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Abstract

A family of photoreactive retinaldehyde-derived molecules accumulate in retinal pigment
epithelial cells with age; this accumulation is implicated in some retinal diseases. One of these
compounds is the diretinal fluorophore A2E. Here we compared polyphenols for their ability to
suppress the photooxidation and photodegradation of A2E. In cells that had accumulated A2E and
were irradiated with short-wavelength light, quercetin, cyanidin-3-glucoside, ferulic acid and
chlorogenic acid diminished cellular levels of reactive oxygen species, but only quercetin and
cyanidin-3-glucoside promoted cell viability. By chromatographic quantitation, quercetin and
cyanidin-3-glucoside reduced the consumption of A2E by photooxidation in both cell- and cell-
free assays. With ultra-high performance liquid chromatography-mass spectrometry, quercetin and
cyanidin-3-glucoside also inhibited the formation of photooxidized-A2E species. While
photodegradation of A2E is known to result in the release of reactive carbonyls, we demonstrated
that quercetin and cyanidin-3-glucoside decreased the formation of methylglyoxal adducts in the
cells, and reduced the expression of mMRNA encoding receptor for advanced glycation end
products. These polyphenols also protected glutathione from reaction with photooxidized A2E. In
rod outer segments incubated with all-frans-retinal to generate bisretinoid, followed by irradiation,
quercetin and cyanidin-3-glucoside reduced release of the lipid peroxidation product 4-
hydroxynonenal. In conclusion, quercetin and cyanidin-3-glucoside can guard against
photooxidative processes in retina.
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1. Introduction

Fluorophores having bisretinoid structures are produced in the membranes of photoreceptor
outer segments (OSs) due to inadvertent non-enzymatic reactions of vitamin A-aldehyde.
These compounds are subsequently transferred to retinal pigment epithelial (RPE) cells
within phagocytosed OS disks and accumulate in RPE as lipofuscin (Sparrow et al., 2003a).
AZ2E, just one of a complex mixture of bisretinoids that are accrued in this way, exhibits
detergent-like activity and has photo-sensitive properties that can be a source of oxidative
stress in RPE (Liu et al., 2000; Mata et al., 2000).

For all of the bisretinoids of RPE lipofuscin, the two-armed polyene structures terminating
in B-ionone rings confer the extended conjugation systems that enable the short arm of the
molecule to absorb in the UV range and the long arm to absorb in the visible region of the
spectrum (Sparrow et al., 2010). For instance, A2E has an absorbance maximum in the
visible spectrum at ~440 nm and a shorter wavelength absorbance at ~340 nm. Absorbances
in the visible portion of the spectrum are significant because they reach the retina (Sparrow
etal., 2012).

Upon irradiation with short-wavelength visible light, A2E acts as a photosensitizer
generating singlet oxygen and other reactive oxygen species (ROS) (Ben-Shabat et al., 2002;
Kim et al., 2008). A2E is also an excellent quencher of singlet oxygen. Consequently, singlet
oxygen subsequently adds to carbon—carbon double bonds of bisretinoid molecules
(photooxidation) thereby forming endoperoxides, epoxides, and furanoid moieties that have
been identified in hydrophobic extracts of human and mouse retina (Ben-Shabat et al., 2002;
Jang et al., 2005a). At these oxidation sites bisretinoids undergo cleavage, releasing
aldehyde- and carbonyl bearing molecular fragments such as the dicarbonyls methylglyoxal
(MG) and glyoxal. These dicarbonyls can react with and inactivate proteins (Wu et al.,
2010). They can also provoke the formation of advanced glycation end products (AGE) that
deposit extracellularly (Yoon et al., 2012; Zhou et al., 2005) and incite the upregulation of
the receptor for advanced glycation end product (RAGE) (Zhou et al., 2015). Because these
AGE-maodified proteins are present in deposits (drusen) that accumulate on the basal side of
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RPE cells /n vivo, and drusen are a major risk factor for AMD pathogenesis, the
photodegradation of bisretinoids may constitute a molecular link to drusen and AMD
(Anderson et al., 2002; Crabb et al., 2002).

We have previously demonstrated a role for antioxidants such as bilberry-derived
anthocyanins and vitamin E, in protecting against bisretinoid photoxidation by scavenging
singlet oxygen (Sparrow et al., 2003b). Quercetin, cyanidin-3-glucoside, protocatechuic
acid, ferulic acid, and chlorogenic acid are common plant polyphenols known to have
protective effects on retinal light damage /n vitroand /n vivo (Saviranta et al., 2011,
Tremblay et al., 2013; Wang et al., 2015; Wang et al., 2016; Wang et al., 2017). Cyanidin-3-
glucoside and its phenolic acid metabolites (protocatechuic acid and ferulic acid) attenuated
light-induced retinal oxidative stress, inflammation and apoptosis in pigmented rabbits via
activation of Nrf2/HO-1 pathway and NF-xB suppression (Wang et al., 2016). Furthermore,
quercetin and cyanidin-3-glucoside with ortho phenolic groups probably possess
antioxidative properties capable of suppressing photooxidation (Wang et al., 2015; Wright et
al., 2001). However, whether these common polyphenols protect against RPE damage via
suppressing bisretinoid photooxidation/photodegradation has yet to be elucidated.

In this study, we investigated the effects of five common polyphenols on blue light irradiated
A2E-containing RPE cells. Polyphenols, the most abundant phytochemicals in fruits and
vegetables, can be divided into several classes according to their carbon backbone. These
classes include phenolic acids (hydroxybenzoic acids, C6—-C1; hydroxycinnamic acids, C6—
C3), flavonoids (C6-C3-C6), stilbenes (C6-C2-C6), lignans (C6—C3-C3-C6) and others
(Milenkovic et al., 2013). Flavonoids include 6 subclasses: anthocyanins, flavanols,
flavonols, flavones, flavanones, and isoflavones. Of the five polyphenols investigated in this
study, protocatechuic acid, ferulic acid and chlorogenic acid belong to the class of phenolic
acids. Quercetin and cyanidin-3-glucoside are flavonoids. In addition to quantifying cell
viability, we measured ROS levels and pathways reflecting the downstream effects of
bisretinoid photodegradation. This is the first report of the protective effects of quercetin and
cyanidin-3-glucoside on inhibiting the photooxidation and photodegradation of A2E in RPE
cells and in cell-free assays.

2. Materials and Methods

2.1. Synthesis of A2E

AZ2E was synthesized by incubating all-frans-retinal (atRAL) with ethanolamine as
published (Parish et al., 1998); purification was by HPLC.

2.2. Cell culture and illumination

Human adult RPE cells (ARPE-19, American Type Culture Collection, Manassas, VA)
deficient in endogenous lipofuscin (Sparrow et al., 1999) were grown to confluence as
described previously (Sparrow et al., 2002). To introduce synthesized A2E to confluent
cultures for accumulation in the lysosomal compartment of the cells, A2E was placed in the
culture medium (3 pM final concentration with 0.01% DMSO), incubated with the cells and
refreshed once every two days. The accumulation proceeded for 8 days. The cells were then
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treated with and without quercetin, cyanidin-3-glucoside, protocatechuic acid, ferulic acid,
or chlorogenic acid (10, 25, and 50 uM) for 24 hours prior to being exposed to 430 nm
irradiation (1.5 milliwatts/cm?2, 20 or 30 min) to photooxidize A2E (Yoon et al., 2011).
Incubation of the cells was continued for an additional 18 h.

2.3. Cell viability assay

Cytotoxicity was measured by 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium
bromide (MTT) assay (Roche Diagnostics, Mannheim, Germany). After A2E accumulation,
the cells were treated with quercetin, cyanidin-3-glucoside, protocatechuic acid, ferulic acid,
and chlorogenic acid (10, 25 and 50 uM) for 24 hours in 96-well plates. The cells were
exposed to 430 nm irradiation for 30 min then were incubated for 18 h at 37°C. The MTT
labeling reagent was added (10 pL per well) for 4 hours after the cells were solubilized (100
uL per well) and incubated at 37°C overnight. The absorbance was read by a SpectraMax 5
microplate reader (Molecular Device Inc. Sunnyvale, CA) at 570 nm.

2.4. Measurement of cellular reactive oxygen species (ROS)

ROS were quantified in ARPE-19 cells using the fluorescent dye 2”,7”-dichlorofluorescin
diacetate (DCFH-DA\). To this end, ARPE-19 cells (density of 5 x 10° cells/mL) were
cultured in 200 pL of growth medium and placed in 96-well black plates with transparent
bottoms. After the cells had accumulated A2E as described above, the media in the treatment
groups was replaced by Dulbecco’s Modified Eagle Medium (DMEM) (Invitrogen,
Carlsbad, CA) that contains 10 and 25 pM polyphenols (quercetin, cyanidin-3-glucoside,
protocatechuic acid, ferulic acid, or chlorogenic acid) for 24 h. The ARPE-19 cells were
then irradiated (430 + 30 nm, 1.5 milliwatts/cm?2) for 30 min. Subsequently, the medium was
replaced by serum-free DMEM medium that contains 25 uM DCFH-DA. The cells were
incubated for another 45 min at 37°C. After the supernatant had been removed, the cells
were carefully washed twice with HBSS. The fluorescence of the cells in each well was
recorded by using the SpectraMax 5 microplate reader with 485 nm excitation and 530 nm
emission.

2.5. Quantitative HPLC analysis of A2E photooxidation in a cell-free assay

To test the effect of polyphenols on A2E photooxidation, A2E stock (18 mM in DMSQO) was
diluted with DPBS (Life Technologies, Inc.) to a final concentration of 100 pM. Polyphenols
were added to obtain concentrations of 100 or 200 pM and then were irradiated (430 £ 30
nm, 1.5 milliwatts/cm?; 1 or 3 min). After vortex-mixing, samples were directly injected into
an Alliance HPLC system (Waters Corp, Milford, MA) equipped with 2695 Separation
Module, 2996 Photodiode Array Detector and Empower software for HPLC analysis and
quantitation. Separation was carried out with an Atlantis dC18 column (3 um, 4.6 x 150
mm; Waters Corp, Milford, MA), a gradient of acetonitrile and water containing 0.1%
trifluoroacetic acid (0-30 min, 75-90% acetonitrile in water; 30-40 min, 90-100%
acetonitrile in water; 40-60 min, 100% acetonitrile; flow rate, 0.5 mL/min, injection volume,
30 pL and 430 nm monitoring). Quantitation of A2E was performed using a calibration
curve constructed from synthetic A2E standards.
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2.6. Quantitative UPLC analysis of A2E photooxidation in a cellular assay

ARPE-19 cells that had accumulated A2E as described above treated with and without
quercetin and cyanidin-3-glucoside (10 and 50 uM) for 24 hours and were exposed to 430
nm light for 20 min. The cells were then detached from the culture dish with trypsin,
pelleted, washed, and counted (Bright Light Counting Chamber, Hausser Scientific
Company, Horsham, PA). The harvested RPE cells were subsequently dried under argon gas
and then dissolved in methanol. Samples were analyzed by UPLC with an XBridge BEH
C18 column (2.5 pm, 3.0 x 50 mm; Waters Corp, Milford, MA), acetonitrile-methanol
mixtures (1:1) and a water gradient with 0.1% formic acid (0-30 min, 70-98% the
acetonitrile-methanol mixture in water; flow rate, 0.5 mL/min, injection volume, 5 pL and
430 nm monitoring). The quantity of A2E in each sample was calculated using a calibration
curve constructed from synthetic A2E standards.

2.7. Ultra performance liguid chromatography-mass spectrometry (UPLC-MS) analysis of
A2E-epoxide formation in a cell-free assay

AZ2E (18 mM in DMSO) was diluted in DPBS to a final A2E concentration of 100 pM.
Quercetin and cyanidin-3-glucoside were then added to obtain concentrations of 100 and
200 pM, and were irradiated (430 = 30 nm, 1.5 milliwatts/cm?) for 3 min. The samples were
examined by UPLC with a Waters SQ Detector (ion source; electrospray ionization mode
(ESI), mass analyzer; single quadrupole). To acquire full scans, 5 pL of each sample was
directly injected (without column) with a solvent of 70% acetonitrile/methanol (1:1) in 30%
water containing 0.1% formic acid at a flow rate of 0.5 mL/min. UPLC-MS analysis was
performed using positive ionization mode and voltages as follows: capillary voltage, 3.0 V;
cone voltage, 30 V; extractor voltage, 3 V; and radio frequence lens voltage, 0.1 V. The
desolvation gas flow was 800 liters/hr and the cone gas flow was 50 liters/hr; the source
temperature was 150 °C, and desolvation temperature was 400 °C.

2.8. Colorimetric assay of glutathione (GSH)

To test for whether quercetin and cyanidin-3-glucoside inhibit the reactivity of photooxo-
AZ2E with GSH, we measured residual GSH after reduction of 5,5’ -dithiobis-(2-nitrobenzoic
acid) (DTNB) to the yellow colored product 2-nitro-5-thiobenzoic acid. Accordingly, GSH
(200 pM; ApoGSH Glutathione Colorimetric Detection Kit; BioVision Research Products,
Mountain View, CA) in buffer containing 1% sulfosalicylic acid was prepared with and
without 200 uM A2E and was combined with quercetin and cyanidin-3-glucoside (200 uM).
Irradiation (430 + 30 nm, 1.5 milliwatts/cm?; 15 min) was performed after the samples were
incubated for 6 h at 37 °C. The reaction mixture included GSH reductase and nicotinamide
adenine dinucleotide phosphate oxidase (BioVision Research Products; reagents of ApoGSH
kit). Subsequently, DTNB (60 pM; BioVision Research Products) was added. After 10 min,
absorbance at 405 nm was read in the SpectraMax 5 microplate reader.

2.9. Detection of MG-RNase A adducts in acellular assay

AZ2E (18 mM in DMSO) was diluted with RNase A (10 mg/ml in DPBS; Sigma-Aldrich
Corp.) to a final A2E concentration of 100 pM, quercetin and cyanidin-3-glucoside were
added to obtain final concentrations of 100, 200 and 500 uM. After irradiation (430 = 30 nm,
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1.5 milliwatts/cm?; 30 min), the mixture was incubated (5 days, 37 °C, with stirring) to
generate MG-RNase A adducts. MG-RNase A adducts were quantified by competitive
indirect ELISA (OxiSelect, Cell Biolabs).

2.10. Detection of MG adducts in RPE cells

MG-derived hydroimidazolone (MG-H1) protein adducts were quantified in ARPE-19 cells
that had accumulated A2E for 8 days as described above and were exposed to 430 nm light
for 20 min. RPE cells were placed in lysis buffer (Cell Signaling, Danvers, MA) with
protease inhibitors (complete protease inhibitor mixture tablets, Roche Applied Science) on
ice; and the cells were released with a scraper. After centrifuging the lysates at 14,000 rpm
and 4 °C, the protein concentration of the supernatant was determined by using BCA protein
assay (Pierce), and MG-H1 protein adducts were quantified by competitive indirect ELISA
(OxiSelect, Cell Biolabs). Absorbance was read at 450 nm; MG content was determined by
comparison with a standard curve constructed using MG-BSA.

2.11. Real time quantitative polymerase chain reaction (RT-qPCR)

Total RNA was extracted with Trizol (Invitrogen, Carlsbad, CA). Complementary DNA
(cDNA) was generated by reverse transcription of isolated RNA (1ug of total RNA) using
the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems) according to the
manufacturer’s protocol. The reactions were diluted 1:5 and 2 pL cDNA product was used
per 20 uL PCR reaction. Real-time PCR was performed using Power SYBR Green master
mix (Applied Biosystems) protocol in a StepOne Plus system (Applied Biosystems, Foster
City, CA, USA). Gene expression in each sample was normalized (2 22CY) to B-actin
expression. The primer sequences used were as follows: for RAGE, 5’-
GCTGGAATGGAAACTGAACACAGG-3’ (forward) and '5’-
TTCCCAGGAATCTGGTAGACACG-3” (reverse); for B-actin, 5'-
TCCCTGGAGAAGAGCTACGA-3’ (forward) and 5'-AGCACTGTGTTGGCGTACAG-3’
(reverse). Real-time PCRs were performed in triplicate.

2.12. 4-hydroxynonenal (HNE) detection in rod OSs

Rod OSs isolated from 50 bovine eyes (InVision BioResources, Seattle, WA) were diluted in
4.8 mL DPBS; atRAL was added to yield a final concentration of 5 mM. The mixture was
then incubated at 37 °C for 72 h in the dark. Unbound atRAL was removed by repeating the
wash (3 times in DPBS). The OSs mixture was then incubated with quercetin and
cyanidin-3-glucoside (200 and 500 uM) at 37 °C for 2 h. The samples were exposed to 430
nm light for 30 min and were solubilized by lysis buffer, HNE was then quantified by
ELISA (OxiSelect, Cell Biolabs).

2.13. Statistical Analysis

Statistical analysis was carried out using GraphPad Prism, version 6 (GraphPad Software,
Inc. La Jolla, CA), and p < 0.05 was considered significant.
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3. Results

3.1. Effect of polyphenols on the viability of irradiated A2E-containing RPE cells

To examine the propensity of polyphenols to combat photooxidative mechanisms, we
employed a cell culture model within which A2E is allowed to accumulate in the lysosomal
compartment of ARPE-19 cells (Sparrow et al., 2002). In cells that accumulated A2E alone
viability was not reduced. However, the survival was reduced to approximately 60% in A2E-
containing RPE cells that were also irradiated (Fig. 1A). Of the 5 antioxidants we tested,
only quercetin (50 M) and cyanidin-3-glucoside (25 and 50 uM) significantly increased cell
viability compared with the irradiated A2E-containing cell group (p < 0.05) (Fig. 1B-F).

3.2. Polyphenol antioxidants suppress ROS levels in RPE cells

The generation of ROS was probed using the fluorescent dye DCFH-DA,; in the presence of
intracellular ROS, this dye is converted to highly fluorescent dichlorofluorescein. After
irradiation, the ROS level in A2E-containing RPE cells was increased 14.9-fold compared to
the untreated RPE cells (Fig. 2). At a concentration of 25 uM, quercetin, cyanidin-3-
glucoside, ferulic acid and chlorogenic acid markedly diminished ROS levels in irradiated
AZ2E-containing RPE cells (p < 0.05). Among these antioxidants, cyanidin-3-glucoside (25
uM) exhibited the strongest ROS-scavenging activity with ROS levels being diminished by
52.2%.

3.3. Polyphenols suppress A2E photooxidation in cell-free and cellular assays

Using a cell-free assay, we compared the abilities of quercetin, cyanidin-3-glucoside,
protocatechuic acid, ferulic acid and chlorogenic acid to restrain A2E photooxidation (Fig.
3A). Measured as the loss of A2E due to photooxidation, we observed that with 430 nm-
irradiation of A2E for 1 min in the presence of the antioxidants (200 uM; 1:2 molar ratio,
AZ2E to antioxidants), only quercetin and cyanidin-3-glucoside exhibited protective effects
by inhibiting A2E photooxidation (p < 0.05). Specifically, the consumption of A2E by
photooxidation was reduced by 93.8% in the case of quercetin and 38.8% by cyanidin-3-
glucoside.

A longer irradiation period (3 min) and lower concentration of quercetin and cyanidin-3-
glucoside was subsequently investigated (Fig. 3B). In the absence of antioxidant, only 2%
AZ2E remained in the irradiated A2E compared with the non-irradiated A2E group.
Importantly, addition of 100 uM quercetin completely inhibited the loss of A2E due to
photooxidation. Cyanidin-3-glucoside also significantly (p < 0.05) inhibited A2E
photooxidation at concentrations of 100 and 200 pM.

To evaluate the efficacy of quercetin and cyanidin-3-glucoside in inhibiting intracellular
photooxidation of A2E, RPE cells were allowed to accumulate A2E after which the cells
were incubated with the antioxidants. Irradiation of the cells at 430 nm led to A2E
photooxidation as determined by quantifying cellular A2E levels by HPLC. The results
obtained (Fig. 3C) were very similar to those obtained in cell-free assays (Fig. 3A and B),
and indicated that quercetin and cyanidin-3-glucoside were able to inhibit A2E
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photooxidation in RPE cells. Quercetin at the concentration of 50 uM almost completely
inhibited A2E photooxidation in RPE cells.

3.4. Quercetin, cyanidin-3-glucoside and A2E-oxidation in a cell-free assay

We have reported that A2E undergoes photooxidation during irradiation with blue light, with
formation of various oxygen-containing moieties (Ben-Shabat et al., 2002). Here, we
investigated whether the protective effects of quercetin and cyanidin-3-glucoside were
mediated, at least in part, by inhibiting A2E oxidation. A2E in DPBS was exposed to 430
nm irradiation followed by mass spectrometry (Fig. 4). The mass spectra of blue light-
irradiated A2E disclosed a molecular ion peak at /7/z592, corresponding to the mass of
AZ2E, and an additional series of higher molecular mass peaks (/7/z 608, 624, 640, 656 and
688) representing the sequential insertion of oxygens at carbon-carbon double bonds. We
have previously shown that these additional peaks correspond to A2E-oxidized species
(Ben-Shabat et al., 2002). When A2E was irradiated in the presence of quercetin or
cyanidin-3-glucoside (100 and 200 uM), the higher mass peaks (> m/z592) were suppressed
as evidenced by the overall reduction in peak intensity. Furthermore, quercetin appeared to
be more effective than cyanidin-3-glucoside at reducing the generation of molecular ion
peaks corresponding to oxidized-A2E since only two oxidized species were detectable (/m/z
608 and 624) in the presence of quercetin as compared to three (/7/2 608, 624 and 640) with
cyanidin-3-glucoside.

3.5. The effect of quercetin and cyanidin-3-glucoside in inhibiting the reaction of
photooxidized-A2E with GSH in a cell-free assay

We have previously shown that oxidized A2E can bind GSH (Yoon et al., 2011). To examine
whether quercetin and cyanidin-3-glucoside inhibited the reaction between photooxo-A2E
and GSH, we measured the levels of GSH in a cell-free assay. After GSH that had been
incubated with photooxo-A2E produced by irradiating A2E, we observed a diminished
availability of reduced GSH (Fig. 5). At the concentration of 200 uM, quercetin and
cyanidin-3-glucoside completely protected GSH from reaction with photooxidized-AZ2E.

3.6. Quercetin and cyanidin-3-glucoside suppress MG-protein adduct formation in cell-free
and cellular assays

To probe for evidence of the formation of protein-adducts and cross-linking by dicarbonyls
released from photocleaved bisretinoid, we previously used RNase A as model since it is
small and contains both lysine and arginine amino acid residues (Zhou et al., 2015). In those
experiments, we monitored for cross-linking by SDS-PAGE. In the present experiments
using competitive indirect ELISA, we tested for evidence that polyphenols inhibit the
formation of MG-RNAse A adducts. After A2E and RNase A irradiation and incubation,
MG-RNase A adducts were 2-fold more abundant than in the RNase A only sample (Fig. 6A
and B). Quercetin and cyanidin-3-glucoside at a concentration of 500 pM significantly
decreased the content of MG-RNase A adducts in this acellular assay (p < 0.05).

We also employed ARPE-19 cells to examine for MG-protein adducts. Here A2E-containing
ARPE-19 cells were irradiated at 430 nm (Fig. 6C and D), the cells were lysed and the
supernatants were assayed for MG-adducts. MG-BSA equivalent concentrations were
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significantly higher in irradiated A2E-containing RPE cells as compared with untreated RPE
(0 < 0.05). Quercetin and cyanidin-3-glucoside (10 and 50 pM) markedly inhibited MG
formation in the A2E-containing ARPE-19 cells that were irradiated at 430 nm (p < 0.05).
Furthermore, the concentration of MG in the group of cyanidin-3-glucoside (50 pM) was
32.3% lower than that in quercetin (50 pM) group (o < 0.05).

3.7. Quercetin and cyanidin-3-glucoside suppress RAGE mRNA expression in cells
irradiated to release dicarbonyls secondary to A2E photodegradation

Intracellular MG generated by A2E photoxidation and photodegradation has been shown to
upregulate the expression of the cell surface receptor RAGE in RPE (Zhou et al., 2015). In
the current experiments we found that 430 nm exposure of ARPE-19 cells that had
accumulated A2E was associated with a 1.7-fold increase in RAGE mRNA expression (p <
0.05) (Fig. 7). At a concentration of 50 UM, quercetin and cyanidin-3-glucoside effectively
reduced RAGE mRNA expression in the A2E-containing ARPE-19 cells that had been
irradiated at 430 nm (p < 0.05).

3.8. Effect of quercetin and cyanidin-3-glucoside on HNE levels in rod OSs

Oxidation of polyunsaturated fatty acids generates complex mixtures of lipid peroxidation
products such as malondialdehyde and HNE in the DHA-rich retina (Nowak, 2013). Since
bisretinoids are photosensitizers that can initiate these reactions, we also assayed for the
formation of HNE-BSA in rod OSs, incubated for 3 days with atRAL to generate bisretinoid
production (Liu et al., 2000). HNE-BSA levels were significantly increased in the
bisretinoid-burdened rod OSs after irradiation as compared to rod OSs incubated with
atRAL without irradiation (p < 0.05) (Fig. 8). On the other hand, treatment with quercetin or
cyanidin-3-glucoside (200 and 500 uM) before irradiation with 430 nm light, markedly
decreased HNE-BSA levels in the atRAL-laden rod OSs irradiated at 430 nm (p < 0.05).

4. Discussion

Quercetin and cyanidin-3-glucoside with ortho hydroxyl group in the B ring exert stronger
antioxidant activities due to the presence of two hydroxyl groups conferring antioxidant
activity (RiceEvans et al., 1996; Wang et al., 2015). In keeping with this, we observed that
quercetin and cyanidin-3-glucoside protected RPE cells against light damage by scavenging
ROS and thereby inhibiting the A2E quenching of ROS that leads to the photooxidation and
photodegradation of this intracellular bisretinoid. Quercetin and cyanidin-3-glucoside
markedly inhibited the formation of MG-protein adducts and RAGE mRNA upregulation in
response to carbonylation of RPE proteins. These antioxidants also suppressed the
photooxidative processes in isolated OSs. Specifically, HNE-BSA levels were decreased in
atRAL-laden rod OSs irradiated at 430 nm. The pathways impacted by the antioxidant
activity of quercetin and cyanidin-3-glucoside in these experiments are summarized in
Figure 9.

In a cell-free assay, quercetin and cyanidin-3-glucoside protected GSH from reaction with
photooxidized-A2E and in doing so; it conserved levels of reduced GSH. In earlier work we
found that GSH can donate hydrogen atoms to, and form conjugates with, photooxidized
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forms of bisretinoids such as A2E; GSH can also react with its photocleavage products such
as MG (Yoon et al., 2011). The adducts formed noncatalytically and by glutathione-S-
transferase mediation. Based on these studies, we expect that the polyphenols quercetin and
cyanidin-3-glucoside substituted for GSH as the hydrogen donor thus conserving GSH and
converting the oxidized bisretinoid to non-toxic compounds.

While the experiments reported here employed /17 vitro models to examine mechanisms by
which polyphenols can serve as antioxidants. The use of melanin-free ARPE-19 cells to
study phototoxicity in these experiments avoided the biological variable that would be
created by the use of human fetal RPE cultures having variable levels of light absorbing
melanin. These studies are readily applicable to /n vivo conditions. We have shown
previously that bisretinoids can mediate retinal light damage. For instance, by measuring
light-damage associated outer nuclear layer (ONL) thinning we demonstrated that mice
carrying elevated levels of bisretinoid (Abca4 '~ mice) undergo more pronounced
photoreceptor cell damage than wild-type mice (Wu et al., 2014). In keeping with the age-
related accumulation of bisretinoid, ONL thinning was also greater in 5-month versus 2-
month-old mice. Conversely, in mice that exhibited no evidence of chromatographically
detectable bisretinoid due to Rpe65 deficiency, light damage-triggered ONL thinning was
not observed (Wu et al., 2014). Mice laden with augmented bisretinoid also exhibit
accentuated carbonyl-adduct deposition in Bruch’s membrane, excessive complement
activation, Bruch’s membrane thickening due to basal laminar deposits, and loss of
photoreceptor cells (Kim et al., 2004; Maeda et al., 2009; Maeda et al., 2008; Radu et al.,
2011; Weng et al., 1999; Zhou et al., 2015).

Oxidative mechanisms are viewed as being factors involved in AMD pathogenesis (Bian et
al., 2012; Fritsche et al., 2013; Handa, 2012). For instance, the oxidant content of cigarette
smoke may underlie the role of smoking in AMD risk (Handa, 2012). Moreover, several
clinical and observation studies, including the Age-Related Eye Disease Study, have
reported that dietary and supplementary intake of antioxidants, reduces the risk of AMD
(Evans and Lawrenson, 2012; SanGiovanni et al., 2007; Sobrin and Seddon, 2014). Perhaps
the beneficial effects of antioxidant intake are associated, to some extent, with inhibition of
the photooxidative processes initiated by bisretinoids in the eye. Recent epidemiological
studies (Cruickshanks et al., 1993; Fletcher et al., 2008; Fritsche et al., 2016; Klein et al.,
2014; Tomany et al., 2004) and a meta-analysis (Sui et al., 2013) have pointed to a
relationship between AMD and sunlight exposure.

Quercetin and cyanidin-3-glucoside, as abundant polyphenols in plant-based foods, are
probably the most prominent dietary antioxidants. /n vivo and in vitro studies have provided
evidence that these compounds can protect RPE and photoreceptor cells from light and
oxidative damage (Jang et al., 2005b; Saviranta et al., 2011; Wang et al., 2016; Wang et al.,
2017). Quercetin defended human RPE cells from oxidative damage via suppression of pro-
inflammatory cytokines and inhibition of apoptosis pathway (Cao et al., 2010). Among
glucoside forms of four anthocyanins (cyanidin, delphinidin, malvidin, and pelargonidin),
cyanidin-3-glucoside demonstrated the highest ROS inhibitory capacity in RPE cells (Wang
et al., 2015). Here, we report that quercetin and cyanidin-3-glucoside protected RPE cells
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against light damage /n vitro by inhibiting the photooxidation and photodegradation of
bisretinoid.
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Highlights

Quercetin and cyanidin-3-glucoside (C3G) reduced the consumption of A2E
by photooxidation.

Quercetin and C3G inhibited the formation of photooxidized-A2E species.

Quercetin and C3G decreased the formation of methylglyoxal adducts in
RPE.

Quercetin and C3G reduced the expression of mMRNA encoding RAGE.

Exp Eye Res. Author manuscript; available in PMC 2018 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wang et al.

120
100+

=]

o
1
3

N oA
Gl

cell viability (% of control)
o
i

o

&
S
> m
3
+
+ o+

Cyanidin-3-glucoside

Page 16
Quercetin
S 120-
§1oo-
S 80- =
2 #
; 60+
= 401
s
E 20+
e 0
A2E + + + +
430 nm + + + + -
Q (uM) 10 25 50 50

Protocatechuic acid

g 120; S 1201

& 100 S 100-

Q * * [X]

S 804 # “6 80

= N #

< 60 = 60

% 40 % 40-

$ 20 > 207

g o g o

A2E - + + + + - A2E # + + + +

430 nm - + + + + - 430 nm - * + o+ -
c3GM) - - 10 25 50 50 PCA (M) - - 10 25 50 50
3 120- Ferulic acid S 120, Chlorogenic acid
S 1004 S 1004

s =

5 80+ 5 5 80- 4

95 60- < 601

= 401 = 401

S s

S 201 S 204

8 0 8 0

A2E = + + + + = A2E = + + + +
430 nm - + + + + - 430 nm - & + + .
FA(MM) - - 10 25 50 50 CAMM) - - 10 25 50 50

Figure 1.
Cell viability after 430 nm irradiation of ARPE-19 cells that have accumulated A2E. (A)

AZ2E-laden RPE cells were exposed to 430 nm light for 20 min. After incubation for 18
hours, the cell viability was assayed by MTT assay. (B—F) Pre-treatment with quercetin (Q)
and cyanidin-3-glucoside (C3G), protocatechuic acid (PCA), ferulic acid (FA), and
chlorogenic acid (CA) (10, 25, and 50 uM) for 24 h before exposure to 430 nm light for 20
min. Only quercetin and cyanidin-3-glucoside attenuated blue light-related death of A2E-
laden RPE. Mean + S.E., 3 experiments. #, p < 0.05 as compared with untreated RPE cells;
*, p<0.05 as compared with A2E-containing irradiated RPE; one-way ANOVA and
Tukey’s multiple comparison test. +, treated; —, not treated.
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Figure 2.

R
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Effects of quercetin (A), cyanidin-3-glucoside (B), protocatechuic acid (C), ferulic acid (D),
and chlorogenic acid (E) on the generation of reactive oxygen species (ROS) in ARPE-19
cells that had accumulated A2E and were irradiated. The cells were treated with quercetin
(Q), cyanidin-3-glucoside (C3G), protocatechuic acid (PCA), ferulic acid (FA), and
chlorogenic acid (CA) 24 hours before irradiation at 430 nm for 30 min. Intracellular ROS
levels were measured using 2,7’ -dichlorofluorescin diacetate (DCFH-DA). Mean + S.E., 3
experiments. #, p < 0.05 as compared with untreated RPE cells; *, p< 0.05 as compared
with A2E-containing irradiated RPE; one-way ANOVA and Tukey’s multiple comparison

test. +, treated; —, not treated.
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Figure 3.
The effect of antioxidants on A2E photooxidation in cell-free (A and B) and ARPE-19 cell-

based assays (C). (A) A2E (100 uM) was photooxidized by 430 nm irradiation (1 min) in the
presence and absence of quercetin (Q), cyanidin-3-glucoside (C3G), protocatechuic acid
(PCA), ferulic acid (FA), and chlorogenic acid (CA) (200 uM) as indicated. The A2E
content was quantified by HPLC using integrated peak intensities normalised to an external
standard of A2E. The loss of A2E was diminished in the presence of quercetin and
cyanidin-3-glucoside. (B) Reverse phase UPLC chromatogram demonstrating that A2E (100
uM) was photooxidized and consumed by 430 nm irradiation (3 min) as indicated by
decreased peak area. A2E photooxidation was reduced in the presence of quercetin and
cyanidin-3-glucoside (100 and 200 pM). (C) Quercetin and cyanidin-3-glucoside (10 and 50
UM 24 h) protect against blue light-induced A2E photo-oxidative degradation in ARPE-19
cells that had accumulated A2E (20 min irradiation). A2E in the cells was then quantified by
UPLC. Mean £ S.E., 3 experiments. #, p< 0.05 as compared with A2E only (A and B) or
AZ2E-containing cells that were not irradiated (C); *, p < 0.05 as compared with A2E and
irradiation (A and B) or A2E-containing irradiated RPE (C); one-way ANOVA and Tukey’s
multiple comparison test. +, treated; —, not treated.
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Figure 4.

Quercetin (Q) and cyanidin-3-glucoside (C3G) reduce the formation of oxidized-A2E.
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UPLC-MS of nonirradiated A2E (A2E control), A2E exposed to 430 nm light (A2E 430 nm
light, 3 min), and A2E irradiated with blue light in the presence of quercetin (100 and 200
UM) or cyanidin-3-glucoside (100 and 200 pM) is shown. The molecular ion peak at m/z 592

corresponds to the molecular mass of A2E. The formation of ozidized-AZ2E by illumination

is indicated by the presence of additional peaks that differ by mass 16. lllumination in the
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presence of quercetin or cyanidin-3-glucoside reduces the formation of these oxidized
species.
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Figure 5.
Quercetin (Q) and cyanidin-3-glucoside (C3G) protect reduced glutathione (GSH) from

reaction with photooxidized A2E. A2E was irradiated in the presence of GSH with or
without quercetin and cyanidin-3-glucoside (200 uM), after which 5,5’ -dithiobis-(2-
nitrobenzoic acid (DTNB) was added to measure residual GSH. Mean £ S.E., 3 experiments.
#, p<0.05 as compared with no A2E and no irradiation; *, p < 0.05 as compared with A2E
and irradiation; one-way ANOVA and Tukey’s multiple comparison test. +, treated; —, not
treated.
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Effect of quercetin (Q) and cyanidin-3-glucoside (C3G) (100, 200 and 500 uM) on
methylglyoxal (MG)-RNase A-adducts in acellular assays (A and B). Measurement of MG-
RNase A adducts 5 days after RNase A and A2E were irradiated at 430 nm for 30 min.
Effect of quercetin and cyanidin-3-glucoside (10 and 50 pM) on MG-H1 protein adducts in
lysates prepared from ARPE-19 cells that had accumulated A2E and were irradiated at 430
nm for 20 min (C and D). Mean + S.E., 3 experiments. #, p < 0.05 as compared with RNase
A only (A and B) or RPE only (C and D); *, p< 0.05 as compared with irradiated A2E and
RNase A solution (A and B) or A2E-containing irradiated RPE (C and D); one-way ANOVA
and Tukey’s multiple comparison test. +, treated; —, not treated.
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Figure 7.

Effect of quercetin (Q) and cyanidin-3-glucoside (C3G) (10 and 50 uM) on receptor for
advanced glycation end products (RAGE) mRNA expression in ARPE-19 cells that had
accumulated A2E and were irradiated at 430 nm for 20 min. RT-qPCR was performed with
RNA purified from ARPE-19 cells. Mean + S.E., 3 experiments. #, p < 0.05 as compared
with RPE only; *, p< 0.05 as compared with A2E-containing irradiated RPE; one-way
ANOVA and Tukey’s multiple comparison test. +, treated; —, not treated.
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Figure 8.
Effect of quercetin (Q) and cyanidin-3-glucoside (C3G) on 4-hydroxynonenal (HNE) protein

adducts in lysates prepared from bovine photoreceptor outer segments that were incubated
with all frans-retinal (atRAL) and irradiated at 430 nm for 30 min. Mean £ S.E., 3
experiments. #, p < 0.05 as compared with rod outer segment only; *, p < 0.05 as compared
with all frans-retinal accumulated and irradiated rod outer segment; one-way ANOVA and
Tukey’s multiple comparison test. +, treated; —, not treated.
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Figure 9.
Mechanisms by which quercetin and cyanidin-3-glucoside may afford protection. Quercetin

and cyanidin-3-glucoside scavenge reactive oxygen species (ROS), thus decreasing
formation of photooxo-A2E (ox0-AZ2E), reducing release of methylglyoxal (MG) and
protecting against the upregulation of receptor for advanced glycation end-products (RAGE)
in retinal pigment epithelial (RPE) cells. Quercetin and cyanidin-3-glucoside also inhibited
4-hydroxynonenal (HNE)-protein adduct formation in photoreceptor outer segments.
Bisretinoid photoreactive species (e.g. A2PE) that form in outer segments due to reactions of
all-trans-retinal with phosphatidylethanolamine (PE) can generate ROS thereby causing the
peroxidation of polyunsaturated fatty acids (PUFAs) and leading to release of HNE that
modifies proteins.
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