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Abstract
In mammalian skin, melanocyte proliferation and melanogenesis can be stimulated by keratinocytes, fibroblasts and other
regulatory factors. To determine whether hydroxybenzyl alcohols (HBAs) show more inhibitory in melanocytes cultured alone
or in melanocytes co-cultured with keratinocytes, we developed a murine melanocyte–keratinocyte co-culture model to
investigate the pigmentation regulators in company with other melanogenic inhibitors and stimulators. It was found that the
effects of HBAs and melanogenic factors were more evident in melanocytes co-cultured with keratinocytes. Keratinocytes may
play a synergistic role in melanocyte melanogenesis and influence the pigment production. The tests in the co-culture model
also imply that the inhibitory effects of HBAs on melanogenesis are due to the direct inhibition of melanosomal tyrosinase
activity. HBAs showed a low cytotoxicity. The eventual results proved that HBAs are promising and safe agents for skin
whitening in melanocyte alone and in co-culture systems. The co-culture model provides a more physiologically realistic
condition to study the interaction between melanocytes and keratinocytes, which enables a reliable screening system for
depigmenting compounds.
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Introduction

Melanin is polyphenol-like biopolymer with a complex

structure and colors varying from yellow to black, [1]

which was formed through a series of oxidative

reactions involving the amino acid tyrosine in the

presence of tyrosinase. [2] Tyrosinase (monophenol

monooxygenase EC 1.14.18.1) is a copper-containing

enzyme, which is widely found in plants and animals.

[3] It is known to be a key enzyme for melanin

biosynthesis in plants, microorganisms and mamma-

lian cells. Many tyrosinase inhibitors have been tested

as cosmetics and pharmaceuticals for reducing

melanin in epidermal layers. [4–6] In our previous

study, we showed that p-hydroxybenzyl alcohol

(4HBA) is an irreversible inhibitor of tyrosinase. Its

effect on melanogenesis in B16 melanoma cells was

demonstrated. [7] Here, we attempted to develop a

melanocyte–keratinocyte co-culture model for further

characterizing the effects of 4HBA on the pigmenta-

tion of skin.

A typical epidermal melanin unit in human skin is

composed of one melanocyte in contact with

approximately 35 to 40 neighboring keratinocytes. In

the vertebrate epidermis, melanocytes are associated

with surrounding keratinocytes via dendritic pro-

cesses. This close contact allows keratinocytes to

support the growth of melanocytes and conduct their

primary function of producing and delivering melanin

to keratinocytes. [8,9] Previous studies have showed

that melanocytes adhere to keratinocytes through

E-cadherin, [10] resulting in the formation of gap-

junction mediated channels between the two cell

types. It is probably that keratinocytes control the

growth, shape and expression of cell-surface adhesion

receptors as well as their cytoplasmic associated
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protein in melanocyte via these tight connections.

[11–13] Keratinocytes produce and secrete basic

fibroblast growth factor (bFGF), a-melanocyte

stimulating hormone (a-MSH), endothelin-1 and

other factors that can stimulate the proliferation,

melanogenesis and dendritogenesis of melanocytes

in vivo. [14–16] The expressions of the melanogenic

enzyme, such as tyrosinase, TRP1 and TRP2, were

differently modulated when melanocytes cultured

with keratinocytes, and thus it suggests that keratino-

cytes derived signals were involved in the coordinated

expression of these three enzymes. [17] Therefore,

various skin equivalent models have been reconsti-

tuted to provide realistic models for skin physiology.

The aim of our study is to establish a co-culture

system using immortalized murine melanocytes and

murine keratinocytes to supply a screening model for

depigmenting compounds. The effects of HBAs and

melanogenesis stimulators, such as a-melanocyte-

stimulating hormone (a-MSH) and L-tyrosine, were

investigated in melanocytes that were cultured alone

or cultured in the presence of keratinocytes.

Materials and methods

Chemicals

Mushroom tyrosinase (EC 1.14.18.1), L-tyrosine, 2-

hydroxybenzyl alcohol (2HBA), 3-hydroxybenzyl

alcohol (3HBA), 4-hydroxybenzyl alcohol (4HBA),

hydroquinone (HQ), dimethyl sulfoxide, trypsi-

n/EDTA, a-melanocyte-stimulating hormone (a-

MSH), mitomycin C, Phosphate buffered saline

(PBS) and arbutin were purchased from Sigma

Chemical Co. (St. Louis, MO, USA.). Dulbecco’s

modified eagle’s medium (DMEM) and fetal bovine

serum (FBS) were obtained from Gibco-BRL (New

York, NY, USA). Other chemicals were purchased

from Aldrich.

Sources of tyrosinases

Mushroom tyrosinase was purchased from Sigma.

Murine tyrosinase was prepared from murine mela-

nocytes (B16 cells) as previously described. [18] B16

cells (2 X106) were in PBS buffer. The cell pellet was

lysed with 0.5 mL of 50 mM sodium phosphate buffer

(pH 6.8) containing 0.1 mM phenylmethylsulfonyl

fluoride and 0.5% Triton X-100. The cell were

sonicated six times for 30 s each with 1-min intervals

and then incubated at 48C for 1 h. After centrifugation

at 10,000 rpm for 5 min at 48C, supernatant was used

as a source of murine tyrosinase.

Enzyme assay

The enzyme activity was monitored by dopachrome

formation at 475 nm for an appropriate period (not

exceeding 10 min, unless otherwise noted). The assay

was performed as previously described. [19] First, L-

tyrosine aqueous solution was mixed with phosphate

buffer (pH6.8) and incubated at 258C for 10 min.

Then, the solution and mushroom tyrosinase were

added in this order to the mixture. This assay solution

(1 ml: contains 0.8 mM L-tyrosine, 0.9 M phosphate

sodium buffer at pH 6.8 and 40.0 units/ml mushroom

tyrosinase) was immediately monitored for the

formation of dopachrome by measuring the linear

increase in optical density at 475 nm.

Cell culture

Murine melanocytes (B16) and murine keratinocytes

(XB-2) were purchased from the Bioresource Collec-

tion and Research Center (Hsinchu, Taiwan). B16

melanocytes were cultured in DMEM with 10% FBS.

XB-2 murine keratinocytes were cultured as pre-

viously described. [20] Briefly, XB-2 keratinocytes

were cultured in DMEM with 20% FBS together with

a 3T3 feeder layer (treated with mitomycin C for

4hours) at the outset of culture, after which they were

grown without a feeder. Mitomycin C-treated XB2

feeder cells were used in establishment and thawing

out of frozen stocks of this cell line.

All cells were cultured at 378C in a humidified

atmosphere of 5% CO2 in air. After three days culture,

the cells were harvested after trypsinization and then

enumerated by tryptan blue inclusion under

microscopy.

Co-culture

XB-2 keratinocytes and B16 melanocytes were

harvested after trypsinization and then resuspended

in DMEM with 20% FBS. The cell count was carried

out using a hemocytometer, and the trypan blue

exclusion was used to assess cell viability. Melanocytes

(3 £ 104 cells/well) and keratinocytes (3 £ 105

cells/well) were seeded together in 6-well plates and

maintained in DMEM containing 20% FBS. The

initial seeding ratio of keratinocytes to melanocytes

was thus 10: 1. Three days later, culture medium was

replaced with fresh medium (DMEM contain 10%

FBS medium) containing different compounds (mela-

nogenic inhibitors or stimulators) in each well. After

four days, cells were photographed and were then

harvested with trypsin/EDTA.

Cell viability

The cells were harvested after trypsinization. Counted

by tryptan blue inclusion under microscopy and

assayed for cell viability.
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Melanin assay

The melanin content was determined by the published

protocol with minor modifications. [21] The cells

were washed with PBS and lysed with 1 mL of 1N

NaOH. The relative melanin content was determined

by optical density at 490 nm and the melanin content

was calculated as mg/106 cells.

Assay of cellular tyrosinase activity

The cellular tyrosinase activity using L-DOPA as the

substrate was assayed based on the method of Tomita

et al. [22] The cells were washed with PBS and lysed

with 1 ml 0.5% Triton-X/PBS. The lysated sample

was mixed by vibration, and 0.8 mM L-DOPA was

added to each sample. After incubating at 378C for

3 h, the absorbance at 475 nm was measured to

calculate the activity.

Cyclic AMP determination

Cells were seeded into 12-well plates and incubated

with different compounds for 4 days. The cells were

treated with 0.1M NaOH for 10 min. The lysated cells

were centrifuged at 2000rpm for 10 min. The

supernatant were assayed directly in Direct cAMP

assay (Assay Designs, USA). The protein content of

the cells was determined after dissolving samples in

1mL 1N NaOH and measured with the Bio-Rad

protein assay reagent (Bio-Rad, USA).

Reverse transcription-polymerase chain reaction (RT-

PCR)

Total RNA was extracted from cells using TRIZOL-

reagent (Invitrogen) according to the manufacturer’s

protocol. RNA samples (2mg/reaction) were reverse-

transcribed with Superscript in the presence of oligo-

dT. The RT reaction was used for amplification with

Taq polymerase. The resulting cDNA was amplified

using tyrosinase, melanocortin-1 receptor (MC1-R)

and glyceraldehyde-3-phosphate dehydrogenase

(GAPDH) specific primers. The PCR products were

separated by electrophoresis on 1.0% agarose gel.

Statistics

Significant differences between results were deter-

mined by Student’s t-test. p Values , 0.05 were taken

to be significant.

Results

Kinetic study of HBAs and cytotoxicity assay

Inhibitory effects of hydroxybenzyl alcohol com-

pounds (see Figure 1) on mushroom and murine

tyrosinase activity were evaluated (see Table I). In our

previous study, we verified that p-hydroxybenzyl

alcohol (4HBA) reduced melanogenesis through the

inhibition of tyrosinase rather than suppression of

tyrosinase gene. [7] The 4HBA has inhibitory

concentration (IC50) of 350mM when L-tyrosine is

used as the substrate, and it is an irreversible inhibitor

of mushroom tyrosinase. Interestingly, it was found

that both of 2HBA and 3HBA, which have similar

structures to 4HBA, can also effectively decrease the

tyrosinase activity and showed a dose-dependent

manner of inhibitions. According to the kinetic

analysis (see Table I), 2HBA is a competitive inhibitor

and the IC50 value was 894.3mM. 3HBA showed the

irreversible inhibitory that is similar to 4HBA, and its

IC50 value was 402.5mM. For comparison, the IC50

values of HQ and arbutin were also determined to be

87.6 and 295.7mM respectively. The tyrosinase

activity in crude murine tyrosinase solution was

inhibited by all of these agents in a concentration-

dependent manner. However, inhibitory effects of

compounds on murine tyrosinase were weaker than

mushroom tyrosinase activity.

The B16 cells were treated with different concen-

trations of HBAs, and the numbers of the cultured

cells were compared for determining whether these

compounds have cytotoxic effects. The results showed

that no significant decreases in cell viability were

observed, when the concentrations of HBAs were

below 1.0 mM (see Figure 2).

Effects of HBAs in co-culture

To study the effects of HBAs on melanogenesis in co-

culture, we used melanogenic inhibitors (HQ and

arbutin) and stimulators (a-melanocyte stimulating

hormone and L-tyrosine) in company with HBAs to

investigate the pigmentation regulators. Melanocytes

retained normal morphology and grew very well when

Figure 1. Chemical structures of 2-hydroxybenzyl alcohol

(2HBA), 3-hydroxybenzyl alcohol (3HBA) and 4-hydroxybenzyl

alcohol (4HBA).
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cultured with keratinocytes XB-2 cells (see Figure 3).

Melanocytes showed more pigment and dendritic in

morphology when grown in co-culture treated with a-

MSH. Under phase contrast microscopes, the L-

tyrosine-treated melanocytes were found evidently

increasing in pigment compared with the untreated

control. By contrast, melanocytes became lighter in

the presence of the melanogenic inhibitors HQ,

arbutin and 4HBA.The aberrant morphology was

observed in the case that melanocytes were treated

with HQ. 4HBA showed the depigmenting ability and

had no influence on cells morphology.

Effects of HBAs on melanin synthesis and cellular

tyrosinase activity

The melanin synthesis and tyrosinase activity were

measured to evaluate the effects of HBAs, melano-

genic inhibitors and stimulators in melanocytes

cultured alone and in melanocytes co-cultured with

keratinocytes. As shown in Figure 4 and Figure 5, the

melanin content and tyrosinase activity were stimu-

lated by a-MSH. a-MSH led to a 50% increase on

tyrosinase activity in melanocytes cultured alone, and

the effects were significantly enhanced when melano-

cytes were co-cultured with keratinocytes. The

melanin production also showed significant enhance-

ment in co-cultured melanocytes when treated with a-

MSH. Similarly, L-tyrosine also elicited increase in

melanin production, and the effects of L-tyrosine were

observed higher in melanocytes co-cultured with

keratinocytes. However, L-tyrosine in melanocytes

did not affect the tyrosinase activity in both of cultured

alone and co-culture models.

In Figure 4 and Figure 5, the data indicate that

HBAs reduced melanin content and inhibited the

tyrosinase activity in a concentration-dependent

manner. Obviously, 4HBA had the strongest inhibi-

tory effects, compared with other HBAs, in melano-

cytes that cultured alone and co-cultured with

keratinocytes. 2HBA and 3HBA also have significant

inhibition ability on tyrosinase at 1.0 mM, at which the

melanin content was reduced to 55.9%, 53.7% and

55.3%, 49.4% respectively in melanocytes alone and

in the co-culture. Arbutin also decreased tyrosinase

activity and melanin content in melanocytes alone and

had evident effects in co-culture models.

To investigate whether HBAs can affect pigment

production with the presence of stimulating factors,

melanocytes were co-treated with HBAs and a-MSH

in cultured alone and co-culture models. The

tyrosinase activity and melanin content could be

greatly enhanced by a-MSH in both cases, as

described ahead. However, both of melanin synthesis

and tyrosinase activity in a-MSH-treated melanocytes

were significantly inhibited by HBAs. (right three

columns shown in Figure 4 and Figure 5) Moreover,

Table I. Inhibitory effects on mushroom and murine tyrosinase by different compounds.

Mushroom Murine

Compound Concentration mM Inhibitiona % IC 50b mM Model of inhibition Inhibitiona % IC 50b mM

2HBA 400 26.5 ^ 1.1 894.28 Competitive 7.9 ^ 2.3 2393

800 47.1 ^ 0.5 15.3 ^ 1.2

3HBA 400 49.8 ^ 0.6 402.47 Irreversible 22.3 ^ 1.8 952.3

800 82.2 ^ 1.2 42.9 ^ 1.0

4HBA 400 55.3 ^ 0.8 349.95 Irreversible 33.6 ^ 1.7 649.9

800 91.5 ^ 2.1 59.6 ^ 2.1

HQ 100 56.4 ^ 1.1 87.57 Competitive 30.1 ^ 2.2 188.2

200 98.4 ^ 0.8 53.2 ^ 1.8

Arbutin 400 60.4 ^ 1.4 295.7 Competitive 35.2 ^ 0.5 624.6

800 93.6 ^ 1.5 62.0 ^ 1.3

a 1 mL solution contains 0.9 M phosphate sodium buffer at pH 6.8, different concentrations of compounds and tyrosinase. The assay solution

was pre-incubated at 258C for 5 min. Then, 0.8 mM L-tyrosine was added, and the absorbance was read at 475 nm. Each value represents the

mean ^S.E. of three experiments; b 50% inhibitory concentration. HQ ¼ hydroquinone.

Figure 2. Effect of hydroxybenzyl alcohols on B16 cell viability.

B16 cells were cultured in 6-well plates and incubated with different

agents for 4 days. Bars represent means ^S.E. of at least three

independent experiments. Significant differences were determined

by Student’s t-test; *P , 0.05 compared to control.
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the results showed that HBAs inhibited melanogenesis

more effectively in co-culture model.

Effects of HBAs on cyclic AMP

a-MSH induced melanogenesis is coupled with

increase level of cyclic AMP (cAMP). We measured

intracellular cAMP levels in the presence or absence of

HBAs. As shown in Figure 6, a-MSH led to threefold

increase on cAMP levels over untreated controls, but

the effect was significantly stronger when the

melanocytes were co-cultured with keratinocytes.

(about 13 fold) The data also show that HBAs had

no effect on cAMP levels in melanocytes that culture

alone or co-cultured with keratinocytes.

Effects of HBAs on the expression of the tyrosinase gene

The cellular RNA was extracted from cells incubated

in the presence or absence of a-MSH and HBAs. The

mRNA levels of MC1-R and tyrosinase showed no

difference between HBAs-treated and non-treated

cells in both melanocytes alone and co-culture cases.

(see Figure 7). Treatment with a-MSH increased

mRNA levels of MC1-R and tyrosinase in melano-

cytes compared with untreated control. Cells exposing

to a-MSH and HBAs together produced similar

patterns to that of a-MSH treated cells. The results

indicated that a-MSH up-regulates the expression

levels of MC1-R and tyrosinase mRNA, but HBAs has

no effect on the expression of these mRNA in both

melanocytes and co-cultured cells.

Figure 3. Bright-field images of B16 cells (co-cultured with keratinocytes) with 4 days exposure to 100 nM a-MSH, 1.0 mM L-tyrosine,

0.5 mM HQ, 1.0 mM arbutin, and 1.0 mM 4HBA ( £ 200). Co-cultures were described in Materials and Methods. HQ, hydroquinone.
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Discussion

The aim of this study was to develop a melanocyte–

keratinocyte co-culture model that can be induced to

differentiate and investigate the effects of pigmenta-

tion regulators. Earlier studies have shown that the

melanin production in melanocytes is influenced by

keratinocytes and fibroblasts. [23,24] Primary human

melanocytes and keratinocytes have some drawbacks

such as the limited proliferate capacity and the donor

variability. Thus the use of immortalized cell lines

would be more suitable for investigating the effects of

pigmentation regulators. B16 melanocytes have been

used widely in the pigmentation research model for

normal melanocytes behavior. Until now, there is

no report on the interaction between B16 cells and

murine keratinocytes in their co-culture model. The

murine keratinocytes XB-2 was used in this study

because it expressed similar stem cell factor (SCF) as

human keratinocytes, which can associated with

hyperfunction of melanocytes and is necessary

for normal melanocyte function in the epidermis.

[25–27]

In preliminary experiments, we found that an initial

seeding ratio of 1:10 (melanocytes to keratinocytes) in

DMEM (with 10% FBS) is ideal for maintaining

the co-culture in 6 days or longer. When keratinocytes

and melanocytes were co-seeded at the same time, the

keratinocytes and melanocytes survived well and

retained their normal morphology. We used melano-

genic stimulators (a-MSH and L-tyrosine) and

inhibitors (HQ, arbutin, and HBAs) to investigate

their effects on pigmentation. The tyrosinase activity

and melanin content increased when melanocytes

were treated with a-MSH, and the effect was greater

when the melanocytes were co-cultured with kerati-

nocytes. Meanwhile, melanocytes treated with L-

tyrosine also elicited the increase on melanin

production, but tyrosinase activity was not enhanced.

Earlier studies have indicated that a-MSH receptor

(MC1-R) is expressed on melanocytes, keratinocytes

and melanoma cells, [28] which cause keratinocytes

synergistic effect on the regulation of melanogenesis

by a-MSH. The findings in our work agree with their

reports on a-MSH effect in the co-culture model.

Recent studies further demonstrated that keratino-

cytes produce and secrete basic fibroblast growth

factor (bFGF), endothelin-1, and other factors that

can regulate morphology, proliferation and melano-

genesis of melanocytes in vivo. [14,15,29–32]

Besides, tyrosinase is known to be a key enzyme for

melanin biosynthesis in mammalian cells, and most of

skin lightings show significant inhibitory activity to

tyrosinase. To evaluate the inhibitory effects of HBAs

on melanogenesis in the presence or absence of co-

cultured keratinocytes, we compared the inhibitory

effects of HBAs and arbutin on melanin formation and

Figure 4. Melanin content in cultures of melanocytes with and without keratinocytes. B16 melanocytes alone (A) and co-cultured with Xb-2

keratinocytes (B) were treated for 4 days with the 0.5 mM (grey bars) or 1.0 mM (open bars) indicated compounds (L-tyrosine, arbutin, and

HBAs). a-MSH was used as 50 (grey bars) and 100 nM (open bars). Cellular melanin content was measured as described in Materials and

Methods. Bars represent means ^S.E. of at least three independent experiments. Significant differences were determined by Student’s t-test;

*P , 0.05 compared to control. Cont, control; Tyr, L-tyrosine; Arb, arbutin.
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tyrosinase activity in B16 melanocytes. In our study,

HBAs showed a dose-dependent inhibitory effect

on melanogenesis in melanocytes alone. 4HBA and

arbutin showed stronger inhibitory effects on melanin

content than did 2HBA and 3HBA. It should be

mentioned that the inhibitory effects in melanocytes

co-cultured with keratinocytes were more conspic-

uous. The higher inhibitory effects observed in the

co-culture model disclosed that keratinocytes indeed

relate with modulating melanocytes function and

pigment production, no matter in vivo or in vitro.

The cytokines released by keratinocytes might

regulate the melanogenesis. To test this hypothesis,

we used a-MSH to investigate the pigmentation

regulator. a-MSH is known to be an important

cytokine involved in regulating the function of various

mammalian cells. In the human skin, a-MSH is

synthesized in keratinocytes and can increase the

expression of MC1-R in melanocytes. Stimulation

of MC1-R activates adenylate cyclase (results in

increased levels of cAMP content), an accumulation

of tyrosinase mRNA, and stimulation of tyrosinase

activity. [33–35] Therefore, if we want to investigate

how HBAs modulate pigment production in melano-

cytes, we can trace cAMP and MC1-R expression in

culture and co-culture models with the presence of

both HBAs and a-MSH. Our results indicated that

tyrosinase activity, melanin content, and cAMP

greatly stimulated by a-MSH in melanocytes alone

and co-culture model. HBAs significantly inhibited

Figure 5. Tyrosinase activities in cultures of melanocytes with and without keratinocytes. B16 melanocytes alone (A) and co-cultured with

Xb-2 keratinocytes (B) were treated for 4 days with the 0.5 mM (grey bars) or 1.0 mM (open bars) indicated compounds (L-tyrosine, arbutin,

and HBAs). a-MSH was used as 50 (grey bars) and 100 nM (open bars). Cellular melanin content was measured as described in Materials and

Methods. Bars represent means ^S.E. of at least three independent experiments. Significant differences were determined by Student’s t-test;

*P , 0.05 compared to control. Cont, control; Tyr, L-tyrosine; Arb, arbutin.

Figure 6. Cyclic AMP production of B16 cells after stimulating

with a-MSH or HBAs. B16 melanocytes alone (grey bars) and

co-cultured with Xb-2 keratinocytes (open bars) were treated with

1.0 mM HBAs in the presence or absence of a-MSH (100nM) for

4 days. Cyclic AMP concentration was measured as described in

Materials and Methods. Bars represent means ^S.E. of at least

three independent experiments. Significant differences were

determined by Student’s t-test; *P , 0.05 compared to control.

S.-H. Liu et al.532



pigment production by a-MSH but had no effect

on cAMP levels, expression level of MC1-R, and

tyrosinase mRNA in melanocytes (alone and co-

cultured with keratinocytes). Therefore, the suppres-

sion of melanin synthesis by HBAs was thus attributed

to its behavior in inhibiting cellular tyrosinase activity

rather than in the interference in gene expression and

pigmentation regulator.

In this study, we demonstrated that HBAs possess

an inhibitory effect on melanogenesis in murine

melanocyte at noncytotoxic concentrations. The

effects were significantly stronger when melanocytes

were co-cultured with keratinocytes. To investigate the

effect of pigmentation regulator in co-culture system,

we used a-MSH to treat melanocytes. The melanin

synthesis, cAMP, the expression level of MC1-R, and

tyrosinase mRNA were markedly increased when

treated with a-MSH in co-culture. These findings

point to the better behavior of co-cultured murine

cells, and the usefulness of this system for evaluating

the regulation of pigmentation.

In summary, this study showed that keratinocytes

may play a synergistic role in melanogenesis and may

influence the pigment production. Co-culture model

displays a more physiologically realistic condition to

study the interaction between melanocytes and

keratinocytes, which enables a reliable screening

system for depigmenting compounds. We also proved

that HBAs are effective agents for skin whitening in

melanocytes alone and co-culture system, and may

be capable of using in cosmetic products in the

future.
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