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Introduction

The effects of oxidative stress may contribute to several neurodegenerative conditions, such as Alzheimer's disease and Parkinson's disease. The brain is particularly vulnerable to oxidative stress because brain cells consume about 20 percent of the total amount of oxygen the body needs. Brain cells generate free radicals required for brain cell growth, neuroplasticity, and cognitive functioning. During oxidative stress, excess free radicals can damage structures inside brain cells and even cause cell death, which may increase the risk of Parkinson's disease. Oxidative stress may modify amyloid-beta peptides and contribute to the accumulation of amyloid plaques in the brain, a key marker of Alzheimer's disease. [START_REF] Ea Fraunberger | Redox Modulations, Antioxidants, and Neuropsychiatric Disorders[END_REF][START_REF] Cobley | 13 reasons why the brain is susceptible to oxidative stress[END_REF] There is increased oxidative stress in HIV-infected patients, as measured by LPO and GSH levels in plasma of HIV-infected individuals. Lipid peroxidation (LPO) is a means of determining oxidative stress. There is also a deficiency of glutathione in HIV infection. Persistent oxidative load leads to an accelerated rate of consumption of glutathione (GSH). [START_REF] Wanchu | Oxidative Stress in HIV-Infected Individuals: A Cross-Sectional Study[END_REF] HIV infection leads to a pronounced oxidative stress, and triggers ROS production. The impact of HIV on antioxidant defense systems, and HIV-driven oxidative stress on the associated pathology has been analysed showing that reactive oxygen species underlie a wide spectrum of events in infected cells and tissues. [START_REF] Av Ivanov | Oxidative Stress in Infection and Consequent Disease[END_REF] Efavirenz (EFV) is an approved antiretroviral medication used to treat and prevent HIV/AIDS. It is generally recommended for use with other antiretrovirals. It is a non-nucleoside reverse transcriptase inhibitor (NNRTI) and works by blocking the function of reverse transcriptase. The adverse effects of EFV include neuropsychiatric effects, disturbed sleep, cognitive impairment and depression. The neurotoxicity of EFV appears to be caused by interfering with the mitochondrial function, which may be caused by inhibiting creatine kinase, by disrupting mitochondrial membranes or by interfering with nitric oxide signalling. The neuropsychiatric adverse effects are dose-dependent. [START_REF] Gj Treisman | Neuropsychiatric Effects of HIV Antiviral Medications[END_REF]] Pharmacologically relevant concentrations of EFV can impair cell viability of endothelial cells and that these effects may be aggravated by either elevated concentrations of EFV or by a combined use of EFV with other oxidative stress-inducing medications. [START_REF] Weiß | Efavirenz Causes Oxidative Stress, Endoplasmic Reticulum Stress, and Autophagy in Endothelial Cells[END_REF] EFV is associated with increases in apoptosis, increased mitochondrial mass, and oxidative stress in hepatic cells. EFV causes a decrease in ATP concentration and increases ROS production, which leads to an elevation in the lipid content of hepatic cells. [START_REF] Mohan | A Critical Review of the Biochemical Mechanisms and Epigenetic Modifications in HIV-and Antiretroviral-Induced Metabolic Syndrome[END_REF] EFV has been shown to affect mitochondrial function in a reversible manner, inducing a decrease in mitochondrial membrane potential and an increase in mitochondrial superoxide production, followed by a reduction in cellular glutathione content. The toxic effect of EFV was partially reversed by antioxidant pretreatment, suggesting ROS generation is involved in this effect. [START_REF] Apostolova | Enhanced oxidative stress and increased mitochondrial mass during Efavirenz-induced apoptosis in human hepatic cells[END_REF] It has been shown that EFV has a radiosensitizing effect making it a promising drug for combination with radiotherapy. The efficacy of EFV combined with irradiation was assessed in BxPC-3 pancreatic cancer cells. The antitumor potential of EFV and radiotherapy are additive. Oxidative stress and mitochondrial membrane depolarization appeared in the cancer cells immediately after EFV radiotherapy treatment. [START_REF] Hecht | Cytotoxic effect of Efavirenz in BxPC-3 pancreatic cancer cells is based on oxidative stress and is synergistic with ionizing radiation[END_REF] The World Health Organization 2019 recommends dolutegravir (DTG) as the first-and secondline treatment for all persons with HIV. DTG and EFV side effects involve mitochondrial dysfunction impairing both mitochondrial ATP generation and REDOX activity. [START_REF] Jw George | Physiologically Relevant Concentrations of Dolutegravir, Emtricitabine, and Efavirenz Induce Distinct Metabolic Alterations in HeLa Epithelial and BV2 Microglial Cells[END_REF] DTG toxicity was associated with reproductive deficits and oxidative stress induction in D. melanogaster resulting in reduced fly fecundity, mean lifespan, AChE activity, antioxidant parameters, and elevated MDA level. It was inferred that there were concerns for long term use of DTG by HIV patients. [START_REF] Wm Iorjiim | Reproductive and Oxidative Stress Toxicity of Dolutegravir-Based Combination Antiretroviral Therapy in Drosophila melanogaster[END_REF] DTG is superior to EFV for HIV antiretroviral therapy, but may be associated with an increased risk of neural tube defects in newborns if used by women at conception. Neuropsychiatric adverse effects with EFV are by far the most common reasons for discontinuation of treatment. Persistence of central nervous system toxicity, which may impact quality of life negatively on a long-term basis is the main reason for discontinuation of EFV. [START_REF] Cm Dugdale | Risks and Benefits of Dolutegravir-and Efavirenzbased Strategies for South African Women with HIV of Childbearing Potential: A Modeling Study[END_REF][START_REF] Yb Belay | Cost-Utility Analysis of Dolutegravir-Versus Efavirenz-Based Regimens as a First-Line Treatment in Adult HIV/AIDS Patients in Ethiopia[END_REF] DTG is an integrase strand transfer inhibitor (INSTI). These inhibitors halt the HIV integrase enzyme from forming covalent bonds between host-cell and viral DNA, which prevents effective incorporation of the viral DNA into the host chromosome. These drugs have been associated with less peripheral toxicities than other classes, and less neuroglial toxicity.

EFV has also been shown to be an effective repurposed therapeutic against prostate, pancreatic and triple negative breast cancer (TNBC). The fatty acid metabolism pathway is a key regulator in EFV-induced TNBC anticancer processes. [START_REF] Chiou | Efavirenz as a potential drug for the treatment of triple-negative breast cancers[END_REF] DTG has been shown to be active against many cancer cell lines, and its antiproliferative potency was positively correlated with the expression levels of the human endogenous retrovirus type K. [START_REF] Li | Dolutegravir Inhibits Proliferation and Motility of BT-20 Tumor Cells through Inhibition of Human Endogenous Retrovirus Type K[END_REF] Study objectives (a) Examine the free radical properties of EFV and its role in oxidative stress that may be related to how this drug may cause neuropsychiatric side effects, or have anticancer properties (b) Compare the properties of free radicals formed by EFV and DTG and how these properties may be involved in oxidative stress

Results

The formation of free radicals from EFV and DTG is examined in water. Electrons resulting from oxidative stress via mitochondrial and lipid sources can attach to EFV and DTG. Figure 1 shows EFV and DTG. Figure 2 It is also known that UV photolysis (ca 95 and 112 kcal/mol UV sources), of EFV in water or human plasma leads to decarbonylation [START_REF] Jordaan | Investigation of the solvent-dependent photolysis of a nonnucleosidereverse-transcriptase inhibitor, antiviral agent efavirenz[END_REF] or decarboxylation [START_REF] Matthews | Determination of efavirenz, a selective nonnucleoside reverse transcriptase inhibitor, in human plasma using HPLC with post-column photochemical derivatization and fluorescence detection[END_REF] respectively. Also thermolysis of EFV in water is known to lead to first order decarbonylation. [START_REF] Cg Zhan | The Nature and Absolute Hydration Free Energy of the Solvated Electron in Water[END_REF] Figure 3 shows the UV photolysis as measured by adiabatic TD DFT of the EFV and EFValt configurations and the TS for the EFV photolysis, ΔG a 33.2 kcal/mol (excluding UV hv energy input) from the ground state with C--O 1.46Å to the TS C--O 2.20Å. These computed data are clearly in accord with experimental results since the energy of the UV pholtolysis sources exceed ΔG a . Both images clearly show elongation of the C--O bond as expected for decarbonylation or decarboxylation to occur. The bond elongation is clearly more facile in the less stable EFValt configuration compared to the stable EFV configuration as expected.

Figure 4 shows the vertical addition of a hydrated electron (ΔG -34.6 kcal/mol, [START_REF] Cg Zhan | The Nature and Absolute Hydration Free Energy of the Solvated Electron in Water[END_REF]) to the stable EFV configuration, EFV• with ΔΔG -39.69 --34.6 = -5.1kcal/mol, and C-O bond length 1.46Å. Figure 5 then shows the adiabatic optimization of EFV• via the dissociated electron attachment or transfer (DEA or DET) mechanism [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][START_REF] Fong | Modafinil and modafinil analogues: free radical mechanism of the eugeroic and cognitive enhancment effect[END_REF][START_REF] Fong | The molecular mechanism of dissociative electron attachment of trimethylmethylcyclopentadienylplatinum in focused electron beam induced deposition[END_REF][24][25] resulting in a C-O elongation to 2.81Å from 1.46Å, with the TS ΔG* -44.5 kcal/mol. This indicates that EFV• species is reactive and dissociates easily to radical precursors leading to decarbonylation or decarboxylation, similarly to that observed in photolysis of EFV.

Figures 6 and7 show the same process (as Figs 4 and5) of addition of a hydrated electron to the less stable EFValt configuration followed by DEA with a starting C-O bond length of 1.57Å then elongating to 1.78Å after DEA. As expected both processes are more facile since the starting configuration EFValt is less stable than EFV.

Figure 8 shows the thermolysis (at 298K) of EFValt in water, which is a quite facile process for the less stable configuration. Thermolysis does not occur easily for the more stable EFV configuration.

Figure 9 shows the addition of a hydrated electron to DTG with ΔΔG -15.0kcal/mol. Compared to Figure 4 which shows ΔG -5.1kcal/mol for the addition of an electron to EFV, indicating that DTG more easily forms DTG• than EFV• in water, probably due to the greater delocalization of the electron in the molecular ring structure of DTG• compared to EFV•.

Discussion

It is shown that EFV is quite reactive to UV photolysis in water solution, but is particularly reactive to the addition of hydrated electrons. The results for EFV show that it is quite labile to decarbonylation or decarboxylation caused by facile elongation of the C-O bond upon electron addition followed by DEA. EFV can exist in less stable minor configurations in solution which are more reactive to photolysis and DEA. Figure 10 shows the photolysis and DEA for EFV which can finally result in the formation of CO 2 or CO and further radical species after bond elongation of the tertiary C---O bond.

Since HIV infection is known to lead to pronounced oxidative stress which triggers ROS production, the facile ease of free radicals formed from EFV is highly likely to be an important contributing factor. The neurotoxicity of EFV is also thought to be caused by interfering with the mitochondrial function, implicating free radical forms of EFV in the neurotoxicity. It is known that the toxic effect of EFV was partially reversed by antioxidant pretreatment, suggesting ROS generation is involved in this effect.

EFV is known to have a radiosensitizing effect, which consistent with the ease it forms free radical species. The antitumor potential of EFV and radiotherapy are additive. Oxidative stress and mitochondrial membrane depolarization appear in the cancer cells immediately after EFV radiotherapy treatment. These data show that the free radical properties of EFV make it a promising anticancer drug for combination with radiotherapy.

DTG is known to be superior to EFV for HIV antiretroviral therapy, mainly because of neuropsychiatric adverse side effects with EFV. DTG and EFV side effects involve mitochondrial dysfunction impairing both mitochondrial ATP generation and REDOX activity, but DTG is less toxic. This study shows that DTG more easily forms DTG• than EFV• in water, but DTG• does not form further radical species as EFV• ie DTG• is more stable than EFV•. DTG is also more lipophilic than EFV, aiding cell membrane permeability.

Conclusions

Evidence is presented that EFV is quite labile in aqueous solution, forming free radical species by DEA, as well as undergoing photolysis. DTG can also form radical species similarly to EFV, but with more ease, but does not undergo dissociation. The DTG• radical is more stable than the EFV• radical. It is likely that these radical species are involved in oxidative stress in HIV infections and adverse neuropsychiatric side effects.

The free radical properties of EFV has implications for the use of EFV as an anticancer drug, particularly as a radiosensitizing effect could make it a promising drug in combination with radiotherapy.

Materials and methods

All calculations were carried out using the Gaussian 09 package. 
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  Energy optimizations were at the DFT/B3LYP/6-31G(d,p) (6d, 7f) level of theory for all atoms in water, with the empirical dispersion correction GD3BJ. Selected optimizations at the DFT/B3LYP/6-31+G(d,p) (6d, 7f) with the empirical dispersion correction GD3BJ level of theory gave very similar results to those at the lower level. DFT, TD DFT and thermochemical energy calculations and molecular electrostatic potential surface maps were conducted at the B3LYP/6-31+G(d) GD3BJ using the IEFPCM/SMD solvent model in water. TD DFT calculations for EFV UV and photolysis studies also showed UV spectral calculations in CHCl 3 (4.98eV, 249nm, osc 0.28), CH 3 CN (4.99eV, 249nm, osc 0.25) and methanol (4.98eV, 249nm, osc 0.26) of the EFV configuration were very close to the experimental values (247, 246, 248 nm). The UV spectra in water showed 4.97eV, 249nm, osc 0.254. The free energy of the hydrated solvated electron is -34.6 kcal/mol.[START_REF] Cg Zhan | The Nature and Absolute Hydration Free Energy of the Solvated Electron in Water[END_REF] C-O bond elongation studies were not all transition states but were demonstrations of the ease of bond elongation during adiabatic optimizations under certain conditions eg vertical addition of an electron in water to EFV followed by adiabatic optimization to reveal elongation of the C-O bond, or photolysis of EFV as measured by adiabatic TD DFT UV. Maran, MS Workentin, Dissociative electron transfer, Electrochem Science Interface, 2002, 44-49.[25] JM Saveant, Dissociative electron transfer, Adv Electron TransferChem, 1994, 4: 53-116 
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