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a b s t r a c t

Background: Age-related macular degeneration (AMD) is a significant visual disease that induces
impaired vision and irreversible blindness in the elderly. However, the effects of ginseng berry extract
(GBE) on the retina have not been studied. Therefore, this study aimed to investigate the protective
effects of GBE on blue light (BL)-induced retinal damage and elucidate its underlying mechanisms in
human retinal pigment epithelial cells (ARPE-19 cells) and Balb/c retina.
Methods: To investigate the effects and underlying mechanisms of GBE on retinal damage in vitro, we
performed cell viability assay, pre-and post-treatment of sample, reactive oxygen species (ROS) assay,
quantitative real-time PCR (qRT-PCR), and western immunoblotting using A2E-laden ARPE-19 cells with
BL exposure. In addition, Balb/c mice were irradiated with BL to induce retinal degeneration and orally
administrated with GBE (50, 100, 200 mg/kg). Using the harvested retina, we performed histological
analysis (thickness of retinal layers), qRT-PCR, and western immunoblotting to elucidate the effects and
mechanisms of GBE against retinal damage in vivo.
Results: GBE significantly inhibited BL-induced cell damage in ARPE-19 cells by activating the SIRT1/PGC-
1a pathway, regulating NF-kB translocation, caspase 3 activation, PARP cleavage, expressions of
apoptosis-related factors (BAX/BCL-2, LC3-II, and p62), and ROS production. Furthermore, GBE prevented
BL-induced retinal degeneration by restoring the thickness of retinal layers and suppressed inflammation
and apoptosis via regulation of NF-kB and SIRT1/PGC-1a pathway, cleavage of caspase 3 and PARP, and
expressions of apoptosis-related factors in vivo.
Conclusions: GBE could be a potential agent to prevent dry AMD and progression to wet AMD.
© 2022 The Korean Society of Ginseng. Publishing services by Elsevier B.V. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Age-related macular degeneration (AMD) is a degenerative eye
disease that is a leading cause of visual disorder and irreversible
blindness in the elderly. The AMD is categorized into two forms: dry
AMD and wet AMD. Dry AMD is characterized by accumulating
extracellular yellowish deposits called drusen and can progress to
wet AMD [1,2]. Wet AMD is associatedwith the growth of abnormal
new vessels from the choroid. Choroidal neovascularization leads
to leakage of fluids and blood, also causes severe vision loss. In-
jection of anti-VEGF antibody is a standard treatment for wet AMD
and Pharmaceutical Sciences,
heedae-ro, Dongdaemun-gu,

).

lishing services by Elsevier B.V. Th
[3,4]. However, there is no effective treatment that could prevent
dry AMD or progression to wet AMD.

Retinal pigment epithelial (RPE) cells play a significant role in
maintaining the photoreceptor in the macular [5]. The RPE cells
phagocytose the outer segments of the photoreceptor. RPE lip-
ofuscin is a byproduct of the phagocytosed photoreceptor outer
segment [6]. The major fluorophore of the RPE lipofuscin is N-ret-
inylidene-N-retinylethanolamine (A2E), which is associated with
the onset of AMD by accumulating in RPE cells with age [7]. When
A2E is exposed to light, including blue light (BL), it is oxidized to
oxo-A2E and contributes to the RPE cell damage because reactive
oxygen species (ROS) are produced and cause oxidative stress,
inflammation, and apoptosis [8,9]. In addition, the risk factors for
developing AMD include age, gender, obesity, hypertension, ge-
netics, smoking, and sunlight exposure. Among them, A2E accu-
mulation and exposure to BL are the critical factors for AMD
is is an open access article under the CC BY-NC-ND license (http://creativecommons.
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Abbreviations

AMD age-related macular degeneration
RPE retinal pigmented epithelial
A2E N-retinylidene-N-retinylethanolamine
GBE ginseng berry extract
BL blue light
ROS reactive oxygen species
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development [10,11]. Some in vitro studies have reported that BL
exposure induces RPE cell death with A2E concentration-
dependently. Also, the RPE cell death was maximal at wave-
lengths ranging from 415 to 455 nm (blue light) [10]. Therefore, BL
is a critical ray among visible light contributing to RPE cell
apoptosis and the development of AMD. Furthermore, some in vivo
studies have demonstrated that BL exposure induced oxidative
stress, inflammation, and angiogenesis, leading to retinal degen-
eration [12,13]. In addition, BL exposure causes photoreceptor
degeneration and apoptosis, decreasing the thickness of the outer
nuclear layer (ONL) in the retina [14]. Thus, a preventive approach
for dry AMD is focused on the preservation of RPE by photo-
oxidation.

Panax ginseng berry is a fruit of Panax ginseng used as a me-
dicinal plant traditionally in Asia [15]. It has various biological ef-
fects such as anti-inflammatory, anti-oxidative, neuroprotective,
anti-cancer, and anti-diabetic activities [16e19]. The Panax
ginseng berry extract (GBE) contains significant amounts of ginse-
nosides, phenolic compounds (chlorogenic acid, gentisic acid, and
rutin), and polysaccharides [20e22]. Among them, the most
abundant compound of GBE is ginsenoside Re, and it is 30e40
times more than that of ginseng root [16]. Previous studies have
reported that ginsenosides Rb1, Rd, and Rg1 from ginseng root
inhibit ROS production [23,24] and apoptosis in RPE cells [23].
However, the protective effects of GBE on the retina have not been
demonstrated both in vitro and in vivo. Accordingly, we hypothe-
sized that GBEwould have protective effects on BL-induced damage
in A2E-laden RPE cells and retinal degeneration in mice. Further-
more, we aimed to investigate the underlying mechanisms of GBE
on retinal damage in vitro and in vivo. Finally, we confirmed that
ginsenoside Re would be an active compound of GBE on retinal
degeneration through in vitro experiments.

2. Materials and methods

2.1. Preparation of GBE and ginsenoside Re

Panax ginseng berry (Panax ginsengMeyer) extract was obtained
from Holistic Bio Corporation (Gyeonggi-do, Republic of Korea).
Panax ginseng berry was washed with water, and the seeds were
removed. The remaining pulp and rindswere collected. One hundred
percent water extraction was performed under reflux conditions for
2e5 h. The extract was then filtered and evaporated. The extract
solutionwas spray-dried to obtain a powder state of GBE and stored
at �20 �C until use. The extraction yield of GBE is 2.5%.

Each pulverized GBE (600 mg) was extracted with 6 mL of 70%
methanol using a Retsch MM400 mixer mill (Retsch GmbH, Haan,
Germany), operated at 30 Hz/s for 10 min. Subsequently, the sam-
ples were subjected to sonication in an ultrasonic water bath (Po-
wer Sonic 305; Hwashin Technology Co., Seoul, Korea) for 5 min
and centrifuged at 17,000 rpm at 4 �C for 15 min. The supernatant
was filtered using a 0.2-mm polytetrafluoroethylene filter and
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concentrated using a speed vacuum concentrator (Modulspin 31;
Biotron, Incheon, Korea). The samples collected finally were
weighed and reconstituted in 70% methanol. The final concentra-
tion of the samples was 50 mg/mL for ultrahigh performance liquid
chromatography-electrospray ionization-tandem mass spectrom-
etry (UHPLC-ESI-MS/MS) analysis.

2.2. Cell culture

Human RPE cells (ARPE-19 cells) were obtained from American
Type Culture Collection (Manassas, VA, USA). The cells were
cultured in Dulbecco's modified Eagle's medium F-12 (Welgene,
Daegu, Republic of Korea). The medium was supplemented with
10% fetal bovine serum (FBS) and 1% penicillin-streptomycin. ARPE-
19 cells were maintained at 37 �C in a humidified atmosphere
containing 5% CO2.

2.3. Blue light illumination and cell viability assay

The ARPE-19 cells were seeded at a density of 5 � 105 cells/well
in 6-well plates and then maintained in the medium for 48 h. The
cells were treated with 20 mM of A2E for three times (day 1, 3, 5) in
6 days and then treated with GBE (80 mg/mL) or lutein (30 mM)
twice (day 7, 9) in 4 days. 30 mM of lutein was used as the positive
control. Subsequently, the media were replaced with PBS, and the
cells were irradiated with BL (430 nm, 6000 lux) for 20 min on day
11 and incubated for an additional 6 h.

The cell viability of the GBE and A2E in ARPE-19 cells was
determined by the Cell Count Kit-8 (CCK) assay (Dojindo Labs.,
Kumamoto, Japan). The ARPE-19 cells were seeded in a 96-well
culture plate and treated with GBE (20, 40, 80, 160, 320, 640,
1280 mg/mL) or A2E (5, 10, 20, 40, 60 mM) or ginsenoside Re (1, 2, 4,
8, 16 mM) for 24 h. After adding 10 mL of the CCK-8 solution to each
well, the cells were incubated for 1 h at 37 �C. Absorbance at
450 nmwas measured using the ELISA reader (Bio-Tek instrument:
PowerWave XSmicroplate spectrophotometer, Winooski, VT, USA).
To measure the cytotoxicity of BL in A2E-laden RPE cells, the cells
were treated with A2E at concentrations of 0, 5, 10, 20, 40, and
60 mM for 24 h. After that, the cells were exposed to BL (430 nm,
6000 lux, 10 min). After the incubation for 24 h, the cell viability
was determined by CCK assay.

2.4. Pre & post-treatment of GBE with BL illumination

ARPE-19 cells were seeded in 96-well plates at a density of
1.5 � 104 cells per well and maintained for 24 h. Pre-treatment
system: the ARPE-19 cells were treated with GBE (40, 80, 160 mg/
mL) or lutein (30 mM) or ginsenoside Re (4, 8 mM) for 24 h. After the
supernatant was removed, the cells were treatedwith A2E at 20 mM
for 24 h. Post-treatment system: the cells were incubated with A2E
at 20 mM for 24 h. After the supernatant was suctioned, the cells
were treated with GBE or lutein or ginsenoside Re at the designated
concentration for 24 h. In both treatment systems, the media was
removed and replaced with PBS. Then, the cells were illuminated
with BL (430 nm, 6000 lux, 10 min), except for the control. After the
cells were incubated with the medium for 24 h, the cell viability
was assessed using CCK assay.

2.5. Quantitative analysis of cellular reactive oxygen species (ROS)

After the treated ARPE-19 cells were exposed to BL and incu-
bated for 6 h, the cells were harvested for ROS quantification using
OxiSelect in vitro ROS/RNS assay kit (Cell Biolabs, SanDiego, CA,
USA). According to the manufacturer's instruction, the cells were
suspended in PBS and sonicated on ice. Then, the cells were
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centrifuged at 10,000 g for 5 min at 4 �C. The obtained supernatant
was added with dichlorofluorescin (DCFH) solution in a 96-well
plate for 30 min at room temperature. The fluorescence intensity of
DCF was determined using the fluorescence microplate reader
(FLUOstar Omega, BMG Labtech, Cary, NC) at 480 nm excitation and
530 nm emission.

2.6. Animals and experimental design

Balb/c male mice aged 5 weeks were purchased from DBL
(Cheongju, Republic of Korea). The mice were housed in standard
cages and maintained with a 12:12 h light-dark cycle at 25 ± 1 �C.
The mice were fed with a standard laboratory diet (Central Lab
Animal, Seoul, Republic of Korea) and water ad libitum. All exper-
iments with mice were conducted according to the ARVO guide-
lines and protocols approved by the Institutional Animal Care and
Use Committee guideline of Kyung Hee University [KHSASP-20-
439].

The mice were randomly divided into six groups (10 mice in
each group). Normal control group: animals administered with
vehicle (0.5% carboxyl methylcellulose, CMC). Vehicle-treated
group: animals exposed to BL and administered with vehicle.
Reference control group: animals exposed to BL with administra-
tion of lutein (50 mg/kg body weight). Experimental groups: ani-
mals exposed to BL with administration of GBE (three groups,
individually 50, 100, 200 mg/kg body weight).

2.7. Sample administration and BL exposure

The sample administration and BL exposure were performed in
accordance with the schedules in our previous study [25]. Before BL
exposure to mice, lutein (50 mg/kg) or GBE (50, 100, 200 mg/kg)
was orally administered every 24 h for 5 days. After dark acclima-
tion for 24 h, sample administration and BL exposure were per-
formed every 24 h for 14 days. The reference control and
experimental groups were administered lutein or GBE via gastric
intubation. One hour after the administration, the mice except for
the normal control group were exposed to BL (430 nm, 10,000 lux)
for 1 h. After the last administration and BL exposure, all the mice
were maintained in dark cages for 24 h and were euthanized using
a CO2 chamber.

2.8. Histological analysis

Each eye was enucleated, and the eyeballs were fixed in
Davidson's solution (10% neutral buffered formaldehyde: 95%
ethanol: glacial acetic acid: distilled water ¼ 1:3:1:3) for 7 days.

The entire eyes were embedded in paraffin and were cut along
the vertical meridian of eyeballs. Paraffin-embedded sections (3 mm
thickness) were stained with hematoxylin and eosin (H&E) and
photographed using an optical microscope (Olympus Optical,
Tokyo, Japan). The thickness of the outer nuclear layer (ONL), inner
nuclear layer (INL), photoreceptor layer (PL), and the whole retina
was measured between 600 and 900 mm from the optic nerve at
60 mm intervals using Image J software (National Institutes of
Health, Bethesda, MD, USA). The data from 6 locations were aver-
aged for each eye.

2.9. Quantitative real-time PCR (qRT-PCR)

Total RNA from the treated ARPE-19 cells and retinas was
extracted using easy-RED™ (iNtRON biotechnology, Seongnam,
Republic of Korea). cDNAwas synthesized using a PrimeScript™ 1st
strand cDNA synthesis kit (TaKaRa, Shiga, Japan). qRT-PCR was
conducted by an ABI StepOnePlus™Real-Time PCR System (Applied
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Biosystems, Foster City, CA, USA) using SYBR Premix Ex Tag
(TaKaRa, Shiga, Japan). The primer sequences for qRT-PCR were
listed in Supplementary Table 1. The mRNA expression levels were
normalized relative to GAPDH.

2.10. Western immunoblotting

ARPE-19 cells and retinal tissues were lysed in lysis buffer con-
taining cOmplete™ Protease Inhibitor Cocktail tablets and Phos-
STOP™ (Roche Diagnostics, Indianapolis, IN, USA). The lysates were
sonicated for 20 min, dispersed, and centrifuged at 10,000 g for
20 min at 4 �C. Nuclear and cytosol fractions of the protein were ob-
tained separately byaNuclear ExtractionKit (Abcam, Cambridge,MA,
USA)according to themanufacturer's instructions (CatNo:ab113474).
Primary antibodies against NF-kB p65 and IkB-alpha were obtained
fromSantaCruzBiotechnology (Santa Cruz, CA,USA), PARP, caspase 3,
cleaved caspase 3, SirT1, LC3B, and p62 were obtained from Cell
Signaling Technology (Danvers, MA, USA), and PGC-1 alpha was ob-
tained from Abcam (Cambridge, MA, USA). The membranes were
incubatedwithhorseradish peroxidase (HRP) - conjugated secondary
antibodies for 2 h at 1 : 5000dilution inblocking solution. Theprotein
expression levels were normalized to b-actin (Santa Cruz, CA, USA)
and Lamin B1 (Cell Signaling Technology, Danvers, MA, USA). The
bands were visualized using a LAS3000 Luminescent image analyzer
(Fuji Film, Tokyo, Japan). The protein bands were quantified using
Image J software (National Institute of Health, Bethesda, MD, USA).

2.11. Statistical analysis

Shapiro-Wilk test was conducted to analyze the normality of
data. Normally distributed data included cell viability tests, pre-/
post-treatment tests, and thickness of the retinal layers. The normal
distribution data were analyzed via one-way ANOVA followed by
Tukey's post hoc tests. Mann-Whitney test was used to analyze the
non-normally distributed data. Significant differences were
assessed using SPSS version 25 statistical software (Chicago, IL,
USA).

3. Results and discussion

3.1. GBE is profiled by UHPLC-ESI-MS/MS

The UHPLC-ESI-MS/MS analysis of GBE was performed to
identify the main compound of GBE in Supplementary Fig. S1 [26].
We confirmed that the highest peak was identified as ginsenoside
Re. The content of ginsenoside Re in GBE was determined using
HPLC-UV method [27]. GBE was standardized to contain 5% of
ginsenoside Re.

3.2. GBE inhibits cell death induced by A2E treatment and blue light
exposure in ARPE-19 cells

A2E is photo-oxidized by light exposure, especially BL, contrib-
uting to cell damage. Our previous study demonstrated that A2E
did not show cytotoxicity up to 20 mM, but BL exposure reduced cell
viability in ARPE-19 cells treated with 20 mM A2E [28]. We esti-
mated the cytotoxicity of GBE and A2E in ARPE-19 cells. GBE and
A2E did not show cytotoxicity up to 160 mg/mL and 20 mM,
respectively (Fig. 1A and B). Cell viability was reduced by 47.8%
when treatedwith 20 mMA2E and irradiatedwith BL (Fig. 1C). Thus,
we selected 20 mM A2E for the following experiments. The pre-and
post-treatment of GBE inhibited BL-induced cell death in a
concentration-dependent manner (Fig. 1D and E). These results
suggest that GBE protects the RPE cells against cell death induced
by BL exposure. Based on the efficacy experiments with a variable
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concentration of GBE, we selected GBE at a concentration of 80 mg/
mL for subsequent mechanism studies.

3.3. GBE activates SIRT1/PGC-1a signaling pathway and inhibits BL
induced inflammatory response in A2E-laden ARPE-19 cells

Oxidative stress is closely related to the onset and progression of
AMD and is induced by the generation of excess ROS, which is
mainly produced inmitochondria [29]. Also, oxidative stress caused
by BL exposure leads to inflammation that contributes to AMD.
Recent studies demonstrated that the SIRT1 signaling pathway
modulates the inflammatory response by regulating NF-kB tran-
scriptional activity through deacetylation of NF-kB p65 [30]. The
SIRT1 is induced under mild oxidative stress as a compensatory
response. However, the level of SIRT1 is decreased by the increasing
degradation of SIRT1 under severe or prolonged oxidative stress
conditions. SIRT1 is critical to regulating cellular redox homeostasis
as well as inflammation [31]. SIRT1 regulates the activation of PGC-
1a, which is amaster regulator of mitochondrial biogenesis. PGC-1a
modulates the expressions of antioxidant enzymes such as SOD2,
thus, contributing to the control of ROS production and mito-
chondrial redox homeostasis [29]. BL exposure increased the gene
and protein levels of SIRT1 and PGC-1a in A2E-laden ARPE-19 cells
(Fig. 2A and D). Treatment of GBE significantly upregulated the
gene and protein levels of SIRT1 and PGC-1a compared to the BL
exposed group. Recent studies reported that A2E treatment
induced the gene expression of PGC-1a in ARPE cells [32]. The gene
expression of TFAM, a mitochondrial transcription factor and target
of PGC-1a, is slightly induced after BL exposure and enhanced by
92% in the GBE treatment group (Fig. 2A). It was reported that
mRNA expression of TFAMwas upregulated by A2E in RPE cells [32].
BL illumination decreased the gene expression of SOD2, which
serves as scavenging the excess mitochondrial ROS, while the
Fig. 1. GBE inhibits cell death induced by A2E treatment and blue light exposure in ARP
results were presented as the mean ± SD (n ¼ 4) of three independent experiments. ###p <
using CCK assay. The results were presented as the mean ± SD (n ¼ 5) of three independent e
A2E at the concentrations of 0, 5, 10, 20, 40, 60 mM and incubated for 24 h. After blue light (
19 cells were incubated with GBE (0e160 mg/mL) or lutein (30 mM) for 24 h. Then, the RPE c
light (6000 lux) for 10 min and then incubated for 24 h, cell viability was measured by the C
were incubated with GBE (0e160 mg/mL) or lutein (30 mM) for 24 h. After the cells were irrad
measured by the CCK assay. The results were presented as mean ± SD (n ¼ 3) of three ind
***p < 0.001 vs. blue light only treated group.
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expression was increased by 100% in the GBE treatment group
(Fig. 2B). These findings indicate that GBE activates SIRT1/PGC-1a
signaling pathway in the RPE cells. Our study also demonstrates
that BL exposure upregulates the gene and protein levels of SIRT1
and PGC-1a as a compensatory response against mild oxidative
stress in A2E-laden ARPE-19 cells.

ROS induced the activation of the NF-kB pathway, contributing
to the inflammatory response. NF-kB is a transcription factor that is
bound to IkB-a in the cytosol. When a variety of stimuli occurs,
including light irradiation, IkB-a is degraded. Then NF-kB separated
from IkB-a is translocated from the cytosol to the nucleus, leading
to the gene expressions involved in inflammation such as IL-1b, IL-
6, and MCP-1 in ARPE-19 cells [33e35]. The protein level of IkB-a
was decreased by 47% and the nuclear protein level of NF-kB was
increased by 248% in the BL-exposed group compared to the
normal group (Fig. 2E). In Fig. 2C, BL exposure upregulated the gene
expressions of inflammation-related factors (IL-1beta, IL-6, MCP-1,
and CXCL-2) and angiogenesis factor (VEGF-alpha) in ARPE-19 cells.
Treatment of GBE elevated the protein level of IkB-a by 55%,
decreasing the nuclear protein level of NF-kB by 41%, resulting in
significantly reducing gene expressions related to inflammation
more than lutein did. These results suggest that GBE treatment
inhibits BL-induced inflammation by attenuating IkB-a degradation
and NF-kB translocation in ARPE-19 cells. GBE also regulates the
NF-kB pathway by activating the SIRT1/PGC-1a signaling pathway
in the cells.

3.4. GBE inhibits apoptosis and restores the inhibition of autophagic
flux induced by BL exposure in A2E-laden ARPE-19 cells

Previous studies demonstrated that BL exposure induced photo-
oxidation of A2E, leading to increase ROS generation and apoptotic
cell death in A2E-laden ARPE-19 cells [28,34]. BL illumination
E-19 cells. (A) Cell viability of GBE in ARPE-19 cells was measured using CCK assay. The
0.001 vs. the untreated control. (B) Cell viability of A2E in ARPE-19 cells was measured
xperiments. ###p < 0.001 vs. the untreated control. (C) ARPE-19 cells were treated with
6000 lux) exposure for 10 min, cell viability was measured by the CCK assay. (D) ARPE-
ells were treated with A2E at 20 mM for 24 h. After the cells were irradiated with blue
CK assay. (E) ARPE-19 cells were treated with A2E at 20 mM for 24 h. Then, the RPE cells
iated with blue light (6000 lux) for 10 min and then incubated for 24 h, cell viability was
ependent experiments. ###p < 0.001 vs. the untreated control. *p < 0.05, **p < 0.01,



Fig. 2. GBE activates SIRT1/PGC-1a signaling pathway and inhibits BL induced inflammatory response in A2E-laden ARPE-19 cells. (A) Gene expressions of SIRT1, PGC-1a, and
TFAM were analyzed by quantitative real time PCR in A2E-laden ARPE-19 cells. (B) Gene expression of SOD2 was measured by quantitative RT-PCR in A2E-laden ARPE-19 cells. (C)
Gene expressions of inflammation-related factors (CXCL-2, IL-1beta, IL-6, MCP-1, and VEGF-alpha) were measured by qRT-PCR and normalized to GAPDH. (D) Protein levels of SIRT1
(120 kDa) and PGC-1a (92 kDa) were detected in A2E-laden ARPE-19 cells by western immunoblotting. (E) Protein levels of NF-kB p65 (65 kDa) were measured in nucleus and
cytosol fractions. IkBa (37 kDa) was detected in cytosol fraction. Protein levels of NF-kB and IkBa were quantified by band density. The results were presented as mean ± SD (n ¼ 4)
of three independent experiments. #p < 0.05, ##p < 0.01, ###p < 0.001 vs. CTL, *p < 0.05, **p < 0.01, ***p < 0.001 vs. BL.
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significantly increased total ROS/RNS level, while concentration-
dependently decreased by GBE (Fig. 3A). BL illumination
increased the ratio of BAX/BCL-2, suggesting increased mitochon-
drial apoptosis (Fig. 3B). However, the ratio was considerably
attenuated by 58% in the GBE treatment group compared to the BL-
exposed group. BAX, a pro-apoptotic protein, causes the release of
cytochrome c from mitochondria, leading to the activation of cas-
pase 3 [36]. Cleaved caspase 3, an activated form of caspase 3, in-
duces cleavage of PARP, which is a marker of apoptosis [37].
Cleavage of caspase 3 and PARP was increased by BL exposure and
significantly reduced by 36% and 39% in the GBE treatment group,
respectively (Fig. 3C). A recent study reported that BL exposure in
A2E-laden ARPE-19 cells increased LC3-II and p62 protein levels,
indicating inhibition of autophagy [38]. Inhibition of autophagy
increases activation of caspase 3, contributing to apoptotic RPE cell
death. p62, a marker of autophagic flux, is degraded and decreased
as autophagy progresses [39,40]. In Fig. 3C, the protein levels of
LC3-II and p62 were increased when exposed to BL in A2E-laden
ARPE-19 cells. However, the elevation of both protein levels was
attenuated by 35% and 26% in the GBE treatment group, respec-
tively, suggesting that GBE restored the inhibition of autophagic
flux by BL exposure in A2E-laden ARPE-19 cells. The previous study
reported that impaired autophagy by A2E photo-oxidation caused
the autophagic clearance to fail, leading to RPE damage and onset of
AMD [38]. However, we still need to investigate further to clarify
the underlying mechanisms of GBE on autophagy.

3.5. GBE protects BL-induced retinal degeneration in retina

GBE exerted protective effects on BL-induced retinal damage
in vitro. To investigate the efficacy of GBE on retinal degeneration in
mice, we performed histological analysis using our established
69
animal model [25]. Each eye was enucleated and histological ana-
lyses were performed after oral administration of GBE and BL
exposure to mice for 14 days every 24 h. In Fig. 4 A, representative
retina images are shown between 600 and 900 mm from the optic
nerve. We measured the thickness of the whole retina, ONL, INL,
and PL of six groups (Normal, BL, BL þ GBE 50/100/200 mg/kg,
BL þ Lu 50 mg/kg). The thicknesses of the whole retina, ONL, INL,
and PL were considerably decreased in the vehicle-treated group
compared to the normal control group (Fig. 4B). However, the
administration of GBE dose-dependently restored the thickness of
all the layers. This indicates that the administration of GBE protects
against retinal degeneration induced by BL irradiation.

3.6. GBE activates SIRT1/PGC-1a signaling pathway and inhibits BL
induced inflammatory response in retina

We found that GBE inhibited inflammation by activating the
SIRT1/PGC-1a signaling pathway in ARPE-19 cells. Based on these
findings, we investigated the action mechanisms of GBE in the
mouse retina, focusing on the SIRT1/PGC-1a pathway and inflam-
matory response. BL irradiation downregulated the gene and pro-
tein levels of SIRT1 and PGC-1a in the retina (Fig. 5A and D).
However, the administration of GBE significantly increased the
levels of SIRT1 and PGC-1a. The gene expressions of Tfam and Sod2,
which were decreased after BL exposure, were increased by 71%
and 165% in the GBE administration group, respectively (Fig. 5A and
B). These findings suggest that GBE activated SIRT1/PGC-1a
signaling pathway in the retina. We firstly demonstrated that BL
illumination downregulated SIRT1, PGC-1a, and Tfam expressions
in the retina. On the other hand, their expressions were upregu-
lated by BL exposure in our in vitro study. The difference between
the in vitro and in vivo studies could be explained by the induction



Fig. 3. GBE inhibits apoptosis and restores the inhibition of autophagic flux induced by BL exposure in A2E-laden ARPE-19 cells. (A) Quantification of ROS/RNS was analyzed in
A2E-laden ARPE-19 cells. The results were presented as mean ± SD (n ¼ 3) of three independent experiments. ###p < 0.001 vs. CTL. *p < 0.05, ***p < 0.001 vs. blue light only treated
group. (B) Gene expressions of apoptosis-related factors (BAX/BCL-2) were detected in A2E-laden ARPE-19 cells by qRT-PCR and normalized to GAPDH. (C) Protein levels of
procaspase 3 (35 kDa), cleaved caspase 3 (17 kDa), cleaved PARP (89 kDa), LC3-II (14 kDa), and p62 (62 kDa) were measured by western immunoblotting and quantified by band
density. The results were presented as mean ± SD (n ¼ 4) of three independent experiments. ###p < 0.001 vs. CTL, *p < 0.05, **p < 0.01, ***p < 0.001 vs. BL.
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of SIRT1 under mild oxidative stress, like our in vitro experimental
conditions. However, SIRT1 was degraded and reduced under se-
vere or prolonged oxidative stress, such as our in vivo conditions
[31].

Previous studies reported that the SIRT1 pathway regulated
inflammation by modulating NF-kB activation [30]. We found that
BL exposure increased the translocation of NF-kB into the nucleus,
followed by upregulation of the expressions of inflammatory-
related genes (IL-1beta, IL-6, MCP-1, and CXCL-2) and VEGF-alpha
in ARPE-19 cells. To correlate with in vitro studies, the expression
levels of inflammation-related genes (Tnf-alpha, Cxcl-2, Mcp-1, IL-
1beta, and IL-6), proteins (NF-kB and IkB-a), and angiogenesis-
related genes (Mmp-2, Mmp-9, and Vegf-alpha) were analyzed in
the retina (Fig. 5C and E). BL exposure activated the NF-kB trans-
location, causing the transcription of those genes in the retina. The
GBE administration attenuated the expressions of genes related to
inflammation and angiogenesis by inhibiting IkB-a degradation
and NF-kB translocation. Especially, the expression of Vegf-alpha
was significantly reduced by 64% in the GBE administration group,
indicating that GBE prevented the advancement to wet AMD. We
suggest that GBE suppresses inflammation by activating SIRT1/
PGC-1a pathway and regulating the NF-kB pathway in the retina.

3.7. GBE inhibits apoptosis and restores the inhibition of autophagic
flux induced by BL exposure in the retina

In this study, GBE inhibited apoptosis by attenuating the upre-
gulation of the BAX/BCL-2 ratio and autophagy inhibition in ARPE-
70
19 cells. To correlate with in vitro studies, we examined gene and
protein levels on the apoptotic pathway in the retina. The ratio of
Bax/Bcl-2 was elevated in the BL-exposed group, followed by
upregulation of the protein levels of cleaved caspase 3 and cleaved
PARP (Fig. 6A and B). The administration of GBE significantly
decreased the Bax/Bcl-2 ratio by 74% and cleaved caspase 3 and
cleaved PARP protein levels by 42% and 29%, respectively. Recent
studies reported that autophagy played a crucial role in regulating
drusen formation and AMD pathogenesis. Also, autophagy was
suppressed by exposure to chronic oxidative stress [41,42]. BL
exposure increased the LC3-II and p62 protein levels, while GBE
administration considerably reduced their levels by 36% and 26%,
respectively (Fig. 6A and B). These results indicate that GBE
administration prevents apoptosis and inhibition of autophagic flux
in the retina. Furthermore, GBE administration has more protective
effects than lutein in the retina. Considering that lutein is widely
used in clinical trial [43], GBE could be potentially used in the
clinical trial for retina protection.

3.8. Ginsenoside Re is an active component of GBE on retinal
degeneration

To investigate whether ginsenoside Re, the most abundant
compound in GBE, was effective on retinal degeneration, we eval-
uated its efficacy using pre-and post-treatment systems. We
measured the cytotoxicity of ginsenoside Re to examine its efficacy
within non-toxic concentrations. Ginsenoside Re didn't show
cytotoxicity up to 16 mM in RPE cells (Supplementary Fig. S2). In



Fig. 4. GBE protects BL induced retinal degeneration in retina. (A) Representative retinal images of H&E staining between 600 mm and 900 mm from the optic nerve. ONL; outer
nuclear layer, INL; inner nuclear layer, PL; photoreceptor layer. Scale bar ¼ 50 mm. (B) The thicknesses of whole retina, ONL, INL, and PL were measured at six different locations and
averaged. The results were presented as mean ± SD (n ¼ 6), ###p < 0.001 vs. Normal control group, *p < 0.05, **p < 0.01, ***p < 0.001 vs. Vehicle treated group (BL exposed group).

Fig. 5. GBE activates SIRT1/PGC-1a signaling pathway and inhibits BL induced inflammatory response in retina. (A) Gene expressions of Sirt1, Pgc-1a, and Tfamwere analyzed
in retina by quantitative real time PCR. (B) Gene expression of Sod2 was measured using qRT-PCR. (C) Gene expressions of inflammation-related factors (TNF-alpha, CXCL-2, MCP-1,
MMP-2, MMP-9, VEGF-alpha, IL-1beta, and IL-6) were measured by qRT-PCR and normalized to GAPDH. (D) Protein levels of SIRT1 (120 kDa) and PGC-1a (92 kDa) were analyzed by
western immunoblotting and quantified by band density. (E) Protein levels of NF-kB p65 (65 kDa) and IkBa (37 kDa) were detected using western immunoblotting and quantified by
band density. The results were presented as mean ± SD (n ¼ 4) of three independent experiments. #p < 0.05, ##p < 0.01, ###p < 0.001 vs. Normal control group, *p < 0.05, **p < 0.01,
***p < 0.001 vs. Vehicle treated group (BL exposed group).
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Fig. 6. GBE inhibits apoptosis and restores the inhibition of autophagic flux induced by BL exposure in the retina. (A) Gene expressions of apoptosis-related factors (BAX/BCL-
2) were analyzed in retina using qRT-PCR and normalized to GAPDH. (B) Protein levels of procaspase 3 (35 kDa), cleaved caspase 3 (17 kDa), cleaved PARP (89 kDa), LC3-II (14 kDa),
and p62 (62 kDa) were measured by western immunoblotting and quantified by band density. The results were presented as mean ± SD (n ¼ 4) of three independent experiments.
###p < 0.001 vs. Normal control group, *p < 0.05, **p < 0.01, ***p < 0.001 vs. Vehicle treated group (BL exposed group).
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both pre-and post-treatment systems, ginsenoside Re suppressed
BL-induced cell death concentration-dependently (Supplementary
Fig. S3). Molecular weight of ginsenoside Re is 947.2. Therefore,
4 mg/mL is converted to about 4 mM according to the molecular
weight of ginsenoside Re. Ginsenoside Re, which is contained 5% in
GBE, at 4 mM (¼ 4 mg/mL), exerted similar protective effects with
GBE at 40 mg/mL concentration in the pre-and post-treatment
systems (Fig. 1D and E and Supplementary Fig. S3). Therefore, we
suggest that ginsenoside Re is one of the major active components
of GBE.

4. Conclusions

This study aimed to elucidate whether GBE exerted protective
effects against BL-induced retinal damage and identify its under-
lying mechanisms in vitro and in vivo. GBE prevented BL-induced
RPE cell death in a concentration-dependent manner. GBE inhibi-
ted inflammation via SIRT1/PGC-1a and NF-kB pathways in RPE
cells. GBE also suppressed apoptosis by regulating caspase 3 acti-
vation, PARP cleavage, and autophagic flux. Administration of GBE
protected the retinal layers (ONL, INL, and PL) against BL-induced
retinal degeneration by restoring their thickness. GBE down-
regulated the expressions of genes and proteins related to inflam-
mation and apoptosis in the retina. Ginsenoside Re, the most
abundant component in GBE, is an active ingredient of GBE on
retinal degeneration. Therefore, GBE could be a potential agent to
prevent dry AMD and progression to wet AMD.
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