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The 80% aqueous acetone extract from the rhizomes of Alpinia officinarum, a Chinese medicinal herb, were
found to inhibit melanogenesis in theophylline-stimulated murine B16 melanoma 4A5 cells. Among the
constituents isolated, four diarylheptanoids [5-hydroxy-1,7-diphenyl-3-heptanone, 7-(4

00
-hydroxy-3

00
-

methoxyphenyl)-1-phenylhept-4-en-3-one, 5-hydroxy-7-(4
00
-hydroxy-3

00
-methoxyphenyl)-1-phenyl-3-

heptanone, and 3,5-dihydroxy-1,7-diphenylheptane] and two flavonol constituents (kaempferide and
galangin) inhibited melanogenesis with IC50 values of 10–48 lM, and several structural requirements
of the active constituents for the inhibition were clarified. In addition, 7-(4

00
-hydroxy-3

00
-methoxy-

phenyl)-1-phenylhept-4-en-3-one, kaempferide, and galangin inhibited mRNA expression of tyrosinase
and tyrosinase-related proteins-1 and -2, and the protein level of a microphthalmia-associated transcrip-
tion factor.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction regard to the biological effects, antiemetic,16 antioxidant,21,22 and
23
Melanin production is principally responsible for skin color, and
melanin pigmentation is a major defense mechanism against ultra-
violet rays from the sun. Melanin biosynthesis proceeds through a
complex series of enzymatic and chemical reactions in melano-
cytes.1–4 The synthesis of melanin starts from the conversion of
the amino acid L-tyrosine to dopaquinone by tyrosinase, the en-
zyme catalyzing the rate-limiting step of melanin biosynthesis.2

This tyrosinase process is involved in abnormal accumulation of
melanin pigments (hyperpigmentation).5,6 Therefore, tyrosinase
inhibitors such as kojic acid and albutin have been established as
important constituents of cosmetic products and depigmenting
agents for the treatment of hyperpigmentation.7,8

In the course of our studies on the bioactive constituents of nat-
ural medicines, we found that the 80% acetone extract from the
dried rhizomes of Alpinia officinarum HANCE showed inhibitory ef-
fects on melanogenesis in theophylline-stimulated B16 melanoma
4A5 cells. The Zingiberaceae plant A. officinarum has been culti-
vated in southern China and Taiwan, and the rhizomes of this plant
are used as a spice and as a traditional medicine for several pur-
poses, such as a stomachic and carminative, in China. In chemical
studies of these rhizomes, the isolation and structural determina-
tions of monoterpenes,9 diarylheptanoids,10–16 flavonoids,17–19

phenylpropanoids,20,21 and neolignans22 have been reported. With
ll rights reserved.

: +81 75 595 4768.
. Yoshikawa).
anti-genotoxic activities and inhibition of prostaglandin and leu-
kotriene biosynthesis,14,24 pancreatic lipase,19,25 5a-reductase,26

and of nitric oxide production,27–29 etc. were reported. Lu et al. re-
ported that the extract of A. officinarum and galangin (6) inhibited
the enzyme activity of mushroom tyrosinase and melanogenesis in
B16 melanoma cells.30 However, the effects of other constituents of
this natural medicine on melanogenesis in B16 melanoma cells
have not been reported to the best of our knowledge.

In this paper, we describe the effects of constituents (1–9) from
the rhizomes of A. officinarum29 and related flavonoids (10, 11)31,32

on melanogenesis in theophylline-stimulated B16 melanoma 4A5
cells and on the enzyme activity of mushroom tyrosinase.
2. Results and discussion

2.1. Effects of constituents (1–9) and related flavonoids (10, 11)
on melanogenesis

Melanocytes can be stimulated by many effectors including
ultraviolet radiation33 and a-melanocyte-stimulating hormone
(a-MSH).34 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.34,35 In the present study,
we used the phosphodiesterase inhibitor theophylline36 to stimu-
late B16 melanoma 4A5 cells. As shown in Table 1, the 80% acetone
extract significantly inhibited melanogenesis with an IC50 value of

http://dx.doi.org/10.1016/j.bmc.2009.06.057
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Figure 1. Chemical structures of compounds (1–9) isolated from the rhizomes of A. officinarum and related flavonoids (10, 11).
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44 lg/mL. The extract was partitioned into an ethyl acetate
(EtOAc)–water mixture to furnish the EtOAc-soluble fraction and
water-soluble fraction. The EtOAc-soluble fraction, which showed
potent activity (IC50 value = 8.1 lg/mL), was subjected to column
chromatographies and finally HPLC to give 1–9 (Fig. 1).29

Among the constituents isolated, a diarylheptanoid [7-(400-hy-
droxy-300-methoxyphenyl)-1-phenylhept-4-en-3-one (2)] and
flavonols [kaempferide (5), galangin (6)] substantially inhibited
melanogenesis with IC50 values of 10 lM, 16 lM, and 17 lM,
respectively (Fig. 2, Table 2). 5-Hydroxy-1,7-diphenyl-3-heptanone
(1), 5-hydroxy-7-(400-hydroxy-300-methoxyphenyl)-1-phenyl-3-
heptanone (3), and 3,5-dihydroxy-1,7-diphenylheptane (4) also
showed moderate activity (IC50 values = 30–48 lM). These active
compounds (1–6) showed greater activity than that of arbutin.

Two flavonols, kaempferide (5) and galangin (6), inhibited
melanogenesis in the cells. However, pinobanksin (7) did not show
such effects. In addition, a related flavonol, kaempferol (10), also
inhibited melanogenesis (IC50 value = 20 lM), but the correspond-
Figure 2. Photographs of theophylline-stimulated B16 melanoma 4A5 cells 72 h after tre
were seeded into 24-well multiplate. After 24 h of culture, the test compound and theop
several experiments.
ing dihydroflavonol, aromadendrin (11), showed less inhibition
(IC50 value = 84 lM) (Table 2). In addition, cytotoxic effects were
observed after incubation with 2, 4, 6, and 10 at a high concentra-
tion (100 lM) (Table 3).

With regard to the inhibitory effects of diarylheptanoids on the
melanogenesis of B16 melanoma cells, several diarylheptanoids,
such as (5R)-1,7-bis-(3,4-dihydroxyphenyl)-heptane-5-O-b-D-glu-
coside, (5R)-1,7-bis-(3,4-dihydroxyphenyl)-heptane-5-ol, orego-
nin, and hirsutanonol from Alnus hirsute,37 and aceroside I and
acerogenin M from Acer nikoense38 were reported to be active prin-
ciples. In the present study, compound 2 showed the greatest
activity among the four diarylheptanoids, suggesting that an enone
moiety at the 3–5 positions is important for greater activity [2 (IC50

value = 10 lM) >3 (30 lM)].
On the other hand, flavonoids that inhibit melanogenesis and

those that conversely enhance it were reported. For example, lute-
olin inhibits tyrosinase activity and melanin production by inhibit-
ing adenyl cyclase in a-MSH-stimulated B16 melanoma cells.39
atment with 2, 5, 6, and arbutin. The melanoma cells (1.6 � 104 cells/ 400 lL/well)
hylline 1 mM were added and incubated for 72 h. The images are representative of



Table 1
Inhibitory effects of 80% acetone extract and EtOAc- and H2O-soluble fractions from Alpinia officinarum on melanogenesis and proliferation in B16 melanoma 4A5 cells

Concentration (lg/mL)

0 1 3 10 30 100 IC50 (lg/mL)

Inhibition of melanogenesis (%)
80% Acetone extract 0.0 ± 5.6 2.0 ± 6.0 6.8 ± 6.7 12.3 ± 4.0 36.4 ± 2.1** 69.9 ± 5.5** 44
EtOAc-soluble fraction 0.0 ± 4.5 4.4 ± 2.6 26.0 ± 2.0** 53.8 ± 2.4** 88.4 ± 1.3** — 8.1
H2O-soluble fraction 0.0 ± 5.9 17.1 ± 3.7* 15.8 ± 3.4* 14.9 ± 3.1 12. 2 ± 3.9 7.4 ± 1.9 —

Inhibition of proliferation (%)
80% Acetone extract 0.0 ± 1.2 �3.7 ± 1.8 �2.8 ± 0.7 4.8 ± 0.7 7.9 ± 1.0** 10.4 ± 3.5** —
EtOAc-soluble fraction 0.0 ± 0.5 3.5 ± 0.6 5.8 ± 0.6* 11.5 ± 0.8** 44.0 ± 1.2** 99.8 ± 0.1** 29
H2O-soluble fraction 0.0 ± 1.8 �1.4 ± 1.6 �1.9 ± 0.6 �2.5 ± 0.4 1.0 ± 0.9 �4.9 ± 1.5 —

Each value represents mean ± S.E.M. (n = 4).
Significantly different from the control.

* p <0.05.
** p <0.01.
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Pedalitin, quercetin, and nobiletin were reported not to suppress
the production of melanin but rather to enhance it.40–42

In the present study, two flavonols, kaempferide (5) and galan-
gin (6), inhibited melanogenesis in theophylline-stimulated B16
melanoma 4A5 cells. However, pinobanksin (7) did not show such
effects. In addition, a related flavonol, kaempferol (10), also inhib-
ited melanogenesis, but the corresponding flavanonol aromaden-
drin (11) showed less activity. These findings suggest that the
2,3-double bond of the active flavonols (5, 6, 10) is essential for
the greater melanogenesis-inhibitory activity.

2.2. Effects on mushroom tyrosinase

Mushroom tyrosinase has conventionally been used for the
development of tyrosinase inhibitors.8 In agreement with the pre-
vious reports,30,43 galangin (6) and kaempferol (10) showed mod-
erate inhibitory activity under our experimental conditions
[inhibition (%): 34.4% and 38.4%, respectively, at a concentration
of 100 lM], but other inhibitors (1–5,11) of melanogenesis showed
only very weak inhibition (�21.0%) (Table 4).

2.3. Effects on mRNA expression of tyrosinase and TRP-1 and -2

The tyrosinase-related protein (TRP) family including tyrosi-
nase, TRP-1, and TRP-2 are known to be enzymes catalyzing the
major steps in melanin synthesis.44 Galangin (6) was reported to
inhibit melanogenesis in B16 melanoma cells and mushroom
Table 2
Effects of constituents (1–9) isolated from Alpinia officinarum and related flavonoids (10, 1

Compound Co

0 1 3 10

Inhibition of melanogenesis (%)
1 0.0 ± 3.6 �3.3 ± 2.7 6.8 ± 2.4 1
2 0.0 ± 2.5 11.6 ± 2.3** 22.5 ± 1.1** 4
3 0.0 ± 2.0 7.5 ± 5.8 8.9 ± 3.5 2
4 0.0 ± 0.7 10.4 ± 3.3 11.1 ± 3.0
5 0.0 ± 2.5 0.0 ± 1.5 5.9 ± 1.2 3
6 0.0 ± 3.7 �0.5 ± 4.4 �5.3 ± 2.6 4
7 0.0 ± 2.9 — �5.8 ± 11.3 1
8 0.0 ± 4.5 0.1 ± 3.7 6.3 ± 1.8
9 0.0 ± 5.1 7.6 ± 7.7 3.7 ± 2.7
10 0.0 ± 4.9 8.3 ± 4.1 9.9 ± 3.4 2
11 0.0 ± 2.4 8.7 ± 2.1 1.2 ± 5.2 1

0 10 30 10

Inhibition of melanogenesis (%)
Arbutin 0.0 ± 8.6 6.7 ± 3.4 17.8 ± 4.5 4

Each value represents the mean ± S.E.M. (n = 4).
Significantly different from the control.

* p <0.05
** p <0.01.
tyrosinase activity,30 but the effects of 6 on the mRNA expression
of tyrosinase and TRP-1 and -2 were not clarified. Therefore, we
examined the effects of 2 and 5 as well as 6 on the mRNA expres-
sion of tyrosinase and TRP-1 and -2 in the B16 melanoma 4A5 cells
and found that all three compounds inhibited mRNA expression of
tyrosinase and TRP-1 and -2 in a concentration-dependent manner
(Fig. 3).

2.4. Effects on protein levels of MITF

Recently, microphthalmia-associated transcriptional factor
(MITF), has been shown to play a key role in melanocyte survival,
development, and differentiation and to be a target for the inhibi-
tion of melanogenesis.45–48 Therefore, protein levels of MITF after
incubation with 2, 5, and 6 were examined using Western blotting.
After incubation with 2, 5, and 6 for 24 h, weak inhibition of MITF
protein levels was observed (data not shown), but incubation with
those compounds for 48 h markedly reduced the protein levels of
MITF (Fig. 4). These findings suggest that 2, 5, and 6 inhibit mela-
nogenesis in theophylline-stimulated B16-4A5 melanoma cells by
inhibiting MITF expression, at least in part.

3. Conclusion

The 80% acetone extract of the rhizomes of A. officinarum were
found to inhibit melanogenesis in theophylline-stimulated mouse
B16 melanoa 4A5 cells. Among the constituents isolated, four
1) on melanogenesis in B16 melanoma 4A5 cells

ncentration (lM)

30 100 IC50 (lM)

0.6 ± 1.4* 33.0 ± 2.1** 67.8 ± 3.2** 48
9.3 ± 0.8** 80.1 ± 0.7** — 10
3.4 ± 2.5** 49.2 ± 3.2** 81.1 ± 2.5** 30
7.2 ± 13.5 48.1 ± 0.3** — ca.33
9.9 ± 4.2** 81.2 ± 6.0** 78.4 ± 1.7** 16
3.4 ± 2.2** 87.1 ± 1.5** — 17
0.8 ± 7.9 16.9 ± 3.4 47.7 ± 4.4** >100
3.8 ± 2.5 16.9 ± 1.8** 20.9 ± 2.3** >100
6.1 ± 2.6 8.3 ± 1.5 15.5 ± 3.1 >100
3.4 ± 2.3** 61.1 ± 3.1** — 20
2.7 ± 2.9* 20.5 ± 3.0** 56.0 ± 2.1** 84

0 300 1000 IC50 (lM)

6.9 ± 3.0** 71.0 ± 2.7** 88.7 ± 2.2** 116



Table 3
Effects of constituents (1–9) isolated from Alpinia officinarum and related flavonoids (10, 11) on proliferation of B16 melanoma 4A5 cells

Compound Concentration (lM)

0 1 3 10 30 100 IC50 (lM)

Inhibition of proliferation (%)
1 0.0 ± 0.8 0.0 ± 1.4 0.7 ± 0.5 �4.7 ± 0.9 �7.6 ± 1.0 �7.6 ± 0.9 >100
2 0.0 ± 0.8 3.2 ± 0.7 3.8 ± 0.6 5.1 ± 2.2* 2.6 ± 1.3 90.6 ± 0.1** ca. 60
3 0.0 ± 2.2 5.3 ± 1.4 11.7 ± 1.4** 11.8 ± 1.2** 15.1 ± 1.5** 20.8 ± 1.5** >100
4 0.0 ± 1.2 1.1 ± 1.2 �0.5 ± 1.8 1.6 ± 0.8 �2.3 ± 0.6 90.2 ± 1.4** ca. 60
5 0.0 ± 2.2 �2.0 ± 0.9 3.1 ± 1.1 7.9 ± 0.6** 7.4 ± 0.8** 11.2 ± 1.3** >100
6 0.0 ± 0.4 1.7 ± 0.5 7.1 ± 2.5 11.4 ± 3.9* 12.7 ± 1.8** 53.3 ± 2.5**ca. 100
7 0.0 ± 1.9 2.2 ± 0.8 3.6 ± 1.2 7.0 ± 0.9** 7.1 ± 0.4** 6.9 ± 2.0** >100
8 0.0 ± 1.4 �1.4 ± 1.5 �2.8 ± 1.4 1.2 ± 0.5 1.3 ± 0.1 2.9 ± 1.0 >100
9 0.0 ± 0.4 �0.5 ± 0.6 �2.8 ± 1.1 �8.0 ± 0.5 �8.8 ± 0.5 �6.1 ± 1.7 >100
10 0.0 ± 3.5 5.6 ± 0.9 18.1 ± 3.5** 23.5 ± 4.5** 26.1 ± 1.2** 56.0 ± 0.7** 88
11 0.0 ± 2.5 0.2 ± 1.8 5.9 ± 1.5 13.8 ± 0.6 23.9 ± 5.7** 30.5 ± 0.7** >100

0 10 30 100 300 1000 IC50 (lM)

Inhibition of proliferation (%)
Arbutin 0.0 ± 2.1 8.7 ± 2.0 17.6 ± 3.0** 21.9 ± 1.9** 20.2 ± 2.2** 46.9 ± 1.8** >1000

Each value represents the mean ± S.E.M. (n = 4).
Significantly different from the control.
* p <0.05.
** p <0.01.
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diarylheptanoids (1–4) and two flavonol constituents (5, 6) sub-
stantially inhibited melanogenesis with IC50 values of 10–48 lM,
and an enone moiety in 2 and the 2,3-double bond in 6 are impor-
tant for more potent activity. In addition, 2, 5, and 6 inhibited the
mRNA expression of tyrosinase, TRP-1 and -2, and protein levels
of the transcriptional factor MITF. The mechanism of action of 2,
5, and 6 including target their molecules should be studied
further.
5
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Figure 3. Effects of 2, 5, and 6 on mRNA expression of tyrosinase and TRP-1 and -2
in theophylline-stimulated B16 melanoma 4A5 cells. The cells were incubated with
or without the test compound for 72 h to detect tyrosinase and TRP-1 and -2 mRNA
using RT-PCR. The images are representative of several experiments.
4. Materials and methods

4.1. Extraction and isolation of 1–9 from A. officinarum

The extraction and isolation of compounds 1–9 were described in
our previous report.29 Briefly, the dried rhizomes of A. officinarum
(3.0 kg) were extracted three times with 80% aqueous acetone at
room temperature. The extract (9.6% from this natural medicine)
was partitioned into an ethyl acetate (EtOAc)–water mixture to fur-
nish the EtOAc-soluble fraction (5.2%) and water-soluble fraction
(4.4%). The EtOAc-soluble fraction, which showed potent activity
(Table 1), was subjected to normal-phase silica-gel (SiO2) column
chromatography [n-hexane?n-hexane:EtOAc (9:1?8:2?7:3?1:1
?3:7)?EtOAc?MeOH] to give 7-(400-hydroxy-300-methoxyphenyl)-
1-phenylhept-4-en-3-one (2, 0.43%) and seven fractions (Fr. 1–7).
Fractions 3–6 were subjected to reversed-phase silica-gel (ODS) col-
umn chromatography (MeOH–H2O) and finally HPLC (ODS,
250 � 20 mm id, MeOH–H2O) to give three diarylheptanoids [5-hy-
droxy-1,7-diphenyl-3-heptanone (1, 0.50%), 5-hydroxy-7-(400-hy-
droxy-300-methoxyphenyl)-1-phenyl-3-heptanone (3, 0.88%), 3,
5-dihydroxy-1,7-diphenylheptane (4, 0.0005%)], three flavonoids
[kaempferide (5, 0.017%), galangin (6, 1.0%), pinobaksin (7,
0.0013%)], 3-phenylpropanoic acid (8, 0.004%), and zingerone (9,
0.0005%). Kaempferol (10) and aromadendrin (11) were isolated as
described in our previous reports.31,32

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); the RNeasyTM Mini Kit
was obtained from Qiagen (Huntsville, AL, USA); the Cell Counting
Kit-8TM was from Dojindo Lab. (Kumamoto, Japan); illustraTM Ready-
To-GoTM RT-PCR Beads, enhanced chemiluminescence kit (ECL plus),



Table 4
Effects of constituents (1–9) isolated from Alpinia officinarum and related flavonoids (10, 11) on mushroom tyrosinase

Compound Concentration (lM)

0 1 3 10 30 100 IC50 (lM)

Inhibition of tyrosinase (%)
1 0.0 ± 3.2 3.3 ± 1.0 2.5 ± 0.6 3.4 ± 1.1 2.4 ± 0.7 2.1 ± 0.2 >100
2 0.0 ± 0.1 3.2 ± 0.3** 3.0 ± 0.4** 3.6 ± 0.4** 5.3 ± 0.3** 7.7 ± 0.5** >100
3 0.0 ± 0.8 2.3 ± 0.6 4.7 ± 0.7** 5.0 ± 0.6** 6.2 ± 0.3** 10.4 ± 0.3** >100
4 0.0 ± 1.3 2.7 ± 0.6 4.6 ± 0.7** 4.6 ± 0.6** 5.0 ± 0.8** 0.4 ± 0.4 >100
5 0.0 ± 0.3 �1.7 ± 0.8 �0.2 ± 0.7 0.2 ± 0.6 1.6 ± 0.3 �5.3 ± 1.5 >100
6 0.0 ± 3.7 28.0 ± 2.1** 26.6 ± 3.9** 22.8 ± 2.4** 38.3 ± 3.9** 34.4 ± 3.6** >100
7 0.0 ± 0.8 1.8 ± 0.5 2.8 ± 0.4* 3.5 ± 1.5** 1.1 ± 0.6 1.1 ± 0.8 >100
8 0.0 ± 0.1 3.8 ± 0.6** 5.3 ± 0.4** 4.9 ± 0.5** 4.8 ± 0.5** 5.6 ± 0.9** >100
9 0.0 ± 2.0 1.4 ± 1.3 2.1 ± 0.5 0.1 ± 0.6 0.7 ± 1.6 6.1 ± 0.4** >100
10 0.0 ± 0.8 5.7 ± 0.9 7.6 ± 0.8** 12.1 ± 0.8** 24.2 ± 0.4** 38.4 ± 1.1** >100
11 0.0 ± 1.0 6.0 ± 1.2** 4.4 ± 0.7 6.3 ± 0.4** 7.9 ± 0.8** 21.0 ± 0.6** >100

0 10 30 100 300 1000 IC50 (lM)

Inhibition of tyrosinase (%)
Arbutin 0.0 ± 0.7 0.7 ± 1.6 1.2 ± 1.3 5.6 ± 1.0* 0.1 ± 1.7 10.0 ± 0.9** >1000
Kojic acid 0.0 ± 1.1 5.4 ± 0.6** 46.2 ± 0.7** 76.0 ± 0.5** 86.8 ± 0.3** 92.5 ± 0.1** 33

Each value represents mean ± S.E.M. (n = 4).
Significantly different from the control.

* p <0.05.
** p <0.01.

6052 H. Matsuda et al. / Bioorg. Med. Chem. 17 (2009) 6048–6053
anti-rabbit IgG, and horseradish peroxidase (HRP)-linked whole
antibody from donkeys were from GE Healthcare (Buckingham-
shire, UK); Blocking One 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-
microphthalmia-associated transcription factor (anti-MITF) was
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA); and
the other chemicals were purchased from Wako Pure Chemical
Co., Ltd (Osaka, Japan). The 6- and 24-multiplates 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)
2
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Figure 4. Effects of 2, 5, and 6 on protein levels of microphthalmia-associated
transcription factor (MITF) in theophylline-stimulated B16 melanoma 4A5 cells. The
cells were incubated with or without the test compound for 48 h, and then MITF
protein levels were detected using SDS–PAGE and Western blotting. The images are
representative of several experiments.
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 melanoma cells (4.0 � 103 cells/100 lL/well) were seeded

into 96-well microplates and incubated for 24 h. After 68-h incuba-
tion with theophylline 1 mM and a test compound, 10 lL of WST-8
solution (Cell Counting Kit-8TM) was added to each well. After a fur-
ther 4 h in culture, the optical density of the water-soluble forma-
zan produced by the cells was measured with a microplate reader
(Model 550, Bio-Rad, Hercules, CA, USA) 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 determined
graphically.

Cell viability ð%Þ ¼ A=B� 100
Inhibition ð%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
The melanoma cells (1.6 � 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)
at 405 nm. The test compound was dissolved in DMSO, and the fi-
nal concentration of DMSO in the medium was 0.1%. The produc-
tion of melanin was corrected based on cell viability. Inhibition
(%) was calculated using the following formula, and IC50 values
were determined graphically.

Inhibition ð%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 (%).
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4.2.5. Mushroom tyrosinase
The incubation mixture contained 1.8 mL of phosphate buffer

(0.1 M, pH 6.5), 1 mL of L-DOPA (2.5 mM in the phosphate buffer)
as a substrate, and 100 lL of the test compound solution. The reac-
tion was initiated by the addition of 100 lL of tyrosinase (46 units)
at 25 �C for 5 min, and then the absorbance at 405 nm was mea-
sured (model DU530, Beckman). The amount of dopaquinone was
determined based on the absorbance. The test compound was dis-
solved in DMSO, and the final concentration of DMSO in the med-
ium was 0.1%. The following equation was used to calculate the
inhibition of mushroom tyrosinase

Inhibition ð%Þ ¼ ðA� BÞ=A� 100

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

4.2.6. RT-PCR
The melanoma cells (8 � 104 cells/2 mL/well) were seeded into

6-well multiplates and cultured for 24 h. The cells were then incu-
bated with the test compound and theophylline 1 mM for 72 h. To-
tal RNA was extracted from the cells incubated with the test
compound using an RNeasyTM mini Kit (Qiagen) according to the
manufacturer’s instructions. The concentration and purity of the
RNA were determined by measuring the absorbance at 260 nm
and determining the ratio of the readings at 260 nm and 280 nm.
cDNA synthesis and the PCR reaction were performed using illus-
traTM Ready-To-GoTM RT-PCR Beads (GE Healthcare) according to
the manufacturer’s instructions. The PCR conditions were 28 cycles
for tyrosinase, 20 cycles for both TRP-1 and -2, and 25 cycles for b-
actin, consisting of incubation at 94 �C for 30 s and then at 55 �C for
1 min and at 72 �C for 2 min. PCR products were electrophoresed in
2% agarose gels and visualized by ethidium bromide staining. The
primer pairs were: tyrosinase primers, 50-CAGATCTCTGATGGCC
AT-30 and 50-GGATGACATAGACTGAGC-30; TRP-1, 50-CTTTCTCCCTT
CCTTACTGG; 50-TGGCTTCATTCTTGGTGCTT-30; TRP-2, 50-TGAGAAG
AAACAAAGTAGGCAGAA-30 and 50-CAACCCCAAGAGCAAGACGAAA
GC-30; and b-actin primers, 50-GGGAAATCGTGCGTGACAT-30 and
50-CAGGAGGAGCAATGATCTC-30.

4.2.7. Immunoblotting
The melanoma cells (8 � 104 cells/2 mL/well) were seeded into

6-well multiplates and cultured for 24 h. The cells were then incu-
bated with theophylline 1 mM and the test compound for 24 h or
48 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 (50 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 (Nacalai Tesque). The blots
were probed with primary antibody at the appropriate 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 anti-
body for 1 h. Immunoreactive proteins were detected using an en-
hanced 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-MITF (1:1000)
(Santa Cruz Biotechnology); anti-rabbit IgG; and HRP-linked whole
antibody from donkeys (1:5000) (GE Healthcare).

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

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