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Introduction

Oxidative stress which results from an imbalance between the biological effects caused by reactive oxygen species (ROS) and the body's ability to detoxify the ROS or repair the resulting damage. Changes in the normal redox state of cells can cause toxic effects through the production of peroxides and free radicals that damage all components of the cell, including proteins, lipids, and DNA. Oxidative stress is thought to be involved in the development of cancer, Parkinson's disease, Alzheimer's disease, atherosclerosis, heart failure, myocardial infarction, attention deficit hyperactivity disorder, diabetes mellitus, hypertension, and other human diseases. [START_REF] Yoshikawa | What Is Oxidative Stress?[END_REF][START_REF] Noda | Cancer and oxidative stress[END_REF][START_REF] Hegedűs | Redox control of cancer cell destruction[END_REF] Lipid peroxidation is a biomarker of oxidative stress. [START_REF] Ito | Measurement and Clinical Significance of Lipid Peroxidation as a Biomarker of Oxidative Stress: Oxidative Stress in Diabetes, Atherosclerosis, and Chronic Inflammation[END_REF] Lipid peroxidation is well known to be a chain reaction generally initiated by the formation of a free radical particularly from the allylic position of poly-unsaturated fatty acids (PUFA) in the lipid bilayer. [START_REF] Ha Hassan | Lipid Peroxidation End-Products as a Key of Oxidative Stress: Effect of Antioxidant on Their Production and Transfer of Free Radicals[END_REF][START_REF] Repetto | Lipid Peroxidation: Chemical Mechanism, Biological Implications and Analytical Determination[END_REF][START_REF] Niki | Lipid peroxidation: Mechanisms, inhibition, and biological effects[END_REF] The allylic (and particularly the bisallylic) free radical is a particularly stable species owing to resonance electron delocalization. The fatty acids in phospho-and glycolipids of cell membrane lipid bilayers usually contain about 16 to 18 carbon atoms and can be saturated or poly-unsaturated PUFAs. The degree of unsaturation has a major influence on membrane fluidity. PUFAs affect numerous physiological processes related to cardiovascular, neurological and immune function as well as cancer [START_REF] Benatti | Polyunsaturated fatty acids: biochemical, nutritional and epigenetic properties[END_REF]9]. The human brain contains about 25-30% PUFAs, and PUFA content in all brain structures is strongly dependent on the dietary PUFAs. [9a] PUFAs can be involved in the modulation of the physical properties of biological membranes via alteration of membrane lipid composition. [9b] Lipid peroxidation is a key mediator of many pathologies including inflammation, cancer, neurodegenerative disease, as well as ocular and kidney degeneration. [START_REF] Gaschler | Lipid peroxidation in cell death[END_REF][START_REF] Feng | Unsolved mysteries: How does lipid peroxidation cause ferroptosis?[END_REF][START_REF] Agmon | Modeling the effects of lipid peroxidation during ferroptosis on membrane properties[END_REF][START_REF] Ov Taso | Lipid peroxidation products and their role in neurodegenerative diseases[END_REF][START_REF] Da Butterfield | Evidence that amyloid beta-peptideinduced lipid peroxidation and its sequelae in Alzheimer's disease brain contribute to neuronal death[END_REF] Lipid peroxidation is also the key downstream feature of ferroptosis, a form of regulated iron dependent nonapoptotic cell death.

Antioxidants or free radical scavengers can be used as chemotherapies to ameliorate diseases caused by lipid peroxidation. Edaravone (Edv) is a free radical scavenger FDA approved in 2017 for the treatment of amyotrophic lateral sclerosis (ALS). It has been previously investigated for the treatment of ischemic stroke, reperfusion injury, and myocardial infarction as it possesses antioxidant and anti-apoptotic properties. It was approved in Japan in 2001 as a drug to treat acute phase cerebral infarction, and in 2015 it was approved for ALS. It can cross the bloodbrain barrier BBB to exert nootropic and neuroprotective effects. [START_REF] Watanabe | How is edaravone effective against acute ischemic stroke and amyotrophic lateral sclerosis?[END_REF][START_REF] Petrov | ALS Clinical Trials Review: 20 Years of Failure. Are We Any Closer to Registering a New Treatment[END_REF][17][START_REF] Fong | Improved Edaravone delivery to the brain and crossing the blood brain barrier: using quantum mechanics[END_REF] Edv is also effective in ameliorating lipid peroxidation directly. [START_REF] Fong | Improved Edaravone delivery to the brain and crossing the blood brain barrier: using quantum mechanics[END_REF] The mechanisms by which Edv is effective against lipid peroxidation is unknown, direct scavenging of the hydroxyl radical and or H 2 O 2 involvement has been postulated. [START_REF] Ha Hassan | Lipid Peroxidation End-Products as a Key of Oxidative Stress: Effect of Antioxidant on Their Production and Transfer of Free Radicals[END_REF][START_REF] Repetto | Lipid Peroxidation: Chemical Mechanism, Biological Implications and Analytical Determination[END_REF][START_REF] Niki | Lipid peroxidation: Mechanisms, inhibition, and biological effects[END_REF][START_REF] Watanabe | How is edaravone effective against acute ischemic stroke and amyotrophic lateral sclerosis?[END_REF][START_REF] Ahmadinejad | Molecular Mechanisms behind Free Radical Scavengers Function against Oxidative Stress[END_REF] In one study the cytoprotective effects of Edv were investigated in SHSY5Y dopaminergic neurons, and the modification of various proteins suggested that Edv scavenges H 2 O 2 and protects cells against oxidative stress via direct induction of Peroxiredoxin-2 and inhibition of apoptosis. [START_REF] Ms Jami | Edaravone leads to proteome changes indicative of neuronal cell protection in response to oxidative stress[END_REF] The antioxidative effect of Edv in cerebral infarction has been documented in human clinical trials, and oxidized low-density lipoprotein (OxLDL) has been shown to be a plasma biomarker of the therapeutic efficacy of Edv patients with cerebral infarction. The antioxidant effect of Edv in ALS patients has also been demonstrated. [START_REF] Watanabe | How is edaravone effective against acute ischemic stroke and amyotrophic lateral sclerosis?[END_REF] Study objectives: Using a previously documented linear free energy relationship method, evaluate the structure activity of a wide series of Edaravone analogs and derive a mechanistic predictive model for the in vitro lipid peroxidation of cell membranes. Investigate whether the same methodology is applicable to in vivo brain protection.

Results

Watanabe et al [START_REF] Watanabe | Structure-activity relationship of 3-methyl-1-phenyl-2-pyrazolin-5-one (edaravone)[END_REF] have previously reported the free radical scavenging effects of Edaravone and a wide range of analogs (over 50) and their antioxidant effects on lipid peroxidation. The lipid peroxidation-inhibitory activity was measured by the inhibition of auto-oxidation of the Wistar rat brain homogenate according to the thiobarbituric acid test. A more limited in vivo study was also carried out.

This study uses the data from Watanabe's study, and applies our previously developed linear free energy relationship method to the in vitro inhibition of lipid peroxidation and the in vivo study.

We have previously described a 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 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, [START_REF] Fong | Permeability of the Blood-Brain Barrier: Molecular Mechanism of Transport of Drugs and Physiologically Important Compounds[END_REF] 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 | Permeability of the Blood-Brain Barrier: Molecular Mechanism of Transport of Drugs and Physiologically Important Compounds[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] Fong | Screening anti-colorectal cancer drugs: free radical chemotherapy[END_REF][START_REF] Fong | Free radical anticancer drugs and oxidative stress: ORAC and CellROXcolorectal cancer cells by quantum chemical determinations[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 stable free radicals in conjugated antioxidant and cytotoxicity treatment of triple negative breast cancer[END_REF][START_REF] Fong | Toxicology of platinum anticancer drugs: oxidative stress and antioxidant effect of stable free radical Pt-nitroxides[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:

Transport or Binding or Cytotoxicity = ΔG desolv,CDS + ΔG lipo,CDS + Dipole Moment + Molecular Volume

Eq 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. The lipophilicity ΔG lipo,CDS is calculated from the solvation energy in n-octane or n-octanol. 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 tirapazamine 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 on the almost exclusively on the electron affinity, consistent with electron transfer involving free radicals being the dominant species.

The model (eq 2) has also been recently applied to 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 | 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 stable free radicals in conjugated antioxidant and cytotoxicity treatment of triple negative breast cancer[END_REF][START_REF] Fong | Toxicology of platinum anticancer drugs: oxidative stress and antioxidant effect of stable free radical Pt-nitroxides[END_REF] In our recent study of ORAC and CellROX free radical anticancer drugs and oxidative stress in colorectal cancer cells [START_REF] Fong | Screening anti-colorectal cancer drugs: free radical chemotherapy[END_REF][START_REF] Fong | Free radical anticancer drugs and oxidative stress: ORAC and CellROXcolorectal cancer cells by quantum chemical determinations[END_REF] we found that eq 2 was also applicable.

The antioxidant capacity (or chemical reactivity) of the drugs can be assessed by the HOMO-LUMO energy gap, since we have recently shown that this gap is linearly related to the LD 50 toxicity of various drugs which are involved in oxidative stress processes in some cancers. [START_REF] Fong | Screening anti-colorectal cancer drugs: free radical chemotherapy[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 | Toxicology of platinum anticancer drugs: oxidative stress and antioxidant effect of stable free radical Pt-nitroxides[END_REF] Eq 2 can then be represented by substituting the electron affinity by the HOMO-LUMO energy gap for analogs where no radical species is formed. Equation 2.

Oxidative Stress or Oxidative Properties = ΔG desolv,CDS + ΔG lipo,CDS + Dipole Moment + Electron Affinity (or HOMO-LUMO gap) Evaluation methodology

Given the successful transport, binding or cytotoxicity model as described by eq 1 and 2 for wide range of drugs, the method used was to calculate the molecular parameters for the lipid peroxidation-inhibitory activity (IC 50 μM) of Edv and Edv analogs taken from Watanabe [START_REF] Watanabe | Structure-activity relationship of 3-methyl-1-phenyl-2-pyrazolin-5-one (edaravone)[END_REF]:

(1) the free energy of water desolvation (ΔG desolv,CDS ), (2) the lipophilicity free energy (ΔG lipo,CDS ) in n-octane, (3) the dipole moment in water, (4) the molecular volume in water, and (5) the adiabatic electron affinity, AEA, (or reduction potential) in water [START_REF] Repetto | Lipid Peroxidation: Chemical Mechanism, Biological Implications and Analytical Determination[END_REF] or the HOMO-LUMO energy gap in water. These values are shown in Table 1. In vivo results for the brainprotective activity (recovery of the electroencephalogram and survival time) in cerebral ischemia in rats for the 9 Edv analogs which showed brain protective activity are also shown in Table 2 .

Stepwise multiple regression was then applied to seek out which drug molecular properties had the largest effect on the in vitro IC 50 values for Edv and Edv analogs shown in Table 1 and for the in vivo EEG or survival times in Table 2.

Stepwise multiple regression analysis showed that eq 3 was the best description when tested against ΔG desolv,CDS, ΔG lipo,CDS, Dipole Moment, Molecular Volume, Adiabatic Electron Affinity or the HOMO-LUMO energy gap. It was also clear that a number of analogs were statistical outliers, particularly where the phenyl ring (X) was ortho substituted (methyl, methoxy, chloro, hydroxyl, compounds 22,37,29 and 33), and where R4 was CH 2 -imadazoyl (compound 56). For compound 47, R2 = thiophenyl, it was found that the C-S bond was very labile upon electron attachment, indicating unusual reducing or antioxidant reactivity. Compound 18, R1 = 4Pyridyl, was a clear outlier, and was tested as the protonated species, but this species was not the cause of the outlying behavior. Compound 37, X= 4Hydroxymethyl was also a large outlier. It can be concluded that some steric effect is involved in lipid peroxidation causing the majority of outliers. It has been previously noted that Edv is an excellent scavenger of most studied radical species (eg hydroxyl, alkoxyl, peroxyl etc) except the phenyl radical, which has been attributed to steric hindrance. [START_REF] Watanabe | How is edaravone effective against acute ischemic stroke and amyotrophic lateral sclerosis?[END_REF] (a) In vitro results The corresponding where AEA is substituted for the HOMO-LUMO gap was shown to be a less accurate relationship, owing to a weaker relationship between IC 50 and AEA compared to IC 50 and HOMO-LUMO energy gap. Molecular volume was poorly related to IC 50 for this data set. 

Eq 3 Inhibition of lipid peroxidation IC 50 for Edv and 35 analogs in

(b) In vivo results

(i) Stepwise regression analysis tested against

Discussion (a) In vitro results:

The mechanism by which antioxidant drugs such as Edv and the Edv analogs govern lipid peroxidation depends primarily on how such drugs enter the cell lipid membrane from an aqueous bulk environment which has a dielectric of 80. Phospholipid bilayers typically have a dielectric gradient, that typically vary from 1-2 (at the hydrophobic core of the bilayer) to about 4-30 at the headgroup/ester region.

[37] For passive diffusion to occur, we have previously shown that desolvation of the drug is required to allow entry into the phospholipid bilayer. The degree to which such drugs can then further permeate deeper into the hydrophobic core of the bilayer depends on the lipophilicity of the drugs as well as the dielectric gradient and the molecular volume of the drugs. [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 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 | Screening anti-colorectal cancer drugs: free radical chemotherapy[END_REF][START_REF] Fong | Free radical anticancer drugs and oxidative stress: ORAC and CellROXcolorectal cancer cells by quantum chemical determinations[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 stable free radicals in conjugated antioxidant and cytotoxicity treatment of triple negative breast cancer[END_REF][START_REF] Fong | Toxicology of platinum anticancer drugs: oxidative stress and antioxidant effect of stable free radical Pt-nitroxides[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] These factors are represented by eq 1 and shown schematically in Figure 1.

Compared to ions, water molecules actually have a relatively large permeability through the bilayer, as evidenced by osmotic swelling. The anomalously large permeability of water through bilayers is still not completely understood and continues to be controversial. Lipids with an unsaturated tail disrupt the packing of those with only saturated tails in the bilayer. The resulting bilayer has more free space and is, as a consequence, more permeable to water and other small molecules. It is well known that the diffusion of water through phospholipid bilayers is fastest just outside the membrane surface (reduced by a factor of ca 2 compared to the bulk water environment), and decreases rapidly further into the more hydrophobic regions of the bilayer by an order of magnitude. About six water molecules are tightly bound to lipid molecules. In PUFA molecules in lipid bilayers, water molecules overlap with the unsaturated regions. [START_REF] Hansen | A Miskowiec Diffusion of water and selected atoms in DMPC lipid bilayer membranes[END_REF][START_REF] Saiz | Structural properties of a highly polyunsaturated lipid bilayer from molecular dynamics simulations[END_REF][START_REF] Huster | Water permeability of polyunsaturated lipid membranes measured by 17 O NMR[END_REF] Inhibition of lipid peroxidation involves the antioxidant drug which has penetrated the bilayer (as represented by eq 1) then interacting with an allylic PUFA free radical site produccd (presumably) by a hydroxyl free radical (as shown in Figure 2). In the present study, Watanabe's experimental results [START_REF] Watanabe | Structure-activity relationship of 3-methyl-1-phenyl-2-pyrazolin-5-one (edaravone)[END_REF] were from autooxidation of rat brain homogenate. The reactivity between an antioxidant Edv or Edv analog and an allylic free radical PUFA can be described by the AEA or HOMO-LUMO gap of the antioxidants, both of which are measures of the ease of reaction with a PUFA free radical. Eq 2 can then be used to describe the inhibition process, particularly where the influence of molecular volume of the drugs is small.

It has been found that after the incorporation of PUFAs into human heptoma cell line, HepG2, cellular lipid peroxidation correlated with the PUFA conformation in the phospholipid membrane. [START_REF] Araseki | Lipid Peroxidation of a Human Hepatoma Cell Line (HepG2) after Incorporation of Linoleic Acid, Arachidonic Acid, and Docosahexaenoic Acid[END_REF] For example, NMR analysis of docosahexaenoic acid -phosphatidylcholine liposomes, has shown the possibility of a wide variety of specific conformation of the PUFA docosahexaenoic acid, including back-bended (hairpin-like), helical, and angle-iron conformations. [START_REF] Everts | 1 H and 13 C NMR of multilamellar dispersions of polyunsaturated phospholipids[END_REF][START_REF] Se Feller | Polyunsaturated fatty acids in lipid bilayers intrinsic and environmental contributions to their unique physical properties[END_REF] Eq 3 then quantifies the relationship between the inhibition of lipid peroxidation, IC 50 , and drug desolvation, lipophilicity, the dipole moment (properties representing how the drug penetrates the bilayer) and the reactivity of the drug towards a presumably allylic free radical PUFA (as represented by the HOMO-LUMO gap). It was noted that steric factors contributed to several clear outliers from eq 3, namely where the phenyl ring (X) was ortho substituted (methyl, methoxy, chloro, hydroxyl, compounds 22,37,29 and 33), and where R4 was CH 2 -imadazoyl (compound 56). These outliers suggest that the origin of these outliers is due to some conformational factors of the allylic free radical PUFA which prevents these outlying antioxidant drugs from closely interacting with the reaction site of the allylic free radical PUFA (which can occur for the drugs described by eq 3).

Further insights into the mechanism can be gleaned from antioxidant properties of EdvC18 (see Figure 3, where R 2 =linear C 18 H 37 , R 3 =R 4 =H), which was studied by Minelli. [START_REF] Minnelli | Characterization and Antioxidant Properties of a New Lipophilic Derivative of Edaravone[END_REF] Table 1 shows that EdvC18 has a larger desolvation and lipophilicity (and molecular volume as expected) than comparable drugs in Table 1 (eg compound 44, R 2 =isobutyl). Minelli showed that EdvC18 showed greater localization in the bilayer with respect to Edv, resulting in enhanced lipid peroxidation-inhibitory activity when the oxidation is induced in the lipid phase. It is noted that compound 43 (R 2 =Methyl) has a higher IC 50 =20.6 than compound 44 which has the longer isobutyl side chain, IC 50 =5.7. These data are consistent with Minelli's results. As we have shown there are steric interactions between the allylic free radical PUFA and the antioxidant inhibitor for R1 (ortho-phenyl substituents) and R4, it can be concluded that bulky substituents on R2 or R3 may not exert significant steric hindrance to the interaction of the inhibitor with the allylic PUFA. Watanabe [START_REF] Watanabe | How is edaravone effective against acute ischemic stroke and amyotrophic lateral sclerosis?[END_REF] has discussed the importance of lipophilicity to Edv activity, particularly the R1 (phenyl), R2 and R3 substituents, but this study shows that R4 substituents may create steric activity problems.

Inhibition of lipid peroxidation involves the antioxidant drug which has penetrated the bilayer (as represented by eq 1) then interacting with an allylic PUFA free radical site produccd (presumably) by a hydroxyl free radical. Watanabe's experimental results [START_REF] Watanabe | Structure-activity relationship of 3-methyl-1-phenyl-2-pyrazolin-5-one (edaravone)[END_REF] were for the autooxidation of rat brain homogenate by Edv and the various Edv analogs in the keto form. A critical issue is the form of the Edv and its analogs within the lipid bilayer, since it has been demonstrated that Edv exerts it strong antioxidative effect in aqueous media mainly by the anionic form derived from the emol tautomer. [START_REF] Watanabe | How is edaravone effective against acute ischemic stroke and amyotrophic lateral sclerosis?[END_REF][START_REF] Pérez-González | On the Outstanding Antioxidant Capacity of Edaravone Derivatives through Single Electron Transfer Reactions[END_REF] However the keto tautomer of Edv is more hydrophobic than the enol tautomer, and would be expected to permeate better than the enol form within the lipid bilaye. Formation of the anionic form of Edv from any enol tautomer of Edv that did penetrate the lipid layer would be minimal in that largely non-aqueous environment. [START_REF] Fong | Improved Edaravone delivery to the brain and crossing the blood brain barrier: using quantum mechanics[END_REF] The anionic form of Edv would not permeate the lipid bilayer owing to a large desolvation requirement that prevents charged species from permeating the blood brain barrier. [START_REF] Fong | Permeability of the Blood-Brain Barrier: Molecular Mechanism of Transport of Drugs and Physiologically Important Compounds[END_REF] It is also known that Edv is a much poorer HOO• scavenger in lipid media than it is in aqueous media.

[46]

(b) In vivo results:

The in vivo data is complicated by the fact that Edv and its analogs are known to exist in various tautomeric form, particularly the enol and keto forms, with the former known to easily deprotonate to form an enolate anion at physiological pH levels. Edv can exist as the neutral and anionic forms with their relative concentrations at pH 7.4 are 28.5% and 71.5% respectively in water. [START_REF] Watanabe | How is edaravone effective against acute ischemic stroke and amyotrophic lateral sclerosis?[END_REF] The in vivo brain protection from the keto Edv tautomers for cerebral ischemia in rats is described in eqs 4 and 5 for survival times and EEG recovery times, with the corresponding enol tautomers described in eq 6 and 7. Eqs 6 and 7 are stronger statistically than eqs 4 and 5, possibly indicating that the enolate tautomers are the likely active species providing brain protection in rats. Brain protection is better indicated by EEG recovery times (which directly measure brain function) rather than survival times (which may include toxicity in other organs as well as the brain).

Eqs 5 and 7 for EEG recovery are comparable, both showing a negative dependency on desolvation (or a positive dependency on drug solvation, which may indicate a dependency on bioavailablity). Eq 5 shows a reversed dependency on lipophilicity for the keto tautomers versus the enol tautomers, which seems anomalous as a greater lipophilicity would be expected to enhance permeability of the blood brain barrier (BBB). Eq 7 has the expected dependency on lipophilicity of the enol tautomers. It is noted that eq 3 for the in vitro results for the keto forms of Edv and its analogs does show a positive dependency on lipophilicity. A substantial difference may be expected between the in vitro conditions where the keto tautomeric form of Edv and its analogs were used as a starting point, and the longer equilibration times involved in the in vivo conditions where substantial formation of the enol tautomeric form can occur in the rat blood and brain. This situation offer a possible explanation for the results in eq 7, ie that the in vivo EEG data is due to the enol form of Edv and its analogs being the dominant species rather than the keto forms. Keto and enol tautomerism of Edv and its analogs has been well documented, and the lipophilicity of the enol form is comparable to the keto form, and so would be expected to have similar permeability through lipd bilayer membranes. [START_REF] Watanabe | How is edaravone effective against acute ischemic stroke and amyotrophic lateral sclerosis?[END_REF][START_REF] Fong | Improved Edaravone delivery to the brain and crossing the blood brain barrier: using quantum mechanics[END_REF] Eqs 4 and 6 apply to whole animal toxic responses (or survival times) to the drugs, and eq 6 is the stronger correlation, probably indicating that HOMO-LUMO gap of the enol form of the Edv analogs is the dominant determinant driving animal survival time. We have recently shown the HOMO-LUMO energy gap is linearly related to the LD 50 toxicity of various drugs which are involved in oxidative stress processes in some cancers. [START_REF] Fong | Screening anti-colorectal cancer drugs: free radical chemotherapy[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 | Toxicology of platinum anticancer drugs: oxidative stress and antioxidant effect of stable free radical Pt-nitroxides[END_REF] 

Conclusions

The in vitro inhibition of lipid peroxidation by Edaravone and a wide range of Edaravone analogs has been found to be linearly dependent upon the desolvation (ΔG desolv,CDS ), lipophilicity (ΔG lipo,CDS ), the dipole moment (properties representing how the drug penetrates the bilayer) and the reactivity of the drugs towards a presumably allylic free radical PUFA (as represented by the HOMO-LUMO gap). Steric factors where the phenyl ring (X) was ortho substituted and where R4 was CH 2 -imadazoyl have been identified. These steric effects are consistent with some conformational factors of the intermediate allylic free radical PUFA which prevents these antioxidant drugs from closely interacting with the reaction centre of the allylic free radical PUFA.

The in vivo brain protection for cerebral ischemia in rats exhibited by Edaravone and Edaravone analogs appears to best attributed to the enol tautomeric form rather than the keto tautomeric form. The EEG recovery time of rats is positively correlated with lipophilicity in the blood brain barrier and desolvation of the enol tautomeric form of Edaravone and its analogs. The animal survival time is strongly related to the HOMO-LUMO gap of the enol tautomeric form of Edaravone and its analogs after treatment with these drugs.

This in vitro and in vivo study is consistent with a mechanism that is dominated by (a) the penetration of the drug into the cell membrane which requires initially desolvation of the drug as it moves from the bulk aqueous environment into the lipid bilayer, then the inherent lipophilicity of the drug as penetrates deeper into the more hydrophobic centre of the bilayer, and (b) the reactivity of the drug in the oxidized regions of the lipid bilayer, which can be assessed by the HOMO-LUMO energy gap. It is step (a) that is slow and rate determining. Once the drug penetrates into the lipid bilayer, reaction with allylic radical PUFAs will be rapid.

Experimental Methods

All calculations were carried out using the Gaussian 09 package. Energy optimizations were at the DFT/B3LYP/6-31G(d,p) (6d, 7f) level of theory for all atoms in water. Selected optimizations 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/6-31G(d,p) (6d, 7f) for neutral compounds 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] 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** 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* 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).

Electron affinities (EA) 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] Fong | Permeability of the Blood-Brain Barrier: Molecular Mechanism of Transport of Drugs and Physiologically Important Compounds[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] Fong | Screening anti-colorectal cancer drugs: free radical chemotherapy[END_REF][START_REF] Fong | Free radical anticancer drugs and oxidative stress: ORAC and CellROXcolorectal cancer cells by quantum chemical determinations[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 stable free radicals in conjugated antioxidant and cytotoxicity treatment of triple negative breast cancer[END_REF][START_REF] Fong | Toxicology of platinum anticancer drugs: oxidative stress and antioxidant effect of stable free radical Pt-nitroxides[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] 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] Jc Rienstra-Kiracofe | Atomic and molecular electron affinities: Photoelectron experiments and theoretical computations[END_REF] 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 drug efficacy and toxicity used in the stepwise multiple regressions 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 (EA) as calculated from "t" distribution statistics. Residual analysis was used to identify outliers. 1 and2 and the keto and enol tautomers referred to in Table 2 (5.15)
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 123 Figure 1. Schematic representation of drug permeation into and through the phospholipid bilayer of a cell membrane showing dielectric gradient of bilayer

Table 1 was: IC 50 = 4.19ΔG desolv,CDS + 2.20ΔG lipo,CDS -2.39Dipole Moment -2.95(HOMO-LUMO) + 72.16

 1 

	Where R 2 = 0.401, SEE = 7.73, SE(ΔG desolvCDS ) = 1.24, SE(ΔG lipoCDS ) = 1.53, SE(Dipole Moment) =0.92, SE(HOMO-LUMO) =
	2.50, F=5.20, Significance=0.0025

-34.74ΔG desolv,CDS + 22.79ΔG lipo,CD -47.81

  ΔG desolv,CDS, ΔG lipo,CDS, Dipole Moment, Molecular Volume, Adiabatic Electron Affinity or the HOMO-LUMO energy gap of the in vivo brain protection for cerebral ischemia in rats with molecular properties of Edaravone and Edaravone analogs in the keto tautomeric form resulted in eqs 4 and 5: Eq 4 in vivo brain protection for cerebral ischemia in rats, keto tautomers:Where R 2 = 0.520, SEE = 29.92, SE(ΔG desolvCDS ) = 16.65, SE(ΔG lipoCDS ) = 14.71, F=3.26, Significance=0.110 Eq 5 in vivo brain protection for cerebral ischemia in rats, keto tautomers:

	Survival Time =

EEG Recovery Time = -10.22ΔG desolv,CDS -10.44ΔG lipo,CDS -88.85

  Stepwise regression analysis tested against ΔG desolv,CDS, ΔG lipo,CDS, Dipole Moment, Molecular Volume or the HOMO-LUMO energy gap of the in vivo brain protection for cerebral ischemia in rats with molecular properties of Edaravone and Edaravone analogs in the enol tautomeric form resulted in eqs 6 and 7: Eq 6 in vivo brain protection for cerebral ischemia in rats, enol tautomers:

	Where R 2 = 0.604, SEE = 9.44, SE(ΔG desolvCDS ) = 5.25, SE(ΔG lipoCDS ) =4.64, F=4.58, Significance=0.061
	(ii) Survival Time = -17.70 HOMO-LUMO gap + 111.81
	Where R 2 = 0.562, SEE = 8.74, SE(HOMO-LUMO) = 5.52, F=10.27, Significance=0.012

Eq 7 in vivo brain protection for cerebral ischemia in rats, enol tautomers: EEG Recovery Time = -36.44ΔG desolv,CDS +40.05ΔG lipo,CDS + 116.00

Where R 2 = 0.611, SEE = 27.14, SE(ΔG desolvCDS ) = 12.60, SE(ΔG lipoCDS ) =18.62, F=5.50, Significance=0.036

Table 1 . Lipid peroxidation inhibition of Edaravone (Edv) and Edv analogs (keto tautomers) with molecular properties of Edv and Edv analogs (see Figure 3 for structures) No* IC 50 µM ΔG desolv,CDS kcal/mol ΔG lipo,CDS kcal/mol DM D Molec Vol cm 3 /mol AEA eV HOMO- LUMO

 1 .

	eV

Footnotes: No* refers to ref [START_REF] Watanabe | Structure-activity relationship of 3-methyl-1-phenyl-2-pyrazolin-5-one (edaravone)[END_REF] and R2, R4 and X refers to substituents in structures in Figure 3. Values in parentheses are for the enol tautomers, and values without parentheses are for the keto tautomers (see Figure 3)