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ARTICLE INFO ABSTRACT

Keywords: The mechanism by which the skin, a non-visual tissue, responds to light remains unknown. To date, opsin
Opsin expression has been demonstrated in keratinocytes, melanocytes, and fibroblasts, all of which are skin-derived

R?“i“fl . cells. In this study, we examined whether the visual cycle, by which opsin activity is maintained, is present in
::;zfin?;;tee skin keratinocytes. We also identified the wavelengths of light to which opsin in keratinocytes responds and

explored their effects on skin keratinocytes. The fetal rat skin keratinocytes used in this study expressed OPN2, 3,
and 5 in addition to enzymes involved in the visual cycle, and all-trans-retinal, which is produced by exposure to
light, was reconverted to 11-cis-retinal, resulting in opsin activation. Using the production of all-trans-retinal
after light exposure as an indicator, we discovered that keratinocytes responded to light at 450 nm. Furthermore,
actin alpha cardiac muscle 1 expression in keratinocytes was enhanced and cell migration was suppressed by
exposure to light at these wavelengths. These results indicate that keratinocytes express various opsins and have
a visual cycle that keeps opsin active. Moreover, keratinocytes were shown to respond to the blue/UV region of

Cell migration

the light spectrum, suggesting that opsin plays a role in the light response of the skin.

1. Introduction

The response of skin tissue to light is a well-documented phenome-
non. Ultraviolet (UV) light, for instance, has a considerable effect on the
skin of an organism [1,2], causing protein and DNA denaturation, which
leads to wrinkle formation [3], pigmentation [4], and the production of
bioactive peptides [5,6]. Several mechanisms by which UV light causes
these effects have been reported [7]. UV light modifies proteins and
DNA by generating reactive oxygen species, and nucleic acids them-
selves absorb UV light, causing them to degenerate. The effects of visible
light, which has a longer wavelength than UV light, on the skin have also
been reported, including on collagen synthesis [8], hyaluronic acid
synthesis [9], and melanin production [10,11]. The positive effects of
visible light, such as tissue regeneration and pain relief, and the negative
effects, such as oxidation and inflammation, are enhanced by violet and
blue light, which are also verified by the amount and wavelength of
visible light irradiation [12]. Furthermore, it has been shown that the
effects of short wavelengths are enhanced by lipofuscin, which increases

with UVA dose-dependent [13]. However, the mechanism of the cellular
response to visible light is still unclear.

Photopigments are G protein-coupled receptors that are expressed in
both visual and non-visual cells [14]. An opsin consists of an apoprotein
with a seven-transmembrane structure and the chromophore 11-cis-re-
tinal. Genomic studies have identified multiple opsin genes, and opsins
are classified into seven groups based on their amino acid sequences.
Three types of OPN1 are recognized according to the wavelength that
they detect: OPN1-SW, OPN1-MW, and OPN1-LW are sensitive to blue,
green, and red light, respectively [15,16]. They are expressed in
photoreceptor cells, such as cones and rods, in the optic disc of the
retina, playing a role in vision by detecting different wavelengths of
light. OPN2, better known as rhodopsin, is also expressed in photore-
ceptor cells and allows an organism to distinguish between light and
dark [17,18]. OPN3, OPN4, and OPNS5 are expressed in non-visual cells.
OPN3, also known as encephalopsin, is expressed in various tissues,
including those in the eye, brain, and liver [19,20], and is activated by
light at a wavelength of around 470 nm, which results in a decrease in
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the intracellular concentration of cyclic adenosine monophosphate
(cAMP) [21-23]. OPN4, also called melanopsin, is expressed in retinal
ganglion cells and skin tissue [24], and is activated by light at wave-
lengths of 460-480 nm. The melanopsin is able to drive responses via
both Gq and Gi/o, which results in an increase in the intracellular Ca*
concentration and a decrease in the intracellular concentration of cAMP
[25,26]. OPN5, also termed neuropsin, is activated by ultraviolet light
(360-400 nm wavelength) [27], and its expression has been detected in
many neuronal tissues, including the brain and retina [28].

The role of opsins as photopigments in skin cells has been predicted
as a mechanism by which the skin receives light [29]. The expression of
opsins has also been reported as a mechanism for the photo response of
cells derived from skin. Expression of OPN1, 2, 3, and 5 has been re-
ported in keratinocytes [30,31]. OPN1-5 expression has been reported
in fibroblasts [32] and melanocytes [31,33], and the expression of
OPN1, 3, and 5 is reportedly enhanced by UVA exposure in fibroblasts
[34]. OPNs expressed in the skin perform certain functions in response
to light exposure. In melanocytes, UV and blue light are involved in the
pigmentation process via OPN2, 3, and 4. In fibroblasts, such light
exposure is involved in photoaging via OPN3. Moreover, OPN2 is
associated with keratinocyte differentiation.

The visual cycle is required for the maintenance of opsin activity, as
opsins are apoproteins that require the binding of 11-cis-retinal for
activation [35-39]. However, upon light exposure, 11-cis-retinal is
converted to all-trans-retinal, which separates from opsin. In the retina,
the visual cycle converts all-trans-retinal to 11-cis-retinal, freeing it to
bind to and mature an opsin. In OPN4, which is expressed in endoge-
nous, photosensitive retinal ganglion cells, the photoisomerase retinal G
protein-coupled receptor regulates the retinal aldehyde concentration
[401.

In this study, we examined whether opsins expressed in keratino-
cytes and skin tissues are active and whether the visual cycle functions
as a mechanism to maintain opsin activity therein. As multiple opsins
are expressed in the skin, we expected that a wide range of wavelengths
can be received. However, the wavelengths that activate opsins in skin-
derived cells are unclear, and we therefore determined this range by
using the retinoid metabolism as an indicator. We then explored how
cells respond to this wavelength by using proteomic analysis to inves-
tigate changes in protein expression after light exposure. In addition, we
verified the functions of the proteins that were differentially expressed
in keratinocytes.

2. Materials and methods
2.1. Materials

11-cis-retinal and 11-cis-retinol were purchased from Toronto
Research Chemicals (ON, Canada). All-trans-retinal and all-trans-retinol
were purchased from Fujifilm Wako Pure Chemical (Osaka, Japan).

2.2. Cell culture

The FRSK cell line was supplied by Health Science Research Re-
sources Bank (Osaka, Japan). FRSK cells were cultured in DMEM (Nissui
Pharmaceutical, Tokyo, Japan) supplemented with 10 % (v/v) fetal
bovine serum (Moretate Biotech, Bulimba, Australia) in a humidified
atmosphere of 5 % CO, and 95 % air at 37 °C. When cells reached 80 %
confluency, they were dispersed with 0.05 % (w/v) trypsin in
phosphate-buffered saline (PBS) and harvested.

2.3. Animals

All animal experiments were approved by the Animal Experimenta-
tion Ethics Committee of Nihon Pharmaceutical University (approval
number: 201707) and studies were performed under Nihon Pharma-
ceutical University guidelines for the use of animals. Additionally, the
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present study was carried out in compliance with the ARRIVE guide-
lines. Male Sprague Dawley rats were homebred and housed under
standard laboratory conditions (23 + 1 °C, 55 + 5 % humidity) with
access to tap water and food ad libitum. Lights were set to automatically
turn on at 08:00 and off at 20:00. After euthanized by decapitation
under isoflurane anesthesia, retina and skin tissue were collected.

2.4. Expression of opsins and visual cycle-related genes

The expression of opsins and visual cycle-related genes were assessed
using reverse transcription-polymerase chain reaction (RT-PCR). Total
RNA was extracted from the FRSK cells, skin and retinas by using Tri-
Pure Isolation Reagent (Roche Life Science, Indianapolis, IN, USA), and
genomic DNA was removed with DNase I. cDNA was synthesized using
ReverTra Ace (Toyobo, Osaka, Japan) according to manufacturer in-
structions. The primers we used are listed in Table 1. The following PCR
cycles were used: initial denaturation at 95 °C for 5 min, followed by
30-40 cycles (depending on the primer) at 94 °C for 1 min, 60 °C for 1
min, and 72 °C for 1 min. PCR products were electrophoresed on
ethidium bromide-containing 2 % agarose gels and visualized under UV
illumination.

2.5. Sample preparation for SDS-PAGE or western blotting analysis

Extracts of FRSK cells, skin, and retinas were extracted for SDS-
PAGE, as follows. The samples were lysed with protein extraction
buffer (500 mM Tris-HCl [pH 6.8] and 10 % SDS) and centrifuged at
12,000xg at 4 °C for 10 min. The protein concentration of the lysates
was measured using the Coomassie Brilliant Blue method, with bovine
serum albumin as the standard.

2.6. Western blotting analysis

Samples (10 pg) of the cell lysates were separated on a 12 % (w/v)
polyacrylamide gel [41]. Proteins were blotted onto nitrocellulose
membranes (Protran BA85; GE Healthcare, Chicago, IL, USA) in a
semi-dry blotting system (NA-1513; Nihon Eidoh Co., Tokyo, Japan)
[42]. Nitrocellulose membranes were blocked with 2 % (w/v) skim milk
in Tris-buffered saline. Blocked membranes were incubated with rabbit
anti-ActC antibody (1:10,000; Genetex, Irvine, CA, USA), mouse anti--
B-actin monoclonal antibody (1 : 10,000; Fujifilm Wako Pure Chemical,
Osaka, Japan) or mouse anti-GAPDH antibody (1:10,000; Fujifilm Wako
Pure Chemical, Osaka, Japan). This was followed by incubation with
horseradish peroxidase-conjugated goat anti-rabbit immunoglobulin G
(IgG) antibody (1:10,000; Seracare, Camarillo, CA, USA) or horseradish
peroxidase-conjugated goat anti-mouse IgG antibody (1:3000; Ser-
acare). The blots were subsequently developed using the ImmunoStar
Zeta chemiluminescent reagent (Fujifilm Wako Pure Chemical, Osaka,
Japan) and a LuminoGraph chemiluminescent imaging system (Atto
Corporation, Tokyo, Japan). We subjected the resulting fragments to
densitometric analysis using ImageJ software (National Institutes of
Health, Bethesda, MD, USA).

2.7. Two-dimensional electrophoresis

We modified the samples by alkylation with 10 mM dithiothreitol
and 50 mM monoiodoacetic acid. The modified samples were loaded on
a linear ampholyte (GE Healthcare) gradient (pH 4-10) polyacrylamide
gel. The electrophoresis was performed overnight by using an increasing
voltage (200-1000 V). The gradient gel was placed on the surface of a
12 % (w/v) polyacrylamide gel.

2.8. Silver staining and peptide mass fingerprinting analysis

Silver staining of the gels was performed as previously described,
with some modification [43]. Briefly, the gels were fixed with 10 %
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(v/v) acetic acid/30 % (v/v) ethanol overnight. After several changes of
20 % (v/v) ethanol and water, the gels were incubated in 0.2 % (w/v)
sodium thiosulfate, followed by several washes of water. Thereafter, the
gels were incubated in 0.2 % (w/v) silver nitrate and washed briefly
with water. Development was performed with 0.01 % (w/v) formalde-
hyde in 3 % (w/v) sodium bicarbonate and 0.001 % (w/v) sodium
thiosulfate. The reaction was stopped with 5 % (w/v) Tris and 2.5 %
(v/v) acetic acid. Protein spots were collected and incubated with 15
mM potassium ferricyanide and 50 mM sodium thiosulfate until the
color disappeared.

The samples were digested overnight with 10 ng/pl N-tosyl-i-
phenylalanine chloromethyl ketone-trypsin (Sigma-Aldrich, St. Louis,
MO, USA) at 37 °C. For desalting and concentrating, we loaded the
digested proteins into ZipTip C18 pipette tips (Millipore, Billerica, MA,
USA) and eluted them with 50 % acetonitrile with 0.1 % trifluoroacetic
acid. Subsequently, we performed mass spectrometry on a Bruker
Autoflex mass spectrometer (Bruker Daltonics, Bremen, Germany). We
obtained the spectra in the positive mode and analyzed them with
flexAnalysis software (Bruker Daltonics). We used the Mascot program
(Matrix Science, London, UK) to conduct database searches.

2.9. Extraction with retinoids

We seeded 3 x 107 FRSK cells in culture dishes. These cells were
irradiated with light for 15 min. Retinoid metabolism after light expo-
sure was performed to simultaneous irradiation with LEDs emitting light
at wavelengths of 365, 453, 525, 660, 750 and 850 nm. Analysis of the
wavelengths of light to which FRSK cells respond was performed using
the Okazaki Large Spectrograph at wavelengths of 350, 450, 550, 650
and 750 nm, respectively. Retinals were extracted using the formalde-
hyde method [44], as follows: 100 pL of 6 M formaldehyde in 0.1 M
phosphate buffer was added to the FRSK cells, and incubated at 30 °C for
2 min. After the incubation, 1 mL of dichloromethane was added, and
the mixture was vigorously shaken. The mixture was re-incubated at
30 °C for 10 min. Next, 2 mL of n-hexane was added and the mixture was
shaken. The mixture was centrifuged at 3000 rpm for 5 min and the
dichloromethane/n-hexane layer was collected. The extraction with
dichloromethane/n-hexane was repeated once. These extracts were
combined and evaporated with centrifugal concentrators. The entire
procedure was carried out in a dark room.

Retinols were extracted using hexane [45], as follows: after light
irradiation, the FRSK cells were suspended in 0.1 mL of PBS (pH 7.0),
after which 0.1 mL of ethanol and 0.4 mL of n-hexane were added. The
mixture was shaken and subsequently centrifuged at 1000xg for 5 min.
The n-hexane layer was collected. The extraction with n-hexane was
repeated two times. The extracts were combined and evaporated with
centrifugal concentrators. The entire procedure was carried out in a dark
room.

2.10. Separation of retinoids via HPLC

The extracted retinals and retinols were dissolved in n-hexane. The
extracts were combined and analyzed with a Shimadzu HPLC system and
a COSMOSIL Cholester column (4.6 mm I.D. x 150 mm; Nacalai Tesque,
Inc., Kyoto, Japan). The retinoids were separated at 1 mL/min with 10 %
(v/v) methanol and 5 % (v/v) phosphate buffer (pH 2.5) in n-hexane,
and their absorbances were measured at 340 nm. Retinals and retinols
were quantified according to their peak areas with ImageJ software
(National Institutes of Health, Bethesda, MD, USA). We performed four
independent experiments to measure and analyze retinoids metabolites
ratio. Retention time was determined using standard chemicals.

2.11. Wound-healing assay

After growing up to around 90 % confluence in 6-well plates, FRSK
cells were treated with LED light (individual exposure at 365, 453, 525,
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Fig. 1. Expression of opsins in rat skin and rat fetal skin keratinocyte (FRSK)
cells

RT-PCR analysis of opsin mRNA expression in rat skin tissue and FRSK cells.
M, 1, 2, and 3 represent the DNA size marker, FRSK cells, skin tissue, and retina,
respectively.

660, 750, and 850 nm). Cells were scratched with a 200-pL tip and
washed with PBS to remove cell debris. We took photos of the scratched
areas to record wound widths at the start point (0 h). After cultivation
for 24 h, wound widths were photographed at the end point. We
measured the scratched areas by using ImageJ software. The migration
rates were calculated using the following formula: migration rate (%) =
(0-h area —24-h area)/0-h area x 100.

2.12. Statistical analysis

Data are presented as means =+ standard deviations. We analyzed the
results via Tukey’s tests conducted using R software (version 4.1.2, R
Development Core Team, Vienna, Austria), and we considered p-values
<0.05 to indicate statistical significance.

3. Results
3.1. Expression of opsins in keratinocytes and skin tissue

We analyzed the expression of opsin in fetal rat skin keratinocyte
(FRSK) cells by using RT-PCR (Fig. 1). The retina showed expression of
all opsins. OPN1-MW/LW, OPN3, OPN4, and OPN5 mRNA were
expressed in skin tissue. Expression of OPN2, OPN3, and OPN5 was
observed in FRSK cells. The OPN5 PCR products differed in size between
the retinal and skin tissue. OPN3 also exhibited a second PCR product of
smaller size in FRSK cells.

3.2. Expression of enzymes related to visual cycle in keratinocytes and
skin tissue

We analyzed the expression of enzymes involved in the visual cycle
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Fig. 2. Visual cycle in rat skin and rat fetal skin keratinocyte (FRSK) cells

RT-PCR analysis of mRNA expression of visual cycle-related enzymes in rat skin tissue and FRSK cells (a). M, 1, 2, and 3 represent the DNA size marker, FRSK cells,
skin tissue, and retina, respectively. Chromatogram profiles of retinoids in FRSK cells after simultaneous irradiation with LEDs emitting light at wavelengths of 365,
453, 525, 660, 750, and 850 nm for 15 min (b—e). The light intensity of each wavelength of light was maintained at 1.2-2.7 W/m? Numbers 1-4 show the elution
positions of the standards for 11-cis-retinol, 11-cis-retinal, all-trans-retinol, and all-trans-retinal, respectively. Chromatograms of retinoids extracted from non-
irradiated FRSK cells (b), and immediately (c), 15 min (d), and 45 min (e) after irradiation. Ratio of 11-cis-retinal to total retinoids in FRSK cells after LED light-
irradiation (f). Each bar represents the mean + standard deviation of four independent experiments. Circles represent individual values from independent experi-

ments. Tukey’s multiple comparisons test was performed one-way ANOVA to compare the non-irradiated cells. Asterisks indicate statistical difference be-
tween groups.
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Table 1
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Primer for RT-PCR’ should be put near 2.4 Expression of opsins and visual cycle-related genes in the material methods.

Target Sense primer Antisense primer

OPN1-SW TCTTCACAGTCTTCATCGCCAG CCAGGTATAGTGCTCGCTTC
OPN1-MW/LW AGCAGAGACCATTATTGCCAGC GTCCATACAGCAGCCCAGAC
OPN2 CACCTCACTGCATGGCTACTT ATGGGGATGGTGAAGTGGAC
OPN3 GTCTGGGCGATCTGCTGGTA ATGCCAAAGAGTAGAGCCAGAT
OPN4 TGGAACAGCACTCAGAACATC AAAGACAGCCCCACAGAAGG
OPN5 AAGCCTGATTACCATGACTGC TGGCAATGATCTTCGCGTATG
LRAT CTCACCTTGCACAGACCAGTTG AGTTGGAAATAAGGAGCAGC
RPE65 AAGATTAACCCAGAGACCTTG GCACCATTGACGGAAACATAG
Rdh8 GTGGTGGTCAGCAGTGTTAT ATTGAACATGACGCCCTGGAG
Rdh11 CAGATGGCTTTGAGATGCAC CTAGCAGCAAATGGGTCAAGA
Rdh12 TCCATCCGAACCTTTGCTGA GGAGGTCATGGAAACGGATC
B-actin AACCCTAAGGCCAACCGTGAAAAG CGACCAGAGGCATACAGGGACAAC

Table 2
Retention time and ratio of retinal metabolites in rat fetal skin keratinocyte
(FRSK) cells after simultaneous exposure to LED at 365, 453, 525, 660, 750, and
850 nm.

retention time (min) ratio of retinal metabolites (%)

non- After irradiated-LED
irradiated light (min)
0 15 45
11-cis-retinal 9.6 30.0 12.6 20.9 25.3
11-cis-retinol 8.1 44.4 50.8 40.0 383
all-trans- 11.3 20.8 171 265 201
retinal
all-trans- 10.2 6.2 19.1 11.3 152
retinol

The light intensity of each wavelength was maintained at 1.2-2.7 W/m?. Each
result represents the mean of four independent experiments.

via RT-PCR to determine whether a retinoid metabolic pathway is pre-
sent in the skin and keratinocytes to maintain opsin activity (Fig. 2-a).
All the enzymes known to be involved in retinal metabolism were
expressed in FRSK cells, with the exception of RDH12.

3.3. Retinol metabolism after light exposure in FRSK cells

The ratios of retinol metabolites after different lengths of light
exposure are presented in Table 2. Under our conditions, 11-cis-retinal,
11-cis-retinol, all-trans-retinal, and all-trans-retinol were eluted at
approximately 9.6, 8.1, 11.3, and 10.2 min, respectively. The experi-
ment was performed after the FRSK cells had been cultured in the dark
for at least 6 h; retinoid extraction and analysis were both performed
under dark conditions. Retinoids ratio was evaluated four independent
experiments. The ratio of 11-cis-retinal, all-trans-retinal, all-trans-
retinol, and 11-cis-retinol was 30.0 : 44.4: 20.8 : 6.2 (Fig. 2-b). After
exactly 15 min of simultaneous exposure to 365 nm, 453 nm, 525 nm,
660 nm, 750 nm, and 850 nm LED light, the ratio was 12.6 : 50.8: 17.1 :
19.1, with a decrease in 11-cis-retinal and an increase in the percentage
of all-trans-retinal (Fig. 2-c). After light exposure was stopped, the ratio
at 15 min (Fig. 2-d) and 45 min (Fig. 2-e) was 20.9: 40.0: 26.5:11.3 and
25.3:38.3:20.1: 15.2, respectively. And then, at approximately 45 min,
the values were close to those before light exposure. Light exposure was
shown to cause a decrease in the ratio of 11-cis-retinal to total retinoids
in FRSK cells (Fig. 2-f).

3.4. Wavelength to which FRSK cells respond

We attempted to determine the wavelength of light to which FRSKs
respond by monitoring the change in the ratio of retinoids as they were
exposed to different wavelengths of light (350, 450, 550, 650, and 750
nm). Using the Okazaki Large Spectrograph, retinoids were extracted
immediately after exposure of the keratinocytes to light, and the

percentage of 11-cis-retinal was evaluated via HPLC (High Performance
Liquid Chromatography) elution profiles. Retinoids ratio was measured
four independent experiments. Fig. 3-a shows the ratio of 11-cis-retinal/
all-trans-retinal, with smaller values indicating that opsin is activated by
the wavelength to which it is exposed. The ratio of 11-cis-retinal/all-
trans-retinal tended to decrease at wavelengths of 350-550 nm, and then
significantly decreased at 450 nm. These results suggested that blue/UV
opsin responded to light.

3.5. Decrease of ActC expression after blue-light irradiation in FRSK cells

OPN2 [46], OPN3 [22] and OPNS5 [27,47] expression in FRSK cells
respond to light at 498 nm, 460 nm, and 380 nm, respectively, indicating
that they are sensitive to short wavelengths. A response in retinal
metabolism was also observed at wavelengths of 350-550 nm. To
determine the changes occurring in FRSK cells upon exposure to blue
light, proteins with differential expression after 7 days of exposure to a
453 nm blue LED for 15 min per day were analyzed via two-dimensional
electrophoresis (Fig. 3-b, c). Some of these proteins exhibited differen-
tial expression. The protein circled in Fig. 3-c was identified as actin
alpha cardiac muscle 1 (ActC) via peptide mass fingerprinting (Fig. 3-d).
Thereafter, the expression of ActC was evaluated via Western blotting
(Fig. 3-e, f), which revealed that it was enhanced at wavelengths of 450
nm and 525 nm of blue light. The expression of -actin and GAPDH was
unchanged at all wavelengths (Fig. 3-g).

3.6. Changes in FRSK migration ability at different wavelengths

The suppression of ActC expression in glioblastoma decreases cell
migratory ability [48]. Therefore, the effect of exposure to different
wavelengths of light on migration ability was evaluated using a
wound-healing assay (Fig. 4-a, b). Exposure to light at 365 nm, which
corresponds to UV light, suppressed keratinocyte migration to 57 %. In
contrast, exposure to wavelengths near 453 nm or 525 nm, at which
ActC expression increases, suppressed keratinocyte migration to
approximately 20 %.

4. Discussion

In this study, we showed that several types of opsins are expressed in
keratinocytes and skin tissue, as OPN2, 3, and 5 were expressed in FRSK
cells. OPN5 was detected as two PCR products of different sizes in retina
and skin tissue. OPN3 was detected as two PCR products of different
sizes in FRSK cells. As previous reports suggested the presence of mul-
tiple splicing variants among opsins [31], these multiple PCR products
were expected. Several groups have reported the presence of different
isoforms of non-visual opsins, some corresponding to substantial
changes that occur during fetal and postnatal development [49-51]. In
this study, the use of keratinocytes isolated from fetal rats may be the
reason that multiple isoforms were detected. However, whether and to
what extent OPN3 and OPNS5 are active in these cells is unknown. The
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Fig. 3. Response of FRSK cells to exposure to blue light

The ratio of 11-cis-retinal in rat fetal skin keratinocyte (FRSK) cells after exposure to light with different wavelengths (350, 450, 550, 650 and 750 nm), evaluated
using HPLC elution profiles (a). The irradiated light was spectrally prepared with the Okazaki Large Spectrograph, and the light intensity was maintained at 1.7-2.2
W/m?. Each bar represents the mean + standard deviation of four independent experiments. Circles represent individual values from independent experiments.
Tukey’s multiple comparisons test was performed one-way ANOVA to compare the non-irradiated cells. Asterisks indicate statistical difference between groups.
Extracts from FRSK cells that had been exposed to LED light at a wavelength of 453 nm for 15 min per day (b) or those from non-irradiated cells (c) were separated
with two-dimensional electrophoresis. The circled spot was used for peptide mass fingerprinting. Mass spectra of trypsin-digested fragments, along with the search
results in the Mascot program (d). The spot was identified a match for rat ActC by peptide mass fingerprinting analysis, with a significant score of 59 (p = 0.011).
Sequence coverage was 29 %. Western blot analysis for the expression of ActC, B-actin, and GAPDH in FRSK cells after exposure to LED light at 365-850 nm (e).
p-actin and GAPDH were used as controls. The ActC (f) and p-actin (g) density was measured using ImageJ software, calibrated against GAPDH. Results show the
mean + standard deviation of at least three independent experiments. Tukey’s multiple comparisons test was performed one-way ANOVA to compare the non-
irradiated cells. Asterisks indicate statistical difference between groups. M, 1, 2, 3, 4, 5, 6, and 7 represent the protein size marker, non-irradiated cells, and cells
irradiated with LED light at 365 nm, 453 nm, 525 nm, 660 nm, 750 nm, and 850 nm, respectively. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)
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Effect of exposure to LED lights at different wavelengths (365, 453, 525, 660,
750, and 850 nm) on the wound-healing of FRSK cells. The light intensity of
each wavelength was maintained at 1.2-2.7 W/m?. Bright-field images of the
scratched area of FRSK cells at 0 and 24 h after scratching (a). Wound closure
was 100 % for non-irradiated FRSK cells (b). Each bar represents the mean +
standard deviation of at least three independent experiments. Tukey’s multiple
comparisons test was performed one-way ANOVA to compare the non-
irradiated cells. Asterisks indicate statistical difference between groups.
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peak response of OPN2, 3, and 5 expression in FRSK cells was previously
detected at 498 nm, 460 nm, and 380 nm, respectively [22,27,46,47],
suggesting that they are all activated by short-wavelength blue light.
Next, we evaluated the presence of a visual cycle in FRSK cells, which
is required for the maintenance of opsin function. In that cycle, all-trans-
retinal is converted again to 11-cis-retinal by the RDH8, RDH12, RPE65,
LRAT, and RDH11 enzymes and binds to opsin to activate it in the retina
[38,39]. All of these enzymes were expressed in rat skin in this study,
and only RDH12 expression was not detected in FRSK cells. In general, in
the visual cycle (Fig. 5), RDH8 and RDH12 are both responsible for the
conversion of all-trans-retinal to all-trans-retinol [52-54]. Therefore, our
results suggest that RDH8 is responsible for this conversion in FRSK
cells. Our results also indicate that in skin tissues and keratinocytes can
convert all-trans-retinal to 11-cis-retinal in the visual cycle.
Subsequently, we tested whether the visual cycle is functional in
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FRSK cells by measuring retinoid metabolites after light exposure. The
amount of 11-cis-retinal decreased after light exposure, indicating that
opsin expressed in FRSK cells was responsive to light. After 45 min, the
amount of 11-cis-retinal was at the same level as before light exposure,
suggesting that this is the time required for the resynthesis of 11-cis-
retinal.

Next, detection of retinoid metabolites after light exposure revealed
that FRSK cells respond to blue light. We demonstrated that the blue
light to which FRSK cells respond enhances ActC expression and sup-
presses cell migration. ActC is an actin expressed in mature heart and
fetal skeletal muscle and has a high homology with ActA and ActB [55].
Actin is an important protein in the formation of the cytoskeleton and
generates physical forces such as cell migration; ActC is also involved in
cell migration [56], and suppression of ActC expression in glioblastoma
reportedly reduces cell migratory ability [48]. In other words, migration
ability in glioblastoma is enhanced by ActC. In contrast, we discovered
that an increase in ActC induced by exposure to blue light decreased cell
migration in FRSK cells. The cause of the difference in the effect of
increased ActC on cell migration ability is unknown. Exposure to blue
light reportedly decreases the migratory ability of keratinocytes, sup-
porting the results of this experiment [57]. Vinculin reportedly migrates
to the cell membrane in melanocytes upon UVA or UVB exposure [58,
59]. It is also known to be involved in the formation of cell adhesion
plaques and the regulation of cell migration [60,61], and a similar
mechanism may be in place in FRSK cells. As p-actin was expressed, the
ratio of ActC to f-actin expression may alter the speed of actin filament
formation and filament strength, thereby affecting keratinocyte migra-
tion. The fact that ActC expression is decreased at longer wavelengths of
light (650-850 nm) without affecting migration ability also indicates
that the constant expression of p-actin is sufficient for cell migration. In
this study, we did not perform gene knockout/silencing experiments of
ActC. Therefore, we could not rule out that the reduction of cell
migration by blue light is mediated by a factor other than ActC. The
cause of this phenomenon is unknown and requires verification in future
research.

In conclusion, the present study demonstrates that opsins and en-
zymes involved in the visual cycle are expressed in skin keratinocytes.
Moreover, all-trans-retinal, which is produced after light exposure, is
converted back to 11-cis-retinal via the visual cycle, keeping opsins
active. Using retinoid metabolism as an indicator, we also showed that
keratinocytes respond to light at wavelengths around 450 nm by
increasing ActC expression and inhibiting cell migration. These results
indicate that non-visual cells recognize violet/blue light and exhibit a
cellular response, suggesting that opsin is involved in maintaining skin
homeostasis after light exposure.
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