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Expression of early and late cellular damage markers by
ARPE-19 cells following prolonged treatment with UV-A radiation
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Abstract. Pathological alterations to the retinal pigment
epithelium underlie several eye diseases, which lead to visual
impairment and even blindness. Exposure to ultraviolet (UV)
radiation is associated with some skin and ocular pathologies;
UV radiation may induce DNA breakdown and cause cellular
damage through the production of reactive oxygen species
(ROS), thus leading to programmed cell death. The present
study aimed to investigate the production of ROS and the gene
expression levels of anti- and proapoptotic proteins [B-cell
lymphoma 2 (Bcl-2), Bcl-2-associated X protein (Bax) and
caspase-3] in human retinal pigment epithelial cells (ARPE-19)
treated with UV-A for 5 h consecutively. The results demon-
strated that prolonged exposure to UV-A induced: i) Cell death,
the decrease in cell viability was time-dependent and reached
statistical significance after 3 h; ii) a significant and substantial
increase in ROS levels that remained constant for the duration
of the experiment, the levels were significantly increased after
1 h of exposure; iii) an activation of apoptotic genes (Bax and
caspase-3) after 1 h of treatment, which was accompanied by
a decrease in the anti-apoptotic gene Bcl-2; and iv) a loss of
apoptotic signals and a rapid decrease in cellular viability
after 3 h of consecutive treatment. These processes may
trigger necrosis, which was observed in the cells following
treatment with UV-A for 5 consecutive hours. In conclusion,
the present study is the first, to the best of our knowledge, to
provide in vitro evidence regarding the sequence of events
that underlie the cellular damage induced by prolonged UV-A
radiation, starting from the first 30 min of treatment. UV-A
radiation resulted in the activation of apoptotic events, and
subsequently led to irreversible cell necrosis.
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Introduction

Retinal pigment epithelium (RPE) cells, which have a critical
role in the neural retina, are associated with the maintenance
of functional and healthy photoreceptors (1-3). These cells may
be exposed to various extracellular stimuli that can promote
their survival or their death through highly regulated cellular
signals. Exposure to solar ultraviolet (UV) radiation is an
external stressor, which induces DNA breakdown and reactive
oxygen species (ROS) production (4). Under normal physi-
ological conditions, ocular tissues express several intrinsic
antioxidant enzymes, as a consequence of normal metabolism.
However, during ocular injury, ROS and free radicals may
be overproduced leading to the induction of pathological
conditions (5). Notably, oxidative damage is associated with
the pathogenesis of several degenerative ocular pathologies,
including cataracts, age-related macular degeneration (AMD),
glaucoma and diabetic retinopathy (6).

Exposure to solar radiation has been implicated in
numerous ocular pathologies, particularly macular degen-
eration (7). Briefly, UV radiation can induce the production
of ROS, mitochondrial dysfunction, DNA damage, and can
increase apoptotic activity (8-10). The mechanism underlying
UV-mediated RPE cell death is controversial and remains
unclear. At present two hypotheses are the most accredited:
i) Exposure to UV radiation induces the production of ROS,
which may damage RPE cells through the activation of apop-
totic mechanisms (11); ii) UV radiation stimulates an elevated
production of ROS, which can lead to irreversible cellular
necrosis (12).

Within this framework, to better understand the molecular
basis and temporal sequence of the degenerative processes
underlying RPE cell death following exposure to UV radiation,
the present study investigated cell viability, ROS production
and the expression of principal apoptotic genes in ARPE-19
cells following UV-A radiation for 5 or 6 consecutive hours.

Materials and methods

Cell culture conditions and UV exposure. The human
RPE cell line (ARPE-19) was provided as a gift by
Professor Stefano Cacchione (Department of Biology and
Biotechnology ‘Charles Darwin’, Sapienza University of
Rome, Rome, Italy). The cell line (CRL-2302) was originally
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Table I. Short tandem repeat genotyping and amelogenin (AMEL) gender determination of the ARPE-19 cells used in the present

study.
Test results for ATCC reference

submitted sample database profile
Locus Query profile: A504-ARPE-19 Database profile: ARPE-19
AMEL X Y X Y
D3S1358 14 15
D1S1656 11 15
D2S441 10 15
D10S1248 13 15
D13S317 11 12 11 12
Penta E 7 11
D16S539 9 11 9 11
D18S51 12 16
D2S1338 19
CSFI1PO 11 11
Penta D 11 13
THO1 6 93 6 9.3
vWA 16 19 16 19
D21S11 28 29
D7S820 9 11 9 11
D5S818 13 13
TPOX 9 11 9 11
DYS391 10
D8S1179 13
D12S391 21 22
D19S433 12 13
FGA 23
D22S1045 11 16

ATCC, American Type Culture Collection.

obtained from American Type Culture Collection (Manassas,
VA, USA). The ARPE-19 cell line was verified by the BMR
Genomics S.r.l. Cell Line Authentication Service (Padova,
Italy; ref. Nr 130264) using short tandem repeat analysis and
amelogenin gender determination, as presented in Table I. As
shown, the percentage match between the submitted sample
and the database profile was 100%. Cells were used between
passages 5 and 8.

The cells were cultured in 50/50 Ham's F12/Dulbecco's
modified Eagle's medium (Gibco; Thermo Fisher Scientific,
Inc., Waltham, MA, USA), containing 15% fetal bovine
serum (Gibco; Thermo Fisher Scientific, Inc.) and 100 U/ml
penicillin/streptomycin at 37°C in a humidified environment
containing 5% CO,. After 1 week, the cells were passaged
and plated into 6 cm cell culture dishes (1x10° cells) for
further experiments. UV exposure was produced using
a UV lamp (Vilber Lourmat VL-62C Power 6W; Vilber
Lourmat Deutschland GmbH, Eberhardzell, Germany) in a
custom-designed UV irradiation unit at 37°C and 5% CO,.
UV-A exposure of the cells (at 365 nm) was conducted 10 cm
from the source for 30 min, and 1,2, 3,4, 5 and 6 h at an inten-
sity of ~0.06 J/cm?/sec. For minimizing absorption of radiation

by the medium, a thin layer of medium was retained above the
cells throughout the UV-A exposure.

Total cell count and cell viability. Following treatment of the
cells, floating and attached cells were collected for analysis.
A NucleoCounter (ChemoMetec A/S, Allerod, Denmark)
was used to determine the total concentration of cells and
viability, according to the manufacturer's protocol. The
NucleoCounter uses a technique based on propidium iodide
(PI) uptake and fluorescence microscopy, which is able to
quantify non-viable cells and total cell concentration (13).
Briefly, a mixture containing cell suspension (200 ul), lysis
buffer (200 ul) and stabilizing buffer (200 ul) was loaded into
the NucleoCassette, which contains the fluorescent dye PI. The
cassette was then introduced into the NucleoCounter chamber
for measurement of the total cell concentration. Another
NucleoCassette was loaded with a sample of untreated cells
to count the number of non-viable cells (based on counting
PI-stained membrane-damaged cells). When the concentration
of non-viable cells and the total concentration of cells were
known it was possible to calculate the viability percentage of
the cells, according to a formula provided by the manufacturer.
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Figure 1. (A) Viability of ARPE-19 cells following exposure to ultraviolet
(UV)-A irradiation (365 nm) for various durations (0.5-6 h). Cell viability
was determined according to the NucleoCounter technique. Data from
two independent experiments are expressed as percentage viability and
are presented as the mean =+ standard error of the mean of four replicates
per experimental group. “P<0.01 and "“P<0.001 vs. the control group.
Morphology of ARPE-19 cells, observed by phase-contrast microscopy
after 5 h (B) without treatment as controls and (C) after UV-A radiation.

Bright-field images of the cells following UV-A expo-
sure for various durations were obtained using a TE300
Eclipse microscope (Nikon Corporation, Tokyo, Japan) in a
blind manner, and the images were digitalized using a Cool
SNAP professional digital camera (Nikon Corporation) and
LUCIA-G/F imaging software (Nikon Corporation). All
images were acquired during one session using the same
brightness setting.

Detection of ROS. ROS detection was performed after staining
the cells using a 2',7'-dichlorofluorescin diacetate (DCFDA)
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Figure 2. Reactive oxygen species (ROS) production (expressed as fluores-
cence intensity) in ARPE-19 cells exposed to ultraviolet (UV)-A irradiation.
Treatment induced the significant formation of ROS from 1 h onward. Results
are from three independent experiments, each including three replicates per
experimental group (n=9). Data are presented as the mean + standard error of
the mean of nine replicates per group. “P<0.01 and ““P<0.001 vs. 0 h.

Cellular ROS Detection Assay kit (Abcam, Cambridge, UK).
Briefly, after irradiation, cells were grown in a 96-well micro-
plate (25,000 cells/well) and were treated successively with
DCFDA for 30 min at 37°C, which is initially non-fluorescent
and is converted to the fluorescent molecular DCF by oxidation.
DCF was subsequently quantified using a CytoFluor Multi-well
Plate Reader (Applied Biosystems; Thermo Fisher Scientific,
Inc.), with 485 nm excitation and 538 nm emission filters. ROS
production was expressed as fluorescence intensity.

RNA isolation and semiquantitative polymerase chain reac-
tion (PCR). Total RNA was isolated from the cells using
the PureLink® RNA Mini kit (Thermo Fisher Scientific,
Inc.). The elimination of any genomic DNA was performed
using on-column DNase treatment. RNA concentration was
spectrophotometrically evaluated at 280 and 260 nm. Total
RNA was used for first-strand cDNA synthesis using SCRIPT
cDNA Synthesis kit and Oligo-dT as random primers (Jena
Bioscience GmbH, Jena, Germany) according to the manufac-
turer's protocol. The PCR was performed with ~200 ng cDNA
using Hot Start Master (Jena Bioscience GmbH) according to
the manufacturer's protocol. The following primer sequences
(Invitrogen; Thermo Fisher Scientific,Inc.) were used for ampli-
fication: Glyceraldehyde 3-phosphate dehydrogenase, forward
5'-AACGGATTTGGTCGTATTG-3', reverse 5-GGAAGA
TGGTGATGGGATT-3' (208 bp); B-cell lymphoma 2 (Bcl-2),
5'-CGACGACTTCTCCCGCCGCTACCGC-3', reverse
5'-CCGCATGCTGGGGCCGTACAGTTCC-3' (319 bp);
Bcl-2-associated X protein (Bax), forward 5'-ACCAAGAAG
CTGAGCGAGTGTC-3, reverse 5-ACAAAGATGGTCACG
GTCTGCC (365 bp); and caspase-3, forward 5~AGAAGATCA
CAGCAAAAGGAG-3', and reverse 5-TCAAGCTTGTCG
GCATACTG-3' (378 bp). The experimental protocols for PCR
were: Denaturation, 94°C for 1 min; followed by 40 cycles of
denaturation at 94°C for 1 min; annealing for 40 sec at 58°C
(GAPDH), 68°C (Bcl-2), 63°C (Bax) or 60°C (caspase-3); and
elongation at 72°C for 1 min; and a final elongation step at
72°C for 5 min. PCR products were analyzed by 1.8% agarose
gel electrophoresis with ethidium bromide (1 pg/ml) in TBE
1X buffer (Tris 40 mM, EDTA 1 mM, boric acid 44 mM)
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Figure 3. Apoptotic hallmarks in ARPE-19 cells subjected to ultraviolet (UV)-A irradiation. (A) Agarose gels representing mRNA expression levels of (a) glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH), (b) B-cell lymphoma 2 (Bcl-2)-associated X protein (Bax), (c) caspase-3 (Casp-3) and (d) Bcl-2 in ARPE-19
cells exposed to UV-A radiation for various durations. Unmarked lane contains the 100 bp DNA ladder. (B) (a) Bax, (b) Casp-3 and (c) Bcl-2 densitometric
analysis of the gels in (A). The density of the gel bands was divided by that of GADPH (housekeeping gene) and results are expressed as a percentage of the
control band density. Data are presented as the mean + standard error of the mean. ““P<0.001 vs. 0 h.

for 2 h at 80 V (constant voltage); a 100 bp ladder was used
as a molecular weight marker. Gel images were acquired
(Bio-Rad Gel Doc 2000) and were scanned (Bio-Rad GS800)
using Bio-Rad Quantity One software (Bio-Rad Laboratories,
Inc., Hercules, CA, USA). The density of the PCR bands were
divided by that of the housekeeping gene and expressed as a
percentage of the control band density.

Statistical analysis. Data were analyzed by one-way analysis
of variance followed by post-hoc Dunnett's test, to compare the
treatment groups with the control. Data were analyzed using
Prism software, version 5.01 (GraphPad, Inc., La Jolla, CA,
USA). Comparison of the mean survival rates of cells exposed
to UV-A radiation was made using the unpaired, Student's
t-test. All results are presented as the mean + standard error of
the mean of at least three independent experiments performed
in duplicate, unless otherwise specified. P<0.05 was consid-
ered to indicate a statistically significant difference.

Results

The present study examined a sequence of molecular and
biological events induced by prolonged and continuous treatment
of ARPE-19 cells with UV-A. Preliminary experiments were
conducted to investigate cellular viability following exposure to
UV radiation for various durations (0.50, 1, 2, 3,4, 5 and 6 h).
Treatment with UV-A radiation resulted in a time-dependent
decrease in cellular viability from 2 h onward, compared with

the non-irradiated controls (70, 20 and 10% viability at 3,4 and
5 h, respectively) (Fig. 1A). Cell death was detected morphologi-
cally after 5 h irradiation, as follows: i) A marked reduction in
the number of living cells; ii) cells were obviously swollen and
loss of plasma membrane integrity was detected (Fig. 1C).

A second series of experiments were performed to ascertain
whether the reduction in cellular viability observed post-irradi-
ation was associated with oxidative stress, since various studies
have suggested that ROS generation may be an underlying cause
of RPE cell death (4-6). A significant and consistent increase
in ROS levels (200% increase) was observed after 1 h UV-A
irradiation in the experimental paradigm. These levels remained
constant throughout the subsequent time-points (Fig. 2).

By this stage of the present study, the involvement of ROS in
the irradiation-induced reduction of cellular viability had been
confirmed; therefore, additional experiments were conducted
to determine the underlying molecular mechanism(s) by which
ROS caused this effect. In this regard, the expression levels
of principle apoptotic (Bax and caspase-3) and anti-apoptotic
(Bcl-2) genes were detected in our experimental model after 1,
3 or 5 h of UV-A exposure.

After 1 h of treatment an overexpression of Bax was detected,
which dropped drastically at 3 h, until reaching values similar to
those of the untreated controls after 5 h (Fig. 3Ab and Ba). An
analogous trend was also observed in the gene expression levels
of caspase-3 (Fig. 3Ac and Bb); after 1 h of UV-A treatment its
expression doubled, compared with at O h; however, the expres-
sion almost disappeared from 3 h onward. Notably, ARPE-19
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cells exhibited caspase-3 gene expression at 0 h. Finally, the
expression levels of the anti-apoptotic gene Bcl-2 were detected.
Bcl-2 was exclusively expressed in untreated cells at O h, whereas
it was expressed at low levels in cells following exposure to
UV-A radiation for various durations(Fig. 3Ad and Bc).

Discussion

Knowledge of the numerous functions performed by RPE cells
has improved the understanding of several diseases that lead
to blindness. The RPE layer is one of the major ocular tissues
known to be metabolically active and sensitive to oxidative
stress. The balance between oxidative stress and cellular death
may be responsible for the progression of several diseases of
the underlying retina, including AMD. However the molecular
events that correlate with ROS generation and cellular death
in RPE cells remain partially unclear. Notably, contrasting
evidence has been reported in the literature in recent years. In
particular, some studies have reported that RPE cells exposed
to UV undergo apoptotic cell death (11,14), whereas other
studies have claimed that apoptosis is not the main mechanism
of RPE cell death (12,15), thus indicating that necrosis may be
responsible for RPE cell death in response to oxidative stress.

The present study aimed to elucidate these mechanisms by
describing the sequence of molecular events that occur after
continued exposure to UV-A radiation. UV-A exposure for
5 consecutive hours induced cytotoxic effects due to the produc-
tion of high levels of ROS. After 1 h irradiation, ROS levels
were markedly increased and induced an increase in the expres-
sion of apoptotic genes (Bax and caspase-3), and decreased the
expression of the anti-apoptotic gene, Bcl-2. Subsequent hours
were characterized by a marked decrease in Bax and caspase-3
expression, whereas ROS levels remained high and constant.
Notably, during this time range cell viability continued to rapidly
decline, and in the last hour the observed morphological features
of the cells suggested that they were undergoing necrosis.

The present study hypothesized an intermediary role for
oxidative stress in the induction of apoptosis, since molecular
events observed leading to Bax and caspase-3 activation were
induced by initially increasing levels of ROS. Conversely,
when ROS levels remained consistently high, apoptotic gene
expression was suppressed and RPE death appeared to occur
by necrosis. Consistent with this hypothesis, previous studies
have reported that low levels of ROS upregulate apoptotic
genes and downregulate anti-apoptotic genes in cells, leading
to apoptotic cell death (16,17), whereas high levels of ROS can
lead to lipid peroxidation, cellular membrane damage, inacti-
vation of caspases and necrotic cell death (18).

To the best of our knowledge, the present study is the first to
describe the sequence of molecular events that occur following
continuous exposure to UV-A radiation. UV-A induced an
increase in ROS levels, which initially led to activation of
apoptotic events, followed by the induction of irreversible
cellular necrosis. These findings, even if preliminary, may be
useful for improving understanding regarding the oxidative
damage that underlies UV-induced ocular cell damage.

In conclusion, the results of the present study are the first,
to the best of our knowledge, to describe the sequence of
cellular events starting from the first 30 min of UV-A treat-
ment. UV-A radiation induced the activation of apoptotic
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events and subsequently led to irreversible cellular necrosis.
These important findings may have future pharmacological
applications in protecting RPE cells from the initiation and
progression of UV-A-induced ocular disorders.
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