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Ellagic acid induces apoptosis in TSGH8301 human bladder cancer cells through the endoplasmic reticulum stress- and mitochondria-dependent signaling pathways
To investigate the effects of ellagic acid on the growth inhibition of TSGH8301 human bladder cancer cells in vitro, TSGH8301 cells were incubated with various doses of ellagic acid for different time periods. The phase-contrast microscope was used for examining and photographing the morphological changes in TSGH8301 cells. Flow cytometric assay was used to measure the percentage of viable cells, cell cycle distribution, apoptotic cells, ROS, mitochondrial membrane potential (ΔΨm), Ca2+, caspase-9 and -3 activities in TSGH8301 cells after exposure to ellagic acid. Western blotting was used to examine the changes of cell cycle and apoptosis associated proteins levels. Results indicated that ellagic acid induced morphological changes, decreased the percentage of viable cells through the induction of G0/G1 phase arrest and apoptosis, and also showed that ellagic acid promoted ROS and Ca2+ productions and decreased the level of ΔΨm and promoted activities of caspase-9 and -3. The induction of apoptosis also confirmed by annexin V staining, comet assay, DAPI staining and DNA gel electrophoresis showed that ellagic acid induced apoptosis and DNA damage in TSGH8301 cells. Western blotting assay showed that ellagic acid promoted p21, p53 and decreased CDC2 and WEE1 for leading to G0/G1 phase arrest and promoting BAD expression, AIF and Endo G, cytochrome c, caspase-9 and -3 for leading to apoptosis in TSGH8301 cells. Based on these observations, we suggest that ellagic acid induced cytotoxic effects for causing a decrease in the percentage of viable cells via G0/G1 phase arrest and induction of apoptosis in TSGH8301 cells. 
Introduction
In the western world, bladder cancer is the fifth most common cancer, and it is responsible for approximately 3% of all cancer related deaths of humans 
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(1)
. In Taiwan, bladder cancer is also the 14th highest cause of cancer-related deaths in men and women and about 3.3 persons per one hundred thousand die annually from bladder cancer based on a 2009 report from the Department of Health, Republic of China (Taiwan).  Although the treatment of bladder cancer includes surgery, radiotherapy and chemotherapy or combining radiotherapy with chemotherapy, the survival rate still needs to be improved. Therefore, the development for new agents for bladder cancer is needed and urgent.
It is well documented that apoptosis is a programmed cell death which involves multiple steps and complex interactions of molecular events 2()
 and then finally leads to the activation of cell-intrinsic suicide machinery 3()
. Many anticancer drugs have been used in clinical cancer patients, which led to apoptosis of cancer cells 
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. Reactive oxygen species (ROS) are free radicals, and it was reported that ROS generation and disruption of the mitochondrial membrane potential contributed to drugs-induced cell apoptosis 
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. Many reports also demonstrated that Bcl-2 family proteins regulated the mitochondria-dependent pathway for cell apoptosis 9()
. Furthermore, Bax/Bcl-2 ratio can modulate the release of cytochrome c from mitochondria then turn on the caspase-9 and -3 for occurrence of apoptosis 10()
.
Ellagic acid (4,4’,5,5’,6,6’-hexahydroxydiphenic acid 2,6,2’6,-dilactone), a polyphenolic compound, is a dimeric derivative of gallic acid found in fruits, grapes, berries and nuts 11()
, including pomegranates, strawberries, raspberries, and blackberries. It is reported that biological activities of ellagic acid exhibited antioxidant, antivirus, anticarcinogenic, antifibrosis and chemopreventive activities 
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. Furthermore, the oral administration of ellagic acid can protect against alcohol toxicity via decreasing the lipid peroxidative markers and the activities of liver marker enzymes by increasing the anti-oxidant cascade 19()
. Our earlier studies also showed that ellagic acid induced cell cycle arrest and apoptosis in T24 human bladder cancer cells 
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. However, the molecular signaling pathways in ellagic acid-treated cells are unclear.
Despite these pharmacological benefits and activities of ellagic acid in vitro, the molecular effects by ellagic acid elicits apoptosis in human bladder cancer TSGH8301 cells from Taiwanese patients are still not well investigated. This study was undertaken to evaluate the potential inhibitory activity of ellagic acid against human bladder cancer TSGH8301 cells. Results indicated that ellagic acid promoted ROS production and induced dysfunction of mitochondria then led to apoptosis in TSGH8301 cells in vitro. 
Materials and Methods
Chemicals and reagents
Ellagic acid, dimethyl sulfoxide (DMSO), propidium iodide (PI), potassium phosphates, ribonuclease A (RNase A), Triton X-100, Tris-HCl, and trypan blue were obtained from Sigma-Aldrich Corp. (St. Louis, MO, USA). RPMI-1640 medium, L-glutamine, fetal bovine serum (FBS), penicillin-streptomycin and trypsin-EDTA were obtained from Invitrogen Life Technologies (Carlsbad, California, USA). Primary and secondary antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Caspase-3 and -9 activity assay kits were bought from OncoImmunin, Inc (Gaithersburg, MD, USA). 
Cell culture
The TSGH 8301 human bladder carcinoma cell line was purchased from the Food Industry Research and Development Institute (Hsinchu, Taiwan). TSGH 8301 cells were seeded on 75 cm2 tissue culture flasks with RPMI-1640 medium with 2 mM L-glutamine and containing 10% FBS, and 1% penicillin-streptomycin (100 Units/ml penicillin and 100 μg/ml streptomycin) 
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 and grown at 37°C under a humidified 5% CO2 and one atmosphere.

Determination of cell morphology, viability, cell cycle and apoptosis
TSGH 8301 cells were placed in 12-well plates at a density of 2x105 cells/well and then various doses of ellagic acid were added to the well at the final concentrations of 0, 5, 10, 15, 25, 50, 60 or 75 μM for 24 and 48h. Cells in each well were examined and photographed under a phase-contrast microscope at 200x magnification. Then cells from each well were harvested individually by centrifugation and were stained with PI (5 μg/ml) for viability measurements by a flow cytometer equipped with an argon ion laser at 488 nm wavelength (Becton Dickinson FACSCaliburTM, San Jose, CA, USA) as previously described 
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(20, 22)
. Or cells were measured for the DNA content and sub-G1 phase (apoptosis) determination by flow cytometeric assay. Isolated cells were stained by annexin V (Annexin V-FITC/PI kit, BD Pharmingen, San Diego, CA, USA) or were fixed gently by 70% ethanol at 4°C overnight and then re-suspended in PBS containing 20 μg/ml PI and 0.1 mg/ml RNase A and 0.1% Triton X-100 in dark room for 30 min at 37°C, before being analyzed by flow cytometry as described previously 
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.
DAPI staining for apoptosis
Approximately 5x104 cells/well of TSGH 8301 cells in each well of 12-well plate were incubated with ellagic acid at the final concentrations of 0, 50, 75 and 100 μM for 24 and 36 h. Cells in each wells were stained with DAPI (4,6-diamidino-2-phenylindole dihydrochloride) before fixation with 4% formaldehyde (Sigma-Aldrich Corp), and then examined and photographed using a fluorescence microscope as previously described 
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.

Comet assay for examining the DNA damage

Approximately 2 x 105 cells/well of TSGH 8301 cells in each well of 12-well plates were incubated with ellagic acid at final concentrations of 0, 50, 75 and 100 μM, and 5 μM of hydrogen peroxide (H2O2, positive control) grown at 37 °C in 5% CO2 and 95% air for 48 h. The cells from each treatment were harvested and examined for DNA damage using the Comet assay as previously described 
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(25, 26)
. Comets for PI-stained DNA tails of the individual nucleus in ellagic acid-treated and control cells (TSGH8301) were visualized and photographed by fluorescence microscope at 200x magnification. And then all samples were quantified by TriTek Comet Score V 1.5 software (TriTek Crop., Sumerduck, VA, USA) 
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.
DNA gel electrophoresis for examining the DNA fragmentation 

It is well documented that DNA fragmentation (DNA ladder) is a hallmark of apoptosis 29()
. DNA gel electrophoresis was used to examine the DNA fragmentation in TSGH8301 cells after exposure to various doses of ellagic acid. Approximately 5x105 cells/ml of TSGH8301 cells were treated with 0, 25, 50 and 75 μM of ellagic acid for 48 h. before isolating the cells to extract DNA by using the DNA isolated sample kit (Genemark technology Co., ltd. Tainan, Taiwan) for using DNA gel electrophoresis as described previously 
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.
Detections of reactive oxygen species (ROS), Ca2+ and mitochondrial membrane potential (ΔΨm) by using flow cytometric assay
Approximately 2x105 cells/well of TSGH 8301 cells were maintained in 12-well plates and in each well were treated with 75 μM of ellagic acid for 0, 12, 24, 36 and 48 h and then were harvested by centrifugation and re-suspended in 500 μl of 2,7- dichlorodihydrofluorescein diacetate (DCFH-DA) (10 μM) for ROS measurements, in 500 μl of Flou-3/AM (2.5 μg/ml) for Ca2+ level examination and in 500 μl of DiOC6 (1 μmol/l) for ΔΨm determination. Finally, all samples were incubated at 37°C for 30 min before being analyzed by flow cytometry as described previously 
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.

Caspase-9 and -3 activity assays

TSGH8301 cells were plated on 12-well plates at a density of 2 × 105 cells for 24 h, and then 75 μM of ellagic acid was individually added to the well before incubation for 0, 12, and 24 h. At the end of incubation, cells in each well were trypsinized and centrifuged and then were collected, washed twice with PBS and were re-suspended in 50 μl of 10 μM substrate solution (PhiPhiLux-G1D1 for caspase-3 and CaspaLux- M1D2 for caspase-9) (OncoImmunin, Inc.) before being incubated at 37°C for 60 min. After incubation, all cells from each treatment were washed again with PBS and were analyzed for caspase-9 and -3 activities by flow cytometry as described previously 
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.

Western blotting of cell cycle and apoptosis-associated proteins in TSGH8301 cells after exposure to ellagic acid
Approximately 1x107 cells/well of TSGH 8301 cells were seeded and then were treated with 75 μM of ellagic acid for 0 12, 24, 36 and 48 h. Cells from each treatment were harvested by centrifugation at 1500 rpm and then were lysed with a lysis buffer (PRO-PREPTM protein extraction solution, iNtRON Biotechnology, Seongnam, Gyeonggi-Do, Korea). Then cell sample (lysed) were prepared for the total proteins determination as described previously 
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 and the total proteins (30 μg) were used for Western blot analysis. All samples were performed using 10% Tris-glycine-SDS-polyacrylamide gels at 90 volt for 30 min before the proteins were transferred to a nitrocellulose membrane by electroblotting. The nitrocellulose membrane were incubated with primary antibodies such as cyclin E, CDK2, Wee1, p21, p53, Bid, Bax, Bak, Smac/DIABLO, AIF, Endo G, cytochrome c, Apaf-1, caspase-9 and -3, and then were washed twice with PBS and incubated with secondary antibody for enhanced chemiluminescence (NEN Life Science Products, Inc., Boston, MA, USA) as described previously 
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(22, 28, 34)
. As a loading control, we used anti-β-actin (a mouse monoclonal antibody).
Statistical analysis 
The results are presented as mean ± SD and the difference between the ellagic acid-treated and control groups were analyzed by Student’s t-test, a probability of p<0.05 being considered significant.

Results
Effects of ellagic acid on morphology, viability, cell cycle and apoptosis of TSGH8301 cells
To determine the effects of ellagic acid on growth inhibition of TSGH8301 cells, the morphological changes were performed under a phase-contrast microscope. The viability, cell cycle distribution and sub-G1 (apoptosis) were performed by using flow cytometric assay. The results are shown in Figure 1, which indicated that increasing the concentrations of ellagic acid led to the increase of morphological changes (Fig. 1A) and the decrease of the percentage of viability (Fig. 1C). Importantly, ellagic acid exhibited less cytotoxicity in rat vascular smooth muscle A10 cells (Fig. 1B). When increased, incubation also led to more cell morphological changes and more cell death. Fig. 2A and B show that ellagic acid induced G0/G1 phase arrest and increased the percentage of sub-G1 (apoptosis).

Effects of ellagic acid on apoptosis and DNA damage in TSGH8301 cells
To investigate whether or not ellagic acid induced apoptosis via DNA damage in TSGH 8301 cells, the cells after treatment with ellagic acid were harvested and stained with annexin V for apoptosis determination or for DAPI staining for DNA damage and/or cells were stained with PI before being working on Comet assay. The results are presented in Figure 3, which indicated that ellagic acid induced apoptosis (Fig. 3A), chromatin condensation (Fig. 3B), DNA damage (Fig. 3C) and DNA fragmentation (Fig. 3D), and these effects are dose-dependent manners.

Effects of ellagic acid on the levels of reactive oxygen species (ROS), Ca2+ and mitochondrial membrane potential (ΔΨm) in TSGH 8301 cells 
To investigate whether or not ellagic acid-induced apoptosis is mediated through the mitochondria-dependent pathway, TSGH8301 cells were treated with 75 μM of ellagic acid for various time periods. The levels of ROS and Ca2+ productions and ΔΨm were measured by flow cytometric assay and the results are shown in Fig. 4A-C. These results in Figure 4 indicated that ellagic acid promoted the production of ROS and Ca2+, but decreased the level of ΔΨm (Fig. 4C) in TSGH8301 cells and these effects are time-dependent manners.

Effects of ellagic acid on the activities of caspase-3 and -9 in TSGH8301 cells

In order to investigate whether or not ellagic acid-triggered apoptosis in TSGH8301 cells associated with caspase-3 and -9, after cells were treated with 75 μM ellagic acid for various time periods, the activities of caspase-3 and -9 were assayed by flow cytometry and the results are shown in Figure 5. The results indicated that ellagic acid promoted the activities of caspase-3 and -9 at 12 and 24 h in a time-dependent effect. Based on these results, we suggest that caspases might be involved in the induction of apoptosis in TSGH8301 cells after exposure to ellagic acid.  

The effects of ellagic acid on the associated protein levels of apoptosis in TSGH 8301 cells 
In order to investigate the possible signaling pathways of apoptosis in TSGH 8301 cells after exposure to ellagic acid, cells were treated with 75 μM of ellagic acid for various time periods and then associated apoptosis protein levels were analyzed by Western blotting. The results are shown in Figure 6A, B and C, which indicated that ellagic acid increased the levels of p21 and p53, but decreased the levels of CDK2 and Wee1 but there was no effect on the level of cyclin E that led to G0/G1 phase arrest (Fig. 5A). Moreover, ellagic acid-promoted the levels of Bid, Bax, Bak (Fig. 5B) that are pro-apoptotic proteins increasing the levels of cleavage-caspase-9, cleavage-caspase-3, Smac/DIABLO, AIF, Endo G, cytochrome c and Apaf-1 (Fig. 5C) in TSGH 8301 cells, leading to cell apoptosis. Thus, we suggest that ellagic acid-induced cell death is mediated through the apoptotic mitochondria-dependent pathway.
Discussion
In the present study, we found that ellagic acid exhibited cytotoxic effects towards TSGH8301 human bladder cancer cells based on the observations of morphological changes (Fig. 1A), and decreased the percentage of viable cells (Fig. 1B), sub-G1 phase (apoptosis) (Fig. 2, 3A and 3B) and DNA damage (Fig. 3C). Cells undergoing apoptosis and nuclear fragmentation are also observed in ellagic acid-treated cells and these effects are dose-and time-dependent manners. 
It is well known that cell growth is regulated based on the interaction of cell proliferation and cell death, if cell growth is inhibited, then it will lead to the decrease of cell proliferation and the increase of cell death. One of the major regulatory mechanisms of cell growth is the cell cycle control 
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. Many reports have demonstrated that cell cycle of cells from G0/G1, S and G2/M phase is primarily regulated by complexes such as cdks and cyclins, which play an important role for the progression of cell cycle and agents leading to the inactivation of cdks and/or cyclins which will leads to cell cycle arrest 
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. It was reported that if agents can block cell cycle, then it could be recognized to be an effective strategy for the novel cancer therapies 
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. In the present study, we showed that ellagic acid promoted the G0/G1 phase arrest in TSGH8301 cells (Fig. 2A). Western blotting also showed that ellagic acid promoted the levels of p21, p53, and inhibited the level of CDK2 that led to G0/G1 phase arrest (Fig. 6A). Therefore, cell cycle arrest may partly explain ellagic acid’s apoptosis induction and cytotoxic effects in TSGH8301 cells. The disorder of DNA synthesis had been recognized to be a common reason for the disturbance of cell cycles 
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.
Apoptosis is a highly multiple regulated cell death process by which cells undergo inducible cell death and it plays an important role in anti-carcinogenesis 40()
. Results from sub-G1 phase (apoptosis), annexin V staining, DNA fragmentation and DAPI staining (Fig. 3A, B and D) indicated that ellagic acid induced apoptosis in TSGH8301 cells and these effects are dose- and time-dependent manners. Furthermore, Comet assay (Fig. 3C) also showed that ellagic acid induced DNA damage in TSGH8301 cells and these effects are a dose-dependent response. 

For further investigation regarding the ROS and mitochondrial role in ellagic acid-induced apoptotic death in TSGH8301 cells, we used flow cytometric assay and results indicated that ellagic acid promoted the levels of ROS and Ca2+, but decreased the level of ΔΨm. It was reported that increased levels of ROS of cells are known to cause mitochondrial membrane depolarization 
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, and excessive ROS that are generated under certain pathological conditions acts as a mediator of apoptotic signaling pathway 
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. Furthermore, mitochondrial membrane depolarization has been known to be one of the earliest intracellular events of apoptosis 
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. 
Thus, our results demonstrated that ROS production (Fig. 4A) decreased the levels of ΔΨm (Fig. 4C) that are involved in ellagic acid-induced apoptosis of TSGH8301 cells. Western blotting also showed that ellagic acid promoted the levels of cytochrome c (Fig. 6C) that have been reported to decrease the ΔΨm affecting the mitochondrial permeability transition pore (MPT) opening 48()
 and causing cytochrome c release from mitochondria 
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. Results also showed that the increase of active-caspase-9 and -3 (Fig. 6C) and caspase-9 and -3 activity (Fig. 5) can be induced by ellagic acid and these observations offered further information to explain clearly the signaling pathway of ellagic acid-induced apoptosis in TSGH8301 human bladder cancer cells as shown in Figure 7. These observations indicated that ellagic acid-induced apoptosis also is done via caspase-dependent pathways because both caspase-9 and -3 activity were strongly activated (Fig. 4A and B) in TSGH8301 cells. 
The increases of caspase-9 and caspase-3 activation in TSGH8301 cells after ellagic acid treatment suggested an induction of the mitochondria-dependent cell death pathway. Further analysis confirmed this finding, as increases of AIF and Endo G and cytochrome c (Fig. 6C) were detected in the cytosol of ellagic acid-treated cells. These events were accompanied by the reduction of ΔΨm in TSGH8301 cells after ellagic acid exposure and determined by using flow cytometric assay (Fig. 4C).
In conclusion, our present study showed that ellagic acid induced cytotoxic effects and inhibited the growth of TSGH8301 cells in a dose-dependent manner. The reduction of percentage viable cells resulted from cell cycle arrest at G0/G1 phase and was accompanied by apoptotic cell death. Furthermore, ellagic acid-induced apoptosis through ROS-, caspase- and mitochondria-dependent pathways, involving the induction of Bax expression and then caused mitochondrial dysfunction, released cytochrome c, activated caspase-9 and caspase-3, leading to apoptosis. Further studies on the in-vivo activity of ellagic acid towards TSGH8301 xenograft tumor in nude mice are in progress.
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Figure legends

Figure 1. Effects of ellagic acid on morphology and the percentage of viable TSGH8301 cells. Cells were placed in 12-well plate at a density of 2x105 cells/well and then were treated with 0, 5, 10, 25, 50 and 75 μM of ellagic acid for 24 and 48 h (A). Cells were examined and photographed under a phase-contrast microscope at 200x magnification. Then cells were harvested for viability measurements (B and C) by flow cytometry as described in Materials and Methods. *p<0.05, shows significant difference between control and ellagic acid-treated groups
Figure 2. Effects of ellagic acid on cell cycle distribution and apoptosis of TSGH8301 cells. Cells placed in 12-well plates at a density of 2x105 cells/well were treated with 0, 5, 15, 25, 50 and 75 μM of ellagic acid for 48 h. Cells were harvested individually and then were measured during cell cycle distribution and sub-G1 phase (apoptosis) determination by flow cytometeric assay as described in Materials and Methods. (A) The representative profiles of cell cycle distribution; (B) the percentage of cells in G0/G1, S and G2/M phase. 
Figure 3. Effects of ellagic acid on apoptosis and DNA damage of TSGH8301 cells. Cells (2x105 cells/well) seeded in 12-well plates were treated with 75μM of ellagic acid for 6, 12, 24 and 48 h or exposed to 0, 25, 50, 75 and 100 μM of ellagic acid for 48 h. Cells were harvested individually and then were measured for apoptosis by annexin V staining (A), DAPI staining (B), Comet assay (C) and DNA gel electrophoresis (D) as described in Materials and Methods. *p<0.05, shows significant difference between control and ellagic acid-treated groups.
Figure 4. Effects of ellagic acid on the levels of ROS, Ca2+ and ΔΨm in TSGH 8301 cells. About 2x105 cells/well of TSGH 8301 cells maintained in 12-well plates were treated with 75 μM of ellagic acid in each well for 0, 12, 24, 36 and 48 h and then were harvested and re-suspended in 500 μl of DCFH-DA (10 μM) for ROS measurements (A), in 500 μl of Flou-3/AM (2.5 μg/ml) for Ca2+ level examination (B) and in 500 μl of DiOC6 (1 μmol/l) for ΔΨm determination (C). *p<0.05, shows significant difference between control (0 h) and ellagic acid-treated groups
Figure 5. Effects of ellagic acid-induced caspase-9 and -3 activities in TSGH8301 cells. Cells were treated with 75 μM of ellagic acid for 0, 12 and 24 h and collected for determination activities of caspase-9 (A) and caspase-3 (B) as described in Materials and Methods. Data represents mean ± S.D. of three experiments. *p<0.05, revealed significant difference between control (0 h) and ellagic acid-treated groups
Figure 6. Representative Western blotting showing abundances in the levels of apoptosis-associated proteins in TSGH8301 cells after exposure to ellagic acid. Cells were treated with 75 μM of ellagic acid for 0, 12, 24, 36 and 48 h and then these cells were harvested and lysed before the total proteins were prepared and determined, as described in Materials and Methods. The levels of associated protein expressions (A: cyclin E, CDK2, Wee1, p21 and p53; B: Bid, Bax and Bak; C: Smac/DIABLO, AIF Endo G, cytochrome c, Apaf-1, caspase-9 and -3) were estimated by Western blotting, as described in Materials and Methods.

Figure7. The proposed signaling pathways of ellagic acid-induced G0/G1 phase arrest and apoptosis in human bladder cancer TSGH8301 cells. 
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