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Sesamin induces melanogenesis by microphthalmia-associated transcription factor

and tyrosinase up-regulation via cAMP signaling pathway
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In this study, we confirmed that sesamin, an active lignan
isolated from sesame seed and oil, is a novel skin-tanning
compound. The melanin content and tyrosinase activity
were increased by sesamin in a dose-dependent manner in
B16 melanoma cells. The mRNA and protein levels of tyr-
osinase were also enhanced after the treatment with
sesamin. Western blot analysis revealed that sesamin
induced and sustained up-regulation of microphthalmia-
associated transcription factor (MITF). Sesamin could
activate cAMP response element (CRE) binding protein
(CREB), but it had no effect on the phosphorylation of
p38 mitogen-activated protein kinase (MAPK) or Akt.
Moreover, sesamin activated protein kinase A (PKA) via
a cAMP-dependent pathway. Consistent with these
results, sesamin-mediated increase of melanin synthesis
was reduced significantly by H-89, a PKA inhibitor, but
not by SB203580, a p38 MAPK inhibitor or by
LY294002, a phosphatidylinositol-3-kinase (PI3K) inhibi-
tor. Sesamin-mediated phosphorylation of CREB and
induction of MITF and tyrosinase expression were also
inhibited by H-89. These findings indicated that sesamin
could stimulate melanogenesis in B16 cells via the
up-regulation of MITF and tyrosinase, which was, in
turn, due to the activation of cAMP signaling.
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Introduction

Melanogenesis is a physiological process that results in the
synthesis of melanin pigment and has many functions in
living systems. It serves not only as the determinant of skin
and hair color, but also as the natural protective agent

against UV radiation. It also prevents sun-induced skin
damage as well as skin cancer development [1,2].

In melanocytes and melanoma cells, melanin is syn-
thesized via an enzymatic cascade regulated at the level of
tyrosinase. This enzyme catalyses the rate-limiting steps of
melanogenesis: namely, the hydroxylation of tyrosine to
3,4-dihydroxyphenylalanine (DOPA) and the oxidation of
DOPA to dopaquinone. Thus, up-regulation of tyrosinase
is proposed to be responsible for increased melanin pro-
duction [3]. The most important transcription factor in the
regulation of tyrosinase is the microphthalmia-associated
transcription factor (MITF), which is involved in the pig-
mentation, proliferation, and survival of melanocytes [4,5].
MITF has been reported to bind to the M-box within the
tyrosinase promoter and thus up-regulate tyrosinase gene
expression [6].

Cyclic AMP (cAMP) is a key factor involved in the
signal transduction pathways of melanogenesis. The prin-
ciple intracellular target for cAMP in mammalian cells is
the protein kinase A (PKA), which may phosphorylate
serine and threonine residues on target proteins, such as the
cAMP responsive element binding protein (CREB) and
CREB binding protein (CBP). Phosphorylated CREB can
interact with CBP to activate MITF, which stimulates tyro-
sinase gene expression to allow melanin synthesis [7,8].

The p38 mitogen-activated protein kinase (MAPK) and
phosphatidylinositol 3-kinase (PI3K) signaling have also
been suggested to be involved in the regulation of melano-
genesis. The activation of p38 MAPK pathway has been
recently demonstrated to activate MITF expression and
promote tyrosinase transcription, which leads to the stimu-
lation of melanin synthesis [9]. It has been reported that
inhibition of PI3K/Akt signaling enhances melanogenesis
by MITF phosphorylation and the following stimulation of
tyrosinase expression [10–12].

Sesamin 2,6-(3,4-methylenedioxyphenyl)-cis-2,7-dioxa-
bicyclo-[3.3.0]octane (Fig. 1) is a natural lignan extracted
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from sesame seed and oil. It has a surprisingly wide range
of beneficial properties that include: cholesterol-lowering,
anti-hypertensive, lipid-lowering and liver-protective activi-
ties [13–16]. During the course of our screening program
for the development of pigmenting agents, we found that
sesamin was a potent stimulator of melanogenesis,
however, the mechanisms by which sesamin promotes mel-
anogenesis remain unknown. In the present study, we tried
to investigate the melanogenesis-inducing activities of
sesamin and the mechanism of action in B16 melanoma
cells.

Materials and Methods

Reagents
Triton X-100, L-dihydroxyphenylalanine (L-DOPA),
a-melanocyte stimulating hormone (a-MSH), and forskolin
were purchased from Sigma (St. Louis, USA). Tyrosinase
(C-19), MITF, and actin antibodies were from Santa Cruz
(Santa Cruz, USA). Antibodies against phospho-CREB
(pCREB, Ser133), phospho-p38 MAPK (p-p38 MAPK,
Thr180, and Tyr182), phospho-Akt (pAkt, Ser473) and
CREB, p38 MAPK, Akt were acquired from Cell Signaling
Technology (Danvers, USA). H-89, SB203580, and
LY294002 were purchased from Beyotime Institute of
Biotechnology (Shanghai, China). Sesamin (purity.99%)
was obtained from Qingze Biotechnology (Nanjing,
China). Other reagents were of the highest quality avail-
able. Before use, sesamin, forskolin, a-MSH, H-89,
SB203580, and LY294002 were all dissolved in DMSO
and stored at 2208C.

Cell culture and treatment
Murine B16 melanoma cell line (B16F1) was obtained
from CCTCC (China Center for Type Culture Collection,
Wuhan, China). The B16F1 cells were cultured in
Dulbecco’s modified Eagle medium supplemented with
10% fetal bovine serum, 100 U/ml penicillin, and
100 mg/ml streptomycin in a 5% CO2 incubator at 378C. In
experiments using inhibitors such as H-89, SB203580, and
LY294002 (the specific inhibitors of PKA, p38 MAPK,
and PI3K, respectively), B16 melanoma cells were serum-
starved for 24 h, and then either pre-treated with or without

the inhibitor (10 mM) for 1 h before sesamin was applied
for the indicated time at 10 mM.

Measurement of melanin content and microscopy
Melanin contents in cultured B16 melanoma cells were
measured according to the method of Tsuboi et al. [17]
with a slight modification. Briefly, B16 melanoma cells
were plated at a density of 104 cells per well in 24-well
culture dishes. After 1 day of culture, cells were treated
with the indicated concentrations of sesamin or a-MSH
(1 mM) for 48 h, and harvested by centrifugation for
10 min at 10,000 g. The cell pellets were then solubilized
in 500 ml of 1 N NaOH at 808C for 1 h, and spectrophoto-
metric analysis of melanin content was performed at
400 nm absorbance. Before measuring the melanin content,
the cells were observed under a phase contrast microscope
(Olympus Optical Co., Japan) and photographed using a
CoolSNAPcf digital video camera system supported by RS
Image software (Pixera Penguin 150CL, USA).

Cell number counting and tyrosinase activity assays
After incubation with the indicated concentrations of
sesamin for 48 h, the cells were harvested and the number
of viable cells was counted using a hemocytometer.
Analysis of tyrosinase activity by zymography was per-
formed as reported by Laskin and Piccinini [18]. Briefly,
B16 melanoma cells were treated with the indicated con-
centrations of sesamin or a-MSH (1 mM) for 24 h. Equal
amounts of the cell lysates were mixed with Laemmli
sample buffer without b-mercaptoethanol. Boiling was
avoided and then proteins were resolved by 10%
SDS–polyacrylamide gel electrophoresis (PAGE). After
electrophoresis, gels were washed with 100 mM sodium
phosphate buffer (PBS, pH 6.8) for 1 h by gentle shaking,
and then incubated with 5 mM L-DOPA substrate at 378C
for 1 h. Protein bands that contained tyrosinase activity
were visualized in the gels as dark bands.

Reverse transcription–polymerase chain reaction and
western blot analysis
Total RNA was isolated from B16 cells using the Trizol
reagent (GibcoBRL Life Technologies, Carlsbad, USA)
according to the manufacturer’s protocol. After preparing
cDNA from the extracted RNA using oligo(dT)16 as a
reverse transcriptase primer, polymerase chain reaction
(PCR) amplification was performed. The specific primers
used for PCR were designed according to the report by
Kim et al. [19]. Tyrosinase: upstream, 50-GGCCAGCTTT
CAGGCAGAGGT-30; downstream, 50-TGGTGCTTCATG
GGCAAAATC-30. Actin: upstream, 50-CGAGCGGGAAA
TCGTGCGTGACATTAAGGAGA-30; downstream, 50-C
GTCATACTCCTGCTTGCTGATCCACATCTGC-3 0.
Amplification conditions were 948C (60 s), 568C (60 s),

Figure 1 Chemical structure of sesamin
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and 728C (60 s) for 26 cycles [19]. PCR products were
analyzed by electrophoresis on 1.5% agarose gels stained
with ethidium bromide.

For western blot analysis, cells were lysed with PBS
containing 0.1% Triton X-100, 1 mM phenylmethylsulfo-
nyl fluoride (PMSF), 1 mg/ml aprotinin, and 10 mg/ml leu-
peptin, followed by centrifugation at 12,000 rpm for
10 min. The total protein content of each supernatant was
determined with a Bio-Rad protein assay kit. About 20 mg
of protein per lane was then separated by SDS–PAGE and
blotted onto nitrocellulose membranes. These membranes
were subsequently blocked overnight with 5% non-fat dry
milk in Tris-buffered saline (TBS) containing 0.1% Tween
20 (TBST). After three washes with TBST, membranes
were incubated with an appropriate dilution of specific
primary antibodies in TBST overnight at 48C, and then
further incubated with horseradish peroxidase-conjugated
secondary antibodies. Protein bands were detected using an
enhanced chemiluminescence plus kit (Pierce, Rockford,
USA).

PKA activity assay and cyclic AMP measurement
The PKA activity was determined using PepTag non-
radioactive PKA assay kit (Promega, Madison, USA)
according to the manufacturer’s instructions. Briefly, after
induction with sesamin for 1 h, cells were lysed to release
PKA and then PKA reaction solution was added. After
incubating at 308C for 30 min, the mixture was placed in a
boiling water bath for 10 min to stop the reaction. Then the
samples were separated on a 0.8% agarose gel at 100 V for
15 min. The intact agarose gel which reflected the activity
of PKA can be analyzed in a scanning densitometer using
a wavelength of �570 nm.

Intracellular cAMP was measured using cAMP-GloTM

assay kit (Promega) according to the manufacturer’s
instructions. Briefly, after induction with sesamin or for-
skolin (1 mM) for 1 h, cells were lysed to release cAMP,
and then the cAMP detection solution that contains PKA
was added. The kinase reagent was added to terminate the
reaction and detected the remaining ATP via a luciferase
reaction. Plates were read using a microplate-reading
luminometer. Luminescence could be correlated to the
cAMP concentrations by using a cAMP standard curve.

Statistical analysis
Data were expressed as mean+SD. Each experiment was
performed in triplicate. The differences between results
were assessed for significance using Student’s t-test.
P , 0.05 was considered statistically significant.

Results

Sesamin induces morphological changes in B16
melanoma cells
To determine the effect of sesamin on melanogenesis in
B16 melanoma cells, cells were treated with sesamin at
1–20 mM. As shown in Fig. 2, sesamin induced dendrito-
genesis after 48 h when compared with untreated cells.
Similar morphological changes were observed in B16
melanoma cells that were treated with a-MSH, a known
melanoma differentiating agent.

Effect of sesamin on melanin amount and tyrosinase
activity in B16 cells
Then we measured melanin contents in B16 cells after
sesamin treatment. As shown in Fig. 3(A), sesamin

Figure 2 Sesamin-induced morphological changes in B16 melanoma cells Control cells were treated with DMSO, which at the highest dose (0.2%),

or cultured with sesamin (1–20 mM) or a-MSH (1 mM) for 48 h. Pictures were taken under a phase contrast microscope using a digital video camera

system supported by RS Image software. a-MSH was employed as a positive control.
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increased melanin content in a dose-dependent manner. To
exclude the possibility that upsurges in melanin content
may have been induced by the cell proliferating effect of
sesamin, the cell number was calculated. No significant
effect was found on cell proliferation at a concentration of
1–20 mM [Fig. 3(B)].

Moreover, we found sesamin at the same concen-
trations resulted in increasing degrees of tyrosinase
activity in B16 cells [Fig. 3(C)]. We also noticed that
beyond 10 mM of sesamin, melanin content, and tyrosi-
nase activity did not increase significantly than that of
10 mM [Fig. 3(A,C)], and so we use 10 mM as an
effective concentration of sesamin in the subsequent
experiments.

Effect of sesamin on tyrosinase expression in B16 cells
In order to clarify the mechanism of tyrosinase activation by
sesamin, the levels of tyrosinase expression in B16 cells
were examined by reverse transcription (RT)-PCR and
western blot analysis. As expected, it was found that
mRNAs of tyrosinase were clearly increased after 12–24 h
of sesamin (10 mM) treatment and tyrosinase protein levels
were also up-regulated in a time-dependent manner (Fig. 4).

Sesamin induces the persistent activation of cyclic AMP
response element binding protein (CREB) and
increases MITF protein levels
As sesamin increased melanin synthesis and tyrosinase
expression, we further hypothesize that sesamin may affect

Figure 3 Effects of sesamin on melanogenesis in B16 cells After incubation of cells with various concentrations (1–20 mM) of sesamin for 48 h,

melanin content (A) and cell number (B) were measured. a-MSH (1 mM) was employed as a positive control in melanin content assay. Control cells

were treated with 0.2% DMSO only. (C) Effect of sesamin on tyrosinase activity in B16 cells. After B16 cells were treated with sesamin (1–20 mM) or

a-MSH (1 mM) for 48 h, tyrosinase activity was determined by L-DOPA zymography. *P , 0.05, **P , 0.01, compared with untreated controls.

Figure 4 Effect of sesamin on tyrosinase expression in B16 cells After incubation of B16 melanoma cells with sesamin (10 mM) for the indicated

time period (0–24 h), tyrosinase protein and mRNA expression were detected by western blot and RT-PCR, while b-actin was used as an internal

control for comparable loading. Control cells were treated with 0.1% DMSO.
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the expression of MITF, which plays an important role in
tyrosinase gene expression and melanogenesis. To test this
hypothesis, we measured MITF levels after sesamin
(10 mM) treatment. Our results showed that MITF protein
was clearly enhanced from 60–360 min after sesamin
addition (Fig. 5).

To investigate whether sesamin activates cAMP signal-
ing in B16 cells, western blot analysis was carried out to
detect the phosphorylation level of CREB, which is known
to be involved in tyrosinase activation through
up-regulation of MITF gene expression. As shown in
Fig. 5, sesamin increased the phosphorylation level of
CREB in a time-dependent manner, indicating the involve-
ment of sesamin in cAMP signaling. Moreover, the change
trend of MITF corresponded to strong CREB phosphoryl-
ation. Similar results have also been found in forskolin
treatment of NHM, which induced a rapid increase in phos-
phorylated CREB and transcription of MITF [20].
Collectively, all these results revealed that activated CREB
confered cAMP responsiveness to the MITF promoter
[21,22].

Sesamin has no effect on p38 MAPK or Akt
phosphorylation in B16 cells
Besides cAMP signaling, activation of p38 MAPK or inhi-
bition of PI3K has also been reported to induce

melanogenesis. Therefore, in this study, we designed an
experiment to elucidate whether sesamin could induce the
phosphorylation of p38 MAPK, or whether it is capable of
stimulating a reduction of Akt phosphorylation in B16 mel-
anoma cells. As shown in Fig. 6, sesamin neither induced
p38 MAPK phosphorylation, nor inhibited Akt phosphoryl-
ation. These results suggested that sesamin might induce
melanogenesis through cAMP signaling, not through p38
MAPK activation or PI3K inhibition.

Sesamin stimulated cAMP production and PKA
activation
The cAMP signaling pathway leading to melanin synthesis
is known to be represented by cAMP accumulation fol-
lowed by PKA activation. In order to confirm this, we per-
formed cAMP production and PKA activity assays. As
shown in Fig. 7, sesamin increased intracellular cAMP
concentration and PKA activity in a dose-dependent
manner in B16 cells. In addition, H-89, a PKA inhibitor,
was shown to clearly inhibit the increase of cAMP and
activation of PKA. In some reports, treatment of cells with
H89 also caused a decrease in cAMP accumulation. For
example, it has been reported that the rise of cAMP
induced by leptin or gAd is also inhibited by H89 in
murine macrophages [23]. The only explanation is that
H89 may act by inhibiting adenylyl cyclase (AC) or acti-
vating phosphodiesterase (PDE), the upstream enzymes of
cAMP.

Figure 5 Sesamin induces CREB activation, and up-regulates
MITF After incubation of B16 cells with sesamin (10 mM) for the

indicated time period (0–360 min), whole-cell lysates were subjected to

western blot analysis using antibodies against MITF, phospho-specific

CREB (P-CREB), and b-actin. P-CREB antibody recognizes specifically

CREB when phosphorylated on serine 133. Fold increases over the

control were determined by densitometric analysis. *P , 0.05, **P ,

0.01, compared with untreated controls.

Figure 6 Effect of sesamin on p38 MAPK or Akt phosphorylation in
B16 cells Cells were treated with 0.1% DMSO or with 10 mM sesamin

for the indicated time period (0–360 min), and the phosphorylation of

p38 MAPK and Akt were measured by western blot analysis. Fold

increases over the control were determined by densitometric analysis.

*P , 0.05, **P , 0.01, compared with untreated controls.
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Sesamin-induced melanin synthesis is attenuated by
H-89, a PKA inhibitor
To confirm the link between the cAMP pathway and
sesamin-induced melanogenesis, we used several inhibitors,
including H-89 (PKA inhibitor), SB203580 (p38 MAPK
inhibitor), and LY294002 (PI3K inhibitor), to perform
melanin content assay. We found that the increase of
melanin content by sesamin was completely attenuated by
H-89, while SB203580 and LY294002 had no such effect
(Fig. 8). Then, a western blot for CREB phosphorylation,
MITF, and tyrosinase expression was performed using
H-89. As shown in Fig. 9(A), H-89 clearly diminished
sesamin-induced phosphorylation of CREB. The parallel
up-regulation of MITF and tyrosinase expression was also
abrogated by H-89 [Fig. 9(B)]. Therefore, we concluded
that it is through the cAMP–PKA pathway that sesamin
induced melanogenesis in B16 cells.

Discussion

Many research groups are investigating the regulation of
skin pigmentation with the goal of developing tanning cos-
metics to reduce skin cancer risk, and also to elucidate the
mechanisms of pigmentary disorders to cure or prevent
those diseases. In this study, we found that sesamin, a

potent melanogenic stimulator, could induce melanin syn-
thesis and dendritogenesis by the cAMP–PKA signaling
pathway in B16 melanoma cells.

It was concluded that the dendric morphology of the
melanoma cells treated with sesamin became more pro-
nounced when compared with the untreated cells,
suggested that melanoma cell differentiation had been
induced. Melanin content and tyrosinase activity were
increased in response to treatment with sesamin in a
concentration-dependent manner, and these changes were
accompanied by an increase in the mRNA and protein
levels of tyrosinase expression. Thus, it was suggested that
one of the mechanisms for sesamin-induced melanogenesis
might attribute to tyrosinase activation upon the signaling
pathway regulating tyrosinase levels.

On the other hand, many reports have suggested that the
cAMP signaling pathway plays a critical role in the regu-
lation of melanogenesis. It has been reported that
cAMP-activating agents, such as ACTH and a-MSH, are
involved in regulating melanogenesis or melanocyte den-
drite formation through the activation of cAMP/PKA
[24,25]. Forskolin, another cAMP elevating agent, by
manipulation of the cAMP pathway, could induce melanin
in the epidermis of a fair-skinned mouse [26]. Moreover,
cAMP stimulates melanogenesis mainly via activation of
MITF, and leads to induction of tyrosinase expression [22].
Besides, PKA has been reported to be involved in
cAMP-induced melanogenesis through the activation of
CREB phosphorylation, which consequently raises the
expression level of MITF [24].

Figure 8 Effects of PKA, p38 MAPK, and PI3K inhibitors on
sesamin-induced melanogenesis in B16 cells After 24 h serum

starvation, cells were pre-treated with or without H-89 (H-89, 10 mM),

SB203580 (SB, 10 mM), and LY294002 (LY, 10 mM) for 1 h before

sesamin (10 mM) was applied for 48 h. Melanin contents were measured.

Control cells were treated with 0.1% DMSO. *P , 0.05, **P , 0.01,

compared with untreated controls; #P , 0.05, compared with ‘*’ marked

group.Figure 7 Sesamin activates PKA and increases cAMP levels in B16
cells Cells were pre-treated or not with 10 mM H-89 for 1 h before

sesamin (SES, 1–10 mM) was applied for 1 h. Control cells were treated

with 0.1% DMSO. (A) cAMP levels and (B) PKA activity were

measured. Forskolin (1 mM) was employed as a positive control in

intracellular cAMP assay. *P , 0.05, **P , 0.01, compared with

untreated controls; #P , 0.05, compared with SES(10) group.
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In agreement with these studies, we found that sesamin
triggered an increase in MITF protein level and CREB
phosphorylation, indicating the involvement of sesamin in
cAMP signaling. This was further strengthened by the
result that a dose-dependent increase in cAMP level and
PKA activity was induced by sesamin. We also found that
H-89 (a PKA inhibitor) inhibited the increase of cAMP
and PKA activity induced by sesamin. The level of intra-
cellular cAMP is regulated by two types of enzyme: AC
and the cyclic nucleotide PDE. Thus, it can be hypoth-
esized that sesamin may elevate cytoplasmic cAMP levels
and mediate PKA activation by directly activating AC or
inhibiting PDE. It is also possible that H89 facilitates the
phosphorylation of AC or dephosphorylation of PDE to
inhibit cAMP synthesis. These needs further investigation,
however.

A previous study has revealed that glycyrrhizin induces
melanogenesis by cAMP signaling, which can be blocked
by H-89, a PKA inhibitor [27]. In our present study, H-89
was also found to significantly attenuate the sesamin-
induced increase in melanin content. The increase of
sesamin-induced CREB phosphorylation, MITF, and
tyrosinase gene expression was abolished by H-89. All
these results indicated the involvement of cAMP signaling
in sesamin-induced melanogenesis in B16 melanoma cells.

It was suggested that sesamin-induced melanin synthesis
via activation of the cAMP–PKA–CREB signaling
cascade and consequent up-regulation of MITF and

tyrosinase expression. In addition to cAMP signaling, pre-
vious studies have shown that p38 MAPK or PI3K signal-
ing is also related to melanogenesis in B16 melanoma
cells. We have reported that activation of p38 MAPK plays
an important role in THSG-induced B16F1 melanogenesis
by up-regulating MITF and tyrosinase expression [28].
PI3K/Akt activation by PPC has recently been found to
reduce melanin synthesis by suppressing MITF and its
downstream signal pathway including tyrosinase and TRPs
in a-MSH-induced melanogenesis [28]. However, we
found no difference in phospho-p38 MAPK or
phospho-Akt levels after sesamin treatment in B16 cells,
which suggested that neither the p38 MAPK nor the PI3K/
Akt pathway plays any role in the sesamin-induced stimu-
lation of melanogenesis.

In summary, this is the first study to demonstrate the pig-
mentation effect of sesamin and identify the molecular
mechanism by which sesamin induces melanogenesis. Until
recently, it was thought that the higher the melanin content
existed, the less chance of DNA damage resulted from
UV-R exposure. Another role of melanin in the skin is to
neutralize the ROS generated by a variety of factors, includ-
ing UV-R [29], and therefore functions like a natural sunsc-
reen. In this sense, if sesamin really could increase melanin
levels in skin, it might be very useful as a sunscreen without
inflicting any damage to the skin or any undesirable
changes in the metabolism. Therefore, shedding light on
the molecular mechanisms underlying hyperpigmentation

Figure 9 Effect of H-89 on the expression of MITF and tyrosinase and CREB phosphorylation in sesamin-induced B16 cells Cells were starved

in serum-free medium for 24 h, and then pre-treated with or without H-89 (10 mM) for 1 h before sesamin (SES) was applied for 24 h at 10 mM. Control

cells were treated with 0.1% DMSO. The expression levels of MITF and tyrosinase (B) and CREB phosphorylation (A) were examined by western blot.

Equal protein loading was confirmed by actin expression. *P , 0.05, **P , 0.01, compared with untreated controls; #P , 0.05, compared with ‘*’

marked group; ##P , 0.01 compared with ‘**’ marked group.
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induced by sesamin could be applied to various ends, to
enhance photoprotection and consequently to decrease
photoaging and photocarcinogenesis.
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