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Docosahexaenoic acid inhibits melanin synthesis in
murine melanoma cells in vitro through increasing

tyrosinase degradation
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Aim: To investigate the effects of docosahexaenoic acid (DHA) on melanin synthesis and related regulatory mechanisms.

Methods: B16F10 mouse melanoma cells were exposed to DHA for 3 d, and melanin content and tyrosinase activity were measured.
Western blot analysis was used to analyze the protein levels in DHA-mediated signal transduction pathways.

Results: DHA (1-25 pmol/L) did not affect the viability of B16F10 cells, but decreased a-MSH-induced melanin synthesis in a
concentration-dependent manner. DHA concentration-dependently reduced tyrosinase activity in the cells, but did not affect
mushroom tyrosinase activity in a cell-free system. Furthermore, DHA treatment significantly reduced tyrosinase level without affecting
microphthalmia-associated transcription factor (MITF) in the cells. DHA did not activate ERK and Akt in the cells. Pretreatment with
the proteasome inhibitor MG132 (80 nmol/L) abolished DHA-induced tyrosinase reduction.

Conclusion: DHA inhibits melanogenesis in BA6F10 cells in vitro through increasing tyrosinase degradation. The results suggest that
DHA may be a potential agent for treatment of hyperpigmentary disorders of skin.
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Introduction

Docosahexaenoic acid (DHA) is an omega-3 polyunsaturated
fatty acid, and it is the longest and the least saturated fatty acid
found in substantial quantities in human tissues™ 2. In the
field of medicine, DHA has shown numerous health benefits
as its dietary presence has been positively linked to decreased
risk of and better prognosis in a wide range of human afflic-
tions, including cancer, heart disease, dermatitis, and psoriasis
M. It has been reported that DHA decreased basal and UV-
induced expression of some proinflammatory cytokines in the
skin®, Moreover, DHA inhibited UVB-induced expression of
cyclooxygenase-2 in hairless mouse skin*. Although DHA
has been tested in skin cells and tissues, its effect on melano-
genesis has not been explored. Therefore, in this study, we
investigated the effects of DHA on melanin synthesis and
related regulatory mechanisms.
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Melanogenesis is the process of producing and distribut-
ing melanin, a pigmented biopolymer, which is synthesized
in melanocytes within specialized membrane-bound organ-

elles known as melanosomes! .

Skin, hair and eye color
are derived from this process. In the biosynthetic pathway
of melanin synthesis, tyrosinase is the rate-limiting enzyme:
it catalyzes the conversion of tyrosine to 3,4-dihydroxyphe-
nylalanine (DOPA) and oxidizes DOPA to dopaquinone” ®.,
Consequently, melanin production is largely regulated by

the expression and activity of tyrosinase!®.

Hence, regulating
tyrosinase activity is one approach to control melanin produc-
tion in order to treat hyperpigmentary problems and reduce
skin melanin content.

Melanogenesis can be stimulated by extracellular signals,
such as ultraviolet radiation (UV), a-melanocyte stimulating
hormone (a-MSH), endothelin-1 (ET-1), cytokines and other

Pl @-MSH binds to the melanocortin 1 recep-

growth factors
tor (MC1R), a melanocyte-specific receptor which activates
cAMP, resulting in an increase in microphthalmia-associated

transcription factor (MITF) expression” . MITF is a key fac-
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tor in melanogenesis, as it regulates the transcription of the
enzymes necessary for melanin synthesis, namely, tyrosinase,
tyrosinase-related protein 1 (TRP1), and TRP2!" "2,

Several reports indicate that signaling pathways, such as the
extracellular signal-regulated kinase (ERK) and Akt, are heav-

[13, 14]

ily involved in melanogenesis Activation of the above-

mentioned pathways has been reported to result in a decrease

[15, 16]

in melanin synthesis Therefore, we also investigated

whether DHA has an influence on these signaling pathways.

Materials and methods

Materials

DHA, synthetic melanin, 3,4-dihydroxy-L-phenylalanine
(L-DOPA), and mushroom tyrosinase were purchased from
Sigma-Aldrich Co (St Louis, MO, USA). Antibodies specific
for phospho-ERK1/2 (Thr202/Tyr204, #9101S), phospho-spe-
cific Akt (Ser473, #9271), and phospho-CREB (ser133, #9198)
were purchased from Cell Signaling Technology (Beverly, MA,
USA). Antibodies specific for tyrosinase (C-19), TRP1 (G-17),
and actin (I-19) were purchased from Santa Cruz Biotechnol-
ogy, Inc (Santa Cruz, CA, USA), and an antibody specific for
microphthalmia Ab-1 (C5, MS-771-P0) was obtained from
NeoMarkers (Fremont, CA, USA). Secondary antibodies anti-
goat IgG (PI-9500), anti-mouse IgG (PI-2000), and anti-rabbit
IgG (PI-1000) were purchased from Vector Laboratories (Burl-
ingame, CA, USA).

Cell culture

B16F10 murine melanoma cells were obtained from the Korean
Cell Line Bank (Seoul, Korea). The cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) and were sup-
plemented with 10% (v/v) fetal bovine serum (Hyclone, Logan,
UT, USA), 50 pg/mL streptomycin and 50 pg/mL penicillin
(Hyclone) in 5% CO, at 37°C.

Cell viability assay

Cell viability was determined using a crystal violet assay.
After incubating the cells with DHA for 24 h, the medium was
removed, and the cells were stained with 0.1% crystal violet
in 10% ethanol for 5 min at room temperature. The cells were
then rinsed four times with distilled water, and the crystal vio-
let retained by adherent cells was extracted with 95% ethanol.
Absorbance was measured at 590 nm using an ELISA reader
(VERSAMax; Molecular Devices, Sunnyvale, CA, USA).

Measurement of melanin content

Extracellular melanin release was measured as described
previously, with a slight modification"”. B16F10 cells were
incubated overnight at a density of 1x10° cells in 6-well plates.
Then, 1 pmol/L of a-MSH was added, and the cells were
treated with increasing concentrations of DHA in phenol red-
free DMEM for three days. Next, 200 pL of the sample was
placed in 96-well plates, and the optical density (OD) of each
culture well was measured at 400 nm using an ELISA reader.
The number of cells was then counted using hemocytom-
etry. Melanin production was expressed as the percentage of
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a-MSH-treated controls.

Tyrosinase activity

Tyrosinase activity was assayed as DOPA oxidase activity.
B16F10 cells were incubated at a density of 1x10°cells in 6-well
plates and incubated with DHA in DMEM for three days. The
cells were washed with phosphate-buffered saline (PBS), lysed
with phosphate buffer (pH 6.8) containing 1% Triton X-100
and disrupted by freezing and thawing. The lysates were then
clarified by centrifugation at 13 000 r/min for 30 min. After
quantifying protein content in the lysate and adjusting with
lysis buffer, 90 uL of each lysate (containing the same amount
of protein) was pipetted into the wells of a 96-well plate
followed by the addition of 10 pL of 10 mmol/L L-DOPA.
Control wells contained 90 pL of lysis buffer and 10 pL of 10
mmol/L L-DOPA. After incubation at 37°C for 20 min, dopa-
chrome formation was monitored by measuring absorbance at
475 nm with an ELISA reader.

A cell-free assay system was used to determine the direct
effect of DHA on tyrosinase activity. In each well, 70 pL of
phosphate buffer containing DHA was mixed with 20 pL of
53.7 units/mL of mushroom tyrosinase. Then, 10 uL of 10
mmol/L L-DOPA was added. After incubation at 37°C for 20
min, absorbance was measured at 475 nm.

Western blot analysis

Cells were lysed in cell lysis buffer composed of 62.5 mmol/L
Tris-HCIl, pH 6.8, 2% sodium dodecyl sulfate (SDS), 5%
-mercaptoethanol, 2 mmol/L phenylmethylsulfonyl fluoride,
protease inhibitors (Complete; Roche, Mannheim, Germany),
1 mmol/L Na;VO,, 50 mmol/L NaF, and 10 mmol/L EDTA.
A 20 ug sample of protein per lane was separated by SDS-
polyacrylamide gel electrophoresis and blotted onto PVDF
membranes, which were then saturated with 5% dried milk
in Tris-buffered saline containing 0.5% Tween 20. Blots were
then incubated with the appropriate primary antibodies at
a dilution of 1:1000 and further incubated with horseradish
peroxidase-conjugated secondary antibody. Bound antibodies
were detected using an enhanced chemiluminescence plus kit
(Amersham International, Little Chalfont, UK). Images of the
blotted membranes were obtained using a LAS-1000 Lumino-
Image Analyzer (Fuji Film, Tokyo, Japan).

Reverse transcription-polymerase chain reaction (RT-PCR)

To characterize mRNA expression, total RNA was isolated
from cells using an RNeasy Mini kit (Qiagen, Valencia, CA,
USA). Then, 1 pg of RNA was reverse transcribed using the
ImProm II Reverse Transcription System (Promega, Madison,
WI, USA). The resulting cDNA was amplified with primers
specific for MITF (forward, 5- CCCGTCTCTGGAAACTT-
GATCG-3" and reverse, 5'-CTGTACTCTGAGCAGGTG-3) and
tyrosinase (forward, 5'-GGCCAGCTTTCAGGCAGAGGT-3
and reverse, 5-TGGTGCTTCATGGGCAAAATC-3"). The PCR
for MITF and tyrosinase were performed for 23 cycles using
the following conditions: 1 min at 95°C, 1 min at 59°C, and 1
min at 72°C. The resulting PCR products were visualized by



electrophoretic separation on 1.5% agarose gels with Safe-Pinky
DNA gel stain (Gendepot, Barker, TX, USA). Primers specific
for GAPDH were used for loading control amplifications.

Statistical analysis

The statistical significance of between-group differences was
assessed by analysis of variance (ANOVA), followed by Stu-
dent’s t-test. P values <0.05 were considered significant.

Results

Effects of DHA on cell viability

B16F10 cells were treated with DHA at various concentrations
between 1 and 25 pmol/L for 24 h. As shown in Figure 1A,
DHA treatment did not show any cytotoxic effects within the
tested concentration range. Hence, cells were treated with
1-25 umol/L of DHA for the subsequent experiments.

Effects of DHA on melanin synthesis and tyrosinase activity

To determine the effects of DHA treatment on melanogen-
esis, B16F10 cells were cultured with 1-25 pmol/L of DHA
for three days in the presence of 1 pmol/L a-MSH (which
increases melanin synthesis), and the extracellular melanin
release was measured. As shown in Figure 1B, DHA reduced
a-MSH-induced melanin synthesis in a dose-dependent man-
ner. Because tyrosinase is the rate-limiting enzyme for mela-
nin synthesism, the effects of DHA on cellular tyrosinase activ-
ity were examined by evaluating L-DOPA oxidation activity.
DHA-treated cells showed a dose-dependent reduction in
tyrosinase activity (Figure 1C), consistent with the reduction
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of melanin content in DHA-treated cells.

In addition, to investigate whether DHA directly inhibits
tyrosinase activity, its effect on mushroom tyrosinase was
measured in a cell-free system. DHA showed no direct effect
on tyrosinase activity (Figure 1D); these results indicate that
the inhibitory activity of DHA on melanogenesis may have
resulted from the inhibition of tyrosinase expression and not
from the direct inhibition of tyrosinase.

Effects of DHA on melanogenic protein levels

Changes in the levels of MITF, tyrosinase, and TRP1 proteins
were evaluated in a time-course experiment following 24-72 h
of DHA treatment in the presence of a-MSH (1 pmol/L).
Interestingly, MITF protein levels were slightly increased
upon DHA treatment at 48 h. By contrast, tyrosinase protein
levels were clearly decreased after DHA treatment (Figure
2A). TRP1 protein levels were increased by DHA at 48 h and
72 h (Figure 2B).

Effects of DHA on signal transduction pathways

The activation of ERK or Akt reportedly plays a key role
in inhibiting melanogenesism’ 1l Thus, it was investigated
whether DHA-induced hypopigmentation was related to
ERK or Akt phosphorylation. However, neither ERK nor
Akt was activated by DHA (Figure 3A). Instead, there was a
decrease in ERK phosphorylation at 2-10 min. In addition, we
examined the PKA pathway and found that cAMP response
element-binding protein (CREB) was weakly phosphorylated
at 360 min (Figure 3B).
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Figure 1. Effects of DHA treatment on melanin synthesis and tyrosinase activity. (A) B16F10 cells were treated with DHA (1-25 pymol/L) for 24 h in
serum-free media. Cell viabilities were determined using crystal violet assays. Cells were treated with DHA (1-25 pymol/L) in the presence of a-MSH (1
pumol/L) for three days. (B) Melanin content and (C) tyrosinase activity were measured. (D) To test the direct effect on tyrosinase, its activity in a cell-
free system was also measured. Each determination was made in triplicate, and the data shown represent the mean+SD. °P<0.01 compared to the

untreated control.
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Figure 2. Effects of DHA treatment on MITF and tyrosinase levels.
B16F10 cells were cultured with 25 pmol/L of DHA for 24-72 h. Whole-
cell lysates were subjected to Western blot analysis with antibodies
against (A) MITF and tyrosinase or (B) TRP1. Equal protein loading was
verified by reactivity with an anti-actin antibody. Band intensity relative
to the control was determined by densitometric analysis. Values are
expressed as the mean+SD (n=3). °P<0.05 compared to o-MSH-treated
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Figure 3. Effects of DHA treatment on signal transduction pathways. After
24 h serum starvation, B16F10 cells were treated with 25 pmol/L of DHA
for the times indicated. Whole-cell lysates were then subjected to Western
blot analysis using antibodies against (A) phospho-specific ERK and
phospho-specific Akt or (B) phospho-specific CREB. Equal protein loading
was verified by reactivity with an anti-actin antibody. Band intensity
relative to the control was determined by densitometric analysis. Values
are expressed as the mean+SD (n=3). °P<0.05 compared to untreated
control.
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Effects of DHA on melanin synthesis in the presence of MG132
Proteasome-mediated proteolytic degradation was stimulated
to determine whether alterations in protein degradation could
be responsible for DHA treatment-reduced tyrosinase level.
B16F10 cells were treated with DHA (25 pmol/L) in the pres-
ence or absence of MG132, a proteasome inhibitor. MG132
treatment completely restored tyrosinase levels that had been
downregulated by DHA (Figure 4). By contrast, a change in
MITF level was not observed. To exclude the possibility that
DHA could reduce the mRNA level of tyrosinase, we investi-
gated the transcription levels of MITF and tyrosinase mRNA
by RT-PCR. As shown in Figure 5, however, DHA had no
influence on MITF or tyrosinase mRNA level, confirming that
DHA affects tyrosinase protein level without affecting mRNA
expression.
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Figure 4. Effects of DHA treatment on melanin synthesis in the presence
of MG132. B16F10 cells were preincubated with 80 nmol/L MG132 for
by densitometric analysis. Values are expressed as the mean+SD (n=3).
°P<0.05 compared to a-MSH-treated control.
Discussion

The search for new therapeutic agents to address hyperpig-
mentary problems and reduce skin melanin content is ongo-
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Figure 5. Effects of DHA treatment on MITF and tyrosinase mRNA
expression. B16F10 cells were cultured with 25 umol/L DHA in the
presence of a-MSH (1 umol/L) for 24 h. mRNA levels of MITF and
tyrosinase were determined by RT-PCR assay as described in ‘Materials
and methods.” GAPDH primers were used as loading controls. The
resulting PCR products were analyzed by agarose gel electrophoresis.
M, marker. Band intensity relative to the control was determined by
densitometric analysis. Values are expressed as the mean+SD (n=3).
°P<0.05 compared to untreated control.

ing. DHA, which has been shown to have various health bene-
fits, was explored as a possible anti-melanogenic agent. In the
present study, DHA inhibited melanin synthesis induced by
a-MSH in B16F10 mouse melanoma cells (Figure 1B), and the
molecular mechanism for DHA regulated melanogenesis was
further investigated. MITF is known to be a major regulator
of tyrosinase expression®*l. Our results showed that DHA
slightly increased MITF level at 48 h, but tyrosinase protein
level was markedly decreased in DHA-treated cells (Figure
2A). By contrast, TRP1 protein level was increased by DHA
(Figure 2B). This result is interesting because MITF is a major
transcriptional regulator for both tyrosinase and TRP1!" *-,
These results suggest that the DHA-induced inhibition of
melanogenesis does not involve MITF but may be affected by
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tyrosinase expression and/or degradation. Conversely, TRP1
regulation may be dependent on MITF expression. Because
tyrosinase is a rate-limiting enzyme, its downregulation may
be more important than TRP1 upregulation to modulate mela-
nin synthesis.

An important mechanism to selectively eliminate misfolded,
abnormal and normal proteins is known as ubiquitin-mediated
proteasomal degradation®. Like other intracellular proteins,
tyrosinase protein levels are regulated by a balance between

synthesis and degradation®. Under normal conditions,

tyrosinase is partly degraded by endogenous proteasomes™.
Therefore, regulating tyrosinase degradation is one approach
to control melanogenesis®®. Several researchers have reported
hypopigmentation resulting from increased tyrosinase deg-
radation™ !, For example, Kageyama et al (2004) reported
that phospholipase D2 decreased melanin synthesis without
affecting tyrosinase transcription but showed a decrease in
tyrosinase activity. Treatment with proteasome inhibitors
upregulated melanogenesis, which strongly suggests that
downregulation of melanogenesis is due to proteasomal deg-
radation of tyrosinase. Similarly, DHA did not affect MITF
expression or the signaling pathways but was shown in this
study to accelerate the degradation of tyrosinase, leading to
reduced production of melanin. As shown in Figure 4, the use
of a proteasome inhibitor restored tyrosinase level in DHA-
treated B16F10 cells. Furthermore, DHA did not alter MITF or
tyrosinase mRNA level (Figure 5). These results suggest that
the decrease in melanin synthesis can be attributed to the pro-
teasomal degradation of tyrosinase.

Several reports have indicated that the ERK and Akt path-

ways are involved in melanogenesis"> ' '* 3 Activation
of the ERK and Akt pathways result in suppression of MITF

and, consequently, in a decrease of tyrosinase expression" ",

However, DHA did not activate either the ERK or the Akt
pathway (Figure 3A), suggesting that this is not the manner
in which DHA decreases melanin synthesis. Because CREB
phosphorylation increases melanin synthesis!” "
ined the involvement of CREB. However, CREB was not
inactivated by DHA (Figure 3B). In addition, the possibility
of direct inhibition of tyrosinase by DHA was analyzed (Fig-
ure 1D). DHA did not directly inhibit tyrosinase, although
there was a clear decrease in tyrosinase activity (Figure 1C).
These results suggest that other signaling pathways might be
involved in the DHA-induced melanin reduction. However,
the signaling pathways related to tyrosinase degradation were
not thoroughly studied here.

In conclusion, this study illustrated that DHA is involved in
the regulation of melanin synthesis via tyrosinase degradation.
As inhibitors of tyrosinase activity have been long sought as a
treatment for hyperpigmentary disorders of the skin!”, DHA
presents itself as a potential agent to address this problem.

, We exam-
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