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Although blue light has been reported to affect skin cells negatively, little is known about its action mechanisms in skin cells.
Therefore, we investigated the role of the transient receptor potential vanilloid 1 (TRPV1) in blue light-induced effects on
human keratinocytes and its underlying mechanisms. Blue light decreased cell proliferation and upregulated TRPV1 expression.
Blue light also suppressed the epidermal growth factor receptor- (EGFR-) mediated signaling pathway by reducing the protein
levels of EGFR and suppressing the EGFR/PI3K/AKT/GSK3β/FoxO3a pathway. The blue light-induced effect in cell
proliferation was reversed by TRPV1 siRNA, but not capsazepine, a TRPV1-specific antagonist. In addition, blue light
irradiation increased the production of reactive oxygen species (ROS) and tumor necrosis factor-α (TNF-α). Blue light
irradiation also increased both phosphorylation levels of TRPV1 and calcium influx. The blue light-induced increase in
production of ROS and TNF-α was reversed by capsazepine. Furthermore, the blue light-induced increase in production of
TNF-α was attenuated by SP600125 or PDTC. These findings show that blue light regulates cell survival and production of ROS
and TNF-α; its effects are mediated via TRPV1. Specifically, the effects of blue light on cell proliferation are mediated by
upregulating TRPV1, a negative regulator of EGFR-FoxO3a signaling. Blue light-induced production of ROS and TNF-α is also
mediated through increased calcium influx via TRPV1 activation.

1. Introduction

The skin is an important organ that protects the human body
against external stimuli, acting as an essential barrier [1]. It
detects harmful stresses such as sunlight, chemicals, or
bacteria; induces an inflammatory response to damage; and
maintains transdermal moisture [2]. These functions are
maintained by skin homeostasis [3].

Skin homeostasis is regulated by the proliferation,
differentiation, and apoptosis of epidermal keratinocytes

[4]. Keratinocytes proliferate at the stratum basale, the inner-
most layer of the epidermis, and begin to differentiate as they
rise to the upper layer [3]. When they reach the outermost
layer, they are terminally differentiated into corneocytes,
which are dead keratinocytes containing filamentous keratin,
forming a stratum corneum [5]. The stratum corneum func-
tions as a skin barrier, and its corneocytes are desquamated
from the body [5]. This process is repeated at regular inter-
vals; thus, the skin barrier can be regenerated and maintained
[2, 3, 5, 6]. Depending on the position of each layer of the
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skin, various differentiation processes occur due to the gradi-
ent of the calcium ion concentration in each layer [7, 8].
Therefore, factors influencing the calcium ion influx in kera-
tinocytes may affect the skin barrier homeostasis.

TRPV1, a member of the transient receptor potential
(TRP) cation channel family, is expressed in kidney cells,
bronchial epithelial cells, primary sensory neurons, and ker-
atinocytes [9, 10]. TRPV1 is a nonselective cation receptor
and responds to capsaicin, which is widely used as a pungent
spice [11, 12]. TRPV1 is also activated by high temperatures
(>42°C), low pHs, and ultraviolet (UV) light [10, 13–15].
When activated, TRPV1 induces calcium ion influx into ker-
atinocytes and mediates multiple signaling pathways [9, 10,
16]. Generally, it inhibits cell proliferation, promotes differ-
entiation, and induces the secretion of several proinflamma-
tory cytokines in response to the above stimuli [9, 10, 13, 17,
18]. In addition, TRPV1 has been known to be involved in
skin aging via the induction of collagen degradation, which
occurs through the increase in MMP-1 expression, in the
HaCaT cell line [19]. On the other hand, in synoviocytes,
an increase in the cytosolic calcium ion concentration via
TRPV1 activation is known to cause ROS production, thus
leading to cell death [20]. These reports suggest that TRPV1
has similar effects on the skin. In addition, the expression of
TRPV1 has been recently reported to induce the degradation
of the epidermal growth factor receptor (EGFR), inhibiting
skin carcinogenesis and cellular metabolism. AMG9810, an
antagonist of TRPV1, was shown to cause skin tumorigenesis
through EGFR/AKT signaling [21, 22].

Blue light is a part of the visible light spectrum, with
wavelengths ranging from 400 to 500nm; its negative effects
on retinal cells and the prevention of these effects have been
studied [23–25]. While the effects of UV light on the skin
have been studied continuously, there has not been much
research on the effects of visible light, which accounts for a
large proportion of sunlight [14, 26, 27]. Recent studies have
shown that blue light inhibits the proliferation of skin kerati-
nocytes and induces ROS production [28, 29]. However, the
mechanisms underlying its action have not yet been
demonstrated clearly. Therefore, in this study, we investi-
gated the effects of blue light on keratinocytes and the
mechanisms underlying these effects. Specifically, we exam-
ined the involvement of TRPV1 in the effects of blue light
on keratinocytes and the related signaling mechanisms.

2. Materials and Methods

2.1. Cell Culture.HaCaT cells, a human keratinocyte cell line,
were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS)
and 1% antibiotics (penicillin/streptomycin) in a humidified
atmosphere containing 5% CO2 at 37°C. The HEK293-
TRPV1-luciferase stable cell line was maintained in DMEM
supplemented with 10% FBS, 1% antibiotics, and 10%
puromycin in a humidified atmosphere containing 5% CO2
at 37°C.

2.2. Blue Light Irradiation. First, the cells were plated on 60π
dishes; after one day, they were irradiated using an LED emit-

ting blue light with a wavelength of 470–480nm, at a power
density of 76W/m2. The cells were irradiated at room tem-
perature for 10min (45.6mJ/cm2), 15min (68.4mJ/cm2),
and 30min (136.8mJ/cm2) in a photoreactor (CCP-4V, Luz-
chem). The doses used are equivalent to those received by the
skin during summer after proximately 15 seconds of sun
exposure. Before irradiation, the cultured dishes were rinsed
once with transparent media and irradiated in phenol red-
free media to avoid the absorption of irradiation by colored
media. To establish equal conditions, cells in the control
group were also maintained in phenol red-free media at
room temperature while those in the experimental groups
were irradiated.

2.3. Cell Viability Assay. The effect of blue light with wave-
lengths of 470–480nm on the viability of HaCaT cells was
determined using cell counting kit-8 assay (CCK-8, Dojindo,
Japan). HaCaT cells cultured in 60π cell plates were irradi-
ated with blue light for various time periods on three succes-
sive days. The CCK-8 reagent (8μL/well) was added to each
well, and the plates were incubated at 37°C for a further 2 h
on day 4. The supernatants were added into 96-well plates,
and their absorbances were measured at 450nm using a
microplate reader (Synergy HTX Multi-Mode Reader,
BioTek, VT, USA).

2.4. Small Interfering RNA (siRNA) Transfection. ON-TAR-
GETplus SMARTpool human TRPV1 siRNA (L-006518-
00-0020) and ON-TARGETplus Non-targeting pool (D-
001810-10-20) were synthesized by Dharmacon Research
(Lafayette, CO, USA). The cells were transfected with
25 nM of the indicated siRNAs for 48 h using the Dharma-
FECT transfection agent (Dharmacon Research), according
to the manufacturer’s instructions.

2.5. Fluo-4 Calcium Influx Assay. Cells were cultured in 96-
well black-wall/white-bottom microplates to near conflu-
ence. Next, 2x Fluo-4 Direct™ calcium reagent loading solu-
tion (F10471, Invitrogen) was added directly to the wells
containing the cells in the culture medium. The plates were
incubated at 37°C for 30 minutes and at room temperature
for 30 minutes. All loading processes were performed under
conditions of light blocking. After the loading of the Fluo-4
Direct reagent, the cells were stimulated with blue light or
the agonist capsaicin (Sigma). In the case of the experimental
groups, the cells were treated with the indicated concentra-
tion of capsazepine (Sigma) 30 minutes before their irradia-
tion. Fluorescence was measured using a microplate reader
at excitation and emission wavelengths of 494nm and
516 nm, respectively.

2.6. DCFDA-Cellular Reactive Oxygen Species (ROS)
Detection Assay. ROS production was quantitatively mea-
sured using the DCFDA-cellular reactive oxygen species
(ROS) detection assay kit (ab113851) and analyzed using
fluorescence microscopy and a microplate reader. The cells
were seeded onto 60π dishes or 96-well plates. The cultured
cells were irradiated with blue light or TBHP solution, which
was used as a positive control. After 24 hours, they were
washed twice in PBS and stained with 25μM DCFDA in
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PBS for 15min at 37°C in the dark. The stained cells were
washed, and their fluorescence signals were detected at an
Ex/Em of 485/535 nm. The change in fluorescence was deter-
mined as the percentage of the control fluorescence after
background subtraction.

2.7. Extraction of the Nuclear and Cytoplasmic Fractions. The
nuclear fractions were isolated to confirm the translocation
of transcription factors using Western blotting. NE-PER
Nuclear and Cytoplasmic Extraction Reagents (78833,
Thermo Fisher Scientific) were used, and the protocol recom-
mended by the manufacturer was followed.

2.8. Western Blotting Analysis. HaCaT cells were seeded onto
60π cell plates. The cells were harvested and centrifuged for
5min at 13,000 rpm. The supernatant was discarded, and
the cells were lysed with the RIPA lysis buffer (25mM Tris-
HCl (pH7.6), 150mM NaCl, 1% NP-40, 1% sodium deoxy-
cholate, and 0.1% SDS (Thermo Fisher Scientific, Waltham,
MA, USA)) containing Halt protease and a phosphatase
inhibitor cocktail (Thermo Fisher Scientific). The proteins
extracted from the cells were separated by 8–10% SDS
electrophoresis and transferred onto nylon membranes. The
membranes were blocked with 5% skim milk for 1 h and then
incubated with primary antibodies at 4°C overnight. The
membranes were washed thrice with Tris-buffered saline
(TBS) containing Tween 20 and probed with secondary anti-
bodies for 1 h at room temperature. The blots were visualized
using ECL Western Blotting Reagents.

2.9. Analysis of mRNA Levels Using Real-Time RT-PCR. Real-
time RT-PCR analysis was performed using an ABI7900HT
Instrument (Applied Biosystems, Waltham, MA, USA). For
TaqMan analysis, predesigned or optimized assays on
demand (Applied Biosystems) were used, including EGFR
(ID: Hs01076090_m1), TRPV1 (ID: Hs00949993_g1),
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (ID:
Hs00266705_g1), hypoxanthine-guanine phosphoribosyl-
transferase (HPRT) (Hs02800695_m1), and 18S
(Hs03003631_g1). The data were analyzed using ABI
Sequence Detector Software version 2.0 (Applied Biosys-
tems). Total RNA was extracted from cells using the TRI
reagent® according to the manufacturer’s instructions and
stored at -70°C until use. cDNA was synthesized from total
RNA (1μg) using MuLV reverse transcriptase according to
the manufacturer’s instructions. Real-time RT-PCR analysis
was conducted as previously described [30]. The results were
normalized to the expression level of endogenous GAPDH
and were also tested against two additional housekeeping
genes (18S and HPRT). We found that the results were not
significantly different from those obtained using GAPDH.
Expression levels of target genes were normalized to the
levels observed in controls. Results were verified through
four-time repetition of the same experiment, each of which
was conducted in triplicate.

2.10. Reporter Luciferase Assay. Luciferase reporter assay and
β-galactosidase assay were performed to determine the
promoter activities at the transcriptional level. NF-κB
(Stratagene, La Jolla, CA, USA), CRE (Stratagene), AP-1

(Stratagene), and FoxO3a (Addgene, MA, USA) promoter-
firefly luciferase reporters were used. Cells were seeded onto
60π cell plates and incubated at 37°C overnight. The cells
were cotransfected with 1.5μg of the promoter-luciferase
reporters and 1.5μg of the β-galactosidase reporter vector
(Promega Corporation) using 7.5μg polyethylenimine
(Sigma-Aldrich, St. Louis, MO, USA) to quantify the
promoter-luciferase activities. Four hours after the transfec-
tion, the cells were cultured in a new medium for 24 h and
then irradiated with blue light on day 2. After 24 h of incuba-
tion at 37°C, β-galactosidase activity was assayed using the β-
Galactosidase Enzyme Assay System with the Reporter Lysis
Buffer (Promega Corporation). The cells were harvested with
PBS and lysed with the Reporter Lysis Buffer (Promega
Corporation). The cells were then centrifuged, and the
supernatants were transferred into 96-well plates to quantify
the β-galactosidase activity. Color development was stopped
by the addition of 1M sodium carbonate to the wells, and the
absorbance of the samples was measured at 420 nm using a
microplate reader to quantify the β-galactosidase activity.
Luciferase activity was assayed using the Luciferase Activity
Assay System (Promega Corporation). The cells were har-
vested with PBS and lysed with the Reporter Lysis Buffer
(Promega Corporation). The cells were then centrifuged,
and the supernatants were transferred into 96-well plates.
The luciferase assay substrate and luciferase assay buffer were
added to the wells, and their luminescence was determined
using a microplate reader. Luciferase activity was expressed
as the ratio of promoter-dependent firefly luciferase activity
to β-galactosidase activity.

2.11. Immunocytochemistry. The cells were fixed using 4%
paraformaldehyde in PBS for 15min and permeabilized in
0.1% Triton X-100 and 0.01% Tween 20 for 20min at room
temperature. After blocking the cells with PBS containing
3% bovine serum albumin (BSA), the cells were incubated
with anti-FoxO3a (1 : 200; Cell Signaling Technology) anti-
bodies. After being washed thrice, they were incubated with
Flamma-594 secondary antibodies (BioActs). Finally, the
cells were mounted on glass slides after counterstaining with
DAPI and observed under an LSM 700 laser scanning confo-
cal microscope (Zeiss, Jena, Germany) with a C-Apochromat
20x objective. For the measurement of immunofluorescence
intensity, images were captured with the same laser power
and the mean intensity of fluorescence signals was measured.
Data were analyzed using ZEN 2012 Blue (Zeiss) and ImageJ
software (National Institutes of Health, Bethesda, MD, USA),
under the same processing parameters.

2.12. Statistical Analysis. The data are expressed as the
mean ± standard error of themean ðSEMÞ. Analyses of dif-
ferences between two groups were performed using Student’s
t-test. The comparison between multiple groups was per-
formed using one-way analysis of variance (ANOVA),
followed by Tukey’s multiple comparison test, for which
the GraphPad Prism (5.0) (GraphPad, La Jolla, CA, USA)
software was used. Statistical significance was considered
when the p value was less than 0.05.
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3. Results

3.1. Blue Light Inhibits the Proliferation of Human
Keratinocytes. To examine the effects of blue light irradiation
on the proliferation of human keratinocytes, cell prolifera-
tion assay was performed using HaCaT cells. As shown in
Figure 1(a), blue light irradiation reduced the proliferation
potential of keratinocytes in a dose-dependent manner.

This was further confirmed by the EdU proliferation
assay (Figure 1(b)). In addition, to examine the involvement
of TRPV1 in the blue light irradiation-induced reduction of
the cell proliferation potential, we performed Western
blotting analysis for detecting TRPV1 and the TRPV1-
luciferase reporter assay. As shown in Figure 1(c), the protein
levels of TRPV1 increased following blue light irradiation. In

addition, blue light enhanced the TRPV1-luciferase reporter
activity (Figure 1(d)). These data suggest that the effects of
blue light on cell proliferation are associated with TRPV1
upregulation.

3.2. Blue Light Irradiation Increases the Expression of TRPV1
and Inhibits the EGFR/PI3K/AKT/FoxO3a Pathway. It is
known that the activation of TRPV1 induces the degradation
of another receptor, EGFR, and then, its downstream AKT
signaling pathway is also downregulated [21, 22]. It is also
well known that the downregulation of AKT signaling
reduces cell proliferation and induces apoptosis [30, 31].
Therefore, we performed Western blotting analysis and
real-time PCR analysis to investigate the effects of blue light
irradiation on EGFR/PI3K/AKT signaling.
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Figure 1: Effects of blue light irradiation on cell proliferation and TRPV1 expression. HaCaT cells were irradiated using blue light with a
wavelength of 470–480 nm once daily for three consecutive days (a). On the fourth day, 24 h after the last irradiation, cell proliferation
was measured using cell counting kit-8 assay (a) and EdU imaging analysis (b). The protein levels of TRPV1 were also determined by
Western blotting analysis (c). HEK293-TRPV1 cells were irradiated using the indicated intensity of blue light with a wavelength of 470–
480 nm (d). Twenty-four hours after the irradiation, the cells were harvested and subjected to luciferase reporter assay. Data are presented
as the mean ± SEM of four independent experiments. Statistical significance of differences among the groups was assessed by one-way
analysis of variance (ANOVA), followed by Tukey’s multiple comparison test, using the GraphPad Prism 5 software. ∗p < 0:05 vs. the
control group.
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Figure 2: Blue light irradiation inhibits the EGFR/PI3K/AKT signaling pathway by degrading EGFR. (a) HaCaT cells were irradiated using
the indicated intensity of blue light with a wavelength of 470–480 nm once daily for three consecutive days. (b) On the fourth day, 24 h after
the last irradiation, the cells were harvested and subjected to Western blotting analysis and real-time PCR analysis for analyzing the TRPV1
and EGFR levels. (c) HaCaT cells were irradiated using blue light for 30min and incubated for the indicated time periods. The cells were
harvested immediately after the incubation and subjected to Western blotting analysis for quantifying the phosphorylation levels of AKT
and its downstream molecules (GSK3β and FoxO3a). ∗p < 0:05 vs. the control group.
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As shown in Figure 2(a), the protein levels of EGFR
reduced, while those of TRPV1 increased in a dose-
dependent manner. However, although blue light irradiation
increased the mRNA levels of the TRPV1 gene, the mRNA
levels of the EGFR gene were not affected by blue light irradi-
ation (Figure 2(b)). We also found that the phosphorylation
levels of proteins involved in the AKT signaling pathway
were reduced. Specifically, as shown in Figure 2(c), the phos-
phorylation levels of AKT and GSK3β were reduced follow-
ing blue light irradiation. In addition, blue light irradiation
reduced the phosphorylation levels of FoxO3a, a downstream
molecule of GSK3β (Figure 2(c)).

FoxO3a is a transcription factor involved in AKT signal-
ing, and when FoxO3a is phosphorylated by GSK3β, it

cannot be translocated into the nucleus. In addition, the
phosphorylation of FoxO3a was suppressed by blue light
irradiation. Therefore, we examined the effects of blue light
irradiation on the nuclear translocation of FoxO3a.

As shown in Figure 3(a), we found that blue light irradi-
ation increased the FoxO3a-response element-luciferase
reporter activity. Western blotting analysis showed that the
nuclear translocation of FoxO3a occurred in response to blue
light irradiation (Figure 3(b)). This effect was also demon-
strated by immunocytochemistry (ICC) imaging analysis,
which showed that blue light irradiation enhanced the
nuclear translocation of FoxO3a (Figure 3(c)). Wortmannin
was used as an inhibitor of phosphoinositide 3-kinases
(PI3Ks). These data indicate that blue light irradiation
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Figure 3: Blue light irradiation promotes the nuclear translocation of FoxO3a. (a) HaCaT cells were cotransfected with the FoxO3a promoter-
luciferase reporter and β-galactosidase reporter vector using polyethylenimine. After 24 h, the transfected cells were incubated with the
indicated intensity of blue light or treated with wortmannin (2 μM), a PI3K inhibitor. After 24 h of incubation, FoxO3a promoter-
luciferase reporter activity was measured. In addition, β-galactosidase assay was performed to measure transfection efficiency. Data are
presented as the mean ± SEM of four independent experiments. Statistical significance of differences among the groups was assessed by
one-way analysis of variance (ANOVA), followed by Tukey’s multiple comparison test, using the GraphPad Prism 5 software. ∗p < 0:05
vs. the control group. (b) HaCaT cells were irradiated with the indicated intensity of blue light. After 24 h, the cells were harvested, and
the cytoplasmic and nuclear fractions were prepared using the NE-PER™ Nuclear and Cytoplasmic Extraction Reagents, respectively. The
nuclear translocation levels of FoxO3a were determined by Western blotting analysis. The densitometric analysis was also performed. ∗p
< 0:05 vs. the control group. (c) HaCaT cells were irradiated with the indicated intensity of blue light or treated with wortmannin. After
24 h, the cells were fixed in 4% formaldehyde solution, and FoxO3a was visualized using rabbit polyclonal antibodies, followed by Alexa
594-labeled antibody (red). Additionally, DAPI (blue) was utilized to visualize the nuclei. The relative fluorescence intensity was also
analyzed. ∗p < 0:05 vs. the control group.
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inhibits the PI3K/AKT/GSK3β/FoxO3a signaling pathway
by reducing the EGFR expression.

3.3. Knockdown of TRPV1 Attenuates the Antiproliferative
Effects of Blue Light. We examined whether TRPV1 is
involved in the antiproliferative effects of blue light using
small interfering RNA (siRNA) for TRPV1. As shown in
Figure 4(a), we found that TRPV1 knockdown attenuated
the effects of blue light irradiation on cell proliferation. In
addition, blue light-induced reduction of EGFR expression
was recovered by TRPV1 knockdown (Figure 4(a)).

These data indicate that the TRPV1-dependent downreg-
ulation of EGFR contributes to the antiproliferative effects of
blue light. In addition, capsazepine, a TRPV1 antagonist, did
not recover the effects of blue light irradiation on cell prolif-
eration (Figure 4(b)). These data suggest that blue light

reduces cell proliferation by upregulating TRPV1, not by
TRPV1 activation.

3.4. Blue Light-Induced ROS Production Is Mediated by
TRPV1 Activation. The effects of blue light on ROS produc-
tion have been already reported [29, 32]. In this study, as
shown in Figure 5(a), we also assessed the ROS-producing
effect of blue light using DCFDA imaging analysis. Tert-
butyl hydroperoxide (TBHP) was used to induce cellular
ROS production as a positive control.

To further examine the involvement of TRPV1 in the
blue light-induced ROS production, Western blotting anal-
ysis for detecting phosphorylated TRPV1 and calcium
influx analysis were performed. As shown in Figure 5(b),
phosphorylation levels of TRPV1 increased following blue
light irradiation in a dose-dependent manner. While the
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Figure 4: Knockdown of the TRPV1 gene attenuates the effects of blue light on cell proliferation. HaCaT cells were transfected with TRPV1
siRNA, followed by incubation for 16 h. (a) The transfected cells were irradiated using the indicated intensity of blue light with a wavelength of
470–480 nm and further incubated for 24 h. The cells were subjected to cell proliferation testing using cell counting kit-8 assay and Western
blotting analysis for assessing the EGFR, TRPV1, or β-actin levels. Results were obtained from at least three independent experiments, and the
values represent themean ± SEM. p values were obtained by one-way ANOVA. ∗p < 0:05 vs. the untreated control, op < 0:05 vs. the blue light-
irradiated control. (b) HaCaT cells were treated with capsazepine (CPZ), a TRPV1 antagonist. After 30 minutes, they were washed with PBS
and irradiated with the indicated intensity of blue light. After 24 hours, the cells were subjected to cell proliferation testing using cell counting
kit-8 assay. Results were obtained from at least three independent experiments, and the values represent the mean ± SEM. p values were
obtained by one-way ANOVA. ∗p < 0:05 vs. the blue light-irradiated control.
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Figure 5: Continued.
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levels of calcium increased following blue light irradiation,
capsazepine, a TRPV1 antagonist, reversed the effects of
blue light on calcium influx (Figure 5(c)). In addition,
capsazepine reduced the blue light-induced production of
ROS (Figures 5(d) and 5(e)). These results indicate that
blue light-induced ROS production is dependent on
TRPV1.

3.5. Blue Light Increases TNF-α Secretion via the NF-κB and
AP-1 Signaling Pathways. It is well known that ROS induces
inflammatory reactions [33]. Therefore, we examined the
effects of blue light irradiation on the production of proin-
flammatory cytokines.

As shown in Figure 6(a), blue light irradiation increased
the production of TNF-α. To elucidate the mechanisms
underlying the blue light-induced production of TNF-α, acti-
vator protein 1 (AP-1), nuclear factor κB (NF-κB), and cyclic
response element (CRE) promoter-luciferase assays were
performed. We found that while blue light had no effect on
CRE reporter activity, the NF-κB and AP-1 reporters were
activated by blue light irradiation (Figures 6(b)–6(d)). LPS
was used as a positive control in the NF-κB and AP-1
reporter assays, and forskolin was used to stimulate adenylate
cyclase in the CRE reporter assay. In addition, among
mitogen-activated protein kinases (MAPKs), blue light
irradiation increased the phosphorylation levels of JNK.
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Figure 5: ROS production via TRPV1 activation in response to blue light irradiation. (a) HaCaT cells were irradiated with the indicated
intensity of blue light. After 24 hours, they were stained with DCFDA and fluorescent images were recorded. TBHP: tert-butyl
hydroperoxide. The relative fluorescence intensity was also analyzed. ∗p < 0:05 vs. the control group. (b) HaCaT cells were irradiated using
blue light with a wavelength of 470–480 nm once daily for three consecutive days. On the fourth day, 24 h after the last irradiation, the
phosphorylation levels of TRPV1 were determined by Western blotting analysis. (c) Calcium influx into HaCaT cells was measured by the
Fluo-4 Direct assay. After staining with the Fluo-4 reagent, the HaCaT cells were treated with capsazepine, a TRPV1 antagonist. After 30
minutes, the cells were washed with PBS and irradiated with the indicated intensity of blue light. Their fluorescence intensities were
measured immediately after the irradiation. (d) HaCaT cells were treated with capsazepine (CPZ), a TRPV1 antagonist. After 30 minutes,
they were washed with PBS and irradiated with the indicated intensity of blue light. After 24 hours, they were stained with DCFDA and
fluorescent images were recorded. Data are presented as the mean ± SEM of four independent experiments. Statistical significance of
differences among the groups was assessed by one-way analysis of variance (ANOVA), followed by Tukey’s multiple comparison test,
using the GraphPad Prism 5 software. ∗p < 0:05 vs. the control group. (e) DCFDA-stained cells were also analyzed by measuring their
fluorescence using a microplate reader at an Ex/Em of 485/535 nm. The relative fluorescence intensity was also analyzed. ∗p < 0:05 vs. the
untreated control, op < 0:05 vs. the blue light-irradiated control.
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Figure 6: Blue light upregulates proinflammatory cytokine production via NF-κB and AP-1 activation. (a) HaCaT cells were irradiated using
the indicated intensity of blue light with a wavelength of 470–480 nm once daily for three consecutive days. On the fourth day, 24 h after the
last irradiation, the cells were harvested and subjected to ELISA for analyzing the TNF-α levels. Data are presented as themean ± SEM of four
independent experiments. Statistical significance of differences among the groups was assessed by one-way analysis of variance (ANOVA),
followed by Tukey’s multiple comparison test, using the GraphPad Prism 5 software. ∗p < 0:05 vs. the control group. (b–d) HaCaT cells
were cotransfected with the NF-κB, AP-1, or CRE promoter-luciferase reporters and β-galactosidase reporter vector using
polyethylenimine. After 24 h, the transfected cells were irradiated with the indicated intensity of blue light. Twenty-four hours after the
irradiation, the cells were harvested and subjected to luciferase reporter assay. Data are presented as the mean ± SEM of four independent
experiments. Statistical significance of differences among the groups was assessed by one-way analysis of variance (ANOVA), followed by
Tukey’s multiple comparison test, using the GraphPad Prism 5 software. ∗p < 0:05 vs. the control group. (e) Cells were irradiated with
blue light and incubated for the indicated time periods. The cells were harvested immediately after the incubation, and the protein levels
of MAPKs and their phosphorylated forms were detected by Western blotting analysis.
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However, phosphorylation levels of p38 MAPK and p44/42
MAPK were reduced by blue light irradiation (Figure 6(e)).
Collectively, these data suggest that the blue light-induced
production of TNF-α is mediated via the activation of JNK
and NF-κB.

3.6. TRPV1 Is Involved in Blue Light-Induced TNF-α
Production. To investigate the involvement of TRPV1 in blue
light-induced TNF-α production, we performed luciferase
reporter assay for examining the NF-κB and AP-1 reporters
and ELISA for detecting TNF-α using capsazepine, a TRPV1
antagonist. As shown in Figure 7(a), we found that the blue
light irradiation-induced TNF-α production was attenuated
by capsazepine treatment. In addition, SP600125 (a JNK
inhibitor) or PDTC (a NF-κB inhibitor) reduced the blue
light irradiation effect on the TNF-α production. Similarly,
blue light-induced activation of the NF-κB and AP-1
reporters was also attenuated by capsazepine treatment
(Figure 7(b)).

These data indicate that TRPV1 is involved in the blue
light-induced production of proinflammatory cytokines and
TRPV1 operates upstream of AP-1 or NF-κB signaling in
the TNF-α production.

In addition, the mechanisms underlying the effects of
blue light on keratinocytes are shown in Figure 8.

4. Discussion

The human body is always exposed to sunlight, and the skin
plays a primary role in protecting the body from strong sun-
light. Among the various constituents of sunlight, many
studies have reported the response of skin to, and the protec-
tion against, UV light. However, research studies on visible
light, which is the major constituent of sunlight, has only
begun recently. Therefore, in this study, we examined the
effects of blue light irradiation on keratinocytes and the
mechanisms underlying these effects.
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Figure 7: Blue light-induced production of TNF-α is dependent on TRPV1-mediated signaling. (a) HaCaT cells were irradiated using the
indicated intensity of blue light with a wavelength of 470–480 nm and further incubated for 24 h in the presence of capsazepine, SP600125
(JNK inhibitor), or pyrrolidine dithiocarbamate (PDTC). The cells were harvested and subjected to ELISA for examining the TNF-α levels.
Data are presented as the mean ± SEM of four independent experiments. (b) HaCaT cells were transfected with the NF-κB or AP-1
reporters and the β-galactosidase reporter vector using polyethylenimine, followed by incubation for 16 h. The transfected cells were
irradiated using the indicated intensity of blue light with a wavelength of 470–480 nm and further incubated for 24 h in the presence of
capsazepine, SP600125, or pyrrolidine dithiocarbamate (PDTC). The cells were harvested and subjected to luciferase reporter assay.
Results were obtained from at least three independent experiments, and the values represent the mean ± SEM. Statistical significance of
differences among the groups was assessed by one-way analysis of variance (ANOVA), followed by Tukey’s multiple comparison test,
using the GraphPad Prism 5 software. ∗p < 0:05 vs. the control group, op < 0:05 vs. the blue light-irradiated control. PDTC: pyrrolidine
dithiocarbamate; BL: blue light irradiation.
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In this study, the TRPV1 receptor was considered a
potential target molecule of blue light. TRPV1 is known to
be closely related to various aspects of skin biology such as
the survival, proliferation, apoptosis, and proinflammatory
responses of skin cells [9, 10, 13]. However, since there is
no systematic information about the relationship between
the effects of blue light on the skin and TRPV1, we investi-
gated whether TRPV1 is involved in the effects of blue light
on the skin. We found that blue light irradiation induced
TRPV1 activation in keratinocytes, thereby inducing ROS
production. The produced ROS contributed to the produc-
tion of the proinflammatory cytokine TNF-α by activating
NF-κB and AP-1 signaling. In addition, we demonstrated
that blue light upregulates the expression of TRPV1, which
induces EGFR degradation. TRPV1-dependent reduction of
EGFR levels suppressed AKT/GSK3β/FoxO3a signaling,
leading to reduced cell proliferation.

Previous studies have shown that ROS sensitizes TRPV1,
and an increase in the cellular calcium ion concentration
induces ROS synthesis [20, 34]. However, the relationship
between TRPV1 and ROS formation has not yet been clearly
elucidated. In this study, we found that blue light irradiation
activated TRPV1, leading to increased calcium influx and
ROS production. Blue light-induced calcium influx was also
attenuated by treatment with capsazepine, a TRPV1 antago-
nist. In addition, we demonstrated that blue light-induced
ROS production was reduced by capsazepine treatment, indi-
cating that blue light irradiation induces ROS production by
activating TRPV1.

It is already known that ROS activates the AP-1 and NF-
κB promoters [35]. These two transcription factors contrib-
ute to the production of proinflammatory cytokines.
Similarly, in this study, blue light irradiation was shown to
increase ROS production. We also found that blue light
enhanced the AP-1 and NF-κB promoter activities, but not
the CRE promoter activity. As expected, TNF-α secretion

was increased by blue light irradiation. These data suggest
that the induction of the AP-1 and NF-κB signaling pathways
by ROS may contribute to the production of proinflamma-
tory cytokines. In addition, the increased production of
TNF-α was attenuated by capsazepine treatment. Collec-
tively, these findings suggest that TRPV1-dependent ROS
production could induce the production of proinflammatory
cytokines.

TRPV1 affects cellular programming by inducing cal-
cium ion influx or the degradation of EGFR [21, 22]. TRPV1
induces the degradation of another receptor, EGFR, and
then, its downstream AKT signaling pathway is also down-
regulated [21, 22]. It is also well known that the downregula-
tion of AKT signaling reduces cell proliferation and induces
apoptosis [30, 31]. In this study, we found that blue light
increased the expression of the TRPV1 gene. However,
although blue light decreased the protein levels of EGFR, it
did not affect its mRNA levels. In addition, blue light sup-
pressed its downstream AKT/GSK3β signaling pathway.
FoxO3a, a downstream molecule of AKT/GSK3β signaling
[36–39], has been reported to be involved in both antioxidant
activity and reduced cell proliferation. In this study, we found
that blue light irradiation induced the nuclear translocation
of FoxO3a. The knockdown of TRPV1 using TRPV1 siRNA
was found to attenuate the inhibitory effects of blue light
irradiation on cell proliferation. These data suggest that blue
light-induced upregulation of TRPV1 promotes the degrada-
tion of EGFR, leading to a reduction of cell proliferation.
Specifically, TRPV1-induced degradation of EGFR inhibits
the EGFR/AKT/GSK3β/FoxO3a pathway, resulting in the
blue light-induced antiproliferation effects.

When the proliferation of keratinocytes is abnormally
regulated, a variety of diseases can be induced [40]. One such
representative disease is psoriasis. Under conditions of
normal skin homeostasis, keratinocytes accumulate on the
surface at the end of their differentiation stage to form a skin
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Figure 8: Mechanisms of the effects of blue light irradiation on cell survival and the production of ROS and cytokines in human keratinocytes.
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barrier, after which their differentiation is turned off. In pso-
riasis, the hyperproliferation of epidermal keratinocytes is
induced; thus, these cells have a faster turnover cycle than
normal cells [41–43]. This causes red or pale pink lesions
covered with silvery scales of dead skin cells [42]. These are
called plaques and are sometimes accompanied by itching
or a sore feeling. Keratinocyte carcinoma also involves the
excessive proliferation of keratinocytes and is one of the most
common skin cancers among people who have light skin
[44]. In our study, we found that blue light irradiation atten-
uated the proliferation potential of keratinocytes. Therefore,
these data suggest that blue light irradiation may serve as a
useful approach for treating hyperproliferative human
dermatoses such as psoriasis or keratinocyte-derived skin
tumors.

5. Conclusions

We demonstrated that blue light increases the calcium ion
influx through the activation of TRPV1 in keratinocytes,
leading to the production of ROS and proinflammatory cyto-
kines. In addition, blue light-induced upregulation of TRPV1
reduced the protein levels of EGFR and then suppressed
AKT/GSK3β/FoxO3a signaling, consequently resulting in
reduced cell proliferation. Furthermore, these data suggest
that the blue light-induced suppression of keratinocyte
proliferation could become a useful adjunct approach for
treating hyperproliferative human dermatoses such as
psoriasis or keratinocyte-derived skin tumors.
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