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ABSTRACT: The human environment contains more than 50 metal or metalloid elements. At least 15 are 
recognized as trace elements, with zinc, calcium, copper, magnesium, and iron having specific roles in skin 
morphogenesis and function. The present review focuses on the presumed role of metal ions in the skin, their 
competition for carrier proteins, and membrane receptors. Evidence presented shows that the balance of trace metal 
ions is critical for normal skin and repair mechanisms following injury. Xenobiotic ions can impair this balance, 
leading to pathological change. The skin acts as an organ of elimination of excess trace metals and xenobiotic ions 
from the body, but mechanisms of voidance vary for different metals. 

Metal ions are an important cause of allergies, and evidence is presented to show that the majority of metals 
or metal compounds can induce allergic changes. Except for chromium and nickel, which are among the most 
common human allergens, animal models have provided little information. 

At least cadmium, thorium, lead, chromium, nickel, beryllium, and arsenic are proven or putative carcinogens 
in animals or humans on the basis of cytological or epidemiological evidence. However, only arsenic exhibits a 
clear predilection for the skin. Other metals such as gold can induce subcutaneous sarcoma following injection, 
but the relevance of this observation in terms of human occupational risk is discounted. 

KEY WORDS: skin, metal, injury, repair mechanisms, carcinogeneiss, allergy 

1. INTRODUCTION 

Metals and metal ions form an essential fea- 
ture of the human environment. Some are impor- 
tant in nutrition as trace metals, others are toxic to 
one or more organ systems. Both aspects have 
been subject to extensive experimentation, popu- 
lation survey, and review in recent years. Much 
support has been presented to support the phi- 
losophy of Paracelcus that “all substances are 
potentially toxic to the human body when pre- 
sented to it in an inappropriate manner.” Essential 
trace metals like zinc or copper, which exhibit 
major functions in the morphogenesis of the skin 
and in repair processes following injury, can be 
detrimental or toxic if present in excessive con- 

centrations. Evidence is presented to show that 
imbalances of trace metals like calcium, copper, 
magnesium, and zinc can also be a cause of func- 
tional defects. A tissue like the skin, which exists 
in a state of dynamic equilibrium with its sur- 
rounding environment, is as much dependent on a 
correct intracellular and intercellular environment 
in achieving optimal cell proliferation and differ- 
entiation, as it is on the external conditions. In 
humans, the skin comprises approximately 10% 
of normal body weight and being constantly in 
contact with surrounding conditions, possesses a 
considerable adaptability to enable the body to 
exist in its environment. Many of the inherent 
regulatory mechanisms in maintaining this status 
quo, including the uptake of trace metals, their 
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transport to target cells, and excretion patterns, 
are still imperfectly understood. A great deal of 
research has been conducted in laboratory ani- 
mals to further our understanding of regulatory 
mechanisms, many of which depend on the action 
of metalloenzymes particularly those containing 
zinc and copper. Recent research employing highly 
sophisticated techniques of X-ray microanalysis 
(~XMA) and atomic absorption spectrophotometry 
(AAS) is enabling a greater understanding of the 
role of metal ions in biological systems' and the 
protective and detoxifying mechanisms involved 
in offsetting the effects due to toxic ions. There is 
increasing evidence that metal ion balances are 
critical in achieving normal homeostasis and op- 
timal repair following injury.2 

In the human body, at least 15 metals are now 
known to be essential nutrients, being compo- 
nents of metalloproteins, extracellular matrices, 
or enzyme systems."-" XMA has been particularly 
useful in evaluating the role of metal ions in 
enzyme systems, particularly in the characteriza- 
tion of sites responsible for the biological activity 
and in the localization of metal atoms at or near 
their "active" sites.' Thus, in the study of bacterial 
nitrogenases, vanadium and molybdenum have 
been shown to occupy similar sites within the 
complex enzyme structure, suggesting the possi- 
bility that these ions are interchangeable. Else- 
where. chemists have demonstrated the opportu- 
ni ty to substitute colorless or spectroscopically 
"silent" metal ions by colored ions that can be 
visualized by XMA. Thus, zinc has been replaced 
by cobalt or cadmium. Although these ions give 
a visible spectrum and the enzymes may retain 
the activity of the native enzyme, the system may 
not accurately reflect the true native environment.' 
However. i t  will be anticipated that where 
xenohiotic ions like lead, cadmium, or mercury 
substitute for essential metals or impair their avail- 
ability, toxic changes will 

Interaction between metal ions has been stud- 
ied extensively in embryonic systems and imbal- 
ances have been linked to structural defects and 
gross abn~rmal i t ies .~~~ Teratologists are familiar 
with the greater vulnerability of rapidly dividing 
cells to extraneous influences and defects in es- 
sential enzyme sy~tems.~-l '  As the individual ages 
through prenatal and postnatal periods. so the 

proliferative activity of most organ systems di- 
minishes, such that in adulthood, cell division is 
mostly restricted to the intestinal epithelium, he- 
matopoietic tissues, the gonads, and the epider- 
mis. These tissues remain vulnerable to toxic sub- 
stances and defects in their local environment due 
to nutrient or biochemical imbalances. 

These days, dermatologists and toxicologists 
are faced with understanding the hazards associ- 
ated with a vast array of metals, metal alloys, 
metals in pharmaceutical or cosmetic formula- 
tions, and metal residues from industrial processes 
and agro~hemicals.'~-'~ Whereas metal ions used 
in medicinal or cosmetic formulations will nor- 
mally be applied to the skin in measured quanti- 
ties, exposure to metals in the environment or in 
the workplace presents much greater difficulties. 
A full bibliography exists as to the dermatologi- 
cal hazards arising through accidental exposures 
to lead, cadmium, and chromium in relation to 
their carcinogenic  hazard^.'^-'^ The Seventh An- 
nual Report on Carcinogens ( 1994)'* contains 
entries on the carcinogenicity of seven metals - 
arsenic, beryllium, cadmium, chromium, lead, 
nickel, and thorium. The report identifies those 
compounds of the metals for which evidence of 
carcinogenicity in environmentally exposed hu- 
mans or experimental animals is sufficient. 

Particular problems of metal contamination 
are well documented with respect to such metals 
as lead, cadmium, and mercury. These heavy 
metals are seen in industrial wastes and as envi- 
ronmental contaminants in many parts of the world 
and have given serious cause for concern through 
their contamination of human  foodstuff^.^^-^^ 
Soluble metal compounds from industrial wastes, 
agricultural preparations, or mineral deposits 
washed into rivers, estuaries, and the open sea 
frequently concentrate in fish and other seafood 
and enter food chains.* They also present an oc- 
cupational risk for fishermen and others through 
percutaneous a b ~ o r p t i o n . ~ ~ , ~ ~  Changes in the physi- 
cal features of the skin and composition of the 
hair shaft can provide important information re- 
lating to accidental or occupational exposures to 
toxic metals.2s~26 Excessive copper has been shown 
to turn hair green!28,29 Hair concentrations of toxic 
metals measured by AAS have been used in the 
assessment of toxic alopecias and have provided 
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beneficial information as to exposure levels of 
lead, mercury, cadmium, and a r s e n i ~ . l ~ , ~ ~ ~ *  

In reviewing the large subject of metal toxic- 
ity in the skin, it is interesting to reflect on early 
uses of metals in the treatment of skin disorders, 
and how their value has diminished as toxicologi- 
cal data have come to hand and safer and more 
efficacious preparations have been developed. A 
glance through the pharmacological literature of 
60 years ago shows that arsenic, bismuth, tellu- 
rium, antimony, chromium, gold, silver, and mer- 
cury preparations were recommended for the treat- 
ment of skin wounds and infective lesions.33 
Organic mercurial antiseptics were proposed with 
the hope of securing a “better therapeutic index,” 
a wider margin between bactericidal potency and 
injury.34 Although silver nitrate is occasionally 
employed nowadays as a topical antiseptic, most 
others have been abandoned in view of their toxic 
hazards. 

In addition to their toxicity to the skin by 
direct action on susceptible cells or through their 
interaction with essential nutrients, metal ions are 
well-known causes of allergic skin  reaction^.^^-^^ 
Allergic reactions in the skin are seen following 
exposure to many metals, but reactions are re- 
ported to be highly specific and a cross-reactivity 
with other metals is exceptional. Diagnosis of 
metal allergies is frequently complicated because 
nearly all commercially available metal salts are 
contaminated with other metals, albeit to a very 
small degree. Metals are the most frequent cause 
of contact dermatitis and allergy.35 In the present 
context, it is noteworthy that as long as 1895, the 
eminent dermatologist Josef J a d a ~ s o h n ~ ~  diag- 
nosed a specific form of skin reaction to mercury. 
He noted that “certain eczematous or erythematous 
dermatoses” depended on a specific sensitization 
of the skin by application of nonirritant concen- 
trations to small areas of grossly normal skin. 
Eleven years later, Von P i r q ~ e t ~ ~  published his 
fundamental concept of allergy, and this test is 
thought to have led to the “patch test” for allergic 
contact dermatitis. Subsequently, the patch test 
became developed as a standard form of testing 
for allergies to metal ions and a vast miscellany of 
substances coming into contact with the skin and 
mucus membranes, or following ingestion in the 
diet. Properly applied and correctly interpreted, 

patch tests are at present the only scientific proof 
of allergic contact d e r m a t i t i ~ . ~ ~  Metal allergy has 
been identified through contact with metals or 
metal compounds in jewelry, clothing, cosmetics, 
dental products, detergents, and industrial pro- 
cesses. Even the essential trace metals copper, 
cobalt, chromium, nickel, iron, and zinc are known 
to produce allergic reactions in certain people. 
Allergies to nickel, mercury, gold, and silver are 
well documented. The so-called “jeans button 
allergy” is anecdotal but a common pr~blem.~’  
Nickel, mercury, and chromium are notably the 
most common causes of metal dermatitis in the 
U.S. and Europe.40 

II. INTERACTION BETWEEN METAL 
IONS AND THE HUMAN SKIN 

The appearance of the skin, hair, and nail is 
often a good indication as to the health of the 
body. Zinc deficiency, for example, may be asso- 
ciated with systemic diseases but in many cases, 
the hypozincemia manifests as decreased hair 
growth, rough skin, and nail disorders.42 The skin 
like other tissues depends on an appropriate sup- 
ply of nutrients, circulation, and ability to main- 
tain homeostasis. Essential and trace metal ions 
form an important constituent of the nutrient mi- 
lieu enabling the skin to perform its “buffer” role 
between an individual and the environment. Metal 
ions with nutritional importance will normally be 
absorbed through the gastrointestinal mucosa and 
transported to their definitive site by a carrier 
protein. Uptake will depend on the availability of 
an ion receptor on the surface of mucosal cells 
and conducive conditions for ion binding and 
transport. Ions like sodium and potassium possi- 
bly enter the circulation by a simple intercellular 
or intracellular diffusion. Alternatively, most if 
not all of these essential ions can pass percutane- 
ously following topical appl i~a t ion .~~ In rabbits, 
topical zinc as omadine, oxide, sulfate, and 
undecylenate in 1 : 1 glycerin: propylene glycol 
was absorbed largely through hair follicles.44 

Regulation of metal ion uptake through the 
skin or from the intestinal mucosa is not well 
understood but is likely to be related to ion levels 
in the circulation. Concentration gradients prob- 
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ably exist across the skin as they do across the 
intestinal mucosa. For example, zinc concentra- 
tions in the body are normally maintained through 
intestinal absorption, and in cases of hypozincemia, 
an increased mucosal zinc uptake is signaled. 
Experimental evidence exists to show that topical 
Linc chloride may be absorbed percutaneously in 
zinc-deficient rats, in an attempt to restore 
normozincemia.u 45 

In addition to the metal ions of nutrient im- 
portance. the skin microenvironment may contain 
a large number of metal ions of no known physi- 
ological or biochemical importance, the so-called 
xenobiotic ions. Several of these metals are inert 
and either do not penetrate the skin or do not react 
with it or i t \  appendages to produce toxic changes. 
However, a large proportion of the xenobiotic 
ion\ are toxic under some circumstances, exerting 
their action 

1. By a direct insult on susceptible tissues 
2. By impairing the availability or metabolic 

pathway of metals of nutrient importance 
3. By inducing immunological changes 
4. By mutagenic and carcinogenic action 

Many inorganic metal salts act as astringents 
and irritants to the skin in acidic solution. Thus, 
aqueous solutions of aluminum chloride and zinc 
chloride have been shown experimentally to be 
irritants, the irritation being related to the amount 
of  metal ion bound to the skin and the resulting 
denaturation of epidermal keratin.46 37 There is 
ebidence that many of the trace metals like zinc 
and calcium. and zinc and copper, can interact in 
epidermal morphogenesis to impair metabolic 
pathways. Heng et al.38 demonstrated that zinc 
ha> an inhibitory influence on a number of tissue 
redctiom and modulates the intercellular influx of 
calcium, probably through competition for simi- 
lar binding site\ on plasma membranes. Excess 
zinc can also interfere with copper metabolism 
and consequently wound healing. The cupro- 
enzyme ly\yl oxidase is decreased in animals fed 
a high zinc diet and copper is displaced from the 
e n q m e  l'' 

A large number of metals or related com- 
pounds are known to produce allergic symptoms 
111 some people. These reactions are usually highly 
\pecific and cross-reactivity with other metals is 

exceptional but does occur in the case of cobalt, 
nickel, and chromium.40 On occasions the reac- 
tions seen are exacerbated by bright light and 
photodermatitis occurs. Sensitization reactions to 
metal compounds can arise under a wide variety 
of circumstances, and contact with jewelry, cloth- 
ing, tattoo marks, cosmetics, detergents, dental 
amalgams, prostheses, and cements is well docu- 
mented. Complications arise in diagnosis on ac- 
count of the widespread contamination of metal 
compounds with other metals. Allergies to steel, 
for example, are often attributable to the nickel or 
c h r o m i ~ m . ~ ~ , ~  ' 

The Seventh Annual Report on Carcinogens 
(1994)'* lists seven metals as proven or suspected 
human carcinogens, but noted that relatively few 
of the many different forms in which these metals 
exist (elemental, salts, complexes, chelates, etc.) 
have been fully evaluated for carcinogenicity in 
experimental animals or humans. Many factors 
are taken into consideration in determining the 
carcinogenic potential of a metal, including the 
route of exposure, absorption, distribution, va- 
lence state, and its potential to interact with or 
damage target cells. 

Induction of carcinogenic changes relies on 
the evocation of irreversible mutagenic changes, 
actively dividing cells being more susceptible. In 
the skin, basal epidermal cells are undifferenti- 
ated and would be expected to be more suscep- 
tible to the carcinogenicity of substances pen- 
etrating outer protective layers than more 
differentiated tissues. In the dermis, neoplastic 
changes have been reported where carcinogenic 
materials have penetrated the epidermis-fibro- 
sarcomas, and angiosarcomas. Clearly, the stra- 
tum corneum of intact skin provides an effective 
barrier against the penetration of, and carcinoge- 
nicity resulting from, a large number of potential 
carcinogens like cadmium, thorium, lead, beryl- 
lium, hexavalent chromium, and lead compounds. 
However, experimental studies in rodents have 
demonstrated that subcutaneous or intradennal 
injections of these ions can lead to carcinogenic- 
 it^.^? Clearly, a serious risk of carcinogenicity is 
posed by the contamination of skin wounds by 
occupational  carcinogen^.^^,^^ 

Granulomas represent another type of a reac- 
tion associated with the accumulation of metal 
ions in dermal or subcutaneous tissues. Reactions 
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consist of focal aggregations of inflammatory cells, 
fibroblasts, and multinucleated giant cells associ- 
ated with a foreign body. Among the metal com- 
pounds noted to cause granulomas, talc, alumi- 
num, zirconium, mercury, and beryllium are 
l i ~ t e d . ~ ~ - ~ ~  Granulomas are formed to “seal off’ 
from the body substances that cannot be com- 
pletely degraded. 

For the purposes of the present review, the 
actions of metal ions on the skin are discussed 
with reference to their role as nutrients or as 
causes of anatomical or physiological (functional) 
change. Attempts are made, where possible, to 
identify cellular and biochemical mechanisms 
responsible for the production of primary irritancy, 
allergic responses, or carcinogenicity. Current 
research using appropriate animal models has 
provided much information concerning mecha- 
nisms of toxicity, to supplement clinical data from 
human studies to enable relevant safety measures 
to be taken by regulatory authorities.18 

111. TRACE METALS IN SKIN 
PHYSIOLOGY AND METABOLISM 

Twenty-one mineral elements are now recog- 
nized as being essential for human nutrition, 15 of 
which are metals. The metallic elements are chiefly 
found in ionized form and exist in the body as 
constituents of enzyme systems, intracellular 
matrices, or cellular components. Calcium, potas- 
sium, sodium, and magnesium are classified as 
macronutrients, whereas the remainder are in- 
cluded under micro or trace nutrients (Table 1).60 
A small number of other metals have been iden- 
tified in human tissues but so far no physiological 
role has been ascribed to them. Several of these 
metals like gold, silver, arsenic, and bismuth are 
potentially toxic. 

Absolute concentrations and ratios of one 
metal ion to another vary greatly according to the 
tissue considered, its developmental condition, 
and the state of health of an individual. Professor 
Scrimshaw of the Massachusetts Institute of Tech- 
nology3 noted that the nutritional requirements 
for the human race reflect evolutionary tenden- 
cies. Thus, over the past few million years of 
evolutionary history, the competitive struggle to 
obtain nutrients in sufficient quantities has fa- 

TABLE 1 
Essential Metal Ions in Human Nutrition 
(Estimated Concentration in 70-kg Man) 

Macronutrients - essential daily intake of >lo0 g 
Calcium (1200 g) 
Potassium (1 80 g) 
Sodium (64 g) 
Magnesium (25 g) 

Micronutrients - essential daily intake of only a few 
milligrams 

Iron (4500 mg) 
Zinc (2000 mg) 
Copper (1 00 mg) 
Vanadium (18 mg) 

Trace metals - essential for human nutrition but 
minimal requirements not appreciated 

Selenium (13 mg) 
Manganese (12 mg) 
Nickel (10 mg) 
Molybdenum ( mg) 
Chromium (6 mg) 
Tin (17 mg) 
Cobalt (1.5 mg) 

From Czajka-Narins, D. M., Food Nutrition and Diet 
Therapy, W. 6. Saunders, Philadelphia, 1979, 1 14. 
With permission. 

vored the emergence and dominance of the hu- 
man species that we know today. 

A. ZINC 

Zinc is an abundant trace metal and is present 
to a greater or lesser extent in all tissues of the 
human body. It is known to be a component of 
more than 70 enzyme systems modulating carbo- 
hydrate, lipid, protein, and nucleic acid metabo- 
lism. As such, zinc is particularly important in 
tissues subject to active growth and metabolism, 
immune and inflammatory responses (macroph- 
age and polymorphonuclear leukocyte activity), 
and repair following injury.61,62 Zinc concentra- 
tions tend to be higher in tissues like the skin that 
exhibit high cellular turnover.63 Additionally, zinc 
helps to maintain the integrity of cellular and 
organelle membranes, growth and sex hormone 
functions, and carbohydrate tolerance.s In human 
skin, six times more zinc is present in the epider- 
mis than in the dermis.@ 

Much information is available on the impor- 
tance of zinc in the body through the study of 
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cases of hereditary or acquired zinc deficiency in 
humans and animals. In humans, zinc deficiency 
occurs through a rare autosomal recessive trait 
leading to acrodermatitis enteropathica.h'dR This is 
a potentially lethal disease in infants and is charac- 
terized by erythematous and vesiculobulbous 
dermatitis, alopecia, severe growth retardation, 
hypogonadism, and failure to thrive. Originally, it 
was attributed to a toxic factor (oligopeptide) present 
on the surface of intestinal epithelial cells.69 
Moynahanhh later concluded that this oligopeptide 
"chelates" zinc ion thereby reducing the availabil- 
ity of the essential trace metal for absorption. In the 
early studies, patients were treated with diodoquin 
which selectively blocked the oligopeptide and 
inhibited the formation of the insoluble zinc com- 
plex. However, the occurrence of retinal atrophy 
precluded the use of diodoquin, oral administration 
of zinc sulfate being preferred. 

Acquired zinc deficiency in humans is well 
documented and Prasad's studies in Egypt and 
Iran illustrate how substances present in the diet, 
and which chelate zinc ion, can bring about symp- 
toms of zinc deficien~y.'~ Foodstuffs containing 
high levels of phytate, histidine, and fiber bind 
zinc and greatly impair its absorption, affected 
patients exhibiting severe growth retardation, 
anemia, skin disease. and impaired wound heal- 
ing.! Zinc deficiency states were demonstrated by 
hair zinc levels.71 Although some patients re- 
sponded well to iron supplementation, in others 
only oral zinc sulfate resulted in a noteworthy 
improvement. Other situations leading to symp- 
toms of zinc deiiciency (including acrodermatitis- 
like lesions) include chronic infections, penicil- 
lamine therapy, excess calcium in the diet, trace 
metal deficiencies through hyperalimentation, and 
alcohol con~umption."~.~'-~j Hypozincemia asso- 
ciated with chronic alcoholism and severe malnu- 
trition has been associated with a widespread skin 
rash, crusting, and fissuring, the condition clear- 
ing following treatment with oral zinc s~ l f a t e .~ '  In 
this case, it is not clear whether the skin lesions 
were the direct result of low zinc or whether ionic 
imbalance was contributory. Hypozincemia with 
pathophysiological consequences has also been 
reported i n  a variety of other unrelated diseases 
including chronic diarrhea, anorexia, tuberculo- 
si>. bacterial and parasitic infections, endocrine 
disorders. and some malignant d i ~ e a s e s . ~ ~ . ' ~  

Hypozincemia diagnosed in these cases may not 
serve as a reliable indication of the true zinc 
deficiency ~ t a t e . ~ ~ , ~ ~  More critical studies in hu- 
mans and experimental animal models suggest 
that hair zinc concentrations provide a more accu- 
rate guide to body zinc  level^.^^-^^ This is well 
illustrated in an international study designed to 
evaluate the influence of water hardness (high 
calcium) on zinc absorption.*O A good inverse 
correlation was seen in preschool children be- 
tween water hardness and hair zinc content. The 
results indicate quite clearly that calcium (over 
the range 33 to 330 mg/l) inhibits zinc uptake 
pathways. This conclusion is confirmed in an 
earlier study in rats.8' 

As high concentrations of zinc are frequently 
present in pigmented tissues, it seems likely that 
it functions in the formation of melanin.82 The full 
picture is not understood but current views sug- 
gest that zinc acts as an enzyme cofactor in ty- 
rosine metabolism and its oxidation and subse- 
quent conversion to  melanin^.^"'^ It is clear that 
part of the excess zinc that occurs in the body is 
voided via the hair. 

In human studies, much attention has been 
given to the importance of zinc in wound healing 
in the  kin.*^-^^ Oral zinc therapy was found to 
beneficial in the treatment of granulating wounds 
in otherwise healthy adults; wounds healed up to 
43% quicker. The effect of the therapy was great- 
est during the epithelialization phase, that is, dur- 
ing the period of maximal epithelial cell prolif- 
eration. This reflects the important observation 
that up to 20% of body zinc is concentrated in the 
epidermis and in epidermal structures. It is prob- 
able that in early post-wound phases, there is a 
local depletion of zinc through serous exudate, 
hemorrhage, and damaged tissue. Subsequently, 
as incipient regenerative activity occurs at wound 
margins, so there is increased need for zinc in 
RNA and DNA polymerases and other zinc-de- 
pendent enzymes. As such, there is requirement 
for supplementary zinc through increased intesti- 
nal absorption or mobilization of body reserves. 
Our unpublished studies on experimental wounds 
in the rat have demonstrated an increase of zinc 
concentration in wound sites after 10 d to be 10 to 
1596, but higher concentrations may be present at 
earlier stages when epithelial growth is more ac- 
tive. Savlov et al.89 demonstrated a preferential 
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concentration of zinc in early wounds using 65Zn 
radiolabel. In these studies, this increase was tran- 
sitory and declined as scar tissue formed. It can be 
assumed that zinc will be absorbed from the cir- 
culation at sites of tissue injury, the amount ab- 
sorbed being proportional to the extent of the 
injury. The resulting state of hypozincemia is 
rectified in the normal individual by increased 
intestinal absorption. Hence, in cases of chronic 
alcoholism, systemic disease, or zinc ion unavail- 
ability through hard water, defects in metallo- 
thionein carrier protein or ionic interference, re- 
tarded wound healing may be an t i~ ipa ted .~~ 

The increased need for supplementary zinc at 
wound sites has led to the development of a vast 
range of zincated creams, emollients, tapes, and 
dressings in recent  year^.^^,^^ Their efficacy is 
related to the release of appropriate levels of zinc 
ion and its availability for incorporation into en- 
zyme systems. However, because estimates of the 
actual amount of zinc present in intact human 
skin vary greatly according to which analytical 
technique has been used, it is exceedingly diffi- 
cult to assess the amount of supplementary zinc 
required to advance the healing of even superfi- 
cial wounds. Estimates of normal skin zinc of 20 
to 678 pg/g dry weight have been g i ~ e n , 6 ~ @ . ~ ~  
with a ratio of 6: 1 in the epidermis compared with 
the dermis. However, wide variations must be 
expected as a reflection of wide differences in the 
character of the skin in relation to age, sex, race, 
health factors, and the actual region of the skin 
measured. 

Studies by Pories et al.85 generated much in- 
terest in the use of zinc supplementation as an aid 
to skin wound healing. They found that a divided 
daily dose of 150 mg reduced the healing time of 
pilonodal cysts by 60%. However, other studies 
have failed to confirm this a d ~ a n t a g e . ~ ~  If a zinc 
preparation is applied to the surface of the skin to 
improve healing, percutaneous uptake is impor- 
tant. It will depend much on the compound being 
administered, its concentration, and the mode of 
application. Absorption of zinc from a bandage 
impregnated with zinc oxide was shown to be 
5 pg/cm2/h over 48 h, but the benefits offered in 
wound healing were marginaLgO Experimental 
studies in animal models with a more consistent 
pattern of wounding yield more promising re- 
sults.96,97 

Homeostatic mechanisms regulating zinc up- 
take by the intestine or the skin are not clearly 
understood. In humans, Halstead et al.76 analyzed 
26 published reports and noted that normal 
zincemia is in the range 70 to 130 pg/100 ml 
plasma, lower concentrations being found in fe- 
males and older people.98 It is presumed that only 
ionized zinc is biologically active and involved in 
percutaneous absorption. A lot of epidermal ion 
binding is seen in these situations. There is, how- 
ever, experimental evidence to suggest that 
nonionized zinc, as in zinc oxide, is absorbed 
when applied to the skin in a lipophilic vehicle 
like corn oil or glycerin-propylene g l y ~ o l . ~ ~ , ~ ~  It is 
not clear whether in this situation, the zinc is 
taken up via the pilosebaceous apparatus or per- 
cutaneously. As zinc oxide has been shown to be 
beneficial in treating skin wounds, it must be 
presumed that sufficient hydrolysis takes place to 
allow released zinc to optimize healing. Experi- 
mental studies have demonstrated that where zinc 
chloride or other soluble inorganic salts have been 
applied topically (1 % or less), they have not been 
helpful in aiding wound healing.47 In studies in 
which zinc oxide was injected intradermally, ac- 
cumulations were associated with local granu- 
loma formation.97 Cases of zinc oxide toxicity 
seem to be rare. 

The potential value of zinc pyridinethione 
(ZPT) as an antidandruff, antibacterial, and anti- 
fungal agent has attracted much interest in the 
health care industry. Experimental studies have 
demonstrated that ZPT exerts its primary action 
as a cytotoxic agent rather than as a cytostat, 
reversibly inhibiting the growth of cultured fibro- 
blasts.100 When applied to intact rat skin, ZPT was 
not well absorbed, and what was absorbed had no 
significant influence on DNA synthesis. lol In clini- 
cal trials, ZPT was shown to alleviate dandruff 
in known sufferers and to be effective against 
periodic acid-Schiff (PAS)-positive micro- 
organisms.102-104 DNA synthesis was not signifi- 
cantly altered and epidermal thickness was simi- 
lar in treated and placebo skin sites.lo2 Although 
skin biopsies were performed, no information was 
given as to the levels of actual zinc uptake. 

The toxicity of ZPT in the eyes of cats and 
dogs has been demonstrated following oral dos- 
age. lo6 The eyes of these species differ from those 
of humans because they have a tapetal mem- 
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brane,Io7 a zinc-rich pigmented layer lying behind 
the retina.loX .4nimals dosed with ZPT have shown 
tapetal degeneration and retinal detachment. Simi- 
lar changes have been reported in studies of ani- 
mals that were dosed with other zinc-chelating 
compounds like diphenylthiocarbazone.Io9 In this 
experiment, it seems likely that the ZPT induces 
its toxic changes by inhibiting zinc pathways or 
enzymes. A local inflammatory response may also 
be contributory. 

Oral zinc sulfate administration has been 
shown to exert some benefit in the treatment of 
acne vulgaris. However, in preliminary trials, re- 
sults have been inconsistent.'").'ll In a trial of 48 
patients with mild to moderate acne, oral zinc 
sult'ate reduced the number of comedones, cysts, 
and pustules but the results were not significant. 
In a longer-term study, Michaelsson et al."O noted 
that the skin was less oily after 4 weeks and that 
some scaling was present. These authors also pro- 
vided evidence to suggest that zinc is probably 
implicated in vitamin A metabolism in the skin 
and is relevant in macrophage activation. If this 
last note is substantiated, it could be fundamental 
in understanding the benefit offered by zinc in the 
early stages of wound healing when macrophages 
perform a central role in wound debridement. 
Other roles ascribed to zinc in wound healing are 
its ability to stabilize cell membranes and inhibit 
histamine release from dermal mast cells."'.*13 In 
anorher inflammatory situation, zinc supplement 
has been shown effective in the treatment of rheu- 
matoid arthritis. 'l 

1. Experimental Studies 

Experimental studies in animal species have 
shed much light on the importance of zinc in 
biological systems, absorption and excretion, its 
value in wound healing, and its toxicity. In the 
veterinary literature, zinc-responsive dermatoses, 
zinc-dependent epidermolysis, and parakeratosis 
related to zinc deficiency are described. As in 
humans, these conditions are probably autoso- 
inally determined and are treatable with oral zinc 
sulfate  supplement^.'^^-^^^ Young animals are 
particularly susceptible. Suggested causes of zinc 
deficiency in dogs include: 

1 .  Absolute dietary insufficiency 
2. Hereditary defects in intestinal zinc absorp- 

tion 
3. Defective utilization of zinc 
4. Disturbances in gastrointestinal function 

(diarrhea) 
5. Excessive dietary calcium 
6. Excessive dietary levels of phytate, histidine, 

and plant fiber 

All these syndromes have been studied in humans 
and may be assumed to operate by a similar mecha- 
nism. 

Animal models have been particularly useful 
in resolving the controversial role of zinc in wound 
healing. Thus, Hallmans" studied the influence 
of low zinc diets (10 ppm) on wound healing in 
rats and demonstrated impaired repair processes. 
Zinc tape applied to the surface of the wounds did 
not fully restore the healing profile. Wound con- 
traction was reduced but increased zinc was iden- 
tified in granulation tissue. Elsewhere, zinc oxide 
enhanced degradation of collagen in necrotic 
wounds in pig skin biopsies, confirming the ben- 
eficial influence at early stages in wound heal- 
ing.96 Recent studies in our laboratory have shown 
unequivocally that zinc oxide (20% aqueous sus- 
pension) applied to standard incisional wounds 
advanced healing and aided hair regrowth.97 Post- 
wound hemorrhage was reduced and wound de- 
bris less obvious. Zinc chloride on the other hand 
was more acidic and did not overtly improve 
healing when applied at 0.5 or 1.0% to wound 
sites for 10 d. The mechanism is not known but it 
is assumed that the zinc oxide becomes hydro- 
lyzed and absorbed by epithelial cells at the wound 
margin, becoming available for uptake by 
metallothionein and ultimately, incorporation in 
enzyme systems.119 

The dermal toxicity of zinc solutions was 
evaluated experimentally in rat, mouse, and guinea 
pig skins.47 Zinc chloride, which ionizes readily, 
was a severe irritant in all three species, causing 
ulceration and local hyperplasia and parakeratosis 
(Table 2). Interestingly, where irritancy was seen, 
zinc ion binding to epidermal keratin could be 
demonstrated using a morin dye fluorescence tech- 
nique (Figure 1). As in previous studies with 
aluminum compounds that also ionize, it was 
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TABLE 2 
Macroscopic Observations in Rabbit, Mouse, and Guinea-pig Skin Exposed to Zinc Compounds 
for 5 Days” 

Rabbit Rabbit 
(open patch test) (occlusive patch test) Mouse Guinea Pig lrritancy 

Zinc compound No. lrritancy No. lrritancy No. lrritancy No. lrritancy rating 

- - 8 - 6 - 4 - 20% Oxide 4 
1% Chloride 4 +++ (4) 4 +++ (4) 6 +++ (6) 8 ++ (3) Severe 

8 + (1) Low 
- Low 
- Moderate 
- Low 

1% Sulfate 4 + (1) 4 + (1) 6 + (2) 
20% Undecylenate 4 + (1) 4 + (2) 6 + (2) 
20% Acetate 4 + (3) 
20% Pyrithione 4 + (2) 4 + (2) 6 + (1) 
0.1 % Tween 80 4 

8 
4 +++ (4) 6 +++ (6) 8 

8 
8 4 - - - 6 - - 

a-, No obvious reaction; +, slight irritancy; + +++, severe irritancy; no of animals showing responses in parentheses. 

Histological Changes in the Skin Following Application 
of Zinc Compounds in Open Patch Tests* 

Zinc compound Rabbit Mouse Guinea pig 

20% Oxide 1 1 1 
1% Chloride 5 5 4 
1 Ol0 Sulfate 2 1 1 
20% Undecylenate 3 4 2 
20% Acetate 3 3 1 
20% Pyrithione 1 1 1 
0.1 % Tween 80 1 1 1 Ref. 46 

a 1 = No evidence of damage; 2 = marginal epidermal thickening with 
no inflammatory change; 3 = mild acanthosis with hyperkeratosis 
and some inflammatory change; 4 = moderate acanthosis, 
hyperkeratosis, and inflammation with focal parakeratosis; 5 = pro- 
found epidermal hyperplasia with parakerstosis and ulceration. 

concluded that ion binding to epidermal keratin is 
aided by the low pH created by free acids.122 

Zinc pyrithione, which is used commercially 
in antidandruff shampoos,121 was not an irritant in 
rodent skin and did not facilitate detectable zinc 
binding.122 In vitro studies designed to examine 
the antidandruff effects of zinc pyrithione showed 
it to be primarily cytotoxic rather than cytostatic.lm 
In vivo studies demonstrated that zinc pyrithione 
at 1% did not significantly alter DNA synthesis 
and thus probably does not clear dandruff by a 
cytostatic m e ~ h a n i s m . ’ ~ ~ J ~ ~  The effect may be 
due to the prevention of an aggregation of surface 
epidermal cells into visible “flakes”. lZ4 Zinc 
undecylenate is nontoxic and probably acts in a 
similar way. 

Percutaneous absorption of zinc compounds 
has been investigated in animals and a low uptake 
recorded. Ionizing salts like zinc chloride favor 
binding of zinc to epidermal keratin, whereas with 
zinc oxide, undecylenate, or PZT uptake was low 
and barely perceptible in the epidermis by con- 
ventional histochemical methods.47 Quantitative 
studies are summarized in Table 3. 

Ionic interaction leading to altered zinc me- 
tabolism has been investigated in mice given di- 
etary additives of zinc sulfate, copper sulfate, 
gallium citrate, cadmium sulfate, and magnesium 
sulfate. 128 Skin lesions were not reported follow- 
ing any metal ion dosage, suggesting that none 
sufficiently altered zinc metabolism to influence 
skin physiology, or that the changes were of 
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FIGURE 1. Zinc deposits in the epidermal keratin in the rat treated topically with 1% zinc chloride for 10 d. (Morin 
fluorescence, x10 objective.) (From Lansdown, A. B. G., Food Chem. Toxicol., 29, 57, 1993. With permission.) 

TABLE 3 

Zinc preparation Species Uptake Ref. 

ZnCI, aqueous suspension (0.08 Guinea pig <10/0/5 h 125 
ZnCI, corn oil Rat Plasma increase 43 

0.75 to 11 5 pg/rnl 
ZnO (pH 8.0) Rat 0.2 x 10-3 cm/h 126 
ZnCI, (pH 4.0) Rat 0.09 x 10-3 cm/h 
ZPT 10 pglml Rabbit 0.2 figIcmYh 127 
aqueous suspension 

insufficient duration to evoke recognizable 
change. Zinc concentrations in rodent skin are 
very low (ca. 0.13 pg/g). In metabolic studies, 
where supplementary zinc was given, excess ion 
was excreted via the hair, urine, and feces to 
restore normozincemia. Of the other metals, cad- 
mium evoked a deceleration in zinc turnover 
regardless of zinc concentrations, whereas ad- 
ministration of gallium, magnesium, or copper 
did not materially influence the turnover of 65Zn. 

By implication, if sufficient cadmium passes 
percutaneously in sufficient quantity, it is liable 
to influence zinc metabolism in normal or 
wounded skin. This subject is currently under 
investigation in our laboratory. Initial studies sug- 
gest that in rat and mouse at least, cadmium is 
absorbed readily and leads to a massive increase 
in local zinc concentrations12* confirming the de- 
creased excretion noted above. Whether this in- 
crease in zinc results through cadmium blocking 
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zinc metabolic pathways, or is an adaptive mecha- 
nism to protect against the toxic influence of the 
cadmium ion, remains to be elucidated. Cadmium 
is a known zinc antagonist.Iz9 

B. Copper 

In 1816, copper was recognized as a constitu- 
ent of plant and animal tissues.130 It was identified 
as an essential trace metal in rats when copper- 
deficient animals were shown to be anemic and 
failed to respond to iron therapy.I3l Copper is now 
known to be important for cell and tissue growth 
as a cofactor in several enzyme systems. Like 
zinc, copper is ubiquitous in the human body 
being found in all cells. Biochemical studies sug- 
gest that copper metabolism is intimately linked 
to that of iron such that in copper-deficient states, 
anemia is a common observation. In the veteri- 
nary field, symptoms of copper deficiency in sheep 
and cattle vary according to dietary levels of co- 
balt and molybden~m.’~~ In uncomplicated cop- 
per deficiency in sheep, the wool becomes straight 
with a steely sheen and is hypo chroma ti^.'^^ Cop- 
per deficiency seems to be rare in humans, al- 
though anemias responding to copper are reported 
in preterm infants and in cases of gross malnutri- 
tion. Menke’s “kinky” hair syndrome is relevant. 
This X-linked copper deficiency is a cause of 
defective keratinization in hair and skin growth. 
The hair is twisted microscopically.’33-136 Affected 
infants exhibit retarded growth and deficiency in 
cytochrome oxidase and other cuproenzymes. 
Copper accumulates in the intestinal mucosa and 
is not metabolized. Low semm copper is associ- 
ated with low cemloplasmin carrier protein and 
defects in copper rnetab01ism.l~~ 

Copper is absorbed intestinally by two main 
routes, one facilitated by amino acids and the 
other by protein binding. Transition elements like 
zinc, molybdenum, or cadmium may impair this 
pathway, presumably by ionic competition. 
K l e ~ a y ’ ~ ~  suggested that a metabolic imbalance 
produced by high zinc may be a cause of 
hypercholesteremia and heart disease; copper is 
metabolically important in several enzymes nec- 
essary in the formation of cardiovascular and skel- 
etal connective tissues, as well as in iron transport 
and erythropoiesis. 

Studies by Hill and demonstrated that 
copper is an essential constituent of amino-oxi- 
dase responsible for the conversion of lysine resi- 
dues to desmosine and iso-desmosine in elastic 
tissue cross-links. A similar mechanism probably 
operates in the case of collagen fiber cross-link- 
ing. 140 Lysyl oxidase deficiency with aberrant 
collagenesis also has important implications in 
dermal repair and scar tissue formation following 
deep skin i n j ~ r i e s . ’ ~ ~ J ~ ~  Agents like penicillamine 
or metals that impair copper a ~ a i l a b i l i t y l ~ ~ - I ~ ~  will 
obviously retard wound healing. Additionally, 
metal ions like calcium, zinc, molybdenum, and 
nickel are known to block copper pathways in 
wound healing either by their direct toxic action 
or through upsetting the ion b a l a n ~ e . l ~ ~ - ’ ~ ~  

Copper deficiency through nutritional or in- 
herited causes has been associated with defects in 
melanogenesis achromotrichia as reported in cattle 
fed a copper-deficient diet.132 Melanins are de- 
rived from tyrosine, which is oxidized to 3,4- 
dihydroxyphenylalanine (DOPA) by the cupro- 
enzyme t y r o ~ i n a s e . l ~ ~ J ~ ~  The process is possibly 
complex and not fully understood. Biochemical 
studies suggest that other metal ions, including 
zinc, iron, cobalt, nickel, manganese, and iron, 
are in~olved.*~**~ Presumably, the ionic balance 
will be important in this process, with variations 
resulting in different hair, nail, feather, and skin 
colors characteristic of certain strains and species 
of vertebrates. 

Animal models of copper deficiency are seen 
in enzootic ataxia or swayback in sheep and in 
experimental studies in rodents. Resulting defects 
in phospholipid synthesis have been associated 
with defective myelination and brain abnormali- 
ties. l5O,l5I Teratological studies in rats showed 
pronounced skeletal abnormalities but also a re- 
duction in the number of hair follicles in copper- 
deficient offspring. 152 

An important illustration of the detrimental 
influence of excess copper is seen in Wilson’s 
disease, an autosomal recessive trait character- 
ized by neurological, hepatic, and behavioral ab- 
n0rma1ities.l~~ Excess copper is deposited in the 
liver, brain, kidneys, and cornea. Kayser-Fleischer 
rings in the cornea are common. Patients lack the 
copper carrier protein cemloplasmin. Treatment 
is achieved by administration of agents like peni- 
cillamine to sequester the excess copper, or zinc 
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sulfate to inhibit copper pathways. 154.155 (Penicil- 
lamine is a methylated cysteine derivative and 
powerfully chelates and accelerates the excretion 
of other metal ions. including lead and mercury in 
cases of poisoning.) Copper may also interact 
with nickel in achieving taste sensitivity, which is 
also impaired in Wilson's disease. 156.1s7 

Copper. zinc, and other metals become de- 
pleted in cases of severe thermal injury involving 
the skin.Iss Hypocuprinemia related to the extent 
of the injury and associated lysyl oxidase deple- 
tion has contributed to retarded healing and re- 
duced wound strength. Clinically, a restitution of 
normal copper levels is necessary not only to 
achieve optimal collagenesis and neovas- 
cularization but also immune function.lS9 In one 
study, a copper ion solution (Solcoderm) was 
used successfully to treat epidermal cysts: no 
contraindications were reported.160 In these pa- 
tients, the cysts were ruptured and the contents 
expressed before treatment with the copper that 
then led to a satisfactory pattern of re-epithelial- 
ization and exteriorization of necrotic tissue. A 
mechanism of epidermal cell stabilization was 
suggested. 

The homeostatic regulation of copper levels 
in the blood is not fully understood but in cases of 
excess. elimination is by way of the hair, nail, and 
desquamated epidermal cells.i61~*62 Copper is ab- 
sorbed percutaneously and this route is benefi- 
cially employed in sheep and other species sub- 
ject lo copper deficiency.163 Lipophilic solvents 
greatly enhance absorption. One such copper 
preparation has been developed as a local 
antiinflammatory agent. It was well absorbed and 
achieved its effect probably through the action of 
the cuprous ion.1hJ.'h5 

'Toxic changes are occasionally seen follow- 
ing exposure to copper metal or copper com- 
pounds. Green hair is reported following occupa- 
tional copper exposure or copper in products in 
long-term contact with the skin.28.29J66 Concen- 
trated solutions of copper sulfate are caustic and 
produce a primary irritation. Metallic copper in 
.jewelry. coins, and instruments readily corrodes 
in the presence of sweat and irritates the skinJ0 
Particular risks of dermatitis attributable to cop- 
per have been encountered in intrauterine contra- 
ceptive devices. Many cases of eczematous 

dermatitis and allergy have been associated with 
the use of copper r i n g ~ . ' ~ ~ - ' ~ '  Lichen planus-like 
lesions have been recorded in patients treated 
with copper in dental 

Occupational exposure to copper products 
represents a large problem. Workers exposed to 
copper through electroplating or through the use 
of copper-containing fungicides, fertilizers, and 
mordants in fur dying have shown a high inci- 
dence of primary imtation or a l l e r g ~ . I ~ ~ - I ~ ~  Occa- 
sionally, problems have been experienced in the 
diagnosis of true copper allergies, due to pre- 
sumed cross-sensitivities or contamination with 
other metals, including nickel, chromates, and 
cobalt.175x176 Copper itch is documented but this is 
conceivably due to arsenic ~0ntarnination.l~~ 

Autosomal recessive copper toxicosis in 
Bedlington terriers was shown to resemble 
Wilson's disease in many respects and high blood 
copper levels were reduced using zinc and peni- 
cillamine therapy;I7* however, skin disease was 
not reported. 

C. Magnesium 

Magnesium, a ubiquitous metal in the human 
body, is essential for energy production, muscle 
contractility, and neurological function. It re- 
sembles calcium in many ways and tends to lo- 
cate in areas of high calcium such as bones.179 
However, calcium and magnesium interact such 
that where dietary calcium is reduced there is a 
concomitant rise in magnesium absorption.1s0J81 
In muscle contraction, magnesium is a relaxant 
whereas calcium is a stimulant.'** Calcium, 
phytate, fatty acids, and phosphate all impair ab- 
sorption of magnesium but clinical experience 
suggests that uptake mechanisms for calcium and 
magnesium are quite distinct.l** 

Magnesium is important in a number of en- 
zyme systems related to ATP metabolism, carbo- 
hydrate, lipid, protein, and nucleic acid synthesis. 
It thus performs a central role in the homeostasis 
of many organs, particularly in repair situations 
following injury. It is probably involved in the 
enzymic activation leading to phosphate transfer 
to or from ATP, as well as being an enzyme 
substrate. Little evidence is seen of adverse reac- 

408 

C
ri

tic
al

 R
ev

ie
w

s 
in

 T
ox

ic
ol

og
y 

D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

Se
ri

al
s 

U
ni

t -
 L

ib
ra

ry
 o

n 
09

/2
2/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



tion in the skin per se attributable to high or low 
magnesium levels. In a study of the dermatologi- 
cal consequences of cystic fibrosis, the electro- 
lytehon concentration of hair was examined and 
92% of the calcium content was water soluble 
(compared with 30% in normal infants).lg3 Mag- 
nesium levels were similar in both groups but 
sodium levels were raised threefold. The sug- 
gested mechanism is that in this particular condi- 
tion, the hair exhibits different capacities to bind 
essential metal ions. Similar changes have been 
noted in the nails of cystic fibrosis patients.lE4 The 
reasons for differences in ion binding capacity in 
the hair of cystic fibrosis patients are not known 
but they probably reflect differences in keratin 
structure and morphological changes in the hair 
papilla. 

Magnesium is widely available as hydrous 
polysilicate (talc) in dusting powders. Although 
talc is relatively inert and is not readily absorbed 
through the skin, local uptake at wound sites has 
been shown to be a cause of granuloma forma- 
tion.1s5J86 Talc is birefringent and can be readily 
identified with a polarized microscope. An in vitro 
study demonstrated that talc is toxic to macro- 
phages;ls7 it is also a potential cause of pneumo- 
coniosis following chronic occupational expo- 
sure. 

D. Calcium 

Calcium is the most abundant metal in the 
mammalian body and its role in skeletal morpho- 
genesis has been subject to intensive study. At 
least 99% of the body calcium is found in the 
skeleton and teeth with the balance performing 
vital roles in fundamental metabolic processes 
and membrane function, including ion trans- 
p0rt.189J90 In this paper it is not possible to explore 
in more than a cursory fashion, the complex role 
that calcium fulfills in cell function or the interac- 
tions that occur with ions like sodium, potassium, 
and magnesium in regulating muscle tone or nerve 
conduction. 

Like other bulk and trace metals, body cal- 
cium levels are maintained through intestinal ab- 
sorption. 191 Magnesium, zinc, gallium, strontium, 
and lanthanum have all been shown to inhibit 

calcium pathways and impair absorption, 179-181 

although no evidence is seen that these interac- 
tions are sufficient to impair calcium-dependent 
processes in the skin. Intestinal uptake is regu- 
lated by a complex balance between parathyroid 
hormone, calcitonin, and vitamin D concentra- 
tions. Uptake is also dependent on phosphate lev- 
els and a ratio of 2:l is given.132J90 Calcium defi- 
ciency through malnutrition or metabolic defect 
is treated by intravenous or subcutaneous injec- 
tions. Soluble salts such as calcium borogluconate, 
which are nontoxic, are used in veterinary medi- 
cine to relieve hypo~a1cemia.l~~ 

Calmodulin is a major cytosolic protein re- 
sponsible for calcium binding.192 It regulates cal- 
cium-dependent processes, including histamine 
release, T-lymphocyte activation, neutrophil 
chemotaxis, and platelet aggregation, processes 
that are central in early responses to wound heal- 
ing in the skin.147 Calmodulin levels are raised in 
psoriatic skin where cell proliferation is higher 
than normal but where maturation patterns are 
in~omp1ete.l~~ Binding sites on the calmodulin 
molecule also favor the attachment of 
indicating that imbalance situations are a poten- 
tial cause of delayed wound healing and other 
calcium-mediated events in the skin. 197 Experi- 
mental studies in nude mice have demonstrated 
that high zinc levels lead to a decrease in 
calmodulin concentrations. This may reflect inhi- 
bition in calmodulin synthesis, increased degra- 
dation, or redistrib~tion.~~ Drugs and agents known 
to inhibit calmodulin have been shown in vitro to 
inhibit the proliferation of human keratinocytes in 
c ~ 1 t u r e . l ~ ~  Although the potential of the drugs in 
treating psoriasis is obvious, their application to 
normal skin is contraindicated. 

Calcium and zinc are of great importance in 
wound healing in the skin. Whereas calcium pro- 
motes several critical events during hemostasis 
and neutrophil activation, zinc metalloenzymes 
are necessary in the subsequent re-epithelializa- 
tion stages.199 During final periods of cell differ- 
entiation, activation of keratinocyte trans- 
glutaminase activity is dependent on appropriate 
calcium ion.200 Calcium is held to be a key regu- 
lator in terminal differentiation of keratinocytes.201 

The need for calcium ion in hemostasis led to 
the development of the seaweed product calcium 
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sodium alginate for use in wound dressings.202-206 
Polysaccharide fibers, held together with calcium 
bridges, gel in contact with water or serum to 
undergo ionic exchange with sodium. The cal- 
cium ions released promote hemostasis, whereas 
the polysaccharide fibers act as a matrix for mi- 
grating fibrobl a s t ~ . ~ ~ ) ’  

Human skin is permeable to calcium ions, 
some binding to calmodulin, some permeating 
into the intercellular fluid, and the balance pre- 
sumably absorbed intracel l~lar ly . ‘~~-~~~ Uptake will 
depend on the skin thickness, the state of hydra- 
tion of the tissue, and the form in which the 
calcium is presented. Absorption has also been 
shown to depend on the integrity of the epidermal 
lipid and the barrier function. In murine epider- 
mis, a low calcium concentration was seen in 
squamous and basal layers with much higher lev- 
els in outer layers of the stratum corneum.”l A 
high calcium level was obtained in the cytosol of 
granular layer cells but a higher concentration 
was apparent in the extracellular spaces. 

Many calcium salts are insoluble and are not 
readily absorbed through mammalian skin. How- 
ever. calcium chloride as used in electrode pastes, 
dehydrating agents, and fungicides is absorbed, 
and is a primary irritant to human skin.“O As in the 
case of zinc chloride, the acid medium created 
facilitates calcium ion binding to epidermal kera- 
tin leading to local denaturation and corrosive 
changes.47 Calcium thioglycollate (5%)  is used as 
a depilatory. This acts by “dissolving” hair kera- 
tin but is also likely to denature epidermal keratin 
and hence be a primary irritant, particularly where 
i t  cernes into contact with hypervascular or thin 
skin as found in the eyelid. Calcium oxide as 
unslaked lime readily hydrolyzes to form a highly 
caustic solution that burns the skin.1° 

30 evidence has been seen of allergy to cal- 
cium ion per se. However, chronic occupational 
exposure of damaged skin to soluble calcium salts 
may lead to mineralization of the skin - calcinosis 
cutis.? 12-2 Deposition of calcium phosphate in the 
skin can occur under a variety of other conditions, 
including tissue injury or as a result of a disease 
process (e.g., hyperparathyroidism and derma- 
tomyositis). Cases have been reported of children 
developing symptoms of dystrophic mineraliza- 
tion in skin areas exposed to calciuni salts during 
electroencephalogram (EEG) monitoring.’16 

Calcium is excreted in human sweat but this 
varies greatly from person to person and levels of 
calcemia .2’ ’ 2  Ix 

E. Iron 

The importance of iron in human and animal 
nutrition has been appreciated for at least 100 
years.’* It has been the object of extensive research 
by biochemists, clinical scientists, and experimen- 
talists, and a vast amount of information accumu- 
lated as to its absorption, transport, and homeosta- 
S ~ S . ~ , ~  Estimates show that a healthy adult contains 
35 to 50 mg iron per kilogram body ~ e i g h t . ~ ~ J ~  At 
least 70% of this will be utilized in hemoglobin, 
myoglobin, and enzymes involved in intracellular 
oxidation-reduction processes, oxygen transport, 
and cellular respiration.220.22’ This last role is highly 
relevant in the cascade of events occurring in the 
skin following injury. The role of iron in the gen- 
eration of oxygen radicals in the inflammatory 
phase is of particular importance. Oxygen-depen- 
dent mechanisms are important in the microbiocidal 

Wide variations are reported in iron uptake 
according to the diet and age, physiological state, 
overall health of an individual, and the source of 
iron. Inorganic ions (ferrous > ferric) combine 
with apoferritin in the intestinal mucosa to form 
ferritin, which is mobilized to the bone marrow 
and other sites by a transferrin-carrier protein. 
The transferrin molecule remains saturated to 50% 
of its iron-binding capacity and serves as a reser- 
voir of iron. Metabolism of iron is complex and is 
influenced by a variety of local factors, not the 
least of which is the presence of other metal ions 
like calcium, magnesium, and manganese. Gas- 
trointestinal motility, pH, disease processes, or 
antagonistic ions in the gut lumen can adversely 
influence iron uptake. Substances like phytates, 
oxalates, and phosphates are known to chelate 
irons On the other hand, calcium and ascorbic 
acid enhance iron uptake by complexing and 
thereby blocking oxalates, phytates, and other 
chelating agents. Iron is excreted through the bile 
and via desquamated epidermal cells and hair 
follicles; only a minimal amount is lost in sweat. 

Hemorrhage is a normal event following sur- 
gery or accidental skin injury, but in the subse- 

action of neutrophi1s.- 722-225 
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quent hemostatic and inflammatory phases, iron 
performs a critical role in staging the healing 
process.220,221 Tissue injury provoking the release 
of cytokines, growth factors, and pharmacologi- 
cal mediators from platelets, epidermal cells, lym- 
phocytes, and macrophages is an essential part of 
the early cascade of events leading to platelet 
aggregation, leukocyte, macrophage, and fibro- 
blast infiltration, and ultimately cell proliferation 
at wound margins, and numerous biosynthetic 
events. Local demands for oxygen via a Haber- 
Weiss mechanism are high and iron plays a cen- 
tral role.220 Lactoferrin provides a source of the 
iron necessary in the production of the hydroxyl 
radicals necessary in enabling neutrophils to per- 
form their microbiocidal role.226 In later events, 
ferrous iron with ascorbate catalyzes the hydroxy- 
lation of proline and lysine in the production of 
intermolecular cross-links of c~l lagenes is .~~~ In 
different capacities zinc and copper are also in- 
volved in this complex process, again underlining 
the importance of ionic balances in intercellular 
processes and biomolecular s y n t h e ~ e s . ’ ~ ~ J ~ ~  
Xenobiotic ions like cadmium, lanthanum, or 
gallium are capable of upsetting this balance and 
impairing healing processes. Much study is needed 
in this area. 

A variety of toxic or adverse reactions have 
been reported in the clinical and veterinary litera- 
ture resulting from iron metabolic deficiency dis- 
orders or through intentional or accidental contact 
with iron-containing products. In veterinary prac- 
tice, topical application of ferrous sulfate to alle- 
viate iron deficiency in pigs has been found to 
cause some ~0reness . l~~ In cases of iron overload, 
deposits of iron may be seen in the dermis but 
they are more commonly seen in the liver. Other 
symptoms reported in iron toxicity include hair 
loss, hyperpigmentation of the skin and nails, and 
atrophic changes in the skin.228,229 A case of a 
woman exposed chronically to well water illus- 
trates the propensity of iron to pigment the nails 
o r a n g e - b r ~ w n . ~ ~ ~ ~ ~ ~  The so-called “miller’s itch” 
is a disease seen in millstone grinders exposed 
chronically to iron Affected millers have 
been reported to show a brownish pigmentation 
of their skin and nails and occasionally transitory 
dermatitis. The iron pigment has been confirmed 
in biopsies using the Prussian-blue reaction as is 
used in routine histochemistry. Under normal cir- 

cumstances, iron or nonallergenic iron compounds 
that penetrate and bind to epidermal cells or to 
nails would be expected to be lost in due course 
through natural desquamation without long-term 
s e q ~ e l a e . ~ ~ ~  However, iron chloride or other salts 
used in tatoos are likely to afford a longer lasting 
or permanent staining. Monsel’s solution is used 
in this p r o ~ e s s . ~ ~ ~ , ~ ~ ~  

Allergic reactions to iron are rare,236 On occa- 
sions where evidence of allergic reactions has 
been noted in response to contact with steel as 
used in prostheses or in orthodontic surgery, it is 
more likely that the allergy is attributable to nickel 
or chromium salts,237-240 which are discussed be- 
low. Occasional cases of occupational dermatitis 
attributable to iron exposure are recorded, and 
where allergy has been confirmed by patch 
tests .241,242 

Iron dextran is a product of ferric hydroxide 
with dextran, which is soluble in water but not in 
organic solvents. It was designed for intraparenteral 
or topical administration in treating human or vet- 
erinary iron-deficient anemias. However, when iron 
dextran was administered subcutaneously to mice, 
rats, rabbits, and hamsters, local sarcomas were 
o b s e r ~ e d . ~ ~ ~ , ~  However, although reports of sar- 
comas at sites of injection have been seen in hu- 
mans treated with iron dextran, the product is still 
available for use by patients who do not respond to 
oral iron admini~tration.~~~ 

F. Sodium and Potassium 

Sodium and potassium are intimately linked 
to a large number of physiological processes in 
the mammalian body, but notably in the function 
of cell membranes and in the sodium-potassium 
pump m e c h a n i ~ m . ~ ~ ~ - ~ ~ *  Typically, whereas po- 
tassium concentrations are 10 to 20 times higher 
in the cell than in the intercellular space, the 
reverse is true for sodium. The sodium-potassium 
pump eliminates sodium from the cell against its 
electrochemical gradient while retaining high po- 
tassium. Most of the cell’s energy is used to main- 
tain this process. A major effect attributed to the 
sodium-potassium pump is that of maintaining 
cellular homeostasis and cell volume. Where the 
pump is inhibited by a substance like ouabain that 
inhibits the ATP-ase, cells accumulate fluid and 
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burst. Other metal ions, including calcium and 
magnesium, are involved in cell membrane func- 
tion. 

Sodium and potassium are absorbed intesti- 
nally and excreted via the urine, feces, or sweat. 
Ion uptake is probably mediated by blood concen- 
trations and by action of adrenocortical or ante- 
rior pituitary hormones. In hot weather, loss of 
sodium through perspiration leads to hyponatremia 
and ionic imbalance. This is corrected by admin- 
istration of supplementary salt. Salt “licks” are 
commonly provided for cattle in hot countries.”? 
Low salt may also arise through gastrointestinal 
disturbances and tissue injury. In burns, for ex- 
ample, tissue necrosis, vascular changes, and elec- 
trolytic alteration result in a local depletion of 
sodium, potassium, calcium, magnesium, and 

Hypertonic saline has been recommended 
for reducing burn wound edema, but this is not 
fully effective.25u,2s1 The interaction of different 
me,tal ions in the degradative, vascular, prolifera- 
tive. and niaturational processes involved in re- 
pair processes following skin injury is complex 
and currently subject to intense investigation. 
Clearly, as repair and regenerative changes occur 
in the skin following burn or other injury, the 
optimal ionic balance changes in step with events 
in the wound healing cascade. Whereas sodium 
and potassium perform essential regulatory func- 
tions throughout, other ions like zinc and copper 
hake more defined roles.2s2 

Sodium and potassium ions are absorbed by 
human and animal skin, the rate of penetration 
being related to the concentration and salt applied 
and the morphological characters of the skin at 
the treatment site and the density of skin append- 
ages.?” Human skin may be as much as 100 times 
less permeable to sodium ions than many animal 
skins. maybe because of its sparse hair growth, 
although even human skin varies greatly accord- 
ing to the site examined.2s3 Percutaneous absorp- 
tion with sodium and potassium ions has also 
been shown to vary according to local tempera- 
tures, the nature of the vehicle (hydrophilic or 
lipophilic emulsions),25J humidity, and sweat pro- 
duction. Both ions are excreted in sweat,345 and 
this salt loss is balanced presumably by increased 
intestinal uptake. 

Considering the vast array of sodium and 
potassium compounds used in everyday iife, a 

wide range of toxic changes might be expected 
through topical exposure or accidental contact 
with the skin. However, a scan of the literature 
shows that neither ion is a cause of changes of an 
irritant or allergic nature.255 Sodium lauryl sulfate 
is a skin irritant but the resulting changes are 
largely attributable to the anion that is known to 
interact with epidermal keratin.122 In experimen- 
tal studies, sodium lauryl sulfate is used frequently 
as a positive control because it is a well-recog- 
nized irritant to human skin. Sodium hydroxide at 
0.005 to 2.0 mol/l has also been used to evaluate 
human skin allergic reactions and the effective- 
ness of the epidermal barrier function.2s6 Water 
was lost from the surface of the skin after only a 
1- to 15-min exposure to concentrations of 
<0.1 mV1. No obvious reactions were noted. At 
higher concentrations, the effect was reversed. 
Skin surface water loss after 5 min was signifi- 
cantly correlated with transepidermal water loss, 
and a measure provided of the epidermal barrier 
function. 

Allergic reactions are frequently seen follow- 
ing skin contact with sodium and potassium com- 
pounds. Thus, potassium dichromate (0.25%), 
sodium arsenate (lo%), and sodium hypochlorite 
have all shown positive patch tests in sensitized 
 individual^.^^^^^^-^^^ However, in each case, the 
reactions are attributable principally to the anion 
rather than the cation. 

IV. MINOR TRACE METALS - COBALT, 
CHROMIUM, NICKEL, MANGANESE, 
MOLYBDENUM, VANADIUM, TIN, AND 
SELENIUM 

These elements are important in human nutri- 
tion and are subject to increasing r e ~ e a r c h . ~ . ~ ~  They 
differ greatly in their chemical properties and in 
their known or suspected roles in biological sys- 
tems. Present knowledge indicates that these ele- 
ments have a much narrower role in human nutri- 
tion than the elements described above, yet they 
satisfy Cotzias’s criteria as trace metals and are 
regarded as essential in maintaining normal health 
processes.260 Tissue levels of these elements are 
relatively constant, but functional or physiologi- 
cal defects can be expected in deficient states. It 
is paradoxical to note that elements like cobalt, 
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nickel, and chromium, which are of trace metal 
value, are also among the most common and se- 
rious causes of dermatological problems affect- 
ing a large proportion of the human pop~la t ion .~~ 

A. Cobalt 

Cobalt is a silver-gray metal used extensively 
in the steel industry, and in pottery, glass, and 
porcelain manufacture because of the azure blue 
color seen with some soluble salts. Cobalt blue is 
used in hair dyes, cosmetics, electrical goods, and 
paints. In human nutrition, cobalt is required as 
vitamin B12 and is essential in the physiology of 
most cells, particularly those of hematopoietic 
tissues and the t h y r ~ i d . ~ , ~ ~ ~  With iron and manga- 
nese, cobalt exerts an essential role in the matura- 
tion of red blood cells. Uptake mechanisms are 
possibly similar to those of iron, but some inter- 
action may occur. Thus, in cases of iron defi- 
ciency, increased intestinal absorption of cobalt 
has been noted. Most cobalt is stored in liver. 
Blood levels are given as 1 pg/lOO m1.60 Although 
no specific role has been assigned to cobalt in the 
physiology of the skin or its appendages, excre- 
tion of excess metal has been noted in hair and 
sweat. 

Toxicologically, cobalt exposure has been 
associated with cardiovascular, pulmonary, and 
dermatological abnormalities. However, whereas 
the cardiotoxic potential of high levels of cobalt 
in humans is e q u i v o ~ a 1 , 2 ~ ~ , ~ ~ ~  experimental studies 
in dogs, guinea pigs, and rats have demonstrated 
degenerative changes in heart muscle at oral doses 
as low as 3 mgkg body  eight.^^,^^^ When ap- 
plied to the skin, metallic cobalt has been shown 
to be a primary irritant, the skin reactions taking 
the form of a folliculitis or a lichenified eczema- 
like reaction. Cobalt-related eczematous dermatitis 
is well It may be presumed that this 
reaction is at least partly attributable to the inter- 
action between cobalt ions and sweat. 

Allergies to cobalt are reported to be more 
common in Europe than in the U.S. and have been 
recorded in workers exposed to detergents, ce- 
ment, and in the pottery and ceramics industries. 
However, the true extent of cobalt allergy is not 
clear as cobalt frequently appears alongside nickel 
and chromium which are notably stronger aller- 

gens. There is also some questionable evidence 
that these metals cross-react in patch testing.12 
This is contrary to Fisher’s40 philosophy that cross- 
reactivity between metals is rare. Marc~ssen*~~ 
found two patients with cobalt hypersensitivity 
but with a coincident sensitivity to dichromate. In 
another study, a high incidence of bricklayers in 
Barcelona showed allergy to cobalt and chro- 

Another cohort of 79 workers giving 
positive patch tests to cobalt were also sensitized 
to nickel and chromium.271 Identification of these 
allergies is also complicated by similarities in 
skin r e a ~ t i o n s . ~ ~ ~ , ~ ~ ~ , ~ ~ ~  Cobalt allergy has been 
described variously as a papular rash nummular 
eruption that appears 48 to 96 h after intradermal 
injection of cobalt chloride.269 Photocontact 
dermatitis has also been reported.274 Definitive 
diagnosis is obviously aided by knowledge of a 
patient’s history, occupation, and substances with 
which contact was made. It may be, however, that 
cobalt allergy in consumer products constitutes a 
relatively minor problem as levels are usually 
very low, probably of 5 ppm or less. 

B. Chromium and Nickel 

Chromium and nickel are components of a 
large number of metal alloys used in industry, 
cement, detergents, and other consumables. Al- 
though both metals are considered to be trace 
nutrients, much remains to be understood about 
their critical role in mammalian physiology. Cur- 
rent views are that chromium is necessary as a 
“glucose tolerance factor” required in the release 
and mobilization of glucose, presumably acting 
or interacting with i n s ~ l i n . ~ ~ ~ , ~ ~ ~  Animals and hu- 
mans deficient in chromium show a glucose intol- 
erance with hyperglycemia, glycosuria, high se- 
rum cholesterol, and reduced growth rate. Nickel 
may regulate cell membrane function and partici- 
pate in prolactin release. High levels of nickel 
have been implicated in the release of a prolactin- 
inhibiting factor. In rats given high nickel in their 
diet, low prolactin was associated with impaired 
reprod~ct iv i ty .~~~ Other functions ascribed to 
nickel include a role in RNA metabolism and 
blood Pathological changes of myocar- 
dial infarction, neoplasia, and thyrotoxicosis have 
been seen in cases of high blood nickel. Of present 
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relevance is the higher nickel levels in the skin of 
patients with psoriasis and photodermatitis.60 

Chromium is absorbed intestinally in humans 
by a mechanism resembling that of iron.279 It 
binds to the transfemn molecule and is presum- 
ably mobilized with iron, suggesting some inter- 
action between the two ions. Intestinal uptake is 
slow with human blood concentrations being in 
the range of 4 to 18 pgLm Excess chromium is 
excreted in the urine and hair. Hair concentrations 
of 6 pmoVkg have been reported, but this is likely 
to vary greatly according to the dietary intake, 
health, occupation, age, and social status of an 
individual. Hexavalent chromium compounds tend 
to be more soluble than trivalent salts, and there 
is evidence of percutaneous absorption with or 
without a primary imtant or astringent action.279 
Following contact with chromium metal, some is 
absorbed into the surface layers of the skin. Nor- 
mal skin chromium content has been given as 
0.62 ppm but following chromium metal contact, 
levels of 162 ppm have been reported.**O A large 
number of studies have been conducted to evalu- 
ate chromium uptake or percutaneous penetration 
from different trivalent and hexavalent chromium 
compounds. Whereas in its trivalent form chro- 
mium exhibits a greater tendency to bind the epi- 
dermal structures to form stable complexes, the 
penetration is low.281 Chromates and dichromates 
penetrate well because of their low capacity to 
interact. Absorption of inorganic chromium is 
facilitated by higher pH levels and the nature of 
the compound applied to the skin - chloride > 
nitrate > sulfate.282-283 A pH of 7.0 produces op- 
timal uptake. However, some caution should be 
exercised In interpreting these studies because 
they were conducted in vitro in cadaveric skin 
exposed to diffusion cells and not to intact skin. 

Uptake of chromium in its trivalent or 
hexavalent form by animal skin seems to corre- 
late well with that seen in studies with human skin 
in rsirro. Differences seen reflect the considerable 
vanations in skin thickness and epidermal barrier 
function, follicular density, and skin glands. The 
thicker the skin, the greater the uptake of trivalen't 
c h r o m i ~ m . ' ~ ~ ~ ~ ~ ~  A literature survey of human and 
animal studies of chromium uptake from con- 
taminated soil showed that only 1 to 4% of the 
applied dose penetrated the skin within 24 h and 

that hexavalent chromium localized intracellu- 
larly and extracellularly in the outer layer of the 
epidermis.287 In cultured fibroblasts, the cytotox- 
icity of soluble and insoluble hexavalent chro- 
mium compounds was shown to be 100 to lo00 
times greater than that shown by trivalent com- 
pounds .288 

The greater toxicity of hexavalent chromium 
compounds is well illustrated in genotoxicity stud- 
ies where hexavalent ions were at least four times 
more mutagenic than trivalent compounds.*** A 
greater carcinogenic risk is indicated particularly 
through inhalation, ingestion, or dermal contact. 
The National Institute for Occupational Safety 
and Health (NIOSH) estimated that 2.5 million 
workers were exposed to chromium or its com- 
pounds in the workplace.289 The Environmental 
Protection Agency's Carcinogen Assessment 
Group lists ten chromium compounds as poten- 
tially carcinogenic, with a recommended expo- 
sure limit of 1 pg/m3 for hexavalent ions. How- 
ever, available evidence is insufficient to establish 
the carcinogenicity of chromium and most chro- 
mium compounds in laboratory animals or hu- 
mans.'* This recent review has shown that intra- 
muscular injection of calcium chromate produced 
local sarcomas in rats. Sarcomas were also iden- 
tified after intramuscular or subcutaneous admin- 
istration of chromite ore, strontium chromate, 
chromium trioxide, lead chromate, or zinc chro- 
mate. Few sarcomas were evident in animals in- 
jected with barium chromate, sodium chromate or 
sodium dichromate, or chromic acetate.ls An epi- 
demiological study of mortality from cancer 
among chromium platers in Japan failed to estab- 
lish the carcinogenic risk but did notice a high 
degree of skin ulceration and perforation of the 
nasal s e p t ~ m . ~ ~ , * ~ ~  

There is considerable evidence from clinical 
and experimental studies concerning the sensitiz- 
ing properties of chromium compounds. Metallic 
chrome or chrome-plated objects are not a hazard, 
but through the action of sodium chloride in the 
sweat they may become so, as a consequence of 
a leaching effect. Many chromium compounds 
irritate the skin and are corrosive and produce 
allergic contact dermati tis. 292,293 Chromate 
dermatitis is caused by the use of chromium com- 
pounds in detergents, bleaching agents, leather 
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goods (through chrome tanning), cosmetic prod- 
ucts, chrome pigments (orange or yellow) as used 
in paints and dyes, cements, and building materi- 
a1s.12,293-295 There are many case reports of occu- 
pational dermatitis caused by chromium exposure 
in the building industry, and through contact with 
metal alloys containing chromium as a known 
constituent or as a c ~ n t a m i n a n t . ~ ~ ~ , ~ ~ ~ ~  Cement 
dermatitis can be exacerbated by counter irritants 
like rough silica and other metal ions like cobalt 
or nickel. Because cement is hygroscopic, it may 
cause some drying and fissuring of the skin. With 
further irritation by sharp particles in the sand, 
chromium will penetrate the skin and cause aller- 
gic reactions. Only minute quantities of hexavalent 
chromium are deemed necessary to elicit a posi- 
tive hypersensitivity reaction in susceptible indi- 
viduals, and only 2 pg was sufficient to test for 
sensitization in patch tests.287 Symptoms of chro- 
mium hypersensitivity include headache, fatigue, 
and gastrointestinal complaints, hematuria, renal 
disease, and dermatitis. Chromate is preferentially 
absorbed by Langerhan’s cells of the human epi- 
dermis.3o3 Fisher described the skin reactions as 
eruptions that tend to be insidious and persistent 
but with a tendency to relapse. Oozing, skin dry- 
ness, fissuring, and eczema-like lesions may oc- 
cur. The severe irritation and corrosive influence 
of some chromates may lead to ulceration and the 
formation of the “chrome hole” lesions that have 
been observed in workers employed in the elec- 
troplating and chrome i n d u ~ t r i e s . ~ ~ ~ , ~ ~  

The dietary requirements for nickel are largely 
satisfied by grain, vegetables, and water in the 
diet. However, a small amount of nickel will be 
absorbed into the body through inhalation and 
dermal contact, particularly in workers in metal 
industries, battery manufacture, ceramics, jew- 
elry, and paint shops. NIOSH and the Occupa- 
tional Safety and Health Association (OSHA) 
estimated that a million industrial workers in the 
U.S. were exposed occupationally to metallic 
nickel or inorganic nickel compounds.18 When 
contact is made with human skin, nickel reacts 
with sweat and with epidermal keratin.305,306 The 
divalent nickel ion binds to the keratin, thus re- 
ducing the amount available for percutaneous 
a b s o r p t i ~ n . ~ ~ ~ ” ~ ~  Presumably, once a saturation 
point has been reached, nickel ions may pass 

through the skin more readily. However, nickel 
binding in the keratin is “reversible” such that a 
reservoir of nickel is created;310 factors control- 
ling the binding and release of nickel are not 
clear. Nickel absorption, like chromium, is greatly 
influenced by the thickness of the skin, the den- 
sity of hair follicles and sweat ducts, and the type 
of the salt involved and its pH. Using autoradiog- 
raphy, nickel from nickel chloride was seen to 
accumulate in hair shafts and the outer regions of 
the stratum corneum within 1 h and to permeate to 
deeper layers of the skin by 4 h.3 Minimal amounts 
of nickel (ca. 2%) penetrated to the dermis. 

In cytogenetic and chromosomal studies con- 
ducted in industrial workers exposed to nickel 
sulfate or nickel oxide, excretion of nickel was 
noted in the urine and hair.312 Chromosomal aber- 
rations were seen in peripheral lymphocytes as an 
average of 6.41% and 9.5% (NiSO,) or 5.2% 
(NiO) (control values 4.05). In its recent survey, 
the International Agency for Research in Cancer 
(IARC) determined that there is limited evidence 
to show that exposure to nickel and certain nickel 
compounds can lead to carcinogeni~ity~~~ but that 
specific substances could not be identified.314 
Epidemiological studies show increased incidences 
of cancers of the nasal cavity, lung, and larynx 
following exposure primarily to nickel subsulfide 
and nickel oxide. Cancers of the human skin were 
not noted. However, in experimental studies where 
laboratory animals were exposed to various nickel 
compounds by subcutaneous injection, inhalation, 
intramuscular implantation, or by intravenous 
routes, a wide range of tumors were identified; 
many were malignant and metastasizing. Intra- 
muscular injection of metallic nickel led to local 
sarcoma with metastasis to local lymph nodes, 
fibrosarcomas, reticulum cell sarcomas, and 
rhabdomyosarcomas. Injections of nickel oxide, 
subsulfide, or carbonate were shown to be carci- 
nogenic in rats and mice.313-315 A human case of 
granuloma was reported through contact with 
nickel, possibly where metal was taken up through 
a skin wound.316 A positive patch to 5% nickel 
sulfate was seen. 

Nickel is possibly a cause of more cases of 
allergic contact dermatitis than all other metals 
combined.40 In humans, nickel dermatitis is pre- 
dominantly of occupational origin but can be ac- 
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quired through contact with coins, jewelry, cloth- 
ing, household commodities, cosmetics, and many 
metal alloys. In the general population, nickel 
dermatitis is more commonly seen in women al- 
though many men acquire nickel sensitivity 
through industrial exposure. Allergy to nickel may 
occur within only 2 d of intradermal injection, 
and following topical application, as much as 
90% of the nickel ion is bound in the epidermis. 
Only a small amount reaches the dermis but this 
is sufficient to evoke immunological ~ h a n g e s . ~ ~ ~ . ~ ~ ~  
The epidermal binding of nickel, possibly through 
free carboxyt groups, was initially thought to re- 
semble that for cobalt, but subsequent work re- 
vealed that the two ions did not compete for simi- 
lar binding sites, suggesting distinct mechanisms 
for hypersensitizing reactions. 

Manifestations of nickel allergy attributable 
to cheap jewelry or nickel in coins or clothing 
have been described as a nummular form of ec- 
zema consisting of small eruptions or papules that 
may spread to areas other than those in contact 
with the offending allergen.318-320 Papular erup- 
tions may coalesce to form a weeping form of 
dermatitis. Secondary eruptions have been reported 
in more than half of nickel-allergic patients.321 
Nickel in food and secondary eruptions makes 
nickel allergy a complex problem of diagnosis. 
Frequently, nickel dermatitis occurs on the hands 
as a consequence of nickel in detergents, albeit at 
very low levels, but the diagnosis may be compli- 
cated by false-positive and negative reactions in 
patch tests.322-325 Two cases of nickel allergy were 
reported where atypical reactions of vitiligo-like 
pigmentations were associated with nickel con- 
tact in a spectacle frame.326 The mechanism for 
the depigmentation is not known but may be due 
to a toxic effect of nickel in melanogenesis, which 
as discussed above, involves several other metal 
ions. In summary, nickel is a profound cause of 
dermatitis in humans, probably because of the 
solubility of the sulfate and chloride salts that 
have been commonly implicated. To overcome 
what is clearly a massive clinical problem, tech- 
niques and therapies, including the use of chelat- 
ing agents like EDTA, thioglycollate, or 
divulfuram to bind offending ions or talc to pro- 
vide a buffer between the skin and the offending 
jewelry, clothing, or leather, have been recom- 
mended.40327 328 A mechanical separation of the 

skin and offending metal objects or machinery 
containing nickel by rubber sheeting or gloves 
may not be entirely effective, as nickel has been 
shown to penetrate rubber.329 Legislative control 
on the use of nickel in coinage, clips, buttons, and 
buckles has reduced the incidence of nickel 
dermatitis in some countries, but, unfortunately, 
once acquired, nickel allergy is permanent and an 
ongoing problem. Nickel is still found in many 
situations; very few professions escape some form 
of nickel contact. 

C. Manganese 

This element is present in the human body in 
exceedingly small quantities (10 to 29 pg) and 
was not recognized as a trace nutrient until re- 
~ e n t l y . ~ ~ ~  Clinical symptoms of manganese defi- 
ciency, including transient dermatitis and defects 
in hair growth, suggest that it has a particular role 
in skin physiology. However, the nature of this 
role is unclear at the moment. Research in animal 
models has shown that manganese deficiency is 
related to delayed chondrocyte maturation and 
mucopolysaccharide synthesis in cartilage ma- 
t r i ~ . ~ ~ ~ - ~ ~ ~  Mineralization of the bone involving 
calcium and magnesium ions was not affected. In 
the skin, chondroitin, dermatan, and keratan sul- 
fates are major mucopolysaccharides in support- 
ing connective t i s s ~ e . ~ ~ ~ , ~ ~ ~  From this, we might 
speculate that defects in manganese or manga- 
nese-containing enzymes will contribute to skin 
disease and adversely influence repair processes 
following injury, particularly the biosynthesis of 
ground substance, of which mucopoly saccharide 
is an essential component.336 Biochemical studies 
suggest that manganese functions as a cofactor in 
oxidative phosphorylation, lipid metabolism, and 
synthesis of protein, vitamin K, and DNNRNA. 
A role in superoxide dismutase is s ~ g g e s t e d . ~ ~ ’ , ~ ~ ~  

The toxicology of manganese in the skin is 
not well documented even though manganese dusts 
do occur in heavy industry. Possibly a low percu- 
taneous absorption occurs.339 Potassium perman- 
ganate has been used for many years as an anti- 
septic and astringent because of its profound 
oxidative properties.340 However, prolonged ad- 
ministration has been associated with excessive 
iron uptake and hyperpigmentation of the skin.341 
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This discoloration of the skin may be partly due 
to hemolytic changes.342 Where manganese com- 
pounds were injected into the skin to form a purple 
tattoo, local inflammation and itching sensations 
have been reported.343 Manganese excretion is 
rapid and has been reported to occur in hair and 
sweat, as is the case with many other metals,344 
but has not been associated with dermatitis. Tntra- 
venous injection of potassium permanganate was 
reported to cause intense hemolysis and vascular 
damage.34s Because skin absorption is low, this 
problem is unlikely the result of topical treat- 
ments. Delayed hypersensitivity reactions have 
not been seen in association with manganese ex- 
posure. 

D. Molybdenum and Vanadium 

In view of some chemical similarities be- 
tween these two elements,' they are discussed 
together. However, although there may be evi- 
dence suggesting their interchangeability in bac- 
terial nitrogenases, their interaction in mamma- 
lian systems is not well The principal 
role of molybdenum in mammals is as a compo- 
nent in xanthine oxidase, an enzyme implicated in 
aldehyde and sulfite oxidases and in urate me- 
t a b ~ l i s m . ~ ~ ~  It interacts with iron and copper, with 
high dietary copper suppressing molybdenum and 
iron uptake.348 Vanadium on the other hand seems 
to be largely involved in lipid m e t a b o l i ~ m , ~ ~ ~ ~ ~ ~ ~  
presumably as a metalloenzyme. Vanadium defi- 
ciencies have been associated with poor growth 
and abnormalities in bone and hematological pa- 
r a m e t e r ~ . ~ ~ ~ ~ ~ ~ '  In humans, vanadium may func- 
tion as an oxidation-reduction catalyst. Abnor- 
malities in the skin or skin appendages have not 
been seen as a response to deficiencies in molyb- 
denum or vanadium. 

Under normal conditions, very low concen- 
trations of both metals are seen in the human body 
(~0.02 g).4,60 Both elements are absorbed by the 
skin to a small extent and can be irritants through 
occupational exposures.347~3s2~3s3 Chronic vanadium 
poisoning seen in workers exposed to dust and 
fumes in the clothes-dying industry was associ- 
ated with mucosal irritation, lung, renal and intes- 
tinal disorders, and severe hemorrhage.3s3 Vana- 
dium pentoxide was mainly responsible.3s4 

Exposures to vanadium chloride or bromide have 
also been associated with renal, gastrointestinal, 
and neurological diseases, possibly resulting from 
the inhibitory action of vanadium on enzyme sys- 
t e m ~ . ~ ~ ~  Although in earlier medicine, vanadium 
was shown to be effective in treating spirochaete 
infections, adverse side effects precluded its use- 
fulness in this respect.3s6 

In experimental studies in rats, molybdenum 
has been shown to accumulate in the skin pre- 
dominantly bound to c ~ l l a g e n . ~ ~ ~ ~ ~ ~ ~  Alteration of 
the physical and mechanical properties of the 
collagen suggests some interaction with copper or 
zinc in the cross-linking process. This requires 
further study. 

E. Tin 

Studies conducted in rats in 1970 showed that 
tin added to the diet significantly enhanced their 
growth rate.359,360 Tin was subsequently identified 
as a trace metal with a possible role as a potent 
inducer of heme ~ x i d a s e . ~ ~ '  This leads to enhanced 
heme breakdown and an impairment of heme- 
dependent cellular functions, including cyto- 
chrome P-450-mediated drug biotransformati~n.~~~ 
Chemically, tin resembles carbon in that it shows 
a tendency to form covalent bonds. It also re- 
sembles lead and germanium, either of which 
may exert a toxic effect by blocking essential tin 
metabolism. 

Tin in its inorganic form is not well absorbed 
from dietary sources and its toxicity is 
However, its action in the heme pathway does 
suggest interaction with iron metabolism. This 
interaction is confirmed by the observation of 
anemia and defects in hemoglobin synthesis in tin 
overload  situation^.^^ Interaction with calcium 
may underlie other toxic symptoms of tin toxic- 
ity. Rats fed high tin diets were shown to develop 
h y p o c a l ~ e m i a . ~ ~ ~  No adverse changes have been 
seen in response to dermal contact with inorganic 
tin compounds, and it is not clear to what extent 
these substances are influenced by sweat. Low 
percutaneous absorption of inorganic tin is prob- 
ably due to the stannic or stannous ions binding to 
the sulfydryl groups of the epidermal keratin. 
Stannous fluoride as used as a dentifrice has been 
reported to cause pustular patch test reactions,40 
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but other toxic changes, including contact sensi- 
tivity, seem to be rare. 

Organotin compounds are appreciably more 
toxic following oral, intraparenteral, or dermato- 
logical exposure. Used as plasticizers, organotin 
compounds like dimethyl-, dibutyl-, and tributyl- 
tin have been shown to be severely irritative to the 
skin and systematically toxic.366-ih8 In humans 
exposed occupationally, tributyl-tin was absorbed 
percutaneously and was severely irritative. More 
extensive toxicological studies in rats and rabbits 
have shown that alkyl-tin derivatives are severely 
irritative to the skin and eyes. They cause local 
necrosis and systemic effects, effects that were 
related to the concentration of the tin compound 
and itc molecular size. Observations confirmed 
by experimental studies in guinea pigs have dem- 
onstrated that several organotin compounds are 
able to induce contact sensitivity.i69 370 

F. Selenium 

Selenium is commonly found in the soil and 
in plant life. It has been recognized as an essential 
trace element since 1957, when Schwartz and 
F o l t ~ ~ ’ ~  noticed that rats fed selenium-deficient 
diets developed liver necrosis. They found that 
cystine, selenium, and vitamin E were necessary. 
Later, it was shown that white muscle disease in 
lambs could be prevented by a selenium supple- 
ment. However, selenium deficiency can to a cer- 
tain extent be corrected by increased vitamin E 
and vice versa. This interchangeability is attrib- 
uted to the importance of the two factors as com- 
ponents of glutathione peroxidase, an enzyme that 
inhibits lipid hydroperoxides and hence stabilizes 
cell membranes by preventing oxidative dam- 

Lambs grazing Grey’s Vetch and Locoweed 
developed deformed hooves and lost hair13* as a 
result of selenium toxicity. Blind staggers and 
alkali disease were also caused by acute and 
chronic selenium toxicity, respectively.373 There 
seems to be little information on the actual re- 
quirement for selenium in different tissues in vari- 
ous species, but the highest concentrations are 
seen in the liver and kidney. Selenium is absorbed 
from the human intestine at a predicted rate of 62 
bg/d. but this level must vary greatly according to 

age.172-378 
c 

levels in the soil and the amount of vegetable food 
Excessive selenium consumption 

in humans as seen in certain countries has been 
related to pathological changes in the skin, in- 
cluding dermatitis, discoloration, nail abnormali- 
ties, and alopecia. As much as 50% of selenium 
may be excreted in sweat with the remainder 
voided in feces or urine.374 Selenium applied to 
the surface of the skin is probably oxidized to 
selenium dioxide, which dissolves in the sweat to 
form selenious acid, an irritant that causes 
conjunctivitis. In rodent studies, selenious acid 
has been shown to penetrate the tail skin readily.37y 
As selenium oxychloride, selenium is a strong 
irritant and v e s i c ~ l a n t . ~ ~ , ~ ~ ~  

Selenium disulfide is used as a therapeutic 
shampoo (Selsun), in glass, photoelectric cells, 
and in the coloring of dentures as a 3% solution 
in p e t r ~ l a t u m . ~ ~  Like selenium dioxide, the disul- 
fide used in treating seborrheic dermatitis can be 
irritating to the skin, but is rarely a cause of 
allergic reaction~.~8Q-~~~ 

No evidence has been seen to implicate 
selenium or its compounds as carcinogens. In 
fact, there is persuasive evidence from population 
studies and animal experiments to show that sele- 
nium might function as an anticarcinogen. 
Shamberge~- ,~~~ for example, showed an inverse 
relationship between selenium in the diet and the 
incidence of cancer mortality, notably deaths re- 
sulting from liver and gastrointestinal tract tu- 
mors. Patients with cancer showed low levels of 
selenium in their blood. Experimental studies in 
mice have demonstrated that selenium protects 
against the two-step carcinogenesis in the 7,12- 
dimethyl benzanthracene and croton oil model. 
Dietary selenium led to a significant reduction in 
mammary carcinoma.386 The mechanism for this 
apparent anticarcinogenic action is not clear. Se- 
lenium acts primarily as an antioxidant. However, 
as a therapeutic and antidandruff/antiseborrhetic. 
it would also seem to exert antisecretory and cy- 
tostatic roles. This aspect requires further study. 

V. METAL IONS WITH NO KNOWN 
NUTRIENT VALUE 

A large number of metals are toxic to the 
human body. Those with an acknowledged nutri- 
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ent value have been discussed above. Classifica- 
tion of the remaining ions, the so-called xenobiotic 
metals, is difficult. Collectively, these metals ex- 
hibit no physiological role in the body, and under 
certain circumstances can interact with morpho- 
logical or physiological processes to elicit patho- 
logical and toxic effects. 

In earlier times, many metal compounds were 
used clinically as antiinfective agents, astringents, 
or for cosmetic purposes.33 Most have now been 
removed from current permitted lists because of 
their toxicity and have been replaced by safer and 
more efficacious therapies. In discussing their 
action on the skin, evidence is sought for the 
following main considerations: 

1. Direct action on tissues of the skin or skin 
appendages 

2. Indirect action mediated by impairment in the 
availability of essential metals, either as a 
consequence of ionic competition for cell 
surface receptors, carrier proteins or by sub- 
stitution of essential elements in enzyme sys- 
tems or other morphological process 

3. Changes mediated by immunological mecha- 
nisms, that is, delayed hypersensitivity or 
photosensitivity reactions 

Six metals that have occasionally been iden- 
tified in the human body have been labeled “func- 
tions not known.”60 They may conceivably have 
an unidentified trace metal role but are more likely 
to have accumulated in the body through dietary 
contamination or through respiratory or dermal 
contact. They include gold, silver, aluminum, bis- 
muth, and arsenic. Additionally, strontium may 
have an undisclosed role in bone f ~ r m a t i o n ~ ~ ~ - ~ * ~  
and cadmium may be concerned with the regula- 
tion of blood pressure.6o This last feature seems 
unlikely, however, in view of the extreme toxicity 
of the metal. 

A. Arsenic 

Arsenic is not a true metal but is more cor- 
rectly classified under the “metalloid” elements. 
Nevertheless, it has a long and interesting history 
in the clinician’s vade mecum and until about 50 
years ago was widely used in the treatment of 

infectious diseases and gastrointestinal disorders. 
Potassium arsenate (1%) as Fowler’s solution was 
used to treat psoriasis,33 but was discontinued 
because of the carcinogenic risks ~ b s e r v e d . ~ ~ ~ ~ ’ ~ ~  
In the veterinary and agricultural setting, arseni- 
cals have been widely employed as wood preser- 
vatives, insecticides, and herbicides. NIOSH esti- 
mated that 1.5 million industrial workers are 
potentially exposed to arsenic and its compounds 
during manufacturing and processing opera- 
t i o n ~ . ~ ~ ~  

Although arsenic has occasionally been iso- 
lated from human tissues,6O its value as a trace 
element is questionable.393 Arsenic was found in 
minute quantities in the brain, thyroid, thymus, 
and skin in organic combination with the “nuclein” 
fraction. Concentrations of 0.113 to 0.76 mg/100 g 
tissue have been quoted. 

Through its medical and veterinary usage, 
arsenic has had many implications in dermato- 
logical medicine and pathology. 132 H a r t ~ e l l ~ ~ ~  
noted that arsenic administered externally or orally 
to cattle improved the nutrition and condition of 
their skin. A brown coloration occurred in the 
skin some time after arsenic administration. Dis- 
colorations of the skin and nails and keratoses are 
well-known complications of arsenic exposure in 

In their therapeutic role, arsenicals 
were reported to act locally as mild or slow corro- 
sives and to be of possible value in treating super- 
ficial skin cancer. However, they provoked local 
irritation and more general toxicity including cir- 
culatory disorders, fatty changes, and nervous 
conditions that precluded their long-term use. 
Inorganic arsenic compounds do not readily pre- 
cipitate and are reported to be only weak irritants, 
even when applied to wounds or mucus mem- 
branes. Early evidence suggested that as arsenic 
exerts its initial action on capillaries, avascular 
tissues like the cornea would not be a f f e ~ t e d . ~ ~ . ~ ~ ~  

Arsenic can exist in trivalent or pentavalent 
forms and in organic or inorganic compounds. 
Inorganic arsenicals are more toxic and have been 
shown to bind strongly with sulfydryl groups and 
to inhibit several enzyme systems, notably pyru- 
vate oxidase and enzymes involved in mitochon- 
drial or endoplasmic reticular function.402 Elec- 
tron microscopy has revealed that in the liver at 
least, arsenic induces vesicularization in the en- 
doplasmic reticulum and mitochondria1 swelling 
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leading to cell damage, fatty changes, and in- 
creased autophagosomal a c t i ~ i t y . ~ ~ ’ . ~ ~  Other bio- 
chemical evidence suggests that trivalent arsenic 
disturbs hemoprotein biosynthesis and redox cy- 
cling following the release of free heme.405 It is 
conceivable that this may underlie abnormal pig- 
mentation seen in the skin following arsenic poi- 
~ o n i n g . ~ ~ ’  Malignant melanoma has also been re- 
ported.306 

Of all the metals discussed, arsenic is clearly 
the greatest toxic risk to the skin. Both inorganic 
and organic forms are absorbed by human and 
animal skin and are excreted via the hair, milk, 
nail. and desquamated epidermal cells.J07~408 Au- 
toradiographic studies in animal studies show that 
following chronic exposure,4w arsenic accumu- 
lates in the skin and hair, these hair concentra- 
tions being a useful index of exposure in occupa- 
tional circumstances. Although a large proportion 
of arsenic present in the body is absorbed from 
the diet. the skin is a major target organ. The 
metal accumulates in the skin and is held to in- 
crease its sensitivity to ultraviolet light and its 
increased carcinogenic effect.410’J’ I The response 
resembles an exaggerated sunburn effect. Arsenic 
toxicity is exacerbated by light energy to provoke 
local irritation. ( A  similar response has been re- 
ported for cadmium sulfide when used in tattoos.) 
In these circumstances, the phototoxic reactions 
may involve a production of free radicals that 
evoke lipid peroxidation and inflammatory 
changes.J12 The condition differs from the 
photoallergic reaction, where absorption of light 
energy is held to convert the xenobiotic from low- 
grade allergen to a more profound one, or to 
promote the binding of the xenobiotic (hapten) to 
cellular constituents in producing immunological 
changes.-“ There seems to be no conclusive evi- 
dence that photoallergy occurs in the presence of 
organic or inorganic arsenic compounds. The role 
of arsenic in the high rates of malignant mela- 
noma, Bowen’s precancerous dermatitis, and squa- 
mous cell tumors of the skin in subtropical and 
tropical c o ~ n t r i e s ~ ~ ~ ~ ~ ~ ~  is still unclear. 

I n  contact with the human skin, inorganic 
arsenicals are well-known primary  irritant^.^^^^^" 
Folliculitis and secondary pyoderma are not un- 
common. Pruritis has been reported following 
accidental exposure to arsenic trioxide.J’8 The so- 

called “smelter’s itch” is a common observation 
among smelt workers exposed to arsenic trioxide. 
Ulcers may develop. Clinical and experimental 
studies have also confirmed contact sensitivity to 
arsenical compounds, but this is not common. By 
far the greatest toxic hazard associated with ar- 
senic exposure is that of carcinogenesis. An IARC 
Working Party reported that there is “sufficient 
evidence for the carcinogenicity of inorganic ar- 
senic compounds in humans even though some 
equivocal results have been seen in experimental 
studies in animals.”420 Many cases of skin cancer 
have been recorded among people exposed to 
arsenic through medical or occupational expo- 
sures to trivalent arsenic compounds. Epidemio- 
logical evidence has shown an excess of skin 
cancers following arsenic exposure, but not other 
cancers. Whereas in some epidemiological stud- 
ies, incidences of lung, renal, and gastrointestinal 
cancers have been significantly higher in relation 
to arsenic exposure, complications such as smok- 
ing or exposure to asbestos dust have precluded 
valid conclusions. Epidemiological studies in ar- 
eas of high arsenic in drinking water (0.35 to 1.14 
mg/l) have been associated with increased risk of 
cancer of the skin, bladder, kidney, lung, and 
colon.J21 Although Bowen’s disease, which is 
characterized by a persistent progressive, crusted 
plaque associated with a potentially malignant 
epidermal cell carcinoma, has been related to ar- 
senic contamination, this association is also un- 
s u b ~ t a n t i a t e d . ~ ~ ~ . ~ ~ ~  

In summary, although arsenic is acknowl- 
edged to be highly toxic and carcinogenic in hu- 
mans, its action at the cellular level is not entirely 
clear. Biochemical evidence suggests that arsenic 
reacts with sulfydryl groups to denature proteins, 
enzymes, and coenzymes in one toxic mecha- 
r ~ i s m . ~ ’ ~  The role of arsenic in melanogenesis and 
neoplasia suggests an interaction in tyrosine me- 
tabolism, but its interaction with essential metals 
like nickel, copper, cobalt, manganese, calcium, 
and possibly iron, which are variously involved in 
this process, is speculative. It is tempting to sug- 
gest that arsenic impairs the delicate ionic balance 
necessary to achieve optimal metabolic events in 
the melanocytes and other cells leading to the 
toxic changes seen. In the renal epithelium at 
least, arsenic (as p-nitrophenolarsonic acid) has 
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been shown to activate P-glycosidase, acid and 
alkaline phosphatase, and lactic dehydrogenase 
leading to proteinuria and pathological change.425 
Release of lysosomal hydrolases would account 
for the necrogenic effect of arsenic, but the carci- 
nogenic action is likely to be the result of a direct 
mutagenic action in susceptible cells, particularly 
those of the basal layer of the epidermis. 

Chelating agents like penicillamine and dimer- 
caprol have been used to treat arsenic poisoning. 
These have effectively prevented arsenic ion from 
interacting with and binding to protein and other 
cell  constituent^.^^^^^^^ 

B. Antimony 

Antimony resembles arsenic in many ways 
but its toxicity in humans and animals is less 
widely publicized. It is not a trace metal and its 
inorganic compounds are strong imtants to the 
skin and mucus membranes. Antimony chloride 
is strongly caustic and antimony tartrate applied 
chronically has been associated with itchy skin 
and pustular eruptions. “Antimony spots” as seen 
in workers exposed to antimony trioxide may 
result from folliculitis, with dust particles accu- 
mulating in sweat pores.428 Like arsenicals, anti- 
mony compounds have historically been used to 
treat infections.429 Industrial exposure to antimony 
trioxide as fireproof packaging material was shown 
to cause irritation and a lichenoid allergic contact 
dermatitis.43w32 Antimony pentasulfide as used 
in matches can be a rare cause of dermatitis. 

Like arsenic, it is likely that antimony ion 
will react with sulfydryl groups and bind to epi- 
dermal keratin. Trivalent antimony compounds 
inhibit succinic oxidase and pyruvate oxidase. 
However, the ability of antimony to pass percuta- 
neously or accumulate in the tissues is not clear at 
present. Antimony is not listed as a carcinogen 
and no reports of tumors in animals have been 
related to antimony exposure.’* Nor has there 
been evidence of immunological changes due to 
antimony exposures. Trimethylstilbine is reported 
to be less toxic than other antimony compounds, 
but may cause mild irritation when applied topi- 
 call^.^^^ It has also been associated with paralysis 
in the central nervous system and circulatory dis- 

orders, which are indicative of percutaneous up- 
take. Whether these effects are mediated by inter- 
action with other metal ions is not known. 

C. Bismuth 

Bismuth resembles arsenic and antimony 
chemically, but is less toxic than both because of 
its lower reactivity with biological materials and 
the relative insolubility of its compounds in wa- 
ter. Bismuth salts are poorly absorbed following 
application to the skin or mucus membranes and 
are thus infrequent causes of irritation or other 
skin lesions through occupational exposure. 

The low solubility of bismuth salts has been 
employed beneficially in treating skin wounds 
and inflammatory disorders.434 The small amount 
of bismuth nitrate or gallate that does dissolve in 
water exerts a mild astringent or antiseptic effect. 
Beck’s bismuth petrolatum paste was a recom- 
mended treatment for chronic abscesses and sup- 
purative lesions.435 Metallic bismuth as finely di- 
vided particles has been used for intramuscular 
injection in the treatment of syphilis, and is re- 
corded as being superior to arsenic or mercury 
 preparation^.^^ Bismuth oxide has been employed 
cosmetically as a dusting powder when mixed 
with starch and zinc oxide. 

Despite widespread use of bismuth com- 
pounds in treating infectious diseases a few years 
ago, bismuth poisoning these days seems to be 
rare. Pityriasis-like eruptions and staining reac- 
tions have been recorded in response to bis- 
m ~ t h , ~ ~ ~ , ~ ~ ~  but these represent minor contra- 
indications and may result from accumulation of 
ion in follicles on sweat pores as seen with several 
other metals. Evidence of contact sensitivity to 
bismuth compounds has not been seen. 

D. Beryllium 

Beryllium is a dull gray metal that decom- 
poses slowly in water. However, several of its 
compounds like chloride, fluoride, and sulfate 
are readily soluble and are biologically active. In 
industry, beryllium is used extensively in electri- 
cal equipment, metal alloys, ceramics, and in or- 
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ganic syntheses. Beryllium oxide is the most im- 
portant high purity product of beryllium for in- 
dustrial use and risks of exposure to its dust are 
weli reported. 

Soluble beryllium compounds are readily 
hydrolyzed with the formation of free acids that 
are strong astringents and irritants to human skin. 
Reactions characteristically are papulovascular 
eczematous eruptions, with an itchy, weeping 

Where beryllium particles penetrate 
damaged skin. ulceration and granuloma forma- 
tion are recorded. Granulomas may form as a 
manifestation of an allergic reaction that has been 
confirmed using conventional patch tests.43942 
ThLisI hypersensitivity reactions have been re- 
ported in workers exposed to beryllium dust in 
the manufacture of tluorescent tubes.u3 One such 
case refers to a person who became sensitized to 
beryllium through a cut The granulomas 
did not clear following high dosage with 
prednisone and were surgically excised. Positive 
patch tests were recorded up to 5 years later. 
Other cases are reported of recurrent granulomas 
due to beryllium metal being identified up to 7 
years after initial injury. Beryllium granulomas 
ha\,e also been reported in patients with tattoo 
marks. In these cases, the lesions had a dome-like 
appearance.4J' 

Clinical experience suggests that once ac- 
quired, beryllium is exceedingly difficult to elimi- 
nate from the body. Particles are presumably 
phagocytosed by macrophages and initiate ad- 
verse reactions both locally and at distant sites, 
particularly in the liver, lung, and lymph nodes.* 
4-lh Recurrent granulomas have also been reported 
following inhalation of beryllium dusts. Experi- 
mental studies in guinea pigs have demonstrated 
that ionized beryllium can bind to nucleic acids 
and to epidermal alkaline phosphataseP7 and 
proteiixJJX However, whereas this binding may 
restrict percutaneous uptake, the corrosive nature 
of beryllium solutions would facilitate uptake and 
consequent granuloma formation and hypersensi- 
tivily reactions. 

Experimental studies in guinea pigs have con- 
firmed the censitizing properties of b e r y l l i ~ m . ~ ~  
Delayed reactions were also induced by inhala- 
tion exposure and sensitization was transferrable 
by lymphocyte p a s ~ a g e . ~ ~ ~ . ~ ~ '  

Prospectively, there is now sufficient evidence 
from laboratory animal studies to show that be- 
ryllium and its compounds are carcinogenic in the 
lung following inhalation (carcinoma) and in bone 
following intravenous or intramedullary adminis- 
tration (osteosarcoma); but an IARC Working 
GroupJ20 reported that there is only limited evi- 
dence for the carcinogenicity of beryllium in hu- 
mans. Excess lung cancers in beryllium industries 
provide some evidence to support the hazard, but 
as with arsenic, final conclusions are complicated 
by the fact that many patients showing bronchial 
carcinoma were also heavy smokers or were ex- 
posed occupationally to asbestos dust. Despite 
the high risk of dermal contact, beryllium and its 
related compounds have not been unequivocally 
linked to skin cancer.4s2,453 

E. Cadmium 

Cadmium is a widespread industrial contami- 
nant in many parts of the world and a widely 
publicized toxic hazard in animals and humans. 
One of the first major reports of cadmium poison- 
ing was the so-called Itai-Itai (ouch-ouch) disease 
reported in Japan in 1945. People living in the 
Kamioka zinc-lead-cadmium mining area showed 
muscular weakness and skeletal deformities asso- 
ciated with increased proteinuria and intestinal 
diseases.454 Although not present in large quanti- 
ties, cadmium is commonly associated with zinc 
and is released during the smelting and industrial 
refining of zinc and lead ores.45s457 Human expo- 
sure occurs mainly through eating contaminated 
food or through inhaling cadmium fumes (espe- 
cially during smoking). Inhalation of cadmium 
fumes has led to fatality from renal tubular necro- 
sis and pulmonary edema.4s8 The contamination 
of rivers and estuarine waters, and the known 
accumulation of cadmium in fish and seafood 
must place fishermen and others at risk through 
percutaneous a b ~ o r p t i o n . ~ ~ ~ ~ ~ ~ - ~ ~  The number of 
individuals potentially at risk of cadmium poison- 
ing is not known, but one very conservative esti- 
mate indicated 1.5 m i l l i ~ n . ' ~ , ~ ~ '  The primary routes 
of exposure to cadmium are dietary, inhalation, 
and dermal contact. In an exposed Japanese popu- 
lation, cadmium concentrations increased with age, 
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the highest levels being located in liver and kid- 
ney.462 (Lead levels were also high in these tis- 
sues.) Estimates in Europe over 10 years suggest 
that 70 to 90% of cadmium is disposed of in solid 
waste deposits following cadmium usage in pig- 
ments, batteries, and e le~t ropla t ing .~~~ Cadmium 
concentrations in seawater of <10 ng/l are 3 to 30 
times lower than seen in the soil and inland wa- 
terways. 

Numerous experimental studies have been 
conducted to evaluate cadmium toxicity. In sum- 
mary, there is abundant evidence now to show 
that cadmium exposure is an unequivocal cause 
of liver and kidney disease, hypertension, muscu- 
lar abnormalities, teratogenesis, and carcino- 
genesis.4w68 These studies do not specifically 
point to the skin or its appendages as a target 
organ in cadmium intoxication, but the ability of 
cadmium ion to interact with essential metals like 
zinc, calcium, iron, and copper in inducing patho- 
logical changes suggest that the skin is potentially 
at risk, a risk that is exacerbated in cases of skin 
injury through physical or other 
Importantly, cadmium has the ability to induce 
and bind with metallothionein and calmodulin, 
essential carrier proteins for zinc and calcium, 
respectively.473475 Whereas metallothionein ob- 
viously exerts a beneficial effect to the body in 
chelating toxic substances, its ability to protect 
the body against chronic cadmium poisoning is 

To what extent has the epidermal or 
any other cell the capacity to inactivate cadmium 
ion? In one study, the cadmium-metallothionein 
complex was beneficial in protecting skin cells 
against the harmful effects of sunburn in cultured 

but the clinical relevance of this observa- 
tion is questionable. 

Information on the dermatological risks asso- 
ciated with cadmium exposures through dietary 
consumption, inhalation, or skin contact with in- 
dustrial residues and waste is not extensive. How- 
ever, although many reports are available to dem- 
onstrate that cadmium occurs in the hair of people 
exposed to cadmium compounds occupationally, 
and through contaminated water or smok- 
ing,23,478-482 few of these studies indicate whether 
the ion was adsorbed to the surface of the hair or 
was excreted in the hair as a waste product.” 
What is interesting is the fact that trace metal 

contents of hair do accurately reflect body bur- 
dens of toxic metals like cadmium rather than 
blood or urine estimates.481 Surprising little infor- 
mation is published on the percutaneous absorp- 
tion of cadmium or its compounds. In one study 
where human cadaveric skin was exposed to 116 
ppb of cadmium chloride in diffusion cells, only 
0.5 to 0.6% of the applied dose was absorbed.459 
Where skin samples were exposed to contami- 
nated soil samples, only 0.06 to 0.13% diffused 
into the underlying medium, suggesting that the 
cadmium bound more effectively to the soil par- 
ticles than to the stratum corneum. Wilhelm et 
al.482 demonstrated that human hair does have the 
capacity to bind many metal ions from shampoos 
and water - A1 > Cd > Cu > Pb > Zn. Experi- 
mentally, a low percutaneous absorption pattern 
was seen when 0.005 to 4.87 M cadmium chloride 
was applied to guinea pig skin over a 5-h pe- 
r i ~ d . ~ ~ ~  Although 1.8% cadmium was absorbed 
from a 0.239 M solution, those authors consid- 
ered that their analyses were not sufficiently sen- 
sitive to permit accurate quantitative estimations. 

Recent studies in our laboratory using rats 
and mice have demonstrated more conclusively 
that cadmium applied topically is absorbed into 
the circulation to be transported to the liver and 

However, a large proportion of the cad- 
mium was shown to bind avidly to the skin (prob- 
ably the epidermal keratin as demonstrated with 
zinc47). At 1 % cadmium chloride was found to be 
highly irritant to the skin in subacute studies (10 d) 
and caused local ulcerations. Lower concentra- 
tions were less toxic, but over a longer period 
more obvious toxic changes would be expected, 
as demonstrated previously with mild irritants. 122 

Our studies demonstrated a close correlation be- 
tween the irritation and the amount of cadmium 
bound in the skin. Atomic absorption spectropho- 
tometry has also shown a threefold increase in the 
zinc content of the skin following cadmium treat- 
ment. The explanation is not immediately appar- 
ent, particularly if cadmium binds more actively 
to the skin keratin than zinc, as has been shown 
with hair keratin.482 

The intracellular action of cadmium is com- 
plex. Binding to and inducing the cysteine-rich 
metallothionein protein is well known in humans 
and experimental species,474 as is the protective 
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function of this complex. In the skin, it may be 
presumed that epidermal cells carrying the cad- 
mium-metallothionein complex will be lost by 
natural desquamation with no untoward sequelae, 
but in other tissues the situation is quite different. 
Thus, in renal tubule cells the cadmium- 
metallothionein complex is catabolized by lyso- 
soma1 enzymes to release cadmium that then elic- 
its nephrotoxicity.468,385 The extent to which 
lysosomal or other enzymes catabolize the 
metallothionein complex in the skin is not known. 
Toxic changes that have been identified are prob- 
ably the result of a direct action of the cadmium 
ion on epidermal tissues or the irritant effect of 
the free hydrochloric acid, as has been seen with 
aluminum and zinc chloride  solution^.^^.^^ Al- 
though cadmium can replace zinc in certain en- 
zymes,' the extent to which it does so in the skin 
is not known. In the hamster tooth germ, cad- 
mium was shown to inhibit the zinc-dependent 
enzyme inorganic pyrophosphatase, but not 
nonzinc-dependent enzymes.J8h 

NIOSH reports that there is now conclusive 
evidence for the carcinogenicity of cadmium and 
its compounds in animal models and in humans 
exposed occupationally.'* Exposure to cadmium 
metal and the following compounds - cadmium 
oxide, chloride, sulfate, and sulfide -is the cause 
of cancers of the prostate, respiratory and uro- 
genital tracts in humans, and a wide range of soft 
tissue tumors in laboratory animals?& but not in 
h k i n  or related appendages. When administered 
by the subcutaneous or intramuscular route, cad- 
miu m induced fi brosarcomas. rhabdomyosar- 
comas, spindle cell and mammary tumors at the 
site of injection. and genital tumors.487 Although 
not specifically demonstrated, it is reasonable to 
expect that entry of cadmium through areas of 
damaged skin will result in carcinogenic changes 
of this type. Cadmium does accumulate in the 
bodyAx8 and a progressive release through lysoso- 
ma1 action can result in mutagenic changes and 
ultimately neoplasia. All available information 
indicates that cadmium is mutagenic and a direct 
carcinogen in humans.489492 In cultured muntjak 
skin fibroblasts. cadmium initiated cell replica- 
tion and induced structural changes similar to 
those seen previously with known viral and chemi- 
cal carcinogens.4"? 

The knowledge that cadmium is mutagenic 
and capable of inducing dermal tumors following 
injection prompts the question as to why the skin 
per se does not appear to be susceptible to cad- 
mium-induced carcinogenicity following topical 
or occupational exposure. Three possible expla- 
nations are offered: 

1. Epidermal cells are not susceptible to cad- 
mium mutagenesis. 

2. Insufficient cadmium ion penetrates the stra- 
tum corneum of the species studied to evoke 
carcinogenic changes. 

3. If carcinogenic/mutagenic changes have oc- 
curred, either insufficient observation time is 
allowed for tumor formation or circumstances 
have not favored tumor formation, that is, 
tumor promotion was lacking. 

F. Mercury 

Mercury is one of the oldest metals known to 
humans and records show that it was mined in 
Britain in Roman times. Mercury has a long his- 
tory of use in medical, cosmetic, and industrial 
products, but environmentally it has become re- 
garded as one of the most serious toxic hazards. 
Seventy million tons of mercury are estimated to 
be in oceans and seas where it is readily concen- 
trated in fish and seafood, thus entering the hu- 
man food As a safety measure, the 
Food Additive Organization has recommended a 
maximal weekly intake for methyl mercury not 
exceeding 2 mg.+@ 

Toxic risks associated with mercury consump- 
tion and dermal contact are considerable. They 
are well illustrated by epidemiological surveys 
conducted in Iraq, New Mexico, and Ja- 
pan.20,393~395.49y Consumption of food contaminated 
with mercury from seed dressing and agricultural 
products was shown unequivocally to be the cause 
of severe neurological disorders, muscular weak- 
ness, congenital deformities, and fatalities. The 
developing fetus was shown to be at greatest 
and this has been confirmed in numerous experi- 
mental teratological studies. I 1-19 Mercury is voided 
in breast milk at a concentration of 3% of that 
seen in maternal blood, a concentration present- 
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ing serious toxic implication for the neonate or 
suckling child.20 

Considerable differences exist in the rate at 
which different mercury compounds enter the body 
by dietary or percutaneous route, but all mercurials 
are potentially toxic and characteristic symptoms 
of cardiovascular, neurological, hematological, 
gastrointestinal, or dermatological disease may 
be e x p e ~ t e d . ~ ~ l - ~ ~ ~  Dermatological symptoms of 
mercury poisoning include local irritation, ulcer- 
ation, erythrodema, hyperpigmentation, eczema, 
and contact hypersen~itivity.5@',~~~ Some evidence 
was reported of alopecia linked to mercury expo- 
sure, but the number of cases seen was insuffi- 
cient to be c o n c l ~ s i v e . ~ ~  There is evidence, how- 
ever, that mercury, like other toxic metals, is 
eliminated in the hair.506,507 In a study of 341 
inhabitants of Grenoble, the average mercury level 
in hair was 1.06 l g /g  (males > females). Interest- 
ingly, mercury in the hair was related to eating 
contaminated fish,13 and not through topical ex- 
posure. 

There is evidence to show that metallic mer- 
cury (from broken thermometers) and many mer- 
cury-containing compounds used medically, cos- 
metically, or industrially are taken up by the skin, 
either directly or following o x i d a t i ~ n . ~ ~ ~ J ~ ~  A case 
of mercury contamination from a broken ther- 
mometer showed typical granuloma formation, 
with mercury occurring in the blood and urine. 
Mercurials have been used extensively in the past 
in antiinfective preparations, shampoos, agents to 
treat psoriasis and eczema, and in general hy- 
giene.510 Thus, ammoniated mercury ointment is 
still in use but it is a skin irritant and shows 
allergenic properties.510 Mercury is also applied 
to the skin in cinnabar, a bright red color used in 
tattoos.511 Along with silver and gold, mercury 
has been used for many years in dental amalgams. 
However, these days the use of mercury in these 
products has declined greatly because of the in- 
creased awareness of the toxic hazards presented, 
particularly those of stomatitis and sensitiza- 

Following application to the skin and absorp- 
tion, mercury initiates a sequence of events lead- 
ing to cytotoxicity and immunological re- 
s p o n s e ~ . ~ ~ ~  Cinnabar in tattoos and metallic 
mercury have been associated with itchiness, 

tion.512313 

erythema, and granulomatous r e a ~ t i o n s . ~ ~ ~ , ~ ~ ~ - ~ ~ ~  
When a mercury-containing cream was used for 
skin hygiene, facial pigmentation was rep0rted.5~~ 
The cream containing 17.5% mercuric ammo- 
nium chloride also led to raised blood and urine 
mercury levels as evidence of the percutaneous 
absorption. Like lead, mercury probably inhibits 
a wide variety of enzyme systems by binding to 
key proteins, especially through thiol and sulfydryl 
groups.518 It is difficult, however, to identify bind- 
ing with those proteins specifically concerned with 
mercury allergies.519 Mercury absorbed into the 
circulation binds readily with albumin and cys- 

Uptake of mercury by cells of the renal 
tubule has been associated with early damage 
involving the brush border membranes, disper- 
sion of ribosomes, and a clumping of smooth 
cytoplasmic membranes. Subsequent vacuolation, 
lysosomal change, rnitochondrial damage, and 
clumping of nuclear chromatin lead to necro- 
sis?21,522 Cytogenic effects seen in 29 workers 
exposed to mercury fulminate and with raised 
urine mercury levels showed significantly in- 
creased numbers of peripheral blood lymphocytes 
with chromosomal aberrations.523 The significance 
of this observation in terms of carcinogenicity is 
not clear so far. 

Organomercurial compounds tend to decom- 
pose more slowly and to be slightly less toxic than 
inorganic forms in the central nervous system and 
kidney.524,525 In the skin, however, methyl mer- 
cury probably presents a greater hazard. It is readily 
absorbed through cell membranes and accumu- 
lates in the tissue.526 The organic mercury com- 
pounds include Merthiolate and other antiseptic 
mercurials, as well as phenylmercuric salts used 
in agriculture as weed killers and fungicides. 
Contact with the skin resulted in dermatitis and 
sensitization.527 Penetration was enhanced and 
local reactions more severe when mercuric com- 
pounds were applied to the skin in solvents or 
creams with high lipophilic activity, and this is 
well illustrated by a severe case of mercury-re- 
lated dermatitis in a young boy exposed to the 
metal in kerosene.528 Uptake is also facilitated by 
the presence of hair follicles and sweat 
In experimental studies, inorganic mercury was 
shown to penetrate the skin slowly because of its 
uptake by epidermal keratin, Langerhans cells, 
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melanocytes, and basal Mercury binds to 
metallothionein and to phospholipid, but 
complexing with sulfydryl groups of epidermal 
keratin is to be expected. Pigmentary changes 
seen in the skin - gray-black coloration - are 
related to the deposition of finely divided mer- 
cury droplets in epidermal cells. Using the XMA 
technique, mercury droplets have been identified 
in close proximity to the n ~ c l e u s . ~ ~ ~ ~ ~ ~ ~  Mercury 
vapor has been shown to penetrate the tail skin of 
rats, but quantitative estimates were not possible.s35 
To what extent mercury vapor is absorbed through 
the \kin of factory workers or dentists showing 
raised blood and urine mercury levels is not 

Perhaps the largest single dermatological prob- 
lem associated with mercury is that of allergy and 
delayed hypersensitivity. This problem occurs in 
a miscellany of occupations and domestic situa- 
tions where mercury or mercuric compounds are 
used. Diagnosis is complicated by the fact that 
cross-sensitivities are reported between inorganic 
and organic mercury compounds.40 Patch tests 
using O,OS% mercuric chloride or 0.5% calomel 
are listed as suitable test solutions but these may 
be associated with nonspecific irritations or 
pustular reactions. The organomercurial preser- 
vative, thimerosol (Merthiolate), is among the 
most common sensitizers in dermatological prac- 
tice It is widely used in vaccines and sensitivities 
are common in young people. Thimerosol sen- 
sitization is complex because the preparation con- 
tain\ two main components, an organomercurial 
compound and a thiosalicylate, both of which evoke 
sensitivity. Further cross-reactions may be seen 
with other mercurial compounds like phenyl- 
mercuric nitrate or ammoniated m e r c ~ r y . ~ ~ . ~ * ~  

Delayed hypersensitivity resulting from ex- 
posure to mercury or mercury vapor from dental 
products and amalgams seems to be a common 
event and several reports have been evaluated. 
The diagnosis has been complicated by the pres- 
ence of inorganic and organic mercury in the 
blood.576 The possibility that oral bacteria may 
convert inorganic mercury/mercury vapor to or- 
ganic mercury is disco~nted.~’~ Epsteid3’ sug- 
gested that where mercury or mercuric ions were 
absorbed through the skin hypersensitivity resulted 
through their ability to conjugate with certain 
proteins. which in his opinion were not present in 

the buccal mucosa. Allergies to gold and silver 
are well recognized and are a potential cause of 
m i s d i a g n o ~ i s . ~ ~ ~ . ~ ~ ~  

Although some evidence has been presented 
to show that mercury can elicit chromosomal 
breaks, gaps, and micronuclei in peripheral lym- 
phocytes of workers exposed to mercury fulmi- 
nate,523 conclusive evidence is not available to 
substantiate a carcinogenic risk for mercury to the 
skin or other  organ^.'^.^^^ 

G. Silver and Gold 

For many centuries, silver and gold have re- 
tained a special importance as symbols of distinc- 
tion and high social status. Both elements exist 
naturally in their metallic state and inorganic salts 
are readily reduced to pure metal. Chemically, 
silver and gold are similar. They are monovalent 
metals and their soluble compounds are astrin- 
gent and moderately irritating to human skin. 
These astringent properties were used to great 
advantage in early medicine when solutions of 
silver nitrate or gold thiosulfate were used topi- 
cally or intraparenterally to treat venereal dis- 
eases and tuberculosis. According to S~llemann,~’ 
intravenous injections of gold and sodium thio- 
sulfate were highly effective in treating lupus 
erythematosus and some other skin diseases. They 
were said to be inferior, however, to salts of bis- 
muth, arsenic, and mercury in treating syphilis. 
Silver nitrate as a “lunar caustic” or in 10 or 20% 
solutions was applied to the skin to remove ul- 
cers, warts, and granulations. Other uses of silver 
nitrate as a mild antiseptic included 1% aqueous 
solution used to treat ophthalmia neonatorum and 
a mixture of silver nitrate in kaolin (1 5000) as a 
surgical astringent. 

A major contraindication against the use of 
silver and gold compounds in medicine has been 
their strong propensity to discolor the tissues. 
Silver stains are readily produced by application 
of silver nitrate to the skin. The stain may be 
removed by application of solutions of potassium 
iodide, potassium cyanide, or mercuric chloride 
or it may ultimately be lost through the natural 
desquamation of stained epidermal cells. The 
mechanism for this staining is the interaction of 
silver ion with epidermal sulfydryl groups to form 
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silver m e r ~ a p t i d e . ~ ~ ~  Buckley et al.542 investigated 
the chemical constitution of granules seen in the 
skin of patients with argyria and identified them 
as silver sulfide. True argyria differs from the 
staining noted above in that the staining involves 
the dermis and is permanent. Protein-bound silver 
in the circulation is deposited in close proximity 
to sweat glands and hair follicles and affords a 
slate-gray coloration to the skin.543 Nails and nail 
beds and hair may also be involved. Increased 
melanin has been reported in the epidermis and in 
dermal macrophages as a possible consequence 
of increased local tyrosine  concentration^.^^^^^ 
The dermatological literature is replete with ex- 
amples of argyria and there is a widespread view 
that the silver granules do not pass from dermis to 
epidermis, that is, the skin does not act as an 
excretory organ for silver. However, this was dis- 
proved by Buckley and T e r h a a ~ - , ~ ~ ~  who studied 
the passage of silver using electron and light mi- 
croscopy. Subsequent studies of argyria in five 
cases of occupational exposure failed to confirm 
these observations.549 Other cases of argyria asso- 
ciated with the consumption of silver acetate as an 
antismoking remedys50 or the use of silver acu- 
puncture needles551 have failed to demonstrate sil- 
ver granules in the epidermis or evidence of trans- 
fer of metal from the dermis. Excess silver was 
identified as a microparticulate deposit at the 
dermoepidermal junction but not in or between 
epidermal cells. Using electron probe analysis, no 
significant differences were seen in the levels of 
the trace elements calcium, sodium, and potas- 
sium. 

The condition of chrysiasis associated with 
the deposition of gold particles in the skin is also 
well r e c o g n i ~ e d . ~ ~ ~ , ~ ~ ~  The granules are reported 
to be larger than those due to silver deposits, but 
in other respects the condition is similar. Black- 
ening of the skin is reported in individuals ex- 
posed chronically to gold in jewelry, cosmetics, 
and gold objects554 or following injection of gold 
thiosulfate. Gray, blue, and purple colorations have 
been reported in response to gold contact. They 
are dose dependent and may persist for up to 20 
years.555 Blond people tend to be more suscep- 
tible to chrysiasis because light energy penetrat- 
ing the skin aids the reduction p r o c e s ~ . ~ ~ ~ ~ ~ ~ ~  Intra- 
dermal injection of gold salts may result in 
green-blue coloration.558 Nail dystrophy has been 

recorded as another complication of gold 
therapy.559,560 

Gold and silver salts readily react with pro- 
teins to form stable precipitates. Other than their 
well-documented evocation of allergic reactivity 
in susceptible people, the toxicity of most soluble 
salts is low following topical application. Exces- 
sive accumulation of gold in the tissues has been 
reported as a rare cause of exfoliative dermatitis,561 
but chrysiasis is a more common observation. 
Gold and silver salts bind readily to sulfydryl 
groups of epidermal keratin such that percutane- 
ous absorption through intact skin is generally 
low. However, when solutions are applied to 
wounded skin where the epidermal barrier func- 
tion is damaged, uptake of ions could be ex- 
pected. Studies are in progress in our laboratory 
to evaluate the uptake of silver ions from silver 
nitrate solutions used in the antisepsis of open 
wounds. It is anticipated that silver ions will bind 
to keratin fragments at the wound margins and to 
albumin and proteins in the serous exudate that 
develops in the inflammatory phase of wound 
healing. Additionally, in the wounded skin, some 
silver uptake by macrophages is expected. Stud- 
ies have not been seen to illustrate the initial 
deposition or fate of silver in the early wound. 
Silver promotes hemostasis and presumably ions 
bound to protein or tissue fragments in the wound 
bed will be sequestered by macrophages as the 
wound-healing cascade progresses. 

Gold and silver compounds coming into con- 
tact with the skin are likely to stain the tissues 
depending on the nature of the compound, its 
concentration, pH and site of application, and 
some primary irritation may be expected as for 
other astringent metal compounds. Where the 
solutions are used to debride dead or damaged 
tissue, warts, or granulations, concentrations will 
be adjusted to provide maximum effect with mini- 
mal discomfort to the patient. (In the veterinary 
clinic, silver nitrate and antimony trichloride are 
used in the destruction of horn buds in calves and 
zinc oxide is used to protect surrounding areas.13*) 

Gold salts are potentially strong sensitizers as 
shown by maximization tests. However, accord- 
ing to some auth0rs ,5~~-~~~ the actual incidence of 
delayed hypersensitivity to metallic gold and gold 
salts is comparatively low, possibly because the 
amount of metal leaching into the skin is insuffi- 

427 

C
ri

tic
al

 R
ev

ie
w

s 
in

 T
ox

ic
ol

og
y 

D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

Se
ri

al
s 

U
ni

t -
 L

ib
ra

ry
 o

n 
09

/2
2/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



cient to produce true clinical allergy. A definitive 
test for gold allergy is a positive patch test to at 
least two gold salts coupled with relevant clinical 
history.562 Nevertheless, a wide variety of gold 
products and processes have been variously im- 
plicated in gold allergies. They include jewelry, 
dental products, gold used in the treatment of 
osteoarthritis and psoriasis, photography, electro- 
plating, and in pottery manufacture. On occa- 
sions, patients have shown signs of primary irri- 
tation, presumably due to the astringency of the 
gold solution and the binding of free ions to the 
epidermal keratin to denature it.559 This action 
may also account for the bacteriostatic action of 
gold and silver compounds. Gold administered 
orally as thiosulfate to treat systemic infections 
has been identified in the skin after 8 to 60 d and 
the hair after 45 d.566,567 Other primary dermato- 
logical effects associated with gold therapy in- 
clude nail dystrophy, epidermal necrolysis, and 
polyarteritis.5h0 

True allergic reactions to gold in the skin 
following exposure to jewelry have been described 
as eruptions mimicking pityriasis rosea or persis- 
tent infiltrated papular Patch 
testing to determine gold allergy presents prob- 
lems of false positives and negatives.570 Gold is 
mostly alloyed with other metals - zinc, nickel, 
silver, copper, platinum, and palladium - which 
are known sensitizers.562,565 However, when so- 
dium aurothiomalate is used to treat patients with 
rheumatoid arthritis, gold allergy is identified in 
up to 30% of patients with pruritis, xanthema, 
vasculitis, and severe h y p e r s e n ~ i t i v i t y . ~ ~ ~ ~ ~ ~ ~ - ~ ~ ~  

Gold has not been identified in any report as 
a carcinogen per se in humans. Two cases were 
seen where carcinogenic changes were associated 
with radioactivity in gold rings, but here chronic 
exposure to radiation is held responsible for a 
squamous cell tumor and a benign lymphoplasia 
of the e a r l ~ b e . ~ ~ “ ~ ~ ~  Experimental evidence for 
the carcinogenicity of sodium aurothiomalate was 
provided by a study in which rats were injected 
subcutaneously with does of 3 to 192 mgkg body 
weight daily.576 The injections were highly irritat- 
ing and fibrosarcoma developed at the site of 
injection. The carcinogenicity of sodium 
aurothiomalate indicated by this study is not borne 
out by human experien~e.~~’  Moreover, the valid- 
ity of the experimental technique is called into 

question in light of the earlier studies with com- 
mon food additives,578 where repeated subcutane- 
ous injection of such mundane additives as hyper- 
tonic glucose, saline, or food colors produced 
sarcoma. 

Silver nitrate in various forms has been used 
for many years in the treatment of skin infections 
and wounds and its efficacy is well established. 
Thus, a 5 %  aqueous solution applied as a wet 
dressing to wounds is effective against Pseudomo- 
nus sp. and is inexpensive, but it stains everything 
black.40.579 Occasionally some leakage of sodium 
and potassium has been reported. Silver nitrate 
has a long established value in the treatment of 
bum wounds and other skin How- 
ever, the newer products of l % silver sulfadiazine 
cream have been shown to be highly effective 
against many Gram-negative bacteria (especially 
Pseudomonas sp.) and some Gram-positive 
strains.5gs? Although there is some evidence that 
silver sulfadiazine advances healing of deep granu- 
lating this view is still equivocal.5x3 A 
recent controlled trial has even suggested that sil- 
ver sulfadiazine may actually delay the healing of 
partial thickness Silver coating or impreg- 
nation of catheters for renal dialysis has been rec- 
ommended for preventing local infections. Ad- 
verse reactions to the silver have not been 
r e p ~ r t e d ~ ~ ~ ~ ~ ~ ~  and adverse effects attributable to 
the catheter materials have not been seen either.586 

Allergies attributable to contact with silver in 
jewelry, hair dyes, argyrol colloidal silver solu- 
tion, strong silver protein (protargyl), and coins 
are r e ~ o r d e d . ~ ~ , ~ ~ ~ - ~ ~ ~  Silver nitrate, cyanide, 
arsphenamine, fulminate, and thiosulfate solutions 
as used for photography, metallurgy, silversmiths, 
and other processes have been implicated in metal 
allergies. The so-called “silver itch” was identi- 
fied in workers in the explosives industry ex- 
posed to silver fulminate.592 “Silverworkers’ fin- 
ger” has been reported as a rare occupational 
hazard.593 

H. Aluminum and Zirconium 

Aluminum is one of the most common ele- 
ments in the Earth’s crust and is widely used in 
various metal alloys, leather tanning, medicines, 
and cosmetics. In recent years, considerable con- 
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cern has centered on the possible implication of 
aluminum in Alzheimer’s disease, a debilitating 
disease characterized by neurological degenera- 
tion and dementia. Aluminum intoxication has 
been reported in patients with encephalopathy 
associated with aluminum deposition following 
renal dialysis.s94 Abnormal neurofilaments were 
noted in the perinuclear region of affected cells 
with other organelles being displaced.595 Alumi- 
num absorption in these cases is possibly facili- 
tated by its affinity for the iron-transporting pro- 
tein transfenin, the aluminum-transfenin complex 
being endocytosed by susceptible brain cells. This 
view is substantiated by the observation of alumi- 
num deposition in known sites of high transferrin 
receptor activity.594 Further evidence supporting a 
direct neurotoxicity of aluminum is provided by 
experimental studies in cats injected subdurally 
with aluminum hydroxide. After 6 months, the 
brains showed gliosis with a massive neurofibril- 
lary degeneration in the astrocytes attributable to 
an accumulation of aluminum ions.596 In a paper 
by Berlyne et al.,597 the toxicity of aluminum, as 
used in dialysis solutions, was questioned. Ex- 
ploratory studies in rats demonstrated that oral or 
intraparenteral administration of aluminum salts 
evoked stressful symptoms leading to fatality with 
aluminum accumulating in the plasma, liver, heart, 
muscle, bone, and brain. Conjunctival ulceration 
was noted. In vitro studies demonstrated a marked 
diminution in oxygen consumption in liver 
homogenates. This is perhaps an illustration of 
the adverse effects attributable to aluminum in 
blocking iron binding sites on the transferrin 
molecule in the intact animal. 

The ability of aluminum to interact with com- 
ponents of the skin is well illustrated by the long 
established value of alums in the tanning of skins. 
The process dates back more than 200 years and 
involves a “stabilization” of the leather.598 In- 
soluble aluminum hydroxide complexes are 
formed. There seems to be no doubt that alumi- 
num ion at a suitable pH binds avidly to epider- 
mal keratin, denaturing it in the process.46 In an 
experimental study in which human keratin ex- 
tracts, skin scrapings, and hair were treated with 
aluminum sulfate or chloride, aluminum ion bound 
readily to keratin particles and epidermal keratin 
(following lipid removal), but only minimally to 
hair keratin.599 

When aluminum binding studies were con- 
ducted in isolated guinea pig skin, optimal bind- 
ing was noted within 15 min from AlCl, at pH 
3.5,s99 but the form in which the aluminum ion 
was bound is not known. As the pH of aluminum 
sulfate was increased from 1.46 to 4.21, so the 
amount of aluminum bound increased with a 
maximum at pH 4.21. It seems likely that A13+ or 
its hydrolysis products A1(OH)2- or Al(OH),’+ 
interact with epidermal keratin. Differences seen 
in the ability of aluminum to bind according to the 
salt i n v o l ~ e d ~ ~ . ~ ~ ~  may not simply be a matter of 
pH, but reflect differences in “electrostatic attrac- 
tion” between AP+ and -SOP, and A3’ and C1-.599 
The variation in the ability of aluminum ions to 
bind to different keratins, viz: 

callus > epidermis (skin scrapings) > hair 

may be due to the form and organization of the 
keratin molecules. Thus, callus or skin keratin is 
variable in its organization and orientation and 
offers more binding sites for aluminum than does 
hair keratin, which exhibits a highly organized 
structure. This is clearly a complex and highly 
speculative subject. 

Aluminum compounds have been employed 
extensively in cosmetic and medicinal prepara- 
tions for many years. Advantage is taken of their 
astringent, antacid, antibacterial, and antiperspi- 
rant properties.600 Aluminum chloride and sulfate 
at concentrations of up to 25% are extremely 
effective deodorants and anhydrotic agents, but at 
this concentration they are astringents and irri- 
tants.601 Aluminum chloride hydrolyses readily to 
precipitate skin proteins, with a consequent ob- 
struction of the sweat pores and hair follicles. In 
contrast, aluminum chlorhydrate, allantoate, and 
citrate are effective antiperspirants but exert little 
or no irritation except in particularly sensitive 
individuals. Aluminum chlorhydrate (or basic alu- 
minum chloride, or Chlorhydrol) even at 25% has 
a pH of approximately 4.38 and is a low irri- 
tant.602 

Many clinical and experimental studies have 
been directed towards understanding the mecha- 
nism by which aluminum exerts its antiperspirant 
action. In a clinical study. Bmn et aL603 induced 
sweating in patients by iontophoresis of drugs 
acting on the autonomic nervous system and 

429 

C
ri

tic
al

 R
ev

ie
w

s 
in

 T
ox

ic
ol

og
y 

D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

Se
ri

al
s 

U
ni

t -
 L

ib
ra

ry
 o

n 
09

/2
2/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



monitored the antiperspirant effect of several in- 
organic aluminum compounds. The results illus- 
trated in Table 4 show that pH was not a critical 
factor in determining the anhydrotic effect. De- 
fatting of the skin and occlusion andor massage 
of treated areas was beneficial but the mechanism 
was not discussed.6w,h0s Aluminum nicotinate 
applied topically as a 5 %  cream did not affect 
sebum production.w6 

Several hypotheses have been proposed to 
explain the action of antiperspirants like alumi- 
num salts. In summary they include: 

1 .  Alteration of the tissues that line the orifices 
of the sweat ducts 

2. Alteratjon of the electrostatic charge on the 
wrface of the outer portion of the sweat duct 

3. Direct action on the secretory apparatus of 
the sweat gland or the nerves that innervate 
,@07 

Two of these require permeation of the gland 
by aluminum either directly or transcutaneously. 
However, aluminum chloride solutions at con- 
centrations that are effective antiperspirants al- 
low aluminum to bind strongly to the keratin.46 
This binding has been demonstrated both histo- 
logically and by using the tape stripping tech- 
nique where successive layers of keratin are re- 
moved for chemical analysis.ms Neither technique 
has shown significant penetration of the metal. 
Low penetration was confirmed in human skin 

TABLE 4 
Antiperspirant Effect of Aluminum Salts 

AICI, 
AWO,), 
A~,(SO,), 

MgCI, 
Al-acetotart rate 

Phosphotungstic acid 
Sulfosalicylic acid 
Tannic acid 

Con- 
centration pH 

Molar 
Molar 
Molar 
10% 
Molar 
Saturated 
10% 
10% 

1.8-2 
2.6 
1.8-2 
3 
1.8-2 
0.8-1 
0.8-1 
2.7-3 

mounted in diffusion Available evidence 
has demonstrated that in the case of aluminum 
chloride at least, blockage of sweat pores by an 
aluminum-keratin “plug” is sufficient to inhibit 
perspiration. It does not explain the action of 
aluminum chlorhydrate, which is a very effective 
antiperspirant,610s611 but which does not readily 
interact with epidermal keratin or produce plugs 
in hair follicles or sweat ducts in experimental 
studies. The lack of plugs in the sweat ducts of 
skin treated with aluminum chlorhydrate implies 
that the antiperspirant action is more complex 
than a mere obstruction of sweat ducts. It is con- 
ceivable that sweat reaching the skin surface is 
reduced by resorption through the walls of the 
sweat ducts.608 This mechanism has in part been 
substantiated using an iontophoresis technique 
with methylene blue dye. Experimental studies in 
rats have demonstrated aluminum-keratin bind- 
ing and plugs in hair follicles (Figure 2) .  In the 
pig, which does have exocrine sweat glands, nei- 
ther aluminum chloride nor aluminum chlorhy- 
drate inhibited sweat production46 (Figure 3) .  
Aluminum compounds used in antiperspirants and 
deodorants are nonsensitizing. Where hypersen- 
sitivity has been noted, it is likely that other sub- 
stances in the preparation enhance the irritant 
effect of aluminum. 

Aluminum salts are employed as styptic agents 
for hemostasis and for aluminum-precipitated al- 
lergens. These have been cited as rare causes of 
contact sensitivity and patients have shown posi- 

Wetting 
agent 

1% Triton x 100 
i.d. 
i.d. 
i.d. 
i.d. 
?? ... 
1% Triton x 100 
0.5% Aerosol OT 

Number 
of 

cases 

33 
5 
6 
5 
8 
6 
4 
3 

Reducing or inhib- 
iting effect (on 

perspiration induced 
by pilocarpine) 

Good 
Good 
None 
Bad 
Middle 
None 
None 
None 

From Brun, R., Hunziker, N., and Evdos, P., Recherches sur le Mecanisme d’action des Antiperspirants, 
Springer-Verlag, Munchen, Heidelberg, 1968, 755. With permission. 
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FIGURE 2. Rat skin treated with 10% aluminum chloride to show deposition of aluminum in the epidermal keratin 
and hair follicles. (Morin fluorescence, x6.3 objective.) (From Lansdown, A. 6. G., Br. J. Dermafol., 89, 67, 1973. 
With permission.) 

tive patch tests to aluminum chloride, sulfate, or 
a ~ e t a t e . ~ ~ ~ , ~ ' ~  Following intradermal injection, alu- 
minum salts have caused granuloma formation.615 
These granulomas have been shown to impair 
macrophage phagolysosome activity and to cause 
hemolysis, probably through damage to cell mem- 
branes. The toxic effects seen in fibroblasts were 
less consistent than seen in macrophages, but were 
related to the amount of aluminum gel absorbed. 
In either case, release of lactic dehydrogenase 
was used as an index of cell death. The implica- 
tions of these changes in wounded skin are con- 
siderable because both macrophages and fibro- 
blasts play a vital role in the repair and 
reconstructive processes. Accumulation of alumi- 
num in wound sites can predictably lead to im- 
paired wound healing and formation of scar tis- 
sue. This subject requires further investigation. 

Zirconium resembles aluminum in several 
ways. It has been used for many years as an 
antiperspirant and if it is absorbed by the skin or 
penetrates through a skin wound, it shows a strong 

capacity to produce granulomas. Industrially, zir- 
conium compounds feature in electronics as con- 
ductors, in pottery, china, and glass as pigments, 
and in leather tanning. Clinically, zirconium com- 
pounds were shown to be beneficial in the treat- 
ment of patients with poison ivy dermatitis 
(Rhus).61M18 

Zirconium compounds have been shown clini- 
calIy and experimentally to be appreciably more 
toxic than those of They pen- 
etrate the skin more readily and exhibit a greater 
tendency to evoke granulomas. This toxicity is 
enhanced in the presence of sweat, which has 
been shown to enhance the skin penetration of 
zirconium i ~ n . ~ ~ ~ ~ ~ ~ ~  Zirconium granulomas are 
persistent and are described as being solitary or 
grouped, firm, shiny, erythematous papules with 
occasional eczematous 

Zirconium granulomas have been demon- 
strated experimentally in guinea pigs in which 
subcutaneous injection of zirconium lactate was 
shown to induce a profound epitheloid reaction 
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FIGURE 3. Transverse section of the secretory tubule of an eccrine sweat gland from pig skin treated topically with 
10°io aluminum chloride. The cytoplasm of many epithelial cells is in the process of being "pinched off into the lumen. 
(H & E, x10 objective.) (From Lansdown, A. B. G., Br. J. Dermafol., 89, 67, 1973. With permission.) 

within 4 weks."?" The reaction was closely simi- 
lar to that produce by zirconium lactate in hu- 

In the guinea pig, the epitheloid cells 
exhibited a prominent rough endoplasmic reticu- 
lum and Golgi apparatus. Turk et also drew 
attention to the distinctive nature of the large 
multinucleate giant cells, which they described as 
being characteristic of zirconium granulomas. 

Zirconium does produce a hypersensitivity 
reaction, and patch and intradermal injections are 
used in diagnosis. Whereas granulomas resulting 
from the use of zirconium in deodorants may be 
expected to clear within a few months, those in- 
duced by intrddermal injection of zirconium lac- 
tate may persist for a long time and be resistant to 
treatment h2h 

I. Lead 

There is no known function for lead in the 
human body and any absorbed through the skin or 
re\piratory tract or ingested in the diet is likely to 

be toxic. These toxic effects vary greatly and 
range from gross morphological damage where 
lead is present at high concentrations, to more 
subtle biochemical changes when lead is present 
at low or marginal levels.627 Lead is an accumula- 
tive poison and is particularly hazardous for 
prenates and young children in whom it shows 
a predilection for the central nervous system, he- 
matopoietic tissue, and kidney.6z28 This sus- 
ceptibility of the young to lead poisoning has been 
clearly demonstrated in controlled experi- 
m e n t ~ . ~ ? ~ ~ ~ '  Humans may be exposed to lead 
through food and drink, various occupations, hob- 
bies, and through cosmetics, but the major source 
of the body lead burden is through gastrointestinal 
absorption.632 Lead acetate is absorbed 1.5 times 
faster than other lead compounds, and in the U.S. 
in 1978, sales of hair dyes containing lead acetate 
exceeded 1 million bottles.633 However, the use of 
lead in petrol as a source of large-scale environ- 
mental pollution is of widespread public 
The particular concern here is that the lead is in 
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the form of uncombusted tetraethyl lead, a lipid- 
soluble compound. It can be absorbed through the 
skin and respiratory tract and can readily pass 
across the blood-brain barrier of young children 
and exert a devastating influence on their mental 
development. 

As lead is mostly absorbed into the body 
through the diet, considerable attention has been 
given to studying patterns of uptake in humans 
and experimental animals and the factors influ- 
encing absorption. There is a tenfold difference in 
lead uptake in humans and rats. Whereas rats 
absorb around 1 % of that ingested humans absorb 
at least Comparative studies show that 
lead absorption in the intestine may be influenced 
by the presence of other metal ions like calcium, 
zinc, copper, and magne~ium.~” For example, 
studies show that not only do lead and calcium 
interact in their uptake, but that they probably 
share binding sites on absorptive  protein^.^^^,^^^ 
Gruden et al.638 demonstrated that lead signifi- 
cantly impaired calcium uptake in the duodenum, 
but questioned the mechanism of interaction be- 
tween lead and other metal ions. Clearly, any 
upset in ion balance, particularly with the pres- 
ence of xenobiotic ion competing for receptor 
sites, will upset metabolic balance and possibly 
lead to abnormal physiological events. This sub- 
ject is complex and is still very unclear. In a 
similar way, one can speculate that in the skin, 
although not a major route of metal ion uptake, 
xenobiotic metals like lead will upset local trace 
metal ion balances and impair critical homeo- 
static mechanisms. The extent to which this actu- 
ally occurs is very speculative at this time. 

Lipid-soluble lead compounds are absorbed 
through the skin much faster than inorganic lead 
salts. In intact rat skin, for example, comparative 
studies have shown a 100-fold increase in renal 
lead 24 h following tetraethyl lead exposure, 
whereas increases seen with lead oleate, acetate, 
or arsenate were only Comparable stud- 
ies in intact human skin have not been seen, al- 
though with human cadaveric skin, penetration 
patterns were shown to be 20 pg/cm2/h for 
tetrabutyl lead, 0.16 pg/cm2/h for lead acetate, 
and c0.03 pg/cm2/h for lead oxide.640 Where ab- 
sorption of lead from hair dyes was considered, 
uptake was very low, probably accounting for 
<0.5% of the daily intake of lead from all sources, 

and of insignificant toxic value.641 Much has been 
published on the presence of lead in hair as an 
indication of dietary or occupational expo- 
s u r e ~ . ~ ~ , ~ ~  Whereas some authors consider that 
the lead in hair is an accurate measure of current 
absorption levels through scalp skin, rather than 
blood content, other surveys conclude that blood 
lead is a better g ~ i d e . @ ~ - ~  Marzulli et aL7*0 ex- 
posed prisoners to lead acetate by topical applica- 
tion of hair dye in a lead-free environment. Hair 
lead levels became elevated. Public and underarm 
hair lead levels served as indicators of systemic 
absorption of lead at different sites and they acted 
as controls for possible exogenous contamination 
at each skin site.721 Lead was measured in the 
sweat of 19 workers in a battery factory, but these 
measures were considered to be unreliableH5 be- 
cause of skin contamination. But even so, the 
figures correlated badly with blood lead calcula- 
tions. Observation of the uptake of lead from 
various sources - inhalation, diet, or percutane- 
ous absorption - suggests a three-compartmen- 
tal “pool” for lead metabolism, namely, blood 
lead, lead concentrated in soft tissues like the 
skin, hair, and skin glands, and that deposited in 
the skeleton.646 The total amount of lead in the 
body does not seem to influence further lead ab- 
sorption nor does it suppress uptake mechanisms 
of lead in the hair. BIood lead may be a useful 
index of lead consumed or inhaled through occu- 
pational exposure but this cannot take account of 
large amounts of lead bound in bone, nor will it 
accurately reflect the amount of ion secreted in 
the hair shaft. So far, there seems to be no infor- 
mation on lead saturation points in any tissue, if 
indeed these can be attained. Blood lead will not 
reflect the amount adsorbed to the keratin of hair 
shafts; this lead is unlikely to prove of toxicologi- 
cal significance. 

The influence of lead on target cells in culture 
and in intact animals suggests a range of toxic 
mechanisms. Best publicized is the inhibiting in- 
fluence of lead on delta-aminolevulinic acid 
dehydratase (ALA) in heme b i o s y n t h e ~ i s . ~ ~  Fol- 
lowing occupational lead exposure, urinary con- 
centrations of ALA adjusted to creatinine levels 
proved to be an accurate measure of lead expo- 
sure.648 The toxic influence of lead on ALA me- 
tabolism has been mitigated by administering 
supplementary zinc. Lead leads to impairment of 
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other metal ions like calcium, sodium, and potas- 
sium involved in cell membrane function. Thus, 
in ik) studies of red blood cells from workers 
occupationally exposed to lead have demonstrated 
that environmental lead alters red cell membrane 
ion transport through the inhibition of the Na' - 
K+ ATPase mechanism, the inhibition being pro- 
portional to hair lead  concentration^.^^ Other 
hematological studies have questioned the view 
that lead can inhibit heme biosynthesis by its 
action on the mitochondrial enzymes, copro- 
porphyrinogen oxidase and ferrocheletase. The 
evidence so far is inconclusive.650 Elsewhere, stud- 
ies confirm the toxic action of lead on mitochon- 
dria leading to decreased respiration and partial 
uncoupling of oxidative phosphorylation.6" 652 

Neuropathic effects of lead are supposed to be 
primarily mediated by inhibition of ALA 
dehydratase synthesis, but there is some evidence 
that defects in synaptic transmission are mediated 
by a lead-induced increase in the calcium 
If this is the case, the interaction of lead and 
calcium in the nervous system is a reversal of that 
seen in the gut where calcium uptake is inhib- 
ited.6ib It is tempting to speculate on how lead 
may influence the percutaneous absorption of 
different ions through the skin. Inorganic lead 
would be expected to bind to sulfydryl groups in 
the keratin and presumably denature it. What is of 
greater importance is the potential role of lead in 
impairing the availability of trace metals in the 
skin following injury and where the effectiveness 
of the epidermal bamer is impaired. This subject 
i 4  In need of urgent study. 

Information from in vitro cultures of poly- 
morphonuclear leukocytes from lead-exposed 
workers demonstrates that lead inhibits chemo- 
tactic mechanisms, phagocytosis, and superoxide 
formation.654 This is a clear indication that lead 
will impair shn wound healing. At blood concen- 
trations of 1.59 pmoV1, lead increased arachi- 
donic acid concentrations and reduced levels of 
reactive oxygen species. Lead was shown to sig- 
nificantly reduce chemotaxis and oxidative func- 
tions in neutrophils from occupationally exposed 
w~rkers ,"~ thereby inhibiting two essential func- 
tions in early wound healing. Even relatively low 
levels of lead have been shown to depress im- 
mune reactivity in exposed workers.656 

Experimental studies in the rat and dog dosed 
chronically with lead carbonate have demonstrated 
cytochemical changes manifest as increased lev- 
els of acid and alkaline phosphatases in the liver 
and kidney and elevation of mitochondrial en- 
zymes, notably d e h y d r ~ g e n a s e s . ~ ~ ~ - ~ ~ ~  White657 
interpreted these mitochondrial enzyme changes 
as an increased oxidative mechanism via the citric 
acid cycle leading to an increase in fatty acid 
oxidation. 

Lead has been tested for its genotoxic poten- 
tial in a range of mutagenicity studies, but these 
have been equivocal and unhelpful in substantiat- 
ing the observation of increased chromosomal 
damage in human skin fibroblasts exposed to high 
environmental lead Fibro- 
blasts exposed to low organic lead concentrations 
in culture (>I  .O pg to lo6 cells) exhibited a mark- 
edly reduced growth rate with reduced thymidine 
and L-leucine uptake. The overwhelming evidence 
from in vivo and in vitro studies that lead is highly 
cytotoxic and can induce chromosomal damage 
in human and animal tissues points strongly to the 
potential carcinogenicity of lead in susceptible 
cells. However, lead acetate or lead phosphate 
administered in the diet or by subcutaneous injec- 
tion to rats induced a range of carcinomas, 
adenomas, papillomas, and gliomas in chronic 
studies. According to I A R P 2  there is still inad- 
equate evidence to determine the carcinogenicity 
of lead or lead compounds in humans. 

J. Miscellaneous Xenobiotic Metals 

Any element or its compounds that interact 
with the tissues of the skin or impairs a physi- 
ological process can be detrimental to human skin. 
The elements listed below have occasionally been 
implicated in primary skin irritancy and delayed 
hypersensitivity reactions. Thorium as thorotrast 
is now known to be carcinogenic in humans. 
However, insufficient information permits noth- 
ing more than a cursory mention of their proper- 
ties and presumed mechanisms of action where 
possible. 

Cerium Gallium Germanium 
Indium Lithium Osmium 
Platinum Palladium Strontium 
Thallium Thorium Titanium 
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Cerium sulfadiazine (2.2% cerium nitrate in 
1% flamazine cream) has been employed for a 
number of years in treating severe burn cases, but 
at present its action in normal or repairing skin is 
not known.663 These clinical studies have demon- 
strated that cerium-flamazine is an effective anti- 
bacterial agent. In treated skin wounds, an eosi- 
nophilic barrier has been demonstrated between 
the burned tissues and unburned skin, but inflam- 
matory reactions were completely absent. This 
deficiency is likely to have implications on der- 
mal scar tissue formation which depends on ap- 
propriate inflammatory cell reactions. It will be 
interesting in due course to see how cerium and 
silver interact in wound healing. 

Strontium is chemically similar to calcium 
and can replace it in bone to a limited extent. 
Although soluble strontium compounds are of 
low toxicity, if they are absorbed percutaneously, 
they are a potential cause of ionic imbalance and 
possibly of physiological changes. There is some 
evidence that excess strontium can impair cal- 
cium uptake in humans and experimental ani- 
mals,664-666 but the extent to which this impair- 
ment is sufficient to impair calcium-mediated 
functions in the skin is not known. 

Other ions, including gallium and lanthanum, 
may also interact with calcium in mammalian 
physiology. They have on occasions proved use- 
ful in experimental derrnat0logy,6~~ but skin reac- 
tions of the hypersensitivity type are rare.668 

Thallium is classified as a group I11 metal, 
but, of the metals discussed so far, it is the most 
toxic to the skin and other organs.669 It interacts 
with potassium and can replace it in cultured 
heart of muscle preparations leading to neuro- 
muscular changes.670 Thallium was once used to 
treat fungal skin infections. As severe adverse 
reactions became recognized, its use was aban- 
d ~ n e d . ~ ~  Thallium compounds are readily absorbed 
through the skin and mucus membranes, but are 
slowly excreted.671 Dermatological lesions of 
acneiform eruption, crusting, and eczema with 
eventual alopecia are reported.672 The impairment 
of hair growth and ultimate degeneration of hair 
papillae may be attributable to thallium interac- 
tion with keratin but the mechanisms for thallium 
toxicity are not fully understood; direct cytotox- 
icity in susceptible cells is a logical explanation 

but endocrine or neuropathological changes may 
also be c o n t r i b ~ t o r y . ~ ~ ~ . ~ ~ ~  

The dermatological consequences of platinum 
contact are increasingly reported. Platinum is used 
extensively in jewelry and, like silver and gold, is 
reported to be an occasional sensitizer.675478 In 
refineries, platinum dusts and compounds have 
given rise to persistent sensitization  reaction^.^^^,^^^ 
Antibodies to platinum salts showed a high level 
of agreement with prick-test results. 

Great interest has been shown recently in the 
toxicity of the platinum compound, cisplatin - a 
drug developed for cancer treatment.681-683 
NIOSH18 states that there is sufficient evidence 
for the carcinogenicity of cisplatin in animals 
following parenteral administration, but human 
data available at present are insufficient to con- 
firm this hazard.684 In mice, cisplatin induced 
papillomas of the skin in female animals given 
croton oil as a promoting agent, with these benign 
lesions transforming to malignant phenotype.685 
In the light of these observations, Hennings et 
al.685 labeled cisplatin as a relatively potent in- 
ducer of putative genotoxic changes. Cisplatin 
dosage has also been identified with cochlear 
damage in guinea pigs.686 Degenerative changes 
in the organ of Corti were identified. A mecha- 
nism suggested in physiological experiments is 
the ability of cisplatin to block calcium and potas- 
sium-mediated pathways, possibly acting as a 
calcium channel Impairment of so- 
dium-potassium- ATPase activity may also be re- 
sponsible for the ototoxic effect.688 

Palladium resembles platinum and is occa- 
sionally used in jewelry and prostheses. Allergies 
to palladium have been r e p ~ r t e d . ~ ~ ~ , ~ ~ ~  A case of 
porphyrosis seen in a patient fitted with a dental 
prosthesis was attributed to the palladium copper 
alloy used.691 

Lithium succinate was introduced recently as 
a therapeutic agent in cases of pruritis and 
seborrhetic d e r m a t i t i ~ . ~ ~ ~ , ~ ~ ~  Lithium was absorbed 
through the skin to a limited extent and was not 
found to impair skin zinc or copper levels. While 
the treatment was effective in relieving seborrhetic 
dermatitis, it was not effective in relieving pruritis. 
Skin lesions were not reported but there is evi- 
dence in the kidney that lithium intoxication can 
influence ionic balance693 and concentrations of 
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trace metal ions.h94 These changes may contribute 
to manifestations of hair loss, nail dystrophies, 
and psoriasiform lesions as reported occasion- 
ally .hy5’jY7 Other mechanisms suggested for rare 
case? of lithium-related skin damage include ly- 
sosomal enzyme release and increased neutrophil 
c h e r n ~ t a x i s . ~ ~ ~  6yy 

Thorium dioxide is a white crystalline pow- 
der, which, as thorotrast, has been used for many 
years as a radiopaque medium in X-radiography. 
Its use for this purpose was discontinued in medi- 
cal practice in 1945 because of its toxicity, but it 
is still available as a source of nuclear energy and 
for use in gas mantles, welding electrodes, ceram- 
ics. and as a chemical catalyst in industry.I8 Work- 
ers are exposed occupationally to thorium dioxide 
through inhalation, injection, ingestion, or dermal 
contact. There is now abundant evidence from 
experimental studies in rabbits, hamsters, rats, 
and mice that thorium dioxide is highly carcino- 
genic following parenteral injection.” 701 Human 
wdies confirm this profound car~inogenicity.~~? 703 

Malignant liver tumors have been documented 
following intravenous injection of thorotrast, but 
a latency of up to 35 years may occur from initial 
exposure before frank manifestation of neoplasia. 
Although dermal exposure is an identified risk, 
skin tumors related to thorium dioxide exposure 
have not been reported. 

VI. EXPERIMENTAL ANIMAL MODEL 

One of the most formidable problems con- 
fronting toxicologists is the considerable diver- 
sity of human skin types. Skin thickness, hair 
cover, glandular structure, and dermal vascularity 
differ greatly according to age, sex, race, and 
region of the body. Not only do skins differ greatly 
in their external appearance, they also differ greatly 
in their susceptibility to irritation and toxicologi- 
cal responses. Human skin is unique in many 
ways and has no counterpart in other mammals 
(Table 5) .  Yet rats, mice, guinea pigs, rabbits, and 

TABLE 5 
Morphological Characteristics of Human Skin Vs. Experimental Animal 
Skin 

Hair cover 

Skin type Thickness Arrangement Density Glandular form 

Human 
Face 
Eyelid 
Forearm 
Back 
Axilla 
Palmar 

Mousehat 
Back 
Footpad 

Rabbit 
Back 

Guinea pig 
Back 

Pig 
Back 

Back 

Footpad 

Dog 

+ 
+ 
++ 
++ 
+ 

+++a 

+ 
++ 

+ 

+++a 

++ 

+++a 

Single 

Single 
Single 
Single 

- 

- 

Single 
- 

Grouped 

++ 

Single 

Single or 
grouped 
- 

Low 

Low 
Low 
Moderate 

- 

- 

Dense 
- 

Very dense 

Single 

Low 

Dense 

- 

Sebaceousleccrine 

Sebaceousleccrine 
Sebaceousleccrine 
Sebaceouslapocrine 

- 

- 

Sebaceous 
Eccrine-like 

Sebaceous 

Dense Sebaceous 

Sebaceousleccrine 

Sebaceous 

a Thick skin areas with compact stratum corneum and prominent granular layer, and 
high mitotic rate. 
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occasionally pigs are used in different aspects of 
toxicology to predict or confirm hazards associ- 
ated with substances contacting the skin by inten- 
tion or accident. At best, results obtained from 
these experimental studies can only be an ap- 
proximate guide to human Although 
no single animal will ever be a surrogate for the 
varied reactions that the human skin can exhibit 
in relation to toxic insults, there is scientific logic 
in using a panel of tests to build up a picture of the 
toxic properties of a substance according to its 
chemical configuration and its use and human 
exposure patterns.705 Thus, in primary irritancy 
screens, the Draize rabbit test has achieved a com- 
mendable level of acceptance among regulatory 
bodies; the hairless mouse and guinea pig have 
proved useful in studying percutaneous absorp- 
tion and allergenic chemicals can be reliably 
screened in guinea pigs in the so-called “maximi- 
zation test.” The predictability of these animal 
tests in terms of human risk has been questioned 
on numerous occasions and must be subjective 
and dependent on the experience of an observer 
and his selection of appropriate positive control 
or placebo groups. 

The present review has focused on five main 
areas of dermatological toxicology associated with 
a miscellany of metals and their compounds: 

1. Primary irritant 
2. Immunological changes leading to delayed 

hypersensitivity 
3. Carcinogenicity 
4. Percutaneous absorption 
5. Wound healing 

In each area, the literature is extensive but 
widely disseminated. Comparative data on percu- 
taneous absorption coefficients, for example, even 
for small groups of metal compounds are hard to 
find. In preclinical and investigative experimental 
studies, interlaboratory differences in the source 
and strain of animals used, their age, diet, hus- 
bandry, and environmental conditions vary greatly, 
making a comparison of results between different 
laboratories, at best, of only approximate value. 
Pig (Sus) skin is quite like human skin anatomi- 
cally and with respect to percutaneous absorption 
data. It is considered a valuable surrogate for 
many types of human skin studies.706 

A. Primary Irritant 

Primary irritative studies account for a large 
proportion of initial trials. Most laboratories have 
historically used the Draize test in rabbits,704,705,707 
on the consensus that the skin is at least as irri- 
table as human skin. Even so, interlaboratory 
variations as illustrated in evaluation of 16 mate- 
rials evaluated at 25 different laboratories were 
large and attributable to subjective differences in 
lesion scoring and interpretation of test results. 
When different species are used in irritancy stud- 
ies, the pig has proved the least sensitive to alu- 
minum salts with rabbit and mouse similarly re- 
s p o n ~ i v e . ~ ~  Thus, a 10% aluminum chloride 
produced hyperkeratosis, acanthosis, and some 
microulceration in each species, and aluminum 
ion could be demonstrated in epidermal keratin 
but not dermal tissues.46 Where evidence of irri- 
tation was absent overtly or histologically in the 
pig, aluminum binding was not detected. 

One precaution noted by Kligman7m in de- 
signing and interpreting skin irritant studies in 
rodents and rabbits relates to the cyclic changes in 
normal hair growth patterns. Argyris707 noted that 
hair growth cycles can profoundly influence 7,12- 
dimethylbenzanthracene-induced carcinogenesis 
in mice. Thus, carcinogens administered during 
the resting phase of hair growth (telogen) led to 
benign follicular tumors, and ultimately, 
papillomas. When the carcinogen was given dur- 
ing the active follicular growth phase, the number 
of tumors seen was reduced by 75%. Studies with 
other carcinogens have confirmed that many more 
tumors arise through treatment during the resting 
phase, presumably because more time is available 
for cell-carcinogen interaction and changes that 
become augmented during the subsequent 
hyperplastic phase of hair growth. In other words, 
hair follicles that are differentiated and actively 
growing are appreciably less susceptible to car- 
cinogens. 

B. Delayed Hypersensitivity 

Magnusson and Kligman708 evaluated their 
maximization test for contact sensitizing agents 
in guinea pigs in an 8 year program, during which 
time they examined a wide range of metal and 
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nonmetal-containing compounds known to sensi- 
tize humans. They concluded that their tests in- 
volving intradermal injection or topical applica- 
tion of test compounds to the shaved skin or ear 
of guinea pigs provided a reliable guide to the 
contact sensitizing potential of test substances. 
The skin reactions seen in each case are of the I1 
or IV type described by Coombs and Gell,’OY that 
is. they are mediated by the formation of sensi- 
tized lymphocyte  population^.'^^ These cells may 
be passively transferred to another individual to 
produce sensitization to the given allergen. In 
culture. the sensitized lymphocytes react with the 
antigen with the release of pharmacological agents 
capable of inducing mitogenesis, cell lysis, or 
intl ammatory changes. 

C. Carcinogenicity 

In their predictive safety evaluation program, 
IARC and the National Cancer Institute have con- 
ducted a vast range of chronic toxicity studies to 
evaluate the carcinogenicity of metal compounds 
of commercial value or importance as environ- 
mental contaminants (Table 6). Most of these 
chronic toxicity studies were conducted in rats 
and mice dosed by oral (gavage) administration, 
parenteral injection, or by inhalation. Rarely have 
reports been seen where metallic compounds have 
been applied topically. A number of test sub- 
stances have been shown to evoke neoplastic 
changes at the site of injection or at distant sites 
following subcutaneous or intramuscular injec- 

TABLE 6 
Carcinogenicity of Metals in Skin and Other Target Organs 

Carcinogenicity 

Metal 

Arsenic 

Thorium 

Cadmium 

Chromium 

Nickel 

Lead 

Iron 

Platinum 

Compound 

Trioxide, arsenates, 
arsenites 

Dioxide 

Various inorganic salts 

Trioxide, various 
chromates 

Oxide, various salts 

Acetate, phosphate 

Dextran complex 

Cisplatin 

Exposure 

Inhalation 
lntratracheal 
Oral, drinking water 
Topical 
i.v. 

i.p. 
i.m. 

inhalation 
Topical 
Inhalation 

S.C. 

S.C. 

S.C. 
i.m. 
Topical 
i.m. 
Inhalation 

Diet 
S.C. 

S.C. 
S.C. 
i.m. 
i.p. 
Topicala 

Rathouse Human 

Lung 
Lung 
Kidney 
?b 

Lung, liver, spleen 
Sarcoma 
Sarcoma 
Sarcoma 
Sarcoma, testis 
Lung 
?b 

Lung, ?skinb 
Lung 
Skin, bladder 
Skin, lung 
Leukemia, liver, kidney 
?b 

?b 

?b 

?b 

Lung, prostate, etc. 
?b 

Lung Lung 

Sarcoma ?b 

Sarcoma ?b 

?b ?b 

Sarcoma ?b 

Lymphosarcoma, lung ?Lungb 
Sarcoma ?b 

Kidney, brain - 
Kidney - 
Sarcoma ?Sarcomab 
Sarcoma ?Sarcomab 
Leukemia, lung ?b 

Skin ?b 

Note: i.v., intravenous; s.c., subcutaneous; i.p., intraperitoneal; i.m., intramuscular. 

a Tumor promotion with croton oil. 
Questionable observation or presently not known. 
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tion. Nasal and systemic tumors were reported 
following exposure by inhalation. Although the 
production of tumors in experimental animals by 
a test substance may be regarded as an indication 
of human risk, some caution is necessary in ex- 
trapolating results of experimental studies to hu- 
mans. Thus, experimental evidence is presented 
to show that some relatively innocuous substances 
like hypertonic saline or glucose can produce lo- 
cal sarcomas at sites of repeated subcutaneous 
injection.578 In the present review, sarcomas have 
been reported at sites of subcutaneous injection of 
gold, iron dextran, chromates, nickel oxide, cad- 
mium compounds, and lead acetate (Table 6). The 
Seventh Annual Report on Carcinogens reported 
that there was inadequate evidence for the carci- 
nogenicity of these substances in humans.18 Of 
the metal compounds discussed, only arsenates 
have been shown conclusively to be carcinogenic 
to the skin following ingestion, inhalation, or 
occupational exposure. In experimental animals, 
however, there is only limited evidence for the 
carcinogenicity of arsenic. The reasons for this 
are not clear. 

D. Percutaneous Absorption 

Animal skin, particularly that of rabbit and 
guinea pig, has been employed extensively to 
evaluate the percutaneous absorption of soluble 
metal compounds.712 In a large comparative study, 
Skog and Wal~lberg’~~ compared the penetration 
of six radiolabeled metal ions through guinea pig 
skin, using the “disappearance” technique. Over a 
5 h period, absorption of cobaltous, zinc, cad- 
mium, and silver ions was comparatively low 
(4.0%). Absorption of mercury varied consider- 
ably according to its pH and concentration, and 
the type of salt applied. Mercury from an organic 
complex was found to penetrate in the range 2 to 
4.9% in 5 h (presumably because of its increased 
lipid solubility). For sodium chromate, absorp- 
tion of 4% was seen in 5 h from a 0.261 M 
solution. These measurements reflect the extent 
to which an ion is bound in the epidermis, the type 
of cation, and solvent. Absorption will also de- 
pend on the conditions of the surface of the skin 
and the effectiveness of the epidermal barrier func- 
tion. Where the epidermal barrier function has 

been impaired by tape stripping, abrasion, or 
incisional wounding there are many reports dem- 
onstrating toxic damage and granuloma forma- 
tion (see beryllium). Other studies designed to 
impair the barrier function of the stratum corneum 
have used lipid solvents including ether or alco- 
hol to remove epidermal  phospholipid^.^'^ Ab- 
sorption of substances through the skin has fre- 
quently been assumed to be more rapid through 
skin with many hair follicles and sweat ducts. 
Although some absorption undoubtedly occurs 
by this route, it has to be remembered that the 
morphological state of densely haired skin is quite 
different from that seen in bald or alopecic ar- 
e a ~ . ~ ~ ~  Thus, in densely haired skin, the epidermis 
is perhaps less than 25% of the thickness of hair- 
less skin, cell replication is very low, the epider- 
mis is loosely packed, and epidermal phospho- 
lipid minimal, all features that greatly influence 
percutaneous absorption, irrespective of peri- 
follicular ~ p t a k e . ~ l ~ - ~ l ~  Skin with many sweat 
glands is generally much softer than other skin 
sites. The tissue exhibits greater hydration and 
less mature keratin; these are other factors that 
can influence percutaneous absorption of sub- 
stances through the skin.715 Where substances react 
with epidermal keratin, as in the case of the alu- 
minum ion, plugs of denatured keratin are liable 
to form in follicular orifices and sweat duct 
pores47,608 (Figure 2). Here they restrict penetra- 
tion of substances applied to the skin surface, as 
well as loss from the skin of water and sweat. 
Most soluble inorganic metal compounds do ion- 
ize and exhibit some interaction with epidermal 
keratin and can in this way reduce their own 
absorption via sweat ducts and hair follicles as 
well as through the skin. 

E. Wound Healing 

Animal models have an established place in 
the study of patterns of wound healing and the 
influence of intrinsic and extraneous f a ~ t o r s . ~ ~ ~ , ~ ’ ~  
George Winters’7o6 early studies, which demon- 
strated the importance of occlusive conditions in 
facilitating early epidermal processes and pat- 
terns of cellular migration and biosynthesis, went 
far toward establishing the pig as a choice species 
in this type of study. The skin overtly resembles 
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human skin and has a number of anatomical simi- 
larities to it .  The pig offers a sufficiently large 
area of skin for surgical operation and wound 
healing studies under open or occluded condi- 
tions. Several operative sites can be compared in 
a single animal. From a practical viewpoint, the 
pig is not a convenient laboratory species and the 
rat or rabbit is occasionally preferred. Rodents 
and rabbits offer the advantage that they are usu- 
ally better “defined’ ~ p e ~ i e s . ~ ~ . ~ ~ ~ , ~ ~ ~  These days, 
laboratory-bred animals are of known genotype, 
microbiological quality, and with well-known 
biological characteristics including growth pat- 
tern. diurnal rhythms, and hair growth cycles - 
all features that lend to controlled wound healing 
studies. Experimental studies in our laboratory 
have demonstrated very clearly, a greatly improved 
surgical wound healing in the rat treated with zinc 
o ~ i d e . ~ ’  Current studies into wound healing pro- 
files have demonstrated clear profiles of cellular 
events in wound healing, particularly those in- 
volving metal ions like zinc and copper. Unpub- 
lished work has demonstrated increases in zinc 
ion concentrations in the wound margin of about 
20% in the early post-wounding period as a pre- 
lude to the burst of mitotic activity that occurs 
between 24 and 48 h after surgery. An incisional 
wound in the rat and rabbit heals regularly in 10 
to 13 d.’I6 In that time, the program of events 
proceeding from hemostasis through inflamma- 
tion to cell proliferation and reconstitution has 
been tabulated. Ongoing studies are necessary 
now to quantify in these controlled models: 

1 .  Absolute concentrations of nutrient ions like 
iinc, copper. calcium, and iron at defined 
locations within the wound at defined periods 
after incision, that is, ion-flow patterns 

2. Metal ion balances necessary for optimal 
wound repair processes 

Such a scheme allows an evaluation of the 
promotional effects of such metals as silver and 
cerium, and the adverse influence of toxic ions. 

VII. DISCUSSION 

A large number of metal ions gain entry to the 
skin either by gastrointestinal absorption and sys- 

temic transport or through percutaneous absorp- 
tion. Evidence is seen of cases of metal uptake 
through inhalation of dusts and vapors, resulting 
in an accumulation of ions in hair and nails. Their 
influence on the skin is summarized in Table 7. 
Seven metals exhibit a defined role in the mor- 
phogenesis and physiology of the skin and its 
appendages. However, for these elements, ho- 
meostatic regulatory mechanisms controlling up- 
take and elimination are imperfectly understood. 
Evidence is presented to show that many of those 
essential nutrient metals compete for binding sites 
not only on intestinal receptor proteins but also in 
carrier/transport protein and in some enzymes. 
The concept of ionic balance arises repeatedly. 
Zinc, copper, calcium, and iron are central in the 
correct function of the skin and in effecting repair 
processes, the so-called “wound healing cascade,” 
following injury. However, each can be detrimen- 
tal if absent, present to excess, or in an “ionic 
imbalance” situation. 

A large proportion of the xenobiotic met- 
als - particularly arsenic, cadmium, mercury, 
lead, and beryllium - are able to interact with the 
skin in some way, although in many cases toxic 
mechanisms are incompletely evaluated. Two con- 
ditions may be identified where xenobiotic ions 
occur in the skin or skin appendages. 

1. Metals deposited in or absorbed by the tissues 
through topical exposure or contact, or are 
metabolized to the skin, hair, nail, or sweat 
following gastrointestinal absorption or inha- 
lation, yet they are not associated with obvi- 
ous pathological or physiological effect. The 
condition is a form of “just passing through” 
situation. The skin acts in this case as a major 
excretory organ for unwanted ions. 

2. Metals that accumulate in the skin following 
dermal exposure, ingestion, or inhalation and 
which are detrimental in one or more bio- 
chemical or physiological processes. 

Lead is a good example of a metal in the first 
category. It is a very toxic ion for many tissues, 
and in the skin, is potentially able to cause toxic 
damage through impairment of calcium, zinc, and 
iron metabolism. However, there is little evidence 
that it actually does so to evoke primary changes 
(irritancy, atrophy, dystrophies). It is nevertheless 
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TABLE 7 
Influence of Metal Ions on the Skin of Humans and Experimental Animals 

Metal 

Zinc 
Copper 
Magnesium 
Calcium 
Iron 
Potassium 
Sodium 
Cobalt 
Chromium 
Nickel 
Manganese 
Molybdenum 
Vanadium 
Tin 
Selenium 
Arsenic 
Antimony 
Bismuth 
Beryllium 
Cadmium 
Mercury 
Gold 
Silver 
Aluminum 
Zirconium 
Lead 
Platinum 
Palladium 
Thallium 
Lithium 
Thorium 
Strontium 

Trace metal 
value 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
? 
? 
+ 
+ 
+ 
+ 
+ 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
? 

Percutaneous 
absorption 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
-k 

+ 
+ 
? 
? 
+ 
+ 
+ 
? 
- 
+ 
+ 
+ 
? 
- 
+ 
+ 
+ 
? 
? 
+ 
+ 
? 
+ 

Note: ? questionable or not known. 

accumulated on and in the hair when used in hair 
dyes and is eliminated in hair following inhala- 
tion or ingestion. For metals like lead, cadmium, 
and mercury, there is a strong view that the metal 
content in the hair is a more reliable guide to 
exposure levels than blood levels. Metal concen- 
trations in sweat and nail have occasionally been 
used in assessing occupational exposure to metal 
contaminants. 

Where soluble metal compounds contact the 
surface of the skin, there is a strong tendency for 
many to interact with constituents of epidermal 
keratin, resulting in cation binding and denatur- 
ation of the k e r a t i t ~ . ~ ~ , ~ ~  Characteristically, where 

Primary 
irritation 

+ 
+ 
- 
+ 
+ 
- 
- 
+ 
+ 
+ 
+ 
? 
? 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
- 
+ 
+ 
- 
+ 
+ 
+ 
+ 
+ 
+ 

Carcinogenicity 

- 
Iron dextran 

- 
- 
- 
? 
? - 
- 
- 
- 
- 
+ 
- 
- 

Granuloma 
? 

Granuloma - 
- 

Granuloma 
Granuloma 

? 
Cisplatin 

- 
- 
- 

Dioxide 
- 

keratin is denatured, a burst of mitotic activity is 
stimulated in the basal layer of the dermis in an 
attempt to reconstitute the normal tissue 
mass.46,47,71,716 Whereas xenobiotic or trace metals 
bound to the epidermis in this way are eliminated 
from the body by natural desquamation, and that 
is undoubtedly beneficial in mitigating toxic ef- 
fects in the dermis or systemically, this protective 
role is only as good as the barrier function of the 
epidermis and its ion binding capacity. Innumer- 
able reports have been evaluated in which metals 
or metal compounds have been applied in con- 
trolled amounts to intact or isolated human or 
animal skin. Some transcutaneous absorption has 

441 

C
ri

tic
al

 R
ev

ie
w

s 
in

 T
ox

ic
ol

og
y 

D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

Se
ri

al
s 

U
ni

t -
 L

ib
ra

ry
 o

n 
09

/2
2/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



occurred in each case. The amount of ion re- 
covered in the circulation, tissue reservoirs (liver 
or kidney mainly), or in diffusion fluids has 
varied greatly according to the compound/ele- 
ment involved, its concentration, pH, and envi- 
ronmental conditions, but also the thickness 
and condition of the skin test site.712,713 By im- 
plication, as some metal ion passes the epider- 
mal protection barrier, the changes leading to 
contact allergy are likely to occur,711 and the 
epidermal barrier may not be sufficient to guard 
against carcinogenicity in chronic exposures. 
In neither of these last two situations is it likely 
that a minimum effective concentration will be 
established. 

Seven metals have been closely scrutinized 
for their carcinogenic capacity in humans and 
in animal models. With the exception of ar- 
senic, none has consistently been shown to 
evoke neoplastic changes in the skin per se 
even though dermal contact is recognized as a 
principal route of occupational exposure. Lead 
and cadmium have been shown to produce 
mutagenic and chromosomal changes in cul- 
tured cells and in peripheral lymphocytes of 
exposed workers. Both can penetrate the skin 
but neither has, to my knowledge, been shown 
to evoke carcinogenic changes following topi- 
cal exposure. Cadmium and gold have been 
shown to cause subcutaneous sarcoma follow- 
ing intradermal injection, but then so have hy- 
pertonic solutions of sucrose and saline after 
repeated a d m i n i s t r a t i ~ n . ~ ~ ~  

Although much information has been accu- 
mulated through occupational health studies, 
controlled human trials, and epidemiological 
reviews, supplemented by experimental studies 
in laboratory animals, it is clear that much re- 
mains to be understood as to how metals influ- 
ence the health of human skin. It will be readily 
appreciated that in view of wide variations in 
the color, thickness, hair cover, and texture at- 
tributable to differences in age, race, sex, and 
body region, the expression “human skin” is 
very imprecise. A vast array of data have been 
accumulated over the past 50 years to show that 
metal ions penetrate the skin to a greater or 
lesser extent, but this information can only be 
of limited value, unless test situations are har- 
monized. Whereas this can be achieved using 

laboratory animals, it is unlikely to be achieved 
in human studies. 

Prospectively, there is a need to clarify the 
roles of metals and metal ion balances in the skin 
in health and disease to enable us to understand 
the subtle changes attributable to xenobiotic ion 
which ultimately manifest as frank toxic damage, 
maybe after several months or even years after 
initial exposure. Additionally, improved under- 
standing of metal ion balances and interaction of 
therapeutic ions (e.g., silver, zinc) with skin cells 
may conceivably be beneficial in maximizing 
conditions for healing in skin wounds, a subject 
of intense clinical and commercial value. 

VIII. SUMMARY 

Metals and metal compounds occurring in 
industrial processes, environmental chemicals, 
jewelry, clothing, cosmetics, tattoos, medicinal 
products, colorings, and household products are 
variously implicated in primary irritation, contact 
hypersensitivity reaction, and carcinogenicity in 
the human skin. The present review focuses on 
toxic mechanisms leading to pathological changes 
with particular reference to biochemical alteration 
resulting from the interaction between ions of 
nutrient importance and xenobiotic metals. Defi- 
ciencies in existing knowledge concerning the 
critical ionic balances necessary for optimal ho- 
meostasis and physiological responses to skin 
injury make evaluation of the influence of toxic 
metals difficult. 

Experimental models including live animals 
and cultured cells have provided some useful in- 
formation on the relative toxicity of metal com- 
pounds in the skin and biochemical mechanisms 
of action. In many cases extrapolation to the in- 
tact human skin is complex. The human skin is 
unique and has no counterpart among subhuman 
species. 
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