green fluorescence was getting stronger. The red/green ratio in the control group was 9.08 ± 0.13, while the ratios in GA-treated groups with 6.25, 12.5, and 25 µg/ml were 6.24 ± 1.12, 3.28 ± 1.58, and 2.34 ± 0.91, respectively. Compared with the control group, the MMP levels in GA-treated groups were significantly decreased (p < 0.001). These results indicated that GA caused the decline of MMP level in T24 cells, and implied that GA-induced T24 cells apoptosis might be associated with the mitochondrial dysfunction.



GA Regulates Mitochondrial Dysfunction-Related Apoptosis Markers Expression

In order to further assess whether GA could induce T24 cells apoptosis, and verify this process was associated with the mitochondrial dysfunction, we detected the relevant proteins and genes expression. The results showed that, compared with the control group, the expression of Bax protein was significantly up-regulated while the expression of Bcl-2 and Procaspase-3 proteins were significantly down-regulated, and the ratio of Bax/Bcl-2 was significantly increased in GA-treated groups (p < 0.001). Meanwhile, the expression of P53, Cyt-c, and Cleaved caspase-3 proteins were significantly increased (Figure 4). In addition, compared with the control group, the level of Bcl-2 mRNA was lower in GA-treated group (Figure 7C). GA increased the level of Bax mRNA by 1-, 2.18-, 4.84-, and 8.14-fold (Figure 7A); Caspase-3 mRNA by 1-, 3.13-, 4.59-, and 6.01-fold (Figure 7B); P53 mRNA by 1-, 1.71-, 2.81-, and 3.19-fold (Figure 7D); Cyt-c mRNA by 1-, 2.09-, 4.68-, and 5.79-fold (Figure 7E), respectively in T24 cells. These results suggested that GA-induced T24 cells apoptosis was associated with the mitochondrial pathway.




Figure 4 | GA affected the expression of mitochondrial dysfunction related apoptosis proteins in T24 cells. (A–G) Representative western blot images and quantitative analyses of apoptosis-related proteins, including Bax (A, B), Bcl-2 (A, C), Cyt-c (A, D), Pro-caspase-3 (A, E), Cleaved caspase-3 (A, F), and P53 (A, G), in T24 cells with different concentrations of GA treatment. *p < 0.05, **p < 0.01, ***p < 0.001, compared to the control group. β-Actin was served as the internal reference.





GA Induces T24 cells Apoptosis via the Mitochondrial Pathway

In order to further verify T24 cells apoptosis induced by GA was associated with the mitochondrial dysfunction, we used an oxidative stress inhibitor NAC and detected the relevant markers expression. The experiments of this part were divided into four groups, including Control group, NAC group (10 mmol/L NAC pretreatment for 4 h, then replaced with fresh culture media), GA group (IC50 for 24 h), NAC + GA group (NAC pretreatment for 4 h, then replaced with GA IC50 for 24 h). The results showed that, compared with the control group, the apoptotic rate of T24 cells was significantly increased in GA (IC50) group (p < 0.01), while compared with the GA (IC50) group, the apoptotic rate of T24 cells was significantly decreased in GA + NAC group (Figure 5A). Meanwhile, compared with the control group, the expression of Bax, Cleaved caspase-3, and P53 proteins were significantly increased while the expression of Bcl-2 was significantly decreased in GA (IC50) group (p < 0.01), and NAC reversed this effect (Figure 5B). Moreover, compared with the control group, the intensity of green fluorescence in T24 cells was significantly increased and the intensity of red fluorescence in T24 cells was significantly decreased in GA (IC50) group (p < 0.01), while compared with the GA (IC50) group, the intensity of green fluorescence in T24 cells was significantly decreased and the intensity of red fluorescence in T24 cells was significantly increased in GA + NAC group (Figure 5C). In addition, compared with the control group, the expression of Cyt-c protein in T24 cells mitochondria was significantly decreased in GA (IC50) group (p < 0.01), while compared with the GA (IC50) group, the expression of Cyt-c protein in T24 cells mitochondria was significantly increased in GA+NAC group (Figure 5D). Meanwhile, compared with the control group, the expression of Cyt-c protein in T24 cells cytoplasm was significantly increased in GA (IC50) group (p < 0.01), while compared with the GA (IC50) group, the expression of Cyt-c protein in T24 cells cytoplasm was significantly decreased in GA + NAC group (Figure 5E). These results further suggested that GA-induced T24 cells apoptosis was closely associated with the mitochondrial pathway.




Figure 5 | NAC reversed apoptosis of T24 cells induced by GA. (A) Representative images and quantitative analyses of T24 cells apoptosis in each group were measured by flow cytometry. (B) Representative western blot images and quantitative analyses of mitochondrial dysfunction related apoptosis proteins including Bax, Bcl-2, P53, and Cleaved caspase-3 in T24 cells. (C) Representative images of MMP level in T24 cells in each group were measured by the laser scanning confocal microscope. Red indicates normal mitochondria, green indicates depolarized mitochondria, blue indicates the cell nucleus. (D) Representative western blot images and quantitative analyses of Cytochrome C expression in T24 cells mitochondria. (E) Representative western blot images and quantitative analyses of Cytochrome C expression in T24 cells cytoplasm. *p < 0.05, **p < 0.01, ***p < 0.001, compared to the control group and GA (IC50) group. β-Actin and COX-IV were served as the internal reference.





GA Induces T24 Cells Apoptosis via the PI3K/Akt/NF-κB Signaling Pathway

In order to explore the potential molecular mechanism involved in GA promoting T24 cells apoptosis, we evaluated the relative expression of PI3K, P-PI3K, Akt, P-Akt, NF-κB p65, P-NF-κB p65, P-IκBα, and P-IKKα proteins. We found that after GA stimulation, the expression of P-PI3K and P-Akt proteins in T24 cells were significantly decreased, but there was no significant difference in the expression of PI3K and Akt proteins in T24 cells (Figure 6). Furthermore, after GA stimulation, the expression of P-IκBα, P-IKKα, and P-NF-κB p65 proteins in T24 cells were significantly decreased, but there was no significant difference in the expression of NF-κB p65 protein in T24 cells (Figure 6). In addition, we evaluated the relative expression of PI3K, Akt, and NF-κB p65 mRNA, and found that the relative mRNA levels of PI3K, Akt, and NF-κB p65 in T24 cells were significantly down-regulated after GA stimulation. As an increasing concentration of GA, the relative levels of PI3K mRNA were 1, 0.59, 0.36, and 0.15 respectively (Figure 7F), the relative levels of Akt mRNA were 1, 0.58, 0.37, and 0.26 respectively (Figure 7G), and the relative levels of NF-κB p65 mRNA were 1, 0.52, 0.37, and 0.16 respectively (Figure 7H). These results indicated that GA induced T24 cells apoptosis via inhibiting the PI3K/Akt/NF-κB signaling pathway.




Figure 6 | GA induced T24 cell apoptosis via the PI3K/Akt/NF-κB signaling pathway. (A–I) Representative western blot images and quantitative analyses of several critical proteins, including P-PI3K (A, B), PI3K (A, C), P-Akt (A, D), Akt (A, E), P-NF-κB p65 (A, F), NF-κB p65 (A, G), P-IκBα (A, H), and P-IKKα (A, I) in T24 cells with different concentrations of GA treatment. ***p < 0.001, compared to the control group. β-Actin was served as the internal reference.






Figure 7 | GA affected the relative expression of mitochondrial pathway related apoptosis genes and PI3K/Akt/NF-κB signaling pathway related genes in T24 cells. (A–H) Quantitative analyses of several critical genes, including Bax (A), Caspase-3 (B), Bcl-2 (C), P53 (D), Cyt-c (E), PI3K (F), Akt (G), and NF-κB p65 (H), in T24 cells with different concentrations of GA treatment. ***p < 0.001, compared to the control group.





GA Inhibits T24 Cells Migration and Invasion

In order to assess the effects of GA on T24 cells migration and invasion, we used the wound healing assay and transwell assay and found that, compared with that in the control group, the migration rate of T24 cells was significantly inhibited in GA-treated group, and the inhibition rate was GA-concentration dependent (Figure 8A). Moreover, we found that the number of T24 cells passed through the chamber membrane was significantly decreased after GA treatment, as shown in Figure 8B. For transwell invasion assay, we found that, as the increasing concentrations of GA, the number of T24 cells passed through the matrigel and chamber membrane was getting fewer, as shown in Figure 8C. In addition, we used western blotting assay and ELISA analysis to detect the expression of VEGF protein in T24 cells and secretive VEGF from T24 cells after GA stimulation. We found that GA significantly inhibited VEGF protein expression in T24 cells (Figure 8D), and GA significantly inhibited VEGF secretion into T24 cells supernatant (Figure 8E). These results indicated that GA significantly inhibited the migration and invasion of T24 cells as well as the expression of VEGF protein in T24 cells.




Figure 8 | GA affected T24 cell migration and invasion in vitro. (A) Representative images and quantitative analyses of T24 cell migration rates in each group were shown according to the scratch assay (200×magnification). (B) Representative images and quantitative analyses of penetrated T24 cells in each group were shown according to transwell migration assay (200×magnification). (C) Representative images and quantitative analyses of invasive T24 cells in each group were displayed according to transwell invasion assay (200× magnification). (D) Representative western blot images and quantitative analyses of VEGF protein in T24 cells under different concentrations of GA treatment. (E) Quantitative analyses of VEGF in T24 cells supernatant under different concentrations of GA treatment. *p < 0.05, ***p < 0.001, compared to the control group. β-Actin was served as the internal reference.






Discussion

Bladder cancer is one of the most common malignant tumor of urinary system with poor prognosis and low survival rate. As the patients with bladder cancer have clinical symptoms, the course of this disease may have arrived the middle or late stage. In this case, even receiving treatment, it is very easy to relapse (Schulz et al., 2019). Therefore, looking for a safe and effective drug to further improve the bladder cancer patients survival rate is so necessary. Recently, more and more scholars are committed to find the new and effective anticancer drugs from natural products. Our team mainly studied the pharmacological activities of tannins, and found that pomegranate peel tannins can induce bladder cancer T24 cells apoptosis. In addition, we detected the main monomers in pomegranate peel tannins by HPLC-ESI-MS method, and found the main monomers were punicalagin, punicalin, ellagic acid, and GA. Therefore, on the basis of our previous research, we firstly compared the four monomers and selected the most effective one on inhibiting T24 cells proliferation. After stimulating with these monomers for 24 h respectively, the inhibition rates were measured by CCK-8 assay. The results revealed that GA possessed the strongest inhibitory effect on T24 cells viability, followed by punicalagin, punicalin, and ellagic acid (Figure 1A). In order to further explore the inhibitory effect of GA on T24 cells viability, we selected 5-FU as the positive control. 5-FU is a common anti-neoplastic drug that can interfere DNA synthesis mainly acting on S phase of cell cycle, and it is also a chemotherapy drug for bladder irrigation after surgery (Zhang et al., 2016). As shown in Figures 1B–D, the inhibition of GA on T24 cells was significantly higher than 5-FU at the same concentration, especially for 24 and 48 h. These results revealed that GA possessed a potent inhibition ability on T24 cells viability at a very low concentration. In view of the possible cytotoxicity caused by excessive drug concentration, the action concentrations of GA were determined to be 6.25, 12.5, and 25 µg/ml, and the action time was determined to be 24 h. In addition, we found that, GA affected T24 cells morphology (Figure 1E), significantly inhibited cells proliferation (Figures 2A, B), blocked T24 cells cycle in S phase (Figure 2C), and induced cell apoptosis, mainly in early stage (Figure 3A). Therefore, the subsequent research focused on the molecular mechanism of GA promoting T24 cells apoptosis.

Several researches showed that mitochondria can maintain cell energy supply and its dysfunction will promote apoptosis, which is associated with ROS accumulation and MMP depolarization (Song et al., 2016; Burke, 2017; Wen et al., 2019). Besides, it has been confirmed that ROS generation and MMP depolarization would change intracellular environment and cause oxidative damage even cell apoptosis (Zhang et al., 2015). Our study revealed that mitochondrial ROS level was significantly increased and MMP level was significantly decreased in T24 cells after GA stimulation, which was in accordance with the expectation (Figures 3B, C). In previous literature, GA induced tumor cells apoptosis is closely associated with mitochondria dependent endogenous apoptosis pathway (Wang et al., 2016; Gu et al., 2018), so we decided to detect the expression of mitochondrial apoptosis pathway related markers (Bcl-2, Bax, P53, Caspase-3, and Cyt-c). P53 can up-regulate the expression of pro-apoptotic protein Bax, and down-regulate the expression of anti-apoptotic protein Bcl-2, and trigger apoptosis via mitochondrial pathway (Bi et al., 2016). Caspase-3 is also called death protease, which can cause chromatin shrinkage, DNA fragmentation, cell lysis, and apoptosis. Several literature have confirmed that Cyt-c could amplify apoptosis signaling and directly regulate apoptosis (Min et al., 2018). Our research showed that, after GA treatment, the proteins and genes expression level of Bax, P53, Caspase-3, and Cyt-c were significantly increased, while Bcl-2 was significantly decreased (Figures 4 and 7). NAC pretreatment reversed GA-caused T24 cells apoptosis and MMP level decline as well as Cyt-c secretion from mitochondria to cytoplasm (Figure 5). The change trends of these markers were in consistent with the mitochondrial apoptosis pathway reported in relevant literature, suggesting GA induced T24 cells apoptosis may be associated with the mitochondrial dysfunction. Moreover, Ho et al. (Ho et al., 2010) found that GA inhibited gastric cancer AGS cells metastasis via NF-κB inhibition and PI3K/Akt/small GTPase signals down-regulation. PI3K/Akt/NF-κB signaling transduction promotes tumor cell growth and metastasis, inhibits tumor cell apoptosis (Roy et al., 2019). Therefore, inhibiting this pathway might be a valid approach for treating various types of cancers. Modern studies verified that some Chinese herbal extracts can promote multiple tumor cells apoptosis via PI3K/Akt/NF-κB inhibition (Li et al., 2019; Roy et al., 2019). In this signaling pathway, PI3K firstly promotes Akt phosphorylation to activate or suppress its downstream targets such as Bad, Caspase-9, and NF-κB. Increasing evidences suggested that P-Akt could promote cell survival by regulating the activity of IKKα (the IκB kinase), and promoting IκBα (an inhibitor of NF-κB) phosphorylation (Martini et al., 2014). Finally, the P-IκBα can release protease and NF-κB dimer, enabling NF-κB enter into cell nucleus and activate transcription of the corresponding genes. Our results revealed the relative expression of P-PI3K, P-Akt, P-NF-κB p65, P-IκBα, and P-IKKα proteins were significantly inhibited (Figure 6), meanwhile, the relative expression of PI3K, Akt, and NF-κB p65 genes were also significantly inhibited in T24 cells after GA stimulation (Figure 7). These results indicated that GA induced T24 cells apoptosis might be closely associated with the inhibition of PI3K/Akt/NF-κB signaling pathway.

In addition, malignant tumors have a high mortality, about 70–80% of cancer patients die for the spread and metastasis of tumor cells. Previous studies reported that GA had anti-metastasis effect in vitro and in vivo (Ho et al., 2010; Lo et al., 2011). As we all know, bladder cancer is a common malignant tumor of urinary system, it has strong invasive ability and may recur and metastasize after surgery. Therefore, we selected human bladder transitional cell carcinoma T24 cell line for its high infiltration and metastasis activity. Tumor lethality is closely associated with cells migration and invasion, and new vessel formation is the basis of tumor cells growth and metastasis (Ramjiawan et al., 2017). More importantly, VEGF is a main stimulating factor of tumor angiogenesis, it can promote vascular endothelial cells growth and induce vascular proliferation, which is closely associated with the progression of cancers. The relevant studies showed that VEGF is closely related to metastatic activity, and it can induce angiogenesis and promote cancer cells metastasis (Siveen et al., 2017; Melincovici et al., 2018). At present, VEGF inhibitor is an important approach for tumor therapy, and has become an important aspect of targeted therapy. For example, Bevacizumab is the first approved anti-angiogenesis drug in USA, it can be used to treat many different types of tumors and is widely used in clinical practice. In this research, the wound healing assay and transwell migration assay were used to investigate the effects of GA on T24 cells migration. Moreover, the transwell invasion assay was performed to assess the invasion ability of T24 cells. The results indicated that GA significantly inhibited migration and invasion of T24 cells, along with decreased intracellular VEGF protein expression and decreased extracellular VEGF secretion (Figure 8).

In summary, GA inhibited T24 cells proliferation and blocked T24 cells cycle in S phase, moreover, GA significantly induced T24 cells apoptosis, which was closely associated with ROS accumulation and MMP depolarization. The pro-apoptotic effects of GA on T24 cells may be associated with PI3K/Akt/NF-κB signaling pathway. In addition, GA significantly decreased VEGF protein expression and inhibited T24 cells migration and invasion. Taking together, our research demonstrated that GA significantly inhibited T24 cells proliferation and metastasis, and promoted apoptosis, and its pro-apoptotic activity may be closely associated with mitochondrial dysfunction and PI3K/Akt/NF-κB suppression (Figure 9). Our findings may provide a safe and effective treatment for bladder cancer. However, the deeper molecular mechanism involved in bladder cancer progression still need further exploration and discussion.




Figure 9 | An action mechanism diagram of GA inducing T24 cells apoptosis via mitochondrial dysfunction and PI3K/Akt/NF-κB signaling suppression. The → presented for activation, the ┴ presented for inhibition.
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Metabolic changes are a major feature of tumors, including various metabolic forms, such as energy, lipid, and amino acid metabolism. Sterol regulatory element binding proteins (SREBPs) are important modules in regulating lipid metabolism and play an essential role in metabolic diseases. In the previous decades, the regulatory range of SREBPs has been markedly expanded. It was found that SREBPs also played a critical role in tumor development. SREBPs are involved in energy supply, lipid supply, immune environment and inflammatory environment shaping in tumor cells, and as a protective umbrella to support the malignant proliferation of tumor cells. Natural medicine and traditional Chinese medicine, as an important part of drug therapy, demonstrates the multifaceted effects of SREBPs regulation. This review summarizes the core processes in the involvement of SREBPs in tumors and provides a comprehensive understanding of the pathways through which natural drugs target the SREBP pathway and regulate tumor progression.
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INTRODUCTION

Tumors are a major health challenge for humanity, with high annual mortality rates. In the continuous efforts to discover new treatments for tumors, metabolic changes have been receiving considerable attention. Metabolic changes involve numerous forms, including energy, sugar, lipids, and amino acids. Differing from that of normal cells, tumor metabolism is unique. As early as 1920, a study conducted by Warburg found that tumor cells obtained energy in a glycolysis anoxic environment (1). This led many scholars to focus on the direction of energy metabolism change and use it as a key point for tumor treatment (2). The massive proliferation of tumors requires a variety of substances, including energy, lipids, etc. To cope with these additional needs, tumor cells undergo extensive metabolic reprogramming (3–6). As a component of cellular basal metabolism, lipid metabolism plays a very important role in the metabolic programming of tumor cells (7). Lipids, including phospholipids and cholesterol, serve as a major component of the cell membrane and an additional energy supply to the cells (8–10). In addition, they play important biological regulatory roles as signaling molecules, specific receptors, and transcription factors (11–13). Growing evidence shows that tumor cells are involved in a large number of changes in lipid metabolism, which has become one of the important features of tumors (3, 7, 14). This also renders the key molecules of lipid metabolism and targeting the regulation of lipid metabolism a promising strategy for the treatment of tumors (15, 16).

For most normal cells, the growth rate is strictly regulated by the body, and lipids derived from de novo synthesis and dietary intake of hepatocytes can meet their growth needs. However, for proliferating malignant tumor cells, this is not sufficient; hence, the process of extra lipid production is activated in tumor cells (17). The production of fat involves multiple successive biological steps that can be controlled by numerous regulatory factors and different key enzymes. These enzymes and factors have exhibited a strong association with tumors. For example, high levels of fatty acid synthase (FASN) expression have been associated with invasive tumor phenotypes (18, 19), while both acetyl-CoA carboxylase and FASN have been shown to be highly expressed in malignant tumors and are also indicators of poor prognosis (7, 20, 21). These enzymes are regulated by a variety of complex mechanisms, and a large number of studies have shown that SREBPs are important molecules regulating these key enzymes and leading to lipid metabolism disorders (22–27). Many natural drugs can regulate SREBPs and various biological processes involved in different pathways. This review summarizes the key processes involved in targeting SREBPs through natural drugs for the treatment of tumors.



OVERVIEW OF SREBPs

Sterol regulatory element-binding proteins (SREBPs) belong to a small family of membrane-bound proteins, and are basic helix-loop-helix leucine zipper transcription factors. There are three subtypes, namely SREBP-1a, SREBP-1c, and SREBP-2. Of those, SREBP-1a and SREBP-1c are encoded by the same gene, whereas SREBP-2 is encoded by a different gene (28). SREBP-1 is mainly regulated by caloric restriction (29, 30), while SREBP-2 is stimulated by thyroid hormone and itself (31, 32). SREBP-2 also preferentially participates in gene transcription in cholesterol biosynthesis (26, 33). Under physiological conditions, activation of SREBPs is tightly regulated by a negative feedback loop triggered by sterols in the endoplasmic reticulum (ER) (28, 34). The classical activation is mediated mainly by insulin-induced gene (INSIG) and SREBP cleavage-activating protein (SCAP) (Figure 1). Specifically, the SREBPs precursor protein transforms to a complex with another ER localized protein, termed SCAP. This complex interacts with the INSIG1 and INSIG2 proteins (35, 36). When the levels of cellular cholesterol are high, INSIGs become stable and allow the SCAP-SREBP complex to preserve in the ER (28, 37). When the levels of sterols in the ER decrease below the threshold, INSIGs are ubiquitylated and rapidly degraded (38) that can trigger the isolate of SCAP-SREBP complex from the ER (39). The isolated complex cannot be transported directly to the Golgi and needs specialized transport vesicles generated by coatomer complex II (COPII). In this process, the levels of sterol will lead to conformation changes in SCAP to determine whether SCAP can combine with COPII (40). These factors together lead to the transport of the SCAP-SREBP complex from the ER to Golgi. In the Golgi, SREBPs will be consecutively cleaved by two membrane-bound proteases site-1 protease (S1P) (41) and site-2 protease (S2P) (42). Then, cleaved SREBPs release the transcriptionally active NH2-terminal domains, that can enter into the nucleus and induce target gene expression including the SREBPs transcription factor itself (25, 43), consequently causing a series of downstream changes.
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FIGURE 1. (A) At high sterol levels, the sterol binds to Loop 1 and induces conformational changes in SCAP, thereby increasing its affinity for INSIG. Then, binding of SCAP and INSIG triggers a second conformational changes in SACP, leading to the dissociation of Loop1 and Loop7. This conformation prevents COPII from binding to SCAP. In addition, sterol is combined with INSIG to keep the stability of INSIG. These interactions help the INSIG/SCAP/SREBP complex to be preserved on the ER membrane. (B) In a sterol-deprived environment, the reduction of sterol leads to ubiquitination and rapid degradation of INSIG. This gives the SCAP/SREBP complex an opportunity to escape ER. Deprivation of sterols also triggers conformational changes that enable Loop1 to bind to Loop7, which allows SCAP to bind to COPII. Then, COPII transports the complex to the Golgi apparatus via vesicles. (C) When in the Golgi, SREBP will be continuously cleaved by S1P and S2P proteases, ultimately releasing the N-terminal active domain. This active part enters the nucleus and binds to numerous target genes of SREBP, leading to downstream effects.


In addition to the strict restriction of transport and activation, SREBP is transcriptionally regulated through several mechanisms. As mentioned above, mature NH2-terminal domains of SREBPs enhances expression of itself (31). Liver X receptor (LXR) is one of the key molecules mediating SREBP mRNA transcription (44). Studies have shown that LXR plays an important role in tumors and is associated with SREBPs (45, 46). The same effect was observed for insulin via the mTOR pathway mechanism (47). Moreover, several miRNAs including miRNA-29, miRNA-185, and miRNA-342, are also responsible for the transcription of SREBP (48, 49).

Sterol regulatory element-binding proteins are involved in numerous biological processes, such as ER stress, inflammation, autophagy, and apoptosis. This also causes SREBPs to trigger a variety of diseases, including obesity, dyslipidemia, diabetes, non-alcoholic fatty liver disease, non-alcoholic steatohepatitis, chronic kidney disease, neurodegenerative diseases, and tumors (50). In the previous decades, the definitive function of SREBPs has been extended to many tumor-critical biological processes, highlighting the importance of lipids in cell and system homeostasis (19, 22). In an epidemiological study, long-term intake of cholesterol was also associated with an increased risk of gastrointestinal cancer (51). This suggests that uptake of exogenous lipids also exerts an effect on tumor progression. Multiple pathways mediated by SREBPs are associated with lipid metabolism and play a role in tumor progression. Although the sterol feedback regulation mechanism of SREBPs has been extensively studied, the mechanism through which SREBPs induce lipid metabolism and other specific regulatory functions in tumors remains unclear (52).



DRUG FAMILY TARGETING SREBPs

In view of the special and powerful regulation of SREBPs in tumors, drugs targeting SREBPs have been developed. However, direct inhibition of SREBPs is a difficult task, as transcription factors are difficult to target for drugs (2). The current strategy is to inhibit the transport of SREBPs from the ER to Golgi and inhibit cleavage enzymes to block the release of the active domain. Besides this, inhibiting SREBPs transcription through key signaling pathways and restoring cholesterol sensitivity by inhibiting cholesterol droplets formation are also common interventions (53). Table 1 shows some of the common inhibitors of SCAP/SREBPs. Most of them are still in the preclinical stage, and a few of them have been studied clinically.


TABLE 1. The classical inhibitors targeting SCAP/SREBPs in cancer cells.

[image: Table 1]Although there have been many classical inhibitors, their application is still limited. SREBP inhibitors, including fatostatin, BF175, and 25-hydroxycholesterol cholesterol are only observed in a pre-clinical study. In part, these classical SREBP inhibitors such as 25-hydroxycholesterol, also activate LXR while inhibiting SREBPs, which will reactivate the SREBP-1c gene as a feedback loop. This can lead to enhanced expression of free fatty acid synthesis genes and increased plasma triacylglycerol content, thereby greatly limiting drug performance (78). Some drugs have entered clinical trials, but the analysis of SREBP is not sufficient. For example, nelfinavir is widely used in cancer research, but its main research course is to inhibit the Akt signaling pathway (79). Therefore, we need to find some emerging SREBPs inhibitors to avoid these side effects. Natural drugs have garnered increasing attention given their lower cost and minor side effects. Many of them are used in metabolic diseases and have shown the ability to inhibit SREBPs. Table 2 shows some of the natural drugs involved in the regulation of SREBPs, as well as a brief description of their mechanism of action. These compounds can target SACP/SREBPs, inhibit the detachment of SREBPs from the ER, inhibit the transport of SREBPs, and regulate the key molecular mechanisms involved in SREBPs. Although there are only few studies on tumors, they can serve as a guide for drug research and can be candidates for tumor treatment.


TABLE 2. Natural drugs targeting SREBPs and their mechanism of action.

[image: Table 2]The mechanism of these drugs is multi-targeted and involves a variety of common signaling pathways. Their impact is also multifaceted, involving a variety of biological processes, such as cellular lipid supply, energy supply, glucose supply, cell protection, and microenvironment modeling. In the following sections, we provide a more detailed description of the biological functions involved in the regulation of SREBPs by natural medicines.



REGULATION OF TUMOR CELL ENERGY SUPPLY

Cells require energy to maintain their vitality, growth, and normal physiological functions (98). ATP is the currency of cell energy supply (99). In normal cells, ATP is produced by glycolysis in the cytoplasm, oxidative phosphorylation in mitochondria, tricarboxylic acid recycling, β-oxidation of fatty acid, and the metabolism of ketones and triglycerides also produces energy. The energy supply of normal cells is mostly provided by the aerobic oxidation of glucose, while in the tumor-associated microenvironment it is mainly provided through aerobic glycolysis (1). Aerobic glycolysis results in a small amount of ATP and a large number of intermediate products required for cell proliferation (6, 100, 101). Recent research showed that SREBP-1 plays an important role in the regulation of lipid metabolism and contributes substantially to glucose metabolism (102); there exists an interactive relationship between SREPBs and glucose. SREPBs are necessary for intracellular glycolysis and oxidative phosphorylation in natural killer cells (103). SREBP-1a can trans-regulate the promoter of the PFKFB gene (104), which is a 6-phosphate fructose-2-kinase/fructose-2,6-bisphosphate enzyme catalyzing the synthesis of fructose-2,6-diphosphate and degradation in gluconeogenesis. SREBP-1 is also involved in the generation of glycogen under special situation. The lack of SREBP-1 reduces the levels of glycogen and lower the activity of glycogen synthase mRNA (105). On the contrary, glucose exerts a reverse regulatory effect on SREBPs. Kinetic experiments showed that exogenous glucose can upregulate SREBP-1c precursors and ribosomes within 30 min following the translocation of SREBP-1c to the nucleus. Glucose rapidly stimulates SREBP-1c maturation through the Janus kinase/signal transducer and activator of transcription pathway (106). Meanwhile, the protein SCAP binding SREBP in the ER is also stimulated by glucose, leading to glycosylation of SCAP and further promoting the release of mature SREBPs (107). Collectively, these studies have shown that SREBPs, especially SREBP-1 and SREBP-1c, play important roles in regulating glucose metabolism. Aerobic glycolysis is widespread in tumor cells. Current studies indicate that SREBPs may affect the progression of tumors by altering glucose metabolism (108). Some natural drugs, such as silibinin, can affect glucose uptake through SREBP-phosphatidylinositol 3 kinase-protein kinase B (109), and paeoniflorin can promote β-oxidation and glycogen production (94) to regulate energy metabolism. These compounds may be the potential candidates for the treatment of tumors through regulation of energy metabolism.



REGULATING FAO AS SUPPLEMENTARY ENERGY

Aerobic glycolysis is an inefficient oxidation method associated with limited energy supply. Therefore, tumor cells have to take various measures, such as increasing the rate of glycolysis to produce lactic acid (110) and strengthening fatty acid oxidation (FAO) (111) to produce more ATP. FAO is an important auxiliary production mode of the body. In the case of nutritional deficiency, FA replaces glucose to provide sufficient energy for the body. Meanwhile, FAO is also the preferred way of energy supply for the heart, skeletal muscle, and kidneys (112). Studies have found changes in FAO in various types of tumors. In triple-negative breast tumors, FAO is extremely active, and blocking FAO may greatly influence energy metabolism, reduce proliferation, and inhibit growth in vivo in tumor cells (113). Similar results were also reported in models of prostate cancer, multiple myeloma, and leukemia (114–117). Moreover, FAO was also the main energy provider in metastatic tumors (111). As the primary energy supplier for some cancer cells, the process of FAO is affected by SREBPs. The basis of FAO is long-chain FA, which can be obtained through food or synthesized endogenously. SREBPs (especially SREBP-1) upregulate a large number of enzymes that catalyze the synthesis of FA, such as FASN, and stearoyl coenzyme α desaturating enzyme in a variety of human tumors (118–120). Silencing of SREBP-1 or SREBP-2 in established tumor cell lines and tumor cells of patient origin led to an overall transformation of cell metabolism, including glycolysis, mitochondrial respiration, and reduction of the levels of FAO (108). In the natural drug family ursodeoxycholic acid can regulate the expression of SREBPs and the occurrence of FAO, thereby improving inflammatory response, angiogenesis, and macrophage differentiation (121). These biological processes exert marked effects in tumors and affect tumor progression. Therefore, natural drugs may be worthy of study in regulating SREBPs and pointing to the process of FAO in blocking the development of tumors.



PROVIDING THE NECESSARY LIPIDS FOR THE PROLIFERATION OF TUMOR CELLS

Lipids are particularly important for maintaining the biosynthesis of cell membranes and coordinating numerous biological processes (13, 50, 122). Phospholipids are widely involved in the construction of cell membrane modules (123), while cholesterol is one of the main components of lipid rafts that can be used as the tissue center for the assembly of signaling molecules (12). This is necessary for cell division, metabolism, and proliferation (124, 125). Unlike normal cells that obtain lipids from the blood in the form of dietary free FAs, tumor cells show a strong de novo synthesis of lipids to support their growth (126).

A large amount of lipid production in tumor cells is mediated by SREBPs. SREBPs regulate the production of sterols, especially cholesterol. Studies have shown that tumor cells possess high cholesterol levels, derived by increasing the uptake of low-density lipoprotein (LDL), reducing the outflow of cholesterol, and accelerating endogenous synthesis of cholesterol and FAs (Figure 2) (127–130). SREBPs are involved in almost all the pathways associated with high cholesterol. They increase the levels of cholesterol in cells by increasing the intake of LDL and synthesis of cholesterol. Inhibition of low-density lipoprotein receptor (LDLR) can promote glioblastoma cell death (46). In addition, they promote the transcription of enzymes, such as 3-hydroxy-3-methyl-glutaryl-CoA reductase (HMGCR), that can directly induce the synthesis of cholesterol (131). Meanwhile, miR-33 which is embedded in introns of, and co-transcribed with SREBPs can also prevent loss of cholesterol by inhibiting the expression of cassette subfamily transporters (e.g., ABCA1 and ABCG1) to antagonize the binding between transporters and cholesterol (132). Overaccumulation of unesterified cholesterol can be toxic to cells. Cholesterol esters, which mainly exist as cytosolic lipid droplets, can be a safe form to store cholesterol. Increased lipid droplets have been found in glioblastoma and some other types of tumor (34, 133). Tumor cells maintain a large amount of cholesterol by combining cholesterol and FA to the formation of cholesterol ester to escape the monitoring of cholesterol (134). Abnormal levels of lipids are intimately related to carcinogenesis and cancer metastasis (135). In liver cancer, obesity caused by the accumulation of lipids accelerates the progression of hepatitis and liver cancer. It was also found that an increase in total cholesterol can lead to the development of gastric cancer (136). Natural drugs have great potential in maintaining lipid homeostasis. Schisandra polysaccharide can improve the production of lipids by downregulating SREBP-2/HMGCR (137). Xanthohumol is a natural inhibitor of SREBPs that competes with sphingosine-1-phosphate to antagonize the activation of SREBPs inhibiting the synthesis of cholesterol (81). Similarly, betulin, ursodeoxycholic acid, and other natural drugs possess unique properties, inhibiting SREBPs to regulate lipid homeostasis (82, 138). The production of lipids, especially cholesterol, can be limited by natural drugs through the SREBPs pathway, suggesting that the effects of natural drugs in altering the production of lipids may be applied to the treatment of tumors.
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FIGURE 2. Sterol regulatory element-binding protein (SREBPs) mediate the uptake, efflux, and storage of cholesterol. (A) Extracellular cholesterol is carried by low density lipoprotein (LDL) and binds to LDL receptors (LDLR) on the cell surface. After binding, cholesterol is transported to the cells and decomposed by the lysosome into intracellular cholesterol. (B) Intracellular cholesterol binds to the sterol transporter ATP binding cassette subfamily A member 1 (ABCA1)/ATP binding cassette subfamily G member 1 (ABCG1) and is transferred to the extracellular space to complete the uptake and discharge of cholesterol. miR-33 which is embedded in introns of, and co-transcribed with SREBPs can inhibit the expression of ABCA1 and ABCG1, thus inhibiting the reversal of cholesterol. (C) Excess cholesterol in the cells binds to SREBP-mediated fatty acids and esterifies them into cholesterol esters to avoid the negative regulation of cholesterol. These measures provide a large amount of energy and nutrients and protection for tumor cell proliferation.


Currently, there is insufficient evidence regarding the regulation of phospholipid production by SREBPs. However, recent studies have provided clues concerning the interaction between SREBPs and phospholipids. In small intestinal tumors, phospholipid remodeling can change the expression of SREBPs to regulate the generation of cholesterol, and affect the occurrence and development of intestinal tumors (139). Low levels of phosphatidylcholine lead to the maturation of SREBP-1 in nematode or mammalian models (140), and phospholipids rich in eicosapentaenoic acid inhibit the SREBP-1c-mediated production of fat. These findings suggest a relationship between phospholipids, cholesterol, and SREBPs.



PROVIDE PROTECTION FOR TUMOR CELLS

Sterol regulatory element-binding protein-mediated regulation of lipids provides considerable protection for tumor cells. Improving drug resistance and regulating cell cycle are common ways. Research has found that statins exert a good effect on some prostate tumors (141, 142); however, this effect can be blocked by SREBPs. Studies have shown that SREBPs may lower the sensitivity of statins in the treatment of prostate tumors by upregulating HMGCR and other lipid metabolism genes (143). Hence, inhibition of HMGCR and SREBPs would increase responsiveness to drugs (144). The same drug resistance mechanism related to SREBPs and lipid metabolism was also found in breast tumors, multiple myeloma, glioblastoma, lung tumors, and liver tumors (22, 58, 77, 145–147), as well as anti-tumor drugs, including cisplatin (148), rapamycin, epidermal growth factor receptor-targeted inhibitors and docetaxel (57, 147, 149). Natural drugs combined with traditional anti-tumor drugs to increase the sensitivity of cells to treatment are very promising. In the treatment of hepatocellular carcinoma, emodin has been used to increase the sensitivity of cells to sorafenib by regulating SREBP-2 (150). Although the evidence is promising, further research studies are warranted to investigate the mechanism of SREBPs involved in drug resistance.

In addition to participating in the development of drug resistance, SREBP-mediated metabolism of glycolipids also protects tumor cells in multiple aspects. SREBP-2-mediated synthesis of sterol protects against oxidative stress by reducing lipid peroxidation to maintain membrane integrity (151). SREBP-2 also occupies the promoter of autophagy-related genes to activate autophagy (152). Cells can remove damaged proteins and organelles through autophagy, while recapturing energy and essential substances through the same process during periods of nutrient deficiency (153). SREBPs can also promote tumorigenesis by activating the mevalonate pathway (154). SREBPs lead to the de novo synthesis of lipids; however, excess lipids do not cause negative feedback regulation with SREBPs, because lipids are stored in cells in the form of lipid droplets. Lipid droplets have been observed in many tumors and may become a potential biomarkers in tumor (133). Reduction of LD formation by inhibiting SOAT1 can effectively suppress tumor growth (53). These lipids can help in the late stage of cell metabolism and counteract the lipid toxicity induced by the accumulation of intracellular FA (155, 156).

Sterol regulatory element-binding proteins can also directly or indirectly regulate the cell cycle to facilitate the proliferation of tumor cells. Indirectly, the SREBP-mediated synthesis of FAs and cholesterol has a certain impact on the cell cycle. Unsaturated FAs increase the expression of cyclin D1 and cell proliferation by activating β-catenin in renal clear cell carcinoma (157). Cholesterol is also essential for cell cycle progression, and cholesterol deficiency leads to cell cycle arrest at the G2/M phase (124). Directly, SREBP-1 contains a binding site in the host cell factor C1 gene, through which it stimulates the expression of key genes involved in cell cycle control and participates in the cell cycle and fibroin A adjustment (158). Studies have also shown that silencing SREBP-1 can directly lead to cell arrest at the G1 phase in human HeLa, U2OS, and MCF-7 cells, thereby attenuating cell growth (159). However, different subtypes of SREBPs appear to play different roles in the regulation of the cell cycle. Unlike SREBP-1, excess SREBP-1a causes cell cycle disorder, resulting in the accumulation of cyclin-dependent kinase inhibitors, such as p27, p21, and p16. Moreover, overexpression of SREBP-1a activates a novel SREBP binding site in the promoter of the gene p21 (waf1/cip1) that activates cyclin-dependent kinase inhibitors, leading to inhibition of cell growth and cell cycle arrest at the G1 phase (160, 161). SREBP-1c also promotes cell cycle progression by enhancing the expression of its target gene pituitary tumor-transforming 1 (162). Pituitary tumor-transforming 1 prevents premature chromosome segregation by inhibiting the activity of isolated enzymes, and promotes cell cycle disorders by regulating cell cycle genes (163). Previous research shed light on the effects of SREBPs on the regulation of tumor cell cycle. However, further studies area warranted to completely elucidate the mechanism involved in this process.



POTENTIAL IN MODULATING INFLAMMATION AND IMMUNITY

The immune environment and inflammatory environment are hotspots of the tumor microenvironment. This environment can be shaped in many ways; and metabolism plays a unique role (164). As a transcription factor that modulates a large number of metabolism-related genes, SREBPs show great potential in shaping the tumor microenvironment. Although current research has focused on cardiovascular and adipose diseases, we predict that the same results may be achieved in tumors. Here, we review the known studies of SREBP with the aim to provide assistance for future treatment. We first focused on macrophages because they are important cells for intervention in inflammation and immunity. As one of the important immune cells of the body, macrophages show powerful phagocytosis and SREBPs exert control by influencing the expressions of target genes. As early as the 1970s, changes in the composition of membrane FAs have been shown to affect phagocytosis by macrophages (165). The phagocytic immunity of macrophages depends on the direct interaction between the plasma membrane and the actin cytoskeleton (166). SREBP-1a can regulate a variety of lipid components involved in the actin cytoskeleton network and cytoplasmic membrane to change the phagocytic function of macrophages (47). Moreover, macrophages exhibit significant plasticity and can be transformed into M1 and M2 phenotypes. The polarization change between M1 and M2 is an important intervention point for many diseases, including tumors. The two main phenotypes of macrophages showed distinct metabolic characteristics, and SREBPs are mainly responsible for the activation of M1 macrophages (Figure 3). M1 macrophages are known to rely on aerobic glycolysis. This metabolic adaptation favors rapid ATP production to sustain their phagocytic function and provides metabolic precursors to feed the pentose phosphate pathway. The levels of ATP citrate lyase (ACLY) and FAS are important in M1 macrophage activation. The increase of ACLY was found in activated M1 macrophages, and the silencing of ACLY was sufficient to reduce the expression of inflammatory mediators (167). Meanwhile, fatty acid synthase (FAS) deletion in macrophages prevented macrophage recruitment and inflammatory response in diabetic mice (168). Both ACLY and FAS are important partners of SREBP. Therefore, SREBP1-a was found to be highly expressed in the LPS-induced M1 macrophage model, and the deficiency of SREBP 1-a would lead to deficiency of innate immune response (169). On the contrary, M2 macrophages have an enhanced fatty acid oxidation (FAO) and oxidative phosphorylation (170). Blocking FAO by drugs inhibits IL-4-induced M2 polarization (171). The regulation of SREBPs involves a variety of lipids, which are the raw materials of FAO. In conclusion, SREBP can influence macrophage polarization and phagocytosis by conditioning its target genes. The consequence is inflammation and immune changes.
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FIGURE 3. Sterol regulatory element-binding protein (SREBPs) is involved in the activation of M1-type macrophages. M1 macrophages use glycolysis as the main way of energy supply. The tricarboxylic acid cycle is disrupted in M1 macrophages, leading to the accumulation of citrate and succinate. Succinate can activate HIF1α, which in turn leads to the release of proinflammatory factors. LPS induces the activation of NF-κB through TLR4 dependent and independent pathways. Activation of NF-κB induces the expression of SREBPs, promoting lipid synthesis and accumulation. ACLY, as a downstream gene of SREBP, participates in lipid synthesis and drives the release of ROS, NO, PGE2. SREBPs also activate Nlrp1a and Nlrp1c, which lead to the release of proinflammatory factors.


The effect of SREBPs was not restricted to macrophages alone. SREBPs is also widely involved in T-cell function and specific functions of innate and adaptive immunity (172). SREBPs are required for the metabolic reprogramming of mitotic signaling in response to CD8+ T cells. Loss of SREBPs in CD8+ T cells renders them ineffective for blast, resulting in decreased proliferative capacity in vitro and attenuated clonal expansion during viral infection (173). In dendritic cells, the accumulation of cholesterol accelerates the development of autoimmunity at the transcriptional level via the nod-like receptor 3 (NLRP3) isoform (174, 175). NLRP3 is an important molecule involved in the inflammatory response and innate immune response of the body. The immune response affected by NLRP3 in vivo or in vitro requires the participation of the SCAP-SREBP2 complex from the ER to the Golgi translocation process. Therefore, SCAP-SREBP2 plays an important role as a signaling hub for the integrated metabolism of cholesterol by macrophages and inflammation (176). In triple-negative breast cancer, the natural drug berberine inhibits the expression of NLRP3 (177).

In T-cells, FA metabolism is important in the development, differentiation, distribution, and function of different subsets of T cells (178). Cholesterol and phospholipids can be enriched around the immune synapse by lipid rafts to regulate the immune function of T cells (179). The aforementioned studies have shown the special role of lipids in immunity. SREBPs, as important regulators of lipid metabolism, act as a bridge between natural drugs and the treatment of tumors.



CONCLUSION AND FUTURE PROSPECTS

Sterol regulatory element-binding proteins, as key molecules for the traditional regulation of cellular lipid metabolism, have greatly expanded their range of capabilities in recent years (Figure 4). In the previous decades, research on SREBPs has gradually deepened. However, the mechanism through which SREBPs regulate lipid metabolism, affect other biological processes, and other factors targeting tumor cells remain to be fully understood. Although there are numerous drugs against SREBPs, their efficacy is limited and insufficient to transform the clinical treatment of tumors. This is attributed to the complex regulatory mechanisms of SREBPs. For example, SREBPs are well established as traditional lipid-regulating molecules, previous studies have suggested that almost all lipids are regulated by SREBPs. Nevertheless, current studies have found that the production of lipids also involves other pathways, such as protein kinase B. Induction of FA production is a mechanism independent of SREBP-1-mediated FA synthesis (180). This suggests that tumor cells can use a variety of ways to meet their energy requirements. At the same time, the regulation of target genes downstream of SREBPs can also be independent. For example, FASN can also regulate the production of lipids independently of SREBPs (54). The upstream mechanism regulating SREBPs is also diverse. Current research suggests that the feedback mechanism of ER is the main cause of dissociation of SREBPs and entry to the nucleus; however, the increase in SREBPs can also be cholesterol-insensitive. This suggests that, although SREBPs are extremely important in the metabolism of lipids, they are not required in special cases.
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FIGURE 4. In tumor cells, the glucose uptake is significantly increased. SREBPs can promote glycogen production and accelerate glycolysis by activating the PFKFB. glycolysis leads to the massive production of pyruvate. Pyruvate can be converted into lactic acid and also participates in the tricarboxylic acid cycle. The tricarboxylic acid cycle produces citrate, which can be used as raw materials for lipid synthesis and cholesterol synthesis. Citrate transports mitochondria into the cytoplasm through SLC25A1. In tumors, activated SREBPs can promote the activity of multiple fatty acid synthases and accelerate the formation of fatty acids. Excess fatty acids can be converted into LDs and phospholipids. On the one hand, it is used for the proliferation of tumor cells and on the other hand to avoid lipotoxicity. SREBPs promote cholesterol absorption by activating LDLR, and mir-33, which is co-transcribed with SREBPs, can also inhibit the gene expression of transporters, thereby inhibiting cholesterol efflux. Natural drugs ultimately inhibit the activity of SREBPs through a variety of ways, including inhibiting gene transcription, reducing the transport of SREBPs, and reducing the maturation of SREBPs protein.


Primarily, the growth of tumor cells requires energy, glucose, environment, and other factors. SREBPs can provide abundant energy supply, abundant material reserves, excellent growth environment, and special protection for tumor cells. Many of these effects are dependent on the lipid metabolism regulated by SREBPs. Such complicated biological effects are strictly controlled by numerous mechanisms in the body; however, in tumor cells, this control is uncoordinated. Many drugs have demonstrated the unique ability and advantages of SREBPs.

To achieve better clinical results, we must re-examine the functions of SREBPs, and study the upstream and downstream mechanisms involved in these processes. It is also necessary to identify the specific mechanisms through which tumor cells regulate the elevation of SREBPs and ways to suppress this elevation. Combining targeting SREBPs with chemotherapy and immunotherapy is also a direction worthy of further consideration (27). For this purpose, natural medicine has already taken the lead, especially in the area of regulating lipid and glucose metabolism disorders, which is the pivotal cause of tumorigenesis. The signal pathways connecting lipid and glucose metabolism with tumors are the key targets of natural drugs or traditional Chinese medicines. Compounds exerting effects on the regulation of lipid or glucose metabolism, as well as inhibiting tumor growth, are candidates for the development of innovative anti-tumor drugs.
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Non-small cell lung cancer (NSCLC), the major form of primary lung cancer, is a common cause of cancer-related death worldwide. Cell adhesion-mediated drug resistance (CAM-DR), a form of chemotherapy resistance, has been reported to confer resistance to various chemotherapeutic agents. Integrin β1 signaling plays an important role in CAM-DR and has been proposed as a potential target for NSCLC. Wenxia Changfu Formula (WCF) is a Traditional Chinese Compound Prescription for the intervention treatment of NSCLC combined with cisplatin (DDP). This study aims to investigate the effect and mechanism of WCF combined with DDP in reversing CAM-DR. Firstly, the chemical profile of WCF was characterized by UPLC/Q-TOF-MS analysis. A total of 237 compounds with mzCloud Best Match of greater than 70 were identified by using the online database mzCloud. Secondly, we established A549 three-dimensional(3D) cells cultured in vitro and nude mice xenografts models of the A549 cell line with Integrin β1 overexpression. In vitro, the cell viability, migration and adhesion were measured though MTT Assay, Wound Healing Assay and Cell Adhesion Assay, the Integrin β1 expression of the A549 cells was assessed through immunocytochemistry; in vitro, the transplanted tumor morphology and the colocalization of Integrin β1 and its ligands were tested by HE staining and immunofluorescence. As a result, we found that the combination effectively reduced cell viability, suppressed migration and adhesion, and downregulated the protein level of Integrin β1 in three-dimensional cultured A549 cells. And the combination of WCF with DDP significantly inhibited tumor growth, increased organelle vacuolations and decreased colocalization of Integrin β1 and its ligands including fibulin-2 and laminin. Taken together, our results confirm that the combination of WCF with DDP could reverse the lung cancer CAM-DR through the Integrin β1 signaling pathway.




Keywords: Wenxia Changfu Formula, lung adenocarcinoma, cell adhesion-mediated drug resistance, integrin β1, colocalization



Introduction

Lung cancer is the most malignant tumor with the highest morbidity and mortality (Lee and Cheah, 2019), accounting for about 13% of total cancer cases (Zhang et al., 2020). Non-small cell lung cancer (NSCLC) accounts for about 85% of all lung cancers, and the 5-year patient survival rate of lung cancer remains low (Duma et al., 2019; Kaseda, 2020). Chemotherapy remains the primary method for NSCLC (Baltes et al., 2020). However, resistance is one of the major limitations of successful platinum treatment in NSCLC patients (Guo et al., 2020). Hence, overcoming chemoresistance is vital for the successful treatment of NSCLC.

The molecular interaction between tumor cells and microenvironment is considered to be the onset of chemotherapy resistance, namely cell adhesion mediated drug resistance (CAM-DR). CAM-DR, a form of chemoresistance, is mediated by the adhesion of tumor cells to the extracellular matrix (ECM) which enhances tumorigenicity and suppresses chemotherapy‐induced apoptosis to confer resistance to chemotherapeutic agents (Hassan et al., 2016). Integrins the heterodimeric adhesion that molecules possess, depending on their subunit composition, the capability to bind ECM components further mediating CAM-DR (Kumagai et al., 2019). Integrin β1 is almost ubiquitously expressed in cancer cells, which closely related to CAM-DR. Many studies have demonstrated that the Integrin β1 plays a crucial role in breast cancer, colorectal cancer and melanoma, because cells will be resistant to cytostatic drugs when binding to ECM components such as fibulin-2, collagen, and laminin (Yang C. et al., 2020; Yang X. et al., 2020). Integrin β1 appears as a relevant candidate for mediating CAM-DR (Jakubzig et al., 2018; Wantoch von Rekowski et al., 2019). Therefore, inhibition of Integrin β1 expression may be a potential target to overcome chemoresistance.

Traditional Chinese Medicine (TCM) has been shown to have an inhibitory effect on several cancers (Xiang et al., 2019). Our previous study proved that the WCF combined with different doses of DDP can inhibit the proliferation of tumor cells. We drew a conclusion that the combination produced a synergism in NSCLC (Ji et al., 2011; Ji et al., 2016). However, the exact mechanism of reversing drug resistance by the WCF combined with DDP remains poorly understood.

CAM-DR plays an important role in drug resistance through the adhesion between Integrin β1 and ECM. We hypothesized that the reversal of drug resistance is related to the decline of ECM proteins or participators of CAM-DR.

In the present study, we examined the effect of WCF combined with DDP on A549 cells cultured in the 3D matrix. We assessed cell viability, migration, and adhesion, tumor inhibition, expression of Integrin β1. At the same time, we established nude mice xenografts models with Integrin β1-overexpressed A549 cells, then detected transplanted tumor morphology, and analyzed colocalization of Integrin β1 and ligand proteins.



Materials and Methods


Drug Materials and Sample Preparation for UHPLC/MS Analysis

The WCF is composed of Aconitum carmichaeli Debeaux (12g), Rheum palmatum L. (12g), Panax ginseng C.A.Mey (9g) and Angelica sinensis (Oliv.) Diels (6g), as a fixed ratio of 4:4:3:2. These crude drugs were bought from the Shandong ZhongLu hospital (Jinan, China) and authenticated by Prof. F. Li. Detailed information on the drug materials and the scan of the vouchers were given in Supplementary Table 1. The mixture of A. carmichaeli Debeaux and P. ginseng C.A.Mey was macerated for 1 h and decocted for 2 h, A. sinensis (Oliv.) Diels was added and decocted for 30 min, and then R. palmatum L. was added and decocted twice for 15 min each. The filtrates were blended and concentrated to 2 g crude drug/mL, which was stored at 4°C and filtered through a 0.22 μm membrane before using.



UHPLC/MS Analysis

UHPLC/MS analysis was performed on Thermo FisherTM UltiMate 3000 RS system coupled to a Thermo ScientificTM Q Exactive high-resolution mass spectrometer (Thermo Fisher Scientific, San Diego, CA). For UPLC separation, 2 μL of sample solution was injected into a Thermo Hypersil GOLD column (100×2.1 mm, 1.9 μm). The mobile phase consisted of MeCN containing 0.1% (v/v) formic acid (A) and water containing 0.1% (v/v) formic acid(B). Linear gradient elution was applied (0–5 min, 2–20%A; 5–10 min, 20–50%A;10–25 min, 50–95%A;26–30 min, 2%A) at a flow rate of 0.3 mL/min. The column temperature was 35°C. For MS detection, the accurate mass was maintained in full scan/data-dependent MS2 (full MS/dd-MS2) mode. The operating parameters in negative ion mode were as follows: spary voltage, 3.8 kV; sheath gas pressure, 40 arb; Aux gas pressure, 10 arb capillary temperature, 300°C. MS data were acquired and processed by CD 2.1 software (Thermo Fisher), and contrasted by using the online database mzCloud (mzCloud, mzVault, ChemSpider).



WCF-Containing Serum Preparation

Ten Wistar-Kyoto rats (5 male and 5 female, 12-weeks of age, weight 200 ± 20 g) were obtained from the laboratory animal center of the Shandong University of Traditional Chinese Medicine (Jinan, China). On the basis of preliminary studies, the rats were randomly divided into a medicated serum group and a normal serum group. The rats of the medicated serum group were given WCF (0.35 g/kg) by gavage, while rats of the normal group were given the same volume of saline 2 times per day for 3 days. The rats were starved for 12 h after given the last administration of WCF with a one-day dosage. Blood was drawn after 1 h, inactivated at 56°C for 30 min, freeze-dried, and stored at −70°C. Initial batch to batch consistency studies, performed using high-performance liquid chromatography (HPLC), have been reported in our previous paper.



Cell Culture

The NSCLC cell lines- A549 and H1299 and the human bronchial epithelial (HBE) cells were purchased from the Cell Bank, Type Culture Collection, Chinese Academy of Sciences (Shanghai, China) and cultured in Roswell Park Memorial Institute (RPMI)-1640 medium supplemented with 10% FBS (Gibco, Beijing, China). All cell lines were cultured in a humidified incubator with 5% CO2 at 37°C. When the cells reached 80–90% confluence, they were passaged using 0.25% trypsin and suspended to 5.5 × 106 cells/mL concentration for the experiments.

Agarose (2g; Sigma Aldrich, St Louis, MO, USA) was dissolved in 100 mL deionized water, disinfected for 30 min, and 0.5mL of the solution was added per well into a 24-wells plate after it cooled down to 50–60°C. Then, 0.5 mL of the A549 cell suspension was added per well into a 24-well plate precoated with agarose. After shaking 10 times gently, the cells were cultured for 48 h in a humidified incubator with 5% CO2 at 37°C.



MTT Assay

Cell viability of H1299, HBE and A549 in normal two-dimensional (2D) culture condition and on three-dimensional (3D) materials were determined by MTT assay. The 2D cells and 3D cells were seeded at 1×106 cells/well into 96-well plates and given the following treatments for 12, 24, or 48h: control, normal serum with DDP (10 μg/mL), various concentrations WCF-containing serum (5, 10, and 20%) with DDP (10 μg/mL) and 20% WCF-containing serum. Each group was set 3 wells. Absorbance in each well was measured at 570nm by ELISA reader (SpectraMax M3, Molecular Devices, USA). Calculating the viability rate uses the following formula: viability rate (%) =(ODsample−ODblank(ODcontrol−ODblank) ×100.



Cell Adhesion Assay

The 3D cells, divided into three groups, were given the following treatments for 24 h: control, normal serum with DDP (10 μg/mL), and 10% WCF-containing serum with DDP (10 μg/mL). Then several cell clusters were drawn out and resuspended in PBS, centrifuged for 5 min at 1,000 r/min, resuspended in RPMI-1640 containing 0.1% bovine serum albumin (BSA) at a final concentration of 5 × 105 cells/mL. The RPMI-1640 containing 0.1% BSA was used as the negative control. The 0.1 mL cell suspension was added into three wells of a 96-well plate coated with 10.6 mg/mL Matrigel (Gibco, USA). The cells were incubated for 2 h at 37°C in 5% CO2. After incubation, the cells that had not adhered to the Matrigel were removed with phosphate-buffered saline (PBS). Then, 50 μL 0.5% crystal violet solution was added per well, incubated for 5 min, and washed with PBS. The cells were cultured overnight at 37°C in the dark. After 24 h, 150 µL methanol was added per well, and the absorbance was measured at a wavelength of 630 nm. The adhesion inhibition rate was calculated according to the following formula:  .



Wound Healing Assay

Cell invasion of A549 was analyzed using wound healing assay. The A549 cell line was cultured in 3D conditions and treated as mentioned above, and then several cell clusters were drawn out and resuspended in PBS, centrifuged and resuspended in RPMI-1640. A549 cells were seeded at 5 × 105 cells/well into 96-well plates and allowed to grow for about 12 h. After respectively incubated, scratch wounds were photographed immediately as 0 h. And then scratch wound images of the same field were photographed at 24 h after scratch under a phase contrast microscope (Leica, Nussloch, Germany). The measurement of the wound surface area was calculated with Image J software. The percent wound closure was calculated according to the following formula:  .



Immunocytochemistry

The A549 cell line was treated as above. The Integrin β1 expression of the A549 cells was assessed through immunocytochemistry using an antibody against Integrin β1 (1:500; Rabbit Polyclonal, AB179471). The slides of A549 cells were blocked using a blocking buffer for 1 h at 25 °C and stained with the specific primary antibody for 24 h. The staining of Integrin β1 expression was visualized as a brown color in the cell membrane. Image-Pro Plus 6.0 software (Media Cybernetics Inc., USA) was used for image analysis, and the positive staining integral optical density (IOD) was detected within 3 random ﬁelds at 400× magniﬁcation.



Xenograft Studies Integrin β1 Over-Expressed in A549

The A549 cells were transfected with two kinds of eukaryotic expression plasmids, including pcDNATM3.1-GFP-Integrin β1 and pcDNATM3.1-GFP (positive control plasmid) by liposomes (LipofectamineTM 2000, Invitrogen) to test the expression efficacy of the genes according to the manufacturer’s instructions. The A549 cells were replated into 6-well plates at a density of 3 × 105 cells. 2 μL of lipofectamine 2000 (Invitrogen, Life Technologies, Carlsbad, CA, USA) was incubated with 1 μg of the indicated plasmid for 30 min at 25 °C, and which added into the A549 cells, incubated at 37 °C in a humidified atmosphere of 5% CO2 before being harvested. The uptake of plasmid DNA was primarily evaluated by counting the number of GFP-positive cells, thus attaining an estimate of the transfection efficiency.

Female STOCK-Foxn1nu/NJu nude mice, 4 weeks of age, were purchased from the Model Animal Research Center of Nanjing University (SCXK 2015-0001) and were maintained at the Animal experimental center of Shandong University of Traditional Chinese Medicine in a specific pathogen-free environment (24 ± 2°C, 50% ± 10% humidity) with food and water provision. All experiments were conducted with the approval of the Institutional Animal Care and Use Committee and were in compliance with the National Institutes of Health Guidelines for Use and Care of Laboratory Animals.

Nude mice were implanted subcutaneously on the right subaxillary with 5×107 A549 cells with Integrin β1 over-expression (0.2 mL/mouse). The model mice were randomly divided into three groups with 10 mice per group: The WCF and DDP combination group (WCF group) was administered i.p. at doses of 4 mg/kg/d DDP twice a week and administered i.g. at doses of 40 g/kg WCF once a day (Supplementary Table 2). The DDP group was administered i.p. at doses of 4 mg/kg DDP twice a week and i.g. with the same volume of PBS instead. The control group was injected with the same volume of PBS instead. After 28 days injection, mice were sacrificed and subcutaneous tumors were harvested, weighed and cut into two parts: one part (1 mm3) was fixed in 2.5% glutaraldehyde for ultrastructure observation; the another part was fixed in 10% formalin for HE staining and immunofluorescence staining. The inhibitory rate was calculated with the formula: Inhibitory rate (%) = [(1−average tumor weight in the treated group)/average tumor weight in the control group] ×100.



Electron Microscopy

Tumor tissues of 1 mm × 1 mm × 1 mm volume were sectioned and fixed with 2.5% glutaraldehyde for 10 min immediately. They were rinsed in distilled water, dried, and embedded using 0.13% methyl cellulose and 0.4% uranyl acetate for 10 min and cut into slices(60–80nm). After drying, the samples were photographed by using a transmission electron microscope (JEM-1400, JEOL, Tokyo, Japan) at 4,000× and 5,000× magnification.



Immunofluorescence

The 10% formalin fixed tumor tissues were embedded in paraffin and then cut at a thickness of 4–6μm. The tissue slice was stained immunofluorescence according to the kit instructions by using a streptavidin–biotin complex method after regular dewaxing and antigen retrieval. Paraffin sections were blocked by a blocking buffer for 1 h at 25 °C. Slides were incubated overnight with Integrin β1 antibody (1:200; mouse Polyclonal, AB30388) and fibulin-2 antibody (1:100; Rabbit Polyclonal, BS0809R) or laminin antibody (1:200; Rabbit Polyclonal, AB11575). Samples were treated with the secondary antibodies FITC conjugated anti-rabbit IgG(H+L) (1:500, ZF-0311-FITC), or FITC conjugated anti-mouse IgG(H+L) (1:500, ZF-0312-FITC), and anti-mouse IgG/RBITC (ZF-0313-RBITC), or anti-rabbit IgG/RBITC (ZF-0316-RBITC) for 1 h at room temperature. Slides were finally washed, mounted in VectaShield mounting medium containing 4’,6-diamidino-2-phenylindole (DAPI) (C02-04002), and observed and photographed on an Olympus IX73 fluorescent inverted microscope (IX73-DP80, Olympus Corporation, Japanese). The quantitative analysis of immunofluorescence images was performed using Image software (ImageJ, National Institutes of Health, USA). Fluorescence Intensity of Integrin β1, fibulin-2, and laminin immunoreactivity were measured in tumor tissue to evaluate the expression level of the adhesion molecule. The degree of colocalization in the images was evaluated by measuring Manders’ coefficients M1 and M2 of each set of images. For that purpose, the plugin Coloc 2 was applied to the red and green channels of the images.



Statistical Analysis

The Statistical Package for the Social Sciences (SPSS) 22.0 was used for the statistical analysis. The data was expressed as mean ± standard deviation , and one-way analysis of variance (ANONA) and S-N-K method were used for comparison between groups. P-value <0.05 is considered statistically significant.




Results


Chemical Profiling of WCF

UHPLC/MS analysis was employed to characterize the chemical composition of WCF. A total of 805 compounds were putatively identified by comparing against database mzCloud, of which 237 compounds had a mzCloud Best Match score greater than 70. These compounds involved different kinds of constituents, such as aminophenols, polysaccharides, saponins, anthraquinone, organic acids, and so on. Among them, Ginsenoside and ferulic acid showed obvious anti-cancer effect. Mass spectrometry analysis was performed on some compounds with mzCloud Best Match of over 70. The results were shown in Table 1.


Table 1 | Characterization of some chemical constituents in WCF by UHPLC/MS Analysis.





WCF Combined With DDP Inhibited Proliferation of A549 Cells Cultured in 3D Conditions

We evaluated the cytotoxic activity of WCF in three cell types. Two lung cancer (A549 and H1299) and one normal human cell lines (HBE) were used in this study. Cytotoxicity was measured by incubating the cells with serum containing various concentrations of WCF for 24 h followed by MTT. Dose-dependent cytotoxicity effect curves were shown in Figure 1A. These results demonstrated that WCF has a significant cytotoxic activity in the lung cancer cell lines and a dramatically reduced effect on the normal cells. MTT assay was used to test the growth inhibition rates of WCF combined with DDP on A549 cells cultured in 3D conditions (Supplementary Figure 3). The A549 cells cultured in 3D conditions were treated with DDP (10 μg/mL) combined with various concentrations of WCF-containing serum (5, 10, and 20%). After 12, 24, and 48h of incubation, cells viability was tested and shown in Figures 1B–D, Supplementary Figures 1, 2. From the results, WCF combined with DDP suppressed cell viability on A549 cells in time and dose-dependent manners.




Figure 1 | WCF reduces viability in A549 cells. (A) Effects of WCF on cell viability in HBE, A549 and H1299 cells. Cells were treated with various concentrations of WCF-containing serum for 24h, respectively. (B–D) A549 cells in 3D conditions were treated with DDP, 10% WCF-containing serum or were cotreated with DDP (10μg/mL) plus various concentrations of WCF-containing serum (5%, 10%, 20%) for 12, 24 or 48h before analysis with the MTT assay. The data were shown as the means±SD of three independent experiments. *P < 0.05 compared to control, △P < 0.05 compared to DDP.





WCF Combined With DDP Inhibited Cell Adhesion and Migration of A549 Cells

To explore the effects of WCF on A549 cell migratory abilities wound healing assay was performed. Because A549 cell proliferation was inhibited when the concentration of WCF was more than 10%, and the difference was not statistically significant between 10 and 20% WCF-containing serum, the concentration 10% WCF-containing serum was picked out for wound healing assay and other subsequent experiments. Photomicrographs showed that the wounds of control group cells were significantly healed after 24 h, whereas the wound healing of those receiving DDP and WCF treatment cells were inhibited (Figure 2A). Wound surface area analyses showed that WCF combined with DDP restrained the wound healing (Figure 2B).




Figure 2 | WCF combined with DDP inhibited cell migration and adhesion of A549 cells. (A) A549 cells were performed with wound healing assay, after which, the cells were treated with DDP and WCF-containing serum separately or in combination and photomicrographed at 0 and 24 h. (B) The relative wound surface area was calculated by Image J. (C) The adhesion inhibition rate in different groups. Statistical difference was analyzed by ANOVA, *P < 0.05 compared to control, #P < 0.05 compared to WCF, △P < 0.05 compared to DDP.



Matrigel was a gelatinous protein mixture and resembled the complex extracellular environment in many tissues. The number of cells that adhere to Matrigel reflected their adhesive ability. As shown in Figure 2C, the adhesion rate of the WCF combined with the DDP group was lower than that of the WCF group, DDP group and blank control.



WCF Combined With DDP Inhibited the Expression of Integrin β1 in A549 Cells

Immunocytochemistry was employed to test the expression of Integrin β1 of A549 cells. A549 cells of control, DDP, WCF, and WCF combined with DDP groups were analyzed. As shown in Figure 3, Integrin β1 was mainly distributed on A549 cell membranes. The Integrin β1 protein expressions in DDP and WCF treatment groups were decreased compared with control group. WCF combined with DDP group significantly reduced Integrin β1 expression compared to DDP group. It was shown that WCF combined with DDP could inhibit the expression of Integrin β1.




Figure 3 | WCF Combined with DDP Inhibited the Expression of Integrin β1 in A549 Cells. (A) Integrin β1 immunocytochemistry of A549 cells in Control, DDP, WCF, and the combination groups. Immunocytochemistry staining images were viewed at a magnification of 400. (B) The integrated optical density was calculated by Image-Pro Plus 6.0 software. Statistical difference was analyzed by ANOVA, *P < 0.05 compared to control, △P < 0.05 compared to DDP.





WCF Combined With DDP Inhibited Tumor Growth of Integrin β1 Over-Expressed Xenograft Mouse Model

The anticancer effect of WCF combined with DDP was assessed in tumor xenograft mouse model of Integrin β1-overexpressed A549 cells (Figure 4A). Compared with the control group, the WCF combined with DDP-treated mice showed a significant growth-inhibitory effect. After 4 weeks of drug intervention, the tumor weight of the DDP and WCF combined with DDP groups decreased markedly compared to the control group (Figure 4B). The inhibition rate of tumor growth in DDP treatment was 15.97%, WCF treatment was 14.73%, while that of WCF combined with DDP group was 28.35% (Figure 4C). Thus, the WCF combined with DDP treatment could inhibit tumor growth and reduce tumor weight dramatically.




Figure 4 | WCF combined DDP inhibited tumor growth and reduced tumor weight. (A) T24 and T48 Fluorescence expression in A549 cells transfected with Integrin β1 under a fluorescence microscope. (B) Statistical analyses demonstrated the tumor weights. (C) The inhibition rate of tumor growth. The data were shown as the means ± SD of ten mice. *P < 0.05 compared to control, △P < 0.05 compared to DDP.





WCF Combined With DDP Affected Transplanted Tumor Morphology

The changes in microscopic structure and ultrastructure of the transplanted tumor were observed by light and electron microscopies. As shown in Figure 5A, HE staining demonstrated that tumor cells of the control group arranged closely and infiltrated into the surrounding tissue, where more microvascular structures were formed. Meanwhile, the tumor cells of the DDP group arranged loosely compared to the control group, a small number of necrotic foci and more microvascular in cell mesenchyme were found. Even less microvascular structures were found in cell mesenchyme. Ultrastructural observation showed that there were fewer microvilli and organelles in the DDP and WCF combined with DDP groups than the control group, and more organelle vacuolations were observed in the WCF combined with DDP group than the DDP group. Furthermore, concentrated and shrunken nucleus chromatins were observed in the DDP and WCF combined with DDP groups; increased electron density was also observed under the nuclear envelope (Figure 5B).




Figure 5 | WCF combined DDP affected transplanted tumor structure and ultrastructure. (A) HE staining of section slices of tumor tissue in control, DDP and WCF combined DDP groups, respectively. HE staining images were viewed at a magnification of 400. (B) TEM of cross section slices of tumor tissue in control, DDP and WCF combined DDP groups, respectively. TEM staining images were viewed at a magnification of 5000.





WCF Combined With DDP Inhibited Colocalization of Integrin β1 and Its Ligand Proteins in Tumor Tissue

The colocalization of Integrin β1 and its ligands were tested by immunofluorescence. Our observations of tumor slices revealed that Integrin β1 and its ligands, such as fibulin-2 and laminin staining could be clearly viewed in all the groups. As shown in Figure 6, Supplementary Figure 4, the Integrin β1 staining was found in the cell membrane, fibulin-2 positive staining in the ECM, and laminin positive staining was located in the cytoplasm and the ECM.




Figure 6 | WCF combined with DDP affected expression and colocalization of Integrin β1and its ligand proteins(fibulin-2/laminin). (A) Immunofluorescence labeling of fibulin-2 and Integrin β1 in tumor tissue slices. (B) Immunofluorescence labeling of laminin and Integrin β1 in tumor tissue slices. (C) Mean fluorescence intensity as well as quantitative colocalization analysis of fibulin-2 and Integrin β1. (D) Mean fluorescence intensity as well as quantitative colocalization analysis of laminin and Integrin β1. Mean fluorescence intensity and Manders’coefficient were calculated by Image J. Statistical difference was analyzed by ANOVA, *P < 0.05 compared to control, △P < 00.05 compared to DDP.



Quantitative colocalization analysis of digital immunofluorescence images further demonstrated the overlap of Integrin β1 and its ligand staining in tumor tissue. Here, full images in each of the groups were evaluated using the Manders’ colocalization coefficients. The average M1 coefficient of fibulin-2 and Integrin β1 in the control group was 0.88, indicating that approximately 88% of the fibulin-2 staining in the entire image colocalized with the imaged Integrin β1; the average M2 coefficient (i.e., the portion of Integrin β1 that colocalized with the imaged fibulin-2) was 0.70. In the DDP group and WCF combined group, the M1 and M2 coefficients of fibulin-2 and Integrin β1 were 0.87 and 0.76, 0.63 and 0.59, respectively. According to statistical analysis, M1 coefficients in the WCF combined with the DDP group were significantly lower than those in the control group. The average M1 coefficient of laminin and Integrin β1 in the control group was 0.98, indicating that approximately 98% of the laminin staining in the entire image colocalized with the imaged Integrin β1; the average M2 coefficient (i.e., the portion of Integrin β1 that colocalized with the imaged laminin) was 0.86. On the other hand, the M1 and M2 coefficients of laminin and Integrin β1 in the DDP group and WCF combined group were 0.98 and 0.92, 0.93 and 0.82, respectively. M1 coefficients in the WCF combined with the DDP group were significantly lower than those in the control group and DDP group (Figures 6C, D).




Discussion

NSCLC is epithelium-derived lung cancer including adenocarcinoma and squamous carcinomas and large cell carcinoma, accounting for nearly 80% of all newly diagnosed lung cancer cases (Wald, 2018). The first-line chemotherapeutic agents for the treatment of human NSCLC is chemotherapy based on platinum drugs (Quarta et al., 2019). However, the usage of platinum drugs is constricted partly due to the drug resistance and toxic side effects. Thus, the discovery of effective clinical therapies for reducing the drug noxious side effects and reversing drug resistance of NSCLC patients is deemed necessary.

The tumor microenvironment (TME) has been regarded as a pivotal player in the development of chemoresistance (Da Ros et al., 2018; Russi et al., 2019; Wang et al., 2020). There is a mutual stimulation between the components of TME and the tumor cells, thereby promoting tumor cell adhesion, migration, and invasion (Wang et al., 2017). The ECM of TME acts as a key barrier to the diffusion of chemotherapeutic drugs by forming thick fibers within the tumor, and the remodeling of fibers promotes the drug resistance of tumor cells. The Integrins are an important cell surface molecule that mediates a variety of biological functions, including adhesion between cells and the ECM. Thus, targeting the ECM, Integrins and the interaction between them in CAM-DR might be an effective method to control cancer chemoresistance.

Based on different body conditions of patients with cancer, TCM uses different treatments to intervene TME so that the microenvironment of the body can reach a “steady state”, thereby inhibiting the occurrence and metastasis of the tumor (Liu et al., 2015). The WCF is composed of A. carmichaeli Debeaux, R. palmatum L., P. ginseng C.A.Mey and A. sinensis (Oliv.) Diels, and the combination of the four herbs provides insights into the pathogenesis of lung cancer from the perspective of traditional Chinese medicine. Studies have shown that the active ingredients of the WCF components such as aconitine, ginsenoside Rh2 (Li et al., 2020), ginseng peptide GS9, Rg3 (Wang et al., 2018), emodin, Angelica polysaccharide (Zhang et al., 2017) and Angelica volatile oil have anti-tumor activities and can reverse the resistance of the tumor to drugs. Furthermore, the chemical profile of WCF was characterized for the first time and a total of 26 compounds were identified by UPLC/MS analysis.

Previous studies have indicated that the combination of WCF and DDP have a signiﬁcant inhibitive effect on tumor proliferation both in vitro and in vivo (Ji et al., 2011; Ji et al., 2016). However, the A549 cells were cultured in a normal plate in our previous study, which did not reflect the real environment of the tumor cells, which needed to be considered in further studies.

The 3D culture technology can be used to simulate the TME since the tumor environmental factors play a key role in drug resistance (Virumbrales-Muñoz et al., 2019). Studies have shown that multicellular 3D culture and interaction with stromal components are considered to be the basic elements for establishing a ‘more clinically relevant’ tumor model. It is widely used in A549 cells, MDA-MB-231 cells, melanoma cell line SK-Mel-28 cells, and prostate epithelial tumor promoter cells (Fetah et al., 2019). Agarose has been widely used as a scaffold for cell culture and has also been successfully used in the 3D culture of tumor cells (Kletzmayr et al., 2020). In 3D model, the architecture of cancer tumor is more complex, cell spheroids are commonly divided into 3 layers: the outer layer with high proliferation rates, the middle layer with senescent cells, and the hypoxic core with necrotic cells (Amann et al., 2014; Hoarau-Véchot et al., 2018). The level of oxygen and nutrients is lower in the core due to the increase of cell density and integrin β1 binding extracellular matrix, the oxygen and nutrition levels in the core region are low, which reflects the situation observed in solid tumors, and the volume of solid tumors can reach 60% under chronic hypoxia (Gomes et al., 2019). Persistent hypoxia in the core leads to glycolysis and increased synthesis of pyruvate, lactic acid and carbon dioxide, which acidifies the medium (Pouysségur et al., 2006). Cells have to adapt to this harsh environment to survive. Therefore, some cytotoxic agents such as 5-FU, doxorubicin, and cisplatin, which work with oxygen, are poor effective in 3D models (Li et al., 2010). We have already established A549 cells on 3D cell culture system that were incubated with DDP alone or in combination with WCF medicated serum in vitro. With the extension of culture time, when cells formed multicellular colonies, the tolerance of cells to DDP increased, and the sensitivity of cells to DDP decreased (Zhang et al., 2019). In this study, the WCF combined with DDP not only suppressed cell viability on A549 cells and H1299 cells in time and dose-dependent manners but also significantly inhibited the adhesion and migration abilities of tumor cells. Simultaneously, it had no effect on HBE in vivo.

Integrin β1 has been reported to be up-regulated in non-small cell lung cancer, breast cancer, ovarian cancer, liver cancer, bladder cancer and melanoma. Its expression is positively correlated with tumor cell viability, adhesion and migration. At present numerous studies have pointed out that Integrin β1 has been reported to be one of the most significant adhesion molecules that has been suggested to be involved in CAM-DR (Xu et al., 2017). The tumor cells appear a resistant state against cytostatic drugs when Integrin β1 binds to ECM components (Iyoda et al., 2016). We made use of the 3D cell model, and established nude mice xenografts models with Integrin β1-overexpressed A549 cells. The results highlighted that DDP decreased the expression of Integrin β1, while the combination of WCF with DDP further reduced the expression of Integrin β1 in vitro.

We also studied the anti-tumor effect and transplanted tumor morphology of this combination with animal experiments. WCF combined with DDP could inhibit tumor growth dramatically, enlarge the intracellular space and concentrate and shrunk nucleus chromatins. Our results indicated that the combination was related to the inhibition of tumor growth, increased cell apoptosis, decreased cell adhesion and enlarged intracellular space of tumor cells. Based on these literatures and our results, we speculate that deletion of Integrin β1 makes it easier for drugs to enter the body, increases intracellular drug concentration, and improves the sensitivity of tumor cells to drugs.

Recently, increasing evidence has indicated that the high expression of Integrin β1 can enhance the adhesion of tumor cells to the EMC, and the binding of Integrin β1 with adhesion molecules in ECM can lead to tumor cells resistance to chemotherapy drugs by inhibiting cell apoptosis (Shen et al., 2019). Fibulin-2 is the main ECM protein and interacts with surface receptors such as cell-matrix proteins and Integrins to play an important role in cell adsorption and migration (Fontanil et al., 2014). Meanwhile, laminin is known to affect cellular processes, such as differentiation, adhesion, and migration through laminin–Integrin interactions. Focal adhesives formed by ECM–Integrin–cytoskeletal proteins are the structural basis of Integrin signal transduction. Basically, many signaling proteins play a role in Integrin-mediated signal transduction by binding to focal adhesives. The extracellular region of Integrin is connected with the ECM, while the intracellular region is connected with the cytoskeleton to form focal adhesion (FAP), which mediates the adhesion of cells to the ECM and the bidirectional transmission of intracellular and extracellular signals (Khadilkar et al., 2020). Since those proteins and their interactions are involved in cancer growth and metastasis, there is a need to develop drugs targeting Integrins, ECM components and/or the interactions in the tumors.

To further study the mechanism by which the combination of WCF and DDP reverses CAM-DR through the Integrin β1 pathway tested the colocalization of Integrin β1 and its ligand proteins by immunofluorescence. The colocalization of Integrin β1 and its ligand such as fibulin-2, laminin are inhibited by WCF combined with DDP in our nude mice model. It suggests that the expression and binding of ECM and its receptors are also involved in decline.

Although there are important discoveries in this study, some limitations are also there, such as the interaction between the Integrin β1 and its ligands, and the exact mechanism involved in drug resistance decline. Therefore, further studies need to be carried out in the future.



Conclusion

In summary, WCF combined with DDP inhibited the cell proliferation, adhesion and migratory of A549 cells and inhibited Integrin β1 expression dramatically in 3D conditions

In addition, WCF combined with DDP inhibited the tumor growth remarkably in our nude mice models, and the expression of colocalization Integrin β1 and its ligands was inhibited. Altogether, we can draw a preliminary conclusion that WCF combined with DDP reverses the CAM-DR, perhaps by inhibiting the expression of Integrin β1 and its ligand proteins.
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Baoyuan Jiedu Decoction Alleviates Cancer-Induced Myotube Atrophy by Regulating Mitochondrial Dynamics Through p38 MAPK/PGC-1α Signaling Pathway
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Cancer cachexia is a multifactorial syndrome characterized by continuous body wasting and loss of skeletal muscle. Impaired mitochondria function is closely associated with muscle atrophy in cancer cachexia. Our previous study confirmed the effectiveness of Baoyuan Jiedu decoction (BJD) in inhibiting cancer-induced muscle atrophy in an in vivo model. However, little is known about its mechanisms in regulating mitochondria dysfunction. In this study, we evaluated the therapeutic effect and action mechanisms of BJD against atrophy both in the Lewis-conditioned medium induced C2C12 myotube atrophy model and in a BALB/c mice xenograft model using mouse colon cancer C26 cells. The mitochondrial content was tested by 10-Non-ylacridine orange staining. Expressions of related proteins and mRNAs were detected by western blotting (WB) and qPCR, respectively. As a result, 18 major components were identified in BJD by ultra-high performance liquid chromatography-quadrupole (UHPLC-Q) Exactive analysis. As shown in the in vitro results, BJD treatment prevented prominent myotube atrophy and increased the myotube diameter of C2C12 cells. Besides, BJD treatment increased mitochondrial content and ATPase activity. Furthermore, the protein and mRNA expressions that were related to mitochondrial functions and generation such as cytochrome-c oxidase IV, Cytochrome C, nuclear respiratory factor 1, and mitochondrial transcription factor A were significantly increased in BJD treatment compared to the control group. The in vivo results showed that BJD treatment prevented body weight loss and improved the gastrocnemius index in cachexia mice. Moreover, the expressions of Atrogin-1 and muscle RING-finger protein-1 were decreased by BJD treatment. Mechanically, BJD increased the expression of peroxisome proliferator-activated receptor-gamma coactivator 1, and consistently, inhibited the expression of p38 MAPK and its phosphorylation both in vivo and in vitro. Taken together, this study identified that BJD effectively relieved cancer-induced myotube atrophy and provided a potential mechanism for BJD in regulating mitochondrial dynamics through p38 MAPK/PGC-1α signaling pathway.

Keywords: cancer cachexia, Baoyuan Jiedu decoction (BJD), traditional Chinese medicine, mitochondrial dynamics, p38 MAPK/PGC-1α pathway, in vitro, in vivo


INTRODUCTION

Cancer cachexia is a leading cause of morbidity and mortality, resulting in approximately 80% of cancer cases and 40% of cancer-related deaths (1). An ongoing loss of body weight including skeletal muscle mass is the characteristic of cancer cachexia, which lacks effective nutritional support (2, 3). However, there are no therapeutic drugs specific for it. Therefore, focusing on developing effective approaches to prevent cachexia is imperative (4).

The pathogenesis of cancer cachexia is a complex process that is involved in several systemic metabolic disorders, such as anemia, insulin resistance, chronic inflammation, and skeletal muscle protein degradation (5–7). Inflammatory cytokines, typically like TNF-α and IL-6, can increase protein degradation through activation of the NF-κB and the ubiquitin-proteasome pathway (UPP) pathway (8–10). Previous studies showed that muscle atrophy F-Box (MAFbx)/atrogin-1 and muscle RING-finger protein-1 (MuRF-1), two muscle-specific E3 ubiquitin ligases of UPP, were overexpressed in skeletal muscle under cancer-induced muscle atrophy (11). Importantly, UPP-mediated mitochondrial function plays an important role in cancer-induced skeletal muscle atrophy (12). Uncoupling proteins, such as uncoupling protein-2 (UCP2) and uncoupling protein-3 (UCP3), could disrupt the external and internal mitochondrial membrane so that reduce the mitochondrial ATP synthesis for muscle energy metabolism (13).

The normal mitochondrial function is critical to the maintenance of skeletal muscle energy metabolism (14, 15). However, prior studies have noted that the mitochondrial DNA (mtDNA) related with ATP synthesis is significantly reduced and the expression of cytochrome-c oxidase IV (COXIV) is down-regulated in cancer cachectic mice (16–18). This pathogenesis is mainly triggered by increased expression of UCP-2 and UCP-3 (13, 19). Notably, peroxisome proliferator-activated receptor-gamma coactivator 1 (PGC-1α) is a transcriptional coactivator that is responsible for the mitochondrial generation (20). Proliferator-activated receptor-gamma coactivator 1 promotes the expression of nuclear respiratory factor 1 (NRF-1) and mitochondrial transcription factor A (TFAM), which regulates the transcription of mitochondrial genomes (20). Furthermore, PGC-1α also inhibits the induction of Atrogin-1 expression. However, PGC-1α activities can be impaired by many events, including p38 MAPK and AMPK pathway activations, acetylation by the longevity gene SIRT1, and methylation (21–24). p38 MAPK is most abundantly expressed in skeletal muscle and regulates skeletal muscle mass and myotube differentiation (25). It is indicated that p38 MAPK can induce the expression of E3 ligases, including Atrogin-1 and MuRf-1, by targeting the activation of UPP in gastrocnemius muscle (26). Furthermore, a major effect triggered by p38 MAPK during the process of mitochondrial dysfunction is the inhibition of PGC-1α activation (27). Therefore, to improve cancer cachexia treatment, the ways of regulating p38 MAPK/PGC-1α pathway should be figured out.

Traditional Chinese Medicine (TCM) has been widely used in clinical practice for thousands of years in China. Numerous studies have indicated that TCM had important anti-tumor effects (28, 29). Baoyuan Jiedu decoction (BJD), a classical traditional Chinese herbal formula, is used to treat cancer cachexia. Our previous study demostrated that BJD ameliorated cancer-induced myotube atrophy in ApcMin/+ cachectic mice (30, 31). Furthermore, BJD has been proven to suppress the expression of mitochondria-related UCP2 and UCP3 via inhibiting UPP in vitro (32). Due to the close relationship between UPP and mitochondria function, it is proposed that BJD could regulate mitochondrial dynamics and the potential molecular mechanism may be related to regulating p38 MAPK/PGC-1α pathway.

In this study, UHPLC-Q Exactive analysis was applied to identify the main components of BJD. The in vitro and in vivo model were conducted to investigate the improvement of BJD in preventing cancer-induced myotube atrophy. Also, we unveiled the molecular mechanism of BJD in regulating mitochondria dysfunction via the inhibition of p38 MAPK/PGC-1α signaling pathway. These results indicate that BJD plays an important role in cancer-induced myotube atrophy and could become a potential therapeutic drug for cancer cachexia treatment.



MATERIALS AND METHODS


Cell Lines and Conditioned Medium

The lung adenocarcinoma cell lines Lewis cells and mouse C2C12 myoblast were purchased from Shanghai Institutes for Biological Sciences of Chinese Academy of Sciences (Shanghai, China) and routinely cultured in DMEM/high glucose medium (Invitrogen, United States) supplemented with 10% fetal bovine serum (Invitrogen, United States), 100 U/mL penicillin and 100 μg/mL streptomycin at 37°C in 5%CO2. The conditioned medium was collected as previously described (32). Briefly, Lewis cells were cultured in DMEM/high glucose medium at 37°C in 5%CO2 for 2 days. Then the culture medium was collected and filtered through a 0.22 μm membrane. The conditioned medium was conducted by mixed with fresh culture medium (DMEM/high glucose medium supplemented with 2% horse serum (Invitrogen, United States), 100 U/mL penicillin and 100 μg/mL streptomycin) in a ratio of 1:2, which named Lewis-cell conditioned medium (LCM).



Preparation of the Extracts for BJD

Baoyuan Jiedu decoction was composed of six crude herbs: Panax ginseng C.A.Mey., Aconitum carmichaelii Debx., Astragalus mongholicus Bunge., Angelica sinensis (Oliv.) Diels., Lonicera japonica Thunb., and Glycyrrhiza uralensis Fisch. ex DC.in a ratio of 9:9:18:15:12:6 (9.0, 9.0, 18, 15, 12, and 6.0 g). The information on the drug materials were given in Supplementary Table 1. All the herbs were purchased from the Clinic Department of Zhejiang Chinese Medical University (Zhejiang, China) and identified by the Department of Pharmacy, Clinic Department of Zhejiang Chinese Medical University (Zhejiang, China). Baoyuan Jiedu decoction was prepared as hot-water extracts from the six crude herbs. Briefly, the mixture of P. ginseng C.A.Mey. and A. carmichaelii Debx. was macerated for 1 h and decocted for 1.5 h with 552 mL deionized water (1:8, w/v), A. mongholicus Bunge., A. sinensis (Oliv.) Diels., L. japonica Thunb., G. uralensis Fisch. ex DC., and 414 mL deionized water (1:6, w/v) was added and decocted for 1 h. The filtrates were blended and concentrated to 1.15 g crude drug/mL by rotary evaporation, which was stored at 4°C and filtered through a 0.22 μm membrane prior use.



Liquid Chromatography and Mass Spectrometry

For UHPLC-Q Exactive analysis, the extracts obtained above was taken 200 μL, added 800 μL methanol and centrifuged at 20,000 rpm for 10 min at 4°C. The supernatant was filtered through a 0.22 μm membrane, then stored at 4°C. UHPLC-Q Exactive analysis was performed on a Thermo ScientificTM DionexTM UltiMateTM 3000 RSLC system equipped with a binary pump, autosampler, online vacuum degasser, and automatic thermostatic column oven, coupled with a Thermo ScientificTM Q ExactiveTM MS (Thermo Fisher Scientific, Bremen, Germany) equipped with ESI. The data were recorded by Xcalibur 3.0 (Thermo Fisher Scientific). Chromatographic separation was performed using a Thermo Hypersil GOLD column (2.1 mm × 100 mm, 1.9 μm) at a flow rate of 0.4 mL/min. Sample (5 μL) was injected into the system, and the column temperature was maintained at 45°C. The mobile phase consisted of water containing 0.1% (v/v) formic acid (A) and acetonitrile (B). Linear gradient elution was applied (0–5 min, 5-30% B; 5–10 min, 30–40% B; 10–20 min, 40–65% B; 20–25 min, 65–90% B).

For MS detection, the operating parameters were as follows: HESI, spray voltage, 3.2 kV (Positive); capillary temp, 300°C; sheath gas pressure, 40 psi; auxiliary gas flow rate, 3 L/min; capillary temp, 300°C; scan mode: positive and negative ion switching scanning; scan range, m/z 100–1500, and the resolution (R) is 70,000.



Reagents and Antibodies

Antibodies against Atrogin-1 (Cat# ab74023), MuRF-1 (Cat# ab172479), NRF-1 (Cat# ab175932), TFAM (Cat# ab131607), Cytochrome C (Cyt C) (Cat# ab13575), p38 MAPK (Cat# ab197348), p-p38 MAPK (Cat# ab195049), PGC-1α (Cat# ab54481), and GAPDH (Cat# ab9484) were purchased from Abcam (Cambridge, United States). Antibody against COXIV (Cat# bs1533) was purchased from Bioss (Beijing, China). p38 MAPK inhibitor SB203580(4-(4-Fluorophenyl)-2-(4-methylsulfinylphenyl)-5-(4-pyridyl)1H-imidazole) was purchased from Med Chem Express (NJ, United States). Megestrol acetate (Cat# B1377) was purchased from Ape × Bio (Houston, United States).



In vitro Cancer-Induced Myotube Atrophy Model Construction

C2C12 cells were seeded in a 96-well plate and cultured in DMEM/high glucose medium. When the cell fusion reached 80–90%, the C2C12 cells were randomly divided into four groups: normal group (normal, n = 3), model group (model, n = 3), BJD group (BJD, n = 3), and p38 MAPK inhibitor group (SB203580, n = 3). The normal group was cultured in DMEM/high glucose medium without LCM, the model group was cultured in LCM. And the BJD group was cultured in LCM with 125 mg/mL BJD treatment, according to our previous study, BJD at concentrations up to 125 mg/mL has prevented C2C12 cells from LCM-induced myotube atrophy (32). Therefore, we chose a concentration of BJD at 125 mg/mL as an optimal dose in subsequent experiments. The p38 MAPK inhibitor group was cultured in LCM with 50 ng/mL SB203580 treatment. All the groups were continually cultured for 96 h. Morphological performance and transverse diameters of myotubes in C2C12 cells were observed every 24 h. The picture data were processed by Image J software (CA, United States).



Mitochondrial Contents and ATPase Activity Assays

Mitochondrial contents in C2C12 cells were detected by 10-Ncnylacridine orange (NAO) stained. At the end of the experiment, the cells were washed with pre-cooled PBS and fixed with 0.2% glutaraldehyde at 4°C for 10 min. Then the NAO solution (10 μmol/L) was added in the dark for 10 min. The imaging was observed by a fluorescence microscope at 488 nm. The fluorescence intensity was proportional to the mitochondria contents. The level of mtDNA production was calculated by a TIANGEN Genomic DNA Kit (Cat# DP304, TIANGEN, China) and ATPase activity was detected by an ATP Colorimetric/Fluorometric Assay Kit (Cat# MAK190-1, Sigma, United States) according to the manufacturer’s instructions.



In vivo Xenograft Cachexia Experiment

C26 tumor-bearing mice (20 ± 2) g and male BALB/c mice (20 ± 2) g were purchased from the Beijing Huakang Biotechnology Company (Beijing, China) and housed in an SPF (specific pathogen-free) and temperature-controlled (25 ± 2) °C environment with a 12 h light/dark cycle in Zhejiang Chinese Medical University Laboratory Animal Research Center (Hangzhou, China). The experiment began after mice adapted to the new environment for 1 week. The xenograft cachexia model was established as previously described (31). Briefly, C26 colorectal cancer cells were obtained from the C26 tumor-bearing mice after sacrificed and commercially countered to plate 2 × 106/mL in flasks. And the BALB/c mice were injected 0.2 mL C26 cells subcutaneously through the right axillary skin. Then the mice were randomly divided equally (n = 10) into five groups: normal group (normal), model group (model), BJD group (BJD), megestrol acetate group (MA), and p38 MAPK inhibitor group (SB203580). In the BJD group, the dosage of BJD was 23 g/kg⋅d according to our previous study (30, 31). The dose of megestrol acetate was 24 mg/kg⋅d in the MA group, and the dose of SB203580 was 10 mg/kg in the p38 MAPK inhibitor group, while the normal and model group were given equal doses of normal saline. The MA group and SB203580 group were treated by intraperitoneal injection, while the normal group, model group, and BJD group were treated by gavage. The body weights were evaluated and recorded every day.



Gastrocnemius Tissues Collection and H&E Strained

Mice were euthanized at the end of the experiment and the gastrocnemius tissues were collected for weighed and fixed in 4% phosphate-buffered paraformaldehyde, embedded in paraffin, and placed on microscope slides for routinely H&E histopathologic examination. The gastrocnemius index was calculated by the formula as the gastrocnemius weight (mg)/the body weight (g).



Western Blotting

Tissues and cells were washed twice in 1 × PBS and lysed in radioimmunoprecipitation assay (RIPA) buffer on ice for 30 min. The lysate was centrifuged at 9000 rpm for 10 min at 4°C and the supernatant was collected. The protein concentration was quantified by a BCA Assay Kit (Thermo Fisher Scientific, United States) according to the manufacturer’s instructions. Samples were loaded and electrophoresed in 8–10% SDS-PAGE and transferred to PVDF membranes (Millipore, United States). Then the membranes were blocked in 5% non-fat milk powder diluted in TBS-T for 2 h before incubation with primary antibodies. Secondary antibodies included horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG at 1:3000 dilution. The blots were visualized with enhanced chemiluminescence. The intensity of blots was analyzed by Image J. Each value was normalized by the respective value for GAPDH as an internal control.



Real-Time PCR (qPCR) Analysis

Total RNAs were extracted from cells and gastrocnemius samples using Trizol reagent (Invitrogen, United States) according to the manufacturer’s instructions. Real-time PCR analyses were performed using SYBR Green (TOYOBO, Japan) and results were calculated based on the comparative cycle threshold method (2–ΔΔCT). β-actin was used to normalize the gene expression of other mRNAs. As for the analysis of the expression of mtDNA, β-globin was used as an internal gene. All of the primers were synthesized by Sangon Biotech (Shanghai, China). Primers sequences were as follows: Atrogin-1 forward 5′-GAGAACAGTATGGGGTCA-3′, reverse 5′-TAATAAAGTCTTGGGGTG-3′; MuRF-1 forward 5′-GCCACCTTCCTCTTGAGT-3′, reverse 5′-CCTTGTTCTGTC TTCCCC-3′; NRF-1 forward 5′-GCACAGAAGAGCAAAAG-3′, reverse 5′-CGAAAGCATACAGAAGG-3′; TFAM forward 5′-GTGGGGCGTGCTAAGAAC-3′, reverse 5′-GCTGACAGGC GAGGGTAT-3′; Cyt C forward 5′-ACCCTGATGGAGTATTTG-3′, reverse 5′-GCTATTAGTCTGCCCTTTC-3′; COXIV forward 5′-TGAGATGAACAAGGGCACCA-3′, reverse 5′-CA CCCAGTCACGATCAAAGG-3′; p38 MAPK forward 5′-GGT GTGTGCTGCTTTTGA-3′, reverse 5′-TGTAGGTCCTTTTGG CGT-3′; PGC-1α forward 5′-TTGGTGAAATTGAGGAATG-3′, reverse 5′-CACAGGTGTAACGGTAGGT-3′; ATP synthase-F subunit β peptide forward 5′-TCTTGTGGGGCGTGTGG-3′, reverse 5′-GCGGGAGCGGTTCGTAG-3′; β-actin forward 5′-TCAGCAATGCCTGGGTACAT-3′, reverse 5′-ATCACTATT GGCAACGAGCG-3′; β-globin forward 5′-TGATGCTGAGAA GGCTGCT-3′, reverse 5′-CCTCTGGGTCCAAGGGTAG-3′.



Statistical Analysis

Statistical analyses were performed using SPSS 26.0 (SPSS Inc., United States) and data were presented as means ± SD. Differences between multiple comparisons were assessed using one-way analysis of variance (ANOVA) with Tukey’s multiple comparison test whereas two groups were analyzed using an unpaired Student’s t-test. P < 0.05 was considered to be statistically significant.



RESULTS


Identification of the Main Components in the BJD Extract

Eighteen chemical components of BJD were identified by UHPLC-Q Exactive analysis. Besides, some chemical markers, such as chlorogenic acid, ferulic acid, were used for quality control of BJD. The total ion current diagram and the secondary mass spectrum results of the chemical components were shown in Table 1 and Figure 1.


TABLE 1. Main components identified in BJD.
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FIGURE 1. UHPLC chromatogram profiles of BJD. (A) Total ion current chromatograms of BJD. Secondary mass spectrum of the 18 main components of BJD: (B) Cytidine. (C) Guanine. (D) Indole-3-acrylic acid. (E) Chlorogenic acid. (F) 2,3,4,9-Tetrahydro-1H-β-carboline-3-carboxylic acid. (G) Isoliquiritigenin. (H) Quercetin-3β-D-glucoside. (I) Cynaroside. (J) Ferulic acid. (K) Hesperidin. (L) Formononetin. (M)α-Lactose. (N) 9S,13R-12-Oxophytodienoic acid. (O) 18-β-Glycyrrhetinic acid. (P) Bis(4-ethylbenzylidene)sorbitol. (Q) α-Linolenoyl ethanolamide. (R) Hexadecanamide. (S) Stearamide.




BJD Ameliorated LCM-Induced C2C12 Myotube Atrophy

The C2C12 myoblast is a classical cell for studying cancer-induced myotube atrophy. To examine whether BJD could prevent myotubes atrophy, C2C12 cells were induced by LCM and incubated with BJD for 72 h. As a result, LCM postponed the differentiation of myotubes in C2C12 cells while BJD promoted the differentiation of myotubes as compared with the normal group (Figure 2A). Measurements of the myotube transverse diameter showed that BJD treatment and SB203580 significantly increased the myotube thickness compared with the model group (Figures 2B,C).
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FIGURE 2. BJD prevented LCM-induced myotube atrophy in C2C12 cells. (A) The morphological changes of myotubes in C2C12 cells (×200 magnification; scale bar: 50 μm). (B,C) The transverse diameters of myotubes in C2C12 cells (μm, n = 3). (D) The relative expression of Atrogin-1 and MuRF-1 was detected by RT-qPCR, with β-actin was used as an internal gene. (E) The expression of Atrogin-1 and MuRF-1 was detected by Western blotting, GAPDH was used as a loading control. The data are presented as the mean ± SD. **P < 0.01, ***P < 0.001.




BJD Decreased the Expression of Atrogin-1 and MuRF-1 in C2C12 Cells

The high expressions of muscle-specific atrophy marker proteins, such as Atrogin-1 and MuRF-1, caused the degradation of myotubes. Therefore, to further investigate whether the effect of BJD on improving the myotubes atrophy was achieved through modulating these proteins expressions, we used Western blotting and qPCR to determine their protein and mRNA levels. BJD treatment significantly decreased the expressions of Atrogin-1 and MuRF-1 both in protein and mRNA compared with the model group as predicted (Figures 2D,E). Besides, SB203580 had a similar impact with BJD but not significant.



BJD Promoted the Generation of Mitochondria

Mitochondria are almost enriched skeletal muscle and responsible for the metabolic function and physiological or pathological responses. Therefore, to investigate the effect of BJD on the generation of mitochondria, C2C12 cells were collected and mitochondrial contents were detected by NAO staining. As a result, BJD treatment increased the fluorescence intensity, which is similar with the result of SB203580, whereas fluorescence intensity was slight in the model group (Figure 3). Mitochondrial DNA is an important indicator for mitochondrial biosynthesis, therefore, to determine whether BJD could increase mtDNA synthesis, we detected the expression of mtDNA by qPCR. As a result, BJD increased the expression of mtDNA compared with the model group, as similar in SB203580 treatment (Figure 4A).
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FIGURE 3. BJD enhanced the mitochondria generation. The C2C12 cells were washed with pre-cooled PBS and fixed with 0.2% glutaraldehyde at 4°C for 10 min. Then the NAO solution (10 μmol/L) was added in the dark for 10 min. The imaging was observed by a fluorescence microscope at 488 nm. The picture was ×100 magnification, and the scale bar is 100 μm.
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FIGURE 4. BJD improved mtDNA and increased the expression of ATPase, NRF-1, TFAM, COXIV, and CytC. (A) The relative expression of mtDNA, with β-globin was used as an internal gene. (B–F) The relative expression of ATPase, NRF-1, TFAM, COXIV, and CytC, with β-actin was used as an internal gene. (G) The expression of NRF-1, TFAM, COXIV, and CytC was detected by Western blotting, GAPDH was used as a loading control. The data are presented as the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001.




BJD Increased the Expression of NRF-1, TFAM, COXIV, Cyt C

Nuclear respiratory factor and TFAM are two essential mediators in promoting mtDNA biosynthesis (33). The results of WB and qPCR showed that BJD significantly increased the expressions of NRF-1 and TFAM compared with the model group (Figures 4B,C). Treatment with BJD also enhanced mitochondrial oxidative phosphorylation, which increased the expression of ATPase (Figure 4D), COXIV, and Cyt C (Figures 4E–G), compared with the model group.



BJD Inhibited p38 MAPK/PGC-1α Signaling Pathway

The p38 MAPK/PGC-1α signaling pathway regulates the mitochondrial biosynthesis and energy metabolism and causes muscular atrophy. Therefore, to detect whether BJD could regulate p38 MAPK/PGC-1α signaling pathway to enhance mitochondrial function, their protein and mRNA levels were measured by Western blot and qPCR, respectively. Treatment with BJD significantly decreased the expression of p38 MAPK and p38 MAPK phosphorylation (Figures 5A,C) whereas increased the expression of PGC-1α (Figures 5B,C), compared with the model group. Similar to BJD, SB203580 treatment also promoted the expression of PGC-1α, but did not affect the expression of p38 MAPK.
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FIGURE 5. BJD treatment inhibited p38 MAPK/PGC-1α signaling pathway. (A,B) The relative expression of p38 MAPK and PGC-1, with β-actin was used as an internal gene. (C) The expression of p-p38 MAPK, p38 MAPK, and PGC-1α was detected by Western blotting, GAPDH was used as a loading control. The data are presented as the mean ± SD. ***P < 0.001.




BJD Alleviated the Gastrocnemius Atrophy in Xenograft Cachexia Mice

To verify the effect of BJD on cancer cachexia model in vivo, mice were treated with or without BJD. And the results showed that the ongoing body weight loss was prevented by BJD treatment (Figures 6A,B). Similarly, megestrol acetate and SB203580 also exhibited protection on body weight loss. Moreover, BJD treatment improved the gastrocnemius index compared with the model group (Figure 6C), the same as the megestrol acetate and SB203580 treatment. Additionally, BJD treatment improved the diameters of the gastrocnemius muscle, whereas megestrol acetate and SB203580 treatment had a similar effect (Figure 6D). Furthermore, BJD treatment significantly decreased the expression of Atrogin-1 and MuRF-1 protein and mRNA levels, and megestrol acetate had a similar effect (Figures 7A,B,E). Besides, BJD treatment inhibited the expression of p38 MAPK and p38 MAPK phosphorylation whereas increased the expression of PGC-1α (Figures 7C,D,F). Interestingly, SB203580 did not affect MuRF-1 expression but slightly decreased the expression of p38 MAPK (Figures 7B,E,F).
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FIGURE 6. BJD alleviated gastrocnemius atrophy in xenograft cachexia mice. (A) The changes in body weight in each group. (B) The terminal body weights. (C) The gastrocnemius index. (D) The pathological pictures of gastrocnemius muscle stained by H&E (×200 magnification; scale bar: 50 μm). The data are presented as the mean ± SD. *P < 0.05, ***P < 0.001.
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FIGURE 7. BJD inhibited p38 MAPK/PGC-1α singling pathway in mice. (A–D) The relative expression of Atrogin-1, MuRF-1, p38 MAPK, and PGC-1α was detected by RT-qPCR, with β-actin was used as an internal gene. (E–F) The expression of Atrogin-1, MuRF-1, p-p38 MAPK, p38 MAPK, and PGC-1α was detected by Western blotting, GAPDH was used as a loading control. The data are presented as the mean ± SD. ***P < 0.001.




DISCUSSION

Cancer cachexia, considered as a multifactorial syndrome, frequently occurs in advanced cancer patients (1, 4, 34). The loss of body weight, especially the loss of whole-body skeletal muscle mass with or without fat consumption, is the most prominent clinical characteristic of cachexia (35, 36). The progressive weight loss not only causes the intolerance of patient to radiotherapy and chemotherapy but also has extensive impact on the quality of life (37). However, the therapeutic approaches or agents for cancer cachexia are currently limited.

Traditional Chinese Medicine is widely used in relieving cachexia symptoms (38, 39). According to the theory of TCM, cancer cachexia belongs to a kind of consumptive disease, and the Yang-qi deficiency along with toxin stagnating is considered as its main pathogenesis. BJD, a Chinese formula consisted of 6 herbals including P. ginseng C.A.Mey., A. carmichaelii Debx., A. mongholicus Bunge., A. sinensis (Oliv.) Diels., L. japonica Thunb., and G. uralensis Fisch. ex DC., has the function of benefiting Yang-qi, resolving toxin and strengthening muscles. In this study, we identified the main components of BJD through UHPLC-Q Exactive analysis and some chemical markers that provided the basis for the pharmacology. Some of these components, such as luteolin, ferulic acid, have anti-inflammatory, immunomodulatory, and anti-tumor effects (40, 41). Chlorogenic acid and ferulic acid showed obvious anti-cancer effect (42, 43). Notably, ginsenoside Rb1 is reported to contribute to recover the cancer cachexia state (44). Ginsenoside Rb3, the main constituent of ginseng, has the function of upregulating myotube formation and mitochondrial function (45). Therefore, these results provide a material basis of BJD for cachexia treatment.

The degradation of muscle-related proteins induced by systemic inflammation, UPP, and mitochondrial dysfunction, is closely associated with skeletal muscle atrophy in cachexia (46). TNF-α, a strong inflammatory cytokine, can activate the NF-κB-mediated transcription of MuRF-1, thereby leading to increased protein degradation (8, 9). Besides, the NF-κB signaling pathway inhibits the expression of mitochondrial genes so that reduces mitochondrial biosynthesis and reduces its oxidative phosphorylation capacity and ATP production (22, 47). Therefore, activated cytokines can up-regulate the expression of E3 ubiquitin ligase by activating UPP and accelerate muscle protein degradation (46). Previously, our study revealed that BJD prevented the loss of boy weight and induced C2C12 myotube differentiation. BJD also reduced TNF-α level and inhibited the expression of MuRF-1 by inhibiting the UPP-mediated muscle protein degradation (30–32). In this study, we used a xenograft cachexia mice model and found that BJD prevented body weight loss and improved the pathological process of muscle atrophy. These results indicate that BJD has a potential therapeutic effect on cancer cachexia.

Mitochondria play important roles in maintaining the generation and function of skeletal muscle. Recently, it has been reported that the capability of mitochondria generation, oxidative phosphorylation function, and ATP synthesis is impaired in cancer-induced cachexia (1, 17, 18, 48). Therefore, improving mitochondria function may become a new therapeutic target in cancer cachexia (49). We found that BJD can promote C2C12 cells differentiation, and the transverse diameter of the myotube gradually increases along with the intervention time. Besides, after BJD treatment, the mitochondrial fluorescence intensity and the expression of mtDNA increased significantly in C2C12 cells. As NRF-1 and TFAM are key factors in mitochondrial biosynthesis, BJD treatment can increase their expression levels, and COXIV and Cty C, which are two major oxidative phosphorylation markers, were up-regulated by BJD treatment. These results indicate that BJD can improve mitochondrial biosynthesis and increase oxidative phosphorylation function.

The p38 MAPK/PGC-1α signaling pathway mainly regulates mitochondrial functions from several aspects, including biosynthesis and oxidative phosphorylation. In the cancer cachexia condition, inflammatory factors, such as TNF-α, IL-1, and IL-6, can activate p38 MAPK signaling, thereby inhibiting PGC-1α transcription and reducing energy production (22, 50, 51). Proliferator-activated receptor-gamma coactivator 1, a key factor for mitochondrial synthesis, mainly distributes in skeletal muscle, heart, and other tissues that require high energy (33). Emerging evidence has reported that PGC-1α activation induces the expression of mitochondrial biogenesis factors, such as mtDNA, NRF-1, TFAM, and Cyt C (20, 50). Mice that knocked out PGC-1α showed a decreased mitochondrial capacity in skeletal muscle. On the contrary, increasing the expression of PGC-1α can promote the expression of mitochondrial protein and restore mitochondrial function (52). We found that BJD significantly decreased the expression of p38 MAPK and its phosphorylation, and increased the expression of PGC-1α both in vitro and in vivo experiments. Besides, we found that SB203580 did not inhibit the expression of p38 MAPK in C2C12 cells, but slightly up-regulated PGC-1α. The reason is that SB203580 can inhibit the activity of p38 kinase on its substrates including p38 itself and its downstream substrate. Proliferator-activated receptor-gamma coactivator 1, as one of the downstream substrates of p38 MAPK, was showed up-regulation of protein and mRNA expression after SB203580 treatment, which indicated that SB203580 inhibited the process of p38 kinase on PGC-1α activity. This result is consistent with the previous report (53). However, SB203580 does not affect the upstream activation events of p38 MAPK, such as TNF-α or IL-6 induced p38 MPAK activation progress (54, 55). Therefore, the expression of p38 MAPK in the SB203580 group showed no significant difference compared with the model group. This may be due to the activation of p38 MAPK by upstream events. Our previous studies reveal that BJD can reduce the content of TNF-α and IL-6 (32). Therefore, it explains the phenomenon that BJD reduced the expression of p38 MAPK while SB203580 did not affect its expression in vitro.

In conclusion, the present findings reveal that BJD can improve mitochondrial function by regulating the p38 MAPK/PGC-1α signaling pathway, thereby preventing the cancer-induced myotube atrophy. Although our data confirm that BJD may be a potential drug for the treatment of cancer cachexia, there are some necessary investigations, such as conducting the toxicology experiments, screening and verifying effective small molecules of BJD for cachexia treatment, which are desirable for future work.
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5 655 303.0498 308.05 -04 CisH1007 Morin hydrate
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17 69 287.0554 287.055 13 CisH1006 Scutellarein
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20 56 449.1082 449.108 08 CaiHa0011 Astragalin

21 7.08 449.1082 449.108 09 Ca1HagO41 Quercitrin

22 7.08 449.1082 449.108 09 CaiH20011 Quercetin 7-rhamnoside; Vincetoxicoside B
23 7.08 449.1082 449.108 09 CpiHagO11 Rhodionin

24 14 595.1458 595.145 19 CaoHas015 Tiroside

25 84 463.1246 463.123 23 CpoHzpOr1 Pratensein-7-O-glucoside
2 12,51 463.1248 463.123 28 CpoHz2011 Pratensein-7-O-glucoside
27 1.14 136.0615 136.062 -19 CsHsns Adenine

28 9.38 287.0556 287.055 22 C1sH1006 Luteolin

29 519 4430082 443.007 22 CpoH1g010 Catechin Gallate

30 519 4430082 443.007 22 CpoH1g010 Epicatechin Gallate

31 5.76 625.1763 625.176 o CogHapO16 Neferine

32 583 433.1138 433.113 21 Ca1Ha0010 Apigenin-7-glucoside
a3 583 433.1138 433.118 241 Cp1H20010 Sophoricoside

34 583 433.1138 433.113 21 Ca1Ha0010 Genistin

35 3.85 449.1096 449.108 39 CpyHa0011 Homoorientin \

36 385 449.1096 449.108 39 CaiH20011 Orientin

a7 7.72 417.1197 417.118 4 Ca1H2009 Puerarin

38 35.46 4553534 455.352 31 CaoHas0s Betulonic acid

39 4.89 319.0458 319.045 34 CisH1008 Myricetin

40 7.56 354.1346 354.134 29 CpoH1gNOs Protopine

a1 22,05 489.3593 489.357 37 CaoHagOs Asiatic acid

42 1.15 118.0862 118.086 -03 CsHy1NO, Betaine

43 1.16 268.1041 268.104 0.4 CioH1aNs04 Adenosine

a4 855 449.1456 449.144 3 CpoHp4010 D Licoagroside D

45 597 4813172 481316 26 Co7HauO7 p-Ecdysone

46 337 355.1038 355.102 4 CigH1809 Scopolin

a7 22.05 668.4394 668.437 38 CeHss010.NH3  Pedunculoside +NH3
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No Retention time Found at mass Precursor mass Mass error (ppm) Formula Library hit

1 531 463.0879 463.088 -07 CaiHagOr2 Isoquercitrin
2 531 463.0879 463.088 -07 CaiHa0012 Hyperin

3 185 169.014 169.014 ~16 C7Hg0s Gallic acid

4 695 447.0929 447,093 -09 Ca1H20011 Astragalin

5 45 300.9987 300,999 -08 Ci4Hg0s Ellagic acid

6 14.02 5031205 593.13 -09 CaoHasOrs Tilroside

7 209 179.035 179.035 02 CoHgO4 Caffeic acid

8 9.42 435.1208 435,43 -08 CaiHas010 Phioridzin

9 8.49 359.0772 359,077 -0.1 CigH1608 Rosmarinic acid

10 12,68 301.0354 301.035 -0.4 CisH1007 Quercetin

11 9.36 431.0083 431.098 -0.2 Ca1Ha0010 Afzelin

12 522 441.0831 441,083 1 CpoHigO10 Catechin Gallate

13 9.12 463.0882 463.088 -0.1 Ca1H20012 Quercetin-3'-O-glucoside
14 28 179.0349 179.035 -07 CoHgOs Caffeic acid

15 35.46 795.4534 795.454 -03 Cy1HgsO12 HCOOH a-Hederin +HCOOH

16 22,04 695.4013 695.401 02 CagHsgO10.HCOOH Pedunculoside +HCOOH
17 15.32 593.1302 593.13 02 CaoHasOr3 Tiliroside

18 268 137.0044 137.024 04 C7Hg0g Protocatechuic Aldehyde
19 12.49 461.109 461.109 04 CpoH22014 Pratensein-7-O-glucoside
20 407 153.0193 153.019 0 C7HGO4 Protocatechuic acid

21 195 153.0192 153,019 -09 C7HG04 Protocatechuic acid

22 8.41 461.1088 461.109 -0.4 CaoH22011 Tectoridin

23 11.39 415.1087 415,103 06 Ca1H2009 Puerarin

24 293 177.0195 177.019 0.8 CgHgO4 Daphnetin

25 293 177.0195 177.019 08 CoHgO4 Esculetin

2 22,67 695.4017 695.401 08 CagHsgO10.HCOOH Pedunculosice +HCOOH
27 601 525.3074 525.307 1 Cp7HaqO7 HCOOH p-Hydroxyecdysone +HCOOH
28 601 525.3074 525.307 1 Ca7HagO7 HOOOH p-Ecdysone +HCOOH
29 1.18 134.0474 134.047 1 CsHgNs Adenine

30 14.06 283.061 283.061 -0.7 C1gH1205 Wogonin

31 6.7 526.3073 526.307 0.7 Ca7Ha407. HCOOH Epibrassinolide +HCOOH
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Gene
GAPDH
MYD88
BAX

BCL-2
MiR-149-5p
Us

Forward
5'-ATGCTGCCCTTACCCCGG-3"
5/-AAAGGCTTCTCAGCCTCCTC-3'
5/-CAGATCATGAAGACAGGGGCC-8'
5/-CTTACTAATAACGTGCCTCATGAAATAAAGATCCG-3'
5'-TCTGGCTCCGTGTCTTCACTCCCA-3"
CD201-1045(cbtained from Tiangen Biotech)

Reverse
&/-TTACTCCTTGGAGGCCATGTAGG-3"
5'-ACTGCTCGAGCTGCTTACCA-3'
5'-GCCCACGTCCCCCAATCC-3
5/-TCCCAGCCTCCGTTATCCTGGA-3'
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Sex 0478
Male 59 5(85) 13(22.0) 35(593) 6(102)
Female 32 4(125) 11(34.4) 14(438) 3(0.4)

Age 0312

<5140 45 2(44) 14(31.1) 24(533) 5(11.1)

>51.4 46 7(152) 10@21.7) 25(548) 4@7)

Histological grade 0.435

1 26 2(7.7) 5(192) 16(61.5 3(115)

2 41 6(146) 14@41) 17(415) 408

3 24 1(42) 508 16(667) 29

TNM stage 0.002

(American Joint Commission on Cancer)
| 16 2(125) 2(125) 10(625) 2(125)
[ 60  5(83) 20(333) 84(867) 1(1.7)

in 9 2022 1(111) 2022 4444
Y 6 00 1(167) 3(500) 2(333)
pT status 0.033
il 2 1(600) 0(0) 1(500) 0(0)
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o, 32 test; *p < 0.05 (significantly liferent).
amean age.
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Compounds/drugs Effects Mechanism References Clinical trials
Xanthohumol Inhibition of SREBP Competitive combination (80, 81) Prevents DNA Damage by
cleavage with S1P Dietary Carcinogens
Betulin Inhibition of SREBPs Promoting the combination (82 Wound healing (83)
transcription of SCAP and INSIGs Actinic keratoses (84)
Silibinin Inhibition of SREBPs Increasing SREBP1 (85) NAFLD (86)
nuclear translocation phosphorylation by AMPK Hepatitis (87)
Breast cancer (88)
Preeclampsia (89)
3,5-dicaffeoyl-epi-quinic acid Inhibition of SREBPs Activating AMPK/MAPK (90) None
transcription signaling pathway
Salvianolic acid Inhibition of SREBPs Blocking STAT-3/SREBP1 91) Hepatitis (92)
transcription signaling
Long leaf mantle extract Inhibition of SREBPs Activating Wnt/p-catenin (93) None
transcription pathway
Paeoniflorin Inhibition of SREBPs Activating LKB1/AMPK (94) Rheumatoid Arthritis (95)
transcription signaling pathway
RA-XII Inhibition of SREBPs Inhibiting SCAP protein (96, 97) None
transcription

mTOR, mammalian target of rapamycin;, S1R, sphingosine 1-phosphate; AMPK, activated protein kinase; MAPK, mitogen activated protein kinase; STAT-3, signal
transducer and activator of transcription 3; Keap1, Kelch like ECH associated protein 1; Nrf2, nuclear respiratory factor 2; SCAR SREBP cleavage-activating protein;

PSC, primary sclerosing cholangitis.
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Compounds/drugs Mechanism Preclinical References Clinical trial References
Fatostatin Inhibition of SCAP/SREBP GBM (54) None N/A
transportation Prostate (65-57)
Lung (58)
Pancreatic (59)
Endometrial (60, 61)
PF-429242 Inhibition of SREBP Liver (62) None N/A
cleavage by inhibiting SIP GBM (63)
Pancreatic (59
Nelfinavir Inhibition of SREBP Liposarcoma (64) Rectal (66)
cleavage by inhibiting S2P Prostate (65) Myeloma 67)
Lung (68)
Pancreatic (69)
1,10-phenanthroline Inhibition of SREBP Prostate (65) None
cleavage by inhibiting S2P
Docosahexaenoic acid  Inhibition of the Breast (70) Melanoma (71)
transcription of SREBPs Breast (72)
Ursodeoxycholic acid Inhibition of the Liver (73) Colorectal (74)
transcription of SREBPs Esophageal (75)
ALL (76)
BF175 Inhibition of the None N/A None N/A
transcription of SREBPs
25-hydroxycholesterol Inhibition of SCAP/SREBP GBM (77) None N/A
transportation

GBM, glioblastoma; ALL, acute lymphoblastic leukemia.
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5'-GAGGAACAGAAGTGCGAGGA-3'
5'-CACCTTAGCACTAGTATTCGAAGCAC-3"
§'-ATGTCCAATCCTGGTGATGTCC-3'
5'-GGCCAGCTTTCAGGCAGAGGT-3'
5'-GCTGCAGGAGCCTTCTTTCTC-3"
5'-GGATGACCGTGAGCAATGGCC-3
5'-CGTGGATCCTATGGGGCCTCTCCTG-3
5'-CCTTTTGAGGGCGACCTCCAAG-3'
5-GGAGAGTGTCTGCGGATACTTC-3'
5'-ACCCTCTGTGACTTCATCGTGC-3"
§'-CTGGCATCTTCTCCTTCCAG-3'
5'-GGAGATGAACTGGATAGCAATATGG
5'-TGAAGTAAAGACCATACATGGGAGC-3"
5'-TGCGGTGGTGAGCAGAAAGAC-3
5'-CAAGGTCATCCATGACAACTT-8

Reverse primer

5'-CATCTGGTAGCTGTAGATTCTG-3
5-TCTGGAGAGGAAGCGTGTGA-3
5'-CACCCGACGGCATCTTTATTAC-3'
§'-TCAGGGTTTTCTCTTGCAGAAG-3'
5'-TGGTGCTTCATGGGCAAAATC-3'
5'-AAGACGCTGCACTGCTGGTCT-3
5'-CGGTTGTGACCAATGGGTGCC-3'
5'-GCGGAATTCACTCGCTGGACATCAGGG-3'
5'-CTGGATGACGATGTCTGCGT-3'
5-GCAGGTAGTGATGTGCAAGAGTC-3'
5'-GGAGATGTAGCACGGGATCATG-3
§'-GACGGTAGCGACGAAGAGAAG-3
5'-GTTTGCTAGCAAAGTAGAAGAGGGC-3"
5'-AGGGACTGGATGAACCACGAC-3"
5'-CAGCATTGGCAACCCTGAGAAG-3'
5'-GTCCACCACCCTGTTGCTGTA-3
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ACTGGACTGTGGCATTGAGA
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GTTCTGATCAGTTCCGGCAC
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TGGGTTCTCCCAATICAACS
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TCAMGGTGGAGGAGTGGGT
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Name Formula RT (min) Molecular weight
Cytidine CgoH13N3z05 1.461 2441284
Guanine CsHsNsO 4.763 152.0562
Indole-3-acrylic acid C11HgNO2 6.556 188.0699
Chlorogenic acid C16H180g 7.309 353.0854
2,3,4,9-Tetrahydro-1H-g-carboline-3-carboxylic acid C1oH12N2Oo 7.497 217.0964
Isoliquiritigenin C15H1204 8.939 257.0796
Quercetin-3p-D-glucoside Co1H20012 8.939 465.1011
Cynaroside Co1H20011 8.946 449.1061
Ferulic acid C1oH1004 9.41 195.0645
Hesperidin CogHz4015 9.449 611.1962
Formononetin C1sH1204 10.189 267.0796
a-Lactose C12H22011 11.184 360.1485
9S,13R-12-Oxophytodienoic acid C1gH0g03 11.645 293.2101
18-B-Glycyrrhetinic acid Cs0Ha604 12.324 471.3452
Bis(4-ethylbenzylidene)sorbitol Co4Hz006 14.997 415.2104
a-Linolenoyl ethanolamide CooHzsNO2 19.533 322.2729
Hexadecanamide C1gH3z3NO 20.366 256.2625
Stearamide C1gHsz7NO 23.246 284.2936
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Givs.

G2,G3,Gd4
OR" 95% CI

Do you know what CAM stands for?

Yes 1.52 (1.02-2.25)

No 1.00 (Reference
category)

Have you ever heard about alternative

and complementary medicine?

Yes 2.64 (1.54-4.52)

No 1.00

Are you aware of the difference between

complementary and alternative

medicine?

Yes 1.77 (1.18-2.68)

No 1.00

Do you suggest CAM to your patients

Yes 1.16(0.79-1.72)

No 1.00

Have you ever prescribed CAM to your

patients?

Yes 1.47 (0.93-2.32)

No 1.00

p-value

0.004

<0.0001

0.006

04

0.09

TLogistic regression model adjusted for age, gender, area of origin and workplace.

Bold values indicate statistically significant p-value.
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Are you involved in p-value
research activity?

Yes No
Do you know what CAM stands 06
for?
Yes 120(60) 103 (52)
No 120 (50) 95 (48)
Have you ever heard about 0.01
alternative and complementary
medicine?
Yes 199(829) 143 (733)
No 41(17.0)  52(26.7)
Are you aware of the difference 0.04
between complementary and
alternative medicine?
Yes 152(63.6) 106 (53.8)
No 87(36.4) 91(46.2)
Do you suggest CAM to your 0.03
patients?
Yes 143(59.6) 98 (49.5)
No 97 (40.4) 100 (50.5)
Could CAM have a role in CM? 0.02
Yes 100 (45.4) 74 (37.4)
No 43(17.9) 57 (288)
I don't know 88(367) 67(338)
Do you discuss CAM use with 01
your patients?
Yes 108(45) 85 (42.9)
No 109(45.4) 103 (52)
1 don't know 23(96)  10(.1)
Specialty group 0.003
Gt 106(44.2)  71(35.9)
G2 44(183) 67 (33.8)
@3 40(167)  26(18.1)
G4 50(208) 84(17.2)

G1: Oncology, Hematology, Pain management, Redlotherapy, Anaesthesiology; G2:
Internal medicine, Geriatric medcine, Infectious diseases; G3: Surgical; G4: Nuclear
medicine, No specialization, Other:

Bold values indicate statistically significant p-value.
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Characteristics Specialty group

G1 Oncology, hematology, G2 Internal medicine, G3 Surgical specialties G4 Nuclear medicine, no
pain management, geriatric medicine, infectious specialization, other
radiotherapy, diseases
anaesthesiology
No. (%) No.(%)  p-value 1 No.(%) p-value2*  No.(%)  p-value3*
Gender 05 0.06 02
Female 88 (49.7) 50 (53.2) 24 (36.4) 49 (58.3)
Male 89 (50.3) 52 (46.8) 42(63.6) 35(41.7)
Age 0.001 06 06
<40 years 66 (37.3) 66 (59.5) 29(43.9) 28(33.9)
40-65 years 107 (60.5) 43(38.7) 35(53) 55 (65.5)
65 years 423) 2(1.8 2@ 101.2)
Time elapsed since <0.0001 0.1 05
specialization
<5 years 39(232) 51(526) 8(16.7) 20(23.8)
5-10 years 36 (21.4) 5(52) 6(12.5) 23(27.4)
> 10 years 93 (55.4) 41 (42.3) 34 (70.8) 41 (48.8)
Workplace location <0.0001 08 08
Northern ltaly 61(34.5) 17 (16.3) 21(31.8) 26 (31)
Central ltaly 20(113) 98.1) 7(106) 11(13.1)
Southern Italy 96 (54.2) 85(76.6) 33(57.6) 47 (56)
Institution <0.0001 <0.0001 0.004
Research hospital 75 (42.4) 8(72) 15 (22.7) 36 (42.9)
University 47 26.6) 72(64.9) 39 (59.1) 36 (42.9)
General hospital 55 (31.1) 31(27.9) 12(18.2) 12 (143)
Are you involved in research 0.001 09 09
activity?
Yes 106 (59.9) 44 (396) 40 (60.6) 50 (59.5)
No 71(40.1) 67 (60.4) 26 (39.4) 34 (40.5)
Do you know what CAM stands 0.01 01 03
for?
Yes 102 (57.6) 47 (423) 31(47) 43(51.2)
No 75 (42.4) 64(57.7) 35 (53) 41(48.8)
Have you ever heard about <0.0001 0.03 0.001
alternative and complementary
medicine?
Yes 154 (88) 78(70.9) 50(76.9) 60 (71.4)
No 21(12) 33(20.7) 15 (23.1) 24.(28.6)
Should patients be treated 0.1 006 0.02
exclusively with CM?
Yes 58 (32.8) 41(369) 32 (48.5) 28(33.9)
No 92 (52) 46 (41.4) 24(36.4) 32(38.1)
| don't know 27(15.3) 24(216) 10(15.2) 24.(28.6)
Do you suggest CAM to your 02 03 06
patients?
Yes 102 (57.6) 55(49.5) 33(50) 51(60.7)
No 75 (42.4) 56(50.5) 33(50) 33(30.9)
Do you discuss CAM use with 0.2 0.1 0.1
your patients?
Yes 87 (49.2) 51(45.9) 25(37.9) 30(35.7)
No 74 (41.8) 55 (49.5) 37 (66.1) 46 (54.8)
| don't know 16(9) 5(4.5) 4(6.1) 8(95)
Could CAM have a role in CM? 0.005 03 0.09
Yes 86(48.6) 37(33.9) 26(39.4) 34.(40.5)
No 33(18.6) 38(34.2) 18(27.3) 11(13.1)
1 don’t know 58(32.8) 36 (32.4) 22(33.3) 39(46.4)
CAM could play a role as: 09 04 03
Alternative medicine 11(6.2) 10(9) 20 4(48)
Complementary therapy 88(49.7) 55 (49.5) 34 (515) 42 (50)
Integrated medicine 40(22.6) 26 (23.4) 18 (27.3) 23(27.4)
I don't know 38(21.5) 20 (18) 12 (18.2) 15(17.9)
CAM use by participants 07 06 07
Yes 43(25.9) 27 (25.5) 19(31.7) 23(31.9)
No 123 (74.1) 79 (74.5) 41(683) 49 (68.1)

*P1; P2; P3: p-values of Pearson’s chi-square test comparing G1 physicians with G2 physicians (P1); with G2 physicians (P2); and with G3 physicians (P3).
Bold values indicate statistically significant p-value.
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No
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complementary medicine?

Yes
No

Should patients be treated exclusively with
cm?
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No

| don’t know

Do you suggest CAM to your patients?
Yes

No

Do you discuss CAM use with them?
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No
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Could CAM have a role in CM?
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1 don't know

Have you seen therapeutic effects of
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Gender

Male

Female

Age

<40 years
40-65 years
65 years
Missing
Education
Medical degree
Medical degree + specialization

Medical degree + specialization + Ph.D.

Master's degree
Other

Specialty group

Gt

G2

a3

G4

Years of practice

<5 years

5-10 years

> 10 years

Missing

Institution

Research hospital

University

General hospital

Institution location in Italy
North

Center

South and Islands

G1: Oncology, Hematology, Pain management, Reciotherapy, Anaesthesiology.

No.

220
218

189
239

12
224
22
12
48

177
1m
66
84

118
70
209
41

134
194
110

125
47
266

G2: Internal medicine, Geriatric medicine, Infectious diseases.
G3: Surgical: G4: Nuclear medicine, No specialization, Other.
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CAM agents Metabolic pathway Interaction with cancer Adverse events Reference
treatments
Active hexose-correlated compound  CYP2D6 induction May reduce the activity of DM, Diarthea and itching (18)
isolated from shitake mushrooms which is a substrate of this enzyme,
and of Als
Ananas Pineapple (bromelain) CYP2C9 inhibition Risk of overdosage in patients Exacerbation of hand and foot (16)
treated with TXL syndrome
B-carotene Alcohol consumption has an The hepatotoxic effects of ethanol 7
adverse effect on p-carotene activity may be potentiated by high-dose
p-carotene
B-elemene (terpene from Rhizoma Increased DDP and taxane activity  No adverse events recorded (18)
zedoariae and mint)
Bitter melon (Momordica charantia)  P-gp and CYP2C9 inhibition Increased intracellular concentration  No adverse events were recorded (19)
VBLand TXL
Turmeric (Curcuma longa) Weak CYP1A2, GYP2B6, CYP2C9,  Risk of overdosage in patients Allergic dermatits and bile duct (20)
and CYP20 inhibition treated with bendamustine and obstruction
inefiicacy of prodrugs (CTX, TAM)
Cannabinoids CYP2C9 induction Risk of overdosage in patients Gastrointestinal complaints™ @1)
treated with prodrugs (CTX, TAM)
Di Bella muttitherapy§ GH inhibition, enhances IGF-binding  The opioid antagonist properties of ~ Gastrointestinal complaints®, (22)
protein-1 secretion somatostatin reduce the anaigesic  cholelithiasis, and hyperglycaermia
effect of opioids in patients with
advanced cancer
Echinacea Potent CYP3A4 inhibition Improved pharmacokinetics of GTX, - Severe thrombocytopaenia in a ©3)
DAS, TXT, ERL, IMT, SOR (weak) patient receiving VP16
VALK (high), and VP16
Essiac’ CYP3A4 inhibition Risk of overdosage in patients Gastrointestinal complaints® @4
treated with BTZ, DAS, TXT, ERL,
IMT, SOR, VALK
Folic acid MTHFR-enhancing activity Improved activity of antimetabolite  Concurrent use of folic acid may 5)
drugs (5-Fu) antagonize the effects of certain
anticonvulsants
Glucans from mushrooms® EGFr and mTOR inhibition May antagonize TAM in patients  Immunosuppressive effects (6)
with estrogen-positive breast
cancer
Green tea CYP3A4 inhibition Similar to Essiac High ALT levels @7
Gingko biloba CYP3A4 CYP2G19, P-gp Similar to Essiac Nervousness [25)
Ginseng CYP3A4 inhibition Increased risk of IMT hepatotoxicity  High ALT levels ©9)
Glutathione GSH, GSTP1 Increased AC detoxification Mucosal hypersecretion (@0)
Grapefruit (including juice) CYP3A4 inhibition Not recommended during ADM due ~ Gastrointestinal complaints™ (1)
to oxidations
Liquorice weak CYP286, CYP3A4 inhibition Similar to Essiac (weak) Hypertension, retinopathy and (32)
nephropathy
Milk thistle Weak CYP2C8 and CYP2C9 Risk of overdosage in patients No adverse events recorded @3)
inhibition taking CTX, TXL
Oleander P-gp and mTOR inhibition May increase the blood levels of Gastrointestinal complaints” (34)
substrate drugs such as TKis.
Omega 3 P53 Reduces platin activity Platin-drug resistance 35)
Ozone therapy ND Not recommended during ADM due  ND (36)
to oxidation
Quercetin Strong CYP3A4 and CYP2C19 Similar to Essiac High ALT levels @7
inhibition
Resveratrol CYP3A, GYP2D8, CYP209, Protective effects against DDP-and  No adverse events recorded @8
inhibition ADM-induced cardiotoxicity, due to
upregulation of SIRT1-mediated
p53 deacetylation
Spirulina and blue-green algae CYP 1A2 and 2E1 inhibitions Induces accumulation of drugs Increases the risk of their side. @9
metabolized by these enzymes, effects
inclucing bendamustine
St. John's worth (Hypericurn) CYP3A4 induction Improved CTX, DAS, TXT, ERL, IMT, Headache, dry mouth, slespiness, (o)
SOR, and VALK pharmacokinetics ~ gastrointestinal complaints’
Vitarmin C ND May reduce the effectiveness of  Kidney stones @)
VCR, ADM, MTX, DDP, BTZ, IMT
Zeolte Protein kinase B inhibition Enhances the effect of ADM dueto  Pulmonary fibrosis, leucocytosis @)

its antioxidant properties

AC, Antiblestic chemotherapy; ADM, Doxorubicin; ALT, Alanine aminotransferase; BTZ, Bortezomib; CTX, Cyclophosphamide; CYR, Cytochrome P450; DAS, Dsatinib; DDR, Cisplatin;
ERL, Erlotinib; 5-FU, Fluorouracil: IA, Aromatase inhibitors; IMT, Imatinib; MTX, Methotrexate; NA, Not availabie; ND, Not documented; P-gp, P-glycoprotein; SOR, Sorafenib; TAM,
Tamoxifen; TXL, Pacitaxel; TXT, Docetaxel; VALK, Vinca alkaloids; VBL, Vinblastine; VCR, Vincristine; VP16, Etoposide.

Source: http://reference.medscape.com/drug-interactionchecker and Memorial Sloan Kettering Cancer Center: hitps://www.mskce.org/cancer-carefintegrative-medicine/ herbs/
ginseng-asiantrelerences-24.

“Herbal mixture patented as a cancer therepy by Rene Ceisse in 1920 in Canada.

°Grittla frondosa (maitake), Lentinula edodes (shitake), Ganoderma lucidum (reishi, ete.

$Somatostatin, Bromocriptine, Fluvoxamine, Melatonin.

AGastrointestinal complaints: diahea, vomiting, and nausea.
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Gene Sequence of primer (5'-3) Amplified

name product (bp)

GAPDH F: TGTGTCCGTCGTGGATCTGA 149
R: TTGCTGTTGAAGTCGCAGGAG

Cyclin D2 F: AAGCCTGCCAGGAGCAAA 7
R: ATCCGGCGTTATGCTGCTCT

Cyclin B1 F: TGGCCTCACAAAGCACATGA 7
R: GOTGTGCCAGCGTGCTAATC

Cyclin E2 F: TGCTGCCGCCTTATGTCATT 78
R: TCCGAGATGTCATCCCATTCG

CDK2 F: CTGCCATTCTCACCGTGTCC 79
R: AGCTTGATGGACCCCTCTGC

CDK4 F: GGCCTTTGAAGATCCCAAT 78
R: TOAGTTCGGGAAGTAGCACAG

CDKé F: TGCGAGTGCAGACCAGTGG 150
R: AGGTCTCCAGGTGCCTCAGC

Cyelin At F:AATTGTGCCTTGOCTGAGTGA 133
RAAGAACTGCAGGTGGCTCCAT

F, forward; R, reverse; GAPDH, glyceraldehyde 3-phosphate dehycogenase; CDK2,
cyclin-dependent kinase 2; CDK4, cyclin-dependent kinase 4; CDK6, cyclin-dependent
Kinase 6.
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Plant origin

Menispermum dauricum DC
Menispermum dauricum DC
Berberis species
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Stephania tetrandra S. Moore

Cell line
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Tanshinones Cancer Cell line Treatment Mechanism Signal pathway References
concentration

Tan lIA Breast cancer MCF-7 30 mg/kg Proliferation inhibition PKC|, Ras/MAPK| Lvetal, 2018

Tan IIA Gastric cancer SNU-38, MKN1, 25-30 mg/kg Proliferation inhibition STAT3| Zhang Y. et al., 2018
AGS

Tan lIA Acute promyelocytic NB4 10, 100 mg/kg Proliferation inhibition = Zhang et al., 2016

leukemia
TanllA, CT Lung cancer Lewis tumor cells 15, 25 mg/kg Proliferation inhibition Bal-2|, Baxt Lietal, 2016
Tan lIA Osteosarcoma MG63 cell 2.5-20 mg/kg Apoptosis and Autophagy Beclin-14 Ma et al., 2016a
induction LC3I/LC3It
ATA Breast cancer MDA-MB-453 20, 60 mg/kg Proliferation inhibition NF-kBp65, Su et al.,, 2012
caspase-31

Tan lIA = Endothelial 0-10 uM Angiogenesis inhibition PLC/Akt| Yoder, 2012
progenitor cells

Tan lIA Osteosarcoma 143B cell 20 mg/kg Autophagy inhibition HGK-sestrin 24 Yenetal., 2018

SESN21t
Tan IIA Melanoma A375 8, 25, 50 mg/kg Autophagy inhibition Beclin-11 LC3-1l1 Lietal, 2017
Tan lIA Oral squamous cell SCC-9 50 mg/kg Autophagy inhibition Beclin-11 Qiu et al.,, 2017
carcinoma
CT Liver cancer Bel-7404 100 mg/kg Apoptosis induction p-STAT3| Shen et al.,, 2017
CT Cholangiocarcinoma HCCC-9810 10, 25 mg/kg Cell circle arrest and JAK2/STAT3| Ke et al., 2017a
Apoptosis induction PIBK/Akt/NFkBJ

CT Glioma us7 30 mg/kg Proliferation inhibition STAT3| Caoetal., 2017

DT-I Hemangioma Endothelioma 10, 40 mg/kg Angiogenesis inhibition and PLCJ Caietal, 2018
(EOMA) Apoptosis induction

1, down-regulated proteins; 1, up-regulated proteins.
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Tanshinones Molecular formula

Tanshinone 1A C19H1803
Dihydrodanshinone ~ C1gH1203
Tanshinone | C1gH1203
Cryptotanshinone C19H2003

Molecular weight

294.33
278.3

276.29
296.35

CAS

568-72-9
87205-99-0
568-73-0
356825-57-1

Detection method

HPLC
HPLC
HPLC
HPLC

Detection wavelength (nm)

220
280
220
220

Retention time (min)

21.44

7.79
12.66
12.12

Chromatographic condlitions, waters reversed-phase C18 symmetry column; mobile phase, acetonitrile: H,O (65:35 vol/vol);, temperature, 30°C; flow velocity, 1 mL/min;

detection wavelength, 220 nm.
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