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EGCG Enhanced the Anti-tumor Effect of Doxorubicine in Bladder Cancer via NF-κB/MDM2/p53 Pathway
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Doxorubicin (DOX), the first-line chemotherapy for bladder cancer, usually induces side effects. We previously demonstrated that green tea polyphenol EGCG had potent anti-tumor effect in bladder cancer via down regulation of NF-κB. This study aimed to investigate the additive/synergistic effect EGCG and DOX against bladder cancer. Our results demonstrated that the combined use of DOX and EGCG inhibited T24 and SW780 cell proliferation. EGCG enhanced the apoptosis induction effect of DOX in both SW780 and T24 cells and resulted in significant differences. Besides, EGCG promoted the inhibitory effect of DOX against bladder cancer cell migration. In addition, the in vivo results demonstrated that DOX in combination with EGCG showed the most potent anti-tumor effects among DOX, EGCG and DOX+EGCG treatment groups. Further mechanistic studies determined that the combination of DOX and EGCG inhibited phosphorylated NF-κB and MDM2 expression, and up-regulated p53 expression in tumor, as assessed by western blot and immunohistochemistry. Western blot in SW780 cells also confirmed that the combined use of EGCG and DOX caused significant increase in p53, p21, and cleaved-PARP expression, and induced significant inhibition in phosphorylated NF-κB and MDM2. When NF-κB was inhibited, the expression of p53 and p-MDM2 were changed, and the combination of DOX and EGCG showed no obvious effect in transwell migration and cell viability. In conclusion, the novel application of chemotherapy DOX and EGCG demonstrated potent anti-tumor, anti-migration and anti-proliferation effects against bladder cancer. EGCG enhanced the anti-tumor effect of DOX in bladder cancer via NF-κB/MDM2/p53 pathway, suggesting the potential clinical application against bladder cancer patients.
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INTRODUCTION

Despite significant advances in cancer research, cancer remains a worldwide health problem, with an estimated 9.6 million deaths in 2018. Bladder cancer ranks 9th of incidence and caused about 430,000 new cases annually worldwide (Antoni et al., 2017). It is estimated that ~549,939 persons are diagnosed with bladder cancer worldwide each year (Stewart and Wild, 2014). Therefore, novel therapeutic strategies and more effective combinations for bladder cancer treatment are still needed.

Doxorubicin (DOX), a first-line chemotherapy for bladder cancer, inhibits cell proliferation by directly interfering with DNA synthesis and transcription, with a broad anti-tumor spectrum (Chen et al., 2018). It is reported that DOX could regulate the expression of p53 to exert its antitumor effect. Lu et al. found that DOX increased p53 expression in A549 cells, and thereby promoted cell apoptosis and necrosis (Lu et al., 2014). Doxorubicin was demonstrated to be effective in induction of apoptosis in prostate cancer, by activating p53-mediated pathway to exert their anti-cancer effects by causing DNA damage and initiating cell cycle arrest in cancer cells (Yang et al., 2016). Though DOX was widely used in the treatment of bladder and other cancers, the drug could cause immune function declines and induce severe cardiac toxicity with long-term application (Renu et al., 2018). Therefore, it is of great importance to find combined treatment plans with synergistic antitumor efficacy or reducing the side effects of doxorubicin.

Epigallocatechin-3-gallate (EGCG), the most bioactive polyphenol from Camellia sinensis, has been demonstrated to have various biological activities, including anti-oxidation, anti-cancer and others (Gan et al., 2018). EGCG was found to be effective in improving liver and pancreatic β-cell functions in iron-overloaded β-thalassemia mice by diminishing redox iron and free radicals (Koonyosying et al., 2018). Besides, numerious literatures also reported the anti-cancer effect of EGCG. It was demonstrated that tea polyphenol EGCG was effective in decreasing the risk of several cancer types, including stomach, prostate, and lung cancers (Lin and Liang, 2000). Treatment with EGCG resulted in significant down-regulation of tumor burden in breast, bladder, and prostate cancers (Yang et al., 2009). EGCG was also clarified to be effective in inhibiting metastasis or angiogenesis, or promoting apoptosis in leukemia, breast, prostate cancer cells (Gan et al., 2018). We previously found that treatment with green tea aqueous extract resulted in obviously inhibition of 4T1 breast tumor by induction of apoptosis, and EGCG was shown to be the most abundant ingredient in green tea (Luo et al., 2014). We also demonstrated that EGCG suppressed the bladder cancer SW780 tumor growth by down regulation of NF-κB (Luo et al., 2017). Recently, varieties of studies investigated the effects of EGCG in combination with chemotherapies as adjuvant agent. Wang et al. found that EGCG enhanced cisplatin sensitivity and increased the drug accumulation of cisplatin in ovary cancer by regulating expression of the copper and cisplatin influx transporter CTR1 (Wang et al., 2015); Chen et al. determined that EGCG synergistically enhanced DOX anticancer effects involving autophagy inhibition in hepatocellular carcinoma as a chemotherapeutic augmenter (Chen et al., 2014). EGCG is naturally derived and can be used as a preventive or sensitizer in the prevention and treatment of cancer, and could inhibit bladder cancer proliferation and migration by down regulation of NF-κB. DOX is a first-line chemotherapy drug for bladder cancer, but usually induces side effects. This study aims to investigate the synergistic/additive anti-tumor effect of DOX and EGCG in bladder cancer and determine the underlying mechanisms, when DOX in a much lower dose than clinic use.

During the process of cancer propagation, Murine double minute-2 (MDM2) plays an important role, which serves as a negative regulator of p53 and thereby limits cell cycle arrest and apoptosis (Zhao et al., 2018). It is reported that MDM2 can bind to p53 and block the p53 signaling pathway, and could also promote the degradation of p53; when p53 is activated, in turn, it also inhibits the transcriptional expression of MDM2 (Thomasova et al., 2012). Besides, NF-κB can promote the expression of oncogene MDM2, which in turn inhibits the activation of p53 (Zhuang et al., 2014). We previously found that EGCG was effective in down-regulated the expression of NF-κB and inhibited bladder tumor growth (Luo et al., 2017); while DOX could regulate the expression of p53 to exert its antitumor effect. Thus, we hypothesize that tea polyphenol EGCG could work synergistically with DOX in inhibiting bladder cancer cells proliferation and migration via NF-κB/MDM2/p53 pathway.

The present study aimed to investigate the combined use of DOX and EGCG against tumor growth, proliferation, and migration in bladder cancer. We hypothesize that tea polyphenol EGCG can work synergistically with DOX in inhibiting bladder cancer cells proliferation and migration. Here, we assessed the apoptosis-induction and anti-migration abilities of the combination of DOX and EGCG in vitro, and then further evaluated the anti-tumor activities of DOX and EGCG in mice xenograft model. Besides, the protein expression of NF-κB, p53, and MDM2 were also evaluated both in vitro and in vivo after treatment. Immunohistochemistry and western blot were used to determine the underlying mechanism of anti-metastasis activities of DOX+EGCG.



MATERIALS AND METHODS


Cells and Reagents

Bladder cancer SW780 and T24 cells were cultured in DMEM medium containing 10% (v/v) fetal bovine serum and 1% penicillin-streptomycin (Life technology, United States) at 37°C in 5% CO2 humidified incubator. MTT and Doxrubicine (DOX) were obtained from Sigma, USA. Transwell plates were from Corning Incorporated, United States. Annexin V-FITC kit was purchased from BD Pharmingen, United States. NF-κB, NF-κB p65 (p-NF-κB), MDM2, Phospho-MDM2 (p-MDM2), p53, p21, Bcl-2, and PARP were purchased from Cell signaling technology, United States. Alanine transaminase (ALT), Creatine kinase (CK), and aspartate transaminase (AST) kits were obtained from Stanbio, United States. NF-κB inhibitor (SC75741) was purchased from Selleck, United States.



Cell Viability Assay

Cells (1 × 104/well) were seeded in 96-well plates (Corning, United States) and incubated with DOX (0, 0.05, 0.1, 0.2, 0.4, and 0.8 μM) and EGCG (0, 12.5, 25 μM) for 48 h. Following incubation, MTT (30 μl/well) was added and the plate was incubated for additional 4 h. Then, the absorbance of each sample was measured at 540 nm as a reference with the microplate reader (Thermo Multiskan GO, United States).



Annexin V Double Staining

SW780 cells were treated with EGCG (100 μM) and/or DOX (0.1 μM) for 24 h, and T24 cells were treated with EGCG (200 μM) and/or DOX (0.1 μM) for 24 h. Then, the cells were harvested and washed with cold PBS. After stained with Annexin V-FITC and PerCP for 15 min in dark at room temperature, the fluorescent signal was assessed by flow cytometry (FACSARIA II, Becton Dickinson). Positioning of quadrants on annexin-V plots was performed to distinguish living cells (FITC–/PerCP–), early apoptotic cells (FITC+/PerCP–), and late apoptotic or necrotic cells (FITC+/PerCP+).



Cell Migration Assays

The efficacy of EGCG and/or DOX against SW780 and T24 cell migration in vitro were assessed by scratch wound healing and transwell migration assays.

In scratch wound healing assay, cells (1 × 105/well) were seeded in 24-well plates. After incubated in FBS-free medium for 24 h, cells were scraped with crosses using yellow pipette tips, and then added with full medium (with 10% FBS) with EGCG and/or DOX. SW780 cells were treated with EGCG (12.5 μM) and/or DOX (0.1 μM) for 24 h, and T24 cells were treated with EGCG (25 μM) and/or DOX (0.1 μM) for 24 h. Then each well was photographed under a microscope (Olympus IX73). The percentages of open wound area were measured and calculated using the TScratch software.

During transwell migration assay, cells (2 × 104/well) were added into transwell upper chambers with 100 μl medium containing EGCG and DOX (with 1% FBS). And the concentration of EGCG and DOX were the same as the dose in scratch wound assay. Then 500 μl full DMEM medium (with 10% FBS) was added in the lower chamber. Cells were allowed to migrate from the upper layer through the chamber membrane to the lower well for 24 h incubation at 37°C. Later, cells were fixed with 100% methanol and stained with 0.1% crystal violet for 10 min. Stained membranes were photographed using microscope (Olympus IX73), and the migrated rates were assessed by manual counting of the cells in chamber membrane.



Nude Mice Tumor Model

BALB/c mice (female, 6–8 weeks) were purchased from Vital River Laboratory Animal Technology Co. Ltd, Beijing, and were kept under pathogen-free conditions in Guangdong Medical University. The animal experiments were carried out under the permission of the animal ethical and welfare committee. The sensitive cell line SW780 was chosen for animal study. Cells (3 × 106 in 0.2 ml PBS) were subcutaneously (s.c.) inoculated at the back of mice. After the tumor size reached to 80–100 mm3, the mice were randomly grouped (n = 7): control group (saline, i.p., injected everyday), EGCG group (50 mg/kg EGCG, i.p., injected everyday), DOX group (2 mg/kg DOX, i.p., injected once) and EGCG+DOX group (50 mg/kg EGCG, i.p., injected everyday, and 2 mg/kg DOX, i.p., injected once). Treatments were initiated after the tumor size reached 80–100 mm3, and lasted for 3 weeks. During treatment, the body weight and tumor volume of each mouse was measured twice a week. At day 28, mice were sacrificed, and the tumors were removed for quantification of tumor burden and immunohistochemisty staining. The tumors were also cut up and lysed for protein analysis. The effect of treatments on hemato-biochemical markers were assessed by measuring the activities of liver or heart related enzymes (ALT, AST, and CK) in the plasma using assay kits purchased from Stanbio Co. Ltd.



Western Blot Analysis

Tumors were cut into pieces, grinded, and lysed in lysis buffer. Cells treated with EGCG (100 μM) and/or DOX (0.1 μM) were also lysed in lysis buffer. After protein concentration measured, protein samples (20 μg) were electrophoresed in 10 % SDS-PAGE gel and transferred to PVDF membrane (Millipore, United States). After blocking with 10% non-fat milk, the membranes were washed with PBS-T, and then incubated with primary antibodies for 24 h at 4°C. After washing, the membrane was incubated with secondary antibodies for 1 h. Finally, visualization of protein bands was performed using the ECL substrate reagent kit (GE Healthcare) on a Gel Doc XR imaging system (Bio-RAD, United States).



Immunohistochemistry

Tumor tissues were fixed with 10% formalin solution for 7 days at room temperature. Then the samples were paraffin embedded, sectioned longitudinally at 3 μm. After the sections dewaxing in xylene, 100, 95, 80, and 70% ethanol and running water for 1 min, respectively, the sections were blocked with BSA solution for 20 min. Then the sections were probed with primary antibody at 4°C overnight. After washing, the sections were incubated with secondary antibody for 1 h at room temperature. The sections were washed 3 times with PBS for 5 min each time, and incubated with streptavidin-biotin peroxidase at room temperature for 30 min. Finally, the sections were colored with DAB for 5 min, stained with hematoxylin and mounted. The stained sections were examined and photographed using an Olympus IX73 microscope (Japan).



Statistical Analysis

All data were expressed as mean ± SD/SEM. Statistical analysis was performed using one way ANOVA, with p < 0.05 as regarded statistically significant.




RESULTS


Effect of the Combined Use of EGCG and DOX on Bladder Cancer SW780 and T24 Cell Viability

MTT assay was performed to assess the effect of EGCG in combination with DOX at different concentrations on cell viability of bladder cancer SW780 and T24 cells, and then the effective doses of DOX and EGCG would be chosen for further studies when the synergistic index (CI) was lower than 1. As shown in Figure 1, the combination of EGCG and DOX inhibited cell viability significantly. The inhibition rate of the combination of EGCG and DOX was higher than DOX alone at various concentrations. The combination of DOX and EGCG demonstrated additive or synergistic cytotoxic effects, especially at the doses of 0.1 μM DOX plus 25 μM EGCG in T24 cells, which produced an inhibition of 21.8% cell viability, while DOX and EGCG alone caused inhibition rates of 12.3 and 5.2 %, respectively. Besides, the combined use of DOX (0.1 μM) and EGCG (12.5 μM) on SW780 cells also demonstrated additive cytotoxic effects, which produced an inhibition of 22.1% cell viability, while DOX and EGCG alone caused inhibition rates of 12.1 and 8.6%, respectively. Since the combination of DOX (0.1 μM) and EGCG (12.5 μM, 25 μM) has the best additive/synergistic inhibition capacity of cell viability in SW780 and T24 cells, respectively, such dose of combination was selected in further studies.
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FIGURE 1. The effects of EGCG in combination of various doses of DOX on bladder cancer T24 (A) and SW780 (B) cell viability. Cells were incubated with EGCG (0, 12.5, and 25 μM) in the presence of various concentrations of EGCG (0, 0.05, 0.1, 0.2, 0.4, and 0.8 μM) after 48 h treatment. Data were expressed as mean ± SD (n = 3).




EGCG Enhanced the Apoptosis Induction Effect of DOX in SW780 and T24 Cells

Annexin-V FITC/Per CP staining showed that treatments of EGCG, DOX, and EGCG plus DOX, resulted in significant apoptosis induction efficacies in bladder cancer SW780 and T24 cells (Figure 2). The percentage of apoptotic cells upon treatment with 0.1 μM of DOX was found to be 12.52 and 9.95% in SW780 and T24 cells, while DOX plus EGCG caused an increasing of 42.94 and 33.69% of apoptotic cells in SW780 and T24 cells, respectively. Significant differences were shown between DOX+EGCG and EGCG groups, and DOX+EGCG and DOX groups, indicating EGCG enhanced the apoptosis induction effect of DOX in bladder cancer.
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FIGURE 2. EGCG enhanced the apoptosis induction effect of DOX in SW780 and T24 cells. (A) Flow cytometry images. (B) Quantitative analysis of the percentage of apoptotic cells of EGCG and/or DOX on bladder cancer T24 cells (B) and SW780 cells (C), after 24 h incubation. The percentage of total apoptotic cells was defined as the sum of early and late apoptotic cells. Data were presented as mean + SD (n = 3). **p < 0.01 and ***p < 0.001, as compared with untreated control. ###p < 0.001, as compared between groups indicated.




EGCG Promoted the Anti-migration Effect of DOX in SW780 and T24 Cells

To determine the efficacy of EGCG and/or DOX against cancer cell migration in vitro, the scratch wound healing and transwell migration assays were introduced. As shown in Figure 3A, treatment of EGCG at 25 μM resulted in no obvious effect in inhibition of T24 cell migration and invasion, and DOX (0.1 μM) alone induced significant decrease of T24 cell metastasis. The inhibition effect of DOX in cell migration and invasion was enlarged when in combination with EGCG, and significant differences were shown between DOX+EGCG and DOX (Figures 3C,D). Besides, similar results were also shown in SW780 cell migration and invasion when treated with EGCG, DOX and DOX+EGCG. In Figure 3F, no significant difference was shown in EGCG and DOX treatment alone in SW780 cell migration, and the combination of EGCG and DOX caused significant increase of open wound area, indicating that DOX+EGCG treatment demonstrated synergistic effect in SW780 cell migration. Furthermore, the combined use of EGCG and DOX showed better effect in SW780 cell invasion than individual treatment, the cell invasion was inhibited to 56.2%, and significantly differences were shown to individual treatments (Figure 3H).


[image: Figure 3]
FIGURE 3. EGCG promoted the anti-migration effects of DOX in T24 and SW780 cells. The efficacy of EGCG and/or DOX against bladder cancer cell migration in vitro were assessed by scratch wound healing and transwell migration assays. (A,E) Representative images of the wounded cell monolayers of T24 cells (A) and SW780 cells (E). (B,F) Quantitative analysis of the anti-migration activity of EGCG and/or DOX in T24 (B) and SW780 cells (F), as assessed by scratch wound healing assay. Data were expressed as the percentage of open wound area from baseline cultures without treatment. (C,G) Representative images of the stained migrated T24 (C) and SW780 cells (G) in filters in transwell migration assay. (D,H) Quantitative analysis of the transwell migration activity of EGCG and/or DOX in T24 cells (D) and SW780 cells (H). The migrated cells were quantified by manual counting and represented as a percentage of control values. Data were presented as mean + SD (n = 3). *p < 0.05, **p < 0.01, and ***p < 0.001, as compared with untreated control. #p < 0.05, ##p < 0.01, and ###p < 0.001, as compared between groups indicated.




EGCG Enhanced the Anti-tumor Effect of DOX in Nude Mice Tumor Model

To evaluate the activity of EGCG and/or DOX on tumor growth in vivo, a subcutaneous tumor model in nude mice was employed. No significant body weight loss was found in all treatment groups (Figure 4A). Besides, hemato-biochemical markers test showed that no obvious difference was shown on plasma activities of heart specific (CK) and liver related (AST and ALT) enzymes between untreated control and treatment groups (Figure 4B). As shown in Figure 4C, the tumor volume were decreased in EGCG and DOX individual treatment group, however no significant difference was shown. The combination of EGCG and DOX demonstrated significant inhibition of tumor volume from day 23, when compared with untreated control. In addition, tumor weights were decreased in all treatment groups, and significant difference was only shown in DOX+EGCG treatment group (by 76.8%) when compared with control (Figure 4D). These results clarified that EGCG enhanced the anti-tumor effect of DOX in bladder cancer, and the combination of DOX and EGCG showed the best anti-tumor effects among the treatment groups.


[image: Figure 4]
FIGURE 4. EGCG enhanced the anti-tumor effect of DOX in SW780 nude mice xenograft tumor model. (A) No significant body weight loss of mice was found during EGCG treatment period. (B) Evaluation of the hemato-biochemical markers (ALT, AST, and CK) of mice plasma after treated with EGCG and/or DOX. (C) Quantitative analysis of the tumor volume in each group during treatment. Tumor volume was assessed by caliper and calculated as the length * width * width * 0.5. The combination of DOX+EGCG demonstrated significant inhibition of tumor volume from day 23, when compared with untreated control. (D) Graph showed the tumor weight from different group. Data were expressed as mean +/ ± SEM, n = 7. *p < 0.05 and **p < 0.01, as compared with control.




The Combination of EGCG and DOX Inhibited NF-κB, p53, and MDM2 Expression in Tumor

In order to evaluate the protein expression of NF-κB, p53, and MDM2 in tumor, the western blot and immunohistochemistry were performed. As shown in Figure 5A, treatment of EGCG, DOX, and DOX+EGCG in nude mice resulted in obviously increase in p53, and inhibition of phosphorylated NF-κB and MDM2 in protein. Semi-quantitative analysis demonstrated that EGCG promoted the effect of DOX in increase of p53 expression and decrease of p-NF-κB and p-MDM2 expression, and the combination DOX+EGCG showed the best result among treatment groups. Significant differences were shown between DOX+EGCG and individual treatments. In addition, similar results were also shown in immunohistochemistry that p-NF-κB and p-MDM2 were down regulated, and p53 was up regulated in DOX+EGCG group, and significant differences were shown when compared with control (Figure 5B).


[image: Figure 5]
FIGURE 5. Effects of DOX and/or EGCG on protein expressions in tumor and in SW780 cells. (A) Representative images of protein expressions and statistical analysis of p53, NF-κB, p-NF-κB, MDM2, and p-MDM2 expressions in SW780 tumors after treatment. (B) Representative immunohistochemical images and statistical analysis of p53, p-NF-κB, and p-MDM2 expressions in SW780 tumors as assessed by immunohistochemistry. Data were expressed as mean + SD, n = 3. ***p < 0.001, as compared with control. ##p < 0.01 and ###p < 0.001, as compared between groups indicated. (C) Representative images of protein expressions and statistical analysis of p53, p21, NF-κB, p-NF-κB, MDM2, p-MDM2, Bcl-2, and PARP expressions in SW780 cells. Data were showed as mean + SD (n = 3). *p < 0.05, **p < 0.01, and ***p < 0.001, as compared with untreated control. #p < 0.05 and ###p < 0.001, as compared between groups indicated.




EGCG and DOX Regulated the Protein Expressions

In order to evaluate the expression of NF-κB, p53, MDM2, and other related proteins in bladder cancer SW780 cells, the western blot was performed. As shown in Figure 5C, EGCG treatment induced no obvious effect in p53 and p21 expression, while the combined use of EGCG and DOX caused significant increase in p53 and p21 expression, and significant differences were shown to EGCG and DOX individual treatments. There was no obvious change shown in NF-κB and MDM2 expression among treatment groups, however the activated phosphorylated NF-κB and phosphorylated MDM2 was down-regulated significantly in EGCG and DOX individual groups, and the combination group of DOX+EGCG enlarged the inhibition and showed the best result among three treatment groups. Besides, EGCG, DOX and DOX+EGCG treatment resulted in significant decreasing in Bcl-2 expression, and significant increase of cleaved-PARP, indicating the activation of apoptosis.



The Combination of EGCG and DOX Showed no Obvious Effect on Transwell Migration and Cell Viability When NF-κB Was Inhibited

In order to confirm the importance of NF-κB and NF-κB/MDM2/p53 pathway in EGCG+DOX induced migration and prolifertaion inhibition, SC75741 (NF-κB inhibitor) was added in SW780 cells, and then the cells were harvested for transwell and MTT assays. As shown in Figure 6A, when SC75741 was added, the NF-κB was blocked, and expression of p-MDM2 was decreased and p53 was up-regulated. Besides, the combination of DOX+EGCG showed no obvious effect in transwell migration when NF-κB inhibited, which worked effectively in normal SW780 cells. The cell viability analysis in Figure 6C showed similar results that DOX+EGCG treatment led to no difference in cell viability in NF-κB inhibited SW780 cells, when compared with control.
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FIGURE 6. Effects of DOX+EGCG on transwell migration and cell viability when NF-κB was inhibited. (A) Protein expression of NF-κB, p-MDM2, and p53, when SW780 treated with SC75741 (NF-κB inhibitor). Anti-migration (B) and anti-proliferation (C) effects of DOX+EGCG in normal and NF-κB inhibited SW780 cells. Data were expressed as mean + SD, n = 3.





DISCUSSION

Green tea is the most popular beverage consumed worldwide, and EGCG is the most abundant and bioactive tea Polyphenol. EGCG has been widely consumed as health-promoting food ingredients and showed chemotherapeutic efficacies in cancer prevention and treatment. In this study, we aim to investigate the additive/synergistic effect of EGCG in combination with DOX against bladder cancer both in vitro and in vivo.

In the present study, we demonstrated that treatment of EGCG in combination with DOX resulted in dose-dependent inhibition of cell viability in T24 and SW780 cells in vitro (Figure 1). The combination of DOX (0.1 μM) and EGCG (12.5 μM, 25 μM) has the best additive/synergistic inhibition effect of cell viability in SW780 and T24 cells, respectively, and these dose of combination was selected in further studies. In order to determine whether the anti-proliferative effect of EGCG and DOX was associated with apoptosis induction, Annexin V assay was employed. The results showed that DOX plus EGCG caused significant increases of percentage of apoptotic cells in bladder cancer T24 and SW780 cells, when compared to the individual treatment of DOX or EGCG (Figure 2), indicating the synergistic effect of EGCG to DOX on apoptosis induction. The findings were in line with the results in head and neck cancer that EGCG exhibited synergistic apoptosis is induction effects in combination with chemotherapy erlotinib (Haque et al., 2015). EGCG was also demonstrated to be effective in reducing cell viability and migration in oral cancer when combined with 5-fluorouracil (Pons-Fuster López et al., 2019). In addition, the combination of DOX and EGCG showed greater level inhibition of cell migration on T24 and SW780 cells, when compared with individual treatment of DOX or EGCG, as assessed by scratch wound healing and transwell migration assays (Figure 3). These results indicated that EGCG enhanced the inhibitory effect of DOX on cell migration in bladder cancer T24 and SW780 cells, which was in line with Flores-Pérez's finding that EGCG enhanced cisplatin-induced inhibition in cell migration and sensitize A549 cells to chemotherapy (Flores-Pérez et al., 2016). Moreover, the selected does of EGCG and DOX for migration and invasion assays were non-cytotoxic doses, and the cell viability was about 80%. This non-cytotoxic does of DOX+EGCG showed remarkable anti-migration effects to bladder cancer cells, revealing that EGCG could be added as an effective supplement for bladder cancer prevention and treatment.

In addition to in vitro studies, the in vivo anti-tumor effects of DOX and EGCG were evaluated in a xenograft mouse model. No obvious toxicity was shown to the mice after treatment, as assessed by the body weight and hemato-biochemical markers (AST, ALT, and CK). Administration of EGCG (50 mg/kg) and DOX (2 mg/kg) was able to decrease the tumor volume and tumor weight in mice bearing SW780 tumors. The combination of EGCG and DOX demonstrated significant inhibition of tumor volume from day 23, and also caused significant inhibition of tumor weight (Figures 4C,D). The finding suggested that DOX and EGCG could work together against tumor growth, and showed better anti-tumor effect when compared with DOX or EGCG alone. It is demonstrated that EGCG/gelatin-doxorubicin gold nanoparticles enhanced the therapeutic efficacy of doxorubicin for prostate cancer treatment (Tsai et al., 2016). A recent preclinical study revealed that EGCG attenuated DOX-induced cardiotoxicity in rats (Saeed et al., 2015). Besides, reports also showed that EGCG could work as an adjuvant in cancer treatment to enhance the efficacy of chemotherapy, such as EGCG inhibited DNA repair and enhanced cisplatin sensitivity in human cancer cells both in vitro and in vivo (Heyza et al., 2018), and the 5-FU and EGCG co-loaded nanoparticles could sustained drug release, and enhanced cellular uptake, thus exhibited superior anti-tumor activity and pro-apoptotic efficacy in vivo against colon cancer (Wang et al., 2019).

In our study, the in vivo doses of EGCG and DOX were 50 and 2 mg/kg, respectively, which were based on the clinical dose of DOX and our previous study of EGCG. The clinical dose of DOX on bladder cancer patient was about 60 mg for a 60 kg adult per month, which was equivalent to a single dose of 12.3 mg/kg for mouse per month. We chose the dose of 2 mg/kg of DOX in combination study in vivo, which was much lower than the clinical dose transfer to mouse, and would not induce severe side effects. Besides, we previously found that EGCG at 100 mg/kg (i.p., injected daily) decreased the tumor volume by 68.4% in mice bearing SW780 tumors, while EGCG at the dose of 50 mg/kg showed no obvious inhibition in bladder tumor (Luo et al., 2017). In order to investigate the additive/synergistic effect of EGCG and DOX, we adopt the ineffective dose of EGCG (50 mg/kg) and much lower than clinical dose of DOX (2 mg/kg) in the combination study. Thus, if the combination was work, it means the ineffective dose of EGCG plus DOX could work synergistically, and enhance the anti-tumor effect of DOX. On the other hand, the dose of DOX (2 mg/kg) was much lower than clinical dose transferred to mouse, and the unwanted side effects could be lowered. The in vivo animal study demonstrated that the combination of EGCG and DOX showed significant inhibition in bladder tumor, while the individual treatments exhibited no obvious effect. That indicates EGCG can synergistically enhance the action of DOX in inhibiting the bladder tumor growth, as adjuvant therapy in bladder cancer treatment.

To gain insight into the underlying mechanism of DOX+EGCG induced anti-tumor efficacies, western blot and immunohistochemistry were employed. As shown in Figure 5C, treatment of DOX+EGCG in nude mice resulted in significant increase in p53, and obvious inhibition of phosphorylated NF-κB and MDM2, with significant differences to individual treatment of EGCG or DOX. Similar results were also shown in immunohistochemistry analysis that the combination of DOX and EGCG was effective in down-regulation of p-NF-κB and p-MDM2, and up-regulation of p53 (Figure 5B). The in vivo animal results and protein analysis in tumor indicated that the combination of DOX and EGCG showed the best anti-tumor effect and the strongest protein regulation in p53, p-NF-κB, and p-MDM2, among three treatment groups of DOX, EGCG, and DOX+EGCG. In addition, protein expressions of p53, p21, NF-κB, MDM2, PARP, and Bcl-2 were also tested in SW780 cells. As shown in Figure 5C, DOX was effective in up-regulation of p53 and p21, and the increases were enlarged when DOX combined with EGCG, with significant difference to DOX. Treatment of DOX alone resulted in activation of NF-κB and MDM2, and the combination of DOX+EGCG caused strongest decrease on p-NF-κB and p-MDM2 among three treatment groups. Similar results were also found on the effect of PARP and Bcl-2, DOX+EGCG showed better effect than DOX treatment alone. The result was in agreement with Pan's finding that treatment of mice with EGCG markedly attenuated cisplatin induced mitochondrial oxidative stress and damages through decreasing NF-κB (Pan et al., 2015). Besides, the in vitro findings in proteins were completely in line with the in vivo result that DOX+EGCG showed the best result in suppression p-NF-κB and p-MDM2, and increasing p53, which suggested that EGCG could work synergistically with DOX as an adjuvant reagent. EGCG was the most abundant and bioactive polyphenol from green tea, which showed efficacies in cancer prevention and treatment of tumors, as an efficient natural preventive agent or adjuvant sensitizer in combination therapy (Kallifatidis et al., 2016). We previously found that EGCG suppressed the bladder cancer SW780 tumor growth by down regulation of NF-κB (Luo et al., 2017). Moreover, it was demonstrated that NF-κB could promote the expression of oncogene MDM2, which in turn inhibit the activation of p53 (Zhuang et al., 2014). Jin et al. found that EGCG promoted p53 accumulation and activity via inhibition of MDM2 in human lung cancer cells (Jin et al., 2013). Same findings were also shown in human prostate carcinoma LNCaP cells that EGCG induced apoptosis via stabilization of p53, downregulation of MDM2 protein, and negative regulation of NF-κB activity, thereby decreasing the expression of Bcl-2 (Hastak et al., 2003). Our results demonstrated that EGCG was effective in suppressing the phosphorylation of NF-κB, inhibiting the expression of MDM2, and activating the downstream proteins of Bcl-2 and PARP, and then promoted the apoptosis induction, which might contribute to the synergistic effect of combination with DOX against bladder cancer proliferation and migration. In addition, DOX up-regulated the expression of p53, worked together with EGCG, and then amplified the anti-tumor effect in bladder cancer via NF-κB/MDM2/p53 pathway. Once NF-κB was inhibited in bladder cancer cells, the expression of p-MDM2 was decreased and p53 was up-regulated, and the combination of DOX+EGCG showed no obvious effect in SW780 cell migration and proliferation (Figure 6), indicating the importance of NF-κB/MDM2/p53 pathway played in DOX+EGCG induced effects.

Our results have clearly demonstrated that the combination of DOX and EGCG worked together in decreasing the phosphorylation of NF-κB and MDM2, and increasing the expression of p53, and showed significant anti-proliferation and anti-migration effects both in vitro and in vivo. This finding sheds light on the combination of DOX+EGCG on tumor inhibition in bladder cancer, and provides clear directions for mechanism study. Besides, the effective dose of EGCG worked synergistically with DOX and enhanced the apoptosis induction and anti-migration effects of DOX without obvious cytotoxic to cells, indicating that EGCG could be a safe and natural supplement for bladder cancer prevention and treatment in combined with DOX. In addition, EGCG also got other comprehensive benefits, such as anti-oxidation, cardiovascular protective effects, which made EGCG a good candidate for combination therapy in cancer treatment and comprehensive health care.

In conclusion, our results present the first evidence on the anti-tumor effect of DOX and EGCG against bladder cancer via NF-κB/MDM2/p53 pathway. More detailed molecular mechanisms, for instance, genomic and proteomic responses underlying the DOX+EGCG–induced bladder cancer cell apoptosis and anti-metastasis remain to be elucidated. Besides, further investigation on primary cultured bladder cancer cells, patient-derived xenografts model or clinical investigations were needed to determine the clinical efficacy of EGCG in combination with DOX. Our observation holds promise for further studies to develop EGCG as a potential anti-tumor adjuvant in combination with DOX against bladder cancer.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The animal study was reviewed and approved by Animal Ethics Committee of Shenzhen Second People's Hospital.



AUTHOR CONTRIBUTIONS

K-WL provided the idea and wrote the manuscript. K-WL, X-hZ, TZ, JZ, and H-cG involved in cell culture, flow cytometry experiments, western blot, transwell migration assay, animal study, and immunochemistry assays. X-LL and W-RH designed the work and revised the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by Shenzhen Longhua District Science and Technology Innovation Fund (201801), Shenzhen Municipal Science and Technology program of China (JCYJ20160425100840929), and the Natural Science Foundation of Guangdong province (2019A1515011009).



REFERENCES

 Antoni, S., Ferlay, J., Soerjomataram, I., Znaor, A., Jemal, A., and Bray, F. (2017). Bladder cancer incidence and mortality: a global overview and recent trends. Eur. Urol. 71, 96–108. doi: 10.1016/j.eururo.2016.06.010


 Chen, C., Lu, L., Yan, S., Yi, H., Yao, H., Wu, D., et al. (2018). Autophagy and doxorubicin resistance in cancer. Anticancer Drugs 29, 1–9. doi: 10.1097/CAD.0000000000000572

 Chen, L., Ye, H. L., Zhang, G., Yao, W. M., Chen, X. Z., Zhang, F. C., et al. (2014). Autophagy inhibition contributes to the synergistic interaction between EGCG and doxorubicin to kill the hepatoma Hep3B cells. PLoS ONE 9:e85771. doi: 10.1371/journal.pone.0085771


 Flores-Pérez, A., Marchat, L. A., Sánchez, L. L., Romero-Zamora, D., Arechaga-Ocampo, E., Ramírez-Torres, N., et al. (2016). Differential proteomic analysis reveals that EGCG inhibits HDGF and activates apoptosis to increase the sensitivity of non-small cells lung cancer to chemotherapy. Proteomics Clin. Appl. 10, 172–182. doi: 10.1002/prca.201500008


 Gan, R. Y., Li, H. B., Sui, Z. Q., and Corke, H. (2018). Absorption, metabolism, anti-cancer effect and molecular targets of epigallocatechin gallate (EGCG): an updated review. Crit. Rev. Food Sci. Nutr. 58, 924–941. doi: 10.1080/10408398.2016.1231168


 Haque, A., Rahman, M. A., Chen, Z. G., Saba, N. F., Khuri, F. R., Shin, D. M., et al. (2015). Combination of erlotinib and EGCG induces apoptosis of head and neck cancers through posttranscriptional regulation of Bim and Bcl-2. Apoptosis 20, 986–995. doi: 10.1007/s10495-015-1126-0


 Hastak, K., Gupta, S., Ahmad, N., Agarwal, M. K., Agarwal, M. L., and Mukhtar, H. (2003). Role of p53 and NF-kappaB in epigallocatechin-3-gallate-induced apoptosis of LNCaP cells. Oncogene 22, 4851–4859. doi: 10.1038/sj.onc.1206708


 Heyza, J. R., Arora, S., Zhang, H., Conner, K. L., Lei, W., Floyd, A. M., et al. (2018). Targeting the DNA repair endonuclease ERCC1-XPF with green tea polyphenol epigallocatechin-3-gallate (EGCG) and its prodrug to enhance cisplatin efficacy in human cancer cells. Nutrients 10:1644. doi: 10.3390/nu10111644


 Jin, L., Li, C., Xu, Y., Wang, L., Liu, J., Wang, D., et al. (2013). Epigallocatechin gallate promotes p53 accumulation and activity via the inhibition of MDM2-mediated p53 ubiquitination in human lung cancer cells. Oncol. Rep. 29, 1983–1990. doi: 10.3892/or.2013.2343

 Kallifatidis, G., Hoy, J. J., and Lokeshwar, B. L. (2016). Bioactive natural products for chemoprevention and treatment of castration-resistant prostate cancer. Semin. Cancer Biol. 40–41, 160–169. doi: 10.1016/j.semcancer.2016.06.003

 Koonyosying, P., Kongkarnka, S., Uthaipibull, C., Svasti, S., Fucharoen, S., and Srichairatanakool, S. (2018). Green tea extract modulates oxidative tissue injury in beta-thalassemic mice by chelation of redox iron and inhibition of lipid peroxidation. Biomed Pharmacother. 108, 1694–1702. doi: 10.1016/j.biopha.2018.10.017

 Lin, J. K., and Liang, Y. C. (2000). Cancer chemoprevention by tea polyphenols. Proc. Natl. Sci. Counc. Repub. China B. 24:1e13

 Lu, J. H., Shi, Z. F., and Xu, H. (2014). The mitochondrial cyclophilin D/p53 complexation mediates doxorubicin-induced non-apoptotic death of A549 lung cancer cells. Mol. Cell Biochem. 389, 17–24. doi: 10.1007/s11010-013-1922-1

 Luo, K. W., Ko, C. H., Yue, G. G., Lee, J. K., Li, K. K., Lee, M., et al. (2014). Green tea (Camellia sinensis) extract inhibits both the metastasis and osteolytic components of mammary cancer 4T1 lesions in mice. J. Nutr. Biochem. 25, 395–403. doi: 10.1016/j.jnutbio.2013.11.013

 Luo, K. W., Wei Chen, N, I., Lung, W. Y., Wei, X. Y., Cheng, B. H., Cai, Z. M., et al. (2017). EGCG inhibited bladder cancer SW780 cell proliferation and migration both in vitro and in vivo via down-regulation of NF-κB and MMP-9. J. Nutr. Biochem. 41:56–64. doi: 10.1016/j.jnutbio.2016.12.004

 Pan, H., Chen, J., Shen, K., Wang, X., Wang, P., Fu, G., et al. (2015). Mitochondrial modulation by epigallocatechin 3-Gallate ameliorates cisplatin induced renal injury through decreasing oxidative/nitrative stress, inflammation and NF-kB in mice. PLoS ONE 10:e0124775. doi: 10.1371/journal.pone.0124775


 Pons-Fuster López, E., Gómez García, F., and López Jornet, P. (2019). Combination of 5-Florouracil and polyphenol EGCG exerts suppressive effects on oral cancer cells exposed to radiation. Arch Oral Biol. 101, 8–12. doi: 10.1016/j.archoralbio.2019.02.018

 Renu, K., Abilash, V. G., Tirupathi Pichiah, P. B, and Arunachalam, S. (2018). Molecular mechanism of doxorubicin-induced cardiomyopathy - an update. Eur. J. Pharmacol. 818, 241–253. doi: 10.1016/j.ejphar.2017.10.043

 Saeed, N. M., El-Naga, R. N., El-Bakly, W. M., Abdel-Rahman, H. M., Salah ElDin, R. A., and El-Demerdash, E. (2015). Epigallocatechin-3-gallate pretreatment attenuates doxorubicin-induced cardiotoxicity in rats: a mechanistic study. Biochem. Pharmacol. 95, 145–155. doi: 10.1016/j.bcp.2015.02.006

 Stewart, B. W., and Wild, C. P. (2014). 2014 World Cancer Report. Chapter 1.1. IARC Nontional Publication.

 Thomasova, D., Mulay, S. R., Bruns, H., and Anders, H. J. (2012). p53-independent roles of MDM2 in NF-κB signaling: implications for cancer therapy, wound healing, and autoimmune diseases. Neoplasia 14, 1097–1101. doi: 10.1593/neo.121534

 Tsai, L. C., Hsieh, H. Y., Lu, K. Y., Wang, S. Y., and Mi, F. L. (2016). EGCG/gelatin-doxorubicin gold nanoparticles enhance therapeutic efficacy of doxorubicin for prostate cancer treatment. Nanomedicine 11, 9–30. doi: 10.2217/nnm.15.183

 Wang, R., Huang, J., Chen, J., Yang, M., Wang, H., Qiao, H., et al. (2019). Enhanced anti-colon cancer efficacy of 5-fluorouracil by epigallocatechin-3- gallate co-loaded in wheat germ agglutinin-conjugated nanoparticles. Nanomedicine 1:102068. doi: 10.1016/j.nano.2019.102068

 Wang, X., Jiang, P., Wang, P., Yang, C. S., Wang, X., and Feng, Q. (2015). EGCG enhances cisplatin sensitivity by regulating expression of the copper and cisplatin influx transporter CTR1 in ovary cancer. PLoS ONE 10:e0125402. doi: 10.1371/journal.pone.0125402

 Yang, C. S., Wang, X., Lu, G., and Picinich, S. C. (2009). Cancer prevention by tea: animal studies, molecular mechanisms and human relevance. Nat. Rev. Cancer 9:429e439. doi: 10.1038/nrc2641

 Yang, M. C., Lin, R. W., Huang, S. B., Huang, S. Y., Chen, W. J., Wang, S., et al. (2016). BIM directly antagonizes Bcl-xl in doxorubicin-induced prostate cancer cell apoptosis independently of p53. Cell Cycle 15, 394–402. doi: 10.1080/15384101.2015.1127470

 Zhao, K., Yang, Y., Zhang, G., Wang, C., Wang, D., Wu, M., et al. (2018). Regulation of the Mdm2-p53 pathway by the ubiquitin E3 ligase MARCH7. EMBO Rep. 19, 305–319. doi: 10.15252/embr.201744465

 Zhuang, C., Miao, Z., Wu, Y., Guo, Z., Li, J., Yao, J., et al. (2014). Double-edged swords as cancer therapeutics: novel, orally active, small molecules simultaneously inhibit p53-MDM2 interaction and the NF-κB pathway. J. Med. Chem. 57, 567–577. doi: 10.1021/jm401800k

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 © 2020 Luo, Zhu, Zhao, Zhong, Gao, Luo and Huang. 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/fcell-08-606123-g005.gif
e -
e a——
g ]
o )
.

ol 1Ly

e

o ] =
o = .o
NEAB | —— ]

e R





OPS/images/fcell-08-606123-g006.gif
convor sersTar

N ——

=

=






OPS/images/fcell-08-606123-g003.gif





OPS/images/fcell-08-606123-g004.gif
saoymignio) >
]

s

Tumer velume fmel) _ 0
FEEEEE






OPS/xhtml/Nav.xhtml




Contents





		Cover



		EGCG Enhanced the Anti-tumor Effect of Doxorubicine in Bladder Cancer via NF-κB/MDM2/p53 Pathway



		Introduction



		Materials and Methods



		Cells and Reagents



		Cell Viability Assay



		Annexin V Double Staining



		Cell Migration Assays



		Nude Mice Tumor Model



		Western Blot Analysis



		Immunohistochemistry



		Statistical Analysis







		Results



		Effect of the Combined Use of EGCG and DOX on Bladder Cancer SW780 and T24 Cell Viability



		EGCG Enhanced the Apoptosis Induction Effect of DOX in SW780 and T24 Cells



		EGCG Promoted the Anti-migration Effect of DOX in SW780 and T24 Cells



		EGCG Enhanced the Anti-tumor Effect of DOX in Nude Mice Tumor Model



		The Combination of EGCG and DOX Inhibited NF-κB, p53, and MDM2 Expression in Tumor



		EGCG and DOX Regulated the Protein Expressions



		The Combination of EGCG and DOX Showed no Obvious Effect on Transwell Migration and Cell Viability When NF-κB Was Inhibited







		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		References

















OPS/images/cover.jpg
, frontiers
in Cell and Developmental Biology

EGCG Enhanced the Anti-tumor
Effect of Doxorubicine in Bladder
Cancer via NF-kB/MDM2/p53
Pathway





OPS/images/fcell-08-606123-g001.gif





OPS/images/fcell-08-606123-g002.gif
TeuBis dosod

o

e

T24cell

Swrs0cell









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Cell and Developmental Biology





