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Abstract Skin aging can be attributed to photoaging (ex-
trinsic) and chronological (intrinsic) aging. Photoaging and
intrinsic aging are induced by damage to human skin attrib-
utable to repeated exposure to ultraviolet (UV) irradiation
and to the passage of time, respectively. In our previous
report, eicosapentaenoic acid (EPA) was found to inhibit
UV-induced matrix metalloproteinase-1 (MMP-1) expres-
sion in human dermal fibroblasts. Therefore, we investi-
gated the effects of EPA on UV-induced skin damage and
intrinsic aging by applying EPA topically to young and aged
human skin, respectively. By immunohistochemical analysis
and Western blotting, we found that topical application
of EPA reduced UV-induced epidermal thickening and in-
hibited collagen decrease induced by UV light. It was also
found that EPA attenuated UV-induced MMP-1 and MMP-9
expression by inhibiting UV-induced c-Jun phosphorylation,
which is closely related to UV-induced activator protein-1
activation, and by inhibiting JNK and p38 activation. EPA
also inhibited UV-induced cyclooxygenase-2 (COX-2) ex-
pression without altering COX-1 expression. Moreover, it
was found that EPA increased collagen and elastic fibers
(tropoelastin and fibrillin-1) expression by increasing trans-
formin growth factor-f§ expression in aged human skin.Hj
Together, these results demonstrate that topical EPA has
potential as an anti-skin-aging agent.—Kim, H. H., S. Cho, S.
Lee, K. H. Kim, K. H. Cho, H. C. Eun, and J. H. Chung.
Photoprotective and anti-skin-aging effects of eicosapen-
taenoic acid in human skin in vivo. J. Lipid Res. 2006. 47:
921-930.
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Skin aging can be attributed to extrinsic aging and in-
trinsic (chronological) aging and is commonly related to
increased wrinkling, sagging, and laxity (1). Extrinsic
aging is generally referred to as photoaging and is caused
by repeated exposure to ultraviolet (UV) light. Whereas
naturally aged skin is smooth, pale, and finely wrinkled,
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photoaged skin is coarsely wrinkled and associated with
dyspigmentation and telangiectasia (2). Alterations in col-
lagen, the major structural component of the skin, have
been considered to be a cause of skin aging and are ob-
served in naturally aged and photoaged skin (3, 4). How-
ever, the mechanisms of collagen destruction in aged skin
have not been fully clarified.

Collagen destruction is, in part, related to the induction
of matrix metalloproteinase (MMP) secreted by epidermal
keratinocytes and dermal fibroblasts. MMP levels are in-
creased by various stimuli, such as UV light, oxidative stress,
and cytokines. UV light rapidly activates activator protein-1
(AP-1) DNA binding and induces MMPs, including MMP-1
(collagenase), stromelysin (MMP-3), and gelatinase (MMP-
9) (5). UV-induced MMP-1 expression induces the cleavage
of fibrillar collagen (types I and III) at a single site. Once
collagen is cleaved by MMP-1, it is further degraded by
MMP-3 and MMP-9, which are also increased by UV light
exposure (6). In human skin, UV-induced AP-1 transcrip-
tional activity that is closely related to MMP expression is
limited by cJun expression, because c-Fos is constitutively
expressed (7). Moreover, whereas c-Fos expression levels
in young (18-28 years old) and aged (>80 years old) skin
are not different, c-Jun expression is increased more so in
aged skin than in young skin (8). Decreased expression of
procollagen is partly mediated by c-Jun expression, which is
induced by UV and interferes with procollagen transcrip-
tion (9).

Intrinsic skin aging is largely dependent on genetic
factors and is associated with increased fragility and loss
of elasticity (10). With increasing age, collagen levels are
reduced and MMP secretions increased in sun-protected
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skin compared with young skin (4, 11). Collagen decrease
attributable to natural skin aging may arise from its re-
duced synthesis and increased degradation, with a con-
comitant increase of MMP expression. Moreover, in aged
sun-protected skin, both the number of fibroblasts and
their capacity to synthesize procollagen are reduced com-
pared with young skin (4).

Essential fatty acids are divided into two categories de-
pending on their saturation state. Omega-3 (w-3) or omega-
6 (w-6) fattyacids have an unsaturated carbon at the third or
sixth carbon in the methyl terminus, respectively. The w-3
fatty acids include a-linolenic acid (18:3), stearidonic acid
(18:4), eicosatetraenoic acid (20:4), eicosapentaenoic acid
(EPA; 20:5), docosapentaenoic acid (22:5), and docosa-
hexaenoic acid (DHA; 22:6) (12). One of these w-3 PUFAs,
EPA, is abundant in fish oil and is used to treat various
diseases, such as inflammatory diseases and cancers. EPA
competes with arachidonic acid (AA) for incorporation
into cell membrane phospholipids and for the substrate of
cyclooxygenase-2 (COX-2) (13). Prostaglandins (PGs) are
derived from membrane PUFAs and playimportantrolesin
inflammation, immune response, and wound healing (14).
In our previous report, we demonstrated that EPA inhib-
its UV-induced MMP-1 expression in human dermal fibro-
blasts and thatitis mediated by the inhibition of the MEK1/
ERK/c-Fos and SEK1/JNK/c-Jun pathways (15).

In this study, we investigated whether topical applica-
tion of EPA prevents UV-induced skin damage and atten-
uates features of intrinsic aging in human skin in vivo. It
was found that topical application of EPA inhibited UV-
induced decreases in collagen and that it attenuated
UV-induced MMP-1 and MMP-9 expression by inhibiting
UV-induced c-Jun phosphorylation. We also found that
topical application of EPA inhibited not only JNK and p38
activation but also COX-2 expression, which is also in-
duced by UV irradiation. Moreover, we found that topical
application of EPA increases the expression of extracellu-
lar matrix (ECM) proteins, such as procollagen, tropo-
elastin, and fibrillin-1, by increasing transformin growth
factor-B (TGF-B) expression in aged human skin in vivo.

MATERIALS AND METHODS

Materials

To detect procollagen, monoclonal anti-type I procollagen N-
terminal extension peptide (SP1.D8) antibody was obtained from
hybridoma culture media (Developmental Studies Hybridoma
Bank, Towa City, IA) and monoclonal anti-human PIC anti-
body was purchased from Takara (Shiga, Japan). Monoclonal
anti-MMP-1 antibody and monoclonal TGF-$1, 2, and 3 anti-
bodies were purchased from Oncogene (Boston, MA); monoclo-
nal anti-COX-1 and polyclonal anti-COX-2 antibodies were from
Cayman Chemical Co. (Ann Arbor, MI) and Oxford Biomedical
Research (Oxford, MI), respectively. Polyclonal anti-p-ERK, anti-
t-ERK, anti-p-JNK, anti-t-JNK, anti-p-p38, anti-t-p38, and anti-p-c-
Jun antibodies were from Cell Signal Technology (Beverly, MA).
Polyclonal anti-B-actin antibody was from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA); polyclonal anti-human tropoelastin anti-
body and monoclonal anti-human fibrillin-1 antibody were from
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Elastin Products (Owensville, MO) and Neomarkers (Fremont,
CA), respectively.

Topical application of EPA

EPA was purchased from Sigma (St. Louis, MO) and dissolved
in ethanol-polyethylene glycol (70:30) containing 1% (w/v) to-
copherol for topical application to human skin in vivo. To in-
vestigate the effects of topical EPA on UV-induced skin damage,
young Korean adults (20-30 years old), all volunteers without
current or prior skin disease, were enrolled. Young human
volunteers (male, average age = 28 years; n = 7) were treated
twice (24 h intervals; 24 h after the first treatment, the second
treatment was performed) with vehicle or 2% EPA under
occlusion. Ethanol-polyethylene glycol (70:30) containing 1%
(w/v) tocopherol was used as vehicle. Twenty-four hours after the
second treatment, buttock skin was irradiated with UV light
[2 minimal erythma doses (MEDs)]. Forty-eight hours after irra-
diation, buttock skin was obtained by punch biopsy for immuno-
histochemical analysis and Western blot analysis of procollagen
and MMP. To investigate the effects of EPA on UV-induced c-Jun
phosphorylation, mitogen-activated protein kinase (MAPK) acti-
vation, and COX expression, skin biopsy was performed 6 h
after UV irradiation. To investigate the effects of topical EPA on
intrinsically aged skin, aged Korean adults (>75 years old), all
volunteers without current or prior skin disease, were enrolled.
Aged human volunteers (male, average age = 76.5 years; n = 4)
were treated with vehicle or 2% EPA for 2 weeks (total of six
times; treated on Monday, Wednesday, and Friday) under occlu-
sion. Ethanol-polyethylene glycol (70:30) containing 1% (w/v)
tocopherol was used as vehicle. Twenty-four hours after the last
treatment, buttock skin was biopsied for immunohistochemical
analysis and Western blot analysis. Skin protein was prepared by
extracting whole skin biopsied to the upper dermis.

This study was conducted according to Declaration of Helsinki
principles. All procedures received prior approval from the
Institutional Review Board at Seoul National University Hospital,
and all subjects provided written informed consent.

UV irradiation

A Waldmann UV-800 (Waldmann, Villingen-Schwenningen,
Germany) phototherapy device and F75/85W/UV21 fluorescent
lamp with emmission spectrum between 285 and 350 nm (peak
at 310-315 nm) were used as the UV light source, as described
previously (16). The strength of UV irradiation at the skin surface
was measured using a Waldmann UV meter (model 585100).
Buttock skin was irradiated with filtered UV light filtered by a
Kodacel filter (TA401/407; Kodak, Rochester, NY), and the MED
was determined at 24 h after irradiation. MED ranged between
70 and 90 m]J/cm? for the brown skin of Koreans.

Immunohistochemical analysis

Immunohistochemical analyses were performed as described
previously (17). Human skin samples were fixed in 10% formalin
for 24 h and embedded in paraffin. Serial sections (4 wm) were
mounted onto silane-coated slides (Dako, Glostrup, Denmark).
Sections were stained with hematoxylin and eosin and Masson-
Trichrome. Acetone-fixed frozen sections were stained with the
following primary antibodies in a humidified chamber at 4°C for
18 h: monoclonal anti-procollagen type I (SP1.D8) antibody,
monoclonal anti-human PIC antibody, polyclonal rabbit anti-
tropoelastin antibody, monoclonal anti-fibrillin-1 antibody, and
anti-TGF-B1, -B2, and -B3 antibodies. Control staining was per-
formed with normal rabbit and mouse immunoglobulin, which
demonstrated no immunoreactivity (data not shown).
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Average epidermal thickness was determined using an image-
analysis program (BMI plus software; BumMi Universe Co., Ltd.).
The ratio of tropoelastin and fibrillin (fiber area to dermis area)
was measured from the dermoepidermal junction to the dermis
(100 pm depth) at X400.

Western blot

Western blot analysis of biopsied skin samples was performed
as described previously (11). Briefly, punch-biopsied skin sam-
ples were homogenized in lysis buffer (50 mM Tris-HCI, pH 7.4,
150 mM NaCl, 2 mM EDTA, 20 pg/ml leupeptin, 20 pg/ml
aprotinin, 5 mM PMSF, and 1 mM DTT) containing 1% (w/v)
Triton X-100. Lysates were centrifuged at 12,000 g for 15 min,
and supernatants were collected for Western blot and zymo-
graphy. Protein concentration of samples was determined by
Bradford assay. Equal amount of proteins was loaded onto Tris-
glycine gels and then electrophoretically transferred to poly-
vinylidene difluoride membranes. Membranes were subsequently
blocked with 5% skim milk in TBS/T (20 mM Tris-HCI, pH 7.6,
137 mM NaCl, and 0.05% Tween-20) and incubated with the in-
dicated antibodies. Blotting proteins were visualized by enhanced
chemiluminescence (Amersham, Buckinghamshire, England).

Zymography

To assess the gelatinolytic activity of MMP-9, soluble protein
was extracted from punch-biopsied skin samples as described
above. Equal amounts of protein were subjected to gelatin zymo-
graphy using zymogram gels containing 10% gelatin, according
to the manufacturer’s protocol (Novex, San Diego, CA). After
electrophoresis, gels were renatured by incubating in renaturing
buffer [50 mM Tris-HCI, pH 7.4, and 2% (v/v) Triton X-100] for
30 min at room temperature. Gels were then incubated in a de-
veloping buffer [50 mM Tris-HCI, pH 8.0, 2.5 mM CaCly, and
0.02% (w/v) sodium azide] for 24 h at 37°C. Proteolytic bands
were visualized by staining gels with 0.5% (w/v) Coomassie bril-
liant blue solution.

Statistical analysis

Statistical analyses were performed using Student’s #test. P <
0.05 was considered statistically significant. All analyses were
performed using Statistical Analysis Software (SAS, Inc., Cary,
NC). Results are presented as means * SEM.

RESULTS

EPA inhibited UV-induced epidermal thickening in
young human skin in vivo

Because UV irradiation has been shown to induce epi-
dermal thickening in human skin, we investigated the ef-
fects of EPA on UV-induced epidermal thickening and
epidermal growth. EPA was applied topically to young
human buttock skin, and then skin was treated with UV
light (2 MEDs). Forty-eight hours after irradiation, skin
was biopsied. Serially sectioned samples were stained with
hematoxylin and eosin, as described in Materials and
Methods. UV light induced epidermal thickening (Fig. 1)
by 214 = 19.6% (P < 0.05 vs. the UV-untreated control
group; n = 7), and topical EPA decreased the epidermal
thickness induced by UV treatment by 72 * 12.6% (P <
0.05 vs. the UV-only-treated group; n = 7). In EPA-only-
treated skin, epidermal thickness increased slightly to 130 *
9% (P < 0.05 vs. the UV-untreated control group; n = 7).
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Fig. 1. Eicosapentaenoic acid (EPA) inhibits ultraviolet (UV) light-
induced epidermal thickening in young human skin in vivo. Young
human buttock skin was topically treated with 2% EPA or its vehicle
(VE), as described in Materials and Methods, and then irradiated
with UV light [2 minimal erythma dose (MEDs)]. Forty-eight hours
after irradiation, skin was biopsied. Serial sections (4 um) were
mounted onto silane-coated slides and stained with hematoxylin and
eosin (H&E). Results are shown as means = SEM. * P < 0.05; Sp<
0.05, versus UV-treated group.

EPA inhibited UV-induced decrease of procollagen
expression in young human skin in vivo

Photoaging is caused by repeated UV irradiation, and
reductions in collagen expression have been considered to
be a cause of wrinkles in photoaged skin. We investigated
the effect of EPA on decreased procollagen expression
induced by UV light by immunohistochemical analysis and
Western blotting in young human skin in vivo.

Immunohistochemistry revealed that UV decreased pro-
collagen expression in fibroblasts in the upper dermis and
in the dermoepidermal junction. Immunohistochemical
results show that EPA increased procollagen staining in
UV-untreated skin and that it inhibited the decrease of
procollagen staining in UV-treated skin (Fig. 2A). We also
found by Western blot analysis that UV light reduced the
level of procollagen expression to 18 * 4.5% (P < 0.05 vs.
the UV-untreated control group; n = 7) of UV-untreated
control levels (Fig. 2B). EPA restored the level of procol-
lagen that was decreased by UV light to 46 = 12% (P <
0.05 vs. the UV-only-treated group; n = 7) of UV-untreated
control levels, as observed by immunohistochemistry. These
results indicate that EPA counteracted the downregulat-
ing effects of UV light on procollagen and inhibited the
decrease of procollagen. Consistent with the procollagen
immunohistochemical profile, collagen fiber staining was
increased substantially in EPA-pretreated, UV-irradiated
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Fig. 2. EPA prevents UV-induced procollagen decreases in young human skin in vivo. Young human
buttock skin (n = 7) was topically treated with 2% EPA or its vehicle (VE), as described in Materials and
Methods, and then irradiated with UV light (2 MEDs). Forty-eight hours after irradiation, skin was biopsied.
A: Serial sections (4 um) were mounted onto silane-coated slides and stained with two antibodies against
type I procollagen (PIC and SP1.D8) and with Masson-Trichrome to detect collagen fibers, as described in
Materials and Methods. Areas in boxes are shown as 2-fold enlargements. B: Proteins were extracted from
biopsied skin samples as described in Materials and Methods. The expression of procollagen was determined
by Western blotting. Results are shown as means = SEM. # P < 0.05; P < 0.05, versus UV-treated group.

skin compared with vehicle-pretreated, UV-irradiated skin,
as revealed by Masson-Trichrome stain (Fig. 2A). These
results demonstrate that topical application of EPA in-
hibited UV-induced decreases of procollagen expression in
human skin in vivo.

EPA inhibited UV-induced MMP-1 and MMP-9
expression in young human skin in vivo

We investigated the effects of EPA on UV-induced MMP-
1 and MMP-9 expression by Western blotting and zymo-
graphy in young human skin in vivo. UV light increased
the levels of MMP-1 (P < 0.05 vs. the UV-untreated control
group; n = 5) (Fig. 3A) and MMP-9 (P < 0.05 vs. the UV-
untreated control group; n = 6) (Fig. 3B). However, EPA
significantly inhibited this UV-induced MMP-1 expression
by 55 + 13% (P < 0.05 vs. the UV-only-treated group; n =
5) and MMP-9 expression by 75 = 7% (P < 0.05 vs. the UV-
only-treated group; n = 6). These results show that topical
EPA inhibits UV-induced MMP-1 and MMP-9 expression
in human skin.
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EPA inhibited UV-induced c-Jun phosphorylation in
young human skin in vivo

AP-1 is closely related to MMPs such as MMP-1 and
MMP-9 that induce the decrease of collagen. For the for-
mation of AP-1 complex, Jun proteins form homodimers
or heterodimers with Fos protein (18). The transcription-
al activity of AP-1 is also dependent on the degree of
phosphorylation of c-Jun and expression of c-Fos as well as
their abundance. However, because the level of c-Fos is
not altered in photodamaged human skin (8), UV-induced
c-Jun expression results in decreased collagen (9). There-
fore, we investigated the effect of EPA on UV-induced
c-Jun phosphorylation, which stabilizes c-Jun protein and
then sustains its expression, in young human skin in vivo.
UV was found to increase the level of phosphorylated c-Jun
(P < 0.05 vs. the UV-untreated control group; n = 6)
(Fig. 4), and EPA inhibited UV-induced c-Jun phosphory-
lation by 79 = 11% (P < 0.05 vs. the UV-only-treated
group; n = 6). These results show that EPA inhibits
UV-induced MMP-1 and MMP-9 expression and that this
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Fig. 3. EPA inhibits UV-induced matrix metalloproteinase-1
(MMP-1) and MMP-9 expression in young human skin in vivo.
Young human buttock skin was topically treated with 2% EPA
or its vehicle (VE), as described in Materials and Methods, and
then irradiated with UV light (2 MEDs). Forty-eight hours after
irradiation, skin was biopsied. Proteins were extracted from biop-
sied skin samples as described in Materials and Methods. MMP-1
(A, n = 5) and MMP-9 (B, n = 6) expression was determined by
Western blotting and zymography. Results are shown as means *
SEM. * P < 0.05; SP < 0.05, versus UV-treated group.

inhibition may be mediated by a reduction in the level
of phosphorylated c-Jun, which is known to be closely as-
sociated with UV-induced AP-1 activation in human skin.

EPA inhibited UV-induced JNK and p38 activation but
not ERK activation in young human skin in vivo

From the results described above, we found that EPA
inhibits UV-induced MMP-1 and MMP-9 expression in
human skin in vivo, which may be mediated by abolishing
c-Jun phosphorylation. Thus, we investigated the effects of
EPA on UV-induced MAPK in young human skin in vivo.
UV irradiation induced the activation of three MAPKs,
ERK, JNK, and p38 (P < 0.05 vs. the UV-untreated control
group; n = 6) (Fig. 5). Although EPA did not inhibit UV-
induced ERK activation (Fig. bA), EPA inhibited UV-
induced JNK (Fig. 5B) and p38 (Fig. 5C) activation by 54 =
9% (P < 0.05 vs. the UV-only-treated group; n = 6) and
68 £ 12% (P < 0.05 vs. the UV-only-treated group; n = 6),
respectively. Because JNK and p38 are closely related to
c-Jun phosphorylation and expression, these findings sug-

- UV + UV
VE EPA VE EPA
— p-c~Jun
A —_—_— v | A ctin

N=
1.0

0.5

0.0

Fig. 4. EPA inhibits UV-induced c-Jun phosphorylation in young
human skin in vivo. Young human buttock skin (n = 6) was
topically treated with 2% EPA or its vehicle (VE), as described in
Materials and Methods, and then irradiated with UV light (2
MEDs). Six hours after irradiation, skin was biopsied. Proteins were
extracted from biopsied skin samples as described in Materials and
Methods. Phosphorylated (p-) cJun was detected by Western
blotting. Results are shown as means * SEM. * P < 0.05; Sp< 0.05,
versus UV-treated group.

gest that the inhibition of UV-induced c-Jun phosphory-
lation by EPA is mediated by inhibition of the activation of
JNK and p38.

EPA inhibited UV-induced COX-2 expression in young
human skin in vivo

UV induces COX-2 expression that produces PG from
AA in human skin. PG is known to play an important role
in MMP expression (19-21) and is also a well-known
inhibitor of collagen synthesis (22). Therefore, we inves-
tigated the effect of EPA on UV-induced COX-2 expres-
sion in young human skin in vivo. UV irradiation
dramatically induced COX-2 expression (P < 0.05 vs. the
UV-untreated control group; n = 4) (Fig. 6A). EPA
significantly inhibited UV-induced COX-2 expression by
76 = 4% (P < 0.05 vs. the UV-treated group; n = 6) in
young human skin in vivo (Fig. 6A). However, EPA did not
affect COX-1, which is constitutively expressed in human
skin (Fig. 6B). This result indicated that EPA inhibited
UV-induced COX-2 expression.

EPA increased the expression of ECM in aged human
skin in vivo

Histological changes in sun-protected aged human skin
(intrinsic aged skin) include reduced collagen levels and
reduced expression of tropoelastin and fibrillin-1 (com-
ponents of elastic fibers) (23). We investigated the effect
of EPA on collagen and elastic fiber levels in aged human
skin in vivo. Compared with vehicle-treated skin, EPA-
treated skin demonstrated increased procollagen staining
in fibroblasts throughout the dermis as well as denser ex-
tracellular staining in the dermoepidermal junction, as
shown by PIC and SP1.D8 staining, respectively (Fig. 7A).
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Fig. 5. EPA inhibits UV-induced JNK and p38 activation but not
ERK activation in young human skin in vivo. Young human buttock
skin (n = 6) was topically treated with 2% EPA or its vehicle (VE),
as described in Materials and Methods, and then irradiated with UV
light (2 MEDs). Six hours after irradiation, skin was biopsied.
Proteins were extracted from biopsied skin samples as described in
Materials and Methods. Activation of ERK (A), JNK (B), and p38
(C) was determined by Western blotting using phosphospecific
(p-) antibodies. Total forms (t-) of ERK, JNK, and p38 were used
as loading controls. Results are shown as means = SEM. * P <
0.05; SP < 0.05, versus UV-treated group.
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Consistent with the findings of procollagen immunohisto-
chemistry, collagen staining with Masson-Trichrome also
revealed increased collagen fibers throughout the dermis
in EPA-treated aged human skin (Fig. 7A). Western blot
analysis also showed that EPA increased the level of pro-
collagen by 218 *= 39% (P < 0.05 vs. the vehicle-treated
control group; n = 4) (Fig. 7B).

In addition to increased collagen expression, EPA
increased tropoelastin and fibrillin-1 levels (Fig. 8). Com-
pared with vehicle treatment, EPA treatment substantially
increased the intricate network of tropoelastin-immuno-
reactive elastic fibers in the dermoepidermal junction
by 145 = 22% (P < 0.05 vs. the vehicle-treated control
group; n = 4) and fibrillin-l-immunoreactive fibers by
696 * 138% (P < 0.05vs. the vehicle-treated control group;
n = 4) (Fig. 8A, C). Western blots also revealed that EPA

A
- UV + UV
VE EPA VE EPA
W e | COX-2
— e | A ctin

B
- UV + UV
VE EPA VE EPA
s s 1 COXA1
———— | A ctin
N=
1.0
05
0.0

Fig. 6. EPA inhibits UV-induced cyclooxygenase-2 (COX-2) ex-
pression without altering COX-1 expression in young human skin
in vivo. Young human buttock skin (n = 6) was topically treated
with 2% EPA or its vehicle (VE), as described in Materials and
Methods, and then irradiated with UV light (2 MEDs). Six hours
after irradiation, skin was biopsied. Proteins were extracted from
biopsied skin samples as described in Materials and Methods.
Expression of COX-1 (A) and COX-2 (B) was determined by
Western blotting. Results are shown as means = SEM. * P < 0.05;
SP < 0.05, versus UV-treated group.
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Fig. 7. EPA increases the level of procollagen expression in aged
human skin in vivo. Aged human buttock skin (n = 4) was topically
treated with 2% EPA or its vehicle (VE), as described in Materials
and Methods. A: Serial sections (4 pm) were mounted onto silane-
coated slides and stained with two antibodies against type I pro-
collagen (PIC and SP1.D8) and with Masson-Trichrome to detect
collagen fibers, as described in Materials and Methods. Areas in
boxes are shown as 2-fold enlargements. B: Proteins were extracted
from biopsied skin samples as described in Materials and Methods.
The expression of procollagen was determined by Western blot-
ting. Results are shown as means = SEM. * P < 0.05.

increased the level of tropoelastin and fibrillin-1 by 420 *
53% (P < 0.05 vs. the vehicle-treated control group; n = 4)
and 131 = 18% (P < 0.05 vs. the vehicle-treated control
group; n = 4), respectively (Fig. 8B, D). These results
show that topical application of EPA to aged human skin
increased procollagen, tropoelastin, and fibrillin-1 expres-
sion in the ECM and thus demonstrate that EPA has
preventive and therapeutic effects on intrinsic skin aging.

EPA increased the expression of TGF-f1, -$2, and
-B3 in aged human skin in vivo

Because TGF-B is an important cytokine that induces
the synthesis of ECM, we investigated the effect of EPA on
the expression of TGF-1, -B2, and -B3 in aged human skin
in vivo (Fig. 9). In vehicle-treated skin, TGF-B1 was weakly
expressed in the epidermis and dermis, whereas TGF-$2
and $3 were stained mainly in the lower epidermis. It was

found that topical application of EPA increased not only
TGF-81, which is primarily stained in dermis, but also TGF-
B2 and -B3, which are stained mainly in epidermis. These
results indicate that topical application of EPA to aged
human skin increases ECM expression by stimulating
TGF- signaling.

DISCUSSION

In our previous report, we demonstrated that EPA in-
hibits UV-induced MMP-1 expression in human dermal
fibroblasts (15) and that treating human dermal fibroblasts
with EPA inhibited UV-induced AP-1 activation, which has
an important role in MMP-1 expression. Furthermore, we
found that suppression of UV-induced AP-1 activation by
EPA was mediated by inhibition of the MEK1/ERK/c-Fos
and SEK1/JNK/ c-Jun pathways. Therefore, in this study, we
investigated the effect of EPA on the expression of MMPs
and ECMs in young and aged human skin in vivo.

Skin aging can be attributed to extrinsic aging (photo-
aging) and intrinsic (chronological) aging. Photoaging
concerns premature skin aging caused by repeated sun
exposure (24-26). Recently, it was suggested that excessive
matrix degradation by UV-induced MMPs secreted by
various cells (e.g., keratinocytes, fibroblasts, and inflam-
matory cells) contributes substantially to the connective
tissue damage that occurs during photoaging (5, 11, 26).
The following mechanism of photoaging has been pro-
posed. Initially, AP-1 is activated by UV light, and AP-1-
driven MMPs such as MMP-1 and MMP-9 are induced (3, 5,
11). These MMPs then degrade collagen, which results in a
collagen deficiency in photodamaged skin and eventually
causes skin wrinkling (27). In human skin, UV-induced
AP-1 transcriptional activity is determined by c-Jun expres-
sion, because c-Fos is expressed continuously (7). Whereas
c-Fos expression in young and aged skin is unaltered, c-Jun
expression is higher in aged skin than in young skin (8).
Some recent reports have suggested that the major reg-
ulatory mechanism of procollagen expression involves
transcriptional control (28-31). Decreased procollagen
expression is partly mediated by c-Jun, which is induced by
UV light and interferes with procollagen transcription (9).
Moreover, all-irans retinoic acid, the best known anti-skin-
aging agent, has been shown to interfere with the re-
sponses of skin to acute UV irradiation, which induces
collagen degradation (32). All-trans retinoic acid does not
inhibit UV-induced c-Jun mRNA but rather blocks c-Jun
phosphorylation and accumulation (7). In this study, we
found that topical EPA not only inhibited the UV-induced
decrease of procollagen expression but also attenuated
UV-induced MMP-1 and MMP-9 expression. Moreover, we
also found that topical EPA inhibited UV-induced c-Jun
phosphorylation and activation of JNK and p38, but not
ERK, in young human skin in vivo. If EPA act as a sun-
screen, its photoprotective effects on various target mole-
cules should be similar. Therefore, we think that the
photoprotective effects of EPA in human skin do not result
from the sunscreen effect.
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Fig. 8. EPA increases the level of tropoelastin and fibrillin-1 expression in aged human skin in vivo. Aged
human buttock skin (n = 4) was topically treated with 2% EPA or its vehicle (VE), as described in Materials
and Methods. A, C: Serial sections (4 wm) were mounted onto silane-coated slides and stained with
tropoelastin (A) and fibrillin-1 (C) antibodies, as described in Materials and Methods. B, D: Proteins were
extracted from biopsied skin samples as described in Materials and Methods. The expression of tropoelastin
(B) and fibrillin-1 (D) was determined by Western blotting. Results are shown as means = SEM. * P < 0.05.

PGs are known to play an important role in UV-induced
skin responses, including erythma (33). Moreover, PGEy
induces various MMPs, such as collagenase and stromely-

VE EPA

TGF-p1

N ety

TGF-2

ra

TGF-p3

=

Fig. 9. EPA increases the levels of transformin growth factor-g1
(TGF-B1),-B2, and -B3 expression in aged human skin in vivo. Aged
human buttock skin (n = 4) was topically treated with 2% EPA or
its vehicle (VE), as described in Materials and Methods. Serial
sections (4 pm) were mounted onto silane-coated slides and
stained with TGF-B1, -B2, and -B3 antibodies, as described in
Materials and Methods.
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sin, in macrophages and fibroblasts (19-21, 26, 34). COX
is a key enzyme that mediates PG production by convert-
ing AA to PGHy, a main precursor of all prostanoids. In
human skin, at least two isoforms of COX exist, the con-
stitutive form (COX-1) and the inducible form (COX-2)
(34). COX-2 expression is increased by various stimuli,
such as UV, growth factors, and cytokines, and is closely
implicated in inflammation, photocarcinogenesis, and
aging (35). On the other hand, COX-1 is expressed con-
stantly and is important in maintaining homeostatic func-
tions. In this study, we found that EPA inhibits UV-induced
COX-2 expression without altering COX-1 expression.

It was reported that the differential effects of -3 and
-6 PUFAs might be related to the formation of PGE (13,
36). Whereas -6 PUFAs such as AA are converted to
2-series PGE (PGEy) by COX-2, w-3 PUFAs such as EPA
and DHA are converted to 3-series PGE (PGE3) by COX-2.
It was also reported that -3 PUFAs compete with AA at the
level of incorporation into cell membrane phospholipids,
leading to the inhibition of PGEy production from AA and
the increase of PGEg3 synthesis from EPA and DHA (13,
36). PGE, is more mitogenic and proinflammatory than
PGEs. It has been reported that fish oils, rich in -3 PUFAs,
possess antiinflammatory properties in UV-exposed skin (37).

Skin aging in the sun-protected skin of elderly individ-
uals results in a loss of collagen and an increase in MMP-1
expression (4, 26). This process is known as intrinsic
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(chronological) skin aging, and collagen deficiencies
during this process may arise from its reduced synthesis
and increased degradation by concomitantly increased
MMP expression. Also, intrinsically aged skin has de-
creased ECM and reduced elastin and fibrillin-1 expres-
sion. TGF-B is a multifunctional cytokine that plays an
important role in the synthesis of extracellular connective
tissue. TGF-8 is also known to stimulate the proliferation
of fibroblasts and to induce the synthesis and secretion of
ECMs, such as collagen, tropoelastin, and fibrillin-1 (17,
38, 39). In addition, TGF-B downregulates the expression
of proteolytic enzymes, such as collagenase and gelatinase,
which degrade ECM (40, 41). We found here that topical
EPA increased the expression of collagen, tropoelastin,
and fibrillin-1. In addition, we also found that EPA in-
creased the expression of TGF-B1, -2, and -B3. These
results demonstrate that topical EPA induces the expres-
sion of collagen, fibrillin-1, and tropoelastin by increasing
the expression of TGF-B1, -2, and -B3.

In conclusion, this study demonstrates that topical
application of EPA inhibits UV-induced collagen decrease
and attenuates MMP-1 and MMP-9 expression, which are
induced by UV light, and that these effects of EPA are
mediated by inhibiting UV-induced JNK and p38 activa-
tion and COX-2 expression. These results indicate that
topical application of EPA prevents the photoaging pro-
cess in human skin in vivo. Moreover, this study also shows
that topical application of EPA to aged human skin in-
duces ECM expression by increasing TGF- expression.
Therefore, we believe that topical application of EPA helps
prevent and treat skin aging. Al
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