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Abstract Heat is known as an environmental factor that
causes significant skin pigmentation, but its effects on
melanogenesis have been poorly studied. It has been shown
that mitogen-activated protein kinase (MAPK) is involved
in ultraviolet B (UVB) and stress-induced melanogenesis in
melanocytes. In this study, we investigated the effects of
heat and UVB, on melanocyte melanogenesis, differentia-
tion, and MAPK phosphorylation. The results showed that
heat (1 h at 40 °C for 5 days) increased cell dendrites,
enlarged cell bodies, and induced extracellular signal-reg-
ulated kinases (ERK)/p38/MITF activation but did not
influence melanogenesis of human epidermal melanocytes
from skin phototype III. UVB irradiation (20 mJ/cm? for
5 days) induced melanogenesis and c-jun N-terminal
kinases (JNK)/p38/MITF/tyrosinase activation in melano-
cytes from skin phototype III. UVB combined with heat
resulted in much more significant tyrosinase activation and
melanogenesis as compared with UVB alone in melano-
cytes from skin phototype III. Furthermore, heat treatment
and UVB irradiation induced JNK, ERK, and p38 activa-
tion but not melanogenic and morphological changes in
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melanocytes from skin phototype 1. These findings sug-
gested that heat promoted melanocyte differentiation,
probably via heat-induced ERK/p38/MITF/activation.
Furthermore, heat had an additive effect on the UVB-
induced tyrosinase activation and melanogenesis. These
results provide a new clue for dermatologists for the
treatment of hypopigmented skin disease with heat com-
bined with UVB irradiation.
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Introduction

Skin pigmentation, which results from the production and
distribution of melanin in the epidermis, is the major
physiological defense against solar irradiation [7]. The
solar radiation that reaches the earth’s surface consists
chiefly of the ultraviolet (UV, from 280 to 400 nm), the
visible spectrum (from 400 to 760 nm) and the near
infrared (from 760 to 1,000 nm) [5]. Most of the studies on
sunlight-induced pigmentation of skin focused on UV
radiation-induced pigmentation and ways to prevent it [4,
6, 8]. It has been shown that infrared radiation (or heat) and
visible component of sunlight can also cause significant
skin pigmentation [16, 19, 21]. Recently, we observed a
striking repigmentation effect in some vitiligo patients
treated with moxibustion (burning herbs to stimulate acu-
puncture points or vitiligo lesions). These findings sug-
gested a melanogenic role of heat treatment.

Melanin synthesis is regulated by melanogenic enzyme
tyrosinase, tyrosinase-related protein 1 (TRP-1) and tyrosi-
nase-related protein 2 (TRP-2). Tyrosinase catalyzes the
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rate-limiting step of melanogenesis and TRP-2 and TRP-1
work at the downstream points in the melanin biosynthetic
pathway [9, 10, 18]. These enzymes are transcriptionally
regulated by microphthalmia-associated transcription factor
(MITF), a pivotal regulator in melanocyte biology and
development [23]. In addition, growing evidence has shown
that MITF is activated by the mitogen-activated protein
kinase (MAPK) signaling pathways, including extracellular
signal-regulated kinases (ERK), c-jun N-terminal kinases
(JNK) and p38 MAPK [1, 3, 14, 23, 27].

It has been documented that p38 MAPK cascade is
involved in UV-induced MITF activation and melanogen-
esis [6, 8]. In contrast, decreased melanin synthesis and
MAPK activation have been reported in heat-treated Mel-
Ab cells (a mouse melanocyte cell line), which suggested
that the imbalance between ERK and p38 activation may
play a role in MITF degradation and hypopigmentation
[13]. However, Nakazawa et al. [16] reported a melano-
genic response induced by heat treatment, as well as
enlarged cell bodies and increased dendrites in human
epidermal melanocytes. The detailed mechanisms involved
in heat- or UV-induced melanocyte biological changes
have not been thoroughly studied.

In the present study, by comparing the effects of heat
with those of UVB on human epidermal melanocytes from
different skin phototype viability/morphology, melano-
genesis and MAPK expression, we found that heat treat-
ment promoted melanocyte differentiation but does not
influence melanogenesis, which differs from the melano-
genic effect induced by UVB. In addition, heat treatment
had an additive effect on the UVB-induced tyrosinase
activation and melanogenesis.

Materials and methods
Cell culture

Primary human epidermal melanocytes were isolated from
the epidermis of donated human foreskin with skin pho-
totype III. To compare the effects of heat treatment on
melanocytes from different skin phototypes, the human
epidermal melanocyte cell line HEM-1 (ScienCell, Catalog
# 2200, America) was also used in our study. Melanocytes
were cultured in Medium 254 (Cascade Biologics; USA),
supplemented with human melanocyte growth supplement
(HMGS) (Cascade Biologics; USA) containing bovine
pituitary extract (BPE), fetal bovine serum (FBS), bovine
insulin, bovine transferrin, basic fibroblast growth factor,
hydrocortisone, heparin, and phorbol 12-myristate 13-ace-
tate (PMA). Antibiotics (penicillin and streptomycin) were
usually added to the cell culture medium. Second passage
melanocytes were used in the experiments.
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Heat treatment and UVB irradiation

Asheat and UVB are two major stimuli of solar light (Fig. 1a),
UVB treated group was used as a positive control to investi-
gate the effects of heat treatment and the interaction between
the two solar stimuli. Heat treatment was performed in a
separate incubatorin 5 % CO, for 1 h at40, 42 and 44 °C (for
5 days) to determine the appropriate temperature that is non-
cytotoxic to melanocytes. UVB irradiation was performed
with phototherapy equipment (SS-01B-2 UV, Shanghai
Sigma High Technology Co., LTD, Shanghai, China) with a
light intensity of 11.2 mW/cm? at 20 mJ/cm? for 5 days. Cells
were divided into four groups to examine the effects of heat
and UVB: control group, heat-treated group (1 h at 40 °C for
5 days), UVB-irradiated group (20 mJ/cm? for 5 days) and
UVB-plus-heat-treated group [treated with UVB (20 mJ/cm?>
once daily for 5 days) following the pretreatment with heat
(1 h at 40 °C once daily for 5 days)].

Cell viability assay and morphology observation

Cell viability was assessed using the 3-(4, 5-dimethylthi-
azol-2-yl)-2, 5-diphenyl tetrazolium bromide (MTT,
Sigma) assay. The assay was performed according to the
instructions of the manufacturer. Briefly, human epidermal
melanocytes were cultured in 96-well plates; 20 pl of
5 mg/ml MTT labeling reagent was added to each well
containing cells in 150 pl of medium, and the plate was
incubated for 4 h in a humidified incubator at 37 °C to
allow the MTT to be metabolized. The media were
removed and cells were re-suspended in formazan (MTT
metabolic product) in 200 pl dimethyl sulfoxide (DMSO).
The plate was placed on a shaker for 5 min to thoroughly
mix the formazan into the solvent. The absorbance of the
samples was measured at a wavelength of 490 nm. The
extent of MTT conversion in cells exposed to heat is
expressed as a percentage of the control. Morphology
observation was performed under a phase contrast micro-
scope (Olympus Optical Co., Tokyo) and images were
captured at 200x magnification using a CoolSNAP digital
video camera system (Rope Scientific, Inc., Tucson, AZ).

Quantitative measure of morphological parameter

The cell body area was measured using the Image Pro Plus 6.0
software (Media Cybernetics, Silver Spring, MD) according to
Uusisaari’s method for neuron morphometry analysis [26]. Cell
body area was determined by outlining the perimeter of cell
body. The transition from cell body to proximal dendrite may be
arbitrarily determined but the same criteria were applied to all
melanocytes. Number of dendrites was counted manually. In
each group, three pictures were taken and 20 melanocytes per
picture were randomly selected for image analysis. All pictures
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Fig. 1 a Solar radiation spectrum. b Effect of heat treatment on cell
viability in human epidermal melanocytes was assessed by MTT
assay. ¢ Representative morphology changes in human epidermal
melanocytes from skin phototype III after heat treatment (1 h at 40 °C

were obtained and processed for image analysis by two
pathologists, each of whom was blinded to the examples.

Melanin content determination

The total amount of melanin content was measured using the
sodium hydroxide solubilization method [25]. After treat-
ment, cells were cultured for 2 days and collected. Cell
pellets were then dissolved in 1 ml of 1 N NaOH at 100 °C
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for 5 days) were observed by a phase contrast microscope. The results
shown are representative of three independent experiments.
*p < 0.05, **p < 0.01, compared with the control

for 30 min and centrifuged for 20 min at 16,000g. Optical
densities of supernatants were measured at 400 nm using an
ELISA reader. The absorbance was compared with a stan-
dard curve of synthetic melanin (Sigma, Poole, England).

MAPK inhibition assay

To investigate the role of MAPKSs in melanocyte biology,
the affected MAPKs subtypes (ERK and p38) were
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inhibited and the cells were divided into four groups:
control group, heat-treated group (1 h at 40 °C for 5 days),
heat + ERK inhibited group (treated with heat in the pre-
sence of pretreatment with PD98059 at 20 pM for 1 h) and
heat + p38 inhibited group (treated with heat in the pre-
treatment with SB203580 at 20 uM for 1 h). The cells were
obtained 2 days after the last heat treatment.

Western blot analysis

Cultured human epidermal melanocytes were homogenized
using RIPA lysis buffer [S0 mM Tris/HCl, pH 8.0,
250 mM NaCl, 1 % NP40, 0.5 % (w/v) sodium deoxy-
cholate, 0.1 % sodium dodecylsulfate, complete mini-pro-
tease inhibitors (Roche)]; 50 pg of protein from each cell
extract was separated on an SDS-polyacrylamide gel, and
the fractionated proteins were then transferred from the gel
onto the nitrocellulose membrane (Millipore Corporation,
Massachusetts). The membranes were blocked overnight at
room temperature with 10 % bovine serum albumin in blot
wash buffer at 4 °C overnight, and then incubated with the
primary Ab diluted in 10 % bovine serum albumin for
60 min. Blots were incubated with primary antibodies
followed by horseradish peroxidase-conjugated secondary
antibodies. Rabbit monoclonal antibodies to MITF (1:500,
Neomarker, USA), tyrosinase (1:500, Neomarker, USA),
ERK/phospho-ERK, JNK/phospho-JNK, and p38/phospho-
p38 MAPK (1:1,000, 1:1,000, 1:1,000; Cell Signaling
Technology, USA) were used as primary antibodies.
Immunocomplexes were visualized using the enhanced
chemiluminescence system (Amersham International,
USA). The results were analyzed using the Image J soft-
ware (NIH Image, National Institutes of Health, Bethesda,
MD; online at: http://rsb.info.nih.gov/ij/).

Statistical analysis

Data were presented as mean =+ standard deviation (SD)
and analyzed by SPSS 15.0 software (SPSS). One-way
analysis of variance (ANOVA) was used to compare the
quantitative data. The differences were considered statis-
tically significant at p < 0.05 among the groups: heat
treated group, UVB irradiated group, UVB + heat treated
group and the control.

Results

Heat treatment at 40 °C was non-cytotoxic to human
epidermal melanocytes from skin phototype III

Firstly, cell viability was assessed to determine the
appropriate  temperature that is non-cytotoxic to
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melanocytes. The results showed that heat treatment
exceed 42 °C decreased the cell viability in human epi-
dermal melanocytes from skin phototype III. No significant
difference in cell viability was observed between 40 °C
treated group and the control, suggesting that 40 °C is non-
cytotoxic to human epidermal melanocytes (Fig. 1b). Thus
40 °C was chosen as the temperature to perform heat
treatment.

Heat treatment increased the dendrites and enlarged
the cell bodies in human epidermal melanocytes
from skin phototype III but not in skin phototype I

After 5 days of heat treatment (1 h at 40 °C), melanocytes
from phototype III developed increased dendrites and
enlarged cell bodies (Fig. 1c). Quantitative measurement
of morphological parameters by image analysis revealed a
significant elevation in cell body area and number of
dendrites in the heat-treated group compared with the
control, indicating a differential effect of heat treatment
(Table 1). No morphologic changes were detected in the
UVB treated group, as well as the UVB + heat treated
group (Fig. Ic; Table 1). However, No morphological
changes were observed in HEM-1 after above stimuli
(Table 1).

UVB but not heat treatment induced melanogenesis
of melanocytes from skin phototype III

To investigate the effect of heat and UVB on melanogen-
esis, the melanin content of melanocytes from skin pho-
totype III was examined after heat or/and UVB treatments.
UVB induced a significant increase in melanin content
compared with the control. In contrast, there was no
remarkable change in melanin content following heat
treatment. Compared with the UVB irradiated group,
UVB + heat treated group showed much more significant
increase in melanin content, suggesting that heat treatment
had an additive effect on the UVB-induced melanin syn-
thesis (Fig. 2a).

Heat treatment induced ERK/p38/MITF activation
whereas UVB induced JNK/p38/MITF and tyrosinase
activation in melanocytes from skin phototype III

To elucidate the intracellular signaling pathways involved
in UVB-induced melanogenesis and heat-induced mor-
phological changes, we analyzed the phosphorylation lev-
els of MAPKs in heat and UVB treated human epidermal
melanocytes from skin phototype III. Western blot analysis
revealed that phosphorylated JNK and p38 were signifi-
cantly up-regulated in the UVB irradiated group, con-
comitant with the elevation of MITF/tyrosinase and
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Table 1 Morphological parameters of human epidermal melanocytes from two different skin phototype

Variables Control UVB Heat UVB + Heat
Type I Type III Type I Type 1II Type I Type III Type I Type III
Cell body area 310 £ 35.23 307 £ 31.12 320 + 40.15 313 £ 2530 320 4+ 21.16 384 £ 32.11* 308 4+ 19.89 322 + 26.15
(Hm?)
Number of 24+£035 25+£022 25+£046 24+£019 27+£023 3.7 £ 0.34% 2.6 £0.31 2.6 £ 0.25
dendrites

* p < 0.05 indicates a significant difference between the heat- and UVB-treated group and the control
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Fig. 2 a Effect of heat or/and UVB treatment on melanin synthesis of
melanocytes from skin phototype III. The sodium hydroxide solubi-
lization method was used to determine the melanin content. b Protein
expression levels were determined by Western blot using antibodies
directed against phospho-ERK, phospho-JNK, phospho-p38, MITF
and tyrosinase. GAPDH was included as a protein-loading control.
¢ Quantification of phosphorylated protein levels of MAPKs

melanin content (Fig. 2a—c). Among these MAPK sub-
types, ERK signaling pathway was unaffected by UVB
irradiation. In contrast, heat treatment induced significant
activation of ERK, p38 and MITF, with no significant
effect on JNK signaling pathway. Interestingly, p38 was
activated following both heat treatment and UVB irradia-
tion, indicating the pivotal role of p38 in stress-induced
MITF/tyrosinase activation and melanogenesis. Compared
with UVB irradiation, UVB + heat treatment induced
much more significant phosphorylation of JNK, ERK and
p38, concomitant with a significant elevation of MITF/
tyrosinase and melanin content (Fig. 2a—c), which indi-
cated the additive effects of heat treatment and UVB on
MITF/tyrosinase activation and melanogenesis.

p-JN'KZ‘

p-ERK1

=y ! |

normalized to GAPDH. Baseline phosphorylated protein level of
the control was assigned a value of 1, and fold changes above baseline
were presented as mean =+ standard deviation. *p < 0.05, **p < 0.01
indicates a significant difference between the heat- or UVB-treated
group and the control. Tp < 0.05, ¥p < 0.01 indicates a significant
difference between the UVB + heat treated group and the UVB-
irradiated group

MAPK signaling pathways were involved in tyrosinase
activation and melanin synthesis in melanocytes
from skin phototype III

To further investigate the role of MAPKSs in heat-induced
MITF activation or morphological changes, we pre-incu-
bated human epidermal melanocytes from skin phototype
IIT with selective MAPK inhibitors before heat treatment.
Pre-incubation with a selective inhibitor of p38, SB203580
(20 uM), significantly attenuated the heat-induced MITF
activation and melanin production, indicating a melano-
genic role of p38 (Fig. 3a—). In contrast, pre-incubation
with PD98059 (ERK inhibitor, 20 pM) markedly induced
melanin content increase and MITF/tyrosinase activation,
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Fig. 3 a Effects of p38 and ERK inhibitor on MITF/tyrosinase
activation and melanogenesis in melanocytes from skin phototype 111
After serum starvation for 24 h, 20 uM of PD98059 and SB203580
was pretreated for 1 h prior to heat treatment. The total amount of
melanin content was measured using the sodium hydroxide solubi-
lization method. b Protein expression levels were determined by
Western blot using antibodies directed against phospho-ERK,
phospho-JNK, phospho-p38, MITF and tyrosinase. GAPDH was

confirming the anti-melanogenic effect of ERK. Pre-incu-
bation with SP600125 (JNK inhibitor, 20 uM) induced no
melanogenesis or morphological changes (data not shown).
These findings indicated a melanogenic role of p38 and an
anti-melanogenic role of ERK, which may also contribute
to the melanocyte differentiation.

HEM-1 melanocytes responded similar
with the melanocytes from skin phototype III
in melanogenesis signal pathway

To compare the effects of heat treatment on melanocytes
from different skin phototypes, commercial melanocytes
from skin phototype I, HEM-1 were also used in this study.
In HEM-1, heat treatment induced JNK, ERK, and p38
activation, which concords with the effect of heat treatment
on melanocytes from skin phototype III (Fig. 4b, c).
Inconsistently, there were no significant changes in MITF,
tyrosinase, melanogenesis after heat treatment (Fig. 4a—c).

Discussion

Direct induction of melanogenesis by UV irradiation has
been discussed in several types of cultured melanocytes [4,
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included as a protein-loading control. ¢ Quantification of phosphor-
ylated protein levels of MAPKs normalized to GAPDH. Baseline
phosphorylated protein level of control was assigned a value of 1, and
fold changes above baseline were presented as mean =+ standard
deviation. *p < 0.05, **p < 0.01 indicates a significant difference
between the heat + MAPKs inhibited group and the heat treated

group

15, 24]. Few studies have addressed the biological effects
of heat on melanocytes though heat is one of the major
environmental factors that affect the human skin [11, 12,
13, 16]. The first study investigating the relationship of
melanocyte biology and heat treatment was done by Nak-
azawa et al. They demonstrated enlarged cell bodies, more
dendrites and higher levels of melanin content in heat-
treated human epidermal melanocytes (42 °C for 1 h for
5 days) [16]. Consistently, our results showed that heat
treatment (40 °C for 1 h for 5 days) increased dendrites
and enlarged cell bodies. Moreover, heat treatment induced
significant activation of ERK and MITF, which play piv-
otal roles in melanocyte biology [20, 23]. ERK and MITF
activation provided a clue to explain the increased den-
drites and enlarged the cell bodies, which indicated the
differentiation of melanocyte. However, heat treatment did
not affect the melanin production, which seems to be
contradictory to the findings of Nakazawa or Kim, who
reported increase or decrease of melanin content in heat-
treated melanocytes. The discrepancy may be due to the
different duration and temperature of heat treatment. In this
study, we found that the temperature 40 °C was non-
cytotoxic to melanocytes, thus heat treatment was per-
formed at 40 °C (1 h once daily, for 5 days), which differs
from the temperature in previous studies [13, 16].
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Fig. 4 a Effects of UVB or/and heat treatment on melanin synthesis
of melanocytes from skin phototype I. b Protein expression levels
were determined by Western blot using antibodies directed against
phospho-JNK, phospho-ERK, phospho-p38, MITF and tyrosinase.
GAPDH was included as a protein-loading control. ¢ Quantification
of phosphorylated protein levels of MAPKs normalized to GAPDH.
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Growing evidence showed that MAPK signaling path-
ways play important roles in MITF modulation and mela-
nogenesis [15, 22, 28]. It has been reported that p38 MAPK
pathway was involved in the stress-induced melanogenesis
[1, 3, 8]. Recently, Kim et al. [13] reported that both ERK
and p38 were activated in the heat-treated melanocytes,
suggesting that the balance between ERK and p38 may
play a role in the degradation and hypopigmentation effect
of MITF. In this study, both phosphorylated ERK and p38
were elevated after heat treatment, which is consistent with
the results of Kim et al. Interestingly, the phosphorylated
ERK and p38 had no effect on melanin content, suggesting
that the imbalance between ERK and p38 in our study was
insufficient to induce any change in melanin synthesis.

As UVB and heat are two major stimuli of solar radia-
tion, the UVB treated group was set as a positive control to
study the effect of heat treatment. It was found that heat
treatment induced different expression pattern of MAPKs
from UVB. Compared with the UVB-induced MITF/
tyrosinase/melanin elevation, much more significant MITF/
tyrosinase/melanin elevation associated with prominent
p38 and JNK phosphorylation was shown in the UVB plus
heat treated group. This finding indicated that heat had an
additive effect on the UVB-induced tyrosinase activation

Baseline phosphorylated protein level of control was assigned a value
of 1, and fold changes above baseline were presented as mean =+
standard deviation. *p < 0.05, **p < 0.01 indicates a significant
difference between the heat or UVB treated group and the control. i
p <0.05, *p <001 indicates a significant difference between the
UVB + heat treated group and the UVB irradiated group

and melanogenesis, probably though the significant p38
elevation. However, UVB plus heat induced no morpho-
logical changes in melanocytes. The remarkable JNK
activation induced by UVB plus heat treatment and thus a
probable inhibitory effect on cell differentiation may con-
tribute to the unaffected morphology. However, the
detailed mechanism still remains unclear.

Selective inhibition assay showed that p38 inhibitor
decreased the MITF/tyrosinase activation and melanin
content, suggesting a melanogenic role of p38, which is
consistent with previous studies [2, 17]. On the contrary,
ERK inhibitor increased the MITF/tyrosinase activation
and melanin production, indicating that ERK had an anti-
melanogenic effect, which supports the findings of Kim
[11].

Skin phototypes of Chinese people are mainly composed
of phototype III. And it is inconvenient for us to get mel-
anocytes from skin phototype I people. In this study,
melanocytes from skin phototype III were used to inves-
tigate the effects of heat treatment and UVB on melano-
cytes. In this study, different cell lines responded
differently to heat treatment. Heat treatment and UVB
irradiation induced JNK, ERK, and p38 activation but not
melanogenic and morphological changes in HEM-I, and
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did not concord with the response of melanocytes from
skin phototype III. The mechanism was unclear. Compared
with melanocytes from dark-colored skin, melanocytes
from light-colored skin may be less affected by heat
treatment and UVB.

Taken together, heat treatment promoted melanocyte
differentiation via the activation of ERK which played an
anti-melanogenic role. In addition, heat had a synergetic
effect on UVB-induced tyrosinase activation and melano-
genesis. These findings provided a new clue for the phys-
ical treatment of hypopigmented skin disease.
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