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Abstract: Retinal pigment epithelial (RPE) cells are central to retinal health and homoeostasis.
Oxidative stress-induced damage to the RPE occurs as part of the pathogenesis of age-related
macular degeneration and neovascular retinopathies (e.g., retinopathy of prematurity, diabetic
retinopathy). The xanthophyll carotenoids, lutein and zeaxanthin, are selectively taken up by the RPE,
preferentially accumulated in the human macula, and transferred to photoreceptors. These macular
xanthophylls protect the macula (and the broader retina) via their antioxidant and photo-protective
activities. This study was designed to investigate effects of various carotenoids (β-carotene, lycopene,
and lutein) on RPE cells subjected to either hypoxia or oxidative stress, in order to determine if there
is effect specificity for macular pigment carotenoids. Using human RPE-derived ARPE-19 cells as an
in vitro model, we exposed RPE cells to various concentrations of the specific carotenoids, followed by
either graded hypoxia or oxidative stress using tert-butyl hydroperoxide (tBHP). The results indicate
that lutein and lycopene, but not β-carotene, inhibit cell growth in undifferentiated ARPE-19 cells.
Moreover, cell viability was decreased under hypoxic conditions. Pre-incubation of ARPE-19 cells
with lutein or lycopene protected against tBHP-induced cell loss and cell co-exposure of lutein
or lycopene with tBHP essentially neutralized tBHP-dependent cell death at tBHP concentrations
up to 500 µM. Our findings indicate that lutein and lycopene inhibit the growth of human RPE
cells and protect the RPE against oxidative stress-induced cell loss. These findings contribute to
the understanding of the protective mechanisms attributable to retinal xanthophylls in eye health
and retinopathies.
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1. Introduction

The retinal pigment epithelium (RPE) is a gatekeeper of the outer retina and controls the movement
of nutrients, metabolites, and fluid between the outer retina and the choroidal blood supply. Additionally,
the RPE cell layer is essential for maintaining retinal integrity and photoreceptor survival [1]. The RPE
in situ is exposed to high levels of blue light and high oxygen tension, rendering it highly susceptible
to oxidative stress. Oxidative damage to the RPE occurs as part of the pathogenesis of neovascular
retinopathies, such as retinopathy of prematurity (ROP) and diabetic retinopathy (DR), which both
are injury-induced (including oxidative damage) retinopathies arising in the retina vasculature-,
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and age-related macular degeneration (AMD) [2–5]. Specific xanthophyll carotenoids, namely lutein
and zeaxanthin, are preferentially accumulated in the retina, and especially the macula, to comprise
macular pigment and protect the macula from oxidative damage [6,7]. Lutein and zeaxanthin are
present in human RPE, although at relatively lower levels as compared to neuroretinal layers [8,9].
However, the RPE controls nutrient and metabolite transport, including that of xanthophylls.
Consequently, it is hypothesized that the accumulation and turnover of xanthophylls in the macula
may be tightly regulated by the RPE, via as yet undetermined mechanisms.

Carotenoids, which are primarily plant-derived lipophilic pigments, are essential factors in human
health and development. Specifically, they function in a wide range of biological processes, including
reproduction, embryonic development, immunity and vision. Carotenoids may be divided into two
general classes: carotenes and xanthophylls. Carotenes are non-polar molecules, which contain only
carbon and hydrogen atoms, whereas xanthophylls are polar carotenoids, containing at least one
oxygen atom [10]. In turn, xanthophylls may be subdivided into hydroxyl-carotenoids containing
one or two hydroxyl groups and keto-carotenoids containing ketone groups. Of the >600 described
natural carotenoids, approximately 50 are typically consumed in the human diet, but only 15–20 are
routinely detectable in human serum and tissues, including lycopene, alpha-carotene, beta-carotene,
beta-cryptoxanthin, lutein, and zeaxanthin [11]. Among this group, the xanthophylls (lutein and
zeaxanthin) account for 20–30% of total carotenoids in human serum and 80–90% of total carotenoids
in the human retina6. In early development, lutein is the predominant retinal carotenoid. Over time,
zeaxanthin levels rise, partly due to conversion of lutein to zeaxanthin via meso-zeaxanthin formation.
These xanthophylls are most dense at the center of the fovea in the yellowish pigmented area called the
macula lutea and constitute macular pigment [7,12]. Lutein and zeaxanthin confer macular protection
via antioxidant and light-screening properties [13]. An inverse association between macular pigment
density and AMD has long been recognized [14,15]. However, despite these relationships, little is
known about how the RPE regulates xanthophyll metabolism and macular pigment density under
physiological and pathological retinal conditions.

The RPE is a highly metabolically active tissue layer that resides in a pro-oxidant, actinic stress
environment, due to abundant light influx and exposure to high oxygen concentrations. Free oxygen
radical formation in the retina is facilitated by the retina’s structural properties, including high
oxygen concentration and dense blood supply, high concentrations of polyunsaturated fatty acids,
and exposure to visible and UV light. In addition, the RPE phagocytoses and handles the debris from
rapidly turning over photoreceptor outer segments (POS). This disproportionate burden of oxidative
and metabolic stress contributes to the development of several retinal diseases. Numerous studies have
demonstrated the anti-oxidative properties of retinal lutein and zeaxanthin [16,17] as well as functions
in blue light filtering, regulating photo stress recovery time, and neural processing speed [17].

In this study, we primarily used undifferentiated human ARPE-19 cells to probe the protective
response of dietary carotenoids—lutein, beta-carotene, and lycopene—against oxidative damage
and hypoxic challenge. We analyzed the dynamic uptakes of lutein in the ARPE-19 cells and lutein
metabolism-related gene expression, in response to selected carotenoid treatments. We show for the
first time that lutein and lycopene, but not β-carotene, inhibit RPE cell growth and protect RPE cells
from oxidative stress-induced cell death.

2. Materials and Methods

2.1. Materials

The human retinal pigment epithelial cell line, ARPE-19 cell line, was obtained from the American
Type Culture Collection (ATCC, Rockville, MD, USA). Lutein was obtained from Kemin Health
Inc (FloraGLO Lutein 10% VG TabGrade, Des Moines, IA, USA). Beta-carotene was obtained from
Sigma–Aldrich (St. Louis, MO, USA). Lycopene was obtained from BASF (Ludwigshafen, Germany).
Working solutions of carotenoids were freshly prepared with DMSO and tetrahydroflan (THF) in
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a ratio of 2:1, immediately before use for experiments. The tert-butyl hydroperoxide (tBHP) was
purchased from Sigma–Aldrich.

2.2. Methods

2.2.1. Cell Culture

ARPE-19 cells (ATCC CRL2302) were maintained in Dulbecco’s modified Eagle’s medium/F-12
nutrient medium (DMEM/F-12; Gibco BRL, Carlsbad, CA, USA), supplemented with 10%
heat-inactivated fetal bovine serum (Gibco BRL) and 1% penicillin-streptomycin. Cells were kept
under minimal light exposure in an incubator, at 37 ◦C and 5% CO2, in a humidified atmosphere,
and passaged with 0.25% Trypsin–EDTA (Life Technologies, Carlsbad, CA, USA), every 3–4 days.
RPE cells within the first 10 passages were selected and placed into appropriate culture plates for
the experiments.

2.2.2. Cell Treatments

Cell growth experiments were performed by plating ARPE-19 cells on 96-well plates at a
concentration of 10,000 cells/mL/well in either serum-free or serum-containing medium. After washing
with fresh serum-free medium, cells were treated, as indicated below. Untreated cells or cells treated
with dimethyl sulfoxide (DMSO, Sigma–Aldrich, St. Louis, MO, USA) at a concentration identical to
that present in the carotenoid-containing samples served as negative controls.

In hypoxia experiments, ARPE-19 cells were seeded into 24-well plates at a density of 1 × 105 cells
per well. Cells were incubated in a sealed chamber at 37 ◦C for the indicated times in a controlled
environment of 1% O2, in the presence of 5% CO2 and 94% N2, using a PROOX 100 culture system
(BioSpherix, Redfield, NY, USA). Cells cultured under standard conditions (21% O2, 5% CO2, and 74%
N2) served as normoxic control cultures. All experiments were performed in triplicate.

2.2.3. Determination the Uptake of Lutein

To determine the intake of lutein, confluent monolayers of ARPE-19 cells were incubated with
lutein, in medium containing 10% FBS, in a time- and dose-dependent manner. Lutein was extracted
as described previously, with minor modifications [18]. After incubation of ARPE-19 cells with known
concentrations of lutein for the indicated time, the cell culture plates were placed on ice, the medium
was removed, and monolayers were washed once with 0.5 mL of 10 mM sodium taurocholate in
phosphate-buffered saline (PBS) to remove surface-bound carotenoids, followed by two additional
PBS washings. The washed cells were harvested by brief trypsinization and the cell pellets were
homogenized in 0.5 mL ice-cold PBS and transferred to glass tubes. An aliquot (0.1 mL from 0.2 mM
stock) of butylated hydroxytoluene (BHT) was added to the homogenate. Lycopene extraction was
performed by vigorous mixing with 1.5 mL dichloromethane/methanol (1:2, v/v) followed by 2 mL
hexane. Following centrifugation, the resulting upper layer of hexane-dichloromethane was collected.
The lower layer was similarly extracted two more times and the hexane-dichloromethane layers were
pooled. The combined extract was dried under a Speedvac concentrator (Model: Savant AS160),
re-dissolved in 0.1 mL dichloromethane/methanol (1:4, v/v), and subjected to HPLC analysis. We also
analyzed the concentrations of lycopene in the medium, before and after incubations. Sample handling,
homogenization, and extraction were carried out under a low temperature and dim yellow light to
minimize isomerization.

2.2.4. HPLC Analysis of Lutein

Lutein was analyzed and quantified, as described previously, with minor modifications [19].
A Shimadzu HPLC system (Model: UFLC, Kyoto, Japan) equipped with a PDA detector, SPD-M20A,
monitoring from 210 to 670 nm, comprising a gradient pump system, LC-20AT, and a personal
computer equipped with LC Solution software (Shimadzu), was used for the detection and
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quantification of lycopene. Lycopene was separated on a C30 carotenoid column (5 µm, 4.6 × 150 mm,
YMC; Waters), attached to a guard cartridge (5 µm, 4.0 × 20 mm, YMC; Waters).

2.2.5. Cell Viability Assays

ARPE-19 cells were seeded in 96-well plates at a density of 2 × 103 cell/well and cultured in
100 µL medium overnight for attachment. Then, the culture medium was removed and the cells
were treated with serial dilutions of carotenoids (0.5–2.0 µM) in fresh culture medium with 10% FBS
or cultured in a medium with DMSO as a control. Cell viability was determined after 48 h by the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay using the CellTiter96®

Non-Radioactive Cell Proliferation Kits (Promega, Madison, WI, USA), in which the yellow tetrazolium
salt is reduced by mitochondrial dehydrogenase of viable cells to purple, insoluble crystals of formazan.
Cells were incubated for 4 h with MTT solution at 37 ◦C. Then, formazan crystals were solubilized in
lysing buffer overnight at room temperature (RT). The reaction product was quantified by measurement
of absorbance at a 570 nm wavelength using a BioTek Synergy™ H4 Hybrid Multi-Mode Microplate
Reader (BioTek Instruments Inc., Winooski, VT, USA). All experiments were performed in triplicate.
Results are representative of an average of 3 independent experiments. Data are presented as
proportional viability (%), by comparing the treated group with the untreated cells, the viability
of which is measured to be 100%.

2.2.6. qRT-PCR Using TaqMan RNA Assays and Data Analysis

Total RNA was extracted using RNeasy Mini Kits (Qiagen, Germantown, MD, USA) according to
the manufacturer’s instructions and quantified using a Nanodrop 2000 UV-visible spectrophotometer.
Quantitative real time PCR was carried out in triplicate using a Model 7500 fast real-time PCR
system and the TaqMan method (Applied Biosystems, Foster City, CA, USA). TaqMan primers
and probes for β-carotene 15,15′-oxygenase (BCO1, Hs00363176_ml), β-carotene 9′,10′-oxygenase
(BCO2, Hs00230564_n1), scavenger receptor class B member 1 (Hs00969821_m1, SR-B1), cluster of
differentiation 36 (Hs00354519_m1, CD36), low-density lipoprotein receptor (Hs01092524_m1, LDLR),
ATP-binding cassette transporter A1 (Hs01059137_m1, ABCA1), vascular endothelial growth factor
(Hs00900055_m1, VEGF), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH, Hs02758991_g1)
were purchased from Applied Biosystems. A quantity of 1 µg of total RNA was used in reverse
transcription, and PCR was performed, according to the manufacturer’s protocol (Applied Biosystems,
Foster, CA, USA). The expression level of targets was calculated using the ∆-Ct transformation method
and data are shown as ratios after normalization to the constitutively expressed genes 18s rRNA and
GAPDH. The qRT-PCR results were obtained from at least two independent experiments; qPCR data
were analyzed using the comparative 2−∆∆Ct method.

2.2.7. Western Blotting

ARPE-19 cells were lysed and homogenized, as described previously. A quantity of 30 µg of
total protein lysates was loaded onto NuPAGE 4–12% Tris-acetate gels (Invitrogen) for electrophoresis.
Proteins were subsequently transferred onto PVDF membranes, using X Cell II™ Blot Module (Invitrogen,
Carlsbad, CA, USA). Membranes were treated with casein blocker in PBS (Thermo Scientific, Waltham,
MA, USA) for at least one hour at room temperature and probed with the appropriate primary antibody,
followed by incubation with the appropriate anti-rabbit or anti-mouse IgG conjugated to horseradish
peroxidase (Amersham Biosciences, Uppsala, Sweden). Proteins were detected using ECL™ Western
blotting reagents (Amersham).

2.2.8. Statistical Analysis

Experiments were conducted either in duplicate or in triplicate and all experiments were repeated
at least three times. Data are expressed as means ± SD from at least three experiments. Student’s
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two-tailed t tests were used to evaluate the statistical significance of differences between groups;
p < 0.05 was considered statistically significant.

3. Results

3.1. Lutein Uptake and Accumulation in ARPE-19 Cells

To determine potential mechanisms by which lutein protects the RPE from environmental damage,
we first investigated the uptake of lutein by cultured RPE cells. ARPE-19 cells, cultured with normal
DMEM/F12, contained no detectable lutein or zeaxanthin (data not shown). When cells were incubated
with 1 µM lutein for 24 h, the concentration of lutein in the cells rose to 50.6 pmol/1 × 106 cells ±
4.87 pmol/1× 106 cells. Cellular lutein uptake increased in parallel to the increased lutein concentration.
After 24 h incubation with 3 µM lutein, the cellular lutein levels reached to 156.3 pmol/1× 106 cells±
13.56 pmol/1× 106 cells (Figure 1A). Moreover, RPE lutein uptake was a time-dependent process.
As shown in Figure 1B, the uptake of lutein by ARPE-19 significantly increased in a time-dependent manner.
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Figure 1. Dose and time-dependent cellular uptake of lutein in ARPE-19 cells. Cells were plated on
six-well plates to reach confluence and then incubated with lutein at 1 or 3 µM for 24 h. After incubation,
cells were analyzed for their carotenoid content by HPLC analysis. Values are expressed as picomoles
of carotenoid per million of cells (A) Data are shown as means ± SD of three independent experiments.
**: p < 0.001 compared with lutein at a given concentration. (B) Time course of lutein uptake in ARPE-19
cells. Cells were incubated with lutein at 1 µM for varying times (6 h up to 72 h). After incubation,
cells were analyzed for their lutein content by HPLC analysis. Data are shown as means ± SD of two
independent experiments, *: p < 0.05, **: p < 0.001.

3.2. Determination of the Expression of Genes Involved in Xanthophyll Uptake, Metabolism and Transport in
ARPE-19 Cells

The human retina and RPE express varying amounts of carotenoid cleavage enzymes (BCO1 and
BCO2), transport related protein (ABCA1), and scavenger receptors (SR-B1, CD36, and LDLR) [20].
BCO1 mRNA and protein has been detected in the human RPE cell line D407 [21], but no study
has investigated BCO2 expression in more commonly utilized human RPE cell lines. To better
understand the role of BCO1, BCO2, and xanthophyll uptake- and transport-related genes in the
RPE, we re-evaluated the expression of BCO1, BCO2, and xanthophyll metabolism-related transcripts
in ARPE-19 cells using quantitative PCR (qRT-PCR). As shown in Figure 2A, ARPE-19 cells robustly
expressed BCO2, SR-B1, and LDLR, and lower levels of BCO1 and CD36. In a similar fashion, BCO2
protein was more readily detectable in ARPE-19 cells than is BCO1 (Figure 2B).
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Figure 2. Expression of xanthophyll uptake-, metabolism- and transport-related genes in ARPE-19 cells.
(A) mRNA levels of selected genes related to xanthophyll uptake (SR-BI, LDLR and CD36), metabolism
(BCO1 and BCO2) and transport (ABCA1) in undifferentiated ARPE-19 cells were determined by
qRT-PCR. (B) Western blot analysis verifying the difference in BCO1 and BCO2 expression. Left lane
indicates (+) control cells (transfected HERK293); right lane shows ARPE-19 cells.

3.3. Effects of Selected Carotenoids on the Expression of BCO1, BCO2, and Scavenger Receptors in ARPE-19 Cells

Carotenoid substrate availability regulates the expression of BCO1 and BCO2 in other tissues.
To determine whether the addition of carotenoids affects the expression of BCO1, BCO2, or xanthophyll
uptake-related genes in the RPE, we treated cells with the three carotenoids and determined effects
on BCO1, BCO2, VEGF, and scavenger receptor (SR-B1, CD36, LDLR) gene expression. As shown in
Figure 3, exposure to specific carotenoids (β-carotene, lycopene, and lutein) altered ARPE-19 gene
expression patterns. The expression of BCO1 and SR-B1 was significantly decreased in cells treated
with lutein and β-carotene when compared to untreated control; lycopene and lutein dramatically
induced the expression of BCO2.
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Figure 3. Effects of specific carotenoids on the expression of selected xanthophyll metabolism-related
genes in ARPE-19 cells. ARPE-19 cells were treated with 1 µM concentration of indicated carotenoids
for 24 h. Total RNA was isolated and qRT-PCR was performed for indicated genes. Data are shown as
expression of fold changes (log2 2−∆∆Ct).
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3.4. Effects of Carotenoids on RPE Cell Growth

Certain carotenoids have anti-proliferative activity in a variety of cell types. To examine RPE
cell growth response to specific carotenoids, we investigated the effect of the three carotenoids
(lutein, β-carotene, lycopene) on the proliferation of human ARPE-19 cells. Cells were treated
with a physiological concentration of carotenoids (0.5 to 2 µM) for 48 h. Cell viability/growth
was monitored with the MTT assay and normalized to untreated cells. As shown in Figure 4A,
when compared with vehicle control, ARPE-19 cell growth was significantly decreased after 48 h
exposure to lutein or lycopene, but to not β-carotene. However, the reduction in cell numbers was
not clearly dose-dependent in this concentration range (Figure 4B). In several experiments, we also
examined effects of the lutein isomer zeaxanthin on RPE cell numbers. Zeaxanthin exposure induced
similar effects to lutein on an equimolar basis (data not shown). We did not study meso-zeaxanthin,
a retinal metabolite of lutein.
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expressed as percentage of control. Data are shown as means ± SD of three different experiments
(n = 3). *, p < 0.05.

3.5. Effects of Carotenoids on RPE Cell Growth under Hypoxic Conditions

To test effects of different oxidative stressors on the RPE cell growth, ARPE-19 cells exposed to
hypoxic condition for different durations were assessed using MTT assays. As shown in Figure 5A,
the mean relative cell viability decreased to 81.0% after 24 h of incubation and to 63.1% after 36 h of
incubation under 1% O2 (hypoxia) compared with that under 21% O2 (normoxic) atmosphere.
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(A) Comparison of ARPE-19 cell survival exposed to normoxic and hypoxic conditions for 24 h and 36 h.
Cell viability was measured by MTT assay and expressed as percentage of normoxic condition. Data
are shown as means ± SD of three different experiments (n = 3). *, p < 0.05. (B) ARPE-19 cells were
pretreated with the indicated concentration of lutein for 12 h, followed by exposure to either normoxic
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(C) Pretreatment of lycopene ± hypoxia. (D) Pretreatment of β-carotene ± hypoxia.

The effects of different concentrations of three carotenoids on the cell growth/viability of hypoxic
RPE cells were then investigated. The relative cell viability/growth significantly decreased by 15%
after 24 h of incubation in hypoxic cells treated with 0.5 µM to 2.0 µM of lutein, compared with that
in the normoxic group (Figure 5B). There were no significant changes in cell viability after 24 h of
incubation in either the normoxic or hypoxic groups treated with lycopene (Figure 5C) or β-carotene
(Figure 5D).

3.6. Effects of Lutein and Lycopene on Oxidative Stress-Induced RPE Cell Death

To determine if carotenoids can protect human RPE cells from oxidative stress induced by tBHP,
ARPE-19 cells were pretreated with 1 µM of selected carotenoids (lycopene and lutein) for 12 h
and then exposed to graded concentrations of tBHP for 24 h. As shown in Figure 6A, cell viability
of ARPE-19 cells was dramatically decreased in the no-carotenoid-added control, in the presence
of 300 µM tBHP. In contrast, lutein and lycopene pretreatment appeared to rescue RPE cells from
tBHP-induced oxidative stress and cell death; lutein and lycopene pretreated cells showed increased
survival compared with cells exposed to tBHP without lutein or lycopene pre-incubation (Figure 6B).
To test whether lutein can directly neutralize oxidants by intracellular redox reactions, we added 0,
0.5, 1.0, and 2.0 µM lutein to RPE cells at the time of oxidative stress. Under these conditions, lutein
completely protected RPE cells from tBHP-induced cell death (Figure 6C,D), suggesting that it has a
direct antioxidant effect.Antioxidants 2017, 6, 100 9 of 13 

 
Figure 6. Protective effects of lutein and lycopene against oxidative stress-induced cell death. (A) 
ARPE-19 cells pretreated with vehicle control and 1 μM concentration of each carotenoids were 
exposed to different concentrations of tert-butyl hydroperoxide (tBHP). Cell survival was evaluated 
by MTT assay. (B) Analysis of lutein and lycopene protective effect on RPE cells under different tBHP 
concentrations. Cell viability was normalized to non-treated controls and was expressed as 
percentage of control. Data are shown as mean ± SD of three different experiments (n = 3). *, p < 0.05; 
**, p < 0.001. (C) Comparison of ARPE-19 cell survival upon co-treatment of lutein and tBHP. (D) 
Analysis of protective effect of co-exposure of lutein and tBHP on RPE cells. 

4. Discussion 

The RPE cellular monolayer, interposed between the retinal microcirculation and 
neuroretinal/photoreceptor layers, is essential for maintaining retinal integrity and photoreceptor 
survival. The RPE is exposed to a host of physiological stressors, including light, hyperoxia, reactive 
oxygen species (ROS) generation, changes in blood glucose, and, in disease, ischemia and hypoxemia. 
In humans, the RPE contains the molecular pathways for the visual (retinoid) cycle and uptake, 
metabolism, and transfer of dietary lutein and its isomer zeaxanthin. Low or decreased retinal 
lutein/zeaxanthin levels, comparted to the normal eye, are found in both ischemic retinopathies and 
AMDs [5]. In vivo, the RPE maintains continuous contact with the photoreceptor layer and transports 
visual cycle retinoids, xanthophylls, nutrients, and photoreceptor debris. Several studies indicate that 
the scavenger receptor SR-B1 is involved in lutein and zeaxanthin uptake [20,22–23], suggesting a 
facilitated process. Circulating xanthophylls are associated principally with plasma high density 
lipoprotein (HDL) and are presented to the RPE membrane presumably, at least in part, by SR-B1 
and CD36. In the present study, using relatively undifferentiated ARPE-19 cells, we provide evidence 
that in cell culture, lutein is taken up in a time- and concentration-dependent manner. In cell culture 
systems, a passive diffusion mechanism or a facilitated process could be involved in the cellular 
uptake of lutein. Recent studies of lutein transport have revealed that scavenger receptors (SR-B1, 
SR-B2, and CD36) variously contribute to lutein uptake [24]. Our current study demonstrates that 
ARPE-19 cells express relatively high levels of SR-B1 and LDLR, suggesting that cellular uptake of 
lutein in ARPE-19 cells may be a facilitated process. The ARPE-19 cell line has been used as a frequent 
in vitro model for the investigation of cellular functions of human RPE [25]. Since RPE cells are 
responsible for clearance of oxidants derived from photoreceptor turnover, ARPE-19 cells have been 
used to explore oxidant-mediated insults and related protective factors in various studies [26–32]. 
However, the ARPE-19 cell line does not exactly mimic RPE in vivo. Moreover, whether these cells 
are maintained in relatively undifferentiated or differentiated, polarized conditions, alters responses 

Figure 6. Cont.



Antioxidants 2017, 6, 100 9 of 13

Antioxidants 2017, 6, 100 9 of 13 

 
Figure 6. Protective effects of lutein and lycopene against oxidative stress-induced cell death. (A) 
ARPE-19 cells pretreated with vehicle control and 1 μM concentration of each carotenoids were 
exposed to different concentrations of tert-butyl hydroperoxide (tBHP). Cell survival was evaluated 
by MTT assay. (B) Analysis of lutein and lycopene protective effect on RPE cells under different tBHP 
concentrations. Cell viability was normalized to non-treated controls and was expressed as 
percentage of control. Data are shown as mean ± SD of three different experiments (n = 3). *, p < 0.05; 
**, p < 0.001. (C) Comparison of ARPE-19 cell survival upon co-treatment of lutein and tBHP. (D) 
Analysis of protective effect of co-exposure of lutein and tBHP on RPE cells. 

4. Discussion 

The RPE cellular monolayer, interposed between the retinal microcirculation and 
neuroretinal/photoreceptor layers, is essential for maintaining retinal integrity and photoreceptor 
survival. The RPE is exposed to a host of physiological stressors, including light, hyperoxia, reactive 
oxygen species (ROS) generation, changes in blood glucose, and, in disease, ischemia and hypoxemia. 
In humans, the RPE contains the molecular pathways for the visual (retinoid) cycle and uptake, 
metabolism, and transfer of dietary lutein and its isomer zeaxanthin. Low or decreased retinal 
lutein/zeaxanthin levels, comparted to the normal eye, are found in both ischemic retinopathies and 
AMDs [5]. In vivo, the RPE maintains continuous contact with the photoreceptor layer and transports 
visual cycle retinoids, xanthophylls, nutrients, and photoreceptor debris. Several studies indicate that 
the scavenger receptor SR-B1 is involved in lutein and zeaxanthin uptake [20,22–23], suggesting a 
facilitated process. Circulating xanthophylls are associated principally with plasma high density 
lipoprotein (HDL) and are presented to the RPE membrane presumably, at least in part, by SR-B1 
and CD36. In the present study, using relatively undifferentiated ARPE-19 cells, we provide evidence 
that in cell culture, lutein is taken up in a time- and concentration-dependent manner. In cell culture 
systems, a passive diffusion mechanism or a facilitated process could be involved in the cellular 
uptake of lutein. Recent studies of lutein transport have revealed that scavenger receptors (SR-B1, 
SR-B2, and CD36) variously contribute to lutein uptake [24]. Our current study demonstrates that 
ARPE-19 cells express relatively high levels of SR-B1 and LDLR, suggesting that cellular uptake of 
lutein in ARPE-19 cells may be a facilitated process. The ARPE-19 cell line has been used as a frequent 
in vitro model for the investigation of cellular functions of human RPE [25]. Since RPE cells are 
responsible for clearance of oxidants derived from photoreceptor turnover, ARPE-19 cells have been 
used to explore oxidant-mediated insults and related protective factors in various studies [26–32]. 
However, the ARPE-19 cell line does not exactly mimic RPE in vivo. Moreover, whether these cells 
are maintained in relatively undifferentiated or differentiated, polarized conditions, alters responses 

Figure 6. Protective effects of lutein and lycopene against oxidative stress-induced cell death.
(A) ARPE-19 cells pretreated with vehicle control and 1 µM concentration of each carotenoids were
exposed to different concentrations of tert-butyl hydroperoxide (tBHP). Cell survival was evaluated by
MTT assay. (B) Analysis of lutein and lycopene protective effect on RPE cells under different tBHP
concentrations. Cell viability was normalized to non-treated controls and was expressed as percentage
of control. Data are shown as means± SD of three different experiments (n = 3). *, p < 0.05; **, p < 0.001.
(C) Comparison of ARPE-19 cell survival upon co-treatment of lutein and tBHP. (D) Analysis of
protective effect of co-exposure of lutein and tBHP on RPE cells.

4. Discussion

The RPE cellular monolayer, interposed between the retinal microcirculation and
neuroretinal/photoreceptor layers, is essential for maintaining retinal integrity and photoreceptor
survival. The RPE is exposed to a host of physiological stressors, including light, hyperoxia, reactive
oxygen species (ROS) generation, changes in blood glucose, and, in disease, ischemia and hypoxemia.
In humans, the RPE contains the molecular pathways for the visual (retinoid) cycle and uptake,
metabolism, and transfer of dietary lutein and its isomer zeaxanthin. Low or decreased retinal
lutein/zeaxanthin levels, comparted to the normal eye, are found in both ischemic retinopathies and
AMDs [5]. In vivo, the RPE maintains continuous contact with the photoreceptor layer and transports
visual cycle retinoids, xanthophylls, nutrients, and photoreceptor debris. Several studies indicate
that the scavenger receptor SR-B1 is involved in lutein and zeaxanthin uptake [20,22,23], suggesting
a facilitated process. Circulating xanthophylls are associated principally with plasma high density
lipoprotein (HDL) and are presented to the RPE membrane presumably, at least in part, by SR-B1
and CD36. In the present study, using relatively undifferentiated ARPE-19 cells, we provide evidence
that in cell culture, lutein is taken up in a time- and concentration-dependent manner. In cell culture
systems, a passive diffusion mechanism or a facilitated process could be involved in the cellular
uptake of lutein. Recent studies of lutein transport have revealed that scavenger receptors (SR-B1,
SR-B2, and CD36) variously contribute to lutein uptake [24]. Our current study demonstrates that
ARPE-19 cells express relatively high levels of SR-B1 and LDLR, suggesting that cellular uptake of
lutein in ARPE-19 cells may be a facilitated process. The ARPE-19 cell line has been used as a frequent
in vitro model for the investigation of cellular functions of human RPE [25]. Since RPE cells are
responsible for clearance of oxidants derived from photoreceptor turnover, ARPE-19 cells have been
used to explore oxidant-mediated insults and related protective factors in various studies [26–32].
However, the ARPE-19 cell line does not exactly mimic RPE in vivo. Moreover, whether these cells are
maintained in relatively undifferentiated or differentiated, polarized conditions, alters responses to
carotenoid treatment and oxidative stress insults [33]. We show that undifferentiated ARPE-19 cells
are more sensitive to oxidative stress than differentiated cells.

In the present study, we compared the effects of three carotenoids on changes in ARPE-19 cell
viability/growth under conditions of normoxia, hypoxia, and oxidative stress. The novel finding is that
lutein and lycopene, but not beta-carotene, inhibit cell growth. Lutein and lycopene have previously
been described as antiproliferative agents in various types of cancer cells [34,35]. The present study
extends these findings, showing that lutein and lycopene inhibit proliferation of undifferentiated RPE
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cells. We found no evidence that beta-carotene, in this “physiological” concentration range, inhibited
RPE cell proliferation, in contrast to previous findings showing such inhibition in RPE cells [36].
Both lutein and lycopene have been found to inhibit RPE cell migration, which occurs in proliferative
retinal diseases, such as proliferative vitreoretinopathy (PVR) and proliferative diabetic retinopathy
(PDR) [37,38]. These inhibitory effects of lutein and lycopene may mitigate diseases resulting from RPE
cell proliferation, including PVR, PDR, and AMD. Interestingly, lutein and lycopene are substrates for
the enzyme BCO2. We show that BCO2 is expressed in these RPE cells and its expression is increased
by exposure of cells to either carotenoid substrate, but not to β-carotene (Figure 3). This finding raises
the possibility that at least some lutein- and lycopene-induced cellular effects may be due to carotenoid
metabolism in the RPE.

The pathological feature of retinal ischemia is shared by many retinal diseases, including diabetic
retinopathy (DR), ischemic retinal-vein occlusion, and retinopathy of prematurity (ROP). At the cellular
level, ischemic injury includes oxidative damage caused by increased energy failure and hypoxia [39].
Tissue hypoxia is a consequence of many diseases in the retina, such as AMD, DR, and ROP. As such,
strategies aimed at mitigating hypoxia-induced retinal cell damage may be important for restoring a
more normal retinal environment and preventing retinal injury. In our study, we were not able to detect
significant differences in the cellular responses to the carotenoids (lutein, lycopene, and beta-carotene)
tested during hypoxia-induced injury in ARPE-19 cells.

Numerous studies have shown that lutein/zeaxanthin is an ROS scavenger in extracellular
environments [40] and, in several cell types, it has a protective effect against oxidative stress-induced
cell damage [16,32]. In the present study, we demonstrate that lutein and lycopene reduce
tBHP-induced cell death in ARPE-19 cells. These data extend the knowledge that lutein (and lycopene)
may have protective roles in prevention of retinal diseases, in which oxidative damage plays an
important pathogenetic role. Due to the unique location of the RPE, this cell layer is particularly subject
to accumulation of ROS, which, in turn, leads to mitochondrial dysfunction and cell death [41,42].
Regarding the possible mechanism by which lutein (and lycopene) decrease tBHP-induced RPE cell
death, our study indicates that these carotenoids may have direct antioxidative effects by scavenging
intracellular ROS. Of note, oxidative stress may be a key contributor to RPE dysfunction in several
retinal diseases. We selected tBHP as a pro-oxidant stressor because tBHP has been reported to induce
lipid peroxidation, a self-propagating form of oxidative injury that damages cell membranes and
presents a particular risk to the RPE and lipid-rich photoreceptor cells. In our experiments, tBHP treated
cells showed decreased cell viability (Figure 6.). Lutein or lycopene pretreatment significantly increased
cell survival after tBHP incubation, consistent with the observation that lutein and lycopene lower
intracellular ROS production in tBHP-treated ARPE-19 cells [43,44]. The antioxidant and protective
effects of lutein and lycopene have been well-documented by in vitro and in vivo studies [7,16,45–49].
Interestingly, and consistent with our findings, lutein and lycopene prevent ARPE-19 cell death caused
by oxidative stress by reducing both intracellular and extracellular ROS production and, thus, confer a
protective effect against oxidative stress-induced cell damage.

5. Conclusions

In conclusion, this study provides evidence that lutein and lycopene protect ARPE-19 cells
from tBHP-induced oxidative damage and this protective effect may be associated, at least partly,
with direct antioxidant scavenging of ROS. We demonstrate, for the first time, antiproliferative effects
of lutein and lycopene in ARPE-19 cells, suggesting that lutein (and lycopene, if presented in sufficient
concentrations) may contribute to the prevention or mitigation of RPE proliferative diseases, such as
PVR, ROP, and AMD. Our results demonstrate that lutein and lycopene have robust protective effects
against oxidative damage to RPE cells.

Acknowledgments: We thank Jerzy Sarosiek and Sean Connery in Department of Internal Medicine, Texas Tech
University Health Sciences Center El Paso for their kind assistance with cell culture. This work was partly
supported by a seed grant to Xiaoming Gong from Texas Tech University Health Sciences Center El Paso.



Antioxidants 2017, 6, 100 11 of 13

Author Contributions: Xiaoming Gong and Lewis P. Rubin designed the experiments, Christian Draper,
Geoffrey Allison, and Raju Marissidaiah performed the experiments. All authors analyzed data. Xiaoming Gong
and Lewis P. Rubin and wrote the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Strauss, O. The retinal pigment epithelium in visual function. Physiol. Rev. 2005, 85, 845–881. [CrossRef]
[PubMed]

2. Winkler, B.S.; Boulton, M.E.; Gottsch, J.D.; Sternberg, P. Oxidative damage and age-related macular
degeneration. Mol. Vis. 1999, 5, 32. [PubMed]

3. Brownlee, M. Biochemistry and molecular cell biology of diabetic complications. Nature 2001, 414, 813–820.
[CrossRef] [PubMed]

4. Arden, G.B.; Sivaprasad, S. Hypoxia and oxidative stress in the causation of diabetic retinopathy.
Curr. Diabetes Rev. 2011, 7, 291–304. [CrossRef]

5. Gong, X.; Rubin, L.P. Role of macular xanthophylls in prevention of common neovascular retinopathies:
Retinopathy of prematurity and diabetic retinopathy. Arch. Biochem. Biophys. 2015, 572, 40–48. [CrossRef]

6. Handelman, G.J.; Snodderly, D.M.; Adler, A.J.; Russett, M.D.; Dratz, E.A. Measurement of carotenoids in
human and monkey retinas. Methods Enzymol. 1992, 213, 220–230.

7. Landrum, J.T.; Bone, R.A. Lutein, zeaxanthin, and the macular pigment. Arch. Biochem. Biophys. 2001, 385,
28–40. [CrossRef] [PubMed]

8. Bernstein, P.S.; Khachik, F.; Carvalho, L.S.; Muir, G.J.; Zhao, D.Y.; Katz, N.B. Identification and quantitation of
carotenoids and their metabolites in the tissues of the human eye. Exp. Eye Res. 2001, 72, 215–223. [CrossRef]
[PubMed]

9. Bone, R.A.; Landrum, J.T.; Friedes, L.M.; Gomez, C.M.; Kilburn, M.D.; Menendez, E.; Vidal, I.; Wang, W.
Distribution of lutein and zeaxanthin stereoisomers in the human retina. Exp. Eye Res. 1997, 64, 211–218.
[CrossRef] [PubMed]

10. Bone, R.A.; Landrum, J.T.; Hime, G.W.; Cains, A.; Zamor, J. Stereochemistry of the human macular
carotenoids. Investig. Ophthalmol. Vis. Sci. 1993, 34, 2033–2040.

11. Khachik, F.; de Moura, F.F.; Zhao, D.Y.; Aebischer, C.P.; Bernstein, P.S. Transformations of selected carotenoids
in plasma, liver, and ocular tissues of humans and in nonprimate animal models. Investig. Ophthalmol. Vis. Sci.
2002, 43, 3383–3392.

12. Snodderly, D.M.; Auran, J.D.; Delori, F.C. The macular pigment. II. Spatial distribution in primate retinas.
Investig. Ophthalmol. Vis. Sci. 1984, 25, 674–685.

13. Landrum, J.T.; Bone, R.A.; Joa, H.; Kilburn, M.D.; Moore, L.L.; Sprague, K.E. A one year study of the macular
pigment: The effect of 140 days of a lutein supplement. Exp. Eye Res. 1997, 65, 57–62. [CrossRef] [PubMed]

14. Moeller, S.M.; Parekh, N.; Tinker, L.; Ritenbaugh, C.; Blodi, B.; Wallace, R.B.; Mares, J.A. Associations between
intermediate age-related macular degeneration and lutein and zeaxanthin in the Carotenoids in Age-related
Eye Disease Study (CAREDS): Ancillary study of the Women’s Health Initiative. Arch. Ophthalmol. 2006, 124,
1151–1162. [CrossRef] [PubMed]

15. LaRowe, T.L.; Mares, J.A.; Snodderly, D.M.; Klein, M.L.; Wooten, B.R.; Chappell, R. Macular pigment density
and age-related maculopathy in the Carotenoids in Age-Related Eye Disease Study. An ancillary study of
the women’s health initiative. Ophthalmology 2008, 115, 876–883. [CrossRef] [PubMed]

16. Bernstein, P.S.; Li, B.; Vachali, P.P.; Gorusupudi, A.; Shyam, R.; Henriksen, B.S.; Nolan, J.M. Lutein, zeaxanthin,
and meso-zeaxanthin: The basic and clinical science underlying carotenoid-based nutritional interventions
against ocular disease. Prog. Retin. Eye Res. 2016, 50, 34–66. [CrossRef] [PubMed]

17. Scripsema, N.K.; Hu, D.N.; Rosen, R.B. Lutein, Zeaxanthin, and meso-Zeaxanthin in the Clinical Management
of Eye Disease. J. Ophthalmol. 2015, 2015, 865179. [CrossRef] [PubMed]

18. Sugawara, T.; Kushiro, M.; Zhang, H.; Nara, E.; Ono, H.; Nagao, A. Lysophosphatidylcholine enhances
carotenoid uptake from mixed micelles by Caco-2 human intestinal cells. J. Nutr. 2001, 131, 2921–2927.
[PubMed]

http://dx.doi.org/10.1152/physrev.00021.2004
http://www.ncbi.nlm.nih.gov/pubmed/15987797
http://www.ncbi.nlm.nih.gov/pubmed/10562656
http://dx.doi.org/10.1038/414813a
http://www.ncbi.nlm.nih.gov/pubmed/11742414
http://dx.doi.org/10.2174/157339911797415620
http://dx.doi.org/10.1016/j.abb.2015.02.004
http://dx.doi.org/10.1006/abbi.2000.2171
http://www.ncbi.nlm.nih.gov/pubmed/11361022
http://dx.doi.org/10.1006/exer.2000.0954
http://www.ncbi.nlm.nih.gov/pubmed/11180970
http://dx.doi.org/10.1006/exer.1996.0210
http://www.ncbi.nlm.nih.gov/pubmed/9176055
http://dx.doi.org/10.1006/exer.1997.0309
http://www.ncbi.nlm.nih.gov/pubmed/9237865
http://dx.doi.org/10.1001/archopht.124.8.1151
http://www.ncbi.nlm.nih.gov/pubmed/16908818
http://dx.doi.org/10.1016/j.ophtha.2007.06.015
http://www.ncbi.nlm.nih.gov/pubmed/17868874
http://dx.doi.org/10.1016/j.preteyeres.2015.10.003
http://www.ncbi.nlm.nih.gov/pubmed/26541886
http://dx.doi.org/10.1155/2015/865179
http://www.ncbi.nlm.nih.gov/pubmed/26819755
http://www.ncbi.nlm.nih.gov/pubmed/11694619


Antioxidants 2017, 6, 100 12 of 13

19. Gong, X.; Marisiddaiah, R.; Zaripheh, S.; Wiener, D.; Rubin, L.P. Mitochondrial beta-Carotene 9′,10′

Oxygenase Modulates Prostate Cancer Growth via NF-kappaB Inhibition: A Lycopene-Independent Function.
Mol. Cancer Res. 2016, 14, 966–975. [CrossRef] [PubMed]

20. Duncan, K.G.; Hosseini, K.; Bailey, K.R.; Yang, H.; Lowe, R.J.; Matthes, M.T.; Kane, J.P.; LaVail, M.M.;
Schwartz, D.M.; Duncan, J.L. Expression of reverse cholesterol transport proteins ATP-binding cassette A1
(ABCA1) and scavenger receptor BI (SR-BI) in the retina and retinal pigment epithelium. Br. J. Ophthalmol.
2009, 93, 1116–1120. [CrossRef] [PubMed]

21. Yan, W.; Jang, G.F.; Haeseleer, F.; Esumi, N.; Chang, J.; Kerrigan, M.; Campochiaro, M.; Campochiaro, P.;
Palczewski, K.; Zack, D.J. Cloning and characterization of a human beta,beta-carotene-15,15′-dioxygenase
that is highly expressed in the retinal pigment epithelium. Genomics 2001, 72, 193–202. [CrossRef] [PubMed]

22. Sato, Y.; Kondo, Y.; Sumi, M.; Takekuma, Y.; Sugawara, M. Intracellular uptake mechanism of lutein in retinal
pigment epithelial cells. J. Pharm. Pharm. Sci. 2013, 16, 494–501. [CrossRef] [PubMed]

23. During, A.; Doraiswamy, S.; Harrison, E.H. Xanthophylls are preferentially taken up compared with
beta-carotene by retinal cells via a SRBI-dependent mechanism. J. Lipid Res. 2008, 49, 1715–1724. [CrossRef]
[PubMed]

24. Shyam, R.; Vachali, P.; Gorusupudi, A.; Nelson, K.; Bernstein, P.S. All three human scavenger receptor class
B proteins can bind and transport all three macular xanthophyll carotenoids. Arch. Biochem. Biophys. 2017,
634, 21–28. [CrossRef] [PubMed]

25. Dunn, K.C.; Aotaki-Keen, A.E.; Putkey, F.R.; Hjelmeland, L.M. ARPE-19, a human retinal pigment epithelial
cell line with differentiated properties. Exp. Eye Res. 1996, 62, 155–169. [CrossRef] [PubMed]

26. Weigel, A.L.; Handa, J.T.; Hjelmeland, L.M. Microarray analysis of H2O2-, HNE-, or tBH-treated ARPE-19
cells. Free Radic. Biol. Med. 2002, 33, 1419–1432. [CrossRef]

27. Geiger, R.C.; Waters, C.M.; Kamp, D.W.; Glucksberg, M.R. KGF prevents oxygen-mediated damage in
ARPE-19 cells. Investig. Ophthalmol. Vis. Sci. 2005, 46, 3435–3442. [CrossRef] [PubMed]

28. Chichili, G.R.; Nohr, D.; Frank, J.; Flaccus, A.; Fraser, P.D.; Enfissi, E.M.; Biesalski, H.K. Protective effects of
tomato extract with elevated beta-carotene levels on oxidative stress in ARPE-19 cells. Br. J. Nutr. 2006, 96,
643–649. [PubMed]

29. Bardak, H.; Uguz, A.C.; Bardak, Y. Protective effects of melatonin and memantine in human retinal pigment
epithelium (ARPE-19) cells against 2-ethylpyridine-induced oxidative stress: Implications for age-related
macular degeneration. Cutan. Ocul. Toxicol. 2017, 1–9. [CrossRef] [PubMed]

30. Li, Z.; Dong, X.; Liu, H.; Chen, X.; Shi, H.; Fan, Y.; Hou, D.; Zhang, X. Astaxanthin protects ARPE-19 cells
from oxidative stress via upregulation of Nrf2-regulated phase II enzymes through activation of PI3K/Akt.
Mol. Vis. 2013, 19, 1656–1666. [PubMed]

31. Li, X.; Zhao, H.; Wang, Q.; Liang, H.; Jiang, X. Fucoidan protects ARPE-19 cells from oxidative stress via
normalization of reactive oxygen species generation through the Ca(2)(+)-dependent ERK signaling pathway.
Mol. Med. Rep. 2015, 11, 3746–3752. [CrossRef] [PubMed]

32. Wrona, M.; Rozanowska, M.; Sarna, T. Zeaxanthin in combination with ascorbic acid or alpha-tocopherol
protects ARPE-19 cells against photosensitized peroxidation of lipids. Free Radic. Biol. Med. 2004, 36,
1094–1101. [CrossRef] [PubMed]

33. Hsiung, J.; Zhu, D.; Hinton, D.R. Polarized human embryonic stem cell-derived retinal pigment epithelial
cell monolayers have higher resistance to oxidative stress-induced cell death than nonpolarized cultures.
Stem Cells Transl. Med. 2015, 4, 10–20. [CrossRef] [PubMed]

34. Rafi, M.M.; Kanakasabai, S.; Gokarn, S.V.; Krueger, E.G.; Bright, J.J. Dietary lutein modulates growth and
survival genes in prostate cancer cells. J. Med. Food 2015, 18, 173–181. [CrossRef] [PubMed]

35. Shanbhag, V.K. Lycopene in cancer therapy. J. Pharm. Bioallied Sci. 2016, 8, 170–171. [CrossRef] [PubMed]
36. Chichili, G.R.; Nohr, D.; Schaffer, M.; von Lintig, J.; Biesalski, H.K. beta-Carotene conversion into vitamin

A in human retinal pigment epithelial cells. Investig. Ophthalmol. Vis. Sci. 2005, 46, 3562–3569. [CrossRef]
[PubMed]

37. Su, C.C.; Chan, C.M.; Chen, H.M.; Wu, C.C.; Hsiao, C.Y.; Lee, P.L.; Lin, V.C.; Hung, C.F. Lutein inhibits the
migration of retinal pigment epithelial cells via cytosolic and mitochondrial Akt pathways (lutein inhibits
RPE cells migration). Int. J. Mol. Sci. 2014, 15, 13755–13767. [CrossRef] [PubMed]

http://dx.doi.org/10.1158/1541-7786.MCR-16-0075
http://www.ncbi.nlm.nih.gov/pubmed/27406826
http://dx.doi.org/10.1136/bjo.2008.144006
http://www.ncbi.nlm.nih.gov/pubmed/19304587
http://dx.doi.org/10.1006/geno.2000.6476
http://www.ncbi.nlm.nih.gov/pubmed/11401432
http://dx.doi.org/10.18433/J33K61
http://www.ncbi.nlm.nih.gov/pubmed/24021296
http://dx.doi.org/10.1194/jlr.M700580-JLR200
http://www.ncbi.nlm.nih.gov/pubmed/18424859
http://dx.doi.org/10.1016/j.abb.2017.09.013
http://www.ncbi.nlm.nih.gov/pubmed/28947101
http://dx.doi.org/10.1006/exer.1996.0020
http://www.ncbi.nlm.nih.gov/pubmed/8698076
http://dx.doi.org/10.1016/S0891-5849(02)01082-1
http://dx.doi.org/10.1167/iovs.04-1487
http://www.ncbi.nlm.nih.gov/pubmed/16123449
http://www.ncbi.nlm.nih.gov/pubmed/17010222
http://dx.doi.org/10.1080/15569527.2017.1354218
http://www.ncbi.nlm.nih.gov/pubmed/28707481
http://www.ncbi.nlm.nih.gov/pubmed/23901249
http://dx.doi.org/10.3892/mmr.2015.3224
http://www.ncbi.nlm.nih.gov/pubmed/25606812
http://dx.doi.org/10.1016/j.freeradbiomed.2004.02.005
http://www.ncbi.nlm.nih.gov/pubmed/15082063
http://dx.doi.org/10.5966/sctm.2014-0205
http://www.ncbi.nlm.nih.gov/pubmed/25411476
http://dx.doi.org/10.1089/jmf.2014.0003
http://www.ncbi.nlm.nih.gov/pubmed/25162762
http://dx.doi.org/10.4103/0975-7406.171740
http://www.ncbi.nlm.nih.gov/pubmed/27134472
http://dx.doi.org/10.1167/iovs.05-0089
http://www.ncbi.nlm.nih.gov/pubmed/16186334
http://dx.doi.org/10.3390/ijms150813755
http://www.ncbi.nlm.nih.gov/pubmed/25110866


Antioxidants 2017, 6, 100 13 of 13

38. Chan, C.M.; Fang, J.Y.; Lin, H.H.; Yang, C.Y.; Hung, C.F. Lycopene inhibits PDGF-BB-induced retinal pigment
epithelial cell migration by suppression of PI3K/Akt and MAPK pathways. Biochem. Biophys. Res. Commun.
2009, 388, 172–176. [CrossRef] [PubMed]

39. Osborne, N.N.; Casson, R.J.; Wood, J.P.; Chidlow, G.; Graham, M.; Melena, J. Retinal ischemia: Mechanisms
of damage and potential therapeutic strategies. Prog. Retin. Eye Res. 2004, 23, 91–147. [CrossRef] [PubMed]

40. Li, B.; Ahmed, F.; Bernstein, P.S. Studies on the singlet oxygen scavenging mechanism of human macular
pigment. Arch. Biochem. Biophys. 2010, 504, 56–60. [CrossRef] [PubMed]

41. Cai, J.; Nelson, K.C.; Wu, M.; Sternberg, P., Jr.; Jones, D.P. Oxidative damage and protection of the RPE.
Prog. Retin. Eye Res. 2000, 19, 205–221. [CrossRef]

42. Kowluru, R.A.; Mishra, M. Oxidative stress, mitochondrial damage and diabetic retinopathy. Biochim. Biophys.
Acta 2015, 1852, 2474–2483. [CrossRef] [PubMed]

43. Liu, H.; Liu, W.; Zhou, X.; Long, C.; Kuang, X.; Hu, J.; Tang, Y.; Liu, L.; He, J.; Huang, Z.; et al. Protective
effect of lutein on ARPE-19 cells upon H2O2-induced G2/M arrest. Mol. Med. Rep. 2017, 16, 2069–2074.
[CrossRef] [PubMed]

44. Frede, K.; Ebert, F.; Kipp, A.P.; Schwerdtle, T.; Baldermann, S. Lutein Activates the Transcription Factor Nrf2
in Human Retinal Pigment Epithelial Cells. J. Agric. Food Chem. 2017, 65, 5944–5952. [CrossRef] [PubMed]

45. Bian, Q.; Gao, S.; Zhou, J.; Qin, J.; Taylor, A.; Johnson, E.J.; Tang, G.; Sparrow, J.R.; Gierhart, D.; Shang, F.
Lutein and zeaxanthin supplementation reduces photooxidative damage and modulates the expression of
inflammation-related genes in retinal pigment epithelial cells. Free Radic. Biol. Med. 2012, 53, 1298–1307.
[CrossRef] [PubMed]

46. Cardinault, N.; Abalain, J.H.; Sairafi, B.; Coudray, C.; Grolier, P.; Rambeau, M.; Carre, J.L.; Mazur, A.;
Rock, E. Lycopene but not lutein nor zeaxanthin decreases in serum and lipoproteins in age-related macular
degeneration patients. Clin. Chim. Acta 2005, 357, 34–42. [CrossRef] [PubMed]

47. Murthy, R.K.; Ravi, K.; Balaiya, S.; Brar, V.S.; Chalam, K.V. Lutein protects retinal pigment epithelium from
cytotoxic oxidative stress. Cutan. Ocul. Toxicol. 2014, 33, 132–137. [CrossRef] [PubMed]

48. Cho, E.; Hankinson, S.E.; Rosner, B.; Willett, W.C.; Colditz, G.A. Prospective study of lutein/zeaxanthin
intake and risk of age-related macular degeneration. Am. J. Clin. Nutr. 2008, 87, 1837–1843. [PubMed]

49. Trumbo, P.R.; Ellwood, K.C. Lutein and zeaxanthin intakes and risk of age-related macular degeneration
and cataracts: An evaluation using the Food and Drug Administration's evidence-based review system for
health claims. Am. J. Clin. Nutr. 2006, 84, 971–974. [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.bbrc.2009.07.155
http://www.ncbi.nlm.nih.gov/pubmed/19664603
http://dx.doi.org/10.1016/j.preteyeres.2003.12.001
http://www.ncbi.nlm.nih.gov/pubmed/14766318
http://dx.doi.org/10.1016/j.abb.2010.07.024
http://www.ncbi.nlm.nih.gov/pubmed/20678467
http://dx.doi.org/10.1016/S1350-9462(99)00009-9
http://dx.doi.org/10.1016/j.bbadis.2015.08.001
http://www.ncbi.nlm.nih.gov/pubmed/26248057
http://dx.doi.org/10.3892/mmr.2017.6838
http://www.ncbi.nlm.nih.gov/pubmed/28656238
http://dx.doi.org/10.1021/acs.jafc.7b01929
http://www.ncbi.nlm.nih.gov/pubmed/28665123
http://dx.doi.org/10.1016/j.freeradbiomed.2012.06.024
http://www.ncbi.nlm.nih.gov/pubmed/22732187
http://dx.doi.org/10.1016/j.cccn.2005.01.030
http://www.ncbi.nlm.nih.gov/pubmed/15963792
http://dx.doi.org/10.3109/15569527.2013.812108
http://www.ncbi.nlm.nih.gov/pubmed/23862688
http://www.ncbi.nlm.nih.gov/pubmed/18541575
http://www.ncbi.nlm.nih.gov/pubmed/17093145
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Methods 
	Cell Culture 
	Cell Treatments 
	Determination the Uptake of Lutein 
	HPLC Analysis of Lutein 
	Cell Viability Assays 
	qRT-PCR Using TaqMan RNA Assays and Data Analysis 
	Western Blotting 
	Statistical Analysis 


	Results 
	Lutein Uptake and Accumulation in ARPE-19 Cells 
	Determination of the Expression of Genes Involved in Xanthophyll Uptake, Metabolism and Transport in ARPE-19 Cells 
	Effects of Selected Carotenoids on the Expression of BCO1, BCO2, and Scavenger Receptors in ARPE-19 Cells 
	Effects of Carotenoids on RPE Cell Growth 
	Effects of Carotenoids on RPE Cell Growth under Hypoxic Conditions 
	Effects of Lutein and Lycopene on Oxidative Stress-Induced RPE Cell Death 

	Discussion 
	Conclusions 

