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1. Introduction

Photosensitivity is a condition that causes itching, 
redness, and rashes on the skin under exposure to 
sunlight, which may be manifested by ultraviolet (1) 
or visible light (2,3). Although cellular responses to 
high-energy ultraviolet light have long been reported, 
the photoresponsive mechanism occurring after skin 
exposure to visible light remains unclear.
 The induction of inflammation in the skin following 
exposure to visible light occurs through the secretion of 
inflammatory cytokines. In keratinocytes, the activation 
of opsins promotes the secretion of inflammatory 
cytokines such as IL-3 and IL-6 (4,5), which is known to 
induce inflammation. Additionally, blue light is absorbed 
by intracellular chromophores, such as those found 
in mitochondria, leading to the generation of reactive 
oxygen species (ROS) (6). The ROS produced then 
induce the secretion of inflammatory cytokines (TNF-α, 
IL-1β, etc. (5-7)), thereby promoting inflammatory 
responses. These mechanisms are considered to be one of 
the causes of skin inflammation induced by visible light.
 Mast cells are distributed in many tissues, and 
together with basophils constitute the main source 
of histamine (8). The mast cell surface expresses 

FcεRI, a receptor for IgE antibodies, which causes 
increased intracellular calcium ion concentrations, 
then degranulation and the release of histamine and 
other chemical transmitters from the granules to 
the extracellular environment (9). Histamine causes 
vasodilation, increased vascular permeability, and 
contraction of smooth muscle, leading to a variety of 
immediate allergic symptoms (10).
 In recent years, the expression of photoreceptors 
in skin has been clarified and reported to show various 
responses to exposure to visible light and ultraviolet 
radiation (11-14). However, the effects of visible light 
on mast cells have not been reported so far. In this study, 
we therefore focused on opsin as a photoreceptor and 
explored its expression in mast cells. We also examined 
the effects of light exposure on degranulation, focusing 
on the induction of allergies, in which mast cells play a 
major role.

2. Materials and Methods

2.1. Cell culture

Cells of the mouse mast cell line P-815 (15) and rat 
basophilic leukemia and mast cell line RBL-2H3 
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(16,17), which are widely employed as models for 
immunologically induced mast cell degranulation, were 
supplied by Health Science Research Resources Bank 
(Osaka, Japan). Cells were cultured in DMEM (Nissui 
Pharmaceutical, Tokyo, Japan) supplemented with 
10% (v/v) fetal bovine serum (FBS, Moretate Biotech, 
Bulimba, Australia) in a humidified atmosphere of 5% 
CO2 and 95% air at 37°C.

2.2. Expression of opsins in mast cell lines

The expression of opsins was assessed using reverse 
transcription-polymerase chain reaction (RT-PCR). 
Total RNA was extracted from the P-815 cells and RBL-
2H3 cells using TriPure 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 instructions. The primers used are listed in 
Table 1. PCR amplification was performed using Quick 
Taq® HS DyeMix (Toyobo) following the manufacturer's 
instructions. The following PCR cycles were employed: 
initial denaturation at 95°C for 5 min, followed by 30 to 
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.
 For quantification of OPN3 expression, quantitative 
PCR was performed using a  StepOne system 
(Applied Biosystems, Foster City, CA, USA) with 
THUNDERBIRD® Next SYBR™ qPCR Mix (Toyobo). 
The primers used are listed in Table 1. Specificity of PCR 
products was verified by melt curve. The Ct values for 
the samples were normalized to that of β-actin, and the 
relative expression was calculated using the comparative 
Ct method.

2.3. β-Hexosaminidase assay

Cells were prepared in DMEM with 10% FBS at 5 

× 105 cells/mL and cultured in 96-well microplates 
at 200 μL per well. After 24 h incubation, DMEM 
with 10% FBS was removed, 100 μL of DMEM with 
1% FBS was added to each well, and the cells were 
irradiated with light for 15 min. The irradiation was 
performed using the Okazaki Large Spectrograph with 
wavelengths of 350 nm, 450 nm, 550 nm, 650 nm and 
750 nm. Each wavelength was regulated at 1.7-2.2 W/
m2. After irradiation, the supernatants were collected for 
measuring β-hexosaminidase activity. The supernatant of 
cells not exposed to light was used as a negative control, 
while total β-hexosaminidase extracted using 100 μL of 
Triton X-100 was used as a positive control. A moiety 
of 10 μL per prepared sample was transferred to a 96-
well microplate, and 100 μL of 2 mM p–nitrophenyl–
N–acetyl–β–D–glucosaminide solution was added and 
then incubated at 37°C for 30 min. After incubation, the 
amount of paranitrophenol produced by the reaction was 
determined based on absorbance at a wavelength of 410 
nm.

2.4. Western blotting analysis

Samples (20 μg) of the cell lysates were separated on 
a 12% (w/v) polyacrylamide gel (18). 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) (19). 
Nitrocellulose membranes were blocked with 2% (w/v) 
skim milk in Tris-buffered saline. Blocked membranes 
were incubated with rabbit anti-opsin 3 antibody (1:3,000; 
Genetex, Irvine, CA, USA), 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 (1:3,000; 
Seracare). The blots were subsequently developed 
using the ImmunoStar LD chemiluminescent reagent 
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Table 1. Primers for RT-PCR

Target

rat OPN1-SW
rat OPN1-MW/LW
rat OPN2
rat OPN3
rat OPN4
rat OPN5
rat β-actin
mouse OPN1-SW
mouse OPN1-MW/LW
mouse OPN2
mouse OPN3
mouse OPN4
mouse OPN5
mouse β-actin

Sense primer

TCTTCACAGTCTTCATCGCCAG
AGCAGAGACCATTATTGCCAGC
CACCTCACTGCATGGCTACTT
GTCTGGGCGATCTGCTGGTA
TGGAACAGCACTCAGAACATC
AAGCCTGATTACCATGACTGC
AACCCTAAGGCCAACCGTGAAAAG
TGGGCTCTGTAGCAGGTCTA
AACTTGGCAGTTGCTGACCT
GGGCCCCAATTTTTATGTGCC
CATTACCACCCTCACTGTGCT
GTTCTGAGAGTGAAGTGGGCT
AACCACACTGCCCTACCTCA
TGACAGGATGCAGAAGGAGA

Antisense primer

CCAGGTATAGTGCTCGCTTC
GTCCATACAGCAGCCCAGAC
ATGGGGATGGTGAAGTGGAC
ATGCCAAAGAGTAGAGCCAGAT
AAAGACAGCCCCACAGAAGG
TGGCAATGATCTTCGCGTATG
CGACCAGAGGCATACAGGGACAAC
CAGGACCACCATCAGTGCAT
AGGCCTGTGATTCCACACAAT
ACAGGGCGATTTCACCTCCAA
GATCTTCAACACAGCGAAGCATT
AAGCTTCCAGGCTTGTGACAT
TCTCTTCAGCCAGACCCCATA
CATCTGCTGGAAGGTGGACA
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change in β-hexosaminidase release was observed with 
exposure to wavelengths longer than 650 nm. Next, to 
examine in more detail the wavelengths to which RBL-
2H3 cells respond, we measured β-hexosaminidase 
released from RBL-2H3 cells when exposed to various 
wavelengths at 20 nm intervals (Figure 2B). The 
results show that wavelengths in the ultraviolet region 
at 340 nm and around 460 nm induced the release of 
β-hexosaminidase.

3.3. Downregulation of OPN3 expression by siRNA and 
its effect on β-hexosaminidase release

We examined the release of β-hexosaminidase after light 
exposure in RBL-2H3 cells in which OPN3 expression 
was suppressed by siRNA. siRNA knockdown of 
OPN3 in RBL-2H3 cells reduced OPN3 expression to 
approximately 28% of the control level (Figure 3A). 
Western blotting further revealed that OPN3 expression 

(Fujifilm Wako Pure Chemical) and a LuminoGraph 
chemiluminescent imaging system (Atto Corporation, 
Tokyo, Japan).

2.5. RNAi-induced opsin 3 knockdown assay

INTERFERin (Polyplus-transfection, Il lkirch, 
France) was used to transfect rat opsin 3 siRNA 
(AGCAAUGGGCUAUGACACC(dTdT); Bioneer 
Corporation, Daejeon, Republic of Korea) into RBL-2H3 
cells. At 48 h after transfection, opsin 3 expression was 
measured through quantitative RT-PCR analysis.

2.6. Statistical analysis

Statistical analyses were performed using Student's t-tests 
implemented in SPSS Statistics (version 29.0.2.0; IBM, 
Chicago, Il, USA). A p-value < 0.05 was considered 
indicative of statistical significance.

3. Results

3.1. Expression of opsins in mast cells

We analyzed the expression of opsin in the mouse mast 
cell line P-815 and rat basophilic leukemia cell line 
RBL-2H3 using RT-PCR (Figure 1A). OPN2, OPN3 and 
OPN4 mRNA were expressed in P-815 cells. Expression 
of OPN1-MW/LW, OPN2 and OPN3 was observed in 
RBL-2H3 cells. OPN1-MW/LW and OPN2 in RBL-
2H3 cells demonstrated two different PCR products. 
The expression of OPN3 mRNA in RBL-2H3 cells was 
confirmed by Western blotting (Figure 1B). A band of 
approximately 40 kDa was detected in RBL-2H3 cells.

3.2. Effect of light exposure on β-hexosaminidase release

We evaluated whether l ight  exposure induces 
degranulation from mast cells, using β-hexosaminidase 
release as an indicator (Figure 2A). The results show 
that exposure to wavelengths between 350 and 550 nm 
increased β-hexosaminidase release. In contrast, no 

Figure 1. Expression of opsins in murine mast cell line P-815 
and rat mast cell line RBL-2H3. RT-PCR analysis of opsin mRNA 
expression in RBL-2H3 cells and P-815 cells (A). Western blotting 
for OPN3 using RBL-2H3 cells (B).

Figure 2. Wavelength dependency of degranulation in RBL-
2H3. The degranulation from mast cells was evaluated with 
β-hexosaminidase release as an indicator. Monochromatic light 
was separated using the Okazaki Large Spectrograph, and cellular 
responses were evaluated at intervals of 100 nm (A) or 20 nm (B).

Figure 3. Effect of blue light on degranulation in mast cells with 
OPN3 knockdown. Evaluation of the OPN3 knockdown efficiency in 
RBL-2H3 cells following siRNA treatment by quantitative RT-PCR (A) 
and western blotting (B). Quantitative RT-PCR results are presented as 
mean ± SD (n = 3). Statistical significance was determined by Student's 
t-tests compared to non-treated control cells (p < 0.05). Comparison of 
degranulation in response to blue light exposure between non-treated 
control cells and OPN3 knockdown (OPN3-KD) cells (C). Open bars 
represent the non-treated control cells, while filled bars indicate OPN3-
KD cells. Data are shown as mean ± SD (n = 8). *p < 0.05, determined 
by Student's t-tests compared to non-treated control cells.
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was reduced in cells treated with OPN3 siRNA (Figure 
3B). Next, the light response of RBL-2H3 cells with 
OPN3 expression reduced by siRNA was examined 
based on β-hexosaminidase release. As shown in 
Figure 3C, β-hexosaminidase release was significantly 
suppressed upon stimulation with light at wavelengths 
of 350 nm, 450 nm and 550 nm. Among these, the most 
pronounced suppression (approximately 49.8%) was 
observed at 450 nm, which is close to the peak response 
wavelength of OPN3, while the release observed at 350 
nm was less pronounced.

4. Discussion

In this study, we explored opsin expressed in non-visual 
cells using RBL-2H3 cells and P-815 cells as mast cell 
models and found that OPN3 is commonly expressed. 
Several groups have previously reported that opsin 
receptors are expressed in multiple cells in skin, a non-
visual tissue (11,12,20). It has been shown that 11-cis-
retinal is produced by all-trans-retinal in response to light 
and metabolism of retinal, which is required for opsin 
activity, and it has been reported that OPN expressed in 
skin is functional (21). The presence of a photoreceptor 
cycle in skin has suggests that opsins expressed on mast 
cells would also be functional.
 To determine the wavelengths to which mast 
cells respond, spectrograms were used to evaluate 
β-hexosaminidase release as an indicator of spectral 
light response. β-hexosaminidase release was maximal 
at ~460 nm (22). Since the strongest response of the 
photoreceptor OPN3 was observed at this wavelength, 
the release of β-hexosaminidase is considered to be 
mediated by OPN3.
 OPN3 has been reported to increase intracellular 
calcium ion concentrations. Increased intracellular 
calcium ion concentrations have been shown to trigger 
the release of intracellular secretory granules in various 
cells (23,24). Based on this observation, it was assumed 
that the activation of OPN3 is responsible for the elevated 
β-hexosaminidase release recorded at the 460 nm 
wavelength. Accordingly, when OPN3 expression was 
suppressed with siRNA, the release of β-hexosaminidase 
at ~450 nm was reduced. These findings indicate that 
exposure of mast cells to blue light increases the release 
of β-hexosaminidase via expressed OPN3.
 Short wavelengths of light penetrate less deeply 
into the tissues of biological organisms than do long 
wavelengths. With a transmittance of ~30%, only a 
small proportion of blue light is able to reach the dermal 
layer, where mast cells are located (25). The observed 
phenomena may therefore constitute the response 
mechanism of the organism when blue light reaches the 
dermal layer due to exposure to intense light or damage 
to the epidermal layer. In general, the response to blue 
light varies between different skin cells. In keratinocytes, 
exposure to blue light decreases their migration 

ability (21). In melanocytes, melanin production is 
increased (26). In fibroblasts, the expression of matrix 
metalloproteinase, a collagen-degrading enzyme, is 
increased resulting in decreased skin elasticity (27).
 Our results demonstrate that OPN3 is expressed 
in mast cells and that blue light induces mast cell 
degranulation via  OPN3. The enhancement of 
degranulation by blue light may be considered to be 
one of the defensive mechanisms involved in skin 
homeostasis.
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