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Oxidative stress derived from ultraviolet (UV) light in sunlight induces different hazardous effects in 
the skin, including sunburn, photo-aging and dNA mutagenesis. In this study, the protein-bound lipid 
peroxidation products 4-hydroxy-2-nonenal (HNE) and the oxidative dNA damage marker 8-hydroxy-2’
- deoxyguanosine (8OHdG) were investigated in chronically sun-exposed and sun-protected human skins 
using immunohistochemistry. The levels of antioxidative enzymes, such as heme oxygenase 1 and 2, Cu/Zn-
SOd, Mn-SOd and catalase, were also examined. Oxidative stress is also implicated in the activation of 
signal transduction pathways, such as mitogen-activated protein kinase (MAPK). Therefore, the expression 
and distribution of phosphorylated p38 MAPK, phosphorylated Jun N-terminal kinase (JNK) and phos-
phorylated extracellular signal-regulated kinase (ERK) were observed. Skin specimens were obtained from 
the surgical margins. Chronically sunlight-exposed skin samples were taken from the ante-auricular (n = 10) 
and sunlight-protected skin samples were taken from the post-auricular (n = 10). HNE was increased in the 
chronically sunlight-exposed skin but not in the sunlight-protected skin. The expression of heme oxygen-
ase-2 was markedly increased in the sunlight-exposed skin compared with the sun-protected skin. In con-
trast, the intensity of immunostaining of Cu/Zn-SOd, Mn-SOd and catalase was not different between the 
two areas. Phosphorylated p38 MAPK and phosphorylated JNK accumulated in the ante-auricular dermis 
and epidermis, respectively. These data show that particular anti-oxidative enzymes function as protective 
factors in chronically sunlight-exposed human skin. Taken together, our results suggest (1) antioxidative ef-
fects of heme oxygenase-2 in chronically sunlight-exposed human skin, and that (2) activation of p38 MAPK 
may be responsible for oxidative stress.
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INTROdUCTION

Substantial evidence exists to support that aging is 
associated with the consequence of damage by vari-
ous endogenous reactive oxygen species (ROS) – the 
free radical theory of ageing originally proposed by 
Harman [1]. ROS include superoxide (O2

· -) and hy-
drogen peroxide (H2O2) that are derived from oxygen 
molecules. ROS are involved in a variety of different 
cellular processes ranging from apoptosis and necrosis 
to cell proliferation and carcinogenesis. The skin is 
exposed to a variety of environmental pollutants that 
are oxidants themselves or can catalyze the formation 
of ROS directly or indirectly. Oxidative damage to the 
skin, induced by several exogenous and endogenous 
factors such as ultraviolet (UV) irradiation, transition 
metal ions, enzymatic and non-enzymatic antioxidant 
impairment, has recently been recognized as a key 
factor of intrinsic and photo-induced skin aging and 
of several skin disorders such as actinic elastosis and 
cancer. 

8-hydroxy-2’-deoxyguanocine (8-OHdG) is one of 
the major oxidative base lesions in DNA or nucleotides 
[2] and is induced following UV irradiation by ROS 

[3]. 8-OHdG induces G-C to T-A transversion during 
DNA replication, a possible initiator of carcinogen-
esis [4]. 4-hydroxy-2-nonenal (HNE) is a major and 
the most toxic aldehyde and can be an indicator of 
lipid peroxidation and protein damage. HNE is also 
considered the second toxic messenger of ROS [5]. 
HNE reacts with proteins, peptides, phospholipids and 
nucleic acids, and, therefore, it has multiple cytotoxic, 
mutagenic, genotoxic and signaling effects including 
the inhibition of protein and DNA synthesis, enzyme 
inactivation, stimulation of phospholipase C and che-
motaxis of neutrophils, modulation of platelet aggrega-
tion, as well as modulation of various gene expression 
[6]. Interestingly, HNE is associated with elastosis of 
human skin [7]. However interaction of HNE with 
extracellular matrix proteins, such as elastin and col-
lagens, remains unclear. 

The antioxidative system, including antioxidative 
enzymes, radical scavengers and chain breakers, limits 
cell injury induced by ROS. The epidermis of the skin 
contains a complex enzymatic antioxidant defense sys-
tem [8]. This system includes enzymes that act directly 
to detoxify ROS such as superoxide dismutase (SOD) 
and catalase (CAT), as well as ROS scavengers such 
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as heme oxygenase [9]. Up regulation of the heme 
oxygenase (HO) system removes pro-oxidant heme, 
and thus is cytoprotective. Additionally, the products of 
the HO pathway including, carbon monoxide, biliru-
bin, and biliverdin, scavenge reactive oxygen species, 
thereby inhibit lipid peroxidation [10]. So far three 
isoforms of HO have been described: HO-2 and HO-3 
are constitutively expressed, whereas HO-1 is inducible 
and is actually identical to the heat shock protein 32 
[11]. 

The MAPK cascades are a group of important 
pathways in various cellular responses [12]. Three 
main MAPK have been well characterized: the c-Jun 
N-terminal kinase (JNK), the p38 mitogen-activated 
protein kinase (p38 MAPK) and the extracellular 
signal-regulated protein kinase 1/2 (ERK1/2). ERK 
can be activated in response to growth factors, oxida-
tive stress [13], and increased intracellular calcium 
levels or glutamate receptor stimulation. p38 and JNK 
are activated by oxidative stress such as inflammatory, 
heat shock, UV and ischemia. Phosphorylation of p38 
ensues activation of MAPK-activated protein 2 and 
transcription factor (ATF) 2, and phosphorylated JNK 
can activate c-Jun directly [14].

From the point of view of skin oxidative stress, the 
balance of oxidative stress and the antioxidative system 
and cellular responses to solar UV-irradiation are of 
particular importance. In the present study, in order to 
explore the effects of sunlight-exposure on the protein 
oxidative damage, antioxidative enzyme expression and 
corresponding cell signal transduction were examined 
in the ante-auricular skin (sun-exposed area) and post-
auricular skin (sun-protected area). 

MATERIALS ANd METHOdS 

Patients and skin samples 
Normal skin specimens were obtained from the 

surgical margins of biopsies taken from both the 
ante-auricular skin and the post-auricular skin of the 
same subject. The Tokai University Hospital ethical 
committee gave approval to the study, and written 
informed consent was obtained from all individuals. 
Sun-exposed skin samples were taken from the ante-
auricular (n = 10) and sun-protected skin samples were 
taken from the post-auricular (n = 10). The donors 
were three male and seven female. The age range was 
68-96 years.

Immunohistochemical evaluation of HNE, anti-
oxidative enzymes, and MAPK 

Human skin specimens were fixed in 10% buff-
ered formalin, dehydrated through successively more 
concentrated ethanol solutions and finally embedded 
in paraffin. Tissue sections of 4-μm thickness were 
prepared for hematoxylin and eosin (H & E) staining 
and immunohistochemistry (IHC). For IHC, the speci-
mens were dewaxed and rehydrated before staining. 
Endogenous peroxidase was inactivated with methanol 
containing 0.3% hydrogen peroxidase (H2O2) for 30 
min at room temperature. For the immunostaining 
of HNE, 8-OHdG, HO-1, p38, JNK and ERK, sec-
tions were heated in a microwave oven for 5 min in 
10 mmol/L citrate buffer (pH6.0). For HO-2, sections 
were autoclaved at 121˚C in 10 mmol/L citrate buffer 

(pH6.0) for 10 minutes. For phospho-p38, phospho-
JNK and phospho-ERK, sections were autoclaved at 
121˚C in 1 mmol/L EDTA2Na (pH7.0) for 10 minutes. 
For elastin and collagen type I, sections were treated 
with 0.1% trypsin at 37C˚ for 30 min. Anti-HNE mono-
clonal antibody (JaICA, Shizuoka, Japan) was used 
at a 1:10 dilution. Anti-8-OHdG monoclonal antibody 
(N45.1; JaICA, Hukuroi, Shizuoka, Japan) was tested 
on sections from nonalcoholic hepatitis for its reactiv-
ity and used at a 1:20 dilution. Anti-elastin monoclonal 
antibody (Abcam, Cambridge, UK) was used at a 1:50 
dilution. Anti-collagen type I monoclonal antibody 
(Abcam, Cambridge, UK) was used at a 1:800 dilu-
tion. Anti-HO-1 monoclonal antibody (Stressgen, Ann 
Arbor, MI, U. S. A.) was used at a 1:50 dilution. Anti-
catalase monoclonal antibody (SIGMA, Saint Louis, U. 
S. A.) was used at a 1:100 dilution. Anti-phospho-p38 
monoclonal antibody (Cell Signaling, Danvers, MA, 
U. S. A.) was used at a 1:50 dilution.  Anti-phospho-
JNK monoclonal antibody (Cell Signaling, Danvers, 
MA, U. S. A.) was used at a 1:50 dilution. Anti-
phospho-ERK monoclonal antibody (Cell Signaling, 
Danvers, MA, U. S. A.) was used at a 1:100 dilution. 
Anti-HO-2 polyclonal antibody (Stressgen, Ann Arber, 
MI, U. S. A.) was used at a 1:1500 dilution. Anti-Mn-
SOD polyclonal antibody (Stressgen, Ann Arber, MI, 
U. S. A.) was used at a 1:20 dilution. Anti-Cu/Zn-
SOD polyclonal antibody (Stressgen, Ann Arber, MI, 
U. S. A.) was used at a 1:3000 dilution. Following 
washing with PBS, the signal was amplified with 
DAKO ENVISION+Kit (DAKO cytomation, Glostrup, 
Denmark) according to the manufacture’s recommen-
dations. Horse radish peroxidase activity was visualized 
with 3’3-diaminobenzidine tetrahydrochloride. The 
sections were lightly counterstained with hematoxylin. 
Immunohistochemical specificity of all the antibodies 
was confirmed by non-immune immunoglobulins 
or normal serum as negative controls. For double 
immunostaining of HNE and elastin or collagen 
type I, the sections were incubated with anti-elastin 
monoclonal antibody (Abcam, Cambridge, U. K.) or 
anti-collagen type I monoclonal antibody (Abcam). 
After overnight at 4˚C, the signal was amplified with 
DAKO ENVISION+Kit (DAKO cytomation, Glostrup, 
Denmark) according to the manufacture’s recommen-
dations. Immunoreactivity was visualized by incubation 
with 3’3-diaminobenzidine tetrahydrochloride. After 
thorough washing with PBS, the sections were subse-
quently incubated with anti-HNE monoclonal antibody 
(JaICA, Shizuoka, Japan) at 4˚C overnight. After 
washing with PBS, the signals were amplified Avidin-
Biotin Complex System (VECTOR LABORATORIES, 
INC, U. S. A.) according to the manufacture’s recom-
mendations followed by visualization with 5-bromo-
4-chloro-3-indolyl phosphate and nitroblue tetrazolium 
chloride (DAKO cytomation, Glostrup, Denmark). For 
double immunofluorescence staining, frozen human 
skin tissues were cut into 5 μm sections. These sections 
were fixed with 2% paraformaldehyde, permeabilized 
with 0.5% Trition X-100 in PBS and stained after 
blocking with 10% calf serum in PBS. The primary 
anti-HNE antibody (JaICA) was used overnight at 4
˚C. The secondary Alexa Fluor488-conjugated goat 
antibody against mouse IgG (Invitrogen) was used 
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for 2 hours at room temperature. And then, Alexa 
Flour594-labeled mouse anti-collagen type I mono-
clonal antibody and anti-elastin monoclonal antibody 
were incubated for 2 hours at room temperature. 
These antibodies were labeled with Zenon mouse IgG 
labeling kits (Invitrogen). Imaging of specimens was 
performed using a LSM-510 META confocal laser 
scanning microscope (Carl Zeiss MicroImaging, Jena, 
Germany) and, the META system was employed for 
computer-assisted image spectrum analysis (Carl Zeiss 
MicroImaging, Jena, Germany). 

Absorption test
Absorption tests were performed with normal hu-

man skin to confirm the specificity of the commercial 
HO-2 antibody (Stressgen). The HO-2 antibody 
(0.6 μg/ml) was incubated with a blocking peptide 
(Stressgen; a final concentration of 0, 0.006, 0.066, 
0.66, 6.6, or 66.0 μg/ml) at 4˚C overnight; and the 
immune complex was pelleted by centrifugation, and 
the supernatant was passed through a 0.45-μm filter 
before incubation with normal human skin. 

Laser microdissection and real-time reverse tran-
scription polymerase chain reaction (RT-PCR)

Tissue sections (6-μm thick) were prepared from the 
same formalin-fixed paraffin-embedded tissue blocks 
and counterstained with toluidine blue. For the separa-
tion of epidermis and dermis in the ante-auricular skin 
and the post-auricular skin, a laser microdissection 
assay was performed using a Laser Microdissection 
System (LM) (Carl Zeiss MicroImaging, Jena, 
Germany) coupled with real-time reverse transcriptase 
PCR. Total RNA was extracted from dissected epi-
dermis or dermis skin sections using TRizol reagent 
(Invitrogen Life Technologies, Carlsbad, CA, U. S. A.). 
For synthesis of first-strand cDNA, RNA was reverse 
transcribed by incubation with random primers and 
a first-strand cDNA synthesis kit (High Capacity RT 
kit). Real-time RT-PCR was performed using TaqMan 
Universal PCR Master Mix (Roche, Branchburg City, 
NJ, U. S. A.) according to the instructions of the 
manufacturer, and the specific primers used had the 
following sequence: human HO-2 primers, 5´- CCT 
GTA CAC GAT GGG AAA GGA-3´ and 5´- TCC 
AGG GCA CCT TTG TCT TGT TCA -3 ;́ and human 
b-actin primers, TaqMan Geneexpression Assay actinß, 
HS99999903_ml. These primer sets were designed 
to span one intron to allow identification of genomic 
contamination. The reaction protocol consisted of the 
following cycles: 95C˚ for 15 min, 95C˚ for 15 sec and 
60C˚ for 1 min for 50 cycles of PCR amplification 
on an Opticon 2 System (Hercules, CA, U. S. A.). All 
data were analyzed on an Option monitor 3 (ATTO 
Corporation, Tokyo) 

Statistical analysis
Values are expressed as the mean ± SE. Data from 

RT-PCR assay were compared by using a paired t test. 
In all cases, P < 0.05 was considered significant. 

RESULTS 

Histopathological analysis 
Histopathologial analysis revealed that marked 

solar elastosis occurred in the ante-auricular dermis 
compared to the post-auricular dermis (Fig. 1A and 
1B). Immunohistochemical study also demonstrated 
that elastin molecules accumulated in the upper 
dermis with the exception of the grenz zone (Fig. 1C). 
Collagen type I was mainly localized in the grenz zone 
(Fig. 1D). 

Production of 8-OHdG and HNE 
8-OHdG is a marker of oxidative damage to DNA 

or nucleotides. Immunoreactivity of 8-OHdG was not 
detected in either the ante-auricular or post-auricular 
skins (Fig. 2A and 2B, Table 1). To determine the ef-
fect of sunlight exposure on lipid peroxidation, the 
formation of HNE protein adducts, a marker for lipid 
peroxidation and index of oxidative stress, was exam-
ined by immunohistochemistry. The ante-auricular 
skins showed strong HNE immunoreactivity in both 
the epidermis and dermis compared with the post-
auricular skins (Fig. 2C and 2D, Table 1). Double im-
munostaining colocalized HNE and elastin in the ante-
auricular dermis but not in the post-auricular dermis 
(Fig. 3A and 3B). The double immunostaining results 
are summarized in Table 2. Detailed double immuno-
fluorescence staining analyses of elastin, collagen type 
I and HNE were carried out and showed that elastin, 
but not collagen type I, accumulated in HNE-positive 
extracellular matrix areas of the ante-auricular dermis. 
Careful inspections of serial sections of these dermis 
samples revealed that collagen type I did not accumu-
late in HNE-positive areas (Fig. 4). 

Anti-oxidative enzymes 
HO-1 is a redox-sensitive inducible protein that pro-

vides efficient cytoprotection against oxidative stress, 
whereas HO-2 is a constitutive isoform of heme oxy-
genase. Immunohistochemical study demonstrated that 
HO-1 protein was expressed in both the ante-auricular 
and post-auricular skins (Fig. 5A and 5B, Table 1). In 
the epidermis, HO-2 was detected in the cytoplasm 
both in the ante-auricular and post-auricular skins. 
In contrast, in the dermis, HO-2 markedly increased 
in the ante-auricular skins than in the post-auricular 
skins (Fig. 5C and 5D, Table 1). We next examined 
the gene expression of HO-2 in formalin-fixed, 
paraffin-embedded (FFPE) samples of skins using 
laser microdissection and real-time RT-PCR method. 
Quantitative mRNA analysis showed significantly 
increased expression of HO-2 in the ante-auricular 
dermis as compared to the post-auricular dermis (Fig. 
6A, Table 1). Furthermore, the specificity of HO-2 was 
confirmed by absorption test using a normal human 
skin. Immunoreactivity was considerably decreased by 
the absorption. (Fig. 6B, Table 1). Both Mn-SOD and 
Cu/Zn-SOD were expressed in the accessory structures 
in the dermis of the post-auricular samples. Mn-SOD 
was expressed in the granular-like structures around 
fibroblasts and appendix. Cu/Zn-SOD was stained in 
the post-auricular and abdominal specimens in the 
epidermis and appendix. Catalase was expressed in 
the cytoplasm in the granular-like structure structures 
in the stratum granulosum epidermis and the nuclei 
of sebaceous glands in the dermis. No difference was 
found between the ante-auricular and post-auricular 
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Fig. 1	 Histopathological findings in the ante-auricular and post auricular skins. Tissue sections 
were stained by H & E or immunohistochemistry for elastin and collagen type I. H & E 
staining (A, B). Immunostaining of elastin (C) and collagen type I (D). Representative sec-
tions of the ante-auricular skin (A, C, D) and post-auricular skin (B). (Original magnifica-
tion x100).

C D

Collagen Elastin

HE

A B

C D

A B

Fig. 2	 Immunohistochemistry of the ante-auricular and post-auricular skins with anti-
8OHdG antibody and anti-HNE antibody. Staining of 8-OHdG (A, B) and HNE (C, D). 
Representative sections of the ante-auricular skin (A, C) and post-auricular skin (B, D). 
(Original magnification x100).
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Table 1	  8-OHdG, HNE, anti-oxidative enzymes and phosphorylated p38 MAPK, JNK and ERK in the ante- and post-
auricular epidermis and dermis.

Location
Case
No.

Age/Sex
Immunohistochemistry

8-OHdG HNE HO-1 HO-2 Cu/Zn SOD Mn SOD Catalase
phospho 

p38
phospho 

JNK
phospho 

ERK

ante-
auricular/
epidermis

1 96/F － + ＋ ++ － ± ± － － +
2 96/F － + ＋ ＋ ± ± ＋ + ＋ +
3 64/M － ± ++ ++ ± ＋ ± + ＋ +
4 73/F － ++ ＋ ＋ ± ＋ ＋ ± ＋ ++
5 84/M － ++ ± ++ ± ± ± + ＋ ++
6 70/F － ＋ ± ＋ ＋ ± ＋ － ± +
7 77/F － ± ＋ ++ ± ± ± ± ± ±
8 68/M － ＋ ± ＋ ± ＋ ＋ － ± ＋
9 72/F － ± ＋ ＋ ± － ＋ ± － ＋
10 73/F － ± ± ＋ ± ± ± + ± ＋

post-
auricular/
epidermis

1 96/F － ± ＋ ＋ － ± ± － － ++
2 96/F － ＋ ＋ ＋ ＋ ＋ ± ＋ － ±
3 65/M － ± ++ ＋ ± ＋ ++ － － ＋
4 74/F － ± ＋ ＋ ± ＋ ＋ － － ＋
5 85/M － ± ＋ ＋ ± ++ ± ＋ － ++
6 84/F － ± ＋ ＋ ± ± ＋ － － ±
7 91/F － ± ＋ ＋ ++ ＋ ± ＋ ± ++
8 69/M － ± ＋ ± ++ ＋ ++ ＋ － ++
9 74/F － － ++ ＋ ＋ ± ± ＋ － ±
10 75/F － － ＋ ＋ ± ＋ ± ＋ － ++

ante-
auricular/

dermis

1 96/F － ＋ － ++ － ± － － － －
2 96/F － ＋ ± ＋ － - ± ＋ － －
3 65/M － ± － ++ － ++ ± ＋ － －
4 74/F － ＋ ++ ＋ － ++ ± ＋ － －
5 85/M － ++ ± ++ － ＋ ± ＋ － －
6 84/F － ＋ ＋ ＋ － ++ ＋ － － －
7 91/F － ＋ ± ++ － ++ ± ＋ － －
8 69/M － ＋ ± ＋ － ＋ ＋ ＋ － －
9 72/F － ± ± ＋ － ± － － － －
10 73/F － ± ± ＋ － - － ± － －

post-auricu-
lar/dermis

1 96/F － ± ± － － ± － － － －
2 96/F － ＋ － － － － ± ＋ － －
3 65/M － － ± － － ++ ＋ － － －
4 74/F － － ＋ － － ++ ± － － －
5 85/M － ± ± － － ＋ ± － － －
6 84/F － ± ＋ － － ++ ＋ － － －
7 91/F － ± ＋ － － ++ ± － － －
8 69/M － ± ＋ － ± ＋ ＋ － － －
9 72/F － － ++ － ± ± ± － － －
10 73/F － － ＋ － － － － － － －

Minus indicates negative; ±, less than 10%; +, 10 to 50%; ++, over 50% of cells.



E. AKASAKA et al. /Oxidative Stress in Chronic Ultraviolet Exposed Human Skin

― 157―

skins in the intensity of Mn-SOD and Cu/Zn-SOD im-
munoreactivities (Fig. 7A-F, Table 1). 

MAPK signaling
The MAPK pathway is a target of oxidative stress. 

To determine whether chronic sunlight exposure in-
duces activation of MAPK signaling in human skin, 
phosphorylation status of p38 MAPK, JNK and ERK 
was examined following analysis of FFPE specimens 
by immunohistochemistry using phosphor-specific an-
tibodies (Fig. 8A and 8B, Table 1). Phosphorylated-p38 
MAPK (phospho-p38) localized in both ante-auricular 
and post-auricular epidermis. Phosphorylated-JNK 
(phospho-JNK) was localized only in the ante-auricular 
epidermis but not in the post-auricular epidermis or 
dermis (Fig. 8C and 8D). Phosphorylated ERK (phos-
pho-ERK) was observed the nuclei of inflammatory 
cells and angio-endothelial cells in skin epidermis (Fig. 
8E and 8F). There was no difference in the immunos-
taining of phospho-ERK between the ante-auricular 
and post-auricular skins. The immunohistochemistry 
results are summarized in Table 1. 

dISCUSSION

So far, there have been no convincing results to in-
dicate the effect of chronic sunlight exposure on HNE 
and 8-OHdG levels, the expression of antioxidative en-
zymes and MAPK signaling in human ante-auricular 
skin (sunlight exposed area) and post-auricular skin 
(sunlight protected area). In this study, we demonstrat-
ed that chronic sunlight exposure inflicts particular 
oxidative stress and induces antioxidative enzyme ex-
pression and MAPK signaling activation in the human 
skin without cancer. 

The solar ultraviolet radiation spectrum consists of 
the shorter UVC (200-290 nm), UVB (290-320 nm) 
and the longer UVA (320-400 nm) radiations. Both 
UVA and UVB contribute to photocarcinogenesis and 
photoaging and UVA cannot be regarded to be safer 
than UVB. The UVB component of sunlight only pen-
etrates into the epidermis while the longer wavelength 
UVA penetrates deeper into the underlying dermis. 
We speculate that these differences between UVA and 
UVB underlie the differences seen in the responses of 
the epidermis and dermis. 

Fig. 3	 Colocalization of HNE with elastin and collagen type I in ante-auricular skin. Double immunostaining of HNE 
and (A) elastin or (B) collage type I was shown. HNE (brown) and elastin or collagen type I (blue). (Original mag-
nification x100).

A B

Table 2	  Co-localization of elastin or collagen type I with HNE in the 
ante-auricular dermis. 

Case No. Age/Sex
HNE

elastin collagen
1 96/F ++ －
2 96/F ++ －
3 64/M ++ －
4 73/F ++ －
5 84/M ++ －
6 70/F ++ －
7 77/F ++ －
8 68/M ++ －
9 72/F ++ －
10 73/F ++ －

Minus indicates negative; ±, less than 10%; +, 10 to 50%; ++, over 50% of double stained-cells.
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Fig. 4	 Double immunofluorescence staining analysis of elastin, collagen type I and HNE. The ante-auricular epidermis 
stained for collagen type I (red) or elastin (red) with HNE (green). Projected views of confocal sections are pre-
sented (A, B). Serial confocal sections of an ante-auricular epidermis stained for collagen type I (red) or elastin (red) 
and HNE (green) (C). Scale bars: 20 μm.
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HNE is a major and the most toxic aldehyde pro-
duced by the oxidation of s-6 polyunsaturated fatty 
acids [5] and is considered the second toxic messenger 
of oxygen radicals [6]. HNE was increased in the ante-
auricular skin (sunlight-exposed area) compared with 
the post-auricular skin (sunlig ht-protected area). Using 
double immunostaining, we further revealed that HNE 
was colocalized with degenerative elastin. In contrast, 
the content of 8-OHdG, one of the major oxidative 
base of DNA, was unchanged in the ante-auricular 
skin. These results suggest that chronic sunlight expo-
sure predominantly induces the byproducts of lipid 
peroxidation. It has been reported that physiological 
concentrations of HNE exert growth-modulatory effects 
on cells via an epidermal growth factor receptor-linked 
signal pathway [15]. The treatment of macrophages or 
Kupffer cells isolated from cirrhotic liver with HNE 
has been found to consistently induce transforming 
growth factor b1 (TGF-b1) expression [16]. TGF-b1 is 
considered to be an essential growth factor in develop-
ment, wound healing and fibrosis. This growth factor 
induces fibrosis and stimulates collagen and elastin 
expression [17]. These reports and our data suggest 
that HNE is involved at least to a certain extent in the 
elastotic changes in the ante-auricular skin. Chronic 
exposure to UV irradiation induced elastosis and 
degenerative alteration of skin structures. Nobuhiko T 
(Arch Dermatol Res 2001) reported that elastin, one 

of the extracellular matrix proteins, accumulated in 
HNE-positive areas in sunlight-damaged human skin 
[18]. Similarly, the colocalization of HNE and elastin 
was observed in the ante-auricular skin dermis (Fig. 
3A). Interestingly, another extracellular matrix protein, 
collagen type I was not colocalized with HNE (Fig. 3B). 

UVB also is a potent direct inducer of Mn-SOD 
activity in cultured human dermal fibroblasts, though 
with a delay of approximately 48 hours after UVB 
irradiation [19]. There are many reports on the roles 
of SOD, Cu/Zn-SOD and Mn-SOD in skin cells such 
as keratinocytes and dermal fibroblasts. Mn-SOD and 
Cu/Zn-SOD mRNA levels elevate immediately after 
UVA treatment [20]. Catalase expression also increases 
in human skin after high-dose UVB (4MED) irradia-
tion [21-23]. However, in our study, Mn-SOD, Cu/Zn-
SOD and catalase were observed in both the sunlight-
protected epidermis and sunlight-exposed skins. These 
differences may be attributable to the exposure time 
(acute or chronic) with UV irradiation.

Heme oxygenase (HO), the rate-limiting enzyme in 
heme catabolism, catalyzes stereospecific degradation 
of heme to biliverdin, with concurrent release of iron 
and CO. In mammals, biliverdin is then converted to 
bilirubin by the cytosolic enzyme biliverdin reductase 
[10]. A previous study showed that induction of HO-1 
in skin fibroblasts is of value in protecting against UV-
induced oxidative stress [24]. Human skin fibroblasts 

Fig. 5	 Immunohistochemical staining for HO-1 and HO-2. Staining of HO-1 (A, B) and HO-2 (C, D). 
Representative sections of the ante-auricular skin (A, C) and post-auricular skin (B, D). (Original 
magnification x100).
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Fig. 6	 Real-time RT-PCR analysis of HO-2 mRNA in the ante-auricular and post-auricular skins 
using laser microdissection, and absorption test for the specificity of anti-HO-2 antibody. (A) 
HO-2 mRNA expression was analyzed by quantitative real-time RT-PCR. *p < 0.05, N = 5. (B) 
Absorption test. One-milliliter aliquots of anti-HO-2 antibody solution (0.6 μg/ml) were re-
acted with synthetic HO-2 peptide at a concentration of (A) 0 μg/ml, (B) 0.006 μg/ml, (C) 0.066 
μg/ml, (D) 0.6 μg/ml, (E) 6.6 μg/ml, or (F) 66.66 μg/ml. (Original magnification x100). 
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in culture respond to UV irradiation by increasing 
the expression of HO-1 [11]. Our data showed that 
HO-1 was expressed in the epidermis both in the sun-
protected and sun-exposed skins with no significant 
difference. Furthermore, in the dermis, HO-1 was little 
or not at all expressed in several samples, macrophages 
or other inflammatory cells, but no detectable differ-
ence was observed in almost all samples. These find-
ings demonstrate that HO-1 is not induced by chronic 
sunlight exposure.

HO-2 is unaffected by light stress and is moderately 
expressed in normal rat retina compared with the 
brain and testes that have the highest levels of HO-2 
expression [25]. It has been reported that HO-2 mRNA 
levels are low in human dermal fibroblasts but high 

in epidermal keratinocyte. The role of HO-2 in the 
cell is not as well understood; however, it is becoming 
apparent that HO-2 may have an important role in 
epidermal cells [26]. HO-2 functions as a sensor of 
acute reduction in environmental O2 by suppressing 
both native and recombinant Ca2+-sensitive potassium 
channel activity, primarily through the production of 
CO [27]. And another inducer of HO-2 is CO and NO 
[28-30]. Furthermore, HO-2 is activated by calcium-
calmodulin [31]. The phenomenon of UV-induced Ca2+ 
spectrum is a single peak at about 230 nm, UVB and 
UVA regions locating [32]. We showed that HO-2 was 
expressed in the epidermis of both the sun-protected 
and sun-exposed skins. In contrast, the expression of 
HO-2 was significantly increased in the sun-exposed 

A B

C D
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Fig. 7	 Immunohistochemical staining for Mn-SOD, Cu/Zn-SOD and catalase in the ante-auricular 
and post-auricular skins. Staining of Mn-SOD (A, B), Cu/Zn-SOD (C, D) and catalase (E, F). 
Representative sections of the ante-auricular skin (A, C, E) and post-auricular skin (B, D, F). 
(Original magnification x100). 
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dermis. Therefore, these observations suggest that 
HO-2 is induced by chronic UV-irradiation, but not 
by acute UV-irradiation. p38 MAPK, a signaling mol-
ecule, was activated in the sunlight exposed dermis. 
Activation of p38 MAPK may be related with the 
induction of HO-2. The detailed mechanism of HO-2 
induction by chronic sunlight exposure remains to be 
determined.

Oxidative stress is implicated in the activation of 
signal transduction pathways and has been shown to 
induce phosphorylation of cell surface receptors, which 
in turn activates the MAPK signaling pathway [33]. 
The MAPK signaling molecules (p38 MAPK, JNK 
and ERK) are also activated by UV-induced oxidative 
stress. In our study, to examine the effect of chronic 

sunlight exposure on p38 MAPK, JNK and ERK, im-
munohistochemical study was performed using phos-
pho-specific antibodies. We found that phosphorylation 
of p38 MAPK, JNK and ERK was most prominent in 
the ante-auricular epidermis, that of p38 MAPK and 
JNK in the post-auricular skins was more remarkable 
in the epidermis than in the dermis, and ERK was not 
phosphorylated at all in the dermis of both the ante- 
and post-auricular skins. In particular, phosphorylated 
p38 MAPK in the epidermis was increased in both 
the ante- and post-auricular skins, but that in the 
dermis was increased only in the ante-auricular skins, 
indicating a relationship between chronic sunlight-
exposure and the depth of UV penetration. Chouinard 
et al. have shown that there was immediate activation 

A B

C D
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Fig. 8	 Immunohistochemical staining for phosphorylated-p38 MAPK (phospho-p38), phosphorylated-
JNK (phospho-JNK) and phosphorylated ERK (phospho-ERK) in the ante-auricular and post-
auricular skins. Staining of phospho-p38 (A, B), phospho-JNK (C, D), and phospho-ERK (E, 
F). Representative sections of the ante-auricular skin (A, C, E) and post-auricular skin (B, D, F). 
(Original magnification x100). 
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and a higher degree of JNK activity following UVA-
irradiation (30 kJ/m2) compared to UVB-irradiation 
(0.3 kJ/m2) in human keratinocytes [34]. Low-dose 
UVB-irradiation (0.15 kJ/m2) of human keratinocytes, 
caused immediate and prolonged phosphorylation of 
p38 MAPK that persisted for 48 h before returning 
back to basal levels [35]. UV irradiation strongly acti-
vates JNK and p38 MAPK, whereas ERK1/2 is only 
very weakly activated by comparison [37]. The JNK 
and the p38 MAPK pathways play differential roles in 
apoptosis triggered by UV [38]. These data, although 
from acute responses of human cell lines to UV-
irradiation, point out the possibility that UV-induced 
activation of p38 MAPK and JNK is perpetuated 
upon chronic exposure to sunlight. Notably, one previ-
ous study has shown that UVA-induced p38 MAPK ac-
tivity elicits Bcl-XL expression, which in turn provides 
protection against apoptosis [40]. Thus, it is possible 
that phosphorylated p38 MAPK appearing in the ante-
auricular epidermis and dermis as well as in the post-
auricular dermis prevents cell apoptosis in these layers 
of the skin Further investigation is warranted. 

In summary, we demonstrated that chronic sunlight 
exposure induces degeneration of elastin in associa-
tion HNE accumulation and HO-2 expression in the 
dermis. p38 MAPK may act as an important factor in 
oxidative stress-induced antioxidative responses and 
activation of signaling pathways. The detailed mecha-
nism for the sequence of events following chronic 
sunlight exposure remains for further investigation. 
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