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Background: Cervical cancer exerts considerable mortality in the world. The combinations of chemotherapy with cis-platinum were the first-line treatment in late-stage cervical cancer but may cause severe adverse effects. Resveratrol (RES, 3,5,4′-trihydroxy-trans-stilbene) is a phytoalexin, and it showed anti-cancer effects but with low toxicity and side effects. Herein, we examined the anti-cancer effects of cis-platinum combined with RES in human cervical cancer cell lines.
Methods: The antiproliferative effect was examined by cell counting and short-term MTT assay. Cell apoptosis was detected. The cell cycle distribution was determined by flow cytometry. Intracellular reactive oxygen species and mitochondrial transmembrane potential change were observed and calculated by confocal microscopy. The Si-RNA interference of SIRT3 in cancer cells was performed. Protein expression was checked by Western blotting.
Results: RES inhibited the growth of SiHa cell lines, and it significantly enhanced the cis-platinum-induced cell apoptosis and cell cycle arresting in 48 h. The activation of the SIRT3 relative anti-oxidative pathway was proved to be the reason for the enhanced anti-cancer effects of cis-platinum and RES combination. Si-RNA interference of SIRT3 compromised the anti-cancer effect of cis-platinum and RES combination. Furthermore, the silencing of SIRT3 RNA inhibited the expression of the anti-oxidant enzyme (MnSOD, GPx, SOD-1, and CAT) and decreased the generation of H2O2 in the cis-platinum and RES combination group.
Conclusion: RES enhances the anti-cancer effects of cis-platinum on SiHa cells by activating the SIRT3 relative anti-oxidative pathway. RES may act as a potential synergistic agent and be useful in the treatment of cervical cancer.
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INTRODUCTION
Cervical cancer is the most common type of cancer in women globally, and it ranks second in the incidence of cancer in developing countries (Motoki et al., 2015; Schiffman, 2017). The treatment of advanced cervical cancer involves chemotherapy and/or radiotherapy. The adjuvant cis-platinum (cis-DDP)-based chemotherapy was the first-line treatment (Rosen et al., 2017; Aghili et al., 2018). However, the most currently available chemotherapeutic agents are commonly associated with adverse effects and may impact the life quality of the patients negatively (Mallmann and Mallmann, 2016).
Resveratrol (RES, 3,5,4′-trihydroxy-trans-stilbene) is a natural antioxidant polyphenol compound, and it was found in many eatable plant species (Salehi et al., 2018). In recent years, studies have proved the anti-cancer activity of RES in many tumors with few adverse effects (Ko et al., 2017). RES alone showed the ability to suppress the transcription and expression of HPV E6 and E7 genes and inhibited the progression of cervical cancer cell lines (Sun et al., 2021). Although RES was proved to inhibit the growth of cervical cancer cells (Kim et al., 2012), RES’s anti-cancer effects through its anti-oxidative nature were understudied, especially when RES was combined with cis-DDP.
The antioxidant activities of RES were related to the activation of sirtuin (SIRT) proteins (Bagul et al., 2018). SIRT-3 was proved to regulate the activity of mitochondrial antioxidant enzymes and the high oxidation state in tumor cells (Torrens-Mas et al., 2017). It is not fully understood whether the SIRT-3 relative anti-oxidative pathway may play a role in the anti-cancer effect of RES and cis-DDP combination. Herein, the anti-cancer effects of RES and cis-DDP combination were examined against the SiHa cell line, and an attempt was made to study the SIRT-3-related mechanism.
METHODS
Cell Culture and Small Interfering RNA Transfection
SiHa Cervical cancer cell lines were processed from American Type Culture Collection (Manassas, VA, United States). The cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS) (Thermo Fisher Scientific, Inc. Waltham, MA, United States), 2 mM glutamine, and antibiotics (100 μg/ml streptomycin and100 Uml penicillin). The cells were maintained in a CO2 incubator at 37°C with 98% humidity and 5% CO2. For the SIRT3 RNA silencing, nonspecific control siRNA or SIRT3 siRNA was transfected using the siLentFect Lipid Reagent (Bio-Rad, Hercules, CA, United States), according to the manufacturer’s instructions. The transfection was confirmed with RT-PCR and Western blotting.
Cell Viability and MTT Assays
The viability of the SiHa cervical cancer cell lines was examined by cell counting assay with Trypan blue staining. The inverted microscope was used for observing the growth and morphological changes of cells in each group. The expression of proliferating cell nuclear antigens (PCNA) was labeled by the monoclonal anti-PCNA antibody PC10 and detected by the immunohistochemistry method (Lu et al., 2019). MTT assays were performed to assess the growth inhibition of treatments and calculate the optimum concentration for the agents. In brief, 6×105 cells were seeded in 96-well plates and incubated for 48 h at 37°C and 5% CO2. Various concentrations of RES and/or cis-DDP were added to each well at 24 h. Before the end of each incubation period, 10 μL of the MTT labeling reagent was added (final concentration 0.5 mg/ml) to each well and allowed for incubation for 4 h. The absorbance was measured at 570 nm calibration by using a microplate (ELISA) reader, and an inhibition curve was made to calculate the cell inhibition rate. Calculation of the drug interaction index (CDI) was made, and a synergistic effect was defined when CDI<1.
AO/PI Staining for Apoptosis and Cell Cycle Analysis
For AO/PI staining (Mishra et al., 2019), the cervical cancer SiHa cells (0.6 × 106) were grown in 96-well plates. After treatments, the cells were sloughed off, 25 μL of cell culture was put onto glass slides and subjected to staining with 1 μL of AO and PI. The slides were examined with a fluorescent microscope. For cell cycle analysis, the SiHa cells were incubated with varying concentrations of Res medium and/or cis-DDP (1, 5, 10, 15, 20 μmol/L or μg/ml) for 24 h. The cells were then washed with phosphate-buffered saline (PBS) and stained with propidium iodide (PI). The distribution of the cells in the cell cycle phases was assessed by using the FACS flow cytometer.
Reactive Oxygen Species (ROS) and Mitochondrial Membrane Potential (ΔΨm) Detection
Intracellular ROS were detected by using the H2DCF-DA fluorescent probe with a fluorescence microscope; the laser wavelength range was 460–490 nm. The fluorescence reading was processed and analyzed; the ROS expression was calculated as fluorescence density*103/mg protein. ΔΨm was detected with the Mitochondrial Membrane Potential Assay Kit (JC-1) (Genmed, Shanghai, China). Briefly, 100 μL of JC-1 dye was added to the frozen slide at 37°C for 20 min in darkness. The excess dye was washed away with JC-1 staining buffer and then rinsed three times with PBS. Observations were made immediately with a confocal microscope. For each slide, four different fields were randomly selected, and the average intensity of red and green fluorescence was recorded (in live cells, the mitochondria appear red with absorption/emission maxima of 585/590 nm, and in apoptotic and dead cells, they were green with absorption/emission maxima of 510/530 nm). A detailed protocol is available (Zhou et al., 2014).
Spectrophotography
The enzyme activities and H2O2 content were detected with commercially available kits (JianCheng Bioengineering Institute, Nanjing, China). Spectrophotography was used to calculate the enzyme activity (MnSOD, SOD-1, CAT, and GPx) and the H2O2 content. The detailed protocol is available elsewhere (Kumar et al., 2020).
Western Blotting
The SiHa cells were first washed with cold PBS and suspended in lysis buffer at 4 °C and then transferred to 95 °C. The protein content of each cell extract was then checked by the Bradford assay. For each sample, 40 μg of protein were loaded and separated by SDS-PAGE before being shifted to the polyvinylidene fluoride membrane. The membranes were treated with Tris-buffered saline (TBS) and exposed to primary antibodies at 4 °C. Then, the membranes were washed with TBST buffer three times and were incubated with the corresponding horseradish peroxidase-conjugated secondary antibody and goat anti-rabbit IgG (1:500 dilution) for 1 h at room temperature and developed using the ECL substrate. Mouse monoclonal anti-GAPDH (1:3,000 dilution) was used as loading controls.
Statistics
Data were shown as mean ± standard deviation. Statistical analysis was performed using Student’s t-test with SPSS 19.0 software. p values < 0.05 were taken as indicative of a significant difference.
RESULTS
Combination of RES and Cis-DDP Enhanced Apoptosis in SiHa Cells and Inhibited Cell Proliferation and Caused S Cell Cycle Arresting
There were four different group settings in this study: vehicle control, cis-DDP, RES, and RES + cis-DDP. Each group was tested with various concentrations, and optimum conditions were chosen. The MTT assays were performed to calculate the CDI of each group, as shown in Supplementary Table S1; the CDIs of RES + cis-DDP combinations were all less than one in all groups, and it suggested a synergistic effect between RES and cis-DDP. The optimum concentration for this study was chosen as 5uM of RES and 5ug/ml of cis-DDP treatment for 48 h when the CDI is the lowest among all groups. The cell morphological changes were observed with an inverted microscope during the study (Supplementary Figure S1), and the RES + cis-DDP group showed more irregular-shaped cells with poor refraction and more apoptotic bodies compared with other groups, suggesting that the RES + cis-DDP combination compromised the morphology of the SiHa cells.
To investigate the mechanism of the morphological changes, the proliferating cell nuclear antigens (PCNA) were detected, and cell apoptosis was evaluated. As is shown in Figures 1A, B, the expression of proliferating cell nuclear antigens (PCNA) was detected in all groups. The PCNA expression was significantly lower in the RES + cis-DDP group than that in other single treatment groups (p < 0.05), indicating that RES + cis-DDP inhibited cell proliferation considerably. FACS apoptosis assays were performed to detect the apoptosis rate in different groups, and the RES + cis-DDP group showed the highest apoptosis rate among all groups (Supplementary Table S2). The treatments also altered the expression of the PARP and cleaved caspases 3 and 9 expressions in SiHa cancer cells, and RES + cis-DDP caused a considerable increase in the expression of PARP and cleaved caspases 3 and 9 among all groups (Figure1Cfig1).
[image: Figure 1]FIGURE 1 | RES + cis-DDP enhanced apoptosis in SiHa cells by inhibition of cell proliferation and S cell cycle arresting. (A) Images of proliferating cell nuclear antigens (PCNAs) in SiHa cells by the IHC method. I, II, III, and IV represent vehicle control, cis-DDP, RES, and RES + cis-DDP, respectively. PCNAs were dark red spots in the nucleus. (B) Expression of PCNA by the IHC method was recorded as optical density, and it showed RES + cis-DDP significantly reduced the PCNA expression compared with other groups (*p < 0.05). (C) Expression of PARP and cleaved caspases 3 and 9 in each group was evaluated by Western blotting, and RES + cis-DDP caused a considerable increase in the expression of PARP and cleaved caspases 3 and 9 among all groups. (D) Impact of the treatments on the distribution of SiHa cells in cell cycle phases was assessed by FACS. RES + cis-DDP increased the percentage of the SiHa cells in the S phase of the cell cycle.
The impact of RES treatments on the distribution of SiHa cells in various cell cycle phases was assessed by FACS. It was found that RES + cis-DDP caused a remarkable increase in the percentage of the SiHa cells in the S phase of the cell cycle. The percentage of SiHa cells in the S phase increased from 38.01% in the cis-DDP-alone group to 66.37% upon treatment with RES + cis-DDP (Figure 1D; Supplementary Table S3; Supplementary Figure S2). These results indicated that RES + cis-DDP induced S cell cycle arrest of the SiHa cervical cancer cells.
RES + Cis-DDP Combination Decreased the ROS Expression and Enhanced Mitochondrial Transmembrane Potential (ΔΨm) in SiHa Cells
Intracellular ROS were detected by the H2DCF-DA fluorescent probe with a fluorescence microscope at wavelength 460–490 nm. The optical density in each group was calculated by spectrophotography to quantify the ROS expression, and it showed that RES + cis-DDP had the lowest ROS expression among all groups (p < 0.01, Figures 2A, B)
[image: Figure 2]FIGURE 2 | Res + cis-DPP decreased the ROS content and enhanced mitochondrial transmembrane potential (ΔΨm) in SiHa cells. (A) Intracellular ROS were detected by H2DCF-DA fluorescent probe (green) with a fluorescence microscope, and the laser output wavelength range was 460–490 nm with 100 mW/cm2 power density. Images I, II, III, and IV represent vehicle control, cis-DDP, RES, and RES + cis-DDP, respectively. (B) Intracellular DCF fluorescence (an indicator of ROS formation) was recorded as the optical density, and it showed that RES + cis-DDP had the lowest ROS expression among all groups (*p < 0.01). (C) Images of the mitochondrial membrane potential assay (JC-1 method). Images I, II, III, and IV represent vehicle control, cis-DDP, RES, and RES + cis-DDP, respectively. In cells with high ΔΨm; the JC-1 was accumulated and appeared red color under a fluorescence microscope (image c-I). In cells with low ΔΨm, the less concentrated JC-1 showed green color (images c II and IV). (D) JC-1 fluorescence was recorded and converted into relative fluorescence units (RFU), and it showed that RES and/or cis-DDP significantly reduced ΔΨm compared with the control group; the RES + cis-DDP group had the lowest ΔΨm among all groups (p < 0.01)
As is shown in Figure 2C, the SiHa cells in the control group were mostly live cells and appeared red (Figure 2 c-I); in cis-DDP and RES + cis-DDP groups, the majority of cells were apoptotic or dead, so the color was green (Figure 2 c-II, IV). ΔΨm of SiHa cells in different groups was detected with mitochondrial membrane potential assay. It showed that RES and/or cis-DDP significantly reduced ΔΨm compared with the control group, and the RES + cis-DDP group had the lowest ΔΨm among all groups (p < 0.01, Figure 2D)
RES + Cis-DDP Combination Enhanced the Expression of SIRT3, and Silencing of the SIRT3 Gene Compromised RES + cis-DDP–Induced SiHa Inhibition
To study whether the SIRT-3 relative anti-oxidative pathway plays a role in the anti-cancer effect of RES and cis-DDP combination, SIRT-3 expression in each group was tested with Western blotting. The RES + cis-DDP group had the highest SIRT-3 expression among all groups (Figure 3A). SIRT3 RNA silencing significantly compromised the SiHa growth inhibition rate only in the RES + cis-DDP group (p < 0.01, Figure 3B; Supplementary Table S4).
[image: Figure 3]FIGURE 3 | Res combined with cis-DPP enhanced the expression of SIRT3; silencing of SIRT3 compromised Res + cis-DPP–induced SiHa inhibition. (A) Western blotting of the SIRT3 expression in each group showed that RES + cis-DPP significantly enhanced the SIRT3 expression compared with other groups (p < 0.05). (B) Normalized growth rate inhibition of the RES alone, cis-DDP alone, and RES + cis-DDP groups, with or without silencing of SIRT3. It showed that SIRT3 RNA silencing significantly compromised the SiHa growth inhibition rate only in the RES + cis-DDP group (p < 0.01).
RES + cis-DDP Combination Enhanced the Expression and Activation of Antioxidant Enzymes and Increased the Intracellular H2O2, and Silencing of SIRT3 Gene Decreased the MnSOD Expression and Intracellular H2O2 in the RES + Cis-DDP Group
The expression of antioxidant enzymes (MnSOD, SOD-1, CAT, and GPx) in each group was tested by Western blotting (Figure 4A). RES + cis-DDP significantly enhanced the expression of these enzymes compared with RES or cis-DDP alone (p < 0.05). SIRT3 interference significantly decreased the MnSOD expression in the RES + cis-DDP group (p < 0.01). The enzyme activities were detected with commercially available kits. As shown in Figure 4B, compared with control, all treatments (cis-DDP alone, RES alone, and RES + cis-DDP) enhanced the activities of antioxidant enzymes (MnSOD, SOD-1, CAT, and GPx). Enzyme activities of MnSOD in the cis-DDP alone group and the RES + cis-DDP group significantly decreased after SIRT3 interference (p < 0.05, Figure 4B). RES + cis-DDP greatly enhanced the intracellular H2O2, and the enhancement of H2O2 can be blocked by SIRT3 interference (p < 0.01, Figure 4C). No obvious change of H2O2 was found in the cis-DDP alone and RES alone groups before or after SIRT3 interference.
[image: Figure 4]FIGURE 4 | RES + cis-DDP combination enhanced the expression and activation of antioxidant enzymes and increased the intracellular H2O2; silencing of the SIRT3 gene decreased the MnSOD expression and intracellular H2O2 in the RES + cis-DDP group. (A) Expression of antioxidant enzymes (MnSOD, SOD-1, CAT, and GPx) in each group was evaluated by Western blotting. RES + cis-DDP enhanced the expressions of MnSOD, SOD-1, CAT, and GPx compared with other groups (p < 0.05), and SIRT3 interference significantly decreased the MnSOD expressions in the RES + cis-DDP group (p < 0.01); SOD-1, CAT, and GPx was less impacted by SIRT3 silence. (B) Antioxidant enzyme activities were evaluated in each group, and silencing of SIRT3 was performed in the cis-DDP alone group and the RES + cis-DDP group. (C) H2O2 content in each group was evaluated, and silencing of SIRT3 was performed in the cis-DDP alone group and the RES + cis-DDP group.
DISCUSSION
Cervical cancer is one of the most common types of cancer in women, and it ranks second in the incidence of all cancers globally (Motoki et al., 2015; Schiffman, 2017). The frequency of cervical cancer differs across the world, with more than 85% of deaths occurring in underdeveloped countries (Zhang et al., 2021). The cis-DDP-based chemotherapies were the first-line treatment for late-stage cervical cancer (Gadducci and Cosio, 2020). Considering the limited clinical outcomes in advanced-stage patients and the side effects of chemotherapies (Sharma et al., 2020), the identification of novel and safer anti-cancer molecules that may act as synergistic agents is required in the treatment of cervical cancer.
RES is a natural polyphenol, and it has been confirmed to have a broad range of biological activities, including anti-cancer effects in many tumors (Jiang et al., 2017; Mukherjee et al., 2017). Recently, RES was found to be able to suppress the transcription and expression of HPV E6 and E7 genes in HeLa cells and inhibit the progression of cervical cancer (Kim et al., 2012; Sun et al., 2021). RES was reported to interrupt the G1/S phase transition in MCF-7, HeLa, and ca Ski cells and induce the G1/S arrest in human prostate cancer cell lines (Wang et al., 2010; Medina-Aguilar et al., 2016; Sun et al., 2021). In the present study, it was found that RES inhibited the growth of the SiHa cell lines, and when RES was combined with cis-DDP (RES + cis-DDP), it could significantly enhance cell apoptosis and increase the proportion of G1 phase cells and decrease the proportion of the S phase in cells. These data suggest that RES promotes the G1/S arrest in SiHa cells. The induction of G1/S arrest can be a possible mechanism through which RES inhibits the development of cervical cancer. These results were consistent with those of previous studies (Sun et al., 2021). To the best of our knowledge, this is the first study to test the anti-cancer effect of RES + cis-DDP in SiHa cervical cell lines.
SIRT-3 is a protein deacetylase localized in the mitochondria and regulates mitochondrial function (Ansari et al., 2017). Studies had shown that SIRT3 can be directly activated by RES, and the activated SIRT3 may play a role in the RES biological functionality (McDonnell et al., 2015; Bagul et al., 2018). In our study, SIRT3 silencing significantly compromised the growth inhibition in the RES + cis-DDP group, and it suggested that the anti-cancer effect of RES + cis-DDP was SIRT3-dependent. It was known that SIRT-3 regulated the key enzyme activities for acetylation and reactive oxygen species (ROS) detoxification (Ilari et al., 2020). Since ROS is one of the important factors to impact the occurrence and development of tumors (Tudek et al., 2010; McDonnell et al., 2015), we presumed that RES + cis-DDP inhibits the growth of SiHa cells by regulating the ROS expression through the SIRT3-dependent pathway. Indeed, it was found in our study that the RES + cis-DDP combination significantly enhanced the expression of SIRT3 and decreased the ROS content compared with other groups.
MnSOD is an antioxidant enzyme that catalyzed the dismutation of superoxide to H2O2 in the mitochondria, and the expression of MnSOD is particularly important in the cellular redox reaction. In our study, the RES + cis-DDP combination significantly enhanced the expression and enzyme activity of MnSOD and increased the H2O2 content, while other antioxidant enzymes such as CAT and GPx did not show such statistical significance. By SIRT3 silencing, the MnSOD expression and enzyme activity along with H2O2 content were all significantly reduced in the RES + cis-DDP group. MnSOD was found to be able to convert superoxide radicals into H2O2 and molecular oxygen (Candas and Li, 2014; Fan et al., 2019); the elevated MnSOD activity and expression could be a reason for decreased ROS and elevated H2O2 in the RES + cis-DDP groups. Our data suggested that RES may directly activate SIRT3 to regulate MnSOD, increase the content of H2O2, promote cell apoptosis, and increase the efficacy of cis-DDP.
CONCLUSION
Our data showed that the synergistic effect of RES and cis-DDP was SIRT3-dependent and related to MnSOD activation and increased the H2O2 content. Our study suggested that RES may act as a potential synergistic agent to enhance the anti-cancer effect of cis-DDP in the treatment of cervical cancer.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material; further inquiries can be directed to the corresponding author.
AUTHOR CONTRIBUTIONS
BJ, QT, and SZ designed the research. QT, BJ, and CS interpreted the data and wrote the manuscript. QT, CS, MX, and JZ performed the experiment.
FUNDING
This work was supported by the National Natural Science Foundation of China (32100162), the Natural Science Foundation of Hunan Province, China (2021JJ40958 and 2022JJ70092),Changsha Municipal Natural Science Foundation (kq2202425), the Innovation Platform and Talent Program of Hunan Province, China (2021SK4021), and the Rui Xin project of Hunan Provincial Maternal and Child Health Care Hospital (2021RX08 and 2021RX10).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2022.916876/full#supplementary-material
REFERENCES
 Aghili, M., Andalib, B., Karimi Moghaddam, Z., Maddah Safaie, A., Amoozgar Hashemi, F., and Mousavi Darzikolaie, N. (2018). Concurrent Chemo- Radiobrachytherapy with Cisplatin and Medium Dose Rate Intra- Cavitary Brachytherapy for Locally Advanced Uterine Cervical Cancer. Asian Pac J. Cancer Prev. 19, 2745–2750. doi:10.22034/APJCP.2018.19.10.2745
 Ansari, A., Rahman, M. S., Saha, S. K., Saikot, F. K., Deep, A., and Kim, K. H. (2017). Function of the SIRT3 Mitochondrial Deacetylase in Cellular Physiology, Cancer, and Neurodegenerative Disease. Aging Cell 16, 4–16. doi:10.1111/acel.12538
 Bagul, P. K., Katare, P. B., Bugga, P., Dinda, A. K., and Banerjee, S. K. (2018). SIRT-3 Modulation by Resveratrol Improves Mitochondrial Oxidative Phosphorylation in Diabetic Heart through Deacetylation of TFAM. Cells 7, 0235. doi:10.3390/cells7120235
 Candas, D., and Li, J. J. (2014). MnSOD in Oxidative Stress Response-Potential Regulation via Mitochondrial Protein Influx. Antioxid. Redox Signal 20, 1599–1617. doi:10.1089/ars.2013.5305
 Fan, J. J., Hsu, W. H., Hung, H. H., Zhang, W. J., Lee, Y. A., Chen, K. C., et al. (2019). Reduction in MnSOD Promotes the Migration and Invasion of Squamous Carcinoma Cells. Int. J. Oncol. 54, 1639–1650. doi:10.3892/ijo.2019.4750
 Gadducci, A., and Cosio, S. (2020). Neoadjuvant Chemotherapy in Locally Advanced Cervical Cancer: Review of the Literature and Perspectives of Clinical Research. Anticancer Res. 40, 4819–4828. doi:10.21873/anticanres.14485
 Ilari, S., Giancotti, L. A., Lauro, F., Dagostino, C., Gliozzi, M., Malafoglia, V., et al. (2020). Antioxidant Modulation of Sirtuin 3 during Acute Inflammatory Pain: The ROS Control. Pharmacol. Res. 157, 104851. doi:10.1016/j.phrs.2020.104851
 Jiang, Z., Chen, K., Cheng, L., Yan, B., Qian, W., Cao, J., et al. (2017). Resveratrol and Cancer Treatment: Updates. Ann. N. Y. Acad. Sci. 1403, 59–69. doi:10.1111/nyas.13466
 Kim, Y. S., Sull, J. W., and Sung, H. J. (2012). Suppressing Effect of Resveratrol on the Migration and Invasion of Human Metastatic Lung and Cervical Cancer Cells. Mol. Biol. Rep. 39, 8709–8716. doi:10.1007/s11033-012-1728-3
 Ko, J. H., Sethi, G., Um, J. Y., Shanmugam, M. K., Arfuso, F., Kumar, A. P., et al. (2017). The Role of Resveratrol in Cancer Therapy. Int. J. Mol. Sci. 18, 2589. doi:10.3390/ijms18122589
 Kumar, S., Li, G., Yang, J., Huang, X., Ji, Q., Zhou, K., et al. (2020). Investigation of an Antioxidative System for Salinity Tolerance in Oenanthe Javanica. Antioxidants (Basel) 9, 940. doi:10.3390/antiox9100940
 Lu, E. M., Ratnayake, J., and Rich, A. M. (2019). Assessment of Proliferating Cell Nuclear Antigen (PCNA) Expression at the Invading Front of Oral Squamous Cell Carcinoma. BMC Oral Health 19, 233. doi:10.1186/s12903-019-0928-9
 Mallmann, P., and Mallmann, C. (2016). Neoadjuvant and Adjuvant Chemotherapy of Cervical Cancer. Oncol. Res. Treat. 39, 522–524. doi:10.1159/000449023
 McDonnell, E., Peterson, B. S., Bomze, H. M., and Hirschey, M. D. (2015). SIRT3 Regulates Progression and Development of Diseases of Aging. Trends Endocrinol. Metab. 26, 486–492. doi:10.1016/j.tem.2015.06.001
 Medina-Aguilar, R., Marchat, L. A., Arechaga Ocampo, E., Gariglio, P., García Mena, J., Villegas Sepúlveda, N., et al. (2016). Resveratrol Inhibits Cell Cycle Progression by Targeting Aurora Kinase A and Polo-like Kinase 1 in Breast Cancer Cells. Oncol. Rep. 35, 3696–3704. doi:10.3892/or.2016.4728
 Mishra, S., Verma, S. S., Rai, V., Awasthee, N., Arya, J. S., Maiti, K. K., et al. (2019). Curcuma Raktakanda Induces Apoptosis and Suppresses Migration in Cancer Cells: Role of Reactive Oxygen Species. Biomolecules 9, 0159. doi:10.3390/biom9040159
 Motoki, Y., Mizushima, S., Taguri, M., Takahashi, K., Asano, R., Kato, H., et al. (2015). Increasing Trends in Cervical Cancer Mortality Among Young Japanese Women below the Age of 50 years: an Analysis Using the Kanagawa Population-Based Cancer Registry, 1975-2012. Cancer Epidemiol. 39, 700–706. doi:10.1016/j.canep.2015.08.001
 Mukherjee, S., Debata, P. R., Hussaini, R., Chatterjee, K., Baidoo, J. N. E., Sampat, S., et al. (2017). Unique Synergistic Formulation of Curcumin, Epicatechin Gallate and Resveratrol, Tricurin, Suppresses HPV E6, Eliminates HPV+ Cancer Cells, and Inhibits Tumor Progression. Oncotarget 8, 60904–60916. doi:10.18632/oncotarget.16648
 Rosen, V. M., Guerra, I., McCormack, M., Nogueira-Rodrigues, A., Sasse, A., Munk, V. C., et al. (2017). Systematic Review and Network Meta-Analysis of Bevacizumab Plus First-Line Topotecan-Paclitaxel or Cisplatin-Paclitaxel versus Non-bevacizumab-containing Therapies in Persistent, Recurrent, or Metastatic Cervical Cancer. Int. J. Gynecol. Cancer 27, 1237–1246. doi:10.1097/IGC.0000000000001000
 Salehi, B., Mishra, A. P., Nigam, M., Sener, B., Kilic, M., Sharifi-Rad, M., et al. (2018). Resveratrol: A Double-Edged Sword in Health Benefits. Biomedicines 6, 91. doi:10.3390/biomedicines6030091
 Schiffman, M. (2017). Cervical Cancer Screening: Epidemiology as the Necessary but Not Sufficient Basis of Public Health Practice. Prev. Med. 98, 3–4. doi:10.1016/j.ypmed.2016.12.028
 Sharma, S., Deep, A., and Sharma, A. K. (2020). Current Treatment for Cervical Cancer: An Update. Anticancer Agents Med. Chem. 20, 1768–1779. doi:10.2174/1871520620666200224093301
 Sun, X., Fu, P., Xie, L., Chai, S., Xu, Q., Zeng, L., et al. (2021). Resveratrol Inhibits the Progression of Cervical Cancer by Suppressing the Transcription and Expression of HPV E6 and E7 Genes. Int. J. Mol. Med. 47, 335–345. doi:10.3892/ijmm.2020.4789
 Torrens-Mas, M., Oliver, J., Roca, P., and Sastre-Serra, J. (2017). SIRT3: Oncogene and Tumor Suppressor in Cancer. Cancers (Basel) 9, 90. doi:10.3390/cancers9070090
 Tudek, B., Winczura, A., Janik, J., Siomek, A., Foksinski, M., and Oliński, R. (2010). Involvement of Oxidatively Damaged DNA and Repair in Cancer Development and Aging. Am. J. Transl. Res. 2, 254–284.
 Wang, T. T., Schoene, N. W., Kim, Y. S., Mizuno, C. S., and Rimando, A. M. (2010). Differential Effects of Resveratrol and its Naturally Occurring Methylether Analogs on Cell Cycle and Apoptosis in Human Androgen-Responsive LNCaP Cancer Cells. Mol. Nutr. Food Res. 54, 335–344. doi:10.1002/mnfr.200900143
 Zhang, X., Zeng, Q., Cai, W., and Ruan, W. (2021). Trends of Cervical Cancer at Global, Regional, and National Level: Data from the Global Burden of Disease Study 2019. BMC Public Health 21, 894. doi:10.1186/s12889-021-10907-5
 Zhou, X., Chen, M., Zeng, X., Yang, J., Deng, H., Yi, L., et al. (2014). Resveratrol Regulates Mitochondrial Reactive Oxygen Species Homeostasis through Sirt3 Signaling Pathway in Human Vascular Endothelial Cells. Cell Death Dis. 5, e1576. doi:10.1038/cddis.2014.530
Conflict of Interest: The 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 © 2022 Jiang, Tian, Shu, Zhao, Xue and Zhu. 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.
OPS/images/fphar-13-916876-g003.gif
e —...-—' o

G o
* v sina






OPS/images/fphar-13-916876-g004.gif
-
001w s s SN ! o
T ————— .

——






OPS/xhtml/nav.xhtml
Contents

		Cover

		Resveratrol Enhances the Anti-Cancer Effects of Cis-Platinum on Human Cervical Cancer Cell Lines by Activating the SIRT3 Relative Anti-Oxidative Pathway		Introduction

		Methods		Cell Culture and Small Interfering RNA Transfection

		Cell Viability and MTT Assays

		AO/PI Staining for Apoptosis and Cell Cycle Analysis

		Reactive Oxygen Species (ROS) and Mitochondrial Membrane Potential (ΔΨm) Detection

		Spectrophotography

		Western Blotting

		Statistics





		Results		Combination of RES and Cis-DDP Enhanced Apoptosis in SiHa Cells and Inhibited Cell Proliferation and Caused S Cell Cycle Arresting

		RES + Cis-DDP Combination Decreased the ROS Expression and Enhanced Mitochondrial Transmembrane Potential (ΔΨm) in SiHa Cells

		RES + Cis-DDP Combination Enhanced the Expression of SIRT3, and Silencing of the SIRT3 Gene Compromised RES + cis-DDP–Induced SiHa Inhibition

		RES + cis-DDP Combination Enhanced the Expression and Activation of Antioxidant Enzymes and Increased the Intracellular H2O2, and Silencing of SIRT3 Gene Decreased the MnSOD Expression and Intracellular H2O2 in the RES + Cis-DDP Group





		Discussion

		Conclusion

		Data Availability Statement

		Author Contributions

		Funding

		Publisher’s Note

		Supplementary Material

		References









OPS/images/cover.jpg
, frontiers | Frontiers in Pharmacology

Resveratrol Enhances the Anti-
Cancer Effects of Cis-Platinum
on Human Cervical Cancer Cell
Lines by Activating the SIRT3
Relative Anti-Oxidative Pathway





OPS/images/fphar-13-916876-g001.gif





OPS/images/fphar-13-916876-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





