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Antimony-trioxide-and arsenic-trioxide-induced apoptosis in myelogenic and lymphatic cell lines, recruitment of caspases, and loss of mitochondrial membrane potential are enhanced by modulators of the cellular glutathione redox system

Introduction

During the last 10 years, several groups demonstrated remission of more than 72% for arsenic(III)-oxide (As 2 O 3 ) treatment in relapsed or refractory acute promyelocytic leukemia (APL), as presented in various reviews [START_REF] Rojewski | Arsenic trioxide therapy in acute promyelocytic leukemia and beyond: from bench to bedside[END_REF][START_REF] Amadori | Use of arsenic trioxide in haematological malignancies: insight into the clinical development of a novel agent[END_REF][START_REF] Bonati | Arsenic trioxide in hematological malignancies: the new discovery of an ancient drug[END_REF][START_REF] Douer | Arsenic trioxide: new clinical experience with an old medication in hematologic malignancies[END_REF][START_REF] Kalmadi | The emerging role of arsenic trioxide as an immunomodulatory agent in the management of multiple myeloma[END_REF]. As 2 O 3 was established as a potent alternative in therapy of all-trans retinoic acid (ATRA)-resistant APL and shows, like Sb 2 O 3 , similar cellular effects to ATRA in APL: localization of the t(15;17) specific PML-RARα-fusion protein in nuclear bodies and degradation of the fusion protein [START_REF] Muller | Conjugation with the ubiquitin-related modifier SUMO-1 regulates the partitioning of PML within the nucleus[END_REF][START_REF] Muller | Trivalent antimonials induce degradation of the PML-RAR oncoprotein and reorganization of the promyelocytic leukemia nuclear bodies in acute promyelocytic leukemia NB4 cells[END_REF][START_REF] Sternsdorf | PIC-1/SUMO-1modified PML-retinoic acid receptor alpha mediates arsenic trioxide-induced apoptosis in acute promyelocytic leukemia[END_REF][START_REF] Lallemand-Breitenbach | Role of promyelocytic leukemia (PML) sumolation in nuclear body formation, 11 S proteasome recruitment, and As 2 O 3 -induced PML or PML/retinoic acid receptor alpha degradation[END_REF] and induction of differentiation and apoptosis [START_REF] Chen | Use of arsenic trioxide (As 2 O 3 ) in the treatment of acute promyelocytic leukemia (APL): I. As 2 O 3 exerts dose-dependent dual effects on APL cells[END_REF][START_REF] Bruserud | Induction of differentiation and apoptosis-a possible strategy in the treatment of adult acute myelogenous leukemia[END_REF][START_REF] Calleja | Differentiating agents in pediatric malignancies: all-trans-retinoic acid and arsenic in acute promyelocytic leukemia[END_REF][START_REF] Huff | Re: apoptosis and growth inhibition in malignant lymphocytes after treatment with arsenic trioxide at clinically achievable concentrations[END_REF][START_REF] Zhu | Apoptosis and growth inhibition in malignant lymphocytes after treatment with arsenic trioxide at clinically achievable concentrations[END_REF]. Lately, we showed that induction of apoptosis by As 2 O 3 in 22 myeloid and non-myeloid malignant cell lines of different sensitivity for cytostatic drugs, is based on breakdown of the mitochondrial membrane potential (Ψ m ) and therefore the redox system of the cell is one of the primary targets of As 2 O 3 . Activation of caspases is a downstream effect occurring after the breakdown of Ψ m [START_REF] Rojewski | Depolarization of mitochondria and activation of caspases are common features of arsenic(III)-induced apoptosis in myelogenic and lymphatic cell lines[END_REF][START_REF] Nolte | Depolarisation of the plasma membrane in the arsenic trioxide (As 2 O 3 )-and anti-CD95-induced apoptosis in myeloid cells[END_REF][START_REF] Korper | The role of mitochondrial targeting in arsenic trioxideinduced apoptosis in myeloid cell lines[END_REF] and release of radical oxygen species (ROS) [START_REF] Tsai | Suppression of Fas ligand expression on endothelial cells by arsenite through reactive oxygen species[END_REF][START_REF] Yi | Apoptosis susceptibility of tumor cells to arsenic trioxide and the inherent cellular level of reactive oxygen species[END_REF][START_REF] Nakagawa | Arsenic trioxideinduced apoptosis through oxidative stress in cells of colon cancer cell lines[END_REF][START_REF] Choi | Arsenic trioxide-induced apoptosis in U937 cells involve generation of reactive oxygen species and inhibition of Akt[END_REF].

Both antimony and arsenic are members of the Vth group of the table of elements and share common chemical characteristics. Based on the affinity of As 2 O 3 and Sb 2 O 3 we analyzed whether Sb 2 O 3 shows similar efficacy and identical mechanisms of action by investigation of the effects of Sb 2 O 3 on representative myeloid cell lines of different sensitivity groups for As 2 O 3 as classified in our previous report [START_REF] Rojewski | Dual effects of arsenic trioxide (As 2 O 3 ) on non-acute promyelocytic leukaemia myeloid cell lines: induction of apoptosis and inhibition of proliferation[END_REF]. Given the increasing clinical use of As 2 O 3 , we were, in particular, interested in combinations that might be transferable to clinical application. Inhibitors of the cellular glutathione system were used to modulate the efficacy of As 2 O 3 and Sb 2 O 3 to induce apoptosis. The modulators analyzed in this report include the γ-glutamylcystein synthetase inhibitor DL-buthionine-[S,R]-sulfoximine (BSO), the glutathione peroxidase (GPx) inhibitor mercaptosuccinic acid (MS), as well as sodium ascorbate (NaAsc), sodium salicylate (NaSal), and 3-amino-1,2,4-azole (AT). Ascorbate was shown to decrease in glutathione-deficient rats and ascorbate spares glutathione and protects [START_REF] Martensson | Glutathione deficiency decreases tissue ascorbate levels in newborn rats: ascorbate spares glutathione and protects[END_REF], NaSal potentates the toxicity of BSO in the E47 cells [START_REF] Wu | Glutathione depletion in CYP2E1expressing liver cells induces toxicity due to the activation of p38 mitogen-activated protein kinase and reduction of nuclear factor-kappaB DNA binding activity[END_REF] and AT inhibits catalase in the presence of H 2 O 2 and inhibits cyclizations leading to β-carotene and Φ-carotene accumulates. As far as data were achievable and tolerable concentrations of the different substances in vivo were available (BSO, NaAsc, NaSal), we have chosen concentrations within this range. For As 2 O 3 and Sb 2 O 3 we have chosen incubation times and concentrations as we previously published for As 2 O 3 [START_REF] Rojewski | Depolarization of mitochondria and activation of caspases are common features of arsenic(III)-induced apoptosis in myelogenic and lymphatic cell lines[END_REF][START_REF] Korper | The role of mitochondrial targeting in arsenic trioxideinduced apoptosis in myeloid cell lines[END_REF][START_REF] Rojewski | Dual effects of arsenic trioxide (As 2 O 3 ) on non-acute promyelocytic leukaemia myeloid cell lines: induction of apoptosis and inhibition of proliferation[END_REF]. The As 2 O 3 concentrations are in the range of peak values of clinically achievable As 2 O 3 plasma levels as shown by pharmacokinetic analysis [START_REF] Chen | Use of arsenic trioxide (As 2 O 3 ) in the treatment of acute promyelocytic leukemia (APL): I. As 2 O 3 exerts dose-dependent dual effects on APL cells[END_REF].

Materials and methods

Cell culture

Cell lines CCRF-CEM, HL-60, K-562, and LOUCY were purchased from The German Collection of Microorganisms The doxorubicin resistant cell lines K-562(0.02) and K-562 (0.1) were described previously [START_REF] Rojewski | Dual effects of arsenic trioxide (As 2 O 3 ) on non-acute promyelocytic leukaemia myeloid cell lines: induction of apoptosis and inhibition of proliferation[END_REF].

Induction of apoptosis with antimony(III)-trioxide (Sb 2 O 3 ), arsenic(III)-trioxide (As 2 O 3 ) and cytostatic drugs Apoptosis was induced with freshly prepared aqueous stock solutions of 1 mM Sb 2 O 3 (Fluka, Buchs, Switzerland) or 1 mM As 2 O 3 (SIGMA, Deisenhofen, Germany) in PBS without Ca 2+ /Mg 2+ (Invitrogen/GIBCO Life Technologies, Karlsruhe, Germany). Due to its low solubility in H 2 O, Sb 2 O 3 had to be dissolved in HCl conc before dilution in PBS. The pH of Sb 2 O 3 -solutions was determined for each assay and a separate control with the corresponding amount of PBS without Ca 2+ /Mg 2+ and the HCl conc -adjusted adequate pH was used for each experimental approach. Stock solutions of 10 mM of (S)-(+)-camptothecin (SIG-MA, Deisenhofen, Germany) in dimethyl sulfoxide (Sigma, Deisenhofen, Germany), 10 mM mitoxantrone hydrochloride (SIGMA, Deisenhofen, Germany) and 1 mg/mL doxorubicin hydrochloride (SIGMA, Deisenhofen, Germany) in 70 % ethanol (Carl ROTH GmbH, Karlsruhe, Germany) were used for further dilutions. Cells were seeded according to their optimal growth condition indicated by the provider. Annexin V-FITC-and 7-AAD-staining As described previously [START_REF] Rojewski | Dual effects of arsenic trioxide (As 2 O 3 ) on non-acute promyelocytic leukaemia myeloid cell lines: induction of apoptosis and inhibition of proliferation[END_REF], the percentage of apoptotic cells was determined by two-color flow cytometry using an Annexin V-FITC (BD Pharmingen, Heidelberg, Germany) and 7-amino-actinomycin D (7-AAD) system (Sigma, Deisenhofen, Germany). Whenever possible, fluorescence data of 50.000 cells was acquired using fluorescence channels FL-1 and FL-3 of a FACScan (Becton Dickinson, Heidelberg, Germany). All experiments presented were performed three times, with the exception of those presented in Figs. 1,5, and 6. In general, flow cytometry analysis was performed until the percentage of apoptotic cells was higher than 90% and acquisition of data was preformed for two further time points.

MitoTrackerRed CMXRos staining

MitoTrackerRed CMXRos (Molecular Probes, Leiden, The Netherlands) is a fluorescent dye that is enriched in mitochondria in a membrane potential dependent manner and reacts with mitochondrial proteins [START_REF] Macho | Chloromethyl-X-Rosamine is an aldehyde-fixable potential-sensitive fluorochrome for the detection of early apoptosis[END_REF]26]. Therefore, MitoTrackerRed CMXRos, can be used to detect cells with a loss of Ψ m [START_REF] Leira | Apoptotic events induced by the phosphatase inhibitor okadaic acid in normal human lung fibroblasts[END_REF][START_REF] Buckman | MitoTracker labeling in primary neuronal and astrocytic cultures: influence of mitochondrial membrane potential and oxidants[END_REF]. The CMX group binds to SH groups of mitochondrial proteins and is retained in living cells, while unbound dye can be washed out of the cells. Staining was performed as described in a previous report in 1 mL cell suspension (ca. 5×10 5 to 1×10 6 cells) in the presence of 200 nM MitoTrackerRed CMXRos. After 45 min, cells were washed twice in PBS without Ca 2+ /Mg 2+ and the change of fluorescence intensity was measured by flow cytometry [START_REF] Rojewski | Depolarization of mitochondria and activation of caspases are common features of arsenic(III)-induced apoptosis in myelogenic and lymphatic cell lines[END_REF]. In order to compare the percentage of apoptotic cells (as measured by 7-AAD and Annexin V positivity in flow cytometry) and the percentage of cells with reduced Ψ m , the following presentation was chosen for MitoTrackerRed CMXRos staining: the fluorescence intensity of untreated control cells was set to approximately 10 2 as described by the manufacturer. The percentage of cells with reduced staining pattern for MitoTrackerRed CMXRos (compared to the untreated controls) were referred as MitoTrackerRed CMXRos-negative. The percentage of the population with reduced fluorescence intensity (negative population) is shown in the diagrams, as these cells did not accumulate the dye in their mitochondria due to their reduced Ψ m .

Incubation with caspase inhibitors

Cells were washed in PBS without Ca 2+ /Mg 2+ and resuspended at a density of 2-4×10 5 cells/mL in serum free QBSF51® medium (Sigma, Deisenhofen, Germany). Caspase inhibitors Boc-D(OMe)-Fmk, Z-VAD-FMK and Z-D(OMe)-E(OMe)-VD(OMe)-Fmk (all from ALEXIS Biochemicals, Grünberg, Germany) were dissolved in DMSO and used in a final concentration of 50 µM. CCRF-CEM and HL-60 cells were incubated (37°C, 6% CO 2 , 98% humidity) in the presence of the inhibitors for 1 h prior to cultivation with Sb 2 O 3 or As 2 O 3 .

Incubation with modulators of the cellular GSH-redox system Fresh stock solutions of 100 mM DL-buthionine-[S,R]- sulfoximine (Sigma, Deisenhofen, Germany), 500 mM sodium salicylate (Sigma, Deisenhofen, Germany), 500 mM sodium ascorbate (Sigma, Deisenhofen, Germany), 100 mM mercaptosuccinic acid (Sigma, Deisenhofen, Germany) and 20 mM 3-amino-1,2,4-azole (Sigma, Deisenhofen, Germany) were prepared in PBS without Ca 2+ /Mg 2+ for each assay. All modulators of GSH were added together with PBS or the inducers of apoptosis (Sb 2 O 3 and As 2 O 3 ), when indicated. Low concentration (1 µM) As 2 O 3 induced apoptosis in LOUCY and CCRF-CEM-cells, whereas 1 µM Sb 2 O 3 was not effective in any of the analyzed cell lines. When incubated with 5 µM As 2 O 3 , apoptosis occurred in all four cell lines. Only the MDR-1 positive cell lines K-562 was resistant to the high concentration of Sb 2 O 3 (5 µM). We observed a high correlation between both methods used for the detection of apoptotic cells, Annexin V-FITC-and 7-AAD-staining: correlation coefficients were 0.999 for LOUCY, 0.994 for CCRF-CEM, 0.934 for HL-60, 0.815 for K-562, and 0.940 over all, respectively. atives CEM/C1 and CEM/C2 [START_REF] Rojewski | Dual effects of arsenic trioxide (As 2 O 3 ) on non-acute promyelocytic leukaemia myeloid cell lines: induction of apoptosis and inhibition of proliferation[END_REF]. This prompted the question whether also Sb 2 O 3 can induce apoptosis in these two cell lines with multiple drug resistance [START_REF] Kapoor | Altered topoisomerase I expression in two subclones of human CEM leukemia selected for resistance to camptothecin[END_REF][START_REF] Fujimori | Mutation at the catalytic site of topoisomerase I in CEM/ C2, a human leukemia cell line resistant to camptothecin[END_REF]. [START_REF] Rojewski | Dual effects of arsenic trioxide (As 2 O 3 ) on non-acute promyelocytic leukaemia myeloid cell lines: induction of apoptosis and inhibition of proliferation[END_REF], no prolonged incubation time was necessary to induce apoptosis with increasing resistance to camptothecin for Sb 2 O 3 . Again, there was a high correlation between both methods used for the detection of apoptotic cells, Annexin V-FITC-and 7-AAD-staining: correlation coefficients were 0.973 for CCRF-CEM, 0.974 for CEM/C1, 0.961 for CEM/C2, and 0.978 over all, respectively.

The HL-60 mitoxantrone resistant derivatives HL-60/ MX1 and HL-60/MX2 and the K-562 doxorubicin resistant derivatives K-562(0.02) and K-562(0.1) were insensitive to 1 µM Sb 2 O 3 and 5 µM Sb 2 O 3 (data not shown). As previously shown, these derivatives show reduced sensitivity to 1 µM As 2 O 3 and 5 µM As 2 O 3 as compared to their corresponding parental cell lines [START_REF] Rojewski | Dual effects of arsenic trioxide (As 2 O 3 ) on non-acute promyelocytic leukaemia myeloid cell lines: induction of apoptosis and inhibition of proliferation[END_REF].

Increased sensitivity towards Sb 2 O 3 -and As 2 O 3 -induced apoptosis by modulators of the cellular GSH-system

We addressed the potential role of the glutathione redox system for Sb 2 O 3 -and As 2 O 3 -mediated apoptosis: cell lines LOUCY (Fig. 3), CCRF-CEM (Fig. 4), HL-60 (Fig. 5) and K-562 (Fig. 6) were treated with different substances known to influence Ψ m or to modulate or inhibit the synthesis of glutathione.

Therefore, we incubated the indicated cell lines for 7 days (LOUCY) or 14 days (CCRF-CEM, HL-60, K-562) with ), an increase up to 100% of apoptotic cells was observed when 100 µM BSO were added to the assay. This phenomenon was consistently seen with all analyzed cell lines and was in particular remarkable with the cell line K-562 that was insensitive for Sb 2 O 3 -concentrations even higher than 5 µM (up to 10 µM, data not shown). Other modulators were less effective and did not demonstrate consistent synergistic results in all cell lines: NaAsc (250 or 500 µM) also induced slight increase in CCRF-CEM and K-562. In CCRF-CEM a synergistic effect was seen with 500 µM NaAsc and 1 µM Sb 2 O 3 which both were insensitive as single agents. Prolonged incubation with MS (100 µM) did enhance As 2 O 3 -and Sb 2 O 3 -induced apoptosis in HL-60 and K-562, but not in CCRF-CEM. Both AT and NaSal did not show consistent effects with the inductors of apoptosis in the different cell lines.

A high correlation of Annexin V-FITC and 7-AADstaining could be demonstrated for all assays: correlation coefficients were 0.993 for LOUCY, 0.956 for CCRF-CEM, 0.913 for HL-60, 0.885 for K-562, respectively. Pre-incubation was performed with three different caspase inhibitors for 1 h prior to (apoptosis) induction with Sb 2 O 3 (5 and 10 µM) or As 2 O 3 (5 µM): Boc-D(OMe)-Fmk and Z-VAD-Fmk are potent pan-caspase inhibitors, whereas Z-D (OMe)-E(OMe)-VD(OMe)-Fmk preferentially inhibits Caspase-3 but also to lower extend Caspase-6, Caspase-7, Caspase-8, and Caspase-10. The percentage of Annexin V-positive and MitoTrackerRed CMXRos-negative cells was determined after 24 h of apoptosis induction. The inhibitors alone showed no increase in the percentage of apoptotic cells (as measured by Annexin V-FITC-staining; Fig. 7) or any change in Ψ m (as measured by MitoTrackerRed CMXRos staining; Fig. 7). We did not observe effects of caspase inhibitors on the percentage of MitoTrackerRed CMXRosnegative cells, whereas the percentage of cells stained positive for Annexin V-FITC declined. The inhibitory effect of the caspase inhibitors on Annexin V-FITC-binding was most prominent after pre-incubation for 1 h but not detectible with concomitant addition together with Sb 2 O 3 or As 2 O 3 (data not shown).

Modulation of the intracellular GSH-level by BSO affects the anti-apoptotic potential of caspase inhibitor Z-VAD-Fmk in cell line HL-60

Pre-incubation of HL-60 cells was performed with the pancaspase inhibitor Z-VAD-Fmk for 1 h prior to treatment with Sb 2 O 3 (10 and 20 µM) or As 2 O 3 (5 and 10 µM) alone or in combination with 30 µM or 100 µM BSO. In order to induce apoptosis within 48 h in HL-60 cells, higher concentrations of As 2 O 3 and Sb 2 O 3 were chosen. The percentage of Annexin V-positive and MitoTrackerRed CMXRos-negative cells was determined after 48 h of apoptosis induction (Fig. 8). The inhibitor Z-VAD-Fmk alone showed no increase in the percentage of apoptotic cells or in Ψ m , whereas reduction of the decrease in Ψ m of BSO-treated nonapoptotic HL-60 could be detected. When Z-VAD-Fmk-preincubated cells were treated with 10 µM As 2 O 3 , a reduction of the percentage of MitoTrackerRed CMXRos-negative cells could be observed, compared to cells treated with As 2 O 3 alone. This effect was not detectable for Sb 2 O 3 , as Sb 2 O 3 -induced apoptosis occurred in a low percentage (<20%) of cells under these conditions. When HL-60 cells were pre-treated with the caspase inhibitor, the percentage of apoptotic cells declined for 10 µM As 2 O 3 or 20 µM Sb 2 O 3 . However, when either 30 µM or 100 µM BSO was added, Z-VAD-Fmk lost is potency to reduce both apoptosis and decrease of Ψ m . Moreover, even in cells pre-incubated with 

Discussion

We were interested in magnifying the efficacy of As 2 O 3 using substances that might be transferable to clinical application because the clinical applications of As 2 O 3 gain in importance not only for therapy of relapsed and refractory APL [START_REF] Soignet | Complete remission after treatment of acute promyelocytic leukemia with arsenic trioxide[END_REF][START_REF] Shen | Use of arsenic trioxide (As2O3) in the treatment of acute promyelocytic leukemia (APL): II. Clinical efficacy and pharmacokinetics in relapsed patients[END_REF][START_REF] Zhang | Arsenic trioxide treated 72 cases of acute promyelocytic leukemia[END_REF][START_REF] Mathews | Arsenic trioxide in the treatment of newly diagnosed acute promyelocytic leukemia: a single center experience[END_REF][START_REF] Niu | Studies on treatment of acute promyelocytic leukemia with arsenic trioxide: remission induc-tion, follow-up, and molecular monitoring in 11 newly diagnosed and 47 relapsed acute promyelocytic leukemia patients[END_REF][START_REF] Spencer | Arsenic trioxide treatment of relapsed acute promyelocytic leukaemia: initial Australian experience[END_REF][START_REF] Warrell | Initial Western study of arsenic trioxide in acute promyelocytic leukemia[END_REF][START_REF] Ohnishi | Arsenic trioxide therapy for relapsed or refractory Japanese patients with acute promyelocytic leukemia: need for careful electrocardiogram monitoring[END_REF][START_REF] Hu | Long-term survival and prognostic study in acute promyelocytic leukemia treated with all-trans-retinoic acid, chemotherapy, and As 2 O 3 : an experience of 120 patients at a single institution[END_REF][START_REF] Hu | Long-term survey of outcome in acute promyelocytic leukemia[END_REF][START_REF] Soignet | United States multicenter study of arsenic trioxide in relapsed acute promyelocytic leukemia[END_REF][START_REF] Ni | Pharmacokinetics of intravenous arsenic trioxide in the treatment of acute promyelocytic leukemia[END_REF][START_REF] Soignet | Clinical experience of arsenic trioxide in relapsed acute promyelocytic leukemia[END_REF][START_REF] Jiong | Long-term survey of outcome in acute promyelocytic leukemia[END_REF][START_REF] Camacho | Leukocytosis and the retinoic acid syndrome in patients with acute promyelocytic leukemia treated with arsenic trioxide[END_REF][START_REF] Hussein | Arsenic trioxide (Trisenox™), ascorbic acid (AA), and dexamethasone (Dex) pulses-TAD for relapsed refractory progressive multiple myeloma patients[END_REF][START_REF] Bahlis | Feasibility and correlates of arsenic trioxide combined with ascorbic acid-mediated depletion of intracellular glutathione for the treatment of relapsed/refractory multiple myeloma[END_REF], but also for treatment of multiple myeloma [START_REF] Munshi | Marked anti-tumor effect of arsenic trioxide (As2O3) in high risk refractory multiple myeloma[END_REF][START_REF] Munshi | Novel biologically based therapies for multiple myeloma[END_REF][START_REF] Munshi | Clinical activity of arsenic trioxide for the treatment of multiple myeloma[END_REF], myelodysplastic syndromes [START_REF] Donelli | Might arsenic trioxide be useful in the treatment of advanced myelodysplastic syndromes?[END_REF][START_REF] Cheson | Novel therapeutic agents for the treatment of myelodysplastic syndromes[END_REF][START_REF] List | Opportunities for Trisenox (arsenic trioxide) in the treatment of myelodysplastic syndromes[END_REF], and renal cancer [START_REF] Vuky | Phase II trial of arsenic trioxide in patients with metastatic renal cell carcinoma[END_REF]. Recently, two reports described apoptosis induction, caspase activation and ROS production by very high concentrations (up to 40 µM) of potassium antimonyl tartrate in lymphoid tumor cell lines [START_REF] Lecureur | Potassium antimonyl tartrate induces reactive oxygen species-related apoptosis in human myeloid leukemic HL60 cells[END_REF] and growth inhibition and induction of apoptosis and reactive oxygen species [START_REF] Mann | Antimony trioxide-induced apoptosis is dependent on SEK1/JNK signaling[END_REF]. Due to the chemical affinity of Sb 2 O 3 and As 2 O 3 , we expected the same mechanism of apoptosis induction for the two substances. We observed Sb 2 O 3 -induced apoptosis in different myeloid and lymphatic cell lines (CCRF-CEM, HL-60, K-562), among them cell lines with reduced sensitivity to cytostatic agents (LOUCY, CEM/C1, CEM/C2). We were able to block Sb 2 O 3 -induced apoptosis by caspase inhibitors and, as presented previously for As 2 O 3 [START_REF] Rojewski | Depolarization of mitochondria and activation of caspases are common features of arsenic(III)-induced apoptosis in myelogenic and lymphatic cell lines[END_REF], caspase-independent decrease of Ψ m . We therefore postulate a common mechanism for Sb 2 O 3 and As 2 O 3 mediated apoptosis. However, based on the same molar concentrations, lower efficacy in apoptosis induction was observed for Sb 2 O 3 than for As 2 O 3 .

Our special focus was set on substances that influence the glutathione redox state of the cell. Decrease of Ψ m was shown to play a crucial role in As 2 O 3 therapy-relevant effects [START_REF] Rojewski | Depolarization of mitochondria and activation of caspases are common features of arsenic(III)-induced apoptosis in myelogenic and lymphatic cell lines[END_REF][START_REF] Korper | The role of mitochondrial targeting in arsenic trioxideinduced apoptosis in myeloid cell lines[END_REF]. These effects are most probably based on inhibition of enzymes of the intracellular glutathione redox system, such as glutathione peroxidase GPx [START_REF] Gartenhaus | Arsenic trioxide cytotoxicity in steroid and chemotherapyresistant myeloma cell lines: enhancement of apoptosis by manipulation of cellular redox state[END_REF][START_REF] Chouchane | In vitro effect of arsenical compounds on glutathione-related enzymes[END_REF], glutathione reductase GR and glutathione-S-transferase [START_REF] Chouchane | In vitro effect of arsenical compounds on glutathione-related enzymes[END_REF], resulting in an increase of ROS. In addition, a direct targeting of the mitochondrial permeability transition pore [START_REF] Larochette | Arsenite induces apoptosis via a direct effect on the mitochondrial permeability transition pore[END_REF] was discussed as a possible mechanism. In this work, we were able to show enhancement of As 2 O 3 and Sb 2 O 3 effects by BSO, NaSal, NaAsc, MS and AT to different extents. As far as data on achievable and tolerable concentrations in vivo were available (BSO, NaSal, NaAsc), we have chosen concentrations within this range. Mainly BSO, an inhibitor of the rate limiting enzyme in glutathione (GSH)-synthesis γ-glutamylcystein synthetase [START_REF] Gartenhaus | Arsenic trioxide cytotoxicity in steroid and chemotherapyresistant myeloma cell lines: enhancement of apoptosis by manipulation of cellular redox state[END_REF][START_REF] Griffith | Mechanism of action, metabolism, and toxicity of buthionine sulfoximine and its higher homologs, potent inhibitors of glutathione synthesis[END_REF] proved to be a potent enhancer of As 2 O 3 and Sb 2 O 3 . Our results obtained with As 2 O 3 are in accordance with those from Dai et al. [START_REF] Dai | Malignant cells can be sensitized to undergo growth inhibition and apoptosis by arsenic trioxide through modulation of the glutathione redox system[END_REF] and Zhu et al. [START_REF] Zhu | Apoptosis and growth inhibition in malignant lymphocytes after treatment with arsenic trioxide at clinically achievable concentrations[END_REF], who proved that BSO enhances apoptosis induction and decrease of Ψ m in NB-4 and malignant lymphocytic cell lines and primary cultures of lymphocytic leukemia and lymphoma cells. Sub-apoptotic concentrations of As 2 O 3 and Sb 2 O 3 can be intensified by sub-apoptotic concentrations of BSO even in cell lines with reduced sensitivity for conventional cytostatic drugs. Repression of As 2 O 3and Sb 2 O 3 -induced apoptosis by the caspase inhibitor Z-VAD-Fmk can be overcome by co-treatment of BSO. Therefore, this substance may be useful in treatment of malignancies in case of reduced sensitivity for apoptosis induction by agents affecting Ψ m or caspase activation.

Other known modulators of the glutathione redox system showed these effects to a lower extent and enhancement was not as consistent as with BSO, regarding the different cell lines treated. Nevertheless, the efficacy of enhancing As 2 O 3 -and Sb 2 O 3 -induced decrease of Ψ m not only by BSO but also to lower extend by MS and ascorbic acid could be shown in this report. Ascorbic acid [START_REF] Dai | Malignant cells can be sensitized to undergo growth inhibition and apoptosis by arsenic trioxide through modulation of the glutathione redox system[END_REF] and MS [START_REF] Jing | Arsenic trioxide selectively induces acute promyelocytic leukemia cell apoptosis via a hydrogen peroxide-dependent pathway[END_REF] also were shown to enhance the effects of As 2 O 3 on mitochondria. In contradiction to our results, ascorbic acid was shown to protect from As 2 O 3 -induced toxicity [START_REF] Chattopadhyay | Protection of sodium arsenite-induced ovarian toxicity by coadministration of L-ascorbate (vitamin C) in mature Wistar strain rat[END_REF]. However, evidence exists that ascorbic acid, widely praised as an antioxidant [START_REF] Block | Vitamin C: a new look[END_REF], can act as an oxidizing agent in the presence of ROS-inducing substances [START_REF] Bijur | Antimutagenic and promutagenic activity of ascorbic acid during oxidative stress[END_REF]66]. Recently, promising results of a phase I/II combined trial of As 2 O 3 and ascorbic acid were presented [START_REF] Bahlis | Feasibility and correlates of arsenic trioxide combined with ascorbic acid-mediated depletion of intracellular glutathione for the treatment of relapsed/refractory multiple myeloma[END_REF][START_REF] Subbarayan | Arsenic trioxide/ ascorbic acid therapy in patients with refractory metastatic colorectal carcinoma: a clinical experience[END_REF][START_REF] Berenson | A phase I/II study of arsenic trioxide/bortezomib/ascorbic acid combination therapy for the treatment of relapsed or refractory multiple myeloma[END_REF][START_REF] Wu | Phase II multicenter study of arsenic trioxide, ascorbic acid and dexamethasone in patients with relapsed or refractory multiple myeloma[END_REF].

Overall, we were able to decipher the mechanism of Sb 2 O 3 -induced apoptosis and show that the basic mechanisms involved are the same as described for As 2 O 3 . We also have blocked three different enzymes involved in oxidative stress detoxification (catalase, γ-glutamylcystein synthetase, glutathione peroxidase) and shown that only BSO, the inhibitor of the γ-glutamylcystein synthetase, was highly synergistic with sub-apoptotic concentrations of As 2 O 3 or Sb 2 O 3 . The ability of specific drugs in clinically applicable concentrations to enhance the apoptotic effects of the two oxides in a synergistic way by may be helpful in reduction of their toxicity by the optimization of their doses. Moreover, further experiments may show how far our results on synergistic actions may be transferable for other combinations of drugs affecting the glutathione redox system and conventional cytostatic agents.

Fig. 1

 1 Fig. 1 Sb 2 O 3 -and As 2 O 3 -induced apoptosis in myeloid and lymphatic cell lines. Cell lines LOUCY, CCRF-CEM, HL-60, and K-562 were treated with PBS (black circle), 1 µM (white square) or 5 µM (black square) Sb 2 O 2 or 1 µM (white triangle) or 5 µM (black

Fig. 2

 2 Fig. 2 Sb 2 O 3 -induced apoptosis occurs in camptothecin-resistant CCRF-CEM derivatives CEM/C1 and CEM/C2. Incubation of the cell lines CCRF-CEM, CEM/C1 and CEM/C2 was performed with PBS (black circle), 1 µM (white square) and 5 µM (white square) Sb 2 O 2 as well as with 50 nM (gray rhomb), 150 nM (white rhomb) and 500 nM (black rhomb) camptothecin for 22 days. The percentage of 7-AAD-positive cells was determined before incubation and after 2, 4, 7, 10, 14, and 22 days

Fig. 3

 3 Fig. 3 Modulation of Sb 2 O 3 -induced apoptosis by NaSal, NaAsc, BSO, MS and AT in cell line LOUCY. Cell line LOUCY was incubated either with a PBS, b 1 µM As 2 O 3 , c 1 µM Sb 2 O 3 , or d 5 µM Sb 2 O 3 alone (black circle) or in combination with 250 µM NaSal (white square), 250 µM NaAsc (black square), 100 µM BSO (black rhomb), 100 µM MS (white triangle) or 20 mM AT (black

  Fig. 4 Enhancement of Sb 2 O 3 -induced apoptosis by NaSal, NaAsc, BSO, MS, and AT in cell line CCRF-CEM. Cell line CCRF-CEM was incubated either with a PBS, b 1 µM As 2 O 3 , c 1 µM Sb 2 O 3 , or d 5 µM Sb 2 O 3 alone (black circle) or in combination with 500 µM NaSal (white square), 500 µM NaAsc (black square), 100 µM BSO (black rhomb), 100 µM MS (white triangle) or 20 mM AT (black

  Figure 2 summarizes data on Sb 2 O 3 -and camptothecin-treatment of CCRF-CEM, CEM/C1, and CEM/C2 cells which were incubated with Sb 2 O 3 (1 µM or 5 µM) or camptothecin (50-500 nM; positive control for apoptosis induction) for up to 22 days. Based on equimolar concentrations, As 2 O 3 was generally more potent as compared to Sb 2 O 3 . CCRF-CEM cells were insensitive to 1 µM Sb 2 O 3 but sensitive to 5 µM Sb 2 O 3 and all concentrations of camptothecin. CEM/C1 cells showed less sensitivity to 50 and 150 nM camptothecin, however, were still sensitive to 5 µM Sb 2 O 3 . Cell line CEM/C2 that was resistant to camptothecin up to 500 nM still retained sensitivity to 5 µM Sb 2 O 3 . In contrast to As 2 O 3

Fig. 5

 5 Fig. 5 Enhancement of Sb 2 O 3 -induced apoptosis by NaSal, NaAsc, BSO, MS, and AT in cell line HL-60. Cell line HL-60 was incubated either with a PBS, b 1 µM As 2 O 3 , c 1 µM Sb 2 O 3 or d 5 µM Sb 2 O 3 alone (black circle) or in combination with 1 mM NaSal (white square), 1 mM NaAsc (black square), 100 µM BSO (black rhomb), 100 µM MS (white triangle) or 20 mM AT (black triangle) for
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 6 Fig. 6 Enhancement of Sb 2 O 3 -induced apoptosis by NaSal, NaAsc, BSO, MS and AT in cell line K-562. Cell line K-562 was incubated either with a PBS, b 1 µM As 2 O 3 , c 1 µM Sb 2 O 3 or d 5 µM Sb 2 O 3 alone (black circle) or in combination with 500 µM NaSal (white square), 500 µM NaAsc (black square), 100 µM BSO (black rhomb), 100 µM MS (white triangle) or 20 mM AT (black triangle) for

Fig. 7

 7 Fig. 7 Sb 2 O 3 -and As 2 O 3 -induced effects on Ψ m cannot be blocked by caspase inhibitors in CCRF-CEM cells despite the percentage of apoptotic cells measured by Annexin V-FITC binding is reduced. After 1 h pre-incubation with the pan-caspase inhibitor Boc-D(OMe)-FMK or the multiple-caspase inhibitors Z-VAD-Fmk or Z-D(OMe)-E
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 8 Fig. 8 Inhibition of Sb 2 O 3 -and As 2 O 3 -induced loss of Ψ m and reduction of the percentage of apoptotic cells (measured by Annexin V-FITC binding) by caspase inhibitors is dependent from GSH-modulation in HL-60 cells. After 1 h pre-incubation with the pan-caspase inhibitor Z-VAD-Fmk, HL-60 cells were co-incubated with 30 µM or 100 µM BSO and PBS, 10 µM Sb 2 O 3 , 20 µM Sb 2 O 3 , 5 µM As 2 O 3 or 10 µM As 2 O 3 for 48 h. The percentage of cells positive for Annexin V-FITC (white bars) and negative for MitoTrackerRed CMXRos (gray bars) was determined by flow cytometry