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Bilberry extract and anthocyanins suppress unfolded protein
response induced by exposure to blue LED light of cells in
photoreceptor cell line

Emi Ooe,' Yoshiki Kuse,! Tomohiro Yako,' Tetsuya Sogon,? Shinsuke Nakamura,' Hideaki Hara,' Masamitsu
Shimazawa!

'Molecular Pharmacology, Department of Biofunctional Evaluation, Gifu Pharmaceutical University, Gifu, Japan; *Wakasa
Seikatsu Co. Ltd, 22 Naginataboko-cho, Shijo-Karasuma, Shimogyo-ku, Kyoto, Japan

Purpose: The purpose of this study was to investigate the effects of bilberry extract with its anthocyanins on retinal
photoreceptor cell damage and on the endoplasmic reticulum (ER) stress induced by exposure to blue light-emitting
diode (LED) light.

Methods: Cultured murine photoreceptor cells (661W) were exposed to blue LED light with or without bilberry extract
or its anthocyanins in the culture media. Aggregated short-wavelength opsin (S-opsin) in murine photoreceptor cells was
observed with immunostaining. The expression of factors involved in the unfolded protein response was examined with
immunoblot analysis and quantitative real-time reverse transcription (RT)-PCR. Furthermore, cell death was observed
with double staining with Hoechst 33342 and propidium iodide after dithiothreitol (DTT) treatment.

Results: Bilberry extract and anthocyanins suppressed the aggregation of S-opsin, activation of ATF4, and expression
of the mRNA of the factors associated with the unfolded protein response (UPR). In addition, bilberry extract and the
anthocyanins inhibited the death of photoreceptor cells induced by DTT, an ER stress inducer.

Conclusions: These findings suggest that bilberry extract containing anthocyanins can alter the effects of blue LED
light and DTT-induced retinal photoreceptor cell damage. These effects were achieved by modulating the activation of
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ATF4 and through the suppression of the abnormal aggregation of S-opsin.

Blue light, 450 to 495 nm, is part of the high-energy
end of the visible light spectrum, and prolonged exposure
to blue light can cause damage to retinal photoreceptor cells
in in vivo experiments [1-5]. It has been found that exposure
to blue light causes oxidative stress, aggregation of short
wavelength opsin (S-opsin), and activation of transcription
factor 4 (ATF4) in the retina [1,6]. ATF4 is a protein of the
unfolded protein response (UPR), and is one of the causes of
the aggregation of S-opsin, a photoreceptor protein, in murine
photoreceptor cells [6]. It is important to prevent aggregation
of S-opsin and suppress oxidative stress in retinal photore-
ceptor cells to prevent damage from exposure to blue light.

Bilberry (Vaccinium myrtillus L.) is a member of the
Ericaceous family of plants that grow in northern European
forests. Bilberry extract contains 15 types of anthocyanins
[7,8] and has antioxidant activity [9], promotes collagen
biosynthesis [10], inhibits platelet aggregation [11], and
improves vascular tone, blood flow, and vasculoprotec-
tive activity [12,13]. Furthermore, results from animal
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experiments showed that bilberry improves the visual func-
tion [14,15], and clinical research has shown that bilberry
can alleviate visual fatigue [16]. The results of our previous
studies showed that bilberry extract had protective effects
against retinal neuronal damage induced by N-methyl-D-
aspartate [17] and had antiangiogenic effects in a mouse
model of oxygen-induced retinopathy [18]. In addition,
natural foods that contain anthocyanins (e.g., bilberry, maqui
berry, and purple rice) have been shown to have protective
effects against light-induced retinal damage [19-22]. We have
reported that bilberry extract and its constituent anthocyani-
dins protect retinal photoreceptor cell against the damage
induced by exposure to blue light-emitting diode (LED) light
(A, 464 nm) mainly through inhibition of the production
of reactive oxygen species (ROS) [20]. However, exposure
to blue LED light can also induce aggregation of S-opsin
that can then cause rapid cone degeneration [23]. To protect
photoreceptor cells from damage by exposure to blue LED
light, it is necessary to reduce the level of ROS and inhibit
S-opsin aggregation.

Because bilberry extract was reported to suppress
amyloid fibril formation [24], we reasoned that bilberry
extract with its anthocyanins might be able to suppress
abnormal protein aggregation and inhibit the activation of
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ATF4 and endoplasmic reticulum (ER) stress responses by
suppressing the aggregation of S-opsin induced by exposure
to blue LED light. Thus, the purpose of this study was to
determine the effects of bilberry extract and its anthocyanin
components, delphinidin-3-glucoside (Dp3G), cyanidin-
3-glucoside (Cy3G), and malvidin-3-glucoside (Mv3G), on
the damage of cultured retinal photoreceptor cells induced
by exposure to blue LED light. In addition, we examined the
effects of bilberry extract on ER stress.

METHODS

Materials: Bilberry extract was supplied by Wakasa Seikatsu
Co., Ltd (Kyoto, Japan). The anthocyanin content in this
bilberry extract was 38.35% as determined with high perfor-
mance liquid chromatography (HPLC). The anthocyanins
consisted of 15.03% delphinidin, 9.25% cyanidin, and 5.02%
malvidin. We confirmed the bilberry extract concentration
used in this experiment did not affect the absorption of blue
LED light (464 nm; data not shown). Dp3G, Cy3G, and
Mv3G were purchased from Tokiwa Phytochemical Co., Ltd.
(Chiba, Japan). Mouse antibodies against ATF4 and against
ubiquitin were purchased from Cell Signaling Technology
(Beverly, MA). Rabbit opsin antibody was purchased from
Merck Millipore (Darmstadt, Germany). Antibody against
mouse B-actin was purchased from Sigma-Aldrich (St. Louis,
MO). Dithiothreitol (DTT) was purchased from Wako Pure
Chemical Industries, Ltd. Osaka, Japan. Hoechst 33342 and
propidium iodide (PI) were purchased from Thermo Fisher
Scientific (Waltham, MA). Blue LED light with &, at 464
nm was purchased from M-Trust Co, Ltd. (Hyogo, Japan).

The mouse cell line, 661W, derived from retinal tumors
in transgenic mice was a kind gift from Dr. Muayyad R.
Al-Ubaidi of the University of Houston, Department of
Biomedical Engineering, Houston, TK. The 661W cells have
cellular and biochemical characteristics of cone photore-
ceptor cells and have been used as an in vitro model of cone
photoreceptors.

Cell cultures: The murine photoreceptor cell line was main-
tained in Dulbecco’s modified Eagle’s medium (DMEM)
containing 10% fetal bovine serum (FBS), 100 U/ml peni-
cillin, and 100 pg/ml streptomycin under a humidified atmo-
sphere of 5% CO, at 37 °C. Cultured cells were released by
trypsin and passaged every 2 to 3 days.

STR analysis

The murine photoreceptor cell line was confirmed
with short tandem repeats (STR) profile and interspecies
contamination testing (IDEXX BioResearch, Ludwigsburg,
Germany). The sample was verified to be of mouse origin,
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and no mammalian interspecies contamination was detected.
The genetic profile was proven to be consistent with a mixed
FVB and C57BL/6 mouse strain of origin, and to carry the
HITI transgene, which is unique to this cell line (Appendix
D [25].

Exposure to LED light: A blue LED light device aligns many
LED light sources. In this report, murine photoreceptor cells
were exposed with blue LED light at 450 lux illuminance
(equal to 0.38 mW/cm?), below the cell culturing plates. Expo-
sure to blue LED light was performed in a CO, incubator, in
a humidified atmosphere of 5% CO, at 37 °C.

Western blot analysis: Murine photoreceptor cells (3 x 10*
cell/well) were seeded in 12-well plates and cultured at 37 °C
for 24 h in a humidified atmosphere of 5% CO,. After 24 h,
the medium was replaced with 1% FBS-DMEM, and after
30 min, bilberry extract containing Dp3G, Cy3G, and Mv3G
or each anthocyanin was added. The cells were incubated
for 1 h, and then the cells were exposed to 450 lux of blue
LED light for 6 h. After the light exposure, the photoreceptor
cells were washed with PBS (1X; 136.9 mM NaCl, 2.68 mM
KCl, 10.14 mM Na,HPO,*12H,0, 1.76 mM KH,PO,, pH 7.3)
and lysed in radioimmunoprecipitation assay (RIPA) buffer
supplemented with 1% protease inhibitor and phosphatase
inhibitor cocktail 2 and 3 (Sigma Aldrich). Lysates were
centrifuged at 12,000 xg for 20 min, and the protein concen-
tration in the supernatant was measured with the BCA protein
assay kit (Thermo Fisher Scientific) with bovine serum
albumin (BSA) as the standard. The protein sample and the
sample buffer with 2-mercaptoethanol were mixed and then
separated on 5-20% sodium dodecyl sulfate (SDS) poly-
acrylamide gels. The separated proteins were transferred to
polyvinylidene difluoride (PVDF) membranes (Immobilon-P;
EMD Millipore Corporation, Billerica, MA). The following
primary antibodies were used for immunoblotting; rabbit
anti-ATF4, mouse anti-ubiquitin (1:1,000), and mouse anti-
B-actin (1:5,000). Then, the membranes were incubated with
secondary antibodies horseradish peroxidase (HRP)—conju-
gated goat anti-rabbit or goat anti-mouse (1:2,000; Thermo
Fisher Scientific). The immunoreactive bands were made
visible with ImmnoStar®LLD (Wako Pure Chemical Indus-
tries, Osaka, Japan), and the LAS-4000 Luminescent Image
Analyzer (Fuji Film, Tokyo, Japan). B-actin was used as the
loading control.

Immunostaining: Murine photoreceptor cells (1.5 x 10*
cell/500 pl) were seeded in glass chamber slides (Laboratory-
Tek; Life Technologies) and incubated for 24 h. After 24 h,
the medium was replaced with 1% FBS-DMEM and incu-
bated for 30 min, and then bilberry extract with Dp3G, Cy3G,
and Mv3G or each anthocyanin was added and incubated for
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1 h. Subsequently, the cells were exposed to 450 lux blue LED
for 6 h. After the exposure, the cells were immunostained
according to Kuse et al.’s method [1]. The stained slides
were photographed with a confocal fluorescence microscope
(Olympus), and the perinuclear S-opsin aggregated cells were
counted in a 212 pm? area with ImageJ software. At least five
sites in each well were photographed, and the average value
was used for the statistical analyses. Three to four wells were
counted for each group.

Real-time RT-PCR: Murine photoreceptor cells (1.5 x 10*
cell/well) were seeded in 24-well plates and incubated for
24 h. After 24 h, the medium was replaced with 1% FBS-
DMEM and incubated for 30 min, and then bilberry extract,
Dp3G, Cy3G, and Mv3G were added and incubated for 1 h.
Subsequently, the cells were exposed to 450 lux blue LED
for 6 h. Six hours after exposure to blue LED light, RNA
was extracted with NucleoSpin® RNA (Takara Bio Inc.,
Shiga, Japan). Real-time reverse transcription (RT)-PCR was
performed with a Thermal Cycler Real Time System with
SYBR Premix Ex Taqll according to the manufacturer’s
protocol. The PCR primer sequences used were for GRP94,
5“TTT GAA CCT CTG CTC AAC TGG AT-3' (forward)
and 5'-CTG ACT GGC CAC AAG AGC ACA-3' (reverse);
for BiP/GRP78, 5'-CTC CAC GGC TTC CGA TAA TCA-3'
(forward) and 5-TCC AGT CAG ATC AAA TGT ACC CAG
A-3' (reverse); and for GAPDH, 5-TGT GTC CGT CGT GGA
TCT GA-3' (forward) and 5-TTG CTG TTG AAG TCG CAG
GAG-3' (reverse).The results are expressed relative to the
GAPDH internal control.

DTT-induced cell death assay: Murine photoreceptor cells (3
x 10° cells/well) were seeded into 96-well plates and cultured
at 37 °C. The medium was exchanged for 1% FBS-DMEM,
and after 30 min, bilberry extract, or Dp3G, Cy3G, and Mv3G
were individually added. The cells were incubated for 1 h.
Then 3 mM of DTT was added, and the cells were further
cultured for 24 h. At the end of the incubation period, Hoechst
33342 and PI were added to the culture medium (8.1 and
1.5 uM, respectively) and then incubated for 15 min. The cells
were photographed through fluorescence filters for Hoechst
33342 (U-MWU, Olympus, Tokyo, Japan) and PI (U-MWIG,
Olympus) with a charge-coupled device camera (DP30BW,
Olympus). Finally, the cell mortality rate was calculated from
the number of PI-positive cells as a percentage of the number
of Hoechst 33342—positive cells.

Statistical analyses: Data are presented as the mean + stan-
dard error of the mean (SEM). Statistical comparisons were
made with one-way ANOVA followed by Student ¢ tests,
Tukey’s tests, or Dunnett’s multiple-comparison tests. A p
value of less than 0.05 was considered statistically significant.
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RESULTS

Effects of bilberry extract, Dp3G, Cy3G, and Mv3G on blue
LED light—induced aggregation of S-opsin: Exposure of
661W cells to 450 Iux of blue light for 6 h induced aggregation
of S-opsin, a protein specific for photoreceptor cells [1,26].
Exposure to blue LED light caused aggregation of S-opsin
time dependency [1]. S-opsin tended to aggregate from 3 h of
LED exposure, and statistically significantly increased with
exposure to LED light for 6 h [1]. Addition of bilberry extract,
or Dp3G, or Cy3G inhibited the aggregation of S-opsin in a
concentration-dependent manner. However, when Mv3G was
added, only a slight inhibition of the aggregation of S-opsin
occurred, and the changes were not statistically significant
(Figure 1). However, exposure to blue LED light and/or the
addition of bilberry extract showed no statistically signifi-
cant effect on the amounts of S-opsin mRNA and translation
proteins (Appendix 2). In addition, we performed immunob-
lotting using cycloheximide, a translation inhibitor, but as
there was no change in the amount of S-opsin protein, it is
inferred that cycloheximide did not affect the decomposi-
tion amount of the protein (Appendix 2). These experiments
were performed under exposure to blue LED light for 6 h.
Under these conditions, bilberry extract had no effect on the
transcription and translation of S-opsin. Moreover, bilberry
extract did not affect the degradation rate of S-opsin, because
bilberry extract did not change the amount of the S-opsin
protein even with cycloheximide.

Effects of bilberry extract, Dp3G, Cy3G, and Mv3G on acti-
vation of ATF4 by exposure to blue LED light: The effect of
bilberry extract or Dp3G, Cy3G, or Mv3G on the activation
of ATF4 was determined with western blot analyses. The
exposure duration was determined based on a previous report
[6]. Exposure to blue LED light statistically significantly
increased the expression of the ATF4 protein. Exposure to
bilberry extract or its active components (Dp3G, Cy3G, and
Mv3G) statistically significantly decreased the level of ATF4
expression induced by exposure to blue LED light (Figure 2).

Effects of bilberry extract, Dp3G, Cy3G, and Mv3G on the
level of expression of UPR factors induced by blue LED light
determined with RT-PCR: RT-PCR was performed to inves-
tigate the effects of bilberry extract and the anthocyanins on
the expression of the UPR factors. Exposure to blue LED
light activated ATF4 and increased the expression of Grp94
and bip/grp78, UPR factors, in the murine photoreceptor cell
line [6]. Grp94 and bip/grp78 are UPR factors present down-
stream of ATF4. Exposure to blue LED light upregulated
the expression of the mRNA of grp94 and bip, and bilberry
extract inhibited the increase of these factors (Figure 3B,C).
Dp3G and Cy3G also inhibited the expression of the mRNA
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of grp94 and bip/grp78, but Mv3G had no statistically signifi-
cant effect on this expression (Figure 3D,E).

Effect of bilberry extract on blue LED light—induced induc-
tion of protein polyubiquitination: Short exposure to blue
LED light increased the polyubiquitination of proteins in the
murine photoreceptor cell line [6]. We performed western
blot analysis to show that 6 h of exposure to blue LED light
increased the expression of polyubiquitinated proteins. Addi-
tion of bilberry extract to the medium suppressed the degree
of protein polyubiquitination (Figure 4).
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Effects of bilberry extract, Dp3G, Cy3G, and Mv3G on DTT-
induced death of murine photoreceptor cells: Exposure to blue
LED light induced S-opsin aggregation, ATF4 activation, and
upregulation of the downstream factors of ATF4. Thus, we
reasoned that exposure to blue LED light should induce ER
stress [6], and we investigated the effect of bilberry extract on
DTT-induced cell death. DTT, a reducing agent, is one of the
ER stress inducers, and it can induce death of murine photo-
receptor cells. Cell damage induced by DTT was protected
by the addition of positive control drug tauroursodeoxycholic
acid (TUDCA; data not shown). Bilberry extract, Dp3G, and
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Figure 1. Effect of bilberry extract, and its constituent anthocyanins, or Dp3G, Cy3G, and Mv3G individually, on the aggregation of S-opsin
induced by exposure to blue LED light. Representative immunostained images of S-opsin after exposure to blue light-emitting diode (LED)
light for 6 h and quantitative data after (A) bilberry extract, (B) delphinidin-3-glucoside (Dp3G), (C) cyanidin-3-glucoside (Cy3G), and (D)
malvidin-3-glucoside (Mv3G). The quantitative analysis of the immunostained images is the ratio of the aggregated S-opsin cells. Data are
the mean + standard error of the mean (SEM; n=3 or 4). #p<0.01 versus control; **p<0.01, *p<0.05 versus the vehicle (Dunnett’s multiple
comparison tests or Student ¢ tests). The scale bar represents 50 pm. Arrowheads indicate the aggregation of S-opsin.
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Figure 2. Effect of bilberry extract, or Dp3G, Cy3G, and Mv3G individually on blue LED light-induced ATF4 activation in 661W cells, a
murine photoreceptor cell line, in culture. Immunoblotting shows the level of the ATF4 protein. Cells were pretreated with bilberry extract,
or delphinidin-3-glucoside (Dp3G), cyanidin-3-glucoside (Cy3G), and malvidin-3-glucoside (Mv3G) for 1 h. After 1 h, exposure to 450 lux
blue light-emitting diode (LED) light for 9 h. A: Experimental protocol in vitro. B: Typical photomicrograph and quantitative data of ATF4
protein levels using (C) bilberry extract (C), (D) delphinidin 3-glucoside, (E) cyanidin 3-glucoside, and (F) malvidin 3-glucoside. Data
are the mean + standard error of the mean (SEM; n=5 to 6). ¥p<0.05, #p<0.01 versus control; **p<0.01 versus vehicle (Dunnett’s multiple
comparison tests or Student ¢ tests).
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Figure 3. Effect of bilberry extract, or Dp3G, Cy3G, and Mv3G individually on the expression of UPR factors induced by exposure to blue
LED light. Unfolded protein response-related mRNAs, bip and grp94, in murine photoreceptor cells induced by exposure to blue light-
emitting diode (LED) light. The levels of mRNA after 9 h exposure to blue LED light with real-time reverse transcriptase (RT)-PCR. A:
Experimental protocol. Induction of the mRNA of (A) bip, (B) grp94 treated with bilberry extract of 1 to 10 pg/ml. Induction of (C) bip and
(D) grp94 mRNA treated with anthocyanins at 10 uM. Gapdh mRNA was used as the control. Data are the mean + standard error of the mean
(SEM; n=4). #p<0.01 versus control; *p<0.05, **p<0.01 versus vehicle (Student ¢ tests, Dunnett’s multiple comparison test or Tukey's test).
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Cy3G inhibited DTT-induced cell death, but Mv3G had no
statistically significant effect (Figure 5).

DISCUSSION

Our previous results showed that bilberry extract had protec-
tive effects against ultraviolet A (UV-A) irradiation and
exposure to blue LED light for the murine photoreceptor cell
line. This was accomplished by reducing the production of
ROS [19,20]. In the present study, we focused on the effects
of bilberry extract and its anthocyanins against retinal photo-
receptor cell damage induced by exposure to blue LED light
that aggregated S-opsin and stimulated the UPR response
in an in vitro model. Bilberry extract contains 15 kinds of
anthocyanins (including delphinidin, cyanidin, malvidin,
petunidin, and peonidin) and three types of sugars (glucose,
galactose, and arabinose). The absorption and metabolism
mechanisms of action of anthocyanin have not been deter-
mined. Previously, anthocyanin was detected in the form of
glycosides and not as aglycone in an anthocyanin absorption
test using rats [27]. Therefore, we used glycosides to deter-
mine the active components of the bilberry extract.

S-opsin is more likely to aggregate than mouse M-opsin
[28]. It was previously reported that S-opsin aggregated
around the nucleus after exposure to blue LED light and
after exposure to the ER stress inducers DTT and tunica-
mycin [1,6]. Exposure to blue LED light causes aggregation
of S-opsin resulting in an increase in ATF4 [6]. In this study,
we investigated the effects of bilberry extract and its active
components on ATF4 activation and aggregation of S-opsin,
which was reported in a previous report [6]. Bilberry extract,

Dp3G, and Cy3G suppressed ATF4 activation and aggrega-
tion of S-opsin induced by exposure to blue LED light in
the murine photoreceptor cell line in vitro. Mv3G suppressed
blue LED light—induced ATF4 activation but had only a slight
effect on aggregation of S-opsin. It has been reported that
exposure to blue LED light activates Nrf2 in retinal photo-
receptor cells [29]. Nrf2 is a factor related to the oxidative
stress response, and Nrf2 can protect photoreceptor cells
from photooxidative stress [29]. It was reported that Nrf2
binds to the transcriptional region of ATF4, and Nrf2 and
ATF4 act in a coordinated manner [30,31]. The cause of the
activation of ATF4 is not only the aggregation of S-opsin
but also the activation of Nrf2 [30]. Mv3G did not have a
statistically significant effect on the aggregation of S-opsin;
however, Mv3G may have suppressed the activation of ATF4
by suppressing oxidative stress.

In this report, there was no influence of exposure to
blue LED light and addition of bilberry extract on the trans-
lation, synthesis, and degradation of S-opsin. Therefore, it
was suspected that the aggregation of S-opsin observed this
experiment was not changed in the amount of S-opsin protein
but in the suppression of aggregation or refolding of aggre-
gated S-opsin. It has been reported that the bilberry extract
suppresses abnormal aggregation of AP [24]. Anthocyanins
have three-ring structures with many hydroxyl groups [17].
The chemical chaperones TUDCA and ursodeoxycholic acid
(UDCA) that correct protein folding abnormalities also have
ring structures and hydroxyl groups [32]. We suggest that
suppression of the aggregation of S-opsin by anthocyanins is
related to the structural properties of anthocyanin.
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Figure 5. Effect of bilberry extract, and Dp3G, Cy3G, or Mv3G individually on DTT-induced cell death in murine photoreceptor cell line.
A: Experimental protocol in vitro. Effect of (B) bilberry extract, (C) delphinidin-3-glucoside (Dp3G), (D) cyanidin-3-glucoside (Cy3G), and
(E) malvidin-3-glucoside (Mv3G) on dithiothreitol (DTT)-induced cell death in murine photoreceptor cells. The number of cells exhibiting
propidium iodide (PI) fluorescence was counted and expressed as a percentage of Hoechst 33342—positive cells. Data are the means + standard
error of the mean (SEM; n=5 to 6). #p<0.01 versus control; **p<0.01 versus the vehicle (Dunnett’s multiple comparison test or Student ¢ test).
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We also investigated the effects of bilberry extract
and individual anthocyanins on the expression level of the
mRNAs of bip/grp78 and grp94 that were increased by
exposure to blue LED light [6]. The Bip protein tended to
increase with a short period of blue LED light irradiation,
but the increase was not statistically significant [6]. In this
study, we investigated at the time point where the change in
mRNA levels was observed with exposure to blue LED light
in a previous report [6]. Bilberry extract, Dp3G, and Cy3G
inhibited the activation of ATF4 and the expression of the
mRNA of bip/grp78 and grp 94. However, Mv3G suppressed
the activation of ATF4 but did not alter the level of expres-
sion of the mRNA of bip/grp78 and grp 94. It appears that
Mv3G suppressed the activation of ATF4 only through the
Nrf2 pathway due to the antioxidant effect but did not affect
the aggregation of S-opsin.

Previously, there are some reports that polyubiquiti-
nated proteins increase by exposure to light, and ER stress
rises accompanied by exposure to light in murine photore-
ceptor cells [6,33]. ER stress is caused by an accumulation
of unfolded proteins that are rapidly polyubiquitinated and
degraded through the ubiquitin-proteasome pathway [34].
Accumulation of polyubiquitinated protein levels has been
observed in neurodegenerative diseases associated with ER
stress [35,36]. In addition, there are reports that M-opsin
is difficult to aggregate [23], or the ubiquitinated M-opsin
is quickly degraded by the proteasome system [37]. In this
study, S-opsin and M-opsin were not separately examined,
and all ubiquitinated proteins were detected. The present
study showed that bilberry extract suppresses the increase in
a misfolded or unfolded protein after exposure to blue LED
light, and thus, it is reasonable to believe that bilberry extract
suppresses ER stress.

Moreover, bilberry extract and Dp3G and Cy3G indi-
vidually had protective effects against cell death caused
by DTT-induced ER stress. DTT causes ER stress through
the disruption of nonspecific thioester bonds. It has been
shown that bilberry extract has a protective effect against the
DTT-induced structural failure of the protein. In addition,
N-acetyl-L-cysteine (NAC), an antioxidant, had no protec-
tive effect against the cell damage caused by DTT (data
not shown). Therefore, we suggest that the protective effect
exhibited by bilberry extract was not due to an antioxidant
effect but inhibition of the intracellular stress caused by
DTT-induced destruction of the thioester bonds. Furthermore,
bilberry extract had a protective effect against DT T-induced
cell death, but no protective effect against tunicamycin-
induced cell death (Appendix 3). Tunicamycin inhibits
N-linked glycosylation that causes protein misfolding [38,39].

© 2018 Molecular Vision

The effect of tunicamycin depends on protein biosynthesis,
and tunicamycin also has an adverse effect on the synthesis
of normal proteins [40]. In contrast, DTT prevents disul-
fide bonds and induces misfolded protein independently of
protein synthesis [39,41]. It has been suggested that the active
components of bilberry extract are involved in the protection
of cysteine residues or thioester bonds of aggregated proteins
because bilberry extract has protective effects against the
aggregation of proteins caused by protein reduction. S-opsin
has one thioester bond and 15 cysteine residues [42]. It is
suspected that bilberry extract and its components inhibited
the aggregation of S-opsin by protecting the cysteine residues
or thioester bonds. It has been reported that bilberry extract
could divert peptide AP aggregation to an alternate non-toxic
form [24]. These findings suggest that bilberry extract has
similar effects against protein homeostasis.

The concentrations of delphinidin and cyanidin in the
bilberry extract were relatively high in the present study.
We suggest that the inhibition of ATF4 activation, S-opsin
aggregation after exposure to blue LED light, and protection
of DTT-induced cell death were largely due to the function
of the glycosides of delphinidin and cyanidin contained in
bilberry extract. The results of previous studies showed that
the plasma concentration of anthocyanins after oral intake of
cranberry juice containing 94.47 mg of anthocyanin ranges
from 0.56 to 4.46 nmol/l in humans and animals [43]. Another
study reported that the maximum rate of *C elimination
(32.53£14.24 ng/h) from blood after consumption of 500 mg
of isotopically labeled Cy3G was observed at 30 min [44].
In a previous study, Cy3G was detected in the plasma at 30
min after oral administration of Cy3G in rats [27]. However,
in pigs whose diet was supplemented with 0% to 4% w/w
blueberry for 4 weeks, 11 intact anthocyanins were detected
in the liver, eye, cortex, and cerebellum [45]. Another study
reported that anthocyanin could be detected in the plasma
and the eye after oral and intraperitoneal administration in
rats [46]. The intraperitoneal administration of black currant
anthocyanin at 108 mg/kg bodyweight in rats resulted in a
concentration of 6.72 pg/ml in the vitreous, 6.89 pg/g in the
retina, and 2.30 pg/g in the plasma [46]. Taken together, these
studies suggest that bilberry anthocyanins can reach the eye
of animals by oral administration. Although the effective
concentration of anthocyanin from in vitro investigations in
the present results may be higher than the plasma concentra-
tion of anthocyanin after oral administration, anthocyanin
may be able to reach the tissues of the eye and may possess
sufficient efficacy to benefit the eye. In future animal studies,
it will be necessary to investigate the protective effect of
orally administered bilberry extract.
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In conclusion, the present study showed that bilberry
extract containing anthocyanins protects the murine photo-
receptor cell line against blue LED light and DTT-induced
retinal photoreceptor cell damage. This was accomplished
by modulation of the activation of ATF4 and through the
suppression of abnormal aggregation of abnormal proteins.
Bilberry may be a useful preventative health food for retinal
diseases.

APPENDIX 1. STR ANALYSIS.

To access the data, click or select the words “Appendix 1.”

APPENDIX 2. EFFECT OF BILBERRY EXTRACT OR
BLUE LED LIGHT EXPOSURE ON S-OPSIN.

(A) The amount of S-opsin mRNA was examined. The levels
of mRNA after 6 h exposure to blue LED light and/or treated
with bilberry extract of 10 pug/ml determined by real-time
RT-PCR. Gapdh mRNA was used as the control. Data are the
means + SEMs (n=14). (B) The amount of S-opsin protein was
examined. The levels of S-opsin after 6 h exposure to blue
LED light and/or treated with bilberry extract of 10 pg/mL
determined by immunoblot with or without cycloheximide. C:
Control. B: Bilberry extract. V: Vehicle. To access the data,
click or select the words “Appendix 2.”

APPENDIX 3. EFFECT OF BILBERRY EXTRACT
ON TUNICAMYCIN-INDUCED CELL DEATH IN
MURINE PHOTORECEPTOR CELLS.

(A) Experimental protocol in vitro. Effect of (B) bilberry
extract on tunicamycin-induced death of 661W cells. The
number of cells exhibiting PI fluorescence was counted and
expressed as a percentage of Hoechst 33,342-positive cells.
Data are the means + SEMs (n=6). #p<0.01 versus control
(Student ¢ test). To access the data, click or select the words
“Appendix 3.”
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