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The effect of sunlight on the development of allergic diseases is not well understood. In this study, we show
that increased production of the proinflammatory mediators interleukin (IL)-10, tumor necrosis factor (TNF)-α, and
nitric oxide (NO) induced by ultraviolet B (UVB) is mediated via the mitogen-activated protein kinase (MAPK)
signaling pathway in human keratinocyte (HaCaT) cells. Cells were exposed to UVB irradiation (0.1–1 kJ/m2)
either with or without specific inhibitors of NO [carboxy-2-pheryl-4,4,5,5-tetramethylimidazoline-3-oxide-1-oxyl
(PTIO)], extracellular signal-regulated kinase (ERK; U0126), c-Jun NH2-terminal kinase (JNK; SP600125), and
p38 MAPK (SB203580). The levels of IL-10, TNF-α, and NO were then measured. The NO donor [(±)-N-
[(E)-4-Ethyl-2-[(Z)-hydroxyimino]-5-nitro-3-hexene-1-yl]-3-pyridinecarboxamide (NOR4)] was used to assess the
involvement of NO in cytokine production. The activation of p38 MAPK was investigated in UVB-irradiated cells
treated with p38 MAPK inhibitor, SB203580. The production of IL-10, TNF-α, and NO by HaCaT cells increased
upon exposure to UVB. The NO inhibitor, carboxy-PTIO suppressed NO production induced by UVB. NOR4 in-
creased the production of TNF-α, but not that of IL-10. The UVB-induced production of IL-10 and TNF-α were
significantly suppressed by the specific inhibitors U0126, SP600125, and SB203580. In conclusion, UVB induced
the production of proinflammatory mediators via activation of the p38 MAPK signaling pathway, suggesting that
sunlight might promote the development of allergic diseases (such as dermatitis) through an augmented inflamma-
tory response involving the increased production of proinflammatory cytokines and NO.
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INTRODUCTION

High levels of solar ultraviolet (UV) irradiation
can cause varying amounts of biological damage to
living organisms. UV is divided into several bands
of differing wavelength: UVC (> 280 nm), UVB
(280–320 nm), and UVA (320–400 nm). UV rays
with a short wavelength (UVB and UVC) are ab-
sorbed by stratospheric ozone and do not usually
reach the earth’s surface.1) However, the risks posed
by UV irradiation have increased due to ozone de-
pletion. Therefore, the detrimental effects of UV
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irradiation on living organisms may increase in
the future. DNA damage caused by UV irradia-
tion is a critical event in skin photocarcinogene-
sis;2–4) the absorption of UVB predominantly re-
sults in two types of DNA photodamage—the for-
mation of cyclobutane pyrimidine dimers and 6–4
photoproducts.5–7) It is reported that these photo-
products induce inflammatory cytokine production
and subsequent systemic immune responses in the
epidermis.8) Such changes to the “balance” of the
immune system may result in the development of a
number of diseases.9)

Allergies, or immediate hypersensitivity reac-
tions, result from the immunoglobulin E (IgE)-
mediated release of chemical mediators from mast
cells.10) Overexpression of serum IgE is also a char-
acteristic feature of many allergic diseases such as
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asthma and atopic dermatitis (AD),11, 12) and the T
helper 2 (Th2)-type cytokines interleukin (IL)-4, IL-
5, and IL-10 are known to be overproduced in aller-
gic lesions.11, 13) These inflammatory cytokines in-
duce the hyper-production of IgE, resulting in the
development of symptoms.11)

IL-10 is produced by Th2 cells and human skin
tissue14–16) and contributes to the development of
allergic sensitivity by regulating the expression of
the cytokine, interferon (IFN)-γ and IL-12, that sup-
presses IgE production. Also, tumor necrosis factor
(TNF)-α production is closely related to nitric oxide
synthase (NOS) expression in keratinocytes.17, 18)

Nitric oxide (NO) is also an important factor
in allergic inflammatory responses.19–21) The serum
nitrate levels of patients with AD are significantly
increased compared with those in non-atopic pa-
tients and correlate with the disease severity; they
may also be involved in the pathogenesis of vasodi-
lation and erythema in AD skin.20) Tsukumo et al.
reported that increased production of NO induced
the itch-scratch response in a mouse model of AD,
which was significantly suppressed by intravenous
injection of a NOS inhibitor.19) Elevated levels of
UVB-induced NOS lead to the production of NO,
resulting in erythema.22)

The mitogen-activated protein kinase (MAPK)
is consist of three subfamilies of proline-directed
serine (Ser)/threonine (Thr) kinases identified as
extracellular signal-regulated kinase (ERK), c-Jun
NH2-terminal kinase (JNK), and p38 MAPK. These
kinases are activated by stress stimuli, such as heat
shock, cytokines, and UV, and are involved in cellu-
lar proliferation, survival, and apoptosis. UVB irra-
diation induces NO production via p38 MAPK acti-
vation.23) Furthermore, it is reported that the activa-
tion of MAPK is related to, and further leads to, the
expression of cytokines.24) UVB may cause the de-
velopment of allergic diseases by affecting the pro-
duction of inflammatory mediators, but the underly-
ing mechanism is not clear.

Previously, we investigated whether UVB irra-
diation induces skin inflammation in the AD mouse
model.9) In this model, broad-band UVB promoted
the development of AD-like skin lesions, along with
increased levels of serum IgE and Th2 cytokines
such as IL-4, IL-5, and IL-10 (produced by spleen
lymphocytes). NO and TNF-α production by peri-
toneal macrophages is also increased by UVB ir-
radiation.9) These results indicate that solar UVB
may exacerbate AD-like skin lesions, although the
mechanism underlying the subsequent systemic im-

mune response is still not clear. In this study, we
identified a role for UVB (280–320 nm)-induced cy-
tokines (IL-10 and TNF-α) and NO production in
the immune response. To clarify the mechanisms
involved, we investigated the effects of UVB on the
NO-dependent production of IL-10 and TNF-α and
on MAPK activity in cultured HaCaT cells.

MATERIALS AND METHODS

Reagents —— Cytotoxicity Detection Kit was
purchased from Roche Applied Science (Indi-
anapolis, IN, U.S.A.). Anti-mouse IL-10 mAb,
biotin-conjugated anti-mouse IL-10 mAb, anti-
mouse TNF-α mAb, biotin-conjugated anti-mouse
TNF-α mAb (JES5-16E3, JES5-2A5, 1F3F3D4,
XT3/XT22, respectively), recombinant mouse
IL-10, and recombinant mouse TNF-α were pur-
chased from eBioscience (San Diego, CA, U.S.A.).
U0126, SP600125, and SB203580 were purchased
from Calbiochem (San Diego, CA, U.S.A.).
Dulbecco’s modified Eagle’s medium (DMEM),
carboxy-2-phenyl-4,4,5,5-tetramethylimidazoline-
3-oxide-1-oxyl (PTIO), S-nitroso-d, and (±)-
N-[(E)-4-Ethyl-2-[(Z)-hydroxyimino]-5-nitro-3-
hexene-1-yl]-3-pyridinecarboxamide (NOR4) were
purchased from Wako Pure Chemical Industries,
Ltd. (Osaka, Japan). Rabbit anti-rat p38 MAPK
antibody, phosphor-p38 MAPK [Thr180/tyrosine
(Tyr) 182] antibody, and donkey horseradish-
peroxidase (HRP)-conjugated anti-rabbit IgG
antibody were purchased from cell signaling tech-
nology, Inc. (Beverly, MA, U.S.A.). Fetal bovine
serum (FBS) was purchased from MultiSer, Trace
Scientific Ltd. (Melbourne, Australia). All reagents
used in this study were of reagent grade.
Cell Cultures —— Human keratinocyte HaCaT
cells (kindly provided by Dr. Takeda) were main-
tained in DMEM containing 10% FBS, 100 units/l
penicillin G, and 100 mg/l streptomycin (DMEM
culture medium) with 5% CO2 at 37◦C. For experi-
ment, cells were seeded on 35 mm dishes (Corning
Inc., Corning, NY, U.S.A.) and confluent cells were
incubated with DMEM culture medium for 48 hr.
UVB Irradiation —— A UVB lamp (HP-30LM;
Atto Co., Tokyo, Japan) with a 280–320 nm emis-
sion peaking at 312 nm was used. The UVB flu-
ence rate was simultaneously measured and inte-
grated using a radiometer (UVX-31; UVP, Inc., San
Gabriel., CA, U.S.A.) with a 310 nm detector placed
at the same distance from the UV source as the
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cells. The irradiance at the sample level was 6–
8 J/m2 per s. UVB-irradiated cells were incubated
with DMEM culture medium in 5% CO2 at 37◦C
for 6–48 hr. The supernatant was stored at −80◦C
for quantitative analysis.
Detection of Cytotoxicity —— Cytotoxicity of
UVB to HaCaT cells were lactate dehydrogenase
(LDH) activity and determined by Cytotoxicity De-
tection Kit. LDH present in the culture super-
natant (24 or 48 hr post-irradiation) due to dead
and plasma membrane-damaged cells. The super-
natant (100 µl) was subjected to the assay and the
absorbance (dual wavelength, 492 nm, background
690 nm) were measured with a spectrofluoropho-
tometer (RF-1500; Shimadzu Co., Kyoto, Japan).
The value of LDH activity is expressed as a per-
centage of the maximum LDH activity which can
be released from the 100% dead cells with 1% Tri-
ton X-100.
NO Donor and Cytokine Treatments —— HaCaT
cells were incubated with DMEM culture medium
containing chemical NO donor NOR4 (0.5 mM),
IL-10 (100 ng/ml), or TNF-α (100 ng/ml) in 5%
CO2 at 37◦C for 24 hr. The supernatant was stored
at −80◦C for quantitative analysis.
Inhibitor Treatments —— HaCaT cells were incu-
bated for 1 hr with DMEM culture medium contain-
ing NO inhibitor carboxy-PTIO (0.25 mM), ERK
inhibitor U0126 (1 µM), JNK inhibitor SP600125
(10 µM), or p38 MAPK inhibitor SB203580
(10 µM) in 5% CO2 at 37◦C. Then cells were irra-
diated with UVB irradiation (0.25 kJ/m2), and incu-
bated in 5% CO2 at 37◦C for 24 hr. The supernatant
was stored at −80◦C for quantitative analysis.
Determination of NO Production —— NO pro-
duction was measured with a NO analyzer system
(ENO10; Eicom Co., Kyoto, Japan). Briefly, the
conditioned sample solution (100 µl) were agitated
for 1 min with methanol (100 µl) and centrifuged at
15000 rpm. An aliquot (10 µl) of the supernatant
(methanol layer) was injected into an automated
NO detector-HPLC system (ENO10), where it was
mixed with Griess reagent (1.25% HCl with 5 g/l
sulfanilamide, 0.25 g/l N-naphthylethylenediamine,
and 2.5% phosphoric acid) and pumped at a rate of
0.1 ml/min into a reaction coil packed with copper-
plated cadmium filings (NO-RED; Eicom Co.),
where nitrite ions (NO−2 and NO−3 ) reacted with the
Griess reagent to form a purple azo dye. The ab-
sorbance due to the dye was measured using a flow-
through spectrophotometer (NOD-10; Eicom Co.)
at 540 nm. The flow-rate of the mobile phase (NO-

CARA; Eicom Co.) was 0.33 ml/min and the injec-
tion volume was 10 µl. Calibration curves were con-
structed with a standard mixture, NOCARA with
690 mg/l sodium nitrite and sodium nitrate 850 mg/l
(10−2 M), and the amounts in the samples were cal-
culated from the peak areas. Concentrations of NO
represent the sum of NO−2 plus NO−3 .
ELISA Procedures —— Production of cytokines
(IL-10 and TNF-α) was measured by enzyme-
linked immunosorbent assay (ELISA) using appro-
priate antibodies. Briefly, flat-bottomed 96-well
Maxisorp plates were coated with purified, IL-10 or
TNF-α mAbs overnight at 4◦C. The primary mAbs
were removed, and the plates were washed 3 times
with wash buffer [0.05% Tween 20 in phosphate
buffered saline (PBS)], then blocked with block-
ing buffer [1% bovine serum albumin (BSA) in
PBS] for 1 hr at room temperature. The plates
were washed, then 100 µl aliquots of standard (re-
combinant mouse IL-10 or TNF-α) and sample
were added to each well, and the plates were in-
cubated for 2 hr at room temperature. The wells
were washed 3 times with wash buffer, then HRP-
conjugated anti-mouse IgE mAb or biotin-labeled
IL-10 or TNF-α mAb was added, and the plates
were incubated for 1 hr at room temperature. The
solutions in the wells were removed and the plates
were washed 5 times with wash buffer. Next, 100 µl
of avidin-HRP (BD Biosciences Pharmingen, San
Diego, CA, U.S.A.) was added to each well, and
the plates were incubated for 30 min at room tem-
perature. The avidin-HRP solution was removed
and the plates were washed 10 times with wash
buffer. Next, 100 µl of tetramethylbenzidine sub-
strate solution (BD Biosciences Pharmingen) was
added to each well, and the plates were kept for 10–
30 min in the dark at room temperature for color de-
velopment. The color reaction was quenched with
stop solution (50 µl, 2.5 M H2SO4). The absorbance
at 450 nm was measured with a spectrofluoropho-
tometer (RF-1500; Shimadzu Co.) and the sam-
ple concentrations were determined from the ab-
sorbance with reference to a standard curve. The de-
termination ranges were 3.9–500 pg/ml (IL-10) and
0.5–32.2 pg/ml (TNF-α), and the samples were ap-
propriately diluted to obtain concentrations within
these ranges.
Western-blot Analysis —— HaCaT cells were
washed twice with ice-cold PBS and lysed in ly-
sis buffer containing protease inhibitor cocktail
(Sigma-Aldrich Co., St. Louis, MO, U.S.A.) for
30 min on ice. Samples were centrifuged (10000 g,
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10 min) at 4◦C, and the supernatants, determined
equal amounts of protein, were boiled at 95◦C
for 10 min with 2 × sample buffer. The super-
natants were analyzed by sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis (PAGE)
in a 10% acrylamide gel, and transferred to ni-
trocellulose membranes. After transfer, the mem-
branes were blocked with 2% BSA in Tris-Buffered
Saline Tween-20 (TBST, 0.1% Tween-20, 10 mM
Tris-HCl, and 0.1 M NaCl) overnight. The mem-
branes were immunoblotted with rabbit anti-rat
p38 MAPK antibody or phosphor-p38 MAPK
(Thr180/Tyr182) antibody, for 1 hr at room temper-
ature. The membranes were continuously incubated
with donkey HRP-conjugated anti-rabbit IgG anti-
body (1 : 20000) for 1 hr at room temperature. Anti-
body binding was detected by using emitter-coupled
logic (ECL) western blotting analysis system (GE
Healthcare UK Ltd., Buckinghamshire, U.K.).
Statistical Analysis —— Data are expressed as
mean± S.D. The significance of differences was
evaluated by means of analysis of variance
(ANOVA) as the criterion.

RESULTS

Effects of UVB Irradiation on Cytotoxicity
Figure 1 shows the effects of UVB irradiation

(0.1–1 kJ/m2) and incubation time (24 and 48 hr)
on cytotoxicity as measured by LDH activity. The
LDH activity in HaCaT cells after UVB irradiation
increased in a dose-dependent manner. Twenty-
four hours after UVB irradiation the LDH activ-
ity was 14.5± 0.9% at 0.25 kJ/m2 and 51.3± 3.2%
at 1 kJ/m2. Forty-eight hours after a UVB dose
of 1 kJ/m2 (highest dose tested) the LDH activity
reached 103.8 ± 1.2%.

Effects of UVB Irradiation on Cytokine Produc-
tion

The effects of UVB dose (0.1–1 kJ/m2) and
incubation time (6–48 hr) on IL-10 and TNF-α
production by HaCaT cells were examined and
the levels of these cytokines were measured by
ELISA. IL-10 levels significantly increased to 141.6
± 15.3 pg/ml at a dose of 0.25 kJ/m2 24 hr post-
irradiation compared with 28.7 ± 6.5 pg/ml in non-
irradiated cells (Fig. 2A and 2B). TNF-α levels were
elevated in a dose- and a time-dependent man-
ner, reaching a plateau after 24 hr of incubation
and a dose of 0.25 kJ/m2 (Fig. 2C and 2D). The

Fig. 1. Effects of UVB Irradiation on Cellular Cytotoxicity
HaCaT cells were exposed to UVB irradiation (0.1, 0.25, 0.5, and

1 kJ/m2) and cultured in 10% FBS/DMEM for 24 hr at 37◦C in a CO2

incubator. The value of LDH activity is expressed as a percentage of
the maximum LDH activity which can be released from the 100% dead
cells with 1% Triton X-100. Each value represents the mean ± S.D.
of triplicate cultures. Significant differences from the non-irradiated
group are indicated: ∗∗∗∗ p < 0.001.

maximum concentration of TNF-α observed was
3.7± 0.7 pg/ml, compared with 1.3 ± 0.2 pg/ml in
non-irradiated cells.

Effects of UVB Irradiation on NO Production
The effects of UVB dose (0.1–1 kJ/m2) on NO

production by HaCaT cells 24 hr post-irradiation
are shown in Fig. 3A. NO levels significantly in-
creased after UVB irradiation in a dose-dependent
manner, reaching a plateau of 6.4± 2.3 µM at
0.25 kJ/m2. NO expression induced by a UVB
dose of 0.25 kJ/m2 (measured 24 hr post-irradiation)
was reduced by the addition of the NO inhibitor,
carboxy-PTIO (0.25 mM, Fig. 3B).

Effects of NO Donor on IL-10 and TNF-α Pro-
duction

HaCaT cells were exposed to NOR4 for 24 hr
and the levels of IL-10 and TNF-α were mea-
sured by ELISA (Fig. 4A and 4B). NOR4 treat-
ment resulted in significantly increased production
of TNF-α (2.7± 0.1 pg/ml) compared with that in
non-treated cells (1.3± 0.2 pg/ml, Fig. 4B). No ef-
fect on IL-10 production was observed (Fig. 4A).

Effects of IL-10 and TNF-α on NO Production
UVB irradiation induced increased production

of IL-10, TNF-α, and NO by HaCaT cells. To clar-
ify involvement of these cytokines in the production
of NO, either IL-10 or TNF-α were incubated with
HaCaT cells for 24 hr. As shown in Fig. 5, NO lev-
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Fig. 2. Effects of UVB Irradiation IL-10 and TNF-α Production by HaCaT Cells
(A) Dose-dependent effects of UVB irradiation on IL-10 production by HaCaT cells. HaCaT cells were exposed to UVB irradiation (0.1, 0.25,

and 1 kJ/m2) and cultured in 10% FBS/DMEM for 24 hr at 37◦C. (B) Time-dependent effects of UVB irradiation on IL-10 production by HaCaT cells.
HaCaT cells were exposed to UVB irradiation (0.25 kJ/m2; black column), or not exposed (white column), and cultured in 10% FBS/DMEM for 6, 24,
and 48 hr at 37◦C. (C) Dose-dependent effects of UVB irradiation on TNF-α production by HaCaT cells. HaCaT cells were exposed to UVB irradiation
(0.1, 0.25, and 1 kJ/m2) and cultured in 10% FBS/DMEM for 24 hr at 37◦C. (D) Time-dependent effects of UVB irradiation on TNF-α production by
HaCaT cells. HaCaT cells were exposed to UVB irradiation (0.25 kJ/m2; black column), or not exposed (white column), and cultured in 10% FBS/
DMEM for 6, 24, and 48 hr at 37◦C. Each value represents the mean ± S.D. of triplicate cultures. Significant differences from the non-irradiated group
are indicated: ∗p < 0.05; ∗∗p < 0.01; ∗∗∗ p < 0.005; ∗∗∗∗ p < 0.001.

Fig. 3. Effects of UVB Irradiation on NO Production by HaCaT Cells
(A) HaCaT cells were exposed to UVB irradiation (0.1, 0.25, and 1 kJ/m2) and cultured in 10% FBS/DMEM for 24 hr at 37◦C. (B) Suppression of

NO production by carboxy-PTIO. HaCaT cells were incubated for 1 hr in 10% FBS/DMEM containing carboxy-PTIO (0.25 mM). After UVB irradiation
(0.25 kJ/m2), cells were incubated for a further 24 hr at 37◦C. White column = non-treated; black column = carboxy-PTIO. Each value represents the
mean ± S.D. of triplicate cultures. Significant differences are indicated: ∗p < 0.05; ∗∗∗ p < 0.005.

els significantly increased after the addition not of
TNF-α but of IL-10, suggesting that IL-10 had a di-
rect effect on NO production.

Effects of UVB Irradiation on Cytokine Produc-
tion through Activation of the p38 MAPK Sig-
naling Pathway

To confirm whether the MAPK pathway was in-
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Fig. 4. Effects of NO Donor on IL-10 and TNF-α Production by HaCaT Cells
HaCaT cells were cultured with NOR4 (0.5 mM) in 10% FBS/DMEM for 24 hr at 37◦C. Each value represents the mean ± S.D. of triplicate

cultures. Significant differences from the non-irradiated group are indicated: ∗∗∗∗ p < 0.001. (A) IL-10, (B) TNF-α.

Fig. 5. Effects of IL-10 and TNF-α on NO Production by Ha-
CaT Cells

HaCaT cells were cultured with IL-10 or TNF-α (100 ng/ml)
in 10% FBS/DMEM for 24 hr at 37◦C. Each value represents the
mean ± S.D. of triplicate cultures. Significant differences from the
non-irradiated group are indicated: ∗p < 0.05.

volved in the UVB-induced production of IL-10 and
TNF-α, HaCaT cells were irradiated in the pres-
ence of specific MAPK inhibitors; the ERK in-
hibitor, U0126 (1 µM), the JNK inhibitor, SP600125
(10 µM), or the p38 MAPK inhibitor, SB203580
(10 µM, Fig. 6). The UVB-induced production of
IL-10 and TNF-α was suppressed by these in-
hibitors (Fig. 6A and 6B). We then examined the
effects of UVB on the activation of p38 MAPK
in HaCaT cells (Fig. 6C and 6D). As shown in
Fig. 6C, UVB treatment (0.25 kJ/m2) caused the
phosphorylation of p38 MAPK 15–360 min post-
irradiation (Fig. 6C). The UVB-induced activation
of p38 MAPK was suppressed by the p38 MAPK
inhibitor, SB203580 (Fig. 6D).

DISCUSSION

In this study, we investigated the effects of UVB
irradiation on the production of proinflammatory
mediators and the role of the MAPK signaling path-
way in human keratinocyte (HaCaT) cells. UVB-
irradiated HaCaT cells increased production of IL-
10, TNF-α, and NO via activation of the p38 MAPK
signaling pathway, suggesting that exposure to so-
lar UV radiation may exacerbate immune-mediated
skin diseases. At noon on a sunny summer day the
UVB exposure rate is typically 6–8 J/m2 per s;25)

therefore, the dose used in this study (0.1–1 kJ/m2)
represents only a few minutes of exposure. The epi-
dermis may play an important role in the immune
response because it is directly exposed to UVB.
Therefore, we used human keratinocyte (HaCaT)
cells to investigate of the effects of UVB on the pro-
duction of inflammatory cytokines (IL-10 and TNF-
α) and NO.

Consistent with previous reports,15, 17, 26–28)

UVB irradiation (0.25 kJ/m2) significantly in-
creased not only IL-10 and TNF-α production
(Fig. 2), but also NO production (Fig. 3), by Ha-
CaT cells. Decreases in IL-10, TNF-α, and NO
production seen at 1 kJ/m2 may be due to cell
death induced by such high doses of UVB irradi-
ation. Several studies have shown that IL-10 is
induced in human keratinocytes by UVB irradia-
tion.15, 27) Nishigori et al. showed that unrepaired
DNA damage activates the production of IL-10 in
UVB-irradiated murine keratinocytes29) and Curiel-
Lewandrowski et al. showed that IL-10 produc-
tion by UVB-irradiated keratinocytes is increased
by small DNA fragments, such as thymidine din-
ucleotides.30) We also found that IL-10 induced NO
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Fig. 6. Inhibition of UVB-induced Cytokine Production by MAPK Inhibitors
HaCaT cells were incubated for 1 hr in 10% FBS/DMEM with the ERK inhibitor, U0126 (1 µM), the JNK inhibitor, SP600125 (10 µM), or the

p38 MAPK inhibitor, SB203580 (10µM). After UVB irradiation (0.25 kJ/m2), cells were cultured in 10% FBS/DMEM for a further 24 hr. Each value
represents the mean ± S.D. of triplicate cultures. Significant differences from the UVB-irradiated group are indicated: ∗p < 0.05; ∗∗ p < 0.01; ∗∗∗p <
0.005. (A) IL-10, (B) TNF-α. (C) HaCaT cells were exposed to UVB (0.25 kJ/m2) and cultured in 10% FBS/DMEM for 0, 15, 30, 60, 120, 240, or
360 min at 37◦C. At each time point, p38 MAPK activation was assessed by immunoblotting. (D) Cells were pretreated with the specific p38 MAPK
inhibitor, SB203580 (SB; 10 µM), for 60 min, followed by irradiation with UVB (0.25 kJ/m2) for 15 min at 37◦C. At each time point p38 MAPK
activation was assessed by immunoblotting.

production (Fig. 5), suggesting a new role for IL-
10 in the exacerbation of immune diseases such as
AD and asthma induced by solar UVB. The con-
centration of IL-10 added by this experiment was
higher than that of IL-10 produced by UVB irradia-
tion (Fig. 2A). Accordingly, it is suggested that not
only IL-10 but also other signaling factor are related
to the NO production by UVB irradiation. Further
research into the role of IL-10 and NO production
is now under way. NO donor increased the level of
TNF-α, but the concentration of TNF-α added by
this experiment did not significantly increased NO
production (Figs. 4B and 5).

The mechanism underlying the UVB-mediated
increase in both IL-10 and TNF-α production, and
the subsequent induction of NO production, was not
known. Therefore, we focused our research on the
signaling pathways involved in the production of
these proinflammatory mediators. First, we inves-
tigated whether the MAPK signaling pathway is in-
volved in the production of IL-10 and TNF triggered
by exposure to UVB irradiation (Fig. 6A and 6B).
We found that U0126, SP600125, and SB203580

(inhibitors of ERK, JNK, and p38 MAPK, respec-
tively) specifically inhibited the production of IL-10
and TNF-α. The results showed that the increase in
IL-10 and TNF-α induced by UVB irradiation led
to the activation of these kinases, which is in agree-
ment with previous reports.31–33) Da Silva et al.
showed that UVB irradiation induced the increase
of TNF-α and NO with p38 MAPK activation in the
mouse astrocytes.31) Caffeic acid significantly sup-
presses UVB-induced IL-10 mRNA expression in
murine skin and it also inhibits the activation of p38
MAPK.32) Song et al. showed that administration
of the p38 MAPK inhibitor, SB203580, suppresses
increased NO production, resulting in the release
of IL-10 by murine macrophages.33) These results
correspond well with those of our study (Fig. 6A
and 6B) and indicate that MAPK is the key regu-
lator of IL-10 and TNF-α production. Additionally,
we measured the UVB-induced phosphorylation of
p38 MAPK (Fig. 6C and 6D). As shown in Fig. 6D,
UVB-induced p38 MAPK activation was inhibited
by SB203580 of p38 MAPK inhibitor. Thus the in-
creased production of IL-10, TNF-α, and NO in-
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duced by UVB may be the result of activation of the
p38 MAPK signaling pathway.

In conclusion, it is suggested that sunlight may
promote the development of dermatitis and other
allergic diseases by augmenting inflammatory re-
sponses through the increased production of proin-
flammatory cytokines and NO. Previously, we in-
vestigated whether UVB irradiation could induce
AD in mouse model.9) The results showed that the
development of dermatitis-like skin lesions and the
increased production of IL-10, TNF-α, and NO
were promoted by exposure to UVB.9) IL-10 is pro-
allergic, and both TNF-α and NO promote inflam-
mation. These mediators, produced in the epider-
mis, not only act locally but also affect the whole
body, possibly resulting in the onset of immune-
mediated diseases. The results of this study consti-
tute important findings in the epidemiologic study
of the direct effects of UVB irradiation on human
skin.
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