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A B S T R A C T

Chronic exposure to solar ultraviolet (UV) light causes skin photoaging. Many studies have shown that

naturally occurring phytochemicals have anti-photoaging effects, but their direct target molecule(s) and

mechanism(s) remain unclear. We found that myricetin, a major flavonoid in berries and red wine,

inhibited wrinkle formation in mouse skin induced by chronic UVB irradiation (0.18 J/cm2, 3 days/week

for 15 weeks). Myricetin treatment reduced UVB-induced epidermal thickening of mouse skin and also

suppressed UVB-induced matrix metalloproteinase-9 (MMP-9) protein expression and enzyme activity.

Myricetin appeared to exert its anti-aging effects by suppressing UVB-induced Raf kinase activity and

subsequent attenuation of UVB-induced phosphorylation of MEK and ERK in mouse skin. In vitro and in

vivo pull-down assays revealed that myricetin bound with Raf in an ATP-noncompetitive manner.

Overall, these results indicate that myricetin exerts potent anti-photoaging activity by regulating MMP-

9 expression through the suppression of Raf kinase activity.

� 2010 Elsevier Inc. All rights reserved.
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1. Introduction

The specific damage produced in skin tissue by repeated
exposure to ultraviolet (UV) light is known as photoaging.
Photoaging damage is characterized by histological changes,
including damage to collagen fibers, excessive deposition of
abnormal elastic fibers, and increased levels of glycosaminogly-
cans [1–3] resulting in skin that is wrinkled, lax, and coarse with
uneven pigmentation and brown spots [2,4,5]. Histological and
ultrastructural studies have demonstrated that such alterations
are found in the dermal connective tissues of photoaged skin [2].
However, connective tissue damage to the human dermis is
difficult to study because of the many years required for the
natural evolution of the process and the inability to assess the total
exposure of an individual [6]. Given that intentionally damaging
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human skin by long-term exposure to UV light is ethically
objectionable, a mouse photoaging model has been developed.
In this model, the histological changes of photoaged skin, such as
wrinkle formation, are induced by repeated application of low-
dose UVB irradiation to the skin [7].

The matrix metalloproteinases (MMPs) comprise a large family
of zinc-dependent endopeptidases with a wide range of substrate
specificities [8,9]. A role for MMPs in photoaging was originally
suggested by the observation that UV irradiation of human
fibroblasts and human skin enhances the expression of MMP-1,
-2, -3, and -9 [10–12], and degradation of extracellular matrix
components by MMPs is an important event in common biological
processes [13]. MMPs are involved in extracellular matrix
remodeling and play important roles in morphogenesis, angiogen-
esis, arthritis, skin ulceration, tumor invasion, and photoaging
[8,14]. Even an extremely low level of UVB irradiation can
upregulate MMP activity in human skin, and MMPs are suggested
to be UV-induced aging factors [8].

Mitogen-activated protein kinases (MAPKs) regulate the
expression of MMP-9 [15,16]. The Raf serine/threonine kinase,
which derives its name from rapidly accelerated fibrosarcoma,
functions in the Ras/Raf/MEK/ERK signaling pathway [17]. Block-
ing B-Raf activity reduces collagen degradation by inhibiting MMP-
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Fig. 1. Effect of myricetin on UVB-induced wrinkle formation in SKH-1 hairless

mice. (A) The chemical structure of myricetin (3,30 ,40 ,5,50 ,7-hexahydroxyflavone).

(B) Representative image showing the anti-photoaging effects of myricetin. Mice

were topically treated with 200 ml of acetone containing 0, 1, or 5 nmol myricetin

(as described in Section 2) and then irradiated with UVB light 3 times/week for 15

weeks. Images of the mouse backs were recorded using a digital camera (Samsung,

Korea) before the mice were euthanized at the end of the experiment. Images

shown are representative of those from 5 or 6 mice.
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1 expression [18], and specific inhibition of MEK suppresses MMP-
9 production and cell movement activated by the Ras/Raf/MEK/
ERK- and AP-1-dependent signaling pathways [19]. Raf is one of
the molecules involved in UVA-induced MMP-1 production in
human dermal fibroblasts [20]. Therefore, Raf may be a critical
molecular target for anti-photoaging therapies that act through the
regulation of MMP expression.

The flavonoids are benzo-g-pyrone derivatives with various
numbers of hydroxyl substitutions in their structures. Myricetin
(3,30,40,5,50,7-hexahydroxyflavone) (Fig. 1A) is one of the major
flavonoids found in several foods, including onions, berries, grapes,
and red wine [21–23]. It has antioxidant, antitumor, and anti-
inflammatory properties [24–26]. Myricetin was reported to
decrease the invasiveness of colorectal carcinoma cells and the
abundance and activity of the MMP-2 protein in these cells [27]. In
a recent study, myricetin repressed UVA-induced MMP-1 activa-
tion in human dermal fibroblasts [28], suggesting it might be
useful in prevention of UV-induced skin aging. In addition, we
recently reported that myricetin suppresses UVB-induced skin
cancer by targeting Fyn [29]. These accumulated data provide
evidence that myricetin might be an effective anti-photoaging
agent against UVB irradiation, but the direct effect and molecular
target(s) of myricetin involved in UVB-induced photoaging in vivo

remain unclear.
In the present study, we found that topical application of

myricetin inhibits UVB-induced wrinkle formation and epidermal
thickening. These effects resulted from the suppression of MMP-9
expression that occurs when ERK phosphorylation is blocked
through the direct repression of Raf kinase activity.

2. Materials and methods

2.1. Chemicals

Myricetin (95%) and Van Gieson Solution were purchased from
Sigma–Aldrich (St. Louis, MO). Antibodies specific for Tyr180/182-
phosphorylated p38, total p38, Ser217/221-phosphorylated MEK,
total MEK, and Ser259-phosphorylated Raf were from Cell
Signaling Biotechnology (Beverly, MA). Antibodies specific for
MMP-9, total Raf, Thr202/Tyr204-phosphorylated ERK1/2, and
total ERKs were obtained from Santa Cruz Biotechnology (Santa
Cruz, CA). The recombinant active Raf protein was obtained from
Upstate Biotechnology (Lake Placid, NY). CNBr-Sepharose 4B,
glutathione-Sepharose 4B, [g-32P]ATP, and a chemiluminescence
detection kit were purchased from GE Healthcare (Piscataway, NJ).
A protein assay kit was obtained from Bio-Rad Laboratories
(Hercules, CA).

2.2. Experimental animals

SKH-1 hairless mice and female ICR mice (6 weeks of age; mean
body weight, 25 g) were purchased from the Institute of Laboratory
Animal Resources of Seoul National University (Seoul, Korea).
Animals were stabilized for 1 week prior to the study and had free
access to food and water. The animals were housed in climate-
controlled quarters (24 8C at 50% humidity) with a 12-h light/dark
cycle.

2.3. UVB irradiation

UVB irradiation was performed using a BioLink Crosslinker
system (Vilber Lourmat, France) emitting wavelengths of 254 nm,
312 nm, and 365 nm, with peak emission at 312 nm. For the ICR
mice, the dorsal skin was shaved using an electric clipper, and
animals were used only in the resting phase of the hair cycle. Both
ICR and SKH-1 hairless mice were divided into four experimental
groups. Mice in the control group received a topical treatment of
200 ml acetone. Mice in the UVB-only group received a topical
treatment of 200 ml acetone and were then exposed to UVB
irradiation for 15 weeks. The mice in the two myricetin-treated
groups received topical treatments of 1 or 5 nmol myricetin in
200 ml acetone 1 h prior to UVB exposure for 15 weeks. Topical
treatments were applied to the dorsal areas of ICR and SKH-1
hairless mice. The dorsal areas of ICR mice were shaved before
myricetin application. Appropriate mice were exposed to UVB
irradiation at 0.18 J/cm2 three times a week for 15 weeks.

2.4. Preparation of skin lysates

Myricetin-treated mice were sacrificed by cervical dislocation
after their final UVB exposure, and the dorsal skin was excised.
After the fat was removed, the skin was immediately pulverized
with liquid nitrogen using a mortar and pestle. The pulverized skin
was homogenized on ice with a T10 basic homogenizer (IKA,
Germany), and the proteins were extracted with a 20% SDS solution
containing 1 mM phenylmethylsulfonyl fluoride (PMSF; Calbio-
chem, La Jolla, CA), 10 mM iodoacetamide, 1 mM leupeptin, 1 mM
antipain, 0.1 mM sodium orthovanadate, and 5 mM sodium
fluoride. Lysates were centrifuged at 12,000 rpm for 20 min, and
the protein content in the supernatant fractions was determined
using a Bio-Rad protein assay kit (Bio-Rad, Hercules, CA).

2.5. Gelatin zymography

To assess the gelatinolytic activities of MMP-9, gelatin
zymography was conducted as follows. After protein determina-
tion, equal amounts of the protein extract were mixed with non-
reducing sample buffer, incubated for 15 min at room temperature,
and then resolved by 12% SDS-PAGE containing 1 mg/ml gelatin.
The gels were washed with 2.5% Triton X-100 twice for 30 min,
rinsed three times for 30 min with a 50 mM Tris–HCl buffer (pH
7.6) containing 5 mM CaCl2, 0.02% Brij-35, and 0.2% sodium azide,
and incubated overnight at 37 8C. The gels were then stained with a
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0.5% Coomassie brilliant blue R-250 solution containing 10% acetic
acid and 20% methanol for 30 min, and destained with 7.5% acetic
acid solution containing 10% methanol. Areas of gelatinase activity
were detected as clear bands against the blue-stained gelatin
background. Gelatinase activity was quantified by densitometric
analysis of the clear bands (as scanned JPEG images) Scion Image
(NIH, Bethesda, MD).

2.6. Western blot analysis

For Western blotting, skin lysates were centrifuged at
14,000 rpm for 20 min, and aliquots of the supernatant fractions
containing 100 mg of protein were subjected to 10% SDS-PAGE. The
proteins were then transferred to a polyvinylidene difluoride
membrane (GE Healthcare) and incubated at 4 8C overnight with a
specific primary antibody. Protein bands were visualized using a
chemiluminescence detection kit (Amersham Pharmacia Biotech)
after hybridization with a horseradish peroxidase (HRP)-conjugat-
ed secondary antibody. The relative amounts of proteins associated
Fig. 2. Effect of myricetin on UVB irradiation-induced epidermal thickening in mouse skin

are representative of results from 5 tissue samples. (B) Myricetin prevents UVB inductio

Fig. 1B, the dorsal skin was excised, sectioned, mounted onto slides, and stained with h

mean thickness (mm) of epidermis from 5 animals (40 measurements/section). Results

(p < 0.01) between the control group and the UVB-irradiated group. Asterisks (** and ***

myricetin-treated and non-treated groups of irradiated mice.
with specific antibodies were quantified using Scion Image (NIH,
Bethesda, MD).

2.7. Raf in vivo immunoprecipitation and kinase assay

The UVB-induced activation of Raf kinase activity was assayed
in accordance with instructions provided by Upstate Biotechnolo-
gy (Billerica, MA). In brief, skin proteins were extracted with lysis
buffer [29] and centrifuged at 14,000 rpm for 20 min. Then, 700 mg
of the mouse skin protein extract were mixed with A/G beads
(20 ml) for 1 h at 4 8C and then Raf kinase assay was determined as
described previously [30]. The kinase activity data shown
represent the mean of 5 mice in each group.

2.8. Preparation of myricetin–Sepharose 4B beads

Myricetin–Sepharose 4B beads were prepared as described
previously [29]. In brief, the mixture (myricetin + beads + cou-
pling solution) was rotated end-over-end at 4 8C overnight. The
. (A) Hematoxylin- and eosin-stained images of UVB-irradiated mouse skin. Images

n of increased mouse epidermal thickness. After mice were treated as described for

ematoxylin and eosin for measurement of epidermal thickness. Bars represent the

are shown as means � S.E. (n = 5). The symbol (##) indicates a significant difference

) indicate significant differences of p < 0.01 or p < 0.001, respectively, between the
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mixture was transferred to 0.1 M Tris–HCl buffer (pH 8.0) and
again rotated end-over-end at 4 8C overnight. The solution was
washed 3 times with 0.1 M acetate buffer (pH 4.0) containing
0.5 M NaCl and then once with 0.1 M Tris–HCl (pH 8.0)
containing 0.5 M NaCl.

2.9. Co-precipitation assays

For the in vivo co-precipitation assay, 700 mg of extracted
protein or 2 mg of recombinant active Raf were incubated with
myricetin-conjugated or non-myricetin-conjugated Sepharose 4B
beads (100 ml, 50% slurry) in reaction buffer [29]. After incubation,
the beads were washed, and proteins bound to the beads were
analyzed by Western blotting using the antibodies described
above.
Fig. 3. Effect of myricetin on UVB irradiation-induced amplification of MMP-9

activity and expression. (A) Myricetin inhibits the increase in MMP-9 activity

induced by UVB irradiation of mouse skin. Proteins were extracted from mouse skin

samples as described in Section 2, and MMP-9 activity was determined using

gelatin zymography and densitometry. Results are shown as means � S.E. (n = 5).

Symbols (# and ###) indicate a significant difference (p < 0.05 and p < 0.001,

respectively) between the control group and the UVB-irradiated group. Asterisks (*, **,

and ***) indicate a significant difference (p < 0.05, p < 0.01, and p < 0.001,

respectively) between the myricetin-treated and non-treated groups of irradiated

mice. (B) Confirmation of myricetin-mediated inhibition of UVB-induced expression of

MMP-9 by Western blot analysis. Proteins were extracted from mouse skin as

described in Section 2, and MMP-9 was analyzed using Western blotting and

densitometry. Results are shown as means � S.E. (n = 5). The symbol (#) indicates a

significant difference (p < 0.05) between the control group and the UVB-irradiated

group; the asterisk (*) indicates a significant difference (p < 0.05) between the

myricetin-treated and non-treated groups of irradiated mice.
2.10. Molecular modeling

The Insight II program suite (Accelrys Inc., San Diego, CA) was
used for the docking study and structural analysis with the crystal
coordinates of B-Raf (accession code 1UWH) available in the
Protein Data Bank (http://www.rcsb.org/pdb/).

2.11. Statistical analysis

Data are expressed as means � S.E. Statistical significance was
determined using one-way ANOVA (Analysis of Variance). Differences
were considered significant at p < 0.05. All analyses were performed
using Statistical Analysis Software (SAS, Inc., Cary, NC).

3. Results

3.1. Myricetin inhibits UVB-induced wrinkle formation in mouse skin

To investigate the effect of myricetin on UVB-induced wrinkle
formation in vivo, we performed a photoaging study using a well-
developed SKH-1 hairless mouse system [6]. Repeated exposure of
the mouse dorsal skin to UVB (0.18 J/cm2) over 15 weeks resulted
in wrinkle formation, which was prevented by myricetin (Fig. 1B).
These results indicate that myricetin significantly attenuates
chronic UVB-induced photoaging.

3.2. Myricetin suppresses UVB-induced epidermal thickening in

mouse skin

Because epidermal thickening is a major biomarker of
inflammation and photoaging [3], we evaluated the effect of
Fig. 4. Effect of myricetin on UVB-mediated signaling in mouse skin. (A) Myricetin

inhibits phosphorylation of MEK, but not Raf. (B) Myricetin inhibits UVB-induced

phosphorylation of ERK and p38. Mice were treated as described for Fig. 1B. After

euthanization, the dorsal skin tissue was removed and frozen for further study.

Proteins were extracted from skin samples as described in Section 2, and

phosphorylation of Raf, MEK, ERK, and p38 was determined by Western

blotting. Data are representative of 3 independent experiments yielding similar

results.

http://www.rcsb.org/pdb/


Fig. 5. Effect of myricetin on UVB-mediated Raf kinase activity and binding activity

in mouse skin. (A) Myricetin inhibits UVB-induced Raf kinase activity. Mice were

treated as described for Fig. 1B. Raf kinase activity was determined using

immunoprecipitation followed by a kinase assay as described in Section 2. Results

are shown as means � S.E. (n = 5). The symbol (#) indicates a significant difference

(p < 0.05) between the control group and the UVB-irradiated group. Asterisks (*)

indicate a significant difference (p < 0.05) between the myricetin-treated and non-

treated groups of irradiated mice. (B) Myricetin directly binds Raf in mouse skin

lysates. Mice were treated as described for Fig. 1B. In vivo myricetin binding was

confirmed by Western blot using an antibody against Raf: lane 1 (input control), whole

lysate from mouse dorsal skin; lane 2 (control), mouse dorsal skin lysate precipitated

with Sepharose 4B beads; and lane 3, whole-cell lysate from mouse dorsal skin

precipitated by myricetin–Sepharose 4B affinity beads. (C) Myricetin binds Raf directly

in an ATP-noncompetitive manner. Active Raf (2 mg) was incubated with ATP at

different concentrations (10 or 100 mM) and 50 ml of myricetin–Sepharose 4B or 50 ml

of Sepharose 4B (as a negative control) in reaction buffer at a final volume of 500 ml.

The mixtures were incubated at 4 8C overnight with shaking. After washing, the pulled-

down proteins were analyzed by Western blot: lane 2, negative control, Raf cannot

bind with Sepharose 4B; lane 3, positive control, Raf binding with myricetin–Sepharose

4B; lanes 4 and 5, increasing amounts of ATP did not suppress myricetin binding with

Raf. Each experiment was performed 3 times.
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myricetin on UVB-induced epidermal thickening. In a quantitative
analysis, hematoxylin and eosin staining demonstrated that UVB
irradiation induced a 311 � 11.9% increase in epidermal thickness
(p < 0.001 vs. the non-irradiated control group; n = 5). Topically
applied myricetin (1 or 5 nmol in 200 ml of acetone) decreased the
amount of UVB-induced epidermal thickening by 38 � 6.3% and
58 � 8.6%, respectively (p < 0.05 and p < 0.01 vs. the non-myricetin-
treated irradiated group; n = 5) (Fig. 2A and B).

3.3. Myricetin represses UVB-induced MMP-9 expression in mouse

skin

Because an elevation in MMP levels is closely linked to
photoaging [31,32], we examined whether the photoprotective
effect of myricetin was associated with an alteration in UVB-
induced expression of MMP-9. To confirm the inhibitory effect of
myricetin on UVB induction of MMP-9 activity and expression, we
used gelatin zymography and Western blot analysis. Chronic UVB
irradiation of mouse dorsal skin dramatically increased both the
activity (656 � 46.4%) and expression (208 � 19.7%) of MMP-9
(p < 0.001 and p < 0.05 vs. the non-irradiated control group,
respectively; n = 5 each) (Fig. 3A and B, respectively). Topical
administration of myricetin (1 or 5 nmol in 200 ml of acetone)
markedly inhibited UVB-induced activation of MMP-9 (decreases of
55 � 11.7% and 80 � 7.0%, respectively; p < 0.01 and p < 0.001 vs. the
non-myricetin-treated irradiated group, respectively; n = 5 each)
(Fig. 3A). It also suppressed the UVB-induction of MMP-9 expression
(decreases of 22 � 11.0% and 37 � 10.7%, respectively; p < 0.01 and
p < 0.001 vs. non-myricetin-treated group, respectively; n = 5 each)
(Fig. 3B).

3.4. Myricetin inhibits UVB-induced phosphorylation of MEK, ERK,

and p38 in mouse skin

Because MMP-9 is primarily regulated by MAPK activation
[32,33], we examined the effect of myricetin on UVB-induced
MAPK phosphorylation in mouse skin. Western blot analysis
showed that chronic UVB exposure leads to phosphorylation of
MEK, ERK, p38, and Raf in mouse skin (Fig. 4A and B). Myricetin at 1
or 5 nmol in 200 ml of acetone inhibited UVB-induced phosphory-
lation of MEK, ERK, and p38, but not Raf (Fig. 4A and B).

3.5. Myricetin attenuates UVB induction of Raf kinase activity in

mouse skin

Because myricetin did not inhibit Raf phosphorylation but did
suppress phosphorylation downstream of Raf, we next examined
the effect of myricetin on Raf kinase activity. We found that
myricetin significantly inhibited UVB induction of Raf kinase
activity in mouse skin (Fig. 5A). To determine whether myricetin
interacts directly with Raf in mouse skin extracts, we used a co-
precipitation assay with myricetin-conjugated Sepharose 4B
beads. Raf bound to these beads (Fig. 5B, lane 1), but not to
non-conjugated Sepharose 4B beads (Fig. 5B, lane 2). We observed
binding of myricetin to Raf in mouse skin lysates (Fig. 5B, lane 3),
indicating that myricetin directly binds to Raf in vivo. Furthermore,
myricetin did not compete with ATP for binding to Raf (Fig. 5C,
lanes 3–5). These results show that myricetin inhibits UVB
induction of Raf kinase activity in mouse skin by binding to Raf
in a non-ATP-competitive manner.

4. Discussion

Acute and chronic exposure of human skin to solar UV light
induces premature skin aging, or ‘‘photoaging’’ [3]. This ‘‘extrinsic
aging’’ of the skin is characterized by coarse wrinkling, darkening,
and loss of elasticity [5,10] and is distinct from ‘‘intrinsic aging’’
[32,34,35], which yields pale and finely wrinkled skin [5]. One
promising strategy for the prevention of photoaging is the
targeting and suppression of wrinkle-inducing signal pathways
using natural phytochemicals. As natural products, these phyto-
chemicals most likely are relatively harmless and possess a variety
of beneficial properties. Indeed, we demonstrated in previous
studies that a polyphenolic compound could act as a small-
molecule inhibitor in a promoter-sensitive mouse epidermal cell
line (JB6 P+ cells) and in a mouse tumorigenesis model
[26,29,30,36].

The antioxidant and anticancer properties of myricetin, a
naturally occurring flavonoid, have been the subject of much study
[24,25,30]. However, the specific therapeutic properties and
actions of myricetin in the prevention of photoaging are unknown.
In the present study, we investigated the potential anti-photoaging
effects of myricetin on UVB-exposed SKH-1 mouse dorsal skin.
Histological studies have shown that photoaging of skin is
associated with increased epidermal thickness and alterations in



Fig. 6. Hypothetical model of the B-Raf/ATP/myricetin co-complex. Myricetin (carbon atoms shown in green) binds to the pocket adjacent to the ATP-binding pocket (carbon

atoms shown in white). BAY43-9006 (yellow) is shown overlaid on the model structure, and the partially disordered activation loop is shown in white. Residues interacting

with myricetin are indicated, with H-bonding depicted as a dashed line. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of the article.)
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connective tissue organization [2,34]. Similarly, we found that
chronic UVB irradiation of mouse skin induced wrinkle formation
and epidermal thickening and topically applied myricetin inhib-
ited these effects of UVB.

Much evidence demonstrates a close relationship between
wrinkle formation and the action of MMPs. MMP-1 initiates the
breakdown of collagen by unwinding the triple-helical structure and
hydrolyzing the peptide bonds [37]. After its degradation, collagen is
converted to denatured collagen (gelatin) and is further degenerated
by gelatinases including MMP-9 [37]. Inhibition of gelatinases, such
as MMP-2 and 9, has been shown to prevent UVB-induced
photoaging [8]. The epidermal basement membrane plays a major
role in maintaining the adhesion between the epidermis and dermis
that is necessary for epidermal integrity and in controlling
epidermal differentiation [38]. Type IV and VII collagens are major
constituents in skin that are degraded by MMP-9 [39,40]. Topical
application of the MMP inhibitor CGS27023 was previously found to
suppress UVB-induced characteristics, including wrinkle formation,
gelatinase activation, damage to basement membranes, epidermal
hyperplasia, and dermal collagen degradation [41]. Therefore, we
hypothesized that MMP-9 could induce photoaging by accelerating
the degradation of collagen and the basement membrane. In our
mouse skin model, chronic UVB irradiation increased MMP-9
gelatinase activity and expression in mouse skin, and this effect was
blocked by topically applied myricetin.

Our present results suggest that myricetin might block damage
to the basement membranes by inhibiting the activity and
expression of MMP-9, consequently preventing UVB-induced
wrinkle formation. Accumulating evidence suggests that the
MAPKs family plays a major role in MMP up-regulation and that
MMP up-regulation results in photoaged skin [33,35]. Eicosapen-
tanoic acid was reported to inhibit MMP-9 expression in human
dermal fibroblasts through a mechanism that is possibly mediated
by inhibition of ERKs-dependent pathways [35]. Additionally, an
siRNA study showed that MMP-9 expression is regulated by ERK
phosphorylation [33]. The results of our Western blot assay show
that myricetin inhibits UVB-induced phosphorylation of MEK, ERK,
and p38, but not Raf.

Although JNK/AP-1 is a major signaling pathway in UV
induction of photoaging and MMP-1 expression [9,35,42], we
did not detect phosphorylation of JNKs. We speculate that the ERK
and p38 protein kinases are more important than JNKs in MMP-9-
regulated photoaging in mouse skin. Because myricetin markedly
inhibits UVB-induced phosphorylation of MEK and ERK, it might
directly inhibit Raf kinase activity. Indeed, our in vivo Raf kinase
and co-precipitation assays showed significant inhibition of UVB-
induced Raf kinase activity by direct binding of myricetin to Raf.
Previously, we showed that the Raf/MEK/ERK signaling pathway is
regulated by Fyn and that myricetin significantly inhibits UVB-
induced Fyn kinase activity [29]. Therefore, myricetin might inhibit
multiple kinases, which may contribute to its anti-photoaging
activity. Our findings show that myricetin inhibits UVB-induced
wrinkle formation, epidermal thickening, suppression of type I
procollagen and collagen, and enhanced MMP-9 expression in vivo,
and that myricetin inhibits these effects of UVB by blocking MEK,
ERK, and p38 phosphorylation through the suppression of Raf
kinase activity.

In light of our experimental finding that myricetin binds to Raf1
without competing with ATP, we performed a modeling study to
investigate the mode of binding of myricetin to Raf1. Because the
crystal structure of Raf1 is not available, the docking study was
carried out using the crystal structure of B-Raf, which is highly
homologous to Raf1 (80% identity in amino acid sequence). In the
co-crystal structure of B-Raf bound to BAY43-9006, an ATP-
competitive inhibitor, BAY43-9006 occupies the adenine binding
site and stabilizes the inactive conformation of the activation loop
by interacting with the phenyl ring of Phe594 [43]. Myricetin did
not compete with ATP in the crystallization experiment. Therefore,
it must not bind to B-Raf in a manner similar to the binding of
BAY43-9006, meaning that it should not occupy the ATP-binding
site of B-Raf in our model. In our hypothetical structure of the
ternary complex comprising B-Raf, ATP, and myricetin, myricetin is
docked to the pocket distinct from, but adjacent to, the ATP-
binding site of B-Raf (Fig. 6). The hydroxyl groups at positions 3, 5,
and 7 of myricetin form hydrogen bonds (H bonds) with the side
chains of Lys482, Thr528, and Thr507, respectively. The bound
myricetin also forms hydrophobic interactions with Leu504 and
Val503. The inactive conformation of the activation loop of B-Raf is
stabilized by H bonds with myricetin, whereas BAY43-9006
contributes to the inactive conformation only through hydropho-
bic interactions. In our model, the hydroxyl groups at positions 30

and 40 of myricetin form H bonds with the backbone carbonyl
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group of Gly595 and the side chain of Thr598, thus holding the
activation loop of B-Raf in an inactive conformation.

In summary, we have shown that myricetin inhibits UVB-
induced photoaging in mouse skin using a chronic UVB irradiation-
induced skin aging model. Furthermore, this anti-photoaging effect
of myricetin may involve the suppression of MMP-9 expression
through direct inhibition of Raf kinase activity, suggesting that Raf
is a critical target for myricetin in inhibiting the UVB-induced
formation of wrinkles.
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