
Bioorganic & Medicinal Chemistry 18 (2010) 2337–2345
Contents lists available at ScienceDirect

Bioorganic & Medicinal Chemistry

journal homepage: www.elsevier .com/locate /bmc
Melanogenesis inhibitors from the desert plant Anastatica hierochuntica
in B16 melanoma cells

Souichi Nakashima, Hisashi Matsuda, Yoshimi Oda, Seikou Nakamura, Fengming Xu, Masayuki Yoshikawa *

Kyoto Pharmaceutical University, Misasagi, Yamashina-ku, Kyoto 607-8412, Japan

a r t i c l e i n f o a b s t r a c t
Article history:
Received 14 December 2009
Revised 15 January 2010
Accepted 16 January 2010
Available online 1 February 2010

Keywords:
Anastatica hierochuntica
Melanogenesis inhibitor
Tyrosinase
Silybin
Isosilybin
0968-0896/$ - see front matter � 2010 Elsevier Ltd. A
doi:10.1016/j.bmc.2010.01.046

* Corresponding author. Tel.: +81 75 595 4633; fax
E-mail address: myoshika@mb.kyoto-phu.ac.jp (M
The methanolic extract from the whole plants of Anastatica hierochuntica, an Egyptian herbal medicine, was
found to inhibit melanogenesis in theophylline-stimulated murine B16 melanoma 4A5 cells. Among the
constituents isolated, anastatin A, silybin A, isosilybins A and B, eriodictyol, luteolin, kaempferol, quercetin,
hierochins A and B, (2R,3S)-2,3-dihydro-2-(3,4-dimethoxyphenyl)-3-hydroxymethyl-5-(2-formylvinyl)-7-
hydroxybenzofuran, (+)-dehydrodiconiferyl alcohol, (+)-balanophonin, 1-(4-hydroxy-3-methoxyphenyl)-
2-{4-[(E)-3-hydroxy-1-propenyl]-2-methoxyphenoxy}-1,3-propanediol, and 3,4-dihydroxybenzaldehyde
substantially inhibited melanogenesis with IC50 values of 6.1–32 lM. With regard to the mechanism of
action of silybins and isosilybins, the inhibition of tyrosinase activity suggested to be important. In addition,
isosilybins A and B inhibited the mRNA expression of TRP-2, but silybins A and B oppositely enhanced the
mRNA expression of tyrosinase and TRP-1 and -2 at 10 and/or 30 lM, and the inhibition of phosphorylation
of extracellular signal-regulated kinases (ERK1/2) is involved in the enhanced expression of mRNA, at least
in part, similar to that of PD98059.

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

The Cruciferae plant, Anastatica hierochuntica, is widely distrib-
uted in the Sahara-Arabian desert areas and the whole plants of
A. hierochuntica are prescribed for the treatment of fatigue and
uterine hemorrhage in Egyptian folk medicine and are used by wo-
men as a charm for child birth.1,2 During the course of our studies
on bioactive constituents of Egyptian herbal medicines,3–13 we
reported the structural elucidation of the new skeletal benzofur-
anoflavanones, anastains A (1) and B (2), with hepatoprotective
activities and new (7R,8S) and (7S,8R) 8–50 linked neolignans,
hierochins A (19), B (24), and C (21), from this herbal medicine.7,8

Melanin biosynthesis proceeds through a complex series of
enzymatic and chemical reactions in melanocytes.14–17 The synthe-
sis of melanin starts from the conversion of the amino acid
L-tyrosine to dopaquinone by tyrosinase, the enzyme catalyzing
the rate-limiting step of melanin biosynthesis.15 This tyrosinase
process is involved in abnormal accumulation of melanin pigments
(hyperpigmentation).18,19 Therefore, tyrosinase inhibitors such as
kojic acid and arbutin have been established as important constit-
uents of cosmetic products and depigmenting agents for the
treatment of hyperpigmentation.20,21

We have been searching for inhibitors of melanin production
from natural medicines to develop the constituents of cosmetic
products and depigmenting agents.22 As a continuing study, the
ll rights reserved.
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methanolic (MeOH) extract from the whole plants of A.
hierochuntica, an Egyptian herbal medicine, was found to inhibit
melanogenesis in theophylline-stimulated murine B16 melanoma
4A5 cells.

In this paper, we describe the effects of constituents (1–44)
from the whole plant of A. hierochuntica on melanogenesis in
the cells and the effects of silybins A (5) and B (6) and isosily-
bins A (7) and B (8), which showed the inhibitory effects on
melanogenesis, on mRNA expressions of tyrosinase and TRP-1
and -2.
2. Results and discussion

2.1. Effects on melanogenesis in B16 melanoma 4A5 cells

Melanocytes can be stimulated by many effectors including
ultraviolet radiation23 and a-melanocyte-stimulating hormone
(a-MSH).24 It is generally accepted that the cAMP pathway plays
a key role in the regulation of melanogenesis, and cAMP is involved
in a-MSH-stimulated signal transduction.24,25 In the present study,
we used the phosphodiesterase inhibitor theophylline26 to stimu-
late B16 melanoma 4A5 cells. As shown in Table 1, the methanolic
extract significantly inhibited melanogenesis with an IC50 value of
100 lg/mL.

The MeOH ext. (153 g) was suspended in water (H2O) and then
extracted with ethyl acetate (EtOAc) and n-butanol (n-BuOH)
successively to give EtOAc- (70 g, 2.4%), n-BuOH- (18 g, 0.6%) and
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Table 1
Inhibitory effects of MeOH ext. and EtOAc-, n-BuOH- and H2O-soluble fractions and the isolated compounds from A. hierochuntica on melanogenesis and proliferation in B16
melanoma 4A5 cells

Concentration (lg/mL) IC50 (lg/mL)

0 1 3 10 30 100

Inhibition of melanogenesis (%)
MeOH ext. 0.0 ± 3.2 4.1 ± 1.2 4.2 ± 1.6 4.1 ± 2.1 14.7 ± 1.8** 49.6 ± 0.7** 100
EtOAc-soluble fr. 0.0 ± 3.2 1.5 ± 3.9 �2.2 ± 2.4 9.8 ± 2.0 26.8 ± 1.6** 66.7 ± 5.3** 60
n-BuOH-soluble fr. 0.0 ± 1.8 4.6 ± 4.4 0.3 ± 4.5 �9.7 ± 3.1 �8.8 ± 3.4 �33.3 ± 4.3** —
H2O-soluble fr. 0.0 ± 3.6 1.4 ± 1.1 �0.8 ± 4.1 �1.0 ± 4.1 �6.4 ± 2.6 0.5 ± 1.6 —

Concentration (lM) IC50 (lM)

0 1 3 10 30

Inhibition of melanogenesis (%)a

Anastatin A (1) 0.0 ± 2.3 7.1 ± 1.0 14.9 ± 2.5** 35.9 ± 2.3** 65.1 ± 1.5** 16
Anastatin B (2) 0.0 ± 4.7 �1.1 ± 2.7 10.1 ± 2.8 19.5 ± 1.9** 40.3 ± 2.6** —
(+)-Silychristin (3) 0.0 ± 2.5 4.1 ± 2.1 1.3 ± 5.4 3.8 ± 2.1 17.4 ± 2.6** —
(�)-Silychristin (4) 0.0 ± 1.3 4.2 ± 2.0 �1.3 ± 2.6 1.6 ± 2.3 1.2 ± 2.0 —
Silybin A (5) 0.0 ± 3.9 9.2 ± 4.3 18.8 ± 1.5** 24.4 ± 3.8** 64.7 ± 4.0** 21
Silybin B (6) 0.0 ± 2.3 �0.2 ± 4.4 3.0 ± 4.1 10.2 ± 1.2 33.0 ± 4.8** —
Isosilybin A (7) 0.0 ± 2.4 11.7 ± 5.2 19.8 ± 3.5** 50.2 ± 3.3** 72.1 ± 2.8** 10
Isosilybin B (8) 0.0 ± 6.3 18.7 ± 3.6* 37.5 ± 4.9** 58.0 ± 3.3** 73.4 ± 3.6** 6.1
Naringenin (9) 0.0 ± 3.0 14.4 ± 1.6** 13.9 ± 2.0** 22.5 ± 3.0** 16.9 ± 2.4** —
Eriodictyol (10)b 0.0 ± 4.2 6.5 ± 2.9 10.5 ± 2.4 32.3 ± 2.1** 46.3 ± 1.8** 32
(+)-Aromadendrin (11) 0.0 ± 2.4 6.0 ± 2.5 14.4 ± 2.7** �5.2 ± 1.1 7.0 ± 1.1 —
(+)-Taxifolin (12) 0.0 ± 3.8 3.5 ± 2.9 3.1 ± 2.4 6.7 ± 2.8 21.7 ± 2.7** —
(+)-30-O-Methyltaxifolin (13) 0.0 ± 3.0 9.8 ± 5.6 8.0 ± 3.5 10.6 ± 2.1 16.2 ± 4.2* —
(+)-Epitaxifolin (14) 0.0 ± 1.1 3.5 ± 1.9 6.8 ± 3.7 6.9 ± 1.9 13.7 ± 2.5** —
Luteolin (15) 0.0 ± 4.0 6.2 ± 4.4 13.5 ± 1.4* 38.1 ± 1.2** 76.7 ± 0.9** 14
Kaempferol (16) 0.0 ± 3.0 �0.6 ± 4.1 7.9 ± 4.5 18.6 ± 3.3** 58.1 ± 1.8** 25
Quercetin (17) 0.0 ± 1.2 13.9 ± 1.4** 17.1 ± 1.3** 34.3 ± 2.2** 72.5 ± 1.4** 15
Rutin (18) 0.0 ± 1.7 4.5 ± 0.7* 3.1 ± 0.6 4.3 ± 1.0* 5.2 ± 1.2* —
Hierochin A (19) 0.0 ± 3.2 1.9 ± 3.5 8.0 ± 2.0 32.5 ± 2.1** 51.8 ± 1.5** 25
20 0.0 ± 6.2 10.7 ± 5.1 8.4 ± 4.1 33.6 ± 4.3** 76.8 ± 4.0** 21
Hierochin C (21) 0.0 ± 1.9 �1.0 ± 2.8 6.6 ± 4.4 27.6 ± 2.0** 44.6 ± 4.1** —
(+)-Dehydrodiconiferyl alcohol (22) 0.0 ± 0.7 �1.6 ± 2.7 �5.4 ± 2.6 18.6 ± 3.2** 72.7 ± 0.7** 16
(+)-Balanophonin (23) 0.0 ± 1.9 �2.8 ± 4.9 2.1 ± 0.6 28.4 ± 3.5** 79.1 ± 2.6** 15
Hierochin B (24) 0.0 ± 4.5 �1.6 ± 2.1 2.2 ± 1.7 7.6 ± 3.3 50.6 ± 1.9** 30
26 0.0 ± 3.5 14.9 ± 2.3** 20.8 ± 4.0** 21.3 ± 1.3** 27.3 ± 3.6** —
(�)-Evofolin B (28) 0.0 ± 1.7 18.2 ± 3.8** 15.0 ± 1.3* 16.4 ± 3.2** 23.5 ± 4.5** —
29 0.0 ± 2.4 8.8 ± 1.9* 11.7 ± 2.0** 24.5 ± 2.3** 52.9 ± 1.9** 29
3,4-Dihydroxybenzaldehyde (36) 0.0 ± 5.9 8.5 ± 4.5 13.8 ± 2.3 40.4 ± 2.7** 57.9 ± 1.9** 17
Acetovanillone (38) 0.0 ± 2.6 16.8 ± 4.2** 17.5 ± 2.6** 18.9 ± 2.4** 20.2 ± 3.1** —
41 0.0 ± 2.9 16.5 ± 2.1** 18.1 ± 2.7** 24.0 ± 3.5** 25.8 ± 3.7** —
Coniferaldehyde (44) 0.0 ± 1.0 10.3 ± 2.1* 11.6 ± 2.8* 14.0 ± 3.4** 39.1 ± 2.0** —

Concentration (lM) IC50 (lM)

0 10 30 100 300 1000

Inhibition of melanogenesis (%)
Arbutin 0.0 ± 1.4 10.6 ± 0.6** 20.4 ± 0.5** 38.1 ± 0.9** 61.5 ± 0.6** 83.7 ± 0.5** 174

The melanoma cells (2.0 � 104 cells/400 lL/well) were seeded into 24-well multiplates. After 24 h of culture, a test compound and theophylline 1 mM were added and
incubated for 72 h. The cells were harvested by incubating with PBS containing EDTA and trypsin, and then the cells were washed with PBS. The cells were treated with NaOH
1 M (120 lL/tube, 80 �C, 30 min) to yield a lysate, and the optical density of the lysate was measured at 405 nm (reference: 655 nm). The production of melanin was corrected
based on cell viability.
Each value represents the mean ± S.E.M. (n = 4).
Significantly different from the control group, *p <0.05, **p <0.01.

a Inhibitions by 25, 27, 31–35, 37, 39, 40, 42, and 43 at 30 lM and 30 at 10 lM were less than 15.4%.
b Inhibition by 10 at 100 lM was 70.5 ± 2.3% (p <0.01).
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H2O-soluble fractions (63 g, 2.2%), respectively. The EtOAc-soluble
fraction, which showed a significant inhibition (IC50 value = 60
lg/mL) without cytotoxic effect less than 100 lg/mL (data not
shown), and n-BuOH-soluble fraction were respectively subjected
to ordinary- and reversed-phase silica gel column chromatogra-
phies and finally HPLC to give the following known compounds:
anastatins A (1,7 0.0010% from this natural medicine) and B (2,7

0.00098%), (+)-silychristin (3,27 0.0011%), (�)-silychristin (4,27

0.00073%), silybins A (5,28 0.0011%) and B (6,28 0.0014%), isosilybins
A (7,28 0.0015%) and B (8,28 0.00090%), naringenin (9,29 0.0038%),
eriodictyol (10,30 0.0027%), (+)-aromadendrin (11,31 0.00081%),
(+)-taxifolin (12,32 0.044%), 30-O-methyltaxifolin (13,33 0.00038%),
(+)-epitaxifolin (14,32 0.0035%), luteolin (15,34 0.00079%), kaempf-
erol (16,34 0.00060%), quercetin (17,34 0.0010%), rutin (18,34

0.00072%), hierochins A (19,8 0.00046%), B (24,8 0.00029%), and C
(21,8 0.00070%), hierochin D35 (0.0010%), (2R,3S)-2,3-dihydro-
2-(3,4-dimethoxyphenyl)-3-hydroxymethyl-5-(2-formylvinyl)-
7-hydroxybenzofuran (20,36 0.0061%), (+)-dehydrodiconiferyl
alcohol (22,37 0.0011%), (+)-balanophonin (23,38 0.00045%), (+)-lar-
iciresinol (25,39 0.0024%), (+)-1,2-bis-(4-hydroxy-3-methoxy-
phenyl)-propane-1,3-diols [erythro form (26,40,41 0.0029%) and
threo form (27,40,41 0.0011%)], (�)-evofolin B (28,42 0.00093%),
1-(4-hydroxy-3-methoxyphenyl)-2-{4-[(E)-3-hydroxy-1-propenyl]-
2-methoxyphenoxy}-1,3-propanediol (29,43 0.00056%), 1-(4-hy-
droxy-3-methoxyphenyl)-2-{4-[2-formyl-(E)-vinyl]-2-methoxy-
phenoxy}-1,3-propanediol (30,40 0.00019%), p-hydroxybenzoic
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acid (31,44 0.0012%), p-methoxybenzoic acid (32,44 0.00075%), 3,4-
dihydroxybenzoic acid (33,44 0.0025%), 3-methoxy-4-hydroxyben-
zoic acid (34,44 0.0068%), p-hydroxybenzaldehyde (35,34

0.00093%), 3,4-dihydroxybenzaldehyde (36,45 0.0016%), vanillin
(37,46 0.0036%), acetovanillone (38,46 0.00066%), 2,40-dihydroxy-
30-methoxyacetophenone (39,47 0.0011%), x-hydroxypropioguaia-
cone (40,48 0.0015%), (+)-2,3-dihydroxy-1-(4-hydroxy-3-methoxy-
phenyl)-1-propanone (41,49 0.0015%), trans-cinnamic acid (42,50

0.00059%), trans-ferulic acid (43,51,52 0.00079%), coniferaldehyde
(44,53 0.0013%), and b-sitosterol 3-O-b-D-glucopyranoside54

(0.0025%) (Fig. 1).
Among the constituents isolated, anastatin A (1), silybin A (5),

isosilybins A (7) and B (8), eriodictyol (10), luteolin (15), kaempfer-
ol (16), quercetin (17), hierochins A (19) and B (24), 20, (+)-dehyd-
rodiconiferyl alcohol (22), (+)-balanophonin (23), 29, and
3,4-dihydroxybenzaldehyde (36) substantially inhibited the mela-
nogenesis with IC50 values of 6.1–32 lM. These active compounds
showed greater activity than arbutin (IC50 = 174 lM) (Table 1). In
addition, moderate cytotoxic effects were observed after incuba-
tion with 5, 6, 15, and 22–24 at a high concentration (more than
20% inhibition at 30 lM), and 30 showed a greater cytotoxic effect
(IC50 = 6.9 lM) (Table 2).

We previously reported that flavonols such as kaempferol (16)
inhibited the melanogenesis, but the corresponding dihydroflavo-
nol, (+)-aromadendrin (11) showed less inhibition.22 In agreement
with the previous report,22 a flavone (15) and two flavonols (16,
17) inhibited melanogenesis in the cells. However, two flavanones
(9, 10), three flavanonols (11–14), and a flavonol having the 3-O-
glycoside (18) showed less inhibition. These findings suggest that
2,3-double bond is essential for the greater activity,22 and the 3-
O-glycoside moiety reduced the activity of flavonols. Furthermore,
the 30,40-dihydroxyl group is important for the activity [10 (46.3%
inhibition at 30 lM) > 9 (16.9% inhibition at 30 lM); 12 (21.7%
inhibition at 30 lM) > 11 (7.0% inhibition at 30 lM); 17
(IC50 = 15 lM) > 16 (25 lM)].

Luteolin (15) was already reported to inhibit tyrosinase activity
and melanin production by inhibiting adenyl cyclase in a-MSH-
stimulated B16 melanoma cells.55 In addition, Fuji and Saito re-
ported that quercetin (17) also inhibited melanogenesis in B16
melanoma cells by inhibiting tyrosinase and tyrosinase protein
levels.56 On the other hand, several flavonoids such as 17, pedalitin,
and nobiletin were reported not to suppress the production of mel-
anin but rather to enhance it.57–59 In the present study, 17 signifi-
Table 2
Inhibitory effects of compounds 1–44 from A. hierochuntica on proliferation in B16 melan

0 1

Inhibition of proliferation (%)a

Silybin A (5) 0.0 ± 2.9 �5.7 ± 0.8
Silybin B (6) 0.0 ± 2.4 �2.0 ± 1.2
Isosilybin A (7) 0.0 ± 2.2 �2.2 ± 2.0
Luteolin (15) 0.0 ± 1.5 �4.8 ± 0.9*
Kaempferol (16) 0.0 ± 2.3 3.0 ± 2.0
Quercetin (17) 0.0 ± 2.3 �8.8 ± 1.3**
(+)-Dehydrodiconiferyl alcohol (22) 0.0 ± 1.9 �2.7 ± 2.3
(+)-Balanophonin (23) 0.0 ± 0.8 3.8 ± 1.9
Hierochin B (24) 0.0 ± 1.2 0.3 ± 0.8
30 0.0 ± 2.9 2.2 ± 2.6
p-Hydroxybenzaldehyde (35) 0.0 ± 2.4 �8.4 ± 2.2*
3,4-Dihydroxybenzaldehyde (36) 0.0 ± 1.0 �4.7 ± 1.0
Coniferaldehyde (44) 0.0 ± 1.4 �4.2 ± 1.1

The melanoma cells (5.0 � 103 cells/100 lL/well) were seeded into 96-well microplates
compound, 10 lL of WST-8 solution (Cell Counting Kit-8™) was added to each well. After
by the cells was measured with a microplate reader at 450 nm (reference: 655 nm).
Each value represents the mean ± S.E.M. (n = 4).
Significantly different from the control group, *p <0.05, **p <0.01.

a The inhibition by 1–4, 8–14, 18–21, 25–29, 31–34, and 37–43 at 30 lM were less th
cantly inhibited the melanogenesis (IC50 = 15 lM) under our
experimental conditions.

Anastatin A (1, IC50 = 16 lM) exhibited greater activity than
naringenin (9, >100 lM) and anastatin B (2, >100 lM), suggesting
that benzofuran moiety enhanced the activity of flavanones, but
the position of it is important for the activity. Silybin A (5,
IC50 = 21 lM) and isosilybins A (7, 10 lM) and B (8, 6.1 lM)
showed greater inhibitions than (+)-taxifolin (12, >100 lM) and
silybin B (6, >100 lM). Especially, 8 greatly inhibited the melano-
genesis without cytotoxic effects. These results indicate that the
3-methoxy-4-hydroxyphenylpropanol moiety enhances the activ-
ity of flavanonols but the position and conformation are also
important for the activity [8 (IC50 = 6.1 lM) > 7 (10 lM) > 5
(21 lM) > 6 (33.0% inhibition at 30 lM) > 3 (17.4% inhibition at
30 lM) > 4 (1.2% inhibition at 30 lM)].

2.2. Effects on mushroom tyrosinase

Mushroom tyrosinase has conventionally been used for the
development of tyrosinase inhibitors.20 In the present study, a po-
sitive control, kojic acid, substantially inhibited the enzyme activ-
ity with IC50 value of 30 lM, and silybin A (5), isosilybins A (7) and
B (8), kaempferol (16), and quercetin (17) showed moderate inhib-
itory activity under our experimental conditions [inhibition (%):
24.2%, 29.4%, 30.8%, 24.2%, and 45.8%, respectively, at a concentra-
tion of 30 lM], but other inhibitors of melanogenesis showed weak
inhibition (less than 20% inhibition at 30 lM) (Table 3).

2.3. Effects on melanin production from dopachrome by
autoxidation

Next, we examined effects of the active constituents on melanin
production from dopachrome by autoxidation.60,61 The positive
control, kojic acid, inhibited the autoxidation with IC50 value of
250 lM. However, the compounds 1, 5, 7, 8, 10, 15–17, 19, 20,
22, 23, 29, and 36 which exhibited the melanogenesis in the cells
did not show such effect at 100 lM (data not shown).

2.4. Effects of silybins A (5) and B (6) and isosilybins A (7) and B
(8) on mRNA expression of tyrosinase and TRP-1 and -2, and on
phosphorylation of ERK1/2

The tyrosinase-related protein 1 (TRP-1) and TRP-2 as well as
tyrosinase are known to be enzymes catalyzing the major steps
oma 4A5 cells

Concentration (lM) IC50 (lM)

3 10 30

�10.7 ± 2.0** 7.5 ± 1.3* 33.8 ± 0.6** >100
�1.4 ± 1.1 11.8 ± 1.4** 44.4 ± 2.1** >100
�1.5 ± 1.3 �2.5 ± 0.6 16.0 ± 1.7** —
�4.9 ± 1.0* 4.0 ± 1.6 23.4 ± 0.4** >100
10.2 ± 0.3** 13.0 ± 1.1** 16.3 ± 1.9** —
�7.7 ± 1.4** �8.6 ± 0.7** 11.9 ± 0.7** —

0.3 ± 1.1 �1.6 ± 2.7 23.3 ± 4.8** >100
5.5 ± 2.2 13.6 ± 2.2** 40.3 ± 1.2** >100
1.3 ± 0.6 10.9 ± 0.8** 23.8 ± 1.2** >100

13.6 ± 0.8** 68.6 ± 1.3** 91.5 ± 0.2** 6.9
�13.6 ± 2.8** �21.0 ± 1.9** 17.6 ± 1.1** —
�4.7 ± 2.5 �3.7 ± 2.6 11.4 ± 1.1** —
�3.2 ± 1.1 �0.5 ± 0.8 11.5 ± 1.3** —

and incubated for 24 h. After 70-h incubation with theophylline 1 mM and a test
a further 2 h in culture, the optical density of the water-soluble formazan produced

an 8.8%.



Table 3
Inhibitory effects of selected compounds from A. hierochuntica on the enzyme activity of mushroom tyrosinase

Concentration (lM) IC50 (lM)

0 1 3 10 30 100

Inhibition of tyrosinase (%)a

Anastatin A (1) 0.0 ± 1.0 6.4 ± 1.3** 6.7 ± 0.5** 9.6 ± 1.0** 11.2 ± 0.5** 23.0 ± 0.9** —
Silybin A (5) 0.0 ± 2.3 8.4 ± 0.5** 10.3 ± 1.0** 15.4 ± 0.9** 24.2 ± 0.9** 27.6 ± 0.7** —
Silybin B (6) 0.0 ± 1.1 5.7 ± 0.5 8.4 ± 0.8** 14.9 ± 0.2** 19.2 ± 2.1** 29.1 ± 3.0** —
Isosilybin A (7) 0.0 ± 2.1 5.1 ± 2.9 7.0 ± 1.8 13.1 ± 2.6** 29.4 ± 1.9** 42.7 ± 2.7** —
Isosilybin B (8) 0.0 ± 3.0 4.2 ± 3.5 4.8 ± 2.8 13.7 ± 2.8* 30.8 ± 2.4** 45.5 ± 3.2** —
Luteolin (15) 0.0 ± 1.1 6.4 ± 1.0** 7.1 ± 0.8** 9.2 ± 0.5** 12.1 ± 0.7** 17.6 ± 1.4** —
Kaempferol (16) 0.0 ± 0.8 5.7 ± 0.9** 7.6 ± 0.8** 12.1 ± 0.8** 24.2 ± 0.4** 38.4 ± 1.1** —
Quercetin (17) 0.0 ± 0.9 3.5 ± 1.2* 4.8 ± 0.3** 14.7 ± 0.8** 45.8 ± 0.7** — ca. 31
3,4-Dihydroxybenzaldehyde (36) 0.0 ± 0.5 3.1 ± 1.9 2.3 ± 0.5 8.0 ± 1.2** 13.4 ± 0.3** 27.8 ± 1.4** —
Coniferaldehyde (44) 0.0 ± 1.1 1.6 ± 0.6 4.2 ± 1.5* 7.3 ± 0.8** 13.9 ± 0.9** 18.6 ± 0.2** —

Concentration (lM) IC50 (lM)

0 10 30 100 300 1000

Inhibition of tyrosinase (%)
Kojic acid 0.0 ± 0.9 22.3 ± 2.1** 50.6 ± 0.6** 78.2 ± 0.7** 89.3 ± 0.3** 94.0 ± 0.2** 30

The incubation mixture of 70 lL of L-DOPA (2.5 mM in the phosphate buffer) as a substrate, and 20 lL of the test compound solution was prepared. The reaction was initiated
by the addition of 120 lL of tyrosinase (80.5 units/mL) at 25 �C for 5 min, and then the absorbance at 405 nm (reference: 655 nm) was measured.
Each value represents the mean ± S.E.M. (n = 4).
Significantly different from the control group, *p <0.05, **p <0.01.

a The inhibitions by 2, 10, 19, 20, 21–24, 29, and 41 at 100 lM were less than 10.4%.
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in melanin synthesis.62 In the present study, to clarify the mecha-
nism of action of isosilybin B (8), which showed the most potent
activity, and related compounds (5–7), we examined the effects
of 5–8 on the mRNA expression of tyrosinase and TRP-1 and -2
in the B16 melanoma 4A5 cells. As a result, 7 and 8 inhibited mRNA
expression of TRP-2 at 3–30 lM. On the other hand, silybin B (6)
also inhibited the mRNA expression of tyrosinase at a higher
concentration (30 lM), but silybins A (5) and B (6) oppositely en-
hanced the mRNA expression of tyrosinase and TRP-1 and -2 mRNA
at 10 and/or 30 lM (Table 4). The results in this and previous sec-
tions suggest that the inhibition of melanogenesis by 5 involves
inhibition of enzyme activity of tyrosinase, but the enhanced
expression of tyrosinase and TRP-1 and -2 reduce the melanogen-
Table 4
Effects of compounds 5–8 and PD98059 on expression of tyrosinase and TRP-1 and-2 mR

0 1

Tyrosinase mRNA/b-actin mRNA
Silybin A (5) 1.00 ± 0.05 0.92 ± 0.10
Silybin B (6) 1.00 ± 0.04 0.89 ± 0.09
Isosilybin A (7) 1.01 ± 0.06 0.73 ± 0.06*
Isosilybin B (8) 1.00 ± 0.04 0.79 ± 0.12
PD98059 1.00 ± 0.05 1.01 ± 0.10

TRP-1 mRNA/b-actin mRNA
Silybin A (5) 1.00 ± 0.03 0.79 ± 0.10
Silybin B (6) 1.01 ± 0.06 0.88 ± 0.10
Isosilybin A (7) 1.02 ± 0.12 1.11 ± 0.16
Isosilybin B (8) 1.01 ± 0.08 1.22 ± 0.12
PD98059 1.00 ± 0.02 0.92 ± 0.11

TRP-2 mRNA/b-actin mRNA
Silybin A (5) 1.01 ± 0.07 0.95 ± 0.11
Silybin B (6) 1.00 ± 0.03 0.78 ± 0.14
Isosilybin A (7) 1.00 ± 0.05 0.68 ± 0.07**
Isosilybin B (8) 1.01 ± 0.06 0.97 ± 0.09
PD98059 1.00 ± 0.04 1.12 ± 0.13

The melanoma cells (1.0 � 105 cells/2 mL/well) were seeded into 6-well multiplates an
theophylline 1 mM for 72 h. The total RNA was reverse transcribed to cDNA using an
MiniOpticon real-time machine (Bio-Rad) using an iQ SYBR™ Green Supermix Kit (Bio-R
with values for the target genes normalized to b-actin mRNA.
Each value represents the mean ± S.E.M. (n = 4).
Significantly different from the control group, *p <0.05, **p <0.01.
esis. While, the inhibition of enzyme activity of tyrosinase and sup-
pression of TRP-2 expression are involved in the inhibition of
melanogenesis by 7 and 8.

Recently, microphthalmia-associated transcriptional factor
(MITF) has been shown to play an important role in melanogen-
esis,25,63–66 and MITF phosphorylation by extracellular signal-reg-
ulated kinases (ERK1/2) suggested to be leading to an increase in
melanogenesis.25 On the other hand, ERKs-dependent phosphory-
lation of MITF is essential for MITF ubiquitinilation and its degra-
dation. Previously, silibinin, a mixture of silybins and isosilybins,
was reported to inhibit Raf/MEK/ERK pathway in MCF-7 human
breast cancer cells.67 Therefore, we examined effects of silybins
A (5) and B (6) on phosphorylation of ERK1/2. As a result,
NA in B16 melanoma 4A5 cells

Concentration (lM)

3 10 30

1.12 ± 0.11 1.93 ± 0.08** 2.11 ± 0.26**
0.95 ± 0.10 1.27 ± 0.04* 0.59 ± 0.07**
0.97 ± 0.08 0.85 ± 0.02 0.56 ± 0.06**
1.15 ± 0.13 1.33 ± 0.09 0.87 ± 0.08
1.23 ± 0.11 1.61 ± 0.11** 1.79 ± 0.10**

0.89 ± 0.08 1.60 ± 0.01** 1.07 ± 0.11
1.12 ± 0.17 1.35 ± 0.05** 0.73 ± 0.08
1.26 ± 0.13 1.12 ± 0.04 0.60 ± 0.07*
1.02 ± 0.12 1.14 ± 0.09 1.14 ± 0.14
1.18 ± 0.09 1.32 ± 0.04 1.53 ± 0.16*

1.00 ± 0.15 2.00 ± 0.09** 1.60 ± 0.19*
1.31 ± 0.16 1.69 ± 0.09** 1.03 ± 0.11
0.63 ± 0.07** 0.63 ± 0.06** 0.36 ± 0.03**
0.70 ± 0.09* 0.74 ± 0.07* 0.64 ± 0.06
1.20 ± 0.13 1.30 ± 0.09 1.69 ± 0.10**

d cultured for 24 h. The cells were then incubated with the test compound and
iScript™ cDNA Synthesis Kit (Bio-Rad). Then a real-time PCR was carried out on a
ad). The abundance of each gene product was calculated by relative quantification,
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Figure 1. Chemical structures of 1–44 from A. hierochuntica.
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PD98059, a well-known inhibitor of the phosphorylation of ERK1/
2, inhibited the phosphorylation of ERK1/2 and enhanced the
expression of tyrosinase, TRP-1 and -2 mRNA in a concentra-
tion-dependent manner (Fig. 2 and Table 4). Compound 6 inhib-
ited the phosphorylation of ERK1/2 at 10–30 lM, but 5
inhibited it only at a higher concentration (100 lM). These find-
ings suggest that the inhibition of ERK1/2 phosphorylation is
partly involved in the enhanced expression of tyrosinase and
TRP-1 and -2 mRNA by 5 and 6, but their detailed mechanism
of action should be studied further.
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Figure 2. Effects of silybins A (5) and B (6) and PD98059 on phosphorylation of
ERK1/2 in theophylline-stimulated B16 melanoma 4A5 cells. The melanoma cells
(1.0 � 105 cells/2 mL/well) were seeded into 6-well multiplates and cultured for
24 h. The cells were then incubated with theophylline 1 mM and the test compound
for 72 h. The ERK1/2 and phospho-ERK1/2 proteins were detected using SDS-PAGE
Western blotting.
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3. Conclusion

The methanolic extract of the whole plant of A. hierochuntica was
found to inhibit melanogenesis in theophylline-stimulated murine
B16 melanoma 4A5 cells. Among the constituents isolated, anastatin
A (1), silybin A (5), isosilybins A (7) and B (8), eriodictyol (10), lute-
olin (15), kaempferol (16), quercetin (17), hierochins A (19) and B
(24), 20, (+)-dehydrodiconiferyl alcohol (22), (+)-balanophonin
(23), 29, and 3,4-dihydroxybenzaldehyde (36) substantially inhib-
ited melanogenesis with IC50 values of 6.1–32 lM. With regard to
the mechanism of action of 5–8, the inhibition of tyrosinase activity
suggested to be important. In addition, 7 and 8 inhibited the mRNA
expression of TRP-2, but 5 and 6 oppositely enhanced the mRNA
expression of tyrosinase, TRP-1 and TRP-2 at 10 and/or 30 lM, and
the inhibition of phosphorylation of ERK1/2 is involved in the en-
hanced expression of mRNA, at least in part, similar to that of
PD98059. The mechanism of action of the active constituents includ-
ing their target molecules should be studied further.

4. Materials and methods

4.1. Extraction and isolation

The whole plants of A. hierochuntica (3.5 kg, collected in Egypt)
were finely cut and extracted with MeOH three times under reflux
for 3 h to give methanolic extract (184 g, 5.2%). The MeOH ext.
(153 g) was suspended in water and then extracted with EtOAc
and n-BuOH successively to give EtOAc (70 g, 2.4%), n-BuOH
(18 g, 0.6%), and H2O-soluble fractions (63 g, 2.2%), respectively.
The EtOAc-soluble fraction (55 g) was subjected to ordinary-phase
silica gel column chromatography [BW-200 (Fuji Silysia Chemical,
Ltd, 150–350 mesh) 1.65 kg, n-hexane–EtOAc (20:1?10:1?5:1
?2:1?1:1, v/v)?CHCl3–MeOH–H2O (10:3:1, lower layer, v/v/
v)?MeOH] to give seven fractions: Fr. 1 (1.65 g, 0.072%), Fr. 2
(1.21 g, 0.053%), Fr. 3 (31.4 g, 1.37%), Fr. 4 (1.38 g, 0.060%), Fr. 5
(1.68 g, 0.073%), Fr. 6 (1.86 g, 0.081%), and Fr. 7 (14.17 g, 0.62%).
Fr. 4 (1.38 g) was subjected to reversed-phase silica gel column
chromatography [Chromatorex ODS DM1020T (Fuji Silysia Chemi-
cal, Ltd, 100–200 mesh) 40 g, MeOH–H2O (45:55?75:25, v/v)?
M!eOH] to give three fractions: Fr. 4–1 (171.7 mg), Fr. 4–2
(227.1 mg), and Fr. 4–3 (844.9 mg). Fraction 4–1 (171.7 mg) was
further separated by HPLC [YMC-Pack ODS-A, 20 � 250 mm, id,
MeOH–H2O (35:65, v/v)] to give p-hydroxybenzoic acid (31,
4.6 mg, 0.00020%), p-hydroxybenzaldehyde (35, 21.2 mg,
0.00093%), vanillin (37, 81.8 mg, 0.0036%), and acetovanillone
(38, 15.0 mg, 0.00066%). Fr. 4–2 (227.1 mg) was further purified
by HPLC [YMC-Pack ODS-A, 20 � 250 mm, id, MeOH–H2O (50:50,
v/v)] to give p-methoxybenzoic acid (32, 17.2 mg, 0.00075%),
trans-cinnamic acid (42, 13.5 mg, 0.00059%), and coniferaldehyde
(44, 28.9 mg, 0.0013%). Fr. 5 (1.68 g) was subjected to reversed-
phase silica gel column chromatography [50 g, MeOH–H2O
(20:80?45:55?60:40, v/v)?MeOH] to give six fractions: Fr. 5–1
(62.0 mg), Fr. 5–2 (313.9 mg), Fr. 5–3 (174.5 mg), Fr. 5–4
(298.0 mg), Fr. 5–5 (225.4 mg), and Fr. 5–6 (570.5 mg). Fr. 5–2
(313.9 mg) was separated by HPLC [YMC-Pack ODS-A,
20 � 250 mm, id, MeOH–H2O (30:70, v/v)] to give p-hydroxyben-
zoic acid (31, 21.8 mg, 0.0010%), 3,4-dihydroxybenzoic acid (33,
18.7 mg, 0.00081%), 3-methoxy-4-hydroxybenzoic acid (34,
155.8 mg, 0.0068%), 3,4-dihydroxybenzaldehyde (36, 36.3 mg,
0.0016%), and 2,40-dihydroxy-30-methoxyacetophenone (39,
24.8 mg, 0.0011%). Fr. 5–3 (174.5 mg) was further separated by
HPLC [YMC-Pack ODS-A, 20 � 250 mm, id, MeOH–H2O (45:55,
v/v)] to give trans-ferulic acid (43, 18.0 mg, 0.00079%), (+)-aroma-
dendrin (11, 18.6 mg, 0.00081%), and 30-O-methyltaxifolin (13,
8.6 mg, 0.00038%). Fr. 5–4 (298.0 mg) was separated by HPLC
[YMC-Pack ODS-A, 20 � 250 mm, id, MeOH–H2O (50:50, v/v)] to
give naringenin (9, 87.0 mg, 0.0038%) and eriodictyol (10,
62.2 mg, 0.0027%). Fr. 5–6 (570.5 mg) was further separated by
HPLC [YMC-Pack ODS-A, 20 � 250 mm, id, MeOH–H2O (70:30,
v/v)] to give anastatins A (1, 23.9 mg, 0.0010%) and B (2, 22.5 mg,
0.00098%). Fraction 6 (1.86 g) was subjected to reversed-phase sil-
ica gel column chromatography [60 g, MeOH–H2O (30:70?
4!5:55?60:40, v/v)?MeOH] to afford five fractions: Fr. 6–1
(112.7 mg), Fr. 6–2 (1.19 g), Fr. 6–3 (72.1 mg), Fr. 6–4 (150.9 mg),
and Fr. 6–5 (345.8 mg). Fr. 6–1 (112.7 mg) was further separated
by HPLC [YMC-Pack ODS-A, 20 � 250 mm, id, MeOH–H2O (20:80,
v/v)] to give 3,4-dihydroxybenzoic acid (33, 39.0 mg, 0.0017%).
Fr. 6–2 (1.19 g) was further separated by HPLC [YMC-Pack ODS-
A, 20 � 250 mm, id, MeOH–H2O (35:65, v/v)] to give (+)-taxifolin
(12, 1012.8 mg, 0.044%) and (+)-epitaxifolin (14, 79.8 mg,
0.0035%). Fr. 6–4 (150.9 mg) was separated by HPLC [YMC-Pack
ODS-A, 20 � 250 mm, id, MeOH–H2O (50:50, v/v)] to give querce-
tin (17, 22.9 mg, 0.0010%). Fraction 7 (14.17 g) was subjected to
reversed-phase silica gel column chromatography [60 g, MeOH–
H2O (30:70?50:50 ?70:30?85:15, v/v)?MeOH] to give eight
fractions: Fr. 7–1 (1.37 g), Fr. 7–2 (1.51 g), Fr. 7–3 (2.26 g), Fr.
7–4 (1.44 g), Fr. 7–5 (1.38 g), Fr. 7–6 (2.14 g), Fr. 7–7 (1.53 g),
and Fr. 7–8 (2.46 g). Fr. 7–1 (1.37 g) was further separated by HPLC
[YMC-Pack ODS-A, 20 � 250 mm, id, MeOH–H2O (20:80, v/v)] to
give (+)-1,2-bis-(4-hydroxy-3-methoxyphenyl)-propane-1,3-diols
[erythro form (26, 67.0 mg, 0.0029%) and threo form (27, 25.1 mg,
0.0011%)], and (+)-2,3-dihydroxy-1-(4-hydroxy-3-methoxy-
phenyl)-1-propanone (41, 34.2 mg, 0.0015%). Fr. 7–2 (1.51 g)
was further separated by HPLC [YMC-Pack ODS-A, 20 � 250 mm,
id, MeOH–H2O (30:70, v/v)] to give (�)-evofolin B (28,
21.3 mg, 0.00093%) and x-hydroxypropioguaiacone (40, 35.0 mg,
0.0015%). Fr. 7–3 (2.26 g) was further separated by HPLC [YMC-
Pack ODS-A, 20 � 250 mm, id, MeOH–H2O (45:55, v/v)] to give
(+)-silychristin (3, 24.3 mg, 0.0011%), (�)-silychristin (4, 16.7 mg,
0.00073%), 20 (139.6 mg, 0.0061%), (+)-dehydrodiconiferyl alcohol
(22, 24.5 mg, 0.0011%), (+)-balanophonin (23, 10.2 mg, 0.00045%),
and 30 (5.4 mg, 0.00019%). Fr. 7–6 (2.14 g) was further separated
by HPLC [YMC-Pack ODS-A, 20 � 250 mm, id, CH3CN–H2O (30:70,
v/v) and MeOH–H2O (50:50, v/v)] to give silybin A (5, 24.9 mg,
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0.0011%), silybin B (6, 31.7 mg, 0.0014%), isosilybin A (7, 34.1 mg,
0.0015%), and isosilybin B (8, 20.4 mg, 0.00090%).

The n-BuOH-soluble fraction (18 g) was subjected to ordinary-
phase silica gel column chromatography [540 g, n-hexane–EtOAc
(2:1?1:1, v/v)?CHCl3–MeOH–H2O (10:3:1?7:3:1, lower layer,
v/v/v)?MeOH] to give six fractions: Fr. 1 (1.31 g, 0.045%), Fr. 2
(2.15 g, 0.073%), Fr. 3 (3.18 g, 0.109%), Fr. 4 (2.97 g, 0.101%), Fr. 5
(2.73 g, 0.093%), and Fr. 6 (5.75 g, 0.196%). Fr. 3 (3.18 g) was sub-
jected to reversed-phase silica gel column chromatography [100 g,
MeOH–H2O (20:80?40:60?60:40, v/v)?MeOH] to give five frac-
tions: Fr. 3–1 (835.5 mg), Fr. 3–2 (270.2 mg), Fr. 3–3 (418.4 mg), Fr.
3–4 (366.0 mg), and Fr. 3–5 (1.28 g). Fr. 3–3 (418.4 mg) was further
separated by HPLC [YMC-Pack ODS-A, 20 � 250 mm, id, CH3CN–H2O
(25:75, v/v)] to give hierochins B (24, 8.6 mg, 0.00029%) and C (21,
20.5 mg, 0.00070%). Fr. 3–4 (366.0 mg) was further separated by
HPLC [YMC-Pack ODS-A, 20 � 250 mm, id, CH3CN–H2O (30:70, v/
v)] to give hierochins A (19, 10.6 mg, 0.00046%) and D (22.1 mg,
0.0010%), and 29 (16.3 mg, 0.00056%). Fr. 4 (2.97 g) was subjected
to reversed-phase silica gel column chromatography [90 g, MeOH–
H2O (30:70?0:50?70:30, v/v)?MeOH] and then separated by
HPLC [YMC-Pack ODS-A, 20 � 250 mm, id, MeOH–H2O (45:55, v/v)
or CH3CN–H2O (25:75, v/v)] to give luteolin (15, 23.1 mg,
0.00078%) and (+)-lariciresinol (25, 71.3 mg, 0.0024%). Fr. 5
(2.73 g) was subjected to reversed-phase silica gel column chroma-
tography [80 g, MeOH–H2O (25:75?45:55?75:25, v/v)?MeOH] to
give five fractions: Fr. 5–1 (736.6 mg), Fr. 5–2 (285.2 mg), Fr. 5–3
(338.7 mg), Fr. 5–4 (455.1 mg), and Fr. 5–5 (896.0 mg). Fr. 5–2
(285.2 mg) was separated by HPLC [YMC-Pack ODS-A,
20 � 250 mm, id, MeOH–H2O (20:80, v/v)] to give rutin (18,
21.2 mg, 0.00072%). Fr. 5–3 (338.7 mg) was further separated by
HPLC [YMC-Pack ODS-A, 20 � 250 mm, id, MeOH–H2O (45:55, v/
v)] to give kaempferol (16, 17.6 mg, 0.00060%). Fr. 5–4 (455.1 mg)
was also separated by HPLC [YMC-Pack ODS-A, 20 � 250 mm, id,
MeOH–H2O (95:5, v/v)] to give b-sitosterol 3-O-b-D-glucopyrano-
side (72.1 mg, 0.0025%). These known compounds were identified
by comparison of their physical data (½a�D, 1H NMR, 13C NMR, MS)
with reported values or authentic samples.7,8,27–54

4.2. Bioassay methods

4.2.1. Reagents
Dulbecco’s modified Eagle’s medium (DMEM, 4500 mg/L glu-

cose) was purchased from Sigma–Aldrich (St. Louis, MO, USA); fetal
bovine serum (FBS), penicillin, and streptomycin were purchased
from Gibco (Invitrogen, Carlsbad, CA, USA); Soluene�-350 was
from Perkin Elmer (Waltham, MA, USA); RNeasy™ Mini Kit was
from Qiagen (Huntsville, AL, USA); iScript™ cDNA Synthesis kit
and iQ™ SYBR� Green Supermix were from Bio-Rad Laboratories
(Hercules, CA, USA); the Cell Counting Kit-8™ was from Dojindo
Laboratories (Kumamoto, Japan); anti-rabbit IgG, and horseradish
peroxidase (HRP)-linked whole antibody from donkeys were from
GE Healthcare (Buckinghamshire, UK); Blocking One and Blocking
One-P was from Nacalai Tesque (Kyoto, Japan); the phosphatase
inhibitor was from Roche (Mannheim, Germany); the proteinase
inhibitor and Protein Assay Kit were from Thermo Scientific (MA,
USA); rabbit polyclonal antibody against anti-ERK1/2 and anti-
phospho-ERK1/2 were from Cell Signaling Technology Japan, K.K.
(Tokyo, Japan); and the other chemicals were purchased from
Wako Pure Chemical Co., Ltd (Osaka, Japan). The 6- and 24-multi-
plates and 96-well microplates (Sumilon) were purchased from
Sumitomo Bakelite Co., Ltd (Tokyo, Japan).

4.2.2. Cell culture
Murine B16 melanoma 4A5 cells (RCB0557) were obtained from

Riken Cell Bank (Tsukuba, Japan), and the cells were grown in
DMEM supplemented with 10% FBS, penicillin (100 units/mL),
and streptomycin (100 lg/mL) at 37 �C in 5% CO2/air. The cells
were harvested by incubation in phosphate-buffered saline (PBS)
containing EDTA 1 mM and 0.25% trypsin for ca. 5 min at 37 �C
and were used for the subsequent bioassays.

4.2.3. Cell viability
The cell viability was assessed by our previous report22 with a

slight modification. The melanoma cells (5.0 � 103 cells/100 lL/
well) were seeded into 96-well microplates and incubated for
24 h. After 70-h incubation with theophylline 1 mM and a test
compound, 10 lL of WST-8 solution (Cell Counting Kit-8™) was
added to each well. After a further 2 h in culture, the optical den-
sity of the water-soluble formazan produced by the cells was mea-
sured with a microplate reader (Model 550, Bio-Rad Laboratories)
at 450 nm (reference: 655 nm). The test compound was dissolved
in dimethylsulfoxide (DMSO), and the final concentration of DMSO
in the medium was 0.1%. Cell viability (%) and inhibition (%) were
calculated using the following formula, and IC50 values were deter-
mined graphically.

Cell viabilityð%Þ ¼ A=B � 100

Inhibitionð%Þ ¼ ðA� BÞ=A� 100

where A and B indicate the optical density of vehicle- and test com-
pound-treated groups, respectively.

4.2.4. Melanogenesis
Screening test for melanogensis using B16 melanoma 4A5 cells

was performed as described previously22 with slight modifications.
The melanoma cells (2.0 � 104 cells/400 lL/well) were seeded into
24-well multiplates. After 24 h of culture, a test compound and
theophylline 1 mM were added and incubated for 72 h. The cells
were harvested by incubating with PBS containing EDTA 1 mM
and 0.25% trypsin, and then the cells were washed with PBS. The
cells were treated with NaOH 1 M (120 lL/tube, 80 �C, 30 min) to
yield a lysate, an aliquot (100 lL) of the lysate was transferred to
a 96-well microplate, and the optical density of each well was
measured with a microplate reader (Model 550, Bio-Rad Laborato-
ries) at 405 nm (reference: 655 nm). The test compound was dis-
solved in DMSO, and the final concentration of DMSO in the
medium was 0.1%. The production of melanin was corrected based
on cell viability. Inhibition (%) was calculated using the following
formula, and IC50 values were determined graphically.

Inhibitionð%Þ ¼ ½ðA� BÞ=A�=ðC=100Þ � 100

where A and B indicate the optical density of vehicle- and test com-
pound-treated groups, respectively, and C indicates cell viability (%).

4.2.5. Mushroom tyrosinase
The tyrosinase activity was determined as described previ-

ously22 with a slight modification. Briefly, the incubation mixture
contained 70 lL of L-DOPA (2.5 mM in the phosphate buffer) as a
substrate, and 20 lL of the test compound solution was prepared.
The reaction was initiated by the addition of 120 lL of tyrosinase
(80.5 units/mL) at 25 �C for 5 min, and then the absorbance at
405 nm (reference: 655 nm) was measured with a microplate read-
er (model 550, Bio-Rad Laboratories). The amount of dopaquinone
was determined based on the absorbance. The test compound was
dissolved in DMSO, and the final concentration of DMSO in the
medium was 0.1%. The following equation was used to calculate
the inhibition of mushroom tyrosinase.

Inhibitionð%Þ ¼ ðA� BÞ=A� 100

where A and B indicate the absorbance of vehicle- and test com-
pound-treated groups, respectively.
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4.2.6. Production of melanin from dopachrome by autoxidation
The autoxidation of dopachrome was performed according to

the previous reports60,61 with a slight modification. The tyrosinase
solution (135 units/mL in PBS, 125 lL) was incubated at 25 �C for
10 min, and then dopa solution (0.03% in PBS, 125 lL) was added,
and the mixture was incubated for 5 min. The test compound solu-
tion (125 lL) was then added to the solution. After 60 min, the
reaction was stopped by the addition of 1 M HCl (50 lL) and the
mixture was centrifuged at 10,000g for 15 min. The precipitates
obtained were washed with 250 lL 6 M HCl and 500 lL distilled
water successively, and dissolved in 500 lL Soluene�-350 (Perkin
Elmer). The optical density at 400 nm was measured (model
DU530, Beckman). The amount of melanin was determined based
on the absorbance. The test compound was dissolved in DMSO,
and the final concentration of DMSO in the PBS was 0.1%. Kojic acid
was used as a reference compound.60 The following equation was
used to calculate the inhibition of production of melanin from
dopachrome by autoxidation.

Inhibitionð%Þ ¼ ðA� BÞ=A� 100

where A and B indicate the absorbance of vehicle- and test com-
pound-treated groups, respectively.

4.2.7. Expression of tyrosinase, TRP-1, and TRP-2 mRNA
The melanoma cells (1.0 � 105 cells/2 mL/well) were seeded

into 6-well multiplates and cultured for 24 h. The cells were then
incubated with the test compound and theophylline 1 mM for
72 h. Total RNA was extracted from the cells using an RNeasy™
mini Kit (Qiagen) according to the manufacturer’s instructions.
The concentration and purity of the RNA were determined by mea-
suring the absorbance at 260 nm and determining the ratio of the
readings at 260 nm and 280 nm. cDNAs were synthesized from
1 lg total RNA using iScript™ cDNA Synthesis kit (Bio-Rad Labora-
tories) according to the manufacturer’s instructions. Template
cDNA thus obtained was incubated with gene-specific primers
and with iQ™ SYBR� Green Supermix (Bio-Rad Laboratories) in a
MiniOpticon (Bio-Rad Laboratories). The abundance of each gene
product was calculated by relative quantification, with values for
the target genes normalized to b-actin mRNA. The thermal cycling
program had initial denaturation (95 �C for 2 min) and then 40
cycles of denaturation (95 �C for 30 s), annealing (58 �C for 30 s) and
extension (72 �C for 30 s). The primer pairs were: tyrosinase prim-
ers, 50-CAGATCTCTGATGGCCAT-30 and 50-GGATGACATAGACTGAG
C-30; TRP-1, 50-CTTTCTCCCTTCCTTACTGG-30; 50-TGGCTTCATTCTTG
GTGCTT-30; TRP-2, 50-TGAGAAGAAACAAAGTAGGCAGAA-30 and 50-
CAACCCCAAGAGCAAGACGAAAGC-30; and b-actin primers, 50-A
TGGGTCAGAAGGACTCCTACG-30 and 50-AGTGGTACGACCAGAGGC
ATAC-30.

4.2.8. Immunoblotting
The melanoma cells (1.0 � 105 cells/2 mL/well) were seeded

into 6-well multiplates and cultured for 24 h. The cells were then
incubated with theophylline 1 mM and the test compound for
72 h. After incubation, the cells were lysed in lysis buffer contain-
ing a phosphatase inhibitor (Roche) and a proteinase inhibitor
(Thermo Scientific). Protein concentrations of cell lysates were
determined using the Protein Assay Kit (Thermo Scientific). Equiv-
alent amounts of protein (20 lg of protein/lane) were electropho-
resed in 10% SDS-polyacrylamide gels and transferred to
polyvinylidene difluoride membranes. The membranes were
blocked for 30 min in Blocking One or Blocking One-P (Nacalai Tes-
que). The blots were probed with primary antibody at the appro-
priate dilution in Tris-buffered saline containing 0.1% Tween 20
(T-TBS) for 1 h. The membranes were then washed three times
with T-TBS and incubated with the appropriate HRP-conjugated
secondary antibody for 1 h. Immunoreactive proteins were
detected using an enhanced chemiluminescence kit (ECL plus, GE
Healthcare), according to the manufacturer’s instructions.

The following antibodies and dilutions were used for Western
blotting: rabbit polyclonal antibody against anti-phospho-ERK1/2
(1:1000) and anti-ERK1/2 (1:1000) (Cell Signaling Technology
Japan); anti-rabbit IgG; and HRP-linked whole antibody from
donkeys (1:5000) (GE Healthcare).

4.2.9. Statistical analyzes
Values are expressed as mean ± S.E.M. One-way analysis of var-

iance followed by Dunnett’s test was used for statistical analyzes.
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