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Endoplasmic reticulum calcium release potentiates the ER stress and cell death caused by an oxidative stress in MCF-7 cells
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Increase in cytosolic calcium concentration ([Ca 2+ ] c ), release of endoplasmic reticulum (ER) calcium ([Ca 2+ ] er ) and ER stress have been proposed to be involved in oxidative toxicity.

Nevertheless, their relative involvements in the processes leading to cell death are not well defined. In this study, we investigated whether oxidative stress generated during ascorbatedriven menadione redox cycling (Asc/Men) could trigger these three events, and, if so, whether they contributed to Asc/Men cytoxicity in MCF-7 cells. Using microspectrofluorimetry, we demonstrated that Asc/Men-generated oxidative stress was associated with a slow and moderate increase in [Ca 2+ ] c , largely preceding permeation of propidium iodide, and thus cell death. Asc/Men treatment was shown to partially deplete ER calcium stores after 90 min (decrease by 45% compared to control). This event was associated with ER stress activation, as shown by analysis of eIF2 phosphorylation and expression of the molecular chaperone GRP94. Thapsigargin (TG) was then used to study the effect of complete [Ca 2+ ] er emptying during the oxidative stress generated by Asc/Men. Surprisingly, the combination of TG and Asc/Men increased ER stress to a level considerably higher than that observed for either treatment alone, suggesting that [Ca 2+ ] er release alone is not sufficient to explain ER stress activation during oxidative stress. Finally, TG-mediated [Ca 2+ ] er release largely potentiated ER stress, DNA fragmentation and cell death caused by Asc/Men, supporting a role of ER stress in the process of Asc/Men cytotoxicity. Taken together, our results highlight the involvement of ER stress and [Ca 2+ ] er decrease in the process of oxidative stress-induced cell death in MCF-7 cells.

A c c e p t e d M a n u s c r i p t

Introduction

It has long been known that disruption of intracellular calcium homeostasis is one of the primary processes in the early development of cell injury [1][2][3] and that elevation of intracellular calcium levels can provoke a switch from normal regulation of cell function to a signal for cell death [3]. Different mechanisms have been implicated in this phenomenon, including activation of calcium-dependent proteases (i.e., calpains), calmodulin-associated enzymes (i.e., the phosphatase and regulator calcineurin), and calcium-dependent endonucleases or apoptotic pathways associated with perturbations in mitochondrial calcium concentrations [3][4][5]. In oxidative stress, intracellular calcium deregulation has been shown to have a central role in the induction of apoptosis or necrosis [5].

Endoplasmic reticulum (ER) stress is an essential adaptive cell response to the accumulation of misfolded proteins and is induced by the quality control system that ensures the transit of correctly folded proteins to the Golgi [6]. The primary role of ER stress is to favor cell survival by increasing the capacity to fold or refold proteins or by facilitating the export of misfolded proteins to the cytosol and their subsequent degradation (ER-associated degradation or ERAD) [6]. This phenomenon requires a complex regulatory process, known as the unfolded protein response (UPR), which regulates the transcription and translation of a great number of genes [7]. This process can finally induce cell death, probably when the initial survival response cannot counteract the protein modifications [6]. The molecular processes of ER stress-induced cell death represent a promising research area as this event may be involved in the physiopathology of atherosclerosis, diabetes and cancer, diseases known to be closely linked to oxidative stress [8]. In tumors, UPR is activated in response to the microenvironment, generally hypoxic and low in energy. Thus, some ER chaperones A c c e p t e d M a n u s c r i p t appear to be potential biomarkers for tumor behavior and resistance to cancer therapies [8][9][10] and some researchers have proposed that ER stress proteins should be targeted to potentiate cancer treatments [9,10].

Cells exposed to oxidative injury have various ER stress inducing factors [11]. Indeed, previous reports showed that oxidants can release ER calcium ([Ca 2+ ] er ) [5,[12][13][14] (presumably by inhibition of sarcoplasmic calcium ATPase [15,16]); this could represent a first mechanism by which oxidative injury can cause ER stress. Another possibility is that reactive oxygen species (ROS) may cause ER stress through generation and accumulation of oxidized proteins [11,17]. The ER appears to be particularly sensitive to such modifications [18][19][20][21], as its molecular environment has a high oxidizing redox potential, specialized in protein folding and disulfide bond formation [18,22,23]. Finally, ROS could directly damage proteins of the ER folding machinery, such as ER chaperones, and induce an accumulation of misfolded proteins and consequent UPR activation. Despite these data, research on the involvement of ER stress in the cellular response to ROS exposure is only emerging [11]. Few authors have reported UPR activation during oxidative stress and even fewer have demonstrated a direct involvement of ER stress in oxidative toxicity [19,[24][25][26][27][28]. In summary, ER homeostasis is a fragile equilibrium, which can be modulated by dysregulation of calcium or oxidative/reductive balance, features previously associated with oxidative stress. However, studies of the links between these factors are scarce.

We and others have shown that the association of ascorbate and menadione is an H 2 O 2generating system that results in necrosis-like cell death in a wide variety of cancer cell types [29][30][31][32][33][34][35] including MCF-7 cells (a human breast derived cell line), and that loss of calcium homeostasis appeared to be a major factor in the cytotoxicity [36]. The aim of the present study was to investigate the role of disruption of calcium homeostasis and a potential involvement of ER stress in the mechanisms leading to cancer cell death from an oxidative A c c e p t e d M a n u s c r i p t stress. Using MCF-7 cells, we showed that 1) oxidative stress caused a slow increase in [Ca 2+ ] c concentration in MCF-7 cells; 2) this increase in [Ca 2+ ] c appeared not to be associated with oxidative stress cytotoxic pathways; 3) oxidative stress led to a partial release of [Ca 2+ ] er ; 4) calcium release was not the main causative factor in ER stress triggered by oxidative conditions; and 5) [Ca 2+ ] er release potentiated oxidative stress induced cell death.

Materials and methods

Chemicals

Menadione sodium bisulfite (Men), sodium ascorbate (Asc), N-acetylcysteine (NAC), BAPTA-AM, dimethylsulfoxide (DMSO), EGTA, ionomycin and W-7 hydrochloride were purchased from Sigma-Aldrich (St. Louis, MO). Thapsigargin (TG), aurintricarboxylic acid (ATA) and cyclosporine A (CsA) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA), Calpeptin (Calp) and Ru360 from Calbiochem (San Diego, CA), fluo-3/AM from Tebu-Bio (Boechout, BE), fura-2, AM from Molecular Probes (Eugene, OR), Iodoacetate from Acros Organics (Geel, BE) and propidium iodide from Roche Diagnostics Corp (Indianapolis, IN). All other chemicals were ACS reagent grade.

Cell Culture and Treatments

The MCF-7 cell line was a gift from Dr. F. Brasseur (Ludwig Institute for Cancer Research, LICR-Brussels). The cells were cultured in DMEM (Dulbecco's modified eagle medium, (Gibco BRL, Life Technologies, Merelbeke, BE)) supplemented with 10% fetal calf serum, penicillin (10 000 U/ml), streptomycin (10 mg/ml) and 1.2% glutamine. The cultures were maintained at a density of about 50x10³ cells/cm². The medium was changed at 48-72 h intervals. All cultures were maintained at 37°C in 95% air/5% CO2 with 100% humidity. For each passage, cells were washed twice with PBS (Gibco) and then incubated at 37°C with 0.25% trypsin-EDTA (Sigma-Aldrich, St Louis, MO). Cultures were treated with 1 or 0.5 mM minutes before the addition of ascorbate and menadione. Cells were incubated with TG or iodoacetate at concentrations of 1 and 100 µM, respectively, to induce ER calcium release or glycolysis arrest, respectively.

Cell survival measurement

The effects of Asc/Men and TG on MCF-7 cell survival were monitored by the erythrosine exclusion assay. Cells were seeded onto 6-well plates at a density of 300 000 cells/well for 24 h and then incubated for different durations in the absence or presence of the various compounds. Cells were then gently washed with 1 ml PBS, harvested using trypsin-EDTA solution, collected and mixed with 100 µl of medium. Then, 900 µl of a solution containing 0.9% NaCl and 0.4% erythosin (w/v) was added, the solution was gently mixed and nonerythrosine positive cells were immediately counted microscopically using a Burker chamber.

MTT assay

The effects of Asc/Men, TG or iodoacetate on cell metabolic status were assessed by following the reduction of MTT (3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide) to blue formazan [37]. Briefly, cells were seeded into 96-well plates at a density of 10 000 cells/well for 24 h and then incubated for different durations in the absence or in the presence of the various compounds (8 wells were used for each condition). Cells were then washed with PBS and incubated with MTT (0.5 mg/ml) for 2 h at 37°C. Blue formazan crystals were solubilized by adding 100 µl DMSO/well, and the colored solution was subsequently read at 550 nm. Results are expressed as % of MTT reduction compared to untreated control conditions.

ATP measurements

A c c e p t e d M a n u s c r i p t

The ATP content was assessed using the bioluminescence kit ATPLite (Perkin Elmer, Zaventem, BE) according to the procedure provided by the manufacturer. Results are expressed as nmol/10 6 cells.

Immunoblotting assays

At the indicated times, cells were washed twice with ice-cold PBS and then resuspended in an RIPA lysis buffer supplemented with 1% Protease Inhibitor Cocktail (Sigma-Aldrich) and 3%

Phosphatase Inhibitor Cocktail (Calbiochem). The samples were kept on ice for 5 min. They

were then centrifuged at 13,000 × g for 15 min at 4°C or sonicated for 15 seconds for the detection of γ-H2AX. Supernatants or sonicated samples were collected and then stored at -80°C. Equal amounts of proteins were subjected to SDS-PAGE (6-15% separating gel) followed by electroblot to nitrocellulose membranes. The membranes were blocked for 1 hour in TBS buffer (pH 7.4) containing 5% powdered milk protein and then incubated overnight at 4°C with the appropriate antibody. Antibody against PAR was obtained from BD Biosciences Pharmingen (Franklin Lakes, NJ). Rabbit polyclonal antibody against phospho-H2AX (γ-H2AX) was from Upstate (Billerica, MA), against GRP94 from Chemicon International (Temecula, CA), and against Phospho-eIF2a (Ser51) from Cell Signaling Technology (Danvers, MA). After washing, membranes were exposed for 60 min at room temperature to a secondary antibody from Chemicon International (Temecula, CA) linked to HRP or alkaline phosphatase. Finally, the protein bands were detected by chemiluminescence.

[Ca 2+ ] c measurements by microspectrofluorimetry

Measurement of [Ca 2+ ] c was performed as previously described [38] with some modifications.

The cells, plated on glass coverslips, were incubated with 1 µM fura-2 AM in medium at 37°C for 30 min, then washed for 10 min in HBSS at 20°C and maintained at room temperature in the same saline solution until the fluorescence was measured. The coverslip was then mounted in a Pecon microscope chamber (1 ml). When indicated, cells were 

[Ca 2+ ] c measurements using a fluorescence microplate reader

This method was adapted from the article by Robinson et al., [40]. For [Ca 2+ ] c measurement, MCF-7 cells were seeded onto 96-well plates at a density of 25 000 cells/well in 100 µl of growth media. At subconfluence, the culture medium was replaced with FBS free media for as described for the quantification protocol.

Oxyblot

The immunoblot detection of carbonyl groups introduced into proteins by oxidative reactions was achieved using OxyBlot™ Protein Oxidation Detection Kit (Chemicon International, Temecula, CA, USA) according to the procedure provided by the manufacturer.

Data analysis

Results are expressed as means ± standard deviation (SD). Differences among the experimental groups were analysed using one-way ANOVA followed, where appropriate, by a Tukey post-hoc test. These tests were performed using GraphPad Prism software (GraphPad Software San Diego, CA, USA). P values less than 0.05 were considered statistically significant.

Results

Oxidative stress induces calcium increase in MCF-7 cells

To investigate the acute effects of the pro-oxidant association of Asc/Men on [Ca 2+ ] c in MCF- ] c was estimated to be close to 50% after 90 min (Fig. 1B).

To verify whether the calcium mobilization was not due to membrane disruption, [Ca 2+ ] c and propidium iodide permeation were simultaneously measured after different durations of exposure to Asc/Men (Fig. 1C). This experiment revealed that calcium increase was triggered during the first hour of Asc/Men treatment and that, in contrast, propidium iodide uptake was observed after more than 4 h. This clearly indicates that the increase in [Ca 2+ ] c largely preceded signs of cell death.

[Ca2+]c increase is unlikely to be associated with activation of calcium-dependent death pathways

Since Asc/Men triggered disruption of calcium homeostasis in MCF-7 cells, we then explored the influence of oxidative stress on different pathways associated with calcium disturbance.

First, calcium itself may directly activate proteases (i.e., calpains) or calmodulin-associated enzymes, which may themselves be involved in the cytotoxic processes of oxidative stress.

Moreover, perturbations of intracellular calcium can activate mitochondrial apoptotic pathways, including the opening of the mitochondrial permeability transition pore (mPTP).

We therefore tested the influence of inhibitors of these pathways on the loss of cell viability observed after Asc/Men treatment. W7 (25 µM), calpeptin (10 µM), Ru360 (5 µM), and cyclosporine A (5 µM) were chosen to inhibit calcium-dependent proteases, calmodulin, entry of calcium into the mitochondria, and mPTP opening, respectively (1 h pre-incubation).

Unlike the antioxidant, NAC, none of these compounds had any protective effect on oxidative stress-mediated decrease in cell viability (Fig. 2A andB). We also hypothesized that the DNA strand breaks induced by Asc/Men (as we have previously shown [31,33]) could be the result of calcium-dependent endonuclease activation. To study this hypothesis, we tested the effects of 1 h pre-incubation with 100 µM aurintricarboxylic acid (a calcium-dependent endonuclease inhibitor) on the loss of viability observed in MCF-7 cells after Asc/Men exposure; this A c c e p t e d M a n u s c r i p t inhibitor had no measurable effect (Fig. 2A). To examine whether extracellular calcium chelation or depletion could affect Asc/Men cytotoxicity, we then measured MCF-7 cell viability after 4 h of exposure to Asc/Men, in media with and without calcium, or with 2 mM of the extracellular calcium chelator, EGTA (Fig. 2C). Results from this experiment demonstrated that extracellular calcium depletion or chelation had no protective effects against Asc/Men. Taken together, our results show that the increase in intracellular calcium after administration of Asc/Men is unlikely to be involved in the mechanisms leading to MCF-7 death.

Effect of BAPTA-AM, an intracellular calcium chelator on Asc/Men cytotoxic pathways.

An intracellular calcium chelator, BAPTA-AM, was also used to explore the importance of an increase in cytosolic calcium on the cytotoxic pathways of Asc/Men. In our model, this chelator appeared to have a broad protective action, as shown by its concentration-dependent protection against the decrease in cell viability induced by Asc/Men exposure (Fig. 3A).

However, since BAPTA-AM has been previously shown to chelate iron, and potentially interferes with Fenton's reaction [41,42], we decided to identify at what level BAPTA-AM acts. Our results reveals that BAPTA-AM could prevent against all features of Asc/Men cytotoxicity, including decreases in ATP, PARP activation, DNA fragmentation, ER stress and even protein oxidation (Fig. 3B,C andD). This suggests that the protective effect of BAPTA-AM observed in our model is most probably mediated by its capacity to interfere with pro-oxidative mechanisms, rather than by its ability to chelate calcium.

ATP decrease and calcium release in MCF-7 cells exposed to oxidative stress

Oxidative stress usually induces a rapid and marked decrease in cellular ATP. Among the consequences of this effect, the decrease in ATP may also be associated with ATP-dependent calcium channel dysfunction, a process potentially involved in the increase in [Ca 2+ ] c observed in MCF-7 cells exposed to oxidative stress. We, therefore, decided to explore the observed after 90 min of Asc/Men treatment (Fig. 4C), confirming that the large increase in calcium observed in oxidative stress exposed MCF-7 cells was not due to ATP depletion.

Oxidative stress partially releases [Ca 2+ ] er and induces ER stress in MCF-7 cells

Since disturbance in cytosolic calcium is unlikely to be involved in the pathways leading to the loss of cell viability induced by Asc/Men, we further studied the effect of Asc/Mengenerated oxidative stress on the ER, the major cellular store of calcium. We first measured whether the response of MCF-7 cells to TG (TG irreversibly inhibits (sarco)endoplasmic reticulum Ca 2+ -ATPase (SERCA) and depletes ER calcium stores) could be altered by Asc/Men. To this end, untreated control cells (Fig. 5A) or cells pre-treated with Asc/Men for 90 min (Fig. 5B) were stimulated with TG (1 µM) after extracellular calcium removal and [Ca 2+ ] c was measured. The results showed that the TG-driven increase in [Ca 2+ ] c was attenuated when cells were pre-treated with Asc/Men. Indeed, Fig. 5C shows that the response to TG was decreased by approximately 45% (124.8 ± 8.0 nM for control and 68.9 ± 4.7 nM for Asc/Men conditions). These findings suggest that Asc/Men slowly depletes calcium from the ER. Second, since [Ca 2+ ] er release can be both a cause and a consequence of ER stress, we explored whether ER stress was associated with Asc/Men treatment. We measured levels of 

Involvement of ER calcium emptying in ER stress triggered by oxidative stress and cell death

Our results confirm the observations that Asc/Men triggers ER stress and ER calcium release.

We then decided to address the issue of whether TG-induced complete calcium release had a putative effect on the ER stress induction observed in cells exposed to Asc/Men (Fig. 6A). For this experiment, ascorbate and menadione were used at the lowest concentrations of 0.5 mM and 5 µM, respectively. At this concentration, Asc/Men induced eIF2 phosphorylation after 2 h of treatment, while TG triggered this event after 0.5 h (Fig. 6A). Surprisingly, the combination of Asc/Men and TG dramatically increased the appearance of P-eIF2 after just 30 min of treatment. These results demonstrate that oxidative stress and calcium release are two ER stress-inducing factors that synergize when applied together and that calcium release is not likely to be the only process responsible for UPR activation during oxidative stress.

Regarding GRP94 protein levels, TG caused GRP94 overexpression only after 24 h (Fig. 6A).

Since various authors have proposed that ER stress is one of the oxidative pathways leading to cell death, we then decided to address the question of whether the potentiating effect of TG on the ER stress induced by Asc/Men was also accompanied by an increase in cell death. For this purpose, cell survival was measured in cells exposed for different durations to TG, Asc/Men 0.5/5, or both. Previous studies have revealed that TG exposure is generally associated with DNA fragmentation [43][44][45]. Asc/Men treatment also triggers this event, which results in poly(ADP ribose) polymerase (PARP) activation and NAD + depletion (Fig. 3 and Verrax et al., 2004 and2007 [31, 33]). We, therefore, assessed the effects of TG and Asc/Men treatment on histone H2AX phosphorylation, a marker of DNA damage in the form of double-strand breaks. As presented in Fig. 6C, 4 h of treatment with TG and Asc/Men 0.5/5 induced the appearance of -H2AX (the phosphorylated form) only when both treatments were applied together, demonstrating that increased calcium release and consecutive ER stress also potentiate oxidative stress-induced DNA fragmentation.

Discussion

The present study was designed to elucidate the roles of disturbances in calcium homeostasis and of ER stress in oxidative stress-associated death in MCF-7 cells. Our results reveal that Asc/Men-induced oxidative stress elicits [Ca 2+ ] er release, ER stress and increase in [Ca 2+ ] c after drug exposure. In this model, ER stress and associated [Ca 2+ ] er emptying, but not alterations in [Ca 2+ ] c , appear to have a role in cell death induction.

The first finding of our study is that the pro-oxidant association of Asc/Men induces a slow increase in cytosolic calcium. Use of iodoacetate in order to mimic Asc/Men-induced depletion in ATP did not trigger cytoplasmic calcium overload, suggesting that ATP depletion was not the cause of the large increase in intracellular calcium observed during oxidative exposure. One goal of our study was to clarify the link between the identified oxidative A c c e p t e d M a n u s c r i p t increase in cytosolic calcium and MCF-7 cell death. Various data provide evidence that alterations in [Ca 2+ ] c are not involved in oxidative toxicity: First, using specific inhibitors of pathways that have already been proposed to participate in calcium-mediated oxidative toxicity [5], we could not demonstrate any role of enzymes, such as proteases, calmodulinassociated enzymes or calcium-dependent endonucleases, in these processes. The potential involvement of mitochondria was also tested. Indeed, it is known that exposure of mitochondria to high calcium concentrations during oxidative stress results in their swelling and uncoupling. This phenomenon leads to a loss of maintenance of cellular ATP levels and finally to cell death by necrosis [46]. In our study, use of Ru360, a specific mitochondrial calcium uptake inhibitors (uniport transporter inhibitor) and cyclosporine A (a mPTP inhibitor) was not associated with any effect on Asc/Men toxicity. This suggests that mitochondrial calcium uptake was not involved in the toxicity in our model and contrasts with reports examining the role of mitochondrial permeability transition in the cytotoxicity of the pro-oxidant, tert-butylhydroperoxide [47]. Secondly, depleting or chelating extracellular calcium (by EGTA) was not protective against loss of cell viability during oxidative stress.

Because EGTA, in addition to its effect on extracellular calcium, tends to draw intracellular calcium (as shown in Figs. 5A andB), its lack of effect on cell viability can be considered as another argument against the involvement of altered [Ca 2+ ] c in oxidative toxicity.

Furthermore, we found that media without calcium and with 200 µM EGTA, could not preserve cell viability during Asc/Men exposure (not shown). This observation is in agreement with the report of Persoon-Rothert and colleagues in 1994 [48]. Thirdly, BAPTA-AM, one of the most used intracellular calcium chelator, was shown to protect cells from oxidative modifications during Asc/Men exposure (Fig. 3D). The protective effect of this chelator is generally the principal argument for a connection between [Ca 2+ ] c deregulation and oxidative injury. Our results suggest that BAPTA-AM may interact with pro-oxidative A c c e p t e d M a n u s c r i p t mechanisms in our model. However, it cannot be ruled out that BAPTA-AM could also chelate intracellular calcium, and protects cells in this way from oxidative toxicity. These are still speculations and need further study. It has been proposed that BAPTA-AM interferes with Fenton's reaction [41,42] or may protect against a poorly defined pro-oxidative calciumassociated process, such as calcium-induced iron release [49] or ER stress-generated ROS production [50][51][52].

The typical profile of the intracellular calcium response identified in our study has also been observed in other cell lines exposed to H 2 O 2 , such as HeLa, human erythrocytes and MDCK (a canine epithelial cell line) [53], CRI-G1 (an insulin-secreting cell line) [54] or pancreatic acinar cells [14,55]. However, to our knowledge, this is the first time this effect has been demonstrated in MCF-7 cells. Although high concentrations of H 2 O 2 have been shown to induce a similar calcium response to that seen in our study, there is no consensus regarding the source of calcium, as highlighted and discussed in the study by Castro et al., [53]. These authors reported that the increase in intracellular calcium increase came largely from a cytosolic unrecognized source. Although it was not the main goal of our study, we found that ER calcium release could partly explain the elevation in [Ca 2+ ] c in MCF-7 cells exposed to oxidative stress. This is in agreement with previous reports exploring the effects of H 2 O 2 exposure on modulation of calcium homeostasis [13,14].

Oxidative stress encompasses a number of ER stress inducing factors, including calcium emptying (presumably by inhibition of calcium ATPase [15,16,56]), or direct oxidative damage to newly folded proteins or proteins of the ER machinery. However, the relative contributions of these events in oxidative stress-induced ER stress are not known.

Furthermore, the relationship between oxidative stress and ER stress is a matter of debate, because activation of the UPR can also result in ROS generation [50][51][52]. In our study, we found that pro-oxidant Asc/Men treatment induced the translational control arm of the UPR A c c e p t e d M a n u s c r i p t

(by enhancing eIF2 phosphorylation) and upregulation of ER folding capacity (by the increase in GRP94 protein, one of the major ER chaperones). These events were accompanied by a slow leakage of [Ca 2+ ] er . Given these results, we then focused on the potential link between ER calcium release and ER stress activation. For this purpose, TG was used as an UPR inducer to trigger irreversible calcium release from the ER. We showed that TG and consequent calcium emptying also induced eIF2 phosphorylation shortly after addition of TG.

This effect was weaker than that observed after exposure of cells to ascorbate or menadione at concentrations of 1 mM and 10 µM, respectively (Fig. 5D and6A), suggesting that the In conclusion, in this study we report the major role of disrupted ER calcium homeostasis on Asc/Men oxidative toxicity in MCF-7 cells and highlight the relative contribution of ER stress in this process. Our results confirm the pro-oxidant activity of the association of ascorbate and menadione [29-33, 35, 58, 59] and suggest that it could represent an interesting therapy in tumors in which increased ER folding capacity is associated with cancer resistance. 

Introduction

It has long been known that disruption of intracellular calcium homeostasis is one of the primary processes in the early development of cell injury [1][2][3] and that elevation of intracellular calcium levels can provoke a switch from normal regulation of cell function to a signal for cell death [3]. Different mechanisms have been implicated in this phenomenon, including activation of calcium-dependent proteases (i.e., calpains), calmodulin-associated enzymes (i.e., the phosphatase and regulator calcineurin), and calcium-dependent endonucleases or apoptotic pathways associated with perturbations in mitochondrial calcium concentrations [3][4][5]. In oxidative stress, intracellular calcium deregulation has been shown to have a central role in the induction of apoptosis or necrosis [5].

Endoplasmic reticulum (ER) stress is an essential adaptive cell response to the accumulation of misfolded proteins and is induced by the quality control system that ensures the transit of correctly folded proteins to the Golgi [6]. The primary role of ER stress is to favor cell survival by increasing the capacity to fold or refold proteins or by facilitating the export of misfolded proteins to the cytosol and their subsequent degradation (ER-associated degradation or ERAD) [6]. This phenomenon requires a complex regulatory process, known as the unfolded protein response (UPR), which regulates the transcription and translation of a great number of genes [7]. This process can finally induce cell death, probably when the initial survival response cannot counteract the protein modifications [6]. The molecular processes of ER stress-induced cell death represent a promising research area as this event may be involved in the physiopathology of atherosclerosis, diabetes and cancer, diseases known to be closely linked to oxidative stress [8]. In tumors, UPR is activated in response to the microenvironment, generally hypoxic and low in energy. Thus, some ER chaperones A c c e p t e d M a n u s c r i p t appear to be potential biomarkers for tumor behavior and resistance to cancer therapies [8][9][10] and some researchers have proposed that ER stress proteins should be targeted to potentiate cancer treatments [9,10].

Cells exposed to oxidative injury have various ER stress inducing factors [11]. Indeed, previous reports showed that oxidants can release ER calcium ([Ca 2+ ] er ) [5,[12][13][14] (presumably by inhibition of sarcoplasmic calcium ATPase [15,16]); this could represent a first mechanism by which oxidative injury can cause ER stress. Another possibility is that reactive oxygen species (ROS) may cause ER stress through generation and accumulation of oxidized proteins [11,17]. The ER appears to be particularly sensitive to such modifications [18][19][20][21], as its molecular environment has a high oxidizing redox potential, specialized in protein folding and disulfide bond formation [18,22,23]. Finally, ROS could directly damage proteins of the ER folding machinery, such as ER chaperones, and induce an accumulation of misfolded proteins and consequent UPR activation. Despite these data, research on the involvement of ER stress in the cellular response to ROS exposure is only emerging [11]. Few authors have reported UPR activation during oxidative stress and even fewer have demonstrated a direct involvement of ER stress in oxidative toxicity [19,[24][25][26][27][28]. In summary, ER homeostasis is a fragile equilibrium, which can be modulated by dysregulation of calcium or oxidative/reductive balance, features previously associated with oxidative stress. However, studies of the links between these factors are scarce.

We and others have shown that the association of ascorbate and menadione is an H 2 O 2generating system that results in necrosis-like cell death in a wide variety of cancer cell types [29][30][31][32][33][34][35] including MCF-7 cells (a human breast derived cell line), and that loss of calcium homeostasis appeared to be a major factor in the cytotoxicity [36]. The aim of the present study was to investigate the role of disruption of calcium homeostasis and a potential involvement of ER stress in the mechanisms leading to cancer cell death from an oxidative 

Materials and methods

Cell Culture and Treatments

The MCF-7 cell line was a gift from Dr. F. Brasseur (Ludwig Institute for Cancer Research, LICR-Brussels). The cells were cultured in DMEM (Dulbecco's modified eagle medium, (Gibco BRL, Life Technologies, Merelbeke, BE)) supplemented with 10% fetal calf serum, penicillin (10 000 U/ml), streptomycin (10 mg/ml) and 1.2% glutamine. The cultures were maintained at a density of about 50x10³ cells/cm². The medium was changed at 48-72 h intervals. All cultures were maintained at 37°C in 95% air/5% CO2 with 100% humidity. For each passage, cells were washed twice with PBS (Gibco) and then incubated at 37°C with 0.25% trypsin-EDTA (Sigma-Aldrich, St Louis, MO). Cultures were treated with 1 or 0.5 mM minutes before the addition of ascorbate and menadione. Cells were incubated with TG or iodoacetate at concentrations of 1 and 100 µM, respectively, to induce ER calcium release or glycolysis arrest, respectively.

Cell survival measurement

The effects of Asc/Men and TG on MCF-7 cell survival were monitored by the erythrosine exclusion assay. Cells were seeded onto 6-well plates at a density of 300 000 cells/well for 24 h and then incubated for different durations in the absence or presence of the various compounds. Cells were then gently washed with 1 ml PBS, harvested using trypsin-EDTA solution, collected and mixed with 100 µl of medium. Then, 900 µl of a solution containing 0.9% NaCl and 0.4% erythosin (w/v) was added, the solution was gently mixed and nonerythrosine positive cells were immediately counted microscopically using a Burker chamber.

MTT assay

The effects of Asc/Men, TG or iodoacetate on cell metabolic status were assessed by following the reduction of MTT (3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide) to blue formazan [37]. Briefly, cells were seeded into 96-well plates at a density of 10 000 cells/well for 24 h and then incubated for different durations in the absence or in the presence of the various compounds (8 wells were used for each condition). Cells were then washed with PBS and incubated with MTT (0.5 mg/ml) for 2 h at 37°C. Blue formazan crystals were solubilized by adding 100 µl DMSO/well, and the colored solution was subsequently read at 550 nm. Results are expressed as % of MTT reduction compared to untreated control conditions.

ATP measurements
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The ATP content was assessed using the bioluminescence kit ATPLite (Perkin Elmer, Zaventem, BE) according to the procedure provided by the manufacturer. Results are expressed as nmol/10 6 cells.

Immunoblotting assays

At the indicated times, cells were washed twice with ice-cold PBS and then resuspended in an RIPA lysis buffer supplemented with 1% Protease Inhibitor Cocktail (Sigma-Aldrich) and 3%

Phosphatase Inhibitor Cocktail (Calbiochem). The samples were kept on ice for 5 min. They

were then centrifuged at 13,000 × g for 15 min at 4°C or sonicated for 15 seconds for the detection of γ-H2AX. Supernatants or sonicated samples were collected and then stored at -80°C. Equal amounts of proteins were subjected to SDS-PAGE (6-15% separating gel) followed by electroblot to nitrocellulose membranes. The membranes were blocked for 1 hour in TBS buffer (pH 7.4) containing 5% powdered milk protein and then incubated overnight at 4°C with the appropriate antibody. Antibody against PAR was obtained from BD Biosciences Pharmingen (Franklin Lakes, NJ). Rabbit polyclonal antibody against phospho-H2AX (γ-H2AX) was from Upstate (Billerica, MA), against GRP94 from Chemicon International (Temecula, CA), and against Phospho-eIF2a (Ser51) from Cell Signaling Technology (Danvers, MA). After washing, membranes were exposed for 60 min at room temperature to a secondary antibody from Chemicon International (Temecula, CA) linked to HRP or alkaline phosphatase. Finally, the protein bands were detected by chemiluminescence.

[Ca 2+ ] c measurements by microspectrofluorimetry

Measurement of [Ca 2+ ] c was performed as previously described [38] with some modifications.

The cells, plated on glass coverslips, were incubated with 1 µM fura-2 AM in medium at 37°C for 30 min, then washed for 10 min in HBSS at 20°C and maintained at room temperature in the same saline solution until the fluorescence was measured. The coverslip was then mounted in a Pecon microscope chamber (1 ml). When indicated, cells were 

[Ca 2+ ] c measurements using a fluorescence microplate reader

This method was adapted from the article by Robinson et al., [40]. For [Ca 2+ ] c measurement, MCF-7 cells were seeded onto 96-well plates at a density of 25 000 cells/well in 100 µl of growth media. At subconfluence, the culture medium was replaced with FBS free media for For live-cell imaging, cells were seeded on a 4-well Lab-Tek chamber glass slide (Nunc, Naperville, IL), at a density of 50 000 cells/well, cultured for 3 days, and treated as described for the quantification protocol.

Oxyblot

The immunoblot detection of carbonyl groups introduced into proteins by oxidative reactions was achieved using OxyBlot™ Protein Oxidation Detection Kit (Chemicon International, Temecula, CA, USA) according to the procedure provided by the manufacturer.

Data analysis

Results are expressed as means ± standard deviation (SD). Differences among the experimental groups were analysed using one-way ANOVA followed, where appropriate, by a Tukey post-hoc test. These tests were performed using GraphPad Prism software (GraphPad Software San Diego, CA, USA). P values less than 0.05 were considered statistically significant.

Results

Oxidative stress induces calcium increase in MCF-7 cells

To investigate the acute effects of the pro-oxidant association of Asc/Men on [Ca 2+ ] c in MCF- ] c was estimated to be close to 50% after 90 min (Fig. 1B).

To verify whether the calcium mobilization was not due to membrane disruption, [Ca 2+ ] c and propidium iodide permeation were simultaneously measured after different durations of exposure to Asc/Men (Fig. 1C). This experiment revealed that calcium increase was triggered during the first hour of Asc/Men treatment and that, in contrast, propidium iodide uptake was observed after more than 4 h. This clearly indicates that the increase in [Ca 2+ ] c largely preceded signs of cell death.

[Ca2+]c increase is unlikely to be associated with activation of calcium-dependent death pathways

Since Asc/Men triggered disruption of calcium homeostasis in MCF-7 cells, we then explored the influence of oxidative stress on different pathways associated with calcium disturbance.

First, calcium itself may directly activate proteases (i.e., calpains) or calmodulin-associated enzymes, which may themselves be involved in the cytotoxic processes of oxidative stress.

Moreover, perturbations of intracellular calcium can activate mitochondrial apoptotic pathways, including the opening of the mitochondrial permeability transition pore (mPTP).

We therefore tested the influence of inhibitors of these pathways on the loss of cell viability observed after Asc/Men treatment. W7 (25 µM), calpeptin (10 µM), Ru360 (5 µM), and cyclosporine A (5 µM) were chosen to inhibit calcium-dependent proteases, calmodulin, entry of calcium into the mitochondria, and mPTP opening, respectively (1 h pre-incubation).

Unlike the antioxidant, NAC, none of these compounds had any protective effect on oxidative stress-mediated decrease in cell viability (Fig. 2A andB). We also hypothesized that the DNA strand breaks induced by Asc/Men (as we have previously shown [31,33]) could be the result of calcium-dependent endonuclease activation. To study this hypothesis, we tested the effects of 1 h pre-incubation with 100 µM aurintricarboxylic acid (a calcium-dependent endonuclease inhibitor) on the loss of viability observed in MCF-7 cells after Asc/Men exposure; this A c c e p t e d M a n u s c r i p t inhibitor had no measurable effect (Fig. 2A). To examine whether extracellular calcium chelation or depletion could affect Asc/Men cytotoxicity, we then measured MCF-7 cell viability after 4 h of exposure to Asc/Men, in media with and without calcium, or with 2 mM of the extracellular calcium chelator, EGTA (Fig. 2C). Results from this experiment demonstrated that extracellular calcium depletion or chelation had no protective effects against Asc/Men. Taken together, our results show that the increase in intracellular calcium after administration of Asc/Men is unlikely to be involved in the mechanisms leading to MCF-7 death.

Effect of BAPTA-AM, an intracellular calcium chelator on Asc/Men cytotoxic pathways.

An intracellular calcium chelator, BAPTA-AM, was also used to explore the importance of an increase in cytosolic calcium on the cytotoxic pathways of Asc/Men. In our model, this chelator appeared to have a broad protective action, as shown by its concentration-dependent protection against the decrease in cell viability induced by Asc/Men exposure (Fig. 3A).

However, since BAPTA-AM has been previously shown to chelate iron, and potentially interferes with Fenton's reaction [41,42], we decided to identify at what level BAPTA-AM acts. Our results reveals that BAPTA-AM could prevent against all features of Asc/Men cytotoxicity, including decreases in ATP, PARP activation, DNA fragmentation, ER stress and even protein oxidation (Fig. 3B,C andD). This suggests that the protective effect of BAPTA-AM observed in our model is most probably mediated by its capacity to interfere with pro-oxidative mechanisms, rather than by its ability to chelate calcium.

ATP decrease and calcium release in MCF-7 cells exposed to oxidative stress

Oxidative stress usually induces a rapid and marked decrease in cellular ATP. Among the consequences of this effect, the decrease in ATP may also be associated with ATP-dependent calcium channel dysfunction, a process potentially involved in the increase in [Ca 2+ ] c observed in MCF-7 cells exposed to oxidative stress. We, therefore, decided to explore the observed after 90 min of Asc/Men treatment (Fig. 4C), confirming that the large increase in calcium observed in oxidative stress exposed MCF-7 cells was not due to ATP depletion.

Oxidative stress partially releases [Ca 2+ ] er and induces ER stress in MCF-7 cells

Since disturbance in cytosolic calcium is unlikely to be involved in the pathways leading to the loss of cell viability induced by Asc/Men, we further studied the effect of Asc/Mengenerated oxidative stress on the ER, the major cellular store of calcium. We first measured whether the response of MCF-7 cells to TG (TG irreversibly inhibits (sarco)endoplasmic reticulum Ca 2+ -ATPase (SERCA) and depletes ER calcium stores) could be altered by Asc/Men. To this end, untreated control cells (Fig. 5A) or cells pre-treated with Asc/Men for 90 min (Fig. 5B) were stimulated with TG (1 µM) after extracellular calcium removal and [Ca 2+ ] c was measured. The results showed that the TG-driven increase in [Ca 2+ ] c was attenuated when cells were pre-treated with Asc/Men. Indeed, Fig. 5C shows that the response to TG was decreased by approximately 45% (124.8 ± 8.0 nM for control and 68.9 ± 4.7 nM for Asc/Men conditions). These findings suggest that Asc/Men slowly depletes calcium from the ER. Second, since [Ca 2+ ] er release can be both a cause and a consequence of ER stress, we explored whether ER stress was associated with Asc/Men treatment. We measured levels of eIF2 phosphorylation, a central component of the control arm of the UPR, and of GRP94 protein abundance, one of the major ER chaperones that are transcriptionally upregulated during ER stress. Fig. 5D shows that 1 h of Asc/Men treatment induced eIF2 phosphorylation, We then decided to address the issue of whether TG-induced complete calcium release had a putative effect on the ER stress induction observed in cells exposed to Asc/Men (Fig. 6A). For this experiment, ascorbate and menadione were used at the lowest concentrations of 0.5 mM and 5 µM, respectively. At this concentration, Asc/Men induced eIF2 phosphorylation after 2 h of treatment, while TG triggered this event after 0.5 h (Fig. 6A). Surprisingly, the combination of Asc/Men and TG dramatically increased the appearance of P-eIF2 after just 30 min of treatment. These results demonstrate that oxidative stress and calcium release are two ER stress-inducing factors that synergize when applied together and that calcium release is not likely to be the only process responsible for UPR activation during oxidative stress.

Regarding GRP94 protein levels, TG caused GRP94 overexpression only after 24 h (Fig. 6A).

Since various authors have proposed that ER stress is one of the oxidative pathways leading to cell death, we then decided to address the question of whether the potentiating effect of TG on the ER stress induced by Asc/Men was also accompanied by an increase in cell death. For this purpose, cell survival was measured in cells exposed for different durations to TG, Asc/Men 0.5/5, or both. Previous studies have revealed that TG exposure is generally associated with DNA fragmentation [43][44][45]. Asc/Men treatment also triggers this event, which results in poly(ADP ribose) polymerase (PARP) activation and NAD + depletion (Fig. 3 and Verrax et al., 2004 and2007 [31, 33]). We, therefore, assessed the effects of TG and Asc/Men treatment on histone H2AX phosphorylation, a marker of DNA damage in the form of double-strand breaks. As presented in Fig. 6C, 4 h of treatment with TG and Asc/Men 0.5/5 induced the appearance of -H2AX (the phosphorylated form) only when both treatments were applied together, demonstrating that increased calcium release and consecutive ER stress also potentiate oxidative stress-induced DNA fragmentation.

Discussion

The present study was designed to elucidate the roles of disturbances in calcium homeostasis and of ER stress in oxidative stress-associated death in MCF-7 cells. Our results reveal that Asc/Men-induced oxidative stress elicits [Ca 2+ ] er release, ER stress and increase in [Ca 2+ ] c after drug exposure. In this model, ER stress and associated [Ca 2+ ] er emptying, but not alterations in [Ca 2+ ] c , appear to have a role in cell death induction.

The first finding of our study is that the pro-oxidant association of Asc/Men induces a slow increase in cytosolic calcium. Use of iodoacetate in order to mimic Asc/Men-induced depletion in ATP did not trigger cytoplasmic calcium overload, suggesting that ATP depletion was not the cause of the large increase in intracellular calcium observed during oxidative exposure. One goal of our study was to clarify the link between the identified oxidative A c c e p t e d M a n u s c r i p t increase in cytosolic calcium and MCF-7 cell death. Various data provide evidence that alterations in [Ca 2+ ] c are not involved in oxidative toxicity: First, using specific inhibitors of pathways that have already been proposed to participate in calcium-mediated oxidative toxicity [5], we could not demonstrate any role of enzymes, such as proteases, calmodulinassociated enzymes or calcium-dependent endonucleases, in these processes. The potential involvement of mitochondria was also tested. Indeed, it is known that exposure of mitochondria to high calcium concentrations during oxidative stress results in their swelling and uncoupling. This phenomenon leads to a loss of maintenance of cellular ATP levels and finally to cell death by necrosis [46]. In our study, use of Ru360, a specific mitochondrial calcium uptake inhibitors (uniport transporter inhibitor) and cyclosporine A (a mPTP inhibitor) was not associated with any effect on Asc/Men toxicity. This suggests that mitochondrial calcium uptake was not involved in the toxicity in our model and contrasts with reports examining the role of mitochondrial permeability transition in the cytotoxicity of the pro-oxidant, tert-butylhydroperoxide [47]. Secondly, depleting or chelating extracellular calcium (by EGTA) was not protective against loss of cell viability during oxidative stress.

Because EGTA, in addition to its effect on extracellular calcium, tends to draw intracellular calcium (as shown in Figs. 5A andB), its lack of effect on cell viability can be considered as another argument against the involvement of altered [Ca 2+ ] c in oxidative toxicity.

Furthermore, we found that media without calcium and with 200 µM EGTA, could not preserve cell viability during Asc/Men exposure (not shown). This observation is in agreement with the report of Persoon-Rothert and colleagues in 1994 [48]. Thirdly, BAPTA-AM, one of the most used intracellular calcium chelator, was shown to protect cells from oxidative modifications during Asc/Men exposure (Fig. 3D). The protective effect of this chelator is generally the principal argument for a connection between [Ca 2+ ] c deregulation and oxidative injury. Our results suggest that BAPTA-AM may interact with pro-oxidative mechanisms in our model. However, it cannot be ruled out that BAPTA-AM could also chelate intracellular calcium, and protects cells in this way from oxidative toxicity. These are still speculations and need further study. It has been proposed that BAPTA-AM interferes with Fenton's reaction [41,42] or may protect against a poorly defined pro-oxidative calciumassociated process, such as calcium-induced iron release [49] or ER stress-generated ROS production [50][51][52].

The typical profile of the intracellular calcium response identified in our study has also been observed in other cell lines exposed to H 2 O 2 , such as HeLa, human erythrocytes and MDCK (a canine epithelial cell line) [53], CRI-G1 (an insulin-secreting cell line) [54] or pancreatic acinar cells [14,55]. However, to our knowledge, this is the first time this effect has been demonstrated in MCF-7 cells. Although high concentrations of H 2 O 2 have been shown to induce a similar calcium response to that seen in our study, there is no consensus regarding the source of calcium, as highlighted and discussed in the study by Castro et al., [53]. These authors reported that the increase in intracellular calcium increase came largely from a cytosolic unrecognized source. Although it was not the main goal of our study, we found that ER calcium release could partly explain the elevation in [Ca 2+ ] c in MCF-7 cells exposed to oxidative stress. This is in agreement with previous reports exploring the effects of H 2 O 2 exposure on modulation of calcium homeostasis [13,14].

Oxidative stress encompasses a number of ER stress inducing factors, including calcium emptying (presumably by inhibition of calcium ATPase [15,16,56]), or direct oxidative damage to newly folded proteins or proteins of the ER machinery. However, the relative contributions of these events in oxidative stress-induced ER stress are not known.

Furthermore, the relationship between oxidative stress and ER stress is a matter of debate, because activation of the UPR can also result in ROS generation [50][51][52]. In our study, we found that pro-oxidant Asc/Men treatment induced the translational control arm of the UPR (by enhancing eIF2 phosphorylation) and upregulation of ER folding capacity (by the increase in GRP94 protein, one of the major ER chaperones). These events were accompanied by a slow leakage of [Ca 2+ ] er . Given these results, we then focused on the potential link between ER calcium release and ER stress activation. For this purpose, TG was used as an UPR inducer to trigger irreversible calcium release from the ER. We showed that TG and consequent calcium emptying also induced eIF2 phosphorylation shortly after addition of TG.

This effect was weaker than that observed after exposure of cells to ascorbate or menadione at concentrations of 1 mM and 10 µM, respectively (Fig. 5D and6A), suggesting that the 
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  s c r i p t superfused with HBSS without calcium and with 200 µM EGTA (1 ml. minute -1 ) allowing quick changes of extracellular solution. Fura-2 loaded cells were alternately excited at 340 and 380 nm using a Lambda DG-4 Ultra High Speed Wavelength Switcher (Sutter Instrument, Novato, CA) coupled to a Zeiss Axivert 200M inverted microscope (x 20 fluorescence objective) (Zeiss Belgium, Zaventem, BE). Images were acquired every second at different times with a Zeiss Axiocam camera coupled with a 510 nm emission filter and analyzed by the Axiovision software. Fluorescence intensity was recorded over the entire surface of each cell and intracellular calcium concentration was evaluated from the ratio of the fluorescence emission intensities excited at the two wavelengths. Calibration of fura-2 was performed as described by Palmer et al.,[39] except that cells were treated with 10 µM ionomycin and 10 mM EGTA in Ca 2+ -free HBSS to obtain Rmin and with 20 mM Ca 2+ in HBSS to obtain Rmax. The standard equation: K d [(R-Rmin)/(Rmax-R)]•S f /S b was used to convert the fura-2 ratio to [Ca 2+ ] c , where S f and S b are the emission intensities at 380 nm for Ca 2+ -free and Ca 2+ -bound fura-2, respectively. In situ Rmin and Rmax values were multiplied by 0.85 to adjust for the minimum viscosity effect.

24 h to attempt

  to synchronize cells into a nonproliferative stage. MCF-7 cells were then loaded with 25 µM fluo-3/AM in medium at 37°C for 30 min followed by 30 min at room temperature to minimize dye leakage and sequestration into intracellular organelles. After loading, cells were washed twice with 200 µl HBSS in order to remove excess fluorescent dye. Cells were then treated for different durations with various compounds in normal or calcium-free medium. Cells were washed twice with 200 µl HBSS and then 100 µl
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  s c r i p t HBSS/well was added. The fluorescence intensity of fluo-3 was measured at an excitation wavelength of 485 nm and an emission wavelength of 520 nm. Relative changes in calcium concentration using fluo-3 were determined by calculations of ΔF/F0, where ΔF/F0=(Ft-F0)/F0. Ft represents the fluorescence reading at each time point and F0 the initial fluorescence. For live-cell imaging, cells were seeded on a 4-well Lab-Tek chamber glass slide (Nunc, Naperville, IL), at a density of 50 000 cells/well, cultured for 3 days, and treated
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 3102 AM loaded cells were exposed to Asc/Men for different time periods. The results presented in Fig.1Ashow that incubation with Asc/Men resulted in a slow increase in [Ca 2+ ] c in MCF-7 cells. Using microspectrofluorimetry with the ratiometric fluorescent probe, AM, the increase in[Ca 2+ 
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  potential links between ATP depletion and increase in [Ca 2+ ] c during Asc/Men treatment. As shown in Fig. 4A, Asc/Men treatment induced a fast and dramatic decrease in ATP in MCF-7 cells. The glycolysis inhibitor, iodoacetate, was then used to mimic the decrease in cellular ATP level observed during Asc/Men treatment. As shown in Fig. 4B, exposure to 100 µM iodoacetate resulted in a reduction in ATP level from 20.6 ± 0.8 to 8.6 ± 0.2 nmol/10 6 cells after 90 min. This decrease in ATP was not accompanied by the same increase in [Ca 2+ ] c
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  Fig. 6B shows that incubation with Asc/Men 0.5/5 or TG resulted in a slow reduction in MCF-7 cell survival, reaching levels of 52.6 ± 7.3 and 66.4 ± 9.5 after 24 h, respectively. The combination of the two treatments resulted in enhancement of cell death, especially in the 6th hour of treatment (p<0.01 for TG + Asc/Men 0.5/5 compared to TG A c c e p t e d M a n u s c r i p t alone and p<0.05 compared to Asc/Men). This experiment supports a role of ER stress in processes of oxidative stress-induced cell death.

  A c c e p t e d M a n u s c r i p t represent one of the pathways leading to this event; this observation also underlines the capacity of TG to trigger DNA fragmentation, as shown by others[43][44][45] 57].
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  s c r i p t stress. Using MCF-7 cells, we showed that 1) oxidative stress caused a slow increase in [Ca 2+ ] c concentration in MCF-7 cells; 2) this increase in [Ca 2+ ] c appeared not to be associated with oxidative stress cytotoxic pathways; 3) oxidative stress led to a partial release of [Ca 2+ ] er ; 4) calcium release was not the main causative factor in ER stress triggered by oxidative conditions; and 5) [Ca 2+ ] er release potentiated oxidative stress induced cell death.
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  Ca 2+ ] er leak was not sufficient to explain the oxidative stress-induced UPR activation in our model. Moreover, the combination of oxidative stress and TG-induced ER [Ca 2+ ] er release resulted in a greater and more rapid eIF2 phosphorylation, in a synergistic manner. This clearly demonstrates that ER calcium depletion is not the main process responsible for ER stress induction by oxidative stress. Ca 2+ ] er emptying also potentiated Asc/Men-induced DNA fragmentation and associated histone H2AX phosphorylation, suggesting that ER stress could represent one of the pathways leading to this event; this observation also underlines the capacity of TG to trigger DNA fragmentation, as shown by others[43][44][45] 57].In conclusion, in this study we report the major role of disrupted ER calcium homeostasis on Asc/Men oxidative toxicity in MCF-7 cells and highlight the relative contribution of ER stress in this process. Our results confirm the pro-oxidant activity of the association of ascorbate and menadione[29-33, 35, 58, 59] and suggest that it could represent an interesting therapy in tumors in which increased ER folding capacity is associated with cancer resistance.

	The involvement of ER stress and consequent UPR activation in the processes of oxidative
	stress-induced cell death has not been elucidated. Here, we showed that [Ca 2+ ] er release
	potentiates Asc/Men-associated ER stress and cytotoxicity. This suggests that ER stress is
	involved in the processes of oxidative stress-induced cell death. Moreover, this is in
	agreement with previous reports which showed that increasing ER folding capacity (by
	transfection with an ER chaperone) or decreasing UPR can markedly attenuate ROS-induced
	apoptosis in other cell lines [19, 24-26]. These findings also confirm results from the study by
	Hung et al., in which protection of ER calcium release by overexpression of the major ER
	Ca 2+ -binding protein, calreticulin, protected against H 2 O 2 -induced cell injury [26]. In
	addition, in our study, [
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