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  Fucoidan, a fucose-rich sulfated polysaccharide derived from brown seaweed in the class Phaeo-
phyceae, has been widely studied for its possible health benefits. However, the potential of fucoidan 
as a possible treatment for hyperpigmentation is not fully understood. This study investigated the 
effects of fucoidan on melanogenesis and related signaling pathways using Mel-Ab cells. Fucoidan 
significantly decreased melanin content. While fucoidan treatment decreased tyrosinase activity, it did 
not do so directly. Western blot analysis indicated that fucoidan downregulated microphthalmia- 
associated transcription factor and reduced tyrosinase protein expression. Further investigation showed 
that fucoidan activated the extracellular signal-regulated kinase (ERK) pathway, suggesting a possible 
mechanism for the inhibition of melanin synthesis. Treatment with PD98059, a specific ERK inhibitor, 
resulted in the recovery of melanin production. Taken together, these findings suggest that fucoidan 
inhibits melanogenesis via ERK phosphorylation.
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INTRODUCTION

  Fucoidans are a group of sulfated polysaccharides rich 
in fucose that are found in brown seaweeds of the class 
Phaeophyceae [1,2]. Fucoidans have a number of potential 
health benefits to humans such as immunomodulatory, anti- 
inflammatory, antiviral, and antioxidant effects [2]. Several 
potential applications of fucoidan have been studied, but 
its mechanisms of action in different biological activities 
are not completely clear. In addition, there are no officially 
approved dermatological applications of fucoidan [2]. We re-
cently reported that fucoidan promotes the proliferation of 
human fibroblasts [3]. Furthermore, fucoidan increases ex-
pression of proliferating cell nuclear antigen (PCNA) and 
p63 in the epidermis of a reconstructed skin equivalent [3]. 
Therefore, it is feasible that fucoidan may have an influence 
on epidermal melanocytes. Thus, we investigated the ef-
fects of fucoidan on melanin synthesis and the related regu-
latory mechanisms. 
  Melanin is a pigmented biopolymer synthesized by mela-

nocytes through the process of melanogenesis [4,5], which 
is responsible for human skin coloration. Overproduction 
of melanin leads to hyperpigmentary problems that affect 
quality of life [6,7]. Melanin overproduction continues to be 
a concern because safe and effective treatments are limited. 
  Microphthalmia-associated transcription factor (MITF) is 
a key regulator of the development, proliferation, and sur-
vival of melanocytes as well as the expression of enzymes 
and structural proteins involved in melanin synthesis [8]. 
MITF upregulation activates the expression of downstream 
melanogenic proteins including tyrosinase, tyrosinase-re-
lated protein 1 (TRP-1) and TRP-2 [4,8]. Tyrosinase is a 
major regulator of melanogenesis; it is, in fact, the rate-lim-
iting enzyme of melanin synthesis [9,10]. Thus, melanin 
synthesis is primarily regulated by the expression and ac-
tivity of tyrosinase, and agents that inhibit the activity or 
expression of tyrosinase or MITF may be useful in treating 
hyperpigmentation disorders and reduce the melanin con-
tent of skin.
  The cAMP pathway is a major regulatory mechanism of 
MITF expression [11]. Phosphorylation of the cAMP re-
sponse-element binding protein (CREB) increases MITF ex-
pression, resulting in melanin production [12,13]. In addi-
tion, several other signaling pathways have been impli-
cated in the control of melanogenesis. The extracellular sig-
nal-regulated kinase (ERK) pathway is a key signaling 
pathway deeply involved in controlling cell growth. Indeed, 
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it is generally accepted that ERK activation increases cell 
proliferation in a variety of cell types [14]. In addition, it 
has been reported that ERK is related to the regulation 
of cell differentiation depending on cell type [15,16]. For 
example, the ERK pathway is reported to be involved in 
MITF regulation in melanocytes [17,18]. Thus, ERK activa-
tion phosphorylates MITF, leading to its degradation and 
resulting in a decrease in melanin synthesis by melanocytes 
[19,20]. 
  The Akt pathway is another key melanogenic regulatory 
mechanism. Specifically, Akt phosphorylates MITF, inhibit-
ing its activation and resulting in inhibition of melano-
genesis [21,22]. As mentioned above, fucoidan increases the 
proliferation of human fibroblasts [3]. In addition, fucoidan 
also stimulates ERK and Akt phosphorylation in human 
umbilical vein endothelial cells [23]. In the present study, 
we hypothesized that fucoidan may regulate the ERK and/ 
or Akt pathways. In an extension of this possibility, we in-
vestigated whether fucoidan influences ERK and Akt sig-
naling in the context of melanogenesis. 

METHODS

Materials

  Fucoidan (from Fucus vesiculosus), 3,4-dihydroxyl-L-phe-
nylalanine (L-DOPA), cholera toxin (CT), 12-O-tetradeca-
noylphorbol-13-acetate (TPA), and mushroom tyrosinase 
were from Sigma-Aldrich Co. (St. Louis, MO, USA). Anti-
bodies specific for phospho-ERK1/2 (Thr202/Tyr204, #9101S), 
total (phosphorylated and non-phosphorylated) ERK1/2 
(#9102), phospho-specific Akt (Ser473, #9271), total Akt 
(#9916), phospho-CREB (ser133, #9198), and total-CREB 
(#9197) were purchased from Cell Signaling Technology 
(Beverly, MA, USA). Antibodies for tyrosinase (C-19) and 
actin (I-19) were purchased from Santa Cruz Biotechnology, 
Inc. (Santa Cruz, CA, USA). Microphthalmia Ab-1 (C5, 
MS-771-P0) was from NeoMarkers (Fremont, CA, USA). 
PD98059 was from Cell Signaling Technology. Secondary 
antibodies specific for anti-goat IgG (PI-9500), anti-mouse 
IgG (PI-2000), and anti-rabbit IgG (PI-1000) were pur-
chased from Vector Laboratories (Burlingame, CA, USA). 

Cell culture

  Mel-Ab is a spontaneously immortalized melanocyte cell 
line that synthesizes large quantities of melanin [24]. Mel- 
Ab cells were maintained in Dulbecco’s modified Eagle’s 
medium (DMEM) supplemented with 10% fetal bovine se-
rum (FBS), 100 nM TPA, 1 nM CT, 50 μg/mL streptomycin, 
and 50 μg/mL penicillin (Hyclone Logan, UT, USA) at 37°C 
in 5% CO2. 

Cell viability assay

  Cell viability was measured using a crystal violet assay 
[25]. After incubation with fucoidan for 24 h, culture me-
dium was removed and cells were stained with 0.1% crystal 
violet in 10% ethanol for 5 min at room temperature. Cells 
were rinsed four times with distilled water and retained 
crystal violet was extracted with 95% ethanol. Absorbance 
was measured at 590 nm using an ELISA reader (VERS-
AMax; Molecular Devices, Sunnyvale, CA, USA).

Measurement of melanin content and microscopy

  Melanin content was measured as described previously 
with slight modifications [20]. Briefly, Mel-Ab cells were 
treated with fucoidan in DMEM containing 10% FBS. Cells 
were then dissolved in 550 μL 1 N NaOH at 100°C for 
30 min and centrifuged at 13,000 rpm for 5 min. Optical 
densities of supernatants containing the same amount of 
protein were measured at 400 nm using an ELISA reader. 
Before measuring melanin content, cells were observed un-
der a phase contrast microscope (Olympus IX50, Tokyo, 
Japan) and photographed using the attached DCM300 digi-
tal camera (Scopetek, Inc., Hangzhou, China), supported by 
ScopePhoto software (Scopetek, Inc.). 

Tyrosinase activity

  Tyrosinase activity was measured using the DOPA oxi-
dase activity assay [26]. Mel-Ab cells were seeded in 6-well 
plates and incubated with fucoidan for 72 h. Cells were then 
washed with ice-cold PBS and lysed with phosphate buffer 
(pH 6.8) containing 1% Triton X-100. Cells were disrupted 
by freezing and thawing, and the resulting lysates were 
clarified by centrifugation at 15,000 rpm for 10 min. After 
quantifying lysate protein levels and adjusting protein con-
centrations with lysis buffer, 90 μL of lysate containing 
equal amounts of protein were plated on 96-well plates, to 
which 10 μL of 10 mM L-DOPA was added. Control wells 
contained 90 μL of lysis buffer and 10 μL of 10 mM L- 
DOPA. After incubation at 37°C, dopachrome formation 
was monitored by measuring the absorbance at 475 nm ev-
ery 10 min for at least 1 h using an ELISA reader. 
  A cell-free assay system was used to examine the direct 
effects of fucoidan on tyrosinase activity. For this assay, 
70 μL phosphate buffer containing fucoidan was mixed 
with 20 μL of 53.7 units/mL mushroom tyrosinase, to 
which 10 μL of 10 mM L-DOPA was added. Following in-
cubation at 37°C, absorbance was measured at 475 nm. 

Western blots

  Cells were lysed in cell lysis buffer containing 62.5 mM/L 
Tris-HCl, pH 6.8, 2% sodium dodecyl sulfate (SDS), 5% β- 
mercaptoethanol, 2 mM phenylmethylsulfonyl fluoride, pro-
tease inhibitors (CompleteTM; Roche, Mannheim, Germany), 
1 mM Na3VO4, 50 nM NAF, and 10 mM EDTA. Proteins 
were separated by SDS-polyacrylamide gel electrophoresis 
and blotted onto polyvinylidene fluoride (PVDF) mem-
branes. Membranes were blocked with 5% skim milk in 
Tris-buffered saline containing 0.5% Tween 20. Blots were 
then incubated with appropriate primary antibodies diluted 
1:1000, washed, and incubated with horseradish perox-
idase-conjugated secondary antibodies. Bound antibodies 
were detected using enhanced chemiluminescence plus kits 
(Amersham International, Little Chalfont, UK). Images of 
the blotted membranes were obtained using an LAS-4000 
lumino-image analyzer (Fuji Film, Tokyo, Japan).  

Statistics

  Differences between results were assessed using Dunn-
ett’s test. p values＜0.01 were considered statistically signi-
ficant. 
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Fig. 2. Inhibitory effects of fucoidan on melanogenesis. (A) Mel-Ab cells were treated with 0∼200 μg/mL fucoidan for 72 h and examined 
by phase contrast microscopy. (B) Melanin content and (C) tyrosinase activity were assessed as described in the Materials and Methods 
section. (D) To test the direct effect of fucoidan on tyrosinase, activity in a cell-free system was measured. Each measurement was performed 
in triplicate. Data shown are the mean±SD. **p＜0.01 compared to the untreated control.

Fig. 1. Fucoidan has no influence on cell viability. Mel-Ab cells were 
treated with 0∼200 μg/mL fucoidan for 24 h in serum-free media. 
Cell viability was measured by crystal violet assay. Determinations 
were made in triplicate. Data shown are the mean±SD.

RESULTS

Fucoidan does not influence cell viability

  Mel-Ab cells were treated with 10∼200 μg/mL fucoidan 
for 24 h. Fucoidan did not exhibit any cytotoxic effects at 
these concentrations (Fig. 1). 

Inhibitory effects of fucoidan on melanogenesis

  To determine the effects of fucoidan on melanin synthesis 
in Mel-Ab cells, cellular melanin and tyrosinase activity 
were measured in Mel-Ab cells with or without fucoidan. 
Cells were treated with 0∼200 μg/mL fucoidan for 72 h 
and photographed with a phase-contrast microscope. The 
level of pigmentation was lower in fucoidan-treated cells 
than the control (Fig. 2A), and fucoidan treatment sig-
nificantly decreased melanin content (Fig. 2B). Because ty-
rosinase is the primary regulator of melanin synthesis [27], 
the effects of fucoidan on cellular tyrosinase activity were 
examined by evaluating L-DOPA oxidation activity. Consis-
tent with the reduction in melanin content, tyrosinase ac-
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Fig. 5. Effects of fucoidan on mela-
nin synthesis in the presence of 
PD98059. Mel-Ab cells were treated 
with 10 μM PD98059 for 1 h and 
incubated with 50 μg/mL fucoidan 
for 3 days. (A) Phase contrast micro-
scopy. (B) Melanin content measure-
ments performed in triplicate. Data 
are the mean±SD. **p＜0.01 compa-
red to the fucoidan-treated control.

Fig. 3. Effects of fucoidan treatment on MITF and tyrosinase 
protein expression. Mel-Ab cells were cultured with 50 μg/mL 
fucoidan for 24, 48, or 72 h. Whole cell lysates were subjected to 
Western blotting using antibodies against MITF and tyrosinase. 
An actin antibody was used as a loading control.

Fig. 4. Effects of fucoidan treatment on signal transduction path-
ways. After serum starvation for 24 h, Mel-Ab cells were treated 
50 μg/mL fucoidan for the indicated periods. Whole cell lysates 
were subjected to Western blots using phospho-specific antibodies 
for ERK, Akt, and CREB. Phosphorylation-independent ERK, Akt 
and CREB antibodies were used as loading controls, respectively.

tivity was decreased in fucoidan-treated cells (Fig. 2C). To 
investigate if fucoidan directly inhibited tyrosinase, we 
measured the effects of fucoidan on mushroom tyrosinase 
in a cell-free system. Fucoidan did not directly inhibit 
mushroom tyrosinase activity (Fig. 2D). Taken together, 
these results suggested that fucoidan-induced inhibition of 
melanin synthesis occurred via downregulation of tyro-
sinase expression.

Effects of fucoidan on MITF and tyrosinase protein 
expression

  Changes in protein levels of MITF and tyrosinase were 
investigated in a time-course experiment. Mel-Ab cells were 
treated with 50 μg/mL fucoidan for 24, 48, or 72 h, and  
Western blotting was performed to analyze fucoidan-
treated cells. Treatment with fucoidan decreased levels of 
MITF and tyrosinase up to 72 h (Fig. 3). These results sug-
gested that fucoidan inhibited melanin synthesis by down-
regulating MITF and tyrosinase protein expression. 

Effects of fucoidan on signal transduction pathways 

  ERK and Akt activation have been reported to be involved 
in inhibiting melanogenesis [12,19,28]. Thus, we next inves-
tigated if the hypopigmentary effects of fucoidan were re-
lated to activation of either ERK or Akt. Fucoidan treat-
ment (50 μg/mL) induced phosphorylation of ERK, but not 
Akt (Fig. 4). Involvement of the PKA pathway was also 

examined. No significant changes in CREB levels were ob-
served (Fig. 4). 

Effects of fucoidan on melanin synthesis in the pre-
sence of PD98059

  To determine whether fucoidan-mediated ERK phosphor-
ylation was responsible for the reduction in melanin syn-
thesis, Mel-Ab cells were treated with PD98059, a specific 
ERK pathway inhibitor. Cells were incubated with 50 μg/ 
mL fucoidan for 48 h after pretreatment with 10 μM 
PD98059 for 1 h. Cells were photographed using phase-con-
trast microscopy (Fig. 5A). Fucoidan-treated cells showed 
decreased pigmentation whereas cells treated with PD-
98059 showed evidence of melanin synthesis recovery. Me-
lanin content was also measured after pretreatment with 
PD98059. We found that PD98059 rescued fucoidan-in-
hibited melanin synthesis (Fig. 5B). We also investigated 
if fucoidan-induced phosphorylation of ERK was abolished 
by PD98059. Western blot data was consistent with mela-
nin content results (Fig. 6A). Specifically, addition of PD-
98059 blocked downregulation of MITF and tyrosinase by 
fucoidan, and that MITF and tyrosinase protein levels were 
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Fig. 6.  Effects of fucoidan on ERK pho-
sphorylation and expression of MITF 
and tyrosinase in the presence of PD-
98059. Mel-Ab cells were treated with 
10 μM PD98059 for 1 h, then incuba-
ted with 50 μg/mL of fucoidan for 30 
min (A) or 48 h (B). Whole cell ex-
tracts were subjected to Western blot-
ting with antibodies against phospho- 
ERK (A), or MITF and tyrosinase (B). 
Actin and phosphorylation-indepen-
dent ERK antibodies were used as 
loading controls. 

restored by PD98059 (Fig. 6B). Taken together, these re-
sults indicated that reduction of melanin synthesis by fucoi-
dan was caused by ERK phosphorylation. 

DISCUSSION

  Seaweed is widely used as a folk medicine treatment for 
diseases such as eczema, scabies, psoriasis, heart disease, 
atherosclerosis and renal problems [29]. Brown seaweed has 
been studied as a possible treatment for hyperpigmentation. 
For example, in an investigation of the antimelanogenic effect 
of Sargassum polycystum, it was reported to inhibit cellular 
tyrosinase activity in B16F10 cells [30]. Wang et al. also sug-
gested that fucoidan from Fucus vesiculosus may be a poten-
tial melanin-reducing agent based on their study of fucoidan 
inhibition of tyrosinase using a combination of inhibition ki-
netics and computational simulations [31]. However, the 
mechanism of action of fucoidan has not yet been fully 
elucidated. Therefore, we investigated the underlying anti-
melanogenic molecular mechanism of fucoidan in Mel-Ab cells.
  Tyrosinase is the key enzyme in melanin biosynthesis 
[10], and thus regulating tyrosinase activity is a way to con-
trol melanogenesis. For this reason, direct inhibitors of ty-
rosinase activity have been sought as a way to treat hyper-
pigmentation [9]. We first tested the effects of fucoidan on 
tyrosinase activity, and found that fucoidan decreased ty-
rosinase activity in Mel-Ab cells, but did not directly alter 
mushroom tyrosinase activity in a cell-free system. These 
results indicated that the fucoidan-mediated inhibition of 
melanogenesis might not be due to direct inhibition of ty-
rosinase, but rather inhibition of tyrosinase expression. 
  MITF is a central regulating factor of tyrosinase ex-
pression [32,33], and we found that fucoidan decreased 
MITF and tyrosinase protein levels. These results sug-
gested that the melanogenic signaling pathways regulating 
MITF expression and tyrosinase were involved in fucoi-
dan-induced reduction of melanin synthesis.
  CREB is a key factor in melanogenesis [34]. Phosphoryla-
tion of CREB promotes melanin synthesis through in-
creased expression of MITF and tyrosinase [34]. Therefore, 
we examined the effect of fucoidan on CREB phospho-
rylation. No inactivation of phosphorylation was observed, 
suggesting that CREB was not involved in fucoidan-induced 
melanin reduction. 
  To determine the specific signaling mechanism involved in 
the fucoidan-regulated reduction of melanin synthesis, we in-
vestigated the effect of fucoidan on other melanogenic 
pathways. The ERK and Akt pathways have both been re-
ported to be involved in the regulation of melanogenesis 

[19,21]. Akt is broadly implicated in cell survival and mito-
genic signaling [35,36]. In addition, activation of the Akt path-
way also reduces transcription of tyrosinase [37]. Therefore, 
we studied the effect of fucoidan on the Akt pathway, but ob-
served no significant effects. On the other hand, fucoidan has 
been reported to stimulate ERK phosphorylation and cell pro-
liferation in human umbilical vein endothelial cells [23], and 
thus we considered the possibility that fucoidan may activate 
ERK in Mel-Ab cells. Although ERK activation was mainly 
related to stimulation of cell proliferation, it also regulates 
cell differentiation [14]. Activation of the ERK pathway is 
known to phosphorylate MITF, leading to its subsequent deg-
radation and hypopigmentation in melanocytes [38].
  We previously reported several agents that inhibit mela-
nin synthesis via activating ERK [12,18]. On the other hand, 
there is a discrepancy about the relationship between ERK 
activation and melanin inhibition. It was reported that ERK 
inhibition is accompanied by a reduction of melanin syn-
thesis in B16F10 cells [39]. However, in the present study 
we found that fucoidan-induced activation of the ERK path-
way led to a reduction in melanin synthesis in Mel-Ab cells. 
To verify these results, Mel-Ab cells were treated with 
PD98059, an ERK inhibitor. Treatment with PD98059 abro-
gated fucoidan-induced melanin reduction and prevented 
downregulation of MITF and tyrosinase. In normal human 
melanocytes, sphingosylphosphorylcholine also downregu-
lates MITF and tyrosinase via ERK activation [19]. More-
over, the inhibition of the ERK pathway by PD98059 pro-
motes MITF and tyrosinase expression [19,20]. These reports 
indicate that ERK activation is deeply involved in the in-
hibition of melanin synthesis. Therefore, our results suggest 
that fucoidan downregulates MITF and tyrosinase and sub-
sequently reduces melanin synthesis via ERK activation.
  In conclusion, this study demonstrated that ERK activation 
is involved in the anti-melanogenic mechanism of fucoidan. 
The ERK pathway led to MITF and tyrosinase down-
regulation, resulting in a reduction in melanin synthesis.
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