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Abstract

:

Oral cancer, a type of head and neck cancer, can pose a significant risk of death unless diagnosed and treated early. Alternative treatments are urgently needed owing to the high mortality rate, limitations of conventional treatments, and many complications. The anthraquinone compound chrysophanol acts as a tumor suppressor on some types of cancer cells. To date, it has not been clarified how chrysophanol affects human tongue squamous carcinoma. This study was aimed to examine the effects of chrysophanol on oral cancer treatment. The results show that chrysophanol caused cell death, reduced the expression of the mammalian target of rapamycin (mTOR)/peroxisome proliferator-activated receptor-alpha (PPAR-α), and increased reactive oxygen species (ROS) production. We also used two ion chelators, deferoxamine (DFO) and liproxstatin-1 (Lipro), to further determine whether chrysophanol inhibits cell growth and regulates mTOR/PPAR-α expression and ROS production, both of which are involved in iron homeostasis. The results show that DFO and Lipro reversed the increase in cell death, downregulation of mTOR/PPAR-α, and decrease in ROS accumulation. In conclusion, chrysophanol inhibits the growth of oral squamous cell carcinoma cells by modulating mTOR/PPAR-α and by causing ROS accumulation.
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1. Introduction


Several factors determine the geographic distribution of oral cancer, one of the top 10 cancers worldwide [1,2]. It is estimated that 76% of patients with intraoral cancer survive without metastasis after 5 years. Several epidemiological studies have identified risk factors for oral cancer, including tobacco use, eating betel nuts, excessive alcohol consumption, poor oral hygiene, inappropriate dentures, and other rough surfaces that irritate the mouth [3,4]. Approximately 90% of all oral cancers are oral squamous cell carcinoma (OSCC), which is more often found in men, with the risk increasing with age [5]. A large majority of OSCC cases occur on the tongue, which has little effect on other parts of the mouth [6]. At present, how oral squamous cell carcinoma develops remains controversial, thus compromising treatment and prognosis.



Chrysophanol, which was discovered in plants of the genus Rheum, is one of the most important anthraquinone components [7]. Chrysophanol has been reported to have anti-inflammatory, anti-cancer, and anti-depressive effects and offers neuroprotection [7,8]. In our previous study, chrysophanol was shown to be involved in the death, metastasis, and production of reactive oxygen species (ROS) in oral cancer cells [9] and to alter the Wnt-3-dependent signaling pathway, increasing epithelial–mesenchymal transition (EMT) formation, ROS accumulation, and metastasis [10]. We also suggest that migration/invasion and EMT are regulated by interleukin-6 and interleukin-8 in chrysophanol-treated oral cancer cells [11]. Thus, chrysophanol may disrupt the development of oral cancer. However, there is still some uncertainty regarding the protective role of chrysophanol against oral cancer.



Numerous studies have suggested that the mammalian target of rapamycin (mTOR) pathway is intrinsically linked to oral carcinogenesis and adverse prognosis [12,13,14]. Targeting mTOR has emerged as a promising therapy against OSCC and head and neck cancers [15]. PPAR-α is a nuclear hormone receptor that modulates the progression of oral cancer by influencing the behavior of one or more of its pathological features [16]. Therefore, targeting PPAR-α for oral cancer treatment might be crucial. In this study, we attempted to provide a theoretical basis for cancer treatment by exploring the effect of chrysophanol on OSCC via the regulation of mTOR and PPAR-α.




2. Materials and Methods


2.1. Reagents and Antibodies


Chrysophanol was obtained from Sigma-Aldrich (St. Louis, MO, USA). Western blotting was performed using antibodies against mTOR, PPAR-α, and GAPDH (ABclonal, Woburn, MA, USA).




2.2. Cell Culture


The SAS cell line (human tongue squamous carcinoma) was obtained from the National Defense Medical Center. Mycoplasma was not detected in any of the cells by DAPI staining 4 times for 1 year, according to a previous study [17]. The cell line was grown in Dulbecco’s Modified Eagle Medium (Gibco, New York, NY, USA) containing 10% fetal bovine serum (Gibco, Grand Island, NY, USA) and 1% penicillin/streptomycin (Gibco, Grand Island, NY, USA), and incubated at 37 °C with 5% CO2.




2.3. Cell Viability Assay


WST-1 (Roche Applied Sciences, Mannheim, Germany) was used to measure cell viability as previously described [18]. Briefly, seeded cells were plated in 24-well plates at a density of 5 × 104 cells/mL and cultured 24 h later in DMEM containing 0.5% heat-inactivated FBS. Chrysophanol was then added to cells in indicated concentrations for 24 h. A reagent for WST-1 was added to the medium, and incubation was continued for 2 h at 37 °C. Finally, a microplate reader (Thermo LabSystems, Philadelphia, PA, USA) was used to measure absorbance at 450 nm.




2.4. Western Blotting


Cells were harvested and lysed according to the procedure described in our previous study [19]. Ice-cold RIPA lysis buffer (Sigma-Aldrich, St. Louis, MO, USA) was used to dissolve the pelleted cells. Cell lysates were obtained by centrifuging samples at 14,000× g for 20 min at 4 °C. Sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) was used to separate proteins, followed by electrophoresis onto a nitrocellulose membrane. Primary and secondary antibodies (Cell Signaling Technology, Danvers, MA, USA) conjugated to horseradish peroxidase were used for immunoblotting. ECL kits (Millipore, Temecula, CA, USA) were used to measure protein expression, and images of the indicated proteins were subsequently analyzed using the ChemiDocTM XRS + System (Bio-Rad Laboratories, Hercules, CA, USA).




2.5. Measuring Intracellular ROS Generation


We measured ROS generation within 1 × 104 cells by utilizing 10 μM 2′, 7′-dichlorofluorescin diacetate reagent (Sigma-Aldrich, St. Louis, MO, USA) for 30 min at 37 °C. Flow cytometry (FACScan, Becton Dickinson, Franklin Lakes, NJ, USA) was used to measure the ROS levels.




2.6. In Vivo Mice Xenografts


Female Nod.CB17-Prkdcscid/JNarl (NOD SCID) mice, aged 4–5 weeks, were purchased from BioLASCO Taiwan Co., Taipei, Taiwan. SAS cells (1.5 × 106) mixed 1:1 in Matrigel (BD Biosciences, East Rutherford, NJ, USA) with phosphate-buffered saline (PBS) were injected subcutaneously into the flanks of the NOD SCID mice. The mice were treated with 1.67 mg/kg 3 times/week [7], and PBS was used for the control group. All mouse experiments were performed according to the guidelines of the Care and Use of Laboratory Animals, Taipei Tzu Chi Hospital, Taiwan, and were approved by the hospital’s Institutional Animal Care and Use Committee (Approval NO, 110-IACUC-014).




2.7. Statistical Analysis


Three triplicate samples were analyzed for each independent biological sample, and the average and standard deviation were calculated. Analyses of the data were conducted using Prism software (version 8.0; GraphPad Software). For continuous variables, ANOVA was used with a Bonferroni post hoc test to determine statistical differences between groups. Differences were considered statistically significant when the p-value was less than 0.05.





3. Results


3.1. Chrysophanol Causes Cell Death, Downregulates mTOR/PPAR-α, and Increases ROS Accumulation


To determine whether chrysophanol causes SAS cell death, cell viability was evaluated after exposure to chrysophanol at different concentrations (0, 2.5, 7.5, and 12.5 μM) for 24 h. The results show that chrysophanol inhibited cell viability in a concentration-dependent manner (Figure 1A). We also verified the effect of chrysophanol on mTOR and PPAR-α expression using Western blotting. The results indicate that chrysophanol downregulated the expression of mTOR and PPAR-α in a concentration-dependent manner (Figure 1B). Accumulating evidence indicates that cancer treatment involves strategies that modulate ROS levels [20,21]. In our experiment, a significant increase in ROS production was observed in SAS cells after treatment with 7.5 and 12.5 μM chrysophanol (Figure 1C,D). These findings demonstrate that chrysophanol caused cell death, downregulated mTOR/PPAR-α, and increased ROS accumulation in SAS cells.




3.2. Chrysophanol Regulates Cell Death, mTOR/PPAR-α Expression, and ROS Accumulation in an Iron-Dependent Manner


In our previous study, we proposed that chrysophanol-based therapy may decrease oral cancer progression by activating ferroptosis [19]; however, the effect of DFO on the regulation of cell death, mTOR/PPAR-α expression, and ROS accumulation in chrysophanol-treated SAS cells is poorly understood. The results of this study show that 1 μM DFO significantly alleviated the decrease in cell viability in the presence of 12.5 μM chrysophanol, but slightly reversed it in 7.5 μM chrysophanol (Figure 2A). Moreover, 1 μM DFO reversed the downregulation of mTOR and PPAR-α in 12.5 μM chrysophanol, but 7.5 μM chrysophanol slightly reversed it (Figure 2B). Interestingly, 1 μM DFO significantly attenuated chrysophanol-induced ROS accumulation at both 7.5 and 12.5 μM (Figure 2C,D).



Fan et al. reported that the effects of Lipro were more potent than those of daravone or deferoxamine [22]. We studied the pharmacological effect of Lipro on chrysophanol-treated SAS cells by measuring cell viability, mTOR/PPAR-α expression, and ROS levels. The results indicate that Lipro significantly prevented cell death in both 7.5 and 12.5 μM treatment groups (Figure 3A). Conversely, 2.5 μM Lipro reversed the downregulated expression of PPAR with 12.5 μM chrysophanol treatment but had no effect on mTOR expression (Figure 3B). ROS accumulation was also reversed after 2.5 μM Lipro in the presence of 7.5 and 12.5 μM chrysophanol (Figure 3C,D). Further verifying that chrysophanol has an anti-tumor effect in vivo, reduced tumor volume and growth were observed in the group treated with 1.67 mg/kg chrysophanol compared with the control group of SAS-xenograft mice (Figure 4A). The results also show that mTOR and PPAR-α expression was decreased in the chrysophanol-treated group (Figure 4B). These findings suggest that chrysophanol regulates cell death, mTOR/PPAR-α expression, and ROS accumulation in an iron-dependent manner.





4. Discussion


Head and neck squamous cell carcinoma (HNSCC) and OSCC are devastating diseases [23,24]. Generally, oral cavity cancers are treated with surgery and chemoradiotherapy (CRT), while pharyngeal and laryngeal cancers are treated with primary CRT [4]. Two immune checkpoint inhibitors, pembrolizumab and nivolumab, have been approved by the FDA as primary treatments for unresectable, recurrent, or metastatic HNSCC [25]. In addition, radiation therapy is one of the most effective treatments for patients with HNC [26]. Importantly, HNSCC develops radiation resistance despite advances in treatment, thus yielding poor survival rates [12]. Radiation causes double-strand breaks in DNA, which kill cancer cells; however, damaged DNA can be effectively repaired to increase radiation resistance [27].



Yu et al. suggested that AKT/mTOR inhibition and G1/G2/M arrest radiosensitize OSCC with AZD2014 [28]. High expression of circular RNA CDR1 has been reported to enhance the viability of OSCC cells in a hypoxic microenvironment by promoting autophagy via the AKT/ERK½/mTOR signaling pathway [29]. A similar study demonstrated that AKT/mTOR-mediated suppression of autophagy-mediated apoptosis by long noncoding RNA CASC9 is associated with tumor progression in OSCCs [30]. Genipin also suppresses OSCC cells via the PI3K/AKT/mTOR signaling pathway [31].



Accumulating evidence indicates that chrysophanol has an anti-tumor effect on various cancer cell lines in different concentrations [8], including human lung cancer A549 cells (50 μM) [32], human liver cancer J5 cells (120 μM) [33], human renal cell carcinoma Caki-2 cells (20 μM) [34], and human colon cancer SNU-C5 cells (120 μM) [35]. The cellular response to ROS-induced lipid peroxidation is manifested in a seamless balance between life and death in response to stress caused by apoptosis, autophagy, or ferroptosis [36]. ROS from the Fenton reaction, which follows lipid peroxidation, causes ferroptosis, which is oxidative cell death caused by iron [37]. In our previous studies, we proposed that the iron chelator DFO reversed the increase in lipid ROS production and decrease in renal cell viability under hypoxia/reoxygenation conditions [18]. However, the effects and mechanisms of action of DFO on OSCC cells are still unclear. Consistent with our findings, Bayeva et al. demonstrated that mTOR modulates the stability of transferrin receptor 1 and alters cellular iron flux by modulating mTOR levels [38]. Similar results have been described, showing that multiple pathways interfere with mTORC1 activation by iron chelation, and iron is necessary for mTORC1 activation [39,40,41]. However, some reports demonstrated that the iron-independent effects of deferoxamine and liproxstatin-1 may be observed in cancer cell survival [22,42]. On the other hand, our novel findings demonstrate that chrysophanol regulates PPAR-α expression in SAS cell lines in an iron-dependent manner. However, the anti-cancer effects of chrysophanol require further examination, especially to determine whether iron is critical to the anti-cancer effects of chrysophanol. Taken together, the results of our study indicate that chrysophanol is a crucial regulator of mTOR/PPAR-α and that modulating its function could help mitigate the carcinogenesis of OSCC cells.




5. Conclusions


These results show that chrysophanol inhibits the growth of oral squamous cell carcinoma cells by modulating mTOR/PPAR-α and ROS accumulation. Iron is thought to play an important role in this process (Figure 5). This study provides a new drug candidate for OSCC treatment. However, even though chrysophanol was able to inhibit tumor cell growth in a cell model, its protective mechanism in vivo needs to be further explored.
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Figure 1. Effect of chrysophanol on cell survival, mTOR/PPAR-α expression, and ROS production in SAS cells. (A) WST-1 was used to measure viability of cells in indicated groups. (B) Upper panel indicates expression changes of mTOR and PPAR-α proteins in the presence of 0, 7.5, and 12.5 μM chrysophanol. Lower panel indicates quantitative results of assessing specific proteins using ImageJ. (C) Changes in ROS levels (with 10 μM DEFDA staining) with 0 (control), 7.5, and 12.5 μM chrysophanol treatment. (D) Mean fluorescence intensity was used to measure lipid ROS levels. Three independent replicates were used to calculate standard deviation; n = 3. * p < 0.05; ** p < 0.01; *** p < 0.001. 
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[image: Cimb 44 00104 g001]







[image: Cimb 44 00104 g002 550] 





Figure 2. Effect of DFO on cell survival, mTOR/PPAR-α expression, and ROS production in chrysophanol-treated SAS cells. (A) WST-1 was used to measure viability of cells in indicated groups. (B) Upper panel indicates expression changes of mTOR and PPAR-α proteins in the presence of 0, 7.5, and 12.5 μM chrysophanol with (1 μM) or without DFO treatment. Lower panel indicates quantitative results of assessing specific proteins using ImageJ. (C) Changes in ROS levels (with 10 μM DEFDA staining) with 0 (control), 7.5, and 12.5 μM chrysophanol treatment with (1 μM) or without DFO treatment. (D) Mean fluorescence intensity was used to measure lipid ROS levels. Three independent replicates were used to calculate standard deviation; n = 3. * p < 0.05; ** p < 0.01; *** p < 0.001. 
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Figure 3. Effect of Lipro on cell survival, mTOR/PPAR-α expression, and ROS production in chrysophanol-treated SAS cells. (A) WST-1 was used to measure viability of cells in indicated groups. (B) Upper panel indicates expression changes of mTOR and PPAR-α proteins in the presence of 0, 7.5, and 12.5 μM chrysophanol with (2.5 μM) or without Lipro treatment. Lower panel indicates quantitative results of assessing specific proteins using ImageJ. (C) Changes in ROS levels (with 10 μM DEFDA staining) with 0 (control), 7.5, and 12.5 μM chrysophanol treatment with (2.5 μM) or without Lipro treatment. (D) Mean fluorescence intensity was used to measure lipid ROS levels. Three independent replicates were used to calculate standard deviation; n = 3. ** p < 0.01; *** p < 0.001. 
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Figure 4. Effect of chrysophanol on SAS-xenograft mouse model. (A) Photos show tumors excised after sacrifice on day 30. (B) Changes in mTOR and PPAR-α expression in tumors from BALB/cAnN.Cg-Foxn1nu/CrlNarl mice from two groups: control (saline) and chrysophanol 1.67 mg/kg 3 times per week for 4 weeks. C1 and C2 indicate independent mice injected with 5 × 106 cells without chrysophanol treatment (n = 2). Cho1 and Cho2 indicate independent mice injected with 5 × 106 cells with 1.67 mg/kg chrysophanol treatment (n = 2). Scale bar = 2.5 cm. 
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Figure 5. Schematic diagram of chrysophanol and its role in regulating tumoricidal death in SAS cells. (A) Chrysophanol-induced tumoricidal death via increased ROS accumulation and decreased mTOR/PPAR-α expression. (B) Iron chelator (IC; DFO and Lipro were used in this study) attenuated chrysophanol-induced tumoricidal death and caused tumor cell survival via decreased ROS accumulation and increased mTOR/PPAR-α expression. 
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