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Introduction

Carotenoids perform important biological functions such as light harvesting as antenna pigments, provide protection against oxidative stress, provide protection from ultraviolet radiation, and stabilization of pigment proteins. [Brotosudarmo] While more than 40 carotenoids are present in the human diet, only six carotenoids, lycopene, αand β-carotene, lutein, zeaxanthin, and βcryptoxanthin represent >95% of total carotenoids present in the blood. [Maiani] In human plasma, lycopene is the major species found, followed by lutein, β-carotene, β -cryptoxanthin, αcarotene, and zeaxanthin. In the body carotenoids are mainly stored in body fat and the liver.

[Al-Delaimy] Carotenoids are health promoters and have become popular nutritional supplements in the food and pharmaceutical industries. [Linus Pauling Institute] It has been suggested that carotenoids can modulate the physical properties of cell membranes. Owing to the van der Waals interactions of rigid rod-like molecules of carotenoid and acyl chains of lipids, xanthophylls can rigidify the fluid phase of the membranes and limit oxygen penetration to the hydrophobic membrane core which is susceptible to oxidative degradation. Polar carotenoids are thought to be able to span some lipid bilayers and have their polar groups anchored in the opposite polar zones of the phospholipid membrane. However most location and orientation studies were with proxy membranes, DMPC, DPPC and POPC etc rather than human cells. [Gruszecki] 

(a) Antioxidant capacities of carotenoids in cell membranes

The antioxidant capacities of various carotenoids have been widely attributed to how particular carotenoids interact and are positioned in the cell membrane. Figure 1 shows the structures of βcarotene, zeaxanthin, astaxanthin, lutein, and meso-zeaxanthin. Since carotenoids are lipophilic they are typically present in plasma lipoproteins and cellular lipid structures, especially cell membranes, where their orientation inside the membrane may vary depending on their chemical structure and on the thickness of the membrane.

Figure 1. Structures of β-carotene, zeaxanthin, astaxanthin, lutein, and meso-zeaxanthin

The bifold greater antioxidant activity of astaxanthin compared to β-carotene on the lipid peroxidation of liposomes is suggested to be due to the unique structure of the terminal cyclohexone (ionone) ring moiety. The radical scavenging activity of the terminal ring moieties of astaxanthin was thought to be independent of that of the polyene chain. The radical abstraction was found to be at the 3 and 3′ methine sites (see Figure 1(a)) from a study of model analogues. [Goto] Figure 1

(a). Astaxanthin showing 3 and 3′ biradical and polyene allylic radical positions

It was suggested that the terminal rings of astaxanthin could exert its antioxidant properties by scavenging radicals both at the surface of the cell membrane (as astaxanthin could span the width of the membrane with its configuration being parallel to the phospholipid chains in the membrane) while the unsaturated polyene chain trapped radicals in the interior of the phospholipid membrane. [Goto] McNulty used x-ray diffraction studies to show that polar carotenoids (astaxanthin and zeaxanthin) differed greatly from other carotenoids and appeared to span the membrane with their polar end groups extending toward the polar regions of the membrane bilayer. The non-polar carotenoids (eg β-carotene) changed the lipid packing in the hydrophobic region. Astaxanthin did not significantly alter the electron density of the membranes, unlike the non-polar carotenoids. It was suggested astaxanthin at 32 Å spanned the width of the studied POPC membranes 36 Å. Figure 2 shows how astaxanthin could span a phospholipid membrane such that the polar cyclohexone (or ionone) end groups can interact with the hydrophilic regions of the membrane both at the extracellular and cytosolic interfaces. Also the proposed structure is consistent with the x-ray data that indicates non-polar carotenoids like β-carotene change the lipid packing in the hydrophobic region much more than astaxanthin. Since astaxanthin was proposed to span the cell membrane bilayer, it is thought that its terminal rings can effectively scavenge ROS on the membrane surface, while its polyene chain is thought to be responsible for trapping ROS in the interior of the membrane. The nonpolar carotenoids, lycopene and beta-carotene, disordered the membrane bilayer and stimulated membrane lipid peroxidation (>85% increase in lipid hydroperoxide levels), whereas astaxanthin (a polar carotenoid) preserved membrane structure and exhibited significant antioxidant activity (>40% decrease in lipid hydroperoxide levels). However the effective width of cellular phospholipid membranes depends on several factors: (a) added layer of protein and carbohydrate material adds to the "thickness" of the cell membrane, (b) overall membrane width is variably reported to be between 4 and 10 nm, a value of about 4 nm is most representative of the bare membrane shaved off from its outer and inner protein and carbohydrate protrusions. [Nagle] Using quantitative differential interference contrast microscopy of lipid bilayers (ternary mixtures of DOPC, cholesterol, and sphingomyelin), the formation of liquid disordered and liquid ordered domains was imaged, and their thickness was determined to be 3.89 and 4.96 nm, respectively. [Regan] Since the length of astaxanthin is 32 Å, it is unlikely that it can span cell membranes in the body as illustrated in Figure 2.

Xanthophylls, having polar ionone rings, are oriented perpendicularly to the membrane surface because of their stronger interactions with the lipid polar heads. A decrease in membrane fluidity and an increase in the order of alkyl chains have been observed to be stronger in the case of xanthophylls than carotenes. DSC results showed that zeaxanthin, having polar ionone rings, interacts more strongly with the membrane lipids than β-carotene. [Augustynska] in X. dendrorhous membranes it was found that polar carotenoids, such as astaxanthin and cisastaxanthin, increased the EPR order parameter and decreased the motional freedom and phasetransition temperature. In contrast the non-polar carotenoids β-cryptoxanthin and β-carotene decreased the EPR order parameter and increased motional freedom and phase-transition temperature. [Blasko] The permeability coefficients, P, and the logarithm of the octanol-water partitioning coefficients, logP ow , of several hydrophobic and hydrophilic solutes in a DOPC membrane showed that relative changes of the passive diffusion permeability coefficients with logP ow were in good accord. Membrane thickness is an important for the permeability through fluid membranes, but the largest differences occur when the membranes transit from the liquid-disordered to liquidordered and/or to gel state. [Frallicciardi] The membrane has almost fully hydrated headgroups, fully dehydrated alkane cores and a short intermediate regions with partial hydration located between the head group and the inner alkane core region, all of which influence membrane states. [Mashaghi] Phosphatidylcholine lipids, a major component of biological phospholipid membranes are zwitterions with their headgroups having both negative (phosphate) and positive (choline) moieties.

In vitro all-trans natural astaxanthin is readily isomerized to cis, especially 9-cis and 13-cis isomers, under certain conditions during chemical analysis. In a stable radical DPPH scavenging activity test and in rat microsome and rabbit erythrocyte ghost membrane lipid peroxidation systems induced by AAPH and t-BuOOH, cis-astaxanthin, especially 9-cis astaxanthin, exhibited a higher antioxidant effect than the all-trans isomer. In addition, during polyunsaturated fatty acid (PUFA) oxidation, both DHA (docosahexaenoic acid) and linoleic acid hydroperoxides formation were markedly inhibited by astaxanthin isomers addition in the order 9-cis > 13-cis > all-trans. The cis isomers particularly the 9-cis isomer have greater antioxidant capacities than the trans asaxanthin. [Liu] A complicating factor regarding the properties of astaxanthin is the known rates of isomerization in organic solvents. Isomerization rates of trans-astaxanthin to cis-astaxanthin at 35C in solvents are: dichloromethane > chloroform > the mixture of dichloromethane and methanol (25:75) > methanol > acetonitrile > acetone > dimethyl sulfoxide. A study found that the singlet oxygen quenching constant of astaxanthin was three orders of magnitude different from that of vitamin E. The 1 O 2 quenching capacities of the optical isomers of astaxanthin are almost identical in extracellular experiments.

Most natural astaxanthin compounds are found in esterified forms and contain various fatty acids and are dependent on various sources or extraction processes. Astaxanthin compounds are sensitive to light, pH, and thermal degradation (partly degraded by 69% at 4 o C). The polyene chain is susceptible to oxidation and isomerization and causes colour loss. Astaxanthin esters are more chemically stable than free astaxanthin. Astaxanthin is very lipophilic compound and has low bioavailability, similar to other carotenoids, and its bioavailability is enhanced in the presence of fat. [Yang] Yang found that esters with long-chain and saturated fatty acids were more stable than other types, and astaxanthin diester was more stable than astaxanthin monoester and free astaxanthin as determined based on the degradation rate constant at 60 °C. Astaxanthin esters with shortchain fatty acids had higher bioavailability than astaxanthin esters with long-chain fatty acids, whereas astaxanthin ester with high-unsaturated fatty acids had higher bioavailability than astaxanthin ester with low-unsaturated fatty acids. Astaxanthin monoester had significantly increased bioavailability compared with astaxanthin diester.

Micelle and liposome structures containing the astaxanthin molecule have been developed. The thickness of phospholipid bilayers is about 5 nm and the length of the esterified astaxanthin is about 6 nm. [Snell] (b) Photooxidative stress: singlet oxygen induced diseases, 1 O 2 scavenging by carotenoids

Comparative studies have shown natural astaxanthin is 6,000 times more powerful than vitamin C, 770 times more powerful than Coenzyme Q10, 100 times more powerful than vitamin E, 55 times more powerful than synthetic astaxanthin, and five times more powerful than β-carotene in its ability to trap energy from singlet oxygen. [Nishida] Although important for plants, the relevance of singlet oxygen quenching to human health has been reviewed. [Murotomi, Wang]. Singlet oxygen can be formed non-enzymatically by chemical, photosensitized, and electron transfer reactions, or as a byproduct of endogenous enzymatic reactions in phagocytosis during inflammation. The possible in vivo production of 1 Murotomi categorizes two groups of diseases caused by 1 O 2 : (a) those caused by the UV irradiation of photosensitizers accumulated in the living body, cutaneous photosensitivity and retinal diseases, (b) those resulting from the activation of MPO in leukocytes. MPO is expressed in leukocytes and is implicated in many inflammatory diseases ie diabetic patients, glaucoma patients, and in an asthma mouse model. MPO is associated with cardiovascular disease, atherosclerosis, glomerulonephritis, arthritis, and Alzheimer's disease. The correlation between lipid peroxidation and 1 O 2 , and the severity of disease progression is ambiguous. PUFAs have known 1 O 2 scavenging capacity, but it is much weaker compared to carotenoids.

The lifetime of 1 O 2 ( 1 Δ g ) is several microseconds and is the more important species involved in reactions with biologic species. Visible light has sufficient energy to produce 1 O 2 , so 1 O 2 is easily produced by various dyes under photoirradiation. [Hirakawa] Singlet oxygen is produced in vivo by the activation of neutrophils and eosinophils, and is also formed by some of the enzymatic reactions such as lipoxygenases, dioxygenases, and lactoperoxidase. It is a highly potent oxidizing agent that can cause DNA damage and tissue damage. [Phaniendra] The lifetime of 1 O 2 in water solutions is longer than most of the other ROS, with exception of hydrogen peroxide. Because of its long-life in a cell, 1 O 2 can diffuse over appreciable distances including across the cell membrane into the extra-cellular environment. [Hatz, Skovsen] Dietary carotenoids are thought to prevent photooxidative stress by 1 O 2 solar photooxidative stress by accumulating as antioxidants in the skin. [Terao] Singlet oxygen 1 O 2 can be quenched by carotenoids to form a triplet state of the carotenoids plus oxygen 3 O 2. The π-conjugation of the polyene moiety of carotenoids, notably for astaxanthin especially, is considered responsible for quenching 1 O 2 . [Familo, Brotosudarmo, Edge] The excitation energy of 1 O 2 is transferred to carotenoids (singlet carotenoids: 1 Car) to produce triplet oxygen ( 3 O 2 ) and triplet carotenoids ( 3 Car), which receives excitation energy, then returns to ground state carotenoids by releasing energy as heat. Thus, carotenoids can repeatedly scavenge 1 O 2 by a cyclic mechanism or form oxidation products. Final oxidation of β-carotene, lutein, and zeaxanthin by 1 O 2 generated various aldehydes and endoperoxides.

[Ramel] Carotenoids are the most powerful quenchers of 1 O 2 as well as being light-absorbing (mainly lutein and neoxanthin). Some carotenoids have weak 1 O 2 scavenging in PUFA lipid membranes (violaxanthin and zeaxanthin). [Kruk] Figure 4 illustrates how carotenoids can scavenge 1 O 2 .

or 1 Car + 1 O2  3 Car + 3 O2  aldehydes, endoperoxides, etc It has been suggested that the protective effects of β-carotene in HeLa cells may be due to radical trapping and not direct 1 O 2 quenching. The 1 O 2 lifetime in a single HeLa cell in water is around 3 µs, which is similar to the lifetime in pure water. [Bosio] The eye is particularly vulnerable to oxidative stress due to its exposure to light, its rich content of mitochondria, and the high metabolic rate of photoreceptors. Astaxanthin crosses the retinal blood barrier and increases ocular blood flow velocity, allowing the blood to re-oxygenate the tissues of the retina and eyeball and clear out toxins, and may protect the retina from lightinduced damage. Astaxanthin may ameliorate age related eye diseases including glaucoma, cataracts, age macular degeneration (AMD), and diabetic retinopathy. In a Japanese study of 35 patients undergoing cataract surgery, two weeks of astaxanthin intake at 6mg per day boosted superoxide scavenging activity while suppressing the production of cell-damaging hydroperoxides in the aqueous humor of the eye. [Hashimoto] Carotenoids in human plasma can be divided into two groups, carotenes (nonpolar molecules, such as β-carotene, α-carotene or lycopene) and xanthophylls (polar carotenoids that include an oxygen atom in their structure, such as lutein, zeaxanthin and β-cryptoxanthin). Only two dietary carotenoids, namely lutein and zeaxanthin (macular xanthophylls), are selectively accumulated in the human retina. A third carotenoid, meso-zeaxanthin, is formed directly in the human retina from lutein. The macula carotenoids have a hydroxyl functional groups attached at the 3 and 3′ positions of terminal ionone rings connected by a rigid 22-carbon isoprenoid backbone. Figure 1.

Additionally, xanthophylls account for about 70% of total carotenoids in all brain regions. All carotenoids absorb light in the visible range of the spectrum. Carotenoids found in the retina are lutein and zeaxanthin, which are both of dietary origin, and meso-zeaxanthin (derived from lutein). In the eye lutein, zeaxanthin, and meso-zeaxanthin efficiently absorb potentially harmful blue light (450-495 nm from LED TV computer screens etc). Depending on the carotenoid pigment density at the center of the eye's retina (or macula), up to 90% of blue light can be absorbed by these pigments. By reducing the amount of short-wavelength light that reaches the critical areas of the eye these carotenoids may protect these areas from light-induced oxidative damage by quenching free radicals, apoptosis, mitochondrial dysfunction, inflammation with a cumulative effect manifesting as headaches, eye strain and fatigue. The antioxidant capacity is optimized when all three macular carotenoids are present. Diets rich in lutein and zeaxanthin may help slow the development of age-related macular degeneration (AMD). Lutein and zeaxanthin also accumulate in the lens where they prevent development of cataracts. [Krinsky, Johra] Lutein supplementation (10 or 20 mg/day) for more than 6 months has been shown to significantly improve macular pigment optical density and visual acuity in patients with agerelated macular degeneration. [Feng] Astaxanthin benefits in dry eye syndrome, keratitis, cataract, diabetic retinopathy, age-related macular degeneration, high intraocular pressure, and other ocular diseases have been reviewed. [Yang] While astaxanthin can cross the cell membrane, its high hydrophobicity and poor chemical stability (sensitive to heat, light, oxides, and acidic or alkaline solutions) hinder its antioxidant effects, and its bioavailability. Nano-based lipophilic drug delivery systems for astaxanthin can improve stability, bioavailability and drug delivery across membranes. [Ambati, Chen] Astaxanthin can also exert neuroprotective effects after crossing the blood brain barrier.

[Galasso, Wang] Dorey found that alzeimer's disease brains had significantly lower levels of lutein, zeaxanthin, anhydrolutein, retinol, lycopene, and alpha-tocopherol, and significantly increased levels of XMiAD, an unidentified xanthophyll metabolite. No meso-zeaxanthin was detected.

Zhang compared several mitochondrion-permeable antioxidants, including edaravone, idebenone, α-Lipoic acid, carotenoids, vitamin E, and coenzyme Q10, and mitochondria-targeted antioxidants MitoQ and SkQ. They proposed astaxanthin to be the best antioxidant for ROSburst-mediated acute diseases, like avian influenza infection and ischemia-reperfusion. However astaxanthins are quite unstable so most of them are inactivated after oral administration, possibly requiring IV injections. But lipid nano-based drug delivery systems could also offer better drug delivery as well.

(c) Carotenoids as antioxidants: superoxide anion radical

While the oxidizing power of superoxide is moderate compared with the hydroxyl radical, superoxide is the primary radical that either provides an electron to or abstracts one from other compounds, which results in the production of other radical species via a chain reaction until the radical electron is eventually eliminated. While electron leakage in the mitochondrial ETC is the major sources of superoxide, superoxide and other ROS are formed not only inside cells but also extracellularly, via membrane oxidizes that utilize electrons from NADPH. Superoxide can also be produced non-enzymatically, via glycation under conditions of hyperglycemia, which may involve diabetic complications, neurodegenerative diseases and cancer. [Fujii] The O 2 ˙can act as a moderate one electron reducing agent, ie oxidation of the superoxide anion.

Galano found that O 2 •-can transfer an electron from the superoxide anion to astaxanthin in benzene, with the formation of astaxanthin˙ and oxygen. This charge transfer is energetically feasible in non-polar environments but not in polar media. The "antioxidant" activity of carotenoids when reacting with O 2 •-could be viewed as its capacity to prevent the formation of oxidant ROS in the mitochondrial electron transport chain. [Galano] Astaxanthin + O 2 ˙- Astaxanthin˙ + O 2 benzene ΔG -13.5 kcal/mol O 2

•-can be generated from the mitochondrial respiratory chain from the leakage of the electron transport chain during oxidative phosphorylation and from phagocytic nicotinamide adenine dinucleotide phosphate oxidase (NADPH oxidase). Many pathological effects have been attributed to an excess of O 2

•-in the body, but superoxide dismutase (SOD), specifically maintains the O 2

•-concentration at an optimal level. O 2 •-is more stable with strong electron transfer ability in aprotic solvents but not in water where it is somewhat unstable. O 2

•-is known to react with the hydrophobic organic matter in effluent assays faster than hydrophilic organic matter. [Hayyan] The superoxide anion radical can abstract a H from hydrocarbons to initiate autooxidation chain processes. [Lee-Ruff, Frimer] Because of its charge O 2

•-superoxide tends to remain in the aqueous phase and is largely excluded even from the headgroup region when interacting with cell membranes. Although passage through the lipid region of membranes is unfavorable, superoxide can use anion channels in the membrane such as anion exchange 1 (band 3) in erythrocytes and thus also traverses plasma membranes. O 2

•-can cause lipid peroxidation of membranes presumably from leakage from anion channels. O 2 •-has a pKa of 4.7. The peroxy HOO˙ radical which is neutrally charged can also cause lipid peroxidation through diffusion into membranes. HOO˙ reacts favorably with the headgroup region, via hydrogen bonding with the acyl chain carbonyls, and has a lower energy barrier to traverse the membrane than hydrogen peroxide. [Moller] (d) Carotenoids as scavengers of the hydroxyl radical, peroxyradicals, hydrated electrons

The hydroxyl radical HO˙ is the most reactive ROS and reacts at diffusion controlled rates with most organic species and can cause cell membrane damage (oxidation of PUFA) and destroy sugar groups and DNA base sequences. [Huang, Kovacic] Lipid peroxidation is caused by ROS species, especially HO˙ and HOO˙ abstract H˙ from PUFA in cell membranes, particularly from the allylic positions. Lipid peroxidation products are markers of oxidative stress and biomarkers of human diseases such as inflammation, atherosclerosis, diabetes, ageing, neurodegenerative diseases, and cancer. [Ramana, Fong 2020] However the high reactivity of HO˙ generally does not favour diffusion across membranes, but favours reactions near the hydrophilic hydrated phospho headgroup region of the membrane. [Moller] The importance of lipid peroxidation prevention by carotenoids under certain conditions in humans appear to be complex, but some evidence exists. [Young] Hydrated electrons are considered to be involved in many human physiological processes. [Getoff] Halliwell quotes the standard reduction potential of the hydrated electron as -2.84V compared to O 2 / O 2 •-as -0.35V, and O 2 , H + /HO 2 • couple as -0.46V, and O 2 •-, 2H + /H 2 O 2 as +0.94V oxidizing, and • OH, H + /H 2 O as +2.31V highly oxidizing, the highest reduction potential, with • OH being the most reactive oxygen free radical known. [Halliwell] The reversible potential of the four-electron transferred triplet oxygen generation is 1.23 V, while the reversible potential of singlet oxygen evolution has been calculated to be 1.23 + 0.98/4 = 1.475 V based on the Gibbs free energy ∆G = -nEF. [Chen] Transferrin does not react with superoxide O 2

•-but does react with hydrated electrons. [Buettner] Bimolecular rate constants for e aq -and • OH reactions of some nitrosonitramines and nitramines showed the reaction of the hydrated electron to form a transient radical anion was faster than the hydroxyl radical reaction which resulted in hydrogen atom abstraction from an alkyl group.

[Mezyk] The hydrated electron (e - aq ) and hydroxyl radical rate constants with vinylic acid esters are close to the diffusion-controlled limit. It is shown that k(e - aq ) and k( • OH) change in opposite direction: if k(e - aq ) is high then k(OH) is small. This tendency is related to the nucleophilic character of e - aq and the electrophilic character of • OH, although the site of attack of e - aq and

• OH can be different: carbonyl versus vinyl group for example. [Biro] In bulk water, the hydrated electron's lifetime is relatively long, reaching up to microseconds, but its strong reducing potential renders it highly reactive, and thus short-lived, in the presence of electron acceptors.

[Abel] Hydrated electrons can damage DNA, create radicals, and induce many reductive reactions, including dissociative electron attachment. [Simons,Wang, Gu] Astaxanthin 0.77V has a higher standard oxidation potential E o (Car/Car˙+) than other carotenoids, such as β-carotene 0.64V, and zeaxanthin 0.63V. [Brotosudarmo] Pshenichnyuk has described the dissociative electron attachment (DEA) and transfer (DET) mechanisms that occur in vivo under reductive conditions, in the intermembrane space of mitochondria when xenobiotic molecules react with electrons "leaked" from the electron transport chain.

The hydrated electron is considered to be in a cavity of 4-6 water molecules in bulk water, [Lapointe] but facilitated diffusion of hydrated electrons through water pores or aquaporins inside a cell membrane may occur, or possibly through diffusion through the lipid bilayer.

(e) Carotenoids as prooxidants

Carotenoids are antioxidants but at the same time they are prone to oxidation themselves. Electron loss from the carotenoid forms a radical cation. Furthermore, proton loss from a radical cation forms a neutral radical. In a study of seven carotenoid radical cations: astaxanthin > βapo-8'-carotenal > canthaxanthin > lutein > zeaxanthin > β-carotene > lycopene, found that lycopene was the strongest reducing agent (the most easily oxidized) and astaxanthin was the weakest. The radical cations of the visual carotenoids, lutein and zeaxanthin, are reduced by lycopene but not by β-carotene. [Edge] The oxidation of carotenoids by ferric ions can form carotenoid cations which are unstable in aqueous solutions due to fast deprotonation to form the neutral radicals. A carotenoid driven Fenton reaction system can result not only in a decrease of the free radical concentration but the reduction of Fe 3+ to Fe 2+ by carotenoids according to the formula: Carotenoid + Fe 3+  Carotenoid˙+ + Fe 2+ reaction. [Gao, Focsan] The pro-oxidant function of several common dietary carotenoids, including astaxanthin, β-carotene, fucoxanthin, and lycopene, has been investigated for their killing effects on various cancer cell lines. It is well established that malignant cells can innately maintain high intracellular ROS levels compared to normal cells. Also when carotenoids are delivered with ROS-inducing cytotoxic drugs (e.g., anthracyclines), they can minimize the adverse effects of these drugs on normal cells by acting as antioxidants without interfering with their cytotoxic effects on cancer cells as pro-oxidants. It is suggested that lipid peroxyl radicals formed by hydroxyl radicals reacting with lipids can form carotenoid cation radicals which may damage malignant cells. [Shin] Study Objectives Compare the antioxidant capacity of astaxanthin, its isomers and esters in a hydrophilic and hydrophobic cell membrane like environment and an aqueous cytosolic environment Compare the antioxidant capacities against ROS oxidative stress caused by the hydroxyl radical HO˙, the peroxyradical HOO˙, by hydrogen abstraction, and by electron transfer from superoxide O 2 •-, and reactions with hydrated electrons Examine whether carotenoids can function as prooxidants when triggering apoptosis in cancer cells Compare the antioxidant capacity and singlet oxygen induced excited states of lutein, zeaxanthin and meso-zeaxanthin and other carotenoids in skin and eye diseases of the retina and lens.

Results and discussion

The unusual high antioxidant capacity of carotenoids when located inside the cell membrane has been examined in this study by treating the cell membrane as having three regions: (a) an almost fully hydrated headgroups which are zwitterions with negative (phosphate) and positive (choline) moieties, (b) the fully dehydrated alkane cores and (c) a short intermediate regions with partial hydration located between the head group and the inner alkane core region. It is known that the permeability coefficients, P, and the logarithm of the octanol-water partitioning coefficients, logP ow , of several hydrophobic and hydrophilic solutes in a DOPC membrane showed that relative changes of the passive diffusion permeability coefficients were highly related to logP ow . [Frallicciardi, Mashaghi] Log P is widely accepted as a measure of lipophilicity or hydrophilicity in drug science and development, and a measure of likely permeation through cell membranes. In this study we have used n-octanol as a proxy measure of lipophilicity of a phosphatidylcholine lipid membrane, n-octane as a proxy measure of the dehydrated lipid interior of the membrane, and water to simulate the almost fully hydrated headgroup region of the cell membrane. The SMD implicit continuum solvation model can describe a cavity dispersion solute structure (CDS) which immediately can place the solute in a non-electrostatic cavity. The CDS includes shorter-range polarization effects and shorter-range nonelectrostatic effects such as cavitation, dispersion, solvent structural effects, hydrogen bonding and exchange repulsion effects.

Schematically a carotenoid can react with various ROS (eg O 2

•-, •OH, •OOH, and 1 O 2 ), or hydrated electrons (e •-) to form Car• plus byproducts either by •H abstraction or by single electron transfer processes to form an anion radical. Whether such reactions can occur for the various carotenoids depends on the free energy ΔG of the following notional reactions. Table 1 shows these results for some carotenoids, particularly for astaxanthin.

H• abstraction reactions:

Car-H + •OH  Car• + H 2 O eq1 Car-H + •OOH  Car• + H 2 O 2 eq2 Car-H + O 2 •- Car• + HOO - eq3
Single electron transfer reactions: Inspection of Table 1 shows eq1 the H• abstraction by the •OH is highly favoured in all solvents, and in all three regions of the cell membrane. Figure 1(a) shows the favoured locations for abstraction, being the 3 and 3′ biradical and polyene allylic radical positions for astaxanthin. The triplet state of the biradicals are the most stable and favoured reactions. Clearly the •OH can abstract H from the ionone groups, as well as from the allylic positions of the polyene chain. Astaxanthin 9Z and 13Z (both cis) are also highly reactive to the •OH. H abstraction by •OOH or O 2 •-eq 2 or eq 3 is not favoured.

Car + O 2 •- Car•-+ O 2 eq4 Car + e •- Car•- eq5 Car + •OOH  Car• + + HOO - eq6 Car + Fe 3+  Car• + + Fe 2+ eq7
Single electron transfer eq 4 is shown to be only favoured in n-octane. Galano also similarly noted the same effect in benzene. Assuming our proxy model for n-octane represents the inner dehydrated hydrophobic region of the cell membrane, and n-octanol represents the intermediate membrane region between the inner region and the almost fully hydrated headgroup (phosphatidylcholine) outer region of the cell membrane, then it follows that the O 2 •-entity can penetrate deeply into the membrane despite its charge. However anion channels have been previously proposed to allow O 2 •-to permeate into cell membranes. [Moller] These data appear to confirm such a anion transport mechanism for O 2 •-in cell membranes.

Single electron transfers by hydrated e•-(eq 5) is also favoured for most carotenoids. It has been assumed that a hydrated electron (with possibly some water molecules attached) has a G value in n-octanol the same as it has in bulk water. The data suggest that the reactions of the hydrated electron are favoured in water rather than n-octane, which has some relevance for the expected increased reactivity near the membraneaqueous interface rather than deep in the hydrophobic region of the membrane. Electron transfer by eq 6 from •OOH to form Car• + plus HOO -is not favoured. This reaction was used to test the postulate that carotenoid cation radicals may originate from lipid peroxides during prooxidative apoptosis in cancer cells. This seems not to occur. [Shin] However eq 7 indicates that a carotenoid driven Fenton cycle can occur in aqueous environments like plasma or cytosol or when carotenoids are inserted into cell membranes (as possibly indicated by the data in n-octanol as a proxy for lipophilic regions of the membrane) in the body when triggering apoptosis in cancer cells. Charged species like carotenoid cations would not penetrate membranes unless organic cation transporters were present, but carotenoids already inserted into the membrane possibly could undergo a Fenton like reaction in the almost fully hydrated phosphatidylcholine headgroup region of the membrane.

The interesting feature of the various carotenoid radical species produced by H• abstraction, or electron transfer, is how HOMOs, or LUMOs or spin densities are usually delocalized over the whole molecules (xanthophylls with polar ionone groups, or nonpolar carotenes) for trans isomers, but not always for cis isomers. Figures 5 illustrate these Table 1 also shows the molecular length in n-octanol of the xanthophylls or carotenes in this study. The length of these carotenoids when inserted into the cell membrane is likely to be slightly longer due to van der Waals packing interactions within the semi-fluid cell membrane. A decrease in membrane fluidity and an increase in the order of alkyl chains have been observed to be stronger in the case of xanthophylls than carotenes. Xanthophylls can be described as molecular rivets in that they tend to stiffen the membrane when oriented parallel to the phospholipids of the membrane. Non-polar carotenes are known to increase motional freedom and phase-transition temperature of the membranes. [Augustynska, Blasko] Figure 2 and 3 illustrate how the polar astaxanthin and the non-polar carotene are thought to be oriented in the cell membrane. The length of astaxanthin is 32 Å is measured by x-ray, whereas the solution length is 30.7 Å. As discussed in the Introduction the width of cell membranes in the body are typically reported to be between 4 and 10 nm, a value of about 4 nm is most representative of the bare membrane shaved off from its outer and inner protein and carbohydrate protrusions. [Nagle] Using quantitative differential interference contrast microscopy of lipid bilayers (ternary mixtures of DOPC, cholesterol, and sphingomyelin), the formation of liquid disordered and liquid ordered domains was imaged, and their thickness was determined to be 3.89 and 4.96 nm, respectively. [Regan] Since the length of astaxanthin is 32 Å, it is clear that it cannot span cell membranes in the body as illustrated in Figures 2 or 3.

It can be seen that the cis isomers of astaxanthin (9Z, 13Z, 9 and 9′ di-cis) 19.0, 21.7, 27.0 Å are much shorter than the trans astaxanthin at 30.7 Å. However the cis species formed from H • abstraction or electron transfer show similar ΔG values to the trans species. The cis species could not span the membrane width, and when inserted into the membrane will reduce packing and increase disorder. In vitro all-trans natural astaxanthin is readily isomerized to cis, especially 9cis and 13-cis isomers. PUFA oxidation is markedly inhibited by astaxanthin isomers addition in the order 9-cis > 13-cis > all-trans. The cis isomers particularly (the 9-cis isomer) generally are known to have greater antioxidant capacities than the trans astaxanthin. [Liu] These data in Table 1 suggest that cis isomers of astaxanthin may receive their enhanced antioxidant capacities compared to trans astaxanthin because they reduce packing and increase disorder in cell membranes which could allow facilitated entry of HO • or O 2

•-or e •-into the membrane.

Table 1 shows as expected that the hydroxyl radical can easily abstract H • to form the biradical species from astaxanthin or other xanthophylls from the ionone moieties. But when astaxanthin is absorbed into the cell membrane, whether its ionone moieties are located near the surface of the membrane make a considerable difference because the HO • is so reactive it effectively cannot easily penetrate the membrane, reacting with parts of the membrane near the aqueous-membrane interface. [Moller] Figure 2 illustrates (green arrows) how astaxanthin, which is not long enough to completely span a typical cell membrane, would effectively be favoured to form a monoradical initially at the extracellular interface with the ionone group. It could then form a biradical species when the mono-radical species permeates deeper into the membrane to expose the second ionone group at the intracellular interface.

Astaxanthin esters (esterified at 3 and 3′ OH positions) are more chemically stable than free astaxanthin. Esters with long-chain and saturated fatty acids were more stable than other types, and astaxanthin diester was more stable than astaxanthin monoester and free astaxanthin. Astaxanthin esters with short-chain fatty acids had higher bioavailability than astaxanthin esters with long-chain fatty acids. [Yang] To test if increased bioavailability of the esters may be related to increased membrane permeability induced by increased molecular length of the esters, the following length of astaxanthin di-esters with aliphatic chains were measured weaker effect than astaxanthin, lutein and zeaxanthin which are note for their eye (macular degeneration, and glaucoma in the lens) protecting capacities. However meso-zeaxanthin is derived from lutein in the eye as opposed to the astaxanthin, lutein and zeaxanthin which can accumulate in the eye from dietary intakes. There is a view that meso-zeaxanthin, lutein and zeaxanthin are all required for protection of the macula. In the eye lutein, zeaxanthin, and mesozeaxanthin efficiently absorb potentially harmful blue light (450-495 nm from LED TV computer screens etc). Depending on the carotenoid pigment density at the center of the eye's retina (or macula), up to 90% of blue light can be absorbed by these pigments. [Krinsky, Johra, Feng, Yang]

There is no simple relationship between the 1 O 2 quenching rate and the excited triplet state of the carotenoids studied, which is expected when considering the purported reaction mechanism in Figure 4. Table 2 also shows the singlet excited state of the carotenoids for comparison reasons, but there is no evidence that singlet excited states of carotenoids are involved in singlet oxygen quenching. The singlet excited states of carotenoids absorb at shorter wavelengths and have higher excitation energies than the corresponding triplet excited states, suggesting that are less likely to be involved in countering photooxidative stress.

Conclusions

This study has examined the hydrogen˙ abstraction and electron transfer reactions of various carotenoids particularly astaxanthin using a solvent based hydrophilic and hydrophobic model of the cell membrane. The current widespread view is that astaxanthin and other xanthophylls derive their known high antioxidant properties because these molecules can span the width of the cell membranes such that the ionone groups are largely located near the hydrophilic aqueous regions of the membrane, therefore allowing easy H˙ abstraction. This view is shown to be wrong. The molecular lengths of astaxanthin and other xanthophylls are far too short to span the membranes of most biological cells. The cis isomers of astaxanthin have significant radical quenching properties in a membrane environment, but their molecular lengths are much shorter than the trans astaxanthin. Xanthophylls esters can be used to easily increase molecular length and so improve stability and bioavailability.

The antioxidant capacities against ROS oxidative stress caused by the hydroxyl radical HO˙, the peroxyradical HOO˙, by hydrogen˙ abstraction, and by electron transfer from superoxide O 2 •-, and reactions with hydrated electrons are examined. The hydroxyl radical HO˙ abstraction reaction and the electron transfer from superoxide O 2 •-, and reactions with hydrated electrons are shown to be the predominant processes in the cell membrane. The electron transfer from superoxide O 2 •-reaction only occurs in the inner dehydrated hydrophilic core of cell membrane, probably facilitated by anion transporters in the cell membrane. The superior antioxidative properties of carotenoids are due to their ability to have superior HO˙ scavenging plus electron transfer processes to the polyene (including allylic positions) moiety at the same time, such that the spin densities are distributed across the whole molecules for multiple processes.

Carotenoids are known to have prooxidant capacities which may be involved in triggering apoptosis in cancer cells. A carotenoid driven Fenton like process is favoured to produce a cation radical. The antioxidant capacity and singlet oxygen induced excited states of lutein, zeaxanthin and meso-zeaxanthin and other carotenoids such as astaxanthin in skin and eye diseases of the retina and lens are examined. The triplet states of the carotenoids absorb at longer wavelengths and with lower excitation states than the corresponding singlet excited states, suggesting the triplet states are the dominant species involved in countering photooxidative stress.

Experimental methods

All calculations were carried out using the Gaussian 09 package. Optimization, energy and thermodynamic calculations were conducted at the DFT/B3LYP/6-31G(d,p) (6d, 7f) level of theory for all atoms. Optimizations were in water. TD DFT calculations were at the CAM-B3LYP/6-31G+ (6d,7f) level. All calculations used the empirical dispersion GD3BJ level of theory and the SMD solvation model.

We have previously shown that the CDS non-electrostatic solvent energy is strongly related to logP. [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 change in free energy ΔG of equations 1-7 method has been previously applied to various anti-cancer drugs. [START_REF] Fong | The origins of mitochondrial antineoplastic oxidative stress induced by cisplatin, carboplatin, oxaliplatin and nedaplatin free radicals, hal archives[END_REF] Eq 7 used Fe +++ (H 2 O) 6 and Fe ++ (H 2 O) 6 to produce the carotenoid cation radicals.

Bi-radical definition: A biradical is an even-electron chemical compound with two free radical centres which act independently of each other. A diradical is a molecular species with two electrons occupying molecular orbitals (MOs) which are degenerate. Diradicals are usually triplets.

Figure 2 .

 2 Figure 2. Schematic views of astaxanthin (polar carotenoid) and β-carotene (non-polar carotenoid) permeating through the cell membrane. Astaxanthin is shown in two configurations (a) indicated by the red arrow where its length can span the width of the membrane such that the two polar terminal ionone rings are located in the intracellular and extracellular partially hydrated hydrophilic regions of the phospholipid bilayer (b) indicated by the green arrows where the length of the astaxanthin is not long enough to span the width of the membrane and only one terminal ionone ring can be exposed to the hydrophilic region (extracellular or intracellular) region at one time.

Figure 3

 3 Figure 3 illustrates how reactive oxygen species (HO • , HOO • , O 2•-etc) within the cell membrane from ROS extracellular (possibly sourced mainly from xanthine oxidase, exogenous sources etc) and from within the cytosol ROS intracellular (sourced mainly from mitochondria) attacking the two polar terminal ionone rings of astaxanthin in the hydrated region of the membrane, or penetrating the membrane to attack PUFAs (polyunsaturated fatty acids) or β-carotene buried in the hydrophobic membrane region.

Figure 3 .

 3 Figure 3. Schematic of astaxanthin penetrating cell membrane bilayer (showing orientation relative to βcarotene) and reacting with Reactive Oxygen Species (HO • , HOO • , O 2 •-etc) within the cell membrane from ROS extracellular and in the cytosol ROS intracellular attacking the two polar terminal ionone rings of astaxanthin in the hydrated region of the membrane, or penetrating the membrane to attack PUFAs or β-carotene buried in the hydrophobic membrane region. Astaxanthin is shown as spanning the membrane width, but this may not occur in most human cells.

  O 2 are: (a) photosensitivity reaction, (b) reactions induced by hydrogen peroxide produced by myeloperoxidase (MPO), (c) decomposition of peroxyl radicals (Russel mechanism), (d) reaction induced by superoxide anion (O 2 •-), (e) pathway via peroxynitrite decomposition.

Figure 4 .

 4 Figure 4. Antioxidant prevention of photooxidative stress caused by cyclic singlet oxygen quenching by carotenoids to form excited triplet state of carotenoids*, or oxidative degradation of carotenoids.

  n-octanol unless otherwise shown as water, or octane Molecular lengths Å in n-octanol, xanthophylls from 3-OH to 3′-OH, carotenes maximum length from cyclohexenyl rings. Mono radical at 3 or 3′-OH positions, Bi radical at 3 and 3′-OH positions, Mono radical at 3-OH plus allylic polyene position (See Figure 1(a)) ** Carotenoid + •OOH  Carotenoid• + + HOO - *** Carotenoid + Fe 3+  Carotenoid˙+ + Fe 2+ reaction

  Figure 5. HOMOs, LUMOs and spin density maps for various carotenoids

  

Table 1 . Free energies ΔG of notional •H abstraction reactions or single electron transfer reactions for various carotenoids

 1 

		•OH H abstraction	•OOH H abstraction*	O 2 •-transfer	e	O 2 •-abstraction H	Hydrated e •-transfer	Molecular length Å
			•OOH e				
			transfer**				
			Fe 3+ Fe 2+ e				
			Transfer***				
	Astaxanthin 							30.7
	Mono Radical	-27.9	6.0*	3.0		55.9	-26.4
		-25.2(octane)	4.5(octane)*	-32.4 (octane)	40.0	-16.7 (octane)
		-27.3 (water)	5.9 (water)*	11.9 (water)	26.4 (water)	-28.6 (water)
	Bi Radical Triplet	-53.9				113.6	
		-44.9(octane)					
	Bi Radical Singlet	-21.8					
		-11.2(octane)					
	Mono Rad+Allyl	-34.8					
	Triplet						
	Cation Radical		33.7**				
			17.5(water)**				
			94.1(octane)**				
	Cation Radical		-35.5***				

Table 2 . Singlet oxygen quenching, excited states, HOMO-LUMO energy gaps, and solvation energies for various carotenoids

 2 may not increase H• abstraction capability from the 3 and 3′ methine positions for example unless •OH radicals can easily penetrate deeper into cell membranes.Table2lists the ground state (HOMO and LUMO gap, CDS solvent lipophilicity) and excited state properties (singlet and triplet states) of a series of carotenoids, plus some experimental 1 O 2 quenching rates. The mechanism by which carotenoids can be effective quenchers of singlet oxygen is shown in Figure4. The HL gaps are a measure of ground state stability.

	: -O-C(O)-CH 3 33.9 Å, -O-C(O)-C 6 H 13

chain esters could easily span cell membranes (at ca 40-50 Å) in vivo, whereas trans astaxanthin at 30.7 Å cannot do so. It is noted that electron transfer to an di-esterified astaxanthin with say an -O-C(O)-C 6 H 13 chain results in a spin density (map not shown) similar to that of astaxanthin, indicating that such an esterification may increase bioavailability (by virtue of an increased lipophilicity) but