Clifford W Fong 
email: cwfong@internode.on.net
  
Toxicology of platinum anticancer drugs: oxidative stress and antioxidant effect of stable free radical Pt-nitroxides

Keywords: Pt-nitroxides, toxicity, cytotoxicity, oxidative stress, stable free radicals, antineoplastic drugs, quantum mechanics

   

Toxicology of platinum anticancer drugs: oxidative stress and antioxidant effect of stable free radical Pt-nitroxides

It was also found that the maximum tolerated dose (MTD) in humans for some common Pt(II) and Pt(IV) drugs was driven by water desolvation and lipophilicity of the drugs, with little influence by the HOMO-LUMO gap, indicating that it is drug transport processes that principally drive the MTD in humans.

The cytotoxicity, IC 50 , of a series of Pt(II)-and Pt(IV)-nitroxides with HeLa (cervical cancer cells) and H1299 (human non-small cell lung carcinoma) cells was shown to be dependent on the Introduction Platinum (Pt) anticancer drugs are widely used in the clinic, and are successful in treating many solid tumours. Generally such drugs exert their toxicity by damaging DNA, inhibiting DNA synthesis and mitosis, and inducing apoptopic cell death. The molecular mechanisms can also involve induction of oxidative stress (OS) producing reactive oxygen species (ROS) and lipid peroxidation, induction of p53 signaling and cell cycle arrest, down-regulation of protooncogenes and anti-apoptotic proteins, and activation of both intrinsic and extrinsic pathways of apoptosis. The efficacy of Pt drugs is limited by resistance developed by cancers and side effects. Pt based chemotherapy can cause substantial side effects including nausea and vomiting, diarrhoea, hepatotoxic, nephrotoxic, cardiotoxic, neurotoxic and hematotoxic damage. [START_REF] Dasari | Cisplatin in cancer therapy: molecular mechanisms of action[END_REF][START_REF] Mg Apps | The state-of-play and future of platinum drugs[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] Berndtsson | Acute apoptosis by cisplatin requires induction of reactive oxygen species but is not associated with damage to nuclear DNA[END_REF] Chemotherapeutic dosages in the clinic are usually limited by patient tolerance of these undesirable side effects, meaning sub lethal dosages commonly administered in the clinic gives the cancer time to develop resistance. Combination therapeutic regimes are regularly used clinically to reduce resistance and undesirable side effects. The toxicology of Pt drugs includes increased OS and the decrease in cellular anti-oxidant defence processes such as glutathione, anti-oxidant enzymes, etc. The mitochondrion is the primary target for Pt drug induced OS. ROS can trigger cell death via various signalling pathways which do not require DNA damage. The intracellular redox homeostasis is critical to cell functioning, with the thiols such as glutathione being particularly important. [START_REF] Dasari | Cisplatin in cancer therapy: molecular mechanisms of action[END_REF][START_REF] Mg Apps | The state-of-play and future of platinum drugs[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] Berndtsson | Acute apoptosis by cisplatin requires induction of reactive oxygen species but is not associated with damage to nuclear DNA[END_REF][START_REF] Yu | Cisplatin generates oxidative stress which is accompanied by rapid shifts in central carbon metabolism[END_REF][START_REF] Tolan | Oxidative Stress Induced by Pt(IV) Pro-drugs Based on the Cisplatin Scaffold and Indole Carboxylic Acids in Axial Position[END_REF][START_REF] Radonjić | The platinum II complexes induced oxidative stress of isolated rat heart[END_REF] There is extensive evidence supporting involvement of electron transfer (ET), ROS and OS in the mechanism of many anticancer drugs. These free radical ET agents function catalytically in redox cycling with formation of ROS from oxygen. [START_REF] Kovacic | Unifying mechanism for anticancer agents involving electron transfer and oxidative stress: clinical implications[END_REF][START_REF] Sainz | Radical Decisions in Cancer: Redox Control of Cell Growth and Death[END_REF][START_REF] Wardman | Electron transfer and oxidative stress as key factors in the design of drugs selectively active in hypoxia[END_REF] The metabolism of a drug may generate a reactive intermediate that can reduce molecular oxygen directly to generate ROS. [START_REF] Dg Deavall | Drug-Induced Oxidative Stress and Toxicity[END_REF] Cancer cells show elevated ROS levels which are counter balanced by an increased antioxidant capacity. While high ROS levels may constitute a barrier to tumorigenesis, conversely ROS can also promote tumour formation by inducing DNA mutations and pro-oncogenic signalling pathways. At low to moderate levels, ROS may contribute to tumour formation either by acting as signalling molecules or by promoting the mutation of genomic DNA. Cancer cells characteristically have a high antioxidant capacity that regulates ROS to levels that are compatible with cellular biological functions, but still higher than in normal cells. Targeting these high antioxidant defence mechanisms is a strategy to kill cancer cells but not normal cells. [START_REF] Gorrini | Modulation of oxidative stress as an anticancer strategy[END_REF][START_REF] Liu | Increased Oxidative Stress as a Selective Anticancer Therapy, Oxidative Medicine and Cellular Longevity[END_REF][START_REF] Sitthimonchai | Mechanism-based in vitro screening of potential cancer chemopreventive agents[END_REF][START_REF] De | Oxidative Therapy Against Cancer, Oxidative Stress and Diseases[END_REF] Many currently prescribed antineoplastic drugs induce high levels of free radicals and OS, with patients showing ROS-induced lipid peroxidation in their plasma, and have reduced blood levels of vitamin E, vitamin C and β-carotene, and decreased tissue glutathione levels. Amongst the common antineoplastic drugs, the severity of OS varies from: (a) very high, anthracyclines: such as doxorubicin, epirubicin (b) moderately high, (i) Pt-complexes: such as cisplatin, carboplatin, oxaliplatin, (ii) alkylating agents: such as cyclophosphamide, dicarbazine, temozolomide, cisplatins, nimustine, (iii) epipodophyllotoxins: such as etoposide and teniposide, (iv) camptothecins: such as irinotecan, topotecan, and (c) low, (i) purines/pyrimidines: such as 5-fluorouracil, gemcitabine, carmofur, (ii) antimetabolites: such as 2-methoxyestradiol, cytarabine, mercaptopurine, (iii) taxanes: such as paclitaxel, (iv) vinca alkaloids: such as vinblastin, vincristine, vinorelbine. [START_REF] Ka Conklin | Chemotherapy-Associated Oxidative Stress: Impact on Chemotherapeutic Effectiveness[END_REF][START_REF] Gerhäuser | Mechanism-based in vitro screening of potential cancer chemopreventive agents[END_REF][START_REF] Jomova | Advances in metal-induced oxidative stress and human disease[END_REF] Other families of antineoplastic drugs include the cytotoxic antibiotics, PARP inhibitors, immunotherapeutic agents, radiosensitizers, and nitroxides.

Nitroxides such as Tempol and its analogues, camptothecins, which are stable free radicals, can act as antioxidants and anticancer drugs. The antioxidant nature is associated with their redox cycles, and the ability to engage in single electron oxidation reduction reactions. As anticancer drugs they are only toxic to tumour cells, not normal cells. Studies have confirmed their efficacy against breast, liver, lung, thyroid, ovarian and lymphatic cancers. [START_REF] Lewandowski | Nitroxides as Antioxidants and Anticancer Drugs[END_REF][START_REF] Wilcox | Effects of tempol and redox-cycling nitroxides in models of oxidative stress[END_REF][START_REF] Fong | Free radical anticancer drugs and oxidative stress: ORAC and CellROXcolorectal cancer cells by quantum chemical determinations[END_REF] We have recently shown that the {Camptothecin-Tempol} conjugates, the Mito-CP 11 and Mito-CP 11 -Ac conjugates and the {5-Fluorouracil-Tempol} conjugates are driven by the antioxidant properties of the tempol moieties in inducing cytotoxicity in triple negative breast cancer (TNBC) cells, and as such are consistent with oxidative stress mechanisms. The HOMO-LUMO energy gaps, water desolvation and lipophilicity are of equal importance in their correlation with IC 50 values, and can be used to predict the binding of these conjugates to the molecular target in TNBC cells. The HOMO in these conjugates always resides on the tempol moiety with the LUMO residing on other moieties (Camptothecin, Triphenylphosphonium, or 5-Fluorouracil). The HOMO-LUMO energy gaps may also be a good predictor of synergistic adjunct co-therapy, as illustrated with Mito-CP 11 co-administered with fluvastatin. [START_REF] Fong | Role of stable free radicals in conjugated antioxidant and cytotoxicity treatment of triple negative breast cancer[END_REF] We have recently examined the involvement of the free radical forms of a number of commonly used anticancer drugs in OS processes related to triple negative breast, colorectal, cervical and ovarian cancers. [START_REF] Fong | Free radical anticancer drugs and oxidative stress: ORAC and CellROXcolorectal cancer cells by quantum chemical determinations[END_REF][START_REF] Fong | Role of stable free radicals in conjugated antioxidant and cytotoxicity treatment of triple negative breast cancer[END_REF][START_REF] Fong | The role of free radicals in the effectiveness of anti-cancer chemotherapy in hypoxic ovarian cells and tumours[END_REF][START_REF] Fong | Free radicals in chemotherapy induced cytotoxicity and oxidative stress in triple negative breast and ovarian cancers under hypoxic and normoxic conditions[END_REF][START_REF] Fong | Role of free radicals in PARP inhibition of cervical carcinogenesis: PARylation of HeLa cells, and inhibition of hPARP-1 enzyme[END_REF] We have shown that the radical form of a wide range of current antineoplastic drugs, including carboplatin and oxaliplatin, is involved in oxidative stress processes in human DLD-1 human colorectal cancer cells as determined by the CellROX assay. The oxidative stress capability of these drugs were dependent on the lipophilicity and electron affinity of the drugs in water. All of the drugs examined were known to be involved in oxidative processes to some degree according to literature sources. The antioxidant properties of the radical drug species in the ORAC or ORAC/Cu assays are also dependent on the lipophilicity and electron affinity properties of the drugs. [START_REF] Fong | Free radical anticancer drugs and oxidative stress: ORAC and CellROXcolorectal cancer cells by quantum chemical determinations[END_REF] ET reactions from suitable donors such as AAPH (2,2'-azobis(2-amidinopropane) dihydrochloride used in the ORAC assay, [START_REF] Fong | Free radical anticancer drugs and oxidative stress: ORAC and CellROXcolorectal cancer cells by quantum chemical determinations[END_REF]) and TMPD (tetramethyl-p-phenylenediamine) used with cisplatin [START_REF] Luo | Electron transfer-based combination therapy of cisplatin with tetramethyl-p-phenylenediamine for ovarian, cervical, and lung cancers[END_REF] are well known. The mechanism of the ET involves dissociative electron transfer (DET) and the formation of Pt radical species as a result of dissociation of the Pt-Cl bond (in cisplatin) upon electron attachment to the Pt drug, after electron transfer from a donor or radiation source. [START_REF] Luo | Electron transfer-based combination therapy of cisplatin with tetramethyl-p-phenylenediamine for ovarian, cervical, and lung cancers[END_REF][START_REF] Fong | Platinum anti-cancer drugs: free radical mechanism of Pt-DNA adduct formation and anti-neoplastic effect[END_REF][START_REF] Fong | Platinum based radiochemotherapies: Free radical mechanisms and radiotherapy sensitizers[END_REF] It was found that TMPD/CisPt combination treatment greatly reduced the viability of cisplatin-sensitive human cervical (HeLa) cancer cells, and cisplatinresistant human ovarian (NIH:OVCAR-3) and lung (A549) cancer cells. The combination therapy increased apoptosis and DNA fragmentation by factors of 2-5 compared with cisplatin alone.

Sen and colleagues have extensively examined the toxicology and anticancer behaviour of a wide range of Pt-nitroxide drugs. [START_REF] Vd Sen | Platinum Complexes with Bioactive Nitroxyl Radicals: Synthesis and Antitumor Properties[END_REF] The cytotoxicity IC 50 of a diverse range of Pt(II) and Pt(IV)-nitroxyl compounds with HeLa (cervical cancer cells) and H1299 (human non-small cell lung carcinoma cell line) cells were examined, as well as the toxicities LD 50 of healthy mice and ILS (increase in life span of leukemic P388 mice).

Study Objectives:

To seek out predictive relationships between the animal toxicity of the Pt-nitroxide conjugate drugs and their links to cellular inhibitory processes To determine if the HOMO-LUMO energy gap of Pt drugs can predict cellular cytotoxicity and animal toxicity

Results

The toxicity to mice and cytotoxicity in HeLa and H1299 cells of the Pt-nitroxide drugs (taken from Sen [START_REF] Vd Sen | Platinum Complexes with Bioactive Nitroxyl Radicals: Synthesis and Antitumor Properties[END_REF]) has been analysed using a previously described model that has been shown to apply to a wide range of drug transport, binding, metabolic and cytotoxicity properties of cells and tumours (Equation 1).

The model is based on establishing linear free energy relationships (LFER) between the four drug properties and various biological processes. Equation 1 has been previously applied to passive and facilitated diffusion of a wide range of drugs crossing the blood brain barrier, the active competitive transport of tyrosine kinase inhibitors by the hOCT3, OATP1A2 and OCT1 transporters, and cyclin-dependent kinase inhibitors and HIV-1 protease inhibitors. The model also applies to PARP inhibitors, the anti-bacterial and anti-malarial properties of fluoroquinolones, and active organic anion transporter drug membrane transport, and some competitive statin-CYP enzyme binding processes. There is strong independent evidence from the literature that ΔG desolvation , ΔG lipophilicity , the dipole moment and molecular volume are good inherent indicators of the transport or binding ability of various drugs. [START_REF] Fong | The extravascular penetration of tirapazamine into tumours: a predictive model of the transport and efficacy of hypoxia specific cytotoxic analogues and the potential use of cucurbiturils to facilitate delivery[END_REF][START_REF] Fong | Permeability of the Blood-Brain Barrier: Molecular Mechanism of Transport of Drugs and Physiologically Important Compounds[END_REF][START_REF] Fong | The effect of desolvation on the binding of inhibitors to HIV-1 protease and cyclin-dependent kinases: Causes of resistance[END_REF][START_REF] Fong | Physiology of ionophore transport of potassium and sodium ions across cell membranes: Valinomycin and 18-Crown-6 Ether[END_REF][START_REF] Fong | Statins in therapy: Understanding their hydrophilicity, lipophilicity, binding to 3hydroxy-3-methylglutaryl-CoA reductase, ability to cross the blood brain barrier and metabolic stability based on electrostatic molecular orbital studies[END_REF][START_REF] Fong | Predicting PARP inhibitory activity -A novel quantum mechanical based model[END_REF][START_REF] Fong | A novel predictive model for the anti-bacterial, anti-malarial and hERG cardiac QT prolongation properties of fluoroquinolones[END_REF][START_REF] Fong | Statins in therapy: Cellular transport, side effects, drug-drug interactions and cytotoxicity -the unrecognized role of lactones[END_REF][START_REF] Fong | Drug discovery model using molecular orbital computations: tyrosine kinase inhibitors[END_REF] Equation 1 uses the free energy of water desolvation (ΔG desolv,CDS ) and the lipophilicity free energy (ΔG lipo,CDS ) where CDS represents the non-electrostatic first solvation shell solvent properties. CDS may be a better approximation of the cybotactic environment around the drug approaching or within the protein receptor pocket, or the cell membrane surface or the surface of a drug transporter, than the bulk water environment outside the receptor pocket, or cell membrane surface. The CDS includes dispersion, cavitation, and covalent components of hydrogen bonding, hydrophobic effects. Desolvation of water from the drug (ΔG desolv,CDS ) before binding in the receptor pocket is required, and hydrophobic interactions between the drug and protein (ΔG lipo,CDS ) is a positive contribution to binding. ΔG lipo,CDS is calculated from the solvation energy in n-octane. In some biological processes, where biological reduction may be occurring, and the influence of molecular volume is small, the reduction potential (electron affinity) has been included in place of the molecular volume. In other processes, the influence of some of the independent variables is small and can be eliminated to focus on the major determinants of biological activity.

We have recently used this model to develop a predictive model of the transport and efficacy of hypoxia specific cytotoxic analogues of tirapazmine and the effect on the extravascular penetration of tirapazamine into tumours. [START_REF] Fong | The extravascular penetration of tirapazamine into tumours: a predictive model of the transport and efficacy of hypoxia specific cytotoxic analogues and the potential use of cucurbiturils to facilitate delivery[END_REF] It was found that the multiparameter model of the diffusion, antiproliferative assays IC 50 and aerobic and hypoxic clonogenic assays for a wide range of neutral and radical anion forms of tirapazamine (TPZ) analogues showed: (a) extravascular diffusion is governed by the desolvation, lipophilicity, dipole moment and molecular volume, similar to passive and facilitated permeation through the blood brain barrier and other cellular membranes, (b) hypoxic assay properties of the TPZ analogues showed dependencies on the electron affinity, as well as lipophilicity and dipole moment and desolvation, similar to other biological processes involving permeation of cellular membranes, including nuclear membranes, (c) aerobic assay properties were dependent almost exclusively on the electron affinity, consistent with electron transfer involving free radicals being the dominant species.

The LFER model has been recently applied to cervical, triple negative breast and ovarian cancers where transient and stable free radicals are involved in the cytotoxic oxidative stress processes. The electron affinity of the various drugs, along with the water desolvation, lipophilicity and dipole moment, has been shown to be an important predictor of cytotoxic efficacy. [START_REF] Fong | Free radical anticancer drugs and oxidative stress: ORAC and CellROXcolorectal cancer cells by quantum chemical determinations[END_REF][START_REF] Fong | Role of stable free radicals in conjugated antioxidant and cytotoxicity treatment of triple negative breast cancer[END_REF][START_REF] Fong | The role of free radicals in the effectiveness of anti-cancer chemotherapy in hypoxic ovarian cells and tumours[END_REF][START_REF] Fong | Free radicals in chemotherapy induced cytotoxicity and oxidative stress in triple negative breast and ovarian cancers under hypoxic and normoxic conditions[END_REF][START_REF] Fong | Role of free radicals in PARP inhibition of cervical carcinogenesis: PARylation of HeLa cells, and inhibition of hPARP-1 enzyme[END_REF] In particular, stable nitroxide free radicals in conjugated antioxidant and cytotoxicity treatment of triple negative breast cancer (TNBC) was examined using equation 1(a), a variant of the general equation 1, using the HOMO-LUMO energy gap, an inherent indicator of molecular reactivity. The IC 50 data for the HeLa and H1299 cells [START_REF] Vd Sen | Platinum Complexes with Bioactive Nitroxyl Radicals: Synthesis and Antitumor Properties[END_REF] have been tested using eq 1 and 1(a) and various combinations of the five independent variables. It was found that the only significant statistical (stepwise multiple regression) relationships were eq 2 and eq 3, with no dependencies on dipole moment, molecular volume or the HOMO-LUMO energy gap.

Equation 2 Cytotoxicity values for Pt-nitroxide conjugates with HeLa cells [START_REF] Dg Deavall | Drug-Induced Oxidative Stress and Toxicity[END_REF] The toxicities for the Pt-nitroxide conjugates for healthy mice using a high dose LD 50 and low dose LD 50 regime were also examined for any statistical dependencies on the five independent variables. The same process was used for the ILS of P388 leukemic mice. [START_REF] Vd Sen | Platinum Complexes with Bioactive Nitroxyl Radicals: Synthesis and Antitumor Properties[END_REF] Eq 4, 5 and 6 were the only significant relationships to be found, with linear relationships with the HOMO-LUMO energy gaps. We have also examined (see Table 3) a previous study of the toxicology of a range of common Pt anti-cancer drugs with mice LD 10 (the dose that causes lethality in 10% of treated animals) and the MTD (maximum tolerated dose of the anti-cancer drugs for humans). [START_REF] Clark | Predictive Value of Preclinical Toxicology Studies for Platinum Anticancer Drugs[END_REF] The Pt drugs were Carboplatin, CI-973, Cisplatin, Enloplatin, Iproplatin, Satraplatin, L-NDDP, Lobaplatin, Oxaliplatin, Spiroplatin, Tetraplatin, Zeniplatin. All these drugs are Pt(II) species except Iproplatin, Satraplatin and Tetraplatin which are Pt(IV) compounds.

Equation 7 LD 10 for 13 Pt drugs with mice, including isomers of Spiroplatin and L-NDDP, and excluding Satraplatin as a large outlier. Relationships between LD 10 and the 5 molecular variables in eq 1 and 1(a) were sought, with reasonable relationships found with ΔG desolv,CDS , ΔG lipo,CDS , and the HOMO-LUMO energy gap, but the strongest relationship was found to be eq 7. It is noteworthy that eq 7 shows a positive dependency on the HOMO-LUMO gap, but eq 4 and 5 show negative dependencies on the HOMO-LUMO gap. Eq 7 is the expected relationship where the LD 10 increases (lower lethality) as the HOMO-LUMO energy gap get larger (greater kinetic stability). Eq 7 applies to the lethality of neutral Pt drugs, whereas eqs 4 and 5 apply to the stable free radical Pt-nitroxyl conjugates, and are consistent with antioxidant behavior having a positive effect on lethality.

Equation 8 MTD Maximum Tolerated Dose for humans for 12 Pt drugs, including isomers of Spiroplatin and L-NDDP, and excluding Enloplatin as a large outlier. The best relationship found was eq 8. The relationship between the MTD and HOMO-LUMO gap was poor.

MTD Humans = -46.06ΔG desolv,CDS + 22.96ΔG lipo,CDS -38.24

Where R 2 = 0.562, SEE = 99.42, SE(ΔG desolvCDS ) = 14.37, SE(ΔG lipoCDS ) = 13.70, F=5.770, Significance=0.0244

It is noted that MTD in humans (eq 8) is very similar to those of IC 50 for HeLa and H1299 cells (eq 2 and 3) for a diverse range of Pt anti-cancer drugs showing that drugs transport factors dominate in both processes.

Since the major objective of this study was to seek out predictive relationships between the animal toxicity of the Pt-nitroxide conjugate drugs and their links to cellular inhibitory processes, the inhibitory processes of a series of Pt(II)-salicylate drugs with the A549 human lung carcinoma and SGC7901 human gastric carcinoma cells were examined. [START_REF] Liu | Novel lipophilic platinum(II) compounds of salicylate derivatives[END_REF] In these series there is no conjugate moiety attached to the Pt centre as there was in the Pt-nitroxide series. Using the same stepwise regression analysis, it was found that eq 8 for the A549 series was a strong relationship. However no strong relationships were found for the SGC7901 cells, with eq 9 being only indicative. It appears that the inhibitory processes for SGC7901 cells are very different from those for the A549 cells, and appear to be dominated by drug transport factors such as water desolvation in the binding cavity, and lipophilicity / dipole factors related to passage through the cell membrane. Eq 10 is a weak relationship, though quite similar to the much stronger eq 8 for the A549 cells.

Equation 8 Cytotoxicity values for Pt-salicylates with A549 cells (12 drugs, see Table 2) IC 50 = 3.32(HOMO-LUMO) -12.99

Where R 2 = 0.408, SEE = 1.97, SE(HOMO-LUMO) = 12.65, F=6.88, Significance=0.025

Equation 9

Cytotoxicity values for Pt-salicylates with SGC7901 cells (12 drugs, see Table 2) IC 50 = -1.71ΔG desolv,CDS + 1.14ΔG lipo,CDS + 1.09DM -28.18

Where R 2 = 0.472, SEE = 3.67, SE(ΔG desolvCDS ) = 1.34, SE(ΔG lipoCDS ) = 0.61, SE(DM) = 0.61, F=2.37, Significance=0.146

Equation 10

Cytotoxicity values for Pt-salicylates with SGC7901 cells (12 drugs, see Table 2)

IC 50 = 3.

13(HOMO-LUMO) -9.60

Where R 2 = 0.472, SEE = 1.97, SE(HOMO-LUMO) = 2.73, F=1.319, Significance=0.277

Discussion (a) Cellular inhibitory studies

We have previously found a strong relationship (eq 11) between IC 50 for a series of {Camptothecin-Tempol} conjugates with A549 lung carcinoma cells. [START_REF] Fong | Role of stable free radicals in conjugated antioxidant and cytotoxicity treatment of triple negative breast cancer[END_REF] Figure 3 shows the structure of the various conjugates, where R 2 and R 3 are various Tempol (nitroxide) moieties. The HOMO in these conjugates always resides on the tempol moiety with the LUMO residing on the Camptothecin moieties. The properties of the {Camptothecin-Tempol} conjugates were driven by the antioxidant properties of the Tempol moieties in inducing cytotoxicity in MDA-MB-231 TNBC cells and A549 lung carcinoma cells, and as such were consistent with oxidative stress mechanisms. [START_REF] Fong | Role of stable free radicals in conjugated antioxidant and cytotoxicity treatment of triple negative breast cancer[END_REF] Comparison of eq 8 for the Pt-salicylates and eq 11 for the {Camptothecin-Tempol} conjugates with A549 lung carcinoma cells shows that the HOMO-LUMO gap is a critical factor in directing cytotoxicity. The HOMO-LUMO has been used to predict drug-protein target interaction in other biological systems as well. [START_REF] Hn Banavath | Identification of novel tyrosine kinase inhibitors for drug resistant T315I mutant BCR-ABL: a virtual screening and molecular dynamics simulations study[END_REF][START_REF] Qian | Molecular Modeling Studies of 11β -Hydroxysteroid Dehydrogenase Type 1 Inhibitors through Receptor-Based 3D-QSAR and Molecular Dynamics Simulations[END_REF][START_REF] Balajee | In Silico Screening, Alanine Mutation, and DFT Approaches for Identification of NS2B/NS3 Protease Inhibitors[END_REF][START_REF] Hp | Theoretical Investigations and Density Functional Theory Based Quantitative Structure-Activity Relationships Model for Novel Cytotoxic Platinum(IV) Complexes[END_REF] The smaller the energy gap, the more inherently reactive is the molecule, and the larger is the gap, the more stable is the molecule. There is also a close relationship between the energy of the LUMO and the electron affinity of the molecule. [START_REF] Cg Zhan | Ionization Potential, Electron Affinity, Electronegativity, Hardness, and Electron Excitation Energy: Molecular Properties from Density Functional Theory Orbital Energies[END_REF] Equation 11 Cytotoxicity values for {Camptothecin-Tempol} conjugates with A549 cells IC 50 = -0.008 ΔG lipo,CDS + 0.004(HOMO-LUMO) -0.099

Where R 2 = 0.484, SEE = 0.021, SE(ΔG lipoCDS ) = 0.002, SE(HOMO-LUMO) = 0.003, F=6.09, Significance=0.013 Eq 8 only differs from eq 11 in that the {Camptothecin-Tempol} conjugates have a dependency on lipophilicity of the drugs as well as the HOMO-LUMO gap, whereas the Pt-salicylates are only dependent on the HOMO-LUMO gap.

It is noted that eqs 2 and 3 for the Pt-nitroxide conjugates with HeLa and H1299 cells show no significant dependencies on the HOMO-LUMO gap, only being dependent on water desolvation and lipophilicity. The HOMO almost always resides on the nitroxide moiety, with the LUMO centred on the Pt(II) or Pt(IV) atom of the Pt-nitroxide conjugates. Eqs 2 and 3 imply that drug transfer properties dominate the cytotoxicity processes for these cell types. This deduction is consistent with the difference between eq 8 and eqs 9 (or 10) for the A549 and SGC7901 cells which indicates that the cell type is the dominant factor in determining cytotoxicity for any series of drug types as would be expected from first principles.

We have previously shown that eq 12 applies to a diverse series of {Camptothecin-Tempol} conjugates with MDA-MB-231 TNBC cells. [START_REF] Fong | Role of stable free radicals in conjugated antioxidant and cytotoxicity treatment of triple negative breast cancer[END_REF] IC 50 = -0.043 ΔG lipo,CDS + 0.028 (HOMO-LUMO) -0.083 (eq 12)

A study of Tempol and Tempo (see Figure 3) with MDA-MB-231 cells has found that Tempo induced apoptotic cell death but Tempol was non-cytotoxic (apoptosis or necrosis). [START_REF] Suy | Nitroxides Tempol and Tempo Induce Divergent Signal Transduction Pathways in MDA-MB 231 Breast Cancer Cells[END_REF] The same effect was also observed with PCI-04A laryngeal squamous carcinoma cells and PC-3 prostate cancer cells. The molecular properties of Tempol and Tempo are given in Table 1and it can be seen that their desolvation, lipophilicity, dipole moment and molecular volume properties are very similar with the exception of the HOMO-LUMO gap where Tempo is more reactive than Tempol by 0.423 eV or 9.76 kcal/mol. This observation is strong support for the notion that the HOMO-LUMO energy gap is a major factor is deciding cellular cytotoxicity in a wide variety of cell types.

(b) Mouse toxicity studies

Eqs 4 and 5 demonstrate that the fundamental molecular property, the HOMO-LUMO energy gap, predicts the LD 50 toxicity of Pt-nitroxide conjugate drugs to healthy mice, in direct proportion to the administered dose. The LD 50 is strongly negatively correlated to the HOMO-LUMO gap ie the lower the gap, the higher the LD 50 value, or the lower the lethality. The complexes 1B, 1C and 1D which have two nitroxide ligands attached to the Pt show much higher LD 50 values compared to the other Pt-Nitroxides in Table 1. The reason for this inertness can be seen in Figure 4 for drug 1B (which has two nitroxides attached to Pt) which can be compared to Figure 5 for drug 3 0 B, which has a single nitroxide ligand attached to the Pt. In 1B the HOMO and LUMO both reside on both the nitroxide ligands with a energy gap of 0.30eV, whereas 3 0 B has the HOMO on the nitroxide, with the LUMO centered on the Pt atom (which is the case for most of the drugs in Table 1), with a gap energy of 4.01eV. It is clear that the antioxidant properties of the nitroxide ligand has a large lowering effect on the lethality of these Pt-Nitroxide drugs compared to normal Pt drugs examined in eq 7.

Eq 6 shows that the ILS of P388 leukemic mice is strongly positively correlated to the HOMO-LUMO gap, ie the greater the gap, or the less inherently reactive are the conjugate drugs, the longer the increase in life span of the diseased mice. This clearly indicates that the Pt-nitroxides are having a positive effect on the leukemia.

There is also evidence that Tempol, given from birth, extends the life of normal mice, possibly related to its ability to preserve mitochondria against OS, and improve tissue oxygen, and its protective effect on many organs. Its pro-oxidant actions in tumour cells is thought to lead to a reduction in spontaneous tumour formation. [START_REF] Wilcox | Effects of tempol and redox-cycling nitroxides in models of oxidative stress[END_REF] It is noteworthy that the Pt-nitroxides drugs include both Pt(II) and Pt(IV) species, since it is generally acknowledged that it is the Pt(II) species that exert cytotoxic effects particularly for the DNA damaging mechanism, whereas Pt(IV) species are considered to be pro-drugs which are reduced in the nucleus to the corresponding Pt(II) species, which is the DNA damaging species. [START_REF] Dasari | Cisplatin in cancer therapy: molecular mechanisms of action[END_REF][START_REF] Mg Apps | The state-of-play and future of platinum drugs[END_REF] However other cytotoxicity mechanism for Pt drugs include oxidative stress induction, p53 signalling, cell cycle interruption, and other extrinsic and intrinsic pathways of apoptosis can occur. [START_REF] Berndtsson | Acute apoptosis by cisplatin requires induction of reactive oxygen species but is not associated with damage to nuclear DNA[END_REF][START_REF] Yu | Cisplatin generates oxidative stress which is accompanied by rapid shifts in central carbon metabolism[END_REF][START_REF] Tolan | Oxidative Stress Induced by Pt(IV) Pro-drugs Based on the Cisplatin Scaffold and Indole Carboxylic Acids in Axial Position[END_REF][START_REF] Radonjić | The platinum II complexes induced oxidative stress of isolated rat heart[END_REF] Since oxidative stress has been shown to be involved with these Pt-nitroxide drugs used in this study, as well as other Pt(II) and Pt(IV) drugs, [START_REF] Berndtsson | Acute apoptosis by cisplatin requires induction of reactive oxygen species but is not associated with damage to nuclear DNA[END_REF][START_REF] Yu | Cisplatin generates oxidative stress which is accompanied by rapid shifts in central carbon metabolism[END_REF][START_REF] Tolan | Oxidative Stress Induced by Pt(IV) Pro-drugs Based on the Cisplatin Scaffold and Indole Carboxylic Acids in Axial Position[END_REF][START_REF] Radonjić | The platinum II complexes induced oxidative stress of isolated rat heart[END_REF][START_REF] Fong | Role of stable free radicals in conjugated antioxidant and cytotoxicity treatment of triple negative breast cancer[END_REF][START_REF] Vd Sen | Platinum Complexes with Bioactive Nitroxyl Radicals: Synthesis and Antitumor Properties[END_REF] then it is possible that these stable radical nitroxide species can be effective in both the Pt(II) and Pt(IV) states. That is the stable free radical nitroxide moiety has the dominant effect on the toxicity. Clearly animal toxicity is a complex process where the Pt-nitroxide drugs affects many organs and pharmacological processes.

Conclusions

For a series of Pt(II)-and Pt(IV)-nitroxide conjugate drugs treatment of healthy and leukemic mice, it has been shown (a) for healthy mice, the median lethal dose, LD 50, is inversely linearly related to the HOMO-LUMO energy gap of the drugs. The relationship is linear and proportional for high and low dosages, and (b) that the increase in life span, ILS, of leukemic mice, is positively related to the HOMO-LUMO gap, indicating that these drug are effective against leukemia in the mice.

In another series of common neutral Pt(II) and Pt(IV) drugs, it was found that the LD 10 was directly related to the HOMO-LUMO gap, unlike the Pt-Nitroxides, which are stable free radicals, and which showed a negative LD 50 relationship with the HOMO-LUMO gap, consistent with antioxidant behaviour having a positive lowering effect on lethality.

It was also found that the maximum tolerated dose (MTD) for humans with some common Pt(II) and Pt(IV) drugs was driven by water desolvation and lipophilicity of the drugs, with little influence by the HOMO-LUMO gap, indicating that it is drug transport processes that principally drive the MTD in humans.

The cytotoxicity, IC 50 , of a series of Pt(II)-and Pt(IV)-nitroxides with HeLa (cervical cancer cells) and H1299 (human non-small cell lung carcinoma) cells was shown to be dependent on the water desolvation energy and the lipophilicity, with negligible dependency on the HOMO-LUMO gap. However, in a series of Pt(II)-salicylates with A549 lung cancer cells, the IC 50 values were linearly dependent on the HOMO-LUMO gap. A similar but weaker relationship for the SGC7901 human gastric carcinoma cells was indicated. It is also noted that a series of {Camptothecin-Tempol} conjugates have shown a dependency on lipophilicity of the drugs as well as the HOMO-LUMO gap with MDA-MB-231 (TNBC) andA549 (lung carcinoma) cells.

It is apparent that cytotoxicity as measured by inhibitory IC 50 studies, is dependent upon drug transport factors, as indicated by dependencies on the desolvation and lipophilicity in particular, as well as inherent drug reactivity factors such as the HOMO-LUMO energy gap.

There is no clear relationship between animal toxicity and cellular cytotoxicity measures, but the HOMO-LUMO gap is likely to be an important factor in both, particularly the organism toxicity.

Experimental Methods

All calculations were carried out using the Gaussian 09 package. Energy optimizations were at the DFT/B3LYP/6-31G(d) (6d, 7f) level of theory for all atoms. Selected optimizations at the DFT/B3LYP/6-31 + G(d,p) (6d, 7f) level of theory gave very similar results to those at the lower level. Optimized structures were checked to ensure energy minima were located, with no negative frequencies. Energy calculations were conducted at the DFT/B3LYP/6-31G(d,p) (6d, 7f) level of theory with optimized geometries in water, using the IEFPCM/SMD solvent model. Energy calculations were also conducted at the DFT/B3LYP/6-311G(d,p) (6d, 7f) and DFT/B3LYP/6-31+G(d,p) (6d, 7f) levels of theory to verify the delocalized HOMO and LUMO locations and energy levels were not significantly comparatively different within a related series of drugs from those conducted at the DFT/B3LYP/6-31G(d,p) (6d, 7f) level. HOMO and LUMO energies are in eV.

With the 6-31G(d) basis set, the SMD model achieves mean unsigned errors of 0.6 -1.0 kcal/mol in the solvation free energies of tested neutrals and mean unsigned errors of 4 kcal/mol on average for ions. [START_REF] Av Marenich | Universal Solvation Model Based on Solute Electron Density and on a Continuum Model of the Solvent Defined by the Bulk Dielectric Constant and Atomic Surface Tensions[END_REF] The 6-31G(d,p) basis set has been used to calculate absolute free energies of solvation and compare these data with experimental results for more than 500 neutral and charged compounds. The calculated values were in good agreement with experimental results across a wide range of compounds. [START_REF] Rayne | Accuracy of computational solvation free energies for neutral and ionic compounds: Dependence on level of theory and solvent model[END_REF][START_REF] Rizzo | Estimation of Absolute Free Energies of Hydration Using Continuum Methods: Accuracy of Partial Charge Models and Optimization of Nonpolar Contributions[END_REF] Adding diffuse functions to the 6-31G(d) basis set (ie 6-31 + G(d,p)) had no significant effect on the solvation energies with a difference of less than 1% observed in solvents, which is within the literature error range for the IEFPCM/SMD solvent model.

It is noted that high computational accuracy for each species in different environments is not the focus of this study, but comparative differences between various related species is the aim of the study. The literature values for IC 50 and LD 50 used to develop the multiple regression LFER equations have much higher experimental uncertainties than the calculated molecular properties. The statistical analyses include the multiple correlation coefficient R 2 , the F test of significance, standards errors for the estimates (SEE) and each of the variables SE(ΔG desolCDS ), SE(ΔG lipoCDS ), SE(Dipole Moment), SE (Molecular Volume), SE (AEA) as calculated from "t" distribution statistics. Residual analysis was used to identify outliers. Footnotes: See Figure 1 and Figure 3 for structures of drugs 

  IC 50 = ΔG desolv,CDS + ΔG lipo,CDS + Dipole Moment +Molecular Volume or Equation 1(a) Transport or Binding IC 50 = ΔG desolv,CDS + ΔG lipo,CDS + Molecular Volume + (HOMO-LUMO)

LD 10 =

 10 126.07(HOMO-LUMO) -450.04 Where R 2 = 0.358, SEE = 157.44, SE(HOMO-LUMO) = 53.35, F=5.584, Significance=0.039

Figure 1 .Figure 2 . 40 Figure 3 .Figure 4 .Figure 5 .

 1240345 Figure 1. Structures of platinum-nitroxides in Table 1 (1-11) from ref 29 plus other common platinum drugs

  

Table 1 ) IC 50 = -37.95ΔG desolv,CDS + 42.70ΔG lipo,CDS -57.74

 1 conjugates, see Where R 2 = 0.456, SEE = 66.94, SE(ΔG desolvCDS ) = 18.25, SE(ΔG lipoCDS ) = 17.01, F=3.36, Significance=0.087 Equation 3 Cytotoxicity values for Pt-nitroxide conjugates with H1299 cells (11 conjugates, see

Table 1 ) IC 50 = -32.80ΔG desolv,CDS + 42.30ΔG lipo,CDS + 13.23

 1 Where R2 = 0.525, SEE = 63.68, SE(ΔG desolvCDS ) = 17.36, SE(ΔG lipoCDS ) = 16.19, F=4.41, Significance=0.051

Equation 4

 4 Toxicity values for Pt-nitroxide conjugates with healthy mice (14 conjugates, excluding 4E outlier, see

Table 1 ) LD 50 (low dose) = -33.26(HOMO-LUMO) + 17.40

 1 

	Where R 2 = 0.717, SEE = 36.48, SE(HOMO-LUMO) = 6.02, F=30.46, Significance=0.0001
	Equation 5 Toxicity values for Pt-nitroxide conjugates with healthy mice (14 conjugates,
	excluding 4E outlier, see

Table 1 ) LD 50 (high dose) = -98.94(HOMO-LUMO) + 439.26

 1 Increase in Life Span (ILS) values for Pt-nitroxide conjugates with P388 leukemic mice (15 conjugates, see

	Where R 2 = 0.707, SEE = 107.25, SE(HOMO-LUMO) = 17.67, F=31.35, Significance=0.0000
	Equation 6

Table 1 ) ILS(P388) = 26.30(HOMO-LUMO) + 107.98

 1 Where R 2 = 0.339, SEE = 63.87, SE(HOMO-LUMO) = 10.19, F=6.66, Significance=0.022

Table 1

 1 

	Pt-Nitroxides	IC 50 HeLa	IC 50 H1299	LD 50 High	Increase in Life Span	LD 50 Low	ΔG desolv, CDS	ΔG lipo,CDS	Dipole Moment	Molecular Volume	HOMO-LUMO
	etc (ref 29)	Cells	Cells	Dose	ILS	Dose	kcal/mol	kcal/mol	D	cm 3 /mol	Gap eV
	1B			570	106	190 -10.35	-7.23	14.85	395	0.2993
	1C			500	79	166 -16.23	-6.52	17.99	383	0.2885
	1D			380	76	127 -14.11	-6.74	22.1	309	0.2993
	2B	125	150	27	237	6.8	-7.45	-4.06	15.29	185	4.9526
	3(0)B	112	150	15	292	3.8	-7.25	-4.01	16.5	198	4.0083
	4B			80	189	16	-6.63	-4.11	15.25	187	4.1907
	4C			11			-14.91	-3.73	16.75	225	3.4151
	4D			50	132	11 -10.41	-3.56	22.22	217	4.4628
	4E			500	202	133 -10.71	-5.4	30.81	253	4.6533
	9A			45	133	15	-8.53	-4.53	18.3	213	4.0111
	9B	200	200	100	247	34 -11.83	-5.63	18.21	289	3.8369
	9C	13.4 25.4				-12.62	-7.78	18.13	317	3.8641
	10A			27	270	9	-8.26	-4.41	19.7	207	2.6940
	10B	200	220	46	220	7.5 -11.51	-5.65	13	253	2.4491
	10C	4.18 24.6				-12.17	-7.96	12.96	364	2.4763
	10D	2.45 16.6	4.5	120	1.5 -12.72	-9.06	12.91	410	2.4763
	10E	0.23 1.36				-13.28 -10.15	12.94	439	2.4763
	11B			260	290	87	-14.5	-5.05	17.05	319	2.7375
	JM216	14.4 38.8				-8.99	-5.65	21.91	227	3.9185
	CisPt	14.8 66.7	12	245	3	-4.57	-0.47	16.72	111	4.9681
	4NH 2 -										
	Tempo						-4.2	-2.55	4.41	151	7.1791
	Tempol						-4.91	-3.55	4.42	139	8.0324
	Tempo						-4.62 -3.61	4.78	151 7.6093

Table 2

 2 

	Pt-Salicylates etc (ref 39)	IC 50 A549 Cells	IC 50 SGC-7901 Cells	ΔG desolv,CDS kcal/mol	ΔG lipo,CDS kcal/mol	Dipole Moment D	Molecular Volume cm 3 /mol	HOMO-LUMO Gap eV
	1	1.54	2.65	-8.02	-2.11	19.51	124	4.5716
	2	1.05	2.93	-7.84	-5.82	21.35	174	4.4083
	3	2.16	2.93	-9.19	-6.24	18.45	244	4.5580
	4	0.89	1.83	-9.09	-2.89	19.65	200	4.5988
	5	1.49	6.95	-9.11	-6.88	22.04	254	4.5716
	6	1.27	2.64	-10.14	-6.87	18.45	241	4.4764
	7	0.33	7.63	-10.52	-3.62	19.53	226	4.4083
	8	0.28	1.09	-9.95	-7.29	21.23	318	4.2179

Footnotes: See Figure 2 for structures of drugs