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The Role of Copper in Mammalian Pigmentation. 

PETER FLESCH.* (Introduced by S. Rothman.) 
From the Departments of Pharmcology and Medicine, Section o f  Dermatology, The lJn.iversity 

of Chicago. 

Copper is an essential dietary factor for 
maintaining the color of fur in several species 
of mammals. Keil and Nelson1 observed 
that black and piebald rats turned grey when 
fed on a diet deficient in copper. The original 
hair color could be restored within a few 
weeks by daily addition of 50 pg of copper to 
the diet. These observations were confirmed 
and extended to other species of 
The depigmentation of copper-deficient rats 
and rabbits could not be cured by supplement- 
ing the diet with manganese, iron4l5 or with 
vitamin B factors? Copper was assumed to 
act as a catalyst of mammalian pigment for- 
mation' but there was no direct evidence to 
support this theory. 

Experimental. The experiments which fol- 
low were carried out to elucidate the possible 
role of copper in the prodmtion of melanin. 
One set dealt with the effect of heavy metal 
catalysts and of inhibitors on melanin forma- 
tion in vitro. In  another series copper deter- 
minations were carried out on pigmented bio- 
logical material. 

The darkening of buff eredl solutions of dopa 
(1 - dihydroxyphenylalanine, Hoffmann La 
Roche) was measured colorirnetrically. All 
vessels and test tubes were washed with a 
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1:l mixture of concentrated HCl and HNOB 
and rinsed 5 $times with both distilled, and 
doubledistilled water. To avoid introducing 
traces of heavy metals, barbiturate buffer of 
pH 7.4 was used throughout and all solutions 
were made with doubledistilled water. Each 
test tube contained 1 ml of 5: l0,OOO dopa 
solution, 1 ml heavy metal salt solution in a 
1 P  to 1 P  M final concentration and 3 ml of 
the buffer. The test tubes were kept in the 
incubator at  37" and readings were made 
in the Klett-Summerson photoelectric colori- 
meter with filter Ks-42 at hourly intervals. 
Cpteine hydrochloride (2  x 10-3 to 1O-a M), 
phenylthiourea (1W M) and aqueous extracts 
of isolated human epidermiss were used as 
inhibitors. 

Copper was determined in hair and tissues. 
The hair was clipped from the animals, washed 
5 times with chloroform for several days and 
then with acetone, dried, weighed and ashed 
at 500°C. The tissues were defatted accord- 
ing to Greenstein9 and &d. The ash was 
heated with 1 drop of concentrated HN03, 
dissolved in 6 N HCl and the copper deter- 
mined by the diethyldithiocarbamate method? 
Iron was estimated by the 2-2' bipyridine 
method" and manganese by the catalytic 
method of Run.ll All determinations were 
carried out in duplicate and only data agree- 
ing within 10% were accepted. 

The melanin used for copper analysis was 
prepared from Harding-Pasey melanomas of 
mice by digesting the ground tumor tissue 
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FIG. 1. 
Cstalytir effect of cupiir aiid ninng:iiious ions 

on the antoxidation of dopa. 

with pepsin-hydrochloric acid or with tryp- 
sin’? for 4 weeks. The solution was changed 
a t  the end of 2 weeks. The digested tumor 
tissue was centrifuged and the supernatant 
fluid was dialyzed against double-distilled 
water for 7-10 days in the ice-box. The con- 
tents of the dialyzing bag were centrifuged, 
and the black precipitate was washed several 
times with double-distilled water and’ ana- 
lyzed. In another series of experiments 
ground tumor tissue was kept overnight in 
1% NaOH ( 5  ml/g wet tissue) at room 
temperature, then boiled for 30 minutes. The 
dissolved tissue was purified by dialysis, then 
dried for analysis. 

Human epidermis from autopsy material 
was isolated by the heat method of Baum- 
berger et al.,I3 or by treating the skin with 
2 N KI  s01ution.l~ Copper determinations 
were carried out on the defatted dried ma- 
terial. 

Results. Catalytic activity of heavy metals 
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on the autoxidation of dopa it2 vitro. The 
order of caralytic effect of the metals studied 
on the autoxidation of dopa was Cu>Co> 
Ni>Mn>Pb>Fe. Zn had very little effect, 
Jlg and Hg none. The effect is additive 
(Fig. 1). I n  agreement with Bernheim16 it 
was found that phenylthiourea which inhibits 
the tyrosine tyrosinase reaction in 2ktro1eJ7 
and pigmentation in vivolS had no effect on 
the autoxidation of dopa. In relatively high 
concentrations (l0-l M)  it had only a slight 
inhibitory influence on, the catalytic activity 
of cupric ion in the oxid,ation of dopa. 
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One mole of cupric ion was able to counter- 
act the inhibition of the autoxidation of dopa 
produced by approximately 500 moles of cys- 
teine (Fig. 2 ) .  Experiments with aqueous ex- 
tracts of isolated epidermis confirmed the 
findings of Rothman and coworkers of an in- 
hibitory factor in these extracts? The factor 
was found to be heat stable and dialyzable 
and antagonized by cupric ion and by p- 
chloromercuribenzoic acid. This supports the 
previously advanced theory that the inhibi- 
tion is due to sulfhydryl compounds. 

Cofifier and iron determinations in hair. As 
suitabie pigmented biological material, the 
hair of mottled rabbits, guinea pigs and rats 

TABLE I. 
(‘iiplwr ii i  pg/g in tlie Hair of Pigmented and 

Wliitr Areiis of tho Same Animal. 

.hiiinals Copper content in pg/g hair 
- 

X rabbits Grey or black: White: 
35.4 (23.2-41.4) 25.1 ( 9.3-35.8) 

28.6 (22.2-22.8) 20.6 (20.2-20.9) 

26.2 ( 9.0-46.0) 15.5 ( 1.0-47.1) 

16.4 (13.0-19.8) 8.7 ( 6.6-10.8) 

26.5 (18.535.6) 26.6 (18.3-36.3) 

29.1 (13.3-38.9) 23.5 (13.9-31.6) 

- .> 2 7 Light brown: White: 

;i guinea pigs Black: White: 

2 j f  ” Black: Red-brown : 

3 ” ” Rod-brown: White: 

4 rats Black : White : 

- 
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TABLE 11. 
Capper in Human Epidermis in pg/g Dry Fat-free Tissue After Separation of Epidermis from 

Corium. 

White epidermis Corium Negro epidermis Corium 

KO. 1 
No. 2 
No. 3 
No. 4 
xo. 5 
No. 6 
No. 7 
No. 8 
Kn. 9 

73.5 
53.0 
88.9 
29.7 
56.3 
142.7 
186.6 
180.2 
139.4 

35.4 No. 1 50.2 15.2 
39.6 No. 2 53.5 24.4 
28.7 No. 3 51.9 11.1 
12.0 No. 4 49.4 G.9 
18.1 
33.0 
31.5 - 
- 

_ _  - - _..__ 

TABLE 111. ~~- ~~~ 

Capper Determinations in IIarding-F'assey Melanomas and in Melanin Prepared from the Tumor. 

Wet wt Cu in r g / g  
of tumor. Water content, dr7 fat-free Cu jn ag/g 

Yo. F % tumor tiseiie melanin 

1 
2 
3 
4 
5 
(i 
7 
8 
9 

7.10 
8.75 
5.26 
5.20 
4.60 
4.28 
2.45 
1.95 
0.52 

79.7 11.5 
79.4 13.5 
79.0 12.5 
- 26.2 
79.7 15.1 
78.8 17.5 
81.3 22.4 
78.5 26.5 
- 59.2 

- 
- 
50.4 
337.9 

163.0 
- 
- 
- 

294.0 

was chosen for copper determinations. By 
comparing white and colored hair from the 
same animal: individual variations in the cop- 
per content due to age, strain, and diet of the 
 animal^'^ were excluded. The results are 
presented in Table I. 

The black or grey hair of 6 of the S rabbits, 
6 of the 7 guinea pigs, and 2 of the 4 rats 
tested contained significantly more copper 
than the white or red brown hair of the same 
animals. No difference was found in the 
copper content of white and brown hair. 

Determinations carried out on guinea pig 
hair showed that the iron content of the red- 
brown hair was considerably higher than that 
of the white hair of the same animal. The 
mean values in 6 animals were 35.4 pg/g 
(25.046.1) for red-brown hair and 15.4 pg/g 
(4.5-23.2) for white. 

Copper determinations in isolated human 
epidermis. Isolated human epidermis ob- 
tain& from autopsy material showed the 
same luge individual variations in copper 
content as had the hair of animals. Prelim- 

19 Cunningham, 1. .J., Biockem. J. ,  1931, %, 
1367. 

inary experiments with Negro epidermis indi- 
cated' a copper content in the same range as 
that found in white specimens, bui not enough 
experimental material was available to allow 
making definite conclusions. The copper con- 
tent of the epidermis invariably was higher 
than that of the corium. (Table 11). 

Copper determinations in Harding-Passey 
mouse melanomas. The tumor tested has been 
carried in this laboratory for one year in mice 
of the dba strain. Copper determinations were 
made on such tumors and on the kidneys and 
spleens in normal and tumor bearing animals. 
In the same animal the copper content of 
melanomas was below that of the kidneys 
(71.3 pg!g dry weight) and spleens ( 5 2  
fig/g). Larger and older tumors had a lower 
copper content than recently implanted ones 
and all tumors had a relatively high water 
content. 

The melanin pigment prepared from the 
melanomas by boiling with NaOH, contained 
4 to 13 times more copper than the tumor. 
(Table 111) In  the amounts used in the prep- 
aration, the NaOH could have accounted for 
only about 5% of the copper found in the 
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melanin, a percentage within the experimental 
error of the copper determination. On the 
other hand, the melanin pigment prepared by 
peptic and tryptic digestion yielded a copper 
content 20 to 95 times higher than the tumor 
tissue. The difference may have been due 
to more complete hydrolysis of the tumor 
tissue, but since both the pepsin and trypin 
used had relatively high copper contents, the 
possibility could1 not be excluded that some 
copper in the pigment prepared by digestion 
was of extraneous origin. These data are 
therefore not presented. On the other hand, 
the manganese content of the tumor (57.3 
&lo0 g dry fat free tissue) was practically 
identical with that of the pigment (63.2 
pgI100 g) derived from it. Values obtained 
with liver and kidney were in the same range. 

Discussion. The catalytic influence of cu- 
pric ions on the autoxidation of dopa has 
been described by several authors.7J9 No 
comparative experiments with other heavy 
metallic salts have been reported. Sarata7 ob- 
served that copper sulfate exerted a catalytic 
effect only in a certain range of concentration. 
In this laboratory the apparent inhibition by 
relatively high concentrations of copper sul- 
fate, described by Sarata, was found to be 
due to the use in his experiments of unbuffered 
solutions; in relatively large amounts. copper 
sulfate lowered the pH below the neutral 
range. In some of our experiments, involving 
the use of buffered solutions, copper sulfate 
in concentrations which Sarata had found to 
be inhibitory ( 5  s / m l )  showed a more power- 
ful catalytic action than in lower concentra- 
tions. Copper determinations on the hair of 
mammals have been made by several authors. 
In two papers its concentration was reported 
to be higher in black hair than in white hair 
from the same animal,7JQ while in others no 
such difference was found.20p21 However, the 
determinations were on a very limited number 
of animals. Melanogenesis takes place in the 
germinative epithelial layer of the hair and 
even if copper is involved, it may not ascend 
with the pigment in the grodng hair. The 

MCohcn, G. N., Trav. membrrs aoc. chim. biol., 

21 Saecardi, P., and Giuliani, G., Bioehcm. terap. 
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higher iron values in red-brown guinea pig 
hair than in white hair are of interest in 
view of the fact that an ironcontaining red 
pigment has been isolated from human red 
hair.= The literature has no data on the 
copper content of isolated human epidermis. 
Relative values for whole skin, expressed in 
relative intensities of spectral lines, showed 
the same large individsual variations as ob- 
served in our e~periments.2~ In bovine 
epidermis, Cunninghamls found much larger 
values than in the dermis of the same animal. 
He suggested that the skin was an important 
organ for copper excretion. Since the pig- 
ment constitutes such a small fraction of the 
entire epidermis, a difference in the copper 
content of pigmented and non-pigmented skin 
may not be. detectable. This would explain 
the relatively low copper values in the epider- 
mis of the Negro. The h w  copper values of 
melanotic tumors agree with the data of 
other  author^.^^^*^*^^ However, the findhg 

M D O P A . 3 2  X10-6YCU 
-DOPA +Cu 4 CYSTPINE 

T I M  IN MINUTES 
FIG. 2. 

Suppression, by rupric ion, of the inhibitory 
(Iff cct of eysteine hydrochloride on the autoxidation 
of dopa. 
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that the isolated pigmented part of the tumor 
is strikingly high in copper concentration 
strongly favors the theory that copper acts 
as a local catalyst in pigment formation, 
probably as part of an oxidative enzyme, pos- 
sibly tyrosinase which has recently been dem- 
onstrated in melanotic tumors of 
Mammalian tyrosirrase contains significant 
amounts of copper and can be inhibited by 
substances which combine with this 
Copper apparently also forms a metallo-or- 
ganic complex with dopa29 and may remain 
attached to the melanin molecule. In this 
connection it is of interest to note that the 
ash of octopus ink contains as much as 2% 
copper .3O 

We advance the theory that copper may 
promote pigmentation, not only by direct 
action on the substrate, but also indirectly by 
oxidizing sulfhyrlryl groups which inhibit pig- 
mentation in vUitro,”l and probably also in 

23 Hahn, P. F.: and Fairman, E., J .  Biol. Chem., 
1936, 113, 161. 

26Hogeboom, G. H., and Adams, M. H., J .  Hid. 
Chem., 1942, 145, 273. 

=Greenstein, J. P., and Algire, G. H., J. Nat .  
Cancer Inst., 1944, 5, 35. 

ZsLerner, A. B., Fitrpatrick, T. B., Calkins, 
E., and Summerson, W. H., Fed. Proc., 1948, 7, 
167. 

2s Eicltholtr, F., and Birch-Hirscldeld, A., Arch. 
f. ezp. Path. u. Pharmakol, 1933, 170, 271. 

30Guiliani, G., Ann. Chim. farm., 1938, 61. 
3113gge, F. H. J., PROC. SOC. EXP. BIOL. AND 
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Mm., 1941, 46, 269. 

viv0.8~32~3y Greenstein et al. have indicated 
that melanin in mouse melanomas is attached 
to the rest of the pseudoglobulin molecule in 
the vicinity of sulfur containing amino acids.12 
Our finding that copper, too, is closely linked 
to the pigment suggests an interaction between 
copper and sulfhydryl compounds. 

Summary 1. Autoxidation of dopa in vitro 
was more strongly catalyzed by cupric ions 
than by any of the other heavy metallic salts 
investigated. The order of catalytic activity 
was Cu > Co >Ni >Mn>Pb> Fe. 

2.  Black and grey hair of rabbits, guinea 
pigs and rats generally, but not always, con- 
tained more copper than white hair of the 
same individual. In  guinea pigs, red-brown 
hair contained more iron than white hair. 

3. Analysis of the separated layers of hu- 
man skin showed a considerably higher COP- 
per content in the epidermis than in the 
coriurn. 

4. Melanin from mouse melanomas had a 
copper content 4 to 13 times higher than the 
tumor from which it was ,prepared. 

The theory is advanced that copper 
plays a role its a local catalyst in mammalian 
pigmentation. 

The author wishes to thank Dr. Stephen Roth- 
man for his interest and assistance in the present 
work. 
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In adrenal insufkiency the diuretic re- sponse to water is greatly reduced or absent 
(reviewed byl). An attempt was made to see 
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