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The protective effects of bilberry extract and its main constituents against 
blue light-emitting diode (LED) light-induced damage in  

human corneal epithelial cells
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The cornea is located on the surface of the eyeball and is constantly activated with light and various physical stimuli. Hu-
mans are exposed to UV and other light with various wavelengths during daily life. Light ranging from 380 nm to 530 nm com-
prises high-energy visible light that is present in sunlight, fluorescent light, and light-emitting diodes (LEDs). In this report, 
we investigated the effects of bilberry extract and its anthocyanin constituents on corneal epithelial cell damage induced by 
blue LED light. Human corneal epithelial (HCE-T) cells were in the presence of bilberry extract or its anthocyanin constitu-
ents followed by exposure to 2,000 lux of blue LED light. We found that bilberry extract or its anthocyanin constituents (delph-
inidin 3-glucoside and cyanidin 3-glucoside) reduced cell death, reactive oxygen species (ROS) production and cell dehydroge-
nase activity. In addition, bilberry extract inhibited blue LED light-induced changes in the mitochondrial membrane potential 
and caspase-3/7 activity, both of which are associated with apoptosis. These findings suggested that bilberry extract or its 
constituent anthocyanins have protective effects against blue LED light-induced cell damage by reducing ROS production.

Key words: blue light-emitting diode light, corneal epithelial cells, reactive oxygen species, bilberry, anthocyanin

ヒト角膜上皮細胞における青色発光ダイオード（LED） 
光誘起損傷に対するビルベリー抽出物および 

その主成分の保護効果

大江　絵美*，矢古宇　智弘*，久世　祥己*，荘厳　哲哉**， 
中村　信介*，嶋澤　雅光*，原　英彰*, †

角膜は眼球表面に存在し，光をはじめ様々な刺激を常に受けている．我々の目は日常生活において，紫外線やその他の様々な
波長の光にさらされている． 380 nmから530 nmの範囲の光は，太陽光，蛍光灯，および発光ダイオード（LED）に存在する光
で，エネルギーレベルが高いことから「高エネルギー可視光線」と呼ばれている．本論文では，青色LED光によって誘発される
角膜上皮細胞障害に対するビルベリー抽出物とそのアントシアニン成分の影響を調査した．ヒト角膜上皮細胞（HCE-T）をビル
ベリー抽出物またはその含有アントシアニンとともにプレインキュベートした後，2,000ルクスの青色LED光に曝露した．ビルベ
リー抽出物またはそのアントシアニン成分（デルフィニジン3-グルコシドおよびシアニジン3-グルコシド）は，細胞死，活性酸素
種（ROS）の産生および細胞代謝活性を低下させることが明らかになった．さらに，ビルベリー抽出物は，ミトコンドリア膜電位
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とカスパーゼ-3/7活性の青色LED光による変化を抑制した．この結果から，ビルベリー抽出物またはその構成アントシアニンは，
ROS生成を減少させることにより，青色LED光誘発角膜上皮細胞障害に対する保護効果を有することが示唆された．

キーワード： 青色発光ダイオード光，角膜上皮細胞，活性酸素，ビルベリー，アントシアニン
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I.　Introduction

A light-emitting diode (LED) is a light source 
that is replacing conventional illumination and is 
widely used in lighting, television, personal com-
puters and liquid crystal displays. Compared to a 
conventional light source, the LED lamp has sev-
eral advantages, including less heat generation, 
longer lifespan and superior energy efficiency.

Light contains various colors and energies de-
pending on the wavelength. Wavelengths span-
ning from 380 nm to 750 nm comprise visible light 
and can be recognized by the human eye. Among 
the visible spectrum, light harboring a wave-
length of 380 nm to 530 nm is high-energy visible 
light and is associated with the pathogenesis of 
age-related macular degeneration and retinitis 
pigmentosa.1, 2) Furthermore, recent reports have 
explored the relationship between blue LED light 
and corneal dysfunction in both in vivo and in 
vitro models.3, 4) These blue LED light-induced cor-
neal impairments can lead to dry eye syndrome. 
Blue LEDs are known to emit quite a large 
amount of high-energy visible light.5–7) Moreover, 
in our previous studies, we found that exposure 
to blue LED light induced reactive oxygen spe-
cies (ROS) and oxidative stress in photoreceptor 
cells.8, 9) It has also been shown that oxidative 
stress induced cell death in retinal pigment cells 
and photoreceptor cells.10–12) On the other hand, 
the effects of blue light on the health of corneal 
cells are less clear.13) The cornea is located on the 
ocular surface, and is directly exposed to visible 
blue light, which can contribute to photophobia 

and ocular pain.14)

In previous reports, it was suggested that UV-B 
irradiation enhances ROS production in corneal 
epithelial cells and causes inflammation and tis-
sue damage.13, 15–20) Thus, we hypothesized that 
blue LED light irradiation may induce oxidative 
stress in corneal cells as well as UV-B.

Bilberry (Vaccinium myrtillus L.) is a member 
of the Ericaceae family of plants that grow in 
northern European forests. Bilberry extract con-
tains 15 types of anthocyanins21, 22) and has an-
tioxidant activity.23) Previous reports have dem-
onstrated that anthocyanins are the molecules 
responsible for bilberry’s main pharmacological 
effects, which include antioxidant activity24–26) 
and free radical scavenging activity.27) Bilberry 
extract has been used to treat several eye condi-
tions and may prevent glaucoma and the forma-
tion of cataracts.28) Furthermore, bilberry extract 
has been reported to improve visual function 
in mouse models of endotoxin-induced uveitis 
(EIU).29) Bilberry extract has also been used 
in clinical trials to treat eye fatigue induced by 
acute video display terminal (VDT) loads.30) We 
previously reported that bilberry extract has a 
neuroprotective effect against retinal neuronal 
damage induced by N-methyl-D-aspartic acid in 
mice.31) We also demonstrated that bilberry ex-
tract inhibited angiogenesis in a mouse model 
of oxygen-induced retinopathy.32) Moreover, in in 
vitro models, bilberry extract exhibited protec-
tive effects against photoreceptor cell damage 
induced by UV-A irradiation or blue LED light ex-
posure.9, 33, 34) However, there are limited studies 



—     —20

健康・栄養食品研究　Vol. 17 No. 1 2020

addressing the pharmacological effects of bilberry 
extract on the ocular surface.

In this study, we demonstrated that bilberry 
extract exhibited protective effects against blue 
LED light-induced corneal epithelial cell dam-
age in an in vitro model. There have been few 
reports of protective agents against corneal cell 
damage caused by blue LED light exposure. Since 
blue LED light is increasingly used in common 
everyday applications, the search for compounds 
that prevent blue LED light-induced cell damage 
would be beneficial for maintaining the health of 
corneal epithelial cells.

II.　Materials and methods

1.　Materials

Bilberry extract (“VMA 25/37 (Lot: B0216- 
09302)” sold by Omnica Co., (Tokyo, Japan)) was 
supplied by Wakasa Seikatsu Co., Ltd (Kyoto, Ja-
pan). Bilberry extract was extracted by extracting 
the relevant compounds from fruits with ethanol 
and then removing the solvent by concentration.

The rate of aglycone in the bilberry extract 
used in the experiment is attached. (Appendix 1). 
From the HPLC analysis chart, the type of antho-
cyanin was identified based on the retention time 
of each peak.23) Furthermore, the content was cal-
culated from the peak area of HPLC and the mo-
lecular weight of each anthocyanin. In this study, 
among the anthocyanins that can be obtained as 
standard products, experiments were conducted 
with three types of anthocyanins, starting from 
the one with the highest proportion of glucoside in 
the extract used in the experiment.

Delphinidin-3-glucoside (D3G), cyanidin-3-glu-
coside (C3G), and malvidin-3-glucoside (M3G) 
were purchased from Tokiwa Phytochemical 
Co., Ltd. (Chiba, Japan). Hoechst 33342, prop-
idium iodide (PI), 5-(and-6)-chloromethyl-2,7-
dichlorodihydrofluorescein diacetate acetyl ester 

(CM-H2DCFDA) and the JC-1 Mitochondrial 
Membrane Potential Assay Kit were purchased 
from Thermo Fisher Scientific Inc. (Waltham, 
MA, USA). N-Acetyl-L-cysteine (NAC) was pur-
chased from Wako Pure Chemical Industries, 
Ltd. (Osaka, Japan). The Cell Counting Kit-8 
(CCK-8) was obtained from Dojindo Laboratories 
(Kumamoto, Japan). The Caspase-Glo® 3/7 Assay 
was purchased from Promega Co. (Madison, WI, 
USA). Antibodies directed against the following 
proteins were obtained from Cell Signaling Tech-
nology (Beverly, MA, USA): rabbit phosphorylated 
p38 mitogen-activated protein kinase (MAPK), 
rabbit total p38 MAPK, rabbit phosphorylated 
extracellular signal-regulated kinase (ERK) and 
rabbit total ERK. Antibody directed against 
mouse β-actin was purchased from Sigma-Aldrich 
(St. Louis, MO, USA). SV-40 transformed human 
corneal epithelial cells (HCE-T; RCB No. 2280) 
were obtained from RIKEN BioResource Center 
Cell Bank (Tsukuba, Ibaraki, Japan).

2.　Cell culture

HCE-T cells were maintained in Dulbecco’s 
modified Eagle’s Medium (DMEM)/F-12 (Wako, 
Osaka, Japan) supplemented with 0.5% dimethyl 
sulfoxide, 5 µg/mL insulin, 2.75 µg/mL transfer-
rin, 3.35 ng/mL selenium, 10 ng/mL recombinant 
human epidermal growth factor, and 5% fetal 
bovine serum (FBS). Cells were cultured at 37°C 
in a humidified atmosphere of 5% CO2. Cell pas-
sage was performed by trypsinization every 2 or 
3 days.

3.　Exposure of HCE-T cells to blue LED light  

in vitro

The Blue LED light device has aligning many 
LED light sources. The device conditions were ap-
plied according to previous reports.8, 34–36) In this 
study, the HCE-T cells were exposed from below 
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with blue LED light at 2,000 lux illuminances. 
Blue LED light exposure was performed in a CO2 
incubator under a humidified atmosphere of 5% 
CO2 at 37°C.
1) Test reagent application conditions

HCE-T cells were seeded at a density of 1×104 
cells/100 µL on 96-well plates and cultured at 
37°C for 24 h. The medium was then exchanged 
for 1% FBS-DMEM/Ham’s F12. After 30 min, 
the cells were treated with bilberry extract, D3G, 
C3G, M3G, or NAC, respectively. NAC is a posi-
tive control that has already been reported to sup-
press blue LED light-induced retinal photorecep-
tor cell damage.8) The cells were then incubated 
for 1 h and subsequently exposed to 2,000 lux of 
blue LED light for 24 h.
2) Blue LED light-induced cell death assay

At the end of the incubation period, Hoechst 
33342 (λex=360 nm; λem>490 nm) and PI (λex= 
535 nm; λem>617 nm) were added to the culture 
medium (16.2 and 1.5 μM, respectively) and then 
the cells were incubated for 30 min. Next, the cells 
were photographed through fluorescence filters 
(Olympus Co., Tokyo, Japan) for Hoechst 33342 (U-
MWU) and PI (U-MWIG) with a charge-coupled 
device camera (DP30BW; Olympus Co., Tokyo, 
Japan). The cell mortality rate was calculated from 
the number of PI-positive cells as a percentage of 
the number of Hoechest 33342-positive cells.
3)  Measurement of cellular ROS production fol-

lowing blue LED light exposure
Intracellular ROS production induced by blue 

LED light exposure of HCE-T cells was deter-
mined using CM-H2DCFDA. At the end of the 
blue LED light exposure period, CM-H2DCFDA 
was added to the culture medium at a final con-
centration of 10 μM and the cells were incubated 
at 37°C for 1 h. The 96-well plate was then loaded 
into a plate holder in a fluorescence spectropho-
tometer. The reaction was performed at 37°C, and 

fluorescence was measured at 488 nm excitation 
and 525 nm emission. The number of cells was de-
termined by Hoechst 33342 staining and used to 
calculate ROS production per cell.37)

4)  Measurement of cell viability following blue 
LED light exposure

The cell viability was measured using the CCK-
8 assay for 2 h and the absorbance was measured 
at 492 nm (reference wavelength, 660 nm) using 
a spectrophotometer (Varioskan; Thermo Fisher 
Scientific, Waltham, MA, USA).
5) Mitochondrial membrane potential assay

The mitochondrial membrane potential was 
measured with a JC-1 Mitochondrial Membrane 
Potential Assay Kit according to the manufactur-
er’s protocol. After blue LED light exposure, next, 
the cells were incubated with 10 µg/mL JC-1 at 
37°C for 15 min. Images were collected using a flu-
orescence microscope (BZ-X710; Keyence, Osaka, 
Japan), which detects cells mainly containing 
JC-1 aggregates (excitation/emission=540/605 nm) 
and apoptotic cells mainly containing JC-1 mono-
mers (excitation/emission=480/510 nm).
6) Caspase-3/7 activation assay

Caspase-3/7 was measured with a Caspase-
Glo®3/7 Assay according to the manufacturer’s 
instructions. After the blue LED light exposure, 
Caspase-Glo® 3/7 Reagent was added at a 1 : 1 
ratio to the cell sample volume and the cells were 
incubated for 1 h at 37°C. The luminescence of 
each sample was measured with a microplate 
reader (Varioskan Flash 2.4; Thermo Fisher Sci-
entific., Waltham, MA, USA).

4.　Immunoblot analysis

After the light exposure, the cells were washed 
with phosphate buffered saline, and lysed using 
radioimmunoprecipitation assay (RIPA) buffer con-
taining 1% protease inhibitor and phosphatase in-
hibitor cocktails 2 and 3 (Sigma-Aldrich, St. Louis, 
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MO, USA). The lysates were then centrifuged at 
12,000g for 20 min. Protein concentrations were 
determined using a BCA Protein Assay Kit (Ther-
mo Fisher Scientific., Waltham, MA, USA) with 
bovine serum albumin as the standard. An equal 
volume of protein sample and sample buffer was 
mixed, separated on 5–20% SDS-polyacrylamide 
gels, and transferred to polyvinylidene difluoride 
membranes (Immobilon-P; EMD Millipore Corpo-
ration, Billerica, MA, USA). For immunoblotting 
experiments, the following primary antibodies 
were used: rabbit anti-phospho-p38 MAPK, rab-
bit anti-p38 MAPK, rabbit anti-phospho-ERK, 
rabbit anti- ERK (all used at a 1 : 1000 dilution) 
and mouse anti-β-actin (used at a 1 : 5000 dilu-
tion). Subsequently, the membranes were incu-
bated with secondary antibodies: horseradish 
peroxidase (HRP)-conjugated goat anti-rabbit or 
goat anti-mouse (both used at a 1 : 2000 dilution; 
Thermo Fisher Scientific., Waltham, MA, USA). 
Immunoreactive bands were visualized using Im-
munoStar® LD (Wako Pure Chemical Industries, 
Osaka, Japan) and an LAS-4000 Luminescent Im-
age Analyzer (Fuji Film Co., Ltd., Tokyo, Japan). 
β-actin was used as a loading control.

5.　Statistical analysis

Data are presented as the mean±S.E.M. Sta-
tistical comparisons were made using one-way 
analysis of variance followed by Student’s t-tests, 
Tukey’s tests or Dunnett’s Multiple Comparison 
tests. A value of p<0.05 was considered to indi-
cate statistical significance.

III.　Results

1.　E�ects of bilberry extract, D3G, C3G, or M3G 

on blue LED light-induced cell death of hu-

man corneal epithelial cells

Firstly, we investigated the effects of bilberry 
extract, anthocyanins or NAC on blue LED light-

induced human corneal epithelial cell death. We 
counted the number of cells exhibiting PI fluores-
cence and expressed the death rate relative to the 
number of cells that showed Hoechst 33342 fluo-
rescence. The cell damage induced by blue LED 
light exposure was inhibited by the addition of 
NAC (a positive control: 1mM). NAC (1mM) also 
suppressed corneal epithelial cell damage due to 
blue LED light damage as well as retinal photo-
receptor damage. Furthermore, bilberry extract, 
D3G or C3G at 3–10 μM significantly inhibited 
HCE-T cell death in a concentration-dependent 
manner (Figure 1). On the other hands, M3G had 
no significant effect on blue LED light-induced 
cell death in HCE-T cells. In addition, it has been 
confirmed by single administration that each 
extract and compound does not show cytotoxic-
ity at experimental concentrations (Figure 1B–D; 
showed on right end of each graph).

2.　Bilberry extract, D3G or C3G each reduced 

the levels of blue LED light-induced ROS in 

HCE-T cells

In many previous reports, it has been suggested 
that one of the main causes of cytotoxicity induced 
by blue LED light exposure is intracellular ROS 
accumulation.3, 8, 10, 38) Thus, we examined blue 
LED light-induced ROS production in HCE-T cells 
grown in the presence of bilberry extract or its an-
thocyanin constituents. The levels of intracellular 
ROS, which were measured by the conversion of 
CM-H2DCFDA to a fluorescent product upon ex-
posure to ROS, were increased by blue LED light 
exposure. In addition, intercellular ROS produc-
tion was increased by blue LED light exposure. 
Bilberry extract, D3G or C3G each significantly 
reduced the blue LED light-induced ROS produc-
tion in HCE-T cells. In contrast, M3G had no 
significant effect on blue LED light-induced ROS 
production in HCE-T cells (Figure 2).
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3.　The protective e�ects of bilberry extract, 

D3G or C3G against reduced cellular dehy-

drogenase activity induced by blue LED light 

exposure

We investigated the effects of bilberry extract, 

D3G, C3G or M3G on the blue LED light-induced 
reduction in cellular dehydrogenase activity in 
HCE-T cells. Cell dehydrogenase activity is the 
result of measuring dehydrogenase activity in 
living cells using CCK-8.9) We found that blue 

Fig. 1 E�ects of bilberry extract or its anthocyanin constituents on blue LED light-induced cell death in HCE-T 

cells

HCE-T cells were preincubated in the (A) absence or in the presence of (B), bilberry extract, (C), D3G, (D), 
C3G, or (E), M3G prior to blue LED light exposure for 24 h. (A–E) shows the representative fluorescence mi-
croscopy of Hoechest 33342 and PI in the cells. The number of cells exhibiting PI fluorescence was counted 
and positive cells were expressed as the percentage of PI-positive to Hoechst 33342-positive cells. Data are 
represented as the mean±S.E.M. (n=5 or 6). ##p<0.01 vs. control; **p<0.01, *p<0.05 vs. the vehicle (Dun-
nett’s Multiple Comparison test or Student’s t-test). The scale bar represents 50 µm. C, control; V, vehicle; 
D3G, delphinidin 3-glucoside; C3G, cyanidin 3-glucoside; M3G, malvidin 3-glucoside; N,N-acetyl-L-cysteine. 
N-acetyl-L-cysteine is a positive control drug (1mM).
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LED light exposure induced a significant reduc-
tion in cell dehydrogenase activity. Preincubation 
of the cells with bilberry extract (10 µg/mL), D3G 
(10 μM) or C3G (3 and 10 μM) significantly pre-
vented the reduction in cellular dehydrogenase 
activity induced by blue LED light, in contrast, 
M3G had no significant effect (Figure 3). NAC 
also suppressed corneal epithelial cell damage 
due to blue LED light damage, and we confirmed 
by single administration that bilberry extract did 
not show cytotoxicity at the concentrations we 
tested (Figure 3A).

4.　The protective e�ects of bilberry extract on 

blue LED light-mediated perturbation of mi-

tochondrial membrane potential

We investigated the effects of bilberry extract 
on blue LED light-induced changes in mitochon-
drial membrane potential in HCE-T cells. It has 
been reported that blue LED light exposure per-
turbs the mitochondrial membrane potential in 
vitro in a blue LED light-induced retinal degen-
eration model.8) Therefore, we investigated the 
mitochondrial membrane potential in HCE-T cells 
exposed to blue LED light. JC-1 dye was used for 

Fig. 2 E�ects of bilberry extract or its anthocyanin constituents on blue LED light-induced ROS production in HCE-

T cells

HCE-T cells were in the presence of (A), bilberry extract, (B), D3G, (C), C3G or (D), M3G prior to blue LED 
light exposure for 24 h. Intracellular ROS levels were then determined by measuring the fluorescence of 
CM-H2DCFDA. Data are represented as the mean±S.E.M. (n=6 or 12). ##p<0.01 vs. control; **p<0.01 
vs. the vehicle (Dunnett’s Multiple Comparison test or Student’s t-test). C, control; V, vehicle; D3G, delph-
inidin 3-glucoside; C3G, cyanidin 3-glucoside; M3G, malvidin 3-glucoside; N,N-acetyl-L-cysteine. N-acetyl-L-
cysteine is a positive control drug (1mM).



—     —25

健康・栄養食品研究　Vol. 17 No. 1 2020

this study. In cells with high JC-1 aggregates, 
aggregates of JC-1 (red) accumulate and in apop-
totic cells monomers of JC-1 (green) accumulate. 
Control cells were stained red. Blue LED light 
exposure increased the number of apoptotic cells, 
and 1 h of pretreatment with 10 µg/mL of bilberry 

extract significantly increased the ratio of red-
stained, healthy cells (Figure 4A).

Fig. 4 E�ects of bilberry extract on blue LED light-

induced mitochondrial dysfunction and cas-

pase-3/7 activation

HCE-T cells were in the presence of bilberry 
extract followed by exposure to blue LED 
light for 1 h. Next, mitochondrial dysfunction 
was assessed using the JC-1 Mitochondrial 
Membrane Potential Assay Kit. (A) Repre-
sentative images showing JC-1 stained cells. 
The healthy cells mainly contain JC-1 ag-
gregates (red) as indicated by the arrowhead 
and apoptotic or unhealthy cells mainly con-
tain JC-1 monomers (green). Quantitative 
analysis revealed the ratio of red fluorescence 
(Hoechest 33342) in whole cells. (B) HCE-T 
cells were preincubated with bilberry extract 
followed by exposure to blue LED light for 
1 h. Next, caspase-3/7 activity was monitored 
using the Caspase-Glo® 3/7 Assay. Data are 
represented as the mean±S.E.M. (n=5 or 6). 
##p<0.01 vs. control; **p<0.01, *p<0.05 vs. 
the vehicle (Student’s t-test). The scale bar 
represents 50 µm. C, control; V, vehicle; Bil-
berry, bilberry extract (10 µg/mL).

Fig. 3 E�ects of bilberry extract or its anthocyanin 

constituents on blue LED light-induced HCE-T 

cell dehydrogenation

HCE-T cells were in the presence of (A) bil-
berry extract or (B) D3G, C3G or M3G and 
cell viability was assessed by immersing the 
cells in CCK-8 for 2 h at 37°C. Data are repre-
sented as the mean±S.E.M. (n=6). ##p<0.01 
vs. control; **p<0.01, *p<0.05 vs. the vehicle 
(Dunnett’s Multiple Comparison test or Stu-
dent’s t-test). C, control; V, vehicle; Bilberry 
ext., bilberry extract; D3G, delphinidin 3-glu-
coside; C3G, cyanidin 3-glucoside; M3G, mal-
vidin 3-glucoside; NAC, N-acetyl-L-cysteine.
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5.　Bilberry extract inhibited the blue LED light-

induced activation of caspase-3/7

We evaluated the caspase-3/7 activity using the 
Caspase-Glo® 3/7 Assay. Our results showed that 
the caspase-3/7 activity was increased upon blue 

LED light exposure and prior incubation with 
10 µg/mL of bilberry extract significantly pre-
vented the blue LED light-induced activation of 
caspase-3/7 (Figure 4B).

Fig. 5 E�ects of bilberry extract or its anthocyanin constituents on blue LED light-induced activation of p38 MAPK 

and ERK 1/2 in HCE-T cells

HCE-T cells were in the presence of bilberry extract or its anthocyanin constituents followed by exposure to 
blue LED light for 24 h. Next, protein lysates were analyzed by immunoblotting using antibodies directed 
against the corresponding proteins. (A) Activation of p38 MAPK and ERK 1/2 was detected by immunoblot-
ting. (B) Quantitative analysis of phospho-p38 MAPK and phospho-ERK1/2 protein levels. Data are repre-
sented as the mean±S.E.M. (n=6 or 9). ##p<0.01 vs. control; **p<0.01, *p<0.05 vs. the vehicle (Tukey’s 
tests or Student’s t-test). C, control; V, vehicle; B, bilberry extract 10 µg/mL ; Dp and D3G, delphinidin 3-glu-
coside 10μM; Cy and C3G, cyanidin 3-glucoside 10μM.
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6.　Bilberry extract, D3G or C3G each inhibited 

blue LED light-induced phosphorylation of 

p38 in HCE-T cells

We performed immunoblot analysis to investi-
gate the effects of bilberry extract or its anthocy-
anin constituents on the phosphorylation of stress 
response proteins. Blue LED light exposure in-
creased the phosphorylation of p38 and ERK 1/2. 
Bilberry extract, D3G or C3G each significantly 
inhibited p38 phosphorylation induced by blue 
LED light exposure. Additionally, bilberry extract 
inhibited the phosphorylation of ERK 1/2 induced 
by blue LED light exposure. In contrast, D3G or 
C3G had no effect on the phosphorylation status 
of ERK 1/2 (Figure 5). In addition, C3G tended to 
increase phosphorylation of ERK 1/2 (no signifi-
cant difference).

IV.　Discussion

The ocular surface, which consists of the tear 
film, conjunctiva and cornea, functions as a free 
radical barrier. Dry eye is the main eye disorder 
related to a deficiency in antioxidant defense 
by the tear film.38–40) In dry eye patients with 
Sjögren syndrome, oxidative stress markers in-
crease and correlate with severity.23, 41) Moreover, 
useful treatments for dry eye include antioxidant 

therapy, which suppresses inflammation in exper-
imental and clinical cases of dry eye.42–47)

In this study, we investigated the protective 
effects of bilberry extract or its anthocyanin 
constituents against blue LED light-induced oxi-
dative stress in human corneal epithelial cells. 
Bilberry extract, which contains anthocyanins, 
other polyphenols and flavonoids is known to have 
antioxidant and anti-inflammatory effects, which 
are associated with both a reduction in ROS and 
an increase in antioxidant enzymes.48) In a previ-
ous report, bilberry extract or its anthocyanin 
constituents suppressed murine photoreceptor 
cell damage induced by blue LED light exposure. 
This suppression was mediated by the attenu-
ation of ROS production and regulation of both 
p38 MAPK activation and caspase-3/7 activity.9) 
We investigated whether blue LED light exposure 
induces cell damage in corneal epithelial cells 
and whether bilberry extract exhibits protective 
effects against this damage. It is known that 
blue LED light exposure induces damage to both 
retinal photoreceptor cells and corneal epithelial 
cells.3, 4, 8–10, 34–36) Since bilberry extract exhibits 
protective effects for both cell types, we specu-
lated that bilberry extract and related compounds 
may be promising treatments for eye diseases in-

Table 1　Analysis result of bilberry extract

Blueberry  
(comp % m/m)

Blueberry dried  
(comp % m/m)

Extracted  
Bilberry dried

Water 84.6 <0.5 4.2
Protein 0.6 4.22 1.5
Fat 0.6 4.22 0.6
Sugar 6.05 42.5 0.1
Carbohydrates & Fiber 4.9 34.4 37.4
org Acids 1.37 9.63 —
Titrable Acids (as Citric acid) — — 2.9
Minerals 0.3 2.11
Ash — — 0.2
Anthocyanins 0.4 2.81 37
Phenols other than Anthos** — — 16
Sum 98.8 99.9 99.9
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duced by blue LED light exposure.
First, in this study, blue LED light was directly 

irradiated from below the cell. Thereby, it is 
considered that light absorption by the drug can 
be ignored. Blue LED light exposure generated 
HCE-T cell damage and increased intracellular 
ROS production (Figures 1–3). The cell dysfunc-
tion induced by blue LED light exposure was 
suppressed by bilberry extract, D3G, C3G or the 
positive control compound, NAC. It has been re-
ported that these drugs not only have direct free 
radical scavenging activity but also suppress ROS 
production.31) These compounds also increase the 
amount of intracellular antioxidant enzymes.48) 
On the other hand, bilberry extract (10 µg/mL), 
D3G (10 μM) or C3G (10 μM) each significantly 
inhibited ROS production induced by blue LED 
light exposure. In the cell death assay using both 
PI fluorescence and Hoechst 33342 fluorescence, 
all of these compounds showed cytoprotective 
effects at concentrations lower than the concen-
tration (bilberry extract (3 µg/mL), D3G (3 μM) 
or C3G (3 μM)) at which ROS production was 
inhibited. On the other hand, M3G did not sup-
press corneal epithelial cell damage caused by 
blue LED irradiation (Figures 1 and 3). This is 
considered to be due to the low ability of M3G 
to suppress ROS production. Compared to D3G 
and C3G, M3G has a larger number of methoxy 
groups (-OCH3) and a smaller number of hydroxyl 
groups (-OH).23) In a previous report, it has been 
found that the radical scavenging effect increases 
as the number of coordinated hydroxyl groups 
increases.49) M3G also suppressed the amount 
of ROS produced by blue LED irradiation, but it 
was not significant (Figure 2). This suggests that 
M3G did not show a cyto-protective effect. Conse-
quently, our data indicated that these compounds 
possess HCE-T cell protective activity against 
blue LED light exposure by additional mecha-

nisms other than free radical scavenging activity. 
One hypothesis is that these compounds suppress 
the unfolded protein response (UPR). A previous 
report has shown that bilberry extract exhibited 
protective effects against blue LED light-induced 
UPR in retinal photoreceptor cells.34) Further-
more, bilberry extract exhibited protective effects 
against the optic nerve crush-induced UPR in 
retinal ganglion cells.50) Further studies are re-
quired to understand the mechanism of UPR sup-
pression mediated by bilberry extract.

In the present study, blue LED light exposure 
induced caspase-3/7 activation and disrupted the 
mitochondrial membrane potential, which cor-
related with HCE-T cell death (Figure 4). We also 
investigated cell damage using the CCK-8 assay, 
which reflects mitochondrial function (Figure 3). 
It has been reported that disturbance of the 
mitochondrial membrane potential by UV light 
exposure is the cause of caspase-3/7 activation 
in the corneal epithelial cell line HCE-T.51) Blue 
LED light also induces mitochondrial damage in 
corneal epithelial cells. It has been observed that 
caspase-3/7 activation occurs through the release 
of cytochrome c from mitochondria.52) Bilberry 
extract attenuated the mitochondrial dysfunction 
and suppressed the activation of caspase-3/7 (Fig-
ure 4), both of which were induced by blue LED 
light exposure.

ROS induces MAPK activation, and MAPK 
modulates inflammation, cell death and other 
cellular processes.53) It has been shown that vis-
ible light exposure activated p38 MAPK in pho-
toreceptor cells,8, 54) and it was revealed that blue 
LED light exposure also activated p38 MAPK in 
corneal epithelial cells in this study. In addition, 
it has been reported that p38 MAPK is an apop-
tosis-related factor, which is mainly activated by 
superoxide anions under oxidative stress condi-
tions.55) The superoxide anion radical scavenging 
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activity of bilberry extract56) may contribute to 
the suppression of p38 MAPK activation induced 
by blue LED light. Corneal epithelial cells are 
sensitive to oxidative stress associated with lipid 
peroxidation.57) UV-B, 4-hydroxynonenal (a reac-
tive lipid peroxidation end product) and osmotic 
pressure activated p38 MAPK and ERK 1/2.57–59) 
Activation of ERK 1/2 has been shown to be in-
volved in corneal epithelial wound healing.60) Ex-
posure of HCE-T cells to blue LED light induced 
the activation of ERK 1/2, but this activation was 
not suppressed by the addition of bilberry extract, 
D3G or C3G. Bilberry extract inhibited ROS pro-
duction induced by blue LED light exposure and 
suppressed apoptotic signaling, as examined by 
the phosphorylation status of p38. Interestingly, 
bilberry extract did not affect the activation of 
ERK 1/2, which is involved in corneal epithelial 
cell wound healing. Thus, these findings indicat-
ed that the protective effects of bilberry extract or 
its anthocyanin constituents on HCE-T cells ex-
posed to blue LED light were independent of the 
ERK pathway.

Furthermore, we considered that the involve-
ment of components other than anthocyanin 
contained in bilberry extract. We showed the 
analysis data of general bilberry extract to the 
Supplemental information 2. We have confirmed 
that bilberry extract contains dietary fiber, car-
bohydrates and some polyphenols as components 
other than anthocyanins. We considered that the 
effect was small because each of the other poly-
phenols was a minor amount (About one thou-
sandth). In addition, we considered that the effect 
of bilberry extract was anthocyanin and exam-
ined its action, as we thought that dietary fiber 
and carbohydrate also had little effect on ROS 
scavenging ability.

In conclusion, the present study showed that 
exposure of HCE-T cells to blue LED light in-

duced ROS production, which resulted in corneal 
epithelial cell damage. We also found that bilber-
ry extract or its anthocyanin constituents, D3G 
or C3G exhibited protective effects against blue 
LED light-induced HCE-T cell damage.
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