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Abstract

The activation of matrix metalloproteinase (MMP)-9 leading to the formation of wrinkle and sagging of skin is an essential step in the skin
photoaging on exposure to ultraviolet A (UVA). This study attempted to elucidate the role of peroxidized cholesterol including cholesterol
hydroperoxides (Chol-OOHs), primary products of lipid peroxidation in biomembranes, in MMP-9 activation and the effect of dietary β-
carotene in MMP-9 activation. Hairless mice were subjected to periodic UVA irradiation for 8 weeks. The amount of peroxidized cholesterol
detected as total hydroxycholesterol in the skin was increased significantly by the exposure. The activity and protein level of MMP-9 were
elevated with wrinkling and sagging formation. MMP-9 activity was also enhanced by the intracutaneous injection of Chol-OOHs into the
mouse skin. Adding β-carotene to the diet of the mice during the period of irradiation suppressed the activity and expression of MMP-9 as
well as the wrinkling and sagging formation. The amount of cholesterol 5α-hydroperoxide, a singlet molecular oxygen oxygenation-specific
peroxidized cholesterol, was significantly lowered by the addition of β-carotene to the diet. These results strongly suggest that Chol-OOHs
formed on exposure to UVA contribute to the expression of MMP-9, resulting in photoaging. Dietary β-carotene prevents the expression of
MMP-9, at least partly, by inhibiting photodynamic action involved in the formation of Chol-OOHs.
© 2009 Elsevier Inc. All rights reserved.
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1. Introduction

Sunlight, particularly long-wavelength ultraviolet (UV)
light (UVA), is suggested to reach the dermis and cause
oxidative damage by generating reactive oxygen species
(ROS) via photodynamic actions [1]. UVA-induced oxida-
tive damage is characteristic of skin photoaging, which is
Abbreviations: UVA, ultraviolet A; MMP, matrix metalloproteinase;
Chol 7α-OOH, cholesterol 7α-hydroperoxide; Chol 7β-OOH, cholesterol
7β-hydroperoxide; Chol 5α-OOH, cholesterol 5α-hydroperoxide; ROS,
reactive oxygen species; LA-OOH, linoleic acid hydroperoxide; 4-HNE, 4-
hydroxynonenal; St-OOH, sitosterol hydroperoxide; Cu-OOH, cumene
hydroperoxide; GC–MS/SIM, gas chromatography–mass spectrometry/
selected ion monitoring; HPLC, high-performance liquid chromatography;
MAPK, mitogen-activated protein kinase; H&E, hematoxylin and eosin; O2

(1Δg), singlet molecular oxygen; HRP, horseradish peroxidase.
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distinguished from physiological aging in terms of morpho-
logical changes [2,3]. For example, the degradation of
collagen and elastin leading to an enlargement of the dermis
with wrinkles and sagging is a hallmark of photoaging [4].
Members of the matrix metalloproteinase (MMP) family, in
particular, MMP-1, MMP-2 and MMP-9, are implicated in
skin photoaging [5]. Experiments using cultured cell lines
demonstrated that these MMPs are activated in response to
attack by ROS [6,7]. In addition, the expression of MMPs
was found to proceed through a mitogen-activated protein
kinase (MAPK) pathway [8], which is known to be activated
by ROS and ROS-induced oxidative stress [9]. However, no
exact mechanism for the activation of MMPs by attack of
ROS was clarified yet.

ROS generated in the skin are capable of reacting with a
wide variety of biological components, in which unsaturated
lipids constituting cellular and subcellular biomembranes
seem to be responsible for disruptions of cellular function.
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Cholesterol is a lipid constituent of biomembranes, and its
primary peroxidation products generated by reactions with
ROS, cholesterol hydroperoxides (Chol-OOHs), are sug-
gested to be a biomarker of physiological aging in the skin
[10]. Yamazaki et al. [11] and our group [12] also found that
Chol-OOH levels in the skin of hairless mice were elevated
by UV irradiation. In cellular membranes, cholesterol is an
intrinsic part of rafts where the cellular signaling pathway
starts to convey signals toward the nucleus [13]. It was also
reported that cholesterol plays an essential role in the
expression of MMPs through the modulation of MAPK
signaling [14]. Therefore, peroxidized cholesterol in the
biomembranes may play a role in the activation of MMPs in
skin photoaging.

β-Carotene and other carotenoids are dietary antioxidants
by acting as singlet molecular oxygen [O2 (1Δg)] quenchers
and unique free radical scavengers [15,16]. Our ex vivo
study clarified that dietary β-carotene is capable of
quenching O2 (1Δg) generated in UVA irradiation of
mouse skin homogenate [17]. On the other hand, several
studies have demonstrated that dietary β-carotene protects
human skin from the UV-light-induced erythema [18–20].
However, little is known on the protective effect of dietary β-
carotene in UVA-induced skin photoaging.

The aim of this study is to evaluate the relationship
between the formation of cholesterol peroxidation products
and the activation of MMP-9 in UVA-dependent photoa-
ging. In addition, the photoprotective effect of dietary
β-carotene was investigated to know the physiological
significance of β-carotene accumulated in the skin. Hairless
mice subjected to periodic UVA irradiation were examined
for morphological changes on the back with the measure-
ment of MMP-9 activity and Chol-OOHs. The effect of
Chol-OOHs on the activation of MMP-9 was compared
with those of cholesterol and other lipid peroxidation-
related products by their intracutaneous injections into the
mouse skin. An experiment using mice fed a β-carotene-
containing diet was carried out to estimate the efficacy of
dietary β-carotene in MMP-9 activation. The results
indicate that Chol-OOHs generated by photodynamic action
in the skin are involved in the promotion of photoaging
through the induction of MMP-9 and that dietary
β-carotene suppresses MMP-9 activation effectively.
2. Materials and methods

2.1. Materials

β-Carotene, β-apo-8′-carotenal, α-tocopherol and δ-
tocopherol were purchased from Sigma-Aldrich Co. (St.
Louis, MO, USA). β-Sitosterol hydroperoxide (St-OOH) and
Chol-OOHs were prepared from hematoporphyrin-sensitized
photooxidation of β-sitosterol (Tama Biochemical, Tokyo,
Japan) and cholesterol (Kanto Chemical Co., Tokyo, Japan),
respectively, according to the method described in a previous
paper [12]. Linoleic acid hydroperoxide (LA-OOH) was also
prepared through methylene-blue-sensitized photooxidation
of linoleic acid (Sigma-Aldrich Co.), as described elsewhere
[21]. Cumene hydroperoxide (Cu-OOH) was purchased from
Sigma-Aldrich Co. 4-Hydroxynonenal (4-HNE) was
obtained from Cayman Chemical (Michigan, USA). Hydro-
gen peroxide was the product of Wako Pure Chemical
Industries, Ltd. (Osaka, Japan). The anti-MMP-9 antibodies
were purchased from Sigma-Aldrich Co. The horseradish
peroxidase (HRP)-conjugated anti-rabbit antibody was
obtained from Cell Signaling Technology Inc. (Beverly,
MA). β-Actin was obtained from Santa Cruz Biotechnology
(Santa Cruz, CA). HRP-conjugated anti-mouse and anti-goat
antibodies were from Dako Co. (Glostrup, Denmark). All
other reagents and solvents were of guaranteed reagent grade
from Kanto Chemical Co.

2.2. Animal study design

Five-week-old male Hos;HR-1 hairless mice were pur-
chased from SLC Japan (Hamamatsu, Japan) and maintained
under standard experimental conditions (25°C, 60% humid-
ity; light and dark cycle every 12 h) in accordance with the
Guidelines for Animal Experimentation of Tokushima
University. In Experiment I, mice were randomly divided
into two groups (n=8 in each group) and fed the control diet
[corn starch 40, casein 20, sucrose 20, corn oil 5, lard 5,
cellulose 4.75, mineral mixture (oriental mixture) 3.5, vita-
min mixture (oriental mixture) 1, D,L-methionine 0.3, sodium
cholate 0.25, choline chloride 0.2 g/100 g diet]. All mice were
given free access to food and water for 11 weeks. The first
3 weeks were set aside for acclimatization. In the subsequent
8 weeks, the mice were treated with UVA irradiation (+UVA
group) or else not irradiated (−UVA group). In Experiment II,
mice were again randomly divided into two groups (n=5 in
each group) and fed the control diet (control group) or a
β-carotene-supplemented diet (β-carotene 50, α-toco-
pherol 5 mg/100 g control diet; BC group). Our preliminary
experiment showed that the level of α-tocopherol in the skin
was decreased by a single dose of β-carotene. Thus, a
mixture of β-carotene and α-tocopherol was added as a
dietary supplement to adjust the amount of α-tocopherol in
the skin. Both groups were allowed free access to food and
water for 11 weeks. The first 3 weeks were set aside for
acclimatization. The subsequent 8 weeks were for UVA irra-
diation. For the measurement of the amounts of β-carotene
and α-tocopherol accumulated in the mouse skin without
UVA irradiation, each group (n=5 in each group) was also fed
the control diet or the β-carotene-supplemented diet and
allowed free access to food and water for 11 weeks without
the treatment of UVA irradiation. In all experiments, mice
were eventually anesthetized with sodium pentobarbital
(50 mg/kg) and sacrificed by exsanguination from the heart.

2.3. UVA irradiation

The protocol for the irradiation was approved by the
ethics committee for animal experiments of Tokushima
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University. Mice were exposed to irradiation from a UVA
projection lamp (FL15BL-B, National Inc., Osaka, Japan;
maximum wavelength at 352 nm, with range of 315–380
nm) five times a week for 8 weeks. The UVA dose was set to
3.9 J/cm2 for the initial 4 weeks and then increased weekly
by 5 J/cm2, 10 J/cm2 up to 15 J/cm2 and finally held at 15 J/
cm2 for 2 weeks based on Kim et al. [22] (Fig. 1). The
distance between the lamp and animal was approximately
12 cm, and the light's intensity was adjusted to 1.3 mW/cm2

by measuring with a UV radiometer (UM-10, Minolta Co.,
Ltd., Japan).Micemoved freely in the cages during the period
of exposure. A piece of skin, 3.0×4.0 cm, was obtained from
the middorsal region so as to avoid contamination by
hypodermic fats and stored at −80°C prior to the analysis.

2.4. Histological and morphological analyses of mouse skin

For hematoxylin and eosin (H&E) staining of the skin
tissue, a part of the middorsal skin sample (1×0.3 cm) was
fixed in a 10% formalin neutral buffer solution and
embedded in paraffin blocks. Serial sections (4 μm) were
mounted onto MAS-coated slides and stained with H&E
after dewaxing. For estimating UVA-induced morphological
changes of the skin, a wrinkle score was measured according
to the method of Bissett et al. [4]. A pinch test was also
adopted as an index of skin sagging using the method of
Tsukahara et al. [23]. Briefly, mice were anesthetized with
sodium pentobarbital (50 mg/kg) and the dorsal skin was
lifted up with the fingers as much as possible and the pinch
was subsequently released. The time until the skin recovered
to the original state was measured.

2.5. Quantification of peroxidized cholesterol in mouse skin

The skin sample was added to nine volumes of phosphate-
buffered saline and homogenized with a Polytron homo-
genizer (Kinematica AG, Littau/Luzern, Switzerland). The
skin lipids were extracted from the homogenates by the
method of Bligh and Dyer [24] after the addition of a known
amount of St-OOH as an internal standard. Peroxidized
cholesterol was reduced to hydroxycholesterol and isolated
Fig. 1. Schedule of periodic UVA ir
by DPPP-TLC blotting as previously described [12]. Briefly,
the lipid extract was applied to a TLC plate (silica gel
60 F254, 0.25 mm thickness; Merck) and developed with 93:7
(v/v) hexane–isopropanol as mobile phase. The TLC plate
was then dipped in 0.01% (w/v) DPPP-containing blotting
solvent (isopropanol–0.2% aqueous CaCl2–methanol,
40:20:7, v/v/v) for 30 s, after which it was placed on a
glass fiber filter. Then, the plate was covered with a PVDF
membrane, a PTFE membrane and, finally, a glass fiber
filter, in layers. This TLC-blotting sandwich was pressed
evenly for 90 s at 180°C. After blotting, the spot whose RF

value corresponded to standard Chol-OOHs was cut out and
immersed in chloroform–methanol (1:1, v/v). The solvent
was then removed with nitrogen gas. Then, gas chromato-
graphy–mass spectrometry/selected ion monitoring (GC–
MS/SIM) was applied to the hydroxycholesterol fractions
after their conversion to trimethylsilyloxyl derivatives.

2.6. Measurement of the amounts of β-carotene and
α-tocopherol in mouse skin

The skin sample was added to nine volumes of phos-
phate-buffered saline and homogenized with a Polytron
homogenizer to determine the level of β-carotene in mouse
skin. Skin homogenates were mixed with 5 μl of 10 mM
butyl hydroxytoluene in hexane and 100 pmol apo-8′-
carotenal as an internal standard. For the determination of
α-tocopherol, the homogenates were mixed with 10 μl of
1 μM δ-tocopherol as an internal standard. Then, levels
of β-carotene and α-tocopherol were determined by high-
performance liquid chromatography (HPLC) [17].

2.7. Treatment of mouse skin with Cu-OOH, Chol-OOHs
and related compounds

Male Hos;HR-1 hairless mice (8 weeks old) were
intracutaneously injected with the following test compounds
into the back under anesthesia with sodium pentobarbital
(50 mg/kg): 1 or 20 nmol of Cu-OOH, 1 nmol of Chol-OOH
or cholesterol, 1 nmol of LA-OOH, 1 nmol of 4-HNE and
1 nmol of hydrogen peroxide. The injection points were four
radiation to the hairless mice.
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or five sites on the back in each mouse. Each part of the
dorsal skin was collected at 24 h after the treatment and
stored at −80°C prior to the measurement of MMP-9 activity.

2.8. Gelatin zymography for the measurement of
MMP-9 activity

The skin sample was added to four volumes of phosphate-
buffered saline containing 4% (v/v) protease inhibitor
cocktail and 10% (v/v) phosphatase inhibitor cocktail
(Roche, Indiana, USA) and homogenized with a Polytron
homogenizer. Levels of MMP-9 activity in the skin
homogenate were determined as proMMP by gelatin
zymography as described previously [25]. Briefly, the
homogenates were centrifuged at 7000×g for 10 min at
4°C and soluble fractions were collected. Then, protein
concentrations were determined by the bicinchoninic acid
assay using a BCA™ protein assay kit (PIERCE, USA). The
skin samples were mixed 1:1 with sample buffer (4% SDS,
125 mM Tris–HCl, 20% glycerol and 0.1% bromophenol
blue), and equal amounts of protein (25 μg) were analyzed
for activity to degrade gelatin by SDS-PAGE under
nonreduced conditions using 10% polyacrylamide contain-
ing 0.6 mg/ml gelatin. After the electrophoresis, the gel was
washed with washing buffer [50 mM Tris, 5 mM calcium
chloride, 1 μM zinc chloride, 0.02% (w/v) sodium azide,
2.5% (v/v) Triton X-100 and 6 mg/ml heparin] with gentle
shaking for 1 h at room temperature. Next, the gel was
incubated in incubation buffer [50 mM Tris, 5 mM calcium
chloride, 1 μM zinc chloride and 0.02% (w/v) sodium azide]
at 37°C for 24 h. Proteolytic activity was visualized by
staining with 0.25% (w/v) Coomassie brilliant blue R250 in
50% methanol, 10% acetic acid and distilled water for
30 min at room temperature and destaining with 1% acetic
acid, 30% methanol and distilled water. The intensity of
bands was quantified with NIH image software.

2.9. Western blotting for the measurement of
MMP-9 expression

The skin sample was added to four volumes of phosphate-
buffered saline containing 4% (v/v) protease inhibitor
cocktail (Roche) and 10% phosphatase inhibitor cocktail
(Roche) and then homogenized with a Polytron homogenizer.
The homogenates were centrifuged (7000×g, 10 min, 4°C)
and the protein content of the supernatant was quantified
using a BCA® protein assay kit. Samples were mixed 1:1
with sample buffer (125 mM Tris, pH 6.8, 4% SDS, 20%
glycerol and 10% 2-mercaptoethanol), and equal amounts of
sample proteins (50–60 μg) were separated on 10%
polyacrylamide gels under reduced conditions and trans-
ferred electrophoretically onto Immobilon-P membranes
(Millipore, Billerica, MA). Following blocking using
SuperBlock® Blocking Buffer (PIERCE) for 20 min at
room temperature, the membrane was incubated with rabbit
anti-MMP-9 antibody (1:1000) or with goat anti-β-actin
antibody (1:1000) overnight at 4°C. Then, the membrane was
incubated with HRP-conjugated anti-rabbit IgG (1:2000) or
anti-goat IgG (1:2000). The bands were developed using
ECL Western blotting detection reagent, and their intensity
was analyzed using NIH image. Relative levels of MMP-9
were corrected with β-actin as the internal standard.

3. Results

3.1. Morphological and histological changes of themouse skin

Fig. 2 shows the back of mice of the −UVA and +UVA
groups. Large, deep wrinkles were observed after irradiation
for 8 weeks (Fig. 2A and B). H&E staining of skin sections
indicated an increase in the thickness of the dermis and
epidermis and clear augmentation of cysts in the dermis in
the +UVA group. Wrinkling was markedly increased after
5 weeks of irradiation (Fig. 2C), while sagging was enhanced
from the initial stages of irradiation (Fig. 2D). These results
confirmed that this periodic UVA irradiation promoted skin
photoaging, as these morphological and histological changes
are characteristic of such [26–28].

3.2. Effect of periodic UVA irradiation on enzyme activity
and protein expression of MMP-9

Gelatin zymography was used to evaluate the effect of
UVA irradiation for 8 weeks on the activity of MMP-9 in the
skin, measured as bands of proMMP-9 (Fig. 3A). The
irradiation enhanced the activity of MMP-9. Fig. 3B shows
the effect on the expression of MMP-9 proteins. Western
blotting indicated that UVA irradiation promoted the
expression of MMP-9 proteins.

3.3. Effect of periodic UVA irradiation on the accumulation
of peroxidized cholesterol in the skin

Free cholesterol accounts for 7.5% of human skin lipids
[29]. In the hairless mice, cholesterol was found to compose
9% of skin lipids, as the skin contained total lipids at 88 mg/g
skin and total skin contained cholesterol at 8 mg/g skin. We
measured the level of peroxidized cholesterol accumulated in
the skin using a combination of TLC blot and GC–MS/SIM
[12]. Total hydroxycholesterol [Chol-(O)OH] derived from
Chol-OOH and its reduced derivative, Chol-OH, was
detected as peroxidized cholesterol in the SIM chromatogram
as shown in Fig. 4. This chromatogram indicates that
cholesterol 5α-hydroperoxide (Chol 5α-OOH) and choles-
terol 7α/β-hydroperoxide (Chol 7α/β-OOH) were formed in
the hairless mouse skin. Table 1 shows the amount of
peroxidized cholesterol in the skin of hairless mice with and
without UVA irradiation. The levels of Chol 5α-(O)OH and
Chol 7α/β-(O)OH were significantly higher in the group
exposed to periodic UVA irradiation (+UVA group).

3.4. Enhancement ofMMP-9 activity by intracutaneous injection
of Cu-OOH, cholesterol/Chol-OOH and related compounds

To clarify the effect of the products of lipid peroxidation
accumulating in the skin on the MMP activity, we used



Fig. 2. The morphological and histological changes of mouse skin caused by UVA irradiation for 8 weeks. The +UVA group was exposed to UVA for 8 weeks
(total, 303 J/cm2). The −UVA group was not treated with UVA during this period. Pictures of the back and tissue sections of mice were taken (A, −UVA;
B, +UVA). The histological changes to the skin were analyzed by H&E staining (scale bar=50 μm). (C) Wrinkle score. (D) Pinch testing. Open symbols, −UVA
group; filled symbols, +UVA group. ⁎Significantly different from the corresponding −UVA group (Pb.05).
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Cu-OOH as representative of such products and injected it
intracutaneously into the back of hairless mice under
anesthesia. Cu-OOH at both 1 and 20 nmol activated
gelatinolytic activity of MMP-9 significantly at 24 h after the
treatment as compared with the vehicle control (Fig. 5A). It
is therefore evident that Cu-OOH can enhance the activity of
MMP-9 in the skin. Chol-OOH at 1 nmol also activated
MMP-9 twofold compared with vehicle control (Fig. 5B).
Although slight activation of MMP-9 was observed with the
injection of cholesterol itself, the enhancement by Chol-
OOH was significantly greater than that by cholesterol
(Fig. 5B). On the other hand, LA-OOH, 4-HNE, or hydrogen
peroxide at 1 nmol did not affect the activity of MMP-9
(Fig. 5C). It is therefore likely that the enhancement of
MMP-9 activity is more selective to peroxidized choles-
terol than peroxidized fatty acids and their decomposition
products when injected into the skin.

3.5. Effect of supplementing the diet with β-carotene on skin
photoaging in hairless mice

Table 2 shows the levels of β-carotene and α-tocopherol
in the skin of mice with and without periodic UVA
irradiation for 8 weeks. Without irradiation, it was confirmed
that the α-tocopherol level did not differ between the control
group and the BC group. Interestingly, the β-carotene level
was lowered after UVA irradiation in the BC group,
indicating that β-carotene was consumed on exposure of
UVA. Fig. 6A shows that the wrinkling and sagging were
effectively suppressed with the addition of β-carotene to the
diet. In addition, no change was observed in the H&E-



Fig. 3. MMP-9 activity and its expression in mouse skin with or without UVA irradiation. (A) Zymography for MMP-9 activity. (B) Western blotting for MMP-9
protein expression. The band intensity was expressed as relative to that of the −UVA group. Data are shown as the means±S.D. (n=4). Open bars, −UVA group;
filled bars, +UVA group. ⁎Significantly different from the corresponding −UVA group (Pb.05).
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stained skin tissue of the BC group after exposure (Fig. 6B).
In contrast, an increase of epidermal thickness and the
infiltration of inflammatory cells were found in the control
group with periodic UVA irradiation. Fig. 6C shows the
levels of peroxidized cholesterol accumulated in the skin in
the BC group and control group after 8 weeks' irradiation.
The level of Chol 5α-OOH in the skin of the BC group was
significantly lower than that in the skin of the control group.
Thus, it is likely that β-carotene in the skin inhibited UVA-
induced accumulation of cholesterol peroxidation products.
The activity and protein expression of MMP-9 in the UVA-
Fig. 4. GC–MS/SIM of peroxidized cholesterol obtained from skin in the
+UVA group. Total lipids were extracted from the skin tissue and subjected
to GC–MS/SIM after DPPP-TLC blotting. The SIM chromatogram was
obtained by using specific fragment ions m/z 456 and m/z 483 from
peroxidized cholesterol and the internal standard [St-(O)OH], respectively.
Peaks identified are as follows: a, Chol 7α-(O)OH; b, Chol 5α-(O)OH; c,
Chol 7β-(O)OH; d, St-(O)OH.
irradiated skin were also reduced by supplementing the diet
with β-carotene as shown in Fig. 6D. Therefore, it was found
that dietary β-carotene was an effective agent for suppres-
sing the promotion of photoaging by accumulating in the
skin and inhibiting the expression of MMP-9.
4. Discussion

It is known that the degradation of collagen by MMPs,
mainly MMP-1, -2 and -9, is responsible for the formation of
wrinkles and sagging of UVA-induced skin photoaging. The
induction of MMP-9 expression by UVA irradiation is
known to be an essential step in skin photoaging [30].
However, it is still unclear whether or not ROS generated by
the irradiation and products of ROS-induced peroxidation
participate in the induction process. Thus, we focused on
MMP-9 activation to know whether its expression is induced
by lipid peroxidation products derived from the reaction of
ROS with skin lipids under UVA irradiation.
able 1
he amount of peroxidized cholesterol in mouse skin with or without UVA
radiation

Chol 7α-(O)
OH

Chol 7β-(O)
OH

Chol 5α-(O)
OH

UVA group (μmol/mol
cholesterol)

0.45±0.11 0.63±0.06 0.32±0.02

UVA group (μmol/mol
cholesterol)

0.71±0.22⁎ 0.99±0.26⁎ 0.40±0.04⁎

otal lipids were extracted from skin tissue and subjected to DPPP-TLC
lotting and GC–MS/SIM with the specific fragment ion m/z 456 [16]. Data
re shown as the means±S.D. (n=5).

⁎ Significantly different from the corresponding −UVA group (Pb.05).
T
T
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−

+

T
b
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Fig. 5. The effects of intracutaneous injection of Cu-OOH (A), cholesterol/
Chol-OOH (B) and related compounds (C) on MMP-9 activity. MMP-9
activity was analyzed by gelatin zymography using each part of the skin.
Samples were recovered after treatment for 24 h. The protein in samples was
extracted as described in Section 2. (A) Cu-OOH was injected into the back.
V, injection of vehicle; LL, injection of 1 nmol Cu-OOH; HL, injection of
20 nmol Cu-OOH. The intensity of bands is shown relative to that for no-
treatment. Data are expressed as the means±S.D. (n=3). ⁎Significantly
different from the corresponding nonirradiated group (Pb.05). (B)
Cholesterol (Chol) or Chol-OOH (1 nmol) was injected into the back.
Chol-OOH consisted of Chol 5α-OOH (45.6%), Chol 7α-OOH (12.4%) and
Chol 7β-OOH (45.6%). Data are expressed relative to the vehicle-treated
control (means±S.D.; n=6). ⁎Significantly different from cholesterol
(Pb.05). (C) Chol-OOH, LA-OOH, 4-HNE or hydrogen peroxide at
1 nmol was injected into the back. Open bar, H2O2; filled bar, 4-HNE;
striped bar, LA-OOH; dotted bar, Chol-OOH. Data are expressed relative to
the vehicle-treated control (means±S.D.; n=6). ⁎⁎Significantly different
from the corresponding vehicle-treated control samples (Pb.01).

able 2
he amounts of β-carotene and α-tocopherol in mouse skin with or without
VA irradiation

Control BC

−UVA +UVA −UVA +UVA

-Carotene (pmol/mg protein) n.d. n.d. 17.3±9.6 5.1±1.2⁎

-Tocopherol (pmol/mg protein) 279±40 217±36 232±86 251±47

ice were fed the control diet (control) or a β-carotene- and α-tocopherol-
pplemented diet (BC) for 11 weeks. Each group was separated into a
VA-irradiated subgroup (+UVA) and a nonirradiated subgroup (−UVA).
he irradiated subgroup was exposed to UVA for 8 weeks. The amounts of
-carotene and α-tocopherol in mouse skin were quantified by HPLC. Data
re shown as the means±S.D. (n=5). n.d., not detected.

⁎ Significantly different from the corresponding −UVA subgroup
b.05).
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In addition to the formation of deep, large wrinkles and
sagging of the skin, histological analysis demonstrated
events characteristic of photoaging, including the enlarge-
ment of the epidermis and infiltration of inflammatory cells
in the dermis, in the skin of UVA-irradiated mice (Fig. 2). It
was therefore ascertained that the UVA irradiation actually
promoted skin photoaging as in previous reports [31,32].
MMPs are responsible for the degradation of collagen and
elastin in dermis [33]. Therefore, their induction and/or
activation are undoubtedly a major factor accelerating
wrinkling and sagging of the skin. MMP-9, which acts as a
gelatinase, especially decomposes Type IV collagen, elastin,
Type I collagen and Type III collagen, constituting the basal
membrane and dermis [34–36]. The degradation of collagen
in the dermis and basal membrane by MMP-9 brings about
the formation of deep, large wrinkles through disruption of
the skin's structure [33]. It was reported that the expression
of MMP-9 was induced by exposure to ROS including
hydrogen peroxide and UV light in keratinocytes [6] and
fibroblasts [7]. Thus, the induction of MMP-9 expression
through ROS generated by UVA irradiation seems to be
involved in the onset and progression of photoaging in
the skin.

Currently, we found that UVA irradiation enhanced the
activity of MMP-9. Levels of Chol-OOHs were increased in
the mouse skin after UVA irradiation (Table 1). In particular,
the finding that Chol 5α-OOH, a specific product for O2

(1Δg) oxygenation [37], increased remarkably indicates that
O2 (

1Δg) was generated in the skin by photodynamic action.
In addition, Chol 7-α/β-OOH detected in the skin is known
to be formed by the isomerization of Chol 5α-OOH as well
as the reaction of free radicals with cholesterol [11]. We
recently demonstrated that O2 (

1Δg) oxygenation occurred in
skin lipids of hairless mice under ordinary feeding conditions
and were accelerated by the exposure to UVA irradiation
[38]. Wlaschek et al. [39] reported that the expression of
MMP-1, an interstitial collagenase, increased on exposure to
O2 (1Δg) in human keratinocytes. Polte and Tyrrell [40]
suggested that lipid peroxidation products formed by UVA
irradiation induced the expression of MMP-1 in human
fibroblasts. These reports prompted us to investigate whether
or not O2 (1Δg)-dependent lipid peroxidation products
induce MMP-9 activity in vivo. Here, we injected a mixture
T
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Fig. 6. Inhibition of skin photoaging in mice by the supplementation of
β-carotene. (A) A wrinkle score and pinch test were measured for wrinkle
formation and skin sagging, respectively. Open bars, control group with
UVA irradiation; dotted bars, BC group with UVA irradiation. (B) H&E
staining of skin section (scale bar=50 μm). (C) The amount of peroxidized
cholesterol in mouse skin. Open bars, control group with UVA irradiation;
dotted bars, BC group with UVA irradiation. Data are shown as the means±
S.D. (n=5). Significantly different from the corresponding control with UVA
irradiation (⁎Pb.05). (D) The activity of MMP-9 and the expression of
MMP-9 in mouse skin measured by gelatin zymography and Western
blotting, respectively. The intensity of bands is shown relative to that for the
control group without UVA irradiation. Open bars, control group with UVA
irradiation; dotted bars, BC group with UVA irradiation. Data are shown as
the means±S.D. (n=5). Significantly different from the corresponding
control with UVA irradiation (⁎Pb.05, ⁎⁎Pb.01).
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of Chol-OOH isomers prepared from the products of
photosensitized oxidation of cholesterol intracutaneously
into the skin of mice to test their ability to enhance MMP-9
activity. The result clearly shows that an isomeric Chol-OOH
mixture is able to enhance MMP-9 activity, when injected
into the skin (Fig. 5B and C). The mixture consisted of Chol
5α-OOH (45.6%), Chol 7α-OOH (12.4%) and Chol 7β-
OOH (42.0%). It is not known whether or not O2 (1Δg)
oxygenation-derived Chol 5α-OOH is more active than the
other isomers in the enhancement of MMP-9 activity.
Nevertheless, the same result was obtained in the experiment
using Cu-OOH as a model of lipid hydroperoxide (Fig. 5A).
Thus, these results imply that organic hydroperoxide is
generally capable of inducing MMP-9. In fact, neither 4-
HNE, a reactive secondary product of lipid peroxidation, nor
hydrogen peroxide, an inorganic hydroperoxide, exhibited
any effect on MMP-9 activity in the skin of live rodents (Fig.
5C), although both of these products were reported to induce
MMP expression in cultured cell lines [7,41,42]. However,
LA-OOH, a primary product of the peroxidation of linoleic
acid, did not enhance MMP-9 activity under these experi-
mental conditions (Fig. 5C). Higher reactivity of LA-OOH to
detoxification by cellular glutathione peroxidase Type I [43]
might be related to its lack of efficacy on MMP-9 activity.
Esterified hydroperoxides such as phospholipid hydroper-
oxides are likely to be also involved in the enhancement
agents, as they are resistant to cellular glutathione peroxidase
Type I as similarly to Chol-OOHs. Alternatively, Chol-
OOHs may exert MMP-9 activation specifically by affecting
rafts where cellular signaling pathway for MMP activation
starts. Further study is needed to clarify the precise
mechanism through which the MMP-9 is activated by
Chol-OOH and other lipid peroxidation products accumu-
lated in skin tissue.

An experiment inwhich the diet formicewas supplemented
with β-carotene was undertaken to estimate its protective
effect onUVA-induced skin photoaging.β-Carotene can act as
a potent quencher of O2 (1Δg) in phospholipid bilayers of
biomembranes [44,45], and our previous ex vivo study
clarified that dietary β-carotene inhibited O2 (

1Δg) oxygena-
tion of unsaturated lipids in the homogenate of mouse skin
exposed to UVA [17]. This in vivo study clarified that dietary
β-carotene is capable of suppressing MMP-9 expression as
well as inhibiting morphological changes in the skin.

Furthermore, adding β-carotene to the diet evidently
suppressed the accumulation of O2 (1Δg) oxygenation-
specific cholesterol peroxidation product, Chol 5α-OOH
(Fig. 6C), indicating that dietary β-carotene actually
quenches O2 (

1Δg) to prevent the formation of peroxidized
cholesterol in the UVA-irradiated skin. α-Tocopherol is also
capable of quenching O2 (1Δg) in biomembranes [46,47].
However, the fact that the content of α-tocopherol in the skin
of the BC group was not different from that of the control
group (Table 2) suggests that α-tocopherol scarcely
participates in the inhibition of MMP-9 activation by β-
carotene supplementation. Although the O2 (

1Δg) quenching
activity of β-carotene is mostly attributable to its physical
quenching without a chemical reaction, a chemical reaction
with β-carotene also happens during the physical quenching
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[48]. A decrease of β-carotene content in the skin by the
exposure of UVA (Table 2) may have partly originated from
the chemical reaction of β-carotene with O2 (

1Δg). Thus, it is
indicated that the intake of dietary β-carotene is able to
suppress photodynamic action involving O2 (

1Δg) oxygena-
tion in UVA-exposed skin and is, therefore, promising in the
prevention of skin photoaging. It is also plausible that O2

(1Δg) is included in ROS responsible for the enhancement of
MMP-9 in UVA-exposed skin.

In conclusion, Chol-OOHs generated by photodynamic
action possess a potential to induce the expression of MMP-9
leading to skin photoaging under UVA irradiation. It is
clarified that dietary β-carotene is helpful in preventing
UVA-induced skin photoaging by suppressing MMP-9
activation, at least partly, through the inhibition of photo-
dynamic action occurring in the skin.
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