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Abstract

Macular xanthophylls (MXs) lutein and zeaxanthin are dietary carotenoids that are selectively
concentrated in the human eye retina, where they are thought to protect against age-related
macular degeneration (AMD) by multiple mechanisms, including filtration of phototoxic blue light
and quenching of singlet oxygen and triplet states of photosensitizers. These physical protective
mechanisms require that MXs be in their intact structure. Here, we investigated the protection of
the intact structure of zeaxanthin incorporated into model membranes subjected to oxidative
modification by water- and/or membrane-soluble small nitroxide free radicals. Model membranes
were formed from saturated, monounsaturated, and polyunsaturated phosphatidylcholines (PCs).
Oxidative modification involved autoxidation, iron-mediated, and singlet oxygen-mediated lipid
peroxidation. The extent of chemical destruction (bleaching) of zeaxanthin was evaluated from its
absorption spectra and compared with the extent of lipid peroxidation evaluated using the
thiobarbituric acid assay. Nitroxide free radicals with different polarity (membrane/water partition
coefficients) were used. The extent of zeaxanthin bleaching increased with membrane unsaturation
and correlated with the rate of PC oxidation. Protection of the intact structure of zeaxanthin by
membrane-soluble nitroxides was much stronger than that by water-soluble nitroxides. The
combination of zeaxanthin and lipid-soluble nitroxides exerted strong synergistic protection
against singlet oxygen-induced lipid peroxidation. The synergistic effect may be explained in
terms of protection of the intact zeaxanthin structure by effective scavenging of free radicals by
nitroxides, therefore allowing zeaxanthin to quench the primary oxidant, singlet oxygen,
effectively by the physical protective mechanism. The redox state of nitroxides was monitored
using electron paramagnetic resonance spectroscopy. Both nitroxide free radicals and their reduced
form, hydroxylamines, were equally effective. Obtained data were compared with the protective
effects of a-tocopherol, which is the natural antioxidant and protector of MXs within the retina.
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The new strategies employed here to maintain the intact structure of MXs may enhance their
protective potential against AMD.
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1. Introduction

Many epidemiological studies suggest that the high consumption of lutein and zeaxanthin is
associated with a lower risk of age-related macular degeneration (AMD) [1-3]. Only these
two carotenoids are selectively accumulated in the membranes of the retina from blood
plasma, where more than 20 other carotenoids are available [4, 5]. Another carotenoid,
meso-zeaxanthin (which is a stereoisomer of zeaxanthin), is converted from lutein within the
retina [6]. These carotenoids, named macular xanthophylls (MXs), are accumulated
primarily in the region of photoreceptor axons [7, 8] but also are detected within
photoreceptor outer segments [9, 10] and in the retinal pigment epithelium (RPE) [11]. They
are thought to combat light-induced damage mediated by reactive oxygen species by
absorbing the most damaging incoming wavelength of light prior to forming reactive oxygen
species (a function expected of carotenoids in axons) and by chemically and physically
quenching reactive oxygen species once they are formed (a function expected of carotenoids
in photoreceptor outer segments and retinal pigment epithelium).

Two main functions explain the selective presence of MXs in the retina. One functional
hypothesis states that MXs, due to their appropriate location mostly in the outer plexiform
layer [7, 8], form a filter for blue light and block hazardous light before it reaches the
potential photosensitizers responsible for photodynamic damage to the retina. Blue-light
absorption can be considered an indirect antioxidant action because it prevents the
generation of reactive oxygen species that can damage retinal cells. In fact, most ultraviolet
light below 300 nm is absorbed by the cornea [12], whereas ultraviolet light in the range of
300 to 400 nm is blocked by the lens. Nevertheless, some fraction of short wavelength blue
radiation reaches the retina and may activate endogenous retinal photosensitizers. Another
function of MXs is connected with the necessity of protection against oxidative stress,
because oxidative stress, in addition to aging, seems to be a major determinant in the
pathogenesis of AMD [13]. MXs may act directly as lipid-soluble antioxidants in retina
membranes. The antioxidant role of carotenoids involves both quenching of singlet oxygen
and scavenging of free radicals. Unfortunately, the same properties that make carotenoids as
beneficial as antioxidants also make them highly susceptible to oxidation. In this study, we
evaluate how several types of nitroxide free radicals (synthetic antioxidants) may protect
macular carotenoids against chemical degradation.

Carotenoids are known to be effective singlet oxygen quenchers, and their activities are
much higher than those of another retinal antioxidant a-tocopherol [14, 15]. Singlet oxygen
quenching by carotenoids in organic solvents mainly depends on the carotenoid’s triplet
state energy level and, thus, on the number of conjugated double bonds. Zea, with 11

Free Radic Biol Med. Author manuscript; available in PMC 2017 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zareba et al.

Page 3

conjugated double bonds, is an extremely efficient quencher. At room temperature, the
singlet oxygen quenching rate constant for Zea in benzene has been found to be 1.2x1010
M~1 571 [16]. The rate constant for lutein, with 10 conjugated double bonds, is two times
smaller (~0.66x1010 M~1 s71), MXs are also capable of quenching excited triplet states of
singlet oxygen photosensitizers such as all-trans-retinal [17, 18], retinyl ester [19], all-trans-
retinol [20], cytochrome c oxidase [21], porphyrins [22], melanin [23, 24], and lipofuscin
[25, 26]. Carotenoids can quench singlet oxygen by two different mechanisms. The first
mechanism, involving energy transfer and termed physical quenching, is considered the
major pathway of singlet oxygen deactivation. According to this mechanism, carotenoid
molecules deactivate singlet oxygen to the less reactive triplet ground state. During that
process, carotenoid molecules become excited to the triplet state and can return to the
ground state, dissipating the energy excess as heat. The benefit of physical quenching is that
carotenoids may act without alteration of their own chemical structure. The second
mechanism is called chemical quenching. It involves a chemical reaction between
carotenoids and singlet oxygen that results in pigment oxidation. This latter process
consumes the carotenoids themselves. Chemical quenching has been reported to contribute
less than 0.05% to the overall singlet oxygen quenching by carotenoids [27]. Several
carotenoid oxidation products have been found in the retina [11, 28], indicating that this
mechanism can take place in vivo and is responsible for destruction of the pigment
molecule.

The conjugated double bond system is primarily responsible for the high chemical reactivity
of carotenoids with both singlet oxygen [14, 29] and free radicals [30-32]. The selective
localization of MXs in domains rich in polyunsaturated phospholipids [33-35], and
therefore susceptible to free radical- and singlet oxygen-induced damage, is ideal for their
chemical antioxidant action. The scavenging of lipid-derived peroxyl radicals is also an
important antioxidant activity of MXs. Carotenoids scavenge lipid peroxyl radicals by
forming radical adducts [30], which are less reactive than lipid alkyl peroxyl radicals. Thus,
carotenoids are also reported as chain-breaking antioxidants, which delay the oxidation of
biomembranes by trapping chain-initiating or chain-propagating peroxyl radicals. This
chemical reaction leads to the destruction of carotenoid molecules. The mechanism by
which partially consumed carotenoids are replaced or repaired in the human retina is poorly
understood.

Both the physical and chemical stability of MXs in the retina are significant factors that
allow them to perform their protective action effectively and for a prolonged time. Physical
stability is manifested by their very slow removal from the retina, observed after
discontinuation of xanthophyll supplementation [36]. MXs are also degraded more slowly
than other dietary carotenoids such as carotenes and, thus, are chemically more stable [37,
38]. As indicated above, most of the protective actions of MXs in the retina are performed
through their physical protective mechanisms, which require that MXs be in their intact
structure. Thus, it is timely and important to identify mechanisms whereby the chemical
destruction (bleaching) of MXs in retinal membranes can be diminished.

Several studies have postulated that zeaxanthin and a-tocopherol provide synergistic
protection of the human retina against chronic oxidative damage caused by photo-induced
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lipid peroxidation in photoreceptor and RPE cell membranes [39, 40]. The proposed
mechanism is the inhibition of xanthophyll consumption by a-tocopherol. One could expect
that nitroxide free radicals could act in a similar way by sparing zeaxanthin and allowing it
to efficiently quench singlet oxygen.

Lipid soluble nitroxide free radicals can be considered synthetic antioxidants. They can act
as chain-breaking antioxidants, inhibiting the formation of lipid alkyl radicals. Being
radicals themselves, they react with other radicals, which leads to the termination of radical
chain reactions. Both nitroxide free radicals and their reduced forms, EPR-silent
hydroxylamines, can react with oxygen-centered and carbon-centered radicals and break the
radical chain reaction. Nitroxides, in contrast to other antioxidants such as carotenoids and
a-tocopherol, do not act as prooxidants. (See Ref. [41] for a discussion of the prooxidant
activities of carotenoids.) They are not depleted during their antioxidant action because their
reduction products (hydroxylamines) are also effective antioxidants [42]. It has been
reported that carotenoids are less effective in trapping peroxyl radicals then a-tocopherol
[43]. On the other hand, lipid-soluble nitroxides provided better protection to
polyunsaturated membranes than a-tocopherol [44, 45]. The recycling mechanism of
antioxidant action of nitroxides through oxoammonium cations and hydroxylamines seems
to be a great advantage as compared with traditional antioxidants: carotenoids and a-
tocopherol [46].

Here, we investigated how membrane- and/or water-soluble nitroxide free radicals (spin
labels) protect the intact structure of a representative MX, zeaxanthin (Zea), incorporated
into model membranes subjected to lipid peroxidation. We compared these data to the
protective effect of a-tocopherol, a natural antioxidant within the retina. We also tested
whether we could detect a synergistic, inhibitory effect on lipid peroxidation when
nitroxides and Zea act together. We theorize that new strategies, like the one employed here,
aimed at maintaining the intact structure of MXs during oxidative stress, which is implicated
in AMD pathogenesis, should enhance their protective potential.

2. Materials and Methods

2.1. Reagents

Dilinoleoylphosphatidylcholine (DLPC), dimyristoylphosphatidylcholine (DMPC), 1-
palmitoyl-2-arachidonoylphosphochatidyline (PAPC), 1-palmitoyl-2-
oleoylphosphatidylcholine (POPC), and 1-palmitoyl-2-(16-
doxylstearoyl)phosphatidylcholine (16-PC) were purchased from Avanti Polar Lipids, Inc.
(Alabaster, AL). Zea was purchased from CaroteNature (Lupsingen, Switzerland),
malondialdehyde (MDA) was obtained from Cayman Chemical (Ann Arbor, Ml). CTPO (3-
Carbamoyl-2,2,5,5-tetramethyl-3-pyrrolin-1-oxyl), TEMPO (2,2,6,6-Tetramethylpiperidine
1-oxyl), TEMPONE (2,2,6,6-tetramethylpiperidone-N-oxyl), and other chemicals, of at least
reagent grade, were purchased from Sigma-Aldrich Co. (St. Louis, MO).
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2.2. Preparation of liposomes

Multilamellar vesicles (liposomes) were prepared by the film deposition method: appropriate
amounts of all reagents were dissolved in chloroform and mixed; then, chloroform was
evaporated with a stream of nitrogen gas for about 20 minutes to form a lipid film on the
bottom of the test tube. The lipid film was thoroughly dried under reduced pressure (about
0.1 mm Hg) for 12 hours. A measured volume of PIPES buffer pH 7 was added to the dried
film and vortexed vigorously for about 3 minutes, until a uniform suspension of lipids was
obtained. As required for the experiment, liposomes contained appropriate amounts
(reported with the results) of Zea, a-tocopherol, and/or various spin labels. Zea, a-
tocopherol, and the nonpolar nitroxide (16-PC) were added as chloroform solutions and
dried along with the phospholipids. Polar nitroxides (CTPO, TEMPO, and TEMPONE)
were dissolved in water and added to PIPES buffer before resuspending the lipid film.

2.3. Oxidation of phospholipids

The oxidation of phospholipids was carried out using several methods: autoxidation—
samples were kept in dim light, iron-induced lipid peroxidation—peroxidation was initiated
by the addition of iron ions in the form of a hydrophobic complex (ferric-8-
hydroxyquinoline [Fe(HQ)3]) at a concentration of 10 M) prepared according to
Korytowski’s method [47], and photosensitizer-induced reaction—peroxidation was initiated
with singlet oxygen generated using the photosensitizer rose bengal. For the latter, samples
containing 10 uM rose bengal were irradiated with green light using a fluorescent lamp at a
power of 0.28 mW/cm? and a dark yellow green LEE filter (No. 090, LEE Filters, Andover,
UK). Since the spontaneous autoxidation depends on small amounts of lipid hydroperoxides
and contaminating metal ions in commercial lipids, great care was undertaken to use the
same lipid stock solutions for the connected series of experiments. Stock solutions were kept
frozen under argon.

At appropriate time intervals, 25 pl aliquots were collected and frozen for further analysis of
lipid peroxidation products. From samples containing Zea, 25 pl aliquots were collected at
the same intervals for quantification of Zea. All experiments were carried out at room
temperature; samples were equilibrated with atmospheric air.

2.4. Measurement of zeaxanthin degradation

Samples containing Zea were extracted with 150 pl of chloroform. UV/VIS spectra of Zea
(350 to 600 nm) were collected using a Beckman Coulter DU 800 spectrophotometer
(Beckman Coulter, Inc., Brea, CA). Absorbance at 460 nm was used to determine Zea
content.

2.5. Reduction and reoxidation of 16-PC nitroxide; EPR measurements

In order to produce the hydroxylamine form of 16-PC nitroxide, we developed a method in
which sodium ascorbate was used as a reducing agent. Using this method, 20 ul of a 1 mM
chloroform solution of 16-PC was taken, and chloroform was evaporated under a stream of
nitrogen. 16-PC was dissolved in 133 ul of absolute ethanol and mixed with 100 pl of 100
mM sodium ascorbate (or water for the control sample) by vigorous shaking. After 30
minutes, 150 pl of water and 267 pl of chloroform were added, and the mixture was shaken
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vigorously for 1 minute to extract the 16-PC. The sample was spun down for better
separation of the phases, and the organic phase was transferred to a new tube. An aliquot
was taken for the electron paramagnetic resonance (EPR) measurement, to confirm the
reduction of the characteristic signal of the nitroxide free radical. The amplitude of the EPR
signal was reduced to less than 10% of the control. To confirm that the resulting product can
undergo reoxidation, we subjected it to a similar procedure with 2 mM potassium
ferricyanide used in place of ascorbate. Using this protocol, we confirmed the complete
recovery of the characteristic EPR signal.

The EPR spectra were recorded with a Bruker EMX spectrometer. All spectra were collected
at room temperature with a modulation amplitude of 1.0 G and an incident microwave power
of 5.0 mW.

2.6. Measurement of lipid peroxidation

The accumulation of lipid peroxidation products was measured using a thiobarbituric acid
(TBA) assay. Briefly, 25 pl aliquots of liposome suspension that had been frozen were
thawed by the addition of 40 ul of 20% TCA containing 0.5 mM BHT (to prevent further
oxidation). Samples were centrifuged, 55 pl of the supernatant was transferred to fresh
microcentrifuge tubes containing 60 pl of 0.5% TBA, and samples were incubated at 95° C
for 30 minutes. After cooling on ice, the absorbance of the samples at 532 nm was
measured. The concentration of TBA reactive substances (TBARS) was determined using
malondialdehyde as a standard.

2.7. Statistical analysis

In order to estimate the experimental error, standard deviation was calculated from 2 or 3
replicates as indicated in figure legends.

3. Results and Discussion

3.1. The rate of zeaxanthin degradation (bleaching) increased with the degree of PC
unsaturation

Degradation of the intact structure of Zea is accompanied by the disappearance of its
characteristic UV/VIS spectrum, which makes a convenient and sensitive
spectrophotometric method of monitoring the bleaching of MXs. We used this approach (see
Sect. 2.4 for details) to compare the rates of Zea degradation during lipid peroxidation of
membranes made of phospholipids with different degrees of unsaturation. Zea was
incorporated into liposomes made of DMPC (saturated PC), POPC (monounsaturated PC),
and DLPC and PAPC (polyunsaturated PCs) at a Zea/PC molar ratio of 1/100. For this
comparison, we chose to use autoxidation of PCs as a simple model. As shown in Fig. 2, Zea
was completely depleted in DLPC membranes after 50 hours and, after the same time frame,
by only 60% in PAPC. By contrast, after 50 hours of autoxidation, the amount of Zea
decreased only by ~18% in POPC membranes and by less than 3% in DMPC membranes.
The fast rate of Zea degradation was observed only in polyunsaturated PC membranes that
undergo effective lipid peroxidation.
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The number of double bonds in one phospholipid molecule of DLPC and PAPC remains the
same, namely four. In the DLPC molecule, two conjugated double bonds are in each linoleic
acyl chain. In the PAPC molecule, four conjugated double bonds are accumulated in one
acyl chain (arachidonic), while the second chain (palmitic) is fully saturated. Lipid
peroxidation is initiated by a reactive oxygen species-mediated hydrogen abstraction from a
bis-allylic site within a polyunsaturated fatty acid chain. The DLPC molecule has four such
hydrogens and PAPC has six; hence, the former should, in theory, undergo slower oxidation
than the latter. In our system, however, we observed slower decay of Zea in liposomes made
of PAPC. We speculate that, in the PAPC membranes, the separation of polyunsaturated
arachidonic acyl chains by saturated palmitic acyl chains decreases the propagation of lipid
peroxidation and slows the rate of Zea degradation. Consumption of Zea is most likely a
result of its chemical interaction with free radicals generated during the oxidation of DLPC
and PAPC. After reacting with a free radical, the Zea molecule becomes a free radical itself.
A series of secondary reactions can occur that eventually lead to the degradation of the Zea
molecule.

3.2. Only membrane-located nitroxides effectively protect zeaxanthin from degradation in
polyunsaturated PC

Our previous work using lipid spin labels to study interactions of xanthophylls with model
membranes led us to suspect that, during long experiments, the presence of nitroxide free
radicals in the membranes may prevent xanthophyll bleaching [33, 34]. Here, we evaluate
this possibility, since the resulting information could prove useful in developing strategies to
protect the intact MXs structure in situ in the retina. To ensure that the prevention of
xanthophyll bleaching occurs exclusively in the lipid bilayer, we tested the effects of
nitroxide free radicals with different polarity (i.e., with different partitioning into the lipid
bilayer) on the bleaching of Zea during the autoxidation of DLPC (Fig. 3). The most polar
spin label CTPO, located mainly in the aqueous phase, had virtually no effect on the rate of
bleaching of Zea. TEMPONE, which is soluble in water but which (due to its chemical
structure) can also penetrate the nonpolar regions of lipid membranes, can provide partial
protection of Zea. The third nitroxide tested in our system was the lipid-soluble spin label
16-PC, which can almost completely protect Zea from degradation. To detect the weak
effects of water soluble nitroxides required approximately tenfold higher concentrations than
for the membrane-located 16-PC.

In 16-PC, the nitroxide free radical moiety is attached to the C16 carbon of the stearic chain
of the molecule (see Fig. 1), which ensures that it is located inside the lipid bilayer.
However, because of the vertical fluctuation and bending of the acyl chain, this moiety is
also present at all depths, from the membrane surface to the membrane center [48, 49]. The
results presented here indicate that nitroxide free radicals effectively protect Zea, which is
transversely located in the lipid bilayer [50], only when they are located also in the lipid
bilayer. To standardize our conditions throughout all subsequent experiments, we kept the
16-PC/PC ratio constant, namely at 1/100.
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3.3. Both nitroxide free radicals and their reduced forms, hydroxylamines, were equally
effective in protecting against degradation of zeaxanthin

Nitroxide free radicals are very effective scavengers of other free radicals by accepting their
unpaired electron. Because of that, they are good chain-breaking compounds during lipid
peroxidation [51-53]. After accepting an electron, nitroxides become EPR-silent
hydroxylamines. This is a reversible reaction, and a hydroxylamine can give its electron to
another free radical in the lipid peroxidation chain. In this way, nitroxides can work in the
cycle as one-electron acceptors (being reduced to hydroxylamines), and hydroxylamines as
one-electron donors (being oxidized to nitroxides). We tested if this reversible redox process
can explain the high effectiveness of nitroxides in the protection of Zea during lipid
peroxidation. As shown in Fig. 4, both the nitroxide 16-PC and its reduced form (its
hydroxylamine form prepared as described in Sect. 2.5) were equally effective in protecting
Zea against degradation during the autoxidation of DLPC. This very promising result
indicates that nitroxides are not consumed during that process and can be effective protectors
of the intact Zea structure for a prolonged time. When 16-PC protected Zea during DLPC
autoxidation, its EPR signal intensity decreased to about 80% of its initial intensity. When
the reduced form of 16-PC (its hydroxylamine) protected Zea, the EPR signal (coming from
16-PC) increased to about 80% of the value predicted if all reduced 16-PC returned to the
EPR active 16-PC. Both reactions are slower than the bleaching of Zea, and the steady-state
level (80% of the EPR signal intensity) is reached after more than 100 hours of autoxidation.
These data indicate that 16-PC is involved in the reversible one electron reduction/oxidation
process. Here, it should be noted that molecular oxygen, as a two-electron acceptor, is not an
effective oxidant for hydroxylamines [54].

3.4. Only for singlet oxygen-mediated lipid peroxidation did membrane-located nitroxides
protect zeaxanthin more effectively than a-tocopherol

To clarify the mechanism by which membrane-located nitroxides (16-PC) protect the intact
structure of Zea, we have to compare the degree of Zea degradation with the degree of lipid
peroxidation. To accomplish this, in following experiments we used PAPC instead of DLPC.
This PC contains four conjugated double bonds in one acyl chain, which allowed the use of
the TBA assay to quantify total phospholipid peroxidation products as TBARS (see Sect.
2.6). In addition to autoxidation, we induced lipid peroxidation in the dark directly in the
bilayer by the hydrophobic iron complex [Fe(HQ)3] and by singlet oxygen generated in the
photosensitized reactions with rose bengal (see Sect. 2.3). In this section, we focused on the
degradation of Zea in PAPC membranes subjected to lipid peroxidation induced by the three
methods discussed in Sect. 2.3. We also compared the protection provided by 16-PC with
that provided by a-tocopherol.

As indicated in Fig. 5A, we observed the slow bleaching of Zea incorporated into PAPC
liposomes subjected to autoxidation. Both 16-PC and a-tocopherol slowed this process
significantly, and their effects were nearly the same. Autoxidation is a relatively slow
process driven, most likely, by traces of redox-active metal ions that initiate lipid
peroxidation by reacting with preexisting lipid hydroperoxides [55]. In order to accelerate
this process, we supplied our model system with external iron in the form of the
hydrophobic [Fe(HQ)3] complex (see Sect. 2.3). Ferric hydroxyquinoline is a convenient
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initiator of lipid peroxidation as it can easily penetrate into lipid membranes and react with
preexisting lipid hydroperoxides; this starts a free radical chain reaction [47]. The addition
of 10 uM external iron to the suspension of PAPC liposomes increased the rate of Zea
degradation about tenfold (Fig. 5B). Although the rate of oxidative reactions increased
markedly as compared with the autoxidative process, the effects of antioxidants 16-PC and
a-tocopherol were almost the same as during autoxidation (when comparing the percentage
of the protected Zea). Again, 16-PC and a-tocopherol slow the bleaching of Zea very
similarly (Fig. 5B).

Fig. 5C shows the results of experiments in which we monitored the degradation of Zea
during the singlet oxygen-induced peroxidation of PAPC membranes. In this case, with the
rate of bleaching of Zea similar to that for the iron-induced process, the degree of protection
by 16-PC was much greater—we could hardly detect any degradation of Zea during the five-
hour experiment (Fig. 5C, solid lines). For the set of experiments with rose bengal as a
photosensitizer, we introduced a lower (8 uM) concentration of Zea because the synergistic
effects of Zea with other antioxidants on singlet oxygen-induced lipid peroxidation were
masked by its strong effects when used at a higher, 25 pM, concentration (see Sect. 3.6). At
8 UM, the rate of degradation of Zea increased about twofold. The presence of 16-PC
significantly slowed this process. Moreover, 16-PC was about two times more effective in
protecting Zea than a-tocopherol (Fig. 5C, dashed lines).

3.5. Lipid-soluble nitroxides effectively protect zeaxanthin against singlet oxygen-induced
destruction in saturated PC membranes

The retina contains certain MXs metabolites; this indicates that chemical quenching of
singlet oxygen can take place in this tissue [28, 56]. To better understand this process, we
tested the involvement of singlet oxygen itself in the process of Zea destruction. We chose
liposomes made of saturated and non-oxidizable phospholipid, DMPC, as the reaction
system. The photobleaching of Zea should now result only from its direct interaction with
the excited molecules of rose bengal and/or with singlet oxygen. The direct interaction of
polar molecules of rose bengal, located in the aqueous phase, and Zea, presumably located
in the nonpolar regions of the membrane, is unlikely. Thus, we believe that the 35% decrease
in the amount of intact Zea after 7 hours of irradiation can be explained by the singlet
oxygen-induced oxidative damage of Zea (Fig. 6).

Singlet oxygen, on the other hand, should penetrate into, and diffuse inside, the membranes
as easily as triplet (ground) state oxygen, which dissolves better in membranes than in water
and diffuses as easily in membranes as in water [57-60]. From the comparison of the
destruction rate of Zea in DMPC membranes with that in membranes made of PAPC, we can
conclude that singlet oxygen contributes about one-third of the total destruction observed in
unsaturated membranes (Figs. 5C and 6). Our interpretation is that the major contribution to
this process comes from the degradation of Zea during the “dark” peroxidation of PAPC.

As shown in Fig. 6, nitroxide free radicals can protect Zea from singlet oxygen-induced
destruction (bleaching) in DMPC membranes. In a manner similar to what we observed
during autoxidation of PC membranes (see Fig. 3), the water soluble CTPO had the smallest
protective effect, reducing Zea destruction after 7 hours of irradiation from 35% to 30%. The
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nitroxide radical TEMPO, which also can easily penetrate into the lipid bilayers [61],
effectively inhibits the bleaching of Zea with only 10% Zea bleached after 7 hours of
irradiation. The most effective is the membrane-located 16-PC, showing that only 5% of Zea
was destroyed during 7 hours of exposure to singlet oxygen. As illustrated in Fig. 3, we used
concentrations of both CTPO and TEMPO tenfold higher than of 16-PC, in order to
compensate for their solubility in the aqueous phase. Taken together, these outcomes
indicate that both Zea destruction and Zea protection occur mainly within the membrane
through the singlet oxygen-dependent reactions. Spin labels quench singlet oxygen, although
their quenching ability as compared with carotenoids is significantly lower. In the
hydrophobic solvents, the quenching rate constant for TEMPO and TEMPO derivatives is
~105-10% M~1s71 [62—64], while for Zea it is 1.2 x1010 M~1s~1 [16]. In the aqueous phase,
the water-soluble CTPO and the water-located portion of TEMPO can also quench water-
located singlet oxygen and further may quench the exited state of rose bengal. We should
note here, that the rate constant for the reaction of singlet oxygen with typical unsaturated
lipids is in order of 10° M~1s71 [65-67]. Only in the case of plasmalogens it is as high as
~108 M~1s71 [67]. Therefore, we

3.6. Combination of zeaxanthin and lipid-soluble nitroxides exerted a strong synergistic
protection against singlet oxygen-induced lipid peroxidation

In this paper, we focus mainly on the question of whether selected nitroxide free radicals can
protect the intact Zea structure during the oxidation of lipids. In the last section, we
investigated whether the protection of Zea by 16-PC can result in the synergistic inhibition
of lipid peroxidation, similar (or stronger) to what is known for a combination of Zea and a-
tocopherol. To measure the extent of lipid peroxidation, we employed a TBA assay, which is
a widely used method for detecting the end products of this process. The TBARS detected in
our samples may consist of various lipid peroxidation end products, with relative distribution
depending on the position of the hydroperoxide formed, that in turn could potentially be
determined by the manner in which peroxidation is induced. Hence, our comparison of data
generated with different oxidation methods should be interpreted only in a semiquantitative
manner.

Fig. 7 contains cumulative results showing how Zea itself, lipid-soluble antioxidants (16-PC
and a-tocopherol), and a combination of these antioxidants with Zea protect PAPC
membranes against peroxidative damage during the autoxidation process (Fig. 7A) and when
peroxidation is induced by exogenous iron (Fig. 7B) or singlet oxygen (Fig. 7C). In samples
without antioxidants, only in the case of autoxidation was a prolonged lag phase (about 75
hours) observed. In two other cases, peroxidation started immediately after the addition of
iron or after turning on the light to start production of singlet oxygen. In all three cases, we
followed peroxidation up to the moment when the amount of accumulated TBARS reached
(or started to reach) a plateau. It occurred after ~300 hours for autoxidation, after ~60 hours
for iron-induced peroxidation, and after ~7 hours during exposure to singlet oxygen. The
amount of TBARS produced at those time intervals was 30 uM, 70 uM, and 95 UM,
respectively. To compare the intensity of PAPC peroxidation in control experiments
(samples without antioxidants), we evaluated the maximal rates of the TBARS production
from linear segments of the appropriate TBARS accumulation curves presented in Figs.
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7AC. This rate was maximal for singlet-oxygen-induced peroxidation (30 uM/hr), lower for
iron-induced peroxidation (1 uM/hr), and very low for autoxidation (0.25 uM/hr). Initiators
of lipid peroxidation not only reduced the time of experiments, but also increased the
reproducibility of the results, making kinetic analysis more reliable.

Zea alone differentially affected the peroxidation of PAPC membranes for all three
processes. In the case of autoxidation, Zea significantly accelerated the peroxidation process
during the lag phase (about the first 100 hours); after that, the time the effect of Zea was
negligible (Fig. 7A). Interestingly, during this first 100 hours, Zea was completely bleached
and destroyed (Fig. 5A). In the case of iron-induced peroxidation, Zea alone had little effect
on peroxidation (Fig. 7B). In that system, Zea was destroyed after 20 hours (Fig. 5B). We
can conclude that products of Zea degradation also did not significantly affect the
peroxidation process. Only in the case of singlet oxygen-induced peroxidation did Zea
significantly inhibit the production of TBARS. In the presence of Zea, we observed a clear
lag phase of about 3 hours during which only ~5 pM of TBARS was accumulated; without
Zea, accumulation of TBARS reached ~70 uM. In the case of singlet oxygen-induced
peroxidation, 60% of Zea was destroyed after 5 hours (Fig. 5C). The concentration of Zea
used through our experiments (25 uM) very strongly inhibited singlet oxygen-induced PAPC
membrane peroxidation, which masked any possible synergistic effects with other
antioxidants. Because of that, we also investigated effects of 8 UM Zea alone and in
combination with 16-PC or a-tocopherol (data presented in Fig. 7C, dashed lines). At that
concentration, the observed lag phase was about 1.5 hours. A strong antioxidant action of
Zea was observed up to 4 to 5 hours after irradiation. After that time, further inhibition of
the peroxidation of PAPC membranes was not observed. Instead, signs of the acceleration of
the peroxidation after 6 hours of exposure to light and singlet oxygen production were noted
(Fig. 7C).

As shown in Figs. 7A and 7B, Zea did not protect PAPC membranes against autoxidation
and iron-induced peroxidation. A similar observation was reported by Chen et al. [68]. Both
nonpolar and polar carotenoids were easily degraded by free radicals generated from iron,
but they were not protective against lipid peroxidation. At the conditions applied here, with a
Zea/PAPC ratio of 1/100 and samples equilibrated with air at room temperature, Zea exerts
no protective effects and even shows a small pro-oxidant effect. The dual role of carotenoids
as both beneficial and harmful agents was connected mainly with their abilities to serve as
antioxidants [32, 69, 70], inhibiting free radical production, and as pro-oxidants [71-73],
propagating free-radical-induced reactions. Their antioxidant functions and pro-oxidant
activities depend on their intrinsic properties (i.e., structure, concentration, location in
membranes) as well as on extrinsic factors (i.e., oxygen concentration, interaction with other
redox agents, the redox state of the biological environment in which they act) [74]. In
membranes, carotenoids demonstrate an inhibitory effect on the formation of lipid oxidative
products [32, 69, 70]. There is evidence that they can also enhance the formation of lipid
oxidative products, at least under certain conditions (high oxygen concentration, high
carotenoid concentration, prolonged oxidative modification) [71, 75]. In our experiments, all
of these conditions existed. The goal of this research, however, was to find ways to protect
the intact structure of MXs, which should enhance their protective function through physical
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mechanisms. Therefore, we will refrain from further discussion of the pro-oxidant and
antioxidant actions of Zea and direct readers to two chapters on these subjects [74, 76].

Lipid-soluble antioxidants a.-tocopherol and 16-PC (25 uM) alone effectively inhibited the
“dark” peroxidation of model membranes (Figs. 7A and 7B). Their effects, when comparing
the ratio of the amount of TBARS formed in the presence and absence of antioxidants, were
comparable for both autoxidation and iron-induced peroxidation. The effects also were
similar for both antioxidants. In the case of singlet oxygen-induced peroxidation (Fig. 7C),
inhibition caused by 16-PC was about two times stronger than that caused by a-tocopherol.
Our results are in principal agreement with previously published data showing that, when
lipid peroxidation is initiated by free radical reactions, carotenoids are less effective
antioxidants then a-tocopherol [43], while lipid-soluble nitroxides provided better lipid
protection than a-tocopherol [44, 45]. This can also explain the results presented in Fig. 5C,
which show that 16-PC was about two times more effective in protecting Zea than a-
tocopherol.

Interestingly, the inhibitory effects of 16-PC and a-tocopherol were significantly weaker
than the inhibition caused by both antioxidants during the “dark” processes. This suggests
some similarities in peroxidation processes and the mechanisms of their inhibition during
autoxidation and iron-induced peroxidation (Figs. 7A and 7B). In both cases, antioxidants
delay the oxidation of membrane lipids by trapping chain-initiating and chain-propagating
peroxyl radicals. When peroxidation is initiated by a photosensitized generation of singlet
oxygen, protection is based on the quenching of this reactive species. This is demonstrated
by the inhibitory effect of Zea on the accumulation of peroxidation products (Fig. 7C).

In the case of “dark” peroxidation, the inhibitory effect of combining Zea with 16-PC or a-
tocopherol did not differ significantly from the effects of 16-PC and a-tocopherol alone
(Figs. 7A and 7B). This is understandable because Zea is not a very efficient chain-breaking
antioxidant. In contrast, when light-induced lipid peroxidation was investigated, the
combination of Zea and lipid-soluble antioxidants exerted strong synergistic protection
against singlet oxygen-induced lipid peroxidation (Fig. 7C). After 7 hours of irradiation, the
combination of Zea (8 uM) and a-tocopherol (25 uM) decreased production of TBARS by
~45% and the combination of Zea (8 uM) and 16-PC (25 uM) decreased production of
TBARS by ~95%. This is an extremely strong protective effect produced by the combination
of these two agents, with the total effect much greater than the sum of the effects of the
individual agents. We also observed a similar, very strong synergistic effect, produced by the
combination of Zea with another lipid-soluble nitroxide TEMPO, on the protection of PAPC
membranes against singlet oxygen-induced peroxidation (data not shown). Together, these
results indicate that membrane-located nitroxide free radicals not only protect Zea from
destruction, they also enhance the effect of Zea as a lipid-soluble antioxidant during light-
induced lipid peroxidation.

4. Final Discussion

Major protection of the retina provided by MXs occurs through blue light filtration,
quenching the triplet state of potent photosensitizers, and physical quenching of singlet
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oxygen. All these physical, photo-related processes require that the MXs remain in their
intact structure. However, the conjugated double bond system of carotenoids makes them
highly chemically reactive and very susceptible to oxidation. Chemical quenching of singlet
oxygen and scavenging of free radicals consume carotenoids themselves and destroy their
intact structure. As a consequence, their physical actions, which are major actions in the
protection of the retina, are diminished.

The goal of the presented study was to find ways to protect MXs against their destruction in
the retina, mainly during peroxidation of retinal membranes. This seems significant, because
oxidative stress is one of the major factors that promotes the development of AMD. The
protection of the intact structure of MXs should extend and enhance their positive actions in
the retina through physical processes (filtration of blue light, quenching triplet states of
photosensitizers, physical quenching of singlet oxygen). Membrane-located nitroxide free
radicals protected Zea against destruction, and their effect is especially pronounced during
the light-induced formation of singlet oxygen.

Two other investigated systems (with autoxidation and iron-induced peroxidation) helped to
clarify processes responsible for the bleaching of Zea and identify mechanisms through
which Zea was protected against bleaching. All the data presented in Figs. 5A, 5B, 7A, and
7B indicate that Zea was degraded through chemical reactions with the lipid peroxyl
radicals. It is also clear that, during lipid peroxidation, lipid-soluble antioxidants (a.-
tocopherol and 16-PC) protect the intact structure of Zea through the inhibition of these
oxidation reactions in the PAPC bilayer. Similarly, the protective effects of 16-PC and a-
tocopherol on the bleaching of Zea (Figs. 5A and 5B) correlate with the protection caused
by 16-PC and a-tocopherol on the peroxidation of PAPC (Figs. 7A and 7B). Both a-
tocopherol and 16-PC may act as chain-breaking antioxidants and protect MXs, which are
rather preventive antioxidants and act as the first line of defense against lipid peroxidation.
Following are our comments about expected synergistic effect of the action of Zea in
combination with other lipid-soluble antioxidants: According to the definition of synergism,
the total effect of the combined agents should be greater than the sum of the effects of the
individual agents. For these two systems, Zea did not protect PAPC membranes against
autoxidation and iron-induced peroxidation. Zea, at conditions applied here (at all times,
samples were equilibrated with atmospheric air), exerts no effects and even shows a small
pro-oxidant effect (see Sect. 3.6). Thus, the effects of combined antioxidants can be
explained only by the antioxidant effect of a-tocopherol or 16-PC. Based on results
presented in Figs. 7A and 7B, we observed no synergistic effects for the combination of Zea
with other antioxidants (16-PC or a-tocopherol) in these systems.

Only in the case of singlet oxygen-induced lipid peroxidation did Zea show clear protection
against peroxidation of PAPC membranes. The protective effect of Zea is especially
pronounced during the first stage of peroxidation, when the lag phase of 3 hours or 1.5 hours
in the presence of 25 UM or 8 UM Zea, respectively, is clearly observed. During these lag
phases ~30% of 25 uM Zea and ~35% of 8 UM Zea were consumed. The addition of 25 uM
16-PC during these lag phases protected 100% of Zea when its concentration was 25 UM, or
97% when its concentration was 8 pM. Thus, 25 pM of 16-PC effectively protects Zea from
bleaching during singlet oxygen-induced peroxidation (Fig. 5C). The most impressive
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observation is a very strong synergistic, inhibitory effect of Zea and 16-PC on lipid
peroxidation (Fig. 7C), much stronger than the combination of Zea and a-tocopherol. These
results indicate that protection of Zea provided by membrane-located nitroxide free radicals
preserves and enhances the photo-related protective actions of Zea. We believe our research
indicates a promising new strategy for maintaining an intact MXs structure during oxidative
stress.
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Highlights

. Nitroxides protect intact structure of zeaxanthin during oxidative stress

. Lipid-soluble nitroxides offer better protection than water soluble
nitroxides

. Effect of nitroxides was comparable or stronger than that of a-
tocopherol

. Zeaxanthin and lipid-soluble nitroxides exert strong synergistic
protection
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Fig. 1.

Chemical structures of phospholipids and nitroxide free radicals (spin labels) used in these

studies.

Free Radic Biol Med. Author manuscript; available in PMC 2017 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Zareba et al.

Page 21

100

- (o)) o
o o o

Zeaxanthin (% of initial amount)
N
o

0 . ; ;
0 20 40 60 80

Time (hr)

Fig. 2.

Bl?eaching of Zea (25 uM) in model membranes made of saturated (DMPC),
monounsaturated (POPC), and polyunsaturated (DLPC and PAPC) phospholipids during
their autoxidation. The concentration of all phospholipids was 2.5 mM. Error bars, when
they are present, represent SD. n=3.
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Fig. 3.

Bleaching of Zea (25 pM) in DLPC membranes subjected to autoxidation in the absence and
presence of CTPO (250 uM), TEMPONE (250 uM), and 16-PC (25 uM). Error bars, when
they are present, represent SD. n=3. Data for Zea alone plot are the same as in Fig. 2.
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Degradation of Zea (25 pM) during autoxidation of DLPC membranes in the absence and
presence of 16-PC (25 uM) or its reduced form (hydroxylamine, 25 uM). Error bars, when

they are present, represent SD. n=3.
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Fig. 5.

Bleaching of Zea located in membranes made of polyunsaturated phospholipid (PAPC, 2.5
mM) during their peroxidation in the absence and presence of spin label 16-PC (25 uM) or
a-tocopherol (25 uM). Lipid peroxidation was induced using three different methods: A —
autoxidation, in the presence of 25 UM Zea; B - peroxidation induced by a hydrophobic
complex of Fe (10 uM) in the presence of 25 uM Zea, and C - peroxidation induced by rose
bengal (10 uM) and green light at two different concentrations of Zea - 25 pM (solid lines)
or 8 uM (dashed lines). Error bars, when they are present, represent SD. In A n=3, in B and

Cn=2.
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Fig. 6.
The effect of polarity of nitroxide radicals on bleaching of Zea (25 uM) in DMPC

membranes irradiated with green light in the presence of 10 uM rose bengal. CTPO and
TEMPO were 250 uM, 16-PC was 25 pM. conclude that singlet oxygen quenching by both
spin labels and unsaturated lipids may contribute to protecting Zea from bleaching.
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Fig. 7.

Tr?e effect of 16-PC (25 uM) or a-tocopherol (25 uM), alone or in combination with Zea, on
the accumulation of phospholipid peroxidation products (TBARS). Model membranes were
made of polyunsaturated phospholipid (PAPC, 2.5 mM). Lipid peroxidation was induced
using three different methods: A — autoxidation, in the presence of 25 pM Zea; B -
peroxidation induced by a hydrophobic complex of Fe (10 uM) in the presence of 25 uM
Zea, and C - peroxidation induced by rose bengal (10 uM) and green light at two different
concentrations of Zea - 25 UM (solid lines) or 8 UM (dashed lines). Error bars, when they are
present, represent SD. In A and B n=2. In C n=3 except for Zea and Zea + 16-PC, where
n=2.
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