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Abstract

Increased exposure to solar ultraviolet B (UVB) radiation produce oxidative
damage that may promote age related macular degeneration (AMD) and other ocular
pathologies. This study aimed to demonstrate protective effects of some anthocyanins
and xanthophylls against UVB-induced oxidative damage to retinal epithelial cells
(RPE). ARPE-19 cells were treated with 5 uM cyanidin-3-O-glucoside, delphinidin-3-
O-glucoside, lutein, zeaxanthin or a mix of cyanidin3-O-glucoside:zeaxanthin prior to
UVB exposure (500 J/m?). Cell viability and mitogen-activated protein kinases
(MAPKs) phosphorylation were determined by MTT and western blot analysis,
respectively. Oxidative damage was evaluated by measuring intracellular reactive
oxygen species (ROS). The data showed that UVB irradiation reduce the cell viability
to 46% with increasing of intracellular ROS levels and phosphorylation of MAPKs.
However, pre-treatment (60 min) with 5 uM cyanidin3-O-glucoside, lutein or
zeaxanthin significantly reduced cellular ROS levels and phosphorylation of MAPKs
(JNK1/2 and p38) mediated by UVB irradiation and subsequently increased cell
viability. Thus, results show that UVB irradiation is able to induce apoptosis in
ARPE19 cells through oxidative stress; however anthocyanins and xanthophylls pre-
treatment can attenuate this damage. This suggests that cyanidin3-O-glucoside, lutein
and zeaxanthin are effective in preventing UVB-induced damage in RPE cells and may
be suitable as chemoprotective factors for prevention of ocular damage. The use of
natural dietary antioxidants might reduce ocular oxidative damage mediated by UVB

radiation.
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Introduction

Oxidative damage and inflammation processes are related to the pathogenesis of
different visual dysfunction, such as, cataracts or age-related macular degeneration
(AMD). AMD is a complex multifactorial disease and one of the most common causes
of severe visual loss in the elderly population'?. Retinal pigment epithelial (RPE) cells,
which are located in the outermost layer of the retina, are critical for the normal
functioning and health of retinal photoreceptors and play an essential role in visual
process; moreover their oxidative damage contributes to macular degeneration".
Exposure to solar ultraviolet (UV) radiation can induce DNA breakdown and oxidative
stress with production of reactive oxygen species (ROS) whom may cause oxidative
damage to RPE cells™ inducing several retinal pathologies’. UV radiation is part of the
sunlight spectrum and is divided into three different bands: UVA (320-400 nm, 90% of
UVA radiation reaches the Earth’s surface), UVB (280-320 nm, 10% of UVB radiation
reaches the Earth’s surface) and UVC (100-280 nm, UVC radiation is absorbed by the
ozone layer). The damaging role of UVB has been extensively studied in skin
pathologies due to the high risk of exposure of the skin to UVB, but eye is another
organ strongly exposed to UVB radiation and little is known about the role of UVB
radiation to the retina.

Recent attention has focused on the link between ocular diseases and
intracellular oxidative stress®. Accumulation of high amounts of ROS may act as a
secondary messenger to activate various signalling pathways by inducing stress-
response genes or proteins inducing various biological processes, including apoptosis or
programmed cell death”. The involvement of singlet oxygen in apoptosis has also
been reported in UVB-irradiated RPE cells'’. The major signalling pathways known to

mediate UVB induced biological responses involve mitogen-activated protein kinases
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(MAPKs)'2. MAPKs are activated when apoptosis is UVB-induced in ARPE19 cells’.
Although the mechanism by which oxidants mediate apoptosis is not well defined, the
MAPKSs pathways have been implicated in apoptosis induced by a wide range of
apoptotic stimuli'®. The MAPKs are a part of a phosphorylation cascade and include
extracellular signal-regulated kinase (ERK), c-Jun NH;-terminal protein kinase (JNK),
and p38 kinase. ERK is generally considered to be a survival mediator involved in cell
growth and differentiation'!, whereas p38 and JNK are usually referred to as stress-
stimulated MAPKSs, which are required for the induction of apoptosis by diverse stimuli
such as UV irradiation, osmotic shock, and oxidants". The down-regulation of MAPKs
activity by specific inhibitors of these kinase families could be used in the treatment of
MAPK-mediated diseases.

The regulation of ROS production might inhibit the tissue damage. Studies over
the last few decades suggest that diet-derived antioxidants may help to prevent and/or
delay progression of the pathogenic pathways, modifying the risk of suffer different
diseases caused by oxidative damage. In support of this idea, several reports suggest
that the administration of natural antioxidants compounds could reduce ROS and to be
effective for preventing retinal injury induced by the oxidative damage'>™®.

Flavonoids and carotenoids are a class of natural biological compounds that have
evolved to protect plants form oxidative damage induced by chronic exposure to UV
light". These phytochemicals have many human health benefits, and most of these
beneficial effects were due to their potent antioxidant and free radical-scavenging
properties. Several studies have shown the antioxidant effects of specific flavonoids and
carotenoids on various types of cells inhibiting the cellular signalling pathways leading

20,21

to different diseases™ . Flavonoids cyanidin-3-O-glucoside (Cy) delphinidin-3-O-

glucoside (Dp) and are members of a family of bioactive compounds known as
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anthocyanins widely distributed in fruits and vegetables and are known to ameliorate
oxidative stress. Previous studies have showed that delphinidin and cyanidin decreased

oxidative stress in different cell lines scavenging free radicals***

, suppressing
inflammation®, and protecting against endothelial dysfunction?®. On the other hand,
lutein (Lu) and zeaxanthin (Ze) are xanthophyll carotenoids with antioxidant activity. In
humans, lutein and zeaxanthin are distributed in the lens and macula and protects the
ocular tissue by filtering blue light26 and are believed to function as an antioxidant that
quenches and scavenges photo induced ROS?. These carotenoids cannot be synthesized
within human body and only source is diet including green vegetables, some fruits and
egg yolks®™. An inverse relationship between the serum concentration of lutein and
zeaxanthin and ocular diseases, such as AMD and cataract, has been reportedzg. Recent
studies have showed that lutein and zeaxanthin decreased oxidative stress in different

cell lines (endothelial and retinal cells)**?

and is reported to have an anti-inflammatory
effect in ocular tissue'®. Thus, anthocyanins and carotenoids could suppress pathogenic
signals through reducing ROS. Although studies have shown that delphinidin, cyanidin,
lutein and zeaxanthin protects several cell types from oxidative stress, there are few
studies on the protective effects of these compounds against UVB-induced damage in
RPE cells.

In the present study, we evaluated the in vitro protective effects of delphinidin,
cyanidin, lutein and zeaxanthin against UVB-induced damage responses in ARPE-19

cells, such as UVB-induced apoptosis, by attenuating MAPK signalling pathways

developing a new in vitro model of retinal UVB protection.

Materials and methods

Materials
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Cyanidin-3-O-glucoside, delphinidin-3-O-glucoside, lutein and zeaxanthin were
purchased from Extrasynthese (Lyon, France). 3,4,5-dimethylthiazol-2,5-diphenyl-
tetrazolium bromide (MTT), Bradford reagent, dichlorofluorescin (DCFH),
dimethylsulfoxide (DMSO), phosphatase and protease inhibitor cocktails, sodium
dodecyl sulfate (SDS), and ultra TMB-Blotting-solution were acquired from Sigma
(Madrid, Spain). Dulbecco’s Modified Eagle’s Medium/Nutrient Mixture F-12
(DMEM/F12), penicillin/streptomycin (5,000 U/mL) and trypsin/EDTA solution
(170,000 U/L) were purchased from Lonza (Cultek S.L.U, Madrid, Spain). Fetal bovine
serum (FBS) South American origin (Hyclone) was obtained from Thermo Scientific
(Cultek). Materials and chemicals for protein electrophoresis and western blot were
acquired from Invitrogen (Life technologies, Madrid, Spain). Cell culture dishes were
obtained from BD Falcon (Madrid, Spain). Primary antibodies anti-JNK1/2, anti-
phospho-JNK1/2, anti-p38, anti-phospho-p38, and secondary antibody goat anti-rabbit-
HRP were purchased from Thermo Scientific (Cultek); anti-f-actin was purchased from

Santa Cruz Biotechnology (Quimigen S. L, Madrid, Spain).

ARPE-19 cell cultures

Adult human retinal epithelial cells (ARPE-19) were used as the model to study
the effect of UVB light on the retinal pigment epithelium and to see if anthocyanins and
xanthophylls were able to protect the retina against this damage. ARPE-19 cells (a gift
from Dr. Valverde, Instituto de Investigaciones Biomédicas, CSIC) were cultured in
DMEM/F12 supplemented with 10% FBS and 1% penicillin/streptomycin (5,000
U/mL). Cells were plated at densities 1 x 10° cells in 75 cm” tissue culture flasks and
maintained at 37°C under 5% CO, in a humidifier incubator until 90% of confluence.

The culture medium was changed every 2 days. After a confluent monolayer appeared,
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subculturing was carried out using a dissociating agent Trypsin/EDTA solution. For the
experiments, cells were starved in serum-free DMEM for 24 h before they were
subjected to further assays. All experiments were carried out between passage 10 to

passage 30 to ensure cell uniformity and reproducibility.

Cell viability assays

The viability of the cells was determined by the MTT reduction assay. Cells
were seeded into 96-well plates (5 x 10° cells/well) and allowed to adhere 24 h.

Cell viability after pre-treatment. Briefly, cell medium was replaced with serum-
free medium containing 5 uM Dp, Cy, Lu, Ze or mix 2.5 uM Cy + 2.5 uM Ze (dissolved
in DMSO) and the cells were incubated at 37°C under 5% CO; for 24 h. Control cells
were incubated in serum-free medium with 0.1% DMSO.

Cell viability after UVB exposure. The culture medium was removed to avoid
the formation of medium-derived toxic photoproducts induced by UVB light. ARPE19
cells were exposed to UVB (500 J/m?) in PBS and incubated at 37°C under 5% CO, for
another additional 24 h with fresh culture medium (control cells were not irradiated).

Cell viability after pre-treatment and UVB exposure. The cell medium was
replaced with serum-free medium containing 5 uM Dp, Cy, Lu, Ze or mix 2.5 uM Cy +
2.5 uM Ze (dissolved in DMSO) and the cells were incubated at 37°C under 5% CO,
for 60 min. After that, the medium was removed and cells were washed with PBS. Cells
were exposed to a total UVB irradiation of 500 J/m®. Immediately after UVB exposure,
PBS was removed and serum-free medium was added to the cells and the cells
incubated as for culturing at 37°C under 5% CO; for another 60 min (the control cells

were not irradiated).
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Thereafter 20 pL of a MTT solution in PBS (5 mg/mL) was added to each well
for the quantification of the living metabolically active cells after four hours incubation
Briefly, MTT is reduced to purple formazan in the mitochondria of living cells.
Formazan crystals in the wells were solubilized in 200 pLL DMSO. Absorbance was
measured at 570 nm wavelength employing a microplate reader PowerWave™ XS
(BioTek Instruments, Inc., Winooski, VT, USA). The viability was calculated
considering controls containing a solvent control (0.1% DMSO) as 100% viable. Data

represent the mean and standard deviation of three independent experiments (n=3).

Evaluation of reactive oxygen species (ROS) generation

Intracellular ROS levels were quantified following the method described by
Martin and co-workers, using DCFH as fluorescent probe™. After being oxidized by
intracellular oxidants, DCFH will become dichlorofluorescein (DCF) and emit
fluorescence. To test for the protective effect, cells were seeded (5 x 10* cells per well)
in 24-multiwell plates and grown until they reached 70% of confluence. Cells were
treated with 5 uM Dp, Cy, Lu, Ze or mix 2.5 uM Cy + 2.5 uM Ze for 60 min. After that,
cells were washed with PBS and incubated with culture medium and DCFH probe for
30 min. The unabsorbed probe was removed by washing with PBS and cells were then
irradiated with UVB (500 J/m?). After 60 min of incubation at 37°C under 5% CO,,
fluorescence at excitation wavelength of 485 nm and emission wavelength of 530 nm
was measured in a plate reader (BioTek). The control cells were not irradiated. Data
were presented as the mean and standard deviation of three independent experiments

(n=3).

UVB irradiation

Page 8 of 35
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Cells were seeded in a culture dishes (19.5 cm?) at a density of (5 x 10° cells) in
2 mL DMEM-F12 containing 10% FBS and 1% penicillin/streptomycin. This density
provided 80-90% cell confluences 72 h after seeding. Before every experiment, the
cells were starved in serum-free DMEM/F12 for 24 h. The medium was replaced with
serum-free medium containing 5 uM Dp, Cy, Lu, Ze or mix 2.5 uM Cy + 2.5 uM Ze
(dissolved in DMSO) and the cells were incubated at 37°C under 5% CO, for 60 min.
Control cells were incubated in serum-free medium containing 0.1% DMSO. For UVB
exposure, the medium was removed and cells were washed and gently overlaid with
PBS. A specific UVB lamp emitting a peak wavelength of 312 nm with intensity of 5.8
W/m? (Vilber Lourmat, Moune La Vallee, France) was used. Cells were exposed to a
total UVB irradiation of 500 J/m* (approximately 90 s exposure). Immediately after
UVB irradiation, PBS was removed and serum-free medium was added to the cells and
incubated as for culturing at 37°C under 5% CO; for 60 min (post-irradiation time).
Control cells were treated identically except that they were exposed to ambient light

rather than UVB. All the experiments were performed three times in triplicate.

Cell lysate preparation and western blot analysis

Cells were recovered with cold PBS and lysed at 4°C in a lysis buffer containing
25 mM Hepes (pH 7.5), 0.3 M NaCl, 1.5 mM MgCl,, 0.2 mM EDTA, 0.5 mM
dithiothreitol, 0.1% Triton X-100, 200 mM [-glycerophosphate, 0.1 mM sodium
orthovanadate, | mM PMSF, phosphatase and protease inhibitors. After incubation on
ice for 15 min, the lysate was centrifuged at 10,000 rpm for 20 min at 4°C. The
supernatants were collected, assayed for protein concentration by using the Bradford
reagent, aliquoted and stored at -20°C until used for Western blot analyses. Sample

aliquots of 30 pg of protein were loaded on to 10% polyacrylamide gels and separated
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at 125 V for 110 min. Gels were then overlaid with PVDF membranes (iBlot® Dry
Blotting System, Invitrogen, USA) and blotted. Gels were stained with Coomassie Blue
dye to confirm efficient transfer. Membranes were blocked in TBS-T (20 mm Tris pH
7.5, 150 mm NacCl, 0.05% Tween 20) 5% skim milk for 1 h at room temperature,
washed three times with TBS-T for 10 min. Membranes were probed with the
corresponding primary antibody (1:1000 dilution in TBS-T) by incubation over-night at
4°C. After that, the membranes were washed three times with TBS-T for 10 min
followed by incubation with anti-rabbit-HRP secondary antibody (1:2500 dilution in
TBS-T) at room temperature for 1 hour and then washed with TBS-T three times for 10
min. Protein bands were visualized by using TMB as a substrate. Normalization of
western blot was ensured by B-actin protein (load control) and bands were quantified
using a scanner and densitometry software GelQuant.NET v1.8.2 provided by

biochemlabsolutions.com.

Statistical analysis

The results were reported as means + standard deviation (SD) performed in
triplicate. The data was analysed by analysis of variance (ANOVA) with a post hoc
Duncan test. Differences were considered significant at p<0.05. All statistical tests were
performed with IBM SPSS Statistics for Windows, Version 19.0 (IBM Corp., Armonk,

NY, USA).

Results
UVB radiation induces cell death on ARPE19
To confirm the cytotoxic effect of UVB irradiation on ARPEI19 cells, cultured

cells were exposed to increasing doses of UVB radiation (100, 200, 500 and 1000 J/m?).

10
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Cell viability was determined at 24 h after UVB irradiation by MTT assay. As we
expected in our in vitro model, different percentages of cultured ARPE19 cells died
after UVB exposure. The decrease of cell viability was dose-dependent, resulting in
73.9, 58.8, 46.1 and 25.4% of remaining surviving cells at 100, 200, 500 and 1000 J/m?,
respectively (Figure 1). Since 500 J/m* of UVB irradiation caused a decrease of about a
half in cell viability (46%), this dosage was used in the following studies aimed to study

the protective effect of the different bioactive compounds on UVB-induced cell damage.

Cytotoxic effect of anthocyanins and xanthophylls

To examine the non-cytotoxic effect of Dp, Cy, Lu, Ze (5 uM) and mix Cy (2.5
uM) + Ze (2.5 uM) on ARPE19 cells, a cell viability assay by MTT was performed. The
effects of anthocyanins and xanthophylls on the ARPE19 viability are shown in Figure
2. Results showed that the different compounds and the tested mix did not significantly
affect cell viability at 24 h after treatment. The data indicated that these compounds
have no cytotoxic effects on ARPE19 cells. Therefore, 5 pM as total concentration was
used in the further protective experiments. The concentration of anthocyanins and
xanthophylls used in all experiments were selected based on previous reports, taking
into account that the concentration of anthocyanins and xanthophylls observed in human

plasma is in the nM to low uM range34.

Anthocyanins and xanthophylls protect ARPE cell from UVB-induced death

To determine the protective effects of Dp, Cy, Lu, Ze (5 M) and a mixture of
Cy (2.5 uM) + Ze (2.5 uM) on ARPE19 cells after UVB exposure, a cell viability assay
was performed (Figure 3). The MTT assay showed the cell viability of untreated

ARPE19 cells was decreased after UVB exposure (41.0 % of viability respect to the

11
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control cells). However, the viability decrease was significantly reversed (p<0.05) by
pre-treatment with Cy, Lu, Ze and Cy+Ze mix (Figure 3), approximately 56, 69, 77, and
74% of cells were viable upon UVB exposure, respectively. On the other hand, cells
pre-treated with 5 uM Dp did not show any significantly increase in ARPE19 viability
(44.2% of cell viability). These results indicate that Cy, Lu, Ze and the mixture Cy+Ze
are effective in the prevention of UVB-induced ARPE19 cell damage and these
prevention is most effective when the cells are pre-treated with xanthophyll compounds

in comparison with anthocyanins.

Effect of anthocyanins and xanthophylls on ROS production

In ARPE19 cells, UVB radiation is known for being a potent inducer of ROS
formation™. Accordingly, ARPE19 cells exposed to UVB irradiation (500 J/m?) for 60
min significantly enhanced ROS generation (Figure 4) and cell damage resulting in a
remarkably decrease of ARPE19 cell viability (Figure 1). Pre-treatment of ARPE19
cells for 60 min with Cy, Lu, Ze and Cy+Ze mix evoked a significant (p<0.05)
reduction in the cellular ROS generation (Figure 4). The significant decrease in ROS
levels and, consequently, in the oxidative stress condition leads to a decline of ARPE19
cell death, as shown in Figure 3. However, pre-treatment of ARPE19 cells with 5 pM
Dp did not provoke a significant (»p>0.05) reduction in the intracellular ROS formation
(Figure 4) neither in ARPE19 cell death (Figure 3). Once again, the higher decreases in
the ROS formation were obtained when the cells were pre-treated with xanthophyll
compounds. These results suggest that UVB irradiation activates ROS formation, and
thus oxidative stress pathways may play role in UVB-induced cell death on ARPE19

dells.

12
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Inhibition of UVB-induced MAPK activation

UV irradiation causes the activation of MAPKs, which may lead to ARPE cell
damage and cell death’. To investigate the inhibitory effect of anthocyanins and
xanthophylls on MAPKs phosphorylation, we pre-treated the cells with the different
compounds and mix prior to UVB exposure. In our experimental model, the JNK1/2
and p38 phosphorylation were increased after UVB irradiation (Figure 5). However,
JNK1/2 phosphorylation in ARPE19 cells was significantly (p<0.05) reduced by pre-
treatment with Cy (Figure 5A) and Lu and Ze (Figure 5B). UVB-induced p38
phosphorylation was only significantly (»<0.05) reduced by the pre-treatment with Lu
and Ze (Figure 5B). These results demonstrate that Cy, Lu and Ze at 5 pM inhibit
MAPK activation (Figure 5A and 5B), reduce ROS generation (Figure 4) and increase
cell viability (Figure 3) after UVB irradiation. The inhibitory effect on MAPK
activation again was more notorious when the cells were treated with xanthophyll
compounds. The pre-treatment with Cy+Ze mix was able to reduce the phosphorylation
levels of JNK1/2 and p38 but the results were not significant respect to the UVB

irradiated control (p>0.05)

Discussion

The health benefits of anthocyanins and xanthophylls have been associated with
their potent antioxidant and anti-inflammatory properties*®, which is related to their
hydrogen donating ability and the capacity to stabilize the radicals formed. In vitro
studies have demonstrated these antioxidant effects in different human model cells’”?®,
The role of anthocyanins and xanthophylls at present seem promising for reversing

oxidative stress and possibly improving diseases in which oxidative processes are

involved, such as those affecting ocular degeneration. However, the evidence is lacking

13
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and one should be aware that their dosage and efficacy in ocular diseases are still
limited. Our study evaluated the ability of specific anthocyanins (delphinidin and
cyanidin-3-glucosides) and xanthophylls (lutein and zeaxanthin) in protecting the UVB-
induced RPE cell damage. We observed that cyanidin, and specially, lutein and
zeaxanthin reduced the UVB-induced decrease in cell viability (Figure 3); lowered
intracellular ROS generation and MAPKSs activation (Figures 4 and 5).

It is well known that sunlight causes cell damage, which accumulates during
lifetime, inducing cell death through phototoxic events. Intense light exposure has been
used as an environmental stressor in testing human model cells of photoreceptor cell
degeneration®, particularly in the retinal pigment epithelium cells. The outcomes of
these works have improved our understanding of both visual transduction and retinal
degenerations. Good progress has been made in preventing retinal light damage with
antioxidants and neurotrophic factors. Thus, although it has been gained insights into
the process, the mechanism of light damage still eludes a thorough understanding. Three

retinal light damage hypotheses, originally present by Noell*’

, have guided the work in
this area. These include: i) a toxic photoproduct formation during exposure to intense
light; ii) a metabolic abnormality resulting from light exposure; iii) and light-induced
oxidative reactions. Taken together with a new amount of additional work, the retinal
light damage is a multi-factorial process involving both environmental and genetic
factors.

The human ARPEI19 cell line serves to study in vitro different strategies to
protect the retina. These cells are susceptible to oxidative damage because of its high
metabolic rate and oxygen consumption, phagocytosis of rod outer segments, and the

presence of photosensitizing compounds®. Therefore, ARPE19 cells are potentially

sensitive to UVB irradiation and have been used for many in vitro studies of UV-

14

Page 14 of 35



Page 15 of 35

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

Food & Function

induced damage to the retina and oxidative stress™ '®. The role of oxidative stress has
been implicated in many age-related diseases and a large number of studies support the

key role of ROS in visual degeneration***

. Our experimental model indicates that UVB
irradiation (500 J/m?) significantly increases intracellular ROS levels in ARPE19 cells
(Figure 4) with a lower viability (Figures 1 and 3), which is consistent with that
oxidative stress is involved in UVB-induced damage in RPE cells. In order to
investigate the relationship between an increase in ROS generation, UVB-induced
MAPK phosphorylations and cell death, anthocyanin and xanthophyll compounds as
natural antioxidants were used.

It has been reported that the activation of MAPK is essential for UVB-induced
apoptosis in RPE cells, which includes phosphorylation of ERK, JNK and p38
kinases'?. Tt is generally accepted that ERK activation is essential for cell survival,
whereas the activation of JNK and p38 is thought to play a role in apoptotic or cell
death signalling. Our study confirm that UVB irradiation caused a large increased in
intracellular ROS generation (Figure 4), as well as JNK1/2 and p38 phosphorylation in
ARPEI9 cells (Figure 5) 1 h after UVB irradiation and subsequently elevated cell death
(Figure 1 and 3). However, the protective experiments showed that cyanidin, and
specially, lutein and zeaxanthin were able to reduce intracellular ROS generation
(Figure 4) and partially decrease cell death induced by UVB irradiation (Figure 3).
Simultaneously, these compounds were able also to block, in part, the phosphorylation
of JNK1/2 and p38 caused by the UVB irradiation (Figure 5). All these results suggest
that oxidative stress is involved in UVB-induced cell death and that it occurs partially
through influencing the signal transduction pathways of MAPKs such as, JNK1/2 and
p38, but this process could be partially inhibited by natural antioxidants such as

anthocyanins and xanthophylls.
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Regarding the possible mechanisms by which the tested compounds inhibit
UVB-induced RPE cell death, our results showed that it may act through its
antioxidative effect (Figures 4 and 5). The biologic harmful effects of UVB are
mediated by the generation of intracellular ROS. These active oxygen species mediate
many damaging effects, such as DNA damage and cell death. In the present study, we
confirm that UVB-induced intracellular ROS production was decreased by pre-
treatment with Cy, Lu, Ze and mix Cy+Ze. This inhibition, in turn, contributes to the
protective effect on UVB-induced ARPE19 cell death (Figure 3). However, we also
found that UVB-induced intracellular ROS production cannot be completely inhibited
by anthocyanin and xanthophylls pre-treatment. This may be the reason why these
compounds could not completely reverse UVB-induced cell death (Figures 3 and 4).

In vivo and in vitro studies have confirmed that xanthophylls photo-protective
role is related to its antioxidant activity or with the modulation of other endogenous
antioxidant pathways in the cell. Moreover, it has been established that xanthophylls
structure has a great influence in its antioxidant activity, being influenced by the
presence of functional groups with increasing polarities, such as carbonyl and hydroxyl
groups, in the terminal rings, as well as by the number of conjugated double bonds**.
This way, xanthophylls antioxidant effectiveness increase as the number of conjugated
double bonds increase. On the other hand, the antioxidat activities exhibited by
anthocyanins are also influenced by their own structures, essentially by the number of
hydroxyl constituents of the B-ring. Delphinidin usually exhibit higher antioxidant
capacities than cyanindin, and this remarkable effect is associated with the fact that
delphinidin has three hydroxyl groups atached to its B ring. However, our results using
anthocyanins suggest that the inhibition of intracellular ROS production is not related

with the number of hydroxyl groups on the B-ring. These findings are in accordance
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with previous results described when hydroxyl radical scavenging activity*® and oxygen
radical absorbance capacity (ORAC)* were evaluated using anthocyanin pigments.
Taken all together, the most promising results during the present study were
obtained when the cells were treated with the xanthophylls, lutein and zeaxanthin. These
results are in accordance with the previous obtained by Bian'® using 10 uM of these
same compounds. The best results obtained with the xanthophylls may be due to a
higher accumulation in RPE cells®. Moreover, xanthophylls are dipolar carotenoids
which insert themselves in a mainly perpendicular orientation into the retinal cell
membrane and this orientation is thought to offer optimal protection against oxidation®.
Lutein and zeaxanthin are also excellent quenchers of singlet oxygen of photoactive
molecules. ARPE-19 cells actively take up lutein and zeaxanthin from the medium'®.
Epidemiologic studies suggest that dietary lutein and zeaxanthin play significant
protective roles against visual loss™ and lower serum levels of these carotenoids are
associated with increased risk for AMD*"2. In our study, the greater protective effect of
lutein and zeaxanthin may be related to their higher cellular accumulation. The
differential uptake and retentions of lutein and zeaxanthin in the retina may be related to
the expression of their binding proteins in the retinal cells>™*. An increase in dietary
intake of lutein and zeaxanthin would increase the macular pigment optical density and
provide better protection against oxidation. It has long been suspected that accumulation
of lutein and zeaxanthin in the retina may protect against eye damage by two different
mechanisms: blocking harmful UVB radiation and quenching ROS. Bian'® indicate that
supplementation with lutein or zeaxanthin can partially protect against oxidative stress
and inflammatory response in RPE cells by modulating inflammation-related genes.
Because dietary anthocyanins have anti-inflammatory and antioxidant properties

they could have also potential benefits in inhibiting retinal diseases associated with
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oxidative stress and inflammation. Anthocyanins have shown limited absorption in vivo
in comparison to xanthophylls; however, some studies in animals have showed

55,56
. These results

accumulation of anthocyanins in the brain, liver, and ocular tissues
confirm the potential anthocyanins bioavailability in the eye tissues. Of the two
anthocyanins tested in the present study, cyanidin was able to reduce the intracellular
ROS generation and contributes to inhibit partially the activation of JNK1/2 inducing
higher cell viability after UVB irradiation. These results are according with previous

. 23,57
studies

using higher concentrations (up to 10 pM), where cyanidin inhibited the
ROS generation and cellular necrosis without a significant reduction in the cell viability.
Thus, our data suggests that cyanidin may have benefits to prevent proliferative
retinopathies. p38 MAPK also participates in cellular responses to mitogenic stimuli,
including oxidative stress or UV exposure, during cell differentiation and apoptosis. A
previous report suggested that delphinidin and cyanidin at 10 pM can regulated the
activation of p38 MAPK*. However in our experimental model the anthocyanins used
at 5 UM were not able to inhibit p38 phosphorylation (Figure 5A). Because low
concentrations of anthocyanins and xanthophylls (5 pM) did not decrease the viability
of the cells (Figure 2), we assume that normal and moderate intake of the compounds as
natural food ingredients will have no deleterious consequences in the RPE cells, and
may have even beneficial effects, in the cases of cyanidin, lutein and zeaxanthin.

In summary, our study provides the evidence that the anthocyanin cyanidin-3-
glucoside, and specially, xanthophylls lutein and zeaxanthin are potential protective
agents for RPE cells against UVB irradiation. The data demonstrate that these natural
antioxidant compounds can inhibit UVB-induced intracellular ROS generation and

MAPK activation. Moreover, these compounds increase ARPE19 cell survival after

exposure to UVB radiation, which suggests a preventing effect from UVB-induced
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damage and may be suitable to be further developed as chemoprotective agents and can
play an important role in the prevention of oxidation or UVB-induced ocular disorders.
Thus, modulating RPE cell damage through ingestion of selective natural antioxidants
may be a useful strategy for reducing the oxidative damage that occurs in ocular
pathologies. These results should be supported by in vivo experiments in order to
confirm these findings. Future experiments using a chronic photo-oxidation model and

physiologically relevant concentrations of anthocyanins and xanthophylls are needed.

Conclusion

The present study demonstrates that UVB irradiation induce cellular oxidative
stress in ARPE19 cells by increasing intracellular ROS production, altering activities of
MAPKSs and by subsequently inducing cell death. Although, some anthocyanins and
xanthophylls have shown to protect against oxidative damage in RPE cells, the present
report shows that the anthocyanin cyanidin and especially the xanthophylls lutein and

zeaxanthin are effective against UVB-mediated RPE oxidative damage.
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Figures

Figure 1. Effect of UVB irradiation on ARPE19 cells viability. Cells were exposed to
UVB radiation at indicated doses and incubated in serum-free medium for 24 h. The
results are expressed as percentage of control and are represented by mean = SD (n=3).

Asterisk indicates p<0.05 versus control cells no irradiated.

Figure 2. Cytotoxic effects of delphinidin (Dp), cyanidin (Cy), lutein (Lu), zeaxanthin
(Ze) and cyanidin-zeaxanthin mix (Cy+Ze). ARPE19 cells were treated for 24 h, and
cell viability was assessed by MTT assay. The results are expressed as percentage of

control and are represented by mean + SD (n=3).

Figure 3. Protective effect delphinidin (Dp), cyanidin (Cy), lutein (Lu), zeaxanthin
(Ze), and cyanidin-zeaxanthin mix (Cy+Ze) on ARPE19 cells after UVB irradiation.
ARPE19 cells were pre-treated with 5 uM Dp, Cy, Lu, Ze or 2.5 uM Cy + 2.5 uM Ze
for 60 min before being exposed to UVB radiation. Cell viability was determined by
MTT assay 24 h after UVB radiation (500 J/m?). The control bar means the cells were
not neither treated with any compound nor exposed to UVB radiation. The results are
expressed as percentage of control and are represented by mean + SD (n=3). Asterisk

indicates p<0.05 versus UVB-exposed cells without any compound pre-treatment.

Figure 4. Protective effect of delphinidin (Dp), cyanidin (Cy), lutein (Lu), zeaxanthin
(Ze), and cyanidin-zeaxanthin mix (Cy+Ze) on intracellular ROS generation after UVB
exposure. ARPE19 cells were pre-treated with 5 uM of Dp, Cy, Lu, Ze or 2.5 uM Cy +
2.5 uM Ze for 60 min before being exposed to UVB radiation (500 J/m?) and tested for

ROS production. Values are expressed as a percent relative to the control condition.
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Asterisk indicates significant reduction of ROS production compared to UVB-exposed

cells without any compound pre-treatment (p<0.05).

Figure 5. Effect of delphinidin (Dp) and cyanidin (Cy) (A), lutein (Lu) and zeaxanthin
(Ze) (B) and cyanidin-zeaxanthin mix (Cy+Ze) (C) on UVB-induced JNK and p38
phosphorylations. ARPE19 cells were pre-treated with the compounds for 60 min
before being exposed to UVB radiation (500 J/m?). After 60 min of incubation cells
were collected and lysates were analysed by western blot analysis. Each result is
representative of three experiments. Asterisk indicates significant reduction of MAPK
phosphorylation compared to UVB-exposed cells alone without any compound pre-

treatment (p<0.05).
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