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ABSTRACT

We have previously shown that 4-5-cysteaminylphenol (4-5-CAP)
causes a significant inhibition of in vivo melanoma growth. To clarify the
mechanism of the in vivo antimelanoma effect, this study evaluated the
cellular and subcellular changes of follicular melanocytes after s.c. admin
istration of 4-5-CAP on the lumbar areas of black and albino mice. 4-5-
CAP produced a prompt, selective swelling and lysis of melanocytes,
resulting eventually in the necrosis of melanocytes and the depigmentation
of black hair follicles. None of the degenerative changes were seen in
melanocytes and keratinocytes of control albino follicles. Comparison of
melanocytes in black and albino follicles revealed that melanin synthesis
is highly active in the melanocytes of black follicles while melanin and
tyrosinase synthesis is not seen in the melanocytes of albino follicles.
The findings indicate that the selective melanocytotoxicity of 4-5-CAP
is manifested by lysis and necrosis of cells which are actively engaged in
melanin synthesis. 4-5-CAP appears to provide a new modality for
rational chemotherapy of malignant melanoma.

INTRODUCTION

Melanin synthesis occurs exclusively in melanocytes and
melanoma cells. It consists of conversion of tyrosine to dopa
and dopaquinone in the presence of tyrosinase. In malignant
melanoma, synthesis of melanin is highly elevated because of a
marked increase of tyrosinase activity. Melanin is a biologically
stable polymer when completed, but possesses a highly elevated
oxidation potential during development (1, 2). Thus, most
attempts to develop rational chemotherapy for melanoma have
involved indirect or direct exploitation of various steps of
melanin synthesis (3-9).

To develop new melanocytotoxic compounds for rational
chemotherapy of malignant melanoma, we synthesized cystei-
nylphenol, cysteaminylphenol, and their catecholic compounds
by combining phenol and catechol with sulphur (9-11). This
was based upon the assumptions that certain forms of phenol
and catechol are melanocytotoxic (12-14), and that sulphur
may increase the incorporation of synthetic compounds into
cells by virtue of its lipophilicity and that it may also make the
melanin precursors a better substrate by virtue of its resonance
effect. Our previous study indicated that, among these synthetic
compounds, 4-5-CAP3 possesses the most significant effect in

the in vivo growth inhibition of melanoma cells in experimental
mice (9, 10, 15).

To clarify the mechanism of in vivo antimelanoma effect, this
study evaluates the melanocytotoxic potency of 4-5-CAP on
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black hair follicles in which the synthesis of melanin and
tyrosinase occurs most actively, and discusses the selectivity
and process of melanocytotoxicity by comparing the cellular
and subcellular changes in white (albino) and black follicles
after s.c. 4-5-CAP administration.

MATERIALS AND METHODS

Preparation and Acute Cytotoxicity of 4-5-CAP

The method for synthesis and the acute Cytotoxicity of 4-5-CAP
were described in our previous study (15, 16). Briefly, 4-5-CAP was
made through refluxing a mixture of phenol (300 mmol) and cystamine
(75 mmol) in 47% HBr for 2 h. The acute Cytotoxicity of 4-5-CAP was
evaluated in doses from 100 to 800 mg/kg body weight in mice. The
lethal dose was found to be 400 mg/kg. As reported by Padgette et al.
(17), 4-5-CAP often showed a fall in blood pressure immediately after
i.p. injection with a dose above 400 mg/kg.

4-5-CAP was dissolved in normal saline solution at the concentration
of 4 mg/ml.

Animals

Breeding pairs of C57BL/6J black mice and A/J albino mice were
purchased from Japan CLEA Co., Ltd., and Shizuoka Laboratory
Animal Center. Animals were maintained in specific pathogen free
condition in the research animal farm of our school. Their progeny was
used in the present experiment.

Method of Administration

Adult Mice. To 16 adult C57BL/6J black mice (5-6 weeks old), 1
ml of 4-5-CAP solution (400 mg/kg) was injected s.c. once a day for 3
days in the lumbar area where hair follicles were plucked before exper
iments.

Newborn Mice. To 35 newborn C57BL/6J black mice (3 day old),
0.1 and 0.2 ml of 4-5-CAP solution (a total of 200 and 400 mg/kg,
respectively) was injected s.c. once a day for 1 or 3 days in the lumbar
area. In the group with a single injection of 200 mg/kg, animals were
killed by ether inhalation at 6, 12, 24, 48, 72, and 96 h after injection
for histological examination, and some mice were, however, left alive
to follow the development of white hair follicles.

Control Mice. Two groups of mice were prepared. One group was
the adult and newborn C57BL/6J black mice which were injected s.c.
with normal saline by the experimental procedure same as the above
(four mice in each group). The other group was the newborn A/J albino
mice (3 days old, 3 mice) which were injected s.c. with 0.1 ml of 4-5-
CAP solution (200 mg/kg). A/J albino mice did not contain any
tyrosinase activity by tyrosine test using dopa as a cofactor (data not
shown).

Microscopic Preparation. Skin and hair follicles were biopsied from
the posterior area of the neck apart from the injected site. Specimens
were prefixed with a mixture of 2.5% glutaraldehyde and 2.5% para-
formaldehyde solution made in 0.1 M cacodylate buffer, pH 7.2, and
postfixed with 1% osmium tetroxide in the cacodylate buffer. The
tissues were stained en block with 1.5% uranyl acetate in 0.1 M Veronal
buffer (pH 7.0) for 30 min, dehydrated in graded ethanol solutions,
embedded in epoxy resin, and sectioned by a Poter-Blum ultramicro-
tome II. For light microscopy, l-jim-thick sections of the epoxy-em-
bedded specimen were stained with mÃ©thylÃ¨neblue and Azure II solu
tion. Thin sections for electron microscopy were obtained from the
same blocks and stained with lead citrate.
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MELANOCYTOTOXICITY AND 4-5-CAP

RESULTS

Gross Appearance of Hair Follicles after 4-5-CAP Administra
tion

At 3 weeks after injection, 4-5-CAP resulted in the depig-
mentation of black hair follicles in 13 out of 16 experimental
adult black mice. The hair follicles of the three mice without
depigmentation were found to be in telogen phase in which
none of new melanin synthesis and tyrosinase activity were
present. This failure of depigmentation of black hair follicles
occured most frequently in the group of mice with the age
around 6 weeks. Distribution and Degree of depigmentation
were different in each mouse. Depigmentation of black hair
follicles was also seen by i.p. administration of 4-5-CAP with
an amount identical to that of s.c. injection. The depigmented
follicles often took a band-like pattern in the areas apart from
the injected sites. They were noted most frequently on the nape,
while in others they were seen on the trunk and/or gluteal areas.
Importantly, the degree of the depigmentation was not universal
in the same mouse, i.e., certain foci showed a marked depig
mentation (amelanotic and white) whereas other foci revealed
gray, much less depigmented follicles (Fig. 1, a and b). Depig
mented hair follicles disappeared usually at 6 weeks of new hair
cycle except a few follicles that were irreversibly depigmented.

In newborn black mice, however, white or gray hair follicles
were seen rather diffusely on the entire body by s.c. administra
tion of 4-5-CAP. The administration of different dosages did
not show any significant differences in the degree and pattern
of depigmenting responses in animals. The degree of the depig
mentation was usually less than that seen in the adult mice
(Fig. 1, c and d). At the age of 14 days (9 days after injection),
the retardation of hair growth was noted at the 4-5-CAP-
injected site of skin on the back. But at 1 week later (age, 3
weeks) new growing hair follicles covered the entire skin sur
face. The effect of 4-5-CAP was reversible. Depigmented hair
follicles disappeared at the age of 6 weeks. Again the depig
mentation of black hair follicles could be induced by i.p. injec
tion of 4-5-CAP with an amount identical to that of s.c.
injection.

Light and Electron Microscopic Findings

Control Newborn Black Mice. Follicular melanocytes of mice
at the anagen stage were located at the superior half of the hair
follicles adjacent to the hair papilla. The melanocytes were
actively engaged in melanogenesis and extended their dendritic
processes upward to the cortex and medulla of the hair follicles
(Fig. 2a). The melanocytes contained many highly melanized
melanosomes (Fig. 3, a and b). The cytoplasm of the cortical
keratinocytes contained many melanosomes transferred from
melanocytes. Abundance of melanosomes with various stages
of melanin formation could distinguish melanocytes from kera
tinocytes.

Experimental Newborn Black Mice. Degenerative changes
had started to be seen in melanocytes at 6 h after administration
(Fig. 2, b and c). Under electron microscopy, two basic forms
of melanocytic degeneration were seen at this time, though the
two forms could often be seen in the same melanocytes and
were not mutually exclusive. In one form, the melanocytes
showed many vacuoles and vesicles which distributed randomly
on the entire cytoplasm (Fig. 4a). These vacuoles and vesicles
appeared to be derived from dilated membranous organelles
such as nuclear membrane, rough and smooth endoplasmic
reticulum, and Golgi apparatus (Fig. 4h). The vacuolating mel
anocytes then fell into the lysis of the whole cytoplasm (Fig. 5,
a, h. and d). Another form of degenerative changes indicated
the homogenization of the nuclei (Fig. 5b) and condensation
(Fig. 5c) of nucleoplasm in melanocytes. There were also many
vacuoles with various sizes in the cytoplasm of these melano
cytes. In contrast, the follicular keratinocytes did not show any
apparent degenerating changes. Active mitotic figures were seen
at the lower portion of the follicles and possessed numerous
melanosomes transferred from melanocytes. The frequency of
the observation for melanocytes with cytoplasmic vacuolation
and nuclear degeneration was basically similar at this stage.

By 12 h, the degenerating changes became more prominent
in all melanocytes of hair follicles, and were often accompanied
by the necrosis of the entire cell (Fig. 2d and Fig. 6). Occasion
ally there were alterations of keratinocytes within the basilar
portion of follicles. They were manifested by the formation of

Fig. 1. Macroscopic visible changes of
black hair follicles after s.c. administration of
4-5-CAP. In a, white and gray hair follicles
growing at 3 weeks of injection (C57BL/6J
adult mouse). Arrow, site of injection. *, con
trol mouse with no injection (CS7BL/6J adult
mouse), c. gray hair follicles growing in a 14-
day-old C57BL/6J mouse. 4-5-CAP was in
jected s.c. at days of 3, 4. and 5. Arrow, site of
injection, d, control newborn mouse (14-day-
old CS7BL/6J mouse).
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Fig. 2. Light microscopic changes of follicular melanocytes after a single s.c. administration of 4-5-CAP. 1-Â¿mi-thickepoxy sections, a, a hair follicle of a control
C57BL/6J mouse (3 days old) at 6 h with an injection of normal saline, x 870. PA, papilla; arrows, normal melanocytes. b, a hair follicle of C57BL/6J mouse (3 days
old) at 6 h with an injection of 4-S-CAP (200 mg/kg s.c.). Arrows, vacuolation of melanocytic cytoplasm, x 870. c, a hair follicle of C57BL/6J mouse (3 days old) at
6 h with an injection of 4-5-CAP (200 mg/kg s.c.). Arrows, degeneration of the melanocytes (one arrow, nuclear condensation: two arrows, cytoplasmic vacuolation).
x 870. d. a hair follicle of C57BL/6J mouse (3 days old) at 12 h with an injection of 4-S-CAP (200 mg/kg s.c.). Arrow, degeneration of melanocytes and the
aggregation of pigment granules, x 870. e, a hair follicle of C57BL/6 mouse (3 days old) at 72 h after an injection of 4-5-CAP (200 mg/kg s.c.). None of the
melanocytes are visible, x 870. / a hair follicle of tyrosinase-negative albino mouse (3-days old, A/J albino) at 6 h after s.c. injection of 4-5-CAP. None of the
degenerating changes are seen in the melanocytes. Arrows, melanocytes. x 870.

dense bodies with various sizes. These changes were, however,
not seen in the keratinocytes adjacent to the melanocytes. The
cytoplasm of keratinocytes locating at the lower portion of hair
follicles showed a number of electron-dense circular masses.
They appeared to be necrotic cell masses that were phagocytized
and digested by keratinocytes as indicated previously by Burger
et al. (3).

From 24 to 96 h, basically similar finding were observed and
many follicles did not contain any functioning melanocytes
(Fig. 2e). The dense bodies seen in the keratinocytes disap
peared by 24 h.

Control Albino Mice. At 6 h after 4-5-CAP administration,
no apparent changes of melanocytes were seen in the superior
portion of the follicles adjacent to hair papillae by light micro
scopic examination (Fig. 2/). Under electron microscopy, the
melanocytes contained normal-appearing nuclei and unmelan-
ized melanosomes. These melanosomes were distinguishable
from cytoplasmic vacuoles by the presence of lamellar and
fibrillar structures inside (Fig. 7). No apparent degenerative
changes were observed in these melanocytes. However, the
keratinocytes surrounding melanocytes often contained the
dense bodies which were identical to those seen in 4-5-CAP-
treated follicles and were probably phagocytic materials.

DISCUSSION

Malignant tumor cells often reveal the necrosis and vacuola
tion of the cytoplasm. Thus, evaluation of cytotoxic potency of
synthetic compounds in black and white hair follicles appears
to be one of the reliable ways to clarify the selectivity and
subcellular changes by antimelanoma agents (3, 12). This is
particularly useful to examine the hypothesis that cells which
are involved in active melanin and tyrosinase synthesis is vul
nerable to the compounds inasmuch as melanocytes of black
mouse follicles in anagen phase are highly involved in mitosis,
melanogenesis, and tyrosinase synthesis (18). For the potential
utility of 4-S-CAP as an antimelanoma agent and for the
clarification of its mechanism, the present study provided the
following light and electron microscopic findings; (a) the selec
tive melanocytotoxic changes were visible as early as at 6 h
after 4-5-CAP administration; (b) the degeneration and lysis of
melanocytes were manifested by vacuolation of membranous
organelles, condensation and disorganization of the nucleo-
plasm, and necrosis of entire cells. The surrounding keratino
cytes which contained the melanosomes transferred from mel
anocytes were not altered, indicating that the cell lysis is selec
tive to the melanocytes and is not attributable to the binding of

3280

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/47/12/3278/2427795/cr0470123278.pdf by guest on 19 M

ay 2023



*>Â«v-rr^^BHI^HHBkv

%* l N

Fig. 3. (above) Normal follicular melanocytes in a 3-day-old. C57BL/6J mouse
with a s.c. injection of normal saline (0.1 ml), a, a low power view of the
melanocytes (MC) above the hair papilla (PA). BL, basal lamina, x 3200. b, ahigh power view of a melanocyte showing a well-developed Golgi apparatus ((/'.()
and melanosomes. A/7",mitochondria; N. nucleus, x 9900.

Fig. 4. (right) Vacuolating changes of the melanocytes at 6 h after 4-S-CAP
administration lo newborn C57BL/6J mice (200 mg/kg s.c.). a, a low power view
showing that only melanocytes (MC) reveal the vacuolating changes. None of the
degenerating changes are seen in surrounding keratinocytes (KC) and fibroblasts
(FB) in papilla (PA), x 2900. ft, a high power view of the degenerating melanocytes
with many vacuoles (arrows) (shown in Fig. 4Ã»).MT, mitochondria, x 12,000.

FB

PA
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t :'

Fig. 5. Follicular melanocytes of a 3-day-old CS7BL/6J mouse at 6 h after a s.c. injection of 4-5-CAP (200 mg/kg). a, a low power view showing the degeneration
of melanocytes (DMC) above the papilla (PA). Surrounding keratinocytes (AD. basal lamina (/(/.). and papillary fibroblasts (III) do not show any degenerating
change. V, vacuole, x 4200. A, the vacuolation of degenerating melanocytes (DMC). The nucleus (N) of the degenerating melanocyte was coarse and homogenous. V,
vacuole, x 4500. c, the nuclear condensation of degenerating melanocyte (DMC). x 8400. </,vacuolation and lysis of the melanocytic cytoplasm. MT, mitochondria.
X5SOO.

4-S-CAP to the melanosomes. Importantly, the albino mela
nocytes, which contained numerous unmelanized melanosomes,
but which lacked the tyrosinase and melanin synthesis, did not
show any degenerative changes, indicating again that the me
lanocytotoxicity is not attributable to the melanosomes, but to
the presence of tyrosinase and melanin synthesis. The topog
raphy of depigmenting hair follicles in the areas where anagen
follicles were abundant suggested also the susceptibility of cells
with synthesis of melanin and tyrosinase (19). The depigmen-
tation of black hair follicles was, however, reversible. This may

be explained by the fact that 4-5-CAP was not 100% effective.
In the study of embryonic chick feather, Jimbow et al. (20)
previously showed that the repigmentation of the depigmented
feather follicles occurs in new feather cycle by activation and
proliferation of a small number of melanocytes remaining in
the depigmented feather follicles. Reversible depigmentation of
hair follicles observed in this study may be explained by the
same process. It is not certain, however, whether drug resistance
is easily produced with 4-S'-CAP.

The mechanism by which 4-5-CAP affects as the in vivo
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Fig. 6. Degenerating melanocytes at 12 h
after a s.c. injection 4-S-CAP (200 mg/kg) into
a 3-day-old C57BL/6J mouse. The entire cy
toplasm and nuclei are condensed. V. nucleus;
KC, keratinocyte. x 12,000.

Fig. 7. A melanocyte of a control albino
mouse (A/J, tyrosinase negative, 3-day-old).
The melanosomes in stages I and II are seen.
None of the degenerating changes are noted.
Ml. mitochondria; /(/.. basal lamina; U.S. me-
lanosome; N, nucleus; PA, papilla, x 23,400.

^ -,
BL I
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antimelanoma agent has been under investigation. Several im
portant findings, however, have been obtained. First, 4-S-CAP
was a good substrate of mammalian tyrosinase and could be
incorporated into melanin synthesis in the presence of dopa as
a cofactor (11, 21). Secondly, 4-S-CP which possesses the
chemical structure similar to that of 4-S-CAP showed also
some in vivo antimelanoma effect and [3H]4-S-CP was highly

incorporated into melanoma tissues after i.p. administration
(21). Importantly, the present study confirmed that the in vivo
antimelanoma effect results from the selective cytotoxicity of
4-S-CAP in the cells that are highly engaged in melanin and
tyrosinase synthesis. This was clearly shown by absence of
melanocytotoxicity in albino follicles. Levodopa, dopamine,
dihydroxybenzylamine, and related compounds have been
shown to inhibit the melanoma growth. 7-L-Glutaminyl-4-hy-
droxybenzene, a naturally occuring phenolic precursor isolated
from common mushrooms, was reported to be also melanocy-
totoxic and to inhibit the melanoma growth and to induce the

depigmentation on mouse black hair follicles (3, 4, 22, 23). In
these compounds, the inhibition of DNA polymerase was pos
tulated as being one site of actions that was based upon the
ability of quinols to act as sulphydryl reagents (4, 24, 25).
Similarly, for our phenolic compounds to become cytotoxic
upon tyrosinase oxidation, not only the oxidation to o-quinone
forms but also the conjugation with sulphydryl enzymes may
be required.

Melanin precursors or intermediate metabolites in melanin
synthesis are highly toxic. Tyrosine, dopa, dopachrome, and
5,6-dihydroxy indole have been shown to inhibit the in vivo or
in vitro growth of melanoma cells (5-7, 26, 27). The polyqui-
noid nature of the melanin polymer may enable it to oxidize
some compounds, to reduce others, and to couple oxidation of
electron donors with reduction of electron acceptors (28). Dopa
toxicity in mammalian cells was found to correlate with melan-
ization and incorporation of trichloroacetic acid-precipitable
activity from [3H]dopa (24). Some studies, however, have
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claimed that melanin synthesis is a poor target for rational drug
development as melanin is a cellular product and may not have
an important role in controlling rates of cellular proliferation.
In the study of Parsons and Morrison (29), dopa toxicity
correlated with the total amount of drug-derived isotope 3H

accumulated by the cells, but did not correlate with the level of
melanization. They indicated that melanization per se may not
be central to the action of these drugs. This study, however, has
clearly shown that 4-S-CAP can produce cytotoxic effects in
tyrosinase-positive, melanin-producing melanocyte of black
mice, not in tyrosinase-negative, nonmelanin-producing mela-
nocytes of albino mice.

Recently, Pawelek and Murray (8) introduced dopa phos
phates, which contain phosphate ester linkages at positions 3
and/or 4 of the phenylalanine ring, are the melanin precursors,
and are cytotoxic to the in vitro melanoma cells at high concen
tration. It was indicated that phosphate moieties are removed
by cellular phosphatases, hence L-dopa being a product of the
reaction for cytotoxicity. 4-S-CAP is a melanin precursor which
reacts with mammalian tyrosinase and which is a much better
substrate than L-tyrosine (11). Compared to catecholic com
pounds, 4-S-CAP is stable. It can, however, be activated by
conversion to o-quinone form in the presence of tyrosinase. We
are speculating that 4-S-CAP is oxidized by tyrosinase to 4-S-
cysteaminylcatechol and then to the o-quinone form and that
some of the quiÃ±onesconjugate with proteins through cysteinyl
residues, thus exterting cytotoxic effects (11). Thus, our find
ings of the selective cytotoxicity of cells in which melanin and
tyrosinase synthesis is highly active may favor its use in rational
chemotherapy for malignant melanoma. The synthesis of tyro
sinase and melanin is present even in amelanotic melanoma
cells and can be enhanced by administration of melanocyte-
stimulating hormone. It would be interesting to know to what
extent 4-S-CAP can inhibit the growth of other tumors which
possess a metabolic pathway common to melanoma cells, e.g.,
neuronal cells and catecholamine-producing cells.
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