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Purpose: This study aimed to assess the effects of 17B-estradiol (BE,) on blue light-emitting
diode (LED)-induced retinal degeneration (RD) in rats and hydrogen peroxide (H,0O,)-induced
retinal pigment epithelium cell injury in humans and elucidate the protective mechanism of
BE, underlying these processes.

Methods: Female ovariectomized (OVX) rats were intravitreally injected with BE2 before
blue LED exposure (3,000 lux, 2 hours). Retinal function and morphology were assayed via
electroretinogram (ERG) and H&E, respectively. Cell viability was assayed using the Cell
Counting Kit-8. Cell ROS were measured using dichlorofluorescein fluorescence. Apoptosis
was evaluated by TUNEL and Annexin V/propidium iodide staining. Gene expression and
protein expression were quantified using quantitative real-time RT-PCR, Western blotting, and
immunohistochemistry. Autophagosomes were examined by electron microscopy.

Results: Female OV X rats were exposed to blue LED, inducing RD. BE, significantly prevented
the reduction in the a- and b-wave ERG amplitudes and the disruption of retinal structure, the
loss of photoreceptor cells, and the decrease in the thickness of the outer nuclear layer caused
by blue LED exposure. BE, also decreased cell apoptosis in the retina in blue LED-induced RD.
Additionally, BE, reduced ROS levels and apoptosis in H,O,-treated human retinal pigment
epithelial (ARPE-19) cells. Furthermore, BE, increased the protein expression of p-Akt and Bcl-2
and decreased the protein expression of cleaved caspase-3 and Bax during blue LED-induced
retinal damage and in H,O,-treated ARPE-19 cells. BE, also increased the number of autopha-
gosomes and upregulated the expression of LC3-II/LC3-I and Beclin 1 in these processes.
Conclusion: BE, protects against blue LED-induced RD and H,0,-induced oxidative stress
by acting as an antioxidant, and its protective mechanism might occur by reducing apoptosis
and enhancing autophagy; BE, may be a novel and effective therapy for age-related macular
degeneration.

Keywords: 17B-estradiol, hydrogen peroxide, retinal blue light-emitting diode degeneration,
oxidative stress, apoptosis, autophagy

Introduction

Age-related macular degeneration (AMD) is the most common cause of permanent
vision impairment and loss in older adults, especially postmenopausal women.' The
severity and progression of AMD are exacerbated following excessive exposure to
environmental light,? as photoreceptors are sensitive to a wide range of visible light
conditions and intensities, leading to photoreceptor degeneration and cell death.*
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Blue (and blue-rich white) light-emitting diodes (LEDs)
cause more severe retinal degeneration (RD) than other types
of LEDs.? Previous studies have shown that the pathogenesis
of retinal blue light damage involves the generation of ROS
and the accumulation of oxidatively modified lipids, nucleic
acids, and proteins.®’ Thus far, various types of antioxidants,
such as lutein, curcumin, and vitamins A, C, and E, have
been used to reduce RD.® The antioxidative effects of these
compounds, however, are limited. It is therefore necessary
to investigate other retinal protective agents.

17B-estradiol (BE,) is a strong antioxidant in the central
nervous system and has a protective effect in neurodegenera-
tive diseases, such as Alzheimer’s disease and Parkinson’s
disease.”'! BE, exerts its therapeutic effect on these dis-
eases by increasing neuronal survival, inhibiting neuronal
apoptosis, and promoting axonal regeneration and synaptic
sprouting.'®!” In addition, it has been demonstrated that BE,
has neuroprotective effects and that these effects result from
its antioxidant activity."* BE, exerts antioxidative effects in
the retina of male and female adult Sprague Dawley (SD)
rats and in hydrogen peroxide (H,0,)-treated human retinal
pigment epithelial (ARPE-19) cells.'*!> However, the pre-
cise molecular mechanisms underlying this process remain
unclear.

The apoptosis of retinal pigment epithelium (RPE) and
photoreceptors are involved in geographic atrophy AMD. !¢
Previous studies have shown that acute exposure to exces-
sive light can induce retinal pigment epithelial cell and
photoreceptor apoptosis.!” The intrinsic apoptotic pathway
can be activated by growth factor deprivation, DNA damage,
gamma radiation, UV radiation, excessive ROS levels, virus
infection, or oncogene activation.'® Several in vitro studies
have shown that BE, prevents the oxidative stress-induced
apoptosis of retinal neurons, RPE cells, and human lens epi-
thelial cells."'*?* It also has been demonstrated that BE, has
a protective effect against light-induced apoptosis.?!

Accumulating evidence links autophagic impairment with
a range of age-related neurodegenerative diseases, includ-
ing AMD.? In response to oxidative stress, autophagy is
significantly increased in an attempt to remove oxidatively
damaged organelles, and since RPE cells are exposed to
sustained oxidative stress, autophagy is especially crucial for
the maintenance of homeostasis of the RPE.* Several stud-
ies have reported that autophagy occurs in the RPE and that
acute exposure to excessive light can induce autophagy.*%’
Estrogen (E,) has a myocardial protective role against injury
induced by LPS by regulating autophagy, and E, promotes
the survival of human secretory phase endometrial stromal

cells via the inhibition of CXCL12/CXCR4 upregulation-
mediated autophagy.?®* Moreover, the estrogen receptor
is associated with autophagy in breast cancer and papillary
thyroid cancer.’**!

To investigate the underlying protective mechanism of
BE, for RD disorders such as AMD, we used blue LED-
induced RD in rats, which is a model of RD including AMD.
Furthermore, we examined the antioxidant mechanism
in relation to H,O,-induced oxidative stress in ARPE-19
cells.

Materials and methods

Experimental animals

All animals were cared for in strict accordance with the
Association for Research in Vision and Ophthalmology
Statement for the use of animals in vision and ophthalmic
research as well as Shanghai Tenth People’s Hospital guide-
lines for Animals in Research. Female SD rats (6—7 weeks
old; 180-230 g) were used in this study. All rats were housed
in a specific pathogen-free facility maintained at 23°C£3°C
on a 12-hour light/dark cycle with free access to food and
water. Rats were ovariectomized (OVX) 2 weeks before use.
All animal studies were approved by the institutional review
board of Shanghai Tenth People’s Hospital (ID Number:
SHDSYY 2016-1984).

Intravitreal administration in rat

The OVX female rats were anesthetized via the intraperi-
toneal injection of ketamine (120 mg/kg body weight) and
xylazine (6 mg/kg body weight) after 18-hour dark adapta-
tion. One drop of lidocaine hydrochloride was applied to
each eye as a topical anesthetic prior to intravitreal injec-
tion (IVI). IVI was performed under red light illumination
in a darkened room to preserve dark adaptation. The rats
were intravitreally injected with 4 pL of 10° M BE, or
4 uL of saline as a control.*? After administration of the
treatments, the rats were allowed 4 hours to recover before
light damage.'*

Blue LED exposure

Ovariectomy, as described previously,** was performed on
female rats 14 days before blue LED exposure. The OVX
female rats were kept in total darkness for 24 hours. One
drop of 0.5% tropicamide and 0.5% phenylephrine hydro-
chloride (Santen, Osaka, Japan) were applied to the cornea
for papillary dilation under dim red light 30 minutes before
exposure to a blue LED. The rats were exposed to 3,000
lux of blue LED (460+10 nm) for 2 hours, from 9:00 AM
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to 11:00 AM, in a light exposure box with laterally placed
mirrors. After exposure to the blue LED, the rats were main-
tained in total darkness for 24 hours, after which a 12-hour
light/dark cycle was resumed.

Electroretinogram (ERG)

ERGs were recorded at 5 days after the light exposure. All
animals were kept in a completely dark room for 16 hours
before the ERG recording session. Prior to examination, the
rats were dark-adapted for 16 hours and were deeply anesthe-
tized via an intramuscular injection of sodium pentobarbital
(50 mg/kg) and xylazine (6 mg/kg). All procedures were pre-
pared for recording under dim red light (A>600 nm), and the
rats were kept warm during the process. The anesthetized rats
were fixed on the top of a stage, where the animals’ eyes faced
a flashing light at a distance of 20 cm. A corneal electrode was
mounted on the center of the cornea. Reference and ground
electrodes were subcutaneously placed in the nose and tail,
respectively. A single light-flash stimulus (3,000 cd/m? for
10 ms) was applied to the eye using an LED lamp through the
corneal electrode. The amplitude of the a-wave was defined
as the distance from the baseline to the maximum peak of
the a-wave, and the amplitude of the b-wave was defined as
the distance from the maximum peak of the a-wave to the
maximum peak of the b-wave.

H&E staining

The paraffin-embedded retinal tissues were sectioned into
5 um slices. The sections were deparaffinized with xylene
and a graded ethanol series (100%, 95%, 85%, and 75%
ethanol). The sections were stained with hematoxylin for
5 minutes and were incubated with 1% hydrochloric acid
alcohol for 3 seconds, followed by staining with eosin for
3 minutes. Subsequently, the sections were dehydrated with
a graded ethanol series (75%, 85%, 95%, and 100% ethanol)
and xylene. The sections were mounted with neutral gum,
and images were captured using a light microscope (Leica
Microsystems, Wetzlar, Germany).

TUNEL assay

The paraffin-embedded sections (5 um thick) of retinal tis-
sues were deparaffinized, treated with 0.1% Triton X-100,
and blocked with 3% H,0,. After washing with PBS,
the sections were incubated with a mixture of terminal
deoxynucleotidyl transferase (TdT) and fluorescein-labeled
dUTP and then treated with converter-POD according
to the manufacturer’s protocol (Hoffman-La Roche Ltd,
Basel, Switzerland). DAB was added, and the sections were

counterstained with hematoxylin. Finally, the sections were
dehydrated and photographed under a microscope.

Electron microscopy

The ARPE-19 cells and eyes without lens and cornea were
fixed in 2.5% glutaraldehyde, post-fixed in 1% osmium
tetroxide, dehydrated in an ascending alcohol series, and
embedded in epoxy resin. Ultrathin sections were cut, stained
with uranyl acetate and lead citrate, and examined under a
Philips CM 120 transmission electron microscope.

Western blotting

Protein extracts from the retinal tissues and cells were pre-
pared using RIPA lysis buffer (Beyotime Biotechnology,
Nanjing, Jiangsu, China) with a protease inhibitor cocktail
(EMD Millipore, Billerica, MA, USA) on ice for 15 minutes.
The protein concentration was determined using a BCA
protein assay kit (Beyotime). The proteins were subjected to
SDS-PAGE (10%—12%) and transferred to polyvinylidene
difluoride or nitrocellulose membranes. Then, membranes
were blocked with nonfat milk dissolved in Tween-20/
triethanolamine-buffered saline buffer. Subsequently, the
membranes were incubated with primary antibodies against
Akt (1:1,000, #4691; Cell Signaling Technology, Danvers,
MA, USA), phospho-Akt (1:2,000, #4060; Cell Signal-
ing Technology), Bcl-2 (1:1,000, #3498; Cell Signaling
Technology), Bax (1:1,000, #5023; Cell Signaling Technol-
ogy), Caspase-3 (1:2,000, ab184787 in rats, ab13585 in cells;
Abcam, Cambridge, UK), LC3B (1:1,000, #3868; Cell Sig-
naling Technology), Beclin 1 (1:1,000, #3495; Cell Signaling
Technology), and B-actin (1:1,000, #4970; Cell Signaling
Technology) at 4°C overnight and then with secondary
antibody (1:1,000, #4412; Cell Signaling Technology) for
45 minutes at 37°C. The protein bands were visualized using
enhanced chemiluminescence reagent and were analyzed
using Gel-Pro Analyzer (Media Cybernetics, Rockville,
MD, USA). The results were quantified using Quantity One
software (Bio-Rad, Hercules, CA, USA).

Immunohistochemistry

Retinal tissue sections (5 wm thick) were deparaffinized with
xylene and an ethanol gradient (100%, 95%, 85%, and 75%
ethanol). After antigen retrieval, the sections were treated
with H,O, and blocked with goat serum. Then, the respective
primary antibodies were added to the sections in a volume
of 100 uL and incubated overnight at 4°C. After primary
incubation, biotin-labeled secondary antibody (1:200, A0277,
Beyotime Biotechnology) was added and incubated at 37°C
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for 30 minutes, followed by incubation with horseradish
peroxidase-labeled avidin (A0303; Beyotime) at 37°C for
30 minutes. The sections were visualized with DAB for color
development and were counterstained with hematoxylin.
Section images were captured using a microscope.

Cell culture

ARPE-19 cells were obtained from Cell Bioscience Pty,
Ltd. (Heidelberg, Australia). The cells were cultured in
DMEM/F-12 (Thermo Fisher Scientific, Waltham, MA,
USA) containing 10% fetal bovine serum and 100 U/mL
penicillin. The cells were incubated at 37°C in a humidified
incubator containing 5% CO,. The cell culture medium was
changed every 3—4 days. At 80% confluence, the cells were
washed and treated with either vehicle or BE, for 2 hours in
phenol red-free DMEM/F 12 before exposure to the appropri-
ate concentration of H O,.

Cell viability assay

ARPE-19 cells were grown to 80% confluency and then
treated with 0, 20, 30, 40, 50, 60, 70, and 80 wumol/L of
H,0, (Shanghai Chemical Tech, Shanghai, China) for
24 hours. Prior to measurement, 10 uL of Cell Counting
Kit (CCK)-8 solution (Yeasen, Shanghai, China) was added
to each well and incubated at 37°C for 2 hours. The cells
were then measured using a microplate reader (Synergy
H4; BioTek, Winooski, VT, USA) at 450 nm to assess pro-
liferation. Furthermore, to evaluate the effect of BE, on cell
proliferation, the cells were treated with 0, 1, 10, 40, 60, and
80 umol/L of BE, for 2 hours before exposure to 40 umol/L
of H,0O, for 24 hours, and cell viability was then quantified.
The half-maximal inhibitory concentrations (IC, ) of the
ARPE-19 cells in response to treatment were calculated using
CalcuSyn software (Beijing Huanzhongruichi Technology
Co., Beijing, China).

Measurement of ROS production

ARPE-19 cells were grown to 80% confluency and were
then incubated with either vehicle or BE, before exposure to
40 uM H,0O,. After 24 hours of incubation, cells were incu-
bated with 10 uM of 2’,7’-dichlorofluorescein diacetate

Table | Primers used for Q-PCR amplification

(DCFH-DA) (Sigma-Aldrich Co., St Louis, MO, USA) in
serum-free medium at 37°C for 30 minutes. Fluorescence
intensity was measured using a flow cytometer.

Cell apoptosis assay

ARPE-19 cells were treated with either vehicle or BE, for
2 hours before exposure to 40 uM H,0O,. After 24 hours of
incubation, the cells were subsequently washed with PBS
and stained with the Annexin V-FITC Apoptosis Detection
Kit (BD BioSciences, San Jose, CA, USA) while protected
from light and were analyzed using a BD FASCCanto I flow
cytometer (BD BioScience). N-acetyl-l-cysteine was obtained
from Beyotime. The pan-caspase inhibitor Z-VAD-FMK was
obtained from Selleckchem (Houston, TX, USA).

Quantitative real-time RT-PCR (qRT-PCR)

The total RNA of cells was extracted using TRIzol reagent
according to the manufacturer’s instructions (Thermo
Fisher Scientific). The concentration of RNA was measured
using a Nanodrop 2000 spectrophotometer (Thermo Fisher
Scientific), and cDNA was synthesized from 1 pg of total
RNA using a reverse transcription kit (Takara, Ohtsu,
Shiga, Japan). Specific primers (Bioworld Technology Inc.,
St Louis Park, MN, USA) were used to detect EMT-related
protein expression, and GAPDH was used as an internal con-
trol. miRNA quantification was performed using the 7,500
Fast Real-time PCR System (Thermo Fisher Scientific).
The relative amount of each gene was measured using the
2(—AACT) method.** All gRT-PCR experiments were per-
formed in triplicate. The primer sequences used are listed in
Table 1.

Statistical analysis

Data are expressed as the mean =+ standard deviation. The
distribution of data was tested using Kolmogorov—Smirnov
test. Normally distributed data were compared using one-
way ANOVA followed by post hoc analysis for pair-wise
comparison. When data were not normally distributed, the
Kruskal-Wallis H test was used. P-values <0.05 were con-
sidered significant. The data were analyzed using SPSS 20.0
software (IBM, Armonk, NY, USA).

Gene symbol Forward 5'-3’

Reverse 5-3’

LC3B CTGTTGGTGAACGGACACAG CAATTTCATCCCGAACGTCT
Beclin | AGGAGAGACCCAGGAGGAAG GGCACTTTCTGTGGACATCA
ACTB CCTGGCACCCAGCACAAT GGGCCGGACTCGTCATAC
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Results
Exposure to blue LED induces RD

To rule out an effect of endogenous BE,, the female rats were
OVX or sham operated as described previously.** The effect
of blue LED emissions on retinal function was investigated
using ERG analysis (5 days later). Based on the ERG assay
(Figure 1A and B), there was no functional damage in OVX
rats compared with that in the sham-operated group, although
the amplitudes of the a-waves and b-waves were all decreased
after blue LED emission exposure. However, the amplitudes
of the a- and b-waves of the ERG were markedly reduced in
the rats exposed to blue LED emission compared to those in
the OVX and sham rats.

Next, the effects of blue LED emissions on retinal morphol-
ogy were assayed via H&E staining (5 days later). There was no
clear change in the retinal morphology of the OV X rats when
compared to that in the sham-operated rats according to H&E

staining. However, after blue LED exposure, the photorecep-
tors displayed destructive retinal changes, resulting in massive
photoreceptor loss, pyknosis of the retinal cells, and disappear-
ance of the outer nuclear layer (ONL). Moreover, the thick-
ness of the ONL was significantly reduced (Figure 1C and D).

BE, administration protected the retina
from blue LED

To determine the protective effect of BE, on blue LED-
induced retinal damage, we administered BE, via IVI for
4 hours prior to light exposure. As shown in Figure 2A and B,
blue LED exposure led to an excessive reduction in the mean
amplitudes of the a- and b-waves. However, BE, administra-
tion protected retinal function by markedly increasing the
mean amplitudes of the a- and b-waves.

Based on the H&E assay, a severe disruption of retinal
morphology was detected in blue LED-induced RD rats.
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Figure | Blue LED-induced RD.

Notes: (A) The disruption of retinal function was measured via ERG following exposure to 3000 lux blue LED for 2 h 5 days after ovariectomy. (B) Statistical analysis of the
mean amplitudes of the a- and b-waves. (C) The morphological changes in the retina were measured via H&E staining. (D) Statistical analysis of ONL thickness was measured
from the optic nerve head to the superior and inferior retina in the above groups. The data represent the mean £ SEM. *P<<0.05, n=6 (eye samples in each group).
Abbreviations: LED, light-emitting diode; OVX, ovariectomized; ONL, outer nuclear layer; GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer;
IS/OS, inner segment and outer segment; OPL, outer plexiform layer; RPE, retinal pigment epithelium.

However, BE, administration rescued this disruption inretinal ~ The rats exposed to blue LED emission presented a higher
structure by preventing the loss of photoreceptor cells and  apoptosis rate of retinal cells than the control rats. Treat-
maintaining the thickness of the ONL (Figure 2C and D). ment with BE, significantly decreased the apoptosis rate
compared with vehicle-treated rats after blue LED exposure
[3E2 administration protected the retina (Figure 3B).
from blue LED b)’ reducing apoptosis Next, we measured the levels of apoptosis-related
Figure 3A shows representative images of the retina obtained ~ proteins (Akt, phospho-Akt, Bax, Bcl-2, and cleaved
using TUNEL staining, which revealed apoptotic cell death.  caspase-3) in the retinal tissues using Western blotting or
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Figure 2 BE, administration protects against blue LED-induced RD. Female OVX rats were treated with BE, (10 uM) via IVI for 4 h and then exposed to 3000 lux blue LED

for 2 h. The functional and morphological changes were determined via ERG assays.

Notes: (A) and H&E staining (C), respectively. The statistical analysis of the mean amplitudes of the a- and b-waves (B).ONL thickness (D) was measured from the optic nerve
head to the superior and inferior retinae in the above groups. The data represent the mean + SEM; n=6 (eye samples in each group). *P<<0.05 vs. control; #P<0.05 vs. blue LED.
Abbreviations: BEZ, |7]3-estradio|; LED, light-emitting diode; ONL, outer nuclear layer.

immunohistochemistry. We demonstrated that phospho-Akt,
Bax, and cleaved caspase-3 levels were significantly upregu-
lated in the retinal tissues of rats exposed to blue LED
emission when compared with those in the control rats,
whereas the antiapoptotic protein Bcl-2 was downregulated.
BE, injection reversed the blue LED-induced cell apoptosis
by decreasing phospho-Akt, Bax, and caspase-3 levels and
increasing Bcl-2 levels (Figure 3C-E).

BE, administration protected the retina
from blue LED by enhancing autophagy

As shown in Figure 4A, blue LED exposure resulted in
a greater than 100% increase in the number of autopha-
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Figure 3 (Continued)
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gosomes in vehicle-treated rats after blue LED exposure
compared with those in the rats without blue LED expo-
sure. Treatment with BE, further enhanced the events
compared with vehicle-treated rats with blue LED expo-
sure. To further investigate the molecular mechanism by
which BE, exerts a protective effect on rats exposed to
blue LED emission, we analyzed the potential pathways
involved by Western blot and immunohistochemistry.
As demonstrated in Figure 4B-D, blue LED exposure
increased Beclin 1 and LC3-II/LC3-I protein levels. Intra-
vitreal BE, administration further enhanced the effect of
blue LED exposure on Beclin 1 and LC3-II/LC3-I protein
expression.
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Notes: (A) Apoptosis was detected using the TUNEL assay after the intravitreal administration of BE, 5 days after blue LED exposure. (B) Statistical analysis of apoptotic
cells on retina. (C) Bax, Bcl-2, Caspase-3, Akt and p-Akt protein levels were examined by western blotting. (D) Statistical analysis of western blot. (E) Bax, Bcl-2, Cleaved
caspase-3, and p-Akt expression levels were examined by immunohistochemistry. The data represent the mean + SEM; n=6 (eye samples in each group). *P<<0.05 vs. control;

#P<0.05 vs. blue LED.
Abbreviations: BE,, |7B-estradiol; LED, light-emitting diode.

BE, mitigates H,O_-induced cell death in

APRE-19 cells

ARPE-19 cells were treated with 0, 20, 30, 40, 50, 60, 70, and
80 umol/L (uM) H,O, for 24 hours. The CCK-8 assay was
performed after removing the H,0,. As shown in Figure 5,
H,0, reduced cell viability in a dose-dependent manner.
The IC, of H,O, in ARPE-19 cells was 43.18+0.85 uM
(Figure 5A). We therefore chose 40 UM as a reference con-
centration for the following experiments.

To assess the protective role of BE,, the cells were treated
with 0, 1, 10, 40, 60, and 80 uM [3E2 for 2 hours before expo-
sure to 40 umol/L of H,O, for 24 hours. As demonstrated
in Figure 5B, treatment with 40 uM H,O, significantly
decreased cell viability. Pretreatment with 10 uM BE,
significantly increased cell viability.

BE, decreases H,O,-induced ROS
production in ARPE-19

To determine the effect of BE, on the intracellular production
of ROS, DCF fluorescence was recorded by flow cytometry.

The results revealed that mean fluorescence (ie, intracellular
ROS production) increased significantly in the cells that had
been exposed to 40 UM H,0,. In addition, pretreatment of
the cells with BE, inhibited the intracellular production of
ROS (Figure 6).

BE, protects against H,O.-induced cell
apoptosis in APRE-19 cells

Apoptosis was detected using the annexin V/PI assay. As
shown in Figure 7A and B, H,O, significantly increased
early apoptosis after treatment. After pretreatment with BE,,
apoptosis was significantly decreased. To further explore the
molecular mechanism underlying the BE, antiapoptosis effect
in H,O,-treated ARPE-19 cells, we measured Akt, phospho-
Akt, Bax, Bcl-2, and cleaved caspase-3 protein levels. H,O,
significantly downregulated the expression of phospho-Akt
and Bcl-2 and upregulated the expression of Bax in ARPE-19
cells, whereas pretreatment with BE, reversed these molecu-
lar events (Figure 7C and D).
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Figure 4 BE, administration enhances autophagy after blue LED exposure.

Notes: (A) Autophagosomes (black arrows) were examined by electron microscopy. (B) LC3-Il, LC3-I and Beclin | protein levels were examined by western blotting. (C)
Statistical analysis of western blots. (D) LC3B and Beclin | expression levels were examined by immunohistochemistry. The data represent the mean * SEM; n=6 (eye samples
in each group). *P<<0.05 vs. control; #P<<0.05 vs. blue LED.

Abbreviations: BE,, 17B-estradiol; LED, light-emitting diode.
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Figure 5 Cell viability assay.

Notes: (A) Different concentrations of H,O, affected cell viability, as detected using a CCK-8 assay. (B) The cells were treated with different concentrations of BE, for 2 h
before exposure to 40 uM of H,0, for 24 h, and cell viability was measured using a CCK-8 assay. The data are shown as the mean + SEM; n=3. *P<<0.05 vs. control; “P<0.05
vs. H,0, treatment.

Abbreviations: BE,, |7B-estradiol; H,O,, hydrogen peroxide.
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BE2 enhanced Hzoz_ind uced autophagy in  Additionally, we also found that H,O, significantly increased
APRE-19 cells Beclin 1 and LC3-II/LC3-I protein levels and that pretreat-

ment with BE, significantly further enhanced the effect of
H,O, on Beclin 1 and LC3-II/LC3-I protein expression
(Figure 8C and D).

As shown in Figure 8A, H,O, resulted in a greater than
100% increase in the number of autophagosomes, and BE,
pretreatment enhanced the events in H,0,-treated ARPE-19
cells. Moreover, H,O, upregulated the mRNA expression
of Beclin 1 and LC3B, an autophagy-related gene, and BE, Discussion

pretreatment significantly further enhanced the mRNA  In this present study, we demonstrated that blue LED emis-
expression of Beclin 1 and LC3-II/LC3-I (Figure 8B). sion could induce an RD model in rats and that pretreatment
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Figure 6 BE, prevents ROS production in H,O,-treated ARPE-19 cells. The cells were treated with 10 uM BE, for 2 h before exposure to 40 uM H,O, for 24 h.

Notes: (A) Intracellular ROS levels were measured using DCF fluorescence. (B) Statistical analysis of intracellular ROS levels. The data are shown as the mean * SEM; n=3.
*P<<0.05 vs. control; #P<0.05 vs. H,O, treatment.

Abbreviations: BE,, |7B-estradiol; FITC-A, .
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with BE, had a protective effect on blue LED emission-
induced RD by decreasing apoptosis and enhancing
autophagy in vivo. We also found that BE, pretreatment
had the same protective effect against H,O, treatment in
ARPE-19 cells in vitro. These results indicated that BE,
represents a promising potential treatment in the clinic for
retinal degenerative disorders, such as AMD.
Light-induced RD is a popular model of oxidative
stress, which has been implicated in the pathogenesis of
AMD.*3¢ In vitro and in vivo RD models have recently
been introduced using LED illumination; due to their low
energy consumption, LEDs are considered an important
light source for replacing conventional lights. LED-induced
RD is wavelength dependent but is not energy dependent.’
Researchers have begun using a blue LED-induced RD model
in the study of RD pathophysiology and in the evaluation of
the effects of new therapeutic agents.”7* Exposure to blue
LED (460 nm) is well known to cause retinal histopathologi-
cal and functional changes in animals.* Therefore, we first

evaluated the effect of blue LED (460 nm) exposure on retinal
function and morphology using ERG and HE, respectively.
We found that rats exposed to blue LED emission exhibited
significantly decreased ERG a- and b-wave amplitudes and
massive photoreceptor loss, retinal cell pyknosis, and a reduc-
tion in the thickness of the ONL. These results are consistent
with those obtained in an earlier study.®

A neuroprotective effect has previously been shown for
estrogen, a therapeutic agent used to treat Alzheimer’s dis-
ease and Parkinson’s disease, in various neuronal cells and
animal models of central neurological disorders.'*!! BE, also
protects against light-induced retinal damage.*° However, no
study has evaluated the effect of BE, on blue-LED-induced
retinal damage In this study, we first evaluated the effect of
BE, on blue LED-induced retinal dysfunction using ERG.
In in vivo studies, rats were intravitreally injected with
4 uL of 10 uM BE,; this was found to be the most effective
treatment dose. After treatment, the rats were allowed to
recover for 4 hours before exposure to light damage.'#*!3?
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Figure 7 BE, treatment decreases H,O,-induced apoptosis in APRE-19 cells. The cells were treated with 10 uM BE, for 2 hours before exposure to 40 uM H,O, for 24 h.
Notes: (A) Apoptosis was detected by Annexin V/PI staining. (B) The statistical analysis of apoptotic cells. (C) Bax, Bcl-2, Cleaved caspase 3, Akt and p-Akt protein levels were
examined by western blotting. (D) Statistical analysis of western blot data. The data are shown as the mean * SEM; n=3. *P<C0.05 vs. control; *P<<0.05 vs. H,O, treatment.
Abbreviations: BE,, |7B-estradiol; FITC, fluorescein isothiocyanate; P, propidium iodide.

Hence, in this study, 4 uL of 10 uM BE, was administered to
the rats 4 hours before blue LED exposure. Vehicle-treated
rats exhibited a significant decrease in ERG a- and b-wave
amplitudes after blue LED emission exposure, and BE, sig-
nificantly prevented blue LED-induced retinal dysfunction.
We then performed morphologic studies. We found a severe
disruption of retinal morphology in vehicle-treated mice
after exposure to blue LED emission. Treatment with BE,
prevented photoreceptor loss and reductions in the thickness
of the ONL.

Recent in vitro and in vivo reports have demonstrated
that full-spectrum LEDs with a blue (460 nm) component
significantly decrease metabolic activity and MMP while
increasing intracellular ROS levels and the expression of
oxidative stress marker proteins, such as heme oxygenase-1,
manganese superoxide dismutase, 8-OHdG, and nitroty-
rosine, in human RPE cells and rodent retinas.>**7*® Although
the exact cause of AMD is unknown, oxidative stress likely
plays an important role in its pathogenesis.*' Several in vitro

and in vivo studies have shown that BE, protects RPE from
oxidative stress.*'# To investigate the antioxidant ability
of BE, in retinal cells, we first evaluated the effect of
1-10 uM BE, on H,0,-induced human ARPE-19 cell death
and found that pretreatment with 10 uM BE, significantly
decreased ARPE-19 cell death. We then assessed changes
in ROS generation following BE, treatment and found that
BE, significantly decreased ROS production. This finding is
consistent with previous reports'*'"* and suggests that BE,
also exerts antioxidant properties in retinal cells.
Apoptosis is a well-known mechanism resulting in cell
death in AMD patients and experimental RD models.*#°
It has also been reported that exposing the retina to blue
LED emission leads to massive photoreceptor cell death
in the ONL.” Pretreatment with exogenous E, has been
shown to inhibit apoptosis and to protect the cerebrum from
neuronal oxidative damage in primary neuronal cultures
and in vivo models.***’ BE, also has important significance
for the prevention of cell apoptosis caused by light-induced
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Figure 8 BE, enhances H,O -induced cell autophagy in APRE-19 cells. The cells were treated with 10 uM BE, for 2 h before exposure to 40 uM H,O, for 24 h.

Notes: (A) Autophagosomes (black arrows) were examined by electron microscopy. (B) LC3B and Beclin ImRNA expression levels were examined by qRT-PCR. (C)
LC3-ll, LC3-I and Beclin Iprotein levels were examined by western blotting. (D) The statistical analysis of western blot data. The data are shown as the mean + SEM; n=3.
*P<<0.05 vs. control; #P<<0.05 vs. H,O, treatment.

Abbreviation: BE,, 17B-estradiol.
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retinal damage.?' In this study, the number of TUNEL-
positive cells in the ONL was significantly increased in
vehicle-treated mice after blue LED emission exposure.
Treatment with BE, prevented a reduction in the number of
TUNEL-positive cells. These findings suggest that BE, can
suppress the photoreceptor cell death caused by exposure
to blue LED emission and ameliorate the impairment of
visual function. We also assessed apoptosis in H,O,-induced
ARPE-19 cells after BE, pretreatment and found that BE,
induces apoptosis.

In the past several years, many signaling molecules in
the membrane-initiated steroid signaling pathway have been
reported to be neuroprotective and to interact with the PI3K/
Akt pathway, an important survival pathway.*® In addition,
some studies have demonstrated that neuroprotective func-
tion increases the Bcl-2 level to an antiapoptotic state and
activates autophagy through the induction of Beclin 1.4%%
Similarly, BE, protects against light-induced retinal dam-
age via the PI3K/Akt signaling pathways.* Microarray
analysis of RPE exposed to H,0, showed that BE, pretreat-
ment induces the upregulation of apoptosis-related protein
and protects the RPE from degeneration.” In the present
study, histological and molecular-biological changes dem-
onstrated that the phosphorylation level of AKT was higher
after intravitreal BE, administration. Current evidence sug-
gests that the mitochondrial-mediated signal transduction
pathway plays a central role in apoptosis.’’ The intrinsic
apoptotic pathway can be activated by excessive ROS levels.
This pathway is initiated by the activation of proapoptotic
Bcl-2 family proteins (Bid, Bim, Bad, and Bmf) followed
by the activation of Bax subfamily Bcl-2 proteins (Bax,
Bak, and Bok) that are localized on the outer mitochondrial
membrane. Consequently, Bax is released at an increased
rate and attacks the mitochondrial membrane, leading to
cytochrome c release and caspase-3 activation, finally trig-
gering apoptosis.® In our experiments, we demonstrated
that BE, significantly reduces the expressions of Bax and
caspase-3 and increases the expression of Bel-2, leading us
to conclude that BE, inhibits apoptosis through the upregula-
tion of Bcl-2 and the downregulation of Bax and caspase-3
during blue LED-induced RD and in H,O,-treated ARPE-19
cells. This effect may occur through activation of the PI3K
signaling pathway.

Reports on autophagy in the retina include RD follow-
ing acute light exposure or damage to retinal ganglion cells
following optic nerve transection and the regulation of
autophagy in RPE cells.?+?335 Autophagy is associated with
RPE damage and AMD pathology.?**¢ Autophagy-related
proteins have recently been found to be strongly expressed

in the retina.>” Beclin 1 sits at the center of pathways that
regulate and induce autophagy.?>-% LC3 has been regarded
as a primary biochemical marker for autophagy activation.
The conversion of the soluble form of LC3 (LC3-I) to the
autophagic vesicle-associated form (LC3-II) is indicative
of autophagic flux and has been regarded as a reliable
autophagy marker.” Studies have shown that autophagy is
increased in the earliest AMD stages, whereas in the latter
stages of the disease, autophagy is lost. Acute exposure
to H,O, caused an increase in autophagy-related proteins,
while chronic oxidative stress reduced the expression of
several key autophagy-related proteins.®® Recently, several
studies have demonstrated that Beclin 1 can downregulate
estrogenic pathway, suggesting the importance of the inter-
action between E, and autophagy.®' In the present study, we
found that blue LED exposure increased autophagy markers
and that BE, administration further enhanced this increase
in autophagy markers. These data were corroborated by our
analysis of electron micrographs, which demonstrated a fur-
ther increase in autophagosomes in the BE -pretreated rats
when compared to the rats exposed to blue LED emission.
The increased level of autophagy might be activated by the
Beclin 1 signaling pathway. Our in vitro Western blot and
gRT-PCR data also demonstrated that the level of autophagy
was increased in acute H,O -treated ARPE-19 cells, while
BE, pretreatment was able to enhance the autophagy level.
Taken together, these results show that its potent ability to
enhance autophagy may be a key factor in the retinal protec-
tive effect of BE,.

Conclusion

Pretreatment with BE, induced a remarkable protection
against blue LED-induced RD and H,0,-induced oxidative
stress, and this protection is likely to occur through a reduc-
tion in apoptosis and increased autophagy. These findings
may aid in the development of a future clinical strategy for the
treatment of retinal degenerative disorders such as AMD.
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