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The origins of mitochondrial antineoplastic oxidative stress induced by cisplatin, carboplatin, oxaliplatin and nedaplatin free radicals

Introduction

Cisplatin has been in widespread use for many years to treat various forms of cancer, including testicular, ovarian, cervical, head and neck, and non-small-cell lung cancers. While the cytotoxicity of cisplatin is primarily determined by its DNA adducts, DNA damage arrests the cell cycle, inhibits transcription, and initiates cell death (apoptosis or necrosis). Cisplatin can have multiple cellular targets beyond nuclear DNA, including membrane lipids and proteins, mitochondrial proteins and DNA, components of the cytoskeleton, and cellular enzymes. [START_REF] Pb Tchounwou | Advances in Our Understanding of the Molecular Mechanisms of Action of Cisplatin in Cancer Therapy[END_REF] [Tchounwou] Carboplatin has a similar antineoplastic mechanism as cisplatin, [START_REF] Gf De Sousa | Carboplatin: molecular mechanisms of action associated with chemoresistance[END_REF][START_REF] Ho | Cisplatin versus carboplatin: comparative review of therapeutic management in solid malignancies[END_REF] [de Sousa , Ho] and nedaplatin also has a similar mechanism to cisplatin and carboplatin. [START_REF] Dilruba | Platinum-based drugs: past, present and future[END_REF] [Dilruba] Oxaliplatin like cisplatin is a DNA alkylating agents. [START_REF] Alcindor | Oxaliplatin: a review in the era of molecularly targeted therapy[END_REF] [Alcindor] While increased oxidative metabolism has been detected in some cisplatin-resistant cell lines, indicating that OXPHOS helps cancer cells to survive, however cisplatin is known to affect mitochondrial function. Cancer cells exhibit high metabolism, demanding elevated reactive ROS concentrations to facilitate their propagation. ROS affect key signaling proteins that are involved in biochemical pathways for cell proliferation. Tumor development and progression are regulated by ROS production by modulating various biological pathways. Pt-DNA adduct lesions can induce cytotoxicity, and failing the DNA repair facility to repair the lesions, apoptosis will be triggered. Mitochondria will then generate ROS to kill the cancer cells. [START_REF] Pb Tchounwou | Advances in Our Understanding of the Molecular Mechanisms of Action of Cisplatin in Cancer Therapy[END_REF][START_REF] Garrido | Cisplatin-mediated impairment of mitochondrial DNA metabolism inversely correlates with glutathione levels[END_REF][START_REF] Marullo | Cisplatin induces a mitochondrial-ROS response that contributes to cytotoxicity depending on mitochondrial redox status and bioenergetic functions[END_REF][START_REF] My | Mechanism of Cisplatin-Induced Cytotoxicity Is Correlated to Impaired Metabolism Due to Mitochondrial ROS Generation[END_REF][START_REF] Ueda | Apoptotic mechanisms in acute renal failure[END_REF][START_REF] Lieberthal | Mechanisms of death induced by cisplatin in proximal tubular epithelial cells: apoptosis vs. necrosis[END_REF][START_REF] Matsushima | The role of oxygen free radicals in cisplatin-induced acute renal failure in rats[END_REF][START_REF] Zhou | The Drug-Resistance Mechanisms of Five Platinum-Based Antitumor Agents[END_REF] [Tchounwou, Garrido, Marullo, Choi, Ueda, Lieberthal, Matsushima, Zhou] Separately from the induction of DNA damage to cause cytotoxicity, cisplatin can also induce the formation of ROS that can trigger cell death. ROS play an important role in the apoptosis pathway, and increased ROS generation alters the mitochondrial membrane potential and damages the respiratory chain, which ultimately triggers the apoptotic process. Compounds that interfere with ROS generation could inhibit cisplatin-induced apoptosis, so correlating cisplatin toxicity to the activation of oxidative stress pathways. [START_REF] Garrido | Cisplatin-mediated impairment of mitochondrial DNA metabolism inversely correlates with glutathione levels[END_REF][START_REF] Marullo | Cisplatin induces a mitochondrial-ROS response that contributes to cytotoxicity depending on mitochondrial redox status and bioenergetic functions[END_REF][START_REF] My | Mechanism of Cisplatin-Induced Cytotoxicity Is Correlated to Impaired Metabolism Due to Mitochondrial ROS Generation[END_REF] [Garrido, Marullo, Choi] Cell death occurs as the result of several simultaneously activated signaling pathways. The specific pathway responsible for cell death depends on the cell type and the treatment conditions. For example, glutathione and BCL-2 (which plays an important role in apoptosis) play protective roles in cisplatin-induced ROS formation and cisplatin resistance. [START_REF] Brozovic | The relationship between cisplatin-induced reactive oxygen species, glutathione, and BCL-2 and resistance to cisplatin[END_REF] [Brozovic] However, ROS can play opposite roles in tumor growth, metastasis and apoptosis. These opposing roles in cancer progression include ROS-dependent malignant transformation and the oxidative stress-induced cell death. [START_REF] Wang | The double-edged roles of ROS in cancer prevention and therapy[END_REF] [Wang] Cisplatin reduces the activity of the mitochondrial respiratory chain complexes, impairs the electron transport chain (ETC) function, thus inhibiting OXPHOS and adenosine triphosphate (ATP) production, and induces the generation of intracellular reactive oxygen species. It has been shown that that intracellular pH acidification occurs after prolonged therapy favors metabolic changes in cervical cancer cells, and the metabolic shift from glycolysis towards oxidative metabolism accompanies the cisplatin-induced inhibition of cancer cell growth. [START_REF] Mv Shirmanova | Chemotherapy with cisplatin: insights into intracellular pH and metabolic landscape of cancer cells in vitro and in vivo[END_REF] [Shirmanova] Cisplatin rapidly accumulates in mitochondria and deteriorates the mitochondrial structure and metabolic function. [START_REF] Dzamitika | Preferential energy-and potential-dependent accumulation of cisplatin-gutathione complexes in human cancer cell lines (GLC4 and K562): A likely role of mitochondria[END_REF] [Dzamitika] Standard cisplatin cancer therapeutic regimes are known to induce severe and recurrent acute kidney injury (AKI) may result in chronic kidney disease (CKD). It has been shown that increased mitochondrial O 2 • -levels following cisplatin administration, as a result of disruptions of mitochondrial metabolism, may be an important contributor to both AKI and CKD progression. The superoxide dismutase (SOD) mimetic, GC4419, restored mitochondrial ETC activity to control levels and ameliorated cisplatin induced kidney injury in mice. [START_REF] Ka Mapuskar | Persistent increase in mitochondrial superoxide mediates cisplatin-induced chronic kidney disease[END_REF] [Mapuskar] It has been shown that mitochondria and hydroxyl radicals play important roles in cisplatin-induced nephrotoxicity. The hydroxyl radical scavenger DMTU was effective in preventing the renal damage caused by cisplatin. [START_REF] Santos | Hydroxyl radical scavenger ameliorates cisplatin-induced nephrotoxicity by preventing oxidative stress, redox state unbalance, impairment of energetic metabolism and apoptosis in rat kidney mitochondria[END_REF] [Santos]

Luanpitpong [START_REF] Luanpitpong | Hydroxyl radical mediates cisplatin-induced apoptosis in human hair follicle dermal papilla cells and keratinocytes through Bcl-2-dependent mechanism[END_REF] found that treatment of the hair follicle cells with cisplatin induced ROS generation and a parallel increase in caspase activation and apoptotic cell death. Inhibition of ROS generation by antioxidants inhibited the apoptotic effect of cisplatin. Studies using specific ROS scavengers further showed that hydroxyl radical, but not hydrogen peroxide or superoxide anion, is the primary oxidative species responsible for the apoptotic effect of cisplatin.

Sumkhenthong [START_REF] Sumkhemthong | Cisplatin-induced hydroxyl radicals mediate pro-survival autophagy in human lung cancer H460 cells[END_REF] showed the possible role of hydroxyl radicals as a key mediator in the autophagic response to cisplatin treatment. The role of autophagy in cisplatin resistance was indicated by a decreased cell viability and increased apoptosis in lung cancer H460 cells. Apoptosis resistance induced by cisplatin was reduced by pretreatment of H460 cells with deferoxamine, a specific hydroxyl radical scavenger.

Cisplatin is often used to treat high-grade serous ovarian cancer (HGSC). Cisplatin binds to DNA and induces DNA-damage culminating in mitochondria-mediated apoptosis. Mitochondrial DNA is critically affected by cisplatin. Kleih [START_REF] Kleih | Direct impact of cisplatin on mitochondria induces ROS production that dictates cell fate of ovarian cancer cells[END_REF] found that cisplatin sensitive HGSC cell lines contain higher mitochondrial content and higher levels of mitochondrial ROS (mtROS) than cells resistant to cisplatin induced cell death. mtROS is related to mitochondrial content, and enhancing ROS by high-dose ascorbic acid or H2O2 augments cisplatin induced apoptosis. Cisplatin induces mtROS, enhances mitochondrial content and increases the mitochondrial membrane potential ΔΨ m , which plays a major role in mitochondrial oxidative energy metabolism. It was noted that both mitochondrial DNA and nuclear DNA are strongly affected by cisplatin, but the former may have a greater affect on cell death.

Hirama [START_REF] Hirama | Characterization of mitochondria in cisplatin resistant human ovarian carcinoma cells[END_REF] found that the human ovarian cancer cell line C13 showed mitochondrial DNA resistance to cisplatin, and oxidative stress response was one of the main characteristics concerning the lower level of apoptosis induced by cisplatin. However treatment of the OV2008 cell line with cisplatin and H 2 O 2 showed complete mitochondrial DNA damage.

Berndtsson [START_REF] Berndtsson | Acute apoptosis by cisplatin requires induction of reactive oxygen species but is not associated with damage to nuclear DNA[END_REF] found in colon cancer cells that high, apoptosis-inducing cisplatin concentrations induce cellular superoxide formation and that apoptosis is inhibited by superoxide scavengers. The same concentration limit and the requirement for superoxide are also true for induction of caspase activation in enucleated cells (cytoplasts), showing that cisplatin-induced apoptosis occurs independently of nuclear DNA damage. However, lower cisplatin concentrations, which do not induce acute apoptosis, are sufficient for induction of DNA damage signaling. Yu ]24] reported that in head and neck squamous cell carcinoma-HNSCC cell lines cisplatininduced oxidative stress triggers rapid shifts in carbon flux in 3 commonly utilized catabolic pathways: glycolysis, pentose phosphate pathway and citric acid cycle. Neutralization of oxidative stress reverses cisplatin toxicity independent of the mechanism of cell death and TP53 mutational status. Oxidative stress is a critical component of cisplatin cytotoxicity in HNSCC and is reflected in acute changes in carbon flux from pyruvate into lactate.

Salatino [START_REF] Salatino | H-Ferritin Affects Cisplatin-Induced Cytotoxicity in Ovarian Cancer Cells through the Modulation of ROS[END_REF] found that cisplatin induced cytotoxicity in ovarian cancer cells from patients with High-Grade Serous Ovarian Cancer (HGSC), but when cisplatin-induced ROS do not reach cytotoxic levels, cancer cells may develop chemoresistance. It was found that modulation of the antioxidant H-Ferritin affects cisplatin-induced cytotoxicity in ovarian cancer cells, and that its inhibition may provide a pathway to overcome cisplatin resistant ovarian cancer.

Hellberg's study [START_REF] Hellberg | Cisplatin and Oxaliplatin Toxicity: Importance of Cochlear Kinetics as a Determinant for Ototoxicity[END_REF] of human colon carcinoma cells found that cisplatin but not oxaliplatininduced apoptosis involved superoxide-related pathways, but both induced similar amounts of apoptosis. In enucleated cells, the superoxide-dependent apoptotic pathway induced by cisplatin appears to be, at least partially, independent of DNA damage. In guinea pigs, the two drugs have different cochlear pharmacokinetics with oxaliplatin having lower cochlear uptake and ototoxicity than cisplatin.

Marullo [START_REF] Garrido | Cisplatin-mediated impairment of mitochondrial DNA metabolism inversely correlates with glutathione levels[END_REF] found in prostate cancer and lung cancer cells that exposure to cisplatin induces a mitochondrial-dependent ROS response that significantly enhances the cytotoxic effect caused by nDNA damage. ROS generation is independent of the amount of cisplatin-induced nDNA damage and occurs in mitochondria as a consequence of protein synthesis impairment. Cisplatininduced mitochondrial ROS response enhances the cytotoxic effect caused by nuclear DNA damage. Exposure to cisplatin impairs the synthesis of electron transport chain proteins encoded by mitochondrial DNA. Mitochondrial redox status, DNA integrity and metabolic activity influence the cellular response to cisplatin-induced mitochondrial damage. However carboplatin was less efficient than cisplatin for impairing mitochondrial protein synthesis or increasing intracellular ROS levels in cancer cells, suggesting carboplatin-induced cell killing may be primarily determined by the nuclear-DNA damage mechanism. It is also noted that carboplatin is less effective against testicular cancer, whereas cisplatin is known to be ca 95% effective clinically.

Aminuddin [START_REF] Aminuddin | Mitochondrial DNA alterations may influence the cisplatin responsiveness of oral squamous cell carcinoma[END_REF] found that oral squamous cell carcinoma cells with less mtDNA were less responsive to cisplatin. Cells with lower mtDNA content were less sensitive to ROS-induced cytotoxicity, and that variations in mtDNA content marks the progress of malignant cells in their transformation into death-resistant tumours. The relation between mtDNA content and the extent of ROS production induced by cisplatin may indicate the ability of cancer cells to profit from mitochondrial dysfunction and evade death.

Carboplatin can induce cardiotoxicity in vivo and in cultured cells via a mitochondrial pathway related to ROS production in treatment of rats and cultured rat cardiomyocytes. However pravastatin administration can reduce such oxidative stress and prevent cardiac apoptosis, so pravastatin can be used as a cytoprotective agent prior to carboplatin chemotherapy. [START_REF] Cheng | Pravastatin attenuates carboplatin-induced cardiotoxicity via inhibition of oxidative stress associated apoptosis[END_REF] [Cheng] Carboplatin promotes the apoptosis of laryngeal squamous cell carcinoma HN-3 cells through accumulation of ROS. [START_REF] Pj He | Oxidative stress induced by carboplatin promotes apoptosis and inhibits migration of HN-3 cells[END_REF] [He] It was found that generation of cytosolic Ca 2+ in laryngeal squamous cell carcinoma HN-3 cells was triggered when cells were exposed to carboplatin, followed by the appearance of mitochondrial depolarization and oxidative stress. Glutathione decreased the available carboplatin concentration, decreased apoptosis and alleviating oxidative stress, thus reducing the actual effective concentration of carboplatin. [START_REF] Shen | Mechanism of HN-3 cell apoptosis induced by carboplatin: Combination of mitochondrial pathway associated with Ca 2+ and the nucleus pathways[END_REF] [Shen] Pons [START_REF] Dg Pons | Initial Activation Status of the Antioxidant Response Determines Sensitivity to Carboplatin/Paclitaxel Treatment of Ovarian Cancer[END_REF] found that patients resistant to carboplatin/paxlitaxel treatment of papillary serous cystadenocarcinoma ovarian cancer had a lower level of antioxidant response activation compared to sensitive patients. For patients with sensitive disease treatment generated oxidative stress so tumor cells responded to treatment.

Nedaplatin was approved for clinical use against ovarian cancer and uterine cervical cancer in Japan in 1995. Nedaplatin is less nephrotoxic than cisplatin but has proven equally effective. Nedaplatin treatment was non-inferior to cisplatin for malignant pleural effusion, a common complication in patients with advanced malignancies, but nedaplatin is less toxic than cisplatin. Nedaplatin is ten times more water soluble than cisplatin, a major advantage. [START_REF] Zhong | Comparison of efficacy and toxicity between nedaplatin and cisplatin in treating malignant pleural effusion[END_REF] [Zhong] Nedaplatin shows synergistic apoptopic effects with ABT-737 (ABT-737 is a small molecule inhibitor of Bcl-2 family proteins) in human cancer cells via a mitochondrial dysfunction mechanism. [START_REF] Zhang | Nedaplatin enhanced apoptotic effects of ABT-737 in human cancer cells via Mcl-1 inhibition[END_REF] [Zhang] Nedaplatin-based concurrent chemoradiotherapy regimen at 2 years was equivalent or non-inferior to cisplatin-based regimen in patients with locoregional stage II to IVB nasopharyngeal carcinoma and was associated with fewer late adverse events, but longerterm outcomes and toxicity are unclear. [START_REF] Tang | Effect of Concurrent Chemoradiotherapy With Nedaplatin vs Cisplatin on the Long-term Outcomes of Survival and Toxic Effects Among Patients With Stage II to IVB Nasopharyngeal Carcinoma[END_REF] [Tang] Comparison between cisplatin and carboplatin indicate that the bidentate 1,1cyclobutyldicarboxylate ligand of carboplatin is a weaker leaving group than the chloro ligands of cisplatin, resulting in carboplatin being less reactive to forming adducts with DNA. The carboplatin cyclobutane-decarboxylate (CBDCA) group requires active cleavage by an esterase during intracellular dissociation. [START_REF] Ho | Cisplatin versus carboplatin: comparative review of therapeutic management in solid malignancies[END_REF] [Ho] Oxaliplatin like other platinum drugs mainly binds to DNA and forms cross-links that inhibit DNA replication, transcription, and arrest of the cell cycle, resulting in cell death. It works synergistically with fluoropyrimidines such as 5-fluorouracil. It is mainly used to treat colorectal cancers, where cisplatin and carboplatin are not effective. Oxaliplatin effectively treats fastgrowing tumors like those in the gastrointestinal system, with a high cell turnover rate. However, unlike cisplatin, oxaliplatin in plasma rapidly undergoes non-enzymatic transformation into reactive compounds because of the more facile displacement of the oxalate group. Formation of DNA adducts is greater and more rapid with cisplatin than with oxaliplatin, but oxaliplatin is, overall, more cytotoxic than cisplatin. The therapeutic effects of oxaliplatin do not depend only on the alkylating-intercalating effects of the platinum moiety. [START_REF] Alcindor | Oxaliplatin: a review in the era of molecularly targeted therapy[END_REF] [Alcindor] Manelli [START_REF] Di | Oxaliplatin-induced oxidative stress in nervous system-derived cellular models: could it correlate with in vivo neuropathy?[END_REF] found that oxaliplatin significantly increased superoxide anion production and induced lipid peroxidation, protein and DNA oxidation in neuronal-derived cell line SH-SY5Y and primary cultures of rat cortical astrocytes.

We have previously shown that a free radical mechanism can exist for the antineoplastic effect of cisplatin, carboplatin and nedaplatin (but not oxaliplatin) in the formation of Pt-DNA complexes. [START_REF] Fong | Platinum anti-cancer drugs: free radical mechanism of Pt-DNA adduct formation and anti-neoplastic effect[END_REF]37] [Fong, Fong] Rezaee [START_REF] Rezaee | Cisplatin Enhances the Formation of DNA Single-and Double-Strand Breaks by Hydrated Electrons and Hydroxyl Radicals[END_REF] has shown that hydrated electrons can induce both single-and double-strand breaks in the platinated DNA, but not in unmodified DNA. Cisplatin modification is an extremely efficient means of increasing the formation of both single-and double-strand breaks by the hydrated electrons and hydroxyl radicals created by ionizing radiation.

Using pulsed electron radiolysis it was found for cisplatin, transplatin and carboplatin, in aqueous physiological pH and chloride concentration conditions, that the hydroxyl radical reaction rate constants were 9.99, 8.38 and 6.03 x 10 9 M -1 s -1 with corresponding activation energies of 3.06, 3.32 and 3.43 kcal mol -1 . The equivalent reductive hydrated electron reaction rate constants measured were 1.99 and 1.77 x 10 10 and 8.92 x 10 9 M -1 s -1 , with corresponding activation energies of 3.76, 4.72 and 4.78 kcal mol -1 . [START_REF] Kl Swancutt | Free Radical-Induced Redox Chemistry of Platinum-Containing Anticancer Drugs[END_REF] [Swancutt] Nedaplatin showed an activation energy of 3.80 kcal/mol for the hydroxyl radical reaction, and 3.38 kcal/mol for the hydrated electron reaction under these conditions. [START_REF] Kl Swancutt | Free radical-induced redox chemistry of Nedaplatin and Satraplatin under physiological conditions[END_REF] [Swancutt] While platinum drugs induced cytotoxicity is strongly linked to excessive ROS generation, resistance to platinum drugs is related to the imbalance between ROS production and elimination. Zhou [START_REF] Zhou | The Drug-Resistance Mechanisms of Five Platinum-Based Antitumor Agents[END_REF] and Wang [START_REF] Wang | The double-edged roles of ROS in cancer prevention and therapy[END_REF] have suggested that if the ROS level can reach the threshold to trigger cell death, it may depend on whether stimulating the production or blocking the neutralization of ROS might be a promising way to reverse platinum resistance. Conversely however, the increased ROS level in cancer cells might accelerate the development of tumor aggressiveness and drug resistance.

Study objectives:

This study examines the molecular roles of hydrated electrons and mitochondrial ROS free radicals (particularly the hydroxyl radical) induced by and reacting with cisplatin, carboplatin, nedaplatin and oxaliplatin in treating various cancers. The role of oxidative stress and mitochondrial produced ROS in platinum anti-cancer treatments is the focus of this study, as opposed to the aqueous chloride or ligand hydrolysis displacement in the cytoplasm by nucleophilic electrophilic nuclear-DNA damage mechanisms.

Results

The formation of reactive species of platinum drugs can be caused by addition of hydrated electrons or hydroxyl radicals leaked from the ETC. These species are the most reactive entities released from the ETC. Schematically, these reactions may be represented by Pt(I) being the radical anion formed by the addition of an electron to cisplatin, carboplatin, oxaliplatin and nedaplatin, Pt(II) being cisplatin, carboplatin, oxaliplatin or nedaplatin, Pt(III) being the adducts formed by the addition of the HO• radical to cisplatin, carboplatin, oxaliplatin or nedaplatin, and e -being a hydrated electron: Pt(II) + e - Pt(I) (-1) vertical  Pt(I) (-1) adiabatic  products (DET) Eq 1 Pt(II) + HO• + e - {Pt(III)-OH} 0 Eq 2 {Pt(III)-OH} 0 + e - {Pt(III)-OH} (-1)  Pt(II) + HO - (DET) Eq 3

The ease of these notional reactions being favourable is judged by ΔΔG, the calculated free energy change of the reactions in water. The experimental ΔG for the hydrated electron in water is -34.6 kcal/mol. [START_REF] Cg Zhan | The Nature and Absolute Hydration Free Energy of the Solvated Electron in Water[END_REF] [Zhan] The oxidation states on Pt are notional as charge is extensively delocalized over ligands in these species (see Experimental Methods).

We have previously documented the ease of formation of free radical species of cisplatin, carboplatin and nedaplatin (but oxaliplatin does not readily form free radical species) by the free electron addition mechanism, dissociative electron addition or transfer (DEA or DET). [START_REF] Fong | Platinum anti-cancer drugs: free radical mechanism of Pt-DNA adduct formation and anti-neoplastic effect[END_REF]37] [Fong, Fong] The source of free radicals that can induce the reaction of cisplatin, carboplatin and nedaplatin to form Pt radical species can arise from mitochondrial sourced ROS. While there are ample literature sources as discussed above that document the involvement of mitochondrial ROS and related oxidative stress in anticancer studies, there is no evidence of the direct involvement of free radical species derived from cisplatin, carboplatin, or nedaplatin. As discussed in the Introduction, cisplatin (and carboplatin, nedaplatin and oxaliplatin to a lesser extent) are known to induce the production of mitochondrial ROS.

Mitachondria can produce ROS including the most potent species O 2 • -and HO•. Hydrated electrons can also originate in the mitochondrial ETC. The dominant route of ROS production by the ETC is the premature leak of electrons from the mitochondrial inner membrane complexes to mediate the one electron reduction of oxygen to superoxide (O 2 •-), which can then dismutate to hydrogen peroxide (H 2 O 2 ). In contrast to O 2 •-, H 2 O 2 is stable and uncharged, and thus able to leave the mitochondrion to mediate cytosolic cell signaling and related processes. The hydroxyl radicals •OH is known to be the most reactive ROS. [START_REF] Halliwell | Free radicals in biology and medicine[END_REF] [Halliwell]

The DET reaction of cisplatin formed by the addition of a hydrated electron is shown in Figure 1.

Initially the vertical electron addition to cisplatin is favoured by ΔΔG -16.8 kcal/mol. The ensuing adiabatic DET reaction in water is highly favoured ΔΔG -114.8 kcal/mol and forms the highly reactive planar trigonal chloro-Pt-diammine radical and free chlorine ion. It is noted that the reaction of cisplatin with the superoxide O 2 •-to donate an electron to form a vertical anion radical Pt species is not favoured ΔΔG 42.1 kcal/mol.

The reaction of cisplatin with the •OH is known to be very rapid and more facile than with a hydrated electron [START_REF] Kl Swancutt | Free Radical-Induced Redox Chemistry of Platinum-Containing Anticancer Drugs[END_REF][START_REF] Kl Swancutt | Free radical-induced redox chemistry of Nedaplatin and Satraplatin under physiological conditions[END_REF] [Swancutt]. The initial formation of a Pt + (III) transient species by addition of •OH is not favoured being ΔΔG 89.6 kcal/mol (for Pt---OH 1.97Å). The reaction of cisplatin with •OH to form a HO-Cl 2 -Pt(III)-(NH 3 ) 2 species requires an electron to form the neutral species, and the reaction is favourable being ΔΔG -43.4 kcal/mol. The square pyramidal Pt(III) species has 2 x Pt---Cl 2.38Å, 2 x Pt---N 2.09Å in the square plane, with a Pt---OH 2.27 Å above the square plane. This neutral species is quite stable, but the further addition of an electron (overall charge -1) leads to elongation of the Pt---OH as shown in Figure 2 where the Pt---OH bond is 3.90Å, highly favourable by ΔΔG -124.5 kcal/mol. This reaction could then likely lead to the formation of a HO -anion and further reaction of a cisplatin molecule.

It is also known that the reaction of cisplatin with 30% aqueous hydrogen peroxide (at 50 o C, under nitrogen, in the dark) leads to the formation of the stable Pt(IV) complex, (H 3 N) 2 -Cl 2 -Pt(IV)-(OH) 2 .

[43] [Howell] There is indirect evidence that platinum nanoparticles cause the decomposition of hydrogen peroxide to form hydroxyl radicals under acidic conditions. [START_REF] Liu | pH dependent catalytic activities of platinum nanoparticles with respect to the decomposition of hydrogen peroxide and scavenging of superoxide and singlet oxygen[END_REF] [Liu] It is highly likely that the reaction to form the Pt(IV) complex proceeds stepwise via the intermediate Pt(III) species, (H 3 N) 2 -Cl 2 -Pt(III)-OH, and that this reaction involves the reaction of hydroxyl radicals from the thermolysis of the hydrogen peroxide. [START_REF] Pa Giguere | Kinetics of thermal decomposition of hydrogen peroxide vapour[END_REF] [Giguere] Both the reactions of cisplatin with the hydroxyl radical to form (NH 3 ) 2 -Cl 2 -Pt(III)-OH, then followed by the reaction of (NH We have previously shown that carboplatin can also undergo a DET reaction like cisplatin, but with less ease, as shown in Figure 3. The vertical addition of an electron to carboplatin ΔΔG -34.6 kcal/mol is followed by the favourable adiabatic DET reaction ΔΔG -30.1 kcal/mol finally resulting in a anion-radical species with a trigonal Pt radical.

It is known that the •OH reacts very rapidly and is more facile than with a hydrated electron when reacting with carboplatin. [START_REF] Kl Swancutt | Free Radical-Induced Redox Chemistry of Platinum-Containing Anticancer Drugs[END_REF][START_REF] Kl Swancutt | Free radical-induced redox chemistry of Nedaplatin and Satraplatin under physiological conditions[END_REF] [Swancutt] Similarly to cisplatin, the initial formation of a Pt + (III) transient species by addition of •OH to carboplatin is not favoured being ΔΔG 74.4 kcal/mol (for Pt---OH 1.95Å). The reaction of carboplatin with •OH to form a HO-CBDCA-Pt(III)-(NH3) 2 species requires an electron to form the neutral species, and the reaction is favourable being ΔΔG -58.8 kcal/mol. The square pyramidal Pt(III) species has Pt---O 2.06Å and 2.26Å, Pt---N 2.07Å and 2.11Å in the square plane, with a Pt---OH 2.03Å above the square plane. This species is quite stable, but the further addition of an electron (overall charge -1) leads to elongation of the Pt---O bond of one arm of CBDCA as shown in Figure 4 where bond elongation of the Pt---O(CBDCA) is 3.63 Å, highly favourable by ΔΔG -141.4 kcal/mol. The Pt---OH bond is 2.06Å.

Figure 4 shows the reaction of carboplatin with a •OH and an electron to form a TS with a Pt(III) charge -1, resulting in elongation of a Pt---O bond, finally forming a hydroxy-CBDCA-Pt-Diamine species. Elongation of one Pt---O bond of the bidentate CBDCA ligand from 2.53 to 3.63Å is favoured by a change in ΔΔG -20.8 kcal/mol. Finally the formation of the planar (H 3 N) 2 -HO-Pt-CDBCAmonodentate species is shown.

We have previously noted that oxaliplatin does not show any DET bond elongation in the adiabatic electron attachment. We have tested the adiabatic attachment of •OH to oxaliplatin since carboplatin does show DET when the hydroxyl group is attached to the Pt of oxaliplatin to form a Pt(III) species as shown in Figure 5. Oxaliplatin does form a stable trigonal bipyramidal OH Pt(III) adduct after the addition of an electron ΔΔG -50.2 kcal/mol, Pt---O 2.26Å, (0). Oxaliplatin-OH does show a favourable ΔΔG -120.2 kcal/mol DET behaviour after the addition of an electron to form the (-1) charged oxaliplatin-OH Pt(III) species, where the Pt---O is 4.13Å. This results in the loss of the HO -anion and the reformation of oxaliplatin. This behaviour contrasts with carboplatin which suggests that the oxalate group of oxaliplatin is a weaker leaving group than the CBCDA moiety of carboplatin for a Pt radical based process. This contrasts with the notion that the oxalo ligand is a better leaving group than the CBDCA ligand of carboplatin for the hydrolysis nucleophilic electrophilic mechanism of Pt drugs. [START_REF] Pb Tchounwou | Advances in Our Understanding of the Molecular Mechanisms of Action of Cisplatin in Cancer Therapy[END_REF] [Tchounwou]

We have previously shown that nedaplatin does show DET behaviour upon adiabatic electron attachment, as in Figure 6. The attachment of •OH to nedaplatin is shown in Figure 7. The activation energy for the addition of the •OH to nedaplatin is very similar to those of cisplatin and carboplatin. [START_REF] Kl Swancutt | Free Radical-Induced Redox Chemistry of Platinum-Containing Anticancer Drugs[END_REF][START_REF] Kl Swancutt | Free radical-induced redox chemistry of Nedaplatin and Satraplatin under physiological conditions[END_REF] [Swancutt] Nedaplatin does form a stable trigonal bipyramidal OH Pt(III) adduct after the addition of an electron ΔΔG -88.8 kcal/mol, Pt---O 2.27Å, (0). Nedaplatin-OH does show a favourable ΔΔG -72.8 kcal/mol DET behaviour after the addition of an electron to form the (-1) charged nedaplatin-OH Pt(III) species, where the Pt---O is 4.13Å.

Similarly to oxaliplatin the loss of the HO -anion and the reformation of nedaplatin is favoured over the loss of the bidentate glyollate ligand. 

Discussion

As discussed in the Introduction there is considerable literature evidence that cisplatin and to a lesser degree carboplatin, nedaplatin and oxaliplatin can exert their antineoplastic and side effects via some involvement with ROS generated via leakage from the ETC of the mitochondria and via cellular oxidative stress. The dominant and most reactive ROS species induced by Pt drugs in the mitochondria is the hydroxyl radical. The amount of electron leakage from the ETC is fundamentally related to the production of ROS, such as oxygen superoxide and hydrogen peroxide. If a single electron is transferred to oxygen, superoxide is formed whereas if two electrons are donated this leads to the direct formation of H 2 O 2 .

[47] [Treberg] The formation of potent hydroxyl radicals can be subsequently formed from H 2 O 2 and superoxide.

The results from this study show that cisplatin, carboplatin, and nedaplatin can form platinum centered free radicals by reacting with hydrated electrons or hydroxyl radicals. Oxaliplatin does form platinum radicals by reacting with hydroxyl radicals but does not form radicals by reacting with hydrated electrons. We have previously reported on the free radical DET mechanism for cisplatin, carboplatin, and nedaplatin involving reductive hydrated electrons. [START_REF] Fong | Platinum anti-cancer drugs: free radical mechanism of Pt-DNA adduct formation and anti-neoplastic effect[END_REF][START_REF] Aminuddin | Mitochondrial DNA alterations may influence the cisplatin responsiveness of oral squamous cell carcinoma[END_REF] [Fong, Fong] The involvement of a platinum based anti-cancer oxidative stress mechanism as tested using the hydroxyl radical species indicates that such processes are favourable.

The availability of hydroxyl radicals and hydrated electrons from mitochondrial sources in the presence of cisplatin, nedaplatin and oxaliplatin drugs appears to open up the possibility of these drugs as transient hydroxy Pt(III) species acting as hydroxyl radical scavengers that subsequently can be recycled to reform the Pt drugs (as Pt(II) species) by the DET reaction with a hydrated electron. This potential behaviour does not occur with carboplatin where the transient hydroxycarboplatin (III) species undergoes a DET Pt---CBCDA bond cleavage upon reaction with a hydrated electron to form the hydroxy-CBDCA monodentate -Pt-Diamine species.

Conclusion

There are at least 4 main anti-cancer mechanisms involving platinum drugs that directly or indirectly involve ROS or hydrated electrons: (a) the aqueous chloride or ligand hydrolysis displacement in the cytoplasm by nucleophilic electrophilic nuclear-DNA damage mechanisms, which form Pt-DNA lesions. Pt-DNA adduct lesions can induce cytotoxicity, and failing the DNA repair facility to repair the lesions, apoptosis will be triggered. Mitochondria will then generate ROS to kill the cancer cells. (b) Pt-DNA adduct lesions could also be formed by platinum free radicals which can then undergo apoptosis with mitochondrial generation of ROS to kill the cancer cells. (c) platinum drugs can induce ROS to be released by mitochondria that can trigger cell death. ROS play an important role in the apoptosis pathway, and increased ROS generation alters the mitochondrial membrane potential and damages the respiratory chain, which ultimately triggers the apoptotic process. Cisplatin rapidly accumulates in mitochondria and degrades the mitochondrial structure and metabolic function. (d) Ionizing radiation can produce hydrated electrons and hydroxyl radicals that can induce both single-and double-strand breaks in the platinated DNA, but not in unmodified DNA.

It is possible that treatment of cancers using platinum drugs might involve combinations of mechanisms (a), (b) and (c) in normal therapeutic regimes. It is likely that platinum drugs may have multiple minor cellular targets beyond nuclear DNA and mitochondria, including membrane lipids and proteins, components of the cytoskeleton, and cellular enzymes.

This study (mechanism (c)) has identified the likely structures of cisplatin, carboplatin, nedaplatin and oxaliplatin free radicals as they may be involved in antineoplastic behaviour induced by the release of ROS (mainly the hydroxyl radical) and hydrated electrons leaked from the electron transport chain of the mitochondria. Mechanism (a) is the dominantly accepted literature mechanism, while we have previously proposed mechanism (b). [START_REF] Fong | Platinum anti-cancer drugs: free radical mechanism of Pt-DNA adduct formation and anti-neoplastic effect[END_REF]37] [Fong, Fong] Mechanism (d) applies to ionizing radiation anti-cancer treatment.

There is substantial literature evidence that platinum drugs can exert their antineoplastic and side effects via some involvement with ROS generated via leakage from the ETC of the mitochondria and via cellular oxidative stress, as well as directly influencing the mitochondrial membrane itself.

Evidence is provided that free radical species of cisplatin, carboplatin, nedaplatin and oxaliplatin derived from reactions with ROS, particularly the hydroxyl radical and hydrated electrons, may be involved in a cyclical hydroxyl radical scavenging antineoplastic process. Carboplatin shows some different properties to the other platinum drugs.

Experimental Methods

All calculations were carried out using the Gaussian 09 package. Optimisation, energy and thermodynamic calculations were conducted at the DFT/B3LYP/6-311 + G(d) (6d, 7f) level of theory for all atoms except for Pt where the relativistic ECP SDD Stuttgart-Dresden basis set for transition metals was used. The atomic radii used for neutral Pt(I-IV) species (4 and 5 coordinated square planar and square pyramidal configuration) was 1.75Å, and was 0.74 Å for ionic species. (http://www.webelements.com/platinum/atom_sizes.html). All calculations used the empirical dispersion GD3BJ level of theory.

The oxidation states of the studied platinum species are notional, since there is significant charge delocalization over ligands, particularly where the overall Pt species is charged. For example the dihydroxy bridged Pt(II) ++ complex has been characterized: {Pt 2 -(OH) 2 -(PR 3 ) 4 } ++ (BF 4 -) 2 [START_REF] Bushnell | Hydroxy Complexes of Platinum(II) and Palladium(II)[END_REF] [Bushnell] The thermal degradation of H 2 O 2 at 50 o C initiates with the formation of the hydroxyl radical, followed by the formation of HOO• then finally water and oxygen. [START_REF] Pa Giguere | Kinetics of thermal decomposition of hydrogen peroxide vapour[END_REF] [Giguere] This is relevant to the formation of the stable Pt(IV) complex, (H 3 N) 2 -Cl 2 -Pt(IV)-(OH) 2 . [START_REF] Howell | Characterization of Precursors to Platinum(IV) Prodrugs Using Thermogravimetry[END_REF] [Howell] 
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  3 ) 2 -Cl 2 -Pt(III)-OH with another hydroxyl radical to form (NH 3 ) 2 -Cl 2 -Pt(IV)-(OH) 2 are favourable, ΔΔG -63.4 and -43.4 kcal/mol respectively. Cisplatin is known to causes dose-and time-dependent increase of H 2 O 2 level in TMRE-positive and PE Annexin V-negative cancer cells. Hydrogen peroxide plays a role in apoptosis induction by cisplatin leading to tumour cell death.[START_REF] As Nerush | Hydrogen peroxide in the reactions of cancer cells to cisplatin[END_REF] [Nerush]