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Abstract. Cordycepin has been a traditional medicine in 
China and Korea for centuries. This study explored the 
inhibitory effect of cordycepin on melanogenesis and the 
relative molecular mechanisms. Cordycepin inhibited melanin 
synthesis-related enzymes, such as tyrosinase, tyrosinase-
related protein-1 (TRP1) and tyrosinase-related protein-2 
(TRP2). α-MSH and IBMX were reported as melanin 
synthesis enhancers. Both of them could increase intracellular 
melanin synthesis by activation of the microphthalmia-asso-
ciated transcription factor (MITF) signaling pathway. In the 
MITF pathway, the phosphorylation of cAMP related binding 
protein (CREB) activated the transcription of MITF, resulting 
in increasing melanin synthesis. Cordycepin also decreased 
the phosphorylation of CREB induced by α-MSH and IBMX 
in B16F10 melanoma cells. Accordingly, cordycepin inhibited 
melanogenesis signaling pathways by activating ERK and 
AKT signaling pathways to regulate the suppression of MITF 
and its downstream pathways including tyrosinase, TRP1 and 
TRP2. These results indicate the role of cordycepin as a potent 
depigmenting agent for cosmetics.

Introduction

Melanin, which is synthesized in intracellular organelles 
designated melanosomes, is a major pigment of skin color. 
Melanogenesis is regulated by three specific enzymes: 
tyrosinase, tyrosinase-related protein-1 (TRP-1), and tyrosinase-
related protein-2 (TRP-2). Tyrosinase, a copper-containing 

glycoprotein, is a key enzyme in melanin synthesis and a rate-
limiting enzyme in this pathway, and can catalyze three different 
reactions: the hydroxylation of tyrosine to 3, 4-dihydroxyphenyl-
alanine (DOPA), the oxidation of DOPA to dopaquinone and 
the conversion of dopaquinone to dopachrome, and then to 
dihydro-indolizine (DHI) or indole 5,6-quinone-2-carboxylic 
acid (DHICA) (1-5). During this biosynthesis pathway, TRP-1 
and TRP-2 have functional roles. TRP-1 catalyzes the oxidation 
of DHICA, and TRP-2 (dopachrome tautomerase) catalyzes 
the conversion of dopachrome to DHICA (6). In addition, the 
two enzymes are regulated by a specific transcription factor, 
microphthalmia-associated transcription factor (MITF) (7-9).

MITF is regulated by several signaling pathways. Mitogen-
activated protein kinases (MAPKs) are a family of serine/
threonine kinases that regulate cell differentiation, prolifera-
tion, and cellular activities. The MAPK superfamily contains 
three well characterized subfamilies: the extracellularly 
responsive kinases (also termed extracellular signal-regulated 
kinases; ERKs), the c-Jun N-terminal kinases (JNKs), and the 
p38-MAPKs. MAPKs play essential roles in melanogenesis 
(10,11). Moreover, investigations suggest that the p38 MAPK 
pathway activation has been reported to be related to increased 
melanin synthesis (12,13), and the activation of ERK signaling 
down-regulates melanogenesis by inhibiting the tyrosinase 
activity (14). In addition, the activation of Akt signaling also 
plays a key role in inhibiting melanogenesis. These observa-
tions support the suggestion that the inhibitory effect of natural 
compounds on melanogenesis may be dependent on control of 
the upstream signaling pathways related to the activation and 
expression of tyrosinase (14).

Melanogenesis can be induced by several extracellular 
stimuli, such as ultraviolet (UV) light, chemicals including 
α-melanocyte-stimulating hormone (α-MSH) and isobutyl-
methylxanthine (IBMX). α-MSH combined with its receptor 
MC1R induces the enhanced expression of MITF, dependent 
on increased cyclic-AMP (cAMP) levels, leading to increased 
expression of tyrosinase and other melanogenesis-related 
enzymes. The end result is increased melanin synthesis. This 
pathway is apparently regulated by activation of ERK, whose 
phosphorylation allows the expression of MITF, leading to its 
degradation. On the other hand, the activation of ERK can 
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result in phosphorylation of cAMP related binding protein 
(CREB), which binds to the CRE consensus motif in the MITF 
promoter to up-regulate MITF gene expression (15).

Numerous chemicals and cosmetic agents inhibit melanin 
biosynthesis by inhibiting tyrosinase catalytic activity. 
Many skin whiting agents including kojic acid, linoleic acid, 
hinokitol, and arbutin possess anti-melanogenesis activity. 
Arbutin is a β-D-glucopyranoside derivative of hydroquinone 
that inhibits melanin synthesis at a certain concentration 
(16).However, some of the other agents can produce side 
effects and cellular toxicity. To avoid those negative aspects, 
natural compounds derived from plant or fungi extract have 
been investigated. Many extracts from plants and fungi 
extraction inhibit melanogenesis and have been incorporated 
into cosmetic preparations. For example, the Hoelen extract 
inhibits melanogensis and hyperpigmentation in skin cells 
(17). Other anti-melanogenesis compounds include lucidone 
extract from Lindera erythrocapa (18), palmitoleic acid (19), 
and the hirseins extract from Thymelaea hirsute (20).

Cordycepin is extracted from fungi of genus Cordyceps, 
and has been used traditionally as an anti-tumor, anti-viral, 
anti-inflammatory agent in East Asian countries (21-26). In this 
study, we examined the inhibitory effect of cordycepin on the 
melanogenesis signaling pathways, including the expression of 
MITF, tyrosinase, TRP1 and TRP2, and the phosphorylation of 
CREB, via the activation of ERK and Akt in murine B16F10 
melanoma cells stimulated by α-MSH and IBMX.

Materials and methods

Materials. Cordycepin, α-MSH, IBMX, L-3, 4-dihydroxy-
phenylalanine (L-DOPA), arbutin, and all other reagents 
were purchased from Sigma-Aldrich. Antibodies recognizing 
phospho-CREB and CREB were obtained from Cell Signaling 
Technology (Danvers, MA, USA). Tyrosinase, TRP1, TRP2 and 
MITF antibodies were supplied by Santa Cruz Biotechnology 
(Santa Cruz, CA, USA).

Cell culture. Cells of the B16F10 murine melanoma cell 
line obtained from the American Type Culture Collection 
(Rockville, MD, USA) were grown as monolayers in 
Dulbecco's modified Eagle's medium (DMEM; Gibco-BRL, 
Carlsbad, CA, USA) supplemented with 10% heat-inactivated 
fetal bovine serum (FBS; Gibco-BRL). The cells were incu-
bated at 37˚C in a humidified atmosphere composed of 5% 
CO2 and 95% air. To avoid changes in cell characteristics 
produced by extended cell culture periods, cells were used 
between passages 15 and 25. Each cell suspension was split 
every 2 days to maintain exponential growth.

Cell viability assay. The cells were incubated in wells 
of a 24-well plate at a density of 4x104 cel ls/well. 
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT; 50 µg/ml) was added to each well. The plates were 
incubated for 3 h at 37˚C in a 5% CO2 atmosphere, after which 
the supernatant was removed and the formazan crystals that 
had formed in the viable cells were solubilized with dimeth-
ylsulfoxide (DMSO). The absorbance of each well was then 
read at 570 nm using an enzyme-linked immunosorbent assay 
(ELISA) reader (Wallace, Boston, MA, USA).

Determination of extracellular melanin content. Cells were 
treated with 1 µM α-MSH in the absence or presence of 
cordycepin for 48 h. The culture medium was harvested and 
centrifuged at 10,000 rpm for 10 min. The relative melanin 
content was determined by measuring the absorbance at 
405 nm in a microplate reader. Melanin production was calcu-
lated by normalizing the melanin values with protein content 
(absorbance/µg protein). For this purpose, protein content 
was determined using the Bradford dye reagent (Bio-Rad, 
Hercules, CA, USA).

Determination of intracellular melanin content. Cells were 
treated with 1 µM α-MSH in the absence or presence of cordy-
cepin for 48 h. The cell pellets were then dissolved in 500 µl 
of 1 N NaOH in 10% DMSO at 80˚C for 1 h. The relative 
melanin content was determined by measuring the absorbance 
at 475 nm in a microplate reader. Melanin production was 
calculated as described above.

B16F10 cell tyrosinase activity assay. Tyrosinase activity was 
determined by measuring the rate of dopachrome formation of 
L-DOPA. Cells grown in wells of 6-well dishes were treated 
with 1 µM α-MSH in the absence or presence of cordycepin 
for 48 h. The cells were then washed in ice-cold phosphate-
buffered saline (PBS) and lysed in PBS containing 1% (w/v) 
Triton X-100. The tyrosinase substrate L-DOPA (2 mg/ml) 
was prepared in the same phosphate lysis buffer. Each extract 
was placed in wells of a 96-well plate and the enzymatic 
assay was commenced by adding L-DOPA solution. After 
incubation, dopachrome formation was assayed by measuring 
absorbance at 475 nm using a microplate reader. The value 
of each measurement was expressed as a percentage of the 
control.

Quantitative real-time polymerase chain reaction (PCR). 
Total-RNA was isolated from cells using the RNA Mini 
Spin RNA isolation kit (GE Healthcare, Buckinghamshire, 
UK) according to the manufacturer's instructions. cDNA was 
synthesized from 1 µg of total-RNA using Maxime RT PreMix 
(Intron Biotechnology, Seongnam, Korea) and anchored 
oligo(dt)15-primers. Real-time PCR was performed with a 
Chromo4™ instrument (Bio-Rad) using the SYBR-Green 
master mix (Applied Biosystems, Foster City, CA, USA). The 
relative amount of target mRNA was determined using an 
established comparative threshold (Ct) method by normalizing 
target mRNA Ct values to those for glyceraldehyde 3-phos-
phate dehydrogenase (ΔCt).

Western blot analysis. Cells were harvested in ice-cold lysis 
buffer consisting of 1% Triton X-100, 1% deoxycholate, and 
0.1% sodium dodecyl sulfate (SDS). The protein content of the 
cell lysates was then determined using the Bradford reagent 
(Bio-Rad). The protein in each sample (50 µg total protein) 
was resolved by 10% SDS-polyacrylamide gel electropho-
resis (SDS-PAGE), transferred to a polyvinylidene difluoride 
(PVDF) membrane and exposed to the appropriate antibody. 
The proteins were visualized by an enhanced chemilumines-
cence detection system (Amersham Biosciences, Piscataway, 
NJ, USA) using horseradish peroxidase-conjugated anti-rabbit 
or anti-mouse secondary antibody. Images were acquired 
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using an ImageQuant 350 analyzer (Amersham Biosciences) 
and densitometry was performed using ImageQuant TL soft-
ware (Amersham Biosciences).

Statistical analyses. The data are expressed as mean ± stan-
dard error (SE). Each experiment was repeated at least three 
times. Statistical analysis was performed with SPSS version 
16.0 software (SPSS, Chicago, IL, USA) to determine signifi-
cant differences. One- or two-way ANOVA was followed by 
the Dunn's post-hoc test for analyses. Values of P<0.05 were 
considered statistically significant.

Results

Cordycepin inhibits α-MSH- and IBMX-induced cellular 
melanin synthesis and tyrosinase activity. Prior to inves-
tigating the pharmacological potential of cordycepin on 
α-MSH- and IBMX-induced melanogenesis activity, the dose 
and time dependence of the cytotoxic effects of 0.5-20 µM 
cordycepin in B16F10 cells were assessed using the MTT 
viability assay. The different concentrations of cordycepin that 
were used were not cytotoxic (Fig. 1D). The effect of cordy-
cepin on α-MSH- and IBMX-stimulated melanin synthesis 
is summarized in Fig. 1A and B. While both α-MSH and 
IBMX are crucial cAMP-elevating agents, they act differ-
ently. α-MSH combines the melanocortin 1 receptor (MC1R) 
and activates adenylate cyclase, which can raise the intracel-
lular cAMP concentration. IBMX increases the intracellular 

cAMP concentration by inhibiting cAMP phosphodiesterase. 
Presently, 5-20 µM cordycepin inhibited melanin synthesis 
induced by both α-MSH and IBMX (Fig. 1A and B). The 
efficacious concentrations of cordycepin are much lower 
than the effective level (200 µM) of arbutin, an established 
effective melanogenesis inhibitor and popular cosmetic agent. 
Cordycepin also decreased the melanin synthesis relative to 
protein tyrosinase activity (Fig. 1C).

Effect of cordycepin on the expression of tyrosinase, TRP1, 
and TRP2 in α-MSH-induced B16F10 cells. To evaluate the 
molecular mechanism(s) of cordycepin, the influence of the 
compound on the production of tyrosinase, TRP1, and TRP2 
were evaluated; production of all three proteins, especially 
tyrosinase and TRP1, was reduced by cordycepin (Fig. 2A). 
The mRNA levels of tyrosinase, TRP1, and TRP2 (Fig. 2B) 
were consistent with the production of their respective proteins, 
and were also dose-dependently inhibited by cordycepin.

Effect of cordycepin on the expression of MITF and phospho-
rylation of CREB. MITF is a specific transcriptional factor that 
has a crucial role in melanogenesis as the major regulator of 
tyrosinase, TRP1, and TRP2 expression; down-regulation of 
MITF results in hypopigmentation. The expression of MITF 
can be regulated both transcriptionally and translationally. 
Cordycepin inhibited α-MSH- and IBMX-induced melanin 
synthesis by a decrease in MITF expression and phosphoryl-
ation of CREB (Fig. 3). These results are consistent with the 

Figure 1. Effect of cordycepin on α-MSH- and IBMX-induced melanin synthesis and tyrosinase activity in B16F10 cells. Cells were incubated with various 
concentrations of cordycepin or arbutin (200 µM) for 2 h, and then stimulated with 0.5 µM of α-MSH or 0.1 mM of IBMX for 48 h. (A) Results of extracellular-
melanin content assay. (B) Results of intracelluar-melanin content assay. (C) Tyrosinase activity assay was determined and melanin was calculated by adding 
the extracellular and intracellular mean values after normalization for protein content. (D) Cell viability was determined using an MTT assay. Values are 
mean ± SE of three independent experiments. *P<0.05 compared with the cells treated only with α-MSH or IBMX.
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ability of cordycepin to block α-MSH-enhanced MITF expres-
sion, suggesting that cordycepin suppresses α-MSH-enhanced 
melanogenesis at the transcriptional level via the activation of 
CREB.

Effect of cordycepin on cellular melanin synthesis and 
tyrosinase activity in LY294002- or PD98059-treated B16F10 
cells. The present study also investigated the dependence of 

the inhibitory effect of cordycepin on the ERK and AKT 
signaling pathways (Fig. 4). Activation of ERK by Scf/c-kit 
(a transmembrane receptor type tyrosine kinase) modulates 
α-MSH-induced melanogenesis, and phosphorylation of ERK 
decreases expressed MITF and involves the phosphorylation 
of MITF. In order to determine the molecular mechanism 
of cordycepin on melanogenesis in B16 melanoma cells, we 
analyzed the pattern of MAPK phosphorylation in B16F10 

Figure 2. Effect of cordycepin on the expression of tyrosinase, TRP-1 and TRP-2 in α-MSH- and IBMX-induced B16F10 cells. (A) Cells were incubated with 
the indicated cordycepin concentrations for 2 h, and then exposed to 0.5 µM of α-MSH or 0.1 mM of IBMX for 48 h. Tyrosinase, TRP-1 and TRP-2 protein 
expression was decreased as indicated by Western blotting examination. Detection of α-tubulin was used as a protein loading control for each lane. (B) 
Cells were pre-treated with cordycepin for 2 h, and then exposed to 0.5 µM of α-MSH or 0.1 mM of IBMX for 24 h. mRNA levels of tyrosinase, TRP-1 and 
TRP-2 were examined by real-time PCR. Relative tyrosinase, TRP-1 and TRP-2 mRNA expression (2-ΔCt) was determined by real-time PCR and calculated 
by subtracting the Ct value for glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (ΔCt = Cttyrosinase, TRP-1 or TRP-2 - CtGAPDH). The mRNA relative content was 
indicated as fold-change over control. Values are mean ± SE of three independent experiments. *P<0.05 compared with the cells treated only with α-MSH or 
IBMX.

Figure 3. Effect of cordycepin on the expression of MITF in α-MSH- or IBMX-induced B16F10 cells. (A) Cells were incubated with various concentrations 
of cordycepin for 2 h, and then stimulated with 0.5 µM of α-MSH or 0.1 mM of IBMX for 48 h. MITF protein expression decreased as indicated by Western 
blotting. α-tubulin was used as a protein loading control for each lane. (B) Cells were incubated with various concentrations of cordycepin for 2 h, and then 
stimulated with 0.5 µM of α-MSH or 0.1 mM of IBMX for 0.5 h. The expression levels of phospho-CREB and CREB were examined by Western blotting. 
Equal protein loading was confirmed by α-tubulin expression.
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melanoma cells treated with cordycepin. The results shown 
in Fig. 4D, indicate that the levels of p-ERK and p-Akt were 
increased. To further confirm the role of ERK and Akt signaling 
pathways in cordycepin induced inhibition of melanogenesis, 
cells were co-treated with ERK (PD98059) or Akt (LY294002) 
inhibitors (Fig. 4). Cells treated with α-MSH or IBMX, and 
PD98059 displayed increased activities of the melanogenesis-
related enzymes tyrosinase, TRP1, and TRP2 compared to 
cells treated only with α-MSH or IBMX. The same pattern was 
evident using LY294002.

Discussion

Cordycepin has been a traditional medicine in East Asia for 
centuries. More recently, the ability of cordycepin to inhibit 
polyadenylation during α-MSH induction of tyrosinase was 
reported (27). Previous studies have supported the potential of 
cordycepin as a melanogenesis inhibitor agent. In this study, 
we explored the possible effects of cordycepin on melanin 
synthesis. Evidently, this inhibition was correlated with 
down-regulation of MITF expression and the anti-whitening 
mechanism was mediated through cordycepin's inhibitory 
effect on ERK and Akt pathway-mediated signaling.

Firstly, we investigated the dose and time dependence of 
the cytotoxic effects of 0.5-20 µM cordycepin in B16F10 cells 
by the MTT viability assay. These concentrations proved to 
be non-toxic and were used in subsequent experiments. The 

effect of cordycepin on α-MSH- and IBMX-induced cellular 
melanin synthesis and tyrosinase activity were investigated. 
Tyrosinase was chosen for study, given its importance during 
melanin synthesis; suppression of melanin production is 
always dependent on the inhibition of tyrosinase activity. 
The effect of cordycepin on α-MSH- and IBMX-stimulated 
melanin synthesis is summarized in Fig. 1A and B. Both 
extracellular and intracellular melanin content in cordycepin-
treated cells decreased significantly in a dose-dependent 
fashion, while it markedly increasingly compared to control 
cells in cells treated with α-MSH or IBMX alone. The effects 
of cordycepin on α-MSH- and IBMX-induced tyrosinase 
activity are shown in Fig. 1C. In a cell-based tyrosinase assay, 
cordycepin inhibited tyrosinase activity in a dose-dependent 
manner. Arbutin was used as positive control; it significantly 
inhibited extracellular and intracellular melanin content and 
tyrosinase activity in B16F10 cells at 200 µM. These results 
are consistent with the idea that reduced production of melanin 
is due to the suppression of tyrosinase activity.

In order to evaluate the mechanism(s) of the inhibitory 
effect of cordycepin on cellular melanin synthesis, the protein 
expression levels of melanogenic-related proteins such as 
tyrosinase, TRP1 and TRP2 were assessed by Western blot-
ting. The expression of tyrosinase, TRP1 and TRP2 were 
decreased in α-MSH- and IBMX-treated melanoma cells in the 
presence of cordycepin, as compared to control cells (Fig. 2A). 
In addition, the results of real-time RT-PCR of α-MSH- and 

Figure 4. Effect of cordycepin on melanin synthesis and tyrosinase activity in PD98059- or LY294002-treated B16F10 cells. Cells were incubated with 
cordycepin (20 µM) for 2 h, and then stimulated with 0.5 µM of α-MSH and 0.1 mM of IBMX in the absence and presence of PD98059 (20 µM) or LY294002 
(20 µM) for 48 h. (A) Extra-melanin content assay. (B) Intra-melanin content assay. (C) Tyrosinase activity assay. (D) Cells were treated with 20 µM cordycepin 
for the indicated times and were subjected to Western blotting for Akt, phosphorylated Akt, ERK and phosphorylated ERK.
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IBMX-treated B16F10 melanoma cells treated with cordycepin 
confirmed that cordycepin could also inhibit the mRNA level of 
tyrosinase, TRP1 and TRP2 (Fig. 2B).

MITF is a transcription factor that regulates melanogenic 
genes such as Tyr, Trp1 and Trp2. The promoter region of the 
MITF gene contains binding sites for transcription factors 
including SOX10, PAX3, TCF/LEF and CREB (28,29). The 
expression of MITF could be increased by the phosphoryl ation 
of CREB. CREB phosphorylation induced by α-MSH and 
IBMX was decreased by cordycepin (Fig. 3). Taken together, 
the results are consistent with the suggestion that the inhibitory 
effect of cordycepin on the down-regulation of the expression of 
MITF can be attributed to its inhibition of CREB phosphoryl-
ation.

MITF is a specific transcription factor that is involved in 
the regulation of melanocyte differentiation, pigmentation, 
proliferation, and survival. MAPKs are play an important role 
in the control of melanogenesis in melanocytes, and the expres-
sion of MITF is activated by p38-MAPK pathway. Increased 
expression of MITF ultimately increases melanin synthesis, 
whereas, the ERK and Akt pathways are down-regulated. In 
our study, both p-ERK and p-Akt were increased by cordy-
cepin. Furthermore, bloking of p-ERK and p-AKT increased 
the expression of TPR-1, TRP2 and melanin contents. These 
results also demonstrate that the inhibitory effect of cordy-
cepin is dependent on the ERK and AKT signaling pathways 
(Fig. 4).

In this study, we investigated whether cordycepin inhibits 
melanin synthesis in α-MSH- and IBMX-induced melanocytes 
by suppressing expression of MITF, tyrosinase and TRP-1. On 
the basis of our results, we suggest that cordycepin is a potent 
hypopigmenting agent with implications in various derma-
tologic hyperpigmentation disorders, such as freckles and 
melasma, and has beneficial effects in whitening cosmetics.
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