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Abstract
e AIM: To examine light-emitting-diode (LED)-induced retinal

neuronal cell damage and its wavelength-driven patho-
genic mechanisms.

o METHODS: Sprague-Dawley rats were exposed to blue
LEDs (460 nm), green LEDs (530 nm), and red LEDs (620 nm).
Electroretinography (ERG), Hematoxylin and eosin (H&E)
staining, transmission electron microscopy (TEM), terminal
deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL), and immunohistochemical (IHC) staining, Wes-
tern blotting (WB) and the detection of superoxide anion
(0,~), hydrogen peroxide (H,0,), total iron, and ferric (Fe*)
levels were applied.

o RESULTS: ERG results showed the blue LED group induced
more functional damage than that of green or red LED groups.
H&E staining, TUNEL, IHC, and TEM revealed apoptosis
and necrosis of photoreceptors and RPE, which indicated
blue LED also induced more photochemical injury. Free
radical production and iron-related molecular marker
expressions demonstrated that oxidative stress and iron-
overload were associated with retinal injury. WB assays
correspondingly showed that defense gene expression
was up-regulated after the LED light exposure with a
wavelength dependency.

o CONCLUSION: The study results indicate that LED blue-
light exposure poses a great risk of retinal injury in awake,

task-oriented rod-dominant animals. The wavelength-
dependent effect should be considered carefully when
switching to LED lighting applications.

e KEYWORDS: retinal light injury; LED light injury; blue
light injury; iron; light injury mechanisms; oxidative stress

DOI:10.18240/ijo.2017.02.03

Shang YM, Wang GS, Sliney DH, Yang CH, Lee LL. Light-emitting-
diode induced retinal damage and its wavelength dependency in vivo.
Int J Ophthalmol 2017;10(2):191-202

INTRODUCTION

he rapid development of white light-emitting diode (LED)
Tlighting“] has raised serious retinal hazard concerns by
consumers". In a previous study, we investigated the potential
retinal photochemical injury (RPI) induced by LEDs in a rat
model. The results suggested that the blue-rich LED white light
has a higher chance to induce RPI than does the conventional
compact fluorescent lamp (CFL) white light"”. However,
susceptibility to PRI is multifactorial®, and wavelengths
certainly play an important role’™. According to Planck’s
relation (E=h/A, where E=energy, h=the Planck constant, and
A=wavelength), a photon corresponding to blue light is more
energetic'’! than photons of longer wavelengths, such as green
or red light. Furthermore, blue light has the greatest potential

to induce PRI, which has been reconfirmed both by in vitro®"!

and in vivo studies' ",

Blue light could induce the formation of reactive oxygen
species (ROS) in human retinal pigment epithelium (RPE)
mitochondria that leads to retinal apoptosis has been reported
by Cell Culture smdies[7,10,12-l3,20-23 15,18,24»25]'

The initial injuries involve a series of processes, including

! and animal models'

signaling molecules released from outer retinal cells, oxi-

261, dysfunction and death of

datively damaged biomolecules
outer retinal cells, and removal of apoptotic debris by activated
retinal microglia and systemic macrophages””. This injury is
also site-specific and depends on the iron concentration in the

retina™?*

| The iron regulatory genes that favor increased iron
uptake were altered after photic injury. The unbalanced iron
may further accelerate oxidative stress in a cycle of cellular
self-destruction””. Moreover, the injury possibly corresponds

to a retinal remodeling process following the light injury”'>?.

191



LED wavelength dependency of the retinal light injury

A 00327 B 125,
T e CCT 6500
c —
S J =< 100 +
2 0.024 =
5 5
2 S 0.754
c 0.0161 :_"!
E §, 0.50-
T 0.008- 3
g & 0.254
(9
)

0.000 — v - r — 0.00 - - - - s
300 400 500 600 700 800 300 400 500 600 700 800
Wavelength(nm) Wavelength(nm)
G 100+ 100 -
100 4
- w— \=620
< - s A=530
754 e \=460 4

5 S 75 |
2
;” 501 501 50 -
g
8
E 254 251 25 1

04350 %00 "500' 600" 700 800 5001000
Blue light LED

0300 400 500600 700 800 900 1000
Green light LED

0 _—
300400 500 600 700 800 900 1000
Red light LED

Wavelength (nm)

Figurel LED light source spectral power distribution (SPD) curves A: Yellow phosphor-converted white LED to exhibit correlated color

temperature (CCT) at 6500 K; the first peak appeared at 460 nm with 0.028 W/nm showing the blue content and the second peak with a bell

shape presenting a large portion of yellow content; B: Blue light factor B(L) distribution; C: Single-wavelength blue light LED peaked at 460 nm
with 102.3 pW/em’ in radiometric units. Green light LED peaked at 530 nm with 102.8 pW/cm’. Red light LED peaked at 620 nm with 102.7 pW/cm’.

Table 1 Exposure groups

Number of animals in each group

Groups Control Blue LED (460 nm) Green LED (530 nm) Red LED (620 nm)
3d (ERG/H&E/WB/ROS/Iron)" 12 18 18 18
9d (ERG/H&E/TEM/TUNEL/IHC/WB/ROS/Iron)* 16 24 24 24
28d (ERG/H&E/TEM/WB)’ 8° 12 12 12
Total; n=198" 36° 54 54 54

“The number of animals in each group represents all listed experiment techniques shared those animals (not all techniques are able to
perform on each animal); "Four animals from the control group died after the ERG operation and unable to complete the other measurements
(H&E/TEM/WB). ERG: Electroretinography; H&E: Hematoxylin and eosin; WB: Western blotting; ROS: Reactive oxygen species; TEM:
Transmission electron microscopy; TUNEL: Terminal deoxynucleotidyl transferase dUTP nick end labeling; IHC: Immunohistochemical.

Although there has been a wealth of studies describing the
RPI associated with wavelength dependency previously, the
experimental settings were focused on high intensity light
exposure over a short period of time (a few seconds to 3d) for
acute or subacute toxicity assessments. The tested animals
were anesthetized or forced to stare into the lights in most of
the cases, and the light sources varied due to contemporary
technology availability. However, in our study the animals
were allowed to move freely in the cage during the entire
time of exposure. White light LED was not largely adopted
for indoor lighting until 2009'", and its short wavelength
spectrum (Figure 1A) is distributed into the blue light hazard
action function [Figure 1B, B(A)]. To conduct a subchronic
risk assessment, we used blue (460 nm), green (530 nm), and
red (620 nm) LEDs to investigate how specific bands were
responsible for retinal phototoxic effects under the same
irradiance level at 102 pW/cm’ (Figure 1C).
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MATERIALS AND METHODS

Animals and Rearing Conditions In total, 202 adult male
eight-week-old Sprague-Dawley (SD) rats were purchased
from BioLasco Taiwan Co., Ltd. and housed at 15.57 pW/cm®
[12h cyclic CFL; correlated color temperature (CCT) 6500 K]
for 10d for environmental adaptation. Forty normal rats served
as controls without exposure (remained in 15.57 pW/cm® 12h
cyclic CFL light), and the other 162 rats received programmed
light exposure, as shown in Table 1. We were blinded to the
group allocation during the experiment and/or when assessing
the outcome. The animals would be excluded from the analysis
if animals were died during the experiments. The temperature
of the exposure environment (both the room and individual
cages) was maintained at 22 ‘C -23 °C with humidity between
50% and 70%. All animals received food and water adlibitum.
The use of rats in this study conformed to the ARVO statement
for the Use of Animals in Ophthalmic and Vision Research and
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Laboratory Animal Resource Committee guidelines at National
Taiwan University. We received the animal use approval
(affidavit of approval of animal use protocol #20110568) from
National Taiwan University College of Medicine and College
of Public Health Institutional Animal Care and Use Committee
(IACUC). The animals were treated humanely and with regard
to the alleviation of suffering.

Light Source and Exposure LED lights with varying spectral
characteristics were used as the sources for primary exposure
treatments. As shown in Figure 1C, single-wavelength
blue LEDs (460 nm, 102.3 uW/cm®), green LEDs (530 nm,
102.8 pW/cm?), and red LEDs (620 nm, 102.7 uW/cm®)
were custom-made for the exposure experiments (BlueDog
Technology Corporation Ltd., Taipei, Taiwan, China). Each
light source was pretested in an integrating sphere and
programmed for 40 measurements on site. The spectrum
distributions and total intensities for all light sources were
tested by the Industrial Technology Research Institute of
Taiwan, a Certification Body Testing Laboratory (CBTL).

As shown in Table 1, the animals were randomly divided
into 3 exposure groups, and each rat was housed in an
individual transparent cage with dimensions of 45%25x20 cm.
Each cage was placed in the center of a rack shelf with
dimensions of 75x45%35 cm. Each rack, equipped with 6
layers of shelving, was covered with a black curtain to keep
the light intensity and quality separate. The light sources
were set at the top of each shelf and were measured at 20 cm
from each source to acquire the irradiance at the level of the
cornea at 102.3, 102.8 and 102.7 uW/cm’ for blue, green,
and red, respectively. After 10d of environmental adaptation,
the light exposure was initiated at 6:00 p.m. on day 11,
with the total exposure duration ranging from 3 to 9 to 28d
under a 12h-dark/12h-light cyclic routine. The animals were
sacrificed for analysis after light exposure.

Sample Pretreatment The animals were anesthetized, and
both eyes were scanned using electroretinography (ERG)
after completing the light treatment. They were sacrificed
with pentobarbital sodium (>60 mg/kg; intraperitoneal)
immediately after the ERG scans. For hematoxylin and eosin
(H&E) staining and terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL) staining, enucleated eyes
were immersion-fixed in 4% paraformaldehyde in 0.1 mol/L
phosphate buffered saline (PBS) at pH 7.4 overnight before
being embedded in paraffin. For the transmission electron
microscopy (TEM) analysis, the eyeballs were immersion-
fixed in 2.5% glutaraldehyde in PBS for 2h before further
processing. For the immunohistochemistry (IHC) stains, the
eyeballs were frozen immediately in liquid nitrogen after
enucleation. Cryosections of 4 um thickness were made in
the glass slide and maintained at -80 ‘C until analysis. The
mid-superior aspect of the retina was examined using H&E,

TUNEL, TEM, and IHC. For the superoxide anion (O, )
assay, the eyeballs were frozen immediately in liquid nitrogen
after enucleation. The eyeballs were ground with saline (500 pL
saline per eye) for extraction. For the Western blot (WB),
the hydrogen peroxide (H,0,) assay, and the iron assays,
retinal tissues were taken immediately for protein extraction
after the eyes were enucleated. As reported previously™, the
proteins were extracted from the retinal homogenates using
radioimmunoprecipitation assay (RIPA) lysis buffer, which
contained 0.5 mol/L Tris-HCI (pH 7.4), 1.5 mol/L NacCl,
2.5% deoxycholic acid, 10% NP-40, 10 mmol/L EDTA, and
10% protease inhibitors (Complete Mini; Roche Diagnostics
Corp., Indianapolis, IN, USA).

Electroretinography Retinal electrical responses were
recorded for all rats before and after light exposure using
ERG (Acrivet, Hennigsdorf, Germany). After 18h of dark
adaptation, rats were anesthetized using an intramuscular
injection of 100 mg/kg ketamine and 5 mg/kg xylazine (WDT
eG, Garbsen, Germany). One drop of 0.5% tropicamide
(Mydriaticum Stulln, Pharma Stulln, Germany) was applied
for pupil dilation before ERG measurement. One drop
of 0.5% Alcaine (proxymetacaine hydrochloride; Alcon
Pharmaceuticals Ltd., Puurs, Belgium) was applied for
local anesthesia before placing the active electrode onto
the cornea. Two subcutaneous needle electrodes (Ambu
Neuroline Twisted Pair Subdermal, Bad Nauheim, Germany)
served as the reference and ground electrodes. The reference
needle was subcutaneously inserted between the eyes, and
the ground needle was subcutancously inserted between
the rear legs to obtain the proper impedance levels, which
were less than 10 kQ at 25 Hz. LED flashes were stimulated
without background illumination, and the flash interval was
Is with a flash duration of 3ms. The weighted average of 10
stimulations was computed by the program to produce the
final detection values.

Hematoxylin and Eosin Staining After pretreatment, paraffin
sectioning was performed [4% paraformaldehyde in 0.1 mol/L
phosphate buffer (pH 7.4) for 1h at 48 ‘C ], and the eyeballs
were dehydrated in EtOH, infiltrated in xylene, and em-
bedded in paraffin. Radial 5 um sections were stored at 48°C .
The histologic analysis included quantification of the outer
nuclear layer (ONL) and retina morphology alteration using a
light microscope.

Transmission Electron Microscopy Analysis TEM was
performed at the Electron Microscopy Facility at the Depar-
tment of Pathology at National Taiwan University Hospital
(Taipei, Taiwan, China). Retina slices of 1 mm were prefixed
in 2.5% glutaraldehyde in PBS, postfixed with 2% osmium
tetroxide, and dehydrated for 10min each in sequential baths
of 30%, 50%, 70%, 90%, and 100% ethanol. The specimens
were placed into propylene oxide for 30min, followed by a
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mixture of propylene oxide and epoxy resin for an additional
1h; the samples were subsequently embedded into a gelatin
capsule with epoxy resin at 60°C for one day. Subsequently,
80 to 90 nm ultrathin sections were obtained using an
ultramicrotome. The sections were stained with 2% tannic
acid in distilled water (DW) for 5min, followed by 2%
uranyl acetate in DW for 15min and a lead-staining solution
for Smin. In the final step, the sections were coated with a
thin copper grid-film and placed in a vacuum chamber for
scanning. The specimens were examined using TEM with
a high-resolution instrument at 80 kV (JEOL JEM-1400,
Peabody, MA, USA).

Terminal Deoxynucleotidyl Transferase dUTP Nick End
Labeling The TUNEL assay was performed using a FragEL™
DNA fragmentation detection kit (Calbiochem, Darmstadt,
Germany) following the standard protocol with a minor modi-
fication. Tissue sections were deparaffinized, rehydrated, and
blocked using endogenous peroxidase with H,O, for 30min.
Antigen retrieval was achieved by pressure-cooking in a
0.1 mol/L citrate buffer at pH 6 for 10min followed by
cooling at room temperature before incubation with the
enzyme. The TUNEL enzyme (1h at 37 C) and peroxidase
converter (30min at 37°C ) were applied to the 10 pm sections
after incubation for Smin in a permeabilizing solution of
0.1% Triton-X in 0.1% sodium citrate. The fluorescent
signals were obtained by adding FITC-Avidin, which bound
to the biotinylated-dU of the damaged DNA. After staining,
image analysis was used to quantify the relative fluorescence
intensity of the TUNEL-positive cells, with the number of
TUNEL-stained nuclei quantified in 4 random slides per
sample.

Western Blotting Total protein was extracted from the retina
by lysing the sample in radioimmunoprecipitation assay
(RIPA) buffer [0.5 mol/L Tris-HCI (pH 7.4), 1.5 mol/L NacCl,
2.5% deoxycholic acid, 10% NP-40, 10 mmol/L EDTA]
and protease inhibitors (Complete Mini; Roche Diagnostics
Corp., Indianapolis, IN, USA). The extract and Laemmli
buffer were mixed at a 1:1 ratio, and the mixture was boiled
for Smin. A 100-mg sample was separated on 10% SDS-
polyacrylamide gels and then transferred to polyvinylidene
difluoride membranes (Immobilon-P; Millipore Corp.,
Billerica, MA, USA). The membranes were incubated with
anti-hemeoxygenase-1 (HO-1; Abcam, Cambridge, MA,
USA), anti-ceruloplasmin (CP; Santa Cruz Biotechnology,
Dallas, Texas, USA), anti-cytosolic glutathione peroxidase
(GPx1; Abcam, Millipore Billerica, MA, USA), anti-poly
(ADP-ribose) polymerase-1 (PARP-1; Cell Signaling Tec-
hnology Inc., Danvers, MA, USA), anti-superoxide dismutase
(SOD2; Santa Cruz Biotechnology Inc., Dallas, Texas, USA),
and anti-B-actin (Abcam, Millipore Billerica, MA, USA)
antibodies. The membranes were incubated with horseradish
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peroxidase-conjugated secondary antibody and visualized by
chemiluminescence (GE Healthcare). The density of the blots
was determined using image analysis software after scanning
the image (Photoshop, ver.7.0; Adobe Systems, San Jose,
CA, USA). The optical densities of each band were evaluated
by comparison with the density of the B-actin bands.
Immunohistochemistry Cryosections of the retina samples
were incubated overnight at 48 ‘C with specific primary anti-
bodies. Three antibodies were used for detection of oxidative/
nitrative modifications of DNA (8-OhdG; JAICA, Tokyo,
Japan), lipids (Acrolein; Advanced Targeting Systems,
San Diego, CA, USA) and proteins (nitrotyrosine; Abcam,
Millipore Billerica, MA, USA). The same quantification
method used for the TUNEL analysis was applied in the IHC
analyses. The relative fluorescence intensity corresponding
to the number of IHC-positive cells for each section was
measured and quantified by Image-Pro Plus software (v.6.0).
Superoxide Anion Assay We loaded 0.2 mL of homogenized
extraction with 0.1 mL of 0.9% saline onto a 3-cm dish with
a stir bar placed at the center. The dish was placed into the
chemiluminescence analyzer chamber (Tohoku CLA-FSI,
Miyagi, Japan). The ROS were quantified after adding the
enhancer Lucigenin to the chemiluminescence analyzer.
After 60s of background detection, 1 mL of a Lucigenin (bis-
N-methylacridinium nitrate) solvent (2.5 mg of Lucigenin
dissolved in 50 mL 0.9% saline) was added for stimulation.
The stimulated O, - and total oxidative products were
captured every 10s and computed for 7min after 1min of
baseline detection.

Hydrogen Peroxide Assay The assay was performed using
a hydrogen peroxide colorimetric/fluorometric assay kit (Bio-
Vision, Milpitas, CA, USA) following the standard protocol
to detect H,0, concentrations after 3d of light exposure.
In brief, total protein was extracted from the retina and
centrifuged for 15min immediately after the extraction. Each
well was loaded with 20 pL samples and brought to a volume
of 50 pL with assay buffer. Reagents and H,O, standards
were mixed and then incubated for 10min. A background
detection was performed, and an H,O, standard curve was
plotted. Sample readings were compared to the standard
curve for the concentration calculations.

Total Iron and Ferric Assay The assay was performed using a
QuantiChrom Iron Assay (DIFE-250) Kit (BioAssay Systems,
Hayward, CA, USA) following the standard protocol to
detect total iron concentrations after 3d of light exposure. In
brief, total protein was extracted from the retina, and 50 pL
of the extraction was loaded into a 96-well plate. Then,
200 pL of working reagent was added and incubated for
40min at room temperature, followed by an optical density
reading at 510-630 nm. Sample readings were compared with
the standard curve to calculate the concentrations.
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Statistical Analysis Data are presented as the mean+SD unless
otherwise stated. Data were evaluated using an an-alysis
of variance (ANOVA) with Tukey’s post hoc tests to show
differences between the groups. A P value less than 0.05 was
considered statistically significant.

RESULTS

Functional and Morphological Alterations The repre-
sentative ERG response curves of the testing animals are shown
in Figure 2. Whereas the control group showed normal ERG
a- and b-waves, the blue LED significantly weakened the
ERG responses after 3d of exposure. Moreover, the b-wave
amplitudes for the blue, green, and red light exposure groups
all showed a significant decrease compared with the control
group after 9d of exposure. The H&E images in Figure 3A
show an uneven morphological alteration in the rat retinas
after 28d of light exposure. Figure 3B quantifies the thickness
of the ONL and shows that the blue LED exposure group has
the least thickness.

The TEM histopathology analysis (Figure 4) highlighted
that the damage in the RPE and photoreceptors area from
blue light could be lethal after 9d of exposure; more details
were described in a previous report”’. Referring to the retinal
remodeling phases” '™, Figure 4A shows the normal ONL
nucleolus and its pyknosis in phases 1 and 2. Figure 4B
shows the normal photoreceptor outer segment (POS) and
its disorganized disks in phase 1 and the round POS in phase
2. Figure 4C displays the normal oval-shaped RPE nucleus
and shrinkage in phase 1 and the RPE condensation and
deformation in phase 2.

As shown in Figure 5, the apoptotic analysis by TUNEL
staining in Figure SA and 5B shows significant fluorescence
response increases after 9d of light exposure. Both the
histological and apoptotic results showed that light exposure
may cause RPI for blue, green and red LEDs. However, the
blue light had a stronger effect than did the other two groups.
It’s also worth to mention that TUNEL staining does not
always correlate with the eventual cell death®. The caspase-
independent apoptotic marker PARP-1 also showed higher
activation signals after blue and green light exposure by WB
assay (Figure 5C, 5D).

Retinal Photochemical Injury Oxidative Stress Markers
Ex-pression Three IHC antibodies were used to detect
cellular oxidative/nitrative markers after 9d of light exposure.
The 8-OHdAG (Figure 6A, 6B), acrolein (Figure 6C, 6D), and
nitrotyrosine (Figure 6E, 6F) labels represent the oxidative
and nitrative damage to DNA, lipid, and protein, respectively.
These three IHC antibodies all showed strong responses. The
blue LED caused more cell insults than did the green and red
LED based on the highest fluorescence responses (P<0.001, by
ANOVA followed by Tukey’s post hoc test).
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Figure 3 Histological analysis A: Normal retinal layers in the
control group compared to different LED light exposure-induced
retinal injuries, including the absence of photoreceptors and INL
degeneration; B: The ONL thickness of the exposure groups
decreased significantly after 28d of light exposure. The blue LED
group exhibited the strongest loss; n=6 for the control group and
n=8 for each exposure group. GCL: Ganglion cell layer; INL: Inner
nuclear layer; ONL: Outer nuclear layer; PIS: Photoreceptor inner
segment; POS: Photoreceptor outer segment. The retinal pigment
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found within this scope in A. *P<0.03, "P<0.01, “P<0.001 compared
with the control group; scale bar=50 pm.
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Control

Figure 4 Retinal cellular injury studied by TEM A: Normal ONL nucleolus on the left; nucleolus condensation in phase 1 remodeling and
pyknosis in phase 2; B: Normal POS on the left; POS deformations in phase 1 remodeling and round POS debris in phase 2; C: Normal RPE

nucleus on the left; shrinking RPE nucleus in phase 1 and condensation in phase 2. There are 36 sections analyzed and 244 of pyknotic RPE

nuclei observed after the blue light exposure; n=4 for the control group and n=6 for the exposure group. Scale bar=100 nm for the control and

phase 2 in B; scale bar=0.5 um for the rest of other images.

As shown in Figure 7A and 7B, the WB results showed that
light injury up-regulated the stress protein expression of the
antioxidant genes hemeoxygenase-1 (HO-1) and the enzymatic
antioxidant GPx1 as an antioxidant response to light insult. The
protein expression levels of HO-1 and GPx1 were significantly
augmented in the blue light exposure group (15.03 and 6.34
times higher, respectively, compared with the control). The
apoptotic marker PARP-1 also showed a 3.8 times higher
activation signal after blue light exposure. Overall, the blue
light group had the clearest expression in the bands, and the
green and red light groups had relatively mild responses after
3d of exposure. Although the upward trend remained the same
among the exposure groups, the intensity factors varied after
9d of exposure (Figure 7C, 7D). Interestingly (Figure 7E),
the manganese superoxide dismutase (MnSOD, SOD2) was
down-regulated after 3 or 9d of blue LED light exposure (0.69
and 0.78 times that of the control group) before reaching a
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higher expression of 0.99 at day 28 due to the delayed/adaptive
antioxidant response™”.

Iron Metabolism and Superoxide Products The WB results
showed a strong association between iron metabolism and
light injury resulting from 3d of blue LED light exposure,
as shown in Figure 8A. The ferroxidase ceruloplasmin (CP)
that functions as an antioxidant (Figure 8B) by oxidizing iron
from its ferrous (Fe™) to ferric (Fe’") form, ferritin (Ft; Figure
8C) for iron storage and ferroportin (Fpn; Figure 8D) for iron
transportation were up-regulated, but transferrin (Tf; Figure
8E) and the transferrin receptor (TrfR; Figure 8F) for iron
transportation between membranes were down-regulated as the
wavelength decreased.

In Figure 9A, the O, levels were significantly increased and
reached 60 000 after 3d of blue LED light exposure. The green
and red LED light exposure groups accumulated smaller total
counts, mostly less than 20 000. In Figure 9B, light exposure
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control group; scale bar=50 pm.
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Figure 7 WB assay of anti-oxidant enzymes A, B: After 3d of light exposure, the antioxidant genes HO-1 and cytosolic GPx1 were up-regulated
after blue LED light exposure as an antioxidant response to all LED light insults, but the blue LED showed the strongest expression. The
apoptotic marker PARP-1 showed greater densities after blue and green light exposure. C, D: Clear wavelength-dependent expressions were
found after 9d of light exposure. E: SOD2 was down-regulated, corresponding to the wavelengths after 3 or 9d of light exposure, but the blue
light activated a higher expression after 28d of exposure due to the delayed/adaptive antioxidant response; #=6 for the control group and »=8 for
each exposure group. “P<0.05, "P<0.01, °P<0.001 compared with the control group.
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Figure 9 Iron metabolism and superoxide products A: Lucigenin-stimulated superoxide O, had reached 60 000 of CL, and the green
and red LED light exposure groups accumulated 10 000 to 20 000 of CL in 8min after 3d of blue LED light exposure; B: Blue light exposure
increased H,O, concentrations and reached a high concentration of 0.13 nmol/retina, whereas the green and red groups contained 0.089 to 0.083
nmol/retina, respectively; C: Blue LED light exposure significantly increased the total iron concentration to 2 nmol/retina, whereas the normal
retina only contains 0.23 nmol/retina of total iron. The longer wavelength exposures also increased the total iron concentration. The green LED
group increased to 1 nmol/retina and the red LED group increased to 0.89 nmol/retina; D: Blue LED light exposure significantly increased the
ferric concentration to 1.6 nmol/retina, whereas the normal retina only contains 0.15 nmol/retina. The green LED exposure increased
to 0.56 nmol/retina and the red LED exposure increased to 0.33 nmol/retina. n=6 for controls and #n=8 for each exposure group (*P<0.05,
°P<0.01, °P<0.001 compared with the control group). E: Diagram of the oxidative pathway in the outer retina and RPE. As the retina absorbed
the light under a high O, condition, O, is initially generated and converted to H,O,, then ultimately to H,O. The O, could easily convert to a
toxic hydroperoxyl radical (HO,-) during the process. The abnormal accumulation of H,0, under the high iron condition leads to a Fe’" being
converted to the more injurious Fe'". Although the Fe**-melanin complex is readily oxidized by H,0, and O,, few highly noxious hydroxyl
radicals (OH-) escape the melanin polymer via a Fenton reaction and may develop injurious reactions. (Concept modified from Rozanowska,
Malgorzata Barbara, 2009. http://www.photobiology.info/Rozanowska.html accessed 18 March 2015).

increased the H,O, concentrations in the retina, which  green LED group increased to 1 nmol/retina and the red LED
indicates that ROS accumulation is involved in light-induced ~ group increased to 0.89 nmol/retina. In Figure 9D, the Fe'*
RPI. Blue LED light stimulated H,O, production to the highest ~ concentration in the retina also corresponded to the LED light
concentration of 0.13 nmol/retina, whereas the green and  exposure, which also demonstrated the oxidative effects from
red groups had 0.089 and 0.083 nmol/retina, respectively. In  exposure to LED lights with different wavelengths (P<0.001
Figure 9C, the total iron concentration in the retina was also  for the blue light group by ANOVA followed by the Tukey’s
dominated by the LED light exposure. All three LED light  post hoc test).

exposures significantly increased the total iron concentration. =~ DISCUSSION

Blue LED light exposure significantly increased the total iron ~ Excessive LED light exposure presents a potential hazard to
concentration to 2 nmol/retina, and the normal retina only  retinal function™. Our previous study reported that a white
contained 0.35 nmol/retina of total iron. The longer wavelength  light LED is more likely to induce RPI than is a CFL". In the
exposures alsoincreased the total iron concentration. The  present study, we used the same irradiance level (102 uW/cm®) for
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three light sources to conduct a more sophisticated experiment.
This study analyzed the three major components of white light.
As shown in Figure 2 (ERG), Figure 3 (H&E), and Figure 4
(TEM), the functional and morphological results suggested the
blue light contributed the most to the RPI. The wavelength-
dependent effect from the recent studies by Jaadane et al''”,
Bennet ef al® and Knels et al” have similar results regardless
of the different LED exposure intensities, durations, and
experimental settings. Furthermore, the results agreed with the
claim that wavelength is the determining factor rather than the
total light irradiance”’ in terms of RPL

The retina is a high oxygen environment with high oxygen
tensions close to 70 mm Hg"", which is ideal for ROS
formation. Absorption spectra explain how light absorption
changes by wavelength””. The exposure of blue light increased
the vulnerability to oxidative stress. The defense function
in the retina creates high oxidative stress, which makes it
extremely susceptible to RPI as reported by many previous
smdies[6-7,10,12,14-]8,22,26—27,30,38-42].

Our results demonstrated that ROS accumulation was invo-
Ived in RPI. ROS caused cellular damage by attacking the
macromolecules within the cells when the light exposure
duration exceeds its threshold™. The oxidative stress markers
such as 8-OHdG, acrolein and nitrotyrosine noticeably
increased in the blue light-exposed retinas. The caspase-
independent apoptotic marker, PARP-1, was significantly up-
regulated in blue and green light-induced photoreceptor cell
apoptosis after light exposure. This indicated the initiation of
the retina cell apoptotic pathway. Furthermore, the antioxidant
enzymes were produced to defend the insult, and the
phagocytosis of toxicants or damaged debris by macrophage
leading to the retina thickness decrease.

Apoptosis plays a major role in retinal visual cell loss”****.
The caspase-dependent and caspase-independent pathways
are the two major apoptotic pathways associated with retinal
light injury have been reported"®'*'****"***7 There are varies
reports regarding caspase involvement in retinal light injury.
As previously reported, prolonged white light exposure does
not activate caspase-3 protein expression*”’, while blue light
exposure increases its expression and leads to its activation™.
The classical caspase did not show a consistent wavelength-
dependent expression in our experiment, but the caspase-
independent marker has in another report””. PARP-1 can
induce apoptotic cell death when it is over-stimulated by
excessive oxidant-induced DNA damage””. The cleavage
of PARP-1 inhibits the enzyme responding to DNA damage
and secures substantial energy pools in the cells allowing the
arranged cascade activities to occur in this type of apoptotic
event”*". Aydin and his colleagues also reported the retinal
endoilluminator toxicity of xenon and LED light source in a
rabbit model™”. Although this study did not directly match our
experimental setting, it explained the potential effect of LED
retinal light injury in different operation conditions.
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As the retina absorbed the light under a high oxygen (O,)
condition, O, - was initially generated and converted by anti-
oxidant enzymes to H,0, and then ultimately to H,O"*. Howe ver,
excessive short-wavelength light causes an imbalance in this
conversion. Blue light irradiation accelerates the mitochondrial
superoxide radicals formation!”’. The O, radicals can be easily
converted to toxic hydroperoxyl radicals (HO,). Under the
high iron condition, the abnormal accumulation of H,0O, can
lead to a Fe* oxidationto Fe****. Although the Fe*"-melanin
complex is readily oxidized by H,O, and O,, few highly noxious
hydroxyl radicals (OH-) may escape from the melanin polymer
via the quick interaction of melanin and OH-, causing further
oxidative injuries. The above-mentioned process is illustrated
in Figure 9E.

In conclusion, the formation of ROS, lipid peroxidation, and
the weakening of phagocytosis and POS digestion by RPE
cells are thought to be the mechanism of iron-induced retinal
toxicity'™. The increased Ft, Fpn, and CP (Figure 8) suggest
that the retinal cells detected an increase in intracellular iron,
which could be a sign for iron accumulation in all exposure
groups. The strong expression of HO-1 in the blue light
exposure group indicates its anti-oxidative function as reported
by several publications”**). In contrast, HO-1 could also
catalyze Fe’" and carbon monoxide production, which may
potentially exacerbate oxidative stress by generating free

radicals®™

. Moreover, SOD2 encoded by distinctive nuclear
gene is localized in the mitochondrial matrix and converts
the O, generated by aerobic respiration to H,O,. This is the
critical cell defense mechanism against the oxidative stress as

2359 The activation of cytosolic GPx1 in

reported previously'
the outer retina may also be an important factor in the response
to photo-oxidative stress mitigating retinal lipid peroxidation,
and CP acts as an antioxidant by oxidizing iron from its Fe’" to
Fe’* form. The concomitant activation of several antioxidants
in the same detoxification pathway could possibly be an
indicator of short wavelength cytotoxicity superinduction™,
These defense gene expressions support that light-induced
retinal degeneration involves oxidative stress”*. We thus
propose an iron-related RPI pathway, as shown in Figure 9E,
based on these findings.

The continual development of blue light-based electrical
panels and much brighter lighting environments pose concerns
for retinal safety. The experimental results have confirmed
that the general finding of the increased RPI from blue light
found from in vitro and anesthetized-animal studies applies
to a free-running animal model. It also showed a greater
risk of LED blue-light injury in awake, task-oriented rod-
dominant animals. Four dependent effects are considered with
light-induced retinal injury, including wavelength-, oxygen-,
iron- (site-specific), and time/dose-dependent effects, which
indicate a cumulative effect and a possible association with
chronic ocular diseases. The associated oxidatively damaged
biomolecules, cell destruction, and chronic inflammation should
be carefully considered when switching to LED lighting.
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However, the exact mechanism underlying these effects will
be the subject of ongoing investigation with more analytical
methods. The interpretation from the animal study to human
applications should also be carefully considered based on the
risk assessment perspective.
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