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Vitiligo presents with depigmented cutaneous lesions
following localized melanocyte death. Multiple fac-
tors contribute to cell death, including genetically
determined susceptibility to trauma, and environ-
mental factors, such as exposure to 4-tert-butylphe-
nol (4-TBP). We demonstrate that 4-TBP induces oxi-
dative stress that is more readily overcome by
melanocytes from normally pigmented individuals
than from two individuals with vitiligo. The antioxi-
dant catalase selectively and significantly reduced
death of melanocytes derived from two individuals
with vitiligo, indicating a role for oxidative stress in
vitiligo pathogenesis. In normal melanocytes, oxida-
tive stress results in reduced expression of microph-
thalmia-associated transcription factor (MITF). Mela-
nocyte-stimulating hormone-induced expression of
MITF protein caused increased sensitivity to 4-TBP,
whereas sensitivity of melanomas correlated with
MITF expression. MITF stimulates melanin synthesis
by up-regulating expression of melanogenic enzymes
such as tyrosinase-related protein-1 (Tyrp1). Al-
though melanin content per se did not affect sensitiv-
ity to 4-TBP, expression of Tyrp1 significantly in-
creased sensitivity. Melanocytes and melanomas that
express functional Tyrp1 were significantly more sen-
sitive to 4-TBP than Tyrp1-null cells. Thus, normal me-
lanocytes respond to 4-TBP by reducing expression of
MITF and Tyrp1. We hypothesize that melanocytes in
vitiligo demonstrate reduced ability to withstand oxida-
tive stress due, partly, to a disruption in MITF regula-
tion of Tyrp1. (Am J Pathol 2006, 169:1652–1662; DOI:

10.2353/ajpath.2006.050769)

Vitiligo is an acquired condition characterized by depig-
mented, cutaneous lesions that result from the death of
pigment-producing cells, melanocytes, in delimited ar-
eas of the skin.1 It affects about 1% of the world’s popu-
lation2 and has significant impact on both the physical
and mental health of patients. Following melanocyte loss,
the skin is deprived of pigment protection, leaving it more
susceptible to solar damage, and occasionally, compro-
mised immunity may result.3 Multiple factors contribute to
susceptibility for vitiligo.4 Genetic predetermination is ev-
ident by the higher than expected number of patients
who have affected primary family members,5 whereas
anecdotal evidence demonstrates a correlation between
environmental factors and onset. In contact/occupational
vitiligo, the environmental trigger is exposure to specific
chemotoxins, which include phenol and catechol deriva-
tives6,7,8 such as 4-tert-butylphenol (4-TBP).9 A number
of these chemicals induce cellular oxidative stress.

Phenol and catechol derivatives such as 4-TBP are
thought to have increased toxicity in melanocytes due to
their structural similarity to the melanin precursor ty-
rosine. They act as substrates for tyrosinase, the enzyme
that initiates melanin biosynthesis, producing toxic inter-
mediates.2,10 Tyrosinase mediates the conversion of both
4-TBP and 4-tert-catechol to quinones that react with
glutathione or cysteine.11,12 Thus, 4-TBP, a competitive
inhibitor of tyrosinase,13 is metabolized in melanocytes
and may generate reactive oxygen species capable of
damaging these cells and inducing apoptosis. Ironically,
expression levels of tyrosinase do not correlate with sen-
sitivity to 4-TBP-induced apoptosis,14 suggesting an al-
ternative enzymatic mediator may be more critical.
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We have shown previously that normal melanocytes
cultured in the presence of 4-TBP undergo dose-depen-
dent apoptosis.14 The percentage of cells that die follow-
ing exposure to 4-TBP are unaffected by 12-O-tetradeca-
noylphorbol-13-acetate but can be reduced significantly
by excluding �-melanocyte-stimulating hormone (MSH)15

from the culture medium. MSH, a potent stimulator of
melanogenesis, is a ligand for the melanocortin 1 recep-
tor (MC1R). Binding of MSH to MC1R activates adenylate
cyclase.16 The subsequent increase in cyclic AMP leads
to expression of the melanocyte-specific isoform of the
microphthalmia-associated transcription factor (MITF),17

which in turn trans-activates expression of downstream
genes, including tyrosinase and tyrosinase-related pro-
tein 1 (Tyrp1),18 ultimately resulting in increased melanin
production. MITF is therefore considered the “master
regulator of the melanocyte,”17 controlling expression of
the major melanocyte-specific proteins required for mel-
anin synthesis. MITF is most active in its phosphorylated
state but is rapidly degraded following ubiquitination.19

Although MITF promotes survival of melanocytes and
melanoma cells in some instances, it can also act as a
proapoptotic signal. MITF has recently been shown to be
a target of caspases, and in melanoma cells, the prod-
ucts of caspase-mediated MITF digestion induce apopto-
sis.20 Furthermore, expression of MITF results in a re-
duced response to oxidative stress induced by hydrogen
peroxide,21 suggesting a role for this transcription factor
in melanocyte survival and response to oxidative stress.
Since melanocytes are preferentially targeted in vitiligo,
we considered MITF an ideal candidate for investigation
of melanocyte death induced by 4-TBP.

In this study, we explore the hypothesis that normal
melanocytes are capable of combating 4-TBP-induced
oxidative stress, whereas melanocytes in contact vitiligo
fail to do so. Indicators of sustained oxidative stress are
present in both serum and skin of individuals with vitili-
go,22–24 suggesting a reduced capacity to maintain in-
tracellular redox balance. Melanocytes in vitiligo, sub-
jected to additional oxidative stress, such as the influx of
a chemotoxin, may undergo apoptosis more readily than
normal melanocytes. Because normal melanocytes can
be sensitized to 4-TBP by MSH, we have investigated
whether regulation of melanogenesis by MITF and ex-
pression of melanocyte-specific genes modulate sensi-
tivity of the melanocytes to 4-TBP. Characterization of
these pathways is crucial for establishing the underlying
etiology of vitiligo.

Materials and Methods

Cell Culture

Primary cultures of human melanocytes were estab-
lished following trypsin digestion of skin as previously
described.25 Neonatal foreskins removed during rou-
tine circumcision or adult skin removed during breast
reduction surgery was obtained with University of Cin-
cinnati Institutional review board approval. A 4-mm
punch biopsy was obtained from an individual with

contact vitiligo and an unaffected individual (matched
to the vitiligo patient for age, skin type, and sex) who
had been enrolled in a protocol approved by the Insti-
tutional review board and who had signed for informed
consent. The individual with vitiligo was a factory
worker, who acquired vitiligo following contact with a
bearing lubricant containing a phenol derivative (ie,
benzenamine, N-phenyl). The individual initially devel-
oped vitiligo on both hands and generalized vitiligo
developed within 18 months.

Basal medium consisted of MCDB153 supple-
mented with 4% fetal bovine serum, 5 �g/ml insulin, 1
�g/ml vitamin E, 0.6 ng/ml basic fibroblast growth fac-
tor, and 1% penicillin-streptomycin (10,000 units/ml
and 10,000 g/ml, respectively; Gibco, BRL, Grand Is-
land, NY). For complete melanocyte growth medium,
the basal medium was further supplemented with 13
�g/ml bovine pituitary extract (Upstate Biotechnology,
Lake Placid, NY) and 8 nmol/L 12-O-tetradecanoyl-
phorbol-13-acetate. Unless stated otherwise, all re-
agents were purchased from Sigma (St. Louis, MO).
The cultures were maintained in a humidified incubator
with 5% CO2 at 37°C.

Melanocytes were maintained in complete culture me-
dium. Before testing for the effects of media supple-
ments, subcultures of each line were switched to basal
medium for five days to allow any residual MSH to be
expended. Basal medium was then supplemented with
10 nmol/L MSH, 1 �mol/L forskolin, or 0.1 nmol/L ET-1
and cells cultured for a further 5 days.

Immortalized human melanocyte cell lines PIG1 (nor-
mal matched control) and PIG3V (vitiligo cell line) (a gift
from Dr. I.C. Le Poole, Loyola University, Chicago, IL)
were cultured as previously described.26

Neonatal melanocytes shown to carry homozygous
loss-of-function mutations at the MC1R locus (a gift from
Dr. Zalfa Abdel-Malek, University of Cincinnati, OH) were
maintained in complete medium. Line M1 was shown to
be a compound heterozygote for the R160W/D29H mu-
tations, and M2 was a compound heterozygote for the
R160W/R151C mutations27 (personal communication
with Dr. Abdel-Malek).

Cutaneous fibroblast cultures were established from
the dermis of neonatal foreskins as previously de-
scribed.14 Fibroblasts were cultured in DMEM medium
(Sigma) supplemented with 8% fetal bovine serum,
1 mmol/L glutamine, 0.5 mmol/L sodium pyruvate, and
1% penicillin-streptomycin (10,000 units/ml and 10,000
mg/ml, respectively), (Gibco, Carlsbad, CA). Melanoma
lines IIB-MEL-J28, WM 129, 130, 134 (a gift from M.
Herlyn, Wistar Institute, Philadelphia, PA) and SK-
MEL188 (a gift from R. Srinivasan, Sloan-Kettering Insti-
tute for Cancer Research, New York, NY) were also main-
tained in the supplemented DMEM medium.

To alter melanin content of SK-MEL188 melanomas,
cells were cultured in RPMI-based medium. These cul-
tures were then supplemented with increasing concen-
trations of tyrosine (0, 69, 138, 207, and 276 �mol/L,
respectively) such that five individual cultures with vary-
ing melanin content resulted. Cells were then cultured for
3 days under identical conditions in medium containing
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4% serum content to reduce proliferation and dilution of
melanin following removal of the excess tyrosine. After 3
days, cells were plated and cell viability determined as
described below.

Administration of 4-TBP

4-TBP was dissolved in 70% ethanol and added to the
culture medium to bring the concentration to the final
molarity indicated (0 to 1000 �mol/L 4-TBP for viability
assays). Control melanocytes were treated with the vehi-
cle, 70% ethanol, such that the final concentration of
alcohol (maximum of 0.5% final concentration of alcohol)
was equal in cells with and without 4-TBP.

Detection of Reactive Oxygen Species

Primary melanocytes from a single donor were plated in
six-well dishes and allowed to attach for 48 hours. Melano-
cytes were dosed with a final concentration of 250 �mol/L
4-TBP. Cells were labeled at 0 (no 4-TBP added), 30, and
60 minutes using the Image-iT LIVE Green Reactive Oxy-
gen Species Detection Kit (Molecular Probes, Eugene, OR).
A nonfluorescent dye, H2DCFDA, is added to the culture
medium and enters the cell, where it is deacetylated by
esterases. On contact with reactive oxygen species (ROS),
the fluorescein is oxidized and emits a green fluorescence.
Cells were viewed and imaged using both phase-contrast
and fluorescence microscopy.

Measurement of Cell Viability

Cells were seeded in triplicate in 96-well plates (6000
melanocytes per well and 4000 fibroblasts or melanoma
cells per well) and allowed to attach for 24 hours. Cells
were then treated with either 4-TBP or vehicle (70% eth-
anol) for 72 hours. After treatment, viability was deter-
mined using the CellTiter kit (Promega, Madison, WI).

Western Blotting

Fifteen micrograms of total protein was loaded on a 12%
sodium dodecyl sulfate-polyacrylamide gel for detection
of tyrosinase and Tyrp1. Forty micrograms of proteins
were used for analysis of MITF. After transfer to a mem-
brane, the following antibodies were used to detect the
proteins of interest: polyclonal anti-human tyrosinase an-
tibody Pep7h (1:7000) (a gift from Drs. R. King and W.
Oetting, Minnesota, MN), polyclonal anti-TYRP1 antibody
Pep 1 (1:2000) (a gift from Dr. V. Hearing, National Insti-
tutes of Health, Bethesda, MD), Mel5 (1:1500) monoclo-
nal anti-TYRP1 antibody (Signet, Dedham, MA), and C5
anti-MITF (1:100) (a gift from Dr. D. Fisher, Boston, MA),
for both MITF and phospho-MITF. A horseradish peroxi-
dase conjugated antibody against actin was used as a
loading control (1:500) (sc-1615; Santa Cruz Biotechnol-
ogy, Santa Cruz, CA). Immunoreactivity was determined
using a chemiluminescence reaction (Amersham, Arling-
ton Heights, IL), followed by densitometric analysis. Rel-

ative protein expression was calculated as a ratio of band
density at a given time point and band density at 0 hours.

Real-Time PCR

RNA was extracted using the RNeasy kit (Qiagen).
Following quantitation, 2 �g of RNA was used to gen-
erate cDNA using random primers and Superscript III
reverse transcriptase (Invitrogen). The cDNA was di-
luted 10-fold, and 1 �l used for the real-time reaction.
Real-time PCR was performed using the TaqMan assay
kit (Applied Biosystems) in an Applied Biosystems
7300 Real Time PCR System. The TaqMan PCR re-
agents and commercial assay-on-demand primers
and probes for amplification of MITF (assay ID
Hs00165156_m1, 5-carboxyfluorescein dye) and glyc-
eraldehyde-3-phosphate dehydrogenase (catalog
number 4326317E) were purchased from Applied Bio-
systems. PCR was performed in individual wells. Ex-
pression was normalized to that of glyceraldehyde-3-
phosphate dehydrogenase and shown relative to
expression of MITF in untreated melanocytes (0 hours)
using the standard curve method for relative quantita-
tion (SDS software; Applied Biosystems) (ABI Prism
7700User Bulletin 2).

Melanin Assay

Total melanin content was determined as previously de-
scribed.14 Cells were pelleted following trypsinization
and lysed (50 mmol/L Tris, pH 7.54, 2 mmol/L ethylenedi-
amine tetraacetic acid, pH 7.87, 150 mmol/L sodium
chloride, and 1% Triton X-100) in the presence of pro-
tease inhibitors (Complete; Roche, Indianapolis, IN). Cell
extracts were spun at 14,000 rpm for 5 minutes at 4°C.
The supernatant was removed and protein content deter-
mined (Pierce, Rockford, IL). The pellet was washed
twice in ethanol/ether (1:1) and dissolved in 2 N sodium
hydroxide, 20% DMSO at 60°C. A 200-�l aliquot was
measured for absorbance at 490 nm in a plate reader
(BioRad, Hercules, CA).

Vector Construction

A previously described expression plasmid containing
tyrosinase was used for transfection.14 An expression
plasmid for Tyrp1 was generated using an EcoRI frag-
ment containing full-length cDNA excised from a previ-
ously constructed plasmid.29 The fragment was cloned
into the EcoRI site of pcDNA 3.1(�) (Invitrogen). The
orientation of the insert was determined by restriction
enzyme analysis and confirmed by DNA sequencing.

The wild-type Tyrp1 plasmid was used for site-directed
mutagenesis to generate a plasmid (Tyrp1-b110) encod-
ing a sequence equivalent to the mouse brown mutation.
Amino acid 86 of the mouse sequence is mutated from
cysteine to tyrosine (G�A) in mice with the brown phe-
notype.30 Alignment of the mouse and human Tyrp1 se-
quences indicated that amino acid 110 of the human
sequence is homologous to mouse residue 86. The
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GeneEditor kit (Promega) was used according to manu-
facturer’s instructions to generate the mutant plasmid.
Mutagenesis was confirmed by sequencing and by loss
of an HpyC4 III (NEB, Beverly, MA) restriction site.

Transfection

Human melanoma cells (IIB-MEL-J) were stably trans-
fected using Effectene transfection reagent (Qiagen).
Stable clones were selected using 1.5 mg/ml G418 (In-
vitrogen) 72 hours after transfection. Colonies appeared
10 to 14 days after selection. Transfection was confirmed
by Western blot analysis.

Statistical Analysis

Student’s t-test was used to evaluate the significance of
difference in viability. The Pearson coefficient was used
to determine whether there was statistically significant
correlation between trends.

Results

Oxidative Stress Induced by Exposure to 4-TBP
Leads to Increased Melanocyte Death in Vitiligo

Exposure to 4-TBP was found to result in oxidative stress in
melanocytes (Figure 1). Normal human melanocytes were
dosed with 4-TBP, and cells were assessed for ROS at 0 (a,
b), 30 (c), and 60 minutes (d). Fluorescence, indicative of
the presence of ROS, was increased in melanocytes sub-

jected to 4-TBP for 30 minutes as compared with untreated
controls, whereas melanocytes incubated for 60 minutes
displayed the highest level of ROS.

To test our hypothesis that melanocytes from individ-
uals with vitiligo are genetically prone to death induced
by oxidative stress and therefore more sensitive to 4-TBP,
we challenged melanocytes derived from pigmented re-
gions of skin of two vitiligo patients, one with contact and
a second with idiopathic vitiligo. We found that indeed,
melanocytes from both individuals were significantly (P �
0.01) more sensitive to 4-TBP than melanocytes from
normally pigmented controls matched for age, skin type,
and sex (Figure 2). The reduction in viability of vitiligo
melanocytes could be reversed slightly by 100 units/ml
catalase (26% viability versus 39% in contact vitiligo me-
lanocytes), and cells were rendered equally sensitive to
4-TBP as normal melanocytes by 500 units/ml catalase.
Two additional neonatal melanocyte lines were assessed
to determine whether catalase reduced the toxicity of
4-TBP. There was no significant increase in viability in the
presence of catalase when normal melanocytes were
treated with 400 �mol/L 4-TBP.

Oxidative Stress Induced Down-Regulation of
the Microphthalmia Associated Transcription
Factor

Oxidative stress induced by hydrogen peroxide has been
shown to result in reduced expression of MITF in mela-

Figure 1. 4-TBP induces oxidative stress in melanocytes. Normal human
melanocytes (a, b) were dosed with 250 �mol/L 4-TBP for (c) 30 minutes
and (d) 60 minutes. Cells were labeled with a nonfluorescent dye that is
oxidized on contact with ROS and emits a green fluorescence. a and b
represent phase-contrast and fluorescence images, respectively, of the same
cells. ROS concentrations, indicated by fluorescence, increased with 4-TBP
incubation times.

Figure 2. Melanocytes from two individuals with vitiligo are more sensitive
to 4-TBP-induced oxidative stress than normal melanocytes. Melanocytes
were derived from either vitiligo patients or normally pigmented control
individuals, matched for age, sex, and skin type. PIG cells were immortalized
by infection with the HPV16 E6/E7 genes.26 Cells were treated with 500
�mol/L 4-TBP in the absence or presence of 500 units/ml catalase for 72
hours, after which viability was determined. Control cells (C) were treated
with vehicle alone. Bars indicate SD of triplicates within the experiment.
Melanocytes from the individuals with vitiligo were significantly more sen-
sitive to 4-TBP (* indicates P � 0.01), except in the presence of catalase. The
experiment was repeated three times; a representative experiment is shown.
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noma cells.21 We therefore determined the effect of
4-TBP on expression of MITF in normal human melano-
cytes (Figure 3). Both MITF protein and RNA were re-
duced 6 hours after exposure to 4-TBP.

We have shown previously that the addition of MSH,
which increases expression of MITF, increases the cyto-
toxic effect of 4-TBP.15 To confirm that increased MITF
expression caused an increase in 4-TBP toxicity, we de-
termined the effect of a second cytokine, endothelin-1
(ET-1), which in synergy with MSH and basic fibroblast
growth factor stimulates an increase in MITF expression
and phosphorylation.31 Forskolin, which like MSH trig-
gers an increase in cyclic AMP leading to expression of
MITF,32 was used as a control. Melanocytes cultured in
the presence of ET-1 were significantly more sensitive to
4-TBP (P � 0.05) than cells cultured in the absence of
ET-1; similarly, cells grown in the presence of either bo-
vine pituitary extract, which contains MSH,25 or forskolin
were also more sensitive to 4-TBP than cells grown in the
absence of these factors (Figure 4a). To confirm that
sensitivity to 4-TBP is not limited to neonatal, foreskin-
derived melanocytes, we determined the effect of 4-TBP
and MSH on adult melanocytes derived from breast skin
tissue and found no difference in response (Figure 4b).
We also confirmed the sensitizing effect of MSH on me-
lanocytes by testing two melanocyte lines that have been
shown to carry loss-of-function mutations at the MC1R
locus.27 Whereas MSH had no effect on the sensitivity of
these mutant melanocytes to 4-TBP-induced toxicity,

treatment with forskolin, which acts independently of the
MSH receptor, increased sensitivity to 4-TBP (Figure 4b).

Thus, factors that promote MITF expression increase
sensitivity to 4-TBP. To test this hypothesis further, we
determined whether 4-TBP toxicity correlated with ex-
pression of MITF in melanoma cells. We tested four mel-
anoma lines that have varying levels of MITF expression
for sensitivity to 4-TBP. The line that expressed the most
MITF was also the most sensitive to 4-TBP (Figure 5). The
Pearson co-efficient of correlation was used to determine
whether increase in sensitivity (proportion of nonviable
cells) correlated with MITF expression (band density fol-
lowing Western blot analysis). There was a statistically
significant correlation between melanocyte death and
total MITF (both un- and phosphorylated, r � 0.8088, P �
0.05).

We therefore determined the effect of MSH on MITF
expression in melanocytes subjected to 4-TBP (Figure 6).
MITF expression was reduced following exposure to
4-TBP, even in the presence of MSH. Expression was
lowest in melanocytes cultured in the absence of MSH
and the presence of 4-TBP.

Melanin Content Does Not Affect the Sensitivity
of Melanoma Cells to 4-TBP

We investigated some of the changes that MITF insti-
gates in melanocytes to determine their effect on sensi-

Figure 3. 4-TBP exposure results in reduced expression of both MITF RNA and protein in normal melanocytes. Cells from two separate normal human melanocyte
lines were treated with 200 �mol/L 4-TBP. Samples were harvested over a 12-hour period. a: Cell lysates were prepared and normalized for protein content, then
subjected to Western blot analysis followed by densitometry using an antibody against MITF. Total (both un- and phosphorylated) MITF protein content decreased
within a 6-hour period. b: Cells from each of the two lines were also harvested for RNA extraction. Real-time PCR was performed in triplicate. MITF RNA
concentrations were normalized to glyceraldehyde-3-phosphate dehydrogenase expression and are shown relative to MITF at 0 hours. Error bars show SD of the
triplicates. Levels of MITF RNA were reduced to below 50% 6 hours after treatment with 4-TBP.
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tivity to 4-TBP. The overall effect of MITF expression is an
increase in melanin synthesis. We therefore investigated
the effect of melanin on 4-TBP-induced cytotoxicity. Sen-
sitivity to 4-TBP did not correlate with melanin content in
normal human melanocyte lines (Figure 4). To exclude
the effects of genetic variation on susceptibility, we
tested sensitivity to 4-TBP on one cell line, SK-MEL188

melanoma cells, which had been stimulated to increase
melanin synthesis. Cells were cultured in RPMI-based as
opposed to DMEM-based media, thereby reducing the
concentration of L-tyrosine from 0.4 mmol/L in DMEM to
0.07 mmol/L in RPMI (30% dilution of RPMI). Melanin
production was thus reduced due to decreased availabil-
ity of this precursor. These cultures were then supple-
mented with increasing concentrations of tyrosine (0.090,
0.129, 0.249, and 1.249 mmol/L tyrosine) such that four
individual cultures with varying melanin content resulted
(18.5, 25.7, 40.9, and 186.2 �g of melanin/mg of protein)
(Figure 7). Cells were then cultured for 3 days under
identical conditions to allow gene expression to equili-
brate before determining cell viability in the presence of

Figure 4. Melanocyte sensitivity to 4-TBP is increased in the presence of
factors that promote MITF expression. a: Melanocyte cultures, established
from three normally pigmented individuals (HM), varied 6.8-fold in melanin
content (ie, between 31 and 211 �g/mg protein). Cells were transferred to
basal culture medium for 5 days and then to either complete medium or basal
medium supplemented with either 0.1 nmol/L ET-1 or 1 �mol/L forskolin.
After 5 days, cells were either harvested for protein extraction or dosed with
300 �mol/L 4-TBP. Cell lysates were prepared and normalized for protein
content, then subjected to Western blot analysis to detect MITF and actin.
MITF expression was increased in cell cultured in forskolin, ET-1, and
complete medium. Viability was determined after 72 hours for cells dosed
with 4-TBP. Viability is shown relative to viability of melanocytes, cultured in
the appropriate medium, and treated with vehicle alone. The toxicity of
4-TBP did not correlate with pigment status but was significantly increased
(*P � 0.05) in the presence of forskolin, ET-1, and complete medium (which
contains bovine pituitary extract as a source of MSH). b: To confirm that
melanocytes derived from adult breast skin are similarly sensitized to 4-TBP
by MSH, whereas melanocytes that lack functional receptors for MSH do not,
we determined the sensitivity of five melanocyte lines: one adult, breast-
derived; and four neonatal foreskin-derived—two normally pigmented and
two with loss-of-function MC1R mutations. All normal lines were from type
IV skin (darkly pigmented). Melanocyte viability was determined in the
absence and presence of either 1 �mol/L forskolin or 10 nmol/L MSH as
described above. As with neonatal melanocytes, adult melanocytes were
more sensitive to 4-TBP in the presence of MSH than in basal media and most
sensitive in the presence of forskolin. Melanocytes that lack functional re-
ceptors for MSH showed equal sensitivity to 4-TBP in the absence and
presence of MSH but were sensitized by forskolin. Bars indicate SD of
triplicates within a representative experiment.

Figure 5. Melanoma sensitivity to 4-TBP correlates with expression of MITF.
Melanoma cells were either harvested for protein extraction or plated to test
sensitivity to 4-TBP. Cells were attached for 48 hours and then dosed with
400 �mol/L 4-TBP for 72 hours. The proportion of viable cells was deter-
mined and is shown relative to cells treated with vehicle alone. Densitometry
was performed following Western blot analysis for MITF, Tyrp1 (Pep1), and
actin, total MITF protein is expressed as the sum of band densities for un- and
phosphorylated MITF normalized to actin. SK-MEL188 that expressed the
most MITF, and in the potent phosphorylated form, as well as Tyrp1, was
significantly more sensitive than each of the other lines, which express less
MITF (P � 0.05). Error bars indicate SD of triplicates within a representative
experiment.
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4-TBP. No significant difference was found in viability
between the variously pigmented cultures.

Tyrp1 Expression Modulates Sensitivity to
4-TBP

Expression of MITF increases melanin synthesis, and this
increase is mediated by increased expression of the
enzymes that catalyze the conversion of tyrosine to mel-
anin. We have shown previously that tyrosinase activity14

has no effect on sensitivity to 4-TBP. We therefore inves-
tigated the effect of the melanogenic protein Tyrp1, which
is regulated by MITF,18 on sensitivity to 4-TBP. We com-
pared sensitivity of normal human melanocytes with
those from an individual with oculocutaneous albinism
type 3 (OCA3), which results from autosomal recessive
mutations at the Tyrp1 locus.33,34 Dose-response curves
demonstrate that melanocytes from the individual with
OCA3 were significantly more resistant (P � 0.01) to
4-TBP than normally pigmented melanocytes (Figure 8,
left panel). To exclude the possibility that non-melanocyte
proteins contributed to the resistance of OCA3 melano-
cytes, we compared the sensitivity of fibroblasts from the
affected individual with those from normally pigmented
individuals and found no significant difference (Figure 8,
right panel). Melanoma cells that express Tyrp1 were
also found to be more sensitive to 4-TBP (Figure 5).

To confirm the effect of Tyrp1 expression on sensitivity
to 4-TBP, IIB melanoma cells, which lack expression of
functional Tyrp1 protein, were transfected with an expres-
sion plasmid carrying either a wild-type or mutant (Tyrp1-
b110) Tyrp1 sequence. Tyrp1-b110 was generated by
site-directed mutagenesis and is equivalent to the mouse
brown-null mutation.30 IIB melanoma cells overexpress-
ing wild-type Tyrp1 were found to have a significantly
increased sensitivity to 4-TBP (P � 0.01), whereas ex-
pression of the mutant plasmid had no effect (Figure 9).
Cells were also transfected with an expression plasmid
encoding wild-type tyrosinase. Overexpression of tyrosi-
nase did not confer increased sensitivity to 4-TBP.

Reduction of Tyrp1 Protein Following Treatment
with 4-TBP

Reduction in Tyrp1 expression following exposure to
4-TBP and subsequent to down-regulation of MITF was
confirmed. Normal human melanocytes were subjected
to treatment with 4-TBP for varying time points, and the
change in Tyrp1 expression determined by Western blot
analysis. We found that Tyrp1 protein levels were re-

Figure 6. MITF expression is reduced by 4-TBP in the presence of MSH. Cells
from a normal human melanocyte line were cultured in basal medium
supplemented with either 13 �g/ml bovine pituitary extract (BPE) or 10
nmol/L MSH. Cells were then treated with either vehicle (C) or 200 �mol/L
4-TBP. Samples were harvested 6 hours after treatment, normalized for
protein content and subjected to Western blot analysis followed by densi-
tometry. Density values for phospho-MITF and total MITF (both un- and
phosphorylated) protein are expressed relative to the density of the actin
band. MITF content decreased in cells treated with 4-TBP compared with
their respective controls. Cells cultured in the absence of MSH (Basal media)
demonstrate a dramatic reduction in MITF protein, which is further dimin-
ished following exposure to 4-TBP.

Figure 7. Melanin content does not alter sensitivity to 4-TBP. SK-MEL188
melanoma cells were cultured in growth medium with reduced tyrosine
concentrations. When melanin content had been reduced approximately
10-fold, cells were passaged and treated with increasing concentrations of
tyrosine to promote melanin synthesis. After 72 hours, the tyrosine-supple-
mented medium was replaced with media low in tyrosine and serum (4%),
and cells were cultured for a further 72 hours to normalize gene expression.
A melanin assay was then performed to verify differences in melanin content.
Cells were dosed with increasing concentrations of 4-TBP, and a viability
assay was performed at 72 hours. The error bars represent SD in four wells
of one experiment. The experiment was done in triplicate, and a represen-
tative experiment is shown. No significant difference was found between
melanoma cells with different melanin contents.
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duced 6 to 12 hours after the addition of 4-TBP to the
media (Figure 10).

Discussion

Understanding the mechanism(s) by which 4-TBP
causes melanocyte death may elucidate the pathology
underlying contact vitiligo in specific and idiopathic vitil-
igo in general. 4-TBP is converted to quinones,12 which
undergo redox cycling within the cell, thereby generating
ROS35 and inducing oxidative stress. Thus, melanocyte
susceptibility to oxidative stress may play a role in the
pathogenesis of vitiligo.

Evidence of oxidative stress has been demonstrated in
both the skin36 and blood37 of individuals with active
vitiligo. Hydrogen peroxide accumulates in the epidermis
of these individuals, concomitant with reduced levels of
the antioxidant catalase.36 Epidermal levels of additional
antioxidants, including ubiquinol, vitamin E, and reduced
glutathione were also found to be significantly reduced in
active vitiligo.38 Altered antioxidant levels, including cata-
lase, glutathione and superoxide dismutase, were found
to extend to the sera of patients,39,40 whereas lipid per-
oxidation, a hallmark of ROS-induced damage, was ob-
served in erythrocytes derived from vitiligo patients,40 all
suggesting systemic oxidative stress in individuals with

vitiligo. In this study, we show that 4-TBP induces oxida-
tive stress in melanocytes (Figure 1) and that melano-
cytes from individuals with vitiligo are more sensitive to
4-TBP compared with normal melanocytes. This sensitiv-
ity can be reduced significantly by inclusion of an anti-
oxidant in the culture medium (Figure 2). Thus, vitiligo
may result from an insufficient response to oxidative
stress induced by exposure to 4-TBP.

Oxidative stress induced by hydrogen peroxide
causes down-regulation of MITF in melanoma cells.21

This transcription factor, which is most active when phos-
phorylated,19 regulates both melanocyte proliferation
and expression of proteins required for melanin synthe-
sis. We have shown previously that MSH, which stimu-
lates MITF expression and phosphorylation, increases
sensitivity of melanocytes to 4-TBP.15 We now show that
a second cytokine ET-1, which also increases expression
and phosphorylation of MITF,31 caused an increase in
melanocyte sensitivity to 4-TBP-induced cytotoxicity (Fig-
ure 4) and that MITF expression is sensitive to the redox
state of cells (Figure 3).21 The first mouse model for
vitiligo was an Mitf mutant41; however, mutations at the
MITF locus do not result in human vitiligo.42 We therefore
propose that disruption of the pathway/s that regulate
MITF expression and/or pathways regulated by MITF it-
self play a role in the etiology of this condition. Disruption

Figure 8. Melanocytes that lack functional Tyrp1 are less sensitive to 4-TBP compared with normal melanocytes. Human melanocyte and fibroblast cultures were
established from foreskin of three normally pigmented individuals (HM/HF) and one null for Tyrp1 (OCA3 mol/L/OCA3F). Left: Melanocytes were plated in
96-well plates. After 24 hours, the culture medium was replaced with medium containing 4-TBP. Viability was determined after 72 hours. There was a significant
difference in sensitivity to 4-TBP between melanocytes isolated from normally pigmented individuals compared with melanocytes from an individual with OCA3
(*P � 0.01, **P � 0.05). Right: Fibroblasts were plated and allowed to attach overnight. HF10b is the unaffected twin of the individual with OCA3.33 Cells were
dosed with 4-TBP and viability determined after 72 hours. Viability is shown relative to cells treated with vehicle alone. There is no significant difference in
sensitivity to 4-TBP between fibroblasts isolated from normally pigmented individuals compared with fibroblasts from an individual with OCA3. Error bars indicate
SD. The experiment was performed in triplicate, and a representative experiment is shown.
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of these pathways mimics the effect of 4-TBP on normal
melanocytes treated with MSH. Pathways involved in
MITF regulation have been shown to be defective in
vitiligo43 and may contribute to the increased risk of
melanocyte death.

A number of events known to trigger vitiligo also result
in increased melanogenesis, for example severe sunburn
and pregnancy.6 Likewise, normal melanocytes stimu-
lated to increase melanin synthesis by either MSH or ET-1
are more sensitive to 4-TBP than untreated cells. To
identify how MSH, ET-1, and MITF expression alter 4-TBP
toxicity, we investigated the effects of MSH on the mela-
nocyte and their contribution to sensitivity to 4-TBP. We
have shown previously that neither proliferation rate15 nor
tyrosinase activity14 has an effect on sensitivity to 4-TBP.
We now demonstrate that despite the ability to remove
ROS from the cellular environment, melanin content per
se has no effect on melanocyte sensitivity to 4-TBP (Fig-
ures 4 and 7). However, expression of functional Tyrp1
leads to increased sensitivity (Figures 8 and 9) and nor-
mal melanocytes challenged with 4-TBP respond by
down-regulating expression of Tyrp1 expression (Figure
10). Although its precise function is not known, Tyrp1 has
been shown to have several catalytic activities, including
tyrosine hydroxylase activity.44,45 Tyrp1 may thus use
4-TBP as a substrate and promote ROS formation by
catalyzing quinone production. Therefore, reduction in

expression of MITF and subsequently Tyrp1 will protect
cells against further oxidative stress. Abnormal expres-
sion of Tyrp1 has been observed in melanocytes from
individuals with vitiligo.22 Sustained expression or over-
expression of Tyrp1 following exposure to 4-TBP may
induce melanocyte death in vitiligo, similar to melanoma
cells transfected with the Tyrp1 expression plasmid (Fig-
ure 9).

Reduced expression of MITF would decrease expres-
sion of Tyrp1 and additional genes that promote apopto-
sis during oxidative stress. Expression of the pink-eyed
dilution (p) protein, which is also regulated by MITF,46

increases sensitivity to chemicals that are detoxified by
glutathione-dependent processes.47 It has been pro-
posed that the p protein alters the availability of glutathi-
one, thus reducing the capacity of the melanocyte to
remove chemotoxins and combating oxidative stress.

MITF also regulates B-cell lymphoma 2 protein (BclII),
thioredoxin reductase, and mitochondrial stress-70 pro-
tein (GRP75/mortalin/mthsp70/pbp74).48 Thioredoxin re-
ductase and mitochondrial stress-70 protein are targets
of quinones. Thioredoxin reductase is a key antioxidant in
mammalian cells; however, quinones can alter the prop-
erties of this enzyme such that it acts as an nicotinamide
adenine dinucleotide phosphate-oxidase capable of
generating superoxide.49 GRP75 is also targeted by qui-
nones, which form covalent bonds with the protein.50

GRP75 is a member of the HSP70 family of proteins and
seems to have numerous functions in the cell including a
role as a chaperone in the endoplasmic reticulum and as
a p53 inhibitor.51 Binding of quinones to GRP75 allows
them to remain in the cell, preventing redox balance; in
addition, depletion of functional GRP75 may promote p53
activity and thereby increase the probability that apopto-
sis is initiated. Thus, several proteins (Tyrp1, p protein,
thioredoxin reductase, and GRP75) regulated by MITF

Figure 10. Expression of Tyrp1 is reduced in the presence of 4-TBP. Normal
human melanocytes were treated with 250 �mol/L 4-TBP and harvested at 0,
6, and 12 hours, normalized for protein content, and subjected to Western
blot analysis and densitometric analysis. Expression of Tyrp1 (Mel5) is
shown relative to actin, the loading control. Tyrp1 protein was found to be
reduced 6 to 12 hours after exposure to 4-TBP; however, the extent of the
reduction varied between cell lines.

Figure 9. Expression of Tyrp1 correlates with increased melanoma sensitiv-
ity to 4-TBP. IIB melanoma cells, which lack functional Tyrp1, were trans-
fected with an empty vector (IIB), functional Tyrp1 (IIB-Tyrp1), mutant
Tyrp1 (IIB-Tyrp1–110), and functional tyrosinase (IIB-Tyr). Stable lines were
generated and expression confirmed. Cells were then treated with either 100
or 250 �mol/L 4-TBP for 48 hours and the viability relative to cells treated
with vehicle alone determined. Although there was no statistical difference in
viability of cells exposed to 100 �mol/L 4-TBP, overexpression of Tyrp1
causes significantly increased sensitivity to 250 �mol/L 4-TBP compared with
overexpression of either tyrosinase or the mutant form of Tyrp1 (Student’s
t-test between lines treated with 250 �mol/L 4-TBP, P � 0.01, indicated by *).
Error bars indicate SD.
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can potentiate the toxicity of chemotoxins that induce
oxidative stress.

Furthermore, a recent study has demonstrated that
MITF is a target of caspases in both melanocytes and
melanoma cells. The C terminus product of this digestion
can promote apoptosis in melanoma cells. Thus, expres-
sion levels of MITF may have a significant impact on both
survival and initiation of apoptosis in melanocytes.20

We therefore propose that in normal human melano-
cytes, exposure to 4-TBP induces oxidative stress, which
triggers down-regulation of MITF. This in turn reduces
expression of Tyrp1 as well as other genes regulated by
MITF that may exacerbate the oxidative stress, such as
the p gene and thioredoxin reductase. Reduced melano-
genesis facilitates the return to intracellular redox bal-
ance by decreasing the generation of intermediate qui-
nones. Once oxidative stress is dissipated, MITF
expression is restored. We propose that dysregulation of
this system in melanocytes contributes to the pathophys-
iology of vitiligo. Although MITF and Tyrp1 may be key
components, additional factors such as oxidative stress
response pathways may also contribute to the onset of
vitiligo. This is evident in the observations that melano-
cyte sensitivity is not directly proportional to MITF expres-
sion (Figure 6) and that melanoma cells that express
extremely low levels of MITF and Tyrp1 are only less
sensitive to 4-TBP rather than completely resistant to the
compound (Figure 5).

In vitiligo, melanocytes are in a continuous state of
oxidative stress. Cell death may result following a further
increase in ROS due either to a failure of cellular antioxi-
dants and/or failure of MITF regulation of Tyrp1. Inclusion
of antioxidants in combination with current treatment mo-
dalities may increase the efficiency with which vitiligo is
remedied.
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