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Abstract

Tyrosinase is a copper-containing monooxygenase that catalyzes melanin synthesis in skin melanocytes. Herein, 13 compounds from
the Formosan apple (Malus doumeri var. formosana), an indigenous Taiwanese plant, were isolated and identified. The active constituents
were identified as 3-hydroxyphloretin (7) and catechol (9); they exhibited potent hydroxyl radical-scavenging (IC50 values, 0.6 and
1.1 lM) and cellular tyrosinase-reducing activities (IC50 values, 32 and 22 lM) in human epidermal melanocytes. In addition, we eval-
uated the level of several tyrosinase-related proteins by Western blot analysis. In contrast to 3-hydroxyphloretin (7), which showed no
effect on the level of these proteins, catechol (9) reduced their activity and the expression of the respective genes, as determined by quan-
titative real-time PCR. In a kinetic analysis of mushroom tyrosinase, 3-hydroxyphloretin (7) was a competitive inhibitor. These two con-
stituents exhibited metal-coordinating interactions with copper ions in a virtual model of molecular docking with human tyrosinase.
Thus, 3-hydroxyphloretin (7) and catechol (9) were the most active constituents from the Formosan apple; they exhibited anti-oxidant
and tyrosinase reducing activities, suggesting their possible use as cosmetic agents.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Tyrosinase (EC 1.14.18.1) is widely distributed among
various organisms and is important for browning in plants.
Tyrosinase activity also induces undesirable browning in
cut fruits, vegetables, and beverages; this is a major prob-
lem in the food industry. Tyrosinases are not only involved
in the induction of browning in plants but also in melaniza-
tion in animals. Pigment synthesis involves the conversion
of tyrosine to melanin, and tyrosinases catalyze the rate-
limiting step of melanin synthesis in melanocytes. Many
reports describe pharmacologic and cosmetic agents that
inhibit tyrosinase activity or that block melanogenic path-
ways, leading to skin lightening (Kim and Uyama, 2005).
0031-9422/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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Tyrosinases catalyze two distinct reactions in melanin syn-
thesis: the hydroxylation of tyrosine to 3,4-dihydroxyphen-
ylalanine (DOPA) and the oxidation of DOPA to
dopaquinone (Tripathi et al., 1992). After spontaneous
conversion of dopaquinone to dopachrome, dopachrome
tautomerase (tyrosinase-related protein-2, DCT/TRP-2)
catalyzes the conversion of dopachrome to 5,6-
dihydroxyindole-2-carboxylic acid (DHICA). Subse-
quently, DHICA is converted to indole–quinone–carbox-
ylic acid by DHICA oxidase (tyrosinase-related protein-1,
TRP-1) (Maeda et al., 1997). In general, the activity of
tyrosinase and the protein levels of tyrosinase, TRP-1,
and TRP-2 correlate directly with melanin content. It was
shown that melanocytes derived from pale skin, with a
low melanin content, consistently have lower tyrosinase
activity and levels of tyrosinase, TRP-1, and TRP-2 than
melanocytes derived from darker skin, with a higher mela-
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nin content (Halaban et al., 1983; Abdel-Malek et al., 1993,
1994). The tyrosinase-related proteins, TRP-1, and DCT/
TRP-2 catalyze distal melanin biosynthesis steps that con-
trol the type of melanin produced. In addition to their roles
in pigmentation, tyrosinase family proteins also influence
the biology of melanocytes (Sturm et al., 1998; Hirobe,
2005).

The human tyrosinase-related proteins (TYRPs) include
the tyrosinase enzymes and a family of closely related mela-
nocyte-specific gene products involved in melanin synthesis
(Fang et al., 2002). The chromosomal locations of the loci
that contain the three human TYRP genes have been deter-
mined and searches have been conducted for functional
polymorphisms that could explain natural variation in pig-
mentation phenotypes and several hypopigmented states.
Expression of tyrosinase and a family of related genes
(i.e., TYRP1 and TYRP2) is the hallmark of cells of the
mammalian melanocytic lineage (Hearing, 1999). Melanin
biosynthesis can be inhibited by several methods, including
avoiding UV exposure, inhibition of melanocyte metabo-
lism and proliferation (Eberle et al., 2001; Yamakoshi
et al., 2003), and the inhibition of tyrosinase. Recently,
tyrosinase inhibitors have been used in cosmetic products
that promote skin-whitening (Kadekaro et al., 2003a,b).

Formosan apple (Malus doumeri A. Chev. var. formo-

sana (Kawak. & Koidz.) S.S. Ying, Rosaceae) is an indig-
enous Taiwanese plant. It has been used traditionally in
Taiwan to treat heat-related hyperactivity and as a tonic
(Kao, 1996). In a previous study, we found that there were
several constituents in this plant that possess free radical-
scavenging, anti-elastase, and anti-matrix metalloprotein-
ase-1 (MMP-1) activity in human skin fibroblast cells
(Leu et al., 2006). However, the medicinal effects of com-
pounds from the Formosan apple on human epidermal
melanocytes (HEMn) remained unclear. Here, we further
purified and characterized several constituents from the
Formosan apple. We evaluated their effects on melanin
synthesis in HEMn cells using Western blot analyses of
tyrosinase-related proteins, quantitative real-time PCR,
and molecular docking models.
2. Results and discussion

2.1. Purification of constituents from Formosan apple

In a previous study, flavonoids (1)–(7) were isolated
from Formosan apple and were shown to inhibit matrix
metalloproteinases (MMPs) in human fibroblast cells
(Leu et al., 2006). In addition to the previous seven com-
pounds, in this study we further isolated the phenolic deriv-
atives, protocatechuic acid (8) (An et al., 2006) and
catechol (9) (Webb and Ruszkay, 1998), as well as the fla-
vonol, rutin (10) (Hou et al., 2005) from an ethyl acetate
extract. The stilbene, pynosylvin (11) (Schultz et al.,
1992) and the triterpenoids, oleanolic acid (12) and ursolic
acid (13) (Budzikiewicz et al., 1963) were isolated from the
aqueous layer. Structural determinations were made by
comparison of 1H and 13C NMR spectra with those
reported in the literatures. Compounds (8)–(13) were iso-
lated from Formosan apple for the first time; their chemical
structures are presented in Fig. 1.

2.2. The effect of the Formosan apple constituents on

hydroxyl radical-scavenging activity

Aging has been associated with free radical formation
(Harman, 2003). Hydroxyl radicals are one of the most
reactive radicals generated from biologic molecules and
can damage living cells (Bergamini et al., 2004). It has been
reported that some plant extracts can scavenge hydroxyl
radicals and may protect cellular lipids against free radical
reactions (Reiter et al., 2001). Phloretin (1), phloridzin (2),
3-hydroxyphlorizin (3), quercetin (4), chrysin (5), 3-
hydroxyphloretin (7), protocatechuic acid (8), catechol
(9), rutin (10), and pynosylvin (11) exhibit hydroxyl radi-
cal-scavenging activities, with IC50 values of 0.8, 87, 30,
1.2, 45, 0.6, 42, 1.1, 80, and 2.5 lM, respectively (Fig. 2).
Trolox was used as a positive control; its IC50 value was
25 lM in this assay (Fig. 2). Compared with the positive
control, phloretin (1), quercetin (4), 3-hydroxyphloretin
(7), catechol (9), and pynosylvin (11) have the strongest
hydroxyl radical-scavenging properties.

2.3. Cytotoxicity of constituents from the Formosan apple,

assessed in HEMn cells

An assessment of the cytotoxic properties of the constit-
uents isolated from the Formosan apple is obviously of
importance if the components are to be considered for cos-
metic or therapeutic purposes in humans. Each of the iso-
lated constituents was examined separately at a relatively
high concentration (100 lM) for effects on the survival of
HEMn cells. Using the MTT assay, cells exposed to all test
samples exhibited a viability >80% (Fig. 3) in a 24 h treat-
ment, demonstrating that the isolated compounds were not
or less toxic in HEMn cells.

2.4. The tyrosinase- and melanin-reducing activities of the

constituents from Formosan apple in HEMn cells

Melanin is an important factor affecting mammalian
skin color (Hearing, 2005). The proximal pathway of mela-
nogenesis consists of the enzymatic oxidation of tyrosine or
L-DOPA to its corresponding o-dopaquinone, a step cata-
lyzed by tyrosinase. After multiple additional biosynthesis
steps, further polymerization yields melanin (Kim and
Uyama, 2005). In the present study, each constituents iso-
lated from the Formosan apple was examined for its ability
to inhibit cellular tyrosinase activity and to reduce cellular
melanin content in HEMn cells (Table 1). 3-Hydroxyph-
loretin (7) (inhibition 73%) and catechol (9) (inhibition
78%) showed substantial cellular tyrosinase inhibitory
activity at a concentration of 100 lM. Quercetin (4) (inhi-
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Fig. 1. Schematic representation of the chemical structures of the isolated constituents from the Formosan apple.

Y.-P. Lin et al. / Phytochemistry 68 (2007) 1189–1199 1191
bition 36%), protocatechuic acid (8) (inhibition 34%), and
pynosylvin (11) (inhibition 32%) exhibited moderate inhib-
itory activity. Thus, 3-hydroxyphloretin (7) and catechol
(9) were further evaluated for their anti-tyrosinase effects.
As compared to treatment with medium only (untreated
control), treatment with 3-hydroxyphloretin (7) and cate-
chol (9) at concentrations ranging from 10 to 100 lM
resulted in increasing degrees of reduction of tyrosinase
in HEMn cells. The IC50 values of 3-hydroxyphloretin (7)
and catechol (9) were 32 and 22 lM, respectively, in HEMn
(Table 2). The commercially available depigmenting agent,
arbutin, was used as a positive control (IC50 = 3.0 mM).
Other supposed skin-whitening agents, vitamin C, ellagic
acid, and hydroquinone, were also tested in our assay sys-
tem. They exhibited less tyrosinase-inhibitory activity than
3-hydroxyphloretin (7) or catechol (9) (data not shown).
Hydroquinone was also very toxic to HEMn; viability
was greatly affected at a concentration of 20 lM. From
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Fig. 3. The cell viabilities of the constituents from the Formosan apple in
HEMn cells. Differences in data were evaluated for statistical significance
(p < 0.5) using the non-parametric Mann–Whitney U-test.

Table 1
Tyrosinase and melanin reduction by compounds isolated from the
Formosan apple in HEMn cells

Compound (100 lM) Reduction (mean ± SD), %

Cellular tyrosinase activity Melanin content

Phloretin (1) 28.99 ± 3.57 9.15 ± 6.91
Phloridzin (2) 11.32 ± 2.34 –
3-Hydroxyphlorizin (3) 22.53 ± 2.33 –
Quercetin (4) 35.84 ± 2.94 7.36 ± 3.79
Chrysin (5) 22.96 ± 5.63 2.78 ± 8.35
Chrysin-5-glucoside (6) 16.64 ± 2.84 12.13 ± 6.54
3-Hydroxyphloretin (7) 80.50± 1.40 18.30 ± 4.90
Protocatechuic acid (8) 33.45 ± 1.59 –
Catechol (9) 78.13 ± 0.47 14.12 ± 3.91
Rutin (10) 16.94 ± 2.31 4.57 ± 3.10
Pynosylvin (11) 31.85 ± 1.92 2.19 ± 3.32
Oleanolic acid (12) – –
Ursolic acid (13) – –

‘‘–’’ no effect.

1192 Y.-P. Lin et al. / Phytochemistry 68 (2007) 1189–1199
the tyrosinase activity assay, we noticed that all active con-
stituents contained the catechol skeleton in their chemical
structure and that they all lacked sugar moieties. The cate-
chol structure with two hydroxyl groups at the o-positions
of the aromatic ring has been reported to bind copper ions
and thus may compete with tyrosinase for available copper
ions (Briganti et al., 2003; Khatib et al., 2005). Melanin is
synthesized by a multi-step pathway. In addition to tyros-
inase, melanin synthesis is controlled by TRP-1, TRP-2,
and other factors, including UV exposure, prostaglandins,
vitamins, growth factors, interleukins, interferons, and hor-
mones (e.g., a-melanocyte-stimulating hormone (a-MSH),
adrenocorticotropic hormone, and endothelin-1 (ET-1),
melanotropin) (Fang et al., 2002; Kadekaro et al.,
2003a,b; Parvez et al., 2006). Although both 3-hydroxyph-
loretin (7) and catechol (9) inhibited �80% of tyrosinase
activity (at 100 lM), they caused 17% and 2% reductions
in cell viability, respectively, and had a marginal (�20%)
reducing effect on melanin content. Furthermore, the
reduction in melanin content by 3-hydroxyphloretin (7)
may be due to the reduced cell viability.

2.5. Expression of genes encoding pigment-related proteins in

the presence of 3-hydroxyphloretin (7) and catechol (9) in

HEMn cells

The pigment-related proteins apparently behaved simi-
larly to the pigment-related enzymes (Kushimoto et al.,
2001, 2003). Expression of the corresponding genes follow-
ing 24 h of treatment with 3-hydroxyphloretin (7) and cat-
echol (9) were evaluated by Western blots at various
concentrations of (7) and (9) (10, 25, 50, and 100 lM).
For the three pigment-related proteins, 3-hydroxyphloretin
(7) showed almost no effect on tyrosinase protein, TRP-1,
or TRP-2 proteins at various doses (Fig. 4a). Catechol
(9) showed a slight effect on the tyrosinase level at the var-
ious doses tested, almost no effect on the TRP-1 protein
level, and a significant effect on the level of TRP-2
(Fig. 4b). The essential function of tyrosinase in melanin
biosynthesis has been known for past six decades (Wester-
hof, 2006). In the absence of functional tyrosinase, no syn-
thesis of melanin is observed in mammalian melanocytes
(Hirobe, 2005). TRP-1 has been reported to play an impor-
tant role in the stabilization of tyrosinase, has been demon-
strated to be involved in the maintenance of melanosome
ultrastructure, and affects melanocyte proliferation, mor-
phology, and cell death (Vijayasaradhi et al., 1990, 1991;



Table 2
Tyrosinase and melanin reduction by arbutin, 3-hydroxyphloretin (7) and catechol (9)

Sample Concentration (lM) Tyrosinase reduction (%) Melanin reduction (%)

Arbutin 500 29.8 ± 1.2 5.7 ± 0.1
1000 36.0 ± 3.2 6.5 ± 1.2
2500 43.5 ± 3.2 7.1 ± 2.0
5000 67.1 ± 1.8 10.9 ± 1.7

3-Hydroxyphloretin (7) 10 1.4 ± 5.1 6.3 ± 2.9
25 5.7 ± 1.7 18.9 ± 6.4
50 43.9 ± 2.8 14. 7 ± 5.4

100 80.5 ± 1.4 18.3 ± 4.9

Catechol (9) 10 42.0 ± 2.5 1.1 ± 3.6
25 51.9 ± 2.8 18.3 ± 3.4
50 65.8 ± 2.7 20.8 ± 2.7

100 78.1 ± 0.5 14.1 ± 3.9

Fig. 4. Expression of genes encoding tyrosinase, TRP1, and TRP2/DCT
in (a) 3-hydroxyphloretin (7) and (b) catechol (9)-treated human epidermal
melanocytes (HEMn). Cultured melanocytes were treated with medium or
test compounds for 24 h. Cells were then harvested and lysates (equal
amount proteins) were subjected to polyacrylamide gel (10%) electropho-
resis, followed by electroblotting and immunostaining with antibodies to
tyrosinase, TRP1, and TRP2/DCT. 1, medium only; 2, arbutin (3.0 mM);
3, 100 lM; 4, 50 lM; 5, 25 lM; 6, 10 lM.
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Houghton, 1994; Li et al., 2004). The presence of DCT/
TRP-2 is thought to have implications for the cytotoxicity
of melanogenic intermediates to melanocytes (Hearing,
2005). It is another important regulator in the pigment bio-
synthesis pathway (Widlund and Fisher, 2003). These pro-
teins belong to a family of membrane proteins that are
structurally related, but that have distinct enzymatic func-
tions (Negroiu et al., 2000). Our results indicate that 3-
hydroxyphloretin (7) exhibited tyrosinase-reducing activ-
ity, but did not affect tyrosinase-related proteins. It may
interact with tyrosinase itself or compete for binding of
the copper ions with the catalytic domain of tyrosinase,
thereby reducing tyrosinase activity (Khatib et al., 2005;
Kim et al., 2006). Catechol (9) influenced the expression
of the tyrosinase- and TRP-2- encoding genes. The inhibi-
tory effect of catechol (9) on melanin synthesis at 50 and
100 lM may involve a direct effect on particular steps of
the melanin biosynthesis pathway.
2.6. Expression of tyrosinase-related genes in catechol-

treated HEMn cells

To examine whether decreased transcription of the TYR

and TYRP2 genes was responsible for the observed
decrease in expression of tyrosinase and DCT/TRP-2 in
catechol (9)-treated HEMn cells, the levels of mRNAs
encoding these proteins were assessed, using qRT-PCR.
The gene for GAPDH served as a housekeeping gene con-
trol. The expression of the tyrosinase- and TRP2/DCT-
encoding genes was found to be down-regulated in the
presence of catechol (9) at 50 and 100 lM. As compared
with the untreated control values, expression ratios were
1.9, 1.3, 0.9, and 0. 7 for the TYR gene and 2.4, 1.7, 0.4,
and 0.2 for the TYRP2 gene at concentrations of 10, 25,
50, and 100 lM catechol (9), respectively (Fig. 5). Catechol
(9) may operate by different mechanisms at different con-
centrations. We found that the levels of TYR and TYRP2

mRNA were increased at concentrations of 10 and 25 lM.
This may be due to transcriptional activators (Oetting,
2000) or cell signaling (Kadekaro et al., 2003a,b; Choi
et al., 2006) at low concentrations, resulting in an increase
in TYR and TYRP2 mRNA. At concentrations of 50 and
100 lM, the levels of TYR and TYRP2 mRNA and protein
expression were closely correlated. Reduction in tyrosinase
and DCT mRNA could account for reduced pigmentation
in melanogenesis.

2.7. Kinetic analysis of mushroom tyrosinase

To examine their mechanism of action, 3-hydroxyph-
loretin (7) and catechol (9) were tested in a tyrosinase
assay. 3-Hydroxyphloretin (7) exhibited a dose-dependent
inhibitory effect on mushroom tyrosinase activity; the
IC50 value was 63.4 lM. Furthermore, we performed an
enzyme kinetics study of 3-hydroxyphloretin (7) with vari-
ous concentrations of the L-tyrosine substrate (15.625,
31.25, 62.5, 125, 250, 500 lM). A Lineweaver–Burk plot
of the data are shown in Fig. 6. The results indicate that
3-hydroxyphloretin (7) acted as a competitive inhibitor
with respect to the substrate L-tyrosine. Km and Vmax val-
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ues were calculated to be 3.9 · 102 lM and 1.7 · 10�2 lM/
min, respectively, for no inhibitor and 1.8 · 103 lM and
1.2 · 10�2 lM/min, respectively, for 3-hydroxyphloretin
(7). Catechol (9) exhibited no effect in this in vitro mush-
room tyrosinase assay. This may be because the structure
of catechol (9) is similar to an intermediate in melanin syn-
thesis (Li et al., 2005). When we only added catechol (9) in
the assay system without the substrate, L-tyrosine, 27% end
product was produced; catechol (9) may act as a substrate
in this in vitro enzyme assay. Thus, the results were different
between the mushroom tyrosinase and HEMn cell-based
tyrosinase assays. Obviously, in vitro activity in a mush-
room tyrosinase assay does not necessarily predict in vivo
performance on human skin. There are many factors
involved, including cell membrane penetrability of constit-
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uents and different regulatory mechanisms in mammalian
cells (Parvez et al., 2006).

2.8. Molecular docking study

In the literature, it is assumed that many tyrosinase
inhibitors act by complexing the two copper ions, present
in the active site of the enzyme (Sanchez-Ferrer et al.,
1995). To explore potential binding interactions of 3-
hydroxyphloretin (7) and catechol (9) with human tyrosi-
nase, we carried out molecular docking studies with a focus
on the di-copper binding site. As there are no experimental
three-dimensional structures available for human tyrosi-
Fig. 7. The proposed binding modes of 3-hydroxyphloretin (7) (a) and
catechol (9) (b) in the active site of human tyrosinase. The inhibitor
molecules are colored in yellow for carbon atoms. The dashed lines show
hydrogen-bonding or metal-coordination interactions. The docking mod-
els were generated using the AutoDock program and optimized by MD
simulation and energy minimization.
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nase, a theoretical homology model was retrieved from the
ModBase database for the present docking study. To build
a model with an active site in the probable ligand-bound
conformation, a homology model was first simulated by
complexing with the substrate L-DOPA and two copper
ions, using molecular dynamics simulation and energy min-
imization (using the Tripos force field implemented in the
SYBYL 7.1 package). We then carried out docking studies
with 3-hydroxyphloretin (7) and catechol (9) in the active
site of human tyrosinase with the AutoDock 3.0 program
that can perform flexible-ligand docking using the LGA
algorithm. The proposed favorable binding orientations
of 3-hydroxyphloretin (7) and catechol (9), each with the
lowest binding free energy estimated by AutoDock, are
shown in Fig. 7. As shown in Fig. 7a, the two hydroxyl
groups of 3-hydroxyphloretin (7) can form hydrogen bonds
with residues Ser380 and Ala486. Importantly, one of the
ortho-dihydroxyl groups in 3-hydroxyphloretin (7) makes
metal-coordination interactions with the copper ions. Such
coordination interactions are consistent with key binding
interactions between monophenol or ortho-diphenol oxi-
dases and their phenol substrates (Matoba et al., 2006).
In contrast, catechol (9) has a smaller molecular size and
can thus orient both of the ortho-dihydroxyl groups to
coordinate with the copper ions (Fig. 7b). Based on these
models, we suggest that the reduced effect of 3-hydroxyph-
loretin (7) and catechol (9) on human tyrosinase may be
because they bind the active site as indicated by AutoDock.
3. Conclusions

In this study, 13 compounds isolated from the Formo-
san apple were characterized and evaluated for their hydro-
xyl-radical scavenging activity and cellular tyrosinase
inhibitory activity in HEMn. Among the isolated constitu-
ents, 3-hydroxyphloretin (7) and catechol (9) are poten-
tially the most interesting. Both 3-hydroxyphloretin (7)
and catechol (9) reduced cellular tyrosinase activity in
HEMn. Compared with the positive control, arbutin, these
two compounds were about 50 times more potent in
HEMn cells. 3-Hydroxyphloretin (7) also caused marginal
(�20%) reduction (at 100 lM) in cell viability and had a
marginal (�20%) reducing effect on melanin content. Cat-
echol (9) affected the level of TRP-2 proteins and related
gene expression at 50 and 100 lM. Thus, the reduction in
the melanin formation by 3-hydroxyphloretin (7) and cate-
chol (9) may not be due to direct tyrosinase inhibition, but
because of effects on cell viability and toxicity. The two
active compounds could also interact with the di-copper
binding site of tyrosinase, based on molecular docking
studies. The reduction of tyrosinase activity by these com-
pounds may be because they act as substrates for tyrosi-
nase and compete with the substrate for the tyrosinase
active site (Khatib et al., 2005). These two compounds, iso-
lated from the Formosan apple, may be useful as cosmetic
agents to stimulate skin whitening.
4. Experimental

4.1. Materials and chemicals

A voucher specimen (M-38) of Formosan apple (M.

doumeri var. formosana) was deposited at the Graduate
Institute of Pharmacognosy (Taipei Medical University,
Taipei, Taiwan). Luminol (5-amino-2,3-dihydro-1,4-phtha-
lazinedione), potassium dihydrogenphosphate (KH2PO4),
dipotassium hydrogen phosphate (K2HPO4), ethylenedi-
aminetetraacetic acid (EDTA), ferric chloride (FeCl3),
and hydrogen peroxide (H2O2) were purchased from
Sigma-Aldrich Chemical Co. (St. Louis, MO.). All chemi-
cals and reagents used in the study were high-grade com-
mercial products.

4.2. Extraction and isolation of constituents

Seven phenolic compounds, including phloretin (1),
phloridzin (2), 3-hydroxyphloridzin (3), quercetin (4),
chrysin (5), chrysin-5-glucoside (6), and 3-hydroxyphlore-
tin (7), were isolated from Formosan apple as previously
described (Leu et al., 2006). Except for those seven com-
pounds, we isolated additional compounds from both the
EtOAc and aqueous extracts. Briefly, dried leaves (560 g)
were extracted with 70% aqueous acetone, three times at
room temperature. The aqueous acetone extract was
concentrated under reduced pressure and a suspension
of the extract in H2O was partitioned with EtOAc ren-
dering an EtOAc and aqueous fraction. From the EtOAc
extract, pynosylvin (11) (Schultz et al., 1992) was isolated
using Sephadex LH-20 eluted with MeOH and
chromatographed by semi-preparative HPLC (Biosil 5
ODS-W column, 4.6 · 250 mm; solvent system:
H2O:MeOH = 40:60; flow rate: 3.0 ml/min; detector:
254 nm). Oleanolic acid (12) and ursolic acid (13) (Bud-
zikiewicz et al., 1963) were also purified from the EtOAc
layer by using Sephadex LH-20 eluted with MeOH and
silica gel eluted with CH2Cl2–acetone gradient, then
subjected to further chromatography by semi-preparative
HPLC with CH3CN–H2O (9:1, %) as eluent. The
aqueous layer was also subjected to a Diaion HP 20 col-
umn using an elution with increasing MeOH
concentrations. Seven fractions (1–7) were collected.
Fraction 1 was subjected to semi-preparative HPLC
(Biosil 5 ODS-W column, 4.6 · 250 mm; solvent system:
H2O:MeOH = 70:30; flow rate: 3.0 ml/min; detector:
254 nm) to obtain protocatechuic acid (8) (An et al.,
2006) and catechol (9) (Webb and Ruszkay, 1998). Frac-
tion 4 was re-purified using Toyopearl HW 40 with gra-
dient MeOH (40% to 100% MeOH) and further purified
with semi-preparative HPLC to obtain rutin (10) (Hou
et al., 2005). Their structural identification were based
on the physical and spectroscopic data reported in the
literature. The purity of all isolated constituents was
>98% as determined by the integration of proton reso-
nances and diode array detection HPLC.



1196 Y.-P. Lin et al. / Phytochemistry 68 (2007) 1189–1199
4.3. Measurement of hydroxyl radical using

chemiluminescent (CL) reaction

Hydroxyl radicals were generated by the Fenton reac-
tion using the modified luminescence method (Cheng
et al., 2003). The reaction mixture contained 40 lM lumi-
nol, 4.17 mM phosphate buffer (pH 7.5), 4.6 lM Fe(II)-
2.3 lM EDTA, test preparation, and 96 mM H2O2. The
chemiluminescent reaction was carried out in KH2PO4–
NaOH–buffered solution (pH 7.5) at room temperature.
Initiation of the reaction was achieved by adding Fe(II)–
EDTA followed by the addition of H2O2 into the mixture.
The luminescence intensity was monitored within the wave-
length range of 200–900 nm.

4.4. Cell culture

Primary skin melanocyte cells from neonatal foreskin
(HEMn; Cascade Biologics Inc., Portland, OR) were cul-
tured in Medium 254 (Cascade Biologics Inc.) supple-
mented with Human Melanocyte Growth Supplement
(HMGS; Cascade Biologics Inc.).

4.5. MTT assay for cell viability

Cells were plated at 105/well (24-well plates). Twenty
four hour after plating, test samples were added and cul-
tures were incubated for an additional 24 h. Viability was
determined using the 3-(4,5-dimethyl-thiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT) method, a colorimet-
ric assay based on the formation of purple formazan by
mitochondrial dehydrogenase in active mitochondria.

4.6. Assay of cellular tyrosinase activity

The tyrosinase activity was measured using a slightly
modified protocol (Nagata et al., 2004). Briefly, HEMn
cells were cultured in 24-well plates. After treatment with
individual test samples for 24 h, the cells were washed
with PBS and lysed with phosphate buffer (pH 6.8) con-
taining 1% Triton X-100. The cells were disrupted by
freezing and thawing, with lysates were clarified by centri-
fugation at 10,000g for 10 min. After determining the pro-
tein content with a Bio-Rad protein assay kit, lysates were
adjusted with lysis buffer to contain equal amounts of
protein. These lysates were then added to wells (96-well
plates) containing 2.5 mM L-DOPA in 0.1 M phosphate
buffer (pH 6.8). After incubation at 37 �C for 1 h, the
absorbance of samples was measured at 475 nm using
an ELISA reader.

4.7. Measurement of melanin contents of melanocytes

Melanin contents was measured as described previously
with minor modifications (Nagata et al., 2004). Cells were
treated with test substances for 24 h and then harvested
by centrifugation. Cell pellets were incubated in 1 N NaOH
at 37 �C for 16 h and suspensions were clarified by centrifu-
gation for 10 min at 10,000g. The optical densities (OD) of
the supernatants were measured at 450 nm using an ELISA
reader.

4.8. Western blot analysis

Western blot analyses to determine the extent of
expression of tyrosinase and the TRPs were performed
as described (Lee and Kang, 2003). Cells (106/well; 6-well
plate) were lysed with PBS containing 1% Triton X-100,
1 mM phenylmethylsulfonyl fluoride (PMSF), 1 mg/ml
aprotinin, and 10 mg/ml leupeptin, and lysates were sub-
jected to centrifugation at 12,000g for 10 min. The total
protein content of each supernatant was determined with
a Bio-Rad protein assay kit. An equal amount of protein
of each sample was added to sodium dodecyl sulfate sam-
ple buffer and proteins were separated by polyacrylamide
gel (10%) electrophoresis. Following electrotransfer to
PVDF membranes (Immobilon-P, Millipore Corp., Bed-
ford, MA), the membranes were incubated overnight with
PBS containing 5% non-fat dry milk, 0.1% Tween 20,
and 0.1% NaN3. Anti-tyrosinase (C-19), anti-TRP1 (G-
17), and anti-TRP2 (D-18) antibodies (Santa Cruz Bio-
technology Inc., CA, USA) were added at a 1:1000 dilu-
tion, and membranes were incubated at room
temperature for 3 h. After extensive washes, the blots
were incubated for 2 h at room temperature with alkaline
phosphatase-conjugated anti-goat IgG (Santa Cruz Bio-
technology) diluted 1:5000 in PBS containing 5% non-
fat dry milk, 0.1% Tween 20, and 0.1% NaN3. After
washing, protein-bound alkaline phosphatase activity
was detected with nitro blue tetrazolium (NBT)/5-
bromo-4-chloro-3-indolyl phosphate (BCIP) substrate.
The extent of protein loading was evaluated by Western
blotting using a b-actin antibody.

4.9. RNA extraction and reverse transcription

Total RNA was extracted using the High Pure RNA
Isolation Kit (Roche Molecular Biochemicals, Mann-
heim, Germany). The quality of the total RNA sample
was evaluated by determination of the OD260/OD280

ratio. To prepare a cDNA pool from each RNA sample,
total RNA (1 lg) was reverse transcribed using the Tran-
scriptor First Strand cDNA Synthesis Kit (Roche)
according to the manufacturer’s instructions. Each cDNA
pool was stored at �20 �C until real-time PCR analysis
was performed.

4.10. PCR primers

Specific oligonucleotide primer pairs to be used for
quantitative real-time PCR (q-RT PCR) were selected from
the Roche Universal ProbeLibrary. The sequences of the
primers used are as follows: TYR forward primer: CAT-
TCTTCTCCTCTTGGCAGA and TYR reverse primer:
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CCGCTATCCCAGTAAGTGGA; TYRP1 forward
primer: GCTTTTCTCACATGGCACAG and TYRP1

reverse primer: GGCTCTTGCAACATTTCCTG; TYRP2

forward primer: CGACTCTGATTAGTCGGAACTCA
and TYRP2 reverse primer: GGTGGTTGTAGTCATC-
CAAGC; GAPDH forward primer: AGCCACATCGCT-
CAGACAC and GAPDH reverse primer: GCCCAAT-
ACGACCAAATCC.

4.11. Quantitative real-time PCR

Quantitative real-time PCR reactions were performed
on the Roche LightCycler Instrument 2.0 using Light-
Cycler� TaqMan Master (Roche). ProbeFinder software
(http://www.universalprobelibrary.com) was used to
design the optimal assay comprised of the respective
labeled probe of the Universal ProbeLibrary Set and
human and gene-specific primers. Briefly, 20 ll reaction
mixtures contained 5 ll cDNA template, 4 ll Master
Mix, 10 lM probe (0.2 ll), 10 lM forward primer
(0.4 ll), 10 lM reversed primer (0.4 ll), and 10 ll water.
The RT-PCR program was 95 �C for 10 min, 45 cycles of
95 �C for 10 s, 72 �C for 1 s, and 40 �C for 30 s. At the
end of the program a melt curve analysis was performed.
The data of each RT-PCR run were automatically analyzed
and an amplification plot was generated for each cDNA
sample. From each of these plots, the LightCycler4 Data
Analysis Software automatically calculates the CP value
(crossing point: the turning point corresponds to the first
maximum of the second derivative curve) which indicates
the beginning of exponential amplification. The mRNA
level was normalized with reference to the amount of
housekeeping gene transcript (GAPDH mRNA).

4.12. Mushroom tyrosinase purified enzyme assay

Mushroom tyrosinase activity was measured by a
method modified from that of Pomerantz (Masuda et al.,
2005). Mushroom tyrosinase was reconstituted in 0.4 M
HEPES buffer, pH 6.8, at 5000 U/ml and stored at
�20 �C prior to use. The reaction mixture consisted of
250 lM L-tyrosine, 50 U/ml mushroom tyrosinase, and test
sample. After incubation for 30 min at 37 �C, the absor-
bance was measured at 475 nm in a model lQuant micro-
plate reader (Bio-tek Instruments, Inc.).

4.13. Assessment of mushroom tyrosinase inhibition kinetics

The assays were carried out with the IC50 values of
tested samples and various concentrations (15.625, 31.25,
62.5, 125, 250, and 500 lM) of substract, L-tyrosine. The
apparent inhibition constants (Km) for the compounds
were calculated by Lineweaver–Burk plots for the tested
samples by, respectively, plotting the slope of each double
reciprocal plot versus the corresponding inhibitor concen-
tration at which it was obtained (Huang et al., 2006).
4.14. Molecular modeling

An available 3D model of human tyrosinase, computed
by homology modeling based on the X-ray crystal structure
of hemocyanin (PDB code 1JS8), was retrieved from the
ModBase database (Pieper et al., 2004). With the use of
this theoretical model, two copper ions and the substrate
L-DOPA were manually positioned into the active site of
the enzyme. The complex structure was simulated using
the software package SYBYL 7.1 (Tripos, Inc., St. Louis,
MO) in order to build a model whose active site exists in
the probable ligand-bound conformation. The initial simu-
lation was performed with 100 cycles each of steepest des-
cent and conjugate gradient minimization by relaxing
ligands and the six histidine residues involved in the copper
ion binding (H180, H202, H211, H363, H367, and H390),
while keeping the rest of the complex fixed. For the result-
ing structure, two structural subsets A and B were then
defined as the residues farther than 10 Å from the two cop-
per ions and the rest of the complex, respectively. The sim-
ulations were accomplished through the following
sequential steps: (i) 200 cycles each of steepest descent
and conjugate gradient minimization by fixing subset A
and the backbone atoms of subset B, (ii) 200 cycles of con-
jugate gradient minimization by fixing subset A, (iii) 3-ps
molecular dynamics (MD) simulation (time step of 1 fs)
at 300 K followed by conjugate gradient minimization to
reach a convergence of 0.05 kcal/(mol Å) by fixing subset
A and the backbone atoms of subset B, and (iv) conjugate
gradient minimization to reach a convergence of 0.05 kcal/
(mol Å) by fixing subset A. All calculations were performed
with the Tripos force field, a distance-dependent dielectric
constant of 1r, and a nonbonded cutoff of 12 Å.

The resulting structure obtained using the above simula-
tions was used for docking studies with the AutoDock 3.0
program (The Scripps Research Institute, La Jolla, CA)
(Morris et al., 1998). L-DOPA and nonpolar hydrogens
were first removed from the complex, and the protein
atoms were assigned with Kollman united-atom partial
charges. The 3D structures of active compounds were gen-
erated and energy minimized with the Tripos force field in
SYBYL. The partial atomic charges were calculated using
the Gasteiger–Marsili method. The flexible torsions for
compounds were defined with AutoTors implemented in
the AutoDock program. To carry out docking simulations,
a grid box was defined to enclose the dicopper binding site
with dimensions of 26.3 · 26.3 · 26.3 Å and a grid spacing
of 0.375 Å. The grid maps for energy scoring were calcu-
lated using AutoGrid. Docking was performed using the
Lamarckian genetic algorithm (LGA) and the pseudo-Solis
and Wets local search method. Default parameters were
used except for energy evaluations (5 · 105) and docking
runs (50). The obtained docked model with the predicted
lowest binding free energy for each compound was then
subjected to geometry optimization in SYBYL. By fixing
the residues father than 6 Å from the inhibitor, the
geometry optimization was achieved by 200 cycles each

http://www.universalprobelibrary.com
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of steepest descent and conjugate gradient minimization, 3-
ps MD simulation (time step of 1 fs) at 300 K, and finally
conjugate gradient minimization to reach a convergence
of 0.05 kcal/(mol Å). In the present study, all computer
simulations were performed on the Silicon Graphics Origin
3800 system and an Octane workstation.

4.15. Statistical analysis

Differences between the data sets were tested for signif-
icance by means of the non-parametric Mann–Whitney U-
test. p < 0.5 was considered to indicate significantly differ-
ent data sets.
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