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I. INTRODUCTION

Humans are constantly exposed to hazardous pollutants
in the environment—for example, in the air, water, soil,
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rocks, diet, or workplace. Trace metals are important in
environmental pathology because of the wide range of
toxic reactions and their potential adverse effects on the
physiological function of organ systems. Exposures to
toxic trace metals have been the subject of numerous
environmental and geochemical investigations, and
many studies have been published on the acute and/or
chronic effects of high-level exposures to these types of
agents; however, much fewer data are available con-
cerning the health effects of low-dose chronic exposure
to many trace metals. Chronic low-dose exposures to
toxic elements such as cadmium and arsenic have been
shown to cause these metals to accumulate in tissues
over time, leading to multiple adverse effects in exposed
individuals.

Exposure to toxic trace metals occurs via three prin-
cipal routes: percutaneous absorption, ingestion, or
inhalation. The toxic effects may affect specific target
organ components, resulting in immunological-induced
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injury or specific functional changes. The diseases
caused by metals can be genetic or acquired, and the
effects can be acute or chronic. This chapter provides a
review of some of these pathologies and discusses the
critical organ systems that are affected. Examining such
toxicities is a medical challenge in that a number of
metallic elements, such as iron, copper, and manganese,
are essential to life. Distinguishing normal and patho-
logic states is critical to our understanding of the patho-
genesis of metal-induced diseases. The toxic properties
of certain metals, such as lead and mercury, have been
acknowledged since ancient times, but enhanced patho-
logic analyses have allowed us to learn much about how
metals can affect specific organ systems. Also reviewed
in this chapter are the pathologic states caused by metals
in the skin, brain, lung, heart, and liver.

II. THE SKIN

The list of metals exhibiting dermal toxicity has been
well catalogued. Such metals include compounds used
in medicinal products, industrial processes, pesticides,
cosmetics, dyes, and jewelry (Lansdown, 1995). Of
major concern is exposure to metals and metalloids
through contaminated water and other environmental
and geological media. Dermal toxicity is a result of local
tissue responses to direct contact of a metal with skin
or, alternatively, it may represent a manifestation of sys-
temic toxicity following ingestion or inhalation. Aller-
gic contact dermatitis induced by nickel is one such
example of a local tissue response. The adverse cuta-
neous reactions resulting from chronic ingestion or
inhalation of arsenical compounds exemplify systemic
toxicity.

A variety of pathologic responses in the skin are asso-
ciated with both acute and chronic exposures to metals.
Categorization of these responses presents a challenge
to the environmental pathologist, as the histologic fea-
tures associated with metal-induced skin lesions may
mimic virtually any known morphologic skin disease.
The more frequently encountered morphologic
changes include spongiotic dermatitis (allergic contact
dermatitis and primary irritant dermatitis), granuloma-
tous inflammation, pigmentation disorders, and cancer.
A pertinent exposure history correlated with pathologic
findings should be done to establish a precise diagnosis.

The occurrence of hyper- and hypopigmentation of
the skin has been reported worldwide in populations
chronically exposed to arsenic from contaminated

drinking water (see also Chapter 11, this volume).
Because of its widespread presence in the environment,
arsenic has become one of the most studied elements
in environmental toxicology and public health. The
ensuing discussion centers on arsenic and arsenic-
related skin diseases, which are considered by many to
be the prototype of the development of disease follow-
ing exposure to a metal.

A. Arsenic and Metal-Induced Cancer of the Skin

The most widely recognized toxic element affecting the
skin is arsenic. Arsenic is the twentieth most abundant
element in the Earth’s crust. It is odorless and tasteless
and exhibits both acute and chronic health effects in
humans. In nature, arsenic can occur as metalloid alloys
or in a variety of chemical compounds. In geological
media such as rocks, arsenic is commonly found as a
sulfide such as orpiment (As,S;) or realgar (As;S;) in the
form of arseno—pyrite or mixed sulfides (AsFeS). Sig-
nificant amounts of arsenic may also be found bound to
gold, silver, copper, lead, zinc, and cobalt ores. Mining
of these minerals may result in the mobilization and/or
transport of arsenic into drinking water. Arsenic has also
been used in a variety of agricultural applications (e.g.,
pesticides, insecticides), industrial applications (e.g.,
manufacturing of solid-state detectors), and medical
applications (e.g., drugs and medical treatments).

As with all toxic metals, the toxic effects of arsenic are
related to the chemical and physical forms in which it
appears: metallic, As(0); inorganic, As(IIl) and As(V);
and organic, As(IIl) and As(V). Although arsenic
exhibits both organic and inorganic forms, the inor-
ganic trivalent arsenic compounds are considered to
demonstrate the greatest toxicity. The molecular basis
by which arsenic compounds may induce their toxicity
in humans has been described. Impairment of cellular
respiration through inhibition of various mitochondrial
enzymes and uncoupling of oxidative phosphorylation
is one of the major mechanisms by which arsenic exerts
its toxic effects. At the molecular level, the toxicity of
arsenic results from its ability to interact with sulfhydryl
groups of proteins and enzymes and to substitute phos-
phorus in a variety of biochemical reactions (Li et al.,
1989). In vitro experiments have demonstrated that
arsenic reacts with protein sulfthydryl groups to inacti-
vate enzymes such as dihydrolipoyl dehydrogenase and
thiolase, thereby producing inhibited oxidation of pyru-
vate and beta-oxidation of fatty acids (Belton et 4,
1985).
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Humans are exposed to inorganic arsenic mainly
through the oral and inhalation routes. Direct dermal
exposure also occurs, but to a lesser extent. The oral
route includes contaminated drinking water, food, drugs
(including Chinese herbal medications), and tobacco.
Inhalation occurs primarily in occupational settings;
workers may be exposed to arsenic in the air as a by-
product of copper and lead smelting, pesticide pro-
duction, manufacturing of glass, and production of
semiconductors (Chan & Huff, 1997). Arsenic tends to
concentrate in ectodermal tissues, including the skin,
hair, and nails. Biomethylation is considered the major
metabolic pathway for inorganic arsenic in humans.
Historically, the enzymatic conversion of inorganic
arsenic to mono- and dimethylated species has been
considered a primary detoxification mechanism of inor-
ganic arsenic; however, compelling experimental evi-
dence obtained from several laboratories suggests that
biomethylation, particularly the production of methy-
lated metabolites that contain trivalent arsenic, is a
process that can activate arsenic as a toxin and a car-
cinogen (Styblo ez al., 2002; Wei er al., 2002).

Epidemiological studies have confirmed the role of
arsenic in the induction of cancers of the skin. Of the
metals known to exhibit dermal toxicity, only arsenic has
been shown conclusively to be carcinogenic (Chen et /.,
1992). Squamous cell carcinomas in situ (Bowen’s
disease) and basal cell carcinomas of the skin have been
associated with chronic inorganic arsenic ingestion with
a latency period of 2 to 20 years after exposure
(Maloney, 1996; Tsai ez a/., 1999). In addition, epidemi-
ological studies have provided suggestive evidence
linking arsenic exposure to various internal cancers,
including angiosarcoma of the liver, lung cancer, and
bladder cancer. In the majority of these cases, in which
the internal cancer is ascribed to arsenic exposure, some
dermatologic hallmark of arsenic poisoning (such as
hyper- or hypopigmentation) is identified.

Arsenical keratosis is a well-established clinical entity
resulting from chronic exposure. The lesions are usually
most pronounced on the palms and soles, although they
can occur on the trunk and other areas of the extremi-
ties (see Figure 1). Arsenical keratoses are characterized
by several specific pathologic features, including hyper-
keratosis, parakeratosis, and acanthosis (see Figure 2).
Nuclear atypia is sometimes present as well. In severe
atypia, squamous cells exhibit hyperchromatic nuclei
and a disorderly arrangement within the epithelium.
Within the spectrum of keratotic lesions, arsenical ker-
atosis may be differentiated from the more commonly
diagnosed actinic keratosis by the absence of epidermal
atrophy and basophilic degeneration of the upper

FIGURE 1 Arsenic-induced hyperkeratosis of the hands.

FIGURE 2 Hyperpigmentation and hyperkeratosis lesions of
the back induced by chronic exposure to arsenic from con-
sumption of contaminated drinking water.

dermis. All arsenical skin changes, including keratoses,
tend to occur in non-exposed sites with an absence of
dermal solar elastosis noted histologically.

As a human carcinogen, inorganic arsenic remains an
enigma because arsenic-related tumors occur in humans
but not in laboratory animals. The biological mecha-
nisms by which arsenic induces chronic effects includ-
ing cancer are not well understood and are the subject
of considerable research efforts. Arsenic does not
directly damage DNA but rather causes chromosome
aberrations, aneuploidy, cell transformation, and gene
amplification in many cell types. Recently, arsenic-
induced carcinogenesis has been studied using molecu-
lar biological methods. Among the oncogenes
evaluated, the tumor-suppressor gene p53 appears to
play a role in arsenic-induced carcinogenesis. In one
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study from an endemic area, 48 cases representing a
variety of arsenic-induced skin cancers (including
Bowen’s disease, squamous cell carcinoma, and basal cell
carcinoma) were examined (Chung et 4/., 1998). All of
the specimens demonstrated positive p53 immunostain-
ing. Positive p53 staining was identified in all perile-
sional normal skin as well, which suggested that the p53
mutation may be an early event in arsenic-related
carcinogenesis. Another study demonstrated that p53
mutation rates, sites, and types in arsenic-related skin
cancer are significantly different from those in ultravi-
olet-induced cancer, which implicates arsenic as the
etiologic agent and suggests a possible mechanism of
action (Hsu et 4/., 1999).

In the absence of animal models, iz vitro studies
become particularly important in providing information
on the carcinogenic mechanisms of arsenic toxicity.
Arsenic and arsenical compounds have been reported to
induce morphological changes in cultured cells. Exper-
imental studies have indicated that arsenic is cytotoxic
and able to transcriptionally activate a significant
number of stress genes in transformed human liver cells
(Tchounwou et al., 2000, 2001). Arsenic and arsenic-
containing compounds have also been shown to be
potent clastogens both in vive and in vitro. Arsenical
compounds have been reported to induce sister chro-
matid exchanges and chromosome aberrations in both
human and rodent cells in culture (Nakamuro & Sayato,
1981; Barrett et al., 1989). Arsenical compounds have
also been shown to induce gene amplification, arrest
cells in mitosis, inhibit DNA repair, and induce expres-
sion of the c-fos gene and the oxidative stress protein
heme oxygenase in mammalian cells (Ramirez et al.,
1997; Jingbo et al., 2002), and they have been implicated
as promoters and comutagens for a variety of agents
(Cavigelli et al., 1996).

Research has also indicated that inorganic arsenic
does not act through classic genotoxic and mutagenic
mechanisms but may be a tumor promoter that modi-
fies signal transduction pathways involved in cell growth
and proliferation (Simeonova & Luster, 2000; Kitchin,
2001). Modulation of gene expression and/or DNA-
binding activities of several key transcription factors,
including nuclear factor kappa B (NFxB), tumor-
suppressor protein (p53), and activating protein-1
(AP-1) has been associated with arsenic exposure
(Barchowsky et al., 1996). Mechanisms of AP-1 activa-
tion by trivalent arsenic include stimulation of the
mitogen-activated protein kinase (MAPK) cascade with
a consequent increase in the expression and/or
phosphorylation of the two major AP-1 constituents, c-
jun and c-fos (Simeonova & Luster, 2000).

Much remains to be learned about arsenic and its tox-
icity to skin, and similar challenges remain when exam-
ining arsenic and its toxicity to other important organ
systems in the body. As is discussed in the next section,
arsenic damage to the nervous system is relatively acute,
and the extent of damage is proportional to the
exposure dose (see also Chapters 11 and 21, this
volume).

[1l. THE BRAIN

A. Introduction

It should be recognized that a number of metallic ele-
ments, such as iron, copper, and manganese, are essen-
tial to life and play an important role in the functioning
of the central nervous system (CNS); nevertheless, that
certain metals, such as lead and mercury, have neuro-
toxic properties has been acknowledged since ancient
times. The brain must be viewed in a somewhat differ-
ent light than other organ systems because of its posi-
tion behind the protective shield of the blood-brain
barrier. Because of this critical protective barrier, one
must recognize that, for a metal to induce neurologic
damage, it must be able to cross the blood-brain barrier,
enter the CNS, and gain access to target cells in suffi-
cient quantity to produce pathologic damage. Com-
pounds in which the metal is linked to a lipophilic
organic compound tend to be particularly neurotoxic as
they can readily cross the lipid membranes that com-
prise the blood-brain barrier. One example is mercury,
which, in its inorganic form, is relatively nontoxic to the
CNS; however, when mercury is methylated to form
methylmercury, the compound rapidly crosses the
blood-brain barrier, is readily taken up by neurons, and
produces massive cellular destruction. This results in
the severe parenchymal damage that occurred in the
outbreak of severe CNS damage in Minamata, Japan
(see discussion below). Finally, it should be recognized
that the effects of toxins that damage neurons are par-
ticularly serious because of the inability of these cells to
regenerate.

Certain metals function as classic toxins to the
nervous system, in which damage is relatively acute fol-
lowing exposure, and the extent of damage is propor-
tional to the exposure dose. One such example is
arsenic. As noted earlier, arsenic is generally found as
an impurity of ores containing copper, lead, gold, and
zine. Exposure to arsenic is a relatively rare event but
does occur due to accidental ingestion, suicide, or
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murder and most commonly is related to occupational
activities and consumption of contaminated drinking
water (see Chapter 11, this volume). Arsenic is an active
ingredient of herbicides, insecticides, and other pesti-
cides. In cases of acute arsenic poisoning, sudden fatal
circulatory collapse may follow ingestion of a single
large dose. When smaller doses are involved, gastroin-
testinal symptoms will predominate initially to be fol-
lowed after a period of 2 to 3 weeks by the development
of a rapidly progressive peripheral neuropathy. The
extent and severity of the neurologic symptomatology
will depend on the arsenic dosage. In cases of chronic
exposure to lower doses of arsenic, a sensory neuropa-
thy is generally observed. Relatively little is known of
the mechanism by which arsenic produces its toxic
damage, but recent studies suggest that the process
involves primary axonal damage.

B. Lead Poisoning: Acute and Chronic Effects

Lead is perhaps the most important metallic neuro-
toxin. Adults are relatively resistant to its effects, and
only in high doses is a peripheral neuropathy encoun-
tered. In children, however, the effects of relatively low
doses can be much more devastating. High doses in
children can cause acute lead encephalopathy, a life-
threatening condition characterized by generalized
cerebral edema with increased intracranial pressure,
which leads to transtentorial and cerebellar tonsillar
herniation. Clinical features of acute lead encephalopa-
thy may include ataxia, seizures, stupor, coma, and often
death. Almost always other associated systemic signs of
lead exposure, such as anemia and the presence of lead
lines on x-rays of the long bones, are noted in affected
children. At autopsy, the brain is markedly swollen with
compressed gyri, obliterated sulci, and collapsed lateral
ventricles. Uncal and cerebellar tonsillar herniation
are commonly encountered. Microscopically, there is a
breakdown of the blood-brain barrier with transudation
of fluid into the pericapillary space and ischemic
damage to cerebral cortical neurons. Once again, the
adult is apparently resistant to such toxic changes, and
it is extremely rare to see acute encephalopathy in an
adult even following extremely high-exposure doses.
More typically, adults exposed to lead develop a periph-
eral neuropathy with wrist drop and/or ankle drop.
Exposure in children leading to encephalopathy is pri-
marily through the eating of peeling paint chips in
houses dating from an era when lead-based paints were
employed. In general, exposure to lead can come from

the air, in the form of lead fumes (e.g., firing range oper-
ators, stained glass workers, solderers); from water con-
taminated by lead plumbing components (particularly
in acid conditions); the use of lead-containing vessels
(lead crystal, lead glazes of pottery in which acid liquids
have been stored); and airborne particulates, such as is
found in restorers of old homes and bridge workers.
Other workers who are particularly prone to high lead
exposures are battery production workers and bronze
workers.

Largely through the work of Needleman and col-
leagues (1979, 1988, 1990), the long-term effects of
lower doses of lead exposure on children have been
increasingly recognized. This relates to the adverse
effects of lead on intellectual functioning as well as
its association with behavioral problems in children
exposed to what had been previously considered to be
relatively low lead burdens. Documenting low-level,
chronic lead exposure has not been easy to accomplish.
It is clear that determining a single blood lead level in
a child can be completely misleading. In the initial
studies of Needleman ez 4., lead exposure was estimated
through the calculation of lead levels in the dentine of
deciduous teeth. These studies suggested that exposure
to relatively low levels of lead in childhood is associated
with a slight, but significant, drop in IQ. Furthermore,
such low-level exposures have been associated with a
tendency toward disturbed classroom behavior. Follow-
up studies on children with elevated lead levels showed
a markedly high dropout level from high school,
increased absenteeism, and impaired eye-hand coordi-
nation. The neuropathologic substrate of all such effects
of low-level, chronic lead exposure remains unclear,
but these data have resulted in a progressive lowering
of what is considered an “acceptable” blood lead
level.

C. Mercury Poisoning: Inorganic
Versus Organic Forms

"The hazards of inorganic mercury poisoning have been
known since Roman days, and the dangers of working
in the mercury mines of Almedon, Spain, have been
widely acknowledged for centuries. Central nervous
system symptoms related to such exposure are generally
related to the presence of high concentrations of inor-
ganic mercury fumes. These produce tremor and irri-
tability which typically are reversible upon removal
from the exposure source. The behavioral disturbances
that result gave rise to the notion of being “mad as a
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hatter,” a saying that refers to the practice of employ-
ing mercury rather indiscriminately in the felt tanning
industry of Victorian England and the subsequent fre-
quency of cases of inorganic mercury poisoning among
hatters. Nevertheless, oral mercury-containing calomel
medicinals have been used relatively safely over the cen-
turies, and inorganic mercury has a relatively low level
of toxicity. On the other hand, exposure to organic
mercury, such as methylmercury, causes dramatic
nervous system destruction (Hunter & Russell, 1954).
The importance of this distinction was dramatically
demonstrated in the tragic outbreak of methylmercury
poisoning among Japanese villagers living along Mina-
mata Bay (Marsh, 1979). In the small town of Mina-
mata, Japan, on the southern portion of the island of
Kyushu, a large chemical factory employed a significant
amount of inorganic mercury as a catalyst for the pro-
duction of the raw ingredients of plastic. Some of this
mercury was discharged into Minamata Bay. The
mercury deposited in the sediment of the bay was sub-
sequently taken up by certain bacteria, which are
capable of methylating it to form methylmercury
(Jensen & Jernelov, 1969). These bacteria entered the
food chain to eventually deposit methylmercury in the
fish, the major protein source of the local villagers.
The methylated form of mercury readily crosses the
blood-brain barrier, inducing severe neuronal destruc-
tion in extremely small doses. Indeed, the solubility and
neurotoxicity of methylmercury are so great that fatal
poisoning has been reported in a research chemist who
was exposed to minute amounts of dimethylmercury
that gained access to his skin directly through his latex
gloves. Clinically, exposed patients initially show a
constricted visual field, paresthesias, gait ataxia, and
impairment of vibration sense (stereognosis) and two-
point discrimination. Subsequently, more profound
visual loss (frequently progressing to total blindness),
ataxia, and sensory—motor signs are noted. The neu-
ropathologic lesions of methylmercury poisoning are
quite distinct, with acute necrosis of the calcarine and
pre-central cortex and the cerebellum (Shiraki, 1979).
Nerve cell loss is severe, with a profound glial response.
In the cerebellum, the neuronal loss predominates in
the internal granular layer, with sparing of the Purkinje
cells. Although blindness is a common complication of
the disease, the retina appears to be intact, and the loss
of vision is thought to be directly related to destruction
of the primary visual (calcarine) cortex. In patients with
prolonged survival after exposure to methylmercury,
dramatic atrophy and glial scarring of the abovemen-
tioned regions are observed. Among the most severely
affected victims of the Minamata outbreak were new-

borns who were exposed in utero. The methylmercury
readily crossed the placenta and produced dramatic
widespread nervous system destruction.

D. Tin Poisoning: An Example of Selective
Toxicity of Organic Metal Complexes

A phenomenon similar to that of enhanced neurotoxic-
ity of methylmercury also occurs following exposure to
tin-containing compounds. Metallic tin and its inor-
ganic salts have been included in medicinal preparations
since the 16th century. These were widely administered
in relatively high doses without any apparent adverse
health effects; however, organic tin compounds, similar
to organic mercury compounds, are highly lipid soluble
and are also highly toxic to the nervous system
(Cavanagh & Nolan, 1994). Unfortunately, these char-
acteristics were learned following a serious outbreak of
organic tin poisoning in 1954 in France due to the
introduction of the drug Stalinon for the treatment of
staphylococcal infections. Each Stalinon capsule con-
tained 15mg of diiodide~diethyltin. Of those exposed
to this drug, approximately half died, one-third recov-
ered, and the remainder suffered from a wide variety of
chronic neurologic deficits. Autopsies on the acute fatal
cases showed evidence of an unusual form of diffuse
edema that was confined to the white matter. Subse-
quent experimental work has shown that triethyltin pro-
duces a characteristic and selective white matter edema,
presumably through its toxic effects on the functioning
of oligodendroglial membranes. Interestingly, animals
exposed to trimethyl tin fail to show evidence of white
matter edema but instead develop a selective necrosis of
neurons of the hippocampus. The mechanism behind
this dramatic difference in the selective toxicity of these
two extremely similar compounds remains unclear; nev-
ertheless, the organic moiety on each form allows for its
rapid uptake into the CNS, thus providing access to the
different cellular targets for its toxicity.

E. Manganese-Induced Parkinsonism

Manganese is a neurotoxic metal that is capable of
readily entering the CNS when it reaches the general
circulation. Upon reaching the brain, manganese accu-
mulates selectively in the globus pallidus, where it can
destroy local nerve cells. Manganese is the twelfth most
abundant element in the Earth’s crust and the fourth
most widely used metal in the world. Eight million tons
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of manganese metal are extracted annually, of which
94% is employed in the manufacture of steel. Man-
ganese is also used in the manufacture of batteries.
Potassium permanganate is a widely employed bacteri-
cidal and fungicidal agent in water purification
processes. Additionally, methylcyclopentadienyl man-
ganese tricarbonyl (MMT) is an organic manganese
compound that has been used as an anti-knock additive
to gasoline. Medically significant manganese toxicity is
almost exclusively encountered in an industrial setting,
either in association with manganese mining or in
smelting operations. The classic papers of Mena and
coworkers (Mena ez al., 1967; Mena, 1979) documented
the development of psychiatric and parkinsonian fea-
tures in a group of manganese miners in Chile, and
more recent papers from Taiwan have documented
cases seen in association with smelting (Olanow et 4/.,
1994).

The clinical features of manganese neurotoxicity
closely resemble Parkinson’s disease but have more
prominent dystonic features. Initial stages typically
include psychiatric disturbances, such as behavioral
abnormalities, hallucinations, and, at times, frank psy-
chosis. This syndrome is referred to as “manganese
madness” or locura manganica. Not all cases pass
through the psychiatric phase of the disease and present
with the extrapyramidal manifestations. The extrapyra-
midal features consist of bradykinesia, gait disturbance,
postural instability, rigidity, micrographia, masked
facies, and speech disturbances. Although tremors may
be seen, they usually are not the “pill-rolling” tremors
seen at rest that are typical of Parkinson’s disease but
are described as more of an intension tremor. Dystonic
features can be rather prominent with facial grimacing
and plantar flexion of the foot, which results in a very
characteristic gait disturbance. The gait of manganese
poisoning consists of the patient keeping the foot dor-
soflexed and walking with elbows flexed and spine erect.
This rather unique and characteristic gait is commonly
referred to as cog au pied or “cock walk,” as it resembles
the strutting of a rooster.

The manganese that produces this form of neurotox-
icity is generally thought to enter the body through the
lungs. Experimental studies have shown that airborne
manganese is readily taken up into the systemic circu-
lation and is selectively deposited in the globus pallidus
of the brain, where the major site of damage occurs
(Newland et 4/, 1989; Olanow et 4l., 1996). Pathologi-
cal studies of both experimental models and human
cases demonstrate evidence of selective neuronal loss
and gliosis in globus pallidus (primarily the medial
segment) and striatum. Accompanying the neuronal loss

is a dramatic increase in the amount of stainable iron
within the damaged regions (Olanow et al., 1996).
Whether the increased iron participates in the neuronal
damage through oxidative damage or is secondary to the
parenchymal destruction remains unclear. The substan-
tia nigra pars compacta is the location of the dopamin-
ergic cells that project to the striatum and are the main
targets of damage in Parkinson’s disease, but they
remain intact in manganese poisoning. Lewy bodies,
the characteristic microscopic feature of Parkinson’s
disease, are not encountered in cases of manganese-
induced parkinsonism. Presumably dysfunction of the
extrapyramidal system occurs secondary to damage to
the globus pallidus and striatum, the major targets of
the striatonigral projections. Because the postsynaptic
targets of dopaminergic transmission are largely lost,
treatment by levodopa is generally considered to be
ineffective in manganese-induced parkinsonism. This
represents a major defining characteristic that dis-
tinguishes manganese-induced parkinsonism from
Parkinson’s disease.

E. Metals and Age-Related
Neurodegenerative Diseases

The accumulation of metals in the brain has also been
associated with several of the age-related neurodegen-
erative disorders. The two metals most often cited are
aluminum and iron. Excess amounts of both metals have
been identified in microprobe studies within the char-
acteristic neurofibrillary tangles of cases of Alzheimer’s
disease (Perl & Brody, 1980; Good ez 4l., 1992a). Simi-
larly, increased concentrations of iron and aluminum
have been noted in the neurons of the substantia nigra
in cases of Parkinson’ disease (Good et 4l., 1992b). It is
not considered likely that such elemental accumulations
play an etiologic role in these diseases, although they
may certainly have the capacity to contribute to their
pathogenesm (Perl & Good, 1992). Iron, through its
ablhty to donate electrons in energy transfer reactions,
may actively support oxidative damage. Evidence for
oxidative damage in the brains of Alzheimer’s disease
and Parkinson’s disease victims is well established
(Markesbery, 1997). Aluminum is a highly charged
element that binds strongly to proteins and acts as a
cross-linking stabilizer. Many of the proteins compris-
ing the intraneuronal inclusions that characterize the
neurodegenerative diseases (the neurofibrillary tangle
being the most prominent example) are highly cross-
linked and thus resistant to degradation. Whether alu-
minum serves this role in the natural history of the
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disorder remains unclear, although recent evidence
appears to support this concept. These findings have
raised concerns regarding the source of such elemental
accumulations and whether aspects of environmental
and geological exposures might play a role in the further
onset of these age-related disorders. These questions
remain largely unresolved.

One question that is resolved is the critical role
oxygen plays in maintaining the tissues in the brain.
Effects of metals on the lungs can secondarily affect res-
piratory effectiveness, which will have secondary effects
on the brain. Toxicity of metals and the lung are
reviewed in the next section.

IV. INHALATION INJURY

A. Introduction

Zenker (1867) first proposed the term “pneumonoko-
niosis” as a name for lung disease resulting from the
inhalation of dust. While many forms of pneumoco-
nioses are known today, each with its own etiologic
agent, the definition of pneumoconiosis varies. Some
authors restrict the term to non-neoplastic reactions of
the lung to inhaled minerals or organic dusts, excluding
asthma, bronchitis, and emphysema. Others use the
term more broadly to define the accumulation of abnor-
mal amounts of dust and the resulting pathologic
reactions (Gibbs, 1996). These reactions range from
minimal responses to inert dust particles, such as inter-
stitial dust macules, to lethal scarring associated with
fibrogenic dusts (see also Chapters 9 and 18, this
volume). Damage caused by inhaled particles depends
on a variety of factors, including the number, size, and
physiochemical properties of the particles; the deposi-
tion, clearance, and retention of particles in the respi-
ratory tract; the host’s inflammatory response to the
inhaled particles; and the duraton of exposure and
interval since initial exposure, as well as interactions
with other inhaled particles, particularly cigarette
smoke (Roggli & Shelburne, 1994).

B. Deposition, Clearance, and Retention

The respiratory system acts like a filter by removing
particles and bacteria from inhaled air and leaving
exhaled air essentially free of contaminants (Brain &

Valberg, 1979). With each breath, air is drawn through
the nares into the nasopharynx and trachea and on into
the conducting system of the lungs. Air then passes by
way of the bronchi, terminal bronchioles, respiratory
bronchioles, and alveolar ducts to the alveoli. In healthy
individuals, the tracheobronchial tree is covered by a
thin, watery layer of mucus, which is continuously
moved up and out of the lungs by ciliated bronchial
epithelium. The velocity of inspired air decreases over
the course of the airways. Flow rates decrease slightly
in the trachea and are markedly reduced in the third
through fifth generations of bronchi. At the level of the
terminal bronchiole, flow rates are not more than 2 to
3cm per second (Morgan & Seaton, 1975).

Particles that are nearly spherical in shape are called
compact particles, whereas those with a length-to-width
ratio of 3:1 or greater are called fibers. Compact parti-
cles with an aerodynamic equivalent diameter of 1 to
Sum are the most likely to deposit in the lung
parenchyma (Roggli & Shelburne, 1994; Gibbs, 1996),
whereas particles with extreme shapes, such as fibers
and plates, tend to deposit in the airway walls (Gibbs,
1996). Fiber deposition is primarily a function of diam-
eter and less a function of length (Gibbs, 1996). Fibers
with diameters below 3 um, even when several hundred
micrometers in length, can align axially with the
airstream (Timbrell ez 4., 1970) and can deposit in the
alveoli; however, the longer the fiber, the less its statis-
tical chance of reaching the alveolus (Churg, 1998a).

Deposition refers to the fraction of particles in
inspired air that are trapped in the lung and fail to exit
with expired air. Deposition of particles occurs in the
respiratory tract as a consequence of the physical
processes of inertial impaction, sedimentation, and dif-
fusion. Inertial impaction occurs when the air current
carrying a particle changes direction and the momen-
tum of the particle carries it along its original path. This
frequently results in particle deposition at bifurcation
points in the respiratory tract (Brain & Valberg, 1979).
Sedimentation of particles occurs secondary to the force
of gravity, whereas very small particles are deposited by
diffusion and Brownian motion. In general, a high per-
centage of particles greater than 1pm in diameter is
filtered in the nasopharynx by inertial impaction and
sedimentation. A smaller percentage of particles is
deposited by the same mechanisms in the trachea and
bronchi. When particles are under 0.5 um in diameter,
they deposit in the alveoli by sedimentation and diffu-
sion (Morgan & Seaton, 1975). Breathing rate, tidal
volume, and nose versus mouth breathing influence
the pattern of deposition (Roggli & Shelburne, 1994;
Gibbs, 1996).
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Clearance is the output of particles previously
deposited in the respiratory tract. Mechanisms such as
dissolution and absorption, coughing, sneezing, and
tracheobronchial and alveolar transport systems keep
the lungs relatively free of foreign material (Brain &
Valberg, 1979). The tracheobronchial system, also
known as the mucociliary escalator, extends from the
terminal bronchiole to the glottis. Particles deposited in
the conducting system adhere to a thin layer of mucus
secreted by the mucous glands and goblet cells of the
bronchial tree; subsequently, particles are swept toward
the glottis by ciliary action and are swallowed or expec-
torated. The rate of transport is approximately 3 mm
per minute, with 80 to 90% of particles removed within
2 hours. The bronchial mucus is arranged in two layers:
an outer viscous gel, which does not absorb water, and
an inner liquid solid phase in which the cilia beat. The
function and integrity of the inner layer are affected by
dehydration. Ciliary function is influenced by ionic
charges, the presence of oxidants, high concentrations
of oxygen, low concentrations of adenosine triphos-
phate, and the presence of oxidants and cigarette smoke.
In the alveolar transport system, particles are dissolved,
removed to lymphatics, engulfed by macrophages, or
transported by surface fluid movement to the mucocil-
iary escalator (Morgan & Seaton, 1975). Retention is
defined as the amount of particulate matter found in the
lungs at any time and is dependent on the rates of dep-
osition and clearance.

The diseased and blackened lungs of miners who die
of coal worker’s pneumoconiosis contain less than 2%
of the dust originally deposited in the lungs (Brain &
Valberg, 1979). This illustrates the efficiency of the res-
piratory tract as a filter; however, the normal defense
mechanisms of the lung can be overwhelmed by high
exposure levels to inhaled foreign material, which
increases the probability of a pathologic response.

C. Pathologic Responses to Inhaled Particles

Inhaled particles can produce a variety of injury patterns
in the lung, which include diffuse alveolar damage
(fume exposure), dust macules with or without small
airway fibrosis, diffuse interstitial fibrosis, alveolar pro-
teinosis, granulomatous interstitial pneumonitis, giant-
cell and desquamative interstitial pneumonitis, and lung
cancer. Generally, these injury patterns lack specific
features that implicate a causative agent.

Diffuse alveolar damage (DAD), the histologic cor-
relate to adult respiratory distress syndrome (ARDS), is
the most common serious reaction to inhaled gases and

fumes (Wright & Churg, 1998). Microscopically, DAD
is characterized by hyaline membranes lining edema-
tous alveolar septa. Virtually any noxious gas or fume
(e.g., beryllium and cobalt metal) inhaled in sufficient
concentration can potentially cause DAD (Wright &
Churg, 1998); however, numerous other agents, includ-
ing infectious organisms, drugs, ingestants, shock, and
sepsis, cause DAD that is microscopically indistin-
guishable from that produced by gases and fumes.

Dust macules are nonpalpable, peribronchiolar inter-
stitial aggregates of pigmented dust and dust-laden
macrophages. Initially, macules may have little associ-
ated fibrosis; however, with sufficient exposure, peri-
bronchiolar fibrosis may occur. This pattern of injury
generally has little functional deficit, but due to the
radiodensity of the dust it is usually associated with an
abnormal chest radiograph (Churg & Colby, 1998).
Agents that produce dust macules include antimony,
barium, chromium ore, iron, rare earths, tin, titanium,
and tungsten.

A diffuse interstitial fibrosis pattern of injury, an
uncommon complication of metal exposure, can be seen
with iron (mild fibrosis), aluminum, hard metal (con-
taining cobalt), copper, rare earths, and silicon carbide
exposure. Asbestos and mixed dusts containing silicates
can also produce interstitial fibrosis.

Alveolar proteinosis pattern is characterized by a
relatively uniform filling of alveoli with granular,
eosinophilic exudate containing dense bodies and acic-
ular clefts accompanied by a variable amount of chronic
interstitial inflammation and fibrosis. This pattern of
injury is usually associated with acute exposure to high
levels of silica dust and rarely to aluminum dusts.

Giant-cell (GIP) and desquamative interstitial pneu-
monitis (DIP) patterns of injury can result from expo-
sure to “hard metals.” Patchy interstitial fibrosis with
mild chronic inflammatory cell infiltrates, accompanied
by striking intraalveolar accumulations of macrophages,
characterize these two injury patterns. The presence of
enlarged, multinucleated alveolar macrophages, which
may contain engulfed inflammatory cells, distinguishes
GIP from DIP. GIP is characterized microscopically by
interstitial fibrosis accompanied by noncaseating gran-
ulomas. This pattern can be seen in chronic beryllium
disease.

Asbestos (particularly when associated with asbesto-
sis), arsenic, beryllium, cadmium, chloromethyl ether,
hexavalent chromium compounds, nickel, and radon
have been linked to lung cancer. Lung cancer occurring
in occupationally exposed individuals is histologically
indistinguishable from cancer in unexposed individuals
(see also Chapter 18, this volume).
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TABLE I.

Asbestos-related disease
Benign diseases
Pleural plaques
Diffuse pleural fibrosis
Benign asbestos effusion
Rounded atelectasis
Asbestosis
Malignancies
Lung cancer
Malignant mesothelioma

Although many forms of pneumoconioses are known,
only a handful are seen by the surgical pathologist with
any regularity (Table I). The ensuing discussion centers
on asbestos and asbestos-related disease, which is
considered by many to be the prototype inhalation

injury.

D. Asbestos

Asbestos is a group of naturally occurring mineral fibers
with the economically useful properties of flexibility,
high tensile strength, acoustic insulation, and corrosion,
thermal, and electrical resistance. These properties led
to the widespread incorporation of asbestos into many
products including fireproofing and insulating materi-
als, cloth, cement, plastics, floor tiles, paper, paints, and
brake, clutch, furnace, and kiln linings. Virtually every-
one in the general population is exposed to a low level
of asbestos fibers, and normal lungs can contain small
numbers of them (Gibbs, 1996).

Asbestos fibers occur as hydrated fibrous silicates that
are mined directly from the Earth. The world’s princi-
pal, commercially exploited mines are found in Canada,
South Africa, Western Australia, and Russia (Roggli,
1994). Based on physical and chemical features, asbestos
is classified into two major mineralogic groups: serpen-
tine fibers (containing only chrysotile) and amphiboles,
comprised of crocidolite, amosite, tremolite, antho-
phyllite, and actinolite. Serpentine fibers are curly and
pliable, whereas the amphiboles are straight, rigid,
and brittle (see also Chapter 18, this volume).

Until the late 1970s, chrysotile (white asbestos)
accounted for 95% of the asbestos used commercially
(Becklake, 1983), while crocidolite (blue asbestos)
and amosite (brown asbestos) made up the remaining
5%. Current usage is almost 100% chrysotile asbestos.

"Iremolite, anthophyllite, and actinolite are encoun-
tered most commonly as contaminants of other
minerals, including chrysotile ore and probably most
forms of processed chrysotile products (Dupres et 4l.,
1984). These forms of amphibole asbestos have
seen little commercial use, in part because of their
physical and chemical properties but primarily due to
the lack of commercially useful deposits (Churg,
1998a).

It is generally accepted that exposure to the amphi-
boles is far more pathogenic than exposure to
chrysotile, due to the differental rate of fiber clearance
between these groups (Gibbs, 1996). Evidence indicates
that amphibole fibers longer than 20um cannot be
cleared from the peripheral lung (Morgan, 1980). The
straight, broad amphibole forms do not readily frag-
ment, whereas the long fibers of chrysotile fragment
into short, straight fibers that are cleared (Churg,
1998a). Moreover, chrysotile is thought to be chemi-
cally unstable and likely to dissolve, whereas amphibole
fibers are stable in the environment of the lung (Hume
& Roe, 1992). Zielhuis (1977) broadly classified expo-
sure to asbestos into direct, indirect (bystander), paraoc-
cupational (women washing contaminated work clothes),
neighborbood (living in the vicinity of asbestos mines or
factories), and ambient (atmospheric contamination).

Asbestos bodies are the most characteristic feature of
asbestos exposure (see Figure 3). These structures are
composed of a clear asbestos core surrounded by a
golden yellow coating of iron and mucopolysaccharides.
The clear core distinguishes asbestos bodies from other
ferruginous bodies. The coat may be continuous or
bead-like with terminal bulbs. Fiber dimensions are

FIGURE 3 Asbestos body (oil-immersion photomicrograph,
%x400) with the characteristic clear core that is surrounded by
an iron and mucopolysaccharide coating with terminal bulbs.
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important factors in determining whether a fiber
becomes coated (Roggli, 1992). Longer thicker fibers
are more likely to become coated than shorter thinner
ones (Morgan & Holmes, 1985), and fibers less than
20um in length rarely become coated (Morgan &
Holmes, 1980). Because alveolar macrophages are
unable to phagocytize long fibers completely within
their cell cytoplasm, they coat the asbestos fibers with
an iron—protein matrix (Roggli, 1994). For many years,
asbestos bodies were thought to be markers of asbestos
exposure only in primary asbestos workers. Subsequent
studies indicate that asbestos bodies are present in vir-
tually everyone in the general population. Of the
asbestos bodies identified in these studies, 98% con-
tained amphibole cores, while the cores in the remain-
ing 2% were chrysotile asbestos (Churg & Warnock,
1981); however, asbestos bodies are present in such
small numbers from background exposure that an
observer should not see an asbestos body in more than
1 in 100 iron-stained, routine-sized paraffin sections
(Roggli & Pratt, 1983).

E. Asbestos-Related Diseases

A variety of benign and malignant diseases of the pleura
and lung are associated with asbestos exposure. The
benign diseases consist of pleural plaques, diffuse
pleural fibrosis, pleural effusion, rounded atelectasis,
and asbestosis. Carcinoma of the lung in the presence
of asbestosis and malignant mesothelioma of the pleura
comprise the malignant diseases. Although asbestos
fibers are present in virtually everyone in the general
population, disease always occurs with fiber burdens
greater than those seen in the general population
(Wagner et al., 1988). The various asbestos-related dis-
eases occur at different fiber burdens; in general, the
fiber burden required to induce disease is greater for
chrysotile, with its tremolite contaminant, than for
amosite and crocidolite (Churg, 1998b; Churg ez 4.,
1993).

1. Benign Pleuropulmonary Disease

Pleural plaques, the most common form of benign
asbestos-related pleuropulmonary disease, are discrete,
raised, irregular foci of dense fibrous tissue. Thin
plaques are grayish-white and smooth, whereas thicker
ones are pearly-white with either a smooth or bosse-
lated surface. They vary in size from a few millimeters
to 10 cm across, and they vary in consistency from leath-
ery to heavily calcified and brittle (Roberts, 1971).

Pleural plaques occur most frequently on the postero-
lateral parietal pleura and on the domes of the hemidi-
aphragms. Generally, the apices, anterior chest wall, and
costophrenic angles are not involved. Pleural plaques
are seen predominantly in persons exposed to asbestos,
and bilateral plaques are almost pathognomonic of
asbestos exposure (Roggli, 1994). There is evidence of
a dose-response relationship between the presence
of pleural plaques and the number of asbestos bodies
in the lung (Roberts, 1971). Microscopically, pleural
plaques consist of dense, paucicellular, hyalinized colla-
gen arranged in a basket-weave pattern in which
asbestos bodies are not seen.

In contrast to pleural plaques, diffuse pleural fibrosis
typically involves the visceral pleura. The lung may be
encased in a thick rind of fibrotic pleura that bridges the
major fissures and distorts the edges of the lung (Churg,
1998b). In its most severe form, fusion of the visceral
and parietal pleura obliterates the pleural cavity, which
results in a condition known as fibrothorax. Micro-
scopically, the thickened fibrous pleura consists of dense
collagenous tissue admixed with varying numbers of
chronic inflammatory cells.

Diagnosis of benign asbestos effusion is based on: (1)
a history of exposure to asbestos, (2) confirmation of the
effusion by radiographs or thoracentesis, (3) absence of
another disease that could produce an effusion, and (4)
no malignant tumor developing within three years after
the effusion (Epler et al., 1982). Asbestos-induced
pleural effusion is characteristically a serous or sero-
sanguineous exudate with increased numbers of
eosinophils. Most effusions are small (usually less than
500mL) and asymptomatic and may persist from 2
weeks to 6 months (Fraser et 4/., 1999a). In 1982, Epler
et al. reported that the prevalence of asbestos-induced
pleural effusion was dose related and, with a shorter
latency period than other asbestos-related disease, it is
the most common disorder in the first 20 years after
asbestos exposure.

Rounded atelectasis is most often an incidental radi-
ographic finding and is resected for suspicion of
neoplasm (Churg, 1998b). Radiographically, rounded
atelectasis is a unilateral, rounded, pleural-based mass
in the lower lobe of the lung, with one or more curvi-
linear densities radiating from the mass toward the
hilum of the lung (Comet’s tail sign). Grossly, the vis-
ceral pleura is irregularly thickened and invaginated
into the underlying lung. Pleural fibrosis and folding,
accompanied by a variable degree of parenchymal
atelectasis and fibrosis, are seen microscopically. The
majority of cases have a history of asbestos exposure;
however, other causes of chronic pleuritis, such as con-
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gestive heart failure, pulmonary infarct, tuberculosis,
and histoplasmosis, have also been associated with
rounded atelectasis.

Roggli and Pratt (1992) describe asbestosis as the
prototype of disease caused by the inhalation of mineral
fibers. Asbestosis is defined as interstitial fibrosis of the
lung parenchyma in which asbestos bodies or fibers may
be demonstrated, and it is the only asbestos-related
disease to which this term should be applied (American
Thoracic Society, 1986). Asbestosis shows a dose—
response relationship, and there appears to be a thresh-
old below which asbestosis is not seen (Browne, 1994).
The time from initial exposure to the appearance of
asbestosis—the latency period—is inversely propor-
tional to the exposure level and is generally several
decades (Roggli & Pratt, 1992). Studies suggest that
cigarette smoke acts synergistically with asbestos by
increasing the incidence of asbestosis (Barnhart et 4.,
1990; Roggli & Pratt, 1992).

The clinical, physiologic, radiologic, and pathologic
findings in asbestosis vary with the severity of the
disease. The clinical and physiologic findings are not
pathognomonic of asbestosis, and they can be seen in
diffuse interstitial fibrosis of any cause. Patients with
well-established disease usually present with shortness
of breath, basilar end-inspiratory crepitations, and a
restrictive defect with decreased diffusing capacity on
pulmonary function testing. Small, irregular linear
opacities, most prominent in the lower lobes, are seen
on plain films (Fraser ez al., 1999a).

The earliest microscopic manifestation of asbestosis
is fibrosis of the walls of respiratory bronchioles. As the
disease progresses, fibrosis involves the walls of termi-
nal bronchioles and alveolar ducts, and ultimately it
extends into the adjacent alveolar septae. The minimal
histologic criteria for the diagnosis of asbestosis can be
defined as the presence of peribronchiolar fibrosis and
asbestos bodies, with or without accompanying alveolar
fibrosis (Craighead er al, 1982). As peribronchiolar
fibrosis occurs with inhalants other than asbestos, it is
suggested that, in the absence of alveolar septal fibro-
sis, the histologic diagnosis of asbestosis be restricted to
cases in which the majority of bronchioles are involved
(Roggli, 1989). The report from the College of
American Pathologists suggests that there must be a
minimum of two asbestos bodies in areas of fibrosis for
the histologic diagnosis of asbestosis (Craighead ez 4l.,
1982).

2. Malignant Pleuropulmonary Disease

Numerous epidemiologic studies demonstrate an asso-
ciation between asbestos and an excess risk of lung

cancer (McDonald, 1980). The clinical features—
anatomic distribution within the lung and histologic
subtypes of asbestos-related lung cancer—are identical
to carcinoma in non-exposed individuals. The latency
period for asbestos-related lung cancer is lengthy; it
peaks at 30 to 35 years (Selikoff ez 4/, 1980). A linear
dose-response relationship exists between exposure
and the risk of lung cancer at high-exposure levels
(McDonald, 1980), but at low-exposure levels Browne
(1986) suggests that a threshold exists below which the
risk of cancer is not increased. This threshold is thought
to be in the range of exposure required to produce
asbestosis (Churg, 1998b). Available data on asbestos
workers indicate that the interaction between cigarette
smoke and asbestos in increasing the risk of lung cancer
is synergistic, or multiplicative, rather than additive
(Greenberg, 1992). Although persons with asbestosis
are at excess risk of developing lung cancer (Doll, 1993),
investigators are uncertain whether this risk is directly
related to the asbestos or to the pulmonary fibrosis.
Several studies (Sluis-Cremer & Bezuidenhout, 1989;
Hughes & WEeill, 1991) demonstrate an increased rate
of lung cancer only in the presence of asbestosis, sup-
porting the view that asbestos is carcinogenic because
of its fibrogenicity. Churg (1998b) offers the following

approach when evaluating cancer in a given case:

If asbestosis is present, then the carcinoma is ascribed to
asbestos exposure. If the patient smokes or has a history
of smoking, then smoking is considered a contributing
factor to causation. In the absence of asbestosis, the
cancer should not be ascribed to asbestos exposure; the
TMOSE COPIMON causative agent in this instance is ciga-
rette smoke.

Malignant mesothelioma may be idiopathic, or it may
occur secondary to ionizing radiation, chemical car-
cinogens, chronic inflammation and scarring of the
pleura, and erionite exposure (Browne, 1994; Churg,
1998b); however, it is most strongly associated with
asbestos exposure. The latency period for asbestos-
related mesothelioma is long, peaking at 30 to 40 years,
and virtually never occurring before 15 years
(McDonald & McDonald, 1987). Asbestos fiber types
differ in ability to produce mesothelioma, with the
amphiboles posing greater risk than chrysotile (Browne,
1994). Characteristically, mesothelioma grows over the
surface of the lung in thick sheets or as nodular masses,
which may progress to encase the lung in a hard white
rind. Mesotheliomas spread by direct extension into
adjacent structures or by lymphatic or hematogenous
metastases. Peripheral lung cancers may spread in a
similar fashion, which makes the distinction from
mesothelioma difficult. Generally, the presence of
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metastatic disease at clinical presentation favors carci-
noma. Mesotheliomas are subclassified by microscopic
appearance into epithelioid, sarcomatoid, and biphasic
patterns. The diagnosis of diffuse malignant mesothe-
lioma can be very difficult, and it must be distinguished
from benign reactive pleural lesions as well as primary
and metastatic neoplasms of the pleura.

Frequently, disorders of the lung can lead to cardio-
vascular dysfunction due to added stress from increased
vascular pressures. In the next section, toxicity from
metals to the heart is discussed.

V. CARDIOVASCULAR SYSTEM

Deficiencies of trace elements as well as toxic exposures
of metals may be involved in physiologic changes in the
cardiovascular system. The clinical, pathologic, and epi-
demiologic data that support or refute an association
between metals and three common cardiovascular dis-
orders—dilated cardiomyopathy, atherosclerosis, and
systemic hypertension—are discussed in detail in this
section.

A. Dilated Cardiomyopathy

1. Selenium Deficiency

Selenium is an essential nutrient in trace quantities. It
combines with cysteine as a component of selenopro-
teins, many of which have antioxidant properties. For
example, thioredoxin reductase, iodothyronine deiodi-
nases, and glutathione peroxidases are selenium-
dependent enzymes (Rayman, 2000). Selenoproteins are
believed to be especially important in relation to the
immune response and cancer prevention; however, the
role of selenium in the maintenance of the cardiovas-
cular system is less clear (Rayman, 2000).

It has been suggested that two levels of selenium defi-
ciency are involved in the causation of human disease
(Rayman, 2000). Rare endemic diseases occur where the
soil is extremely low in selenium, specifically parts of
China. These diseases include Keshan cardiomyopathy
and Kashin-Beck disease, a deforming arthritis. (See
Chapter 15, this volume.) High-prevalence diseases,
such as cancer and heart disease, may have as a risk
factor a relatively mild deficiency of selenium, such as
has been reported in Europe. The role of mildly low
selenium intake in the development of reproductive

disease, mood disorders, thyroid function, inflamma-
tory disease, and cancer has been recently reviewed
(Rayman, 2000).

Markedly inadequate dietary intake of selenium in
areas of China with endemic selenium deficiency is
associated with a form of dilated cardiomyopathy
referred to as Keshan disease (Ge & Yang, 1993). It has
been demonstrated that selenium levels in soil and rocks
vary greatly in China and that areas with low levels have
higher rates of the disease (Ge & Yang, 1993). Inter-
vention studies that have shown a prophylactic effect of
sodium selenite provide further evidence that selenium
plays a role in Keshan disease. Morphologically, the
condition is characterized by multifocal necrosis and
replacement fibrosis of the myocardium, which results
in acute or chronic heart failure (Ge et al., 1983) (see
Figures 4-6). Some patients with Keshan disease show
the clinical features of dilated cardiomyopathy, but
autopsy studies from China demonstrate distinct patho-
logic features that separate Keshan disease from spo-
radic dilated cardiomyopathy (Li et 4/, 1985). Typical
dilated cardiomyopathy does not demonstrate frequent
necrosis or fibrosis, which are considered hallmarks of
Keshan cardiomyopathy. Ultrastructural observations
have shown mitochondrial abnormalities (Ge et 4.,
1983), which have recently been expanded to include
biochemical defects and proteinaceous granular
deposits (Yang ez al., 1988).

Activities of succinate dehydrogenase, succinic
oxidase, and cytochrome ¢ oxidase, H(+)-ATPase and
its sensitivity to oligomycin, as well as the response
of membrane potential to energization by ATDP, are
decreased, and affected mitochondria had markedly

FIGURE 4 Gross appearance of Keshan cardiomyopathy
demonstrating globular configuration of the external aspect of
the heart.
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FIGURE 5 Gross appearance of cross sections of heart
muscle demonstrating multiple areas of white tan scar tissue.

decreased selenium content (Yang ez 4/., 1988). The sole
role of selenium in the causation of Keshan disease is
debated, and it is generally believed that other cofactors
are responsible for the pathogenesis of Keshan car-
diomyopathy, including possible genetic and other envi-
ronmental factors (Li et 4/., 1985). Recently, enteroviral
infection as a cofactor has been proposed based on the
finding of viral genomes in the myocardial tissue of
affected patients. (See Chapter 15, this volume.)

An association between sporadic dilated cardiomy-
opathy and selenium deficiency is far less clear than the
association between selenium and Keshan disease.
Serum levels of selenium may be decreased in patients
with dilated and postpartum cardiomyopathy in
Chinese and African populations as well as Indians
(Vijaya et al., 2000), although the data in idiopathic
dilated cardiomyopathy are conflicting in Western and
Middle Eastern countries (Raines et 4., 1999). There
have been anecdotal reports of reversible cardiomyopa-
thy due to selenium deficiency in patients with total par-
enteral nutrition. Selenium deficiency may play a role
in the cardiopathy associated with chronic renal failure,
but some studies do not support any association (Li &
Nan, 1989; Chou et 4., 1998). The association between
dilated cardiomyopathy and dystrophic epidermolysis
bullosa does not appear to be mediated by selenium
deficiency. The mechanism of cardiomyopathy in sele-
nium deficiency is unclear but is likely related to pro-
tection of low-density lipoproteins against oxidative
modification, regulation of glutathione peroxidase
(Li & Nan, 1989; Chou ez al., 1998), modulation of
prostaglandin synthesis and platelet aggregation,

FIGURE 6 Gross appearance of scar tissue involving the
right and left ventricles of the heart.

and protection against toxic heavy metals (Oster &
Prellwitz, 1990; Neve, 1996).

a. Cobalt Toxicity

An epidemic of cardiomyopathy related to cobalt toxic-
ity was reported in 1967 in Canada (Kesteloot et al.,
1968). Cobalt ingestion in this epidemic was related to
the addition of cobalt sulfate or cobalt chloride to beer
as a stabilizer of beer foam. The mechanism of myocyte
damage is unclear but may involve increased cardiac
vulnerability to oxygen free radicals and may be
enhanced in patients with dietary deficiencies. The his-
tologic features of cobalt cardiomyopathy differ some-
what from idiopathic cardiomyopathy, in that greater
myofibrillar loss and atrophy and less fibrosis and
myocyte hypertrophy are observed in cobalt cardiomy-
opathy as compared to idiopathic dilated cardiomy-
opathy (Centeno et al., 1996) (see Figure 7). Based on
heavy metal analysis of cardiac tissues, there is little
evidence that elevated cobalt levels are a significant
factor in sporadic dilated cardiomyopathy (Centeno et
al., 1996).

b. Mercury-Induced Cardiomyopathy

Dilated cardiomyopathy has been described in Green-
landers with high mercury levels in their blood, pre-
sumably from eating seal meat contaminated with high
levels of mercury. In addition, evidence suggests that, in
cases of sporadic dilated cardiomyopathy, there are
thousand-fold elevations of mercury in heart tissue
(Frustaci et al., 1999). This latter observation remains
to be duplicated, and the mechanism of potential
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FIGURE 7 Photomicrograph of myocytes with decreased
numbers of myocytes (H&E x400).

mercury-induced cell damage must yet be elucidated. It
is believed that mercury ions may act as calcium antag-
onists at the actin—myosin junction, inhibiting sarcom-
ere contraction, or that they may disrupt microtubule
structure. It has been postulated that a source of
mercury in patients with dilated cardiomyopathy may,
in addition to occupational exposure, be amalgam fill-
ings, although this remains conjectural.

¢. Iron Overload

Iron overload may adversely affect the heart in patients
with hemosiderosis or primary hemochromatosis. The
most common cause of death in patients with
hemochromatosis is from cardiac failure and arrhyth-
mias followed by cirrhosis and hepatocellular carci-
noma. Histologically, these changes are similar to
dilated cardiomyopathy with abundant stainable iron
present within myocytes. Most patients with hemochro-
matosis-related cardiomyopathy have a genetic predis-
position to iron overload (primary hemochromatosis);
significant cardiac failure in patients with hemosidero-
sis secondary to blood transfusions is rare. There is little
evidence that elevated serum iron plays a role in idio-
pathic dilated cardiomyopathy, although the data are
conflicting (Oster, 1993; Chou et al., 1998). A recently
described mutation in the hemochromatosis gene may
contribute to the development of dilated cardiomyopa-
thy that possibly is not mediated by a rise in serum iron
(Mahon et 4., 2000).

d. Aluminum Toxicity

Aluminum levels may be elevated in patients on
hemodialysis. Although multifactorial, the mechanism
of cardiac hypertrophy in patients with end-stage renal
disease may involve direct aluminum cardiotoxicity
(Reusche et a/., 1996). Aluminum may be demonstrated
by special stains in the myocardium of such patients.
There is little reported evidence that aluminum toxic-
ity plays a role in idiopathic dilated cardiomyopathy.

e. Arsenic Toxicity

Acute arsenic toxicity may result in a toxic myocarditis,
and chronic exposure to arsenic, such as in occupational
exposure, may cause chronic cardiomyopathy charac-
terized by small vessel disease and interstitial inflam-
mation with fibrosis (Hall & Harruff, 1989).

f- Miscellaneous

Elevations of other potentially toxic metals have been
demonstrated in heart tissue from patients with dilated
cardiomyopathy. In addition to cobalt and mercury,
these metals include antimony, gold, and chromium
(Frustaci et al., 1999). The role of these elements in the
pathogenesis of dilated cardiomyopathy remains to be
elucidated.

B. Atherosclerosis

1. Iron Excess

The body has no method of controlling iron excretion;
therefore, dietary excesses may lead to iron overload
(Schumann, 2001). The most likely excesses result from
dietary supplements or alcoholic beverages brewed in
iron containers (Schumann, 2001). Genetic factors are
also important in chronic iron overload (hemochro-
matosis). The medical literature covering the experi-
mental and epidemiological relationship between excess
iron stores and coronary artery disease has been
recently reviewed (de Valk & Marx, 1999). It has long
been appreciated that males have a higher incidence of
atherosclerosis than females and have greater body iron
stores; however, a causative link between iron and ath-
erosclerosis has not been fully established, and a recent
prospective study has shown no relationship between
iron stores (serum ferritin) and the development of
ischemic heart disease (Sempos et al., 2000).
Experimental data support the role of iron in the
process of lipid peroxidation, which is hypothesized to
be involved in early stages of atherosclerosis. The exact
mechanism by which endothelial cells and macrophages
interact with iron and low-density lipoprotein are still




578 ENVIRONMENTAL PATHOLOGY

unknown. There is speculation that catalytically active
iron, in the form of nontransferrin-bound plasma iron
and hemoglobin, oxidizes low-density lipoprotein to
interact with the macrophage oxidized low-density
lipoprotein receptor (Evans et 4l., 1995).

At a clinical level, the role of iron in lipid oxidation
has been questioned. Some studies have failed to show
an association between serum ferritin or dietary iron
intake with markers of low-density lipoprotein oxida-
tion (Iribarren et 4l., 1998). Several studies correlating
body iron stores with clinically measured atherosclero-
sis have been positive (Kiechl ez 4/, 1997), which
demonstrates a synergistic effect with low-density
lipoprotein levels. Other studies have been negative
(Rauramaa et al., 1994). A recent review has demon-
strated that the majority of studies correlating body iron
stores with clinical assessments of atherosclerosis have
not shown a significant correlation between clinical
indices of coronary, carotid, or aortic atherosclerosis
and body iron stores (Meyers, 1996).

2. Selenium Deficiency

Like dilated cardiomyopathy, ischemic heart disease has
been linked to low levels of serum selenium. The mech-
anism of selenium deficiency resulting in an increased
risk of coronary artery disease is unknown but may be
related to increased oxidative stress, as is the case with
iron, or increased platelet aggregation (Salonen et al.,
1988).

Epidemiological studies have provided some evidence
for the role of selenium deficiency in the etiology of ath-
erosclerotic disease. Angiographic studies suggest that
low levels of selenium are associated with coronary
stenosis (Yegin et al., 1997), and patients with acute
myocardial infarction tend to have lower serum sele-
nium compared to controls (Navarro-Alarcon et al.,
1999). Plasma, red blood cell, and urine selenium con-
centrations have been shown to be decreased in patients
with acute myocardial infarction. The results of longi-
tudinal studies within populations are conflicting
(Huttunen, 1997), however, and the risk of decreased
levels of selenium appears to correlate with elevated
low-density lipoprotein cholesterol. A nested case-
control study among participants in the Physicians’
Health Study showed no effect of selenium on the risk
for acute myocardial infarction (Salvini er al., 1995).
Other studies using toenail selenium concentration,
which is a better measure of chronic selenium levels,
have shown an inverse relationship between selenium
and myocardial infarction only in Germany, which has
relatively low levels of selenium (Kardinaal et 4/, 1997).

Salonen et al. (1982) showed an increase in overall
cardiovascular morbidity and mortality for individuals
with low serum selenium (less than 45 ug/L), whereas
Virtamo’s group (1985) found no significant associations
except for stroke mortality. A large prospective study in
a Danish population demonstrated that men with the
lowest tertile of blood selenium had a mildly increased
risk for developing acute ischemic events of stroke or
myocardial infarct (risk ratio of 1.7); this risk remained
significant to a low level of probability (p = .05) when
other risk factors were considered. This study also
demonstrated a correlation between selenium and tra-
ditional risk factors, including tobacco smoking, social
class, alcohol consumption, total cholesterol, hyperten-
sion, age, and physical inactivity (Suadicani et 4/., 1992).
Other studies have found that selenium levels are
affected by cigarette smoking and alcohol use, and that
selenium is a negative acute phase reactant and may
therefore be secondarily decreased by the inflammatory
component of atherosclerosis. The current consensus is
that the effect of selenium on ischemic heart disease is
small and likely mediated by an association with other
risk factors (Rayman, 2000).

3. Magnesium

The majority of research related to magnesium and car-
diovascular disease addresses magnesium physiology
after acute myocardial infarction. Specifically, the role of
intravenous magnesium in the treatment of acute
myocardial infarction and the effects of magnesium
levels or intake on the risk of acute myocardial infarction
are controversial areas. Less attention has been paid to
the effects of chronic intake of low magnesium because
of environmental and natural geological factors and the
effect of chronic magnesium supplementation on the
incidence of acute coronary events. Low levels of mag-
nesium and fluoride in drinking water were found to be
associated with increased risk for acute myocardial
infarction in Finland and Sweden. No such effect was
found in England, where there was a small protective
effect of magnesium in drinking water against death due
to ischemic heart disease, but no protection against
deaths due to acute myocardial infarction. Oral magne-
sium supplementation does not decrease the rate of sub-
sequent cardiac events after myocardial infarction, and
the level of serum magnesium is not related to morbidity
in acute myocardial infarction patients.

4. Calcium

Calcium has a complex relationship with atherosclero-
sis, and it is frequently deposited in the extracellular
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matrix of advanced atherosclerotic plaques. There is no
clear association between dietary calcium or serum
levels of calcium and the risk for development of coro-
nary atherosclerosis. High levels of serum calcium may
have a mildly protective effect, because there is a bor-
derline inverse relationship with serum calcium and the
extent of coronary atherosclerosis (Narang ez al., 1997).
However, there is no clear association between calcium
in drinking water and the incidence of deaths due to
acute myocardial infarction deaths, as demonstrated in
studies in England and Scandinavia (Maheswaran ez 4.,
1999). (See Chapter 13, this volume.) An exception to
these results is a study from Finland that demonstrated
a protective effect of high levels of calcium in drinking
water to fight against acute myocardial infarction in
postmenopausal women (Rubenowitz ez 4l., 1999).

5. Other Metals

The effects of trace elements on atherosclerosis are dif-
ficult to determine because of the complex interplay
between metal levels and traditional risk factors for car-
diovascular disease, such as disorders of blood lipids,
blood pressure, coagulation, glucose tolerance, and cir-
culating insulin. In addition, the relevance of serum
metal levels, metal concentrations within blood cells,
and analyses of metal content of portions of atheroscle-
rotic plaque is often unclear.

Like iron, copper ions may exert oxidative stress on
the arterial wall. Elevated copper within circulating
white cells has been associated with atherosclerosis.
Elevated serum copper has been related to peripheral
vascular disease, especially when related to serum zinc
levels. No consistent data show a link between zinc and
atherogenesis. Pathologic studies have demonstrated
elevated levels of zinc within fibrous plaques of the aorta
(Mendis, 1989). There is evidence that zinc require-
ments of the vascular endothelium are increased during
inflammatory conditions such as atherosclerosis, where
apoptotic cell death is also prevalent. Theoretically, zinc
deficiency may exacerbate the detrimental effects of
specific fatty acids and inflammatory cytokines on vas-
cular endothelial functions, but an association between
decreased dietary zinc and an increased risk for coro-
nary atherosclerosis has yet to be demonstrated.

A mortality study of mercury miners in Europe
demonstrated no increased deaths due to ischemic heart
disease (Boffetta er 4l., 2001); however, in a prospective
study among 1014 men, high hair mercury content was
one of the strongest predictors of the 4-year increase in
the mean intima-media thickness, which is a measure-
ment of carotid atherosclerosis (Salonen et 4/., 2000).

A study of chromium welders has suggested that
welders exposed to chromium have increased plasma
lipid oxidation (Elis ez 4L, 2001). Although arsenic has
been only indirectly associated with coronary heart
disease, increased serum arsenic may lead to persistent
oxidative stress, thereby theoretically leading to
atherosclerosis.

C. Hypertension

1. Lead

The toxic effects of lead poisoning are well known;
however, the effects of lower levels of lead exposure
are uncertain. Although the finding is controversial,
chronic low-level lead exposure has been linked to
hypertension in both clinical and experimental studies.
The exact pathogenic mechanisms that underlie the
actions of lead in the cardiovascular system have yet to
be elucidated definitively (Kopp ez 4/., 1988).

There are a number of difficulties in proving a link
between low-level exposure to lead (blood levels of
<1.45 um/L or <30ug/dL) and the development of high
blood pressure. A number of possible covariates must
be considered in epidemiologic studies, such as body
mass index, alcohol consumption, other metals, race,
and gender. Measurements of blood levels may not
accurately reflect body stores, and there may be dis-
crepant results depending on whether blood lead, bone
lead, or urinary lead levels are obtained after chelation
testing is performed. Several cross-sectional epidemio-
logic studies have demonstrated an association between
blood lead levels and hypertension in individuals
without known occupational exposure and in men with
occupational risk. In most of these studies, the associa-
tion persists after correction for other variables. A
similar number of studies have shown no association or
only a very weak association between lead and hyper-
tension, after adjustment for age and body mass index,
in populations with or without known lead exposure. A
study from the United States demonstrated an associa-
tion only in African-Americans, who had higher lead
levels (Sokas et al., 1997). In a study of postpartum
women in Los Angeles, an association between lead and
hypertension was demonstrated only in immigrants who
had, in general, higher levels than nonimmigrants. A
study in Germany demonstrated a link only in heavy
drinkers of alcohol; results from a cross-sectional analy-
sis of alcoholics in the United States also demonstrate
a link between hypertension and blood lead levels. A
metaanalysis of pooled data from several studies sug-
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gested only a weak positive association between blood
pressure and lead exposure (Staessen et al., 1994).

Cross-sectional epidemiologic studies using bone
indices have often shown a positive correlation between
lead exposure and hypertension with an estimated rela-
tive risk of about 1.5 times for individuals with increased
skeletal lead stores in men and women. These results,
however, are not always confirmed by blood testing in
the same patients, and results vary by bone site mea-
sured (e.g., patella vs. tibia). Studies estimating body
stores of lead in measurements of blood and urine after
a chelating challenge have also suggested a link between
hypertension and increased lead stores, especially in
the presence of renal failure (Sanchez-Fructuoso
et al.,1996).

In the United States and Western countries, mild
blood pressure elevations due to moderate increases
in lead blood levels translate into potentially large
numbers of patients dying with coronary artery disease.
This link between lead and coronary artery disease
is corroborated by data showing a direct association
between blood lead and electrocardiographic changes of
left ventricular hypertrophy. There is evidence that
occupational exposure to lead is associated with
increased risk of dying from hypertension-related
illness. A prospective study in Belgium, however, in
which patients were followed for 6 years did not show
any association between blood levels and hypertension,
a finding that refutes a significant link between coro-
nary heart disease and lead exposure (Staessen et al.,
1996). The mechanisms by which lead may induce
hypertension include increased vascular responsiveness
to catecholamines mediated by effects on calcium
channels and increased expression of endothelin and
generation of reactive oxygen species.

Sources of lead exposure are numerous and include
occupational exposure (workers in battery factories,
smelters), environmental exposure (traffic exhaust, dust,
paint chips, drinking water), cosmetics, food supple-
ments, food preparation utensils, and illegal alcoholic
beverages (“moonshine”).

2. Mercury

Acute mercury poisoning may result in hypertension,
but few data suggest that chronic low-level exposure to
mercury is an etiologic factor in essential hypertension.
Mortality statistics from mercury miners in several
regions across Europe demonstrated no consistent
increase in deaths due to hypertension (Boffetta et 4/,
2001), with the exception of Spain and Ukraine, which

had elevated mortality ratios of 2.8 and 9.4, respectively,
for hypertension-related diseases.

3. Other Metals

Chronic arsenic exposure from drinking water in
contaminated wells has been implicated in a modest
increased risk for hypertension in China and
Bangladesh. Patients with hypertension, who are not on
dialysis, may have elevated levels of serum aluminum,
but an etiologic link has yet to be shown between hyper-
tension and aluminum toxicity.

The effects of hypertension can ultimately lead to
cardiac failure, resulting in increased venous backpres-
sures. Depending on the severity of the failure, severe
chronic congestive heart failure may lead to fibrosis of
the liver. Direct toxicity of metal ions on the liver also
may lead to injury to the liver and fibrosis of the liver,
as is discussed in the final section.

Vi. HEPATOTOXICITY OF METAL IONS

Several metals can injure the liver, but by far the most
important are iron and copper. The diseases caused by
metals may be genetic or acquired, and the effects can
be acute or chronic (see Table IT). Acute metal toxicity
produces hepatocellular and cholestatic injury:

1. Hepatocellular injury—Ferrous sulfate poisoning in
children can lead to coagulative degeneration in
zone 1 of the hepatic acinus, and phosphorus
poisoning induces lytic necrosis in that zone, as
well as steatosis. Copper toxicity causes zone 3
necrosis.

2. Cholestatic imjury—Intrahepatic cholestasis has been
reported with acute arsenical toxicity and as an
idiosyncratic reaction to the use of gold salts for
treatment of rheumatoid arthritis.

In chronic metal toxicity the injuries listed below are
seen:

1. Vascular injury—Hepatoportal sclerosis is a
recognized complication of chronic arsenical
toxicity, for example, from ingestion of high levels
of arsenic in drinking water (India, Bangladesh).

2. Chronic hepatitis—Chronic hepatitis is a stage in the
evolution of Wilson’s disease; hemosiderin is an
accumulation in the liver in chronic hepatitis C
which may lead to a poor response to interferon
therapy.
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TABLE I1. Hepatotoxicity of Metals

Metal Circumstances Histopathology Comments
Acute Toxicity
Iron Accidental ingestion by children Zone | necrosis Also severe
(usually FeSO,) gastrointestinal injury
Copper Suicidal or accidental Zone 3 necrosis Also cholestasis
Chronic Toxicity
Iron Genetic hemochromatosis Hepatic hemosiderosis, fibrosis, C282Y and H63D gene mutations
cirrhosis, HCC
Other (see Table II)
Copper Wilson’s disease Copper overload, chronic hepatitis, ATP7B gene mutations

cirrhosis, fulminant liver failure
with necrosis, HCC (rare)

Indian childhood cirrhosis

Endemic infantile
Tyrolean cirrhosis
Arsenic Excess ingestion of arsenic via
drinking water, drugs, or
exposure to insecticides

Copper overload, Mallory
bodies, fibrosis, cirrhosis
Copper overload, cirrhosis

Excess ingestion of copper in milk
from copper or brass containers

Excess ingestion of copper in milk
plus genetic factor

Hepatoportal sclerosis, angiosarcoma

Note: HCC = hepatocellular carcinoma.

3. Fibrosis and cirrhosis—Fibrosis and cirrhosis occur
in genetic hemochromatosis, Wilson’s disease,
Indian childhood cirrhosis, acquired copper
toxicosis, neonatal hemochromatosis, and sub-
Saharan hemosiderosis; the presence of iron in
nonalcoholic steatohepatitis may increase the
hepatic injury and contribute to the fibrosis.

4. Granulomas—Chronic beryllium toxicity
(berylliosis) in the past was associated with a
sarcoidosis-like disease; exposure of vineyard
sprayers to copper sulfate in Portugal has been
reported to lead to granulomas in the lungs and
liver.

5. Malignant tumors—Hepatocellular carcinoma is a
dreaded complication of genetic hemochromatosis
and, rarely, of Wilson’s disease; angiosarcoma has
been reported after chronic exposure to arsenic and
rarely to iron or copper.

The hepatotoxicity of several metals, in alphabetical
order, is discussed in more detail in the following
paragraphs.

A. Arsenic

1. Acute Toxicity

Toxicity from inorganic arsenicals may result from
attempts at homicide or suicide; exposure to insecticides,
herbicides or rodenticides; industrial exposure; exposure
to naturally contaminated materials; or from treatment
with arsenical medications. The clinical features, mech-
anism of action, and other aspects of arsenical toxicity are
comprehensively discussed in a review by Schoolmeester
and White (1980). Hepatic injury is usually overshad-
owed by the effects of damage to other organ systems,
such as the gastrointestinal, cardiovascular, neurologic,
and hematologic ones. Observed histologic changes in
the liver have included steatosis, cholestasis, and zone 3
necrosis. A striking increase in hepatocytic mitotic activ-
ity was noted in two cases reported by Brenard ez 4l
(1996). Hepatic veno-occlusive disease following severe
arsenic poisoning was described by Labadie ez /. (1990).
Predominantly cholestatic injury has been reported with
the antiamebicidal agent carbarsome and the ant-
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FIGURE 8 Arsenic-related angiosarcoma. (A) The malignant
endothelial cells infiltrating the sinusoids have led to disruption
of the liver cell plates (B); higher magnification of the angiosar-
coma cells (B) shows marked nuclear pleomorphism and
hyperchromasia.

syphilitic drug arsphenamine. Acute arsenic and mercury
intoxication has also resulted from ingestion of Indian
ethnic remedies (Kew et a/., 1993) and Chinese herbal
balls (Espinoza et al., 1995). Experimental work with
arsenates in rabbits was reported to cause periportal focal
necrosis and cirrhosis of an unspecified type (Van Glahn
et al., 1938).

2. Chronic Toxicity

Chronic arsenical injury to the liver can lead to hepato-
portal sclerosis or noncirrhotic portal hypertension
(Datta et al., 1979; Mazumder et al., 1988), cirrhosis
(Denk et al., 1959; Lunchtrath, 1972), systemic arterial
disease (Rosenberg, 1974), hepatocellular carcinoma
(Jhaveri, 1959), and angiosarcoma (Falk ez 4/., 1981) (see
Figure 8). The chronic exposure was the result of
therapy (e.g., the use of Fowler’s solution [potassium
arsenite] for the treatment of psoriasis), high levels of
arsenic in drinking water, use of arsenical preparation
as insecticides in vineyards, or industrial or environ-
mental exposure (e.g., among workers in copper
smelters or residents living nearby). The histologic
changes that have been described in hepatoportal scle-
rosis include portal area expansion and fibrosis, an
increase in the number of vessels in portal areas, thick-
ening of portal vein branches (intimal thickening and
muscular hypertrophy, but no thrombosis), and perisi-
nusoidal fibrosis. The cirrhosis reported with chronic
arsenicism has been described as “post-necrotic” or
macronodular in type.

B. Copper

1. Acute Copper Toxicity

Acute copper toxicity may result from: (1) ingestion
(either suicidal or accidental) of copper sulfate, (2) its
use as an emetic or for the treatment of burns, (3) the
release of copper ions from equipment made of copper,
(4) acid pH conditions (e.g., malfunctioning hemodial-
ysis equipment or vending machines), or (5) high levels
of copper in drinking water (Blomfield ez al, 1971;
Spitainy et al., 1984; Holtzman et 4l., 1986). Copper
poisoning leads to a hemolytic anemia related to several
effects on erythrocytes that include inhibition of
glucose-6-phosphate dehydrogenase activity, inhibition
of glycolysis, denaturation of hemoglobin (with Heinz
body formation), and oxidation of glutathione. The
largest series of cases of acute poisoning with copper
sulfate, ingested for suicidal purposes, was reported
from New Delhi, India (Chuttani et 4/., 1965). Jaundice
appeared on the second or third day in 11 of 48 patients
(23.0%). In five patients, the jaundice was deep, the liver
was enlarged and tender, the average total serum biliru-
bin was 11.2 + 809mg/dL, the AST averaged 252.4 £
142 units, and the prothrombin time was markedly pro-
longed. In the remaining six patients, the jaundice was
mild, the serum bilirubin was about 3.0mg/dL, and
the AST averaged 144 + 80IU. Histologic changes in
biopsy or autopsy material showed zone 3 necrosis and
cholestasis in the deeply jaundiced patients and focal
necrosis or no changes in the mildly jaundiced patients.
When measured, the serum copper levels have been
markedly elevated in acute copper intoxication
(Chuttani ef al., 1965; Blomfield ez 4l., 1971; Holtzman
et al., 1986), as well as in the liver (Blomfield et 4/,
1971).

2. Chronic Copper Toxicity

Chronic copper toxicity can be hereditary or acquired.
In humans, hereditary copper overload is exemplified by
Wilson’s disease and in animals by the copper toxicosis
of the Long-Evans cinnamon rat; both conditions have
an autosomal recessive inheritance and are not discussed
in this review. Acquired forms of copper overload also
occur in humans and animals. Sheep are particularly
susceptible to copper intoxication, as they can be chron-
ically exposed to excessive copper by grazing in sprayed
orchards or by eating contaminated feed. The changes
in sheep livers include steatosis, focal necrosis, swelling
of liver and Kupffer cells, and cytochemically demon-
strable copper in Kupffer cells (incorporated in lyso-
somes with lipofuscin), but Mallory bodies have not
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been observed. An interesting copper toxicosis was
reported in North Ronaldsay sheep by Haywood ez 4.
(2001). These sheep are a primitive breed that has
adapted to a copper-impoverished environment in the
Orkney Islands. Sheep transferred to copper-replete
pastures on the mainland developed hepatic copper
toxicity resembling that of Indian childhood cirrhosis
and idiopathic copper toxicosis.

a. Acquired Chronic Copper Toxicity

In humans, acquired chronic copper toxicity may result
from occupational environmental, or domestic exposure.
An example of occupational exposure is the chronic
exposure of vineyard workers to fungicide sprays con-
taining copper sulfate. The resultant hepatic injury
includes noncaseating granulomas, intraacinar and peri-
portal fibrosis, cirrhosis, and, rarely, angiosarcoma
(Pimental & Menezes, 1977). The geological environ-
ment is the setting for Indian childhood cirrhosis, and a
similar disease reported from outside the Indian subcon-
tinent occurred in children who had ingested large quan-
tities of copper in their drinking water.

b. Indian Childbood Cirrbosis

Indian childhood cirrhosis (ICC) is associated with
marked hepatic copper overload. The copper storage
has been demonstrated histochemically (by staining
tissue sections with orcein for copper-binding protein
and the rhodanine method for copper) and by quanti-
tative techniques such as atomic absorption spec-
trophotometry. It is generally accepted that copper
accumulation is directly responsible for the histopatho-
logic lesions in ICC; these include the presence of
numerous Mallory bodies, intraacinar and portal
inflammation, copper accumulation (beginning in zone
1), periportal ductular proliferation, intraacinar and
periportal fibrosis, occlusive lesions of terminal hepatic
venules, and, eventually, the development of a micro-
nodular cirrhosis (Smetana et 4l., 1961; Joshi, 1987;
Bhagwat et al., 1983) (see Figure 9).

According to Bhagwat ez al. (1983), cases of ICC have
been reported from 17 countries as well as from the
United States (Lefkowitch ez 4l., 1982). The non-Indian
cases also are characterized by marked copper overload
and histopathologic alterations indistinguishable from
those of ICC. In 1983, Tanner et 4l (1983) pro-
posed that increased dietary copper (from copper-
contaminated milk stored in brass and copper contain-
ers) could be of etiologic significance in ICC. Subse-
quently, O’Neill and Tanner (1989) demonstrated
experimentally that copper (but not zinc) is avidly taken
up from brass and bound to casein from which it is com-

FIGURE 9 Indian childhood cirrhosis. (A) High magnifica-
tion shows Mallory bodies in liver cells. (B) This cirrhotic liver
is composed of nodules separated by fibrous septa (Masson).

pletely removable by picolinate chelation. They con-
cluded that milk is an effective carrier of copper from a
brass utensil to the infant enterocyte. Lending support
to a direct cytopathic effect of copper are recent reports
of clinical recovery, improved survival, and reversal of
the hepatic histological lesions by penicillamine therapy
of infants with ICC (Tanner et 4/., 1987; Bhusnurmath
et al., 1991).

Of great interest are reports of several children who
developed an illness, clinically and histopathologically
resembling ICC, from the chronic ingestion of well
water contaminated with high levels of copper (Miiller-
Hocker et al., 1985, 1987; Schramel et 4l., 1988). In all
cases, the copper was leached from copper pipes into
drinking water delivered to the children’s homes. Early
exposure to copper appears to be crucial, because sib-
lings exposed after nine months of age and the parents
who drank the same water did not develop the disease
(Miiller-Hocker et al., 1985; Schramel er al., 1988).
Other cases of “non-Indian childhood cirrhosis,” also
referred to as “idiopathic hepatic copper toxicosis,” not
specifically related to increased dietary copper intake
have been reported (Maggiore et al., 1987; Horslen et
al., 1994; Ludwig er 4l., 1995). To date, most of the
affected children have succumbed to liver failure. It is
conceivable that some cases of ICC occurring outside
the Indian subcontinent are examples of environmental
chronic copper toxicity, but other cases are not. The
occurrence of the disease in siblings and parental con-
sanguinity in two cases suggest a genetic abnormality,
possibly an autosomal recessive disorder (Scheinberg &
Sternlieb, 1994). Lack of support for excess dietary




584 ExviroNMENTAL PATHOLOGY

copper as a cause of non-Indian childhood cirrhosis
comes from a study of Scheinberg and Sternlieb (1994)
in which no liver-related deaths were found in children
less that six years of age in three Massachusetts towns
with high copper concentrations in drinking water.
The study covered 64,124 child-years of exposure. Of
relevance to these observations are cases of endemic
Tyrolean infantile cirrhosis, which is transmitted by
autosomal recessive inheritance but requires an addi-
tional risk factor such as excess dietary copper (from
cows’ milk contaminated with copper leached from
untinned copper or brass containers) for its expression
(Miiller et al., 1996). The disease was eradicated when
the untinned copper containers were replaced by
modern industrial vessels.

Before leaving this section, it is worth noting that
chronic acquired copper toxicity in the adult is very
rare. There is one report of chronic toxicity from
massive ingestion of copper coins; 275 copper coins
were found at autopsy in the stomach of a mentally
deranged person (Yelin ez 4l., 1987). Corrosion of the
coins led to absorption of copper from the stomach,
resulting in liver and kidney injury. The changes in the
liver resembled those of ICC and childhood hepatic
copper toxicosis. It is important to remember that
accumulation of copper occurs in a number of chronic
cholestatic conditions, most frequently in primary
biliary cirrhosis and primary sclerosing cholangitis.
Although demonstration of the stored copper, mainly
periportal, is of diagnostic value, it does not appear to
be a risk factor for progression of the disease, and
attempts at removing the copper by penicillamine
therapy have been abandoned.

C. Iron

Injury to the liver by iron can be either acute or chronic.
Genetic hemochromatosis, the most common inherited
metabolic disease, is not discussed here; instead, the
focus of this section is on acquired iron toxicity, which
may be acute or chronic.

1. Acute Iron Toxicity

Accidental overdose of iron-containing drugs and
dietary supplements (in tablet or capsule form) is a
leading cause of fatal poisoning of children under 6
years of age (Nightingale, 1997), but occasional cases
have been reported in adults (Monoguerra, 1976). Since
1986, U.S. poison control centers have received reports
of more than 110,000 incidents of children younger

than 6 years accidentally swallowing iron tablets.
Almost 17% of pediatric deaths reported to poison
control centers between 1988 and 1992 were due to iron
poisoning, compared with 12% between 1984 and 1987.
Death has occurred from ingesting as little as 200mg
to as much as 5.85 g of iron (Nightingale, 1997).

A large number of products available in pharmacies,
foodstores, and discount stores contain iron, and the
problem is compounded by the attractiveness of dosage
forms, high availability, and ambiguous labeling
(Krenzelok & Hoff, 1979). The Food and Drug Admini-
stration (FDA) issued a regulation, effective July 15,
1997, with labeling and packaging requirements to
protect children from accidental poisoning from iron-
containing drugs and dietary supplements in tablet or
capsule form. Under the regulation, these products must
display—in a prominent and conspicuous place set off
by surrounding lines—the following warning statement:
“WARNING: Accidental overdose of iron-containing
products is a leading cause of fatal poisoning in children
under 6. Keep this product out of reach of children.
In case of accidental overdose, call a doctor or poison
control center immediately” (Nightingale, 1997). In
addition, the agency requires most products that
contain 30 mg or more of iron per dosage, such as iron
tablets or capsules for pregnant women, to be packaged
asindividual doses (for example, in blister packages). The
FDA has concluded that this packaging will limit the
number of unit doses that a child may consume once
access is gained to the product, thus significantly reduc-
ing the likelihood of serious injury.

Although the morbidity of acute iron poisoning is
high, the mortality in two large series was low—none
in the series of 66 patients reported by James (1970),
and 5.16% of the 172 cases reported by Westlin (1966).
The typical victim of iron poisoning vomits within 10
minutes to 1.5 hours after swallowing a toxic dose of
iron; consequently, it is often difficult to state what the
toxic dose is. In a severe case that does not prove fatal,
the three stages of poisoning are:

* Tirst stage—This stage lasts approximately six hours
and begins with abdominal pain, nausea, and
vomiting and goes on to hematemesis, melena, and
subsequently shock and possibly coma.

* Second stage—This stage is one of apparent
recovery during which toxic iron compounds are
formed.

¢ Third stage—This stage begins about 24 hours
after ingestion of the toxic dose. Acidosis and
hyperglycemia develop, and there may be
convulsions, coma, bleeding, and evidence of
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FIGURE 10 Acute ferrous sulfate toxicity: (A) small intes-
tine showing marked necrosis of the villi; (B) iron encrustation
(blue) of the necrotic intestinal villi (Prussian blue stain).

hepatic damage. Invariably, edema and necrosis of
the gastric mucosa are found in fatal cases. If the
child recovers, there may be fibrosis of the gastric
mucosa leading to pyloric stenosis.

Gandhi and Robarts (1962) reviewed 11 such cases. The
interval between the time of ingestion of the ferrous
sulfate and the symptoms of obstruction ranged from
13 to 40 days. Pyloric stenosis was present in five
patients. “Hourglass” stricture of the stomach was
found in the other six children, two of whom had pyloric
stenosis as well; one child also had a penetrating gastric
ulcer that involved the liver.

Nearly 90% of deaths from iron poisoning occur in
the first 48 hours after ingestion. Pathologic findings
include widespread necrosis of the upper gastrointesti-
nal tract (see Figure 10), thrombosis of intestinal
vessels, periportal (zone 1) necrosis of hepatic cells,
hemorrhagic pneumonia, and pericardial effusion. Liver
cells in zone 1 show coagulative degeneration with
nuclear pyknosis or karyorrhexis, and there is variable
drop out of cells (Pestaner ez a/., 1999) (see Figure 11).
The inflammatory response is typically minimal, but
there may be a sprinkling of neutrophils and lympho-
cytes. Histochemical stains for iron often show positive
staining of the coagulated cells and damaged sinusoids.

2. Chronic Iron Toxicity

Numerous conditions, other than genetic hemochro-
matosis, can lead to chronic accumulation of iron in the
liver. Among these are the hereditary anemias listed in

FIGURE 11 Acute ferrous sulfate toxicity; section of the
liver of the same patient illustrated in Figure 10 shows coagula-
tive degeneration and dissociation of liver cells in zone I. A
portal area is present in the lower left corner.

Table III. In transfusion-dependent B-thalassemia
major, the iron overload is severe and, over a period of
months or years, can lead to congestive heart failure,
hypothyroidism, diabetes mellitus, hepatomegaly, fibro-
sis, and cirrhosis (Modell, 1975; Schafer et 4l., 1981). In
transfusional siderosis, iron initially accumulates in
reticuloendothelial cells but eventually storage also
occurs in parenchymal cells, beginning in zone 1. A
large amount of iron also is found in the spleen, in con-
trast to genetic hemochromatosis (Oliver, 1959).

Iron overload has been reported in a number of
inherited metabolic diseases, including hereditary
tyrosinemia, Zellweger’s syndrome, congenital atrans-
ferrinemia, aceruloplasminemia, Wilson’s disease after
penicillamine therapy (Shiono ez 4/., 2001), porphyria
cutanea tarda, and alpha-1 antitrypsin (AAT) deficiency.
In the last condition, no association between genetic
hemochromatosis and AAT deficiency was found in one
study (Fargion ez 4/., 1996). In another study, the asso-
ciation of AAT deficiency and genetic hemochromato-
sis led to an earlier onset of cirrhosis in genetic
hemochromatosis, but it did not increase the risk of
hepatocellular carcinoma (Elzouki ez 4/., 1995). In por-
phyria cutanea tarda, 60 to 70% of patients have mild
to moderate iron overload, and approximately 10%
have increases in the range of genetic hemochromato-
sis; the major cause is the presence of mutations of the
HFE gene (Bonkovsky & Lambrecht, 2000). Hepatic
iron accumulation can occur in a number of acquired
diseases of the liver (Table IIT). The ones discussed
briefly here are chronic hepatitis C, nonalcoholic and
alcoholic steatohepatitis, cirrhosis, and post-portacaval
shunt surgery.
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TABLE IlI.

Causes of Hepatic Iron Overload Not

Related to Genetic Hemochromatosis

Etiology

Ref.

Hereditary Anemias
Sickle cell anemia
Thalassemia major
Sideroblastic anemia
Hereditary spherocytosis

Chronic Liver Disease
Chronic hepatitis C

Alcoholism and alcoholic liver
disease
Nonalcoholic steatohepatitis

Cirrhosis or diverse etiology

Post-portacaval shunt

Increased Oral or
Parenteral Iron Loading

African iron overload (dietary
overload with genetic factor)

African-American iron overload
(similar to African iron
overload)

Medicinal iron ingestion

Transfusional siderosis

Hemodialysis

Inherited Metabolic Diseases

o~ | Antitrypsin deficiency with
genetic hemochromatosis

Porphyria cutanea tarda

Hereditary tyrosinemia

Zellweger’s syndrome

Congenital atransferrinemia

Aceruloplasminemia

Wilson’s disease, especially after
penicillamine therapy

Neonatal hemochromatosis?

Searle et al., 2001

Barry et al., 1968

Hezode et al., 1999;
Ganne-Carrie et al., 2000
Kageyama et al., 2000

George et al.,, 1998;
Younossi et al., 1999;
Bonkovsky & Lambrecht,
2000

Deugnier et al.,, 1997;
Ludwig et al., 1997

Bonkovsky et al., 1996

Gordeuk et al., 1986, 1992;

Gangaidzo & Gordeuk,
1995; Mandishona et al.,
1998

Barton et al., 1995

Hennigar et al., 1979

Oliver et al., 1959; Schafer
et al.,, 1981

Gokal et al., 1979

Elzouki et al., 1995; Farigon
et al,, 1996

Bonkovsky & Lambrecht,
2000

Searle et al., 2001
Andrews, 1999
Shiono et al., 2001

Bonkovsky et al., 1996

Hepatic iron accumulation occurs in chronic hepati-
tis C. In one study from Italy, 10% of patients with
chronic hepatitis C had an elevated hepatic iron content
(Riggio et al., 1997). Stainable iron in sinusoidal cells
and portal tracts reflects an increased hepatic iron con-
centration, and elevated serum iron values have been
linked to poor responses of chronic hepatitis C to inter-
feron therapy. In one study, hepatic iron accumulation
was found to be significantly associated with histologic
activity and cirrhosis (Hezode ez 4/., 1999). Barton et al.
(1995) have suggested that the percentage of portal
areas staining for iron should be included in the pathol-
ogy report of liver biopsies; these investigators found
that patients who respond to interferon therapy have
less than 40% portal areas positive for iron. Enhanced
iron accumulation and lipid peroxidation were
improved by interferon therapy in one study (Kageyama
et al., 2000). Pirisi et 4/. (2000) believed that interface
hepatitis (piecemeal necrosis) and its sequelae (sinu-
soidal capillarization and microshunting) are major
factors in iron deposition in chronic hepatitis C. HFE
mutations are not responsible for the iron deposition
but could favor the progression of virus-induced
damage independently from interference with iron
metabolism. The topic of iron and its relationship to
chronic viral hepatitis is reviewed in detail by
Bonkovsky ez 4. (1996, 1999).

Patients with heavy alcohol consumption and genetic
hemochromatosis (GH) have a higher prevalence of cir-
rhosis than those who do not. Ludwig ez 4/. (1997) found
that subjects with GH who drank more than 60g of
alcohol per day were approximately nine times more
likely to develop cirrhosis than those who drank less
than that amount. The range of the hepatic iron con-
centration associated with cirrhosis (in the absence of
other cofactors) was 237 to 675 umol/g dry weight.

Iron overload in cirrhosis was studied in 447 native
livers by Ludwig et al. (1997) and Deugnier et al. (1997).
It is very common in many types of nonbiliary cirrho-
sis and appears to be acquired and to occur rapidly once
cirrhosis develops (Ludwig et 4, 1997). Quantitative
iron determinations cannot be relied on to differentiate
such cases from GH. Patients with nonalcoholic cir-
rhosis can accumulate iron (and zinc) after end-to-side
portacaval shunting, but quantitative iron analyses have
shown that such patients have far less iron than patients
with GH, and they are unlikely to have tissue injury
resulting from the iron overload (Adams ez al., 1994).

Nonalcoholic steatohepatitis (NASH), now some-
times referred to as nonalcoholic fatty liver disease, may
be accompanied by iron overload. In one study of 65
patients from the United States, iron accumulation,
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when present, was not associated with increased overall
mortality, liver-related mortality, or cirrhosis (Younossi
et al., 1999). Bonkovsky et al. (1999) found increased
prevalence of HFE mutations in 57 subjects with
NASH. Those with C282Y mutations had significantly
higher levels of serum ALT and greater hepatic fibrosis
than those without. In another study of 51 patients with
NASH from Australia, the C282Y mutation was found
to be responsible for most of the mild iron overload,
and it was significantly associated with hepatic damage
in these patients (George et al., 1998). It was suggested
that phlebotomy therapy to remove the increased iron
stores could delay or even reverse the liver damage.

African iron overload (formerly referred to as Bantu
siderosis) is now rare in South Africa but remains a
public health issue in sub-Saharan Africa (Gordeuk ez
al., 1986). It appears to be caused by an interaction
between the amount of dietary iron (consumed in tra-
ditional beer brewed in steel drums) and a gene distinct
from any HLA-linked gene (Gordeuk et al, 1992).
African iron overload is considered a risk factor for
hepatocellular carcinoma in black Africans (Gangaidzo
& Gordeuk, 1995; Mandishona et 4l., 1998). Iron over-
load in African-Americans (that is unexplained by
dietary or medicinal iron excess, transfusions, or sider-
oblastic anemia) is considered to be similar to that in
sub-Saharan Africans (Barton et 4/., 1995).

Miscellaneous effects of iron overload that should be
briefly mentioned include impaired cellular immune
function and increased susceptibility to bacterial infec-
tions (Bonkovsky et al., 1996), as well as hepatocellular
carcinoma (HCC). The occurrence of HCC in patients
with genetic hemochromatosis and cirrhosis is too well
recognized to require comment, but iron may play a
putative role in HCC that occurs rarely in a non-
cirrhotic liver (Turlin ez 4/., 1995).
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