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Triptolide Induces Glioma Cell Autophagy and Apoptosis via Upregulating the ROS/JNK and Downregulating the Akt/mTOR Signaling Pathways
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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.
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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.
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FIGURE 8. Proposed mechanism of triptolide-induced apoptosis and autophagy in glioma cells.
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