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Abstract: Vitamins C and E and zeaxanthin are components of a supplement tested in a large clinical
trial—Age-Related Eye Disease Study 2 (AREDS2)—and it has been demonstrated that they can
inhibit the progression of age-related macular degeneration. The aim of this study was to determine
the optimal combinations of these antioxidants to prevent the phototoxicity mediated by vitamin A
aldehyde (ATR), which can accumulate in photoreceptor outer segments (POS) upon exposure to light.
We used cultured retinal pigment epithelial cells ARPE-19 and liposomes containing unsaturated
lipids and ATR as a model of POS. Cells and/or liposomes were enriched with lipophilic antioxidants,
whereas ascorbate was added just before the exposure to light. Supplementing the cells and/or
liposomes with single lipophilic antioxidants had only a minor effect on phototoxicity, but the
protection substantially increased in the presence of both ways of supplementation. Combinations
of zeaxanthin with α-tocopherol in liposomes and cells provided substantial protection, enhancing
cell viability from ~26% in the absence of antioxidants to ~63% in the presence of 4 µM zeaxanthin
and 80 µM α-tocopherol, and this protective effect was further increased to ~69% in the presence of
0.5 mM ascorbate. The protective effect of ascorbate disappeared at a concentration of 1 mM, whereas
2 mM of ascorbate exacerbated the phototoxicity. Zeaxanthin or α-tocopherol partly ameliorated the
cytotoxic effects. Altogether, our results suggest that the optimal combination includes upper levels
of zeaxanthin and α-tocopherol achievable by diet and/or supplementations, whereas ascorbate
needs to be at a four-fold smaller concentration than that in the vitreous. The physiological relevance
of the results is discussed.

Keywords: carotenoid; xanthophyll; zeaxanthin; α-tocopherol; ascorbate; retina; retinal pigment
epithelium; photosensitized oxidation; phototoxicity; age-related macular degeneration

1. Introduction

Vitamin A aldehyde, also known as all-trans-retinal or all-trans-retinaldehyde (ATR),
can transiently accumulate in the retina as a result of the absorption of light by visual
pigments [1–5]. Light absorption by visual pigments causes the photoisomerization of its
chromophore 11-cis-retinaldehyde, which is bound to the amine group of Lysine 296 via
protonated Schiff-base linkage. This leads to the activation of the visual pigment to its
biochemically active state, where it can bind the G protein transducin, thereby initiating
the phototransduction cascade, leading to visual perception. Subsequently, the isomerized
chromophore, ATR, is hydrolyzed from the protein. ATR has potent photosensitizing
properties: upon photoexcitation with UV or blue light, it forms an excited triplet state
which can transfer the excess energy to molecular oxygen to generate an excited state
of oxygen—singlet oxygen [1–3,6–10]. It has been determined that, depending on its
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environment, up to 30% of absorbed photons can be used for the generation of singlet
oxygen by ATR [11,12]. It has been also reported that ATR can generate free radicals such
as superoxide [12]. Both singlet oxygen and superoxide are reactive oxygen species that
can exert damage to surrounding biomolecules of the photoreceptor outer segment and
neighboring RPE cells [1–3,6–10].

While there are enzymes responsible for the clearance of ATR, mainly ATP-binding
transporter rim protein (ABCR, also known as ABCA4) and retinol dehydrogenase 8 (RDH8),
their velocity as well as the availability of co-factors, such as ATP and NADPH, are limited,
and mutations in genes coding these enzymes can further limit their activities [1–4,6,13–15].
Therefore, a transient accumulation of ATR may occur after exposure to bright light of the
dark-adapted retina [1–4,16–20]. Certain genetic mutations causing dysfunction of ABCR
are responsible for increasing the susceptibility of such retina to light-induced injury shown
in animals and are associated with development of Stargardt’s disease and a subset of
cases of other blinding diseases, retinitis pigmentosa and age-related macular degeneration
(AMD) in humans [4,15,16]. All these retinal diseases—AMD, Stargardt’s disease and
retinitis pigmentosa—are associated with increased oxidative stress and oxidative damage
in the outer retina, comprised of photoreceptive neurons and retinal pigment epithelium
(RPE) [21–30].

Photoreceptors and RPE contain a number of antioxidants, including three antioxi-
dants of dietary origin: ascorbate (vitamin C), α-tocopherol (vitamin E) and xanthophylls.
The only xanthophylls from dietary sources that accumulate in the retina are lutein and
zeaxanthin [31–37]. They reach the greatest concentration in the retinal area occupied
by axons of photoreceptors in the fovea, but a considerable amount, 15–25%, of retinal
xanthophylls are present in the photoreceptor outer segments (POS) [38,39]. Sommerburg
and colleagues extracted 27.6 and 9.02 ng of xanthophylls from human POS and RPE,
respectively [38]. Considering the surface of the retina of 0.136 cm2 [40] and thickness of
POS and RPE layer as 24 and 8 µm [41], respectively, the concentrations of xanthophylls
can be estimated as 1.5 µM both in POS and RPE. Both lutein and zeaxanthin are excellent
quenchers of excited states of photosensitizers and singlet oxygen. Zeaxanthin is more
effective than lutein as a singlet oxygen quencher with the quenching rate constant of
12.6 × 109 M−1 s−1, which is close to the diffusion-controlled limit [42–44]. The process of
singlet oxygen quenching by xanthophylls is mainly physical, whereby carotenoids accept
the excess of energy from singlet oxygen and deactivate to the ground state via internal
conversion, with only a small fraction of interactions with singlet oxygen, less than 0.1%,
leading to the oxidation of the carotenoid [45–47]. Xanthophylls, like other carotenoids, can
also act as free radical scavengers; however, this mode of action can lead to the formation
of reactive carotenoid radical and leads to their degradation [42,43,46].

Alpha-tocopherol quenches singlet oxygen but with rate constants 20 to 100 times
smaller than that of zeaxanthin. The reported values range from 0.12 to 0.62 × 109 M−1 s−1,
with 2–7% of quenching resulting in the oxidation of α-tocopherol and formation of
quinones and other products [48]. Alpha-tocopherol is a well-known free radical scav-
enger that can effectively inhibit lipid peroxidation, acting as a chain-breaking antioxi-
dant [49]. It can also reduce semi-oxidized lutein, zeaxanthin and ATR to their original
states [42,43,46,50]. Alpha-tocopherol is the main tocopherol present in human tissues,
including the retina [38,51–54]. Friedrichson and colleagues determined that α- and γ-
tocopherols content (80–84% of which was α-tocopherol) in human neural retinas and RPEs
is about 24 nmol/retina, equivalent to 2.04 ± 0.62 nmol/mg protein, whereas the content in
the RPE is 3.27 ± 1.48 nmol/mg protein [53]. This allows us to evaluate the concentrations
of α-tocopherol in the neural retina to be about 67 µM (assuming the average thickness
of the retina as 230 µm) and 101 µM in the RPE. Both values are two to three-fold greater
than the average concentration of α-tocopherol in the blood plasma, which is about
25–35 µM [55,56].

Unlike carotenoids and tocopherols, ascorbate is a hydrophilic molecule that is soluble
in water and negatively charged under physiological pH. Ascorbate is present in the human
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blood plasma and human vitreous at concentrations of about 50–80 µM and 2 mM, respec-
tively [57,58]. The concentration of ascorbate in the blood plasma can be further increased
up to 0.25 mM by oral supplementation [59]. Brain glial cells and neurons are particularly
rich in ascorbate, where its concentrations are about 1 and 10 mM, respectively [60]. This
accumulation is due to its active transport via sodium-dependent vitamin C transporters,
which are highly expressed in the basal membrane of human RPE and with much smaller
density in photoreceptors and other cells of the neural retina [57,58].

Ascorbate can quench singlet oxygen with a bimolecular rate constant of 0.3× 108 M−1 s−1

at pH 7.2, and this rate constant greatly decreases upon protonation [61]. As a result of
interaction with singlet oxygen, hydrogen peroxide is formed, and ascorbate is oxidized to
dehydroascorbate. Ascorbate can scavenge free radicals, including tocopheroxyl radical,
and carotenoid and retinoid radical cations, thereby restoring these lipophilic antioxidants
to the original state [42,43,46,49,50,62]. However, ascorbate can exert pro-oxidant effects
in the presence of redox active metal ions such as iron by reducing these metal ions and
thereby enabling them to function as catalysts of the Fenton reaction, where the reduced
metal ion decomposes the hydrogen peroxide, leading to the formation of the most reactive
free radical—the hydroxyl radical.

We have previously shown that the protection against photooxidative damage me-
diated by singlet oxygen and free radicals can be enhanced and the prooxidant effects of
ascorbate in phototoxicity can be partly ameliorated, sometimes in a synergistic fashion, by
using a combination of xanthophyll with α-tocopherol and/or ascorbate [63–65]. We have
also shown that the mechanism responsible for the enhanced protection by zeaxanthin
and another antioxidant that is a good free radical scavenger is based on the protection of
zeaxanthin from oxidative degradation so that it can function longer as an unsurpassed
singlet oxygen quencher.

A similar combination of antioxidants was tested in a large clinical trial—Age-Related
Eye Disease Study 2 (AREDS2)—on 4103 patients with age-related macular degeneration
(AMD) [66]. The participants were supplemented daily with xanthophylls (10 mg lutein
and 2 mg zeaxanthin), 400 IU vitamin E, 500 mg vitamin C, zinc oxide and cupric oxide with
or without omega-3 lipids or β-carotene and followed up for a period of about 5 years over
which 1940 eyes of 1608 patients progressed to advanced AMD. AREDS2 demonstrated
that patients taking xanthophylls and vitamins C and E had a 9% (p = 0.05) reduced rate of
AMD progression from the moderate to advanced form in comparison with patients not
supplemented with xanthophylls [67]. The protective effect of xanthophyls was even more
pronounced when compared between groups of patients supplemented with xanthophylls
and no β-carotene and patients supplemented with β-carotene but no xanthophylls, where
the risk of progression was reduced by 18% (p = 0.02) [68]. It needs to be noted that β-
carotene, as a precursor of ATR, has the potential to increase its levels in the retina, thereby
increasing the risk of (photo)toxicity [37].

Patients with the lowest dietary intake of macular xanthophylls benefited the most
from xanthophyll supplementation, which reduced the risk of AMD progression by 26%
(p = 0.01). The risk of AMD progression in patients with the highest dietary intake of macu-
lar xanthophylls was decreased by 10%, but the decrease was not statistically significant
(p = 0.41) [67]. It is still unclear what the optimal levels of xanthophylls, vitamin E and
vitamin C are in the retina.

Therefore, the aim of this present study was to investigate in an in vitro model of
the RPE-photoreceptor outer segments (POS) how different combinations of zeaxanthin,
vitamin E and vitamin C can affect the cytotoxicity induced by photoexcited ATR. To mimic
the situation in the retina in vivo, we used cultured ARPE-19 cells and liposomes contain-
ing unsaturated lipids and ATR. Cells and/or liposomes were enriched with lipophilic
antioxidants, whereas ascorbate was added to PBS just before the exposure to light. The
photooxidation of liposomes was monitored for selected combinations of antioxidants by
oximetry. Our results show that supplementing cells with single lipophilic antioxidants has
only a minor effect on the phototoxicity of ATR in liposomes. Combining α-tocopherol with



Antioxidants 2022, 11, 1132 4 of 26

zeaxanthin provides a statistically significant but still rather small protective effect. The
incorporation of single antioxidants into liposomes also does not provide much protective
effects to cells despite both zeaxanthin and tocopherol being able to effectively inhibit the
initial rates of photooxidation. Combinations of zeaxanthin with α-tocopherol in liposomes
and cells provide substantial protection enhancing cell viability from ~26% in the absence
of antioxidants to ~63% in the presence of 4 µM zeaxanthin and 80 µM α-tocopherol, and
this protective effect can be further increased to 69% in the presence of 0.5 mM ascor-
bate. Ascorbate on its own provides a dose-dependent protective effect up to 0.5 mM. At
a concentration of 1 mM, the protective effect of ascorbate disappears, or is at most similar
to that for 0.5 mM, whereas 2 mM of ascorbate exacerbates the phototoxicity. Zeaxanthin
or α-tocopherol at high concentrations can enhance the protective effects of ascorbate or
partly ameliorate its cytotoxic effects.

2. Materials and Methods
2.1. General Chemicals and Reagents

Unless stated otherwise, all solvents, chemicals (including egg yolk phosphatidylcholine
(EYPC), all-trans-retinaldehyde (ATR), 93-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium
bromide (MTT), butylated hydroxytoluene (BHT), Chelex 100) and cell culture consumables
were obtained from Sigma-Aldrich Chemical Co. (St. Louis, MI, USA) or ThermoFisher
(Waltham, MA, USA). Zeaxanthin was a generous gift from DSM Nutritional Products AG
(Basel, Switzerland). The spin probe, 4-protio-3-carbamoyl-2,2,5,5-tetraperdeuteromethyl-
3-pyrroline-1-yloxy (mHCTPO), was a generous gift from Professor Howard Halpern,
University of Chicago, IL, USA. All procedures involving ATR and/or zeaxanthin, except
for the experimental exposures to light, were performed under dim light.

2.2. Preparation of Liposomes

Multi-lamellar liposomes were prepared either from EYPC in the presence and absence
of ATR, zeaxanthin and/or α-tocopherol [42–44]. The compounds dissolved in chloroform
were mixed at required ratios in a round-bottom flask, and then the chloroform was
evaporated under a stream of argon to form a lipid film, which was then kept under
vacuum for at least 1 h. The lipid films were hydrated in nitrogen-saturated Dulbecco’s
phosphate buffered saline with calcium and magnesium (PBS), aliquoted into cryovials
and kept frozen until use.

2.3. Comparison of the Effects of Ascorbate, α-Tocopherol and Zeaxanthin on Photosensitized
Oxidation of Lipids

To determine the effect of antioxidants on photosensitized oxidation mediated by
ATR, electron spin resonance (ESR) oximetry was used as described previously [42,44,45].
In short, oxygen concentrations were monitored by spectral characteristics of mHCTPO.
The suspensions of liposomes containing 0.5 mM ATR, 7 mg/mL EYPC and selected
single antioxidants or their combinations were irradiated in situ in the presence of 0.1 mM
mHCTPO in a flat quartz cell (Wilmad Glass. Co., Vineland, NJ, USA), in a resonant
cavity of the ESR spectrometer, at ambient temperature using a 150 W xenon arc lamp
(Oriel Corporation, Stratford, CT, USA; 06,497 Model 60100) equipped with a combination
of lenses and filters (a 5 g/L copper sulphate solution with 10 cm optical pathlength,
a glass cut-off filter blocking light < 390 nm and an interference filter transmitting light of
404 ± 6 nm). The irradiance inside the resonant cavity, measured with a photodiode PD
Irradiance Meter (Hamamatsu, Photonics, K.K., Hamamatsu City, Japan), was 6.2 mW/cm2.
Other experimental conditions were as described previously [44].

2.4. Cell Culture

ARPE-19 cells, a spontaneously immortalized and well-characterized human retinal
pigment epithelial cell line derived from a 19-year-old male donor [46], were purchased
from the American Type Culture Collection (ATCC, Manassas, VA, USA). ARPE-19 cells
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were routinely cultured in 75 cm2 flasks, passaged by dissociation in 0.05% (w/v) trypsin
and maintained at 37 ◦C in a humidified incubator filled with 5% CO2 in air. For experi-
ments, ARPE-19 from passage numbers 27–29 were seeded in 24-well plates [19,47] and
fed three times every 2–3 days with DMEM/F12 containing 10% heat-inactivated fetal calf
serum (FCS), L-glutamine and penicillin–streptomycin (Sigma-Aldrich), which allowed
the cells to become fully confluent. Then, for another three feedings, cells were fed with
culture medium supplemented with 2% FCS.

2.5. Supplementation of Cells with Lipophilic Antioxidants

Stock solutions of 1 mM zeaxanthin, 20 mM α-tocopherol or their mixture were
prepared under argon in DMSO under dim light. A day after the third feeding with
DMEM/F12 containing 2% FCS and one hour before exposure to liposomes and light, 2 µL
of stock solutions with the lipophilic antioxidants were injected directly into the wells, and
plates were returned to the incubator. This provided the final concentrations of 2 µM zeax-
anthin, 40 µM α-tocopherol and 0.2% DMSO. The high lipophilicity of both antioxidants
was expected to cause their precipitation on the cell plasma membrane followed by their
solubilization in the lipid bilayer [44]. Following the 1 h of incubation, wells with cells were
washed with PBS to remove DMSO. We have shown previously that this approach allows
for recovery from cells of 85% and 53% of supplemented zeaxanthin and/or α-tocopherol,
respectively [64].

2.6. Exposure of Cells to Light and Liposomes

Just before the exposure, 0.5 mL of PBS (with or without ascorbate) and 0.5 mL of
liposomal suspension was added to each well, and the plates were exposed to light or
incubated in the dark for the pre-selected times. For the light exposure, the 24-well plates
were placed on the top of a glass sheet above the set of fluorescent tubes, and cells were
irradiated with white fluorescent light. The irradiance was measured with an IL2000
Spectrotube spectroradiometer (International Light Inc., Newbury, MA, USA), and the
distance of the glass plate from the fluorescent tubes was adjusted to give irradiance at the
plate level of 0.46 mW/cm2. The plates for incubation in the dark were covered by a cap
made from blackened aluminum foil and placed in proximity to the light-exposed cells to
ensure exposure to the same temperature as the irradiated cells.

After the exposure to light or incubation in dark, liposomal suspensions were removed,
cells were washed with PBS, and then PBS was replaced with the culture medium with
2% FCS, and the plate was returned to the incubator for 24 h, after which the assay of
metabolic activity of cells was performed.

2.7. Evaluation of Cell Viability

The RPE cells were routinely observed using the inverted microscope. Cell viability
was quantified by measurements of metabolic activity by the MTT assay as described
before [19,44,47,48]. The effect of supplementation with lipophilic antioxidants on cell
density was tested by counting cells in a Bürker chamber after trypsinization. For the MTT
assay, cells were incubated for 60 min with 0.5 mg/mL MTT. Then, the cells were washed
with PBS and solubilized with acidified isopropanol. The absorbance of the solubilized
formazan was measured at 570 nm. The metabolic activities of cells are expressed relative
to those of cells from the same plate supplemented with the same lipophilic antioxidants
as cells exposed to ATR in EYPC liposomes with and without various combinations of
lipophilic antioxidants [40].

2.8. Statistical Analysis

Unless stated otherwise, results are expressed as means ± SDs. Statistical analyses
were performed using SigmaPlot14 and one or two-way ANOVA followed by all pairwise
multiple comparison procedures using the Holm–Sidak method, where p < 0.05 were
considered statistically significant.
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3. Results
3.1. Effects of Vitamin C, Vitamin E and/or Zeaxanthin on Photosensitized Oxidation

We have shown previously that zeaxanthin can inhibit photosensitized oxidation when
incorporated into liposomes together with ATR [44]. Here, we used a similar approach
to compare the effects of zeaxanthin with α-tocopherol, ascorbate and their combinations
(Figure 1). Liposomes containing 0.5 mM ATR and unsaturated lipids in the absence and
presence of antioxidants were exposed to light to induce photosensitized oxidation, which
was monitored by the measurement of oxygen consumption. The exposure of liposomes to
light in the absence of antioxidants induced a rapid oxygen uptake, which increased by
~5% in the presence of 0.5 mM ascorbate, but the increase was not statistically significant
(p = 0.269). In the presence of vitamin E, there was a dose-dependent inhibition of oxygen
consumption, with its initial rate slowed down by ~19% and ~46% for 20 and 40 µM
α-tocopherol, respectively (p < 0.001 in both cases).
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Figure 1. The effects of vitamin C (VitC), vitamin E (α-tocopherol, VitE), zeaxanthin (Zea) and their
combinations on photooxidation induced by ATR. (A) Representative kinetics of oxygen consumption
during exposure of ATR-containing liposomes to blue light in the absence and presence of antioxidants
at indicated concentrations in µM. Suspension of liposomes, consisting of 7 mg/mL EYPC, 0.5 mM
ATR and indicated concentrations of lipophilic antioxidants, in the absence or presence of 0.5 mM
vitamin C were exposed to blue light. The samples included 0.1 mM mHCTPO used as a spin probe.
The initial linear portions of the kinetics were fitted to straight lines, and the slopes of these lines
gave the initial rates of oxygen consumption. (B) The initial rates of oxygen consumption in the
absence(NoAntiox) and presence of indicated antioxidants. The heights of the bars indicate the
means, while the error bars indicate SDs.

The addition of 0.5 mM ascorbate to liposomes with 40 µM α-tocopherol significantly
increased oxygen uptake by ~17% in comparison with liposomes with 40 µM α-tocopherol
in the absence of ascorbate (p = 0.049). Still, the mixture of 40 µM α-tocopherol with 0.5 mM
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ascorbate provided a significant inhibition of photooxidation, by ~37%, when compared
with liposomes without antioxidants (p < 0.001). A mixture of 0.5 mM ascorbate with
4 µM zeaxanthin provided ~47% inhibition of photooxidation (p < 0.001), whereas 4 µM
zeaxanthin alone was even more effective, providing ~49% inhibition (p < 0.001). The
difference between the effects of 4 µM zeaxanthin alone and in combination with 0.5 mM
ascorbate was not statistically significant (p = 0.593).

Decreasing zeaxanthin concentration two-fold to 2 µM diminished its protective effect
and inhibited the rate of photooxidation by only ~21% (p < 0.001). A combination of
2 µM zeaxanthin with 20 µM α-tocopherol decreased the rate of photooxidation by ~41%
in comparison with liposomes without antioxidants (p < 0.001).

Adding 0.5 mM ascorbate to that mixture increased the rate of photooxidation by ~6%
in comparison with the absence of ascorbate, but this increase was not statistically signifi-
cant (p = 0.396). The mixture of three antioxidants—0.5 mM ascorbate, 20 µM α-tocopherol
and 2 µM zeaxanthin—provided a substantial ~38% inhibition of the photooxidation in
comparison with samples without antioxidants (p < 0.001).

These results indicate that vitamin C at a concentration of 0.5 mM does not offer
a protective effect against photooxidation induced by photoexcited ATR. They also show
that small—2 and 4 µM—concentrations of zeaxanthin can be similarly effective in inhibit-
ing the photooxidation induced by photoexcited ATR as 10-fold greater concentrations
of α-tocopherol (p = 0.616 and 0.41, respectively). Finally, the results demonstrate that
a combination of 2 µM zeaxanthin with 20 µM α-tocopherol can offer a similar protection
to doubling the concentration of a single lipophilic antioxidant (p = 0.078 and 0.322 for
comparisons with 4 µM zeaxanthin and 40 µM α-tocopherol, respectively).

3.2. Effects of Various Liposomal ATR Concentrations and Exposure Times in Dark and Light on
RPE Cell Viability

The exposure of RPE cells to liposomes containing ATR led to the ATR concentration-
dependent loss of cell viability, and the effect was substantially enhanced by increasing
the incubation time and exposure to light (Figure 2). Sixty minutes of incubation with
liposomes containing 0.5 mM ATR led to a relatively small ~16% decrease of cell viability
for cells incubated in dark and a substantial ~74% decrease in cell viability for cells exposed
to light. Therefore, 0.5 mM ATR and 60 min exposure to light were selected for further
experiments testing the effects of antioxidants.
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Figure 2. Phototoxicity to ARPE-19 cells of liposomes with different concentrations of ATR in the
dark (A) and after exposure to visible light (B). The incubation times (in minutes) in the dark and
during exposure to visible light are indicated in the figure legends. Cell viability was measured by
MTT assay 24 h after the exposure. The symbols indicate the means, while the error bars indicate SDs.

3.3. Effects on Phototoxicity of Supplementation of RPE Cells with Lipophilic Antioxidants

To determine if enriching cells with lipophilic antioxidants can ameliorate the pho-
totoxicity induced by ATR in liposomes, cells were pre-treated 1 h before the exposure
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with zeaxanthin and/or α-tocopherol injected to the culture medium directly from its stock
solution in DMSO. This approach was undertaken based on our previous results showing
that the accumulation of zeaxanthin or other xanthophylls inside cells does not protect them
from the phototoxicity of the photosensitizers that are external to the cells, including ATR
in liposomes, whereas the supplementation of xanthophylls shortly before the exposure
to photosensitizers and light, allowing for their precipitation on a cell plasma membrane
followed by at least partial solubilization, does provide significant protection [44]. The
removal of DMSO by washing cells in PBS before the addition of liposomes was needed
because DMSO is a potent free radical scavenger and therefore could potentially introduce
a non-physiological factor affecting the responses of cells to the treatments.

The survival of cells supplemented with zeaxanthin increased to ~29%, which was
a statistically significant increase in comparison with the ~26% survival of cells without
added antioxidants (p < 0.001) (Figure 3). Supplementation with α-tocopherol increased
cell survival to ~30%, and this increase was also statistically significant (p < 0.001) in
comparison with not-supplemented cells. Supplementation with both α-tocopherol and
zeaxanthin led to the greatest protection, with ~35% of cells surviving. This increase was
statistically significantly different not only in comparison with cells without antioxidants
but also in comparison with cells supplemented with either α-tocopherol or zeaxanthin
(p < 0.001 in all three cases).
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Figure 3. The effect of the pre-treatment of cells with lipophilic antioxidants vitamin E and/or
zeaxanthin on the viability of ARPE-19 cells after 1 h exposure to visible light in the presence of
liposomes containing 0.5 mM ATR. Cell viability was measured by MTT assay 24 h after the exposure.
The symbols represent viability of cells in independent experiments, the heights of the bars indicate
the means, while the error bars indicate SDs (N = 96 for experiments with no antioxidants (NoAntiox);
N = 48 for experiments on cells supplemented with zeaxanthin (Zea) or α-tocopherol (TOH), N = 66
for experiments on cells supplemented with both zeaxanthin and α-tocopherol (Zea + TOH)).

3.4. Effects on Phototoxicity to RPE Cells of Zeaxanthin Supplementation and Incorporation of
Zeaxanthin and α-Tocopherol into ATR Liposomes

The incorporation of increasing concentrations of zeaxanthin in liposomes with ATR
did not substantially increase the non-supplemented cell survival after exposure to light
in comparison with treatments without zeaxanthin (Figure 4A). When zeaxanthin was
supplemented to cells and liposomes, only 4 µM of liposomal zeaxanthin significantly
increased the cell viability from ~29% in the absence of liposomal zeaxanthin to ~34%
(p < 0.001) (Figure 4A).

For cells not supplemented with antioxidants, increasing the concentration of zeaxan-
thin in liposomes with ATR and 10 or 20 µM α-tocopherol did not lead to any statistically
significant increase in cell survival in comparison to treatments with liposomes without
zeaxanthin but with the corresponding concentrations of α-tocopherol (Figure 4B). The
addition of 0.5, 1 or 2 µM of zeaxanthin to liposomes with 40 µM of α-tocopherol and
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ATR also did not significantly increase the cell survival. However, the addition of 4 µM
zeaxanthin to liposomes containing ATR and 40 µM of α-tocopherol increased cell viability
from ~31% in the absence of zeaxanthin to ~40% in the presence of 4 µM of zeaxanthin
(p < 0.001). When tested together with 80 µM of α-tocopherol, zeaxanthin exhibited
a concentration-dependent protective effect with 2 µM of zeaxanthin increasing cell via-
bility from ~35% to ~40% (p = 0.007), whereas with 4 µM of zeaxanthin, the cell viability
increased to ~49% (p < 0.001).
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Figure 4. (A) Effects on ATR phototoxicity of different concentrations of zeaxanthin in liposomes to
ARPE-19 cells supplemented with zeaxanthin and without zeaxanthin. (B) Effects on phototoxicity
of different combinations of zeaxanthin and α-tocopherol (TOH) in liposomes to ARPE-19 cells not
supplemented with antioxidants. (C) Effects on phototoxicity of different combinations of zeaxanthin
and α-tocopherol in liposomes to ARPE-19 cells supplemented with zeaxanthin. The symbols
represent the viability of cells in independent experiments, the crosses represent the means, while the
error bars show SDs (the individual data points from experiments with no antioxidants in liposomes
are shown only in Figure 3; N for each experiment with antioxidants in liposomes was 8). Other
experimental conditions as in Figure 3.

The protection could be further increased by incorporating combinations of lipophilic
antioxidants into liposomes, for cells supplemented with zeaxanthin (Figure 4C). For com-
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binations of different concentrations of liposomal zeaxanthin with 10 µM of α-tocopherol,
only 4 µM of zeaxanthin with 10 µM of α-tocopherol demonstrated a significant protective
effect in comparison with liposomes without antioxidants, where the cell survival increased
from ~29% to ~34% (p < 0.001). There was no statistical difference between the effect of
4 µM zeaxanthin alone and in combination with 10 µM α-tocopherol.

Treatment of zeaxanthin-supplemented cells with combinations of 20 µM of α-tocopherol
with different concentrations of zeaxanthin showed an increased protection only for 4 µM
of zeaxanthin, which increased cell viability to ~37% (Figure 4C), and this was statistically
significant not only in comparison with liposomes without antioxidants (p < 0.001) but also
in comparison with liposomes with 20 µM of α-tocopherol without zeaxanthin (p = 0.006),
for which the cell survival was ~32%.

The treatment of zeaxanthin-supplemented cells with combinations of 40 µM of
α-tocopherol and different concentrations of zeaxanthin showed increased cell survival
rates to ~35%, 37% and 44% for 1, 2 and 4 µM zeaxanthin, respectively (Figure 4C), and
these increases were statistically significant in comparison with liposomes without antiox-
idants (p < 0.001 in all three cases). The combination of 4 µM of zeaxanthin and 40 µM
of α-tocopherol increased the cell survival also in comparison with liposomes containing
40 µM α-tocopherol but without zeaxanthin, for which the cell survival was ~32%
(p < 0.001).

The treatment of zeaxanthin-supplemented cells with combinations of 80 µM
α-tocopherol and different concentrations of zeaxanthin showed increased survival rates
of 40%, 41%, 45% and 56% for 0.5, 1, 2 and 4 µM of zeaxanthin, respectively (Figure 4C),
and these increases were statistically significant in comparison with liposomes without
antioxidants (p < 0.001 in all four cases). These increases were also statistically signifi-
cant in comparison with liposomes with 80 µM of α-tocopherol and without zeaxanthin
(p = 0.031, 0.003, <0.001 and <0.001, respectively).

3.5. Effects on ATR Phototoxicity to RPE Cells of α-Tocopherol Supplementation and Incorporation
of Zeaxanthin and α-Tocopherol into ATR Liposomes

The inclusion of α-tocopherol in liposomes provided a concentration-dependent in-
crease in cell viability from ~26% to ~27%, 28%, 31% and 35% for concentrations of 10, 20,
40 and 80 µM, respectively, and achieved statistically significant differences in compari-
son with liposomes without tocopherol for the three highest concentrations (Figure 5A)
(p = 0.019, p < 0.001 and p < 0.001, respectively). When the cells were supplemented with
α-tocopherol, the addition of 10 or 20 µM of α-tocopherol into liposomes did not affect
cell viability in comparison with liposomes without α-tocopherol, but 40 and 80 µM of
liposomal α-tocopherol increased cell survival from ~30% in the absence of liposomal
α-tocopherol to ~34% and 39% in the presence of 40 and 80 µM of α-tocopherol in lipo-
somes (p < 0.001 in both cases). Comparisons of the survival of cells supplemented and not
supplemented with α-tocopherol and exposed to liposomes with the same concentration
of α-tocopherol showed that a statistically significant difference was achieved only for
80 µM α-tocopherol (p = 0.019). Liposomal α-tocopherol at a concentration of 80 µM pro-
vided similar protection in not-supplemented cells as 40 µM of α-tocopherol for cells supple-
mented with α-tocopherol (p = 0.783). The protection of 80 µM liposomal α-tocopherol for
not-supplemented cells was significantly greater than that of 20 µM liposomal α-tocopherol
for cells supplemented with α-tocopherol (p = 0.034).

Figure 5B shows the same data as Figure 4B plotted as a function of α-tocopherol con-
centration and is included to facilitate the comparison of the effects of various combinations
of liposomal zeaxanthin and α-tocopherol on cells with and without supplementation with
α-tocopherol. When cells were supplemented with α-tocopherol, combinations of antioxi-
dants in liposomes provided some additional protection in comparison with cells without
antioxidants, which was statistically significant for combinations of 1 µM zeaxanthin with
80 µM α-tocopherol (p = 0.023), 2 µM zeaxanthin with 40 µM α-tocopherol (p = 0.004), 2 µM
zeaxanthin with 80 µM α-tocopherol (p = 0.011), 4 µM zeaxanthin with 40 µM α-tocopherol
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(p = 0.002) and 4 µM zeaxanthin with 80 µM α-tocopherol (p = 0.012) (Figure 5B,C). For cells
supplemented with α-tocopherol, the greatest protection was observed for a combination
of 4 µM zeaxanthin and 80 µM tocopherol, which together increased cell survival to ~54%
(Figure 5C).
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Figure 5. (A) Effects on phototoxicity of different concentrations of α-tocopherol in liposomes to
ARPE-19 cells supplemented with α-tocopherol (TOH) and without α-tocopherol. (B) Effects on
phototoxicity of different combinations of zeaxanthin (Zea) and α-tocopherol in liposomes to ARPE-
19 cells not supplemented with antioxidants (the data are the same as in Figure 4B, plotted here as
a function of α-tocopherol concentration). (C) Effects on phototoxicity of different combinations of
zeaxanthin and α-tocopherol in liposomes to ARPE-19 cells supplemented with α-tocopherol. The
symbols represent the viability of cells in independent experiments, the crosses represent the means,
while the error bars show SDs (the individual data points from experiments with no antioxidants in
liposomes are shown only in Figure 3; N for each experiment with antioxidants in liposomes was 8).
Other experimental conditions as in Figure 3.

3.6. Effects of Different Combinations of Vitamin E and Zeaxanthin in Cells and/or in
ATR-Containing Liposomes on Phototoxicity

The exposure of cells supplemented in both zeaxanthin and α-tocopherol to ATR-
containing liposomes with zeaxanthin (Figure 6A) or α-tocopherol (Figure 6B) led to
a further increase in cell viability, which was more pronounced for liposomes containing
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α-tocopherol than zeaxanthin. The survival of cells exposed to liposomes with 4 µM of
zeaxanthin increased to ~39%, in comparison to liposomes without zeaxanthin, where the
survival was ~35% (p = 0.033). Lower concentrations of liposomal zeaxanthin did not induce
a statistically significant increase in the protective effect. The survival of cells exposed
to liposomes with 80 µM of α-tocopherol increased to ~45% in comparison to liposomes
without α-tocopherol, where the survival was ~35% (p < 0.001). Lower concentrations of
liposomal α-tocopherol did not induce a statistically significant increase in the protective effect.
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Figure 6. (A) Effects of different concentrations of zeaxanthin in liposomes on phototoxicity to ARPE-
19 cells not supplemented with antioxidants, supplemented with zeaxanthin, or supplemented with
a combination of α-tocopherol with zeaxanthin (Zea + TOH). (B) Effects of different concentrations
of α-tocopherol (TOH) in liposomes on phototoxicity to ARPE-19 cells not supplemented with
antioxidants, supplemented with α-tocopherol or supplemented with a combination of α-tocopherol
with zeaxanthin (Zea + TOH). (C) Effects on phototoxicity of different combinations of zeaxanthin
and α-tocopherol in liposomes to ARPE-19 cells supplemented with α-tocopherol and zeaxanthin.
(D) The data are the same as in Figure 6C plotted as a function of α-tocopherol concentration. The
symbols represent the viability of cells in independent experiments, the crosses represent the means,
while the error bars show SDs (the individual data points from experiments with no antioxidants in
liposomes are shown only in Figure 3; N for each experiment with antioxidants in liposomes was 8).
Other experimental conditions as in Figure 3.

Including various combinations of zeaxanthin and α-tocopherol in liposomes led to
a further increase in cell viability, reaching ~63% for liposomes containing 4 µM of zeaxan-
thin and 80 µM of α-tocopherol (Figure 6C,D). The two-way analysis of variance showed
that the effect of different levels of zeaxanthin depends on what level of α-tocopherol is
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present and that there was a statistically significant interaction between α-tocopherol and
zeaxanthin (p ≤ 0.001).

3.7. Effects of Vitamin C on (Photo) Toxicity

The addition of Vitamin C during exposure to ATR and light led to a photoprotective
effect, which became statistically significant only at 0.5 mM, whereas 2 mM ascorbate
exerted a deleterious effect (Figure 7). The protection by ascorbate increased from ~26% in
its absence to ~33% at 0.5 mM (p < 0.001), which was followed by a decrease to ~28% at
1 mM (p = 0.006 for comparison of the difference between the means for 0.5 and 1 mM of
ascorbate; p = 0.137 for comparison for 0 and 1 mM of ascorbate). In the presence of 2 mM
of ascorbate, the cell viability decreased to ~13% (p < 0.001 in comparisons with exposures
in the absence of ascorbate and in the presence of all other ascorbate concentrations). The
cytotoxic effect of ascorbate was not observed when cells were exposed to ascorbate and
light in the absence of ATR or were incubated with ATR liposomes in the dark.
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Figure 7. Effects on ARPE-19 cell viability of different concentrations of vitamin C for 1 h exposure to
visible light (ATR, light) or incubation in the dark (ATR, dark) in the presence of liposomes containing
0.5 mM of ATR and 7 mg/mL of EYPC. Control cells in light-exposed plates were exposed to vitamin
C and EYPC liposomes in the absence of ATR (No ATR, light). Cell viability was measured by MTT
assay 24 h after the exposure. The symbols represent data from individual experiments, crosses
represent the means, while the error bars represent SDs.

3.8. Effects of Different Combinations of Vitamins C and E on Phototoxicity

When cells were exposed to light and ATR liposomes with α-tocopherol in the presence
of different concentrations of ascorbate, the addition of ascorbate at concentration up to
0.5 mM further increased cell survival (Figure 8A). For combinations of ascorbate with
10 µM α-tocopherol, a statistically significant increase in the cell survival was only found for
0.5 mM of ascorbate (p < 0.001), where it increased from ~27% in the absence of ascorbate to
~35%. For combinations of ascorbate with 20 µM of α-tocopherol, there was no statistically
significant increase in cell survival in comparison with cells in the absence of ascorbate. For
combinations of ascorbate with 40 µM α-tocopherol, there was no statistically significant
increase in cell survival for 0.1 mM ascorbate in comparison with cells in the absence of
ascorbate, but for 0.2 and 0.5 mM of ascorbate, the cell survival increased to ~38% and
39%, respectively (p = 0.01 and 0.005, respectively). For combinations of ascorbate with
80 µM of α-tocopherol, there was no statistically significant increase in cell survival for
0.1 and 0.2 mM of ascorbate in comparison with cells in the absence of ascorbate, but for
0.5 mM of ascorbate, the cell survival increased to ~42% (p = 0.006). For 1 mM of ascorbate
in combination with any α-tocopherol concentration, the cell survival was not different than
that in the absence of ascorbate. Ascorbate at a 2 mM concentration increased phototoxicity
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for all α-tocopherol concentrations in comparison with treatments without ascorbate. Only
in the presence of 80 µM of α-tocopherol was the phototoxic effect of ascorbate partly
ameliorated, and cell survival increased to ~24% in comparison with ~13% in the absence
of α-tocopherol (p < 0.001).
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Figure 8. Effects of different concentrations of vitamin C in combination with α-tocopherol (TOH)
(A,B) or zeaxanthin (Zea) (C,D) on the viability of ARPE-19 cells after 1 h exposure to visible light in
the presence of EYPC liposomes containing 0.5 mM ATR and indicated concentrations of α-tocopherol
or zeaxanthin. Cells were either not pre-treated with antioxidants (A,C) or supplemented with α-
tocopherol (B) or zeaxanthin (D). Cell viability was measured by MTT assay 24 h after the exposure.
The symbols represent data from individual experiments, crosses represent the means, while the error
bars show SDs. The individual data points from experiments with no antioxidants in liposomes are
shown only in Figure 3; N for experiments with antioxidants in liposomes and without ascorbate
was 8; N for for experiments in the presence of ascorbate was 6). Other experimental conditions as
in Figure 3.

When cells were supplemented with α-tocopherol, ascorbate at a 0.5 mM concentration
further increased its protective effect, but only in the presence of 40 or 80 µM of liposomal
α-tocopherol, where the cell survivals were increased from ~24% and 39% to ~42% and
48%, respectively (p = 0.011 and p < 0.001) (Figure 8B). The cell survival in the presence
of 1 mM ascorbate was similar as in its absence for all concentrations of α-tocopherol as
well as in its absence (p < 0.001 for all five comparisons). When compared with 2 mM of
ascorbate in the presence of liposomes without α-tocopherol, liposomes with 40 and 80 µM
of α-tocopherol partly ameliorated the deleterious effect of ascorbate and increased cell
survival to ~21% and 28% in comparison with ~14% in the absence of α-tocopherol
(p = 0.047 and p < 0.001).

Interestingly, the comparisons of the effects of the same combinations of ascorbate
and liposomal α-tocopherol on cells with and without α-tocopherol showed no significant
differences (Figure 8A,B).

Two-way analysis of variance demonstrated that the effect of different levels of α-
tocopherol was dependent on what level of ascorbate was present, and there was a statisti-
cally significant interaction between α-tocopherol and ascorbate.
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3.9. Effects of Different Combinations of Vitamins C and Zeaxanthin on Phototoxicity

When the cells were exposed to light and ATR in the presence of a combination of
ascorbate and zeaxanthin, the protective effects were less pronounced than for combinations
of α-tocopherol with ascorbate (Figure 8). While there was a trend of increased protection
with increasing concentrations of ascorbate up to a 0.5 mM concentration, a statistically
significant difference in comparison with treatment without ascorbate was achieved only
in the case of 0.5 and 4 µM of liposomal zeaxanthin in the presence of 0.5 mM of ascorbate
(p = 0.034 and p < 0.001, respectively). The combination of 4 µM of zeaxanthin with 0.5 mM
of ascorbate was the most beneficial, increasing the cell viability to ~37% from ~28% in the
presence of 4 µM of zeaxanthin and in the absence of ascorbate (p < 0.001) (Figure 8C). In
the presence of zeaxanthin in liposomes, the effects of 1 mM of ascorbate were similar to
those in the absence of ascorbate, whereas the deleterious effect of 2 mM of ascorbate was
significant for all concentrations of liposomal zeaxanthin when compared with treatments
without ascorbate and the same zeaxanthin concentration (p < 0.001 for all zeaxanthin
concentrations). Liposomal zeaxanthin did not offer a statistically significant protection
from the deleterious effects of ascorbate at any of the concentrations tested.

When the cells were supplemented with zeaxanthin, the protective effects of ascorbate
also peaked at 0.5 mM, increasing cell viability to ~37% from ~29% in the absence of
ascorbate (p < 0.001), while the lower ascorbate concentrations did not lead to a statistically
significant increase in cell survival (Figure 8D). In comparison with cells not supplemented
with lipophilic antioxidants, where the cell survival was ~28%, 0.5 mM of ascorbate in-
creased cell survival to ~37% in cells supplemented with zeaxanthin (Figure 8C,D). The
phototoxicity to zeaxanthin-supplemented cells was similar in the presence of 1 mM of
ascorbate to that in its absence. Ascorbate at a 2 mM concentration exacerbated the pho-
totoxicity and significantly decreased cell survival in comparison with treatment without
ascorbate (p < 0.001).

The protective effects of ascorbate for zeaxanthin-supplemented cells appeared to
increase in the presence of liposomal zeaxanthin up to ~40% for a combination of 0.5 mM
of ascorbate and 4 µM of liposomal zeaxanthin, but for no concentration of liposomal
zeaxanthin was that effect statistically significant in comparison with treatment without
liposomal zeaxanthin (Figure 8D). Comparisons of the effects of 0.5 mM of ascorbate for
zeaxanthin-supplemented and not-supplemented cells did not show statistically significant
differences for any concentration of liposomal zeaxanthin (Figure 8C,D).

The deleterious effect of 2 mM of ascorbate was significant for all concentrations of
liposomal zeaxanthin when compared with treatments without ascorbate and the same
zeaxanthin concentration (p < 0.001 for all zeaxanthin concentrations) (Figure 8D). The pres-
ence of zeaxanthin both in cells and in liposomes improved protection from the deleterious
effects of 2 mM ascorbate, but only for 4 µM of liposomal zeaxanthin, which increased cell
survival to ~22% in comparison with treatment in the absence of liposomal zeaxanthin
(p < 0.001).

A two-way analysis of variance demonstrated that the effect of different levels of
zeaxanthin did not depend on the level of ascorbate present. There was not a statistically
significant interaction between zeaxanthin and ascorbate.

3.10. Effects on Phototoxicity of Different Combinations of Three Antioxidants: Vitamins C, E
and Zeaxanthin

Next, we evaluated a possibility that combinations of three antioxidants can offer
increased protection compared to combinations of two antioxidants. In comparison with
cells exposed to liposomes without α-tocopherol, 80 µM of α-tocopherol in liposomes in-
duced a significant increase in protection for each combination of zeaxanthin with ascorbate
(Figures 8C and 9A). The maximal cell survival of ~54% was achieved with a combination
of 4 µM zeaxanthin, 80 µM α-tocopherol and 0.5 mM ascorbate (Figure 9A).

When the treatments in the presence and absence of ascorbate were compared, the
addition of ascorbate at concentrations up to 0.5 mM showed a trend of increasing cell



Antioxidants 2022, 11, 1132 16 of 26

survival, but these increases were not statistically different to those in the absence of
ascorbate for any concentration of zeaxanthin and 80 µM α-tocopherol (Figure 9A). Because
of that, we did not test combinations of zeaxanthin and ascorbate with lower concentrations
of α-tocopherol.
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Figure 9. Effects of different combinations of three antioxidants—vitamin C, vitamin E (TOH) and
zeaxanthin (Zea)—on the survival of ARPE-19 cells after exposure to visible light and liposomes
containing 0.5 mM ATR with and without antioxidants. (A) Cells not supplemented with antioxidants,
liposomes contained 80 µM α-tocopherol and different concentrations of zeaxanthin indicated in the
legend. (B–D): cells supplemented with α-tocopherol and zeaxanthin liposomes contained the indi-
cated concentrations of zeaxanthin in the absence (B) and presence of α-tocopherol at concentrations
of 20 µM (C) and 80 µM (D). Cell viability was measured by MTT assay 24 h after the exposure. The
symbols represent data from individual experiments, crosses represent the means, while the error
bars show SDs. The individual data points from experiments with no antioxidants in liposomes are
shown only in Figure 3; N for experiments with antioxidants in liposomes and without ascorbate
was 8; N for experiments in the presence of ascorbate was 6). Other experimental conditions as
in Figure 3.

In comparison with cells without ascorbate, 2 mM of ascorbate significantly exac-
erbated the phototoxicity to cells exposed to 80 µM of α-tocopherol and different con-
centrations of zeaxanthin (Figure 9A). In comparison with the survival of cells subjected
to treatment without any antioxidants, a combination of 4 µM of zeaxanthin, 80 µM of
α-tocopherol and 2 mM of ascorbate increased cell survival from ~26% to ~37% (p < 0.001),
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whereas treatments with lower concentrations of zeaxanthin in these combinations did not
bring about any statistically significant increase in the survival of cells (Figures 3 and 9A).

Finally, we tested combinations of three antioxidants on cells supplemented with both
zeaxanthin and α-tocopherol (Figure 9B–D). When liposomes contained only zeaxanthin,
increasing concentrations of ascorbate exerted a statistically significant protective effect only
in cases of combinations of 0.5 mM of ascorbate with 1 and 4 µM of liposomal zeaxanthin,
where the cell survivals increased from ~37% to ~42% and from ~40% to ~49%, respectively
(p = 0.039 and p = 0.029, respectively) (Figure 9B). Combinations of 2 mM of ascorbate with
any concentration of liposomal zeaxanthin led to increased phototoxicity when compared
with the corresponding treatments without ascorbate (p < 0.001 for all concentrations of
liposomal zeaxanthin). In addition, when compared with the phototoxicity to cells without
any antioxidants, 2 mM of ascorbate exacerbated the toxicity for cells supplemented with
zeaxanthin and α-tocopherol and exposed to liposomes containing any concentration
of zeaxanthin except for 4 µM, for which the cell survival was similar to that of cells
without any antioxidants (Figure 3; Figure 9B). None of liposomal zeaxanthin concentration
provided a statistically significant protection from the toxicity of 2 mM of ascorbate.

When cells supplemented with zeaxanthin and α-tocopherol were exposed to ATR
liposomes with 20 µM of α-tocopherol and different concentrations of zeaxanthin and
ascorbate, there was a trend of increasing cell survival with increasing concentration of
ascorbate up to the concentration of 0.5 mM, but it reached statistical significance only
for 2 µM of zeaxanthin and 0.5 mM of ascorbate, where the survival increased to ~47%
from ~41% for the same concentration of zeaxanthin in the absence of ascorbate (p = 0.016)
(Figure 9C). The survival of cells in the presence of 4 µM of liposomal zeaxanthin and
0.5 mM of ascorbate was ~53%, but it was not statistically different than the ~46% survival
rate in the absence of ascorbate at the same concentration of zeaxanthin (p = 0.895). There
was no statistically significant difference in the absence and presence of 20 µM liposomal
α-tocopherol for any corresponding treatments (Figure 9B,C).

When cells supplemented with zeaxanthin and α-tocopherol were exposed to ATR
liposomes with 80 µM α-tocopherol and different concentrations of zeaxanthin and ascor-
bate, there was a trend of increasing cell survival with increasing concentration of ascorbate
up to the concentration of 0.5 mM, but it did not reach statistical significance for any
concentration of zeaxanthin (Figure 9D). Ascorbate at a 2 mM concentration exacerbated
the toxicity in comparison with the corresponding treatments in the absence of ascorbate
for all concentrations of liposomal zeaxanthin (p < 0.001) except for 1 µM (p = 0.568).

Comparisons of the effects of treatments of cells supplemented with zeaxanthin and α-
tocopherol and exposed to ATR liposomes containing different concentrations of zeaxanthin
in the absence and presence of 80 µM α-tocopherol showed a statistically significant
protection for 80 µM of liposomal α-tocopherol in combinations with 0.5 µM of zeaxanthin
and 0.5 mM of ascorbate (p = 0.01), 0.5 µM zeaxanthin and 2 mM ascorbate (p < 0.001),
1 µM of zeaxanthin and 0.1 mM of ascorbate (p = 0.037), 1 µM of zeaxanthin and 1 mM
of ascorbate (p = 0.001), 1 µM of zeaxanthin and 2 mM of ascorbate (p < 0.001), as well
as 2 and 4 µM of zeaxanthin with any concentration of ascorbate (p < 0.001 in all cases)
(Figure 9B,D).

Comparisons of the effects of treatments of cells supplemented with zeaxanthin and α-
tocopherol and exposed to ATR liposomes containing different concentrations of zeaxanthin
in the presence of 20 and 80 µM of α-tocopherol showed a statistically significant protec-
tion for 80 µM of liposomal α-tocopherol in combinations with 1 µM of zeaxanthin and
2 mM of ascorbate (p < 0.001), as well as 2 and 4 µM of zeaxanthin with any concentration
of ascorbate (p = 0.037 or lower) (Figure 9C,D). The most effective combination of three
antioxidants was for cells supplemented with zeaxanthin and α-tocopherol and exposed to
ATR liposomes containing 4 µM of zeaxanthin 80 µM of α-tocopherol in the presence of
0.5 mM of ascorbate, for which the cell survival increased to ~69%.
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4. Discussion
4.1. Effects of Single Antioxidants

Our results demonstrate that single antioxidants, zeaxanthin, vitamin E or vitamin C
provide rather limited protection from the phototoxic effects on ARPE-19 cells of ATR in
liposomes as a model of POS.

The supplementation of cells with zeaxanthin increased cell survival from ~26% to
only ~29%, despite the concentration of this antioxidant averaged over the cell monolayer
likely exceeding its highest concentration in human RPE in vivo. In our experiments,
the averaged concentrations of zeaxanthin in the ARPE-19 monolayer were ~1.1 mM—
a concentration that is detected in the area of photoreceptor axons in the macula lutea part of
the retina and three orders of magnitude greater than the average ~1.5 µM concentrations
of xanthophylls detected in the human RPE and POS [38]. The incorporation of zeaxan-
thin in liposomes, in the absence of other antioxidants, did not provide any significant
protection for cells without zeaxanthin and provided a significant protection only at the
highest concentration tested of 4 µM for cells supplemented with zeaxanthin, where it
increased cell survival to 34%. There was no significant protection offered by 2 µM lipo-
somal zeaxanthin, which is close to its average concentration of ~1.5 µM in POS. It needs
to be considered that the results of Sommerburg and colleagues were acquired before
xanthophyll supplements were commercially available. The xanthophyll content varies
greatly between different retinas and for most individuals can be increased via increased
dietary intake and/or supplementation [69]. Bhosale and colleagues have determined that
the total xanthophyll contents in macular retinas vary between individuals from ~1 ng up to
~115 ng and that the average retinal content of xanthophylls is almost three-fold increased
in the supplemented in comparison with not-supplemented individuals [69]. They have
also shown that the increase in xanthophyll content upon supplementation is similar in the
macula and peripheral retina. Rapp and colleagues determined that xanthophyll content in
the macula highly correlates with xanthophyl content in POS [39], suggesting that reaching
4 µM of zeaxanthin content may be achievable. It needs to be considered that xanthophyll
accumulation can be dependent on the abundance of xanthophyll binding proteins and the
activity of BCO2 proteins, which decompose xanthophylls [44,70,71].

The supplementation of ARPE-19 cells with vitamin E provided an averaged concentra-
tion in the cell monolayer of ~12 mM, which is about 100-fold higher than the concentration
of 101 µM estimated based on results obtained from human RPE ex vivo reported by
Friedrichson and colleagues [53]. Despite this high concentration, vitamin E increased
cell survival from ~26% to only ~30%. Similar or greater protection could be achieved by
the incorporation of α-tocopherol in liposomes where 20, 40 and 80 µM of α-tocopherol
increased cell survival to ~28%, 31% and 35%, respectively. This shows that α-tocopherol
can achieve the protective effect even at concentrations below its average retinal concentra-
tions of 67 µM [53]. It needs to be considered that the range of tocopherol concentrations
detected in the human neural retinas varies and can be as low as ~0.3 nmol/mg protein [53],
corresponding to 10 µM, and that concentration is not protective against phototoxicity. In
most cases, however, the tissue levels of α-tocopherol can be modulated by dietary intake
and supplementation [72,73].

In addition to singlet oxygen quenching and the scavenging of free radicals derived
from lipid peroxidation, α-tocopherol can scavenge ATR cation radicals, which can be
formed by ATR interaction with peroxyl radicals, thereby preventing its degradation and
the formation of more phototoxic products [50,74,75].

When the cells were supplemented with α-tocopherol, 40 µM of liposomal α-tocopherol
provided similar protection to 80 µM of liposomal α-tocopherol in not-supplemented cells,
whereas 80 µM of α-tocopherol increased the survival of supplemented cells to ~39%.

Vitamin C provided a significant protection only at a 0.5 mM concentration, where
it increased cell survival from ~26 to ~33%. The protective effect disappeared at a 1 mM
concentration, whereas 2 mM of vitamin C decreased cell survival to ~13%. The vitreous
concentration of ascorbate is 2 mM [76]. There are no diffusion barriers between the vitreous
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and retina, and therefore the 2 mM concentration can be expected to be the physiological
level of ascorbate at the POS–RPE interface. We have previously observed deleterious effects
of ascorbate where it exacerbated the light-induced oxidation of human melanosomes and
RPE cell homogenates and exacerbated the phototoxic effect of rose bengal even at lower
concentrations of 1.4, 0.7 and 0.35 mM [65,76–78]. However, a substantial number of
experiments on animals point to the protective role of ascorbate against light-induced
injury to the retina [62,79–89]. The deleterious effect of ascorbate may be due to the
quenching of singlet oxygen by ascorbate, which results in the oxidation of ascorbate to
dehydroascorbate and production of hydrogen peroxide [61]. Unlike singlet oxygen, whose
lifetime in aqueous solutions is very short, and which therefore is unlikely to diffuse from
liposomes to cells, hydrogen peroxide can diffuse to cells and can be decomposed by metal
ions, such as iron, in their reduced state, leading to the oxidation of the metal ion and
production of the most reactive free radical—the hydroxyl radical. Ascorbate can reduce the
oxidized iron ion back to the state where it can decompose another molecule of hydrogen
peroxide. The depletion of the total ascorbate as well as the increased ratio of the oxidized
to the reduced form of ascorbate in the neural retina and the RPE–choroid complex, was
observed in guinea pigs immediately after 6 h exposure to 10–20 klx of white fluorescent
light, which produced mild damage to the RPE and photoreceptors [89]. It remains to be
established how the retina protects itself from the deleterious effects of ascorbate, especially
the AMD retina, which contains increased levels of iron in the RPE, including iron that is
easily chelatable [21], while benefitting from its protective effects.

4.2. Effects of Combinations of Two Antioxidants: Zeaxanthin and α-Tocopherol

Combinations of zeaxanthin with α-tocopherol exerted beneficial effects both when
supplemented to cells and/or incorporated into liposomes. When cells were enriched in
zeaxanthin and α-tocopherol, the cell survival increased to ~35% from ~26% in the absence
of antioxidants, whereas supplementation with single zeaxanthin or α-tocopherol increased
cell survival to only ~29% and ~30%, respectively. The incorporation of 4 µM of zeaxanthin
and 80 µM of α-tocopherol into liposomes increased the cell survival to ~49% and ~63%
in not-supplemented cells and cells supplemented in both antioxidants, respectively. It
is clear from the present study that the quenching of singlet oxygen and scavenging of
free radicals needs to happen at the source of their production, which in this case were
liposomes. While the concentrations of the lipophilic antioxidants providing protective
effects are above the average concentrations of zeaxanthin and α-tocopherol in the human
retina, they are still within the range present in the tissues examined and can be reached in
most people by increasing dietary intake and/or supplementation.

The protective effects of combinations of zeaxanthin with α-tocopherol are consistent
with our previous studies showing that incorporation of α-tocopherol and zeaxanthin into
liposomes or their supplementation to cells can offer a synergistic protection in comparison
to the effects induced by zeaxanthin or α-tocopherol used as single antioxidants [63–65].
We have shown in previous studies on liposomes and cells that in photosensitized oxidation
induced by photoexcited rose bengal and merocyanine 540, respectively, zeaxanthin was
the primary antioxidant inhibiting oxidation by singlet oxygen, whereas α-tocopherol was
more efficient than zeaxanthin in inhibiting oxidation mediated by free radicals [63,64]. The
combination of both antioxidants slowed down not only the oxidation of lipids but also the
consumption of each of them, thereby allowing each of them to provide their antioxidant
protection for longer. Following these studies, other authors also reported beneficial effects
of a combination of α-tocopherol and zeaxanthin, including preserving phagocytosis in
lipofuscin-, melanosome- or melanolipofuscin-laden ARPE-19 cells exposed to sublethal
levels of blue light [90–92].

4.3. Effects of Combinations of Two Antioxidants: Ascorbate with Zeaxanthin or α-Tocopherol

Combinations of α-tocopherol with ascorbate demonstrated an increase in protection
mainly for 0.5 mM of ascorbate in comparison with treatments with only one of these
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antioxidants. Combinations of 0.5 mM of ascorbate with 80 µM of liposomal α-tocopherol
increased cell survivals to ~42% and ~48% for not-supplemented cells and cells supple-
mented with α-tocopherol, respectively. For comparison, in the absence of ascorbate, the
cell survivals were ~35% and ~39% for treatments with 80 µM of liposomal α-tocopherol
for not-supplemented cells and cells supplemented with α-tocopherol, respectively. Cell
survival after treatment with 0.5 mM ascorbate was ~33%.

Combinations of zeaxanthin with ascorbate brought about a substantial increase in
protection only for a combination of 0.5 mM of ascorbate and 4 µM of liposomal zeax-
anthin, increasing cell viability to ~37% and 40% from ~28% and 34% in the presence of
4 µM zeaxanthin and in the absence of ascorbate for cells without and with zeaxanthin
supplementation, respectively.

Clearly, α -tocopherol can not only enhance the photoprotective effects of ascorbate
better than zeaxanthin but is also more efficient in ameliorating the deleterious effects of
2 mM of ascorbate. Alpha-tocopherol at an 80 µM concentration in liposomes increased cell
viability from ~13% in its absence to ~24% and 28% for not-supplemented cells and cells
supplemented with α-tocopherol, respectively. Zeaxanthin at an 80 µM concentration in
liposomes, on the other hand, did not significantly affect cell survival in non-supplemented
cells and increased cell survival to ~22% for zeaxanthin-supplemented cells. These results
together with the lack of interaction of zeaxanthin and ascorbate shown by the two-way
ANOVA suggest that zeaxanthin does not efficiently protect ascorbate from oxidation
by singlet oxygen and ascorbate does not efficiently protect zeaxanthin from free-radical
mediated degradation, despite it having been reported that ascorbate can scavenge cation
radicals of lutein and zeaxanthin in liposomal membranes [93].

It appears that ascorbate can provide additional protection in combination with α-
tocopherol by the recycling of α-tocopherol from its tocopheroxyl radical [62]. While
a similar recycling mechanism exists for zeaxanthin, which can be recycled by ascorbate
from its semi-oxidized state [42,43,46], this interaction seems to play a minor role, if any,
under our experimental conditions. This can be due to the limited access of ascorbate to
zeaxanthin cation radical in the liposomal membrane and/or the zeaxanthin radical cations
not being the main pathway of zeaxanthin degradation.

4.4. Effects of Combinations of Three Antioxidants: Ascorbate with Zeaxanthin and α-Tocopherol

For not-supplemented cells, the addition of 0.5 mM of ascorbate during exposure
to ATR liposomes with 4 µM of zeaxanthin and 80 µM of α-tocopherol provided a cell
survival of ~54%, whereas for cells supplemented with zeaxanthin and α-tocopherol, the
cell survival was even greater, reaching ~69%. While the addition of 0.5 mM ascorbate to the
treatments with combinations of liposomal zeaxanthin and α-tocopherol showed a trend of
increasing cell survival, it did not reach statistical significance. The relatively small effect
of ascorbate on increasing cell survival in the presence of α-tocopherol and zeaxanthin
is surprising, considering its potential to recycle both α-tocopherol and zeaxanthin, and
deserves further investigation.

Importantly, the combination of 4 µM of zeaxanthin and 80 µM of α-tocopherol not
only ameliorated the toxicity of 2 mM of ascorbate but increased the cell survival above
that in the absence of any antioxidants. In comparison with the survival of cells subjected
to treatment without any antioxidants, a combination of 4 µM of zeaxanthin, 80 µM of
α-tocopherol and 2 mM of ascorbate increased cell survival from ~26% to ~37% for not-
supplemented cells and to 41% for cells supplemented with zeaxanthin and α-tocopherol
(p < 0.001 in both cases), thereby providing an explanation for how photoreceptors and
RPE can avoid the deleterious effects of ascorbate.

4.5. Physiological Relevance

The physiological relevance of this study needs to be considered. While we ensured
that we tested antioxidants at physiologically relevant concentrations, there are several
limitations to our model of the RPE–POS interface. While the release of ATR from dark-
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adapted POS, with concentrations of rhodopsin exceeding 3 mM, can easily exceed by
several fold the 0.5 mM concentration used in this study, POS contain enzymes, namely
ABCR and RDH8, that can rapidly reduce it to all-trans-retinol. On the other hand, it
needs to be considered that these enzymes rely on ATP and NADPH as co-factors. The
characteristic features of the aged retina, and the AMD retina in particular, are convoluted
and mismanaged photoreceptor outer segments (POS) [94]. Therefore, it is likely that this
can cause the impairment of ATR trafficking in the POS discs on its way to ABCR, which is
present mostly in the rims of these discs, as well as the delivery of ATP and NADPH to the
site of enzyme action.

An important finding from our investigation is that deactivating the reactive oxygen
species at the source of their formation, in this case liposomes, is more important than
enriching cells in antioxidants. This can be due to the diffusion of cytotoxic end-products
of lipid oxidation such as reactive carbonyls against which zeaxanthin and vitamins E and
C are ineffective. A particularly important difference between POS and our liposomes
is the lipid composition. We used EYPC, which is rich in monounsaturated oleic acid
(C18:1) and linoleic acid (C18:2) and contains some arachidonic acid (C20:4), accounting
for 27, 21 and 5 wt %, respectively [95]. POS contain a much greater contribution from
unsaturated fatty acids, where the predominant unsaturated fatty acid is docosahexaenoic
acid (C22:6) accounting for 30–35% of total fatty acids, followed by C18:1 (10–14%), and
C20:4 (7–11%) [96]. Therefore, antioxidants in POS compete for reactive oxygen species
with a much greater abundance of unsaturated double bonds. It needs to be considered that
zeaxanthin, α-tocopherol and ascorbate are not the only antioxidants present in POS, which
contain other low-molecular weight antioxidants as well as antioxidant and detoxification
enzymes, including glutathione peroxidases, which can decompose hydrogen peroxide
and lipid hydroperoxides [97–99].

Our results point to a potential deleterious effect of ascorbate at a 2 mM concentration,
which is present in the vitreous [76] and therefore likely to be the same in the area of the
POS and RPE interface. Our results also demonstrate that α-tocopherol and a combination
of α-tocopherol and zeaxanthin can prevent these deleterious effects and even provide
a protective effect by increasing cell survival from 26% in the absence of tested antioxidants
to 41% for cells supplemented with α-tocopherol and zeaxanthin and exposed to 2 mM of
ascorbate and ATR liposomes with 4 µM of zeaxanthin and 80 µM of α-tocopherol. The
levels of ascorbate in tissues and plasma are tightly controlled by intestinal absorption and
ascorbate transporters, which are responsible for its accumulation against its concentration
gradient in many tissues [57,59]. AREDS2 supplement, which is meant to be taken daily,
includes 500 mg of vitamin C, which is expected to provide a steady-state ~70 µM concen-
tration of ascorbate in blood plasma, which is close to that achievable from five servings of
fruit and vegetables [59].

Our results demonstrate a remarkably beneficial effect of the supplementation of cells
and liposomes with zeaxanthin and α-tocopherol, where the most effective concentrations
in liposomes were 4 µM for zeaxanthin and 80 µM for α-tocopherol, both of which are
achievable by dietary intake. A question is whether increasing these concentrations by
supplementation can further increase their protective effects. It has been shown that
both zeaxanthin and α-tocopherol can exert pro-oxidant and cytotoxic effects [100–103].
Alpha-tocopherol can exert a pro-oxidant effect upon the interaction of a lipid-derived
peroxyl radical and the formation of an α-tocopheroxyl radical, which can propagate lipid
peroxidation by abstracting hydrogen from an unsaturated lipid, albeit with a smaller
rate than is achieved by lipid-derived peroxyl radicals [101,103]. This is the reason why
the regeneration of α-tocopherol from the α-tocopheroxyl radical, which can be achieved
by ascorbate, is important in preserving its antioxidant potential and preventing its pro-
oxidant action [49].

Chucair and colleagues have shown that lutein and zeaxanthin exert a protective
effect against the oxidant-induced apoptosis of cultured rat photoreceptors in a narrow
range of concentrations, where the maximal protection is provided by 170 and 140 nM for
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zeaxanthin and lutein, respectively, whereas higher concentrations of these xanthophylls
cause deleterious effects [100]. While these low concentrations were stated, the volume
in which the xanthophylls were provided or the actual concentrations present in the cells
were not given; therefore, their results cannot be compared with the results presented here.
The cytotoxic effects of lutein and zeaxanthin could be due to the prooxidant action of these
xanthophylls, which has been reported for carotenoids at high oxygen tensions or at high
concentrations of carotenoids, where they can form addition radicals with lipid-derived
peroxyl radicals and propagate lipid peroxidation (reviewed in [46]). Alternatively, semi-
oxidized carotenoids can be damaging to biomolecules such as tyrosine or cysteine [104].
The products of the oxidative degradation of these xanthophylls have been shown to cause
loss of ARPE-19 cell viability and induce the generation of reactive oxygen species and
apoptosis [102]. Two of these products, namely 3-hydroxy-β-ionone and 3-hydroxy-14′-
apocarotenal, both likely derived from oxidative cleavage of lutein or zeaxanthin, have been
identified in human retinas post mortem [105]. Therefore, increasing by supplementation
the concentrations of lipophilic antioxidants, such as vitamin E, lutein or zeaxanthin, needs
to be performed with caution.

5. Conclusions

In conclusion, we have demonstrated that combinations of antioxidants of dietary
origin—vitamin C, vitamin E and zeaxanthin—at physiologically relevant concentrations
can offer a synergistic protection of ARPE-19 cells from the phototoxicity induced by ATR
in liposomes. Our results also show that quenching singlet oxygen and/or scavenging free
radicals close to the source of their generation—that is, in liposomes—is more effective than
including antioxidants in cells. The different combinations of zeaxanthin with vitamin E
and combinations of vitamin E with vitamin C exhibit interactions between these two pairs
of antioxidants. No interaction could be detected for different combinations of vitamin
C with zeaxanthin. The greatest protection was achieved for cells supplemented with
α-tocopherol and zeaxanthin and exposed to ATR liposomes with 80 µM of α-tocopherol
and 4 µM of zeaxanthin in the presence of 0.5 mM of ascorbate, where the cell survival was
69% in comparison with 26% in the absence of antioxidants. The concentrations of 80 µM of
α-tocopherol and 4 µM of zeaxanthin were the highest concentrations of these antioxidants
tested in this study and at the top concentrations detected in the human photoreceptor
outer segments. Increasing the concentration of ascorbate to 2 mM caused a decrease in
protection in the presence of high concentration of lipophilic antioxidants and enhanced
the ATR phototoxicity when their concentrations were low.
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2. Różanowska, M.; Różanowski, B. Visual transduction and age-related changes in lipofuscin. In Ophthalmology Research: The Visual

Transduction Cascade; Tombran-Tink, J., Barnstable, C.J., Eds.; The Humana Press Inc.: Totowa, NJ, USA, 2008; pp. 405–446.
3. Rozanowska, M.; Rozanowski, B.; Boulton, M. Photobiology of the retina: Light damage to the retina. In Photobiological Sciences;

Smith, K.C., Ed.; American Society for Photobiology: Herndon, VA, USA, 2009; Available online: http://www.photobiology.info
(accessed on 22 January 2021).

4. Maeda, T.; Golczak, M.; Maeda, A. Retinal photodamage mediated by all-trans-retinal. Photochem. Photobiol. 2012, 88, 1309–1319.
[CrossRef]

5. Kiser, P.D.; Golczak, M.; Palczewski, K. Chemistry of the retinoid (visual) cycle. Chem. Rev. 2014, 114, 194–232. [CrossRef]
[PubMed]

6. Maeda, A.; Golczak, M.; Chen, Y.; Okano, K.; Kohno, H.; Shiose, S.; Ishikawa, K.; Harte, W.; Palczewska, G.; Maeda, T.; et al.
Primary amines protect against retinal degeneration in mouse models of retinopathies. Nat. Chem. Biol. 2011, 8, 170–178.
[CrossRef] [PubMed]

7. Chen, Y.; Okano, K.; Maeda, T.; Chauhan, V.; Golczak, M.; Maeda, A.; Palczewski, K. Mechanism of all-trans-retinal toxicity with
implications for Stargardt disease and age-related macular degeneration. J. Biol. Chem. 2012, 287, 5059–5069. [CrossRef] [PubMed]

8. Kiser, P.D.; Palczewski, K. Retinoids and Retinal Diseases. Annu. Rev. Vis. Sci. 2016, 2, 197–234. [CrossRef] [PubMed]
9. Ratnayake, K.; Payton, J.L.; Lakmal, O.H.; Karunarathne, A. Blue light excited retinal intercepts cellular signaling. Sci. Rep. 2018,

8, 10207. [CrossRef] [PubMed]
10. Ratnayake, K.; Payton, J.L.; Meger, M.E.; Godage, N.H.; Gionfriddo, E.; Karunarathne, A. Blue light-triggered photochemistry

and cytotoxicity of retinal. Cell Signal 2020, 69, 109547. [CrossRef]
11. Rozanowska, M.; Wessels, J.; Boulton, M.; Burke, J.M.; Rodgers, M.A.J.; Truscott, T.G.; Sarna, T. Blue light-induced singlet oxygen

generation by retinal lipofuscin in non-polar media. Free Radic. Biol. Med. 1998, 24, 1107–1112. [CrossRef]
12. Dillon, J.; Gaillard, E.R.; Bilski, P.; Chignell, C.F.; Reszka, K.J. The photochemistry of the retinoids as studied by steady-state and

pulsed methods. PhotoChem. PhotoBiol. 1996, 63, 680–685. [CrossRef] [PubMed]
13. Maeda, A.; Palczewski, K. Retinal degeneration in animal models with a defective visual cycle. Drug Discov. Today Dis. Models

2013, 10, e163–e172. [CrossRef] [PubMed]
14. Sahu, B.; Maeda, A. Retinol Dehydrogenases Regulate Vitamin A Metabolism for Visual Function. Nutrients 2016, 8, 746.

[CrossRef] [PubMed]
15. Molday, R.S.; Garces, F.A.; Scortecci, J.F.; Molday, L.L. Structure and function of ABCA4 and its role in the visual cycle and

Stargardt macular degeneration. Prog. Retin. Eye Res. 2021; 101036, in press. [CrossRef]
16. Yu, G.; Gao, S.Q.; Dong, Z.; Sheng, L.; Sun, D.; Zhang, N.; Zhang, J.; Margeivicus, S.; Fu, P.; Golczak, M.; et al. Peptide Derivatives

of Retinylamine Prevent Retinal Degeneration with Minimal Side Effects on Vision in Mice. Bioconjug Chem. 2021, 32, 572–583.
[CrossRef] [PubMed]

17. Puntel, A.; Maeda, A.; Golczak, M.; Gao, S.Q.; Yu, G.; Palczewski, K.; Lu, Z.R. Prolonged prevention of retinal degeneration with
retinylamine loaded nanoparticles. Biomaterials 2015, 44, 103–110. [CrossRef] [PubMed]

18. Yu, G.; Wu, X.; Ayat, N.; Maeda, A.; Gao, S.Q.; Golczak, M.; Palczewski, K.; Lu, Z.R. Multifunctional PEG retinylamine conjugate
provides prolonged protection against retinal degeneration in mice. Biomacromolecules 2014, 15, 4570–4578. [CrossRef]

19. Sawada, O.; Perusek, L.; Kohno, H.; Howell, S.J.; Maeda, A.; Matsuyama, S.; Maeda, T. All-trans-retinal induces Bax activation via
DNA damage to mediate retinal cell apoptosis. Exp. Eye Res. 2014, 123, 27–36. [CrossRef]

20. Maeda, A.; Palczewska, G.; Golczak, M.; Kohno, H.; Dong, Z.; Maeda, T.; Palczewski, K. Two-photon microscopy reveals early
rod photoreceptor cell damage in light-exposed mutant mice. Proc. Natl. Acad. Sci. USA 2014, 111, E1428–E1437. [CrossRef]

21. Hahn, P.; Milam, A.H.; Dunaief, J.L. Maculas affected by age-related macular degeneration contain increased chelatable iron in
the retinal pigment epithelium and Bruch’s membrane. Arch. OphthalMol. 2003, 121, 1099–1105. [CrossRef]

22. Ng, K.P.; Gugiu, B.; Renganathan, K.; Davies, M.W.; Gu, X.; Crabb, J.S.; Kim, S.R.; Rozanowska, M.B.; Bonilha, V.L.; Rayborn,
M.E.; et al. Retinal pigment epithelium lipofuscin proteomics. Mol. Cell Proteom. 2008, 7, 1397–1405. [CrossRef]

23. Gu, J.; Pauer, G.J.; Yue, X.; Narendra, U.; Sturgill, G.M.; Bena, J.; Gu, X.; Peachey, N.S.; Salomon, R.G.; Hagstrom, S.A.; et al.
Proteomic and genomic biomarkers for age-related macular degeneration. Adv. Exp. Med. Biol. 2010, 664, 411–417. [CrossRef]

24. Biesemeier, A.; Yoeruek, E.; Eibl, O.; Schraermeyer, U. Iron accumulation in Bruch’s membrane and melanosomes of donor eyes
with age-related macular degeneration. Exp. Eye Res. 2015, 137, 39–49. [CrossRef] [PubMed]

25. Toma, C.; De Cilla, S.; Palumbo, A.; Garhwal, D.P.; Grossini, E. Oxidative and Nitrosative Stress in Age-Related Macular
Degeneration: A Review of Their Role in Different Stages of Disease. Antioxidants 2021, 10, 653. [CrossRef] [PubMed]

26. Ruan, Y.; Jiang, S.; Gericke, A. Age-Related Macular Degeneration: Role of Oxidative Stress and Blood Vessels. Int. J. Mol. Sci.
2021, 22, 1296. [CrossRef] [PubMed]

27. Romero-Vazquez, S.; Llorens, V.; Soler-Boronat, A.; Figueras-Roca, M.; Adan, A.; Molins, B. Interlink between Inflammation and
Oxidative Stress in Age-Related Macular Degeneration: Role of Complement Factor H. Biomedicines 2021, 9, 763. [CrossRef]

28. Potilinski, M.C.; Tate, P.S.; Lorenc, V.E.; Gallo, J.E. New insights into oxidative stress and immune mechanisms involved in
age-related macular degeneration tackled by novel therapies. Neuropharmacology 2021, 188, 108513. [CrossRef] [PubMed]

http://doi.org/10.1562/2004-11-13-IR-371
http://www.ncbi.nlm.nih.gov/pubmed/16120006
http://www.photobiology.info
http://doi.org/10.1111/j.1751-1097.2012.01143.x
http://doi.org/10.1021/cr400107q
http://www.ncbi.nlm.nih.gov/pubmed/23905688
http://doi.org/10.1038/nchembio.759
http://www.ncbi.nlm.nih.gov/pubmed/22198730
http://doi.org/10.1074/jbc.M111.315432
http://www.ncbi.nlm.nih.gov/pubmed/22184108
http://doi.org/10.1146/annurev-vision-111815-114407
http://www.ncbi.nlm.nih.gov/pubmed/27917399
http://doi.org/10.1038/s41598-018-28254-8
http://www.ncbi.nlm.nih.gov/pubmed/29976989
http://doi.org/10.1016/j.cellsig.2020.109547
http://doi.org/10.1016/S0891-5849(97)00395-X
http://doi.org/10.1111/j.1751-1097.1996.tb05673.x
http://www.ncbi.nlm.nih.gov/pubmed/8628760
http://doi.org/10.1016/j.ddmod.2014.01.001
http://www.ncbi.nlm.nih.gov/pubmed/25210527
http://doi.org/10.3390/nu8110746
http://www.ncbi.nlm.nih.gov/pubmed/27879662
http://doi.org/10.1016/j.preteyeres.2021.101036
http://doi.org/10.1021/acs.bioconjchem.1c00043
http://www.ncbi.nlm.nih.gov/pubmed/33677964
http://doi.org/10.1016/j.biomaterials.2014.12.019
http://www.ncbi.nlm.nih.gov/pubmed/25617130
http://doi.org/10.1021/bm501352s
http://doi.org/10.1016/j.exer.2014.04.003
http://doi.org/10.1073/pnas.1317986111
http://doi.org/10.1001/archopht.121.8.1099
http://doi.org/10.1074/mcp.M700525-MCP200
http://doi.org/10.1007/978-1-4419-1399-9_47
http://doi.org/10.1016/j.exer.2015.05.019
http://www.ncbi.nlm.nih.gov/pubmed/26026877
http://doi.org/10.3390/antiox10050653
http://www.ncbi.nlm.nih.gov/pubmed/33922463
http://doi.org/10.3390/ijms22031296
http://www.ncbi.nlm.nih.gov/pubmed/33525498
http://doi.org/10.3390/biomedicines9070763
http://doi.org/10.1016/j.neuropharm.2021.108513
http://www.ncbi.nlm.nih.gov/pubmed/33662390


Antioxidants 2022, 11, 1132 24 of 26

29. Fleckenstein, M.; Keenan, T.D.L.; Guymer, R.H.; Chakravarthy, U.; Schmitz-Valckenberg, S.; Klaver, C.C.; Wong, W.T.; Chew, E.Y.
Age-related macular degeneration. Nat. Rev. Dis. Primers 2021, 7, 31. [CrossRef]

30. Jadeja, R.N.; Martin, P.M. Oxidative Stress and Inflammation in Retinal Degeneration. Antioxidants 2021, 10, 790. [CrossRef]
31. Bone, R.A.; Landrum, J.T.; Tarsis, S.L. Preliminary identification of the human macular pigment. Vision Res. 1985, 25, 1531–1535.

[CrossRef]
32. Schalch, W.; Bone, R.A.; Landrum, J.T. The functional role of xanthophylls in the primate retina. In Carotenoids Physical, Chemichal,

and Biological Functions and Properties; Landrum, J., Ed.; CRC Press: Boca Raton, FL, USA; London, UK; New York, NY, USA, 2010;
pp. 257–282.

33. Moran, N.E.; Mohn, E.S.; Hason, N.; Erdman, J.W., Jr.; Johnson, E.J. Intrinsic and extrinsic factors impacting absorption,
metabolism, and health effects of dietary carotenoids. Adv. Nutr. 2018, 9, 465–492. [CrossRef]

34. Widomska, J.; SanGiovanni, J.P.; Subczynski, W.K. Why is zeaxanthin the most concentrated xanthophyll in the central fovea?
Nutrients 2020, 12, 1333. [CrossRef]

35. Arunkumar, R.; Gorusupudi, A.; Bernstein, P.S. The macular carotenoids: A biochemical overview. Biochim. Biophys. Acta Mol.
Cell Biol. Lipids 2020, 1865, 158617. [CrossRef] [PubMed]

36. Bandara, S.; Ramkumar, S.; Imanishi, S.; Thomas, L.D.; Sawant, O.B.; Imanishi, Y.; von Lintig, J. Aster proteins mediate carotenoid
transport in mammalian cells. Proc. Natl. Acad. Sci. USA 2022, 119, e2200068119. [CrossRef] [PubMed]

37. von Lintig, J.; Moon, J.; Babino, D. Molecular components affecting ocular carotenoid and retinoid homeostasis. Prog. Retin.
Eye Res. 2021, 80, 100864. [CrossRef] [PubMed]

38. Sommerburg, O.G.; Siems, W.G.; Hurst, J.S.; Lewis, J.W.; Kliger, D.S.; van Kuijk, F.J. Lutein and zeaxanthin are associated with
photoreceptors in the human retina. Curr. Eye Res. 1999, 19, 491–495. [CrossRef]

39. Rapp, L.M.; Maple, S.S.; Choi, J.H. Lutein and zeaxanthin concentrations in rod outer segment membranes from perifoveal and
peripheral human retina. Investig. Ophthalmol. Vis. Sci. 2000, 41, 1200–1209.

40. Nagra, M.; Gilmartin, B.; Thai, N.J.; Logan, N.S. Determination of retinal surface area. J. Anat. 2017, 231, 319–324. [CrossRef]
41. Rodieck, R.W. The First Steps in Seeing; Sinauer Associates; Oxford University Press: Sunderland, MA, USA, 1998.
42. Black, H.S.; Boehm, F.; Edge, R.; Truscott, T.G. The Benefits and Risks of Certain Dietary Carotenoids that Exhibit both Anti- and

Pro-Oxidative Mechanisms—A Comprehensive Review. Antioxidants 2020, 9, 264. [CrossRef]
43. Edge, R.; Truscott, T.G. Singlet oxygen and free radical reactions of retinoids and carotenoids-A review. Antioxidants 2018, 7, 5.

[CrossRef]
44. Rozanowska, M.B.; Czuba-Pelech, B.; Landrum, J.T.; Rozanowski, B. Comparison of Antioxidant Properties of Dehydrolutein

with Lutein and Zeaxanthin, and their Effects on Cultured Retinal Pigment Epithelial Cells. Antioxidants 2021, 10, 753. [CrossRef]
45. Fiedor, J.; Fiedor, L.; Haessner, R.; Scheer, H. Cyclic endoperoxides of beta-carotene, potential pro-oxidants, as products of

chemical quenching of singlet oxygen. Biochim. Biophys. Acta 2005, 1709, 1–4. [CrossRef]
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