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			Abstract

			Research results from our laboratory have shown that Triphala (TPL) induced cytotoxicity in cancer cells in vitro as well as in vivo involving the mechanism of reactive oxygen species (ROS) induced apoptosis. We have pursued this study to examine the ability of TPL to enhance radiation induced cytotoxicity in MCF-7 cells in vitro and transplantable thymic lymphoma, barcl-95 and fibrosarcoma in mice in vivo. It was found that MCF-7 cells subjected to -radiation (3 Gy) prior to treatment with TPL showed a significant increase in loss of viability compared with the drug treatment alone. The increased radiotoxicity of tumor cells by Triphala was found to be concentration dependant. It was further found that combined treatment of cells with -radiation (3 Gy) and TPL (0.5mg/ml) induced a higher percentage of apoptosis, in MCF-7 cells than either with radiation or TPL alone. MCF-7 cells treated with TPL and -radiation showed a substantial increase in intracellular reactive oxygen species (ROS) and decrease in mitochondrial membrane potential. Experiments on TPL effect on tumour growth showed that TPL fed to mice (1mg/mice/day for 14 days) for 7 days prior and 7 days after irradiation transplanted with barcl resulted in the reduction of tumor volume by 47% as compared to that of radiation treated (27%) and TPL treated (33%). The data showed that TPL exerted radiosensitizing effect on tumor cells in vitro as well as in vivo which may be applicable in improving cancer radio therapy.
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			Abbreviations: TPL: Triphala; ROS: Reactive Oxygen Species; DMEM: Dulbecco’s Modified Eagle’s Medium; FBS: Fetal Bovine Serum; PBS: Phosphate-Buffered Saline; MTT: 3,-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide; SDS: Sodium dodecyl sulphate; DCH-FDA: 2,7-dichlorodihydro Fluorescein Diacetate
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			Introduction

			Radiation therapy is one of the most effective modalities for treatment of many tumors [1]. However, its therapeutic efficacy is often hindered by acquirement of a radioresistant phenotype by cancer cells [2]. It is frequently noticed that radioresistant cancer cells are resistant to apoptosis, often acquired as a consequence of over expression of anti-apoptotic genes [3] or through other mechanisms such as tumor hypoxia [4,5]. In the past, several drugs have been tested for their effectiveness as radiosensitizers, for e.g. hypoxic cell sensitizers such as metronidazole, misonidazole, and etanidazole etc. Clinical experience, however, with these agents have been mixed [6]. Thymidine analogues and several chemotherapeutic agents such as cisplatin, paclitaxel, doxorubicin etc. have also been studied as radiosensitizers [7,8]. However, most of the radiosensitizers investigated till date is found to be toxic and induce unacceptable side effects, because of which their usefulness in clinics has been limited.

			In the recent past, considerable efforts have been directed to find effective anticancer substances with minimal side-effects, unlike conventional chemotherapy, which has led to the discovery of several phytochemicals and natural or herbal products with potent antineoplastic properties. Most of these agents are also found to kill cancer cells synergistically with conventional chemotherapeutic drugs and ionizing radiation [9-14]. Earlier reports from our lab has shown that Triphala (TPL), a mixture of fruits extracts of three plants in equal proportion induced cytotoxicity in several human and mouse breast cancer cell lines through reactive oxygen species (ROS) induced apoptosis. Since γ-radiation is also known to induce apoptosis in cells by a similar mechanism; we have investigated the ability of TPL to enhance radiation induced cytotoxicity in MCF 7 cells in vitro and in transplantable thymic lymphoma, barcl-95 and fibrosarcoma in mice in vivo in the present study.

			Materials and Methods

			Cell culture and harvesting

			Dulbecco’s Modified Eagle’s Medium (DMEM) was purchased from Gibco Co., USA and fetal bovine serum (FBS) was obtained from Biomedia, France. MCF 7 cells were purchased from National Centre for Cell Science, Pune, India and they were cultured in DMEM supplemented with FCS (10 %) and antibiotics (streptomycin 200µg /ml and penicillin 100 units /ml) at 37 °C in 5 % CO2 environment. Cells were harvested from 80-90% confluent culture by trypsinization and used for experiments.

			Preparation of TPL extract for treatment

			TPL extract in the form of powder was obtained from Ajanta Pharmaceuticals, Mumbai. Required quantity of extract powder was freshly dissolved in double distilled water and filtered through 0.22µm filter (Millipore) and used for the experiments. The TPL extract used in this study was found to contain approximately 50% gallic acid as inferred from High Performance Thin Layer Chromatographic (HPTLC) results. 

			Determination of cytotoxicity

			One set of MCF 7 cells suspended in DMEM supplemented with FBS (10%) were treated with γ-radiation (3 Gy) and subsequently incubated with increasing concentrations of TPL (0.025-0.25mg/ml) at 37 °C (+ 5% CO2) for 4-5h, while another set of cells were not irradiated and they were treated with TPL alone in similar conditions. Viability of cells was determined by trypan blue dye exclusion method (final concentration of dye: tenth volume of 0.4% dye in PBS). 

			Clonogenic assay 

			One set of MCF 7 cells (3 x 105 cells/ml) were allowed to settle in 30 mm culture dishes containing DMEM supplemented with FBS (10%), and were incubated with increasing concentrations of TPL (0.025-0.25mg/ml) at 37 °C (+ 5 % CO2) for 24h. Two other sets of cells were treated with 3 Gy γ-irradiation either before or after treatment with increasing concentrations of TPL in culture conditions. After the desired incubation time, cells were collected after trypsinization, and washed twice with DMEM. A defined number of cells were then seeded into 100mm dishes containing DMEM and FBS (10%) and allowed to grow in culture conditions till visible colonies of more than 50 cells/colony were observed. The cells were then stained with 0.1% methylene blue dye in 80% ethyl alcohol and colonies were counted. Plating Efficiency (P.E) was calculated as number of colonies/ number of cells plated. Survival was calculated as P.E of treated /P.E of control.

			Determination of apoptosis 

			Apoptosis induction in control as well as in cells treated by TPL was determined by using Annexin V-FITC and Propidium Iodide (PI) double staining kit (Boehringer Mannheim GmbH, Germany) following the protocol provided along with the kit and using a fluorescence microscope (Optiphot 2, Nikon, Japan) as previously described Pandey et al. [15]. To study the concentration and time dependant effect of TPL on MCF 7 cells (3 x 105 cells/ml) were incubated with various concentrations of TPL in DMEM supplemented with FBS (10%) at 37 °C (+ 5% CO2) for 5h. Cells were then washed with fresh medium, stained with AnnexinV-FITC and Propidium Iodide and assayed for apoptosis. From the labeled cell suspension green and red cells were counted out of 400 randomly selected cells/ sample using fluorescence microscope (Optiphot 2, Nikon, Japan). The cells showing only green fluorescence were considered apoptotic while cells showing either red or both green and red fluorescence were scored as necrotic. 

			To observe DNA fragmentation induced by the extract, MCF 7 cells were either treated with 0.25mg/ml TPL for 24h or γ-irradiated with 3 Gy and TPL treated and were subjected to Single Cell Gel Electrophoresis (SCGE). The images of cellular DNA were captured with a CCD camera attached to a fluorescence microscope (Zeiss) using 100 X objective.

			Estimation of intracellular ROS

			The generation of intracellular ROS was measured using DCHFDA (2,7-dichlorodihydrofluorescein diacetate) as the fluorescence probe as described previously [15]. Briefly, MCF 7 cells (3 x 105 /ml) were incubated with various concentrations of TPL either alone or in combination with γ-irradiation in phosphate buffered saline (PBS) for 30min at 37 °C followed by labeling with the fluorescence probe. Aliquots (200µl) obtained after different treatments were diluted to 3ml with PBS followed by measurement of fluorescence intensity (λex = 490nm and λex = 520nm) in quartz cuvette using Fluorescence Spectrometer (LS50B, Perkin Elmer, USA).

			Assessment of Mitochondrial Membrane Potential (∆ψ m)

			Mitochondrial membrane potential was monitored using 3,3-dihexyloxacarbocyanine iodide (DiOC6). MCF 7 (3 ×١05) cells were treated with TPL (0, 0.05 and 0.1mg/ml of PBS) for 30min at 37 °C, either alone or in combination with 3 Gy γ-irradiation (either pre/ post TPL treated), after which they were labeled with 40nM DiOC6 (3) and incubated for another 30 minutes and subsequently observed under a fluorescent microscope and photographed with a CCD camera (Zeiss). Changes in mitochondrial membrane potential were measured.

			Transplantation of tumor and measurement of treatment response 

			The efficacy of TPL and γ-radiation treatment in reducing tumor cell growth in vivo was monitored in mouse transplanted with thymic lymphoma (barcl-95) and mouse fibrosarcoma cells. Female Swiss mice (6-8 weeks old) were divided into four groups (5 animals/group) followed by intramuscular transplantation of tumor cells (2 x 105 cells/mice suspended in sterile saline) in the hind leg of mice. A small tumor appeared in the form of a spherical swelling within a week. One group of mice were subjected to direct oral feeding of TPL extract at a dosage of 40mg/kg/day for 14 days from the day of transplantation. Animals of the control group were given an equal volume of distilled water. Tumor size was measured after its appearance on the 7th day after transplantation with the help of digital vernier calipers (Mitutoyo, Japan). The tumor dimension was measured at two diagonal directions and tumor volume was calculated in mm2 by formula ab2 (π/6), where ‘a’ is the largest diameter and ‘b’ is the diameter perpendicular to ‘a’.

			Statistical analysis 

			The statistical analysis was performed using one-way ANOVA test using origin (version: 6.1) software. 

			Results and Discussion

			Phytochemicals such as resveratrol found in grapes, peanuts and some berries, curcumin from turmeric, genistein from soy and Ginkgo biloba extract have been shown to enhance the radiation-induced death of cancer cells in vitro as well as in vivo [9-14,16-18]. It is also known that these natural products, which possess anticancer properties, have antioxidant properties and can, therefore, neutralize the harmful effects of reactive oxygen species on normal cells [19]. Since TPL has been shown to possess potent anticancer effects, it was of interest to find if the drug showed potentiation of radiation effects on tumor cells [20,21]. In the present study, we have investigated the potentiation of radiation induced toxicity by TPL in human breast cancer cells MCF 7 in vitro and on transplanted mouse tumors, barcl-95 and fibrosarcoma in vivo. 

			TPL and γ-radiation induced cytotoxicity in MCF 7 cells 

			The effects of γ-irradiation and TPL on human breast cancer cells (MCF 7) in vitro were studied using trypan blue dye exclusion method (Figure 1). Treatment of MCF 7 cells with increasing concentrations of TPL alone resulted in a progressive decrease in their viability. However, viability of MCF 7 cells treated with 3 Gy γ-irradiation and subsequent treatment with TPL showed further decrease in viability as compared to those treated with TPL or radiation alone.
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			Typically, viability of MCF 7 cells decreased by an additional 22 % for radiation and TPL combined treatment as compared to TPL treatment alone, at a TPL concentration of 75µg /ml (p < 0.001). Cytotoxicity induced by TPL was found to be dependant on drug concentration. It was thus seen that radiation and TPL combined treatment induced almost 1.5 times greater cytotoxicity in MCF 7 cells than TPL treatment alone. In order to further confirm these results, clonogenic assay was performed. 

			Effect of TPL and γ-irradiation on clonogenecity of MCF 7 cells

			The ‘colony formation assay’ or ‘clonogenic assay’ is a classical test to evaluate cell growth after treatment. The assay is regularly used in oncological research where it is used to test the proliferating power of cancer cell lines after radiation and/or treatment with anticancer agents. It was considered of interest to study TPL mediated sensitization of MCF 7 cells, when drug was added pre- or post-irradiation. Hence, MCF 7 cells were treated with increasing concentrations of either TPL alone or in combination with g-radiation (3 Gy, pre/post-drug treated) and incubated for 24h in culture conditions (Figure 2). It was found that TPL by itself induced a progressive decrease in clonogenic ability of MCF 7 cells with increasing concentration of the drug. As compared to this, when MCF 7 cells were pre-treated with 3 Gy γ-radiation and then treated with TPL, clonogenic ability was found further decreased by an additional 22% (Figure 2). 
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			Typically, TPL treatment at a concentration of 0.1mg/ml induced a decrease in clonogenic ability of MCF 7 cells by 60% as compared to the control, while those treated with γ-radiation initially and then treated with TPL had decreased clonogenic ability by 82%, which was significant by p< 0.001. However, at this concentration of TPL (0.1mg/ml), MCF 7 cells which were pre-treated with TPL before γ-irradiation, had increased clonogenic ability as compared to that of TPL treatment alone, indicating that TPL was incapable of increasing radiation-induced toxicity of MCF 7 cells when present during irradiation. Thus it was seen that TPL enhanced γ-radiation induced toxicity in MCF 7 cells only after post-irradiation TPL treatment.

			TPL and γ-radiation induced apoptosis in MCF 7 cells

			Apoptosis is commonly observed after exposure of tumor cells to radiation and/or chemotherapeutic drugs [22]. Our earlier studies have shown that γ-radiation as well as TPL induced apoptosis in MCF 7 cells [20,21]. Therefore, it was considered important to study the combined treatment of MCF 7 cells with TPL and radiation on apoptosis in these cells. The γ-radiation and TPL induced apoptosis in MCF 7 cells was determined by the loss of lipid asymmetry in apoptotic cells by measuring phosphatidylserine (PS) externalization by annexin- V staining and by monitoring the pattern of DNA fragmentation by SCGE. 

			It was found that TPL alone induced a concentration dependant apoptosis in MCF 7 cells as can be seen in Figure 3. However, when cells were pre-treated with 3 Gy γ-irradiation and subsequently treated with TPL, the amount of apoptosis induced increased by 9-12% with increasing concentration of the drug. This indicated that TPL enhanced radiation induced cyto-toxicity in MCF 7 cells significantly. At the highest concentration of the drug (0.5 mg/ml), apoptosis induced by TPL alone was 45%, while the combination treatment of γ-radiation and TPL yielded 57%, a significantly higher amount of apoptosis (p < 0.001). In order to confirm that apoptosis was the mode of cell death induced by TPL and γ-irradiation, MCF 7 cells treated with 0.25mg/ml TPL alone for 24h, either or in combination with γ-irradiation were subjected to Single Cell Gel Electrophoresis (SCGE). It was found that, the pattern of DNA fragmentation was characteristic of apoptosis with small head, constricted neck and a ballooning tail (Figure 4), which further confirmed that apoptosis was induced by TPL alone as well as in combination with γ-irradiation of MCF 7 cells.
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			TPL and γ-irradiation induced intracellular ROS in MCF 7 cells

			Radiation is known to induce damage to cells invariably by generation of ROS. TPL too was found capable of generating ROS in cancer cells [20]. Hence, experiments were carried out to measure the level of intracellular ROS in TPL and γ-irradiation (3 Gy) of MCF 7 cells. Using DCH-FDA fluorescent probe method, it was found that 0.25mg/ml TPL induced almost two-fold greater increase in ROS generation in γ-irradiated MCF 7 cells, as compared to those treated with TPL/ γ-irradiation alone, which was highly significant (Figure 5), p<0.001). 
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			However, the observed increase of radiation-induced ROS by TPL was not observed when MCF 7 cells were pre-treated with the drug and it was present during irradiation. It was further found that in MCF 7 cells pre-treated with TPL, ROS generation induced by γ-irradiation was significantly lowered by 2 fold as compared to irradiated but without TPL treatment. This indicated that TPL enhanced intracellular ROS generation induced by γ-irradiation only when cells were treated with TPL post-irradiation. These results are in line with the observations from results of the clonogenic assay mentioned earlier. The results indicate that TPL probably potentiated γ-radiation induced toxicity in MCF 7 cells, post-irradiation through an ROS dependant apoptotic mechanism. To further confirm this and also to check if the mechanism of this combination treatment involves mitochondria, further experiments are warranted.

			TPL and γ-radiation Induced mitochondrial membrane potential changes

			Changes in mitochondrial membrane permeability is another feature of apoptotic cell death and therefore, it was interesting to find if MCF 7 cells treated with TPL and γ-irradiation showed changes in mitochondrial membrane permeability. MCF 7 cells were either treated with TPL alone or in combination with γ-irradiation and observed under fluorescent microscope (Figure 6). It was found that fluorescence intensity of DiOC6, indicative of normal mitochondrial potential, as in untreated control cells, decreased progressively with increasing concentrations of TPL. MCF 7 cells treated with TPL, prior to irradiation did not show any decrease in mitochondrial membrane potential. However, 3 Gy γ-irradiated MCF 7 cells when treated with TPL showed greater loss of mitochondrial membrane potential as compared to MCF 7 cells treated with TPL alone. These results correlate well with the increased ROS generation and decreased clonogenic ability of MCF 7 cells on post-irradiation treatment with TPL, indicating that cytotoxicity induced by TPL may be due to its ability to induce oxidative stress causing perturbation in mitochondrial membrane potential. 

			[image: ]

			Our studies have shown that post-irradiation treatment of MCF 7 cells with TPL induced increased cytotoxicity by enhancing apoptosis probably through enhanced generation of ROS and decreased mitochondrial membrane permeability as compared to either TPL or radiation treatment alone. However, when MCF 7 cells were treated with TPL prior to irradiation and it was present during irradiation, the drug antagonized the effect of radiation. Investigations are warranted for the detailed mechanisms of TPL and radiation induced toxicity to understand the discrepancies observed when TPL was added to cancer cells before and after irradiation. Experiments have been carried out to examine validation of some of these in vitro results in animal tumor model. 

			Effect of TPL and γ-radiation on tumor growth

			Combined effect of TPL and γ-irradiation on tumor growth of a murine transplantable thymic lymphoma and fibrosarcoma was investigated. It was found that both TPL and radiation alone were able to significantly reduce tumor growth volume of transplantable thymic lymphoma or barcl-95 as compared to the control. However, mice given a single dose, local γ-irradiation on the 7th day after start of TPL feeding showed significantly greater reduction in tumor size as compared to the individual treatments. For example, on the 12th day after tumor transplantation, tumor volume in the combined modality treatment with TPL and γ-irradiation was significantly smaller, 33% of control, as compared to that of TPL treatment alone, 49% of control and 3 Gy γ-irradiation treatment alone, 65% of control (p < 0.05, Figure 7).
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			Studies on the radio-resistant mouse tumor fibrosarcoma showed that neither TPL nor γ-radiation individually nor in combination were able to induce significant tumor growth delay as compared to the control mice indicating that probably, TPL and γ-radiation induce tumor growth delay in vivo by similar mechanisms (Figure 8).
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			It can be concluded that in vitro, post-irradiation treatment with TPL sensitized human breast cancer cells, MCF 7 to γ-radiation whereas pre-treatment of MCF 7 cells with TPL antagonized the cytotoxic effects of radiation. The combination treatment of MCF 7 cells with γ-radiation enhanced apoptosis as compared to the individual treatments, probably involving ROS dependant mechanism. In vivo, combination treatment of TPL and γ-irradiation induced greater tumor growth delay in transplantable thymic lymphoma solid tumors as compared to that of individual treatments alone. TPL and γ-radiation treatment of radio resistant fibrosarcoma tumor, showed no reduction in tumor growth and it can be concluded that neither TPL nor radiation, either alone or in combination were effective in inducing tumor growth delay.

			There is a great need for developing drugs for tumor radio sensitization with minimal or no toxicity towards normal cells/ tissues. TPL was found to be non-toxic towards a variety of normal cells [20] and was found to protect mice from radiation-induced lethality as described in [23]. These results suggest that TPL enhanced radiation-induced toxicity in tumor cells and its ability to protect mice and normal cells from radiation, may prove it an ideal candidate with potential as a radiosensitizer for cancer radiotherapy in clinic.

			Conclusion

			Our data show that treatment with TPL post irradiation enhanced cytotoxicity and decreased clonogenic ability of MCF-7 breast cancer cells through an ROS dependent apoptotic mechanism. Oral feeding of TPL for 7 days before and after γ-irradiation significantly reduced the tumor volume in mice transplanted with a radiation responsive transplantable thymic lymphoma, barcl-95. However, this ability of TPL to increase tumor cytotoxicity was not evident in the radio-resistant fibrosarcoma tumors. Hence it can be concluded that TPL does exert radiosensitizing ability in certain tumor cells, both in vitro as well as in vivo, mechanisms of which should be further investigated in detail. Results from these investigations can lead to a TPL based radiosensitizer that is selectively toxic to tumor cells.
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Figure 1: Effect of TPL and 1y - radiation on proliferation of human breast cancer cells. MCF-7 (3 x 10° cells/ml) suspended in DMEM
supplemented with FBS (10%), either  -irradiated/ non-irradiated were incubated with increasing concentrations of TPL at 37 °C (+ 5 %
CO,) for 4-5h. Cells were then washed with fresh medium, collected and viability of cells determined by trypan blue dye exclusion method.
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Figure 8: Effect of TPL and radiation on tumor volume of Swiss
mice transplanted with fibrosarcoma.
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Figure 3: Detection of TPL and Radiation induced apoptosis
MCF-7 cells (3 x 105 /mi) were y-irradiated (3 Gy) and incubated
with increasing concentrations of TPL under cuiture conditions
for 5h, following which cells were washed with fresh medium and
collected. Percentage apoptosis was determined by AnnexinV-
FITC and Propidium lodide (P1) double staining
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Figure 2: Effect of TPL and radiation on clonogenic ability of
cells. MCF-7 cells were treated with increasing concentrations
of either TPL alone or in combination with y-radiation (3 Gy, pre/
post-drug treated) and incubated for 24h in culture conditions.
Known no: of cells were then washed and seeded into 100mm
dishes containing DMEM and FBS (10%) and allowed to grow till
visible colonies were observed
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Figure 7: Effect of TPL and radiation on tumor volume of
Swiss mice transplanted with barcl-95. Mice were divided into
4 different groups and were treated as described in ‘Materials
and Methods’. Tumor growth volume in the different groups:
control (m), y -radiation alone (@), TPL treatment alone (4,)
v -radiation and TPL combined treatment (W) were measured.
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Figure 5: Estimation of TPL and radiation induced
intracellular ROS. Cells (3 X 105) labelled with DCHFDA
(2,7-dichlorodihydrofiuorescein diacetate) were treated with
increasing concentrations of either TPL alone or in combination
with y-radiation (3 Gy, pre/post-drug treated) and incubated
for %h in Phosphate buffered saline at 37 °C. Fluorescence
intensity (lex = 490nm and lex = 520nm) was measured using
Fluorescence Spectrometer.
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Figure 6: Changes in mitochondrial membrane potential. Cells (3 X 105) with increasing concentrations of either TPL alone or in combination
with g-radiation (3 Gy, pre/post-drug treated) were incubated for 1h in Phosphate buffered saline at 37 °C; labeled with 40nM DIOC6 and
mitochondrial membrane potential changes were monitored using a fluorescence microscope.
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