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Introduction

Extensive evidence supports involvement of electron transfer (ET), reactive oxygen species (ROS) and oxidative stress (OS) in the mechanism of many anticancer drugs. These free radical ET agents function catalytically in redox cycling with formation of ROS from oxygen. These ET agents included quinones (or phenolic precursors), metal complexes, aromatic nitro compounds (or reduced hydroxylamine and nitroso derivatives), and conjugated imines (or iminium species). [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] 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]] It is known that cancer cells may be characterized by a reduced intracellular environment and high levels of antioxidants with weakly bound electrons. [START_REF] Neesse | Electron Transfer-Based Compounds: A Novel Weapon in the Cancer Battlespace?[END_REF] [Neese 2016] For example, cisplatin, a known radiosensitizer, has been shown to undergo a reductive DNA damage mechanism termed dissociative electron transfer (DET) where ultrashort-lived high energy cis-Pt(NH3)2Cl• or cis-Pt(NH3)2• radicals leading to the formation of transient anions at cisplatin's binding site of DNA with subsequent DNA damage and cell death. The DET mechanism also occurs with oxaliplatin and certain halogenated aminobenzene compounds as well. [START_REF] Lu | Electron transfer reaction mechanism of cisplatin with DNA at the molecular level[END_REF][START_REF] Lu | In vitro and in vivo studies of non-platinum-based halogenated compounds as potent antitumor agents for natural targeted chemotherapy of cancers[END_REF][START_REF] Fong | Platinum based radiochemotherapies: Free radical mechanisms and radiotherapy sensitizers[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] Lu | Electron transfer reaction mechanism of cisplatin with DNA at the molecular level[END_REF][START_REF] Lu | In vitro and in vivo studies of non-platinum-based halogenated compounds as potent antitumor agents for natural targeted chemotherapy of cancers[END_REF], Fong 2016] OS occurs when excessive production of ROS overwhelms the antioxidant defence system of the body. Cellular targets of OS include DNA, lipid, protein, damage and modulation of kinase signalling. Drug-induced oxidative stress is implicated as a mechanism of toxicity in numerous tissues and organ systems. The metabolism of a drug may generate a reactive intermediate that can reduce molecular oxygen directly to generate ROS. [START_REF] Deavall | Drug-Induced Oxidative Stress and Toxicity[END_REF] [Deavall 2012] Anti-cancer drugs with free radical mechanisms include but are not limited to alkylating agents (e.g., melphalan, cyclophosphamide), anthracyclines (e.g., doxorubicin, epirubicin), podophyllin derivatives (e.g., etoposide), platinum complexes (e.g., cisplatin, carboplatin) and camptothecins (e.g. topotecan, irinotecan). Other chemotherapy drugs generate lower levels of oxidative stress, and free radical damage is thought to be of less importance in their mechanisms of action. These drugs include the taxanes (e.g. paclitaxel, docetaxel), vinca alkaloids (e.g. vincristine, vinblastine), antimetabolites (e.g methotrexate, fluorouracil, cytarabine). [START_REF] Block | Impact of antioxidant supplementation on chemotherapeutic efficacy: A systematic review of the evidence from randomized controlled trials[END_REF] [START_REF] Block | Impact of antioxidant supplementation on chemotherapeutic efficacy: A systematic review of the evidence from randomized controlled trials[END_REF] The anti-neoplastic activity of doxorubicin is a result of intercalation of DNA, preventing replication and protein synthesis, inhibition of topoisomerase II, preventing topoisomerase IIdependent relegation after double-strand breakage, and the formation of ROS via free radicals. The latter mechanism involves the reduction by one electron via mitochondrial reductases which generate anthracycline semiquinone free radicals. [START_REF] Davies | Redox cycling of anthracyclines by cardiac mitochondria. I. Anthracycline radical formation by NADH dehydrogenase[END_REF] [Davies 1986] Under aerobic conditions, these are unstable and readily reduce molecular oxygen to the ROS superoxide anion and hydrogen peroxide. [START_REF] Doroshow | Redox cycling of anthracyclines by cardiac mitochondria. II. Formation of superoxide anion, hydrogen peroxide, and hydroxyl radical[END_REF] [Doroshow 1986] The anti-cancer ability of cisplatin both in vitro and in vivo, has been shown to involve an increase in oxidative stress by increasing levels of superoxide anion, hydrogen peroxide, and hydroxyl radical. [Deavall 2012] Cisplatin and doxorubicin have been shown to down-regulate the transcription factor hypoxia-inducible factor 1 (HIF-1) and the vascular endothelial growth factor (VEGF) expression in human ovarian cancer cell lines. [START_REF] Duyndam | Cisplatin and doxorubicin repress Vascular Endothelial Growth Factor expression and differentially down-regulate Hypoxia-inducible Factor I activity in human ovarian cancer cells[END_REF] [START_REF] Duyndam | Cisplatin and doxorubicin repress Vascular Endothelial Growth Factor expression and differentially down-regulate Hypoxia-inducible Factor I activity in human ovarian cancer cells[END_REF] Cisplatin and doxorubicin, directly or indirectly modulate higher ROS production in tumours, a process which is necessary for tumour death. Although tumours utilize ROS to achieve high growth rates, very high levels of ROS are cytotoxic and result in tumour cell death. Doxorubicin up-regulates HIF-1α expression which concomitantly increased VEGF secretion by murine breast tumour cells in-vitro and accelerated tumour angiogenesis in-vivo. Doxorubicin-induced HIF-1α expression is specifically regulated by the synthesis of the free radical nitric oxide. [START_REF] Hielscher | Hypoxia and free radicals: role in tumour progression and the use of engineering-based platforms to address these relationships[END_REF] [START_REF] Hielscher | Hypoxia and free radicals: role in tumour progression and the use of engineering-based platforms to address these relationships[END_REF]] Free radicals from mitomycin C have been shown to be involved in the DNA cytotoxicity of human embryonic cells. [START_REF] Dusre | DNA damage, cytotoxicity and free radical formation by mitomycin C in human cells[END_REF] [START_REF] Dusre | DNA damage, cytotoxicity and free radical formation by mitomycin C in human cells[END_REF]] The formation of a topotecan radical, catalyzed by a peroxidase-hydrogen peroxide system, did not undergo oxidation-reduction with molecular O 2 , but rapidly reacted with reduced glutathione and cysteine, regenerating topotecan and forming the corresponding glutathiyl and cysteinyl radicals. Ascorbic acid, which produces hydrogen peroxide in tumour cells, significantly increased topotecan cytotoxicity in MCF-7 tumour cells. The presence of ascorbic acid also increased both topoisomerase I-dependent topotecan-induced DNA cleavage complex formation and topotecan-induced DNA double-strand breaks. [START_REF] Sinha | Synergistic enhancement of topotecan-induced cell death by ascorbic acid in human breast MCF-7 tumour cells[END_REF] [START_REF] Sinha | Synergistic enhancement of topotecan-induced cell death by ascorbic acid in human breast MCF-7 tumour cells[END_REF]] Bortezomib has been shown to induce a dose-dependent apoptosis in association with reactive oxygen species (ROS) generation in human pancreatic cancer cells. This effect was blocked by a free radical scavenger. Bortezomib also induced mitochondrial depolarization. [START_REF] Yeung | PS-341 (Bortezomib) induces lysosomal cathepsin b release and a caspase-2-dependent mitochondrial permeabilization and apoptosis in human pancreatic cancer cells[END_REF] [START_REF] Yeung | PS-341 (Bortezomib) induces lysosomal cathepsin b release and a caspase-2-dependent mitochondrial permeabilization and apoptosis in human pancreatic cancer cells[END_REF]] Tirapazamine has been extensively investigated as a hypoxia activated anti-cancer drug, particularly in combination with cisplatin and radiotherapy. The mechanism by which tirapazamine exerts its antineoplastic effect is well known, and is probably the best characterized hypoxia activated anti-cancer drug. TPZ is a prodrug that is bioactivated in hypoxic conditions via one-electron reduction (NADPH:CYP450 reductase) under acidic conditions leads to an intermediate free radical species TPZ• which can produce hydroxyl radicals. The fate of this TPZ free radical is dependent upon the level of oxygen, and in hypoxia, the free radical spontaneously decays, generating hydroxyl radicals HO• that abstracts hydrogen from DNA causing single-and double-strand breaks. [START_REF] Brown | Exploiting tumour hypoxia in cancer treatment[END_REF][START_REF] Denny | Prospects for hypoxia-activated anticancer drugs[END_REF][START_REF] Rischin | Tirapazamine, cisplatin, and radiation versus cisplatin and radiation for advanced squamous cell carcinoma of the head and neck (TROG 02.02, HeadSTART): a phase III trial of the Trans-Tasman Radiation Oncology Group[END_REF][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] Brown | Exploiting tumour hypoxia in cancer treatment[END_REF][START_REF] Denny | Prospects for hypoxia-activated anticancer drugs[END_REF][START_REF] Rischin | Tirapazamine, cisplatin, and radiation versus cisplatin and radiation for advanced squamous cell carcinoma of the head and neck (TROG 02.02, HeadSTART): a phase III trial of the Trans-Tasman Radiation Oncology Group[END_REF][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] The presence of hypoxia in tumours is a well-established source of resistance to radiation therapy and chemotherapy. [START_REF] Brown | Exploiting tumour hypoxia in cancer treatment[END_REF] [START_REF] Brown | Exploiting tumour hypoxia in cancer treatment[END_REF]] Hypoxia and free radicals, such as reactive oxygen and nitrogen species, are known to alter the function and activity of the transcription factor hypoxia-inducible factor 1 (HIF-1). The complex interaction amongst free radicals, hypoxia and HIF-1 activity strongly influences tumour progression by upregulating genes that control angiogenesis, metastasis and resistance to viability under hypoxic conditions. Free radicals created by hypoxia, hypoxia-re-oxygenation cycling and immune cell infiltration after cytotoxic therapy is known to strongly influence HIF-1 activity. HIF-1 also controls the switch to anaerobic metabolism, which can maintain cell viability under hypoxic conditions. Inhibition of HIF-1 activity is thought to have therapeutic benefits. [START_REF] Dewhirst | Cycling hypoxia and free radicals regulate angiogenesis and radiotherapy response[END_REF] [START_REF] Dewhirst | Cycling hypoxia and free radicals regulate angiogenesis and radiotherapy response[END_REF] Reactive oxygen species (ROS), are a normal byproduct of cellular energy metabolism. ROS include the superoxide anion (O 2 • -), nitric oxide (NO•), hydrogen peroxide and hydroxyl radicals (HO•). ROS levels are higher in tumour cells as opposed to non-tumour cells. Many chemotherapeutic and radiotherapeutic agents kill cancer cells by augmenting ROS stress. The ability of cancer cells to distinguish between ROS as a survival or apoptotic signal is governed by the type, duration, dosage, and site of ROS production. Modest levels of ROS are required for the survival of cancer cells, whereas excessive levels kill them. Hypoxia generated ROS can stabilize the expression of HIF-1α. In addition to hypoxia, up-regulated ROS can also occur in conditions of normoxia. Also lineage tracking of hypoxic tumour cells in vivo revealed the importance of HIF-1 in tumour recurrence after radiation therapy. The expression of HIF-1α is positively correlated with tumour vascularity. [START_REF] Harada | Hypoxia-inducible factor 1-mediated characteristic features of cancer cells for tumour radioresistance[END_REF][START_REF] Dewhirst | Cycling hypoxia and free radicals regulate angiogenesis and radiotherapy response[END_REF][START_REF] Reczek | The Two Faces of Reactive Oxygen Species in Cancer[END_REF][ [START_REF] Harada | Hypoxia-inducible factor 1-mediated characteristic features of cancer cells for tumour radioresistance[END_REF][START_REF] Dewhirst | Cycling hypoxia and free radicals regulate angiogenesis and radiotherapy response[END_REF][START_REF] Reczek | The Two Faces of Reactive Oxygen Species in Cancer[END_REF] OS has an important role in the pathogenesis, neoangiogenesis, and dissemination of local or distant ovarian cancer, as it induces phenotypic modifications of tumour cells by cross talk between tumour cells and the surrounding stroma. Hence OS has a major role in the pathogenesis and chemotherapy of ovarian cancer. [START_REF] Saed | Updates of the role of oxidative stress in the pathogenesis of ovarian cancer[END_REF][START_REF] Senthil | Evidence of oxidative stress in the circulation of ovarian cancer patients[END_REF][START_REF] Bandebuche | Oxidative Stress and Antioxidant Status in Patients of Ovarian Cancer[END_REF][ [START_REF] Saed | Updates of the role of oxidative stress in the pathogenesis of ovarian cancer[END_REF][START_REF] Senthil | Evidence of oxidative stress in the circulation of ovarian cancer patients[END_REF], Bandebuch 2011] Electron affinic drugs are known to be efficient radiosensitizers as well as hypoxia specific cytotoxins. [START_REF] Wardman | Chemical radiosensitizers for use in radiotherapy[END_REF] [START_REF] Wardman | Chemical radiosensitizers for use in radiotherapy[END_REF]] In an examination of hypoxia activated prodrugs, it was found that the electron affinity of the prodrug was the key determinant of activation, indicating little substrate specificity for most of the one-electron reductases. [START_REF] Wardman | Electron transfer and oxidative stress as key factors in the design of drugs selectively active in hypoxia[END_REF] [START_REF] Wardman | Electron transfer and oxidative stress as key factors in the design of drugs selectively active in hypoxia[END_REF]] Hypoxia directed drug design has been actively used to target the tumour microenvironment. The target can be a DNA radical generated by ionizing radiation, or a prodrug may be reduced by an one electron reductase to form a radical ion which may react with oxygen to form superoxide, or in the absence of oxygen, the prodrug may undergo a variety of reactions to form the activated radical drug which can then exerts its cytotoxic effect. The mitochondrial and nuclear NADPH:cytochrome P450 oxidoreductases have been identified as key one-electron reductases responsible for the activation of many hypoxia activated prodrugs, however there are many other potential reductases. [

29][Hay 2014]

There is an extensive literature which supports the role of free radical based electron transfer processes which originate from intracellular bioreductive processes or radiotherapy and involving oxygen species (ROS) and oxidative stress (OS) in the anti-neoplastic mechanism of many anticancer drugs. The role of hypoxia (and normoxia to some extent) of cancer cells in tumours is a critical environmental factor governing the anti-neoplastic efficacy. What is less clear is what factors govern the anti-neoplastic efficacy of anti-cancer drugs in hypoxia and normoxia.

A recent elegant study by Strese [START_REF] Strese | Effects of hypoxia on human cancer cell line chemosensitivity[END_REF] [START_REF] Strese | Effects of hypoxia on human cancer cell line chemosensitivity[END_REF]] has made a comparison of the effect of hypoxia on cancer cell line efficacy using 19 currently used or subclinical chemotherapeutical drugs. The effect of hypoxia on these very different drugs which have a wide range of previously studied of anti-neoplastic mechanisms is well suited for further analysis since experimental laboratory errors are minimized compared to many other studies which use experimental data from different laboratories where inter-laboratory differences can be very large and usually unknown often invalidating statistical analysis. The Strese results for the ovarian cancer line A2780 have been chosen for quantum mechanical and statistical analysis since the reported drug mechanisms are wide ranging from regulation of HIF-1, multikinase inhibition (VEGF, PDGFR), Topoisomerase inhibition (Topotecan, Irinotecan), proteasome inhibition (Bortezomib), bioreductive prodrugs (Tirapazamine, Mitomycin C). The normoxia, hypoxia, and anoxia conditions used were normoxia (20% O 2 ), hypoxia (1% O 2 ), and anoxia (0.1% O 2 ).

Study Objective

This study utilizes quantum mechanical methods to identify the effect of hypoxia and normoxia on the anti-neoplastic efficacy of a series of commonly available anti-cancer drugs using Strese's literature data for a ovarian cancer cell line. The molecular characteristics of these drugs in the free radical form will be examined for any implications relating to the design of drugs for the treatment of ovarian cancer tumours under hypoxia.

Results

Strese found that the human ovarian carcinoma cell line A2780 was less sensitive to most drugs (IC 50 ratio >1.2 in nine of 17 drugs) in anoxia (0.1% O 2 ), but surprisingly was more or equally sensitive (ratio <1.2 in 14 of 16 drugs) to the administered drugs in hypoxia (1.0% O 2 ) compared to normoxia. It was also found that in general cisplatin, mitomycin c and tirapazamine were generally more effective in anoxic or hypoxic environment in the four evaluated cell lines derived from solid tumours, but only A2780 was studied here since it has the widest data set.

We have previously developed a four parameter model that has been shown to apply to the transport and anti-cancer and metabolic efficacy of various drugs. The model, equation 1, is based on establishing linear free energy relationships 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 drugs. [START_REF] Fong | Drug discovery model using molecular orbital computations: tyrosine kinase inhibitors[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 | 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 | Physiology of ionophore transport of potassium and sodium ions across cell membranes: Valinomycin and 18-Crown-6 Ether[END_REF][ Fong 2015-16].

Equation 1:

Transport or Binding = ΔG desolvation + ΔG lipophilicity + Dipole Moment + Molecular Volume or Ionization Potential or Electron Affinity Or Transport or Binding = ΔG desolv,CDS + ΔG lipo,CDS + Dipole Moment + Molecular Volume or Ionization Potential or Electron Affinity

A modified form of equation 1 using 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, 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 oxidation or reduction may be occurring, and the influence of molecular volume is small, the ionization potential or reduction potential 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] [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 on the almost exclusively on the electron affinity, consistent with electron transfer involving free radicals being the dominant species.

The Table shows the calculated values for ΔG desolv,CDS , ΔG lipo,CDS , Dipole Moment, Molecular Volume and Adiabatic Electron Affinity for the 17 drugs in the free radical form with their cytotoxicity ratios (Ranox = anoxic IC 50 /normoxic IC 50 and Rhypox = hypoxic IC 50 /normoxic IC 50 ) and the normoxia IC 50 values taken from Strese 2013. 

Table Cytoxicity ratios for A2780 ovarian cancer cells for the free radical form of drugs with their desolvation, lipophilicity, dipole moment, molecular volume and adiabatic electron affinity (AEA) molecular properties

Anoxia ratio

Hypoxia ratio

Normoxia

Discussion

Inspection of equations 2(a) and 3(a) for anoxia and hypoxia show that dependences on ΔG desolv,CDS , ΔG lipo,CDS and Dipole Moment are weak, since the coefficients are not significantly larger than the standard errors for these independent variables, and the T test significances are quite poor. Eqs 2(b) and 3(b) which show that anoxia and hypoxia are predominantly dependent on the adiabatic electron affinity (AEA) alone. Eq 2(b) and 3(b) are statistically far more significant than eq 2(a) and 3(a) particularly since there is only one independent variable in the former cases compared to the four in the latter cases. The data for Vincristine is a large statistical outlier for these equations.

Eqs 2(a) and 3(a) indicate since there are no significant dependencies on desolvation, lipophilicity or dipole moment, that there are no major intermolecular or transport processes involved in the cytotoxic effect induced by the drug free radicals, just mainly electron transfer processes from the free radical form of the anti-cancer drugs. This finding is similar to the previously observed hypoxic cytotoxicity for tirapazamine analogues in three dimensional tissue cultures (multicellular layers) which showed dominant dependencies on the electron affinity, as well as generally smaller dependencies on lipophilicity and dipole moment and desolvation, similar to other biological processes involving permeation of cellular membranes, including nuclear membranes. It is noted that the 17 drugs evaluated in this study have widely different desolvation, lipophilicity and dipole moment properties compared to the tirapazamine analogues, [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 | 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]] which suggests that the electron affinity of the drugs is overwhelmingly the major determinant of cytotoxicity, and which masks any molecular structural interactional influences in this instance. This finding is consistent with previous findings for hypoxia activated prodrugs, where it was concluded that the electron affinity of the prodrug was the key determinant of activation, indicating little substrate specificity in these processes. [START_REF] Wardman | Electron transfer and oxidative stress as key factors in the design of drugs selectively active in hypoxia[END_REF][ [START_REF] Wardman | Electron transfer and oxidative stress as key factors in the design of drugs selectively active in hypoxia[END_REF]] Eq 4(a) and 4(b) for the normoxia data are quite poor equations and of weak statistical significance, but the linear relationship 4(b) can be roughly compared with the anoxia and hypoxia equations 2(b) and 3 (b). For eq 4(b) there is a positive dependence on the IC 50 values, whereas the R hypox and R anox ratios are negatively dependent on the IC 50 ratios. This change of sign is consistent with low oxygen concentrations ie hypoxia (1% O 2 ), and anoxia (0.1% O 2 ) having a greater cytoxic effect on the ovarian cancer cells, whereas the higher oxygen concentrations at normoxia (20% O 2 ), result in a much reduced cytotoxic effect. This observation is consistent with a free radical mechanism for the cytotoxic effect of these drugs on ovarian cancer cells, since increased oxygen levels increase the reaction rate of the drug free radical species with oxygen. The same observation was found for the clonogenic aerobic assays of the tirapazamine analogues. [20][Fong 2017] Since free radicals are generally more stable in low oxygen environments, then the weak relationship between IC 50 and AEA under normoxia can be attributed to the drug free radical reacting with oxygen to form oxygen free radicals and the neutral drug which has reduced cytotoxicity. The bioreductive processes and cellular targets cannot be specified, and would presumably be quite different given what is currently known about the different mechanisms that are thought to control cytotoxicity for these 17 drugs. [START_REF] Strese | Effects of hypoxia on human cancer cell line chemosensitivity[END_REF][Strese 2013] As discussed above in the Introduction, most of the drugs studied are already known to involve free radicals to varying degrees in their demonstrated anti-cancer activities. Targets might include DNA, topoisomerase, HIF-1, multikinases etc. Bioreductive processes are likely to include the oneelectron reduction (NADPH:CYP450 reductase among others. It is worth noting that radiotherapy using these drugs would also be a source of hydrated e•.

Given that the results from eq 2-4 and the mechanistic eq 5-7 for ovarian cells are very similar to those found for the tirapazamine analogues in three dimensional tissue cultures (multicellular layers) under hypoxic and normoxic conditions, it is reasonable to assume that these cytotoxicity results for human ovarian cells would be a strong indicator of behaviour in human ovarian tumours.

Conclusions

It has been shown that strong linear relationships exist between the hypoxic and anoxic cytotoxicity ratios for the A2780 human ovarian cancer cell lines and the adiabatic electron affinity for 17 currently clinically used or subclinical anti-cancer drugs. A similar linear relationship is also found for the cytotoxicity ratios under normoxia, but the effect is the opposite to those found for anoxia and hypoxia. The anti-cancer efficacy of these drugs is greatest in hypoxic or anoxic conditions. These relationships are consistent with the free radical form of these drugs being the major species that exert the anti-cancer effect of these drugs in human ovarian cells and tumours.

Materials and methods

The cytotoxicity ratios for the Adiabatic electron affinities (AEA) in eV in water were calculated by the SCF difference between the optimised/relaxed neutral and optimised radical species method as previously described. [START_REF] Rischin | Tirapazamine, cisplatin, and radiation versus cisplatin and radiation for advanced squamous cell carcinoma of the head and neck (TROG 02.02, HeadSTART): a phase III trial of the Trans-Tasman Radiation Oncology Group[END_REF][Fong 2017] It has been shown that the B3LYP functional gives accurate electron affinities when tested against a large range of molecules, atoms, ions and radicals with an absolute maximum error of 0.2 eV. [START_REF] Peverati | The quest for a universal density functional: the accuracy of density functionals across a broad spectrum of databases in chemistry and physics[END_REF][START_REF] Rienstra-Kiracofe | Atomic and molecular electron affinities: Photoelectron experiments and theoretical computations[END_REF][START_REF] Riley | Critical Assessment of the Performance of Density Functional Methods for Several Atomic and Molecular Properties[END_REF][Rienstra-Kiracofe 2002, Peverati 2014, [START_REF] Riley | Critical Assessment of the Performance of Density Functional Methods for Several Atomic and Molecular Properties[END_REF]] Raw AEA values were multiplied by 5 to normalize all independent variables to comparable magnitudes in eqs 2-4, so the coefficients are directly comparable.

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 species is the aim of the study. The literature values for Ranox, Rhypox and the normoxia IC 50 values 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.

Eqs 2 (

 2 b), 3(b) and 4(b) are consistent with hypoxia activation of the drugs in the Table acting as free radical anions when exerting their cytotoxic effect on the ovarian cancer cells. The anoxia and hypoxia cytotoxicities are virtually identical with coefficients of -0.118 and -0.111 in eqs 2(b) and 3(b) respectively. The normoxia eq 4(b) has coefficient of +4.45 indicating a different mechanism from that operating in hypoxia or anoxia, most probably reaction of the drug radical species with oxygen to form oxygen radical species and the drug. Equations 2-4 are consistent with the following mechanisms: Drug + e• (bioreductase)  Drug• (Rate determining step) Eq 5 Drug• + cellular target  {cellular target}•  cell death (Anoxia or Hypoxia) Eq 6 Drug• + O 2  O 2 • etc + Drug (Normoxia) Eq 7

IC 50 ΔG desolv,CDS kcal/mol ΔG lipo,CDS kcal/mol Dipole Moment Molec Volume AEA eV D cm 3 /mol

  

	5-Fluorouracil	0.29 NA	690	5.55	-2.76	7	97	2.29
	Bortezomib	0.1	0.2	0.011	5.85	-6.29	35.2	278	2.67
	CisPt vert	1.6	0.9	9.3	4.57	-0.47	17.08	104	1.82
	CisPt AEA	1.6	0.9	9.3	4.44	-0.62	18.8	97	2.8
	Digitoxin	3.6	0.94	0.11	14.42	-15.32	64.7	562	2.24
	Digoxin	2.4	1.1	0.15	13.88	-14.69	57	529	1.85
	Docetaxel	2.3	1	10	16.88	-14.51	36.7	584	2.33
	Doxorubicin	1.3	0.5	18	10.96	-10.05	22.8	346	3.46
	Etoposide	1.3	0.73	34	13.48	-8.48	27.2	386	1.25
	Irinotecan	1.3	1.3	38	6.92	-14.02	33.1	383	2.69
	Melphalan	2	2.6	18	5.66	-6.41	10.7	205	0.91
	Mitomycin C	0.17	0.22	53	4.54	-3.64	9.9	211	3.61
	Rapamycin	1.2	0.34	47	19.92	-14.21	22.7	840	2.3
	Sorafenib	0.85	0.87	7.2	9.93	-9.15	27.2	243	2.43
	Topotecan	0.023	0.5	15	5.23	-9.56	9.8	297	2.68
	Tirapazamine	0.044	0.045	150	5.02	-6.13	4.8	107	3.65
	Vincristine	5	0.01	3500	15.04	-13.37	18.5	651	1.53
	R anox Anoxia analysis yields: Excluding Vincristine as an outlier			
	Equation 2(a)								
	R anox = -0.037ΔG desolv,CDS + 0.029ΔG lipo,CDS + 0.038Dipole Moment -0.079Adiabatic	
	Electron Affinity + 1.142							
	Where R 2 = 0.656, SEE = 0.690, SE(ΔG desolvCDS ) = 0.059, SE(ΔG lipoCDS ) = 0.064, SE(Dipole Moment) = 0.014, SE(AEA) =
	0.050, F=5.24, Significance=0.013							
	Or Eq 2(b) Excluding Vincristine as an outlier					
	R								

Footnotes:

Cytoxicity ratios from S Strese, M Fryknäs, R Larsson, J Gullbo. Effects of hypoxia on human cancer cell line chemosensitivity. BMC Cancer 2013; 13:331-342 Cisplatin shows both AEA and vertical EA values since the AEA value in water show elongation of Pt---Cl bonds when relaxed from the vertical form.

anox = -0.118Adiabatic Electron Affinity + 2.540

  

	IC 50 Normoxia = 0.489ΔG desolv,CDS -2.089ΔG lipo,CDS -1.438Dipole Moment +
	3.323Adiabatic Electron Affinity + 1.544
	Where R 2 = 0.443, SEE = 33.500, SE(ΔG desolvCDS ) = 2.438, SE(ΔG lipoCDS ) = 3.167, SE(Dipole Moment) = 0.720, SE(AEA) =
	2.438, F=2.00, Significance=0.171
	Or Eq 4(b) Excluding Fluorouracil and Vincristine as outliers
	IC 50 Normoxia = 4.446Adiabatic Electron Affinity -27.109
	Where R 2 = 0.214, SEE = 34.91, SE(AEA) =2.216, F=3.54, Significance=0.082
	Where R 2 = 0.321, SEE = 0.701, SE(AEA) = 0.008, F=6.14, Significance=0.027
	R hypox Hypoxia analysis yields: Excluding Vincristine as an outlier
	Eq 3(a)
	R hypox = 0.073ΔG desolv,CDS -0.063ΔG lipo,CDS -0.003Dipole Moment -0.130Adiabatic
	Electron Affinity + 2.613
	Where R 2 = 0.649, SEE = 0.690, SE(ΔG desolvCDS ) = 0.036, SE(ΔG lipoCDS ) = 0.040, SE(Dipole Moment) = 0.009, SE(AEA) =
	0.031, F=4.63, Significance=0.022
	Or Eq 3(b) Excluding Vincristine as an outlier
	R hypox = -0.111Adiabatic Electron Affinity + 2.165
	Where R 2 = 0.504, SEE = 0.450, SE(AEA) = 0.030, F=13.22, Significance=0.003
	Normoxia analysis yields:
	Eq 4(a) Excluding Fluorouracil and Vincristine as outliers

  A2780 human ovarian cancer cell lines (Ranox = anoxic IC 50 /normoxic IC 50 and Rhypox = hypoxic IC 50 /normoxic IC 50 ) and the normoxia IC 50 values were taken from Strese 2013. The A2780 human ovarian cancer cell line was established from tumour tissue from an untreated patient. Cells were grown as a monolayer and in suspension in spinner cultures. A2780 is the parent line to the cisplatin resistant cell line A2780 cis (ECACC catalogue no. 93112517) and the adriamycin resistant cell line A2780 ADR (ECACC catalogue no. 93112520).All calculations were carried out using the Gaussian 09 package. Energy optimisations were at the DFT/B3LYP/6-31G(d,p) (6d, 7f) level of theory for all atoms. Selected optimisations at the DFT/B3LYP/6-311 + 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/6-311+G(d,p) (6d, 7f) level of theory with optimised geometries in water, using the IEFPCM/SMD solvent model. With the 6-31G* 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] 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][START_REF] 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** 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][[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* basis set (ie 6-31 + G**) 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. HOMO and LUMO calculations included both delocalized and localized orbitals (NBO).