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Preface

Our global environment now consists of numerous natural and artificial metals.
Metals have played a critical role in industrial development and technological
advances. Most metals are not destroyed; indeed, they are accumulating at an
accelerated pace, due to the ever-growing demands of modern society. A fine
balance must be maintained between metals in the environment and human
health. It is with this view in mind that this book has been written to address
diverse issues surrounding heavy metals in the environment. Nineteen chapters
have been contributed by 50 experts from around the world, known for their
expertise and outstanding research. The book provides a critical review and analy-
sis of the current state of knowledge of heavy metals in the environment.

The volume begins with a chapter on the essentiality and toxicity of metals.
The widespread distribution of metals in the environment is of great concern
because of their toxic properties; however, some metals are also essential for
normal growth and development. This chapter provides a critical assessment of
nutritional and toxicological information based on available data on humans. The
evaluation has used information available on speciation and bioavailability to
identify the critical effects and clinical manifestations of metal deficiency and
toxicity. New principles and basic concepts are presented to define the acceptable
range of oral intake (AROI) at which no adverse effects occur and the correspond-
ing safe range of population mean intake (SRPMI) of essential trace metals such
as selenium, iron, manganese, zinc, and copper. The interdependence of various
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iv Preface

elements is discussed with regard to metabolic and functional interactions involv-
ing storage and metabolism.

Analytical measurements of heavy metals in the environment are an integral
component of monitoring and assessing their toxic effects. They are required for
regulatory purposes and routine monitoring to ensure compliance with allowed
levels to determine hazardous conditions. Clean-ups of contaminated locations
are commenced on the basis of measurements indicating the site and extent of
contamination. Chapter 2, on analytical methods for quantitative determination
of heavy metals discusses various analytical tools and speciation analyses of
heavy metals as well as their microscopic analyses. Techniques used for specia-
tion analyses are discussed for individual metals such as chromium, arsenic, mer-
cury, lead, and cadmium. This chapter also describes recent developments in the
use of microprobe beamline to monitor intracellular distribution of elements in
a single cell.

The need to develop and establish new toxicological approaches to assess
the potential cytotoxic and genotoxic effects of heavy metals in the environment
is addressed in Chapter 3, which focuses on a variety of in vitro toxicological
screening methods for the biomonitoring of heavy metals. These methods take
advantage of intracellular effects of metals to induce the expression of detoxify-
ing proteins, other protective proteins, and proteins involved in cell cycles and
proliferation and apoptosis. Suggestions are made as to the future of heavy metal
biomarker research and how it can be more carefully monitored in the human
environment.

A large spectrum of radionuclides was produced after the creation of the
cosmos. Their radioactive half-lives are very long, and they remain ubiquitous
components of the environment. Additionally, as a result of the development of
nuclear weapons and nuclear technology, a number of artificial radionuclides
have become a part of the human environment. Chapter 4 discusses the distribu-
tion and concentration of both natural and manmade radionuclides and the mecha-
nism of their transfer to plants, animals, and humans. Possible long-term effects
of their distribution in human tissue in terms of health implications are discussed.
Metallic agents, as a class, make up a substantial portion of known human carcin-
ogens. Chapter 5 reviews the topic of metal carcinogenesis, following the Interna-
tional Agency for Research on Cancer (IARC) classification system, with particu-
lar emphasis on known human carcinogens.

In recent years, both carcinogenic and noncarcinogenic potential of arsenic
have been intensely studied. Chapters 6 and 7 review the global perspective on
arsenic in the environment and aspects of arsenic toxicity. Chapter 6 explores
the environmental behavior of arsenic with special reference to the abundance
and distribution of arsenic in the lithosphere, sediments, soil environment, and
groundwater. It also discusses various pathways of arsenic emission into the envi-
ronment, methods for arsenic determination in drinking water, and techniques
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Preface v

for remediation of arsenic-contaminated soil and groundwater systems. Chapter
7 discusses the sources of human exposure and aspects of human toxicology with
special emphasis on chronic arsenic poisoning and its general effects related to
dermatological manifestations, cardiovascular diseases, neurological impair-
ments, and cancer effects.

Individual chapters are devoted to selected metals in the environment, in-
cluding cadmium, chromium, aluminum, nickel, lead, mercury, and molybdenum.
Chapter 8 reviews the pertinent literature of cadmium toxicology, with discus-
sions of the health effects in humans of cadmium exposure and the molecular
mechanisms underlying these effects. The connection between inhalation of chro-
mium (VI) compounds and the causation of cancers of the airways and lungs
is well established. Chapter 9 describes epidemiological studies along with the
toxicokinetics and molecular mechanisms underlying the carcinogenicity of chro-
mium (VI). It is followed by an in-depth consideration of approaches to the bio-
logical monitoring of chromium (VI)—exposed subjects. Chapter 10 presents an
assessment of the hazards of aluminum exposure to humans, animals, and plants.
Chapter 11, on nickel, reviews its distributions in the environment, human expo-
sure, metabolism, systemic and molecular toxicology, and carcinogenesis. This
chapter also includes a discussion on the interaction of nickel with other essential
metals such as magnesium, calcium, iron, zinc, and manganese. Chapter 12 dis-
cusses the release of lead in the environment, human body burdens, and the popu-
lation at risk. Special emphasis is given to analytical methods for the assessment
of lead exposure and its metabolism, treatment of lead poisoning, in vitro and
animal studies, molecular mechanisms, reproductive outcome, risk assessment
and human epidemiological studies.

It is believed that the global cycling of mercury of natural and anthropo-
genic sources is responsible for the transport and deposition of mercury in areas
remote from the original source. Chapter 13 takes a detailed look at mercury in
the environment and its toxic actions, including a discussion on epidemiological
studies of prenatal exposure. Molybdenum is essential to a variety of organisms,
and is distributed widely in the environment owing to its diverse chemistry and
its technological and agricultural applications. Chapter 14 provides a balanced
picture of the complex environmental chemistry of molybdenum, including its
interactions with copper, which can be either antagonistic or beneficial from the
interplay of individual components in the biogeosphere.

The intracellular concentration of heavy metals is kept in balance by a
variety of metal-transporters. Many of the metals are toxic in excess. Bacterial
metal resistance probably arose early in evolution owing to widespread geochem-
ical sources of metals. Chapter 15, devoted to the microbial resistance mechanism
of heavy metals, discusses the mechanisms of resistance to zinc, cadmium, lead,
copper, arsenic, and antimony in bacteria. The exposure to metal that is harmless
to some bacteria may be destructive to others with specific genetic changes. Chap-
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ter 16 examines genetic susceptibility to heavy metals in the environment, noting
how each metal is expected to have its own series of transporters. Transport of
several metals is highly dependent upon the concentration of the other metals.
This balance can be disrupted when any gene within the balanced system is non-
functional. The interaction between genes and environment—considered critical
for avoiding metal toxicity not only for humans but also for a wide variety of
animal species—is described in detail. Selenium has multiple biological actions
as an essential trace element, a modifier of other toxic elements, an anticarcino-
genic agent, and a toxicant. These are all discussed in Chapter 17, which provides
an overview of the entire profile of biological actions of selenium in nutrition
and toxicology.

Over the past three decades, elements such as arsenic, antimony, gallium,
and indium have been used in the manufacture of semiconductors for computer
chips, cellular telephones, and light-emitting diodes. Many tons of these elements
have been incorporated into these devices, either as dopants for silicon-based
computer chips or in higher-speed semiconductors, such as gallium arsenide and
indium arsenide. With the increased demand for higher-speed devices, older de-
vices have been discarded, generating a large stockpile of electronic equipment
containing these elements known collectively as ‘‘e-waste.”” This is a new phe-
nomenon, and the magnitude of this growing problem has been recognized only
recently, since there are no well-established recycling programs for such item.
Chapter 18, on semiconductors, provides an assessment of the present state of
knowledge of the role and biological effects of metal/metalloids utilized in the
semiconductor industry. The potential human health and environmental effects
of these elements, either alone or as mixtures, are discussed in relation to areas
of future studies.

There is a growing need for methods of assessing the amount of heavy
metals pollution in our natural and industrial environments. While it is relatively
straightforward to use the techniques of analytical chemistry to detect heavy
metal concentrations in a particular location, they do not indicate how much of
this metal is a ‘‘biological hazard.”” Chapter 19 describes biosensors for monitor-
ing heavy metals, and how researchers are exploiting various biological mecha-
nisms to determine the amount of ‘‘bioavailable’’ heavy metal in the natural and
industrial environments. These methods are still in their infancy compared with
the techniques of analytical chemistry, but they clearly offer advantages in terms
of ease of use, and biological relevance. The recent progress made in the develop-
ment of whole-cell and protein-based biosensors is encouraging and holds much
promise for the future.

The book was written by contributors in close collaboration with me. I
visited some of their laboratories, intensively discussed their work with them,
and made a few field trips to environmentally affected areas to obtain first-hand
knowledge. Despite conscientious efforts by all concerned, the chapter authors,
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the editor, and the publisher cannot assume any liability for errors that this book
may contain. Every effort has been made to keep the error rate as low as possible.

Heavy Metals in the Environment will be an invaluable resource for toxicol-
ogists; biochemists; bioinorganic, inorganic, environmental, and medicinal chem-
ists; immunologists; oncologists; physiologists; pharmacologists; geneticists;
bacteriologists; molecular biologists; environmental scientists; and upper-level
undergraduate and graduate students in these disciplines.

I thank many of my international colleagues who provided valuable sugges-
tions in the selection of topics and other advice. Special thanks are due to Loretta
LeBlanc for preparing the manuscript and to Suree Narindrasorasak, Ping Yao,
and Negah Fatemi for their assistance in the preparation of the index.

Bibudhendra Sarkar
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1

Essentiality and Toxicity of Metals*

Gunnar F. Nordberg
Umea University, Umea, Sweden

Brittmarie Sandstrom
The Royal Veterinary and Agricultural University, Copenhagen, Denmark

George Becking
World Health Organization, Research Triangle Park, North Carolina

Robert A. Goyer
University of Western Ontario, London, Ontario, Canada

1. INTRODUCTION

Many metals are of concern because of their toxic properties and some metals
are also essential for survival and health of animals and humans.

In risk assessments concerning toxicity of essential metals, their essentiality
should also be taken into account to avoid too low intakes. This has not always
been done in a proper way and authorities responsible for protecting the public
from adverse health effects from toxicity have issued recommendations that have

* Part of this chapter was a contribution to the draft WHO/IPCS working paper ‘‘Methodology for
Risk Assessment of Toxicity for Essential Trace Elements.”’

Copyright © Marcel Dekker, Inc. All rights reserved.

MaRcEL DEKKER, INc. CE)
270 Madison Avenue, New York, New York 10016 0



2 Nordberg et al.

been partly in conflict with those issued with an aim of protecting from deficiency.
There is an obvious need for an approach including a balanced consideration of
nutritional as well as toxicological data for these metals.

These new principles of evaluation take into account some basic concepts
of interindividual variability in sensitivity to deficiency and toxicity. Such varia-
tion translated into one interval of (low) daily intake, at which there is a risk of
developing deficiency, and another interval of (high) dietary intake, at which
toxicity may occur. In between there is a set of intakes that represent the accept-
able range of oral intakes (AROI), at which no adverse effects occur. While it
is possible to define such a range that will protect most people, a range will
not usually be found that protects all persons from adverse effects. Those with
genetically determined sensitivity may require higher intakes to avoid deficiency
or lower intakes to avoid toxicity than those defined by the acceptable range.
AROI is defined as protecting 95-98% of healthy individuals in specified gender
and life stage population groups from even minimal adverse effects of deficiency
or toxicity. While AROI is defined for intakes by individuals in a population
group, the corresponding range for mean intakes is the safe range of population
mean intakes (SRPMI).

This chapter reviews principles and methodologies that may be applied in
defining limits of safety for nutritionally essential metals. Excessive intake of
these metals can give rise to toxicity. There is increasing use of various standards
worldwide that express the maximum acceptable limits for human exposures for
various substances present in the environment including nutritionally essential
trace elements. In some instances, the methodology applied to standard setting
for these nutritionally essential substances has been the same as applied to toxic
metals. In the case of zinc, RDA (recommended daily allowances set by the U.S.
National Research Council) and RfD (reference dose, set by the U.S. Environ-
mental Protection Agency) were found to be almost identical and, for certain age
groups, the RDA was higher than the Rfd (1,2). It is becoming apparent that
standard setting for nutritionally essential trace elements requires consideration
beyond approaches traditionally applied to metals that have no biological require-
ment for good health.

Recognition of this problem has prompted a number of conferences on this
topic that have resulted in publications and discussions of potential approaches
as well as potential problems. These activities include a workshop sponsored by
the U.S. Environmental Protection Agency, the Agency for Toxic Substances and
Disease Registry, and the International Life Sciences Institute’s Risk Sciences
Institute held in March 1992 in Herndon, Virginia, which reviewed the problem
and identified a number of topics that had been inadequately considered to date
(1). Similarly, a Nordic Working Group on Food and Nutrition and the Nordic
Group on Food Toxicology have prepared a report (3), and a conference on
““Trace Elements in Human Health’’ held in Stockholm in May 1992 has also
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Essentiality and Toxicity of Metals 3

been reported (2). The conceptual framework for the preparation of a WHO/
IPCS methodology document was based on discussions from a WHO planning
meeting held in Washington in April 1996 (4) and on IPCS Workshop held in
Santiago de Chile in 1998. The methodology [reviewed in part also by Nordberg
et al. (5)] proposed in the present chapter has evolved from the activities.

Metals have been classified as essential, beneficial, or detrimental. Trace
elements recognized as essential for human health include iron, zinc, copper,
chromium, iodine, cobalt, molybdenum, and selenium (6). For the purpose of
this chapter all metallic elements in this listing will be considered in discussions
of methodology. Later in the chapter, the methodology described will be applied
to a few of these as examples. There is also a second group of elements thought
to be beneficial to life (e.g., silicon, manganese, nickel, boron, and vanadium).
Some of these elements may be essential to vegetative life and perhaps beneficial
to human health but, generally, they are not yet accepted as essential for human
health. If any of these or other elements become accepted as essential for humans
and quantitative nutritional requirements are established, the approaches outlined
in this chapter should be applicable for setting an acceptable range of oral intakes
(AROI).

The methodology described for determining the AROI is not intended to
be applied to detrimental metals or metals that are regarded as purely toxic metals
such as lead, cadmium, and mercury, which are not known to provide any essen-
tial or potentially beneficial health effect at any level of exposure. Also this meth-
odology, in its present form, is not intended to assess risk for carcinogenicity,
although at present this is only of concern for one essential element, chromium,
and is probably limited to inhalation and not oral exposure. While the essential
elements are not by themselves known to be carcinogenic by the oral route, sev-
eral play important roles as modulators of carcinogens by promoting or protecting
from oxidative damage. For example, selenium deficiency and excess iron intake
may act synergistically to enhance oxidative damage of macromolecules, nucleic
acids, and lipid membranes.

Presently recommended dietary intakes of essential trace metals are based
on estimates of amounts needed to prevent clinical or biochemical deficiency. It
is increasingly recognized that higher intakes of some of the trace elements may
have beneficial health effects in relation to risk reduction of degenerative diseases
such as cardiovascular disease and cancer. These suggested higher levels are
usually not met by ordinary foods but require supplements, often administered
in a more available form than dietary minerals. Long-term intake of high but not
immediately toxic doses of trace elements may lead to interaction with other
trace elements and/or other changes not identified with a classical toxicological
approach. Thus the safety of essential trace elements is a subtle issue and as new
criteria for estimates of requirements are emerging there may be a need to redefine
also the criteria used to estimate adverse-effect levels.
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For essential metals health risk assessment requires consideration of both
toxicity from excess exposures and health effects as a consequence of deficiencies
from severe restriction of intake. Such an approach involves principles from nutri-
tion as well as toxicology. The objective is to make recommendations that result
in a range of recommended intakes that recognizes consequences of both nutri-
tional deficiency and toxicity.

The approach described in this chapter outlines the principles that support
the concept of AROI, or a ‘‘homeostatic model’’ for determining the distribution
of intakes for essential trace metals (ETM) that meet nutritional requirements of
a healthy population as well as preventing toxicity. The methodology presented
in this document recognizes the importance of variability in exposure and bioki-
netics arising from age, gender, physiological conditions, and nutritional status.
In addition it should be noted that dietary/food intake is only part of oral intake.
Oral intake also includes intake from water, dietary supplements, and a fraction
of inhalation exposures that are subsequently ingested after coughing and swal-
lowing.

1.1 Nutritionally Essential Trace Metals (ETM)

The traditional criteria for human health are that absence or deficiency of the
element from the diet produces either functional or structural abnormalities and
that the abnormalities are related to, or a consequence of, specific biochemical
changes that can be reversed by the presence of the essential metal (6).

The criteria for identifying ETM have evolved over the past 50 years and
may be expected to expand as the result of future research. New end points re-
flecting effects of deficiency have been considered in recent investigations of
essentiality of ETMs in experimental animals (7). These have included mild re-
ductions in growth rate, impairment of reproductive performance, decreased life
span, sudden unexpected death, and some anatomical lesions.

1.2 Homeostatic Mechanisms

A defining characteristic of ETMs is that there are homeostatic mechanisms that
maintain optimum tissue levels over a range of exposures for the performance
of essential functions (8). Homeostatic mechanisms involve regulation of absorp-
tion, tissue retention, and excretion of ETMs. There are specific homeostatic
mechanisms for each ETM (6). For some ETMs, namely those that are handled as
cations (zinc, iron, copper, manganese, chromium), the homeostatic mechanisms
operate predominantly via the gastrointestinal tract and the liver. They may regu-
late uptake and transfer by the gut (Fe, Zn) or by biliary excretion (Cu). For each
of these ETMs there may be a specific chain of protein carriers and receptors to
effect uptake into cells. Anionic ETMs, like molybdenum and selenium, are more
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Essentiality and Toxicity of Metals 5

soluble and systemic absorption is less regulated than for cationic ETMs. They
are absorbed very efficiently and subsequent control, tissue deposition, and excre-
tion are managed by oxidation state. Total body burden is regulated by renal
excretion. A third category of homeostatic mechanism is illustrated by cobalt,
which is a highly reactive element with several oxidation states. The physiologi-
cal role for this metal is as one of highly regulated form in cobalamin and there
is no evidence that humans require inorganic cobalt. Whether or not an analogous
situation applies to chromium and the ‘‘glucose tolerance factor’’ is unclear par-
ticularly since inorganic chromium has been effective in alleviating chromium
deficiency in patients on total parenteral nutrition. However, there is a wide diver-
sity within populations and individuals as to the efficiency of these mechanisms.

2. CONCEPTS OF EVALUATION—CONSIDERATION
OF TOXICITY AND ESSENTIALITY

Interindividual variation that occurs in human populations is considerable. This
applies to the expression of toxicity from higher doses of an ETM as well as for
the expression of deficiency symptoms as a result of too low intakes of the same
essential element.

2.1 Acceptable Range of Oral Intake (AROI)

In Figure 1 the interindividual distribution of sensitivity is shown for nutritional
requirements and for expression of toxicity. For a specific adverse effect of defi-
ciency, individuals exist in a population who display average sensitivity to devel-
oping symptoms (mean nutrient requirement, Fig. 1) as well as more sensitive
individuals, i.e., those developing deficiency symptoms at somewhat higher in-
takes (+1.5-2.5 D nutrient requirement), and individuals with less sensitivity,
i.e., those that develop deficiency symptoms first when intakes are lower (—1.5—
2.5 D nutrient requirement). A similar situation applies for a specific toxic effect;
i.e., some individuals display symptoms at doses lower than those giving rise to
symptoms in the individuals of average sensitivity and there are also individuals
who are less than average sensitive and they require higher doses to develop
symptoms. The situation can be depicted as two bell-shaped curves describing
the distribution of sensitivity to deficiency and toxicity. In most cases an interval
between these curves describes the AROI in which no adverse effects occur in
the large majority (95-98%) of subjects (cf. Fig. 1). If these conditions are instead
depicted with curves in cumulative forms, a U-shaped curve is formed and the
AROI appears at the bottom of the U (Fig. 2). Further aspects and examples of
how AROI for specific essential metals can be derived will be given in later
sections.
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Ficure 1 Theoretical model describing distribution of intakes to meet nutri-
tional requirements (left) and distribution of intakes giving rise to toxicity
(right), with the acceptable range of oral intakes (AROI) in between. Lower
limit to the AROI should cover the requirements of most (97.5%) of the popu-
lation; the higher limit if AROI should protect a similar proportion of the popu-
lation from toxic effects.

2.2 Groups with Special Sensitivity/Resistance
2.2.1 Genetically Determined

In Figure 3, the same model for distribution of intakes to meet nutritional require-
ments and to prevent toxicity is displayed as in Figure 1. The low limit of the
AROI covers the requirement of most of the population and the high limit of the
AROI should protect most of the population from toxic effects. Special popula-
tion subgroups, such as persons with Wilson’s disease, may exhibit toxicity at
relatively low intakes of copper, lower than the acceptable range for normal per-
sons. On the other hand, some population subgroups such as B may have require-
ments higher than the upper limit of acceptable range (for example, zinc intake
in subjects with acrodermatitis enteropatica). Further aspects on genetically deter-
mined variation in sensitivity have been given by WHO 1996 (6) and will be
given in a future document on ‘‘Principles of Risk Assessment for Essential Trace
Elements’’ by IPCS/WHO.
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FiGurRe 2 Percent of population subjected to deficiency or toxicity to oral
exposure/intake. This is the same model as in Figure 1, but in a cumulative
form. As intake drops below A (lower limit of AROI), risk for deficiency in-
creases; at extremely low intakes all subjects will manifest deficiency. As in-
takes increase beyond B, a progressively larger proportion of subjects will
exhibit effects of toxicity.

2.2.2 Nongenetically Determined

Many diseases are genetically determined but this is not considered here if the
disease is not known to involve a specific metabolic defect related to essential
elements. In celiac disease, there is a deficient uptake of several nutrients in-
cluding essential elements such as iron (9) and zinc (10). In addition, gastrointes-
tinal losses of trace elements can be increased due to diarrhea. If the disease is
not well controlled by exclusion of gluten from the diet, and/or the decreased
uptake is not compensated by an increased intake of these elements, iron and/
or zinc deficiency may develop. Increased urinary losses of zinc are observed in
patients with alcoholic cirrhosis (11) and diabetes (12). It has been shown that
iron deficiency gives rise to an increased uptake of manganese from the diet (13).
It can therefore be assumed that there would be an increased risk of manganese
toxicity if persons with iron deficiency were exposed to high oral intakes of man-
ganese.

Sensitivity to manifestations of zinc deficiency is known to be dependent
on certain metabolic situations. When discussing effects of deficiency or toxicity
of an essential element it is therefore of fundamental importance to specify the
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Ficure 3 Theoretical model for distribution of intakes to meet nutritional re-
quirements of healthy population and prevent toxicity. The lower limit to
AROI should cover the requirements of most (97.5%) of the population; the
higher limit should protect most of the population from toxic effects. Special
population subgroups, such as A, may exhibit toxicity at intakes lower than
the acceptable range (e.g., Wilson’s disease and copper intake), or in contrast,
some population subgroups, such as B, may have requirements higher than
the upper limit of acceptable range (e.g., zinc intakes in subjects with acroder-
matitis enteropathica).

background conditions of the group of persons under consideration. Such back-
ground conditions can be all-determining for the dose-response relationships. For
example, at a certain low zinc intake (e.g., under conditions of total parenteral
nutrition) clinical symptoms of zinc deficiency may not develop in a group of
individuals who are in metabolic balance, but may be clinically manifest in per-
sons who undergo growth or who are in an anabolic phase (14). Dose-response
relationships for zinc deficiency thus can be quite different depending on meta-
bolic state.

2.3 Nutritional Requirement and Safe Range of Population
Mean Intake (SRPMI)

Public health aspects concerning adverse effects as a result of deficiency from
an essential element have been discussed in many documents. Definitions relating
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to the needs of individuals were defined by the Joint FAO/TAEA/WHO Expert
Consultation on Trace Elements in Human Nutrition (6).

Requirement. This is the lowest continuing level of nutrient intake that,
at a specified efficiency of utilization, will maintain the defined level of
nutriture in the individual.

Basal requirement. This refers to the intake needed to prevent
pathologically relevant and clinically detectable signs of impaired func-
tion attributable to inadequacy of the nutrient.

Normative requirement. This refers to the level of intake that
serves to maintain a level of tissue storage or other reserve that is judged
[by the Expert Consultation] to be desirable.

Ideally the establishment of estimates of requirement of essential element
should be based on functional criteria for adequacy. For many trace elements
sensitive and specific criteria are lacking and other approaches have to be
adopted. The factorial technique, i.e., the sum of the obligatory endogenous
losses of the element via skin, kidney, and intestine with the addition of require-
ments for synthesis of new tissue in periods of growth, has been the basis for
the estimates of zinc requirement in the WHO 1996 report (6). This approach
was originally used for estimates of protein requirements. The obligatory losses
are usually determined in balance studies at different intakes. The principal prob-
lem in relation to zinc has been to account for the ability to adapt to different
intakes by changes in endogenous losses.

Most early reports on recommended intakes of essential elements have pro-
vided estimates of the requirements of individuals and the ‘‘recommended’’ or
‘“‘safe’’ level of intake has been defined as the average requirement + 2 SD in
requirement. Thus for an individual consuming this amount of element there
would be a very low probability that the individual’s requirement was not met.
The WHO 1996 report is concerned with population (group) mean intakes rather
than intakes of individuals. The lower limit of population mean intake is set so
that very few individuals in the population (group) would be expected to have
intakes below their requirement; i.e., the population mean intake corresponds to
the estimates of average individual requirement + 2 SD in intakes. The term
“‘population’” in the WHO 1996 report refers to a group that is homogeneous in
terms of age, sex, and other characteristics believed to affect requirement and
not, for example, to demographically or culturally defined groups. The variability
in usual intakes within a population group is usually larger than estimates of
variability of requirements and it has empirically been demonstrated that the eval-
uation of the prevalence of inadequate intakes is relatively insensitive to the vari-
ability in requirements.

WHO/FAO/IAEA Expert Consultation (6) identified the need to work with
recommendations of mean population intakes, since it is difficult in practice to
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give a precise description of upper and lower ends of intake distributions. They
defined the mean normative requirement so as to protect 98—99% of the popula-
tion from minimal adverse effects (including undesirably low tissue stores). The
upper limit of population mean intake to avoid (minimal) toxicity in 98-99% of
the population was also discussed (6). If 98-99% of the population is protected
from deficiency and the same percentage is protected from toxicity, this means
that 96-98% of the population is protected from both deficiency and toxicity.
Based on these considerations, SRPMI was derived (6) thus protecting 96—98%
of healthy persons in specific gender and life stages from even minimal effects
of deficiency or toxicity.

3. FACTORS MODIFYING DOSE-RESPONSE
RELATIONSHIPS

As mentioned earlier, homeostatic mechanisms regulating ETMs are dependent
on basic properties of the essential metals, i.e., their belonging to one of three
groups, namely those that are handled as cations (zinc, iron, and copper), anions
(molybdenum and selenium), or bioinorganic complexes (e.g., cobalt as cobala-
min). These properties in terms of speciation of the elements are of fundamental
importance to their behavior in the human body including bioavailability and
also influence interactions. There is a considerable body of literature available
on factors influencing dose-response relationships of metals. Early literature on
this subject was reviewed by Nordberg (15) and a recent review is included in
the 1996 WHO document (6). The following are a few aspects.

3.1 Bioavailability, Uptake, and Utilization

Bioavailability of trace metals is influenced by chemical form or species but also
by such factors as food source, or dietary media, nutritional state, age, pathologi-
cal conditions, and interactions with other nutrients or toxic substances.

These factors are important and should be considered both when estimating
the nutritional requirement and when assessing toxicity. A number of physiologi-
cal and dietary variables influence trace element utilization (6). Intrinsic (or phys-
iological) variables that influence the absorptive process, such as the poorly regu-
lated situation during infancy for the absorption of a number of elements such
as chromium, iron, and zinc and the probable decline in absorptive efficiency
during senility (copper and zinc). There may be an adaptation to low trace element
status or high demand by modifying activity/concentration of receptors involved
in uptake from gastrointestinal tract (chromium, copper, manganese, zinc).

With regard to metabolic/functional interactions there is an interdepen-
dence of elements in processes involved in storage and metabolism, e.g., in rela-
tion to catecholamine metabolism (copper and iron) and in relation to iodine
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utilization (selenium) and protein synthesis (zinc). With regard to extrinsic (di-
etary) variables, mucosal uptake may be influenced by the solubility and molecu-
lar dimensions of trace-element-bearing species within food, digesta, and gut
lumen (iron oxalates, zinc, and iron phytates associated with calcium). Dietary
components may also increase the mobility of an ETM; e.g., citrate enhances
zinc absorption.

Antagonism involving, for example, competition with receptors regulating
absorption transport and storage have been shown to limit ETM uptake and stor-
age (e.g., in cadmium/zinc/copper antagonism).

3.2 Age, Gender, Pregnancy, and Lactation

Growth and development of the fetus is dependent on availability of essential trace
metals, for example zinc. Developmental abnormalities of the nervous system have
also been shown in experimental animals as reviewed by Sandstead (16). In in-
fancy, gastrointestinal absorption may be higher, that is, less well regulated, than
in later stages of life. In the elderly, intestinal uptake of trace metals may decline
even in those with normal health (17). There are also differences in nutritional
requirements depending on differences in metabolic handling of trace metals be-
tween the two sexes. For example, men are larger of stature than females. Skeletal
size is related to height as is body calcium. Protein and energy requirements are
considerably lower for females than for males. For these reasons it is important
to define specific nutritional requirements and toxic levels separately for men and
women and sometimes in relation to age. Increased demand for ETM, particularly
iron, zinc, and copper, occurs during pregnancy and lactation (6,18). Specific rec-
ommendations for pregnant and lactating women are therefore warranted.

3.3 Interactions

Interactions between ETMs are important in determining bioavailability and, in
turn, the AORI for metals involved. For example, copper can interact with a
number of other nutrients (19) leading to reduced availability.

Copper uptake in the gut is inhibited by high zinc intakes. Both a direct
interaction and an interaction mediated by metallothionein induction may explain
this phenomenon. It is well known that zinc can induce metallothionein synthesis
in intestinal cells. Such metallothionein may sequester copper, since copper has
higher affinity to SH groups on metallothionein than zinc. By this mechanism
copper may be trapped in the intestinal mucosa, not reaching the systemic circula-
tion to the same extent as in persons with normal zinc intake and therefore in-
creasing susceptibility to copper deficiency. The critical effects of zinc toxicity
are considered to be related to induced copper deficiency (20).

There are some studies in animals indicating a decrease of copper absorp-
tion when intake of iron is high. In human preterm neonates the usual increase
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in erythrocyte superoxide dismutase (E-SOD) was impaired when mothers took
iron supplements. There may be a possible relationship between E-SOD concen-
tration in neonates and changes in copper availability in association with high
Fe intakes (21).

High levels of molybdenum in the diet may induce or aggravate copper defi-
ciency by making copper unavailable for absorption (19). This interaction has been
applied in the use of molybdates in the treatment of Wilson’s disease (22). Sele-
nium may also compete for the gastrointestinal absorption of copper (23).

4. EFFECTS OF DEFICIENCY AND TOXICITY
4.1 Basic Principles for Classifying Effect

Evaluation principles concerning adverse effects from metal toxicity have been
previously developed by the ICOH Scientific Committee on the Toxicology of
Metals, i.e., by the Task Group on Metal Toxicity 1976 [cf. Nordberg (24,25)].
Adverse effects can occur from too low or too high an intake of an essential
element. As mentioned, it may not be possible to arrive at recommendations that
protect all individuals in a population from such adverse effects, since some
individuals with genetically determined metabolic disorders may require intakes
that are higher or lower than those that represent AROI for normal persons. AROI
can therefore only be applicable for persons without such disorders. It is further
considered that the use of sensitive indicators of adverse effects with clinical or
functional significance as markers of critical effect will provide further safety
from more severe clinical disease caused by deficiency or toxicity. Based on
present knowledge, it seems possible in most cases to define an AROI for the
essential elements that will protect 95-98% of the population from adverse ef-
fects (i.e., the protective level at each end of the U-shaped curve would be
97.5-99%).

These considerations are based on the assumption that adverse effects from
deficiency or toxicity follow an S-shaped (or Z-shaped for deficiency) dose-
response curve. As mentioned, such curves represent the cumulative conversion
of a gaussian distribution (or other defined distribution) of individual thresholds
of effect in a population. Such effects, which occur when a threshold concentra-
tion is exceeded in a specific tissue of an individual, are termed deterministic
effects. Many adverse effects, which result from, e.g., enzyme inhibition and
similar biochemical mechanisms, are considered to be of this nature.

In Figure 4 (right side), a theoretical example of dose-response curves for
a metallic compound is illustrated. Effects of increasing severity occur when the
daily oral intake increases above a certain level (curves 5—8). Slight changes in
biochemical markers without functional or clinical significance (curve 5) are of
limited importance in relation to public health. Subclinical markers of effects
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FiGURE 4 Theoretical dose-response curves for various effects occurring in
a population at various levels of intake (doses) of an essential trace element.
Lethal effects and clinical disease must always be prevented, but subclinical
effects indicating impairment of organ function are often identified as critical
effects. The lower end of the dose-response curve for such critical effects
related to deficiency (curve 3) and toxicity (curve 6) defines the range of ac-
ceptable daily oral intakes (AROI). Biochemical effects without functional sig-
nificance (4 and 5) are considered without health impact and should not be
taken as critical effects.

that are related to functional deficits or that signal the development of clinical
disease are more relevant to public health and such markers are often crucial for
preventive action. These effects and their dose-response curves can be regarded
as a critical piece of information when discussing preventive measures such as
exposure limits and recommendations of safe intakes and such effects are termed
critical effects. Sometimes subclinical biomarkers of effects have not been identi-
fied, and the clinical effect that occurs at the lowest dose must be used as critical
effect.

These evaluation principles focusing on the critical effect, i.e., the adverse
effect that occurs at relatively low exposures and implies some kind of clinical
or functional impairment, have been adopted by several international bodies and
have been used by WHO/IPCS (26).
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In toxicological cancer research and in radiation biology, considerable re-
search efforts have been devoted to characterizing another type of effects, so-
called stochastic effects, which are considered to occur as a result of a random
process of interaction between the agent and DNA in the cell nucleus. Cancer
induction is considered to be such a stochastic effect. For such effects it has been
assumed that the dose-response curve has a linear component in the low dose
range (e.g., 27) and for safety reasons it has been the policy in some situations
to set very low acceptable exposures, since only extremely low risks have been
considered as acceptable for cancer from environmental pollution with chemical
substances. Risks of one per one million or one per hundred thousand have some-
times been used. Under such acceptance conditions the carcinogenic effect will
be the critical effect.

The application of linear low-dose extrapolation in cancer risk estimation
for chemical substances is controversial. The existence of a linear component in
the low dose range has been refuted by other groups of scientists (28). Even one
of the authors (29) of the original Crump et al. paper considers that it creates a
false sense of scientific security in low-dose extrapolation.

The International Agency for Research on Cancer considers that there is
no scientifically valid basis for a generalized model for low-dose extrapolation
in chemical carcinogenesis. In the preamble to the Monographs, it is stated:

The form of the dose-response relationship can vary widely, depending
on the particular agent under study and the target organ. Both DNA
damage and increased cell division are important aspects of carcinogene-
sis, and cell proliferation is a strong determinant of dose-response rela-
tionships for some carcinogens (30). Saturation of steps such as absorp-
tion, activation, inactivation and elimination may produce nonlinearly
in the dose-response relationship, as could saturation of processes such
as DNA-repair (30-32).

In radiation protection, on the other hand, there has been general agreement
on the usefulness of linear extrapolation and use of the ‘‘collective dose’’ ap-
proach when establishing exposure limits (33—-35). However, the possibility
cannot be excluded that there may be a threshold for cancer induction in the
millisievert (mSv) range (35). Radiation levels considered acceptable by the
International Commission on Radiological Protection (1 mSv per year) are
likely to correspond to a considerably higher risk than one in a million for life-
time exposure, suggested as an acceptable risk level for carcinogenic chemical
agents.

While the approach with linear low-dose extrapolation may serve a good
purpose for the protection of public health, when regulating ionizing radiation
or artificial nonessential chemical pollutants, similar safety considerations cannot
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be applied to essential trace elements, even if they may be carcinogenic at exces-
sive intakes.

For essential elements it is obvious that the balance between risks of defi-
ciency and risks of toxicity must be considered. To use policy considerations,
in the absence of sufficient scientific evidence, as a basis for a linear low-dose
extrapolation down to zero dose is not in the interest of public health, since such
extrapolation may lead to recommendations of too low intakes that may cause
severe clinical deficiency and death. Also, for considerations relating to carcino-
genicity, there is obviously a need for a balanced consideration and there is an
urgent need to make a detailed examination of available evidence concerning
carcinogenicity of essential elements and to develop a policy of extrapolation
that is compatible with maximal public health benefit.

4.2 Examples of Effects of Varying Severity
4.2.1 Deficiency

Lethal Deficiency. Severe deficiency sometimes with lethal outcome may
result from situations when individuals are completely devoid of the nutritional
element in question. Such situations may lead to clinical disease and in extreme
cases death such as in severe cases of myxedema that may occur in pronounced
iodine deficiency (36). Severe iron deficiency may also lead to severe anemia
with lethal outcome in rare cases (9). In China, Keshan disease, with myocardial
abnormalities and sometimes death, may occur as a result of selenium deficiency,
possibly in combination with viral disease (37,38). Lethal outcomes in deficiency
cases are often related to some interacting agent or intercurrent disease and can
then be considered as deficiency in a sensitive subgroup of the population.

Deficiency—Clinical Disease. Cases of myxedema and goiter with de-
creased thyroid functions were common in the past before dietary fortification
with iodine was undertaken (36). Goiter results from TSH stimulation of growth
of thyroid cells. In rats it has been shown that iodine deficiency with resulting
high TSH levels will promote the development of thyroid cancer when a carcino-
gen is also administered (36).

Iron deficiency with clinically observable anemia with pallor and fatigue
is still not uncommon among women of childbearing age (36). Psychomotor de-
velopment has been shown to be impaired in children whose mothers were iron-
deficient during pregnancy (39).

Clinical deficiency symptoms as a result of copper deficiency are more
rare, but anemia unresponsive to iron therapy sometimes can be ascribed to cop-
per deficiency (40). Growth failure, poor immunity, impaired wound healing, and
impairment of special senses and cognition are clinical signs of zinc deficiency
(20,41). Selenium deficiency has been shown to be related to an endemic disease
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in China with cardiomyopathy and sometimes changes in the thyroid called Ke-
shan disease, and also to Kashin-Beck disease, a joint and muscle disease oc-
curring in the same area (42). Muscular symptoms have been reported in patients
on total parenteral nutrition (TPN) (43).

Subclinical Markers of Deficiency With or Without Clinical Significance.
A number of markers related to decrease in enzyme levels etc. have been shown
to be changed in persons with low intakes of some essential elements. In some
cases such influences on enzyme levels are believed to be of functional signifi-
cance and may even be precursors of clinical disease. In other cases a slight
decrease in an enzyme level may be tolerated without any functional significance,
namely if there is a great surplus of this enzyme in the medium in which it is
measured. It is sometimes necessary to devote considerable research efforts to
the demonstration of relationships between such indicators and the occurrence of
disease or impaired physiological performance. The limited information available
makes it difficult in some instances to determine whether or not a specific indica-
tor should be considered of clinical or functional significance.

An example of a subclinical marker of deficiency is the saturation of gluta-
thione peroxidase (GSHPx) in plasma, erythrocytes, and platelets, which is im-
paired when selenium intakes are low. Incomplete GSHPx saturation in plasma
does not occur until Se intakes fall below approximately 40 ng/day (44,45). For
saturation of GSHPx in erythrocytes higher intakes are required and for saturation
in platelets more than 100 pg/day is required (45,46). The clinical or health im-
portance of such incomplete GSHPx saturation is debated, particularly in the
most sensitive compartment, i.e., platelets.

For some essential elements, e.g., zinc, specific and sensitive biochemical
indicators of deficiency are lacking. In the absence of such indicators, the esti-
mates of requirements have to be evaluated by a factorial technique, i.e., by add-
ing together the requirements for tissue growth, maintenance, metabolism, and
endogenous losses. It is notable that the activity of zinc-dependent processes as
well as plasma and tissue zinc concentrations can be maintained over a long time
at low intakes by substantial reductions in endogenous losses of zinc. This adap-
tive ability was taken into account by WHO in 1996 for estimates of the physio-
logical requirement of absorbed zinc using data from long-term balance studies
at very low intakes (47,48). At the basal requirement level the ability to increase
the efficiency of zinc retention has been fully exploited. Observations made dur-
ing the early phase of the same studies of zinc depletion were used to estimate
the normative physiological requirement. For adult males an uptake of 1.4 mg/
day was judged to maintain zinc equilibrium without the need of adaptive changes
in endogenous losses. With 30% fractional uptake from the diet this corresponds
to a daily normative dietary requirement of 4.7 mg/day. Lacking corresponding
long-term studies in other age groups endogenous losses in relation to basal meta-
bolic rates were used as the basis for extrapolation.
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Another example is a decrease in ceruloplasmin levels in low copper in-
takes and decreased superoxide dismutase (SOD) when copper intakes are low
(19). While these changes are considered useful indicators of decreased biological
copper activity, their clinical significance has not been well defined.

A reduction of maximal oxygen consumption has been demonstrated in
physical-performance tests in young women with low serum-ferritin concentra-
tions without anemia suggesting effects on tissue level unrelated to oxygen-
transport capacity (49).

When iron intakes are low, serum ferritin levels decrease and there is a
decreased transferrin saturation and increased erythrocyte protoporphyrin. While
these indicators are excellent indicators of low body iron stores, slight decreases
in iron stores are of debatable clinical significance.

4.2.2 Toxicity in Humans from Excessive Exposure

Lethal Effects. Excessive doses of soluble salts of iron or copper by the
oral route, which may be ingested by accident or with suicidal intent, give rise
to extensive and severe gastrointestinal manifestations, systemic toxicity, shock,
and death (19,50).

Toxic Effects with Clinical Significance. Clinical disease (without fatal
outcome) may occur as a result of ingestion of high doses of soluble selenium
salts. Such poisoning cases display nausea, vomiting, and subsequently hair and
nail changes and skin lesions (51). Persons ingesting large doses of copper in
addition to vomiting, nausea, and diarrhea may develop hematuria and jaundice
(19). Also ingestion of soluble iron salts give rise to gastrointestinal manifesta-
tions with vomiting and diarrhea often with bloody stools and later cirrhosis may
occur (50).

Subclinical Toxic Effects With or Without Functional Significance—Bio-
markers of Critical Effect. Like the situation with biochemical markers of defi-
ciency, subclinical markers of toxicity have been identified in the form of changes
in enzyme levels, etc. To use such a biomarker as a critical effect, it is of great
importance to be able to determine the extent to which increased levels of such
biomarkers in media easily accessible for analysis (blood, urine, hair, etc.) signal
a subclinical stage of a disease or abnormality in organ function. Unfortunately,
for several potentially useful markers, there is a lack of such information. Further
definition of the clinical and functional significance of biomarkers is needed. For
example, decreased E-SOD levels may occur as a result of excessive zinc intakes.
Most probably, this is a result of interference by zinc with uptake of copper and
the balance between zinc and copper is of fundamental importance for the expres-
sion of this effect (19). For excessive iron intakes, excessive transferrin saturation
and excessive levels of serum ferritin can be used as markers of iron overload
(50). The clinical significance of marginally increased iron overload is still under
discussion. Large excesses like those occurring in persons with hemochromatosis
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are clearly of clinical importance. Homozygotes for hemochromatosis are at several
hundred-folds increased risk of liver cancer and an increased risk of coronary heart
disease (52,53). Moderate levels of iron overload may also be related to increased
risks for carcinogenicity in several organs including the liver, but such effects are
not well documented. A relatively large proportion of the population are heterozy-
gotes for the hemochromatosis gene and are potentially at risk for iron overload.

High selenium intakes may give rise to prolonged plasma prothrombin time
and increased ALAT.

5. ESTIMATION OF AROI AND SRPMI
5.1 Selection of Critical Effects

Theoretical dose-response curves for various effects that might occur in a popula-
tion at various levels of intake (doses) of an essential element are given in Figure
4. When defining AROI for individuals in a population, it is obvious that both
lethal effects and clinical disease arising from deficiency or toxicity cannot be
accepted as indicators of the limits for the AROI. For such severe adverse effects
there is usually no conflict between the dose-response curves for toxicity and
deficiency. Subclinical effects indicating impairment of organ function are often
identified as critical effects. The lower end of the dose-response curve for such
effects related to deficiency (curve 3) and toxicity (curve 6) defines the range of
acceptable daily oral intakes. As discussed earlier, substantial research efforts
are required to establish relationships between physiological (functional) and bio-
chemical effects and usually such research data are needed to determine whether a
biochemical effect is with or without functional significance. Biochemical effects
without functional significance, i.e., curves 4 and 5 (Fig. 4), are considered with-
out health impact and should not be taken as critical effects. However, given the
present database on essential metals, it may be necessary to accept a low preva-
lence of biomarkers without functional or clinical significance, either on the toxic-
ity or the deficiency side, to establish a range of acceptable intakes, since it is
essential that more obvious and clinically important risks of disease are prevented
on both the deficiency and toxicity side of the AROIL

5.2 Level of Protection and Methodology for Estimation
of Boundaries

The level of protection from adverse effects of toxicity and deficiency may de-
pend on practical possibilities of establishing an AROI. Usually, a range pro-
tecting 97.5 or 98% of the population from minimal deficiency or minimal toxic-
ity at each end of the range should be aimed for. If 97.5% of the individuals in
a population group are protected from deficiency and the same percentage are
protected from toxicity this means that 95% of the population group are protected
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from both deficiency and toxicity. Since requirements as well as sensitivity to
development of toxicity vary according to age and sex, AROI is often defined
for individuals in specific gender and age groups.

As discussed earlier, a similar level of protection as the one for AROI has
been considered by the WHO/FAO/IAEA Expert Consultation (6). This Expert
Consultation identified the need to work with recommendations of mean popula-
tion intakes, since it is difficult in practice to give a precise description of upper
and lower ends of intake distributions. They defined the mean normative require-
ment so as to protect 97-98% of the population from minimal adverse effects
(including undesirably low tissue stores). The upper limit of population mean
intake to avoid (minimal) toxicity in 98-99% of the population was also dis-
cussed (6). Based on these considerations SRPMI was derived (6). As discussed
earlier, such a level of protection means that 96—98% of the population group
will be protected from both (minimal) toxicity and (minimal) deficiency.

The methodology for the estimation of the limits of the AROI described
here as well as that described by the World Health Organization for the determi-
nation of the SRPMIs (6) and the methodology used to estimate Dietary Refer-
ence Intakes by the U.S. Food and Nutrition Board, Institute of Medicine (54)
estimate a range of intakes for nutrients (e.g., essential metals) that protects most
of the healthy individuals in specified gender and life-stage population groups
from the risk of adverse effects from low intakes (deficiency) or excess intakes
(toxicity). In deriving the limits of the AROI, uncertainties in the data as well as
the variability in the intakes of individuals within the group must be considered.

The lower limit is, in general, derived from nutritional data from studies
in humans, and the uncertainties are usually taken into account through the devel-
opment of an intake adequate for 50% of the individuals within a population
group plus 2 SD. This limit is considered protective for a risk from deficiency
in 97-98% of the group. The SRPMIs (6) are derived either from the basal re-
quirement or from the normative requirement of an element, assuming a normal
distribution of intakes and the coefficient of variation of the intake distribution.
As for the AROI, it is assumed that where the intakes of a population are main-
tained within the SRPMI, the risks to individuals within the group from deficiency
or toxicity will be extremely low. More details on these methodologies can be
found elsewhere (6,54-56).

With the exception of the SRPMI methodology, the upper limit of intake
for an ETM by an individual within a population group has been determined
using the four-step risk assessment framework described by the U.S. National
Research Council (57), that is, hazard identification, dose-response assessment,
intake (exposure) assessment, and risk characterization. This method has been
further developed into a seven-step procedure to be described later.

Interindividual variability in sensitivity to toxicity or deficiency can be
taken into consideration in two different ways, either by estimating thresholds
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of adverse effects combined with uncertainty (or safety) factors (UF) or by using
all data of importance for the dose-response curve for the critical effect.

When using the threshold + UF approach, the level of intake that is so
low that the critical effect can no longer be observed, i.e., the no observed adverse
effect level (NOAEL), and/or the lowest intake level at which the critical effect
is observable, i.e., the lowest observed adverse effect level (LOAEL), is used in
combination with an UF to derive a safe level of intake. The UF takes into account
interindividual variability in sensitivity, interspecies differences as well as other
uncertainties of data quality. Since ETMs are not considered carcinogenic in hu-
mans, a threshold is assumed and the NOAEL, or LOAEL, obtained from the
dose-response assessment is divided by the product of the UFs chosen to obtain
the upper limit of the AROI. The special problems associated with the application
of the risk assessment model to nutrients have been discussed by the IOM (54).
When applied to nonessential environmental chemicals zero exposure is assumed
to be without risk; however, the fact that nutrients, within certain ranges of in-
takes, are essential for human life limits the need for some of the large uncertainty
factors often used in the assessment of nonessential chemicals. Also, the database
used to evaluate nutrient toxicity often comes from studies of human populations
and is thus less uncertain with respect to its use in human health risk assessments
than that from animal studies. Unlike nonessential chemicals, tissue levels, and
therefore biological effects, of essential metals are under homeostatic control.
Also, tissue levels may be markedly altered by speciation and bioavailability
from various dietary matrices, as well as nutrient-nutrient and nutrient-diet inter-
actions that might occur. All of these facts present unique problems in the applica-
tion of the risk assessment model for the development of AROIs for ETMs. It
is beyond the scope of this chapter to describe in more detail the process of health
risk assessment. It has been described in detail elsewhere (57-60).

The method, taking into account all data that are important for the dose-
response curve for the critical effects, makes it possible to use relevant toxico-
kinetic and toxicodynamic information that may be available as well as all data
describing the shape of the dose-response curve and related statistical uncertainty.
The use of toxicokinetic and toxicodynamic modeling with estimated interindi-
vidual variability in computing the dose-response curve for the critical effect has
been advanced by Nordberg and Strangert (61-63) and by Nordberg (25). These
methods have been used in WHO/IPCS criteria documents for nonessential met-
als, e.g., methylmercury (64) and cadmium (65). The methods advanced by Nord-
berg and Strangert also allows for the statistical uncertainties in the data to be
taken into account and safe levels of intake can be estimated at the safety level
desired. The latter procedure, i.e., the derivation of the lower confidence limit
of the dose that produces a small increase in the occurrence of critical effect is
similar to the one advanced by Crump in 1984 (66) called benchmark dose ap-
proach. These methodologies should preferably be applied to data from humans.
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They should be employed as widely as is practical. As mentioned previously,
some features of these methods are used in deriving the SRPMI (6).

In an effort to ensure that all available data on the effects of exposure to
ETMs are evaluated in a consistent manner by all appropriate disciplines working
in a collaborative manner, and considering the special properties of nutrients
discussed above, a framework of seven steps for the determination of an AROI
has been proposed (20,67). Depending on the data available for evaluation, the
threshold + UF approach or the method using all available data for the dose-
response curve for the respective critical effects can be used in relevant parts.
The seven steps can be summarized as follows: (1) select data, evaluate adequacy
of human and animal data, select biologically significant end points, and identify
population groups of concern, (2) evaluate homeostatic mechanisms, nutrient and
dietary interactions, and consider the impact these may have on the effects of
concern (both deficiency and toxicity), (3) using comparable procedures, define
the critical effect(s) from deficient and excess intakes, (4) dose-response analysis:
qualitative and quantitative evaluation of the critical effects in population groups
of concern (defined by gender and life stages), (5) balanced quantitative assess-
ment of critical effects to derive, for population groups of concern, an AROI,
the limits of which are not outside the customary range of intakes within healthy
populations, (6) exposure assessment: determination of exposure pathways, expo-
sure routes, bioavailability, and exposure patterns for subgroups in the population,
(7) risk characterization: the integration of exposure information and the AROI,
taking into account the variability in exposure and dose responses for multiple
subpopulations and uncertainties within the database and population of concern.
Risk characterization should recognize the unique characteristics of each specific
situation and ETM. All of these steps are carried out in an iterative manner,
and any summary prepared must describe the overall strengths and limitations
(including uncertainties) of the assessment and conclusions. Detailed guidance
on exposure assessment and risk characterization (steps 6 and 7) is available
(68,69).

6. EXAMPLES OF ASSESSMENTS CONCERNING
ACCEPTABLE RANGES OF INTAKE FOR ESSENTIAL
TRACE METALS

6.1 Selenium

As mentioned earlier [cf. also Alexander and Aro (70)], severe selenium defi-
ciency is considered to be a factor in the endemic, sometimes fatal Keshan disease
(occurring in the Keshan region in China). This disease is characterized by myo-
cardial abnormalities and occurs in persons with serum levels of Se lower than
0.13 micromol/L (10 pug/L), particularly in children and women of childbearing
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age. Daily intake of Se in the Keshan area has been calculated to range from 3
to 22 ug. It is possible that this disease occurs as a result of a combination of
Se deficiency and a viral disease (or other additional factor), since myocardial
abnormalities are not always seen in persons even with severe Se deficiency, but
there is no clear evidence concerning such additional factors (37,38). There may
also be an impairment of the thyroid in Keshan disease (71). Another disease
considered to be related to Se deficiency is Kashin-Beck disease, a joint and
muscle disease occurring in the Keshan area in China. In less severe selenium
deficiency, as recorded in a study from Finland (serum Se less than 45 pg/L) a
significant negative correlation between low selenium levels and cardiovascular
death was reported (72).

In animals, Se deficiency has been shown to give rise to growth failure,
reproductive failure, and degenerative changes in several organs including cardio-
myopathies (70).

The essentiality of Se to humans and animals is believed to be related to
the fact that it is a constituent of glutathione peroxidase. It is also a constituent
of several other enzymes (e.g., tetraiodothyronine deiodinase).

Excessive intake of selenium can give rise to toxic effects, i.e., selenosis
characterized by hair changes, thickened nails with spots, and skin changes.
Higher intakes can give rise to neurological symptoms. An early indicator of
toxicity is a prolonged prothrombin time, seen at dietary intakes exceeding ap-
proximately 800 ug/day (70).

For selenium the WHO/FAO/IAEA Expert Consultation (6) used the intake
necessary to obtain two-thirds of maximum plasma glutathione peroxidase activ-
ity as the criterion for normative requirement. The 50% risk of minimal deficiency
(using this criterion and an assumed interindividual variability of dietary selenium
intake of 16%) corresponding to the lower limit for normative population mean
intake was set at 40 ug/day for adult men. The 50% risk of toxicity was not
possible to identify. The highest population mean intake was set at 400 pg/day,
being 50% of the intake where biochemical signs of disturbances in selenium
metabolism, in the form of a reduction of the ratio of selenium in plasma to that
in erythrocytes, start to occur. Clinical signs of selenosis are observed at and
above intakes of 900 pg/day. If the same interindividual variation in requirement
as used for the zinc estimates (CV 12.5%) were applied an AROI for selenium
would be 32-400 ug.

6.2 Iron

In contrast to many other essential trace elements the body has an ability to store
excess iron to be utilized in periods of increased requirement or reduced intakes.
The body homeostasis of iron is also strongly regulated through changes in effi-
ciency of absorption while the possibility to get rid of excess iron through an
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increased excretion is limited. The requirement of iron is estimated by the facto-
rial approach, i.e., the sum of obligatory losses with the addition of that needed
to provide for normal body accretion rates during growth and pregnancy.

In adult men, iron loss is mainly due to the exfoliation of cells while losses
in urine and sweat are negligible. These basal losses have been estimated at 14
ung/kg body weight (0.8—-0.9 mg/day). The individual variation in these losses
appears to be of the order of 15%. In women of childbearing age, menstrual
losses are added to the basal losses. The frequency of distribution of menstrual
blood losses is highly skewed with a proportion of women having high losses.
The median menstrual iron loss corresponds to about 0.5 mg/day; 10% lose more
than 1.3 mg/day and 5 percent more than 1.6 mg (73). Iron required for infant,
child, and adolescent growth corresponds to 0.22—0.65 mg/day. The expansion
of the red cell mass and the growth of the fetus and the placenta during pregnancy
correspond to an increased iron need of 3.6 mg/day in the second trimester and
5.5 mg/day in the third trimester. These figures are all related to the amount of
iron that has to be absorbed. Iron absorption is strongly influenced by the compo-
sition of the diet and in a similar way as for zinc, dietary iron requirements have
been given for three types of diet characteristics: low (5% absorption), intermedi-
ate (10% absorption), and high (15% absorption). The median basal requirement
of iron in a population consuming an intermediate bioavailability diet varies from
5 mg in children aged 1-2 years to 16 mg in children aged 12—16 years. If these
figures were used to derive a SRPMI value, assuming the same variation in in-
takes as was used for zinc in the WHO/FAO/IAEA Expert Consultation (6), the
lower range for the SRPMI would be 10-32 mg. The skewed requirements of
menstruating women could, however, mean that at these mean intakes a substan-
tial part of the women would not have covered their requirements. The same
problem arises when trying to define an AROI for iron. Adopting a coefficient
of variation of 15% would give AROISs of the order of 6-20 mg for population
groups excluding menstruating and pregnant women. Taking the actual distribu-
tion of iron requirement in menstruating women into account would mean that
<30 mg of dietary iron would be needed at intermediate bioavailability to cover
the needs of 95% of the individuals in this population group. These levels cannot
be reached by typical diets but require fortification or supplementation. The same
is valid for the requirements in late pregnancy.

Few data are available to estimate the upper range of SRPMI or AROI for
iron. The acute toxic dose in infants has been estimated to approximately 20 mg/
kg and the lethal dose to about 200-300 mg/kg body weight. The long-term
potential negative effects of a high iron intake are related to the prooxidative
characteristics of iron and the potential interaction with other elements. Chronic
iron overload as in primary hemochromatosis results in hepatomegaly, cardiac
disease, and liver cirrhosis. Use of iron utensils for cooking and preparation of
alcoholic beverages in urban Africans has been reported to result in excessive
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iron deposits in the liver and liver cirrhosis (74,75). Traditional beers can contain
up to 75 mg iron/L (76) resulting in an exposure of 50—100 mg/day. A few cases
of increased serum-ferritin levels after long-term intake of iron supplements have
also been reported (3). At typical dietary iron intakes absorption is closely regu-
lated and not likely to lead to iron overload (77). However, it can be estimated
from the relation between efficiency of absorption and the impact of iron status
that 5 years’ intake of a supplement containing 60 mg of iron would increase
serum-ferritin concentrations to 140 ug/L (3), i.e., close to suggested cutoff levels
for iron overload (78).

Oxidative damage is involved in the pathogenesis of cardiovascular disease
and cancer. It has been suggested that high iron stores could increase the risk
for these diseases. The epidemiological evidence for this is, however, inconsistent
and inconclusive.

Excessive iron intake could result in negative interactions with other trace
elements. Addition of 50 mg of iron to an aqueous solution of zinc has been
shown to reduce zinc absorption by 50%, while the same amount of iron added
to a meal did not affect zinc absorption (79). Decreases in plasma zinc concentra-
tions after iron supplementation have been observed at doses >60 mg/day (80—
82), but occasionally also at lower doses (83).

These data suggest that the upper level of SRPMI and AROI would be <50
mg and consequently the range of safe or acceptable intakes would be narrow.

6.3 Manganese

Manganese shares many chemical similarities with iron and at least in the absorp-
tive process the body appears not to be able to distinguish between iron and
manganese (84,85). The biochemical function of manganese is well established
and manganese deficiency has been produced in several animal species, but not
so far in humans. The lack of clinical or biochemical signs of deficiency in hu-
mans has made it impossible to establish requirements for manganese. Manga-
nese toxicity as a result of chronic inhalation of airborne manganese in mines
and steel mills is well described resulting in neurological disorders similar to
Parkinson’s disease (86,87). A few reports of toxicity due to contaminated water
have also been published (88). These studies do not, however, allow estimates
of acceptable upper intake levels. Manganese absorption is increased in states of
iron deficiency (13) and theoretically a low iron status could increase the risk
for adverse effects of high manganese intakes. However, in contrast to iron, man-
ganese is reexcreted via the bile, which should reduce the possibilities for body
accumulation of manganese.

6.4 Zinc

There is a relatively large database that can be used to develop an AROI for the
chronic oral intake of zinc from food, water, and supplements. The data on zinc
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as an essential nutrient, human intake, bioavailability, metabolism, and toxicity
have been reviewed elsewhere (6,20,89-92).

Maintenance of the levels of zinc in the human body requires the daily
absorption of about 5 mg zinc/day. Under controlled conditions approximately
33% of dietary zinc is absorbed; however, this can vary between 15 and 55%
depending on the source of zinc and dietary-nutrient and nutrient-nutrient interac-
tions. Diets high in unprocessed plant material are considered low in zinc content
and of low bioavailability, whereas diets containing red meat and/or shellfish
have the highest concentrations of zinc. Very little, if any, zinc in the diet is free
and bioavailability depends on many factors, whereas zinc in supplements tends
to be easily ionizable with bioavailabilities as high as 95% (e.g., zinc sulfate,
zinc gluconate). Dietary zinc intakes worldwide reflect the great variations found
in the dietary constituents between regions. Adult males consuming diets high
in red meat and/or shellfish (e.g., Australia, Belgium) have intakes of 13—15 mg
Zn/day, whereas those consuming vegetarian diets have intakes between 6 and
9 mg Zn/day. However, total zinc content of the diet provides only a gross esti-
mate of zinc intake. In setting an AROI, it is the bioavailable zinc that is crucial.
Homeostatic control of zinc metabolism takes place in the small intestine and
involves a balance between the absorption of zinc from the diet and that from
endogenous sources.

Growth retardation, a delay in sexual and skeletal maturation, development
of orificial and acral dermatitis, diarrhea, alopecia, decreased appetite, and behav-
ioral changes are the principal clinical features of severe zinc deficiency (6).
Given the wide range of biological reactions for which zinc is essential, it is not
surprising that the clinical and functional changes noted in mild zinc deficiency
are extremely diverse, not necessarily specific for zinc deficiency, and often in-
consistent between studies. Diagnosis of mild zinc deficiency in humans is ham-
pered by the lack of a single, specific, and sensitive biochemical index. At present,
the most reliable method for such diagnosis appears to be a positive response to
zinc supplementation. Fortunately, there are many well-documented studies of
the metabolic control of zinc homeostasis in humans that can be used to determine
the lower boundary (nutritional needs) for an AROI, rather than relying on the
available, but not well-validated, indices of zinc deficiency. That is, using a facto-
rial analysis, the minimal quantity of absorbed zinc is determined that is necessary
to match total daily losses of endogenous zinc (91), and this value used to calcu-
late the lower boundary of an AROI for zinc.

There is no evidence of adverse health effects from the intake of zinc nor-
mally found in the various diets consumed worldwide. However, adverse effects
associated with the chronic ingestion of zinc supplements (usually as the sulfate
or gluconate) include suppression of immune response (300 mg Zn/day as the
gluconate for 6 weeks), decreased high-density lipoprotein (HDL), and anemia
from copper deficiency (90). Acute effects from the ingestion of high doses of
soluble zinc salts have been reported and include epigastric pain, nausea, vom-
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iting, loss of appetite, abdominal cramps, diarrhea, and headaches. An emetic
dose of 1-2 g zinc sulfate (225-450 mg zinc) was calculated by Fosmire (89).
Such data are of little value in developing an AROI for chronic ingestion of zinc.
The effects of zinc supplements on lipoprotein levels, and the effect of zinc on
copper status, occurred at similar daily intakes (50—160 mg Zn/day). However,
the effects on lipoproteins were less consistent between experiments. In fact, one
well-conducted study failed to find a decrease in HDL at 150 mg Zn/day and
found, in fact, a slight decrease in LDL in females under this regimen. On the
other hand, in all studies where the interaction of excess zinc and copper was
measured, there was a consistent decrease in the activity of the enzyme ESOD,
an erythrocyte enzyme, which is an extremely sensitive indicator of copper status.
Yadrik et al. (93) reported a decrease in ESOD activity following the intake of
approximately 60 mg zinc/day (50 mg supplemental zinc plus 10 mg dietary
zinc) for 10 weeks. The clinical significance of decreased ESOD activity is not
known; however, it is recognized as an extremely sensitive indicator of the effect
of excess zinc intake on copper homeostasis, which could result in copper-
deficiency anemia if exposure to high levels of zinc continued.

Factorially based estimates of the basal and normative physiological re-
quirements of individuals for absorbed zinc were determined by the WHO Expert
Consultation (6). Taking into consideration the variables governing the efficiency
with which zinc is absorbed, the Consultation developed a SRPMI for diets of
low, moderate, and high bioavailability of zinc. Average individual normative
requirements for adult males were calculated for low, moderate, and highly bio-
available diets to be 9.4, 4.7, and 2.8 mg Zn/day, respectively. Assuming a coef-
ficient of variation for zinc intake of 25%, the SRPMI for adult males consuming
these three classes of diets would be 18.7, 9.4, and 5.6 mg Zn/day, respectively.
These values should be considered as the lower boundary of the AROL

The lower activity of ESOD, a sensitive marker enzyme for copper status,
after chronic intake of zinc from nondietary sources was taken as the adverse
effect for the calculation of the upper boundary of the AROIL. In calculating the
upper level of zinc intake it is important to realize that there is still debate whether
the intake of 60 mg Zn/day represented a LOAEL or a minimal NOAEL. Whether
a NOAEL or a LOAEL, the effect measured is considered a minimal adverse
effect. Based on the effect level of 60 mg Zn/day, and a variation in intakes of
20%, a population mean intake of 45 mg Zn/day was recommended (6). This
upper limit should be considered as extremely conservative, since it is based on
the effects of ingestion of an extremely bioavailable form of zinc, not normal
dietary zinc levels. Intakes of 60 mg dietary zinc in a moderately bioavailable
diet would not result in equivalent amounts of absorbed zinc as that from the
zinc supplement administered.

In summary, the lower limit of AROI for zinc in adult males is 18.7, 9.4,
and 5.6 Zn/day for diets of low, moderate, and high bioavailability, respectively.
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The upper limit is 45 mg Zn/day. Using the risk assessment model to determine
the level of toxic risk for individuals within a defined population, based on the
minimal effect noted on the activity of ESOD from 60 mg Zn/day, and applying
an UF of 1.5 to take into consideration the variability in zinc intakes, an upper
boundary for the AROI would be 40 mg Zn/day. Based on present daily intakes
of zinc (6—15 mg/day), there appears to be more concern that populations are
consuming diets suboptimal in zinc with little risk from toxicity from combined
intakes from diet, water, and supplements.

It should be noted that in estimates of requirement and lower limits of
populations mean intakes for zinc at three levels were defined corresponding to
low, moderate, and high dietary availability while there were no data available
to make a similar distinction for the upper limits of intakes. It is, however, reason-
able to assume that dietary factors also will affect the fractional uptake and meta-
bolic handling of toxic levels of intake.

6.5 Copper

In developing the AROI for copper it is essential to differentiate the bioavailabil-
ity and adverse effects of highly ionized copper found in water and beverages,
as well as supplements, from copper intake from a mixed diet where the copper
is largely bound to organic ligands and is thus less available for absorption (6).
It has been shown in humans that consumption of copper, as copper sulfate, in
excess of 3 mg Cu/L of drinking water, results in nausea and other adverse effects
on the gastrointestinal tract (94). The threshold for effects and the variability of
effects within populations remain to be elucidated. There are no reports on similar
gastrointestinal effects from copper in a mixed diet. Several reviews are available
on the metabolism, nutritional needs, and toxicity of copper (6,19,40,95), which
can be used to develop an AROI for copper for the chronic intake of copper from
dietary sources, including fortified foods.

Dietary copper is well absorbed in the small intestine and varies with intake.
At <1 mg copper/day absorption is >50% whereas at 5 mg Cu/day absorption
is <20%. Copper homeostasis is maintained by the intestine, with biliary excre-
tion being adjusted to maintain copper balance (96). In general, the composition
of the diet plays little role in affecting the availability of copper. However, proba-
bly mediated through the increased synthesis of metallothionein, high intakes of
zinc and cadmium can decrease copper absorption. Also, diets high in iron and
molybdenum have adverse effects on copper metabolism in laboratory animals
and ruminants and may influence copper bioavailability in humans. Globally,
daily dietary intakes of copper in healthy, nonoccupationally exposed populations
vary between 0.9 and 2.2 mg.

Symptoms associated with copper deficiency in humans include hypochro-
mic anemia, neutropenia, hypopigmentation of hair and skin, abnormal bone de-
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velopment, vascular abnormalities, and uncrimped or steely hair. Biomarkers of
copper deficiency, with normal ranges in parentheses, include: serum copper
(0.64—-1.56 ug/ml), ceruloplasmin (0.18—0.4 mg/ml), urinary copper (32—64 ng/
24 hr), hair copper (10-20 ng/g), decline in erythrocyte copper-zinc superoxide
dismutase (0.47 = 0.07 mg/g hemoglobin), and platelet cytochrome-C-oxidase
activity (~1740 U/mg protein). Many of these markers may not be sensitive to
marginal copper status and do not reflect dietary intakes of copper. At present,
no single marker provides an adequate basis on which to estimate copper require-
ments.

In humans, acute copper poisoning is rare and is generally the result of
ingestion of highly ionized copper in drinking water or beverages or the deliberate
ingestion of copper salts such as copper sulfate. The symptoms have been well
described (6,19); however, they are not relevant for the setting of an AROI for
chronic copper ingestion from food. Chronic copper toxicity is also rare and
appears to occur only in humans having defective homeostatic mechanism for
copper (e.g., Wilson’s disease, infant childhood cirrhosis, infant copper toxico-
sis). In such cases, when the capacity for protective hepatic sequestration of cop-
per is exceeded, hepatitis, jaundice, and liver cirrhosis may results.

Based on the above indicators of copper deficiency, the WHO Expert Con-
sultation (6), calculated the normative requirement in adults as 0.7 and 0.8 mg/
day for women and men, respectively. Based on these data, and assuming a co-
efficient of variation for population intakes of 20%, the lower value for the
SRPMI was calculated as 1.2 and 1.3 mg/day for women and men, respectively.
Noting that the uncontrolled ingestion of milligram quantities of soluble salts
should be avoided owing to gastric irritation, there was a lack of adverse effects
in adults consuming around 10 mg dietary copper. The upper limit was therefore
set at 12 mg/day for men and 10 mg for women. Given the poorly developed
homeostatic mechanisms in infants and children, which might result in increased
copper storage in liver and cellular damage, an upper limit of the SRPMI for
infants was set at 150 pug Cu/kg body weight/day (6). The data supporting this
value are not well described in the report.

The WHO Task Group on copper concluded that animal studies were *‘less
than useful’” in developing an AROI for copper (19). Although they were unable
to identify with precision the upper limit of the AROI for copper from available
human studies, on the basis of available data showing no effects from the con-
sumption of about 10 mg of dietary copper, they suggested an upper limit for
the AROI of several milligrams but not many (<10). Such a value is sup-
ported by the small double-blind study by Pratt et al. (97). In seven subjects
given 10 mg Cu/day as the gluconate salt (a very soluble form of copper) for
12 weeks, liver function tests were normal and no change was measured in cop-
per levels in serum, urine, or hair. Using the risk assessment model, the
NOAEL from this human study could be divided by an UF of 1.2 to take into
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account the variability in response and extrapolation from a short-term study to
chronic exposure, to suggest an upper limit for the AROI of 8§ mg/day. Although
there is some uncertainty with this number, it is not markedly different than the
upper limit for the SRPMI and is supported by the large international database
in humans, which indicates no adverse effects from the chronic consumption of
10 mg dietary copper/day.

In summary, the SRPMI for adult males is 1.3—-12 mg Cu/day. Using a
model that determines the level of risk for individuals within the population and
a small human study, the AROI for adult males would be 1.3—8 mg Cu/day.
Based on present intakes of copper (0.9-2.2 mg) it would appear that there are
populations worldwide consuming diets marginally deficient in copper.

7. CONCLUSIONS

A new set of principles and methods for assessment of risks from essential trace
elements has been described. Nutritional and toxicological information is consid-
ered in a balanced approach based on adequate (human) data. Speciation and
bioavailability are taken into account based on available information. Critical
effects of deficiency and toxicity of similar clinical significance are identified
and used in the evaluation.
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Analytical Methods for Heavy Metals in the
Environment: Quantitative Determination,
Speciation, and Microscopic Analysis

Richard Ortega
University of Bordeaux, Gradignan, France

1. INTRODUCTION

The aim of this chapter is to give an overview of the principal analytical methods
used in environmental sciences for heavy metals determination. The monitoring
of trace metals in the environment has been a subject of great concern over the
last decade and will continue to be as there is an ever-increasing amount of metals
that have to be found in the environment. Of the 92 naturally occurring elements,
approximately 30 metals and metalloids are potentially toxic to humans, Be, B,
Li, Al, Ti, V, Cr, Mn, Co, Ni, Cu, As, Se, Sr, Mo, Pd, Ag, Cd, Sn, Sb, Te, Cs,
Ba, W, Pt, Au, Hg, Pb, and Bi.

Analytical measurements are an integral part of environmental manage-
ment. Quantitative determination techniques, described below, are required and
must provide valid and affordable element analysis. They are used to assess health
effects, which are important in prioritizing contaminants for regulation. Routine
monitoring of regulated contaminants ensures compliance with allowed levels
and can indicate a hazardous situation. In addition, cleanups of contaminated
sites are driven by measurements indicating the location and extent of contamina-
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TaBLE 1 Some Useful Internet Links for Environmental Analysis

http://www.who.int/peh/site_map.htm World Health Organization Pro-
tection of the Human Envi-
ronment

http://www.eea.eu.int/ European Environment Agency
(EEA)

http://www.epa.gov/ United States Environmental Pro-

tection Agency (USEPA)
http://www.epa.gov/epahome/index/sources.htm Sources of USEPA test methods
http://clu-in.org/ The Hazardous Waste Clean-up
Information Web Site. The site
is managed by USEPA'’s Tech-
nology Innovation Office

http://www.osha.gov/ Occupational Safety and Health
Administration (OSHA)

http://www.cdc.gov/niosh/homepage.html The National Institute for Occupa-
tional Safety and Health
(NIOSH)

http://nvl.nist.gov/ National Institute of Standards

and Technology (NIST)

tion. Most of the new information about the environmental chemistry of heavy
metals results from continuing improvements in trace element analytical research.
This is particularly true in the fields of heavy metals speciation analysis and
microscopic analysis, reviewed below.

The problems associated with the collection, preservation, and storage of
samples as well as sample preparation and pretreatment will not be detailed in
this chapter. The reader is referred to specialized textbooks and monographs for
heavy metals water analysis (1), soils and sediments analysis (2), and dust sam-
pling (3). Finally, some Internet links on environmental analysis are given in
Table 1, they provide valuable complementary information to this chapter.

2. HEAVY METALS QUANTITATIVE ANALYSIS

This section will only focus on quantitative determination techniques. It could
have been organized either by analytical methods, analytes, or matrices (air, wa-
ter, soil, and sediments). In an effort of concision the first type of presentation
has been selected as analytical methods used for heavy metals quantitative deter-
mination are often multielemental and applicable to various type of matrices.
The element-specific methodologies for individual determination of metals and
metalloids, from lithium to transuranium elements, have been recently reviewed
in the excellent textbook of Lobinski and Marczenko (4). The detailed description
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for individual analysis of heavy metals can also be found in other books (5,6),
or monographs, such as for mercury determination in the environment (7), or for
lead analysis (8). On the other hand, the very useful articles of Clement and Yang
(9,10) reviewed the developments in applied environmental analytical chemistry
in recent years, including inorganic analysis, ordered by matrix type: air, water,
soil, and sediments. Detailed protocols depending on matrix type are also given
in a number of books, for the examination of heavy metals in soils (2), water
and wastewater (1), or workplace atmosphere (11).

2.1 Atomic Absorption and Emission Spectrometry

Atomic absorption spectrometry (AAS) and atomic emission spectrometry (AES)
are the most widely used techniques for heavy metals quantitative analysis in
environmental samples. These two techniques, and their environmental applica-
tions, will be briefly described in this section. For greater depth description than
is possible in this chapter, there are many books and articles on analytical atomic
spectrometry and these should be consulted (12—14). AAS and AES are particu-
larly applicable where the sample is in solution or readily solubilized. The U.S.
EPA has published a sample preparation procedure for spectrochemical determi-
nation of total recoverable elements, method 200.2 (15). This method provides
sample preparation procedures for the determination of total recoverable analytes
in groundwaters, surface waters, drinking waters, wastewaters, and in solid-type
samples such as sediments, sludge, and soils. This method is applicable for the
following analytes: Li, Be, B, Na, Mg, Al, P, K, Ca, V, Cr, Mn, Fe, Co, Ni, Cu,
Zn, As, Se, Sr, Mo, Ag, Cd, Sn, Sb, Ba, Hg, TI, Pb, Th, and U. U.S. EPA method
200.3 describes sample preparation procedure for spectrochemical determination
of total recoverable elements in biological tissues (16).

2.1.1 AAS

AAS is one of the most valuable technique for environmental heavy metals analy-
sis (for review see ref. 13). AAS is very simple to use, reliable, and cost effective.
Although flame AAS has now largely been superseded by inductively coupled
AES (see below), electrothermal (ET) AAS, hydride generation (HG) AAS, and
cold vapor (CV) AAS, still present very interesting features for heavy metals
analysis.

Description.  AAS involves the absorption of radiant energy produced by
a special radiation source (lamp), by atoms in their electronic ground state. The
lamp emits the atomic spectrum of the analyte elements, i.e., just the energy that
can be absorbed in a resonance manner. The analyte elements are transformed
in atoms in an atomizer. When light passes through the atom cloud, the atoms
absorb ultraviolet or visible light and make transitions to higher electronic energy
levels. A monochromator is used for selecting only one of the characteristic wave-
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lengths of the element being determined, and a detector, generally a photomulti-
plier tube, measures the amount of absorption. The amount of light absorbed
indicates the amount of analyte initially present.

Since samples are usually liquids or solids, the analyte atoms or ions must
be vaporized and atomized. Several AAS can be distinguished depending on the
mode of sample introduction and atomization. Flame (FAAS), electrothermal at-
omizers (ETAAS), hydride generation (HGAAS), and cold vapor (CVAAS) sys-
tems have been described extensively (12,14,17). In FAAS, the liquid sample is
pneumatically nebulized, the aerosol is mixed with acetylene, and then introduced
in a flame atomizer. FAAS is applicable for quantitative analysis of nearly 70
elements. In ETAAS, which includes graphite furnace AAS (GFAAS), as the
atoms are concentrated in a smaller volume than a flame, more light absorption
takes place, resulting in detection limits approximately 100 times lower than those
for FAAS. However, GFAAS generally requires time to heat the furnace, which
makes it slower than flame AAS. ETAAS is applicable to nearly 60 elements.
In HGAAS, the analyte is reduced to its volatile hydride (AsH;, SeH,, etc). The
hydride is stripped-out from solution by an inert purge gas Ar and atomized in
either a flame, an electrically heated tube, or a plasma. This technique is only
applicable for the elements forming covalent gaseous hydrides, Ge, As, Se, Sn,
Sb, Te, Bi, and Pb. Finally, CVAAS applies solely to Hg as it is the only analyte
that has an appreciable atomic vapor pressure at room temperature.

Multielement Capability. AAS is predominantly a single-element tech-
nique. Although there is a potential for simultaneous multielement analysis (two
to six elements), AAS is, however, seriously rivaled by other truly multielement
techniques such as ICP-AES and ICP-MS.

Detection Limits.

FAAS <10 pg/L for Li, Be, Na, Mg, K, Ca, Mn, Cu, Zn, Ag, Cd 10-100
png/L for Al, Ti, V, Fe, Co, Ni, As, Rb, Sr, Rh, Pd, Te, Cs, Au, TI, Pb
100-1000 pg/L for Si, Sc, Cr, Ga, Ge, Se, Y, Ru, In, Sn, Sb, Ba, Ta,
Os, Pt, Hg, Bi

GFAAS <0.01 pg/L for Be, Mg, K, Cr, Mn, Fe, Cu, Co, Zn, Sr, Ag, Cd
0.01-0.1 pg/L for Li, Na, Al, Ca, Sc, Ni, Ga, Rb, Mo, In, Cs, Ba, Au,
Tl, Pb, Bi 0.1-0.5 pg/L for B, Si, Ti, V, Ge, As, Se, Y, Zr, Nb, Tc, Ru,
Rh, Pd, Sn, Sb, Te, La, Hf, Ta, W, Re, Os, Ir, Pt, Hg

HGAAS <0.1 pg/L for As and Se

CVAAS ~0.02 pug/L for Hg

Environmental Applications. AAS can be applied to a wide range of ele-
ments, provided a suitable light source is available. In choosing among AAS
techniques, FAAS should be considered first, or second if simultaneous ICP-AES
is available, in the determination of Li, Na, Mg, Al, K, Ca, Mn, Fe, Ni, Cu, Zn,
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Cd, Ba, and Pb. FAAS has been widely used with adapters for flame gases and
atom traps for the measurement of toxic metals such as Cd and Pb, with respective
detection limits of 0.1 and 1 pg/L. U.S. EPA 7000 series methods detail FAAS
protocols for 25 metals and metalloids (18). Owing to its better sensitivity,
ETAAS is a technique of choice for the following elements: Be, Si, Cr, Co, Mo,
Ag, In, Sn, Sb, Au, TI, and Bi. It is probably the most commonly used technique
for measuring ambient levels of chromium in environmental samples (19). U.S.
EPA method 200.9 provides a procedure for the determination of dissolved and
total recoverable elements by GFAAS in groundwater, surface water, drinking
water, storm runoff, industrial and domestic wastewater, sludge, and soil (15).
This method is applicable to the following elements: Be, Al, Cr, Mn, Fe, Co, Ni,
Cu, As, Se, Ag, Cd, Sb, Sn, T1, and Pb. HGAAS can be used to determine virtually
all elements forming volatile hydrides, such as Ge, As, Se, Sn, Sb, Te, Bi, and
Pb, to overcome problems associated with flame AAS determinations. CVAAS
is the technique of choice for mercury with limits of detection down to 0.02 pg/L.
U.S. EPA method 245.1 describes the determination of total mercury in drinking,
surface, ground, sea, brackish waters, and industrial and domestic wastewater by
CVAAS (15). U.S. EPA methods 245.5 and 245.6 describe the determination of
mercury by CVAAS, respectively, in sediments, and tissues (16).

2.1.2 Inductively Coupled Plasma Atomic Emission
Spectrometry (ICP-AES)

Flame AAS was until recently the most widely used method for environmental
trace metal analysis. However, it has now largely been superseded by ICP-AES
(for review see ref. 20).

Description. AES measures the optical emission from excited atoms to
determine analyte concentration. High-temperature atomization sources are used
to promote the atoms into high energy levels causing them to decay back to lower
levels by emitting light. Inductively coupled plasma is a very high excitation
source (7000—8000 K) that efficiently desolvates, vaporizes, excites, and ionizes
atoms (21). The wavelengths of photons emitted are element specific. The inten-
sity of emission is generally linearly proportional to the number of atoms of that
element in the original sample. ICP-AES and the other atomic emission tech-
niques simultaneously or sequentially measure the concentrations of 20 elements
or more at sensitivities equivalent to those of AAS. A second advantage of ICP-
AES is its broad dynamic range; ICP-AES calibration curves can be linear over
several orders of magnitude. In addition, ICP-AES quantifies some nonmetals;
phosphorus in particular is an example.

Multielement Capability. Since all atoms in a sample are excited, they
can be detected simultaneously, which is the major advantage of AES compared
to AAS.
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Detection Limits. 0.1-10 pug/g (solids); 1-50 pug/L (aqueous).

Environmental Applications. Environmental applications utilizing ICP-
AES for metal determination encompass a wide range of materials, such as natu-
ral waters, seawater, soils, sediments, biological tissues, and air particulate. Wa-
ters, wastewaters, and solid samples should be prepared as described in U.S. EPA
method 200.2 (15). U.S. EPA method 200.7 describes ICP-AES measurement of
metals and some nonmetals (15). This method is applicable to the following ana-
Iytes: Li, Be, B, Na, Mg, Al, P, K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As,
Se, Sr, Mo, Ag, Cd, Sn, Sb, Ba, Ce, Hg, Tl, and Pb. OSHA method ID-125G
(11) describes ICP-AES analysis procedure for metal and metalloid particulate
in workplace atmospheres. It is applicable for the quantitative analysis of 13
elements found in welding fume: Be, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Cd, Sb,
Pb, and Bi.

2.2 Inductively Coupled Plasma-Mass Spectrometry
(ICP-MS)

Description.  ICP-MS is the marriage of two well-established techniques,
namely the inductively coupled plasma and mass spectrometry (for review see
ref. 22). An ICP argon plasma is used as ion source, ensuring almost complete
decomposition of the sample into its constituent atoms (21). The ionization condi-
tions within ICP result in highly efficient ionization and importantly, these ions
are almost exclusively singly charged. Mass analysis is simply a method of sepa-
rating ions depending on their mass-to-charge ratio (m/z). Two types of mass
analyzers are commonly employed for ICP-MS: the quadrupole and the magnetic
sector. Quadrupoles are comprised of four metal rods, ideally hyperbolic cross
section. A combination of radiofrequency (RF) and direct-current (DC) voltages
are applied to each rod, which creates an electric field within the region bounded
by the rods. Depending on the RF/DC ratio, the electric field between the rods
will allow ions in a narrow m/z range to pass, typically 0.8 m/z. Hence by chang-
ing the RF/DC ratio in a controlled manner, the quadrupole can be scanned
through the range allowing ions of consecutively higher m/z to pass through.
Therefore, the quadrupole mass analyzer can only be operated in sequential mode,
although the speed with which this can be achieved makes it seem almost like
simultaneous mass analysis. The quadrupole mass analyzer has the advantage of
being cheap, reliable, and compact, with mass resolution that is sufficient for
elemental analysis. It is the most commonly used mass analyzer. However, if an
extremely high degree of resolution or true simultaneous mass analysis is re-
quired, then a magnetic sector must be used. Magnetic sector mass analyzers rely
on the fact that ions are deflected by a magnetic field. In typical commercial
instruments, the ions are accelerated after they are skimmed from the plasma,
then travel through an electric sector, which acts as an energy filter. The ions
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are then deflected in a single plane by the magnetic field, with the degree of
deflection increasing with increasing m/z. A mass spectrum can be generated by
scanning the magnetic field. Alternatively, the magnetic and electric fields can
be held constant and several detectors arranged in an array, thereby allowing
truly simultaneous mass analysis. Magnetic mass analyzers are more expensive,
less common, and less easy to operate than quadrupoles. Magnetic sectors cannot
be scanned as rapidly as quadrupoles, and they are also capable of simultaneous
operation for a limited number of masses. The main advantage of a magnetic
sector is the high degree of resolution obtainable (R = M/AM). The resolution
obtainable with quadrupoles used in ICP-MS is typically between 12 and 350,
depending on m/z, which corresponds to peak width between 0.7 and 0.8. In
comparison, magnetic sectors are capable of resolution exceeding 10,000. For
most applications the resolution provided by quadrupoles is sufficient; however,
for applications where spectroscopic interferences cause a major problem, the
resolution afforded by magnetic sector may be desirable. For example, a particu-
lar problem is the determination of arsenic, m/z = 75, in a matrix that contains
chloride because of interference with “Ar*CI".

Multielement Capability. If many elements must be determined in a sam-
ple, ICP-MS is fast, many times faster than GFAAS and comparable to ICP-
AES. A major advantage over any other spectrometric technique is the access to
isotope determination. ICP-MS offers rapid multielement capability but suffers
from a number of interferences. Spectroscopic interferences arise when an in-
terfering species has the same nominal m/z as the analyte of interest.

Detection Limits. Quadrupole 1-10 ng/L. Magnetic sector 0.01-—
0.1 ng/L.

ICP-MS is more sensitive than the GFAAS by more than one order of
magnitude. By comparison with ICP-AES, it is more sensitive by almost three
orders of magnitude.

Environmental Applications. The applications of ICP-MS are broadly
similar to those for ICP-AES, although the better sensitivity of the former has
resulted in applications such as the determination of ultralow levels of trace ele-
ments (23). ICP-MS technique has been employed to determine a large number
of elements in environmental samples (for review see refs. 20,24), and it is espe-
cially suited for heavy metals analysis in groundwater samples (25). U.S. EPA
method 200.8 provides procedures for determination of dissolved elements in
groundwaters, surface waters, and drinking water using a quadrupole mass ana-
lyzer in scanning mode (15). It may also be used for determination of total recov-
erable element concentrations in these waters as well as wastewaters, sludge, and
soil samples. This method is applicable to the following elements: Be, Al, V, Cr,
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Mn, Co, Ni, Cu, Zn, As, Se, Mo, Ag, Cd, Sb, Ba, Tl, Pb, Th, and U. The major
drawback of ICP-MS is its expense, and that is gradually reducing.

2.3 X-Ray Fluorescence Methods

The English physicist H. G. J. Moseley discovered, in 1914, that the elements
in any solid sample could be identified by measuring the spectrum of the second-
ary X-ray they emit when excited with a X-ray source. This result was of the
utmost significance because it gave the periodic classification of elements its
definite form; moreover, this technique is now widely used as a method of nonde-
structive analysis. When atoms are subjected to radiation of appropriate energy,
provided by electrons, ions, or photons bombardment, electrons from the inner
orbital shells are removed. The orbital vacancies formed are filled with outer
orbital electrons producing X-ray radiation. The measurement of their energy and
intensity forms the basis of X-ray fluorescence spectrometry.

2.3.1 X-Ray Fluorescence (XRF)

Description.  XRF spectrometry uses X-rays as primary excitation source,
usually provided by X-ray tubes, or radioisotopes, which cause elements in the
sample to emit secondary X-rays of a characteristic wavelength. The elements
in the sample are identified by the wavelength/energy of the emitted X-rays while
the concentrations are determined by the intensity of the X-rays. Two basic types
of detectors are used to detect and analyze the secondary radiation. Wavelength-
dispersive XRF spectrometry uses a crystal to diffract the X-rays, as the ranges
of angular positions are scanned using a proportional detector. Energy-dispersive
XRF spectrometry uses a solid-state detector from which peaks representing
pulse-height distributions of the X-ray spectra can be analyzed. Usually, sample
preparation required for XRF analysis is minimal compared to conventional ana-
Iytical techniques. However, for solid samples, since particle size, composition,
and element form may affect the analysis, a homogeneous sample is usually pre-
pared for quantitative analysis by fusion with a borate flux (2).

Multielement Capability. XRF spectrometry allows simultaneous deter-
mination of most elements with the exception of those with atomic number
below 8.

Detection Limits. 10-100 pg/g (soil); 0.5-10 mg/L (water).

Environmental Applications. Energy-dispersive XRF has been success-
fully applied to determine the major constituents of soils but its poor sensitivity
makes it less suitable for analysis of minor and trace elements. Wavelength-
dispersive XRF is therefore the technique most used in soil analysis (2). XRF
can be applied for elemental and trace metals analysis of ambient air particles.
OSHA method ID-185 describes a protocol for vanadium pentoxide determina-
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tion in workplace atmosphere using XRF analysis of PVC filters (26). Portable
field X-ray fluorescence spectrometry is becoming a common analytical tech-
nique for on-site screening and fast analysis of elements in hazardous waste sam-
ples (for review see ref. 27). U.S. EPA has published a standard operating proce-
dure for elemental analysis using a field X-ray fluorescence analyzer (28).
Applications include the in sifu analysis of metals in soil, sediments, air monitor-
ing filters, and lead in paint. The portable energy-dispersive XRF instruments
can be used for scanning the ground surface to determine the presence of metals
without collecting a sample for analysis. However, portable XRF instruments are
relatively limited in sensitivity and accuracy.

2.3.2 Particle-Induced X-Ray Emission (PIXE)

Description. PIXE is a variant of the broad family of X-ray emission
techniques; heavy charged particles, typically protons of 1-4 MeV, are used to
produce the generated X-rays of the analyte in the sample. The emitted X-rays
are virtually always measured with an energy-dispersive detector. For detailed
information on the technique, the book of Johansson et al. (29) is highly recom-
mended. An excellent review compares PIXE spectrometry to the other atomic
and nuclear spectrometric techniques (30). Compared to conventional energy-
dispersive XRF, PIXE offers detection limits that are often one order of magni-
tude better, it is faster, and also allows analysis of a smaller sample mass. The
microbeam variant of PIXE, the micro-PIXE, offers the possibility of spatially
resolved analysis with micrometer resolution (cf. section 4.2). The major draw-
backs of PIXE are that it requires a MeV particle accelerator and that commercial
PIXE apparatus are not readily available.

Multielement Capability. All elements from Na to U can in principle be
measured simultaneously.

Detection Limits. 0.1-10 ug/g.

Environmental Applications. The major part of PIXE applications in en-
vironmental sciences are related to heavy metals measurement in aerosols and
in biological samples (31-33).

2.3.3 Total-Reflection X-Ray Fluorescence (TXRF)

Description.  The principle of TXRF is the use of the total reflection of
the exciting beam from conventional radiation sources at a flat support (for review
see ref. 34). TXRF analysis requires excitation with a very narrow beam at an
angular divergence of less than 1 mrad. Due to a remarkable improvement of the
signal-to-background ratio, absolute detection limits can be two or three orders
of magnitude lower than that of conventional X-ray fluorescence techniques. For
liquid samples, the classical sample preparation technique consists in deposition
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of a droplet of solution on a pure substrate, after evaporation of the solvent, the
residue can be irradiated and analyzed.

Multielement Capability. Yes.
Detection Limits. 0.1 pg/L (water).

Environmental Applications. TXRF has been increasingly applied for
multielement analysis in a wide range of environmental and biological materials.
These specimens ranged from river water, seawater, rain, ice, and to a number
of solid materials such as airborne particles, aerosols, biopsy samples, food, and
humic substances (for review see refs. 34,35).

2.4 Neutron Activation Analysis (NAA)

Description. NAA is a highly sensitive procedure for determining the
concentrations of chemical elements in the most varied substances (for review
see ref. 36). NAA is based on conversion of stable nuclei of atoms into radioactive
ones and subsequent measurement of characteristic nuclear radiation emitted by
the radioactive nuclei. When a nuclear reaction results at a radioactive nucleus,
the process is denoted as activation. The incident neutrons required for activation
can be obtained by various means; fast neutrons with energies of several MeV
can be produced with a neutron generator or in an isotopic neutron source. The
produced radionuclide decays to a stable atomic nucleus under emission of char-
acteristic radiation (often gamma-radiation). By determining the energy of the
gamma-radiation and using the decay schemes, the emitting radionuclide can be
identified as well as the nature of the activated element. Quantitative activation
analysis is based on measurement of the intensity of the radiation. The radioactiv-
ity is proportional to the number of target nuclei in the irradiated sample. NAA
has the advantage of requiring little, if any, pretreatment of the sample. The main
drawback of NAA is probably the high cost and limited access to the facilities.

When the sensitivity of instrumental activation analysis is insufficient, ra-
diochemical neutron activation analysis may be used. In this case, the radio-
nuclides corresponding to the elements of interest are chemically separated post-
irradiation. Various separation techniques can be used including ion exchange,
chromatography, precipitation, electrolysis, and distillation. The separation
schemes are specific not only for the elements to be measured, but also for the
matrix composition of the material. Generally, the schemes cover a few elements
in which the radionuclides are grouped in such a way that they can be determined
without mutual interference (37).

Multielement Capability. Most elements can be determined with some
limitations such as for Pb. Interferences occur when radionuclides emit gamma-
rays of similar energy.
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Detection Limits. Depending upon the kind of material under investiga-
tion the limits of detection may be as low as 0.1 ng/g.

Environmental Applications. NAA can be performed for a number of
heavy metals by measuring the gamma activities of their activated radioisotopes
such as: *'Cr (but Hg might interfere); *>V; *Mn; *Co (after ¥Fe separation);
5Ni (after separation from other short-lived nuclides); ®Zn; "Se; " As; *"Tc
(for Mo determination from activation of **Mo); """ Ag (radiochemical separation
required); 'S Cd; 22Sb (interference with ®As) or **Sb; B!'Ba (low sensitivity);
%8 Au (high sensitivity); ' Au (for Pt determination from activation of '**Pt); and
23 Hg (4). The sensitivity for chromium is, for example, 0.3 tg/L by instrumental
NAA on an interference-free basis, and a 100-fold enhancement with radiochemi-
cal NAA is possible (19). Typical applications of radiochemical NAA are often
related with trace elements in human or animal tissues and body fluids, foodstuffs
and other material of nutritional interest, and waters. The radiochemical NAA is
less popular but produces very interesting data on less documented elements such
as V and Mo for example.

2.5 Miscellaneous Measurement Techniques
2.5.1 Atomic Fluorescence Spectrometry (AFS)

Description.  AFS is a complementary technique to AAS in that it mea-
sures the light that is reemitted after absorption (for details see refs. 4,14). The
fluorescence is normally measured at a 90° angle to the exciting line source to
keep transmitted line source radiation out of the detector. Air/acetylene and ni-
trous oxide/acetylene flames are the most commonly used atomizers but suffer
from chemical interferences. ICP plasma is an efficient atomizer offering mini-
mum light scatter and chemical interferences. The intensity of the fluorescence
is directly related to the intensity of the light source, so high-intensity sources
are sought and used. These include electrodeless discharge lamps, tuneable dye
lasers, and pulsed hollow cathode lamps.

Multielement Capability. AFS is essentially a single-element technique
but multielement analysis can be achieved using a continuum source, or a laser
sequentially tuned to different wavelengths.

Detection Limits. 0.5 ng/L.

Environmental Applications. The recent availability of a commercial AFS
instrument with hydride generation enables the analysis of some environmentally
important elements, including mercury, arsenic, and selenium (38).

2.5.2 lon Chromatography (IC)

Description. IC is a form of liquid chromatography that uses ion-ex-
change resins to separate atomic and molecular ions based on their interaction
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in the resin. It is the most convenient analytical approach for the determination
of environmentally important inorganic anions such as NO*~, NO*~, PO, etc.
However, it has gained in importance for metal determination (for review see
ref. 39). For cation separation, the cation exchange resin is usually a sulfonic or
carboxylic acid. For anion separation, the anion exchange resin is usually a qua-
ternary ammonium group. Metals in solution are generally detected by measuring
the conductivity of the solution. Postcolumn reactions can be employed to en-
hance the specificity and selectivity of the detection, 4-(2-pyridyzalo)resorcinol
(PAR) being the preferred reagent for most metal ions (40).

The lack of selectivity control limits the versatility of IC methods, particu-
larly if there is interest in trace metals eluting in the presence of massive amounts
of other metals, e.g., seawater samples. However, there is a solution to this prob-
lem, that is, to use a metal chelating ion-exchange rather than a simple ion-ex-
change substrate. High-performance substrates can be used in analytical separa-
tion columns in a IC system just like ion-exchange columns, but have the added
advantages of selectivity control and insensitivity to changes in ionic strength
41).

Multielement Capability. Yes.
Detection Limits. 0.1-1 ng/g (soil); 1-50 ug/L (water).

Environmental Applications. ~Although IC can be used for the direct deter-
mination of some heavy metals, it is more often combined with atomic spec-
trometries for metal speciation analysis (cf. Section 3). U.S. EPA method 218.6
describes the procedure for Cr(VI) determination in water (15).

2.5.3 Electrochemical Methods

Description.  Electroanalysis is a broad spectrum of techniques that can
be distinguished by the variable that is controlled: voltage or current. The usual
practice is to apply one of these variables to a solution containing the analyte
species and measure one of the other variables. From a plot of the measured
variable versus the applied variable, information regarding the concentration and
identity of electroactive species in solution is determined. Of the many electro-
chemical techniques, only a few are routinely used for environmental analysis:
voltammetry, direct-current DC, polarography, and potentiometry.

Voltammetry is the name usually given to the family of techniques in which
current is measured in function of applied potential. Anodic stripping voltamme-
try (ASV) is used for the determination of metals in soils and water. The measure-
ment is performed in an electrochemical cell under polarizing conditions on a
working electrode. Analysis involves a two-step process consisting of electrolysis
and stripping. The analyte of interest is reduced and collected at the working
electrode, then stripped off and measured. Electroanalytical techniques can pro-

Copyright © Marcel Dekker, Inc. All rights reserved.

MaRcEL DEKKER, INc. d\ﬂ)
270 Madison Avenue, New York, New York 10016 0



Analytical Methods for Heavy Metals 47

vide quantitative and qualitative information. They are also among the most cost-
effective methods to do environmental analysis.

Multielement Capability. Only consecutive analysis of distinct metal ions
is possible. However, the advantage of ASV is the ability to distinguish between
different oxidation states of the same metal.

Detection Limits. ASV 100-1000 pg/g (soil); 1-50 ng/L (water).

Environmental Applications. Electrochemical determination of metal
ions has been widely applied to seawater, natural and potable water, wastewater,
air, soil, sewage, sediment, dust, ash, and many other matrices. Electrochemical
techniques are able to determine most transition metals and metalloids, from Ti
to Bi (for review see ref. 42). Seawater, as a matrix, may cause problems for
many analytical techniques because of its high salt content and corrosivity. The
determination of metal ions in seawater is done almost exclusively with stripping
techniques. ASV was the first stripping technique used extensively to analyze
seawater for metal ions such as Cu, Zn, Cd, and Pb. ASV is sensitive enough to
determine these elements at their natural concentrations, typically <20 pg/L in
unpolluted seawater, without any sample pretreatment. U.S. EPA methods 7063
and 7472 describe a protocol for, respectively, arsenic, and mercury, determina-
tion in aqueous samples and extracts using ASV (18).

2.5.4 Spectrophotometry

Description.  Spectrophotometry is based on the simple relationship be-
tween the molecular absorption of UV-VIS radiation by a solution and the con-
centration of the colored species in solution. A good theoretical and technical
description of spectrophotometry with special reference to environmental analy-
sis is given by Gauglitz (43). The basic components of a spectrophotometer in-
clude a light source, a monochromator, which isolates the desired source emission
line, a sample cell, a detector-readout system, and a data-processing unit. Spectro-
photometric measurements are based on the Beer-Lambert law, which describes
a linear dependence of absorbance on the concentration. Heavy metals spectro-
photometric methods rely on reactions of analytes with color-forming reagents
such as dithizone (for Co, Ni, Cu, Zn, Ga, Pd, Ag, Cd, In, Pt, Au, Hg, TI, Pb,
Bi) and thiocyanates (for Ti, Fe(Ill), Co, Mo, W, Re, U).

Multielement Capability. Spectrophotometry is not a multielement tech-
nique. Moreover, it often suffers from a poor selectivity and requires a prior
separation of the element to be determined.

Detection Limits. About 1 ng/L after preconcentration.

Environmental Applications. Antimony can be determined by extraction
of SbCls~ with a basic dye, e.g., Rhodamine B or Crystal Violet. For arsenic,
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the arsenomolybenum blue method is the most widely used. Bismuth forms an
orange-brown dithizonate with dithizone; cadmium forms a pink dithizonate.
Mercury, lead, and zinc are also determined by the dithizone method. Reaction
of Cr(VI) with 1,5-diphenylcarbazide at pH 1 is the basis of a sensitive and fairly
selective method. Tin(IV) reacts with phenylfluorone at pH 1 to form an orange-
red solution. The excellent book of Lobinski and Marczenko (4) gives a brief
individual protocol for spectrophotometric determination of most metal ions, as
well as complementary references.

2.5.5 Biomethods

Description. Immunoassay technology relies on an antibody that is devel-
oped to have a high degree of sensitivity to the target compound. This antibody’s
high specificity is coupled within a sensitive colorimetric reaction that provides
a visual result. Immunoassays offer significant advantages over more traditional
methods of metal detection; they are quick, inexpensive, simple to perform, and
can be both highly sensitive and selective.

Detection Limits. 0.1-1 pg/g (soil); 1-50 ug/L (water).

Environmental Applications. Although most environmental immunoas-
says are directed toward halogenated aromatic compounds and pesticides, the
technique is theoretically applicable to any pollutant for which a suitable antibody
can be generated. Antibodies that recognize chelated forms of metal ions have
been used to construct immunoassays for Ni(Il), Cd(II), Hg(II), and Pb(Il) (44).

3. SPECIATION ANALYSIS

The IUPAC definition of the speciation of an element is the distribution of defined
chemical species of an element in a system, speciation analysis being the analyti-
cal activity of identifying and measuring the quantities of one or more individual
chemical species in a sample. The chemical species of an element are the specific
forms of an element defined as to molecular, complex, or nuclear structure, or
oxidation state. The chemical and physical associations of toxic elements with
their environment can strongly influence their distribution, mobility, and bio-
logical availability; therefore, there is an increasing need for metal speciation
analysis in environmental samples (for review see refs. 45-50). The main envi-
ronmental applications involve speciation analysis of redox and organometallic
forms of antimony and arsenic, redox forms of chromium, protein-bound cad-
mium, organic forms of lead such as alkyllead compounds, organomercury
compounds, inorganic platinum compounds, inorganic and organometallic com-
pounds of selenium, organometallic forms of tin, and redox states of vanadium.
Appropriate methods for speciation analysis of individual elements will be re-
viewed later.
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Species stability in samples is an important issue, since natural environmen-
tal samples are not usually analyzed immediately after sampling and long-term
storage can produce a significant alteration of the chemical species. The use of
different preservation treatments such as acidification, low temperature, drying,
freezing, pasteurization, freeze-drying, adsorption on cartridges or solid-phase
microcolumns, and storage in the dark makes the species stabilization in some
environmental samples possible. The stabilization methods have been recently
reviewed for Cr, As, Se, Sn, Sb, Hg, and Pb species in environmental samples
(51). The atomic and nuclear spectrometric methods (AAS, ICP-AES, XRF,
PIXE, MS, NAA) are techniques for elemental analysis independent of the chemi-
cal form. Without selective chemical pretreatments, the results obtained do not
provide information about the chemical speciation of the elements. Some meth-
ods, however, are able to provide direct and selective determination of chemical
species of an element; they are discussed in the next section. Coupled methods for
speciation analysis, which generally involve a separation method and an element-
specific analytical technique, are presented below.

3.1 Direct Methods for Speciation Analysis
3.1.1 Spectrophotometry and Colorimetry

Colorimetry and spectrophotometry determination originate with changes in mo-
lecular rather than atomic or nuclear energy levels and therefore depend on the
chemical form of the element providing information about its speciation. Oxida-
tion state determination using colored reagents has been reported for a number
of metals and metalloids, such as Al(II), V(V), Cr(VI), Fe(II), Se(IV), Sn(IV),
Pt(ID), Pt(IV), TI(IID) (for review see ref. 4). The best-known example is the deter-
mination of hexavalent chromium by reaction with diphenylcarbazide in acid
solution. Spectrophotometric determination of V(IV) in the presence of V(V),
based on the catalytic oxidation of aniline blue by bromate, is a more recently
studied example (52). In addition, these procedures frequently offer the advantage
of speed, simplicity, and low cost of instrumentation. These advantages are some-
times compromised by a lack of specificity and sensitivity.

3.1.2 Electrochemical Methods

Electrochemical techniques can be used to study speciation of metal ions in natu-
ral, drinking, and seawater. They are useful for the measurement of the effect of
ionic species and oxidation states on bioaccumulation and geochemical cycling.
The ability to provide speciation information in seawater is an important area
in which electrochemistry is used. Adsorptive stripping voltammetry is used in
seawater analysis for the measurement of metal ions such as AI**, Ti*", V3%,
Mn?*, Fe?*, Fe**, Cu®*, Zn**, Se**, Se®*, and Mo®*; adsorptive stripping potenti-
ometry for Co?*, Ni?*, and Zn**; potentiometric stripping analysis for Cd** and
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Pb**; anodic stripping voltammetry for Hg?"; and differential pulse polarography
for Cr®" (for review see ref. 42). The determination of metal ions in seawater
is done almost exclusively with stripping methods because of their appropriate
sensitivity. Natural concentrations of metal ions in seawater are typically <20
pg/L and the in situ preconcentration, deposition step of stripping techniques
makes these techniques fast, sensitive, inexpensive, and portable.

3.1.3 X-Ray Absorption Fine-Structure Spectroscopy
(XAFS)

In photoelectric interaction, X-ray photons are absorbed, and their energy is ex-
pended in kinetic energy to orbital electrons of absorber atoms. As the energy
of the original photon must be equal to or higher than the binding energy of the
ejected electron, the photoelectric cross-section features abrupt discontinuities,
called absorption edges, at photon energies corresponding to those of various
electronic levels in the atom. In condensed matter, oscillations on the absorption
profiles can be observed close to absorption edges. These features are called
the X-ray absorption fine structure (XAFS). The region from 0 to 40 eV above
the actual edge is called the XANES (X-ray absorption near-edge structure) or
NEXAFS (near-edge XAFS). Also preedge features may be observed. Above 40
eV, the EXAFS (extended XAFS) region commences. The fine structure is caused
by the interference of the outgoing photoelectric wavefront with the waves back-
scattered from neighboring atoms. From the fine structure, the interatomic dis-
tances and coordination numbers around the absorbing atom can be determined.
As such, the XAFS is a very important structural investigation method for study-
ing noncrystalline materials. Because of the requirement for a highly monoener-
getic X-ray beam, XAFS measurements are almost exclusively performed with
synchrotron radiation sources.

XANES can be applied to the determination of the oxidation state of heavy
metals in solid samples. For example, the ratios between the different oxidation
sates of chromium and arsenic during the deposition of fly ash could be deter-
mined quantitatively using XANES spectrometry (53), as well as Cr(VI)/Cr(III)
ratios in chromium-contaminated soils (54). On the other hand, EXAFS spectra
contain structural information such as the central atom-neighbors’ atom distance,
the nature of the neighbors, the local disorder, and the number of neighbors.
EXAFS have been applied to direct determination of heavy metals speciation in
various type of matrices. The molecular-level speciation analysis of arsenic and
lead in mine tailings, and selenium in contaminated soils, has been recently re-
ported (49); EXAFS was proposed as an efficient tool for evaluating chemical
remediation strategies in chromium-contaminated soils (55); lead speciation anal-
ysis in contaminated soils enabled the differentiation between sources of lead
pollution (56,57); chemical speciation analysis of lead and copper in potable wa-
ter was also investigated (58). EXAFS is also a useful tool for metal cations
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complexation studies with natural molecules such as for the structure determina-
tion of metal ions complexes with humic substances (59,60).

3.1.4 Other Techniques for Direct Metal Speciation
Analysis

Direct methods of metal speciation have been reviewed by Glidewell and Good-
man (61). They include most spectroscopic techniques applicable to metals such
as circular dichroism for spectroscopic studies of Cr(III), Co(IIl), Rh(III), Ir(IIT),
and Pt(IV) compounds; magnetic susceptibility, Fourier transform infrared spec-
troscopy, and Raman spectroscopy for structural information on the nature and
geometry of the metal’s ligands; and specific metal magnetic resonance spectros-
copy to perform structure analysis on Al, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Cd,
Hg, and Pb compounds.

Direct speciation analysis can also be carried out using separation and pre-
concentration of particular metal species by either chromatographic methods, co-
precipitation, ion exchange, separation with chelating resins, or solvent extrac-
tion. A comprehensive review of these methods has been recently accomplished
by Lobinski and Marczenko (4) for each metals and metalloids. These separation
and preconcentration protocols are usually poorly sensitive and/or specific, by
themselves. To gain in specificity and sensitivity, the chemical or chromato-
graphic separation of metal species is often coupled, off-line, or on-line, to ele-
ment-specific analytical methods such as AAS, ICP-AES, ICP-MS, XRF, PIXE,
and NAA. For example, As(IIl), As(V), Se(IV), Se(VI), Sb(Ill), and Sb(V) were
simultaneously determined in natural water by coprecipitation and neutron activa-
tion analysis (62). The detection limits were 1 ng/L for arsenic and selenium and
0.1 ng/L for antimony. On-line chromatographic combinations will be described
in the next section.

Finally, biological substrates such as algae, plant-derived materials, bacte-
ria, yeast, fungi, and erythrocytes can be used for metal preconcentration and
direct speciation analysis (63). The sorption properties of living or dead organ-
isms can be used to differentiate metal species: red blood cells for specific sam-
pling of chromate even at high Cr(IIl) levels; baker’s yeast cells to separate,
respectively, Hg(I) from CH;Hg, Sb(II) from Sb(V), and Se(IV) from Se(VI).

3.2 On-Line Coupled Methods for Metal Speciation
Analysis

Directly coupled systems that utilize the separatory powers of chromatography
and the sensitive detection of atomic spectroscopy are increasingly used for envi-
ronmental speciation studies. In a hybrid technique the separation process and
elemental detection occurs on-line (for review see refs. 64,65). The state of devel-
opment and various problems that occur in determination of organometallic com-
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pounds using hyphenated techniques have been recently reviewed (66). This arti-
cle also gives an overview of the most available reference material for the
determination of selenium, tin, mercury, and lead species of environmental inter-
est. Gas chromatography (GC), liquid chromatography (LC), and capillary elec-
trophoresis (CE) coupled to sensitive element-selective detectors are the main
hyphenated techniques developed in a number of laboratories. With the exception
of one instrument, a GC-microwave-induced plasma (MIP)-AES, there are no
commercial instruments available for on-line speciation analysis of organometal-
lic compounds. Hyphenated techniques are therefore usually developed in experi-
enced analytical laboratories. Finally, if the sensitivity achieved by direct detec-
tion using GC or LC or CE, or using coupled methods, does not meet the
requirement in real-sample analysis, chemical modification of the target metal,
which transforms the existing states of the metal to another by derivatization or
complexation, can be applied to facilitate their analysis (for review see ref. 67).

3.2.1 Gas Chromatography (GC)

Gas chromatography is a powerful separation technique and it is relatively easy
to couple the gas effluent to an element-specific determination method such as
AAS, AES, or MS without any sample loss. A number of hyphenated techniques
based on the combination of GC with AAS, MIP-AES, and ICP-MS have been
used in many environmental studies (for review see ref. 65). GC-AAS is normally
used for the investigation of volatile or thermally stable compounds such as mer-
cury, tin, and lead alkyl compounds. MIP-AES is an excellent detector for GC
capable of detecting virtually all metals and metalloids. Absolute detection limits
offered reach the subpicogram level for many elements including Hg, Sn, and
Pb and picogram levels are found for most of the others. On the other hand, GC-
MS is potentially a highly sensitive and selective technique. GC system hyphen-
ated to ICP-MS has been applied to the investigation of environmental volatile
compounds of selenium, tin, mercury, and lead with respective detection limits
for water sample as low as 0.8, 0.2, 0.05, and 0.08 pg/L (68). Finally, a GC-
AFS system has been developed for organomercury compounds determination
in various environmental samples (38).

3.2.2 Liquid Chromatography (LC)

Most hyphenated techniques for environmental metal speciation rely on liquid
chromatography for the separation stage. Current literature provides a wide num-
ber of applications for Cr, As, Se, Sn, Hg, and Pb speciation by hyphenated LC
methods. It appears that numerous combinations of ion chromatography (IC) and
high-performance liquid chromatography (HPLC) with atomic spectrometry tech-
niques have been described for environmental metal speciation such as: IC-
FAAS, IC-ICP-AES, IC-ICP-MS, HPLC-HGAAS, HPLC-MIP-AES, HPLC-
ICP-AES, and HPLC-ICP-MS (for review see refs. 39,64,65,69). Since liquid
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chromatography is suitable for the separation of ionic, polar, and nonpolar com-
pounds, it is recognized to be especially efficient in the separation of organome-
tallics. Very low detection limits (0.03—0.05 ng/L) can be achieved using HPLC
with ICP-MS. Other systems such as HPLC-HG-AFS reached detection limits
down to 0.2 ug/L for As(IIl), As(V), and organoarsenic compounds (38).

3.2.3 Capillary Electrophoresis (CE)

CE has recently been found to be a powerful technique for the rapid and highly
efficient separation of a variety of compounds, including metals species. While
CE supplements GC and LC methods, it shows unique promise for speciation
purposes by exerting only minor disturbance on the existing equilibrium between
different species. Separation by CE is based on differential migration of charged
analytes along a capillary filled with a suitable conducting electrolyte. Although
CE is less indicated for oxidation states metal speciation than LC complexation
methods, CE clearly holds great promise to separate free metal ions from com-
plexed metal ions, different organic and inorganic compounds of the same metal,
and for the analysis of anionic metalloid analytes, such as oxoanions of arsenic
and selenium. An overview of the state of the art of CE for metal speciation
analysis is presented by Dabek-Zlotorzynska et al. (70). This review also de-
scribes CE individual metal speciation methodologies for selenium, arsenic, tin,
mercury, lead, and chromium. Detection sensitivity is limited by the small detec-
tion volumes inherent in CE analysis. The concentration sensitivity is generally
one or two orders of magnitude lower than that for HPLC. On-line detectors
based on UV absorbance, electrochemistry, or fluorescence have been utilized
in metal speciation by CE. Only hyphenated methods with ICP-AES or ICP-MS
are able to provide detection limits below the pg/L with multielement capability.
The potential and challenges of elemental speciation by CE-ICP-MS and other
mass spectrometries have been recently reviewed (71). The combination of CE
with PIXE has also been reported by Vogt et al. (72).

3.3 Speciation Analysis of Individual Elements
3.3.1 Chromium

The accurate differentiated quantitative determination of chromium in each spe-
cies is important when investigating its environmental analysis as chromium is
a redox active metal with two commonly encountered valence states, trivalent
and hexavalent, that are the most stable forms found in the environment, but
exhibiting markedly different physicochemical behavior and toxicological prop-
erties. For a complete review on environmental chromium speciation analysis
the reader is referred to Kotas and Stasicka (73) and Katz (19), for specific Cr(VI)
analysis in soils to Petura et al. (74). Spectrophotometry of the diphenylcarbazide
chromophore is widely used to quantify hexavalent chromium (19). The different
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behavior of Cr(IIT) and Cr(VI) on ion exchangers is also a common method for
their separation. The U.S. EPA method 218.6 (or method 7199) provides a proce-
dure for determination of dissolved hexavalent chromium (as CrO,>") in drinking
water, groundwater, and industrial wastewater effluents by ion chromatography
(15,18). Cr(VI) is separated on a high-capacity anion exchange separator column.
Postcolumn derivatization of the Cr(VI) with diphenylcarbazide is followed by
detection of the colored complex at 530 nm. The method detection limit obtained
in the above-listed matrices was determined to be 0.4 pg/L. Other analytical
procedures have also been reported by U.S. EPA. Methods 7195, 7196A, 7197,
and 7198 present Cr(VI) determination, respectively, by coprecipitation, colorim-
etry, chelation/extraction, and differential pulse polarography (18).

3.3.2 Arsenic

Both inorganic and organic compounds of arsenic are found in environmental
samples. The various arsenic compounds differ with respect to their biological
properties; some organic arsenic compounds are nontoxic, whereas most inor-
ganic arsenic compounds cause detrimental effects. For these reasons, analytical
methods that identify and quantify distinct arsenic species are needed. The deter-
mination of arsenic compounds has been reviewed by Irgolic (75). Are reported
in this excellent review, the determination of arsenite and arsenate by electro-
chemical methods (see also ref. 76), colorimetry, and HG-AAS, as well as arse-
nite and arsenate separation by extraction, precipitation, and chromatography, are
discussed. Also discussed are the identification and determination of organic
forms of arsenic such as methylarsenic compounds using IC, HG, GC, HPLC,
thin-layer chromatography (TLC), and pyrolysis mass spectrometry. The analysis
of organoarsenic compounds in natural and potable waters, seawater, sediments,
soils, industrial effluents, and wastewaters has also been recently reviewed by
Crompton (46). HG-AAS is a widely used method for arsenic speciation analysis.
The optimization of analytical parameters and application to environmental sam-
ples for arsenic determination by HG-AAS has recently been studied by Molénat
et al. (77). Absolute detection limits in the range of 0.1-0.5 ng for As(III), As(V),
monomethylarsonic acid, dimethyl arsinic acid, and trimethylarsine oxide were
obtained. However, as pointed out by the EPA in its research plan for arsenic in
drinking water (78), these hyphenated methods represent the state of the art in
chromatographic and detection technology but considerable research is still re-
quired before they could be considered as routine methodologies for environmen-
tal arsenic speciation analysis.

3.3.3 Mercury

To understand mercury distribution pattern in nature, and the effect of anthropo-
genic mercury additions to the environment, it is important to discriminate be-
tween the different mercury species. The two basic types of methods include
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operational discrimination between inorganic and organic mercury and chromato-
graphic separation of individual species followed by their on-line detection (for
review see refs. 4,46). Nonchromatographic methods are based on dividing the
total mercury in inorganic and organic mercury fractions using chemical methods
followed by a traditional detection technique (CVAAS, GFAAS, ICP-MS). On
the other hand, mercury speciation using chromatographic separation by HPLC
and GC followed by CVAAS, ICP-MS, ICP-AES, or MIP-AES have been devel-
oped. Reported detection limits may vary between 1.5 and 40 ng/g depending on
the method. Examples of other chromatographic techniques for methylmercury
analysis are TLC of dithizonates extracts combined with AAS and HPLC of dithi-
zonates combined with spectrophotometry (79).

3.3.4 Lead

Tetraalkylead compounds (PbR,) in gasoline degrade during combustion and de-
compose to inorganic lead in the environment via a series of ionic compounds
(PbR;™, PbR,>"). Speciation analysis of organolead compounds is based on GC
or HPLC with spectrometric detection such as AAS (for review see refs. 4,46,80).
The most widely used technique is GC quartz furnace AAS, which offers absolute
detection limits down to a few pg and relative ease of operation. Liquid chroma-
tography—direct injection nebulization ICP-MS is probably the most efficient
method with absolute detection limits down to 0.2 pg.

3.3.5 Other Elements (V, Se, Cd, Sn, Pt)

Vanadium. 1tis recognized that V(V) as vanadate is more toxic that V(IV)
present as vanadyl ions. These two oxidation states are the most common in
environmental samples. The redox method using the Fe(II)/Fe(III) system in the
presence of 1,10-phenanthroline and diphosphate in a flow-injection manifold
offers a simple approach to the determination of V(V) and V(IV). However, meth-
ods based on colorimetry often suffer from a lack of sensitivity when applied to
environmental samples where detection limits below 1 mg/L are required. Sensi-
tive analytical procedures based on selective separation (high-temperature capil-
lary GC, reverse-phase HPLC, size exclusion chromatography) followed by off-
line detection (ICP-MS, ICP-AES, GF-AAS) have been developed. Taylor (81)
and Lobinski and Marczenko (4) reviewed the analytical methods for vanadium
speciation with regard to its oxidation state.

Selenium. Speciation is fundamental for understanding selenium biogeo-
chemical processes such as biological uptake, adsorption, precipitation, mobility,
and remediation. Selenium speciation has been reviewed by Lobinski and Marc-
zenko (4) and Reddy (82). Different analytical approaches are available. The
HGAAS and ion chromatography are the most commonly used methods to ana-
lyze the speciation of dissolved selenium. The HGAAS method measures total
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dissolved selenium as Se(IV) from which Se(VI) and organic carbon complexes
of selenium can be calculated from the difference using specific chemical pre-
treatment. The detection limit can be as low as 1 ug/L selenium in aqueous
solution. The ion chromatography method can measure the concentration of
Se0,> and SeO;*" simultaneously in aqueous solution. However, SO,>", a com-
mon anion of natural waters, interferes in SeO,*>~ and SeOs>~ separation with ion
chromatography. Limit of the ion chromatography quantification for Se analysis
is in the 100 pg/L range.

Cadmium. Speciation studies for cadmium in liquids and solids have to
consider the differentiation between the liquid phase, dissolved complexes, and
the metal adsorbed on colloidal particles and on distinct solid phases in soils and
sediments that determine bioavailability (2). Several operational methods have
been developed for available cadmium from soils using IC usually followed by
FAAS or ICP-AES (83). Protein-bound cadmium speciation must also be assured
such as in metallothioneins. Size-exclusion chromatography is the most widely
used separation technique whereas ICP-MS the most popular determination
method (4).

Tin.  As the toxicity of tin is strongly species dependent, speciation of tin
in environmental matrices is essential. Compounds with short organotin alkyl
chains or phenyl substituents generally exhibit considerable toxicity toward both
aquatic organisms and mammals. Organotin compounds may accumulate in sedi-
ments and aquatic organisms. Valid methods for tin speciation should allow the
determination or the target compound without any interference from other or-
ganotin species at levels of <0.1 ng/L for water and <1 ng/g for dry solid materi-
als. This is obtained with combination of separation techniques such as GC,
HPLC, or supercritical fluid chromatography, with AAS, ICP-AES, or MS detec-
tion (4,46).

Platinum. The use of platinum group elements (Pt, Rh, and Pd) as compo-
nents of autocatalytic converters attached to motor vehicles has resulted in serious
contamination of the environment. Studies of the speciation of platinum in plants
is required in understanding the potential risks to the health human populations.
Platinum compounds can be separated by ultrafitration and gel permeation chro-
matography, then detected with highly sensitive methods such as ASV or ICP-
MS (84).

4. MICROSCOPIC ELEMENT ANALYSIS

A variety of techniques exist that provide chemical information in the form of
a spatially resolved image (for review see ref. 85—-87). These methods provide
information on the spatial distribution of trace elements within solid samples with
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a micrometer resolution. The following section gives an overview of the analyti-
cal principle, performance, and environmental applications for the main micro-
analytical techniques that can be used for heavy metals determination (summarized
in Table 2). Microbeam techniques have been used in environmental studies es-
sentially for single-particle analysis. These techniques are very valuable as a com-
plement to the more conventional bulk analysis, because they provide detailed
information concerning the origin, formation, transport, reactivity, transformation
reactions, and environmental impact of particulate matter (for review see ref. 88).

4.1 Electron Probe X-Ray Microanalysis (EPXMA)

Description. EPXMA is a technique with which it is possible to determine
the elemental composition of a specimen in the electron microscope. When an
electron beam irradiates a specimen a number of different interactions occur, and
particularly, X-rays are generated as a consequence of the rearrangement of outer-
shell electrons after an inner-shell electron has been ejected from the atom (cf.
X-ray fluorescence methods, Section 2.3). Emitted X-rays carry information about
the elemental composition of the specimen in the region that is being irradiated.
An excellent and comprehensive description of scanning electron microscopy
and EPXMA is given in the textbook of Goldstein et al. (89).

Multielement Capability. Simultaneous detection of all elements of Z >
10 with usual energy-dispersive X-ray spectrometers (EDS); consecutive detec-
tion of elements of Z > 5 with wavelength-dispersive X-ray spectrometers
(WDS).

Detection Limits. 100-1000 pg/g with EDS; 10—-100 ng/g with WDS.
Spatial Resolution. 0.1-1 pum.

Environmental Applications. EPXMA is a well-established technique for
the study of particulate materials. Microscopic examination and energy dispersive
X-ray analysis of individual particles in aerosols and sediments enables the mor-
phological and chemical characterization of samples that can be compared to
those observed in the particulate matter of suspect sources (for review see ref.
88). Associations of elements in specific particles may suggest the origin of the
particle; for example, particles containing lead and bromine were linked to car
exhaust emission, lead-to-silicon ratios were linked to soil, and lead-to-potassium
ratios were linked to refuse burning (3). To ensure the statistical relevance of
the results, a large number of particles need to be analyzed and this makes individ-
ual particle analysis time consuming. Computer-controlled EPXMA is the most
advanced example of automation and computerization that reduce the long analy-
sis times. EPXMA has been also widely applied to analysis of biological samples,
essentially to study lung particulate mineral composition and its relationship with
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lung diseases (90), and to study the uptake and tissue and cell distribution of
pollutant heavy metals by animals and plants (for review see ref. 91).

4.2 Micro-PIXE Analysis

Description.  The focusing of ion beams down to small areal dimensions,
typically a few pum? cross-section, enables the application of PIXE analysis to
microscopic regions of a sample (87,92). The ion microbeam can be scanned
over the surface of the specimen and thus provide information on the lateral
distribution of elemental species, in much the same way as is done in EPXMA.
However, by using a proton beam instead of an electron beam, microanalytical
determination can be performed with a sensitivity that is 100 times greater than
that of EPXMA. Ion microprobes are often called nuclear microprobes, which
involve the distinct microspectrometries that can be performed depending on the
ion beam effect of interest, such as PIXE, but also elastic recoil detection analysis
(ERDA), Rutherford backscattering spectromety (RBS), ionoluminescence, or
particle induced gamma emission (PIGE), and other nuclear reaction spectromet-
ries. These techniques are complementary to micro-PIXE analysis as they can
be applied to light elements determination.

Multielement Capability. Micro-PIXE allows simultaneous detection of all
elements of Z > 10 with usual energy-dispersive X-ray detectors. Light elements
can be determined simultaneously or consecutively with ERDA, RBS, or PIGE.

Detection Limits. 1-10 ug/g.
Spatial Resolution. 0.3-3 um.

Environmental Applications. Micro-PIXE has been applied to metal analy-
sis of individual particles of atmospheric aerosol samples (93) and medium-size
fly ash (94,95). It was also applied to airborne particulate matter localization in
the human respiratory system (96). The microscopic distribution of heavy metals
in various tissues, or cells, as markers of exposure to these metals, has been exten-
sively studied using micro-PIXE analysis (87,97,98). Figure 1 illustrates an exam-
ple of intracellular elemental distributions, obtained with the micro-PIXE setup of
Bordeaux-Gradignan (Fig. 2), which shows chromium and iron perinuclear local-
ization in tissue culture cells exposed in vitro to Fe/Cr insoluble particles.

4.3 Microscopic XRF and XAFS with Synchrotron
Radiation (SR)

Description.  The recent development of microprobe beamlines on third-
generation synchrotrons enables the conduction of spatially resolved XRF and
XAFS down to microscopic levels (99). Compared to ion and electron mi-
crobeams, SR X-ray microbeams possess a higher penetration depth, up to 1000
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CARBON POTASSIUM

-

Ficure 1 Intracellular elemental distributions obtained by p-PIXE (potas-
sium, iron, and chromium) and u-RBS (carbon), within a single human ovar-
ian cell exposed in vitro to Fe/Cr insoluble particles, and processed as de-
scribed in Ortega et al. (97). The nuclear region of the cell is depicted by the
high carbon and potassium levels. Note the perinuclear localization of Fe/Cr
particles. Element concentration increases according to the color code from
white to yellow. Scan dimension: 80 um X 80 pum.
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Ficure 2 Nuclear microprobe of Bordeau Gradignan. View of beamline,
magnetic lenses, and analytical chamber.

um versus 100 um with u-PIXE, and 5 um with EPXMA, and the ability to
operate spatially resolved speciation analysis thanks to SR pu-XAFS. Moreover,
samples can be irradiated in air contrary to u-PIXE or EPXMA, which require
vacuum analysis and relevant sample processing.

Multielement Capability. Simultaneous detection of all elements of Z >
10 with usual energy-dispersive X-ray detectors is possible.

Detection Limits. 1-10 pg/g for u-XRF; 100-1000 pg/g for u-XAFS.
Spatial Resolution. 1-100 pum.

Environmental Applications. SR 1-XRF and pu-XAFS have been applied
to a variety of environmental samples (100). u-XANES is a powerful technique
for the determination of metals and metalloids oxidation states within microscopic
areas and with minimal sample manipulation (101). The synchrotron X-ray micro-
probe at the National Synchrotron Light Source, Brookhaven, was used to deter-
mine hexavalent chromium content in oxides, silicates, glasses, and cementitious
wastes forms using U-XANES (102). Distinct regions within sediments as small
as 50 um were irradiated for U oxidation state analysis in uranium-contaminated
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Ficure 3 SR u-XRF analysis of chromium in tissue sections of male mice
reproductive glands after i.p. exposure to 1 mmol/kg CrCl; [Ortega et al.
(106)]. Point microanalyses were performed with a 1 um X 3 um beam spot
at 6.13 keV. Chromium (crosses) was preferentially localized within the tunica
albuginea, but was not found within the seminiferous tubule (points).

soils using U-XANES at 10 um spatial resolution (103). Complementary X-ray
techniques were used to identify, at the tissue and cell levels, chemical species of
Cr and Se in biota collected from contaminated environments (104). SR u-XRF
with 100 um resolution was performed at the Laboratoire pour 1’Utilisation du
Rayonnement Electromagnétique (LURE) in Orsay, France, on teeth to evaluate
the influence of living habits in dental elemental composition and environmental
contamination (105). More recently, SR u-XRF with 1 um X-ray beam at the
European Synchrotron Radiation Facility allowed the identification of chromium
distribution (Fig. 3) in animal tissues at the cellular level (106).

4.4 Laser Microprobe Mass Spectrometry (LMMS)

Description. The LMMS technique is based on the ionic emission in-
duced by a pulsed focused laser beam. The microplasma created consists of neu-
tral fragments as well as elementary, molecular, and fragmentary ions with a
predominant unit charge. Emitted ions are then injected into a mass spectrometer.
Isotopic and semiquantitative information can thus be obtained using mass spec-
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tra of either positive or negative ions. Absolute quantification is still difficult to
achieve owing to a lack of knowledge of laser-matter interaction. However,
LMMS can be a very useful technique, even as a semiquantitative method, if a
series of similar samples are compared or if the spatial distribution pattern of
trace elements in a sample is determined. The combination of laser ablation (LA)
for solid sample introduction into an ICP-MS provides a highly sensitive method
for spatially resolved analysis with minimal sample preparation prior to analysis,
which saves time and reduces the problem of sample contamination.

Multielement Capability. Yes, with isotopic capability (cf. ICP-MS, sec-
tion 2.2).

Detection Limits. 0.01-1 ug/g.
Spatial Resolution. 1-10 pum.

Environmental Applications. LMMS was used in a number of studies to
determine heavy metals occurrence in single particle aerosols (for review see ref.
88). LA-ICP-MS has been applied to multielemental analysis of environmental
matrices, particularly to the determination of up to 40 metals and metalloids in
reference sediments (107); to copper, cadmium, and lead analysis in teeth from
walrus and beluga whales, and in a fin ray from a sturgeon fish (108); and to
zinc, tin, and lead microanalysis in teeth slices to provide element-versus-time
profiles of metal exposure (109). Speciation analysis of chromium, lead and
nickel oxides, and salts in solid samples with a lateral resolution in the wm range
using time-of-flight LMMS has recently been evaluated (110,111).

45 Secondary lon Mass Spectrometry (SIMS)

Description. The SIMS technique is based on the interaction of primary
accelerated ions (Ar*, Xe*, O,", Cs*) in the keV range with the surface compo-
nents of solids. The ion beam is scanned over the sample surface to sputter the
first external atomic layers. Therefore, SIMS is a method of surface analysis.
Atoms, or clusters of atoms, can be emitted in either a neutral or charged state.
The secondary ions are then directed toward a mass spectrometer and analyzed
according to their m/z ratio. SIMS has been used with different types of mass
analyzers such as quadrupoles or time-of-flight analyzers. Similarly to LMMS,
SIMS is a destructive method, but contrary to this late technique, which only
displays point analysis, SIMS provides imaging capabilities of element distribu-
tions (112).

Multielement Capability. Yes, with isotopic capability.
Detection Limits. 1 Ug/g in element imaging mode.

Spatial Resolution. 0.1-1 um.
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Environmental Applications. SIMS element distribution imaging was

used for chemical inventory at the surface of airborne particles with submicron
spatial resolution (113—115). Moreover, the history reconstruction of ambient
levels of metals, such as Cr, As, Cd, and Pb, by using tree-ring chemistry can
be resolved in part through the use of SIMS-selective microanalysis in individual
wood rings and wood cells (116,117).
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In Vitro Toxicological Assessment of Heavy
Metals and Intracellular Mechanisms
of Toxicity

Wendy E. Parris and Khosrow Adeli

Hospital for Sick Children and University of Toronto, Toronto,
Ontario, Canada

1. INTRODUCTION

There is an urgent need to develop and establish new toxicological approaches
to assess the potential cytotoxic and genotoxic effects of heavy metals found in
the environment. In the past several decades numerous in vitro and in vivo assays
have been utilized to assess the effects of environmental pollutants on their cellu-
lar targets. Increasing public interest in these issues has created a demand for
alternatives to using animals in such testing. Bacterial assays are used both for
fundamental studies of mutagenesis and for screening of environmental samples
as potential genotoxins. Mammalian cell culture systems have also been used in
risk evaluation, both for investigating mechanisms of chemical carcinogenesis
and as bioassay systems for monitoring environmental genotoxins. Isolated cells
have been extensively used in toxicological studies in vitro. One organ of particu-
lar importance to toxicological research is the liver. The use of in vitro hepatic
systems for heavy metal toxicity studies has received increasing attention in re-
cent years. These have been used advantageously in hepatocyte-based cytotoxic-
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ity and genotoxicity assays in vitro. DNA damage in hepatocytes is often mea-
sured as covalent DNA adducts or as strand breaks that occur as a result of the
DNA repair process. Assessment of DNA damage induced by heavy metals can
employ either primary hepatocyte cultures or established hepatic cell lines such
as HepG2. The latter cell model provides a convenient and sensitive tool for
rapid screening of environmental samples for potential genotoxic and cytotoxic
effects. Other recently developed methods for assessing genotoxic effects include
use of microarrays that express multiple genes and from which large amounts of
screening data can be obtained. More recently, human cells have been used to
investigate the mechanisms by which certain heavy metals such as cadmium inter-
act with intracellular regulatory systems that control expression of genes and
intracellular stability of newly synthesized proteins. An interesting new finding
is the linkage between heavy metal-induced toxicity and the function of the ubi-
quitin-proteasome system in the cell. The ubiquitin-proteasome system is in-
volved in regulating protein stability for a wide array of important proteins in-
volved in control of cell cycle, cell division, gene transcription, protein secretion,
and many other vital cell functions. It was recently shown that expression of
this ubiquitin-dependent proteolysis pathway in yeast is activated in response to
cadmium exposure and that mutants deficient in specific ubiquitin-conjugating
enzymes are hypersensitive to cadmium. This indicates that a major reason for
cadmium toxicity may be cadmium-induced formation of abnormal proteins. This
may be a common mechanism by which heavy metals induce cytotoxicity. Fur-
thermore, inhibition of proteasome activity may either directly or indirectly trig-
ger apoptosis and cell death as shown for synthetic inhibitors of this multicatalytic
protease system.

This chapter focuses on a variety of in vitro toxicological screening meth-
ods for the biomonitoring of heavy metals, discusses some of the mechanisms
of heavy metal toxicity, and suggests where the area of heavy metal biomarker
research may proceed in the future.

When studying environmental change and its consequences, it is important
to establish cause-and-effect relationships between the biological systems and
the toxicant in the environment to which they are exposed. This is a challenging
task when examining potential adverse effects on the human population since
epidemiological data do not readily reveal such relationships and only suggest
these effects by circumstantial evidence. For this reason, the evaluation of pollut-
ant effects has usually been performed using such organisms as rats, mice, rabbits,
and other experimental animals, and trying to interpret these results in the context
of the human. Although this approach has been valuable in providing some pre-
dictive information, it has obvious disadvantages. For example, in addition to a
variety of differences between the species, the genetic variability among such
alternative organisms also interferes with the consistency of the results. This issue
has been addressed to a certain degree by developing inbred strains of test ani-
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mals. However, there is an increasing demand by society to find alternatives to
the use of animals in traditional in vivo toxicological testing as the use of experi-
mental animals is not only regarded as expensive but also highly controversial.

In response to such growing demand, the development of rapid, simple, and
sensitive toxicological screening methods for biomonitoring of environmental
pollutants that affect human health is a universal goal. This chapter presents a
review of the current application of in vitro mammalian systems for monitoring
the biological effects of heavy metals.

The current philosophies of present use and future development focus on
biomarkers that measure cell death mechanisms (necrosis and apoptosis), those
of cell growth, regeneration, and proliferation, including cell cycle control, gene
expression effects, and nucleic acid synthesis, and genetic and preexisting disease
that increase susceptibility (1-4).

Some of the methods discussed in this chapter include those that measure
cytotoxicity and the effects on cell cycle and apoptosis, assays for the induction
of xenobiotic-metabolizing enzymes and genotoxicity, the application of DNA
expression arrays, and direct techniques for monitoring damage to DNA and
DNA-repair activity.

2. IN VITRO ASSESSMENT OF HEAVY METAL-INDUCED
CYTOTOXICITY

2.1 General Considerations

A number of important general considerations must be taken into account when
choosing a system and method by which to measure in vitro toxic effects. These
have been recently discussed by Tiffany et al. (5). If permanent cell lines are
used (which have both technical and economic advantages), the observations and
conclusions made may differ greatly from what actually occurs in vivo after toxi-
cant exposure. Many continuous cell lines are hardy, and may not show realistic
exposure effects unless they are subjected to unusually high toxicant concentra-
tions. Continuous lines do not exhibit the usual cellular stages of development.
When primary cell cultures are used, batch-to-batch cellular variety may influence
observed toxicant responses. If tissue slices are used, it is important to consider
the method by which they are prepared. Cell-cell interactions may also be crucial
to toxic effects, and should be taken into consideration when a test system is
selected. Cell-cell interactions between different cell types may be implicated in
toxic effects. Concentrations of toxicants that are effective in vivo may be very
different than those relevant in vitro. If the results obtained from in vitro studies
are to be meaningful, they must mimic as closely as possible those conditions
present in vivo. It is important to generate both time and dose-response curves
to cover a variety of scenarios and gain meaningful information. It is also impor-
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tant to note that in vitro systems allow monitoring of only short-term effects and
that a clear understanding of the advantages and limitations of such in vitro sys-
tems will need to be considered when interpreting data generated from in vitro
toxicological assessments.

2.2 Cell Systems

The cellular toxic effects resulting from exposure to heavy metals manifest them-
selves in conditions and processes involving cellular oxidation state, lipid peroxi-
dation, DNA breakage, protein expression and folding, proteasome-mediated
degradation, protein-protein interactions, cell cycle, and apoptosis. Many in vitro
assays for heavy metal cytotoxicity are those that measure one or more of the
above end points. The types of organ and cell systems currently available to
perform in vitro tests for metal toxicity have been extensively reviewed (6—8)
and include that of the liver, kidney, neural tissue, the hematopoetic system, the
immune system, reproductive organs, and the endocrine system. Perfused organs
such as the liver and kidney, brain, lung, etc. are examples of one such in vitro
system. The prime advantage of using entire organs lies in the fact that general
morphology and cell-cell interactions are preserved. Precision-cut organ tissue
slices also retain the general morphology and cell-cell interactions. Studies on a
variety of metals or toxicants at a variety of concentrations and times can be
easily performed. However, such studies can only be short term (few hours to a
few days) and have the disadvantage that animal material is still required. Another
option is the use of suspended cells from either blood or isolated cells from tissue.
This provides the opportunity for toxicity assays of several agents at different
concentrations, but only for short terms. It is possible to cryopreserve such cell
preparations for further investigations. Interpretation of data from these assays
requires consideration since the organ of cell source is no longer intact, and cru-
cial processes that require cell-cell contact, such as intercellular signaling, may
no longer be functioning.

Primary cell cultures from organs of interest (liver, kidney, etc.) may also
be prepared. Their use permits longer-term studies of from a few days to a few
passages. A large selection of toxic agents at several concentrations may be exam-
ined. Some differentiated functions may be retained, and coculture is possible
with other cellular types. On the contrary, such cultures have unstable phenotypes
and may quickly lose many differentiated functions.

The use of immortalized cell lines offers ease of propagation and the ability
to generate unlimited numbers of cells for testing. Such lines are useful for spe-
cific mechanistic studies and may be cocultured. They may also be genetically
manipulated to express proteins of interest, and can be cryopreserved. Their dis-
advantage is that they may have lost a variety of specific cell functions, and have
an unstable genotype.
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One cell line, the human hepatocyte HepG2, retains many functions of the
normal hepatocyte (liver) including the synthesis and secretion of hepatic-specific
proteins (9) and expression of xenobiotic-metabolizing enzymes (10) and has
been used extensively. Cell lines used to monitor nephrotoxicity include contin-
uous renal epithelial cell lines: LLC-PK, cells (Yorkshire pig, proximal nephron),
OK (North American oppossum, proximal nephron), JTC12 (monkey proximal
nephron), MDCK (dog collecting duct), and A6 (Xenopus, distal tubule/collect-
ing duct) (11). Neurotoxicity [reviewed by Costa (12)] can be monitored using
neuroblastoma or glioma cell lines or PC12 cells (11), HT4 cells (mouse neuronal
cell line), or astroglial cells (13). For reproductive and developmental toxicity
(reviewed in ref. 14), ovarian somatic cells (granulosa, thecal, and stromal cells)
(15), testicular cell types (Sertoli—germ cell cocultures, Seroli-cell-enriched cul-
tures, germ-cell-enriched cultures, Leydig cell cultures, and Leydig—Sertoli cell
cocultures) (16) have been used. Other cell types that have been used in toxicity
studies include embryonic stem cells (14), as well as primary cultures of human
lymphocytes, and rat chondrocytes and human amniotic cell lines (WISH) (17).

It is also possible to use a variety of subcellular fractions such as microsomes,
mitochondria, or various vesicles. Major disadvantages are that they are only useful
for very-short-term studies and are technically demanding to prepare (18).

Genetically engineered bacteria, yeast, insect cells, and mammalian cells
that express one or more genes of interest offer good potential in the future for
toxicity studies. In the future, artificial tissue material such as reconstructed skin
models will continue to evolve and be useful as tissue models to assess some
types of toxicity and provide an in vitro system that substitutes for animal use
(19).

2.3 Membrane Integrity

One perspective by which to assess the overt toxic effects of metals in cultured
cells and other cell types has been to examine cell-membrane integrity. Such
methods include detecting enzyme leakage from cells or measuring the uptake
of dye compounds into cells. Assessing cell viability (for example, primary hepa-
tocytes) involves monitoring the leakage of lactate dehydrogenase (20) or aspar-
tate aminotransferase (21). Alternatives include techniques that are based on the
uptake of a dye, such as trypan blue, by nonviable cells and its active exclusion
by viable cells (22). This method requires visually examining the cells by light
microscopy and then scoring the cells for percent survival.

A similar procedure involves the uptake of dye by viable cells (for example,
in attachment cultures) and quantitation of the incorporated dye by spectropho-
tometry. This process is the basis for the Neutral Red uptake (NRU) assay (23).
In this procedure, after being treated with a test compound, cells are incubated
in the presence of NR, which is endocytosed and sequestered into the lysosomes
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of viable cells. The cells are washed with a mild fixative, and the NR is then
extracted and quantified spectrophotometrically.

The development of many fluorochromes and the increasing availability
and expertise in flow cytometry have led to increasing use of this technology in
cytotoxicity assays. For example, very subtle changes in membrane integrity can
be visualized by increased staining with 7-aminoactinomycin D. Levels interme-
diate between healthy and necrotic cells can be analyzed by flow cytometry (24).
A variation on this method is to test for viability by the uptake of propidium
iodide. Its uptake occurs during the later stages of apoptosis (programmed cell
death), and indicates secondary necrosis of dying cells. The propidium iodide
interchelates the DNA. It has been suggested that in the early stages of apoptosis
during DNA condensation, uptake is decreased since the DNA is less accessible.
Then as the DNA becomes fragmented, it becomes more accessible and more
propidium iodide binding occurs. This results in increased DNA stainability (25)
and red fluorescence, which may be detected by flow cytometry.

2.4 Oxidation State

Many metals alter the oxidation state of cells owing to the production of free
radicals. An altered oxidation state in turn causes multiple cellular effects. The
level of reactive oxygen species (ROS) in cells is often determined by monitoring
the oxidation of a fluorescent probe such as 27" dichlorfluorescin diacetate
(DCFH-DA). DCFH is converted to DCF in the presence of H,0, and is mea-
sured by flow cytometry (26,27). However, recent studies outline some difficul-
ties in interpretation of these results in cells since the deacetylation of DCFH-
DA, even by esterases, may produce peroxides that could interfere with accurate
measurements of the oxidation state of the cell (28).

Intracellular redox status may also be deduced from the glutathione (GSH)
concentration in the cells. The induction of HSP70 (heat shock protein 70) and
metallothionein (MT) (both as a result of heavy metal exposure) is considered
to be associated with the intracellular glutathione metabolism in the cellular pro-
tection mechanism against metal (cadmium)-induced injury (29,30). GSH content
of cultured cells exposed to heavy metals may be determined by a fluorometric
assay using o-phthalaldehyde (31). Lysed cells are incubated with the flourescent
compound and fluorescence changes are related to the protein concentration and
GSH content.

The oxidative state of the cell can also be determined by examining the
concentration of the malondialdehyde product of lipid peroxidation as measured
by the colorimetric thiobarbituric acid assay using exposed and control homoge-
nized tissue culture cells (32).

Measurement of mitochondrial activity is another method of assessing cyto-
toxicity. One such assay measures the reduction of the tetrazolium dye substrate
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MTT (3-(4,5-dimethylthiozol-2-yl)-2,5-diphenyltetrazolium bromide, by active
mitochondria, to a visible product (33). The color change may be quantitated and
used as a measurement of cell viability, and comparisons made between analyses
using both untreated and toxicant-treated cells.

The mitochondrial transmembrane potential decreases in injured cells
(34,35) and the use of fluorochromes allows its measurement by flow cytometry
(36,37). Measurement is made of the accumulation of mitochondrial specific
membrane-permeable cationic fluorescent compounds such as DiOC6 (green
fluorescence) (26,38,39) and JC-1 (34,40), a fluorochrome that changes from
green (monomeric form) to red (aggregated form) at high membrane potentials.
A similar method measures the retention of Rh123, which is readily sequestered
by active mitochondria again depending on their membrane potential (41).

There are intracellular changes in Ca®" concentration in response to toxic
insult as heavy metals are postulated to interfere with the Ca influx to cells. The
Ca-selective sensitive dye Indo-1 (indo-1 acetoxymethyl ester) may be used to
assess the Ca®" concentration variation in cells. The fluorescent emission spec-
trum of Indo 1 shifts after calcium binding. The dye has two different emission
wavelengths, 395 nm and 525 nm. Their ratios are altered depending on the
amount of Indo-1 calcium binding and hence measures the concentration of free
Ca** in the cell. This measurement of intracellular Ca provides a means of quanti-
tating cellular insult in comparison to untreated cells (42).

2.5 Presence of Specific Marker Proteins

Other methods more directly measure proteins specifically involved in pro-
grammed cell death (apoptosis) or necrosis both of which may result from heavy
metal exposure. One such example is a recently developed fluorescence energy
transfer assay, for caspase-3, an important member of the caspase isoform family
of proteases that cleave after aspartate residues and are activated during apoptosis.
Evidence exists that toxicants are able to induce apoptosis by activating caspase-
3 (43-45). The consensus recognition and cleavage site of caspase-3, DEVD (43),
has been identified. A hybrid green fluorescent protein (GFP) and blue fluorescent
protein (BFP) have been constructed and linked with the caspase proteolytic rec-
ognition site. Cleavage of this protein by caspase-3 causes a change in UV excita-
tion and emission characteristics of the labeled protein (fluorescence energy trans-
fer, FRET). This may be detected by FACS analysis (46). In a modification of
this assay that has been sucessfully used in thymus tissue in vivo, the peptide
DEVD coupled to the fluorophore MCA is used as the caspase substrate. Cleav-
age of the peptide releases MCA, which can be determined fluorimetrically (47).

Another technique for analyzing caspase activity looks for the processing
of caspase substrates such as the nuclear substrate poly-ADPribose polymerase
(PARP). Exposed tissue culture cell lysates are electrophoresed and Western blot-
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ted with PARP antibodies. The appearance of an 89-kDa cleavage product in
addition to the 116-kDa native PARP band indicates the level of caspase activity
(37).

Fluoro-Jade and its second-generation compound Fluoro-Jade B are fluo-
rochromes recently used in the detection of neuronal degeneration by well-charac-
terized toxicants, specifically the detection of apoptosis, amyloid plaques,
astrocytes, and dead cells in tissue culture. Development of this method will add
to the repertoire of cytochemical techniques available for detecting toxicity (48).

Recently a system of radionuclide imaging of apoptosis has been reviewed
by Blankenberg et al. (49). One of the cellular effects after caspase activation is
the expression of phosphatidylserine on the external surface of the cell membrane.
It acts as a signal to adjacent cells that it is undergoing apoptosis. This expression
of phosphatidlyserine is a molecular target that can be used to image apoptosis.
Annexin V lipocortin, which binds strongly to membrane-bound phosphatidylser-
ine, has been radiolabeled through its sulfhydryl groups with technetium-99m.
This procedure has permitted the imaging of apoptosis in animal models and may
be an important diagnostic tool in the future.

3. IN VITRO ASSESSMENT OF HEAVY METAL-INDUCED
GENOTOXICITY

3.1 DNA Strand Breaks

Genetic approaches to measuring toxicological effects are becoming increasingly
popular as our expertise in this area of technology quickly advances. Over the
past several decades, many in vitro assays have been used to assess the genotoxic
effects of xenobiotics, such as heavy metals, on target organisms. For example,
bacterial assays, such as the Salmonella mutagenicity assay (50), have been used
not only for fundamental studies of mutagenesis but also for the screening of
environmental samples for potential genotoxicity. The methods used in this test
system have been extensively reviewed elsewhere (51). Several mammalian cell
lines have also been used for investigating the mechanisms of chemical carcino-
genesis (52) and as bioassay systems for monitoring environmental genotoxins
(53). Of the various end points that have been used as indices of genotoxic insult,
the formation of DNA single-strand breaks (SSB) has experienced increasing
use. This trend may be attributed to the relatively high sensitivity of the SSB
response to xenobiotic exposure, as well as to the toxicological sequelae that are
associated with the SSB response, including clastogenesis, heritable mutations,
and cancer. This type of DNA lesion may be brought about in one of two general
ways. The first is the direct cleavage of the DNA strand by the ionizing radiation
or free radicals (54), and the second is through faulty repair (misrepair) of nucleo-
tides whose nitrogenous bases have been damaged. Briefly, the DNA repair pro-
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cess involves several enzyme-mediated events, including the following: (a) cleav-
age of the phosphodiester bond that is adjacent to the damaged base, (b) removal
of the damaged base, (c) replacement with an undamaged base, and (d) ligation
of the DNA strand (55). Should step (b), (c), or (d) be interrupted, a strand break
may remain. The misrepair-mediated formation of SSB can result from various
forms of base damage, including covalent adduct formation or oxidation. Forma-
tion of SSB may result from exposure to a wide variety of genotoxic heavy metals
that increase the production of reactive oxygen species.

The methods of quantitating single-stranded breaks are generally based on
exposing the DNA strand to alkaline conditions (pH > 11.5), so that unwinding
of the helix occurs at the single-stranded break sites. If an appropriate, fixed
period of unwinding is used, the formation of single-stranded DNA will be pro-
portional to the number of ‘‘alkali-labile’’ break sites present. Several procedures
exist for facilitating the unwinding and for quantifying the single-stranded (SS)
and double-stranded (DS) DNA fractions. One of the simplest procedures in-
volves an alkaline unwinding step and then DNA quantification using a fluores-
cent DNA-binding stain (Hoechst 33258) in the samples, which contain both SS
and DS fractions (56). A second procedure, known as alkaline elution, involves
loading the cells onto a porous membrane (for example, a polycarbonate filter)
and eluting the SS DNA from the filter with an alkaline buffer (57). The DNA
is quantified radiometrically, using cells that are prelabeled in culture with
[*H]thymidine. A third, recently developed method for quantifying single-
stranded breaks is the single-cell gel electrophoresis assay (58), in which individ-
ual cells are embedded in agarose gel on microscope slides and then subjected
to an electrophoretic field under alkaline conditions to facilitate unwinding. The
cellular DNA is then stained with ethidium bromide and visualized under a fluo-
rescence microscope. The DNA ‘‘comets’’ that form as a result of the electropho-
retic migration of SS DNA from the nucleus are then scored. The ratio of tail
length (SS DNA) to head (nuclear) diameter is determined and may be interpreted
as the extent of SSB formation. Theodorakis et al. (59) described a similar
method, in which fish DNA was subjected to electrophoresis in a batchwise man-
ner under neutral and alkaline conditions, revealing the respective double- and
total strand breakage.

A procedure using hydroxylapatite DNA chromatography has been devel-
oped (60) and optimized for use with human cells in culture in our laboratory.
Briefly the first step involves alkaline unwinding of [*H]thymidine-labeled DNA,
which is carried out directly in a culture dish (such as a 24-well plate), and then
loading the contents of the dish onto a hydroxylapatite column. The respective
SS and DS DNA fractions are eluted separately with low- and high-phosphate
buffers. The radioactivity in each [*H]thymidine-labeled DNA fraction is then
quantified in a liquid-scintillation counter, and the ratio of SS to DS DNA is
determined.
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TUNEL [terminal deoxyribonucleotidyl transferase (TdT)-mediated dUTP
nick end labeling method] (61) may also be used to determine the percentage of
cells with DNA strand breaks. TdT labels the 3’OH end of DNA fragments with
deoxy-UTP. Approaches include direct labeling (with FITC-dUTP, BODIPY-
dUTP, CY2-cUTP) and indirect labeling (with digoxigenin-conjugated dUTP,
biotin-conjugated dUTP followed by secondary detection systems based on fluo-
rescein, peroxidase, or alkaline phosphatase). Cells may then be scored by mi-
croscopy (61,62). In early stages of DNA damage, when only single-stranded
breaks exist, in situ nick translation (INST) or in situ end-labeling (ISEL) using
DNA polymerase and the above-mentioned labels may be a more useful tool
(63,64). The advantage of TUNEL in comparison to conventional immunohisto-
chemical methods is that cells with minimal DNA damage are detectable at an
earlier stage, before the appearance of major nuclear changes (25).

In addition, DNA degradation may be measured quantitatively by a com-
mercial ELISA method specific for histone-bound DNA fragments in the cytosol
(62). Cells of interest are cultured in 24-well plates to near confluence, and then
treated with the test metal (toxicant) at various concentrations and for various
time periods. Following treatment the plate is centrifuged to collect both attached
and unattached cells on the plate surface. After careful removal of the medium,
cells are lysed and placed in wells of an ELISA streptavidin-coated microtiter
plate. Both antihistone biotin (which binds the histone component of the nucleo-
some) and anti-DNA conjugated to horseradish peroxidase (which binds the DNA
component of the nucleosome) are subsequently added. Peroxidase activity is
detected after addition of a colorimetric substrate and the product quantitated
with a microplate reader. By comparing the product formation of the experimental
sample cells and the control cells, the level of cell and DNA breakage due to the
toxicant exposure can be determined.

The micronucleus technique is another technique for assessing DNA dam-
age. Micronuclei originate from chromosome fragments or whole chromosomes
not included in the main daughter nuclei during nuclear division. When kineto-
chore or centromeric antibodies are used in conjunction with FISH (fluorescence
in situ hybridization) staining with adjacent chromosomal probes, it is possible
to distinguish between chromosomal breakage and alteration of chromosomal
number (65—-67). Since this method facilitates the examination of large numbers
of cells, it has a statistical advantage. Attempts are being made to standardize and
collect international data obtained by this procedure by the Human MicroNucleus
Project, and determine its efficacy as a biomarker of human toxicant exposure
(68).

A method that indicates oxidative stress in response to toxic environmental
exposure is one that quantitates the modified DNA base, 8-hydroxy-2’-deoxygua-
nosine (8OH2’dG). It is regarded as the principal stable marker of hydroxyl radi-
cal damage to DNA. It can be measured in a variety of biological matrices by
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a liquid chromatography electrochemical column switching method (HPLC-
ECD) (69) and will likely become a more common marker in the future.

The use of DNA fingerprinting to detect genotoxic effects has been sug-
gested by some to be a very sensitive procedure that may reveal damage not
presently detected by other methods (70). DNA is isolated from the source of
interest (for both control and exposed), and subjected to AP-PCR (arbitrarily
primed-PCR) at less stringent reaction conditions. From this method a number
of PCR products of a variety of lengths are obtained. The products of these PCR
reactions will have DNA fingerprints affected by the loss or gain of priming sites
due to mutations or DNA breaks. Changes observable in control and exposed
subjects may be due to the presence of DNA adducts (not all of which will result
in mutations), or mutations or DNA strand breaks. The sensitivity of PCR means
that only very small quantities of DNA are required; however, it is essential to
ensure that no contaminating DNA is present. AP-PCR has a sensitivity that
should enable it to be an early warning of toxicity, since it can detect changes in
advance of other methods that rely on chromosomal abnormalities or mutations.

3.2 DNA-Protein Cross-Links

Cell exposure to heavy metals has been shown to result in DNA-protein cross-
links (DPC). DPCs of a high molecular weight have been shown to have a sig-
nificant mutagenic effect (71). They may be detected in two ways, as follows.
Cell nuclei are prepared from tissue culture cells after incubation with and without
toxicants. After treatment, DPCs are purified and the DNA released by treatment
with DNase. The remaining proteins are electrophoresed and transferred onto
nitrocellulose. Specific proteins of interest, such as actin, may be detected by
immunoblotting (72). Another method for detecting DPCs on a more general
basis is described by Zhitkovich et al. (71) and involves the selective precipitation
of proteins and protein-linked DNA in the presence of sodium dodecyl sulfate
and K*. DPC is quantitated as the percentage of total cellular DNA precipitable
by K-SDS treatment, and its detection limit is estimated at 1 adduct per 1-2 X
107 bases.

3.3 DNA Repair Activity

Another approach to assessing genotoxicity is monitoring DNA repair activity in
cells after genotoxic insult. The most widely used approach involves quantifying
unscheduled DNA synthesis (UDS), which indicates the repair of DNA lesions.
UDS assays are based on the incorporation of radiolabeled nucleotides (com-
monly [*H]thymidine) into the DNA of cells that are not undergoing replicative
(scheduled) DNA synthesis. The two general methods for quantifying [*H]thymi-
dine incorporation are (a) autoradiography and (b) liquid scintillation counting
(LSC). In both procedures, the cells are exposed to the test compound in the
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presence of a radiolabeled nucleotide. For autoradiographic UDS detection, cells
grown on microscope slides are first exposed to the test compound and then fixed,
dried, and coated with a nuclear tracking emulsion (73). After an exposure period
requiring several days to several weeks, depending on the level of radioactivity
in the cells, the emulsion is developed, and the nonreplicating cells are scored
for nuclear grain densities that are proportional to the magnitude of the UDS
response.

In the interest of developing methods to assess genotoxicity in ways that
are both sensitive and rapid, our laboratory has optimized the LSC-based UDS
assay for use in human cultured cell lines, following the procedures described
by Martin et al. (74). This technique differs from the autoradiography assay in
that the cellular DNA is assessed in a batchwise manner rather than by the visual
examination of individual cells. After treatment with a test compound in the pres-
ence of a radioactive label, the cells are collected onto a porous membrane, lysed,
rinsed, and the nuclear material is analyzed by LSC. To ensure that replicative
DNA synthesis does not interfere with or obscure the UDS response, the cells
should be pretreated with hydroxyurea to inhibit replicative synthesis without
significantly affecting UDS-mediated incorporation of [*H]thymidine (74).

3.4 Gene Induction, Toxicogenomics, and Microarrays

Some genotoxic metals may alter the expression of several inducible genes. Such
alterations are useful to monitor since altered expression often significantly pre-
cedes detectable effects on the organism as a whole. One such gene is phospho-
enolpyruvate carboxykinase (PEPCK) (75). Cell lines with PEPCK promoter-
luciferase reporter genes have been constructed to examine the effects of heavy
metals on promotor function. The use of reporter genes will provide a system
by which to identify DNA and protein cellular targets of heavy metal exposure
leading to changes in expression of specific genes. This will provide sensitive
biomarkers as well as help understanding mechanisms of damage for heavy metal
exposure (75). Other gene expression biomarkers might include *‘stress proteins’’
such as the human metal inducible genes for the metallothionein isoforms, Bcl-
2 family members [Bcl-2, Bcl-X, Bax, and hsp70 (70-kD heat shock protein)],
hsp90, hsp60 (chaperonin), caspase activation, c-fos genes, and other genes in-
volved in cell cycle events (76). The use of gene expression markers will be
discussed further below.

The impact of the human genome project and its related technologies is
also applicable to the science of toxicology. High-throughput screening proce-
dures and the use of DNA expression array technology are beginning to play a
significant role in determination of chemical toxicity. Readers are referred to the
review article by Farr and Dunn (77), which discusses monitoring changing gene
expression patterns in response to chemical toxins (stress), in depth. They catego-
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rize four types of ‘‘stress genes’’: those that respond to the presence of a com-
pound, those that are damaged by a compound, those that are affected by altered
levels of crucial metabolites such as ATP and NAD(P)H, and those that are sensi-
tive to changes in the cellular redox status or its pH. Of these, heavy metals
induce ‘‘sensor’’-type genes. For example, metallothionein I and II, metal-bind-
ing proteins, are induced by the presence of cadmium or zinc (78). The activation
of genes at inappropriate times is responsible for much of the toxicity mediated
by receptors. Genes may respond to damage to DNA, proteins, membranes, endo-
plasmic reticulum, cytoskeleton, and/or mitochondria. RNA damage may also
induce genes (79). This could affect a multitude of normal cellular processes
including cell cycle, microtubule assembly, ATP synthesis, etc. (5). Metabolic
genes can respond to varying levels of molecules required for normal cell func-
tion. The amount and redox status of iron, for example, influences the expression
of a number of genes (80).

Although Farr and Dunn (77) elaborate on the need for careful interpreta-
tion of toxicity data obtained from the use of array technology, they point out
that aside from the obvious ability to look at multiple genes and multiple potential
toxicants, other advantages of this methodology are that it is possible to identify
genes related to toxic effects that are poorly understood, and gene-gene associa-
tions that would be difficult to elucidate from knowledge of their function alone.
This technology may also facilitate the identification of people at toxicological
risk given their individual genetic makeup. A disadvantage of this approach is
that not all changes in gene expression are toxicologically relevant. Undoubtedly
this area has the greatest potential for specific determinations of heavy metal and
other chemical toxicity and is already in extensive use in the pharmacological
setting.

4. MOLECULAR AND CELLULAR MECHANISMS
OF HEAVY METAL-INDUCED TOXICITY

4.1 Bioavailability

Some reference has been made in previous sections to mechanisms mediating
the toxicology of heavy metals on cellular processes and metabolism as well as
gene expression. Important factors impacting effects and mechanism of action
are the type of tissues exposed and method of heavy metal exposure, and whether
the toxicant is ingested in food or water, or by surface contact or inhalation. Such
considerations have been recently reviewed by O’Flahery (81). Properties of a
heavy metal such as its solubility, or particle size, will influence its toxicity poten-
tial and bioavailability. The status of the gastrointestinal tract of the exposed
subject, for example the dietary habits and age, and the dosage of the metal
will influence its fate. With respiratory exposure, particle size and solubility will
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determine whether the metal accumulates in the lymph nodes of the lung (insolu-
ble) or whether it appears in the blood, urine, bone, or other tissues.

Metals may form oxyanions in biological systems. Some, such as vanadate
and arsenate, resemble phosphate structurally and use the phosphate transport sys-
tem to penetrate cells (82). Others that resemble sulfate (chromate, molybdate,
selenate) use the sulfate transport system (83,84). Uptake into cells may be medi-
ated by such mechanisms as ion channels [calcium uptake channels for lead and
cadmium (85)] or by simple diffusion in the case of uncharged lipid-soluble com-
plexes, such as Cr¥* and As** (82,86). Some metals, such as cadmium, enter the
cell using carrier transport mechanisms (the protein metal conjugate of glutathione).
Once the metal has entered the cell, its toxicity is related to whether it accumulates
in the cytoplasm or is further taken into the nucleus or other cell organelles.

4.2 Genotoxicity

For an extensive review of mechanisms of heavy metal toxicity, in particular
cadmium, the reader is referred to Beyersmann and Hechtenberg (87). Heavy
metals and other toxins generate free radicals in the cell and increase the concen-
tration of reactive oxygen species (such as hydrogen peroxide or the peroxide
radical, superoxides, and nitric oxide). This can result in both single- and double-
stranded DNA breaks, DNA and chromatin conformational changes, and chromo-
somal aberrations. There may be a decreased fidelity of base pairing by DNA
polymerase, for example, by cadmium (88), and inhibition of DNA repair (89—
91). In some cases DNA synthesis is enhanced, but this is thought to be a nonspe-
cific consequence of cell injury (92). Metals (as in the case of cadmium) may
also impact the synthesis of RNA, inhibiting synthesis in some cell types or
stimulating it as in liver cells. Cadmium also inhibits protein biosynthesis. Thus
cadmium (and other metals) may inhibit all processes of information transfer
from DNA to RNA to protein.

As already mentioned, the expression of a number of proteins may be al-
tered. Cadmium and other metals can induce the expression of metallothionein
(a low-molecular-weight Zn-binding protein that also binds Cd**) and glutathione
both of which aid in the protection of the cell by maintaining its oxidation state.
GST(glutathione-S transferases) catalyze the nucleophilic attack of glutathione
on electrophilic substrates, thus decreasing their reactivity with cellular macro-
molecules (85). They are a multigene family of enzymes that have been shown
to be involved in detoxification by removal of free radicals, and in some cases
activation of a variety of chemicals (93). Other candidate genes for induction
are those for a number of stress proteins also known as heat-shock proteins or
chaperones, which bind to and stabilize labile protein conformations, as well as
proteins involved in the apoptotic or necrotic process of cell death. Redox-sensi-
tive transcription factors (AP-1 and NF-xB) are activated during oxidative stress
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(94,95) and have been shown to have increased DNA binding activity in lung
epithelial cells during cadmium-induced apoptosis (92). Acute-phase reactants
(APR) usually induced during inflammation, such as alphal-acid glycoprotein
and serum amyloid, may be also induced by metal ions (96). The protooncogenes
c-jun, c-fos, and c-myc are induced by cadmium (97). Their expression seems
to involve the activity of protein kinase C (39). c-fos induction by cadmium in
rat kidney LLC-PK1 cells has been shown to be related to mobilization of intra-
cellular Ca** ions and the activation of protein kinase C. p53 expression is also
stimulated by cadmium (98). The inflammatory cytokines IL-1 o, IL-1B, ICAM-
1, MIP-2, and TNF-q are also transcribed and secreted in response to cadmium
injection in mice (99). One steroid receptor, progesterone, is induced by cad-
mium, whereas that for estrogen is decreased (100). As discussed by Beyersmann
and Hechtenberg (87), there does not seem to be a single reason as to why cad-
mium affects the expression of a particular gene and is likely to depend on the
signaling pathway affected by exposure.

There are a number of ways in which cadmium and other heavy metals
may interfere with major signaling pathways. Heavy metals may: (a) interact with
cell surface receptors, (b) interfere with the uptake and intracellular distribution of
Ca?*, by altering function of several enzymes and regulatory proteins involved
in intracellular signaling (Ca®* ATPases), (c) substitute for Zn in cellular proteins,
(d) interfere with normal protein kinase C activity, MAP kinase activity (still
uncertain), or calmodulin-dependent protein kinase (not yet described), (e) affect
the activity of transcription factors and other regulatory proteins (not yet demon-
strated).

4.3 Protein Conformation and Folding

Metal ions form an integral part of some protein domains such as Zn fingers.
The interruption of normal Zn metallothionein binding by other metal ions such
as Cd**, Co?*, and Ni** may in turn change the amount of Zn available to be a
part of Zn fingers. This may result in a change in protein conformation, and lead
to variation or loss of the protein’s activity or enable its recognition for degrada-
tion by the proteasome. This could be especially disruptive if many Zn-finger-
containing transcription factors are affected (101). This phenomenon has not yet
been demonstrated in vivo.

4.4 Protein-Protein Interactions

Heavy metals have been shown to influence protein-protein interactions. One
example is the disruption of the E-cadherin/catenin cell adhesion complex via
the displacement of extracellular calcium by cadmium (102,103) and by oxidative
stress (104). This may be mediated by changes in tyrosine (105—107) or serine
phosphorylation (108) of B-catenin. Similar effects on phosphorylation of other
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proteins may impact a multitude of protein-interactions and signaling events
(104).

45 The Role of the Proteasome in The Response
to Heavy Metal Exposure

Proteins that are damaged by oxidative stress or that are incorrectly folded or
localized due to disruption of cell processes caused by metal toxicity are can-
didates for degradation by the ubiquitin proteasomal system. This system has
been the subject of many investigators and has been reviewed by Hershko (109),
Hershko and Ciechanover (110), Baumeister et al. (111), Kornitzer and Cie-
chanover (112), Ciechanover et al. (113), Wilkinson (114), and Brodsky and
McCracken (115). This system is important not only in normal cell growth and
development, but also in defending the cell against environmental insults that
cause disruptions in normal cellular state. It regulates the entry and exit into
mitosis through the coordinated degradation of cyclins, cyclin-dependent kinases,
and cyclin-dependent kinase inhibitors (116,117). It is important for the degrada-
tion of transcription factors, regulatory proteins, antigen processing, and angio-
genesis (118—124). Mutations in genes encoding the inner proteolytic core of the
proteosome are lethal (125). Degradation of proteins by the proteasome is depen-
dent on prior ubiquitination. Ubiquitination is a complex process by which the
cell selects targets and, by the addition of amino acid chains of the protein ubiqui-
tin to the protein, may target the protein for degradation by the proteosome, a
form of intracellular ‘‘quality control.”” The ubiquitin-proteosomal degradation
pathway consists of a sequence of events that is initiated by the covalent addition
of several 76-residue ubiquitin amino acid chains to the substrate protein mole-
cule, and the subsequent degradation of the ubiquitinated protein by the 26S
proteosome. The ubiquitination process has three distinct steps. The ubiquitin
protein C-terminal is activated by the enzyme E1. Subsequently several ubiquitin
carrier proteins (E2 enzymes) or ubiquitin-conjugating enzymes (Ubc) transfer
ubiquitin from E1 and specifically bind it to E3, a member of the ubiquitin-protein
ligase family. E3 in turn catalyzes the covalent attachment of ubiquitin to the
protein substrate. The mechanism by which E3 forms the polyubiquitin chain is
not yet understood. In special situations, E4 may be another component of the
system required to elongate the ubiquitin chain attached to the target protein. The
covalent addition of this polyubiquitin chain to the protein molecule targets it
for degradation by the 26S proteasome. The specificity of E3 ubiquitination may
be determined by primary protein structural motifs, by post-translational modifi-
cations of the target protein by phosphorylation, or by association with other
proteins such as chaperones. This is an area of very active research.

The 26S proteasome is a large multisubunit, multicatalytic protease that
degrades the polyubiquinated proteins into peptides 3—22 amino acid residues
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long. It appears to have a variety of cleavage pattern characteristics (111). It
consists of two smaller complexes, a 20S and a 19S particle. The 20S particle
is the catalytic subunit and consists of two o subunits and two [ subunits. The
19S particle has two subunits, a ‘‘base’” and a ‘‘lid.”” The base contains six
ATPases as well as Rpn1, Rpn2, and Rpn 10, and the lid contains eight additional
subunits. The 19S complex may be involved in recognition of ubiquitinated pro-
teins and others destined to be substrates. Its second function may be to alter the
conformation of the 20S particle to facilitate substrate accessibility to the proteo-
lytic machinery.

The proteasome can be found in both the nucleus and cytoplasm and has
multiple nuclear localization signals located on four of the human ¢-type sub-
units. Changes in cellular localization of the proteasome add another level of
complexity to its proteolytic activity. Regulation of the proteosome could occur
at the level of ubiquitination or level of proteosomal activity. It appears that the
proteasome and the ubiquitin-activating enzyme are constitutively active, a fea-
ture that is expected since it is required for many cellular functions. However,
components of the pathway can be up-regulated by specific pathological condi-
tions (126,127) and the specificity of the proteasome can also be changed, as
reviewed by Rock and Goldberg (128).

As already discussed, heavy metal exposure has been shown to produce a
variety of reactive oxygen species and change the redox status of the affected
cells. This phenomenon has multiple cellular effects, some of which include free
radical damage to DNA and proteins, induction and protein activation, incorrect
protein folding, or cellular localization. The ubiquitination reaction and the pro-
teasome are an important component of the cell’s reaction to all of these effects.
It was recently shown that expression of this ubiquitin-dependent proteolysis
pathway in yeast is activated in response to cadmium exposure and that mutants
deficient in specific ubiquitin-conjugating enzymes are hypersensitive to cad-
mium (129). This indicates that a major reason for cadmium toxicity may be
cadmium-induced formation of abnormal proteins. This may be a common mech-
anism by which heavy metals induce cytotoxicity. Furthermore, inhibition of pro-
teasome activity may either directly or indirectly trigger apoptosis and cell death
as shown for synthetic inhibitors (e.g., lactacystin) of this multicatalytic protease
system. Thus inhibition of the proteasome by environmental chemicals that
mimic proteasomal inhibitors can potentially lead the cell to an apoptotic state
(130).

4.6 Effects on Cell Cycle and Cell Death

A result of the oxidative stress induced by heavy metal exposure is genotoxic
stress, which triggers cell cycle checkpoint responses. Readers are referred to a
recent review article by Shackelford et al. (131), which describes in detail the
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ramifications of genotoxic stress on cell cycle control and checkpoint mecha-
nisms. As discussed previously, DNA modifications induced by reactive oxygen
species such as hydrogen peroxide or the peroxide radical, superoxides, and nitric
oxide include single-stranded and double-stranded DNA breaks, DNA-protein
cross-links, and a variety of base and sugar modifications. Cells are very sensitive
to DNA damage, and the point in the cell cycle during which DNA is damaged
determines the cell cycle and checkpoint response. Most cells have the ability to
arrest cell cycle in Gy, S, and G, phases, and then resume after DNA damage is
repaired. Otherwise, cells may undergo apoptosis or enter into a permanent G-
like state. The exposure of cells to genotoxic agents during early to mid-G; may
delay proliferation in G, at the G, checkpoint (132). The p53 gene product plays
a major role in G; cell cycle arrest in response to DNA damage (133), which
under normal circumstances is a short-lived protein, but is induced in response to
DNA damage by posttranscriptional stabilization (133,134). pS3 is a transcription
regulatory factor that binds to regulatory sequences that can both activate and
represses a variety of genes (135—139). The G, checkpoint response is a function
of the accumulation of phophorylated p34°*> molecules. This results in the inhibi-
tion of kinase activity of cyclinB/Cdc2, which in turn has been shown to be
important in inhibition of the G, checkpoint. The spindle checkpoint functions
to stop cells in mitosis until all the chromosomes are attached appropriately to
the spindle (140—142). To proceed to metaphase and anaphase the proteasome
must degrade a number of the proteins previously essential for entry into mitosis
(143-145). DNA-damaging agents and spindle-damaging agents can activate the
spindle checkpoint mechanism by affecting a number of signaling proteins such
as Cdc 20, Mad (146,147), Mec 1, Psdlp (148), and the polo-like kinase (plk)
proteins (149—152). For further details on checkpoint intermediates and mecha-
nisms the reader is referred to Shackelford et al. (131) and Lipton (153).

After it has been initiated, the complex apoptotic process involves the coor-
dinated action of several different proteases, nucleases, membrane-associated ion
channels, and phospholipid translocases (154). Reactive oxygen species (ROS)
play an important role in apoptosis initiation (156). A detailed study by Hart et
al. (62) has shown that cadmium-induced apoptosis in rat lung epithelial cells
(as evaluated by cell morphological features, DNA degradation, and TUNEL)
was preceded by indications of oxidative stress. There was an up-regulation of
glutathione-S-transferase, y-glutamylcysteine synthetase, and metallothionein-1.
In addition, they showed that the transcription factors AF-1 and NFxB, which are
redox sensitive, are activated, and there are changes in the species of glutathione
(reduced, oxidized, and protein bound) in the stressed cells.

The caspase family of proteases, with their specificity for aspartate residues,
are a significant component of the apoptotic cycle. Caspases are present in the
cell in a number of forms, and need to be proteolytically processed to become
active. There appear to be two subsets of caspases, those involved in cell death
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(caspase 2, 3, 6, 7, 8, 9, 10) and those related to caspase-1 (caspase 1, 4, 5, 11),
and have a role in cytokine processing. Their role in the apoptotic process has
been recently reviewed by Slee et al. (156). They describe apoptosis as consisting
of four phases: initiation, when signaling events trigger the cell death process;
commitment, after which the cell cannot return to normal cell cycle; amplifica-
tion, when multiple caspases (from the first category) are recruited to destroy
the cell; and demolition, when active caspases destroy cell structures directly or
indirectly by activating other enzymes. The initiation phase involves the activa-
tion of cell receptors containing the death domain on their cytoplasmic tails (157-
158). These domains bind adaptor molecules that in turn bring caspases to the
receptor complex. The caspase activation is enabled by this process, since the
proximity of several molecules predisposes their activation by each other. When
the stimulus on the cell to enter apoptosis is from toxicants such as heavy metals,
the death pathway seems to focus on the mitochondria (159). A variety of stimuli
cause changes in the membrane permeability of the mitochondria outer membrane
and permit the escape of certain proteins normally found only inside the mito-
chondria. This escape appears to be in both a caspase-dependent and independent
method, depending on the apoptotic initiating event. The consequence of the
release of apoptosis-inducing factor (AIF) is its translocation to the nucleus, and
the chromatin collapse and DNA fragmentation that has been discussed earlier.
Cytochrome c regulates the activity of apoptotic protease activating factor (Apaf-
1), a molecule that promotes caspase-9 clustering. The clustering process is simi-
lar to that which occurs when the caspases bind to the cell surface death receptors
and become activated by cleaving each other. The death signal is further amplified
by this caspase 9 cleaving other caspases, caspase 3, followed by 2 and 6. For
the details of this process the reader is referred to Slee et al. (156), the important
concept here being the activation of many caspases that will take the cell farther
into the apoptotic process. The final destruction of the cell begins once all of the
necessary caspases have been activated. Although caspases are contained in the
cytoplasm, many of their substrates are in the nucleus or other organelles. How
the caspases move from compartment to compartment in the cell is an area of
active research.

The ubiquitin proteasome pathway also has a major role to play in cell
cycle and apoptosis and this subject has been the topic of a recent review article
by Orlowski (160). A number of studies have shown the correlation of apoptosis
with ubiquitination, in terms of increased polyubiquitin expression, increased lev-
els of proteasomal subunits, ATPase regulatory subunits, and migration of protea-
somes from the nucleus to apoptotic sites after apoptotic induction by p53 (re-
viewed in ref. 160). Although overall there seems to be a direct role for the
ubiquitination and proteasomal activity in apoptosis, interference with proteaso-
mal activities induces apoptosis. The effects of inhibition of the proteasome at
various points in the cell cycle progression have been reviewed by Hershko (116)
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and King et al. (161). It has been speculated that apoptosis is initiated when
conflicting signals for cell growth and cell cycle arrest can be resolved only by
self-destruction of the cell. Undoubtedly as the functions and mechanisms of the
proteasome and cell cycle are better understood, the role of heavy metals and
their subsequent effect on oxidation state, gene expression, etc. will become more
clear.

5. CONCLUDING REMARKS

The rapid development of new technology that facilitates the analysis of DNA
damage, signaling systems, and cellular processes, such as flow cytometry and
fluorescence labeling techniques, imaging techniques, and the development of
DNA microarrays for expression analyses, will accelerate the development of
heavy metal and other toxicological markers, some of which may be incorporated
into direct monitoring of heavy metal—induced human and environmental toxic-
ity. As our understanding of the mechanisms of toxicity continues to increase,
more apparent markers and means of measurement will become available. As
suggested by Mueller et al. (4), examples of future biomarkers might include
growth factors, transcription factors and protooncogenes, cytokines, lipid media-
tors, extracellular matrix components such as collagen, glycoproteins, and proteo-
glycans, and cell adhesion molecules.

Metals have the ability to induce gene transcription of detoxifying proteins
(metallothioneins and glutathione), protective proteins (chaperones), and proteins
involved in cell cycle and proliferation and apoptosis. They have the potential
to interfere with DNA synthesis and repair, the activities of Zn-containing pro-
teins, the correct folding of protein molecules and the elimination of incorrectly
folded molecules, Ca*" signaling, protein kinase signaling pathways, and in-
flammatory responses. These effects have broad-reaching implications for cellu-
lar functions. The understanding of these mechanisms will enable us to more
carefully determine the early physiological effects of heavy metals in our environ-
ment and how they can be more carefully monitored to protect human and envi-
ronmental health.
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Radionuclides in the Environment

David M. Taylor
Cardiff University, Cardiff, Wales

1. INTRODUCTION

A broad spectrum of radionuclides was produced following the creation of the
cosmos and those whose radioactive half-lives are long compared to the age of the
earth remain as ubiquitous components of today’s environment. These primeval
radionuclides include those of the uranium and thorium series, and their daughter
products, and “K (1). Another radioelement, plutonium, was formed in large
quantities in early supernova explosions, but because of the relatively short radio-
active half-lives of its principal isotopes, it is virtually extinct today; however,
some natural *°Pu is present in the earth’s crust due to continuous production
by spontaneous neutron capture in 28U (2,3). In addition, largely as a result of the
development of nuclear weapons and nuclear technology, a number of artificial
radionuclides, especially **17Cs, ®Sr, and *°Pu, have been released to become
part of the human environment. This chapter discusses the concentrations of the
primeval radionuclides, especially those of the actinide elements and their radio-
active daughter products, and the nature of the radioactive environment in which
life developed on earth. The present distribution and concentrations of both natu-
ral and manmade radionuclides in the earth’s crust and the processes underlying
their transfer to plants animals and human beings are considered. The concentra-
tions of radionuclides that occur in human tissues are considered and discussed

95

Copyright © Marcel Dekker, Inc. All rights reserved.

MaRcEL DEKKER, INc. d\ﬂ)
270 Madison Avenue, New York, New York 10016 0



96 Taylor

in terms of their possible long-term effects on human health. Although the empha-
sis is on radionuclides of heavy metals, it is also necessary to consider other
radioelements, metallic and nonmetallic, particularly those that are members of
the uranium and thorium decay chains, or are components of the fallout from
nuclear weapon testing.

2. RADIONUCLIDES IN THE ENVIRONMENT

Table 1 lists the known primeval radionuclides, together with their radioactive
half-lives and estimates of their present concentrations in the earth’s crust and
of their residual global radioactivity. Only two of the 17 elements listed in Table
1, K and ¥Se, are known, or suspected, to be biologically essential. The alkali
metal potassium is, of course, an essential component of the human body and of
all other living organisms. The normal human body contains ~140 g of potassium
(4); of this only ~17 mg (~480 mBq) is present as K but this is sufficient to
deliver a radiation dose of ~150 uSv a™' to the average person, about half the
total annual dose from natural radionuclides incorporated into the body tissues
(5). Since the alkali metals ““K and ¥'Rb, together with 32Se and '»!**Te, cannot

TaBLE 1 Concentrations and Residual Global Radioactivity of the
Primeval Radionuclides in the Earth’s Crust (1,6)

Elemental
Isotopic concentration
Half-life  Principal abundance —————— Residual global
Radionuclide Z (a) radiation (%) a/kg Ba/kg radioactivity (Bq)
0K 19 1.2E+09 B 0.01167 2.1E+01 6.9E—02 1.6E+21
82Se 34 1.4E+20 B~ 9.2 5E-05 b5.1E-13 1.2E+10
5Rb 37 4.9E+10 B 27.83 9.0E-02 2.2E+01 5.2E+23
3Cd 48 9E+15 B 12.2 1.5E—-04 2.9E-08 6.9E+14
"8In 49 5.1E+14 B~ 95.7 2.5E-04 5.3E-05 1.2E+18
128Te 52 1.5E+24 B 31.7 1E-06 7.4E-18 1.5E+08
0Te 52 2E+21 B~ 34.5 1E-06 6.9E—-15 1.8E+05
%8 a 57 1.1E+11 B~ 0.089 3.9E-02 3.5E-05 8.2E+17
Nd 60 2.1E+15 o 23.8 4.1E-02 9.8E-05 2.3E+18
“7Sm 62 1.1E+11 o 15.1 7.0E-03 1.3E-01 3.1E+21
8 Sm 62 8E+15 o 11.3 7.0E-03 9.6E—07 2.3E+16
82Gd 64 1.1E+14 o 0.21 6.2E-03 2.1E-08 4.9E+14
8Ly 71 3.6E+10 o 2.61 8E-04 1.1E-04 2.7E+18
TEHf 72 2.0E+15 o 0.16 3E-03 2.9E-10 6.8E+12
¥ Re 75 4E+10 B~ 62.60 7E—-07 4.8E-04 1.1E+19
190 pg 78 6E+11 o 0.013 5E—-06 9.7E-10 2.3E+13
22Th 90 1.5E+10 o 100 9.6E—-03 3.9E+01 9.2E+23
=5y 92 7.0E+08 o 0.720 2.7E-03 1.1E-02 2.6E+20
=8y 92 4.5E+09 o 99.27 2.7E-03 3.3E+01 7.8E+23
29py 94 2.4E+04 o 100 2.4E-14 4.6E-08 1.1E+15
24Py 94 8.3E+7 o 3E-25 2E-22 5E+00
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be classified as heavy metals, these primeval radionuclides will not be discussed
further in this chapter.

All the primeval radionuclides are ubiquitous components of the earth’s
crust, oceans, and other natural waters. Table 1 shows that, except for U, U,
29Pu, and **Pu, their radioactive half-lives are so long compared to the age of
the earth, ~4.5E + 09 a, that their concentrations will have remained virtually
unchanged throughout the evolution of life on the planet. Because of the presence
of these primeval radionuclides in the earth’s crust and oceans all forms of life
evolved in an environment of ionizing radiation. Adding up the figures in the
last column indicates that the global residual radioactivity from the primeval
radionuclides in the earth’s crust amounts to ~2 million EBq (~2.10* Bq); this
is an enormous amount of radioactivity, many orders of magnitude greater than
the manmade radioactivity produced since the beginning of the nuclear age in
the 1940s.

Varying fractions of the primeval radionuclides enter the atmosphere in the
form of fine dust particles or aerosols that may be deposited directly on growing
vegetation or be inhaled directly by humans and other animals. Transfer within
the biosphere depends on many factors, chemical, biochemical, and physical, and
an important question is how large are the quantities of these natural radionuclides
that enter the human food chain and are incorporated into the human body? Envi-
ronmental radionuclides can enter the human body by two routes, inhalation of
respirable dust particles or aerosols, and through food and water. The relative
importance of these two uptake routes will vary with the element, but for radioele-
ments such as thorium and plutonium, whose absorption from the human gastro-
intestinal tract is very low, inhalation may in fact become the major entry path-
way. This will be discussed later as the specific elements are discussed.

Figure 1 shows the remaining primeval radionuclides with their position
in the periodic table. It can be seen that 10 of the total of 21 radionuclides are
members of the lanthanide and actinide series of elements whose geo- and bioin-
organic chemistry exhibits a number of similarities. The information on the occur-
rence of each of the radionuclides in the environment and in humans will now
be reviewed.

3. THE BIOINORGANIC CHEMISTRY OF THE RESIDUAL
PRIMEVAL RADIONUCLIDES

3.1 Cadmium

Cadmium is the 64th most abundant element in the earth’s crust (6). Cadmium
minerals are rare and the element occurs by isomorphous displacement in almost
all zinc ores, the most common of which is sphalerite, (ZnFe)S (7). The predomi-
nant oxidation state is Cd(II) and this is the oxidation state to be expected in all
environmental situations. The cadmium concentration in the earth’s crust is ~150
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Ficure 1 The periodic table of the elements indicating the remaining prime-
val radioelements.

ug kg™ (6) and that in seawater is ~3 orders of magnitude lower at ~110 ng
dm 3. The fraction of the radioactive isotope *Cd in the total cadmium is 12.2%
(Table 1). The zinc concentrations in both the earth’s crust and the oceans are
about 100-fold greater than those of cadmium, and a similar Zn/Cd ratio is also
found in biological materials, including human and animal tissues. Cadmium is
taken up readily from the soil and water by many plants, and in edible fungi such
as mushrooms levels may reach mg kg ! fresh weight. The daily intake of cad-
mium in the human diet and drinking water is ~150 pg d~! (8); of this ~5%
may be expected to be absorbed from the gastrointestinal tract (8,9). Cadmium
in tobacco leaves contributes to increased levels of the metal in the bodies of
smokers. Because cadmium is a potentially highly toxic metal, its levels in human
tissues have been widely studied (8—10). The whole-body content of cadmium
ranges from ~30 to 50 mg, of which ~15%, 35%, and 35%, respectively, are
located in the liver, kidneys, and skeleton. The whole-body content of '"*Cd is
calculated to be ~50-80 nuBq; this means that on average 1 atom will disintegrate
somewhere in the human body about every 4 h, thereby releasing a - particle
with an energy of 91 keV. This amount of energy, when deposited in the human
body, will deliver a lifetime radiation dose, a committed effective dose (CED)
(9), of ~10 pSv, or about 9 orders of magnitude less than that from the pri-
meval “K.

3.2 Indium

Indium, with a concentration of ~250 g kg™ in the earth’s crust, has a slightly
greater abundance than that of cadmium (6). Indium is assigned, together with
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aluminum and gallium, to Group 13 of the periodic table (Fig. 1), and in common
with these latter metals the predominant oxidation state is In(III) (7). In the earth’s
crust traces of indium, <<1%, occur in aluminum and zinc ores. In contrast to
cadmium, indium has few industrial or medical applications and, in consequence,
it has attracted little environmental or toxicological interest and its concentrations
in natural waters, or in plant, animal, or human tissues have been little studied.
Consequently there is virtually no direct information on which an assessment of
the indium content of the human body can be made. Experimental studies in
animals suggest that the absorption of indium from the gastrointestinal tract is
about 2% (9). Since, like aluminum, indium occurs in the earth’s crust in silicates,
such as micas and feldspars, and in minerals like bauxite (a hydroxo oxide) and
cryolite (NaAlFg), which are not very soluble, its transfer from the soil into the
food chain and thence into the human body is likely to be very low. A rough
assessment of the indium content of the human body can be made from the alumi-
num content and the relative abundance of the two elements in the earth’s crust.
The aluminum content of the human body is ~60—-100 mg, or a concentration
of ~1.2 mg kg~! (4,10); the aluminum content of the earth’s crust is 82.3 g kg ™!
(6), suggesting a concentration factor (CF) of ~7E —04. Assuming that this factor
would also apply to the intake of indium and allowing for a fivefold lower absorp-
tion from the gastrointestinal tract, its concentration in the human body might
be ~100 ng. Studies with '""In in animals and humans show that ~30% of the
nuclide deposits in bone and ~20% in liver (11). In the blood plasma, indium
is transported on the iron-transport protein transferrin, to which it binds very
strongly (12). Assuming that the human body contains 100 ng indium, the radio-
activity of the >In would be ~20 nBq. These estimated body contents of both
total indium and In must be recognized as having large uncertainties and it
would be wise to assume that the actual levels that might be measured in individ-
ual members of the population would lie in the range 10—1000 ng (2—1000 nBq).
The presence of 20 nBq of primeval *In in the human body would correspond
to the decay of 1 atom, with the emission of a B~ particle of 153 keV every 250
days, or a lifetime CED of ~5 nSv.

3.3 Hafnium

The chemistry of hafnium is almost identical to that of its companion Group 4
element zirconium; thus hafnium, as Hf(IV), occurs in all zirconium minerals
(7). These minerals are widely distributed in the earth’s crust and are not concen-
trated into major deposits (7). The average concentration of hafnium in the earth’s
crust has been estimated to be 3.0 mg kg~' (6), making it of comparable abun-
dance to uranium and many of the lanthanide elements; in contrast zirconium is
present at 165 mg kg~'. The microchemical analysis of hafnium is difficult and
this difficulty is reflected by the paucity of information on its concentrations in
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natural waters or in plant, animal, or human tissues. The daily intake of zirconium
in the human diet and drinking water is estimated to be 4.2 mg d~! (8); thus, on
the basis of their relative abundances, that of hafnium might be ~0.1 mg d~'.
Experimental studies in animals indicate that the absorption of hafnium from the
gastrointestinal tract is very low, ~0.05% (9), and that the major sites of deposi-
tion are the skeleton (~25%) and liver (~5%) (13,14). Like indium, Hf(IV) is
also associated with transferrin in the blood plasma (12). The zirconium content
of the human body has been estimated to be 420 mg (8); this implies a concentra-
tion factor of ~4E—02; thus by simple analogy based on the close chemical simi-
larities between hafnium and zirconium, the body content of hafnium might be
of the order of 100 pg. A body content of 100 pg hafnium would correspond to
~10 pBq of "*Hf. These estimated body contents of both total hafnium and "*Hf
must be recognized as having large uncertainties and it would be wise to assume
that the actual levels that might be measured in individual members of the popula-
tion would lie in the range 1-1000 pg (1-100 pBq "*Hf). A body content of 10
pBq "Hf would result in less than 1 o-particle of 2.5 MeV being emitted in a
human lifetime.

3.4 Rhenium

Rhenium lies in Group 7 of the periodic table, together with manganese and
technetium (Fig. 1). The abundance of rhenium in the earth’s crust is ~700 pg
kg ! (6). The element appears together with molybdenum in various ores as the
sulphide ReS, or as the oxide Re, ;. Rhenium can exist in various oxidation
states between —1 and +7 and the Re(IV) and Re(VII) states are probably the
most important from the environmental point of view (7). In seawater the element
believed to be present in very low concentrations is the perrhenate ion, ReO,".
Rhenium is produced and purified industrially for use as an oxidation catalyst,
or as filaments and coatings in electronic and electrical equipment. However,
the rarity and the high cost of the pure metal combine to prevent widespread
environmental contamination or toxicological concern; thus there is little or no
information on the concentrations of rhenium in vegetation or in animal and hu-
man tissues. Recent interest in the use of ¥ Re for the treatment of cancer has
prompted some studies of the biodistribution of this radionuclide in experimental
animals (15), but these cannot yield any information on the normal concentrations
of the element in the tissues or whole body. Radionuclide studies with ['*3Re]-
ReO,” in animals indicate that there is virtually complete absorption from the
gastrointestinal tract and that of the absorbed radionuclide; ~30% is deposited
in the liver, 4% in the thyroid, and 1% in the stomach wall; the remainder is
assumed to divide equally among all other tissues (11).

The whole-body content of rhenium has not been measured; assuming a
fairly conservative CF of 1E—-04, it could be predicted that the rhenium content
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of the whole body might be of the order of 100 pg, of which ~20 pg might be
in the liver. This latter value would correspond to the presence of ~50 nBq of
primeval "®Re in the human body and to the emission of a single 0.66-keV [-
particle about every one and a half years.

3.5 Platinum

Platinum, like rhenium, is a rare element with a concentration of only ~5 ug
kg~! in the earth’s crust (6). The metal has no known essential physiological
role, although in recent years cis-diaminodichloro-platinum and other platinum
complexes have become first-line drugs in the treatment of certain types of can-
cer. Studies with radioactive cis-diaminodichloro-platinum indicate that about
10% of the radionuclide deposits in the liver and a further 10% in the kidney,
the remainder being more or less equally distributed in the other tissues (16). No
information on the natural concentrations of platinum in biological materials,
including human tissues, appears to be available; however, it seems unlikely that
the tissue concentrations will be markedly different from those of gold, which
has a similar abundance in the earth’s crust (6). Gold concentrations in human
liver, lungs, and skeleton have been measured (17,18) and these indicate a total
body content of ~1-30 pg. A whole-body platinum content of 30 pug would
include ~60 pBq ""Pt; this would correspond to the emission of less than 1 o~
particle in a human lifetime.

3.6 The Primeval Lanthanides

The primeval radionuclides *8La, '*Nd, ¥’Sm, *¥Sm, 2Gd, and "Lu (Fig. 1)
are members of the lanthanide series of elements. The natural abundance of these
elements in the earth’s crust ranges from ~40 mg kg~' for lanthanum and neo-
dymium to 0.8 mg kg ~! for lutetium; concentrations in seawater are 6 or 7 orders
of magnitude lower than those in the earth’s crust (6). Although the lanthanides
have no known essential or potentially beneficial biological function, they are of
biochemical and medical interest and their biodistribution and biokinetic behavior
in animals and plants has been quite widely studied (19). The analysis of lantha-
nides at levels of <1 pg kg~! is very difficult, and even with the best modern
analytical methods, such as ICP-MS, ICP-AES, or neutron activation analysis,
the published results show very large standard deviations, and the data are not
always consistent, either from sample to sample or from element to element (19).
In human organs there is also evidence that diseases such as cancer, cirrhosis
of the liver, and myocardial infarction may increase lanthanide levels in some
tissues (19).

Radionuclide studies in experimental animals indicate that the liver and
skeleton are the major sites of deposition, accounting for 80% of the lanthanide
that enters the systemic circulation (20,21); Durbin (20) has pointed out that liver
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deposition appears to decrease approximately linearly with increasing atomic ra-
dius of the lanthanide, while the skeletal content increases. The available data are
far from complete and present only a general picture of the behavior of lanthanide
elements in plants and tissues.

There are no comprehensive reports of measurements of lanthanides in food
crops or animals and human tissues. The principal uptake route into plants and
animals is by leaching of lanthanides from minerals into the groundwater, and
also by the formation of respirable aerosols. Measurement of lanthanide concen-
trations in crops taken from a high background region of Brazil indicated levels
ranging from <1 to ~700 ug kg ' in vegetables (19). Comparing the lanthanide
concentration in foodstuffs with those in the earth’s crust led Evans to suggest
a concentration ratio for lanthanides ranging from 1E-03 to 1E-05 (19). Since
the fractional absorption of lanthanides from the human gastrointestinal tract ap-
pears to be ~5E—04 (7), the overall concentration ratio for humans might be
expected to lie in the range 1E-07 to 1E-09.

If this assumption were true, the lanthanide concentrations in human tissues
would be expected to lie in the ng-pg range. However, the sparse measurements
of human tissues suggest higher concentrations; measurements of lanthanide con-
centrations in human spleen ranged from ~3 to ~900 ug La kg~' fresh weight
to 0-40 ug kg~! for Sm (19). Neutron activation analysis of nonexposed human
lung revealed mean values of 16.6, 46.2, 2.5, and 0.46 ug kg™' fresh weight for
La, Nd, Sm, and Lu, respectively (19). Lanthanum concentrations of 4.5 and 5.5
ug kg™, respectively, were reported in the lungs and liver of deceased smelter
workers (19). Hamilton et al. (23), using mass spectrometry, reported lanthanum
concentrations of 80 and 10 g kg™!, respectively, in liver and lung. McAughey
(24), using ICP-AES, found that the daily urinary excretion of La, Sm, Gd, and
Nd lay in the range 0 to ~150 ng d~'. These liver and urinary values would
be consistent with a total body content of ~200-1000 pg. However, even
assuming a body content of 1 mg for each of the lanthanides of interest, the
radioactivity would correspond to 0.5 uBq *3La, 2.8 uBq “Nd, 19 mBq '¥’Sm,
0.1 uBq *8Sm, 3.4 uBq 2Gd, and 143 uBq SLu; in no case would this result
in a CED > 1 uSv.

4. THE BIOINORGANIC CHEMISTRY OF THE PRIMEVAL
ACTINIDES

4.1 Thorium and Uranium

After “K, the primeval actinides and their daughter products are the largest
source of the natural radioactivity of mankind and the human environment. Of
all the primeval actinides, **?Th is the most abundant with an average concentra-
tion of 9.6 mg (39 Bq) kg! in the earth’s crust (6). However, concentrations
may vary from region to region and a realistic range might be <0.5->20 mg
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kg~!. Concentrations in seawater, at ~1 ng kg™, are, however, about 7 orders
of magnitude lower, reflecting both the poor solubility of Th(IV), the predominant
oxidation state, and its lower concentration in the mafic rocks of the ocean crust.
The concentration of 8 U, the longest-lived uranium isotope, in the earth’s crust
is 2.7 mg kg ' (6), about 4 times lower than that of *2Th; however, the radioactiv-
ity in the earth’s crust due to *5U is 33 mBq kg™, only slightly less than that
of 2*Th. The concentration of **U in seawater is 3.2 ug kg~!, some 3000 times
greater than that of thorium, largely reflecting the greater solubility of uranium
minerals as compared to those of thorium. The second primeval isotope of ura-
nium, >>U (T,,, 7.038.10* a), has an isotopic abundance of only 0.72%, but its
radioactivity is 11 mBq kg~' in the earth’s crust.

Thorium-232 and **U, as well as most of their daughter products, emit o~
particles, which, if they are emitted within the human or animal body, may be
highly radiotoxic (5). There has, therefore, been considerable interest in the con-
centrations of the isotopes of the thorium and uranium decay series that are pres-
ent in the human diet and in the bodies of humans and animals.

4.1.1 The Radioactive Decay of 2?Th and #¢U

Thorium-232 decays by o-particle emission to *®Ra (T, 5.76 a) and thence to
28Th (T, 1.913 a), ®Ra (T, 6.7 a), **Ra (T, 3.64 d), **Rn (thoron) (T,
54.5 s), and, finally, through further emission of o-particles, to stable *®*Pb (Fig.
2). All the daughters of 22 Th have physical half-lives of <6 a; thus, even geologi-
cally young thorium-containing minerals and rocks will contain the whole radio-
active series in equilibrium (1). Primeval 28U also decays by o-particle emission
to »*Th (T,,, 24 days) and thence by B-particle emission to **Pa (T, 1.1 min)
and through successive o-particle decays to 2*U, »°Th, and **Ra to stable *°Pb.
Uranium-235 decays by o-particle emission to »*'Pa (T, 3.43 10* a) and thence
by emission of a B-particle to »' Th (T, 25.6 h) and through further o-particle
emissions to stable *’Pb. Thus the radiochemistry of both **U and **U also
involves that of thorium.

There are two important daughter products of *Ra and **Ra, the gaseous
radionuclides ??Rn and *°Rn, which diffuse out of the minerals into groundwater
and to the atmosphere and add radioactivity to each through both themselves and
their radioactive daughters (3). Since both *Ra, **Ra, *?Rn, and *’Rn are highly
radiotoxic nuclides, capable of causing cancers of lung and bone, their behavior
in the environment and in humans is considered below, even though they are not
heavy metals.

4.1.2 Thorium and Uranium Isotopes in the Human
Food Chain

Thorium-232, U, and their decay products are present in at least trace concen-
trations in virtually all terrestrial and marine biota, and their concentrations in
various types of foodstuff and drinking waters have been quite widely studied.
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232 228
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22ph _ o 8, 10.6 h. - 28Pb (stable)

2 234
BU - . 45100 - Th —g,24d - 2Pa—p, 1.1 min >
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U -w25100a—> T Th —«8100a— "Ra —« 1622

222
RN -, 38244 — 18P0 — o, 3.04 min — 21¥Pb — B,y 26.8 min —

4B By, 197 min. —> 2P0 — o, 163.7 psec = 21'Pb (stable)

FIGUrRe 2 The radioactive decay of %2Th and *®U.

Table 2 lists some illustrative, and rounded, values for the concentrations of > Th,
B2Th, ®4U, U, #8U, and ?*Ra in some of the most important foodstuffs. These
values are derived from the studies of Fisenne et al. (25), Shiraishi et al. (26)
and Yu and Mao (27) in the New York City, Ukrainian, and Japanese diets;
the values are also comparable with those of other studies (25-30). The highest
concentrations listed in Table 2 are for shellfish. There are, however, variations
that may reflect regional differences; for example, Yu and Mao (27) reported
that in six varieties of fish obtained from the Hong Kong fish market the concen-
trations of **Th and **U were below the detection limits. Pronounced regional
differences in the **U concentrations in drinking water between New York City,
Salt Lake City, Utah, and Hong Kong are evident from Table 2.

Comparison of the estimated daily dietary intakes of thorium and uranium
in various countries across the Northern Hemisphere indicates that average intake
may range from ~2 to 10 uBq (0.5-2.5 ug) for *2Th and from ~7 to 60 uBq
(~0.5-5 mg) for 28U. In thorium and uranium mineral-rich regions, intakes may
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TaBLE 2 lllustrative Values for the Concentrations of Primeval Actinides
and Their Decay Products in Some Foodstuffs

mBq kg™’
FOOdSth‘f 226 Ra 230Th 232Th 234U 235U 238U
Dairy products 6 0.4 0.3 1 0.05 0.7
Fresh vegetables 60 20 18 23 1 25
Root vegetables 15 1 1 12 0.1 8
Fresh fruit 50 0.1 0.1 2 2
Meat 2 3 2 2 0.02 2
Fish 30 1 1 20 0.4 15
Shellfish 60 30 30 2200 90 1900
Bread and grain products 100 10 3 30 1 23
Drinking water, NYC 0.4 0.1 0.05 1 0.03 0.9
Drinking water, SLC 18
Drinking water, HK 4 7 79

NYC = New York City; SLC = Salt Lake City; HK = Hong Kong. The values are derived
from refs. 25-30. The coefficients of variation on the reported values range from ~4
to >40%, but a realistic concentration range probably lies between 0.1 and 10 times
the values shown.

be orders of magnitude higher (28—30). Table 3, which is recalculated from the
data of Fisenne et al. (25) and Yu and Mao (27), compares the fractions of the
daily intakes of 222 Th, 22%U, and **Ra due to diet, drinking water, and inhala-
tion for New York City and Hong Kong residents.

The data in Table 3 indicate that for New York City, ~98% of the daily
intake of *°Ra and ?*?*Th was derived from the diet, 1-2% from the drinking
water, and <0.15% by inhalation; the corresponding figures for #+»538U were
~92% from the diet, ~8% from drinking water, and ~0.1% by inhalation. How-
ever, the thorium and uranium concentrations in New York City drinking water
are low and the data of Yu and Mao (27) indicate that in Hong Kong, where the
drinking water concentration of uranium is 80 times greater, ~22% of the daily
intake of *Ra and ~40% of the *3U are derived from drinking water.

4.1.3 Thorium and Uranium in the Human Body

Wrenn et al. (31,32) have provided the most comprehensive set of data on thorium
isotopes in human tissues taken at autopsy from cases of sudden accidental death.
Some further data are given for the concentrations of *2Th, ?°Th, and **Th in
the lungs and bones of persons living in high and normal radiation background
regions of China (33). Figure 3 shows the whole-body contents of *Th, **Th,
and 2*Th (Fig. 3a), and for total thorium (Fig. 3b), calculated from these data.
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TaBLE 3 Average Daily Intake of 20232 Th, 24235258 and ?°Ra by Ingestion
in Food and Water and by Inhalation in the United States and China
(31,33)

mBqg Person™" d™’

226 Ra 230Th 232 Th 234 U 235 U 238 U

New York City

Food 51.2 6.06 4.07 16.8 0.7 14.7

Water 0.6 0.18 0.07 1.5 0.05 1.2

Air 0.01 0.01 0.01 0.02 0.0007 0.02

Total 51.81 6.25 4.15 18.3 0.751 15.9
Hong Kong

Food 7.8 43

Water 2.2 26

Air — —

Total 10.0 69

There were no clear differences in the body content of residents of the mining
area of Grand Junction and urban Washington, DC, and the calculated body con-
tents are about an order of magnitude lower than those for residents of Beijing.
However, as can be seen from Figure 3a, the body contents of all the thorium
radionuclides in the residents of the high natural radiation background areas of
China are 10—100 times larger than those observed in Beijing or the United States.
The concentrations of thorium and uranium in the surface soil of the high back-
ground areas are 60.4 = 28.6 and 7.7 * 1.7 mg kg !, respectively, compared to
7.9 =3.2mgThand 1.7 = 0.7 mg U kg " in the control area (33). Figure 3a also
shows that, for each location, the radionuclides *?>Th, ?°Th, and ?** Th contribute
broadly similar numbers of mBq to the total-body radioactivity; however, owing
to their much higher specific activities, the contribution of *°Th and **Th to the
total mass of thorium in the body is less than 1 ng. There are differences in the
ratios of »2Th, »°Th, and *®Th at the different locations, and these may reflect
past or present mining and other civilization-related activities. Wrenn et al. (31)
suggest that the 2°Th and *?Th in the human body is derived largely by inhalation
of suspended particulates, while the **Th arises from ingestion in the diet and
by ‘‘ingrowth’” from the decay of **Ra. The presence of ~100 mBq **Th in
the human body would result in the emission of ~9000 a-particles d .
Within the body, thorium exists as Th(IV); about 60% deposits in bone,
partly in the hydroxyapatite matrix, but predominantly on bone surfaces within
a-particle range of radiosensitive cells, which could give rise to radiation-induced
bone cancer (34—-36). The liver contains ~4% of the body thorium, mainly depos-
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Ficure 3 The total-body content of thorium in the human body in different
regions of the world. (a) The mean body contents, measured in mBq, in for-
mer residents of Washington, DC (USA-DC), Grand Junction, Colorado (USA-
GJCO) (31,32), Beijing, China, and the high background radiation areas of the
Guangdong Province of China (33). (b) The same data for the total mass of
thorium, which is essentially all contributed by #2Th.
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ited in lysosomal structures, frequently in association with the iron storage protein
ferritin (35,36). In the blood plasma thorium appears to be transported on the
iron-transport protein transferrin (12,37).

Review of the information on the uranium content of the human body (38)
indicates a total-body content of ~20 ug; this is illustrated in Figure 4, which
also shows similar data for plutonium and radium. The total uranium content of
the body is similar to that of thorium (Figs. 3 and 4). Since the natural abundance
of thorium in the earth’s crust is about four times greater than that of uranium
(Table 1), the similarity in the total body content of the two elements probably
reflects the greater mobility of uranium. Limited data from seven countries across
the world indicate that the total uranium content of the human skeleton, the organ
in which ~95% of the body content is located (8), may range from <1 to ~770
ug (31). A total-body content of 20 pg **U would correspond to a radioactivity
of ~250 mBq, or the emission of ~20000 o-particles d .

The uranium in the body is most probably in the hexavalent form, [UO,]**,

10000
O micrograms

OmBq

1000 f

100 |

10 f

0.1

0.01 f

0.001 f

0.0001 |

0.00001 }

0.000001 f

0.0000001

U-238 Ra-226 Pu-239 [40+y] Pu-239 [<20y]

FiIGuRe 4 The estimated total-body contents of uranium, ?Ra, and pluto-
nium in the adult human body (2,38,40); the data are given as both mBq and

ug.
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which in bone exchanges with Ca®* ions on the surface of the hydroxyapatite
crystals of the bone mineral (34). The uranium in bone is fairly rapidly lost to
the plasma, with a half-life of ~150 days (34). In the blood plasma uranium has
also been shown to be associated with transferrin (12,37).

4.2 Plutonium

Both **Pu (T, 8.3. 107 a) and **Pu (T, 2.4.10* a) were primeval radionuclides,
but because of their short half-lives on a cosmic scale only minute traces of **Pu
survive today. The present-day abundance of **Pu in the earth’s crust has been
estimated to range from ~7.107%* to ~3.10722 g kg~! (34). Assuming that all this
plutonium was primeval, and that the earth’s crust has a mass of 2.367.10% kg
(6), the total residual cosmogenic ***Pu today might range from ~0.2 g to ~7 g
(2,40). However, there has been continuous, low-level production of **Pu from
23U by spontaneous fission since the formation of the earth, according to the
reaction:

238U(n,y)239U N 239Np N 239Pu
23 min 2.3 days

Assuming secular equilibrium and a **Pu/**U ratio of (1.5 = 0.2) X 107", the
rate of formation of *Pu corresponds to a total annual production of ~28 kg in
the entire earth’s crust (40,41).

On the basis of an average uranium concentration of 2.7.107% g kg ™! in the
earth’s crust (6), the average *Pu concentration would be ~40 fg kg~!, and this
is, presumably, the plutonium concentration that has been present through-
out the evolution of life. This is a very low concentration compared with that of
thorium, ~9.6 mg kg ™! Th kg~ (6), and since the chemistry of tetravalent pluto-
nium, its most stable oxidation state, and tetravalent thorium resemble each other
very closely, the geochemistry of the natural **Pu may well have followed that
of thorium, rather than pursuing its own specific chemistry.

Since the birth of the nuclear age in 1945, some 6 tons of **°Pu have been
released into the earth’s atmosphere, predominantly by the atmospheric nuclear
weapons testing carried out in the 1950s and 1960s (42). The fallout plutonium
from nuclear weapons testing was distributed unevenly between the Northern and
Southern Hemispheres, with the deposition in the Northern Hemisphere being
more than 3 times greater than that in the Southern Hemisphere (43). The concen-
trations of fallout **?*Pu in the upper layers of the earth’s crust in 1970-71
were 3 ng kg~' (~7 Bq kg™!) in the Northern, and 0.6 ng kg~' (~1 Bq kg™") in
the Southern Hemisphere. Orders of magnitude higher levels of soil contamina-
tion with 2’Pu may be found in the region of nuclear test sites or nuclear-fuel-
processing sites (38). This plutonium is almost certainly relatively immobile and
the ratios of the amount of plutonium in the earth’s crust to that incorporated
into vegetation and animals, including humans, are probably <<107".
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Like the other actinide radionuclides, environmental plutonium can enter
the human body by inhalation, and through food and water. While the food chain
is probably the predominant source of the natural **Pu in the human body, the
major route of entry of fallout plutonium into humans and animals has been by
inhalation (42).

Taylor (2), using the available published data from measurements in tissues
collected at autopsy, calculated median whole-body contents of #**°Pu in former
residents of various countries in the Northern Hemisphere who died between
1959 and 1976; the values ranged from 35 mBq in southern Finland to 179 mBq
in Japan with a population-weighted median value of 74 mBq (~30 pg) **Pu
(Fig. 4), a value at least 5 orders of magnitude greater than the calculated <500
ag base load of natural plutonium in the human body (2).

The decreasing levels of 2*?Pu intake since the late 1960s, especially by
inhalation, mean that persons born after the cessation of atmospheric weapons
testing in about 1970 will have much lower body burdens. Calculations suggest
that for persons born in 1970 the fallout *****Pu content of the human body would
be ~3 mBq (~1 pg or ~5 fmol Pu). Such levels will be very difficult to confirm
by direct measurements of autopsy material, even using modern mass spectromet-
ric methods, which offer detection limits of about 0.5 uBq per sample (46).

Large accidental releases of plutonium into the environment can cause sig-
nificant local or regional increases in population intake. For example, the Cherno-
byl accident, which released some 61 TBq of ***°Pu into the northern European
environment, may have increased the body content of the people of the Bialystok
region of Poland by ~6 mBq (40,46). Compared to the median value of 74 mBq
for the amount of plutonium in the bodies of persons who had lived through the
whole period of fallout from weapons testing, this Chernobyl-related increase in
body content is quite small; however, for the young people of this region who
were born after 1970, the Chernobyl-related intake could have more than doubled
their body burden (40). The 74-mBq civilization-related load of ***°Pu in the
human body corresponds to the emission of ~6000 o-particles d .

5. THE BIOINORGANIC CHEMISTRY OF RADIUM
AND RADON

5.1 Radium

In undisturbed uranium and thorium ores, radioactive equilibrium is established
between the parent **U or **Th and the daughter products in the decay chain.
The decay chains pass through **Ra (T,,, 1600 a) and **Ra (T, 5.7 a), respec-
tively, to stable 2Pb or *®Pb (Fig. 2), at rates corresponding to the amounts of
the parent radionuclides in the ore. As long as the ore remains undisturbed, radio-
active equilibrium is maintained. Radium, as a member of the alkaline earth group
of metals, would be expected to exhibit chemical behavior broadly similar to that
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of calcium. The radium and radon concentrations in the earth’s crust are said to
average 900 pg kg~! and 400 fg, respectively, concentrations in seawater being
3—4 orders of magnitude lower (6).

Tracy et al. (47) measured the uptake of Ra into garden produce grown
on soils containing 2.5-830 ng **Ra kg ! and showed that the CF for soil-to-
plant transfer ranged from ~800 to ~1300. Radium is present in all foodstuffs
at concentrations ranging from 0.74 to 6.5 pg kg™' (Tables 2 and 3); drinking
water concentrations range from ~0.07 to 8 pg kg~!, but drinking water accounts
for only ~10% of the daily intake (8). Yu and Mao (27) measured *Ra and
28Ra concentrations in a range of foodstuffs from Hong Kong and reported con-
centrations ranging from 0.3 to 39 mBq kg™' for each radionuclide. The daily
intake in food and drink was estimated to be ~27 mBq (0.7 pg) person~! for
26Ra and ~70 mBq (~8 fg) person! for ®Ra. Fisenne et al. (25) measured
26Ra in the diet of New York City dwellers in 1978 and reported concentrations
ranging from 2 to 104 mBq kg™'; the daily intake was assessed at 52 mBq (1.4
pg) d! for ?Ra and 35 mBq (3.9 fg) d' for **Ra (Table 4). Estimates of daily
dietary intake of *Ra in other geographical locations range from 0.7 to 3 pg d™!
(8). The absorption of radium from the human gastrointestinal tract is assumed
to average 20% (9). Radium absorbed from the gastrointestinal tract deposits
mainly in the skeleton, where like calcium it is laid down in the hydroxyapatite
of the bone mineral.

Comparison of the concentrations of *Ra measured in human bone sam-
ples collected from various countries across the world indicate a range from ~80
to 800 mBq (2-22 pg) kg ! fresh weight (33), with a weighted mean value of
252 mBq (6.8 pg) kg~! fresh weight. Concentrations in subjects from the high
radiation background areas in China were ~3 times greater than the maximum
observed in other areas. In the Chinese samples the *Ra/**Ra ratios varied be-
tween ~1 and 2 (33). On the basis of a **Ra/**Ra ratio of 1 the total mass of
28Ra in the human body would be ~30 fg kg~! fresh weight.

Assuming that 95% of the environmentally derived *Ra in the body is
located in the skeleton, and that worldwide the mean skeletal concentration is 7
pg kg~! fresh weight, with a range of 2—-22 pg kg~! fresh weight, the total body
mass of radium can be calculated to be ~70 pg, range 18-200 pg (Fig. 4); this
is in reasonable agreement with the value of ~30 pg assumed for ICRP Reference
Man (8). The calculated average total-body **Ra content of ~70 pg (2.6 Bq)
corresponds to the emission of ~2.2 10° a-particles d~!, mostly in the mineral
mass of the skeleton.

5.2 Radon

As mentioned above, the **Rn and *°Rn that are produced by the continuous
decay of 2*U in the rocks and soil diffuse rapidly into the atmosphere where,
together with their short-lived radioactive daughter products, they are inhaled by
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the entire human population (5,49). The levels of radon in the air vary widely
according to the geological nature of the ground, being low in areas of basalt
and high in areas rich in granite. Radon concentrations within buildings are gener-
ally higher than those in the outside air because of the emanation of radon from
the wall and floors of the building and of the restricted ventilation in most build-
ings. Average indoor **Rn levels in houses vary widely between countries; for
example, the level in Australia is 10 Bq m™ (38,48,49) and 20 Bq m ™ in the
United Kingdom while levels in much of western Europe and parts of the United
States may range from ~80 to 180 Bq m ™ (38,48). Within most countries there
are quite large regional or local variations in indoor radon concentrations; for
example, in the United Kingdom the average concentration is ~20 Bq m~*; how-
ever, persons residing in areas rich in granite, such as Cornwall, may be exposed
to concentrations 5 or more times greater than this. Thoron concentrations are
much lower and the radiation doses delivered to the population by *°Rn are less
than one-tenth of those that result from ??Rn (48). There is now widespread
evidence from experimental and epidemiological studies to show that radon, plus
its daughter products, is a human carcinogen (50) and this will be discussed in
more detail later.

6. THE BIOINORGANIC CHEMISTRY OF THE FALLOUT
RADIONUCLIDES

The two atomic bombs dropped in Japan in 1945, and more especially the atmo-
spheric testing of nuclear weapons between 1945 and the late 1960s, resulted in
the release of several other metallic radionuclides into the environment; of these
only ®’Cs (T, 30.2 a) and *Sr (T,, 29.1 a), remain of major interest. Like
B9.20Py (q.v.), the fallout *°Sr and '¥’Cs from nuclear weapon testing, together
with much smaller quantities of the shorter-lived **Cs (T, 29.1 a), were depos-
ited widely across the world. In the Northern Hemisphere the total deposition of
B37Cs peaked at ~150 PBq (1 PBq = 10'* Bq) in about 1963, then declined
steadily reaching levels at or below the limits of detection in 1982. A further
deposition of ~70 PBq followed the accident at the Chernobyl nuclear power
station in the Ukraine in 1986, but deposition dropped to below detectable levels
from 1987 onward (51). Deposition in the Southern Hemisphere was about one-
sixth of that in the north with the peak activity, ~23 PBq, occurring in 1965;
thereafter the activity declined steadily and fell below the limits of detection in
1981. The deposition of *Sr showed a similar pattern with a peak level of 94
PBq in 1963 in the Northern Hemisphere, and of 15 PBq in 1965 in the Southern
Hemisphere. A transient, Chernobyl-related peak of ~2 PBq *Sr was observed
in 1986. A survey of the 1987—-88 soil concentrations across Japan revealed me-
dian values of 3 Bq (range 0.3-30) Bq *Sr and 23 (range 0.08—148) Bq '’Cs
kg~! in the top 5 cm of soil (52).
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6.1 Cesium

The bioinorganic chemistry of the alkali metal radionuclide **’Cs is broadly simi-
lar to that of potassium and the monovalent Cs ™ cation must be regarded as being
quite mobile. Cesium is incorporated into almost all foodstuffs, with milk, meat,
and fish showing the highest levels. The results of an extensive survey of '¥’Cs
and *Sr samples in a few types of food across Japan in the years 1987-88 (52)
are listed in Table 4. The data show a wide spread of values, much wider than
the variations in the calcium and potassium concentrations; this large variation
suggests that, except perhaps for fish, there is no simple relationship between the
uptake of '’Cs and potassium or *’Sr and calcium. Comparison of the concentra-
tions in the foodstuffs with those in the soil suggest CF values of ~1-5.107 for
both radionuclides.

In the human body *’Cs is almost completely absorbed from the gastroin-
testinal tract (8,9) and becomes more or less uniformly distributed throughout
the body tissues, the largest amount being found in the muscle mass. This '¥'Cs
appears to exist in ionic form in the tissues (53); its rate of elimination is relatively
slow with biological half-times ranging from 50 to 200 days (9). The rate of
elimination from females (T,,, ~80 days) is shorter than that in males (T, ~100
days). The amount of *’Cs that is found in the human body depends principally
on the individual’s dietary intake, with persons eating diets rich in meat, fish, or
edible fungi showing higher levels than those whose diet is largely vegetarian.
For example, Eskimos and residents of Lappland, whose diet is rich in caribou
or reindeer meat, show some of the highest levels. Caribou and reindeer feed on
lichens, which concentrate large amounts of fallout '¥’Cs. The levels of ¥’Cs in
humans peaked around 1964 with levels reaching up to ~50 kBq in a 70-kg
Eskimo man (54); these peak levels decreased quite rapidly and by the late 1970s
levels ~30-110 Bq were being reported (55). The Chernobyl accident increased
B7Cs levels in people in some areas of Europe; for example, Pietrzak-Flis and
Krajewski (56) estimated that in northeast Poland the dietary intake of '*’Cs in-
creased by up to 10-fold following the Chernobyl accident and that human body
burdens of '¥'Cs reached levels of up to 1900 Bq in 198687, but declined to
<450 Bq by 1991-92.

6.2 Strontium

The results of an extensive survey of °Sr concentrations in a few types of food
across Japan in the years 1987-88 (52) are listed in Table 4. The data show a
wide spread of values, much wider than the variations in the calcium concentra-
tions; this large variation suggests that, except perhaps for fish, there is no simple
relationship between the *Sr uptake and the calcium concentration. Comparison
of the concentrations in the foodstuffs with those in the soil suggest CF values
of ~1-5.107* for *Sr.
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Strontium is an alkaline earth metal and resembles calcium in its general
bioinorganic chemistry, except that, unlike calcium, there is no biochemical
mechanism that enhances its absorption from the gastrointestinal tract. About
30% of the *Sr ingested in the diet is assumed to be absorbed from the gastroin-
testinal tract and of the absorbed radionuclide the largest fraction will deposit in
bone (8). The amount of *Sr reaching human bone is dependent both on the
dietary intake and on the physiological activity of the skeleton; thus age at inges-
tion is an important factor. Papworth and Vennart (57), from a study of orally
ingested fallout *°Sr in human bone, showed that skeletal uptake decreased from
~9% at 3 months of age to ~4% at age 5, then began to increase at about age
10 to reach a peak of ~8% at 15-16 years, declining thereafter to 4% at 20
years. Dehos and Schmier compared the age dependence of concentrations of
PSr in the bones of West German residents in the years 1977, 1980, and 1982
(58). In 1977 the peak activity, ~100—150 mBq *Sr g~! Ca, was found at age
20-22; by 1980 the peak level was still seen at age ~20 but the concentration
had decreased to ~80 mBq *Sr g~! Ca. For persons aged 30 years or more the
concentrations in all three years ranged from ~10 to ~40 mBq *Sr g™! Ca,
which corresponds to a total-body content of ~20-80 Bq »Sr.

7. HUMAN HEALTH IMPLICATIONS OF ENVIRONMENTAL
RADIONUCLIDES

As we have seen in the preceding discussion, the total mass of the element that
is associated with the residual primeval radionuclides in the human body is very
small, generally less than a few g, however the radioactivity may vary widely.
Table 5 presents a summary of the information in rounded figures; the final col-
umn of the table gives, for each of the radionuclides, a rounded value for the
number of disintegrations that would be expected to occur each day in the human
body. Table 5 indicates that only for the actinide radionuclides and for '*"Sm,
26Ra, ¥7Cs, and P Sr do the disintegration rates exceed 1 per day. For a total-
body content of 1 mg '*"Sm the lifetime effective radiation dose is <1 uSv; this
is far below the level at which any deleterious effects on human health would
be detectable, especially when they must be detected against a 2000-fold higher
background irradiation from other natural sources. Radium, thorium, uranium,
and plutonium deposit mainly in bone where the o-particle irradiation may cause
bone tumors; * Sr also deposits in bone but the B-particle emission is less effective
for inducing bone tumors than o-particles (50). Taylor (60) estimated the risk of
bone tumor induction from environmental levels of ?28230232Th, 24235281J 299Ppy,
and *Ra and concluded that these radionuclides might contribute about one-
hundredth of the overall spontaneous lifetime risk of developing a bone tumor,
~0.05% in 50 years. Figure 5 presents the risks for each of these radionuclides
recalculated using updated risk estimates (59); these revised data suggest that
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TaBLE 5 Total-Body Contents of Primeval Radionuclides and Associated
Disintegration Rates

Body content

Radionuclide Mass (g) Radioactivity (Bq) Disintegrations d '
"Cd 8E—05 1.6E—08 1.4E—-03
5|n 1E—-07 2.2E—-08 1.3E—-03
8 a <1E-03 <BE-07 <4E-02
“4Nd <1E-03 <2E—-06 <2E-01
“Sm <1E-03 <2E-02 <2E+03
“8Sm <1E-03 <2E-06 <2E-01
%2Gd <1E-03 <1E-07 <9E-03
8Ly <1E-03 <2E-06 <2E-01
74Hf 1E-04 9.6E—12 8.3E-07
¥ Re 5E—11 3.4E-08 2.9E-03
190 py 5E—-09 9.7E-15 8.4E—-10
B2Th 2E-05 8.1E—02 7.0E+03
#5y 9E—-05 3.7E-04 3.2E+01
=y 9E-05 1.1E4+00 9.5E+04
Zpy 3E-11 7.4E-03 6.4E+02
24Py 3E-11 <1E-09 <1E-04
26Ra 7E-11 2.5E+00 2.2E+05
¥ Cs 1E—-08 4.5E+02 3.9E+07
0Sr 2E-11 8.0E+01 6.9E+06

their contribution to the total risk might in fact be ~7-fold greater than that
previously calculated. However, these radionuclides have been present in human
beings ever since the race developed, and they will continue to be present as
long as the human race exists; thus any risk they present is an inescapable part
of the natural risk of life on planet earth.

The y-ray emitting '¥'Cs, because of its more or less uniform distribution
through the body, irradiates all the body tissues. In the United Kingdom in the
early 1990s the annual dose from fallout '¥'Cs in the diet was about 0.2 uSv,
although in some areas of Europe in the immediate aftermath of the Chernobyl
accident the dose rate in 1986—87 may have been as high as 10 uSv (61). A
comparison of the late biological effects of intravenously injected *’Cs in beagle
dogs showed a close similarity in the pattern and type of tumors induced by
external y-irradiation (62). Using the general ICRP factor for total cancer risk
of 0.06 Sv™! (63), the irradiation from the current level of fallout *’Cs poses
an additional cancer risk of ~1.107% a~!. However, for the majority of the
world’s population this is a decreasing risk as the bioavailability of the fallout
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Sr-90

[ ]

Pu-239 ]

U-238 |

U-235

Th-232 |

Th-230 |

Th-228 |

Ra-226 |

Total risk

1.00E-07 1.00E-06 1.00E-05 1.00E-04  1.00E-03
Fractional risk over 50 years

1.00E-08

Ficure 5 The estimated fractional risk of developing a bone tumor from the
bone-seeking primeval or fallout radionuclides and their decay product over
a 50-year period (60).

13Cs is slowly decreasing and the radioactivity is also being reduced by radio-
active decay.

At the average radon concentration in homes in the United Kingdom (20
Bq m™~*) radon, in conjunction with smoking, accounts for about 6% of the life-
time risk of developing human lung cancer from all causes (50). A full discussion
of this evidence is beyond the scope of this review but the most important conclu-
sions are summarized below. It is interesting to note that what is now recognized
to have been radon-induced lung disease was first described by Paracelsus (64)
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more than 200 years before the discovery of uranium and some 300 years before
the recognition of its radioactivity and of its radioactive daughter products (38).

During the past 30 years, extensive epidemiological studies have been made
of the workers in uranium mines around the world. These have demonstrated
conclusively that there is a causal link between lung cancer and radon exposure
(50). Estimated lifetime risks of developing lung cancer from the inescapable
exposure to average indoor radon levels in various parts of the world range from
~1in 300 in areas of the United Kingdom with an average *?Rn air concentration
of 20 Bq m* (=1 mSv a™!) to ~1 in 30 in areas, for example, Finland or Sweden
(54), where the *Rn concentrations are 180 Bq m® or more; for smokers these
risks are about 3 times greater than those for the general population. The range
of doses observed in the United Kingdom is 0.3—100 mSv a™! (65); this range
is probably similar to that which would be observed in other countries. The life-
time risks must be considered in relation to the overall lifetime risk of developing
lung cancer from all causes, which is about 3—5% for the United Kingdom and
United States (50).

In summary it can be said that the levels of primeval and related radionu-
clides that are presently in the environment pose no significant threat to human
health, and appear unlikely to do so in the future. Provided that no one resorts
to the use of nuclear weapons, or that there is a resumption of nuclear weapons
testing in the atmosphere, the current world levels of Sr and *’Cs will decay
away over the next century. A matter of some potential concern is the 1200 tonnes
or so of unwanted *Pu that has arisen from the decommissioning of nuclear
weapons and from nuclear power production (40). However, the residual prime-
val radionuclides will remain with us, making a small, but significant contribution
to the inescapable natural background irradiation of mankind for many hundreds
of millennia into the future.
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Metal Carcinogenesis

Michael P. Waalkes
National Institutes of Health, Research Triangle Park, North Carolina

1. INTRODUCTION

Metals are a ubiquitous class of agents both in the natural environment and in
the workplace. There are numerous natural and artificial forms of metals. The
common occurrence of metals in the human environment is dictated both by their
wide natural distribution and by their intensive use in an ever-growing number
of industrial processes (1). Clearly, the use of metals has been critical to the
progress of human civilization and they are intensely used by modern society.
However, metallic agents, once concentrated in the biosphere, generally persist
and are not broken down by natural forces, at least not beyond the elemental
form. Unlike many products of human enterprise, the use of metal products gener-
ally does not consume the innate, natural material. Beyond this, most metals are
only sparingly recycled, with a few notable exceptions. Environmental persis-
tence in combination with intensive use by modern society has, over the years,
concentrated metals within the human environment. This trend continues gener-
ally unabated and provides ample opportunity for human exposure to metals.
Thus, human exposure to metals and metal compounds is clearly inevitable. Be-
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yond this, metal exposure, by nature, is always to a multitude of metals and metal
compounds and never to a single metallic agent.

The heavy (or transition) metal elements make up a large part of the peri-
odic table and include some of the most toxic agents known, like mercury and
cadmium. As a group, heavy metals are an important class of carcinogens. At
least three transition metals in one form or another are accepted as human carcino-
gens by the International Agency for Research on Cancer (1-8). These human
carcinogens include cadmium, chromium, and nickel, which have also proven
to be carcinogenic in animal models. Several more heavy metals and/or their
compounds are suspected to have carcinogenic potential in humans and are active
in rodents (1-8). Other known human metallic carcinogens include the metalloid
arsenic (4,5) and the alkaline earth metal beryllium (8). There is convincing evi-
dence of beryllium carcinogenesis in animals. The evidence for arsenic carcino-
genesis in laboratory animals has been considered limited but recent studies point
toward capabilities of inorganic or methylated arsenicals as potential initiators,
promoters, or complete carcinogens. In any event, considering that the list of
definitive human carcinogens is rather short (5), it is clear that metallic agents,
as a class, make up a substantial portion of known human carcinogens. Many
more metals are carcinogens in laboratory animals.

Detection of the mechanism or mechanisms of metal carcinogenesis has
proven elusive. Many factors are involved in this but, in large part, it is because
of the very intricate nature of metal interactions in biological systems (9). This
chapter will review the topic of metal carcinogenesis largely following the Inter-
national Agency for Research on Cancer’s (IARC) classification system with
special emphasis on known human metallic carcinogens.

2. UNIQUE CHARACTERISTICS OF METALLIC AGENTS AS
TOXINS OR CARCINOGENS

Classical theory implicates three more or less overlapping sequential phases of
carcinogenesis. These include initiation, promotion, and finally, progression. Ini-
tiation involves the alteration of a cell such that it has the ability, under appro-
priate stimulation, to become a tumor. Promotion involves the stimulation of the
initiated cell to accumulate. Progression involves the development of an aggres-
sive, invasive, metastatic malignancy. Generally speaking, the greatest research
focus has been directed at elucidating initiating events in carcinogenesis while
progression is the least well defined of the phases of carcinogenesis. There is
evidence that metallic agents can play roles as initiators, promoters, and pro-
gressors.

The metals, as toxicants or carcinogens, are a remarkable group of agents.
Although this group can have diverse biological effects, there are several general
characteristics that influence toxic outcome. First, all metals have the potential
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to induce adverse reactions in biological systems, even those considered to be
essential nutrients. Some essential metals can even be carcinogenic in humans
or animals like, for instance, chromium or zinc. However, since many metals are
essential in living systems, homeostasis is a key to survival and various biological
strategies have developed for the safe transport and storage of metals within the
cell. Metal-binding or transport proteins, such as metallothionein (MT; 10) or
ferritin (11), are excellent examples of this principle. Thus, metal toxicology has
to be considered in the light of systems evolved to intentionally accumulate essen-
tial metals. Furthermore, it is thought that the nonessential metals, including many
carcinogenic metals, follow the metabolic pathways of similar essential metals
(11). Thus, broadly speaking, the carcinogenic metals can be considered mimics
of certain essential elements. This mimicry results in the disruption of essential
metal function. This is largely due to binding preferences in biomolecules that
are similar between the carcinogenic metals and the essential metals they emulate.

Another feature of metal toxicology is the occurrence of acquired tolerance.
In this regard, the toxic effects of metals can often be modified by prior, concur-
rent, or subsequent exposure to the essential metals and clear evidence indicates
that the carcinogenic effects of metals are modified by essential elements in
chronic rodent studies (12—15). Similarly, essential element deficiency can en-
hance the carcinogenic potential of metallic carcinogens (16). Such events have
frequently been termed ‘‘metal-metal’’ interactions and are likely a critical aspect
of the mechanisms of metal carcinogenesis (12—15). Thus, although incompletely
defined, events in acquired tolerance are likely to be of the utmost importance
in assessing the carcinogenic potential to humans. Further, the acute adverse ef-
fects of many toxic metals can be mitigated by low, nontoxic doses of the same
metal. This acquired self-tolerance to acute toxicity is particularly true for cad-
mium and has to do with activation of the MT gene (10,17). Arsenic will also
show acquired self-tolerance (18). How acquired self-tolerance affects carcino-
genic outcome is not well defined.

Metal metabolism also has several special features. Biologically speaking,
metals, as elements, are indestructable. In essence, they cannot be broken down
into less toxic subunits, as is often the case with organic compounds. Thus, enzy-
matic degradation is not a mechanism available to detoxicate metals (1). Some
metallic elements can undergo enzymatic conjugation reactions but how this
bears on detoxication is an open question. An example here is the metalloid
arsenic, which, with mixed organic and metallic qualities, will undergo enzymatic
methylation. However, the role of arsenic methylation in causation or prevention
of arsenic carcinogenesis is a matter of some contention. Heavy metal carcino-
gens generally do not undergo enzymatic conjugation. Conversely, metals typi-
cally do not require bioactivation, at least not in the sense that an organic mole-
cule undergoes enzymatic modification resulting in creation of a reactive species.
Naturally occurring forms of metals are frequently already reactive species. There
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are adaptive mechanisms that have evolved for metal detoxication however; such
as long-term storage in bone or soft tissues. Other detoxication options for metals
would include biliary and/or urinary excretion (19-21).

3. METALLIC AGENTS AS CARCINOGENS IN HUMANS

Arsenic was one of the very first agents of any class recognized as a human
carcinogen (22). The use of medicinal arsenic compounds was associated with
dermal cancers in the classical paper by Hutchinson over 100 years ago (22).
Since that time, metallic agents have become an ever-more-important category
of human carcinogens. It is fair to say that evidence for the carcinogenic potential
of several metals, in both humans and animals, has continued to accumulate over
the years. With the addition of two more metals and their compounds in the early
1990s, now at least five metallic elements in one form or another are accepted
as human carcinogens (group 1) by the IARC (Table 1; 1-8,23). Specifically,
these include arsenic and arsenic compounds, beryllium and beryllium com-
pounds, cadmium and cadmium compounds, hexavalent chromium compounds,
and nickel compounds. Considering that the number of agents definitively charac-
terized as human carcinogens of any class is quite small (5), it is quite clear that
metal compounds make up a significant portion of this number. Classification in
category 1 means that there is clear evidence of human carcinogenicity from
various epidemiological studies combined, in almost all cases, with definitive
rodent data indicating carcinogenicity. The single exception to this is for arsenic
and its compounds, where extensive human evidence of carcinogenic potential
supersedes the experimental evidence, which has until recently been considered
limited (4,5). More recent animal studies have implicated a carcinogenic potential
for inorganic arsenicals (24,25), and shown organoarsenicals to be tumor promot-
ers (26) and, at least in one case, a complete carcinogen (27). However, because
of the apparent difficulty in producing tumors in animals with arsenicals there
is the legitimate fear that humans may be one of the more sensitive species to
arsenic carcinogenesis (28).

Several more metallic agents are classified as suspected or possible human
carcinogens (group 2A or 2B; 1-8,23,30). This includes cisplatin, inorganic lead
compounds, metallic nickel, iron dextran complexes, methylmercury compounds,
cobalt and cobalt compounds, antimony trioxide, and implanted foreign bodies
of metallic cobalt, metallic nickel, or certain nickel-chromium-iron alloys (Table
1). This classification is generally based on clear or substantiative experimental
data from chronic rodent studies in the absence of sufficient evidence in humans.
In the case of cisplatin there are numerous clinical case reports concerning the
emergence of secondary malignancies after its use as a cancer chemotherapeutic
(5). However, cisplatin is most often used in treatment regimes that include con-
current therapy with multiple agents, some of which are also considered potential
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TaBLe 1 Summary of Metallic Agents or Processes Involving Possible
Metal Exposure that Have Been Classified as Presenting Human
Carcinogenic Risk

Evidence for Evidence for
Metal or process involving carcinogenicity  carcinogenicity Overall
potential metal exposure in humans in animals rating®
Arsenic and arsenic com- Sufficient Limited 1
pounds
Beryllium and beryllium Sufficient Sufficient 1
compounds
Cadmium and cadmium com- Sufficient Sufficient 1
pounds
Hexavalent chromium Sufficient Sufficient 1
compounds
Nickel and nickel compounds
1. Metallic nickel Insufficient Sufficient 2B
2. Nickel compounds Sufficient Sufficient 1
Underground hematite min- Sufficient 1
ing with exposure to
radon
Iron and steel founding Sufficient 1
Cisplatin Insufficient Sufficient 2A
Cobalt and cobalt com- Insufficient Sufficient 2B
pounds
Iron dextran Insufficient Sufficient 2B
Inorganic lead compounds Insufficient Sufficient 2B
Methylmercury compounds Inadequate Adequate 2B
Implanted foreign bodies of Inadequate Adequate 2B
metallic cobalt, metallic
nickel, or certain
Ni/Cr/Fe alloys
Welding fumes and/or gases Limited Inadequate 2B

2 Rated by IARC convention as follows: 1, carcinogenic to humans; 2A, probably carci-
nogenic to humans; 2B, possibly carcinogenic to humans. See ref. 5 for details.
Source: From IARC (1-8,29,30).

carcinogens (5). For the other metallic agents human evidence is lacking or am-
biguous. It should be kept in mind that most metallic agents have not been tested
adequately for carcinogenic potential in animals.

The status of lead compounds, which are last analyzed by IARC in 1987
(5), deserves some additional comment. Evidence is mounting that occupational
exposure to inorganic lead compounds is, in fact, a causative factor in human
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carcinogenesis (31-35). Several recent epidemiological studies, including one
meta-analysis, have pointed toward the kidney and lung as target sites of lead in
humans (31-35). There are also hints of gastrointestinal and nervous system tu-
mors (33,34,36). Clearly, with these new data it is time for a reanalysis of the
potential carcinogenicity of occupational exposure to lead and lead compounds.

Several occupations involving potential exposure to metallic agents, or in-
volving participation in processes with potential metal exposures, are also consid-
ered to be a human carcinogenic hazard. Processes potentially involving metallic
agent exposures that show clear evidence of an association with human cancer
include iron and steel founding and underground hematite mining with coexpo-
sure to radon (5). Clearly the iron exposure from hematite mining would probably
be secondary in effect to the radon exposure. Iron and steel founding would
include exposure to various mixtures of potentially carcinogenic metallic fumes
as well as exposure to other carcinogens, such as polyaromatic hydrocarbons,
silica, and formaldehyde (5). Welding fumes or gases are rated as possible human
carcinogens largely on the basis of limited human data and on the knowledge
that these gases and fumes often contain carcinogenic metals (5,6). For instance,
welding fumes and gases often contain nickel and chromium, both established
human carcinogens (6). Aluminum production is definitively associated with hu-
man cancer but there are quite likely exposures to nonmetallic agents that account
for this finding (5), although the role of metallic agents has not been definitively
excluded.

What probably should be considered as a special case of metal carcinogene-
sis is the occurrence of local tumors arising at the site of a corroded implanted
metallic prosthetic device (37,38). There are at least a dozen clinical case reports
of tumors arising at the site of a metallic orthopedic device (37-39). Although
this probably represents an underreporting of implant-associated tumors, consid-
ering the number of implantations of such devices yearly, cancer at the site of
a metallic implant is a very rare event indeed (37). The tumors induced are most
frequently sarcomas of one type or another (37,39) and in many cases the tumors
at the site of metallic implants are linked with a deterioration or corrosion of the
implant, presumably creating local release of the metal components of the device
and a high local concentration. The devices associated with these tumors fre-
quently contain chromium and occasionally nickel, both known human carcino-
gens, and postoperative hypernickelemia and nickeluresis have been reported
(40). Additionally, indwelling metal fragments, such as those sustained from bul-
let or shrapnel wounds, may occasionally give rise to local cancers in humans
after a long residence time (41,42). These results in humans and supportive ani-
mal data led the IARC to classify certain implanted foreign metallic bodies as
possible human carcinogens (30). It should be kept in mind that the formation
of tumors at the site of indwelling metal fragments or metallic orthopedic devices
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probably has an element of foreign-body-type carcinogenic response as a mecha-
nistic component (43).

Many exposure situations are associated with metal carcinogenesis in hu-
mans (1-8,23,45-50). Most of these involve occupations in metal refining,
smelting, fabrication, or other metal processing. Electroplating with metals is a
potential occupational exposure situation while soldering can lead to significant
exposures of lead or cadmium. Welding is another important example of indus-
trial metal exposure, although the precise metal fumes or gases depend on the
metals being welded. Iatrogenic metal carcinogenesis can occur, and medicinal
metal preparations, like arsenic and cisplatin, are likely human carcinogens (5,22)
but the risk/benefit analysis still favors their chemotherapeutic use. Exposures
occurring during chemical production using metals, such as for certain chromium
pigments or nickel-containing catalysts, have been associated with human cancer
(6). Individuals involved in certain mining processes and in iron or steel founding
may be at greater risk for metal-induced carcinogenesis, although exposures to
nonmetallic carcinogens are likely important (5). It is quite possible that many
other occupational activities or metals could be added in the future. There are
also some cases in which environmental exposures to metals have been linked

TaBLE 2 Definitive Target Sites of Metals Accepted
as Carcinogens in Humans?

Target site Metallic agent, metallic compound or process
or tissue involving potential metal exposure
Lung Arsenic and arsenic compounds

Beryllium and beryllium compounds
Cadmium and cadmium compounds
Hexavalent chromium compounds
Nickel compounds
Underground hematite mining with exposure to radon
Iron and steel founding
Sinonasal cavity Nickel compounds
Hexavalent chromium compounds

Urinary bladder Arsenic and arsenic compounds
Kidney Arsenic and arsenic compounds
Liver Arsenic and arsenic compounds®
Skin Arsenic and arsenic compounds

2 Includes only those agents rated as carcinogenic to humans (category 1; see Table
1) and including recent data from the NRC (49) for arsenic that show three or more
separate studies with the same site.

b Specifically hemangiosarcoma.
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to human cancer but these are generally limited with most inorganics (5,8). Envi-
ronmental arsenic exposure, however, clearly results in development of human
cancers (49). Arsenic exposure occurs to the greatest extent from contaminated
drinking water and secondarily from contaminated foods (49). Tobacco smoke
is thought to be an important nonoccupational source of metal exposure, including
exposure to cadmium and nickel.

With regard to target sites, the earliest report of a metallic agent as a carcin-
ogen was that of skin tumors in humans undergoing oral therapy with medicinal
arsenical preparations for various diseases, including, in fact, cancers (22). Inha-
lation exposure to arsenic has also led to formation of dermal carcinomas in
humans (Table 2). The skin as a target site for metals in humans has, however,
proven unique to arsenic and arsenic compounds (1-8). In fact, for the accepted
human metallic carcinogens, the respiratory system is the single most frequent
target site in humans and inhalation exposure to compounds of arsenic, beryllium,
cadmium, chromium, and nickel is associated with pulmonary carcinomas (1—
8). Sinonasal cavity tumors are also associated with exposure to hexavalent chro-
mium and nickel compounds (6). Metal-induced respiratory tumors have occurred
exclusively from inhalation exposure (5,51). The preponderance of the lung as
a target site in metal carcinogenesis is probably due to this being the point of
first contact during occupational exposures. Exposure to arsenic has also been

TaBLE 3 Possible Target Sites of Metals Accepted as
Carcinogens in Humans?

Possible target sites Metallic agent or compound
Liver Hexavalent chromium?®
Cadmium and cadmium compounds
Esophagus Hexavalent chromium®
Prostate Cadmium and cadmium compounds
Arsenic and arsenic compounds
Gastrointestinal Arsenic and arsenic compounds
Cadmium and cadmium compounds
Hematolymphatic Arsenic and arsenic compounds
Kidney Cadmium and cadmium compounds
Nasal Arsenic and arsenic compounds

2 Includes only those agents rated as carcinogenic to humans (category
1; see Table 1). Includes target sites evidenced in one or two epidemio-
logical studies as having a significant (p = 0.05) association.

® Occurred only in males. Exposure to nickel also occurred in this co-
hort.

¢ Some exposure to benzo[alpyrene probably also occurred in this co-
hort.
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repeatedly associated with hepatic angiosarcomas in humans (5,49,52,53) and
because of the rare nature of this tumor it seems a safe conclusion that arsenic
is an etiological factor. Arsenic exposure is also associated with various other
tumors in humans including tumors of the urinary bladder and kidney. There is
also growing evidence for respiratory and renal cancer following exposure to
lead compounds (31-35) but these compounds are not considered human carcino-
gens at this point. There are also several other possible target sites of the metals
accepted as carcinogens in humans (Table 3).

Of the processes accepted as carcinogenic to humans involving potential
exposure to metals, mining of certain iron ores is associated with pulmonary
tumors, but only with concurrent exposure to radon (Table 2; 5,54). Similarly,
occupation in iron and steel founding industries contributes to lung cancer inci-
dence but this is likely due, at least in part, to nonmetallic carcinogens, including
exposure to polycyclic aromatic hydrocarbons (5). Based on several rodent stud-
ies, it has been suggested that iron particles may act as a carrier for organic
carcinogens in humans thus increasing the residence time in the lung (5).

4. METALLIC AGENTS AS CARCINOGENS IN ANIMALS

Of those metallic agents or metallic compounds analyzed by the IARC to date,
10 are considered to have shown sufficient or adequate evidence of carcinogenic-
ity in animals (Table 1). These include beryllium and beryllium compounds, cad-
mium and cadmium compounds, cisplatin, cobalt and cobalt compounds, hexa-
valent chromium compounds, inorganic lead compounds, iron dextran, nickel
compounds, metallic nickel, and methylmercury compounds (1-8). The data for
arsenic are considered limited but the most recent evaluation is now over 10
years old and additional data have shown methylated arsenicals as multiple-site
tumor promoters after organic carcinogens (26). One study has also shown di-
methylarsinic acid as a complete carcinogen for the ray urinary bladder (27).
Some evidence indicates that inorganic arsenicals can act as cocarcinogens in
mouse skin (24) or can induce premalignant lesions of the uterus, testes, and
liver in mice (25). A reevaluation of arsenic and arsenic compounds is probably
in order.

Not all metals have been analyzed by the JARC and many other metallic
agents and/or their compounds have shown some evidence of carcinogenicity in
animals (Table 4). These include aluminum, trivalent chromium, copper, manga-
nese, platinum, titanium, and zinc, all of which have produced tumors in one or
more studies (44—-47,55-57). However, some of these metals show carcinogenic-
ity only when given by rather unusual routes. For example, salts of both copper
and zinc, when injected directly into the testes of rodents or fowl, induce the
formation of malignant testicular teratomas (44—47). Although teratoma forma-
tion can be modified by endocrine status, such as breeding cycle in birds, it is
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still difficult to assess the carcinogenicity of these metals. If they are only carcino-
genic by such obscure routes, human risk would be minimal.

Experimental animal systems have to a large extent reproduced the metal-
induced tumors seen in humans (Table 4). Inhalation or intratracheal exposure
in rodents to compounds of beryllium, cadmium, chromium, and nickel has re-
sulted in pulmonary carcinomas (1-8). This is clearly supportive of the human
epidemiological evidence for the role of these metals in the etiology of pulmo-
nary carcinogenesis. The one major exception to this is the case of arsenic
where evidence of pulmonary carcinogenicity in rodents is presently considered
as limited.

Accumulating evidence indicates that parenteral or oral exposure to cad-
mium can result in prostatic proliferative lesions and prostate tumors in rats (58—
65). The finding of cadmium-induced prostate cancer in rats supports a possible
role of cadmium in the etiology of this important human malignancy. Cadmium
will also frequently induce tumors of the testes.

Other sites of metal carcinogenesis in rodents include injection site sarco-
mas seen with metals such as cadmium, cobalt, chromium, manganese, nickel,
and titanium (1-8,44-47,55-57). These sarcomas arise at subcutaneous or intra-
muscular injection sites. Sarcomas have arisen with some frequency in dogs
around implanted metallic intramedullary bone splints that have undergone corro-
sion in situ (37,39), and this is probably an example of locally occurring (‘‘injec-
tion site-like’”) metal implant tumors in nonrodent species. Again the occurrence
of local sarcomas arising at the site of implanted metallic prosthetic devices,
particularly those having undergone corrosion, could be considered as a special
case of metal carcinogenesis in humans that is similar to the injection site sarcoma
formation in rodents.

The rodent testis has been shown to be a target of metallic agents. Intrates-
ticular injection of copper, zinc, and cadmium will produce testicular teratomas,
while intratesticular nickel injections produce local sarcomas (6,44—47). The rele-
vance of tumors formed by direct injections of metals into tissues is questionable
particularly if the tumor is not duplicated by other routes of exposure. Systemic
exposure to cadmium can result in Leydigomas (8), although cadmium-induced
disruption of hormone homeostasis resulting in excess mitogenic stimulation of
the testicular interstitium appears critical in their formation (66). Cadmium treat-
ment has also been associated with rare testicular tumors in rodents but not in
sufficient numbers to allow causal linkage (15,67).

The kidney has been a target site of several metals in chronic rodent experi-
ments. Chronic oral lead exposure has been linked to tumors of the rodent kidney
(4,68). Lead will induce both brain tumors and renal tumors, which is consistent
with emerging human data. With renal tumors, chronic nephropathy due to lead
and the resulting proliferative repair was suspected as the causative factor in
carcinogenesis (69). However, lead exposure can induce renal tumors in the ab-
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sence of chronic nephropathy (70), indicating that overt nonmalignant renal dis-
ease is not obligatory. Methyl mercury and nickel will also produce renal tumors
in rodents. Direct injection of nickel compounds into the kidney results in sarco-
mas while parenteral exposure to nickel followed by a renal tumor promoter will
also result in renal cortical adenomas and carcinomas (6,44—47,71). Transplacen-
tal exposure to nickel followed by postweaning promotion by barbital will also
induce renal tumors, as well as malignant pituitary tumors (72). Transplacental
exposure to cisplatin induces preneoplastic foci within the renal cortical epithe-
lium (73).

Intravenous injection of beryllium compounds in laboratory animals can
produce osteosarcomas (8). Osteosarcomas are likewise formed by implantation
or direct injection of beryllium into the bone (8). The bone is an unusual target
site for metallic agents although several metals will concentrate in bone.

Transplacental exposure to cisplatin followed by postnatal exposure to TPA
administered topically induces squamous cell papillomas (73). Sequential expo-
sure to TPA and then arsenic will also produce skin tumors in mice (24).

Dimethylarsinic acid (DMA), the methylated form of arsenic, is a complete
carcinogen for the rat bladder (27). DMA is also a promoter of carcinogenesis
in the bladder, lung, kidney, and thyroid in rats when given after exposure to
organic carcinogens (26). Arsenic exposure will also induce preneoplastic lesions
of the uterus, testes, and liver in mice, which may be consistent with an estrogen-
like mechanism (25).

A recent study has shown that preconception exposure of male mice to
trivalent chromium will cause tumors of the adrenal and thyroid in the offspring
that they sire (74). This is the first study to show activity for trivalent chromium
as a carcinogen in rodents or humans. The possible role of chromium, and other
metals, in preconception carcinogenesis deserves further study.

Another recent study (75) showed that repeated exposures to cadmium re-
sulted in the more rapid onset and increased malignancy of subcutaneous injec-
tion site tumors in rats. The aggressive nature of the tumors formed by repeated
exposure to cadmium was reflected in a higher rate of invasion into the subdermal
muscle layers and bone as well as greater tendency of the tumors to metastasize
to the lungs. This is strong evidence that cadmium may act as a ‘‘progressor’’
in the sense that the malignant progression of tumors formed by cadmium is
enhanced by repeated exposures to the metal. Although cadmium is certainly an
effective single-dose carcinogen in rodents (8), it is obvious that human popula-
tions, during an average lifetime, would experience repeated exposures to cad-
mium. Additionally, it should be pointed out that, in general, tumor metastasis
is more often the cause of cancer death than the primary tumor. The observation
that repeated exposures to cadmium has an impact on tumor progression could
have important implications in exposed humans. Industrial cadmium exposures
are undoubtedly multiple events over many years. Furthermore, it is estimated
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that cigarette smoking will double the total lifetime body burden of cadmium,
because of tobacco’s cadmium content (76). So in this case there would be
repeated exposure to cadmium along with all the other organic carcinogens
contained in tobacco smoke and a role of ‘‘progressor’’ for Cd could be quite
important.

Overall, in animals metallic carcinogens seem to show multiple target sites
and the target sites are common to two or more metallic agents. The exceptions
to the latter are the bone (beryllium), brain (lead), and prostate (cadmium) where
only a single metallic agents is active as an animal carcinogen.

For chemical compounds accepted as human carcinogens, commonality of
target sites between humans and rodents is a very frequent phenomenon (77), and
is likely of mechanistic significance. This is certainly the case with the metallic
carcinogens. The pulmonary system is the primary example of a common target
site between the human and rodents. All known human metallic carcinogens,
with the exception of arsenic, are effective pulmonary carcinogens in humans
and rodents following inhalation. This includes beryllium, cadmium, hexavalent
chromium, and nickel. The example of arsenic notwithstanding, this is a remark-
able correlation. Other sites that have at least some concordance between animals
and humans include the prostate (cadmium), brain (lead), kidney (lead and cad-
mium), urinary bladder (arsenic), and skin (arsenic).

5. DETERMINING FACTORS FOR TARGET SITES IN
METALLIC AGENT CARCINOGENESIS

Several factors likely contribute to determining the target site of metallic carcino-
gens. One is that metals as toxins or carcinogens tend to be highly tissue specific.
This can involve both toxicokinetic and toxicodynamic elements. Another de-
terminant can be tissue proximity to locally high concentrations of the carcin-
ogenic metal.

Specific disposition of metallic carcinogenic in a tissue is likely an impor-
tant determinant of target site, although little direct evidence for this is available
from human studies. The accumulation of lead or methyl mercury in the rodent
kidney (69,78) is a case where specific disposition of the carcinogenic metallic
compound could be related to tumor formation (5,8,69). Cadmium also concen-
trates in the rodent and human prostate (62,79), consistent with tumor formation
at this site. Beryllium accumulates in the bone, which is in accord with beryllium-
induced osteosarcomas in animals (8). Overall, however, specific disposition does
not appear to be a primary factor in dictating target site in metal carcinogenesis.
For instance, several of the target sites of cadmium carcinogenesis in rodents,
including the testes, accumulate very little of the metal.

Specific sensitivity factors likely help dictate target tissues in metal carcino-
genesis. Absence or suppression of normal defense mechanisms against the par-
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ticular metal may contribute to an uncommon sensitivity. For instance, MT, a
metal-binding protein, is clearly a key element in endogenous or acquired cellular
tolerance to cadmium toxicity and possibly carcinogenicity. There is evidence
that the MT gene is not basally active or only poorly responsive to stimulation
in certain target tissues of cadmium carcinogenesis in rodents (61,80). Further-
more the MT gene is more active and responsive to stimuli in the lungs of rodent
species resistant to the pulmonary carcinogenicity of cadmium (81,82). This
tissue-specific expression of MT may well contribute to sensitivity to cadmium
carcinogenesis. In fact, activation of the MT gene inhibits cadmium-induced
genotoxicity in cultured cells (83,84). Tolerance systems also exist for several
other metals, including nickel and arsenic (18).

Tissue proximity to locally high concentrations of metal is also a determin-
ing factor in metal carcinogenesis. For instance, the inhalation of a metal particle
or corrosion of a metallic implant would result in the direct exposure of adjacent
cell populations to a high local concentration as the solid metal deteriorates from
physical or biochemical processes and is, in all likelihood, an important contribut-
ing factor to development of malignancies. Within the lung after inhalation of
metal-containing particulates, very high concentrations could thus occur locally.
First the metal particle probably would not be entirely inert in physiological solu-
tions and surface loss of metal would be expected. Additionally, as the body
recognizes the particle as foreign and directs efforts as its dissolution, inflamma-
tory responses in the lung may help release further metal. In animal models, the
proximity to locally high concentrations of carcinogenic metal clearly occurs at
repository-type injection sites of metallic agents, At such sites, biological reac-
tions to an irritating deposit would also help dissolve and release metal locally.
The sarcomas that can arise in humans or dogs around implanted metallic devices
that have undergone corrosion are an example of tumors occurring in juxtaposi-
tion to a source of high local metal concentrations. Tumors can form at the site
of injection of metal that is complexed with other molecules resulting in prolonga-
tion of the local residence time of the metal. Tumors arising at the site of reposi-
tory iron injections, such as iron-dextran (5), or cadmium-protein complexes (9)
are two examples.

6. DUALITIES IN METAL CARCINOGENESIS
6.1 Essentiality and Carcinogenicity

An important concept in metal carcinogenesis is that some metallic agents are
both carcinogenic and essential. Chromium is the best example of this duality
(6). Likewise, the essential elements zinc and copper can induce malignancies,
at least under unusual circumstances of exposure, such as direct injection into
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the testes (44,46). Similarly, iron, injected in combination with carbohydrates,
will also produce injection site tumors (5,46). Thus, biological systems, which
have mechanisms by which essential metals can be safely stored and utilized, do
not have an unlimited capacity and, as these systems become overwhelmed, even
essential metals can take on toxic characteristics, including carcinogenicity. The
carcinogenicity of certain essential metals is a major challenge in risk assessment
and nutrition, particularly if metal-induced cancer is assumed to be a nonthreshold
event. The nonessential metals that mimic essential metals may behave in a simi-
lar fashion. Here the storage and defense mechanisms normally in place for the
essential metal, which are used by the toxic mimic metal, may be overwhelmed
by excess exposure with nonessential elements.

6.2 Carcinogenic and Anticarcinogenic

Metallic agents can be both carcinogenic and anticarcinogenic (46,85—-88). This
can be based on dose or time sequence but in certain cases can also be a specific
tissue response. An excellent example of this duality is cisplatin, a widely used
cancer chemotherapeutic. The efficacy of certain platinum compounds as chemo-
therapeutics comes from their ability to disrupt DNA, which, with sufficient time,
probably results in tumor formation (5). There is currently great excitement for
the revival of arsenic as a cancer chemotherapeutic and it appears able to specifi-
cally induce apoptosis in malignant lymphocytes (89). It is thought that arsenic
has specific activity against acute promyelocytic leukemia and shows promise
against other malignancies. Any use of arsenic must be tempered with the knowl-
edge that it is in fact a potent, multisite human carcinogen (90), but when faced
with a deadly disease drastic cures may well be in order. Other evidence also
indicates that cadmium, a potent rodent and human carcinogen, can be specifically
destructive to liver and lung tumor cells and reduce tumor formation in mice
(85-88). Here it appears that cadmium causes specific necrosis within liver tumor
cells preserving the normal surrounding cells (88). The sensitivity of liver tumor
cells appears to be dictated by poor expression of MT (88). Cadmium can also
perturb the growth and limit the metastases of human tumor xenografts in mice
91).

So the ability of metallic agents to act as both carcinogens and anticarcino-
gens is not uncommon. In this regard, the carcinogenic metals are frequently very
effective systemic or site-specific toxins in addition to their carcinogenic effects.
Thus toxicity may abolish a carcinogenic response at higher doses. The cancer-
cell-specific apoptosis induced by arsenic (89), and tumor-cell-specific necrosis
induced by cadmium (88), are probably examples of this principle. A reduced
neoplastic response can result from what appears to be a dose-related spectrum
of toxic effects ranging from cytotoxicity and carcinogenicity to cytolethality in
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specific target cell populations. The wide variability of cell sensitivity to the toxic
effects of the individual metallic agents can have a direct bearing on the eventual
carcinogenicity of a given dose in a given tissue.

7. METAL-METAL INTERACTIONS IN METAL
CARCINOGENESIS

Treatment with essential metals will often modify metal carcinogenesis, and these
effects have been termed ‘‘metal-metal’’ interactions. This should not be taken to
mean that metal-metal complexes are formed, but rather that the essential metals
antagonize the toxic manifestations of the carcinogenic metals. These studies
have been valuable in defining potential mechanisms in metallic agent carcino-
genesis and clearly are very important in defining carcinogenic potency and effi-
cacy of a given metal. Several studies have shown the inhibition of tumor forma-
tion by one metallic agent by exposure to another (12,14,15,92). For instance,
in the early 1960s it was found that zinc markedly reduces the cadmium carcino-
genesis at the subcutaneous injection site and in the testes (93). Later it was shown
that cadmium-induced injection site sarcomas can be prevented by magnesium
treatments (94). Inhalation of zinc markedly reduces the pulmonary carcinogenic-
ity of cadmium (95). The antagonism by zinc of cadmium carcinogenicity may
lie in the ability of zinc to induce the production of large amounts of MT, a
protein that avidly binds cadmium (10,17). Magnesium and manganese will also
prevent nickel-induced injection site sarcomas in rats (96,97).

Metal-metal interactions are not always inhibitory and enhanced response
after exposure to another metal can also occur. For instance, calcium treatment
enhances lead-induced renal tumors in rats (68) likely by exacerbating nephrotox-
icity. Zinc increases the incidence of cadmium-induced prostatic tumors in rats
(59) probably by reducing cadmium toxicity in the testes. Dietary deficiencies
of essential elements can also alter response to carcinogenic metals, as with zinc
deficiency, which can increase the incidence of cadmium-induced injection site
sarcomas (16). Metal-metal interactions do not appear to modify the target site
but, rather, typically alter tumor incidence or progression within a single site.

8. HYPOTHETICAL MECHANISMS IN METAL
CARCINOGENESIS

There are several difficulties in attempting to define mechanism in metal carcino-
genesis. First, metals can have a vast array of biological effects, which can depend
largely on the dose. All too often in vitro studies attempting to define mechanism
use levels of metal that would be incompatible with in vivo survival. The results
of such studies have to be interpreted very carefully and may often be more
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misleading than helpful. Furthermore, many metals, by nature, display the ten-
dency to form ionic bonds, which are more readily disrupted than covalent bonds.
This creates a distinct handicap for defining the actual location of a metal within
a cell with any degree of certainty after the cell has been disrupted. Cell disruption
undoubtedly releases many loosely bound metals, which creates the distinct pos-
sibility for artifactual distribution. Take, for instance, metal bound to DNA, which
represents a large variety of biological ligands for metals and could associate
with metals after cell disruption. Additionally, defining the location of metals
in intact or fixed cells is essentially impossible if the metal is not very highly
concentrated, such as within a lead inclusion body or phagocytized metal parti-
cles, and the use of immunohistochemical or other localization techniques has
not been very fruitful. So meaningful studies that define the point of action within
the cell are unavailable. Add to this the major difficulties in defining the mecha-
nism of any carcinogen, which include the lengthy time period between initiation
and final tumor formation, and defining mechanisms in metal carcinogenesis pre-
sents formidable obstacles.

In fact, a mechanism has not been clearly defined for any metallic carcino-
gen. For a proposed mechanism in metal carcinogenesis to be plausible, it should
at least fulfill certain minimal criteria (15). First, the proposed mechanistic event
or events should occur within the target tissues of the particular metallic carcino-
gen and should occur to a lesser extent in nontarget tissues. Descriptions of mo-
lecular events that occur in nontarget tissues or cells could be more misleading
than elucidating. Additionally, the noncarcinogenic metals should be utilized as
negative controls, and should be inactive or only sparingly active in stimulating
the molecular events proposed as mechanistic. Furthermore, the specific antago-
nisms by noncarcinogenic or essential metals, where known from chronic carci-
nogenicity testing, should occur and should modify molecular events accordingly.
There are several examples of biological antagonism of metal carcinogenesis in
chronic animal testing, including the observations that zinc antagonizes cadmium
carcinogenesis or that magnesium reduces nickel, lead, or cadmium carcinogene-
sis (see above). Whatever the proposed molecular mechanisms are, they should
incorporate and account for these metal-metal interactions.

Carcinogenic agents are often classified as either genotoxic or nongeno-
toxic (epigenetic). Genotoxic carcinogens would be expected to act by causation
of DNA damage with subsequent mutations resulting in the modification of gene
expression and subsequently leading to tumor formation. This would not neces-
sarily require direct-acting agents. For instance, redox-active metals can produce
radicals that in turn could attack DNA. Nongenotoxic, epigenetic mechanisms
would apply where an agent effects tumor formation through some other event
than DNA damage and subsequent mutation. The distinction between these sub-
sets of carcinogenic mechanism can, at times, be nebulous and a carcinogen
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should not be seen as less important because it has an epigenetic mechanism. In
any event, metallic agents potentially can be directly or indirectly genotoxic or
could function through a variety of nongenotoxic mechanisms.

Direct genotoxic effects of metals would include direct DNA strand breaks
(single or double stranded), binding to DNA with resultant conformational
changes and/or cross-linking between the DNA strands or DNA and proteins
(55,98-100). Metal damage of DNA or binding to DNA could potentially modify
conformation and consequently modify gene expression or produce mutations
(55,98-102). For instance, nickel binding to DNA produces conformational
changes that can result in altered DNA methylation in specific regions, which,
in turn, results in inactivation of an important senescence gene (101,103). For
chromium, the cellular reduction of hexavalent chromium creates free radicals
that may attach DNA, as well as chromium reductant species that can directly
bind DNA or cause strand damage (104—107). Reduced accuracy of DNA replica-
tion and/or decreased DNA repair and synthesis are also distinct possibilities with
DNA-bound metals (55,98,99,102,108,109). These events would be expected to
result in mutation for initiation.

With regard to indirect DNA damage, several metals can cause the genera-
tion of DNA-damaging radicals. These, in turn, can cause various DNA lesions,
including single- and double-strand breaks and DNA-protein cross-links (104,
110-116), and thereby induce mutations (117,118). Metals that could generate
radical species include nickel, chromium, copper, and iron. Some evidence indi-
cates that metals can replace zinc in DNA-binding zinc finger proteins (119),
which are typically transcription factors that show a high site-specific DNA bind-
ing (120). This could potentially place a redox active metal in close proximity
to DNA, possibly facilitating radical attack (119). Other indirect genotoxic mech-
anisms could include inhibition of DNA repair by carcinogenic metals, which
can happen at very low levels (109,121-123) and would be expected to increase
mutation rates. Also, alterations in the activity of DNA replication enzymes
(DNA polymerases) can reduce accuracy of replication and presumably cause
mutations (55,98,99,102).

Altered gene expression, including either overexpression or underexpres-
sion, if protracted could result in transformations without an obligatory muta-
tional event. For instance, alterations in cellular signal transduction pathways by
metal interactions may also stimulate expression of cellular proliferation genes,
including oncogenes (124,125). Likewise, changes in DNA methylation status
can allow for aberrant expression of genes important in the control of prolifera-
tion. For instance, with arsenic exposure chronic consumption of cellular methyl
groups appears to result in DNA hypomethylation and aberrant gene expression
(126), at least in some cells. In addition, the binding of carcinogenic metals to
zinc finger-loop protein transcription factors that regulate gene expression could
clearly alter protein conformation and allow disruptions in the control of gene
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expression (119,120). It is thought that metal substitution of cadmium, nickel,
and cobalt for the zinc within finger-loop proteins could be an indirect mechanism
for gene activation or inactivation associated with carcinogenesis (120) and
clearly such metal replacement can reduce the DNA-binding affinity of finger-
loop proteins (127). There is also evidence that cadmium can replace zinc in p53
protein, a metal-binding transcription factor that helps control DNA repair, and
this substitution inactivates p53-mediated responses to DNA damage, presumably
allowing damage to go unrepaired (128). Likewise cadmium can effectively block
apoptosis induced by DNA-damaging agents (129) apparently through inhibition
of enzymes critical to cellular dedication to apoptosis (130). This perturbed
apoptosis could allow the survival of cells with damaged DNA that would other-
wise be eliminated (129,130). On the other hand, chromium effectively induces
cellular apoptosis (107,131-133) and the dual potentials of chromium in carcino-
genesis and apoptosis may coexist in response to chromium-induced DNA dam-
age. It is thought that a small population of cells with chromium-induced DNA
damage may escape from cell cycle checkpoints, thus becoming transformed as
the first step to malignancy (132,133). Thus stimulation of the rate apoptosis, as
with chromium, may actually reduce the probability of a damaged cell within a
given population from undergoing apoptotic cell death and may confer a selective
growth advantage on that cell and its clonal descendants, thereby acting as a
prelude to development of neoplasia (134).

It is quite evident that the definition of mechanism in metal carcinogenesis
will require much further work. It should be recognized that, in all likelihood,
not all metals will have the same mechanism and that the same metal may have
different mechanisms in different tissues.

9. PROBLEMS IN ASSESSING CARCINOGENIC RISK
FROM METALS

There are important issues confronting the assessment of human carcinogenic
risk associated with exposure to metals, but these are not necessarily unique to
metallic agent carcinogens. A major issue is that frequently there are only small
populations that have been exposed to well-defined levels of a given metal in
the absence of exposure to other metals. Exposure populations can also otherwise
be limited and, with occupational exposure to metals, females have been infre-
quently available for analysis. This creates a whole subset of our population in
which the potential sensitivity to metal carcinogenesis is essentially undefined.
Additionally, human metal exposures are invariably of a complex nature, includ-
ing erratic rates of exposure and/or differing periods of exposure. The nature of
metal exposure often changes with time and the advent of new technologies and
different industrial applications. Concurrent exposure to multiple species of the
same metal is quite likely, and although metal speciation is an important consider-
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ation for defining carcinogenic potential, it is difficult, if not impossible, to define
precisely in human exposure situations. Human exposures are also almost invari-
ably to multiple toxic agents. The toxicological implications of multiple expo-
sures, of which one or more is a metal, on carcinogenic outcome are largely
unknown. Individuals are never exposed to only a single metallic element over
a lifetime and the interactions of two or more metallic agents greatly complicate
assessment of carcinogenic risk.

Another major problem in defining carcinogenic risk of metals is the gen-
eral lack of adequate data concerning dose effect. Data are often from high-level
exposures in humans or single high-dose studies in animals. Though excessive
exposures have occurred, these are now rare and chronic low-level metal expo-
sure now is more likely to occur both in the workplace and through the environ-
ment (135). It is certainly conceivable that large doses of metals would exceed
the available endogenous detoxication pathways and result in pathophysiological
changes that would not occur during low-level exposure. As with any carcinogen,
the lack of adequate dose-response data makes extrapolation to effects at chronic
low-level exposure difficult and available data generally do not allow definitive
elimination of threshold effects. The essentiality of some metals also is a compli-
cation in assessing risk and one can be placed in the unenviable position of pro-
posing recommendations for daily intake of a known human carcinogen.

Metals can also show acquired self-tolerance and cross-tolerance. For in-
stance, in rodents cadmium pretreatment will induce tolerance to further cadmium
exposure while preexposure to zinc mitigates cadmium toxicity (15). Likewise,
cells made tolerant to arsenic also show cross-tolerance to nickel (18). Even the
sequence of exposure can have an impact on metal toxicity, as with arsenic and
cadmium (136). Thus single-dose carcinogenesis studies potentially do not in-
volve the physiological adaptive mechanisms that would be functioning in cases
of repeated or continuous exposures, making interpretation of risk difficult.

10. CONCLUSION

In summary, metallic agents are a very important class of carcinogens. Owing
to the nature of modern life, we are all constantly exposed to carcinogenic metals
through the environment. This makes defining mechanism a very important task.
However, metals are probably the least studied of any major class of human
carcinogens and, on this basis alone, deserve additional effort. There are several
inherent difficulties in the study of metal toxicology and it is clear that we know
very little about many aspects of the molecular mechanisms of metal carcinogene-
sis. It is, however, likely that mechanisms will prove to be specific to the individ-
ual metal and potentially to the particular target tissue as well.
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1. INTRODUCTION

Arsenic (As) is widely distributed in the environment and is known to be highly
toxic to humans. Both natural and anthropogenic activities result in the significant
input of As to the environment. Natural processes like erosion and weathering
of crustal rocks lead to the breakdown and translocation of arsenic from the pri-
mary sulfide minerals, and the background concentrations of arsenic in soils are
strongly related to the nature of parent rocks. An extensive range of anthropo-
genic sources may enhance concentration of As in the environment. Some of
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these activities include industrial processes that contribute to both atmospheric
and terrestrial depositions, such as mining and metallurgy, wood preservation,
urban and industrial wastes, and applications of sewage sludge and fertilizer (1—
3). Among the two modes of As input, the environment is mostly threatened by
anthropogenic activities. The fate of As accumulated in the surface environment
depends essentially on its retention and mobility in the host medium, soil and
groundwater, and is most vulnerable for biota.

Arsenic is known to be essential for life in small amounts (4), but suffi-
ciently high exposures to inorganic As in natural environments, such as water,
sediment, and soil, have proved to be toxic for plants, animals, and humans.
Arsenic exposure caused by groundwater used for drinking in different parts of
the world (5,6) has emerged as an issue of great concern. However, As ingestion
might also occur through consumption of foods and locally from air. High levels
of As exposure are commonly observed among the persons residing around min-
ing areas and smelters, and those working in the wood preservation and pesticide
industries using copper-chrome-arsenate (CCA) chemicals and other arsenical
preparates, primarily through the inhalation of As-rich aerosols. A limited amount
of this As intake is, however, metabolized by the liver to the less toxic methylated
forms and excreted through urine. Studies in Denmark, the United Kingdom, and
Germany have shown that the average estimate of As intake through food of
plant origin is 10-20 pug As/day (7). These values are equivalent to only 10-12%
of the estimated dietary intakes of As in these three countries. Bioaccumulation of
As in crops grown in areas with elevated atmospheric deposition, contaminated
lands, and areas irrigated with contaminated groundwater has raised concern
about As ingestion through diet (8§—10).

Geochemical behavior of As is very similar to that of phosphorus, which
is an important nutrient. Wide distribution of As in natural environments, the
geochemical characteristics of As, and an increased dependence on groundwater
for drinking have resulted in severe As toxicity for several millions of people
worldwide. This chapter explores the environmental behavior of As, with special
reference to the abundance and distribution of As in the lithosphere, sediments,
soil environment, and groundwater, various pathways of As emission to the envi-
ronment, methods for As determination in drinking water, and some techniques
for remediation of As-contaminated soil and groundwater systems.

2. OCCURRENCE, DISTRIBUTION, AND SOURCES
OF ARSENIC EMISSION

2.1 Occurrence and Distribution

Arsenic is a natural constituent of the earth’s crust and ranks twentieth in abun-
dance in relation to the other elements. The average As content in continental
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crust varies between 1 and 2 mg As/kg (11,12). Arsenic is widely distributed in
a variety of minerals, but commonly occurs as arsenides of iron, copper, lead,
silver, and gold, or as sulfides (13—17). Realgar (As,S,) and orpiment (As,S;)
are the two common As sulfides where As occurs in reduced form while As
occurs in oxidized form in the mineral arsenolite (As,0;). Loellingite (FeAs,),
safforlite (CoAs), niccolite (NiAs), rammelsbergite (NiAs,), arsenopyrite
(FeAsS), cobaltite (CoAsS), enargite (CusAsS,), gerdsorfite (NiAsS), glaucodot
[(Co,Fe)AsS], and elemental As are other naturally occurring As-bearing miner-
als (18).

2.2 Sources of Arsenic Emission

From its origin in the earth’s crust, As can enter the environment through natural
and anthropogenic processes. Two principal pathways of As emission in the envi-
ronment, are (a) natural processes and (b) industrial activities. Arsenic is released
in the natural environment through natural processes such as weathering and
volcanic eruptions and may be transported over long distances as suspended par-
ticulates through water or air. Industrial activity is, however, the more important
source of As emission and accounts for widespread As contamination (3,4). In
the following section, we discuss these two principal modes of As emissions and
their comparison among these two sources.

2.2.1 Natural Sources

Mean global atmospheric emission of As from natural sources is about 12.2 giga-
gram (19). These sources include windblown dust from weathered continental
crust, forest fires, volcanoes, sea spray, hot springs, and geysers (20,21). Emis-
sions of As from volcanic eruptions vary considerably, as high as 8.9 gigagrams/
year from Mount Saint Helens in the United States to about 0.04 gigagram/year
from Poas in Costa Rica (20). Arsenic emission through volcanic eruptions is
mostly in the form of dust—-ca. 0.3 gigagram/year compared to nearly 0.01
gigagram/year as volatile forms (22).

Typical contents of As in different crustal materials are presented in Table
1. Local concentration of As occurs in the hydrothermal ore deposits such as in
the arsenopyrite, orpiment, realgar, and other base metal sulfides (13). In sedi-
mentary environments, As occurs as sorbed oxyanions in oxidized sediments.
The concentrations of As vary between 0.6 and 120 mg/kg in sand and sandstones
and as high as 490 mg/kg in shales and clay formations (11). Arsenic is incorpo-
rated in diagenetic pyrite (FeS,), formed widely in sediments rich in organic
matter, especially black shales, coal, peat deposits, and phosphorites (21,23,24).
Coals from different geological basins contain 0.5-80 mg As/kg and the average
As concentration for world coal is reported to be 10 mg/kg (25,26). High-As-
bearing coals have been reported from the former Czechoslovakia (maximum
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TaBLE 1 Abundance of Arsenic (mg As/
kg) in Crustal Materials (11,28)

Rock type Range
Igneous rocks
Ultrabasics 0.3-16
Basalts 0.06-113
Andesites 0.5-5.8
Granites/silicic volcanics 0.2-13.8
Sedimentary rocks
Shales and clays 0.3-490
Phosphorites 0.4-188
Sandstones 0.6-120
Limestones 0.1-20
Coals 0.5-80

1500 mg As/kg) and Guizhou province of China (as high as 35 g/kg) (27-29).
Peats may also contain significant quantities of As; for example, Finnish peat
bogs contain 16—-340 mg As/kg on a dry weight basis (23).

Arsenic concentration in seawater is reported to be around 2.6 ng/L (30),
while rainwater derived from uncontaminated mass of oceanic air contains an
average 19 ng As/L (31). In natural lakes, levels of As range from 0.2 to 56
pg/L (32), but a level as high as 15 mg/L has been reported in Mono Lake, in
California (33). River water contains low As, but a significant partitioning is
observed among the As concentrations in the suspended particulates and the aque-
ous phase (34). High levels of As are noted in both dissolved and particulate
phases in rivers influenced by contamination from anthropogenic sources in Eu-
rope and North America (35-37). Low As concentrations are, however, reported
from pristine river-estuarine systems of Krka, Yugoslavia (37) and Lena, Russia
(38). Among the major rivers in the United States, the Columbia River in Oregon
has an average As concentration of 1.6 ug/L (34). In Yellowstone National Park,
the Madison River contains 250-370 pg/L of dissolved As (39). Concentrations
of dissolved As are, however, lower and vary between 16 and 176 pg/L upstream
and 25 and 50 pg/L downstream of the park. Among the major rivers of Bangla-
desh, dissolved As concentrations vary between 0.7 and 1.1 pg/L in the Padma
River, while in the Meghna River, the concentrations vary between 0.6 and 1.9
pg/L (Bhattacharya, 2001, unpublished data). Low levels of As (0.6 pug/L) are
noted upstream of the river at Bhairab Ghat, Ashuganj, but the concentrations
are higher (1.9 nug/L) downstream of the river near Laxmipur. In China, dissolved
As concentrations in the Huanghe River are found to increase from 1.4-1.5
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ug/L in upstream water to 2.3-2.4 ug/L in the water in the middle and lower
reaches of the river (40).

The cycling of As is caused by the interactions of natural water with bed-
rock, sediments, and soils as well as the influence of local atmospheric deposition.
Weathering and leaching of geological formations and mine wastes result in ele-
vated concentrations of As in natural waters in several areas. Mobility of As is
constrained in the surface water because of the prevalence of oxic conditions.
On the other hand, reducing conditions offered by the aquifers lead to the mobili-
zation of As, thereby increasing the risk of groundwater contamination. Natural
occurrence of As is widely reported in groundwater in several parts of the world,
and the concentrations vary significantly depending on the redox characteristics
of the groundwater and the lithological characteristics of the bedrock (41,42).

2.2.2 Anthropogenic Sources

The major producers of As,O; (‘‘white arsenic’’) are the United States, Sweden,
France, the former USSR, Mexico, and southwest Africa. The uses of As com-
pounds are summarized in Table 2. Arsenic compounds such as monosodium
methylarsonate (NaCH;HASsO;), disodium methylarsonate (Na,CH;AsO;), and
diethylarsenic acid [(CH;), AsO(OH)] are widely used as agricultural insecticides,
larvicides, and herbicides. Sodium arsenite (NaH, AsO,) is used for aquatic weed
control and for sheep and cattle dips. Arsenic acid (H;AsO,) is used to defoliate
cotton bolls prior to harvesting and as a wood preservative. As,QO; is used to
decolorize glass and in the manufacture of pharmaceuticals. Elemental As is
mainly used in Pb, Cu, Sb, Sn, Al, and Ga alloys (18,43).

Mining, smelting, and ore beneficiation, pesticides, fertilizers, and chemical
industries, thermal power plants using coal, wood preservation industries using
CCA, and incinerations of preserved wood wastes contribute to significant influx
of As to the environment (3,44). Global emissions of As in the atmosphere have
been estimated to be 0.019 gigagram (0.012-0.026 gigagram), but in soil and

TaBLE 2 Commercial Uses of Arsenic Compounds
in the United States (18)

Use As (metric tons)  Percentage
Pesticides 26,000 65
Wood preservatives 7,200 18
Glass 3,800 10
Alloys and electronics 1,100 3
Miscellaneous 1,500 4
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aquatic environment, the estimated figures are 0.082 and 0.042 gigagram, respec-
tively (45). However, there has been a substantial decrease in the atmospheric
emission of As in Europe, from circa 0.005 gigagram in 1986 to 0.00031 giga-
gram in 1995 (46,47).

Mining and Ore Beneficiation. FElevated concentrations of As, as well as
other metals such as cadmium, copper, iron, lead, nickel, and zinc, are commonly
encountered in the acid mine effluents. The principal source of As in mine tailings
is the oxidation of arsenopyrite (FeAsS) following the reaction:

FeAsS (s) + 13Fe’" + 8H,0 < 14Fe?*
+ SO/ + 13H" + H3As0, (aq)

Arsenopyrite can be oxidized by both O, and Fe™, but the rate of oxidation by

Fe' is faster than for pyrite (48). The rate of this reaction was reported as 1.7
umol/m?/s, a reaction faster than a similar oxidation reaction for pyrite. Under
extremely acidic environment, with a pH of about 1.5 and an aqueous As concen-
tration at >10 mmol/L, As precipitates as scorodite (FeAsO,-2H,0) (49). Under
acidic conditions (pH < 3), AsY may substitute SO, in the structure of jarosite
[KFe;(SO,),(OH)4] in different mine wastes (50). Adsorption of As on Fe(OH);
surfaces was found to be the principal sink for As in studies of acid mine drainage
(51). However, the adsorption of As by Fe(OH); may be only transient as changes
in redox conditions (Eh) and pH may result in dissolution of Fe(OH); with conse-
quent mobilization of As. Effluents and water in tailings ponds are often treated
with lime to increase pH levels to stabilize the dissolved As and other metals as
precipitates.

Agriculture. Over hundreds of years, inorganic arsenicals (arsenic triox-
ide, arsenic acid, arsenates of calcium, copper, lead, and sodium, and arsenites
of sodium and potassium) have been widely used in pigments, pesticides, insecti-
cides, herbicides, and fungicides (52—57). At present, As is no longer used in
agriculture in the West, but persistence of the residues of the inorganic arsenicals
in soils is an issue of environmental concern (58—61). Studies by Kenyon et al.
(62) and Aten et al. (63) have indicated elevated concentrations of As in vegeta-
bles grown in soils contaminated by lead arsenate used as an insecticide in apple
orchards. The recalcitrant nature of arsenical herbicides has, however, been ob-
served in agricultural soils particularly around old orchards (64). Biomethylation
of As (65,66) is a mechanism through which a significant quantity of methyl-
arsines may be released into the atmosphere following the application of As
compounds to the soil. A relatively faster production of dimethyl- and trimethyl-
arsines has been reported from grasslands treated with methylarsenic compounds
while grass treated with sodium arsenite indicated slow release of methylarsene
into the atmosphere.
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TaBLe 3 Common Water-Soluble Arsenic-Based Chemicals Used for Wood
Preservation (3)

153

Percent
metal
in pure
Preservative Year of use Composition Percent form
Boliden S25 1951-1954 Zn(ll) oxide (ZnO) 11.6 9.3 Zn
Copper(ll) oxide (CuO) 3.9 3.1 Cu
Chromium trioxide (CrO,) 23.0 12.0 Cr
Diarsenic pentoxide (As,05) 36.0 235 As
Water (H,0) 25.5
K33, CCA type B 1952-1990 Copper(ll) oxide (CuO) 14.8 11.8 Cu
Chromium trioxide (CrO,) 26.6 13.8 Cr
Diarsenic pentoxide (As,05s) 34.0 22.2 As
Water (H,0) 24.6
Celcure/C33 (or  1983-1990 Copper(ll) sulfate (CuSO, - 5H,0) 23.2 8.2 Cu
equivalents)
Copper(ll) oxide (CuO) 2.8
Chromium trioxide (CrO,) 40.0 14.0 Cr
Diarsenic pentoxide (As,05) 22.7 14.8 As
Water (H,0) 11.3

Wood Preservation. The use of CCA and other As-based chemicals in
wood preservation industries has caused widespread contamination of soils and
aquatic environments (3,67—73). CCA had attained wide-scale industrial applica-
tion as a wood preservative owing to biocidic characteristics of Cu™™ and As".
The preservative chemical used for pressure impregnation comprises a water-
based mixture of dichromic acid (H,Cr,0-), arsenic acid (H;AsO,), and Cu" as
divalent cation at variable proportions (Table 3) (3). Chromium is used to bind
As and Cu into the cellular structure of the wood. Fixation of CCA is dependent
on the transformation of Cr"' to Cr'™, a reaction that is dependent on the tempera-
ture and water content of the wood. Cr™ forms insoluble complexes with both
As and Cu (74). Further stabilization of these complexes takes place after com-
plete fixation of the As and Cu in the wood tissues and minimizes the risk of
leaching of the CCA components from the processed wood. Among the active
ingredients of CCA wood preservatives, As is most mobile and toxic to a broad
range of organisms, including human beings.

Studies around an abandoned wood preservation site at Konsterud, Kristi-
nehamns Community in Central Sweden (70,71) revealed soil As concentrations
between 10 and 1067 mg/kg, and the order of abundance for metal contaminants
was found to be As > Zn > Cu = Cr. Sediments in a drain adjacent to the
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cemented impregnation platform contained an average 632 mg As/kg. Arsenic
concentrations in the reference soils (119 mg/kg) were lower than in the contami-
nated area, but exceeded the level of As in average glacial till (75). Analyses
of water in a stream found As concentration of 238 pg/L (70). Groundwater
contamination must therefore be considered as an imminent risk close to wood
preservation sites, and especially at older sites where precautions against spills
and material handling were not taken adequately.

Coal Combustion and Incineration of Preserved Wood Products. Com-
bustion of high-As-bearing coals is known to be a principal pathway of As emis-
sion in the Guizhou province of southwestern China (28,29). Open coal-burning
stoves used for drying chili peppers have been the principal cause of chronic As
poisoning in a population of nearly 3000. Fresh chili peppers have less than 1
mg/kg As, while chili peppers dried over high-As coal fires were reported to
contain more than 500 mg/kg As (28). Consumption of other tainted foods, inges-
tion of kitchen dust containing as high as 3000 mg/kg As, and inhalation of
indoor air polluted by As from coal combustion are the other causes of chronic
As poisoning.

A possible pathway for exposure through air particulates is the incidental
use of preserved wood in open fires, indoors or outdoors. Incineration of CCA-
impregnated wood from a sawmill was found to be a source of As contamination
to the environment (76). The content of As in air particulates from open fires
was found to exceed the German air quality standards by 100-fold (77). The
ashes, spread on lawns or vegetable cultivations, pose further risk to human
health. In addition, tobacco smoke is another source of As emission in the indoor
environment. It is interesting to note that mainstream cigarette smoke contains
40-120 ng As per cigarette (78).

Comparison of the Contributions of Arsenic from Natural and Anthropo-
genic Sources. An overview of the sources of natural and anthropogenic emis-
sion and the biogeochemical cycle of As is presented in Figure 1. Natural emis-
sion of As in the atmosphere is estimated to be around 2.8 gigagrams/year as
dust and 21 gigagrams/year as volatile phases. Among the natural sources, wind-
blown dust from crustal weathering, forest fires, vegetation emissions, volcanoes,
and sea spray are significant (20,79,80). Anthropogenic emissions of As account
for as high as 78 gigagrams/year and are thus significantly higher compared to
the natural inputs (79). The concentration of As can therefore be appreciably
high in the areas affected by anthropogenic activities. A considerable amount
of As is released by the combustion of fossil fuels, especially coal, from wood
preservation industries as well as the use of the preserved wood products. Mining
and smelting of ore minerals including sulfides of copper, lead, and zinc, as well
as gold processing, have contributed to significant environmental As emissions
in the past, but changes in smelting processes during the last decade have signifi-
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Ficure 1 Natural and anthropogenic sources and biogeochemical cycling of
As in sedimentary environment. (Modified from ref. 3.)

cantly reduced the emission of As from these sources. However, according to an
estimate made by the USEPA, nearly 6,000,000 people living within 12 miles
of these copper, zinc, and lead smelters may be exposed to 10 times the average
atmospheric levels of As in the United States (78). In another study it has been
shown that nearly 40,000 people were at risk of exposure to As levels exceeding
the national atmospheric levels by 100 times in the vicinity of some copper smelt-
ers (43). Significant bioaccumulation of As occurs in crops grown in contami-
nated soils around lead smelters (81).

3. GEOCHEMISTRY OF ARSENIC IN SOILS
AND NATURAL WATER

3.1 Chemistry of Arsenic in Soil

The natural content of As in soils varies considerably (17) but is mostly in a
range below 10 mg/kg (82—85). The background concentration of As in soils is
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governed by the lithology of the parent rocks. Arsenic concentrations in Swedish
tills (<0.06 mm) range between <5 and 175 mg/kg, with a median value of 8
mg/kg (O. Selenius, personal communication, 2000). Availability and dispersal
of As in the soil environment are influenced by several factors (16,71,86). Cli-
matic and geomorphic characteristics in an area, such as rainfall, surface runoff,
rate of infiltration, and the groundwater level and its fluctuations, affect the mobil-
ity and distribution of As (87). The speciation and mobility of As in soils are
also governed by the soil physical characteristics, such as grain size and mineral-
ogy, and chemical characteristics like redox potential (Eh) and pH conditions of
the soils (88). Sorption characteristics of As in soils and bioavailability are also
governed by the composition of clay minerals (8§89-92).

3.1.1 Weathering of Primary Sulfide Minerals

Geochemical cycling of As is triggered by chemical weathering. Arsenic is re-
leased in the soil environment owing to weathering of the arsenopyrite (FeAsS)
or other primary sulfide minerals. Important factors controlling the weathering
reactions are: (a) the presence of water and its composition, (b) pH, (c) tempera-
ture, (4) reactivity of the species with CO,/H,0, (5) hydrolysis, (6) solubility,
and (7) redox characteristics of the species. The release of As from FeAsS in-
volves both hydrolysis and oxidation. Weathering of arsenopyrite in the presence
of dioxygen (O,) and water involves oxidation of S*~ to SO,>~ and As™ to As",
both taking place through the reduction of O, (93). The complete reaction could
be represented as:

4FeAsS + 130, + 6H,0 < 4S0,> + 4AsO2 + 4Fe*™ + 12H*
The half-redox reactions are written as:

0, + 4H* + 4e~ = 2H,0 EC =123V
S + 4H,0 — 8¢~ => SO,> + SH* —E° = —0.76 V
AsO,” + 2H,0 — 2e~ = AsO, + 4H* —E° = —0.56 V

Once released from the mineral, As can be mobilized by different physical as
well as chemical processes (94).

3.1.2 Speciation and Solubility of Arsenic in Soil
and Water

Arsenic in the soil environment normally occurs in the +III and +V oxidation
states (16). In soils and natural waters, As typically occurs as weak triprotic
oxyacids. In reducing environment, arsenous acid dominates in the form of
H;As™O,’ at a wide range of pH values while the protonated H, As™O;~ forms
only at pH > 9.0. At higher pH and in an oxidized environment, As" is present
as H,AsO,~ (pH < 7.0) or as HAsO2 (pH > 7.0) (88,95-98). Arsenic acid is
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a moderately strong oxidizing agent and is readily reduced to arsenous acid (98),
according to the equation:

H;AsVO, + 4H" + 2¢~ < H;As™O; + 2H,0 E°= 0559V

The typical dissociation diagrams for arsenic and arsenous acids are pre-
sented in Figure 2. In the natural environment, speciation of As changes qualita-
tively according to the thermodynamic predictions (86). In the As-H,0-O, sys-
tem, stable inorganic As species are H;As™O;, H,AsYO,~, HAsVO,>", or As(s).
However, in the presence of dissolved S in the system, a range of As sulfides
(AsS,™, As,S;, and HASS,) are stable (34). The Ey-pH diagram for 1073 M aque-
ous As in the presence of dissolved O, and S is given in Figure 3.

As™ is more toxic and more mobile in soils than AsY (34,99—-102). Arsenic
is readily mobile as methylated species, such as monomethylarsonic acid

3 [ =e] oo
= = =

Parcent lanic Species, As{lll}
P
(=)

=
b—

Percent lonic Species, As{\}

Ficure 2 Acidic dissociation diagram for H;As"O; and H;AsY0,. (Adapted
from ref. 271.)
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Ficure 3 E,-pH diagram for As at 25°C and 1 atmosphere with total As 10°°
M and total S 10 M. Solid As compounds are enclosed with parentheses in
the cross-hatched area. (Adapted from ref. 34.)

[MMAA, CH;AsO(OH),] and dimethylarsinic acid [DMAA, (CH;), AsO(OH)]
by reaction of H; AsO;° with methylcobalamin in the presence of anaerobic bacte-
ria (103). However, these volatile forms are not stable under oxidizing conditions
and get back to the soil environment in inorganic forms (16,104).

Ferric hydroxide generally plays a much more important role in controlling
the concentration of As in soils as well as in aqueous media. The precipitation
of ferric hydroxide can be expressed by the reaction:

Fe + 3H,0 < Fe(OH), + 3H*

This reaction has critical importance for retention and mobilization of As
in soils. Both As" and As™ are adsorbed on Fe(OH);, but affinity for adsorption
is higher for As" as compared to As™. The adsorption optimum for As™ is around

pH 7.0, while AsY adsorbs optimally at pH 4.0 (105). The absolute magnitude
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of adsorption is higher for arsenate, AsY, over the pH range <9.0 for arsenate
(106). Arsenic is readily desorbed from Fe(OH); with an increase in pH and also
due to competing anions like PO,, MoO,, and SO, for the adsorption sites (107).
The geochemical behavior of AsY and P is strikingly similar and both form
complexes with Fe, Al, and, under specific circumstances, even with Mn (86,
100,108,109). Short-range-order secondary aluminosilicates, imogolite and allo-
phane [termed collectively imogolite-type materials (ITM)], and ferrihydrite are
the commonly occurring minerals in spodic horizons in Swedish podsols (110).
These minerals are characterized by large surface area and high positive surface
charge under acidic pH and effectively adsorb the bulk of AsY (71,110,111). Both
AsY and As™ behave as chelates and precipitate with many metallic cations (112).
Ca;3(AsQ,), is the most stable As" species in well-oxidized alkaline environments.
Under reducing conditions and high concentrations of Mn in the soils the solubil-
ity of As is controlled by Mn;(AsQ,), (88).

In oxidized soils (Ey; = 0.2-0.5 V), As" is immobile and coprecipitated
with Fe(OH);, a mineral phase that dissolves under moderate to low reducing
conditions (Ey = 0-0.1 V) and controls the solubility of AsY (113). On aging,
amorphous Fe(OH); gets transformed goethite (FeEOOH) and releases part of the
adsorbed As owing to a decrease in reactive surface area (114). Complexation of
As by the dissolved organic matter and humic acids in soil environments prevents
sorption and coprecipitation of As with solid phases leading to an increased mo-
bility of As in soil and water (61,115).

In the basic and acidic effluents from waste dumps from the gold-
processing units in Canada (116), dissolved As represented 1% and 13% of the
total As, respectively. At pH 9.5, the stream contained 910 mg/L particulate As
and 10.1 mg/L soluble As, while the other waste stream at pH 3.1 contained
880 mg/L particulate As and 132 mg/L soluble As.

Despite the high affinity of soil for As, the kinetics of As retention by soils
to levels below toxicological concern may be very slow. Lead arsenate and copper
acetate-arsenate, once commonly used insecticides, may require decades to be
converted to nonphytotoxic forms in soils (95). An encapsulation of As by other
precipitates is assumed to be the mechanism of detoxification in these soils.

3.2 Arsenic in Groundwater

3.2.1 Aqueous Speciation, Mobility,
and Global Occurrence

The origin and mobility of As in the groundwater environment has received sig-
nificant attention in recent years. Water is the major pathway for the influx of
As in the environment, although atmospheric inputs contribute significantly to
the As concentrations in natural aquatic ecosystems. Elevated concentrations of
As in natural waters are known to have resulted from weathering and leaching
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of As-rich geological formations, drainage from mine tailings and wastes, and
thermal springs and geysers in several parts of the world. However, As is mobi-
lized in groundwater through complex geochemical processes in natural environ-
ments (6,16). Anoxic conditions in the subsurface environments enhance As mo-
bility, which renders groundwater more vulnerable for As contamination as
compared to surface water. Groundwater contaminated with As used for drinking
is thus an issue of major concern owing to severe toxic effects on human health.

In groundwater, inorganic As commonly exists as As" (arsenate) and As™
(arsenite), the latter being considered to be more mobile and toxic for living
organisms (117). In aqueous environments prokaryotes and eukaryotes reduc-
tively biomethylate inorganic As to DMAA and MMAA (118), but the toxicity
of these methylated forms is less. Biomethylation is a more subtle, but persistent
process, which may affect mobility and transport of As in groundwaters. Bio-
methylation involves degradation of organic matter and conversion of AsY to the
more soluble As™ species and mobilizes As from the aquifers into groundwater.
Although little is known about formation of methylated arsenicals in ground-
water, it is important to emphasize the need to understand the biogeochemical
interactions in the aquifers as methylation increases solubility of As species and
thereby affects the dispersion of As in the environment (119). Anoxic conditions
in aquifers may enhance As methylation through degradation of organic matter
by bacteria (H. Hasegawa, personal communication, 2000). Interestingly, methyl-
ated As species also sorb onto Fe oxides with an affinity in the order of AsY >
DMAA > As™ > MMAA (120) and may therefore affect the distribution and
mobilization of As.

On a global scale, As is widely reported in groundwater from several coun-
tries. Natural occurrences of As are known in groundwaters of the United States
(summarized in ref. 121), Canada (122), Argentina (123,124), Mexico (125-128),
Chile (129,130), Ghana (131), Hungary (132), the United Kingdom (133,134),
Finland (135), Taiwan (136,137), China (138-140), Japan (141), southern Thai-
land (142), West Bengal, India (6,143—147), and lately from Bangladesh (148—
154). A similar problem of As contamination in groundwater may also emerge
in the Mekong Delta (155,156). Some of the salient aspects of the distribution,
concentration, and possible mechanisms for the release of As in groundwater in
a few of these affected countries are summarized in Table 4.

3.2.2 Drinking Water Criteria for Arsenic

Arsenic in drinking water affects human health and is considered one of the most
significant environmental causes of cancer in the world (157). Keeping in view
the toxic effects of inorganic As on humans and other living organisms, it is
necessary to understand the level of As in drinking water, and its chemical specia-
tion, to establish regulatory standards (121). The FAO health limit for As in
groundwater was 50 pg/L, but in view of recent incidences of As poisoning in
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the Indian subcontinent, a decrease in the groundwater As concentration to 5—
10 ng/L is being considered by a number of regulatory bodies throughout the
world. The provisional WHO guideline value adopted for As in drinking water
is 10 pg/L, which is based on a 6 X 107 excess skin cancer risk, which is 60
times higher than the factor that is typically used to protect public health. WHO
states that the health-based drinking water guideline for As should be 0.17 ug/L.
However, the detection limit for most laboratories is 10 pg/L, which is why the
less protective guideline was adopted (158—160).

The U.S. Environmental Protection Agency (USEPA) drinking water stan-
dard for As, 50 ug/L, was set by the EPA in 1975, based on a Public Health
Service standard originally established in 1942 (161). On the basis of the investi-
gations initiated by National Academy of Sciences, it was concluded that the
previous standard did not eliminate the risks of long-term exposure from low As
concentrations in drinking water causing skin, bladder, lung, and prostate cancer.
There are several noncancer effects of As ingestion at low levels, including car-
diovascular disease, diabetes, and anemia, as well as reproductive and develop-
mental, immunological, and neurological disorders. To achieve the EPA’s goal
of protecting public health, recommendations were made to lower the safe drink-
ing water limit to 5 pug/L, which is higher than the technically feasible level of
3 ug/L (162). Recently the USEPA has established a health based nonenforceable
maximum contaminant level goal (MCLG) for zero As and an enforceable maxi-
mum contaminant level (MCL) of 10 ug As/L in drinking water (163), which
would apply to both nontransient, noncommunity water systems and community
water systems as against the previous MCL of 50 ug As/L set by the USEPA
in 1975. However, the current drinking water guideline for As, 10 ug/L, adopted
by WHO and the USEPA is higher than the Canadian and Australian maximum
permissible concentrations of 5 and 7 pug As/L, respectively.

3.2.3 Determination of Arsenic in Natural Water

Sampling Considerations. Well-defined sampling protocol is essential for
the determination of As in water samples. Arsenic occurs predominantly as As™
and AsY in natural waters along with dissolved Fe at varying concentrations. It
is necessary to prevent postsampling oxidation of Fe™ to Fe™ and consequent
precipitation in the form of Fe(OH);, which is an efficient scavenger for a series
of contaminant species including As. Thus, sampling must be carried out very
cautiously in the field for the determination of As (164). Water samples need to
be filtered through an 0.45-um membrane online filter and then acidified with
suprapure HCI/HNO; to pH below 2.0, and headspace in the sampling bottle
should be avoided. In cases where colloidal iron is suspected in the water sample,
it is recommended that several replicates be taken.

Oxidation of As™ to As" is considered a relatively slow process (165).
Speciation of As™ and AsY in groundwater can be carried out in the field using
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Ficklin’s method (166). Columns with dimensions of 100 X 70 mm are packed
with a slurry of 2.3 g anion resin. The resin is chloride based, and is converted
to acetate forms before use in the field. The columns need to be capped tightly
to prevent drying. At the sampling sites, groundwater is filtered through a 0.45-
pm online filter and acidified with 0.5 ml suprapure concentrated HCI; 5 ml of
the acidified groundwater is then passed through the ion exchange column fol-
lowed by 15 ml of 0.12 M HCI, added in three more portions. Four 5-ml fractions
are collected, and the first two fractions contain As', while the last two contain
AsY (166). Arsenic can thereafter be analyzed in the four separate fractions. This
method has been successfully used by von Bromssen (151) and Hermansson
(152) for As speciation in the field. The method is however, complicated to use
in the field, especially because of the time required for pretreatment of the resin
and the runs for separation.

However, it is possible to separate As™ from AsY immediately in the field
using specially devised Disposible Cartridges, special online filters (167). These
Disposible Cartridges are packed with adsorbents that selectively adsorb AsY
while As™ in water passes through the filter. Thus, As™ can be separated from
water at pH between 4 and 9 by simply attaching the cartridge to an online 0.45-
pum filter fitted to a syringe in the field. The filtrate collected in a separate bottle
needs to be acidified for measurement of As (regardless of later oxidation) as
ASIH.

Laboratory Measurements. ~ Silver diethyldithiocarbamate (SDDC) method.
The SDDC method can be accurate, precise, and sensitive; however, this analytical
method requires highly skilled and intensive labor, demands a well-ventilated work
area for safe operation, generates significant volumes of toxic wastes, and is subject
to matrix interferences. This method can be used to measure arsenite (H; As™O5,
H,As"0;~, HAs™O+?>", and As™O;*"), arsenate (H;AsVO,, H,AsO,~, HAsVO,*",
and AsO,*"), and total inorganic As (arsenite plus arsenate) in aqueous samples.
The analyte is selectively reduced to arsine (AsH3). The arsine is distilled from the
sample matrix through aqueous lead acetate [Pb(CH;COOQ),] supported on glass
wool to remove hydrogen sulfide (H,S); the arsine is collected in a stabilized or-
ganic solvent, where the arsine is reacted with silver diethyldithiocarbamate
[AgSCSN(C,Hjs),] to produce a red derivative that is determined spectrophotometri-
cally at 520 nm (168).

Total inorganic As is determined in the absence of methylarsenic com-
pounds after reduction to arsine by aqueous sodium borohydride (NaBH,) at pH
1. Methylated arsenicals, if present, are reduced to methyl arsines at pH 1, which
form colored interferences. As™ is determined after selective reduction to arsine
by aqueous sodium borohydride at pH 6. AsY, MMMA, and DMMA are not
reduced under these conditions. As" is determined in a separate run after the
removal of As™ from the sample as arsine (168).
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Hydride generation—atomic absorption spectroscopy (HG-AAS) method.
HG-AAS is the preferred method of the American Public Health Association
(APHA), the American Water Works Association (AWWA), and the Water Envi-
ronment Federation (WEF) for determining As in water. This method can be
used to measure total As (inorganic plus organic) in aqueous samples. Inorganic
and organic forms are oxidized to As" by acidic digestion. This As" is quantita-
tively reduced to As™ with sodium iodide (Nal). This As™ is further reduced to
arsine (AsH;) with sodium borohydride (NaBH,), directed into an argon/hydro-
gen flame, and quantified by atomic absorption spectroscopy. Interferences are
minimized because As is removed from the sample matrix prior to detection
(168).

4. CASE STUDIES ON ARSENIC CONTAMINATION
IN GROUNDWATER

Chronic exposure of As due to drinking of contaminated groundwater is a global
catastrophe affecting several millions of people particularly in the developing
world. Chronic As poisoning has been reported from Argentina, Bangladesh,
Chile, China, Ghana, Hungary, India, Mexico, Taiwan, Thailand, the United
Kingdom, and the United States (134,156), where groundwater has been used
primarily for drinking. Similar incidences of chronic poisoning and cancer have
been found globally among the population exposed to groundwater with As con-
centrations even below the former drinking water standard of 50 pg/L. The situa-
tion in the Bengal Delta Plain (BDP) in Bangladesh and in West Bengal, India,
one of the densely populated regions of the world, is still critical where several
millions are suffering from chronic As-related health effects (6,145,148,169) due
to wide-scale dependence on groundwater for drinking. The occurrence, origin,
and mobility of As in groundwater of sedimentary aquifers is primarily influenced
by the local geology, hydrogeology, and geochemistry of the sediments as well as
several other anthropogenic factors such as the land use pattern (6). The following
section deals with the salient aspects of groundwater As occurrences in different
parts of the world.

4.1 Argentina

A population of nearly 1,200,000 in rural Argentina depend on groundwater with
As concentrations exceeding 10 pg/L and the local Argentinian permissible limit
of 50 pug/L. The most affected areas are extended parts of the Pampean plain,
some parts of the Chaco plain, and some small areas of the Andean range where
drinking-water wells contain 50-2000 ng As/L (123,124,170,171). *‘Bell Ville
Disease,”” a local term describing the As-induced skin cancer, and other cancers
of the kidney and liver are associated with As exposure (172) through ground-
water.
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The sedimentary aquifers in the region comprise Tertiary aeolian loess-
type sediments in the Pampean plain and predominantly fluvial sediments of Ter-
tiary and Quaternary age in the Chaco region. Drinking water for the rural popula-
tion is supplied from the shallow aquifers and contains around 200 pg As/L
(nearly 30% as As™) besides high concentrations of fluoride (2.1 mg/L) (124).
Only some larger towns and the cities use deeper aquifers, which locally also
contain As (viz. in Santa Fe province) or they import water from other sites.

4.2 Bengal Delta Plain (Bangladesh
and West Bengal, India)

The natural incidence of high-As groundwater in the vast tract of alluvial aquifers
within the BDP in Bangladesh and West Bengal, eastern India, has caused a
health crisis for a population of over 75 million in the region. Nearly 50 million
in Bangladesh are drinking well water with As levels above the acceptable limits.
Manifestations of chronic As-related diseases such as arsenical dermatosis, hy-
perkeratosis, and hyperpigmentation and cancers of the skin have been identified
by several epidemiological studies (145,173). Large-scale exploitation of ground-
water resources to meet the rising demand of safe water for drinking and agricul-
ture has resulted in this largest As calamity in the world. In addition, As exposure
from the diet (9,10,149,153) and the synergetic effects of As and other toxic
metals in groundwater and air and their impact on human health also need to be
studied in detail.

Manifestations of As toxicity were first identified in West Bengal in 1978,
but chronic As poisoning from groundwater was not discovered before 1982—83
(174,175). Natural As occurrences are now encountered in groundwater in eight
districts of West Bengal, which covers an area of 37,493 km? in the Indian part
of the BDP (6,176). Nearly 200,000 people were diagnosed with arsenicosis in
West Bengal (177,178); 38.3% of the analyzed groundwaters from West Bengal
(176) indicated As levels below 10 ug/L, 44.3% samples indicated As levels
above the Bureau of Indian Standards (BIS) drinking water limits, while 55.6%
samples had As concentrations below the BIS limit (50 pg/L).

Arsenic was first identified in Bangladesh’s well water by the Department
of Public Health Engineering in 1993 (134). Of 64 districts in Bangladesh, in
60 districts covering approximately 118,000 km? (nearly 80% of the country),
groundwaters in a majority of wells have As concentrations exceeding the WHO
limit [10 pg/L (158)] and 30% of the groundwater contains As at levels >50
pg/L, the Bangladesh drinking water standard (179). Arsenic concentrations ex-
ceeding 1000 pg/L and as high as 14 mg/L in shallow tube wells are reported
from 17 districts in Bangladesh (180). According to the national data set, based
on the DPHE/UNICEEF field kit results, the central and southeast regions in the
BDP are most affected. The most systematic laboratory study was conducted by
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DPHE/BGS (181), and the most severely As-affected regions coincided with the
area demarcated by the field kit survey. Notably, high-As groundwaters occur in
the Chandpur, Comilla, Noakhali, Munshiganj, Brahman Baria, Faridpur, Mada-
ripur, Gopalganj, Shariatpur, and Satkhira districts. In addition, high As levels
are also found in isolated ‘hot spots’’ at the southwestern, northwestern, north-
eastern, and northcentral regions of the country (Fig. 4). Interestingly, groundwa-
ter in the Hill Districts is mostly free from high-As concentrations for yet un-
known reasons (181).

The Pleistocene aquifers in the upland Barind and Madhupur tracts are
considered to be free from As (134,182). The arseniferous aquifers located in
the Holocene BDP lowlands are predominantly confined to depths of 20-80 m
(6,41,156). Widespread mobilization of As from the BDP aquifers cannot be
attributed to any anthropogenic activities in the region, and evidence indicates a
predominantly geogenic source and mode for release of As into the groundwater
(6,9,147,150,183,184). However, there exist many uncertainties in understanding
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FiGure 4 Distribution of As in groundwater from BDP aquifers in Bangladesh
(From Refs. 181,182).
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the sources and mechanisms for As release in groundwater. Several isolated high-
As geological domains in the Himalayas and adjoining highlands might have been
the provenance of As in the sedimentary aquifers (134,184,185). Two conflicting
hypotheses have been widely suggested to explain the mechanisms of As mobili-
zation in the sedimentary aquifers of the BDP. The first hypothesis suggests that
As is released by the oxidation of pyrite (FeS,) or arsenopyrite (FeAsS) following
lowering of the water table during groundwater pumping (186). The second hy-
pothesis that is widely accepted suggests that As is released due to desorption
from or reductive dissolution of Fe oxyhydroxides in a reducing aquifer environ-
ment (6,41,131,147,149-154,187).

The distribution of As in groundwater from shallow and deep aquifers was
also mapped under the USAID program (149,153) (Fig. 5a,b). Distribution of As
(41,153,184,187,188) in deep BDP groundwater in Bangladesh and West Bengal
(Fig. 6) indicate that As levels are typically above the drinking water limits up
to a depth of <150 m. The deep aquifers (>150 m) in general produce groundwa-
ter with As concentrations below the WHO limit of 10 pug/L (41).

Groundwater pH is predominantly near neutral to slightly alkaline (pH 6.5—
7.6). The Ey; values vary between +0.594 and —0.444 V, which suggests a mildly

88 89 90 g 82 88 89 90 91 92

Longitude Longitude

Ficure 5 Map showing the distribution of As in groundwater (in mg/L) from
tubewells in Bangladesh (149,153). (a) Wells less than 30.5 m (100 feet) below
ground surface (bgs); (b) wells greater than 30.5 m (100 feet) bgs. (*) Sampling
locations.
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Ficure 6 Distribution of arsenic in deep groundwater of the aquifers in the
BDP in Bangladesh and West Bengal. (Data from refs. 41,151,188.)

oxidizing to moderate/strong reducing groundwater environment in the BDP. The
water types are generally Ca-HCOj; or Ca-Mg-HCOs, although Ca-Na-HCO; type
and Na-Cl type water are also encountered in selected patches (183,184,189).
Bicarbonate (320-600 mg/L) dominates as the major anion in groundwater and
shows an apparent depth and lithological control (41,119,187). Sulfate (=3 mg/L)
and nitrate (=0.22 mg/L) concentrations are generally low, and concentrations
of phosphate (0.05-8.75 mg/L) are high in the BDP groundwaters. Distribution
of total Fe (Fe,,) varies considerably (0.4—15.7 mg/L) along with total As (As,y;
2.5-846 ug/L) in groundwater. As™ is the prevalent aqueous species and ac-
counts for about 67-99% of the total As in well water. The concentration of
dissolved organic carbon (DOC) in the groundwaters ranged from 1.2 to as high
as 14.2 mg/L.

To understand the hydrogeochemical controls on As contamination in
groundwater, we need to address some of the key elemental relationships. In
the investigated groundwaters from Bangladesh, definite positive correlation was
noted between Fe,-HCO; (r* = 0.57, Fig. 7a), Fe PO, (r* = 0.50, Fig. 7b),
and Fe-As,, (r* = 0.42, Fig. 7d). A positive correlation was also indicated for
the distribution of HCO; and DOC (r* = 0.38, Fig. 7¢). It is interesting to note that
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Ficure 7 Salient chemical characteristics of groundwater from BDP aquifers
in Bangladesh (n = 36), showing the relationship between: (a) Fe,,; and HCO3;
(b) PO, and Fe; (c) DOC and HCO3; and (d) Fe,; and As.

studies by Bhattacharya et al. (187) indicated specific trends in the relationships
between HCO; and DOC in the groundwater from wells at specific depths. At
shallow depths (7.9-28.5 m) the correlation was low (r> = 0.35), while water
samples representing the group of deeper wells (67.1-255.3 m) indicated strong
positive correlation (> = 0.77). Distinct negative correlation was, however, ob-
served between HCO; and DOC (r? = 0.42) in water samples from wells at
depths of 29-62.5 m, which suggests anaerobic degradation of DOC. It is also
appropriate to mention that the concentration of ammonium is high in BDP
groundwaters (up to 10 mg/L), which could come from dissimilatory nitrate re-
duction or from in situ degradation of organic matter. In view of the low nitrate
levels even in near-surface environments, the latter alternative seems more likely.
High DOC levels are consistent with the dominance of As™ in groundwater,
which suggests reduction of organic matter by microorganisms and conversion
of AsY to As™ in the sedimentary aquifers. The source of DOC in BDP groundwa-
ter is not known and is a subject of further investigation. However, the pool of
organic matter in the BDP aquifer sediments (119,187) may act as a source for
the DOC in the groundwater. Low sulfate concentrations in BDP groundwater
(151,152,187) can be attributed to sulfate reduction but not sufficient enough to
cause precipitation of sulfides on a regional scale. However, framboidal pyrites
have been identified in the S-rich clayey sediments in some parts of the aquifer
segments, viz. at Tungipara (154). Correlation between concentrations of HCO;
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with Fe,, As,, and DOC indicates that several terminal electron-accepting pro-
cesses (TEAP) are active in the BDP aquifers, which drives the reductive dissolu-
tion of Fe oxyhydroxides in the aquifers. Reductive dissolution of Fe in sedi-
ments mobilizes Fe" and As. Some of the key redox reactions in the BDP aquifers
controlling the groundwater chemistry are:

CH,0 + 0,= CO, + H,0 (Organic matter oxidation by O,)
CO, + H,0 = H,CO; = H* + HCO;~ (Dissociation and hydrolysis)
5CH,0 + 4NO;™ = 2N, + 4HCO;™ + CO, + 3H,0 (Denitrification)

2CH,0 + SO/ = 2HCO;™ + H,S (Sulfate reduction)

4Fe™OOH + CH,0 + 7H,CO; = 4Fe" + 8HCO;™ + 6H,0 (Reductive dissolution of Fe oxides)

The mobilization of As in groundwater is caused by desorption of As oxy-
anions (147,190) or by reductive dissolution of the Fe (oxy)hydroxide, leading
to the release of both Fe and As in aqueous solution. Oxyanionic As species are
commonly adsorbed on the reactive surfaces of the Fe and Mn (oxy)hydroxide
in the sediments, which are characterized by pH-dependent surface charge. At a
lower pH, they attain net positive charge leading to significant adsorption of As"
species, but with an increased alkalinity, the oxide surfaces attain the point of
zero charge (PZC) and releases the As oxyanions through desorption. Although
the source of As in the alluvial sediments is geogenic, further research is in prog-
ress to understand the complex (bio)geochemical interactions in the BDP aqui-
fers, and the effects of land use pattern.

The redox status in the aquifers is influenced by the practice of wetland
cultivation in the BDP leading to the mobilization of As (6). Reducing conditions
in soils flooded during paddy cultivation leads to the production of methane
(191,192). Rice cultivation produces 3—4000 kg of straw per crop and a root
biomass equivalent to 400 kg/ha C (193), which is a very good substrate for
methane fermentation under anaerobic conditions (194). Consequently, Fe™™ re-
duction observed in the soil zone is commonly reflected by increased concentra-
tions of Fe in groundwater at intermediate depths of 45-60 m in BDP aquifers
(195). Interestingly, methane emission is recorded at several well sites in the
Bangladesh part of the BDP (196). In situ methane production may also lead to
methylation of As through the anaerobic degradation of organic matter and trans-
form AsY to the more soluble As™ species and methylated arsenicals thereby
affecting the overall mobility and transport of As in groundwater (119).

To supply safe drinking water, major strategies should include identifica-
tion of the wells yielding water with As concentrations at levels <50 pg/L, the
national drinking water standard in India and Bangladesh. Screening of tubewells,
appears to be a promising short-term measure for the supply of drinking water
at safe As levels (144,153). Deeper tubewells drilled in several parts of West
Bengal and Bangladesh provide As free water to the rural and semiurban popula-
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tion (144,153). However, the relatively low apparent success rate coupled with
the potential of a prolonged effort at a high cost suggest that drilling deeper wells
should be a minor component of an overall strategy used to provide safe drinking
water (147,153). Possibilities to remove As from groundwater should include
techniques that are low cost, effective, and socially acceptable by the rural popu-
lation in the affected households.

4.3 Chile

Approximately 400,000 residents of northern Chile drink water from public sup-
plies that are diverted from rivers in the Andes Mountains to the arid regions.
However, many of these rivers have high levels of natural As that often ends up
in northern Chile’s drinking water (129,130,134,197). High As in drinking water
has been associated with increased mortality from bladder, lung, kidney, and skin
cancers (198). Epidemiological studies in Chile indicated that exposure to As
concentrations through drinking water containing <50 pg/L had had severe toxic
effects on human health (199).

The public water system of Antofagasta (the largest city in this region) had
approximately 800—1000 pg/L of As. A population of nearly 200,000 is served
by a full-scale conventional treatment plant for As removal since 1970. The
concentration of As in drinking water was lowered to 40 pg/L (197,200), but
this experience suggests that for source water with high As concentrations
and a greater proportion of As™, stringent standards for As (<20 ug/L) could
not be met by conventional coagulation. Moreover, the cost of As removal
also increased drastically to reach an effective As removal below 20-30 ug/L
(200).

4.4 China

Large areas in the Xinjiang and Inner Mongolia provinces of China have drinking
water wells where high As concentrations (50—-1860 pg/L) are reported (138—
140,201). The source of As in both provinces is geogenic. In the Kuitun area of
Xinjiang province of China, endemic arsenicosis, fluorosis, and combined As and
fluoride poisoning was encountered where nearly 102 drinking water wells had
levels of >100 pug/L As and >1 mg/L fluoride (140). A concentration of chronic
As poisoning was discovered during a national water quality survey in the Huhhot
Alluvial Basin (HAB) of Inner Mongolia in 1984. HAB is an alluvial and lacus-
trine basin surrounded by the mountains toward the east, south, and north and
open to the west. The basin has an aerial extent of about 4800 km? at an average
elevation of 1050 m above the mean sea level. The northern part of the HAB is
a depression (lowland) in the front of alluvial and lacustrine fans. The middle
part of the HAB is the alluvial and lacustrine plain of the Daheihe River. The
southwestern part of the HAB comprises the alluvial and flood plain of the Yellow
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River. The groundwater occurs in the Q4 sediments (139) and is characterized
by a high concentration of As derived from the adjoining highlands. The HAB
is predominantly an agricultural area with wheat, rice, millet, corn, green beets,
potatoes, and sunflowers as the primary cultivated crops. There are no sources
of anthropogenic emissions of As from industries and mines into the atmosphere,
water, or soil and no arsenical pesticides have been used. Analyses of the surface
soils, air, fish, and crops, however, do not show levels of As above the regulatory
limits. Approximately 5.3% of the people from this basin had visible hyperkerato-
sis with hyperpigmentation or hypopigmentation (139).

The concentration of As in groundwater from the HAB exceeds the provi-
sional limits of the WHO for safe drinking water by a factor of more than 5—
100 as well as the Chinese national drinking water standard by factors >1-20.
Typical As concentrations in groundwater from several shallow aquifers were in
the range of =1800 pg/L, while in deep aquifers concentrations of As are in the
order of =360 ug/L. Arsenic concentrations in the water supply wells were
greater than the national standard of 50 pg/L in 63 of the 305 samples (20.7%).
In deep wells, levels of As were greater than the national standard in 18 of 33
investigated wells (54.6%). The As concentrations in surface waters ranged up
to 20 pug/L, were not elevated above the limits of the national drinking water
standards, but exceeded the provisional WHO limits. As™ was found to be pre-
dominating (52—-75%) in both shallow and deep wells in the region. These waters
were also high in fluoride and low in dissolved oxygen, sulfate, nitrate, selenium,
iron, and manganese. The aquifers rich in organic matter seem to provide a reduc-
ing environment that facilitates mobilization of As. This organic matter stimu-
lated microbial respiration causing depletion of dissolved O, and anoxic environ-
ment leading to high concentrations of dissolved As™ (139).

45 Ghana

Approximately 1600 km? of Obuasi has rivers that are contaminated with up to
7900 pg/L of As. The well water in this region has up to 175 nug/L of As. Oxida-
tion of naturally occurring arsenopyrite (FeAsS) in the areas of gold mining is
the most likely source of As contamination. In addition to producing dissolved
As, the oxidized arsenopyrite apparently reprecipitates to form scorodite (FeA-
sO,-2H,0), arsenolite (As,03), and arsenates (131,202,203).

4.6 Hungary

In the southern part of the Great Hungarian Plain (GHP), an area of 4263 km?’
with a population of nearly 456,500 in five towns and 54 villages, groundwater
from the Pleistocene aquifers containing As at levels about the national permissi-
ble limit of 50 pg/L is used for public drinking water supplies. The aquifers
comprise sediments deposited by the river Danube, while in the eastern part of
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the plains the sediments were brought by the Maros and Korés Rivers. The
groundwaters were predominantly Ca-Mg-HCO; and Na-HCOs type. Typical As
concentrations in the region vary between 25 and 150 pg/L, and it was concluded
that the distribution of As in the GHP groundwaters was controlled by the humic
substances (132).

4.7 Mexico

The Lagunera region of north central Mexico has widespread chronic As poison-
ing. This poisoning results from drinking As-affected well water. The source
of As is assumed to be geological deposits. Symptoms include changes in skin
pigmentation, keratosis, blackfoot disease, gastrointestinal problems, and skin
cancer (204).

Mining has been an important economic activity in the Zimapan Valley
in Mexico and several towns were developed around these mines. Oxidation of
arsenopyrite and solubilization of scorodite in the mine wastes, generated during
centuries of silver, zinc, and lead mining (126,127), leach As into the aquifers
and cause natural As contamination in the drinking water wells of the region.
Groundwater is the only drinking water source for the community of nearly
10,000 inhabitants in Zimapan. The highest levels of As found in groundwater
range up to 1100 ug/L. The shallow wells are contaminated from the mine tail-
ings and fumes emanated by the smelters and have As concentration up to 530
pg/L (205). Chronic As poisoning, which includes skin cancer, and kidney and
liver diseases are common among the residents in the Zimapan area.

4.8 Taiwan

In Taiwan, a population of approximately 20,000 were exposed to As due to
drinking groundwater from artesian wells containing up to 1820 ug/L As. Nearly
1141 cases of chronic As poisoning were diagnosed in 1975. The term *‘blackfoot
disease’” was coined to describe arsenicosis of the lower legs (137,206). In addi-
tion, As exposure is also associated with skin, bladder, kidney, ureter, urethral,
liver, and lung cancers. However, recent improvements to the drinking water
supply have reduced As exposure, which in turn has reduced the incidence of
cancer (207-209).

4.9 Thailand

Eight villages from the Ron Philbun District have wells that are polluted with
up to 6700 pg/L of As. A total of 824 cases of ‘‘Kai Dam,”’” a local term for
chronic As poisoning, were reported in 1997 (142). The source of this pollution
is oxidation of naturally occurring arsenopyrite (FeAsS) during mining and
smelting operations (210).
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4.10 United Kingdom

The old Cornwall and Devon mining and smelting regions currently have agricul-
tural soils and household dusts with up to 1000 mg/kg or more of As (211).
Treated surface water is currently used for drinking owing to extensive ground-
water contamination. The concentrations of As in untreated and treated surface
waters are 10-50 pg/L and typically less than 10 pg/L, respectively (133,134).

4.11 United States

Nearly 10% of groundwater resources in the United States indicate As concentra-
tions exceeding the drinking water guideline of 10 pg/L (190). In general, highest
As concentrations are encountered in the western part and large areas of the
midwest and northeast, exceeding the national and WHO drinking water guide-
line value of 10 pg/L. However, in the southeastern part of the country, As con-
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centrations are low (212,213). The most prevalent mechanisms of widespread
concentrations of As are desorption and reductive dissolution of iron oxides and
oxidation of sulfide minerals, in addition to upflow of geothermal water and evap-
orative concentrations (190,214,215). A national-scale assessment of As-affected
water wells based on the analysis of 18,850 wells from 595 counties during the
past two decades done by the U.S. Geological Survey (USGS) is summarized in
Figures 8 and 9.

The estimated percentage of public water-supply systems in the United
States with various limits of As concentrations in groundwater is presented in
Figure 10. Nearly 13.6% of these systems use groundwater with As concentra-
tions above 5 ng/L, compared to about 7.6% that exceed 10 ng/L (212,213). The
counties with As concentrations exceeding various potential new United States
drinking water standards in 10% of more of their wells are shown in Figure 9.
Approximately 24% of these counties had As concentrations exceeding 10 ug/
L in at least 10% of their wells (212,213).

An independent survey of Alaska, Arizona, California, Idaho, Indiana, Ne-
vada, Oregon, and Washington evaluated the effect of geological environment
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Ficure 9 Counties with As concentrations exceeding the new MCL (10 pg/
L) by 10% or more in groundwater. (Adapted from refs. 212,213.)
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Ficure 10 Distribution of As concentrations in the wells of public water-
supply systems that serve between 1000 and 10,000 people. (Adapted from
ref. 212.)

on groundwater As concentration. Aquifers made from basins that were filled
with alluvial (windblown) or lacustrine (lake) deposits had As concentrations that
ranged from 50 to 2750 pg/L. Aquifers in volcanic terrain, adjacent to geothermal
systems, and in uranium and gold mining areas had As concentrations that ranged
from 170 to 3400, 800 to 15,000, and 130 to 48,000 pg/L, respectively (216).
In addition, five public drinking water supply systems in Nevada had As concen-
tration above 50 pg/L standard (217).

5. MANAGEMENT OF ARSENIC-CONTAMINATED SOILS

The natural background concentration of As in soils is an important factor in
assessing the environmental quality and strategies for subsequent remediation.
Remediation of As in contaminated soil systems is much more complicated and
often involves designing economically feasible and effective techniques that are
site-specific. Both in situ and ex situ remediation technologies have been devel-
oped, although neither of these technologies have gained popularity because of
the inconsistencies in results as well as involvement of high costs in the remedia-
tion process. In situ processes reflect all technologies directed to an unexcavated
soil that remains relatively undisturbed. Ex situ processes treat soils that are dis-
turbed either on- or off-site. In addition to these remediation technologies, As-
contaminated soils may be managed through chemical fixation techniques that
reduce the bioavailability of As. The chemical fixation technique is a particularly
relevant management method for diffuse contamination where phytoavailability
or mobility of As is being controlled.
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5.1 Chemical Fixation

Among the in situ remediation technologies, chemical fixation technique is often
used to reduce the mobility of contaminants. Such a process either minimizes
the potential for groundwater contamination by reducing contaminant leaching or
environmental and human heath risks through reduced contaminant availability.
Chemical fixation involves addition of additives to the soil that immobilize haz-
ardous elements. Principles of the process of the leaching of toxic metals in soils
and the process of chemical fixation of these metals in soils as applicable to the
cleanup of hazardous wastes have been discussed by Connor (218). He reports
that chemical fixation techniques stabilize contaminants in soil by converting
these into a less mobile chemical form and/or by binding them within an insoluble
matrix offering low leaching characteristics. Chemical fixation processes have
been applied both in situ and ex situ, the latter being both on- and off-site. Such
treatments often involve application of oxyhydroxide minerals that enhance the
As-binding capacity of soils. For instance, the potential for using Fe (hydr)oxide
in acidic fly ash as a possible process of controlling As sorption was investigated
by van der Hoek and Comans (219). Using controlled leaching experiments they
studied the sorption characteristics of As and Se on crystalline and amorphous
Fe (hydr)oxide. They found that virtually all As and Se at the fly ash surface
was associated with amorphous iron (hydr)oxides in the fly ash matrix. Using
isotopic exchange experiments they concluded that at pH <10 the oxyanions
were partly coprecipitated with secondarily formed amorphous iron (hydr)oxide,
a process that reduced their availability.

Specific adsorption of AsY by Fe-oxyhydroxide surfaces was discussed by
Hingston et al. (220) and studies in later years demonstrate that under field condi-
tions the chemistry of As is largely controlled by both poorly ordered (oxalate
extractable) and crystalline free (citrate-dithionite extractable) Fe-oxide minerals
(71,110,147,221,222). The effect of Fe-oxyhydroxide on As sorption was further
confirmed in our laboratory by investigating the kinetics of As adsorption by
soils. It was found that addition of 20% goethite to soil increased As adsorption
by 450% (165-750 mg/kg) after 25 min in an Alfisol soil (7, 4, and 87% clay,
silt, and sand, respectively) collected from northern New South Wales, Australia
(Fig. 11). According to Sadiq (223), chemisorption of As oxyanions on soil col-
loid surfaces, especially those of Fe-oxide/hydroxides and carbonates, is a com-
mon mechanism for As solid-phase formation in soils. Such processes reduce
the bioavailability and leachability of As.

A fixation process in which AsV-contaminated solids are treated by the
1:1 addition of ferrous sulfate (Fe"SO,-4H,0) solution to produce ferric arsenate
FeMAsO, (equation 1 below) was described by Sims et al. (224). Although the
exact mechanism for the oxidation of Fe" to Fe™ is not described, it is apparent
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Ficure 11 Effect of goethite on cumulative As adsorbed by an oxisol from
Northern New South Wales, Australia (Smith and Naidu, unpublished data).

from the discussions that O, availability is one of the key factors controlling the
process (equation 2).

Fe'(H,0)s" = Fe"(H,0)¢" + e~ (1)
Fe + AsVO,” < Fe"AsYO, (s) 2)

However, these investigators assume that FeAsQO, is an insoluble phase. Artiola
et al. (225) investigated the effectiveness of hematite (Fe,0;), siderite (FeCO3),
ferrous sulfate (FeSO,), and gypsum (CaSO,-2H,0) in reducing leachable As in
soils as evidenced by the toxicity characteristic leaching procedure (TCLP) test.
They concluded that ferrous sulfate was the only additive that effectively fixed
As. They proposed that the prerequisite to the fixation process was oxidation of
Fe' to Fe™ by atmospheric O, and the pH of the soil that was to be kept above
5. This was followed by reaction of Fe™ with the As" to form FeAsYO, (equation
2) in the soil. Chemical bonding of AsY to Fe™ was claimed to be the factor
stabilizing As" rather than a simple ion exchange process at surface sites of Fe
oxides. It has also been shown that the mole ratio between the amount of Fe
added to fix As is important in controlling the stability of the Fe-As compound.
Krause and Ettel (226) reported that at Fe/As ratios >8, solubility of As was
less than 1 mg As/L, while at Fe/As ratios <4, As solubility was increased to
more than 7 mg As/L. This suggests that Fe arsenates may be suitable for the
disposal of As only if a sufficient amount of Fe is added.

Other chemical additives that enhance fixation through cementation process
using lime have also been investigated. For instance, Sandesara (227) proposed
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addition of H,SO,, Ca(OH),, and FeSO, to the slurry of an As-bearing soil to
precipitate FeAsO, in a cement binder. Using a modification of this process,
Voigt et al. (228) investigated the potential to fix As-contaminated soils in the
field. Their method consisted of mixing soil with a slurry of FeSO, and water
to initiate a reaction between Fe and As. After 20 min, the so0il-SO, slurry was
mixed with portlandite [Ca(OH),]. Using this technique they were able to suc-
cessfully treat soils contaminated with 0.1-0.2 weight percent As so that these
soils were suitable for waste disposal as determined by the TCLP test. Detailed
investigation of the chemistry of the fixation process by Voigt et al. (228) found
no direct evidence for the formation of FeAsO, phases in the fixed soils as theo-
rized by Connor (218). Using sequential extraction they demonstrated that the
fixation process involving FeSO, and portlandite decreased the exchangeable As
observed in the untreated bulk soil. The fixation occurs through reaction with
FeSO, and cementation by phases such as portlandite, ettringite, and Ca silicate
hydrate. The cement and portlandite combined with the soil to form a barrier
preventing mobilization of the As but also increased the pH of the soil to alkaline
conditions. Other mineral phases, such as hoernesite, were observed to form in
the soils and this was attributed to the presence of large amounts of Mg recorded
in these soils. It has also been postulated that Fe/As compounds are not stable
over a wide range of pH conditions, owing to the dissolution of Fe/As precipitates
at low pH, as well as the transformation of amorphous ferric oxyhydroxide to
goethite over time, which may influence the stability of the Fe/As structure. As
discussed above, Krause and Ettel (226) reported that ferric arsenates were stable
over a wide range of pH and the stability increased with increasing Fe/As ratios.
Furthermore, they (226) found that after aging the Fe/As precipitates for nearly
1350 days, the 1:1 precipitates were unstable, and As solubility increased from
160 to 299 mg As/L after 698 days. In contrast, As solubility was consistently
<0.2 mg As/L in Fe/As precipitates with ratios >4:1 after 1355 days of contact.

5.2 Electroremediation

Electrokinetic remediation of polluted sites is the physical removal of contami-
nants through the application of a low direct current (DC). Removal of con-
taminants may occur through the following processes; electromigration, elec-
troosmosis, or electrophoresis (229-231). Electromigration of charged-bearing
particles (e.g., clays) and dissolved ions occurs when a low-level DC is applied
between two electrodes. Positively charged ions and particles are attracted toward
the cathode and negatively charged particles and ions are attracted toward the
anode. Electroosmotic-induced movement of ions occurs because of a drag inter-
action between the bulk of the liquid in a soil pore and thin layer of charged
fluid next to the pore wall that, like the electromigration movement of a single
ion, is moved under the action of the electric field in the direction of the bulk
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flow. The liquid velocity from electroosmosis is proportional to the zeta-potential
of the surface and to the applied electric field strength (229). The movement of
charged particles due to electrophoresis plays only a limited role in compact soil
systems since the solid phase is restrained from movement (229,233).

Currently much of the research on electroremediation is being undertaken
at the bench scale. However, electroremediation technology has been applied to
remediate contaminated soils in both Europe and the United States. Electrore-
mediation technology was used to remove As from a heavy clay soil at the site
of a former timber treatment plant in the Netherlands (234). At the end of the
remediation process three-quarters of the contaminated site had As concentrations
less than the reference objective of 30 mg As/kg. The electroremediation process
therefore provides an alternative treatment for the removal of strongly sorbed
elements such as As.

5.3 Bioremediation

Bioremediation technology is based on the remediation of contaminated sites
using either microorganisms or plants to detoxify the site largely by transforming
or degrading the pollutants. Bioremediation is a well-established technology for
the removal of organic soil contaminants. The use of microorganisms to transform
inorganic contaminants is, however, still at the laboratory stage. Unlike the or-
ganic contaminants, which can break down into smaller units and can be lost
from the system, the actual degradation of metals does not occur, although the
oxidation and subsequent removal of the contaminant metals as precipitates have
been recorded (232). Bioremediation processes generally operate well under con-
ditions that enhance the activities of either the native microorganisms or the intro-
duced species, particularly for those elements that transform or degrade under
conditions suitable for the optimum performance of the microorganisms. Bio-
remediation processes are based on four different criteria, and involve: (a) stim-
ulation of the activity of indigenous microorganisms, (b) inoculation of micro-
organisms with specific biotransforming ability, (c) application of immobilized
enzymes, and (d) use of plants to remove or transform pollutants. Stimulation
processes enhance the activities of indigenous microorganisms by addition of
nutrients, regulation of redox conditions, pH change, or removal of other limiting
conditions.

At the bench scale, Cr, Hg, and As have shown potential for bioremediation
in soils. While the detoxification of Cr has involved aerobic reduction of the
Cr'to Cr'™ (235,236) in the soils, remediation of Hg (237) and As has involved
transformation of the contaminants to volatile phases. Bioremediation of As-
contaminated soils is based on the ability of microbes, mold, or fungi to transform
As into either the less toxic forms or a form that allows volatilization of As.
The key mechanisms of As removal include biooxidation and biomethylation.
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Biooxidation processes involve development of bioremediation techniques that
detoxify As-contaminated soils and water using microbes that oxidize toxic As™
to the less toxic As" species. Arsenic oxidizing microbes were first identified in
cattle-dipping fluids in South Africa (238). A bacteria, provisionally referred to
as Bacillus arsenoxydans, was able to grow in culture media containing up to
1% As,05 as As™, which brought about its oxidation to As". In his studies on
spontaneous oxidation of As™ in cattle-dipping fluids from Queensland, Turner
(239) isolated 15 strains of heterotrophic bacteria belonging to the genus Pseu-
domonas that tolerated up to 0.1 M As™ and also oxidized As™ to As". Later
studies by Abdrashitova et al. (240) indicated that Pseudomonas putida was resis-
tant to As and effectively oxidized As™ to As".

Biotransformation (oxidation) of As has widely been used in the pur-
ification/treatment of As-contaminated water. As discussed above, oxidized As
is removed from the water sample using chemical precipitation technique. Stud-
ies by Osborne and Ehrlich (241) have indicated that isolated microorganisms
Alcaligenes faecalis and other Alcaligenes spp. oxidized As™ to AsY in culture
experiments under aerobic conditions. These investigators found that the use of
respiratory inhibitors prevented further oxidation of As™, indicating that oxygen
served as the terminal electron acceptor. A variety of microorganisms have also
been found to reduce AsY to As™ and As¥ may even be an electron acceptor in
anaerobic respiration (242). While such oxidizing bacteria play an important role
in the remediation of contaminated water and waste materials, oxidation of As™
in contaminated soils does not reduce the total As concentration. Therefore, the
use of such As-oxidizing microbes does not enable the cleanup of contaminated
soils.

The most common bioremediation process for As involves biomethylation.
The methylation of As™ and As" has been observed in studies with fungi, bacte-
ria, and algae in defined growth media amended with As. This process has been
observed under both aerobic and anaerobic conditions. The earlier works of Chal-
lenger et al. (66) demonstrated that two fungi, Scopulariopsis brevicaulis and
Aspergillus niger, were able to produce trimethylarsine from various As com-
pounds. Quoting the work of Challenger (65), Frankenberger and Losi (243) dis-
cussed the importance of fungal metabolism of As where a number of poisoning
incidents in Germany and England were caused by trimethylarsine gas. Since
these studies several species of fungi that are able to volatilize As have been
identified, which include Penicillium sp., Candida humicola, and Gliocladium
roseum, capable of converting methylarsonic and dimethylarsinic acids to tri-
methylarsine (244). Effects of phosphate and other anions on trimethylarsine for-
mation by C. humicola were investigated in subsequent studies by Cox and Alex-
ander (245), and it was found that the transformation from inorganic As to
methylarsonic acid was inhibited by the presence of phosphate although it en-
hanced its formation from dimethylarsinic acid. Recent studies by Andrews et al.
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(246) have reported that filamentous fungi, e.g., S. brevicaulis, can cause bio-
methylation of As.

More recent studies by Huysmans and Frankenberger (247) demonstrated
the potential for the biomethylation of As compounds using the fungus Penicil-
lium sp. that was isolated from agricultural evaporation pond water. These inves-
tigators used a minimal medium in which 100 mg As/L methylarsonic acid served
as the As source, with pH 5—6 and an incubation temperature of 20°C. They also
found that the amino acids phenylalanine, isoleucine and glutamine promoted
trimethylarsine production with an enhancement ranging from 10.2- to 11.6-fold
over the control without amino acid. In contrast, addition of carbohydrates and
sugar acids to the minimal medium suppressed trimethylarsine production. How-
ever, no reason for the suppressed biomethylation of As was given by these inves-
tigators. Reviewing the literature on bioremediation of heavy metals with fungi,
Frankenberger and Losi (243) concluded that soil fungi may play an important
role in the transformation and mobility of As chemicals used in agriculture. Nu-
merous investigators have reported the natural biomethylation of As in soils. For
instance, soils amended with inorganic and methylated As herbicides produce
dimethylarsine and trimethylarsine (248-250). These studies indicate that the
organisms responsible for the volatilization of As come from a number of species
that have the capacity to produce alkylarsines. Despite these studies, limited
effort has been directed toward optimizing conditions for the remediation of As-
contaminated soils using fungi. In addition, there is little information in the litera-
ture on the nature of fungi present in As-contaminated soils.

Although the biomethylation process has been successfully used to remedi-
ate As-contaminated water, success with the remediation of soils has been limited
and there is little information on the reasons for the lack of success with the
biomethylation process involving soils. Since microorganisms can only utilize
soluble species, adsorption processes can also indirectly influence rates of species
transformations by limiting the solubilities of reactant species available to organ-
isms. Studies on the influence of adsorption on the rates of microbial degradation
of As species in sediments indicated that rates of microbial As degradation were
influenced by the As adsorption characteristics in the soils (251).

Another bioremediation technique involves bioleaching of As in combina-
tion with indigenous microbes. This was recently demonstrated by Bachofen
et al. (252), who used bioleaching in combination with the indigenous microbial
population to remediate As-contaminated soils. In this study, they bioleached
contaminated soils with a liquid containing a dilute nutrient solution (glucose 1 g/
L, NH,HCO; 0.34 g/L) at a rate of 60 ml/h. They found that Methanobacterium
thermoautotrophicum bacteria were resistant to As¥ concentrations of up to 350
mol As/L and had no effect on growth or methanogenesis. Continuous cultures
fed with AsY transformed As depending on the phosphate concentration to vola-
tile As species with a yield of 25%. Leaching of the contaminated soil in percola-
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tion columns with indigenous microbes solubilized and slightly volatilized As
present in the soil columns. Although the actual mechanism of microbial action
was not discussed by the investigators, evidence in the literature suggests that
microorganisms can solubilize As from insoluble minerals under oxidizing envi-
ronment (253). In their leaching studies Bachofen et al. (252) found that an unde-
fined bacterial population solubilized nearly 50% of insoluble As,S; within 2
months. Such microbes could be used to bioleach the As from contaminated soils,
although more work needs to be done to investigate the mode of action of the
microbes.

5.4 Phytoremediation

Phytoremediation technology uses plants to absorb contaminants from the soil
and translocate them to the shoots. Contaminants may then be removed by har-
vesting the aboveground tissue for subsequent volume reduction (ashing) and
storage. Combination of this technique with electrochemical technology could
enable extraction and isolation of pure metals. A small number of plant species
were identified capable of growing on metal-rich soils; these included Ni, Cr, Cd,
and Zn accumulator plants (254). Following this study there have been numerous
investigations using metal accumulator plants for potential remediation of con-
taminated soils. The potential for phytoremediation of Cd- and Zn-contaminated
soils using Thlapsi caerulescens was investigated by Baker et al. (255), and it
was observed that 7. caerulescens grown in soil plots contaminated with 444 mg
Zn/kg and 13.6 mg Cd/kg accumulated these metals 10 times greater than those
in the soil. Based on these concentrations, they concluded that 13 croppings of
T. caerulescens would reduce the concentration of these metals to the 300 mg
Zn/kg limit set by the Commission of the European Communities. However, in
contrast to investigations on the phytoremediation of Cd and Zn, no work has
been conducted on phytoremediation of As-contaminated soils. One reason for
the lack of investigations on the phytoremediation of As-contaminated soils may
be the similarity in As and P chemistry. In soils with adequate P supply, preferred
uptake of nutrient P may reduce the potential for plants to hyperaccumulate As
(256). There appears to be a higher affinity for P than As with a discrimination
ratio of 4: 1. In a study of the potential for removal of As from solution by water
hyacinth [Eichhornia crassipes (Mart) Solms], it was found that high concentra-
tions of P inhibited As uptake by the plant (257).

In contrast to soil remediation, phytoremediation of contaminated water
has been investigated by numerous researchers. Arsenic accumulation by Rha-
phydophyceae chattonella Antiqua was studied in seawater containing an As con-
centration of up to 50 mg As/L by Yamaoka et al. (258). They found that the
plant species grew well at 50 mg As/L and survived even at 200 mg As/L concen-
tration. Arsenic concentration was unaffected by P and 52% of the As accumu-
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lated in the living cell was found in the intracellular fraction, 27% in the lipid
fraction, and 21% in the cell wall. Water hyacinth (Eichrhornia crassipes) culture
was used in a study to improve the quality of stabilization pond effluent that
contained As among other metals by Dinges (259). He found that plant tissues
contained large amounts of Cl, K, Mg, P, Cr, and As. Based on these results, he
recommended that hyacinth treatment systems, in conjunction with stabilization
ponds, should be quite economical to construct and operate in warm areas of the
United States and in similar regions throughout the world.

Although a number of As-accumulating plants have been identified, there
is no report in the literature on the application of such plants for phytoremediation
of contaminated soils. A list of 72 plant species tolerant for As on the arseniferous
mine wastes in Rhodesia was compiled by Wild (260). Of these, five species
were introduced exotics, 13 were exotic or African weed species, and 50 were
indigenous species. These species were found to grow on soils with As concentra-
tions ranging from 5000 to 30,000 mg As/kg. The ability of these plants to accu-
mulate As may be enhanced by selective breeding, plant genetic engineering,
and appropriate agronomic practices. For successful phytoremediation of metal-
polluted soils, a strategy should be considered that combines rapid screening of
plant species possessing the ability to tolerate and accumulate heavy metals with
agronomic practices that enhance shoot biomass production and/or increase metal
bioavailability in the rhizosphere (261).

5.5 Soil Washing

Soil washing, one of the potential methods for chemical remediation, is a process
where metals in the contaminated soils are mobilized through acidification. The
effect of pH on metal solubility has been demonstrated by several workers
(70,262-264). Solubility and subsequent removal of heavy metals from contami-
nated soils during chemical remediation involve geochemical processes such as
desorption from the surface-reactive soil components, dissolution of the unstable
mineral phases (i.e., carbonates and other metal oxides), and formation of soluble
metal complexes. The remediation process involves excavation of the contami-
nated soil mass and separation of fine-grained fractions of the soils (71). These
fine-grained fractions contain clay minerals, amorphous oxides of Fe, Al, and Mn
characterized by a pH-dependent surface charge, and poorly crystalline secondary
surface-reactive aluminosilicate phases like imogolite (ITM) in the spodic hori-
zons of the podzolic soils (110). Such surface-reactive soil components effec-
tively adsorb the bulk of anionic metal contaminants such as AsVO,~, H; As™O;,
Cr¥,0:*, Cr¥'0,*", and several other metal cations depending on the soil pH.
Fine-grained fractions of As-contaminated soils from the site of a former
wood preservation industry (3,70,71) were used for the remediation experiments,
with oxalate as the extraction medium. Oxalate was chosen as a suitable extrac-
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tant because it forms a complex with positively charged metal cations and is a
powerful dissolving agent for Fe and Al oxides and hydroxides (265,266). More-
over, oxalate medium for chemical remediation is based on the fact that it is
biodegradable in natural soil environment (267).

Bench scale remediation experiments were carried out on the As-contami-
nated soil samples from the wood impregnation site at Konsterud, in Central
Sweden, using oxalic acid and acid ammonium oxalate solutions (3,70,71,268).
The soils (<0.125 mm) were sequentially extracted with 0.4, 0.5, and 0.7 M
oxalic acid and acid ammonium oxalate solution at pH 1.4, 2.5, and 4.0. The
soil-extractant mixture was shaken rigorously for 5 min and filtered. The soil
residue from the first leaching step was further extracted twice and the filtrates
were analyzed for metal content. Since As was found to be the principal contami-
nant in the wood preservation site, major emphasis was focused on the removal
of As during remediation. The amount of remaining As in the two contaminated
soil samples, shown in Figure 12, reveals that nearly 93-99% As could be ex-
tracted from the contaminated soil by optimizing the concentration and pH of
the oxalate media (Table 5). However, nearly 58—82% Cu, 38—98% Cr, and 56—
70% Zn were also removed from these soils in the process (268). The bulk of
As in the soils was oxalate-extractable and the solubility was maximum at pH
0.9-1.4 and associated with the oxalate-extractable fractions of Fe, Al, and Si
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FiGure 12 Experimental results for the removal of As from contaminated
soils at a wood preservation site in Konsterud, Central Sweden (268). Shown
are the remaining metal concentrations in the fine-grained (<0.125 mm) frac-
tions in two soils: (a) Kc-32 (pH = 5.6; As,; = 912 mg/kg) and (b) Kc-45 (pH =
4.9; As,; = 261 mg/kg) following three-step sequential leaching of the soil
sample. Note logarithmic scale in the y-axis. OXA, oxalic acid; AMOX, ammo-
nium oxalate.
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in the contaminated soils (3,71). Similar efficacy of As (and Cu) removal (about
96-98%) was achieved by oxalate extraction of the contaminated soil materials
from another wood preservation site in Ljungby Community, South Sweden (3).

6. MANAGEMENT AND REMOVAL OF ARSENIC
FROM CONTAMINATED WATER

The removal of As from water is an important worldwide issue. Several millions
of people are drinking water with elevated levels of As compared to the drinking
water standards. Elevated As concentrations in groundwater within the devel-
oping countries with poor infrastructure demand technologies that are effective
and affordable for provision of a safe drinking water supply to the affected popu-
lation. Conversely, many people in the developed world are also drinking water
with unsafe levels of As. Large number of treatment technologies are available
to remove As from water, ranging from sophisticated technology such as ion
exchange and reverse osmosis to the much simpler, and often highly effective,
coagulation-flocculation techniques.

The majority of the contaminated water remediation techniques are based
on mechanisms that involve an initial oxidation of As™ to As¥ and subsequent
precipitation using chemicals. Successes in the water treatment for As in the past
have generally relied on the relatively poor solubility of arsenate (As"). If As™
is present in the influent, then an oxidant such as chlorine (Cl,), potassium per-
manganate (KMnQO,), or oxygen (O,) is typically used to oxidize As™ to As”
prior to As removal. Coagulation, absorption to activated alumina, ion exchange
with strong-base anion-exchange resins, and reverse osmosis are conventional
technologies that have been used to treat As-contaminated water (97). The use
of new adsorbents, in situ passive reactive barriers, bioremediation with chemical
precipitation, and aquifer oxygenation are some of the emerging technologies for
the in situ removal of As from groundwater. In addition, many low-cost technolo-
gies for As removal in the developing world are being researched keeping in
view the sustainability and people’s participation in the treatment systems (269).
A review of each of these technologies is discussed in the following sections.
The discussion of conventional coagulation is stressed since its principles are
readily applied to these other technologies.

6.1 Conventional Technologies for Treating Arsenic
in Water

6.1.1 Coagulation

Conventional coagulation involves the formation of large, nondispersed particles
from a colloid, such as hydrated Fe,(SO,);, and a solute, such as H,As"O,™. An
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analysis of three studies on conventional coagulation treatment for As removal
is discussed in the following sections.

In the first study, the effects of coagulant (ferric sulfate, alum, and lime),
chlorination, and pH on As removal were explored (97). The highest removal
rates were observed when ferric sulfate was mixed with chlorinated water at pH
8 or less. Conventional coagulation of 50 pg/L of As" with 30 mg/L of ferric
sulfate [Fe,(SO,);] at pH 8 or below removed greater than 95% As while leaving
less than 1 pug/L of dissolved As after treatment. Similarly, conventional coagula-
tion of 50 ug/L of AsY with 30 mg/L of alum [AIK(SO,),-12H,0] at pH 7 or
below removed more than 90% As, leaving less than 10 pg/L of dissolved As
after treatment (Fig. 13). Conventional coagulation of 50 pg/L of AsY with 40
mg/L of ferric sulfate [Fe,(SO,);] at pH 7.5 removed 99.9% As while leaving
less than 1 pg/L of dissolved As after treatment (Table 6).

The data suggested that ferric sulfate was more efficient at As removal than
alum, and that alum was more efficient at As removal than lime. Chlorination
enhanced As removal at each reported combination of coagulant and pH. The
enhanced removal of As in chlorinated water was likely due to the oxidation of
As™ to AsY. The efficiency of As" removal by the ferric and aluminum salts was
greatly reduced at higher pH values.

The second study explored the effects of coagulant (ferric chloride, alum,
and lime) and chlorination on As removal (104). The results supported those from
the first study: The ferric salt was the most efficient coagulant, and chlorination
enhanced As removal. In the second study, the highest removal rates were ob-
served when ferric chloride was mixed with chlorinated water at an unspeci-
fied pH.

Conventional coagulation of 800 pug/L of As in 30 mg/L Cl, with 50 mg/L

Coagulation cf Argenic using 30 mg of Ferric Sulfatel. Coaguiation of Arsenic using 30 mg of Alumil.
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Ficure 13 Effects of pH and chlorination on arsenic removal by ferric sulfate
and alum (291).
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TaBLE 6 Removal of AsY by Adsorption with Ferric Sulfate (97)

Percent as removal

Coagulation,
Dose of Coagulation and sedimentation,

Initial pH Fe,(SO,)s*H,0 (mg/L) sedimentation and filtration
5.0 10 66 96.5

20 87.7 96.9

30 90.5 96.4

40 91 95.2

50 96.8 99
6.0 10 66.2 97.1

20 81.8 97.5

30 91.3 98.3

40 95 99.6

50 94 98.4
7.5 10 74.6 94

20 78.5 97

30 94.5 96.5

40 91.5 99.9

50 96.5 97.5
8.0 10 63 88.6

20 65 89.5

30 93 96.5

40 93 96.3

50 95.4 96.5

of ferric chloride (FeCls;) removed approximately 100% As while leaving less
than 10 pug/L of As after treatment (see Table 7). Based on this experiment, a
pilot plant was constructed in which a combination of conventional schemes was
tried. The most effective treatment, with 100% removal of As, involved oxidation
with 20 mg/L Cl,, coagulation with 50 mg/L FeCl;, sedimentation, and sand
filtration. The sand filter eventually had to be washed with NaOH to remove the
coagulated As. The permanent water treatment plant utilized an aerator, a mixer,
a sedimentation tank, two slow sand filters, a storage tank, an elevation tank, and
a sand-washing basin.

The third study investigated the effects of pH resulting from the addition
of ““lime”’ (the author did not specify whether quicklime (CaO) or hydrated lime
[Ca(OH),] was used) and chlorination on As removal (104). The highest removal
rates were observed in chlorinated waters at pH values between 10.9 and 11.5
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TaBLE 7 Removal of 0.8 mg of As/L in Raw Water by Oxidation
and Coagulation (104)

Specification Concentration (mg/L)

Cl, added 5 10 20 30 40
FeCl; added 50 50 50 50 50
Free residual Cl, 0 0.3 1.0 2.0 3.0
Fe in supernatant 0.5 0.2 0.2 0.2 0.2
As in supernatant 0.12 0.08 0.01 Trace Trace
As removed (%) 82.5 90.0 98.7 ~100 ~100

(Fig. 14). An estimate of the concentration of As remaining after lime softening
could not be inferred from the provided information.

The removal of As by conventional coagulation using ferric chloride, ferric
sulfate, and alum in large-scale treatment of As-contaminated water removed
between 70 and 95% of As from contaminated water, but the process produces

100 4 initial As concentratigns for jar test:
O As(V) 0.4 mg/L
QO As(lll) 0.4 mg/L chlorinated water
@ As(lll) 0.4 mg/L unchlorinated water
gp - Initial As concentrations for pilot-plant test:
A As(V)
A As(lll} unchlarinated water A
60 -
404
&
20 4
U T I 1 1
8 9 10 "

pH of Treated Water

Ficure 14 Effect of pH on arsenic removal by lime softening (291).
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amorphous sludge materials that are typically disposed of in landfills. Disposal
of As-containing wastes in landfills has the potential to be a source of contamina-
tion if these sludges are not stable. Stabilization of the amorphous waste material
may be achieved by solidification of the material into cement. Similarly, heating
of the waste material at 60—70°C was reported to increase the stability of the Fe
hydroxide at high pH, through the transformation of amorphous Fe into the more
stable crystalline Fe forms (270).

6.1.2 Sorption to Activated Alumina

Activated alumina (Al,O3) strongly sorbs arsenate (As"). Arsenic-saturated acti-
vated alumina can be regenerated by anion exchange with OH™. In detail, an
activated alumina process involves removal, backwash, regeneration, neutraliza-
tion, and steps of rinsing.

A variety of parameters should be considered when designing an activated
alumina process. For example, the equilibrium capacities of activated alumina
for AsY were maximized at pH values less than 7, while As™ was best removed
at pH values less than 9 (271); however, activated alumina and As slowly reach
equilibrium. Therefore, an optimum pH for column conditions should be deter-
mined. Pilot studies would have to be conducted to develop design and operating
criterion such as optimum pH, operating capacity, removal flow rate, and regener-
ation and neutralization steps (97).

6.1.3 lon Exchange with Strong-Base
Anion-Exchange Resins

Limited testing has been done with strong-base anion-exchange resins. The initial
cost of the resin will probably be higher than that of activated alumina, but the
lower cost of regeneration with sodium chloride (NaCl) may make strong-base
anion-exchange resins more cost effective than activated alumina (97).

6.1.4 Reverse Osmosis

Reverse osmosis (RO) requires external pressure to reverse natural osmotic flow.
As pressure is applied to the saline solution, water flows from a more concentrated
saline solution through the semipermeable membrane. RO membrane has a thin
microporous surface that rejects impurities, but allows water to pass through.
The membrane rejects bacteria, pyrogens, and 85-95% of inorganic solids, espe-
cially the polyvalent ions such as As oxyanions, which are rejected more effi-
ciently than the monovalent ions. The effectivity of the RO process depends on
the chemistry of the inlet water. Efficacy of RO was observed for a wide range
of pH (3—11) and hence RO was applicable for treating groundwater contami-
nated with As.
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6.2 Emerging Technologies for Treating Arsenic in Water
6.2.1 Fe Oxide as an Absorbent

The strong affinity for As by Fe oxide surfaces has also been widely used in the
water purification processes. New adsorbents developed by Hlavay and Polyak
(272) for the removal of As™ and As" ions from synthetic and deep-well waters
using Al,O; and/or TiO, coated with freshly precipitated Fe™(OH); removed
both As™ and AsY ions by chemical reactions on the surface of the Fe(OH);.
Similar to the reaction between the H,PO,™ and Fe(OH); precipitates (273), the
neutral functional group of {=FeOH} reacts with H, AsO;~ ions, and surface
compounds of {=FeAsO;H,}, {=FeAsO;H™}, and {=FeAsO~} can be formed
(274). Many water treatment plants through out the world have used chemical
fixation processes similar to this. However, such processes may prove expensive
in developing countries where the effectiveness of the process is dependent on
the local availability of the necessary materials.

6.2.2 In Situ Remediation Using Passive Reactive Barriers

An alternative method for the removal of As from water, notably groundwater,
is the use of Fe oxide containing materials as passive reactive barriers. This type
of treatment offers a low-cost alternative for the removal of As from pollution
plumes. Arsenic concentration was reduced from between 1 and 3 mg As/L to
<0.2 mg As/L over a 92-day period in laboratory column experiments using a
reactive barrier containing spodic B horizon material (275). Laboratory studies
at the CSIRO laboratories in Adelaide, Australia indicated that a significant
amount of As may be sorbed by high-Fe-and-Al-containing materials obtained
relatively cheaply. In a short column study it was observed that pyritic and oxidic
materials sorbed between 2500 and 5000 mg/kg of AsY, respectively (Fig. 15),
indicating that these cheap and easily obtained materials may also be suitable as
alternative barrier wall materials. However, there still remains some doubt as to
the stability of these natural materials over time as well as their efficiency to
sorb As™ from aqueous solutions. Although there has been some concern about
the long-term stability of sorbed As over time, it has been reported that as long
as a high Fe-As ratio is maintained, ferric arsenates may be extremely insoluble
and useful for the safe disposal of As.

A common problem that has been reported extensively in the literature is
the inefficiency of As™ removal by sorbents compared to As". The most common
treatment to enhance As removal is the inclusion of a preoxidation step, through
the use of an oxidizing reagent such as Cl, or hydrogen peroxide. However, this
will increase the cost and complexity of the water treatment. Several researchers
have reported that As™ may be removed far more effectively than As" over a
much wider pH range. Matis et al. (276) reported that As™ was removed far
more successfully than AsY over a wide pH range between 2 and 10 in goethite
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Ficure 15 Column studies of AsY sorbed by Fe- and Al-containing materials
(Smith and Naidu, unpublished data).

concentrations of 0.5 and 1 g/L in solution. These experiments highlight the
potentially useful and inexpensive treatment materials that may be used for the
removal of As™ from solutions. However, further studies are required before
the use of such naturally occurring materials as used by Lindberg et al. (275)
can be considered for the removal of As™ from aqueous solutions.

6.2.3 Bioremediation with Chemical Precipitation

Another technique reported recently combines bioremediation and chemical pre-
cipitation processes to remove As. The potential for a biological treatment process
to remove elemental As and arsenide under reducing conditions and as precipi-
tates of iron hydroxides under oxic conditions were investigated (117,277,278).
These investigators subjected As-contaminated groundwater to aerobic, aerobic-
anaerobic bioreactor systems and through a cell containing FeCl;. It was found
that the concentration of As in groundwater remained unchanged when the biore-
actor was operated only under aerobic conditions. However, under combined
aerobic and anaerobic operating conditions, As concentrations in the groundwater
were reduced by more than 70% in the first anaerobic cell and by another 50%
in the second anaerobic cell. The addition of FeCl; to the second aerobic cell
was found to increase the total removal of As up to 99.7%. The enhanced removal
of As was attributed to precipitation of the most oxidized form of As (As") with
Fe'. The lowest effluent concentration of As achieved by this process was 90
pg/L, with the optimum separation being achieved through control of pH in the
anaerobic cell. Another As removal process used during the purification of water
included a chemical oxidation process followed by coagulation of As with Fe-
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Mn oxidation or softening plants. In this process soluble As" removal efficiency
was primarily controlled by pH during coagulation by Fe' oxidation and Fe(OH);
precipitation during Fe-Mn oxidation and by Mg(OH), formation during the soft-
ening process.

6.2.4 Aquifer Oxygenation

Arsenic has been successfully removed from groundwater by injecting air or
oxygen into the aquifer to precipitate arsenate (As") in the aquifer at a confiden-
tial Superfund site; therefore, aboveground treatment might be entirely avoided
(279). This might be an attractive approach for treatment in certain geologies
since capital and operational costs are relatively low. However, this approach
requires extensive site-specific geological and hydrogeological investigations to
confirm the effectiveness of the approach, and to design the system.

6.2.5 Low-Cost Emerging Technologies
for the Developing World

Several low-cost remediation options have been suggested for the amendment of
high-As groundwater, such as: (a) autoattenuation; (b) use of geological material
as natural adsorbents for As, viz. laterite or Fe-rich oxisols; (¢) artificial recharge
to the aquifers following aeration; and (d) bacterial iron oxidation, where natural
microbial activity is used to remove iron and As from groundwater. In the follow-
ing section, the possibilities of each of these remedial techniques and their possi-
ble applications in the affected segments of the BDP are discussed.

Autoattenuation. The principle of autoattenuation is one of the lowest-
cost and convenient methods to remediate groundwater containing high concen-
trations of As and iron (269,280). The method is simple to adopt at the rural
household level and needs collected groundwater from wells and to stand for a
few days. Most groundwater in the BDP is rich in dissolved iron, which readily
oxidizes upon aeration and forms ferric precipitates. The autooxidation of Fe!
to Fe™ generates a favorable substrate with surface-reactive sites for the adsorp-
tion of both anionic AsY and uncharged As™ species. Studies on autoattenuation
of As were carried out on several pairs of groundwater samples from Bangladesh.
In situ filtered and acidified samples, from two adjacent wells in the Harian vil-
lage, Rajshahi District, indicated initial Fe and As concentrations of 9-9.5 mg/L
and 92—-120 pg/L, respectively. Filtered, unacidified samples from the same wells
were analyzed after a residence time of 15 days following refiltration and acidifi-
cation and indicated Fe and As concentrations in the range of 53-47 ng/L
and 23-36 ug/L, respectively, thus removing 70-75% of As. However, a similar
set of water samples from different depths at Ujalpur in the Meherpur District
revealed contrasting results. Shallow groundwater from a depth of 30 m with
initial Fe and As concentrations of 9.2 mg/L and 104 pg/L, respectively, were
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reduced to 20 pg/L Fe and As after a similar period indicating removal of 88%
As (Fig. 16). In deeper wells (75 m) where the initial Fe concentration in ground-
water was low (2.7 mg/L) only 30% As was removed by autoattenuation, al-
though the concentration of Fe decreased by ca. 95% (M-2, Fig. 16). The differen-
tial behavior is related to the variations in the hydrochemical characteristics,
particularly the groundwater redox level (Ey = —0.4 V), Fe/As ratio, and the
presence of other terminal electron acceptors. These observations clearly indicate
that autoattenuation is one of the promising methods for the amendment of high-
As groundwater and needs to be investigated further.

Use of Geological Materials as Natural Adsorbents. Laterite has been
tested as an adsorbent and proved to be a promising low-cost remedial technique
to safeguard high-As drinking water (281—-283). Laterite occurs as a red-colored,
vesicular, clayey residuum abundantly in tropical regions. Laterite is an acidic
soil with a typical pH between 4 and 5. The major components of laterite are
hydrous oxides of iron and aluminum, with minor proportions of manganese and
titanium. Both hydrous iron and aluminum oxide components in laterite have a
pH,,. (zero point of charge) at 8.5-8.6 (284,285). The typical pH,, of the tested
laterite samples from Medinipur in West Bengal was found to be around 8.1 (R.
Bhattacharyya, personal communication, 2001). Under natural conditions they
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Ficure 16 Results of some autoattenuation tests on groundwater in Bangla-
desh. R-1: Harian, Rajshahi (27 m); R-2: Harian, Rajshahi (27 m); M-1: Ujalpur,
Meherpur (27 m); M-2: Ujalpur, Meherpur (75 m). The staple bars represent
+5% SD for the analytical measurements. (Data from ref. 280.)
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are characterized by net positive surface charge and capable of adsorbing several
anionic contaminants at a wide pH range (105,286).

Laterite could either be used in a filter column or directly mixed with water
in the water vessel where the soil particles would act as adsorbent during sedi-
mentation. Adsorption batch experiments on high-As groundwater from Ghetu-
gachi village in Chakdaha of Nadia district, West Bengal indicate a considerable
decrease in As concentration after mixing with varying amounts of laterite. The
efficiency of As removal varied between 50 and 90% for 5 g of added laterite
per 100 ml water under a reaction time of 20 min (Fig. 17a,b). The maximum
effective adsorption was achieved during the first 10 min and remained more
or less constant with time (Fig. 18). The fine-grained laterite indicated highest
adsorption due to available reactive surface area. Amendment or pretreatment of
laterite also affects the adsorption capacity due to the increased specific surface
area (Fig. 19).

Artificial Recharge. Attificial recharge has been used to augment the
groundwater availability. The technique has been used to improve the ground-

400
350
300 -
250
200
150
100

50 A

—e—1-111996| |
—@—14-1 1997 | |
—a—31-1 1997

As (ug/L)

100

60 - /

40 |

Adsorbed As (%)

0 . : : : T T
0 2 4 6 8 10 12 14 16

Laterite (g)

FiGURe 17 Arsenic adsorption on laterite using groundwater samples from
Chakdaha Block, Nadia district, West Bengal, India. (a) Remaining As in water
and (b) amount of As adsorbed on laterite. (Data from ref. 281.)
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Ficure 18 Reduction in As concentration in groundwater with increased resi-
dence time of laterite. (Modified from ref. 282.)
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Ficure 19 Behavior of As and Fe in groundwater with treated laterite. AT:
acid treated; TWT: tap water treated; DWT: distilled water treated; UT: un-
treated. The staple bars represent £5% SD for the arsenic analyses. (Data
from refs. 281-283.)
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water quality to a large extent in Finland and in Sweden to remove iron from
the groundwater. Removal of nitrate from groundwater in Denmark was tested
by recharge through straw beds supplying organic matter for denitrification.
Groundwater recharge has been used in India to decrease the fluoride content
of groundwater. Evidence from within the BDP reveal that the As is mobilized
in groundwater from an adsorbed pool of As-rich ferric oxides through reductive
dissolution. The basic purpose is to elevate the redox status of the aquifer to
prevent the transformation of Fe™ to soluble Fe forms. Atmospheric O,, NO;~,
and H, O, (which is being used widely in the United States) are the three practical
oxidants used in aquifers. Oxygen has a limited solubility at high ambient temper-
ature in the wells of the area, thus well infiltration of oxygenated groundwater
may help as compared to pond recharge where growth of algae and their subse-
quent microbial degradation may consume oxygen rapidly.

On the other hand, denitrification requires three conditions: the presence
of nitrate, anaerobic conditions, and degradable organic matter (195,272). Nitrate
can be added in the anoxic aquifers, but the key factor is the degree of degradabil-
ity of the organic matter. The organic matter must also be readily available as a
substrate for denitrifiers. It may not be a disadvantage if the organic matter is a
bit recalcitrant as that would imply that the effect of recharge will be undisruptive
to water pathways by avoiding local clogging with ferric precipitates. Ferrous
iron in the blue clay layers that are sandwiched within the postglacial Danish
aquifers can chemically reduce nitrate. Whether nitrate could be used as an oxi-
dant could be evaluated by analysis of the "N/'“N ratio in the traces of nitrate
occurring in the groundwater. Denitrification discriminates >N and causes accu-
mulation of the isotope in the residual nitrate. The applicability of using nitrate
as oxidant should then be tested in batch tests with sediment samples, preferably
nonoxidized, core sediments. Applicability of recharge pits or ponds could be
tested in areas where the surface sediments and the upper aquifers are permeable
so that recharge water reaches the groundwater table directly. Simple and reliable
recharge wells have been designed by Vivekananda Research and Training Insti-
tute in Gujarat, India, which have been in use for 13 years and are based on sand
filtration on the top of the recharge well (287).

The Central Ground Water Board (CGWB) (288) has carried out experi-
mental studies on artificial recharge of the shallow aquifers yielding high As in
the North 24—Pargana district of West Bengal, India. A recharge pit (3.1 X 2.8 X
2 m) was constructed and water from the recharge pit was allowed to recharge the
shallow aquifers, through a properly designed exploratory well (A. Ray, CGWB,
personal communication, 2001) placed at a depth of 17 m. The design of the
exploratory well with proper sealing and packing avoided inflow of As-rich water
from overlying aquifers and aquitards (Fig. 20). It was observed that within a
span of 90 days, groundwater As concentrations indicated a decrease from 128
ng/Lto 1 ug/L (288). Based on the success of the study on experimental artificial
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Ficure 20 Schematic diagram showing the model for artificial recharge de-
veloped by the Cental Ground Water Board (288) and design of the recharge
wells (A. Ray, personal communication, 2001) for the remediation of high-As
groundwater.
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recharge, further studies are presently being conducted in other As-affected areas
of West Bengal. Since the solubility of oxygen is fairly low (6 mg/L) at the high
ambient temperatures, there can be risk of rapid depletion of oxygen owing to
the growth of algae and other biota that may accumulate at the bottom of these
recharge pits. To circumvent this problem, an oxidant, such as nitrate, can be
added to these recharge pits in low concentrations. Nitrate can act as an electron
acceptor, which can inhibit lowering of the redox to the Fe'/Fe! stage. Artificial
recharge of groundwater would be one important strategy to elevate the redox
status of the aquifers, where in situ oxidation of Fe™" offers the advantage that
generation of large amounts of As-laden ferric sludge can be avoided.

Bacterial Iron Oxidation. The process of bacterial iron oxidation em-
ployed at some well sites in the United Kingdom and France seems to be a very
useful method for the removal of iron from groundwater (289,290). The naturally
occurring bacterial population in the well environment is carried to such filter
beds by groundwater where the biogeochemical processes trigger the oxidation
of ferrous iron to ferric iron. The biogenic filter rich in Fe™ precipitate may
consequently adsorb the dissolved As species.

7. CONCLUSIONS

Like most elements, As is cycled both through natural processes and by human
activities. However, the emissions to the atmosphere are totally dominated by
anthropogenic emissions, which account for nearly 78 gigagram/year while the
natural emissions are about 12.2 gigagram. Beneficiation of sulfide ores, combus-
tion of coal, and incineration of preserved wood products are the major sources
of anthropogenic As emissions.

In the earth’s crust, As is incorporated in sulfide minerals and the distribu-
tion of As follows roughly that of sulfur. Among rocks, basic rocks and shales
show the highest contents. Arsenopyrite is the major source of arsenic in sulfide
ores and the mineral from which most of the arsenic used by humans is derived.
The major uses of arsenic are for wood preservation and as a pesticide in agricul-
ture. The latter use has declined drastically but many soils still bear the memory
of past use. While As has limited use in the present society, the unintentional
exposure of humans and other organisms to the element is of increasing concern.
Emissions from smelters have decreased through strict control of the processing.
However, coal combustion still emits huge quantities of arsenic to the atmosphere
especially in developing countries.

The quantities of As in sulfide ores in excess of what has been used in the
society have left huge amounts of As in the mine tailings. The mobilization to
water from such material as well as from natural rocks and sediments is a key
factor in assessing the risk for As poisoning of organisms. The mobility of As
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in natural environment is governed by the redox conditions. In oxygenated envi-
ronments the As in arsenopyrite is oxidized to the trivalent or pentavalent state.
Arsenite (As™) is undissociated at neutral pH values making it more mobile than
arsenate (As"). Adsorption of arsenic species occurs predominantly on ferric and
aluminum oxides and hydroxides. These components have a pH-dependent
charge making them more efficient anion adsorbents at lower pH values.

Human exposure to As is mainly from groundwater. As is mostly mobilized
from geogenic sources. Two main mechanisms have been identified, one through
oxidation of pyrite or arsenopyrite, the other through reduction of ferric hydrox-
ides carrying adsorbed As. The former type of As contamination of groundwater
occurs in connection with mineralized zones and is found in Mexico and at sev-
eral places in the Andes such as in Chile. The other type of groundwater As
occurrence has affected large parts of the Bengal Delta Plain in Bangladesh and
India and several other sedimentary aquifers elsewhere. Arsenic adsorbed onto
ferric hydroxides has been deposited in the sediments along with organic matter
from vegetation. Microbial degradation of the organic matter under anoxic condi-
tions has led to the reduction of the ferric hydroxides to soluble ferrous iron,
simultaneously releasing the As. A similar mechanism is inferred for a large area
in northern China.

Remediation of As-contaminated soils has so far generally been done by
chemical fixation of the As by applying oxyhydroxides that adsorb the As under
oxygenated conditions. However, electroremediation, biotransformation, and es-
pecially bioremediation are promising measures. Biotransformation through stim-
ulation of microbial oxidation of arsenite to arsenate renders the As less mobile.
Another common process is biomethylation, which transforms inorganic As to
a volatile methylarsine phase. Phytoremediation is another technique in which
certain plants with a high uptake of As are used to cleanse the soil from As.
Chemical remediation of soils using reducing agent such as oxalate releases the
adsorbed As" and As™ oxyanions by reductive dissolution of the poorly ordered
and noncrystalline secondary hydrous oxides of Fe and Al as well as the ITM
materials in the podzolic soils. This has been tested on a bench scale and shows
strong promise for application to remediate As-contaminated sites.

The permissible limit of As for safe drinking has recently been lowered
from 50 pg/L to 10 pug/L by the WHO and USEPA as a result of epidemiological
investigations. Many countries have followed suit. Commonly ferric or aluminum
hydroxide precipitation is used for the treatment of groundwater with excessive
As content, sometimes combined with an oxidant to bring the As to the AsY state.
As many of the occurrences of high-As groundwater are in developing countries
with poor infrastructural facilities, there is a need for simple and cheap methods
for removal. Autoattenuation when the groundwater contains abundant ferrous
iron is one possibility. Use of locally available geological materials such as later-
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ite is another option. Artificial recharge affecting the underground redox condi-
tions has been tested with promising results.
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1. INTRODUCTION

Arsenic is the 52nd most common element in the earth’s crust with an average
natural abundance of approximately 1.5-3 mg/kg. It is ubiquitous in the environ-
ment, occurring from both natural and anthropogenic sources, and both may pose
a threat to human health. Numerous control mechanisms for arsenic exist in the
environment but the natural cycling of this element throughout the various envi-

Disclaimer: The opinions expressed in this manuscript are those of the authors and do not necessarily
represent the opinions and/or policies of the U.S. Environmental Protection Agency.
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ronmental compartments (air, water, soil, and biota) is complex and poorly under-
stood. The main sources of human exposure to arsenic are from the drinking
water supply and food.

A decade ago, it seemed that chronic arsenic poisoning was a rare and
diminishing problem. However, since then it has again emerged in parts of Asia
with unprecedented fury where tens of millions of people are exposed to toxic
levels in their drinking water, probably as a consequence of increased agricultural
irrigation. In recent years the toxic potential, both carcinogenic and noncarcino-
genic, of arsenic in drinking water has been intensely studied. However, further
research is needed to determine the toxic threshold for this element as well as
to understand the mechanisms governing the release of soluble arsenic into the
various environmental compartments and how this can be modified.

The health effects of environmental arsenic and its geochemistry have re-
cently been reviewed (1-3).

2. CHEMISTRY AND TOXICITY

Arsenic is a metalloid belonging to group 15 (old group 5) of the periodic table
(N, P, As, Sb, Bi). It exists predominantly in nature as the oxyanion with an
oxidation state of either (+3) or (+5); however, the (—3) state also exists in
other arsenic species. Arsenic binds covalently with most metals and nonmetals,
and it also forms stable organic compounds.

An important difference between arsenic and phosphorus (its neighbor in
the periodic table) is the stability of their esters to hydrolysis. Adenosine triphos-
phate (ATP) is relatively stable whereas the corresponding compound formed
with arsenate is easily hydrolyzed thereby uncoupling oxidative phosphorylation;
this accounts for the toxicity of arsenates in oxidative phosphorylation. Trivalent
arsenic compounds have an affinity for sulfur and this probably accounts for their
inhibition of a variety of enzymes such as pyruvate oxidase and 2-oxoglutarate
dehydrogenase. It has been proposed that the tumorigenic potential of arsenic
compounds may be related to the ability of some of them to form free radicals
4).

Generally, trivalent arsenic compounds are more toxic than their pentava-
lent counterparts and inorganic arsenic compounds are more toxic than organ-
oarsenicals. Elemental arsenic is the least toxic form. Arsenobetaine and arseno-
choline (fish arsenic) are apparently virtually nontoxic. Arsenosugars are found
in marine algae and seaweeds (5). Some aryl-arsenicals have been used exten-
sively in the past as growth promoters for farm animals although these have been
largely replaced by antibiotics more recently. Melarsoprol is still used to treat
trypanosomiasis in humans. The formulae of some common arsenic compounds
are shown in Table 1.
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TaBLE 1 Arsenic Compounds Relevant to
Human Toxicity

Arsenic trioxide As,0;

Arsenous acid H;AsO;

Arsenite H ,AsO;"", HAsO4*", AsO,*
Arsenic pentoxide As,05

Arsenic acid H;AsO,

Arsenate H,AsO,"", HAsO,>, AsO
Arsanilic acid CgH,NH,AsO(OH),
Arsenobetaine (CH3);As*CH,COO~
Arsenocholine (CH3);As"CH,CH,0OH

Dimethylarsinic acid  (CH;),AsO(OH)
Methylarsonic acid CH;AsO(OH),

Figure 1 outlines the global arsenic cycle, illustrating the cycling of arsenic
through the various environmental compartments.

3. NATURAL SOURCES

Arsenic occurs naturally in many minerals with FeAsS being the most common.
Although it is very stable and water insoluble as the arsenopyrite, this will readily
oxidize when exposed to air to yield compounds that are water soluble.

Little is known about the release of arsenic compounds into the atmospheric
compartment. Natural weathering and microbial action in the soil may release
volatile species into the air; also, volcanic activity may release some volatile
species and particles. However, these amounts are usually relatively small.

In soils, arsenic may exist in several forms. Soil has some self-cleansing
properties in that adsorption and coprecipitation of inorganic arsenic occurs onto
clay particles. Also, it forms insoluble precipitates with sulfur and soil cations,
particularly iron, as arsenopyrites.

In the water compartment, arsenic can be naturally introduced as a result of
erosion and weathering of rocks. Whereas anthropogenic sources can contribute
significantly to the content of surface water, groundwaters are, not surprisingly,
less commonly contaminated from this source and are more commonly contami-
nated by the natural weathering of arsenio-bearing minerals. In surface water,
arsenic can undergo a number of reactions, which include oxidation/reduction,
adsorption/precipitation, and methylation. Most surface water supplies have Eh
and pH levels (acid and oxidizing) that favor arsenate precipitation. Surface water
therefore has a self-cleansing action for arsenic as arsenite and more particularly
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arsenate form insoluble salts with dissolved or suspended cations (usually iron)
and these generally settle out in the sediments. Thus, much of the arsenic content
of surface water is usually present as insoluble particulates and sediment (6,7).
The relative significance of biomethylation in the surface water compartment is
uncertain.

In groundwater, the arsenic cycle has important toxicological implications.
Here, the more toxic reduced form, arsenite, is more prevalent (1,6). Unlike sur-
face water, deep groundwater generally has higher pH and low Eh levels and
this promotes the solubilization of arsenic released by weathering. As in surface
water, groundwater also can be self-cleansing. However, iron salts, the principal
agent with which arsenic combines, are often deficient because the increased pH
reduces their solubility.

The extensive use of groundwater for human consumption has led to mas-
sive outbreaks of severe chronic arsenic poisoning in South East Asia (Bengal,
Bangladesh, China, Taiwan) (8—11). In West Bengal, the most severe contamina-
tion was found in wells between 35 and 46 meters deep (12).

4. ANTHROPOGENIC SOURCES

The largest contributor to arsenic release in the environment is the mining and
smelting of nonferrous metals. The burning of fossil fuels follows next in signifi-
cance. The use of chromated copper arsenate as a wood preservative and the,
now substantially reduced, agricultural use of arsenic are lesser sources of envi-
ronmental contamination.

Arsenic is present in lead, copper, and gold ores and the smelting of these
releases arsenic as a gaseous emission with arsenic oxides as by-products. Al-
though these emissions account for 50-60% of total global contamination, their
effects are localized to regions around the smelters.

Although mining is not a major contributor to global contamination, sig-
nificant local contamination may occur from the arsenic-rich waste-rock tailings
when they become weathered and oxidized, and arsenic can then leach into the
soil and surface and groundwaters. The widespread use of these mine tailings as
fill around houses and for road construction can spread the contamination beyond
the limits of the mines. Surface runoff of the soluble arsenic species from waste-
rock tailings and from contamination of soils with arsenic-containing pesticides
can enter the surface water, but the self-cleansing action of this will often remove
it by precipitation as insoluble iron salts or by adsorption with clays, provided
the appropriate conditions prevail.

The arsenic content of North American coal is quite low (13). However,
the soft coals of eastern Europe can have very high arsenic contents and can
produce significant contamination in the fallout zones where this is burned (14).
The arsenic content of petroleum fuels is much lower than that of coal. However,
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because of the sheer quantity of these fuels that are burned, petroleum and oil
burning contributes substantially to global pollution.

5. HUMAN TOXICOLOGY

The following discussion will describe the toxic effects of the long-term con-
sumption of small amounts of arsenic by mouth derived from the drinking water
supply or from medications such as Fowler’s solution (1% potassium arsenite).
The carcinogenic effect (lung cancer) of the chronic inhalation of arsenic trioxide
dust is well established. Little or no arsenic can be absorbed through the intact
skin.

5.1 Chronic Arsenic Poisoning—General Effects

Arsenic interferes with enzyme action, DNA transcription, and metabolism.
Therefore, it is not surprising that its effects upon the body are protean. These
include chronic weakness, general debility and lassitude, loss of appetite and
energy, loss of weight, and sometimes a degree of dementia. Anemia, probably
due to bone marrow suppression (normochromic and normocytic), iS common
and leukopenia may also occur. Basophilic stippling of the erythrocytes may be
present and megaloblastic changes have been reported as have disorders of heme
synthesis (1,6).

Noncirrhotic (presinusoidal) portal hypertension is a rare and relatively spe-
cific hepatic manifestation of chronic arsenic exposure (15), which may be the
consequence of arsenic-induced vascular endothelial injury (16).

5.2 Dermatological Effects

The skin manifestations of chronic arsenic poisoning are hyperpigmentation and
hypopigmentation, progressing to palmar/plantar hyperkeratoses in which skin
cancer often subsequently develops (6). The hyperpigmentation develops around
hypopigmented macules: the characteristic raindrop pattern. Diffuse pigmenta-
tion is more pronounced in the axillae and groin. The hyperkeratoses develop on
the palms of the hands and the soles of the feet and, often, raised wart-like kerato-
ses project from the surface or from the sides of the fingers. Hyperpigmentation
may first appear 6 months to 2 years after onset of exposure in excess of 0.04
mg/kg/day; lower exposure rates can take longer. Palmar and plantar hyperkera-
toses take several years to develop (1).

5.3 Cardiovascular Effects

Chronic arsenic exposure is associated with an increased prevalence of peripheral
vascular disease, which in extreme examples can produce peripheral gangrene,
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the consequence of thromboangiitis obliterans, in small-limb vessels (blackfoot
disease). Also, there appears to be a similar but less pronounced association be-
tween arsenic exposure and hypertension and cardiovascular disease.

5.4 Neurological Effects

Chronic arsenic exposure commonly produces central and peripheral nervous sys-
tem impairment, and histological examination of the peripheral nerves in such
cases reveals a sensorimotor axonopathy (17). The peripheral neuropathy is often
largely confined to the arms and legs and is usually more pronounced distally.
Paresthesia is often troublesome. Sensory impairment is commonly more pro-
nounced than motor effects, and the legs are often more severely affected than
the arms. The features are often severe and slow to recover (17,18). There is
convincing experimental work in animals supporting the concept that arsenic has
an immunomodulating effect (19,20) and this may explain the effectiveness of
arsenic-containing medications in treating asthma in humans. There is also animal
evidence that it is teratogenic and mutagenic (1).

Inorganic arsenic is detoxified in the human by methylation to monomethyl
arsonic and dimethyl arsenic acids (the latter the most prevalent) and these are
excreted in the urine. This process is impaired, at least in rabbits whose diets are
deficient in methyl donors (methionine, choline) and protein (21). Thus, deficient
diets have the potential to aggravate arsenic toxicity.

5.5 Cancer Effects

The association of chronic arsenic ingestion and skin cancer (intraepidermal car-
cinoma, Bowen’s disease), squamous cell carcinoma, and superficial multicentric
basal cell carcinoma is long established. Also associated are bladder cancer and
angiosarcoma of the liver, and probably also renal carcinoma. The relationship
between arsenic inhalation and lung cancer is well known but there now seems
to be a clear association between arsenic ingestion (from the drinking water sup-
ply) and the increased prevalence of lung cancer in humans (1).

The lack of an animal model has hampered investigation of potential mech-
anisms of the tumorigenic action of arsenic. A recent study in mice reported that
the administration of arsenate (500 pg/L) induced tumors of the gastrointestinal
tract, lung, liver, spleen, bone, skin, reproductive tract, and eye (22). However,
more work is needed prior to accepting this model for studying arsenic-induced
carcinogenicity. Although there is no accepted mode of action for arsenic, it
has been established that arsenic does not directly react with DNA and cause
point mutations in bacterial or mammalian cells (1,23). There are several poten-
tial ways that arsenic could cause cancers. For example, administration of
arsenic or dimethylarsinic acid (DMA, a metabolite of inorganic arsenic) can
increase oxidative stress, a putative mechanism for induction of cancer (1,4).
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Other authors have reported that arsenic can alter gene expression by altering
gene methylation: Mass and Wang (24) found that arsenic caused a dose-
response-related hypermethylation in human lung adenocarcinoma cells. On the
other hand, Zhao et al. (25) reported that arsenic could transform a rat liver epithe-
lial cell line into one that could cause tumors in mice and concluded that hypo-
methylation of DNA was a potential mechanism for arsenic-induced cancer.
Since alterations in methylation patterns could affect DNA metabolism such
changes could affect gene expression. In addition, arsenic can also affect cell
proliferation (26). Although each of the above mechanisms could induce cancer,
more work is necessary prior to accepting these or other theories on the mecha-
nism of arsenic-induced cancers.

6. SOURCES OF HUMAN EXPOSURE

Apart from persons working in nonferrous metal smelters and those living near
these (and also near electricity-generating stations burning heavily arsenic-con-
taminated soft coal), the major exposure of the general public to arsenic is from
ingestion from their drinking water and food supply. Arsenic is found in large
amounts in some soils and rock formations but is relatively inert, and unless it
enters the drinking water supply, it is harmless.

6.1 Exposure from Food

As a generalization, provided the drinking water supply is uncontaminated, then
the risk of eating vegetables grown in arsenic-contaminated water seems to be
small; there is no well-documented evidence that they cause a risk. In root vegeta-
bles and fruits, much of the arsenic tends to migrate to the outer surface and is
removed in washing and peeling. However, this is an underresearched area and
is the subject of active investigation at the present time. It has been recently
reviewed (1,27-29).

Of concern is the amount of arsenic ingested from rice and other foods
in the diet, grown in the heavily arsenic-contaminated waters of parts of south-
east Asia. Few data are available on this but two studies from Taiwan (30,31)
report rice arsenic contents of 0.15 mg/kg and 0.7 mg/kg, the former diet pro-
viding a calculated daily intake of approximately 19 pg/ (plus 31 pg from
yams). This intake would be the equivalent of ingesting 1 L of drinking water
containing arsenic at the widely accepted standard of 50 pg/L. Speciation of
arsenic in food has repeatedly shown it to be predominantly inorganic (arsenate
and arsenite).

Large amounts of arsenic are found in fish and shellfish (arsenocholine,
arsenobetaine) but these are apparently nontoxic and are mostly excreted un-
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changed in the urine (32). Thus, when using urine arsenic measurements to assess
exposure, it is necessary to fractionate the arsenic species (33).

6.2 Drinking Water

Most large-scale episodes of chronic arsenic poisoning have resulted from arsenic
contamination of drinking water. However, none have been so large as the current
outbreaks in southeast Asia (Bengal, Bangladesh, China, Taiwan). The data
from Taiwan and from Mexico, Argentina, and Chile on large numbers of people
subjected to high levels of drinking-water arsenic have provided opportuni-
ties to delineate the risks of excess drinking-water arsenic. The largest study
reviewed 40,421 persons using contaminated water, compared with 7500 controls
(11,34,35).

The toxic threshold, if one exists for humans, is heatedly debated. Stohrer
(36) has reviewed the extensive data from Taiwan and elsewhere and has con-
cluded that skin cancers, internal cancers, and noncancerous effects of arsenic
have approximately the same *‘threshold’’ and that these decrease sharply when
the intake falls below 400 png/day, and that the disease potential above this level
is well established. Other researchers have reported data from human studies that
suggest that adverse health effects occur below 400 pg/day. In Utah, Lewis et
al. (37) examined the effects of arsenic in drinking water at concentrations under
200 pg/L. They found increases in mortality from prostate cancer, hypertensive
heart disease, nephrosis, and nephritis in males and in hypertensive heart disease
and in all other heart disease categories in females. In their review of epidemio-
logical evidence for a threshold, Smith et al. (38) state that most human studies
do not provide any data supporting a threshold for arsenic. The problem associ-
ated with establishing a threshold for arsenic is that the current epidemiology
studies are ecological in nature (no individual exposure data are provided) and,
as such, are poorly suited for this task. Although the in vitro studies all indicate
that arsenic may mediate its effects through mechanisms that would give subli-
near curves (1), there is no accepted mode of action for the deleterious actions
of arsenic. Studies examining the effects of arsenic in drinking water at concentra-
tions of 10—-200 pg/L or acceptance of mechanism(s) of action for arsenic are
necessary to resolve this question. Thus the risks of ingesting water with a content
that provides an arsenic intake of less than 400 pg/day are unresolved and have
been the target of extensive study by the U.S. Environmental Protection Agency
and the U.S. National Research Council, who have used the above data in an
attempt to determine the upper limit of acceptable arsenic content for drinking
water for the United States (39—-41).

The U.S. National Research Council has constructed several models to as-
sess toxicity at low concentration in drinking water including extrapolation of
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the dose-response curve to the left, assuming it is linear. Their deliberations have
recently resulted in a major report, a detailed description of which is beyond the
scope of this chapter (1). In general, allowing for the difference in water intake
and weight between Taiwanese and U.S. residents, their conclusion was that each
microgram of inorganic arsenic per liter in the drinking water might increase the
lifetime risk of skin cancer by three to seven additional cases per 100,000 persons,
or approximately one to five additional cases per 1000 persons consuming water
with an arsenic content of 50 pg/L. However, the authors recognize the limita-
tions of this information, which is based on ecological studies, and also that the
dose-response curve below the level of observed effects may not be linear and
that the risk may well be less than that implied by linear extrapolation. It should
also be remembered that skin cancer is an eminently treatable disease. The risk
data on other cancers is more complex.

The purpose for recommending or instituting regulatory limits for a chemi-
cal in drinking water is ideally to prevent or at least decrease the occurrence of
adverse health effects after consumption of water containing that chemical. One
of the first considerations is whether the chemical causes adverse human health
effects. The World Health Organization (WHO), Canada, and the U.S. EPA have
all classified arsenic as a human carcinogen. At the present time, WHO and Can-
ada have published recommendations for arsenic in drinking water, while the
United States is in the process of proposing a regulatory level. WHO (42) pro-
posed an arsenic guideline value of 10 pug/L based on occurrence of skin cancer
and analytical techniques, whereas Canada set an interim maximum arsenic con-
centration of 25 lg/L based on estimated lifetime cancer risk, the practical quanti-
tation limit (PQL), and practical treatment technology (43). In its arsenic pro-
posal, the U.S. EPA selects the most appropriate health effect and establishes a
PQL, considering the costs of treatments, the water system size, and the numbers
of persons exposed to various concentrations of arsenic (44). The U.S. EPA used
the bladder cancer analysis from the NRC report (1999) (1) for the health effect.
They calculated a 1% effective dose of approximately 400 ng/L. Since there is
no accepted mode of action for arsenic, a maximum contaminant level goal
(MCLG) of zero was selected for arsenic. The MCLG is a health goal and is
nonregulatory in nature. After considering various analytical techniques, a PQL
of 3 nug/L was selected. The PQL is the value that can be measured in a commer-
cial analytical lab and sets the lowest value for the maximum contaminant level
(MCL—an enforceable regulatory value). The treatment technique and cost of
implementation will depend on the size of the drinking water system. After con-
sidering the health effects, PQL, costs of treatment, and stakeholder input, the
U.S. EPA proposed an MCL for arsenic of 5 pg/L and will consider comments on
3, 10, and 20 pg/L. In January 2001, the U.S. EPA was scheduled to promulgate a
final MCL after considering the comments of the stakeholders on the proposal.
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7. CONCLUSION

Arsenic is ubiquitous and a potent environmental hazard to humans if it enters
the drinking-water supply. Further work is necessary to determine the factors
governing its movement through the various environmental compartments, and
to delineate the possible toxic effects of low intakes.
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1. INTRODUCTION

This chapter on cadmium (Cd) provides a review of pertinent literature of present
knowledge on Cd toxicology. A synopsis of current opinion related to this field
is presented in the chapter. It includes and pinpoints aspects on future trends in Cd
toxicology in the form of outlined hypotheses to be explored based on opinions by
researchers in the field.

Special emphasis is put on health effects in humans of Cd exposure and
molecular mechanisms explaining such effects. It defines the critical effects and
includes a risk estimate. Attention is paid to occurrence of exposure and health
effects, historical and geographical endemic areas, exposure and dose levels giv-
ing rise to health effects, and vulnerable groups. Experimental studies performed
on cellular systems, laboratory animals, and epidemiological studies constitute
background information for risk estimation and recommendations of importance
for prevention. The important role of metallothionein in modulating Cd toxicity
is emphasized. A review of Cd toxicity based on organs and effects is presented.
Methods for detection of adverse effects of Cd are brought to attention.
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2. PHYSICAL AND CHEMICAL SPECIES

Cadmium was discovered in 1817 by the German chemist Friedrich Strohmeyer.
It is a soft, silver-white metal and is similar in appearance to zinc, but is softer,
and is to some extent used in a similar way as zinc. Cadmium originates from
the Latin word cadmia, which means ‘‘calamine,’’ that is, zinc carbonate. The
Greek word ‘‘kadmeia’” has the same meaning. Cadmium was found as an impu-
rity of zinc carbonate, which upon heating changed color owing to impurities of
cadmium. Cadmium does not have a defined taste or odor. Location in the peri-
odic table is in group IIB. Atomic number is 48 and atomic mass is 112.411.
Naturally occurring isotopes are 106 (1.22%), 108 (0.88%), 110 (12.9%), 111
(12.75%), 112 (24.07%), 113 (12.6%), 114 (28.86%), and 116 (7.5%) (1). Many
radioactive isotopes of Cd, e.g., 109 and 115m, are well recognized in experimen-
tal toxicology. Melting and boiling temperatures are 320.9°C and 765°C, respec-
tively.

3. OCCURRENCE AND USES

Cadmium is an element with an average distribution of 0.1 mg/kg in the earth’s
crust. High concentrations are found in sulfide ores. Many inorganic compounds
are soluble in water, e.g., chloride, sulfate, and acetate while oxides and sulfides
have a low solubility; in fact, they are regarded as nonsoluble species of Cd.
Knowledge about solubility in biological media is limited. Cadmium forms com-
plexes with sulfur groups, e.g., thiocarbamate. The high affinity for such groups
has been the basis for many analytical methods.

Cadmium is usually found associated with zinc. Cadmium occurs naturally
in the geosystem. Particularly high concentrations occur in some sulfide ores, but
many soils and rocks, coal, and mineral fertilizers contain some Cd. Cadmium
is widely dispersed in the environment. Human exposure to low levels occurs as
a result of natural processes as well as human activities such as mining, smelting,
fossil fuel combustion, and industrial use. Owing to the natural occurrence in the
geo-environment some farming products including tobacco could be high in Cd.
Sometimes Cd is a by-product in the production of metals such as zinc, lead,
and copper. However, Cd is mostly found as chemical compounds of elements,
such as oxygen, fluorine, chlorine, and sulfur. Chemical compounds, e.g., Cd
bromide and iodide, are used in photography and photoengraving; Cd sulfide
(Cd-yellow) is used in high-quality paints, glazes, and inks and in artists’ pig-
ments. Negative plates (electrodes) of nickel-Cd storage batteries are made of
Cd oxide.

Cadmium is used in plating in order to protect steel, iron, copper, brass,
and other alloys from corrosion. Cadmium does not corrode easily. Alloys of Cd
are valuable, e.g., in internal-combustion engines as resistance to high speeds

Copyright © Marcel Dekker, Inc. All rights reserved.

MaRcEL DEKKER, INc. d\ﬂ)
270 Madison Avenue, New York, New York 10016 0



Cadmium 233

and high temperatures increases. Cadmium also strengthens the copper used in
electric wires and other commercial products.

In the environment Cd is present in air due to incineration of household
wastes, through emission from industry including mining, and from energy pro-
duction based on coal combustion. Cadmium particles can be transported in air
long distances and thus the ground and water could be contaminated far from
the emission source. Cadmium remains in the soil and water strongly bound to
other compounds. The United States now produces less than one-tenth of the
world’s production and imports the metal from Canada, Australia, and Mexico

Q).

4. METHODS OF ANALYSIS

Concentrations of Cd in samples from biological tissues varies from nanogram
to microgram depending on the kind of sample. In air and water only a few
nanograms might be present in a sample intended for analysis. Thus it is necessary
to have proper analytical equipment, sampling technique, and control of contami-
nation during sampling. A common way of performing analysis of samples con-
taining nonradioactive Cd is by atomic absorptions spectrophotometry with
graphite oven. Inductively coupled plasma mass spectrometry (ICP-MS) is a
more modern tool for performing analyses. Methods for analyzing cadmium in
biological tissues and in environmental samples have previously only been possi-
ble to use for total Cd concentration. By new inventions such as ICP-MS coupled
to HPLC or FPLC it is possible to analyze according to isotope and also to chemi-
cal species of Cd compound in the sample (2). Newly developed techniques can
also improve the analysis further. For example, in samples with protein-bound
Cd also the amino acid composition of the Cd-bound compound can be detected.
Cadmium in tissues can also be determined in vivo by X-ray fluorescence (3).

5. EXPOSURES

Occupational exposure mostly takes place by inhalation in the workplace. Expo-
sure in battery manufacturing, metal soldering, or welding is the most prominent.
In most countries threshold limit values are set for exposure (see below). In the
general environment exposure takes place via food and drinking water. Foodstuff
contains Cd with the highest concentrations in liver, kidney, Cd-contaminated
rice, and shellfish.

5.1 Food and Water

Very high intake of Cd via heavily contaminated food and drinking water irritates
the stomach and can give rise to vomiting and diarrhea (4). Cadmium is present
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in food as a natural component. In Sweden major sources of Cd from food are
those food items that are most frequently consumed, i.e., cereals and potatoes,
corresponding to 48 respectively 19% of total Cd intake calculated on the basis
of a medium consumer. During recent years there has been an increase in Cd
concentration in carrots and potatoes in Sweden, probably explained by the ongo-
ing acidification of soil. Wheat flour contributes 65% of the Cd intake from cere-
als. Durum wheat flour, which also is used for pasta, contributes 17%. Those
figures have been reported by Swedish regulatory agencies and are based on Cd
analyses performed by the regulatory agencies (5). The concentration in food-
stuff, e.g., shellfish, liver, kidney, certain mushrooms, and cacao, often contains
more than 100 pg Cd/kg (6). Beans, sprouts, lentils, and various seeds have a
concentration of Cd that is above 100 ug Cd/kg. Meat and fish are examples of
foodstuff with low Cd concentration, mostly below 5 pug Cd/kg. Cereals, how-
ever, have a higher concentration.

Flour has been reported to have a mean concentration of 25 pug Cd/kg in
a study of 55 samples. Those figures can be compared to the data in Table 1
compiled in 1988. Foodbaskets collected in 1987 in Sweden containing 60 differ-
ent foodstuffs showed a daily intake of 12 pug Cd in Sweden (7). The intake of
one crab per year will contribute the increase (8) in daily intake of around 2 ug
(6,9).

Studies on seafood and shellfish have shown high intake of Cd (10). It was
also shown (10) that the chemical species of Cd vary between species of oysters.
Different Cd-binding proteins have been identified in foodstuff (11). The chemi-
cal species of Cd is of importance (see below) in the toxicity of Cd.

Reported values for Cd in various foodstuff are shown in Table 1 (12).

The contribution of Cd from foodstuff has been calculated in Sweden by
the National Board of Food Safety to give a daily intake in Sweden of 12 ug/
day. This is based on an assumption of the following concentrations of Cd in
foodstuff: meat, fish, and fruit, 1-5; cereals, potatoes, and root fruits, 10-50;
bran, 150; and kidney and liver, 100-400 png Cd/kg.

TaBLE 1 Examples of Various Foodstuff and Cd Concentration (2,12)

Cd (mg/kg) Cd (mg/kg)
Food wet weight Food wet weight
Potatoes 0.01-0.06 Beef kidney 0.2-1.3
Wheat grains 0.005-0.08 Beef meat 0.005-0.02
Rice Noncontami- 0.008-0.13 Fish meat, other 0.004-0.1

nated areas than crab

Milk 0.00017-0.002 Spinach 0.043-0.15
Oysters 0.1-4.7 Carrots 0.016-0.030
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Ysart et al. (13) also studied the intake of Cd with the double-basket tech-
nique. A comparison (14) on Cd exposure via intake of Cd in food in Japanese
women between 1977 and 1981 with a daily intake of 37.5 g and between 1991
and 1997 with a daily intake of 25.5 ug resulted in a decrease by 12 ug Cd/day.
The contribution of Cd from intake of rice was 11.7 pug/day, constituting about
40% of intake. The current levels from environmental exposure of these groups
are still high compared to other countries. Analyses were performed on Cd in
food, blood, and urine that was corrected for creatinine. It should be mentioned
that analyses were performed by ICP-MS, a fairly new analytical technique.

In 1994-95 within the framework of the Scientific Cooperation Project
(SCOOP) estimated intake of Cd in Europe (15) was found to vary between the
countries. From Greece and Portugal a daily intake of Cd was reported to be 50—
60 ug, which is 70-80% of what JECFA (WHO and FAO, Joint Expert FAO/
WHO Committee on Food Additives) (16) recommended as the highest tolerable
daily intake. Belgium and Italy reported a daily intake of 20-30 pg Cd/day, and
other countries reported an intake of around or below 20 pug Cd/day.

5.2 Air

Ambient air is usually low in Cd concentration. Weekly mean concentration of
Cd has been reported to be around 5 ng/m?® in Stockholm compared to rural
areas with about 0.9ng/m’. Air concentration in certain occupational activities
is limited to the threshold limit values for each country (see below). Cigarette
smoking contributes to air concentration of Cd. One cigarette can contain up to
2 ug of Cd (17).

6. METABOLISM AND KINETICS
6.1 Uptake via Inhalation

Inhalation of Cd occurs when smoking cigarettes and in occupational exposures
in smelters and in operations where Cd fumes in welding may be inhaled. Occupa-
tional exposure to Cd has decreased markedly in industrialized countries due to
improved work environment. Previously concentrations as high as 10000 pg/m?*
have been reported (2) (in the 1950s) compared to today’s exposure levels of
less than 10 pg/m® in some countries (see below). Uptake of Cd via inhalation
is dependent on particle size, aerodynamic diameter, and in vivo solubility. Pul-
monary absorption of CdS might be lower compared to uptake of CdO. After
inhalation of Cd aerosol Cd is taken up via alveoli or after deposition on bronchial
epithelium and mucociliary transport to pharynx, where it is swallowed into the
gastrointestinal tract. While up to 100% of Cd reaching the alveoli is transferred
to blood, only 5% of Cd reaching the gastrointestinal tract is taken up into blood.
The proportion of an inhaled aerosol that reaches the alveoli varies with particle
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size. Maximal uptake in blood (35%) will occur at a particle of 2 um, while
particles with an aerodynamic diameter of 10 wm will only be taken up to an
extent of 5% i.e., totally transferred to the gastrointestinal tract (12). Uptake of
Cd to blood after inhalation is between 5 and 35% of the inhaled amount due to
mentioned factors. An average of about 10% (18,19) of Cd in cigarettes is inhaled
during smoking. Assumption of 50% uptake of the inhaled Cd gives a daily con-
tribution of 1 pg Cd for 20 cigarettes.

6.2 Uptake via Gastrointestinal Tract

Absorption of Cd from a single oral dose in animal experiments has been shown
to be 1-6%. The proportion that is absorbed depends on dietary composition and
on dose (18). For humans similar data are 4.6—7%. However, for humans with
low iron stores up to 4 times higher absorption is reported compared to humans
with normal iron stores (20) (see below).

Conditions influencing the increased uptake of Cd via the gastrointestinal
tract are low intake of protein, vitamin D, calcium, iron, zinc, and copper (21).
However, a high intake of fibers can result in a lower intestinal absorption of
cadmium.

6.3 Toxicokinetic Aspects of Transport of Cd
to the Kidney

The kinetics of Cd is most likely dose-dependent and also possibly route-depen-
dent. With regard to transport and distribution of Cd in mammals, a basic detailed
description (18) constituted the background for the considerations concerning
these aspects of Cd toxicology given by WHO in 1992 (2) and recently updated
(22). The kinetics of Cd are described in Scheme 1 and can be summarized as
follows: Immediately after uptake of cadmium from the gastrointestinal tract or
the lungs, Cd is mainly bound to albumin and other larger proteins in blood
plasma. There is, however, only limited information on the variation of binding
with time, dose, and route of administration. Available evidence indicates that
there is a pattern with proportionally more of plasma Cd in a low-molecular-
weight form (probably mainly bound to metallothionein, MT) when low doses
of Cd are given by the oral route compared to when large doses are given by
injection. There is also a time dependence of plasma binding, with a larger pro-
portion of plasma Cd being bound to low-molecular-weight plasma proteins at
longer time intervals after a single administration.

Cadmium bound to albumin is to a large extent taken up by liver, where
the complex is split and Cd can cause toxicity to liver cells (at relatively high
doses, particularly by injection). Cd also induces the synthesis of metallothionein
in liver cells and gradually an increasing proportion of liver Cd is bound to MT.
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In the early phase after a single administration of Cd (particularly if injected),
plasma Cd is mainly bound to albumin and uptake of Cd by the kidney is limited.

In previous studies (18,23,24) Cd has been shown to be excreted in bile
mainly bound to glutathione. Biliary excretion of Cd was more recently studied
(25) in mutant Eisai hyperbilirubinuric (EHB) rats and normal Sprague-Dawley
(SD) rats. The EHB rats have a near absence of biliary excretion of glutathione.
Biliary excretion of Cd in EHB rats was found to be only one-fortieth of that in
SD rats (25). This finding gives further confirmation of the previous conclusion
that Cd excretion in bile is related to glutathione.

Long after a single exposure, or in long-term exposure, a considerable pro-
portion of plasma Cd is bound to metallothionein. CAMT (26), is of small molecu-
lar size, and is efficiently filtered through the glomerular membrane in the kidneys
and taken up by renal tubular cells. Uptake of CAMT may be more efficient in
cells preexposed to Cd compared to non-pre-Cd-exposed cells (27). In long-term
exposure there is a slow release of CAMT from the liver to blood. This transport
phenomenon has gained more support by studies where Cd-containing livers were
transplanted to non-Cd-exposed animals, which demonstrated a gradual uptake
of Cd in the kidney (28). After uptake of CAMT into renal tubular cells via pino-
cytosis, MT is catabolized in lysosomes releasing Cd ion. Metallothionein bind-
ing in plasma and tissues thus has been considered to be of considerable impor-
tance for Cd distribution after uptake.

Uptake in the gastrointestinal tract has been considered to be to some extent
related to MT synthesis in the intestines (29). However, higher basic MT concen-
trations in tissues of transgenic mice had no appreciable effect on the concentra-
tion of Cd in tissues compared to controls with normal tissue concentrations of
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MT (30). The only exception was that the transgenic mice given the very high
dose of Cd orally (300 umol Cd/kg) had twice the tissue Cd concentrations of
controls. These observations were considered to shed doubt on the role of MT
in Cd toxicokinetics. However, as described previously, uptake and distribution
of Cd occurs mainly in the initial phase in a form where Cd is bound to albumin
in plasma. It should not be expected that this phase would be influenced by differ-
ent basic levels of MT. In another study of transgenic mice (31), lacking metallo-
thionein-I and-II (MT-null mice) it was found that the elimination of Cd was
much faster in MT-null mice than in control mice. This confirms a role of MT
in tissue retention of Cd. The Cd concentration in the kidney continued to increase
with time in control mice but not in MT-null mice, confirming an important role
of MT in transport of Cd to the kidney (31).

6.4 Biological Half-Life

It has been estimated that the biological half-life of Cd in the kidney is in the
order of 20 years in humans. Such a long biological half-life explains why Cd
accumulates constantly up to approximately 50 years of age in humans. Cadmium
accumulating in the kidney is probably largely bound to MT that is synthesized
de novo. This process may be responsible for the long biological half-life of Cd
in the kidney and its accumulation in long-term exposure (18).

6.5 Excretion/Elimination

Excretion and elimination of Cd has been summarized (2). Urinary excretion of
Cd has been demonstrated in a number of experimental studies in laboratory
animals to represent about 0.01-0.02% of the total body burden upon long-term
exposure. In many mammalian species it has been demonstrated that urinary ex-
cretion increases slowly upon exposure to Cd, and after renal damage has devel-
oped a marked increase of excretion of Cd is manifested. For humans it has been
estimated that approximately 0.01% of the body burden is excreted in urine (2).
Urinary excretion, like the body burden, of Cd is age dependent. If tubular pro-
teinuria occurs there is an increased Cd excretion. High excretion of Cd without
proteinuria may occur in short-term high-level exposure. Cadmium is excreted
in urine bound to MT.

Since it is not possible to distinguish net gastrointestinal excretion from
unabsorbed Cd in feces, it is very difficult to study net fecal excretion of Cd. In
oral Cd exposures the major part (approximately 95%) of fecal Cd represents
unabsorbed Cd. Measurements of fecal Cd can be used as an indicator of oral
intake. Based on studies of injected Cd in experimental animals, it was found
that initially the fecal excretion is higher than urinary excretion calculated on a
percentage basis. This is probably explained by a contribution from the bile.
Reported data on fecal excretion of Cd in humans are almost nonexistent. It
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should be taken into consideration that excretion of Cd via urine or feces is greatly
dependent on route of exposure.

7. MT—DNA AND GENE STRUCTURE AND ITS
DISTRIBUTION AMONG TISSUES

Metallothionein, often related to toxicokinetics of metals such as Zn, Cd, Hg,
and Cu (32), has been extensively studied in relation to Cd toxicity, as described
in other sections of this chapter. Metallothionein is known to play an important
role in the toxicokinetics of Cd (33,34). Metallothionein concentration can vary
among organs and within theses organs. Metallothionein has been found in most
human tissues and concentration of M T in blood and urine is generally considered
a good measure of exposure to Cd, which forms clusters with MT.

Tissue levels of MT in humans (normal concentrations) are shown in
Table 2.

Metallothionein is a family of proteins with molecular weight of approxi-
mately 6500 Da, rich in cysteine, and with seven metals distributed in two do-
mains, the o~ and B-clusters. The dominating metals are Zn, Cd, Hg, and Cu,
with increasing stability of binding in the order mentioned. The definition of the
MT superfamily follows the criteria for polypeptides, which have features in
common with equine renal MT (38,39). The MTs consist of four major groups.
The best-studied MTs are mammalian MT-1 and -2. MT-1 exists in many iso-
forms and together with MT-2 is present and expressed in almost all tissues. MT-
3 is present in brain and MT-4 is specific for squamous epithelium and expressed
in keratinocytes.

Mechanisms of importance for protecting cells from toxic insults are known
to only a limited extent. Expression of MT and heat shock proteins can be used

TaBLE 2 Tissue Levels of Metallothionein in Humans

Concentration

Method Media (ng/ml) Status Ref.
RIA Sera (human) 0.01-1 Normal 35
RIA Sera (human) >2 Abnormal? 35
RIA Urine (human) 1-10 Normal 35
RIA Urine (human) >10 Abnormal® 35
ELISA Liver (rat) 18 ug/g 36
ELISA Kidney (rat) 30 pg/g 36
ELISA Kidney (rat) 35 ug/g 37

2 Occupational exposure.
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as a biomarker related to survival of the cell and to metal exposure that induces
the synthesis of these proteins. Metals, among which Cd is the strongest, and
glucocorticoids can induce MT-1 and MT-2. However, MT-3 has not, so far,
been shown to be induced and the concentration in the central nervous system
(CNS) appears to be unchanged regardless of metal exposure.

Human MT genes are localized on chromosome 16. Of the 14 genes coding
for MT six are functional, two are not, and six have not been characterized.
Whether that number of genes on the same chromosome reflects coding for vari-
ous functions and reflects gestational age remains to be demonstrated as the new-
born is almost free from Cd. The level of expression of the genes coding for
MTs varies during gestational and developmental age and among different or-
gans. Genetic polymorphism for MT would be of interest with regard to the
kinetics of Cd. Potential effects and related health effects of translocation of the
genes coding for MT are not clear. Induction of MT-1 and -2 is under regulation
of Cd. MT-1 and -2 have 61 amino acids. A comparison of the amino acid se-
quences shows that MTs have been conserved through evolution, with fundamen-
tal similarities such as low molecular weight, around 6500 Da, 30% cysteine
residues, and very few aromatic or hydrophobic residues. Pure MT can contain
up to 10% of Cd (w/w).

MT-3 resembles the other MTs in its cysteine number, alignment, metal
composition, and metal-binding characteristics. At the N-terminal region of MT-
3 an additional threonine is inserted and acidity is increased and charge surface
is changed, which facilitates the interaction of MT-3 with other biological constit-
uents. The C-terminal region contains six more amino acids consisting of glu-
tamic acid and alanine. Alanine is also found in MT-1 and MT-2 at the C-termi-
nal. The characteristic short repeating sequences of cysteines with either one or
other amino acids in between are still seen.

The MT-4 gene is located separately from the gene for MT-3 on chromo-
some 16 in humans. MT-4 contains an additional glutamate compared to MT-1
and -2 and consists of 62 amino acids. The isoforms of MT have structural simi-
larity with the same number of cysteine residues and high metal-binding affinity
but differ in their total charge because of differences in certain amino acids other
than cysteine (40). It has been shown (41) that mRNA for MT-4 is expressed
in stratified squamous epithelia associated with oral epithelia, esophagus, upper
stomach, tail, footpads, and neonatal skin. Tongue epithelia contains MT with
Zn and Cu. Rats showed epithelia parakeratosis during zinc deficiency. In situ
hybridization showed expression of MT-1 predominantly in basal proliferative
layer while MT-4 mRNA was found in the differentiating spinous layer of corni-
fied epithelia. MT-4 is suggested to be involved in Zn metabolism during differen-
tiation of stratified epithelia.

The MT-4 gene is restrictedly expressed in keratinocytes of skin and the
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upper parts of the digestive tract (42) and maternal deciduum (43). Its modulation
by toxic agents still needs to be explored (22).

8. HEALTH EFFECTS

8.1 General Aspects, Short-Term Versus Long-Term
Exposures, Factors Influencing Tissue Sensitivity

Cadmium may cause health effects upon both acute and long-term exposure.
Epidemiological studies concerning adverse health effects in humans have been
reported to an increasing extent during recent years, e.g., Cadmibel and PheeCad
(44,45). Cadmium is a metal that accumulates in the body with age and has an
extremely long biological half-life. Because of its long biological half life, long-
term toxicity has attracted particular attention. However, there are also some
important aspects of short-term toxicity, which will be briefly described in the
following section. Acute toxicity after ingestion of drinks with more than 15 mg/
L of Cd has been described in children exposed to Cd via a soft drink machine
(4). Symptoms of acute toxicity are nausea, vomiting, and abdominal pain. High
Cd concentrations can occur when acid food comes in contact with Cd-plated
utensils.

Acute toxicity by inhalation may occur in workers welding Cd-containing
materials. Pulmonary edema and pulmonary respiratory distress (2) characterize
acute toxicity after inhalation of fumes containing Cd.

Skin contact or Cd exposure via the skin is not known to cause health
effects in humans or animals. Metallothionein-4 is present in the squamous epi-
thelium of the skin and may have a protective role against development of skin
effects.

Pollution of the general environment by Cd has as yet been related to the
development of human disease only in some special situations, such as itai-itai
disease in Japan and renal dysfunction and increased occurrence of osteoporosis
in Belgium and in China.

Long-term exposure to Cd in air, food, or water increases Cd concentration
in the kidneys and gives rise to kidney disease. Other effects due to Cd exposure
are lung damage, bone effects, liver dysfunction, and reproductive toxicity, which
will be described in the following sections.

8.2 Lung

In laboratory animals exposed to Cd dust in some studies also containing other
metals such as Fe it is reported that Cd causes emphysema, interstitial pneumoni-
tis, and lung fibrosis after intratracheal installation or inhalation (2). A series of
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studies (46) showed increased incidence of lung cancer in laboratory animals,
which will be described below.

In previous times Cd concentration in the work environment usually was
high and gave rise to adverse effects on the respiratory tract. When increasing
knowledge was gained, the threshold limit values were decreased to avoid such
health effects. High-level occupational exposure to Cd causes chronic obstructive
airways disease. IARC (47) has classified Cd as a human carcinogen belonging
to group 1 agents. It is, however, difficult to completely support the notion that
Cd gives rise to lung cancer from the observations in exposed workers (2). The
relationship between smoking habits and lung cancer is well recognized and it
is probable that Cd may be a contributing factor since tobacco is rich in cadmium.

8.3 Liver

After high-level short-term exposure to Cd in experimental animals and in hu-
mans with such exposures, liver toxicity is a prominent feature, while influence
on this organ is less common in long-term exposures. This is considered to be
due to the induction of MT synthesis in the liver at longer time exposures. As
described earlier, one molecule of MT can bind up to 7 atoms of Cd and thereby
sequester this toxic metal from interference with important cellular targets such
as enzymes and membranes. The first study demonstrating a protective role of
MT against Cd toxicity to the liver was performed by one of the present authors
(48). As described in detail earlier, Cd occurring in blood plasma in a form bound
to albumin is taken up in the liver. After release from albumin nonbound Cd is
free to cause toxicity to liver cells. This happens at high Cd exposure when liver
MT levels are not high enough to handle all nonbound Cd ions. Genetic differ-
ences with regard to capability to induce MT were shown to be related to tissue
toxicity (49) in MT-1 and -2 knockout (MT-null) mice. Studies of MT in Cd-
induced hepatotoxicity and nephrotoxicity and in Zn-induced protection showed
that MT-null mice were more sensitive to i.p. CdCl, hepatotoxicity than normal
mice. Zinc pretreatment by subcutaneous injection increased hepatic MT 80-fold
in control mice but not in MT-null mice and prevented CdCl, hepatotoxicity in
control mice only. These findings confirm a role of MT in protecting the liver
from Cd in medium-term and long-term exposures (49).

8.4 Kidney
8.4.1 Tubular and Glomerular Dysfunction

Renal damage caused by long-term Cd exposure is characterized by proteinuria
with increased excretion of low-molecular-weight proteins as well as ions such
as Ca, Mg, and Cd. Effects can also be seen on the glomerular function with
increased excretion of albumin and in some cases also with reduced glomerular
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filtration rate. In long-term exposure to Cd the kidney is the critical organ, i.e.,
the organ (50) suffering damage or dysfunction at relatively low exposure. The
critical concentration of Cd giving rise to tubular dysfunction in 10% of persons
in the general population was previously estimated at 200 pg Cd/g wet weight
cortex (2). More recent data show that tubular dysfunction can occur at much
lower concentrations of Cd in the kidney cortex. A concentration of 50 ng/g wet
weight has recently been estimated as the lowest concentration of Cd causing
renal dysfunction among the most sensitive individuals (22).

Cadmium can give rise to tubular and less frequently to glomerular effects
on the kidney. Whether the renal dysfunction is progressive or irreversible has
often been debated. In a five-year follow up study in Belgium of a subcohort of
the Cadmibel study it was concluded that subclinical renal effects related to in-
creased Cd body burden most likely represents nonadverse effects, as they were
not associated with progressive dysfunction of the kidney (45). Humans in China
were studied for N-acetyl-beta-D-glucosaminidase (NAG) and isoenzymes in
urine in an area contaminated with Cd by industrial wastewater from an adjacent
smelter. Cadmium-polluted wastewater was discharged into a river used for the
irrigation of rice fields. Reported Cd concentrations in rice were 3.70, 0.51, and
0.07 mg/kg. Concentrations of Cd in urine were above 5 pg/L in most of the
subjects living in the area with highest Cd concentration in rice. Dose-dependent
increase in NAG and NAG B was prominent and concentration in urine was
related both to Cd concentration and to the calculated Cd uptake. This shows
that urinary NAG and isoenzymes could be used as a biomarker of early renal
dysfunction in Cd-exposed populations (51).

The following section deals with mechanistic information of importance
for an understanding of how renal damage results from Cd exposure.

8.4.2 Cellular Targets for Cd Role in Membrane Damage
and Protective Cd-Binding Proteins

As mentioned, in long-term exposure to Cd both in experimental animals and in
humans, Cd continuously accumulates in the liver and kidneys. CAMT is effi-
ciently transported through the glomerular membrane and taken up by the renal
tubular cells. The first reports on renal damage after injection of CdMT to experi-
mental animals were published by Nordberg (52), Nordberg et al. (53), and Che-
rian et al. (54). Nordberg et al. (52,53) interpreted their data as indicative of renal
damage occurring subsequent to the dissociation of Cd from CdMT, which is
compatible with the view later developed by Fowler and Nordberg (55). Cherian
et al. (54), on the other hand, discussed their data in relation to a possible direct
effect of Cd on the brush border membrane, such membrane damage causing the
cellular damage that subsequently developed in these animals. The hypothesis
involving release of Cd from MT and subsequent attack by the ‘‘free’” Cd on
various intracellular targets has been considered the most valid explanation for
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the toxicity. However, the hypothesis of direct membrane damage has recently
gained some support (56). It was shown that in MT-transgenic mice, which have
high levels of MT in their kidneys (10-fold over control mice), similar increases
in protein and glucose excretion were observed as in control mice after injection
of CAMT (0.1-0.6 mg Cd/kg i.v.) (56). Zinc-induced protection was also indi-
cated to occur in the absence of MT induction (see next section). These findings
are not readily compatible with the hypothesis implying release of free Cd ions
from CAMT for induction of renal toxicity, because such ions would be expected
to be picked up by the higher MT concentrations in the cells of the transgenic
animals. It is presently unclear how these findings can be reconciled with other
findings. They would, however, be compatible with the hypothesis by Cherian
et al. (54) of a direct damage on the brush border membrane from the CAMT
complex.

Evidence supporting the hypothesis that dissociation of the CAMT complex
is first required and released Cd gives rise to cellular membrane damage has been
provided by Nordberg et al. (57). One group of rats, which had preinduced MT
synthesis by pretreatment with Cd, was compared with a group of nonpretreated
rats with low cellular MT concentration. Both groups were given a s.c. challenge
dose of radiolabeled CAMT. A considerably larger proportion of the radiolabeled
Cd in the subcellular membrane fraction was bound to a high-molecular-weight
component in the nonpretreated animals than in the pretreated ones. In the latter
group, a larger proportion was bound to fractions corresponding to MT and possi-
bly other low-molecular-weight proteins in the membrane (57). Cadmium bound
to non-MT sites in cellular membranes is thus of decisive importance for the
elicitation of the toxic effects of Cd on the kidney. The animals that were pre-
treated with Cd were protected against toxic effects of CAMT, whereas nonpre-
treated animals later developed kidney damage. Another observation that may
be of importance when discussing mechanisms of Cd nephrotoxicity is the early
pertubation of Ca metabolism preceding the development of proteinuria after Cd-
MT injection (58). It is also interesting to note that in studies of uptake and
binding of Ca to membranes isolated from the renal cortex of CdMT-exposed
animals, there is a considerably lower binding and uptake in exposed animals than
in controls. This is true both in luminal and particularly in basolateral membrane
vesicles (58,59). Thus, it is likely that the basolateral Ca pumps constitute a
primary target for Cd. When brush border membrane vesicles, isolated from kid-
neys of experimental animals were exposed to Cd chloride in vitro, there were
effects on the uptake of L-glutamate (60,61) and citrate (61). In a cell line (LLC-
PK1) it was shown that uptake of Cd occurred by carrier-mediated transport in-
volving Na* and energy-dependent processes (62).

These observations were made in vitro, or in membranes or membrane
vesicles obtained from animals in single-dose experiments. In such experiments
the disturbances of renal tubular function were reversible. In long-term exposures,
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or when repeated doses of CAMT are given with short intervals (63), irreversible
changes in the urinary excretion of calcium and a longer pertubation of protein
excretion in urine are seen. The last-mentioned experimental models of Cd-in-
duced nephropathy reproduce more of the features of human Cd-induced renal
dysfunction than single-dose experiments. Studies by Sudo et al. (64) demon-
strated renal damage after repeated subcutaneous high doses of Cd chloride. In
these studies it was indicated that Cd occurring bound to cellular membranes in
the kidneys was involved in the manifestation of renal injury (64).

As mentioned, cellular Ca metabolism is perturbed in Cd-induced renal
dysfunction. Since apoptosis may be induced by pertubation of cellular Ca metab-
olism, it seems likely that this type of cell death would occur in Cd toxicity to
the kidney. Apoptotic cell death was observed in rats exposed to subchronic Cd
intoxication by repeated subcutaneous injections (65). Apoptosis has also been
observed in human kidney cell lines. DNA fragmentation was found after expo-
sure of kidney cells to Cd in vitro leading to apoptotic cell death (66). Cells
exposed to relatively low concentrations of Cd chloride displayed apoptosis, par-
ticularly when exposed to a Cd-containing protein complex with characteristics
similar to those of MT (67). Liu et al. (68) described cytotoxicity of Cd to renal
proximal tubule cells and showed that cells from rats pretreated with Zn were
less sensitive to CdCl, toxicity. In cultured kidney tubule cells Cd inhibited Na
glucose cotransport, while CAMT did not give this effect (68,69).

Although there is some evidence, as described earlier, that a direct interfer-
ence of Cd with Ca transport in renal membranes may be responsible for the
toxicity of Cd to the kidney, there may also be a component of the membrane
toxicity caused by lipid peroxidation. Such effects have been demonstrated in
the kidneys of rats exposed to Cd (70). Increased lipid peroxidation was also
seen in several tissues including the kidney of rats given Cd intraperitoneally
(71).

Based on available evidence, a model for the mechanism by which Cd
exerts its effect on the renal tubule has been described (24). It is assumed that
the rate of influx of CAMT into the renal tubular cell compartment and the rate
of de novo synthesis of MT in this compartment regulate the pool of intracellular
“‘free’” Cd ions that can interact with cellular membrane targets in the tubules
(see scheme 1). When there is efficient MT synthesis, and influx of CAMT into
the lysosomes is limited, the free Cd pool is limited and no membrane damage
occurs. Calcium transport in the cell is normal. When CdMT influx into the lyso-
somal compartment is high and de novo synthesis of MT is deficient, the free
Cd pool is sufficiently large to interact with membrane targets to block Ca trans-
port routes and there is deficient uptake and transport of Ca through the cell.
This gives rise to an increased excretion in urine of Ca and proteins. It is possible
in animal models, to inject CAMT and induce nephrotoxicity by a high influx
of CAMT into the renal tubule compartment, thus overloading the sequestering
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mechanism of de novo cellular synthesis of MT. In the most acute models it
seems possible also to cause a direct toxic effect on the brush border membrane
by CAMT. Such acute toxicity does not occur in exposure of humans, which
takes place by oral or inhalation routes, which can only provide a limited flow
of CdMT.

In exposure situations similar to those occurring to humans, renal toxicity
is not expressed until Cd concentration in the renal cortex is between 50 and 300
pg/g. Cadmium that is released intracellularly from MT is partly delivered from
CdMT via plasma from other organs in the body. Another part is derived from
the comparatively large amounts of CdMT accumulated intracellularly in long-
term Cd exposure. The reason why renal tubular dysfunction occurs in various
individuals at different total concentrations of Cd in the kidney may have various
explanations, but one important source of such variation may be the variable
ability among individuals to synthesize MT and other protective components.
Such an interpretation has received support by findings of a relationship between
MT expression in lymphocytes in peripheral blood (see below) and development
of renal toxicity in Cd workers. Nevertheless, these hypotheses require further
confirmation before they can be considered fully established.

8.4.3 Influence of Zn and Cu on Cd Nephrotoxicity

Early data on the effects of Zn or Cu on Cd toxicity have been summarized (72).
Experiment on rats (73) showed that proteinuria caused by CdMT injection could
be more efficiently reduced by pretreatment by Zn injections than by Cu injec-
tions. Excessive Ca in urine and renal cortex, on the other hand, could be more
efficiently reduced by Cu than by Zn. It was shown that Cd retention was mark-
edly reduced in renal cortex and increased in liver by Cu pretreatment while the
urinary excretion of Cd was significantly lower in these rats (37). The levels of
endogenous Zn in renal cortex and liver increased significantly in rats pretreated
with Cu. Copper induced the production of MT in liver and renal cortex more
efficiently than Zn (37). The efficient protective effect of Cu against calciuria
can thus be explained by both increased MT induction and less accumulation of
Cd in the renal cortex (37). Renal tubular cells isolated from Zn-treated rats
studied in vitro (68) displayed not only increased MT concentrations but also
increased expression of low-molecular-weight Cd binding heat shock proteins
(HSP). These proteins may serve an important protective role in addition to MT.
In studies on MT-1 and -2 knockout (MT-null) mice (68) it was shown that such
mice were more sensitive to i.p. CdCl, hepatotoxicity than normal mice. Zinc
pretreatment by subcutaneous injection increased hepatic MT 80-fold in control
mice but not in MT-null mice and prevented CdCl, hepatotoxicity in control mice
only. Zinc increased renal MT in control mice only; however, it protected against
CdMT-induced renal injury in both control and MT-null mice. The authors sug-
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gested that MT plays less of a protective role in CdMT-induced nephrotoxicity
than in CdCl,-induced hepatotoxicity. They also stated that Zn-induced protection
against CdAMT-induced nephrotoxicity did not appear to be mediated through MT.
Considering that renal tubular cells from rats treated in vivo with Zn were shown
to have an increased level of several heat shock proteins in addition to MT (68),
this may explain the lack of difference between normal and MT-null mice.

8.4.4 Cadmium-Induced Renal Dysfunction—Increased
Sensitivity in Diabetics

There is epidemiological evidence indicating that diabetics may have an increased
susceptibility to the development of Cd-induced renal dysfunction (44).

Data from animal experiments support the possibility of an increased sus-
ceptibility for Cd nephropathy in diabetics. When discussing this possibility, it
is of interest to consider animal models in which the metabolic situation simulates
type I and other animal models in which type II diabetes is simulated.

Streptozotocin (STZ)-induced diabetes in animals is similar to insulin-de-
pendent diabetes or type I diabetes in humans. In experiments performed during
short time intervals on STZ diabetic rats, an increased resistance to CAMT neph-
rotoxicity was demonstrated (74). Increased binding of Cd to MT occurred in
the liver of the STZ-injected animals 24 h after the injection of CAMT and parallel
to an increased resistance to nephrotoxicity. Induction of MT by STZ thus pro-
tects against nephrotoxicity.

In long-term experiments (75,76) rats with STZ-induced diabetes given Cd
in drinking water were compared with similar animals without diabetes. Animals
with diabetes developed more prominent nephropathy compared to nondiabetic
animals. Another diabetes model is the Umea obob obese mice, which are simi-
lar metabolically to type II diabetes in humans. It was shown (77) that there
is an increased susceptibility to development of CdMT-induced proteinuria and
calciuria in Umea obob mice when compared to normal mice (77).

Another experiment (78) indicated that CAMT nephrotoxicity is increased
in genetically diabetic as compared with normal Chinese hamsters.

8.5 Bone Effects

The issue whether Cd causes bone effects or not has been of interest for many
years (79). Early observations of bone fractures were made in our own studies
on laboratory animals exposed for a long time to Cd in order to study renal
dysfunction. Changes in bone mineral content were also observed (80). There
are also several other animal studies demonstrating a relationship between renal
tubular dysfunction, urinary losses of Ca, changes in vitamin D metabolism, and
decalcification of the skeleton in Cd-exposed animals (2).
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Bone effects are prominent features in humans suffering from itai-itai dis-
ease, an extreme form of chronic Cd poisoning by the oral route, which will now
be briefly described.

After World War II, Dr. Hagino, a general practitioner, discovered a num-
ber of patients suffering from a bone disease with multiple fractures and deformi-
ties of the spine and the long bones occurring in a village (Fuchu) in Toyama
prefecture in western Japan. The patients suffered severe pain and complained
““itai-itai’’ (“‘ouch-ouch’’) and the disease was therefore called itai-itai disease.
The patients lost body height and had deformities of the spine, a result of multiple
vertebral compression fractures. In the long bones, characteristic pathological
fractures with osteoid formation (Milkman’s pseudofractures) occurred. This lat-
ter finding is typical of osteomalacia. By analysis of urine from cases and non-
cases in the endemic area and from persons from nonendemic areas, it was dem-
onstrated that there was a considerably increased excretion of Cd in urine,
particularly in the cases in the endemic area. Kidney damage with proteinuria
occurred in these patients. It was thus obvious that itai-itai disease was a form
of renal osteomalacia, kidney damage being of basic importance for the develop-
ment of bone effects. The main factor explaining this disease to the kidney is
the excessive Cd intake from Cd contamination of rice, which occurred as a result
of Cd-containing wastewater from a smelter being discharged into a river that
was used for irrigation of rice fields. The disease occurred almost exclusively in
postmenopausal women. The relatively low Ca content of Japanese food may
have been a contributing factor. Also the tradition of dressing so as to screen
away from the sunshine gave the women in this area only a low contribution of
vitamin D synthesized by the action of ultraviolet light on the skin.

Characteristics of itai-itai disease are osteomalacia, osteoporosis, renal tu-
bular dysfunction, malabsorption, and anemia (2,81).

The frontier interest in health effects caused by Cd focuses at present on
bone effects. In industrialized countries of the world an increasing incidence of
osteoporosis occurs and a high number of such patients are smokers. Since to-
bacco contains Cd there may be a link here.

A suggested relation between Cd dose and decreased bone mineral density
and also between Cd dose and osteoporosis has been reported (19,82) in humans
occupationally exposed to Cd almost 20 years before the study was performed.
Also, recent results from China (83,84) indicate bone effects at cumulative doses
somewhat lower than those giving rise to the classical itai-itai cases in Japan. A
relation between concentration of Cd in rice, blood, and urine and number of
cases with low bone density was found.

In Belgium bone effects at much lower exposure levels of Cd than those
giving rise to itai-itai disease have been observed. A prospective population study
(85) shows that environmental exposure to Cd is related to an increased risk for
fractures and causes changes in the forearm bone density. The conclusion by
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the last-mentioned authors is that Cd can promote skeletal demineralization with
increased fragility of the bones, leading to increased risk of fractures even when
exposure level to Cd is low.

It is interesting to investigate whether bone mineral disorders due to oral
intake of Cd can be related to the estrogen receptor, since it is known that itai-
itai disease occurred almost exclusively in postmenopausal women. It has been
reported that polymorphism for the estrogen receptor alpha is related to reduction
of bone mineral density in postmenopausal women in Japan. The genetic distribu-
tion of the receptor was, however, the same in itai-itai disease subjects (86).
However, nothing has been reported for the estrogen beta-receptor.

Studies on the occurrence of low bone density in China (87) among humans
environmentally exposed to Cd via rice show a relation between body burden of
Cd and low bone density particularly in postmenopausal women.

8.6 Blood Pressure

The relationship between blood pressure (BP) and metal exposure has been de-
bated for decades (2). Under special conditions, increased BP in animals has been
reported. In environmentally and occupationally exposed humans; observation
of increased BP has also been reported. In some early studies, a relationship was
shown between BP and Cd in animal studies (88). However, studies reporting
similar relationships in humans (89) did not give information on smoking habits.

In a study (90) of an aged population it was found that Cd concentration
in blood was related to diastolic BP in nonsmoking and nondemented individuals
but no correlation was found between blood Cd concentration, age, and cognitive
function. There were no differences in Cd levels in blood between Alzheimer
disease (AD) sufferers and nondemented persons. Observed differences in Cd
concentration in blood were related to smoking habits (90) and the relationship
to BP may be explained by smoking.

This was also further supported in a study (91) on a well-defined cohort
of 804 aged Swedish subjects. By age +77 different multiple regression models
found no relation between Cd concentration in blood and BP. Both systolic BP
and diastolic BP were tested. Regression analyses were also performed with and
without subjects treated with antihypertensive drugs but no association between
Cd concentrations and BP (systolic or diastolic) was seen. Results were also
corrected for smoking habits.

The PheeCad (Public Health and Environmental Exposure to Cadmium)
study group investigated a random sample consisting of 692 subjects in a large
age span, 20-83 years, to see how environmental exposure to Cd influenced BP
and the incidence of hypertension. Blood pressure was measured by conventional
sphygmomanometry with 15 readings in total and also 24-h ambulatory BP moni-
toring. Systolic/diastolic BP was on average 128.4/77.3 mmHg. The baseline
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blood Cd concentration was of 11.1 nmol/L and urinary Cd excretion of 10.2
nmol/24 h (both geometrical means). BCd and UCd declined by 29.6% and
15.2%, respectively, over a 5-year follow-up period. The systolic BP decreased
2.2 mmHg in men and remained unchanged in women. The diastolic BP increased
by 1.8 mmHg in both genders. It was concluded (92) that environmental exposure
to Cd was not associated with higher conventional sphygmomanometry (CBP)
or 24-h ambulatory blood pressure (ABP) or with increased risk of hypertension.
The mechanism behind a possible influence of Cd on the BP was not discussed.
A toxic impact of Cd on BP may only be possible to see during ongoing exposure,
e.g., in relation to nitrogen oxide signaling in the bloodstream. If that is the case
it will be most difficult to relate changes in BP to Cd exposure on a population
basis. During ongoing exposure to Cd equilibrium is likely to occur.

8.7 Cadmium and the Central Nervous System

There is only limited data from animals and humans that exposure to Cd can
give rise to adverse effects on the CNS (2,79). Oral exposure of pregnant or
lactating rats to low-level Cd exposure caused alterations in brain serotonin levels
in the offspring (93).

A direct toxic effect of Cd on primitive nervous tissue appears to be possi-
ble only in embryonic tissues at early stages of gestation, before the blood-brain
barrier is established (94). At later stages of pregnancy and in adult animals, the
blood-brain barrier protects the CNS from Cd as shown by autoradiography in
a study with mice injected i.v. with Cd (95). One explanation why Cd does not
pass the blood-brain barrier might involve its binding to MT in blood plasma
(see below). The blood-brain barrier is considered to keep Cd outside the CNS.
Reported neurotoxic effects of Cd during development are thus likely to be sec-
ondary to an interference of Cd with Zn metabolism or other factors of importance
for the development of the CNS, e.g., hormones, and not a direct effect of Cd
on brain cells. It is of interest to investigate whether neurotoxicity induced by
Cd can be related to mechanisms involving MT-3 in brain. Brain MT is rich in Zn
and an interference by Cd with Zn, MT-3, MT-1, and MT-2 cannot be excluded as
a possible mechanism. However, for substances not passing the blood-brain bar-
rier other routes of uptake in the brain have been suggested. Active axonal trans-
port via the olfactory bulb has been studied in laboratory animals intranasally
exposed to metals, e.g., Cd (96).

Available evidence on Zn and MT in the brain will only be mentioned
briefly. MT-3 has been shown to be present in brain and was first identified as
growth inhibitory factor (GIF) because of its inhibitory role on the growth of
cultured neurons (97). Involvement of GIF in a number of neurodegenerative
disorders, e.g., Alzheimer’s disease (97), established its neurophysiological and
neuromodulatory role. A role of MT in neurotoxicity is mostly focused on MT-
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3 even if both MT-1 and -2 are expressed in brain tissue (42,98). However, MT-
3 differs from MT-1 and -2 as it does not seem to be inducible by Cd and other
metals. By immunoreactivity technique, localization of MT in brain in sheep (99)
was shown and also a shift of expression of MT-1 and -2 during development of
the brain. Expression of MT-1 and -2 at the mRNA level is found in proliferating
ventricular zones followed by expression in radial glial cells, oligodendrocytes,
and astrocytes in many regions in the brain, particularly cerebral cortex. However,
in the adult brain MT is expressed in astrocytes but not in oligodendrocytes.

MT-3 is expressed mainly in large neuronal cell bodies, whereas MT-1 is
predominant in regions rich in glia (100). The highest expression of MT-3 is
found in the dentate gyrus of hippocampus and the olfactory bulb. The distribu-
tion of MT-3 expression is remarkably related to that of histochemically reactive
Zn, which suggests that MT-3 is expressed mainly in neurons that sequester Zn
in synaptic vesicles, the so-called Zn-ergic neurons. It also was found that the
expression of all three forms of MT is relatively high in the olfactory bulb (101).
This suggests that MT might play a protective role in the CNS, because olfactory
bulb provides a direct route of entry into the CNS via the nasal epithelium for
agents that are regarded as not passing the blood-brain barrier.

The location of MT-3 in Zn-ergic neurons suggests a relation to Zn-related
metabolism and physiological function. To investigate the functions of MT-3,
transgenic mice that cannot synthesize MT-3 and overexpress human MT-3
(hMT-3) have been produced (102). It was found that MT-3 might participate in
the utilization of Zn as a neuromodulator (100). It was shown that Zn or Cd
toxicity was unchanged in MT-III-/-, or hMT-III mice (102). Although MT-III
changes the total brain Zn content, it does not affect the synaptic pool of Zn
(102). It is clear that further studies are needed to draw sound conclusions of the
ultimate function of MT-3 and possible involvement in Cd neurotoxicity.

8.8 Endocrine Effects

It was shown by Parizek and Zahor (103) that Cd exposure by injection in animals
could give rise to damage to the testicles, which leads to decreased androgen
action. There has been a long-standing discussion concerning the role of MT in
modulating the effects of Cd on hormone production in the reproductive tissues.
Early observations by Nordberg in 1971 (52) of a low-molecular-weight Cd bind-
ing protein in the testicles of rats, considered to be MT, demonstrated protection
of the interstitial tissue from toxic damage from Cd. Such protection allows con-
tinued testosterone production by these cells at doses of Cd normally giving rise
to cessation of testosterone production. Other authors have claimed, based on
early molecular biology techniques, that MT is not expressed in testicular tissues.
However, recent evidence using quantitative RT-PCR techniques (81) as well as
by others (104) has shown that both MT-1 and MT-2 are expressed in testicular
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tissue, and particularly MT-2 expression at the mRNA level is increased upon
Cd exposure in vivo.

The role of Cd and diabetes was discussed earlier.

Regarding Cd effects on female ovaries see below. The possibility of an
effect of Cd on the hypothalamus and the pituitary related to changes in brain
Zn levels and related MT binding is an interesting possible explanation of some
of the endocrine effects of Cd.

8.9 Blood

Because of its low molecular weight and related efficient glomerular filtration in
the kidney, binding of Cd to MT in blood plasma serves as an explanation for
the efficient transport of Cd from liver and other tissues to the kidney (105).
Toxicological implications of such uptake in the kidney are described above in
the section on kidney. Metallothionein binding in plasma and tissues thus plays
an important role for Cd distribution after uptake. Studies in mice found no differ-
ence in Cd distribution between transgenic mice with increased tissue concentra-
tion of MT compared to normal mice, and these observations were considered
(30,31) to shed doubt on the role of MT in Cd toxicokinetics. However, uptake
and distribution of Cd in the initial phase occurs mainly in a form where Cd is
bound to albumin in plasma (see section on transport to the kidney, above), and
this phase would probably not be influenced by different basic levels of MT.
Another study of transgenic mice deficient in genes coding for MT-1 and -2 (MT-
null mice) showed that elimination of Cd was much faster in MT-null mice than
in control mice, confirming a role of MT in tissue retention of Cd. It was also
observed that the Cd concentration in the kidney continued to increase with time
in control mice but not in MT-null mice, confirming an important role of MT in
transport of Cd to the kidney (31,49).

Studies on the expression of MT gene in human peripheral lymphocytes
(PBLC) indicate that such MT expression might be useful as a biomarker of Cd
exposure and tissue sensitivity to Cd (106). Cadmium could induce MT gene
expression in PBLC in vitro in a dose-dependent pattern. PBLC as such (basal)
and PBLC with Cd added to culture medium (induced) were examined. Concen-
tration of Cd in blood and MT basal and induced gene expression in PBLC were
compared in a study on workers. MT basal expression level was significantly
correlated with Cd-B, but induced MT expression level was not. Basal MT ex-
pression in PBLC thus can be an indicator of Cd exposure. It was also observed
in the studies by Lu et al. (106) that workers with low MT induction in PBLC
displayed renal dysfunction at lower urinary Cd concentrations than those with
high induction of MT. MT expression in PBLC can thus be used as an indicator
of tissue sensitivity to Cd in the kidney.
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8.9.1 Anemia and Erythropoietic System

Animal experiments showed that hemolytic anemia may develop upon long-term
and heavy exposure to Cd (107) with increased urinary excretion of Cd and
involvement of MT (18). In humans (20) increased uptake of Cd was related to
Fe status and such increased uptake is likely to occur also in anemia subjects.

Cadmium is also recognized as a potent inducer of MT synthesis. A study
on the relationship between Fe deficiency and MT-1 concentration in blood and
tissues of rats showed that Fe deficiency increased the concentration of MT-1
in bone marrow of rats with hemolytic anemia. On the other hand, unchanged
concentrations in liver of MT-1 were related to decreased concentration of MT
in kidney. The data were interpreted to mean that MT-1 in blood might reflect
erythropoietic activity (108). The change of MT-1 in bone marrow might also
explain why Fe deficiency increases absorption of metals, not only Cd but also
Pb and Ni.

Erythrocyte MT has been suggested to be used as an index of Zn status in
pregnant and nonpregnant women (109); however, data were not conclusive. That
is probably due to changed blood volume and important change in trace element
metabolism observed during pregnancy.

Discussions about a possibly increased sensitivity to Cd exposure among
humans suffering from hemochromatosis, i.e., an Fe overload disease, have been
going on. The disease is under the control of a gene that encodes for a protein
HLA-H and is described as a histocompatibility complex (MHC) class-1-like
protein. The mechanism of how HLA-H defect affects the Fe metabolism needs
further evaluation (110) but may be related to genetic changes in the regulation
of transferrin receptor in duodenal cells (111,112) and other iron transporter genes
(113).

8.10 Reproductive and Developmental Effects

Reviews have previously been presented on reproductive and developmental ef-
fects of cadmium (2,114-116).

8.10.1 Male Reproductive System

Effects on Experimental Animals. Injection of soluble cadmium salts
(>10umol/kg) to experimental animals gives rise to acute necrosis of the testi-
cles, first reported by Parizek and Zahor (103) and Parizek (117) and later con-
firmed by many authors. Also inunction of soluble Cd-salts on the skin of the
scrotum or oral ingestion of Cd in high concentrations may give rise to this effect
(115,116).

Indications of effects on testosterone production (118) and related effects
on accessory genital organs in mice were found (119) after long-term Cd treat-
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ment. Several more recent studies (120) have shown effects on androgen levels
and accessory male genital organs including the prostate in rats. A decreased
reproductive capacity has been found in some long-term studies (121) but not in
other studies (53).

Since the first reports in the 1970s, a considerable number of publications
have discussed the involvement of MT as a protective agent against tissue damage
from Cd in reproductive tissues. In the first study performed by one of the present
authors (52) it was demonstrated that in mice pretreated with small, not testicle-
damaging doses of Cd a normally testicle-damaging dose did not cause testicular
damage. Compared to nonpretreated animals, a larger proportion of testicular Cd
in pretreated animals was bound to a low-molecular-weight protein assumed to
be MT (52). Subsequent studies by others have questioned the existence of MT
in the testis and the prostate and this has been the subject of considerable contro-
versy. Some authors (120) consider that the lack of expression of MT in these
tissues would explain their sensitivity to development of cancer subsequent to
Cd exposure.

In our own studies in rats, apoptosis was indicated by DNA elecrophoresis
48 and 72 h after a single injection of 5—10 umol/kg of CdCl,. Expression of
MT-1 occurred to a similar extent in controls and Cd-treated animals according to
RT-PCR studies (122). Expression of the p5S3 gene in testicular tissue decreased
markedly with increasing doses of Cd. In the ventral lobe of the prostate a slight
increase in MT-1 expression was noted, while p53 remained largely unchanged.
In subsequent studies, extending the survival time to 96 h (123), similar findings
were found and (123) the c-jun protooncogene was also expressed.

An increased expression of both MT-1 and MT-2 in the testicle of rats has
been observed by Suzuki et al. (104) and in our own (unpublished) studies, pro-
viding additional evidence that MT actually is expressed in testicular tissue.

Effects on Humans. Since humans are not exposed to Cd by injection,
acute effects similar to those seen in animals are not likely to occur although
some acute poisoning cases in human males have displayed histological damage
to reproductive organs including the tests (115,124). The few human studies that
have been published in recent years have not detected any clearly adverse effects.

No difference was found in fertility between male Cd workers and an unex-
posed population (n = 138) when assessed by birth experiences of their wives
(125). Concentrations of Cd in semen of two workers with occupational exposure
to Cd (mean concentration 3.3 pg/L) were higher than those in semen samples
of 174 men without Cd exposure (mean concentration 0.38—0.44 ug/L) (126).
No correlation was found between Cd concentrations and fertility status. Mean
Cd concentrations in seminal plasma were slightly higher in smokers (0.54 ug/L)
compared to non-smokers (0.42 pg/L). However, no difference was found in
another study (127).
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Concentrations of Cd in reproductive organs of men who had died suddenly
revealed the highest concentrations in epididymides, seminal vesicles, increasing
with age (128).

8.10.2 Female Reproductive System

Effects on Animals. Since the first observations by Kar et al. (129) that
in prepubertal rats, ovaries underwent morphological changes after injection of
Cd chloride, several subsequent studies have shown that ovarian hemorrhages
occurred in rats after injection of Cd salts. Similar effects have also been shown
in mice. In prepubertal rats, endothelial damage in the blood vessels of the uterus
and ovaries was reported and normal ovulation was inhibited in hamsters. These
effects occurred at injected doses higher than 2.3 mg/kg body weight (20 wmol/
kg). Long-term exposure to lower daily doses (0.036 and 0.18 mg Cd/kg body
weight) was reported to give rise to changes in the blood vessels of the myome-
trium of the uterus in female rats (115,116).

When pregnant rats were injected (up to 5 mg Cd/kg), normal steroidogene-
sis was affected with changes in serum estradiol concentrations and ovarian estra-
diol production (130).

Uptake of Cd into the fetus is dependent on a number of conditions such
as the dosage and stage of gestation. Cadmium passage through the placenta into
the fetus is limited after closure of the vitiline duct (94,131,132).

Since the first studies on the teratogenic effects of injected Cd by Ferm
and Carpenter (133) on golden hamsters, there have been several subsequent
studies showing fetal death as well as severe malformations. A factor that may
be of importance is Zn. Maternal Zn deficiency increases fetal susceptibility to
Cd. Maternal Cd injections inhibit the transport of Zn from the mother to the
fetus (115,134). Injections in pregnant rats of 2.4 mg Cd/kg body weight in the
late stage of pregnancy (17-20 day) gives rise to vascular changes at sites of
oestrogen biosynthesis and destruction of the placenta and this can subsequently
cause fetal death (135). Also toxicity to the dam occurs—a condition similar to
“‘toxemia of pregnancy’’ (136). Some data on long-term exposures also indicate
that lower doses can increase the barrier between maternal and fetal circulation.
High peroral exposure in pregnant animals may also result in reduced fetal weight
and in some experiments also malformations (115,124).

Prenatal exposure to Cd can affect brain development in rats: conditioned
avoidance reactions were more frequent compared to controls in rats whose dams
had been injected with CdCl, (137).

Gupta et al. (138) gave dams 20 mg/L of Cd in the drinking water from
day O of pregnancy. In the pups, there were changes in brain enzymes and lipid
peroxidation in relation to controls. Considerable concentrations of Cd have been
found in the brains of pups from similar experiments (34 pug/g) (139).

Rats exposed during lactation (dams) or postweaning to 5 ug/g of Cd in
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drinking water had undetectable levels of Cd in their brains but brain levels of
serotonin and 5-hydroxyindoleacetic acid were reduced (93).

Differences in MT isoforms in livers of both prenatal and neonatal rats
were shown depending on Cd or Zn injection (140). Another study on Cd-treated
rats made pregnant showed that in the pregnant rats there was a faster decrease
in hepatic Cd levels and a faster increase in kidney Cd levels compared to non-
pregnant rats. The pregnant rats also had higher plasma Cd levels (and MT levels)
than nonpregnant rats. These observations were further supported by the studies
of Chan et al. (141), in which it was shown that basal levels of MT were increased
already at day 8 of pregnancy in rats not treated with cadmium. This observation
is in accordance with tentative increased demand for metals, e.g., Zn and Cu,
during pregnancy.

Effects on Humans. Clarkson et al. (114), in their overview of reproduc-
tive effects of Cd, discussed the possibility of the placental vasculature as a criti-
cal tissue in long-term Cd exposure, and pointed out that there was insufficient
evidence at that time to consider effects on that tissue as a critical effect.

WHO (2), in a section dealing with fetal effects, pointed out that maternal
hypertension and decrease in birth weight have been associated with elevated
levels of Cd in the neonate. In addition, it is well established that babies of moth-
ers who are cigarette smokers are smaller at birth than are those of nonsmokers.
However, neither the placenta nor the fetus was considered as a critical organ in
the further discussions in the WHO document (2). In the following text some
more recent data will be reviewed. Eisenmann and Miller (142) studied the toxic-
ity of Cd to the isolated human placenta using a perfusion technique. Cadmium
(20 nmol/ml) produced decreased production and release of human chorionic
gonadotropin (hCG).

Cadmium (107° M) inhibited spontaneous contractile activity in vitro and
changed effects of Ca®" and oxytocin in myometrial strips from term pregnant
women (143). Pregnancy complications were recorded in a group of women re-
siding in the vicinity of a Cu smelter (144). In patients with threatened spontane-
ous abortion, toxemia and anemia, biochemical changes suggestive of increased
lipid peroxidation and decreased antioxidant protection, were found. Increased
Cd concentrations in blood were associated with a decrease in reduced glutathi-
one in blood (144). Changes in glutathione protection were related to placental
As and Cd and tobacco smoking (145).

Low maternal Fe stores and high intake of fiber increased the accumulation
of Cd in the placenta in Swedish women (146).

In placental tissue from 55 mothers from Ontario, Canada, who were not
smoking, Cd concentration was 32 ng/g. There were strong positive correlation
between Zn, Cu, and MT concentrations in placenta, but a negative correlation
between MT and Cd concentration (147).
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In female Ni-Cd battery workers mean placental Cd concentration was 21
ng/g. No effect of Cd exposure on birth weight was detected, but a statistically
significant effect on birth weight of smoking during pregnancy was observed
(148). Elevated placental Cd (0.73 nmol/g dry weight) was reported in a smelter
area, similar to the level found in smokers but there was no association between
placental Cd and birth weight. The authors therefore concluded that the effects
of smoking on birth weight are not mediated through Cd (149).

Lagerkvist et al. (150) found higher blood Cd values (10 nmol/L) in smok-
ing pregnant women than in non/ex-smokers. There was a tendency in non/ex-
smokers toward increasing blood Cd levels during pregnancy, reaching a blood
Cd of 7 nmol/L at delivery, while an opposite tendency appeared for smokers.
The decrease of blood Cd in smokers was due to decreased smoking during preg-
nancy. The increase in nonsmokers may be related to a mobilization of Cd from
liver to blood during pregnancy. Such an interpretation is supported by animal
data by Chan and Cherian (140,141). Lagerkvist et al. (151) found the following
Cd concentrations in placenta samples of women in northern Sweden: GM =
5.0, 3.6, and 2.6 ng/g wet weight in smokers, ex-smokers, and nonsmokers, re-
spectively. It was noted that placental Cd concentrations were four and six times
higher than maternal and umbilical cord blood Cd, respectively (151).

8.10.3 Summary and Conclusions Concerning
Reproductive and Developmental Effects

Cadmium injection in a single dose can cause acute necrosis of the testicles of
experimental animals. In long-term exposure to Cd such effects are not seen but
there may be other disturbances of the male reproductive system involving
changes in male sex hormones. However, with the possible exception of prostate
cancer, presently available evidence is not sufficient to state that such effects
occur at low exposures and male reproductive effects are not considered as critical
effects in humans.

In female rats hemorragic changes in ovaries, changes in ovarian hormonal
production, endothelial changes in blood vessels with fetal death, and placental
necrosis have been documented. Similar Cd doses given early in pregnancy can
give rise to teratogenic effects in animals. Long-term exposure may give rise to
reduced fetal weight and in some experiments to malformations. Changes in brain
development and changes in brain enzymes have been reported in pups from rats
treated orally with Cd during pregnancy and lactation. A factor contributing to
the embryotoxicity and teratogenicity of Cd is that the transfer of Zn to the fetus
is reduced by Cd exposure.

In human placentas exposed to Cd after delivery, pathological changes can
be induced. In humans, elevated levels of Cd in the neonate of smoking mothers
have been associated with decreases in birth weight. In female Cd workers and
in women exposed to environmental Cd, there were elevated Cd levels in placen-
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tas but no effect on birth weight. It is therefore considered unlikely that smoking-
related increases in Cd levels would cause effects on birth weight.

There are no convincing observations of teratogenic or embryotoxic effects
in humans. Reproductive, teratogenic, and developmental effects are not consid-
ered critical effects in humans at present.

8.11 Carcinogenicity

Whether Cd can give rise to cancer in humans has been much debated and mostly
focused on cancer in the prostate and the lung. Data up to 1992 have been summa-
rized in Nordberg et al. (50). IARC classified Cd as a human carcinogen belong-
ing to group 1 (47). This was based on data showing that Cd can give rise to
lung cancer in industrial workers. An interesting observation is that tobacco can
be high in Cd and that the body burden of Cd is elevated in smokers. Cadmium
could be one important agent in tobacco that contributes to the causation of the
lung cancer in smokers.

The U.S. Department of Health and Human Services (DHHS) has deter-
mined that Cd and Cd compounds may reasonably be anticipated to be carcino-
gens. The evidence for this is based on increased lung cancer in humans caused
by inhalation of Cd.

The assessments by these organizations were partly based on data summa-
rized in Nordberg et al. (50) with an emphasis on the occurrence of lung cancer
in an American cohort of exposed workers (152,153). These findings have been
criticized (154). In a reanalysis of the data from the U.S. cohort (155) it was
shown that a significant trend for lung cancer risk was found only for the com-
bined exposure to As and Cd and there appeared to be no independent effect of
Cd. In a study of Cd-exposed workers in the United Kingdom (156) no excess
of lung cancer could be demonstrated. Early observations of an increased occur-
rence of prostate cancer in Cd workers (157) have not been confirmed in some
later studies on Cd workers (158) and more recent epidemiological studies have
reported variable results (159,160).

Evidence for carcinogenicity by Cd in animals has been available since
1960 (161). Injection site sarcomas and tumors in the male reproductive organs
of rats and mice have been repeatedly reported (47,162). Oral Cd exposure pro-
duced dose-related increases in the incidence of leukemia, interstitial cell tumors
of the testis, and proliferative lesions of the prostate in male rats in one study
(163) but not in another study (164). Prostate carcinogenesis is dependent on an
intact testicular production of testosterone. The use of Cd doses causing testicular
degeneration (see above) may explain the lack of tumorigenesis in the prostate
in some experiments. A possible involvement of Cd-induced changes in expres-
sion of MT, p53, and protooncogenes, such as c-jun in the development of pros-
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tatic and testicular tumors in rats, has recently been indicated (122,123). With
regard to lung cancer in animals, a dose-related increase in such tumors was
shown (46) after inhalation of Cd in rats.

9. RISK ASSESSMENT BASED ON CRITICAL EFFECTS
AND DOSE-RESPONSE RELATIONSHIPS

Risk assessment in environmental and occupational medicine serves as a basis
of preventive action for avoidance of adverse health effects in populations ex-
posed to chemicals. Concepts that are useful in risk assessment are critical effect,
critical organ (tissue), and critical concentration (50).

When a group of individuals is exposed to high concentrations of a toxic
substance, clinical disease or death will occur in a proportion of the exposed
individuals that is related to dose. Similarly, at a lower dose range, there will be
a dose-response relationship for less severe effects. In occupational and environ-
mental health, it is important to prevent adverse effects on human health and
dose-response relationship and the adverse effect that occurs in the lowest dose
range is therefore of particular interest. This effect is critical for preventive action
and is termed the ‘‘critical effect.”” The organ or tissue whose damage gives rise
to the critical effect is the critical organ (50). At a certain concentration in the
critical organ the earliest adverse effect will occur in an individual. This is defined
as the critical concentration for that individual. In many cases the effects are
irreversible. Whether the damage that occurs upon exposure to an agent is revers-
ible or irreversible is of importance in determining whether an effect is to be
considered adverse, i.e., whether it should be classified as a critical effect. To
prevent suffering and influence on quality of life, it is important to find indicators
for early detection of effects in the critical organ.

The critical effect of Cd exposure in both the general environment and the
work environment is considered to be renal tubular dysfunction. Recent evidence
indicates that renal damage occurs at much lower Cd concentration than previ-
ously estimated. Based on evaluations of several recent studies (19) in the general
population, it has been concluded that an average urinary Cd level of 2.5 ug/g
creatinine is related to an excess prevalence of renal tubular dysfunction of one
or a few percent. A Cd concentration of 50 pg/g cortex wet weight, which is
reached after decades of Cd intake of 50 pg/day, gives rise to the mentioned
urinary Cd excretion of 2.5 ng/g creatinine. This is a higher risk of tubular dam-
age than indicated by earlier estimates. These risk estimates are made for a popu-
lation group in total. However, estimates have to be made for certain identified
groups with increased risk for development of renal tubular dysfunction. Groups
that have been identified as constituting such risk groups are subjects with low
Fe stores and smokers. It has been estimated that a small percentage (1-5%) of
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such groups may develop renal tubular dysfunction at an oral intake of about 15
pg/day. Glomerular dysfunction is not considered to occur below the Cd concen-
tration in renal tissue where tubular dysfunction is manifested.

At present data on bone effects of Cd are not sufficient to perform a risk
estimate in the human population. It should, however, be stressed that such data
might be available in the near future. At that time a reevaluation of critical effects
and exposure levels has to be performed.

IARC concluded in 1993 (47) that there was sufficient evidence to classify
Cd as a human carcinogen, thus belonging to the class 1 agent group according
to the IARC classification system. However, recent reanalyses of data on Cd and
lung cancer have not been confirmatory. The lack of sufficient data on Cd and
lung cancer means that it may not be possible at present to draw a conclusion
that Cd is a human carcinogen. It would at present perhaps be more appropriate
to classify Cd as a 2A chemical, i.e., a probable human carcinogen.

Based on the risk estimates presented in the foregoing paragraph, a risk
characterization of Cd exposure in the general population can be as follows:

A daily intake of 30 ug Cd over a lifetime will give an increase of 1%
renal dysfunction in the adult population and in the high-risk groups up to 5%
of such groups will display such an effect.

With the present Provisional Tolerable Weekly Intake (PTWI) of 70 g/
day via food up to 7% of the population will be expected to develop tubular
dysfunction and the figure for the risk groups will be higher, i.e., 17%.

When discussing risk characterization it has to be kept in mind what charac-
teristics are set and which cutoff level is chosen.

Dietary intake of cadmium has been estimated to be 12-50 pg/day on
average in various countries, as mentioned earlier.

10. DIAGNOSIS OF CHRONIC POISONING

Chronic Cd poisoning subsequent to long-term (years-decades) exposure to in-
dustrial air with Cd concentrations considerably above present exposure limits
is characterized by renal tubular (and, in some rare cases, glomerular) damage,
lung disorders, and, in some rare cases, osteoporosis. Lung disorders with ob-
structive and restrictive components are seen only in persons exposed to high
levels in the past when occupational exposure limits were high. If industrial moni-
toring data are lacking, past exposure can be estimated from current biological
monitoring data either by general approximate relationships or more precisely
using a model (165) to calculate cumulative dose and body accumulation in vari-
ous organs.

Concentration of Cd in blood reflects either ongoing or recent exposure to
Cd. Cadmium in urine reflects the body burden of accumulated Cd. There is an
approximately linear relationship between urinary Cd and Cd in the renal cortex.
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At urinary Cd concentration of 5 pg/g creatinine (19) the renal cortical level is
approximately 100 mg/kg, corresponding to approximately 5% excess risk of
low-molecular-weight proteinuria (see also preceding section on critical effects
and dose-response relationships). Various biomarkers, such as B,-microglobulin,
protein HC, and activity of NAG A and B with a preference for NAG B in
urine, can be analyzed to evaluate whether signs of renal dysfunction are
present.

11. PREVENTION OF Cd POISONING, NATIONAL AND
INTERNATIONAL RECOMMENDATIONS

11.1 International Evaluations and Recommendations

Cadmium has been repeatedly evaluated by the International Agency for Re-
search on Cancer. The latest evaluation was made in 1993 (47). Cadmium and
its compounds was classified as a human carcinogen (Group 1). Health-based
limits for occupational exposure to Cd fumes and respirable dust have been pro-
posed by the World Health Organization (166): 250 pg/m?® for short-term expo-
sures; provided the recommended time-weighted average (40 h/week) of 10 pg/
m? is respected. Cadmium levels in urine and blood of individuals should not
exceed 5 ug/g creatinine and 5 pug/L of whole blood, respectively.

A drinking-water guideline value of 5 pg/L has been set (167).

The joint FAO/WHO Expert Committee on Food Additives and Food Con-
taminants has set a provisional tolerable weekly intake (PTWI) of Cd at 400—
500 pg for adult persons (168), corresponding to approximately 1 pg/kg body
weight for each day of the week.

Oral intake of Cd in high single dose via food or drink gives rise to gastroin-
testinal symptoms (see above). The PTWI is set to allow a certain variation of
intake during a week provided the weekly intake is not exceeded. The extent to
which amounts above the PTWI can be allowed during various time intervals
was discussed by Nordberg (169). A single dose of 4—14 pg/kg body weight or
a dose of 3 ug/kg body weight over periods of months was considered tolerable
without gastrointestinal symptoms when PTWI is temporarily exceeded. There
should be a period of compensatory intakes lower that the PTWI to avoid the
risk of renal dysfunction. For children and pregnant or lactating women daily
intake should not exceed 1 pug/kg body weight.

11.2 National Regulatory Rules and Other Legislation

To protect human health, the government in each country makes recommenda-
tions and sets regulatory rules regarding human Cd exposure. The U.S. Environ-
mental Protection Agency (EPA) (170) allows 5 parts of Cd per billion parts of
drinking water (5 ppb). Limits for how much Cd can enter lakes, rivers, waste
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sites, and cropland are also under EPA regulation. The EPA does not allow Cd
in pesticides.

The U.S. Food and Drug Administration (FDA) has set a limit on the
amount of Cd in food colors to 15 parts of Cd per million parts of food color
(15 ppm) (15 mg/kg).

The U.S. Occupational Safety and Health Administration (OSHA) has set
a threshold limit value for occupational exposure via air of 100 ug Cd/m? as Cd
fumes and 200 pg Cd/m?® as Cd dust. The intention is to limit all Cd compounds
to either 1 or 5 pg/m?. The National Institute for Occupational Safety and Health
(NIOSH) currently recommends keeping inhalation of Cd as low as possible
(170).

In Sweden certain industrial uses of Cd (electroplating, pigments) are
banned. The National Board of Occupational Health regulates the exposure to
Cd in the work environment. A hygienic limit value for respirable dust has been
set at 10 pg/m? and for total dust 50 pg/m? (171). Cadmium is listed as a carcino-
genic compound. Medical checkup is compulsory for employed workers with
periodic determinations of blood Cd.

Cadmium is regulated in the United States by the EPA and in some states
under the Clean Water Act’s National Pollutant Discharge Elimination System
and General Pretreatment Regulations. EPA offices overseeing regulations and
guidelines applicable to Cd include the Offices of Air Quality Planning and Stan-
dards; of Drinking Water; of Toxic Substances; of Solid Waste; of Pesticide Pro-
grams; and of Emergency and Remedial Response. Cadmium is listed as a toxic
chemical under the Emergency Planning and Community Right-to-Know Act;
estimates of Cd releases into the air, water, or land must be reported annually
and entered into the national toxic release report (172,173).

Sweden lacks threshold limit values for Cd in food but is most active in
the international work to develop such a concentration. On the national level a
recommendation regarding restricted intake of liver and kidney exists. Depending
on the age of the animal, an intake of 1-2 meals per week is recommended or
no consumption at all (174).

12. SUMMARY

Cadmium is a silver-white metal. It occurs naturally widely dispersed in the envi-
ronment and is produced as a by-product in the production of other metals. Hu-
man exposures occur as inhalation of Cd-containing dust in industry and orally
as Cd-containing food in the general population. Uptake of Cd via inhalation is
5-35% depending on particle size. Oral uptake is approximately 5% but may be
higher in persons with Fe deficiency. After uptake Cd in blood is initially taken
up by the liver and subsequently slowly redistributed to the kidney because of
its binding to the low-molecular-weight protein MT. Cadmium bound to this
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protein in blood selectively accumulates in the kidney. In long time exposures
Cd gradually accumulates particularly in the kidney but also in other tissues.
When concentration in the kidney cortex reaches 50 mg/kg or higher, damage
to renal tubular cells may occur in the most sensitive persons. This gives rise to
a decreased ability of kidney to reabsorb proteins with increased concentrations
of low-molecular-weight proteins and Ca in urine. As a result of long-term Ca
losses and other metabolic changes related to the renal damage, osteoporosis and,
in severe cases, osteomalacia (itai-itai disease) occur. Cadmium has been shown
to cause damage to reproductive organs and carcinogenesis in laboratory animals.
Long-term human exposures have given rise to lung cancer in industrial workers
and Cd is considered carcinogenic to humans, but there is some uncertainty in
this assessment based on recent data. Because of its toxicological properties,
legislation implying considerable restrictions in its use has been passed in some
countries. Industrial exposures as well as exposures in the general environment
have to be kept below recommended exposure limits in order for adverse health
effects to be avoided.
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Chromium and Cancer

Montserrat Casadevall and Andreas Kortenkamp
The School of Pharmacy, London, England

1. INTRODUCTION

More than a century ago, David Newman published a case report on a chrome
pigment worker who suffered from carcinoma of the upper respiratory tract. This
report (1) marked the beginnings of systematic research into the carcinogenicity
of chromium compounds. Since then, a multitude of epidemiological studies have
appeared. The link between inhalation of chromium(VI) compounds and the cau-
sation of cancers of the airways and lungs is now well established (2). Although
neoplasms of the respiratory system are the most prominent effect of chromi-
um(VI), other cancers have also been associated with exposure to these metal
compounds (3).

Inhalative exposure to chromium(VI) occurs in many working environ-
ments, including the primary production of chromates, chromium plating, chro-
mium(VI) pigment manufacture, and stainless steel welding. The major source
of chromium(VI) exposure in the construction industry is via cement. People not
themselves engaged in handling chromium compounds at their workplaces may
also come into contact with these carcinogens. Prominent examples include resi-
dential populations living near ferrochromium smelters and other industrial in-
stallations involving chromium use, or sites where highly toxic chromium-con-
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taining wastes were dumped (e.g., New Jersey, U.S.; Glasgow, U.K.; Ruhr area,
Germany). Chromium(VI) is also used as an anticorrosive agent for water-cooled
installations such as cooling towers or pumping stations. In one instance, chromi-
um(VI)-containing water from a pumping station operated by the Californian
utilities company Pacific Gas and Electric reached the wells of residents who
used it as drinking water (3).

Toxicology and epidemiology have played their roles in identifying work-
ing environments where chromium(VI) is a hazard. The focus is now shifting to
questions concerning the early detection of signs of malignancies in exposed
individuals. Here, the biological monitoring of exposed workers has raised hopes,
not only as a means of verifying compliance with existing health regulations but
also as a tool that might allow further refinements of risk estimations. Another
challenge is to establish whether exposures close to current occupational exposure
limits of around 50 ug/m? in workplace air pose cancer risks. This question has,
of course, wider implications: is there a ‘‘safe’” exposure level for chromium(VI)
or is it necessary to regard any exposure as potentially hazardous?

In this chapter, we will present an overview of environmental settings
where exposure to chromium occurs. In view of the overall hazards, we will
concentrate on workplace environments and will only briefly discuss scenarios
of (residential) environmental exposure. A short update on recent relevant epide-
miological studies will be followed by considerations of the toxicokinetics of
chromium(VI) upon inhalation. A discourse on the molecular mechanisms under-
lying the carcinogenicity of chromium(VI) will set the scene for an in-depth con-
sideration of approaches to the biological monitoring of chromium(VI)-exposed
subjects.

2. EXPOSURE TO CHROMIUM(VI)
2.1 Occupational Settings

The metallurgical industries are the most important users of chromium. Eighty
percent of the total mined chromium is used as an alloying agent in the production
of chromium steels. The remainder of the output of primary chromium production
goes into the manufacture of chromium chemicals that are used in pigments,
leather tanning, wood preservation, and metal-finishing processes (4,5). Millions
of workers worldwide are exposed to fumes, mists, and dust containing chro-
mium. The highest exposures occur during chromate production, chromium plat-
ing, pigment production, ferrochromium production, spray painting, stainless
steel welding, and cement finishing.

Workers engaged in the production of chromate are exposed to dusts con-
taining chromium(III) (derived from chromite ore) and chromium(VI) (sodium,
potassium, calcium, and ammonium chromates and dichromates). The relative
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amounts of the two chromium oxidation states in the air vary along the chromate
production line, with workers involved in chromite and lime mixing being ex-
posed mainly to trivalent chromium and those involved in the following steps,
roasting, filtering, and shipping, exposed to a mixture of both.

Of the three methods of stainless steel welding, i.e., manual metal arc
(MMA), metal inert gas (MIG), and tungsten inert gas (TIG), the MMA method
produces welding fumes containing the largest amounts of chromium(VI). In
MMA stainless steel welding, oxidation of metallic chromium to chromium(VI)
occurs in close proximity to the electrodes and is followed by an immediate
reaction with alkali oxides from the electrode coatings. These processes give rise
to the formation of sparingly or readily water-soluble alkali chromates including
potassium dichromate and calcium chromate. In shield gas welding (MIG, TIG),
the inert gases largely prevent metallic chromium from being oxidized to chromi-
um(VI), although not completely. As a result, the predominant oxidation state
of chromium in MIG and TIG welding fumes is thought to be chromium(III), with
chromium(VI) being present at relatively low levels. Another important factor is
that alkali oxides capable of reacting with chromium are not used in shield gas
welding processes. The total fume concentration in the breathing zone of MMA
welders may be as high as 100 pg/m?®, with the level of chromium(VI) reaching
4 mg/m? in extreme cases (6).

The manufacture of chromium pigments begins with solutions of sodium
chromate or bichromate to which water-soluble salts of, for example, lead are
added to form precipitates of lead chromate. Similarly, zinc chromate is formed
by reaction of zinc oxide with sodium chromate or bichromate. Once the precipi-
tates have formed, they must be separated, dried, milled, and packed. Exposure
to lead or zinc chromate is therefore greatest in the latter stages of the process,
the “‘dry’” department, where the conditions are very dusty. Exposure to sodium
chromate is highest at the beginning of the process, in the so-called ‘‘wet’’ depart-
ment. Thus, simultaneous exposure to more than one chromium compound occurs
frequently (4,7).

Chromium platers are exposed to mists of chromium(VI) trioxide, which
are generated during electrolysis in plating baths containing chromium trioxide,
sulfuric acid, and various organic additives. The mists are formed when bubbles
of oxygen and hydrogen arise from the electrodes and burst at the liquid surface
of the plating bath. The use of surfactants or floating balls, combined with local
exhausts, can substantially lower exposure to chromium(VI) trioxide. Around
baths equipped with local exhausts chromium(VI) air levels are around 10-30
Lg/m?, but rise to 120 pg/m?* without exhausts (4).

The production of ferrochromium steel involves the electrothermal reduc-
tion of chromite ore with coke in furnaces. Workers near these furnaces are ex-
posed to fumes containing mostly trivalent chromium, but also chromium(VI)
trioxide. The exposure patterns peculiar to the ferrochromium manufacturing in-
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dustry were used to investigate whether exposure to forms of chromium other
than chromium(VI) would cause cancer.

2.2 Nonoccupational Exposure

Exposure of the general population to chromium occurs through air, food, and
water, but the levels are usually much lower than those found in occupational
settings. Anthropogenic activities are responsible for the presence of chromium
in the environment.

In the United Kingdom the main sources of chromium emissions into the
atmosphere are waste incineration, fuel combustion, and industrial processes such
as iron and steel production. In 1995, 60 tonnes of chromium were emitted in
the United Kingdom (8). The concentration of chromium in the air of U.S. cities
with chromium-related industries is higher than the national average. Coal-fired
plants also contribute to the amount of chromium in the air owing to the release of
chromium that is present in coal. An additional source of chromium are cement-
producing plants.

The presence of chromium in water is the result of mineral-weathering
processes. Other contributory factors are soluble organic chromium compounds
and the mobilization of chromium compounds from sediments. In addition, sur-
face waters and groundwater can be contaminated with wastewater from elec-
troplating, leather tanning, or waters laced with chromium(VI) as an antirusting
agent. Solid waste from the chromate production processes or municipal incinera-
tion can also find its way into drinking water if not properly disposed of (4).

Solid waste disposal from industrial activities is now controlled and con-
centrated in restricted landfill sites. Previous practice, however, when residues
were indiscriminately used as landfill material, has resulted in large-scale contam-
inations of land. Representative examples are those of Glasgow in the United
Kingdom where the world’s largest chrome producer was in operation from the
nineteenth century until 1967, and the Aberjona River basin in Massachusetts
where chemical manufacturing and leather-tanning activities have left a legacy
of environmental contamination. The area now contains two of U.S. EPA’s Su-
perfund sites and 20 state-identified hazardous waste sites (9—11). In southeast
Glasgow, U.K., chromite ore-processing residues were used routinely as landfill
material; a reported 60—70 tonnes of waste was dumped daily between 1960 and
1966 (9). Annual mean chromium levels in watercourses passing through this
contaminated land are around 3920 ug/L as opposed to the 0.02 pg/L reported
as background levels (12). Similar contaminated sites exist all over the Ruhr area
and to the north of Cologne in Germany.

In residential settings near to or on waste-dumping sites containing chro-
mium-contaminated soil exposure is mainly via accidental ingestion of soil and
inhalation of dusts (4,13).
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3. THE CARCINOGENICITY OF CHROMIUM(VI)
3.1 Epidemiological Studies in Occupational Settings

The carcinogenicity of chromium(VI) compounds in various occupational set-
tings is well documented, and the interested reader is referred to various excellent
in-depth reviews of the topic (2—4,7,13,14). Here, we will only present an over-
view of the most important findings.

Epidemiological studies conducted in many different countries have consis-
tently demonstrated an increased risk of developing lung cancer in the primary
chromate production. The risk of lung cancer increases with duration and severity
of exposure.

Similar studies carried out in the pigment production industry have also
shown an excess risk of lung cancer. Workers engaged in pigment production
inhale dusts of calcium, zinc, and lead chromate. Zinc chromate is reported to
be a particularly potent human carcinogen. The available epidemiological data do
not provide strong evidence for the carcinogenicity of lead chromates in humans.
However, the data are not sufficient to rule out the possibility of such an associa-
tion.

In a recent survey among chromium platers Sorahan and colleagues (15)
were able to show that lung cancer mortality and nasal ulcerations were correlated
with duration of chrome bath work. Crucially, their results suggest that a working
life at the current U.K. maximum exposure limit for chromium(VI) of 50 pg/m?
(time-weighted average) may present unacceptable risks.

Comparatively few studies have addressed the issue of lung cancer in work-
ers of the ferrochromium industry. Where an increase in lung cancers could be
demonstrated, the presence of chromium(VI) in the work environment was
shown. In other investigations no excess of lung cancer was observed. Finally,
the carcinogenicity of chromium was investigated in industrial settings such as
stainless-steel welders where a relation between exposure to chromium and in-
creased incidence of lung cancer could be confirmed.

3.2 The Types of Cancers Observed After Exposure to
Chromium(VI) by Inhalation

Squamous cell carcinoma of the lung is the most frequent type of lung cancer
observed after exposure to chromium(VI) compounds by inhalation. However,
other types of cancer are also detected, and the kind of lung cancer appears to
depend on the nature of the chromium compound, the duration of exposure, and
the smoking habits of the exposed individuals. As a general rule, exposure to
increasingly refined chromium(VI) compounds with lower levels of chromi-
um(III) results in squamous cell carcinoma as the dominant type of cancer,
whereas heavy exposure to mixed chromium compounds, especially chromi-
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um(IIl) and chromium(VI), leads to the formation of both squamous cell carci-
noma and small cell carcinoma (13).

The occurrence of rare sinonasal cancers was reported in the epidemiologi-
cal studies of workers in the chromium pigment production conducted by Langard
and Norseth (16). Of the cancer cases described later by Langard and Vigander
(17), one patient had small cell carcinoma, three had epithelial carcinoma, one
had oat cell carcinoma, and one had adenocarcinoma.

Squamous metaplasias of the bronchial epithelium are also frequently observed
in lung cancer patients with a history of exposure to chromium(VI) (18-20).

Epidemiological studies of the health experience of workers exposed to
chromium have produced suggestive evidence that chromium(VI) is also capable
of producing nonrespiratory cancers, including malignancies of the digestive sys-
tem, stomach, nasal, larynx, pleura, kidney, prostate, and bladder (3).

3.3 Health Effects in Residential Populations Exposed to
Chromium(VI)

A few studies suggest adverse health effects due to exposure to environmental
chromium, primarily for people living near chromium-related industries or in areas
where solid waste from mining has been used as a landfill (3,4,10). In Woburn,
located in the Aberjona River basin, a fourfold increase in childhood leukemia was
attributed to the possible consumption of water with chromium(VI) levels above
the standard (4,10). However, recent studies, during which hair analyses for metal
exposure were conducted, could not confirm the suspected chromium and arsenic
exposure due to consumption of contaminated drinking water (11).

Epidemiological studies of chromium exposure and incidence of lung can-
cer have also been performed. A Swedish study analyzing the incidence of lung
cancer in a population living near a ferrochromium smelting plant did not find
elevated cancer mortalities relative to the general population. Examinations of
two populations in New Jersey, living in properties containing chromite ore-min-
ing residues concluded that there were no significant increases in carcinogenic
or noncarcinogenic effects (4,13).

One of the main conclusions of a comprehensive review on the impact
of chromium in environment and general population published by the Canadian
Government reads:

It has also been concluded that the group of hexavalent chromium com-
pounds as a whole is entering the environment in a quantity and concen-
tration or under conditions that may constitute a danger in Canada to
human life or health, while the group of trivalent chromium compounds
as a whole is not entering the environment in a quantity and concentra-
tion or under conditions that may constitute a danger in Canada to human
life or health (21).
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It is clear that the possibility of adverse health effects due to environmental
chromium exposure is of concern. However, the number of published studies is
too small to reach clear-cut conclusions. In most cases human health risk cannot
be properly assessed because there are insufficient data on population exposure.
Furthermore, there is a lack of understanding of the long-term effects of chromi-
um(III) accumulation in the body.

3.4 Noncancer Effects

Exposure to chromium can result in toxic effects other than malignant neoplasia.
Chromium dermatitis and skin ulcers have been consistently reported in various
occupations with exposure to chromium compounds, including the manual han-
dling of cement, leather, plastics, dyes, textiles, paints, printing inks, cutting oils,
photographic materials, detergents, wood preservative, anticorrosion agents, and
welding rods (4,13). Perforations and ulcerations of the nasal septum and bron-
chial asthma are frequent results of inhalation of chromium(VI), particularly
among chromium platers. With reference to ulcerations among platers Sorahan
and colleagues (15) quote Her Majesty’s Factory Inspectorate as stating in 1967
that “‘ulcers . . . on the fingers or hands . . . are usually the outcome of lack of
personal measures of protection. . . . Nasal ulceration is, in contrast, usually due
to airborne mist or spray . . . and most commonly denotes a failure of plant
control.”’

4. TOXICOKINETICS OF CHROMIUM(VI) FOLLOWING
EXPOSURE BY INHALATION: “HOT SPOTS"” OF
CHROMIUM ACCUMULATION IN THE LUNG

4.1 Deposition in the Lung and
Site-Specific Carcinogenesis

A characteristic feature of carcinogenesis following exposure by inhalation is the
site-specific formation of neoplasms. The carcinoma developing after exposure
to inhaled carcinogenic agents usually appears in central, rather than peripheral,
regions of the lung. Studies using hollow casts of the respiratory system have
shown that particulate matter is preferentially deposited near bifurcations of the
conducting airways (22). Judging from experiences with other carcinogens, con-
siderable amounts of chromium should be deposited in the lungs of exposed per-
sons and sites of neoplasia should coincide with sites of enhanced deposition.
Postmortem analyses of lung tissue obtained from chromium workers who
died of lung cancer have indeed revealed that chromium(VI)-containing particles
stay in the lung for very long periods of time (23,24). Even years after cessation
of exposure most of the chromium can still be found in the respiratory tract. Only
relatively small amounts reach liver and kidneys via the bloodstream. The total

Copyright © Marcel Dekker, Inc. All rights reserved.

MaRcEL DEKKER, INc. ﬂ
270 Madison Avenue, New York, New York 10016 0



278 Casadevall and Kortenkamp

amount of chromium residing in the lungs of Japanese chromium(VI) production
workers was found to be as high as 30—70 mg, while the amounts found in the
liver and kidney were 3.8 mg and 0.8 mg, respectively (25). In comparison, the
lungs, livers, and kidneys of decedents with no occupational chromium exposure
contained 0.08—1.2 mg, 0.3 mg, and 0.07 mg, respectively. [These figures were
calculated from the data in Kishi et al. (25) using published reference values for
human organ weights.]

Raithel et al. (26) were able to demonstrate that the lungs of stainless steel
welders showed chromium levels 10-30 times higher than those found in unex-
posed control subjects (Table 1). The distribution of chromium within the lungs
was heterogeneous, with the upper lung lobes frequently containing higher
amounts of chromium than the lower lobes.

Ishikawa and co-workers (27) have systematically addressed the issue of
local distribution of chromium-containing materials in the lung. In analyses of
autopsies from the lungs of ex-chromate workers in Japan they observed long-
term retention of chromium in the bronchial walls. There were ‘‘hot spots’” of
chromium deposition at airway bifurcations. The accumulation of chromium be-
came more pronounced with increasing tracheobronchial branching. The chro-
mium concentrations at these sites were in the millimolar range. A direct relation-
ship between chromium hot spots and neoplasia was observed.

Table 1 shows a compilation of data on chromium levels in the lungs of
occupationally unexposed referents. Kollmeier et al. (28) observed an age-depen-
dent increase in lung chromium levels and found that men on average showed
levels twice as high as those in women. These authors were even able to demon-

TaBLE 1 Chromium Levels in the Lungs of
Occupationally Exposed and Nonexposed Individuals

Crin lungs

Study population (ug/g dry weight) Ref.
Chromium(VI) production

Case 1 397 25

Case 2 1467
SS welders 30-86 26
Referents 0.31 25
Referents 1.37 26
Referents, smokers 4.3 29
Referents, ex-smokers 4.8
Referents, nonsmokers 1.3
Referents, industrial area 2.14 28
Referents, nonindustrial area 0.57
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strate differences due to environmental factors. The lung chromium content of
people living in a heavily industrialized conurbation (the Ruhr area) was signifi-
cantly higher than that of individuals living in a city where occupations are mainly
associated with trade and administrative services (Miinster).

In summary, the bulk of chromium(VI), once inhaled, stays in the lung for
very long times. Only a relatively small fraction of the total inhaled amount enters
the systemic circulation, to be distributed to liver, kidney, and urine.

4.2 Biological Activation of Chromium-Containing
Materials Deposited in Lungs

The nature of the processes following deposition of chromium-containing materi-
als in the lung is relatively ill-defined. This is perhaps not surprising, considering
that these events are difficult to study experimentally. However, we can conceive
of three processes that govern the biological activation of chromium(VI) in the
lung: solubilization of chromium(VI), cellular uptake of chromium(VI), either as
the soluble chromate anion or as particulate matter, and extracellular reduction
of solubilised chromium(VI) by constituents of pulmonary epithelial lining fluids.

Elias and co-workers (30,31) have provided evidence that the biological
effects of particulate chromium(VI) result from extracellularly solubilized chro-
mate. In their hands, internalized particles did not play a role in the transformation
of cells to malignancy. In experiments with calcium, strontium, and zinc chro-
mates, Elias and colleagues showed that the yield of transformed cells increased
with the amount of chromium present inside cells. Within 7 days, even poorly
soluble compounds such as the chromates of zinc and lead liberated sufficient
amounts of chromate anions into the culture medium to cause biological effects.

The groups of Landolph (32) and later Patierno (33,34) have obtained re-
sults that indicate an involvement of particulate chromate in cell transformation
and elastogenicity. These workers favor the idea that such effects arise from
particle-cell interactions, without any involvement of solubilized chromium(VI);
however, no attempts were made to measure the levels of dissolved chromate.

Levy and co-workers (35) have analyzed the processes following deposi-
tion of chromium-containing materials in the lungs of animals by using intrabron-
chial pellet implantation techniques. Briefly, a metal wire basket or pellet con-
taining the test material was surgically implanted into the left bronchus of an
anesthetized rat. The metal mesh acts as a framework in and around which the
test material, mixed with cholesterol, is suspended and from which it leaches. A
selected zone of bronchial epithelium is exposed to chromium compounds for a
long period. Factors identified as determining the response of the rat lung were
the amount of chromate contained in the pellet, the rate of release of chromate
ions to the target tissue, and the lipid/water interactions and lipoprotein penetra-
tion at the cell membrane.
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The observations made in these studies can be explained in terms of the
aqueous solubility of chromium(VI) compounds. Very poorly soluble compounds
such as lead chromates hardly induced any carcinogenic effects. It is conceivable
that these compounds leached out too slowly from the implanted pellet, resulting
in far too low concentrations of chromate ions in the exposed area of the lung
for carcinoma to be formed. Similarly, highly soluble chromates failed to produce
severe effects because they leached out too rapidly from the pellet for local con-
centrations of chromate to build up in the target tissue. Malignant neoplasias
could only be induced within the duration of the pellet implantation bioassay,
when the lung tissue was chronically exposed to an optimal concentration of
chromate ions. The zinc and calcium chromates provoked strong effects in this
assay because they delivered an optimum amount of chromate anions to lung
tissues.

Once solubilized, the chromate anion is effectively taken up by mammalian
cells via the sulfate anion carrier system (36). However, chromium(IIl) com-
pounds cannot easily penetrate cell membranes (37). For this reason, the extracel-
lular reduction of chromium(VI) can prevent its cellular uptake and thus afford
a certain degree of protection. It is well established that pulmonary epithelial
lining fluids in humans contain ascorbate and glutathione at high concentrations,
both effective reductants of chromium(VI) (38). However, the stores of ascorbate
and glutathione may be rapidly exhausted, particularly in hot spots of chromi-
um(VI) deposition. Therefore, the protective effects of epithelial lining fluids and
other respiratory tissues with chromium(VI)-reducing capacity has probably been
overemphasized (38).

4.3 The Intracellular Reduction of Chromium(VI)

Once inside cells, the chromate anion is rapidly reduced to chromium(IIl) com-
plexes. Owing to the impermeability of the cell membrane to chromium(III) com-
plexes, there is always a concentration gradient favoring uptake of chromate
anions into the cell. The inevitable result is an accumulation of chromium inside
cells and cell organelles. Sehlmeyer et al. (39) have reported millimolar cytosolic
and intranuclear chromium concentrations after treatment of V79 cells with low
levels (10 uM) of chromium(VI).

The in vitro studies of Connett and Wetterhahn (40) have helped to es-
tablish the important role of thiols, especially glutathione (GSH), in the intra-
cellular reduction of chromium(VI). In view of its abundance in the cytosol
of mammalian cells (concentrations in the millimolar range) and the rapid forma-
tion of a chromium(VI)-GSH thioester followed by a slow reduction step, the
authors argued that GSH may well prolong the lifetime of chromium(VI) inside
cells, thereby increasing the likelihood of interactions with cellular macromole-
cules.
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Suzuki and co-workers (41—-43) were the first to provide experimental evi-
dence that ascorbate (AsA), under physiological conditions, is more reactive to-
ward chromium(VI) than GSH. Since then, further investigations have confirmed
the role of AsA as an important, if not the principal, chromium(VI) reductant in
a variety of tissues including lung, liver, and kidney (44,45).

Enzyme systems with chromium(VI)-reducing capacity include the cyto-
chrome P-450 systems (46) and complexes I (NADH—ubiquinone oxidoreduc-
tase) and IV (ferrocytochrome c—oxygen oxidoreductase) of the electron transport
chain (47). Interestingly, even small concentrations of oxygen (1%) can effec-
tively inhibit the reduction of chromium(VI) by cytochrome P-450 (48,49). Given
the need to exist in an aerobic environment, the importance of cytochrome P-
450 in the reduction of chromium(VI) appears to be negligible for most cells.
Similarly, mitochondrial enzymes are not likely to play a major role in the activa-
tion of chromium(VI) to genotoxic species since most of the reaction products
remain trapped in mitochondria, unable to reach the cell nucleus (50).

Much recent research has focused on hydrogen peroxide as a chromium(VI)
reductant, in particular in the context of the formation of radical species that have
the potential to damage DNA (51,52). Although the significance of hydrogen
peroxide in chromium(VI) reduction appears to be negligible in view of its low
estimated steady-state levels inside cells (in the order of 1-100 nmol/L) (53),
there is the possibility of hydrogen peroxide being formed during reductions of
chromium(VI) by GSH or AsA, subsequently leading to the formation of reactive
species with DNA-damaging potential.

In summary, GSH and AsA appear to dominate the reductive conversion
of chromium(VI) inside cells. These processes play a crucial role in the conver-
sion of chromium(VI) to DNA-reactive species.

5. MECHANISMS UNDERLYING
CHROMIUM(VI) GENOTOXICITY

Chromium(VI) compounds are genotoxic and various forms of genetic damage
have been observed in bacteria, cultured mammalian cells, and laboratory ani-
mals, including chromosomal aberrations, sister chromatid exchanges, and DNA
lesions (4). It is this genetic damage that is thought to mediate the mutagenicity
and carcinogenicity of chromium compounds.

5.1 Mutagenicity

Chromium(VI) compounds are well-established mutagens in bacterial, yeast-
based, and mammalian assay systems (4,13,54-56).

In Salmonella typhimurium base substitutions are frequently observed in
the Ames strains with mutations predominantly in A-T rather than G-C se-
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quences. In oxidation-sensitive Salmonella strains such as TA 102 the mutations
induced by potassium dichromate were totally dependent on the presence of mo-
lecular oxygen (57).

Data from studies with mammalian cells show that chromium(VI) mutage-
nicity is influenced by the nature of the chromium compound and the cell line
used as well as by the genetic loci selected for analysis. Studies on the specific
mutations caused in mammalian genomes by chromium(VI) compounds showed
conflicting results. A predominance of mutations in A-T-rich gene sequences of
the hprt locus was observed with Chinese Hamster Ovary cells (58), whereas
three prominent hot spots at G:C base pairs were found in exon 3 of the hprt
gene from human lymphoblasts (59).

Chromium(III) compounds, on the other hand, have yielded negative results
in the majority of mutagenicity tests (4,13,54,56). Some chromium(IIl) com-
plexes were found to be mutagenic in the Ames test with the Salmonella strains
TA98, TA100, and TA92 when complexed to certain organic ligands that facili-
tate their uptake into cells, e.g., 2,2’-bipyridyl or 1,10-phenanthroline (4,54,55).
The mutations induced by the chromium(IIl) complex with 2,2’-bipyridyl in the
oxidation-sensitive Salmonella strains TA2638 and TA102 were oxygen depen-
dent (57).

5.2 Intracellular Chromium(VI) Reduction as a Prerequisite
for Formation of DNA Damage

A wide variety of DNA lesions including DNA-protein cross-links, DNA in-
terstrand cross-links, single-strand breaks, alkali-labile sites, and chromium-DNA
adducts have been described as being caused by chromium(VI) in mammalian
cells. Do these lesions arise from chromium(VI), intracellularly accumulating
chromium(IIl), or are they caused by reactive intermediates that are formed dur-
ing the reductive conversion of chromium(VI)?

It was found that chromium(VI) itself, in the absence of reducing agents,
is totally unreactive toward isolated DNA or cell nuclei (60—62). This initially
surprising finding has prompted extensive research into the role of cellular con-
stituents in the reductive conversion of chromium(VI) and their influence on the
patterns of DNA damage in cells.

A large body of evidence shows that glutathione and ascorbate are involved
in the formation of chromium(VI)-mediated DNA lesions. Important clues came
from studies that assessed the influence of antioxidants or of artificially altered
intracellular levels of reductants on the patterns of DNA damage.

Cupo and Wetterhahn (63) demonstrated that increased levels of glutathi-
one, induced by pretreatment of cultured chick embryo hepatocytes with acetyl-
cysteine, led to a marked elevation of the number of single-strand breaks caused
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by chromium(VI). These changes were even more pronounced after pretreatment
with isopentanol, which increases both glutathione and cytochrome P-450. Simi-
larly, the depletion of cellular glutathione by using buthionine sulfoximine was
associated with decreases in the level of single-strand breaks. Interestingly, the
number of DNA-protein cross-links and interstrand cross-links was only margin-
ally affected. These results suggest that distinctly different mechanisms are op-
erating in the formation of strand breaks and cross-links.

A similar marked increase in the level of single-strand breaks was observed
when the intracellular glutathione levels were raised by treatment with sodium
selenite (64) or by cultivation in medium supplemented with glutathione (65).

Sugiyama et al. (66) found that elevated levels of intracellular ascorbate,
induced by preincubating cells with ascorbate, led to decreases in the alkali-labile
sites arising from chromium(VI), but caused increases of DNA-protein cross-
links. In contrast, Capellmann et al. (67) failed to detect any marked influences
of raised ascorbate on the formation of DNA-protein cross-links. Instead, in-
creased levels of glutathione were associated with higher levels of DNA-protein
cross-links.

5.3 DNA Strand Breaks and Alkaline-Labile Sites

The formation of strand breaks has been consistently observed in cultured mamma-
lian cells upon treatment with chromium (65,68,69). DNA breakage was observed
in normal human fibroblasts and in excision-deficient xeroderma pigmentosum
cells after treatment for 4 h with 0.5 UM potassium chromate, indicating that the
breaks observed were a result of the chromate treatment and not a consequence
of the DNA repair mechanism (70). However, this type of DNA lesion is repaired
very efficiently and may not contribute to chromium mutagenicity. Single-strand
breaks induced in human diploid fibroblasts and in cultured chick embryo hepato-
cytes exposed to nontoxic doses of chromium(VI) were no longer observed 2 h
after the removal of the metal from the media (65,68).

Evidence for the formation of alkaline-labile sites was obtained from alka-
line elution studies using cultured mammalian cells exposed to chromate. Christie
et al. (71) and Cantoni and Costa (72) observed that DNA from treated cells
eluted with increasing rates at alkaline pH. The shape of the resulting elution
curves differed markedly from those usually found with agents known to cause
“frank’’ single-strand breaks. This elution pattern was attributed to the formation
of alkaline-labile sites, a lesion that under the conditions applied during alkaline
elution ultimately results in the induction of DNA breaks. Casadevall and Korten-
kamp (73,74) showed that the alkaline-labile sites observed were very likely due
to the presence of DNA abasic sites formed during the reduction of chromium(VI)
(see below).
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5.4 Chromium-DNA Adducts

Chromium-DNA adducts were initially detected in liver cells of chick embryos
after in vivo treatment with chromate. These adducts have been proposed to medi-
ate the formation of interstrand cross-links and protein cross-links in liver cells
of chick embryos. No DNA adducts or cross-links were detected in red blood
cells of chick embryos upon in vivo exposure to chromium(VI) (75,76).

Extensive chromium-DNA binding was observed upon treatment of cul-
tured mammalian cells with chromate for 2 h (77-81). The observation that
bound chromium was extractable using the chelator EDTA suggested that chro-
mium was bound to DNA mainly as chromium(IIl) (77). The majority of the
chromium adducts in CHO-treated cells were detected in the nuclear matrix sub-
fraction of the chromatin, in which a number of essential nuclear processes, in-
cluding replication and transcription, take place. These adducts were very persis-
tent, and they were observed even 48 h after the chromium(VI) treatment (78).
Costa and co-workers have shown that as much as 50% of the DNA-bound chro-
mium was cross-linked to glutathione or free amino acids. Cysteine, glutamic
acid, and histidine were the major amino acids bound to DNA. Again, these cross-
links dissociated in the presence EDTA, suggesting that GSH and amino acids
are bound to DNA via a coordination complex involving chromium(III). There
was no correlation between the intracellular levels of amino acids and their partic-
ipation in cross-link formation, pointing to specific chemical reactions as being
the cause of these lesions (80).

5.5 DNA-Protein Cross-Links

Cultured chick embryo hepatocytes exposed to sodium chromate for 2 h showed
persistent DNA-protein cross-links, which were detectable even 40 h after the
removal of chromate. In contrast, DNA interstrand cross-links and single-strand
breaks were completely repaired after 12 and 3 h, respectively (68). Work by
Costa and co-workers was important in establishing the nature of the proteins
cross-linked to DNA after exposure of cells to chromium(VI). Using two-dimen-
sional gel electrophoresis and immunoblotting, a protein with characteristics sim-
ilar to actin was identified as one of the major constituents of chromium(VI)-
induced cross-links. Another as-yet-unidentified acidic protein of 95 kDa was
found to be complexed to DNA. The DNA-protein cross-links could be dissoci-
ated by 2-mercaptoethanol or EDTA, indicating that chromium(III) forms an inte-
gral part of these complexes. Interestingly, histone proteins were not cross-linked
to DNA by chromium(VI) (82—84).

5.6 Chromium-DNA Interstrand Cross-Links

Wetterhahn and co-workers were the first to report the formation of DNA in-
terstrand-cross links in rat kidney, liver, and lung and in chick embryo liver upon
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treatment of the animals with sodium chromate (61,75). However, this type of
lesion had not been detected in chromate-treated mammalian cells using the alka-
line elution technique, which is routinely employed to analyze breaks, alkaline-
labile sites, and protein cross-links in mammalian cells. Recently, Patierno and
co-workers have shown the presence of DNA-DNA interstrand cross-links in
human lung cell fibroblasts treated with chromate using renaturing agarose gel
electrophoresis (79). Further experiments (85) established that under the experi-
mental conditions usually used during alkaline elution, chromium-DNA in-
terstrand cross-links were disrupted. This observation may explain why the lesion
has gone undetected in various studies. Chromium(III)-monoadducts are the pre-
cursor lesion of interstrand cross-links, where chromium(IIl) acts as a bridge
between the two DNA strands, linking either two phosphate groups or DNA
bases.

5.7 Mechanism of Formation of Chromium-Induced DNA
Lesions

In vitro studies have been essential in providing insights into the types of DNA
lesions formed after the reduction of chromium(VI) by various intracellular con-
stituents and in establishing which reactive intermediate species may be involved
in their formation.

5.7.1 Single-Strand Breaks and Abasic Sites: Reactive
Species Derived from Chromium(VI)/Glutathione and
Chromium(VI)/Ascorbate

The reduction of chromium(VI) by glutathione leads to the formation of a variety
of reactive intermediates, including chromium(V) (86), chromium(IV) (87), and
glutathione thiyl radicals (88). Chromium(V) species have also been detected
in chromium(VI)/ascorbate mixtures alongside the ascorbate radical anion (89).
Recently, chromium(I'V) species as well as carbon-based free radicals were iden-
tified as intermediates in these reactions (90).

Kortenkamp et al. (91) have demonstrated that chromate and glutathione
have the potential to generate intermediates that cleave isolated DNA. The effec-
tive concentrations of GSH crucially affect the ability of solutions of chromi-
um(VI) and glutathione to cause DNA strand breaks. With constant levels of
chromium(VI), the number of single-strand breaks initially increased with rising
levels of GSH but started to decline again when the ratio of GSH :chromium(VI)
exceeded 10:1 (91). At high levels of GSH (10-20 mM) strand breaks failed to
occur even in the presence of relatively high concentrations of chromium(VI)
(up to 2 mM) (87,92). Cruz Fresco and Kortenkamp (93) as well as Stearns and
Wetterhahn (90) showed that DNA cleaving species also arise from chromate
and AsA with an optimum number of breaks at a 1: 1 molar ratio of chromium(VI)
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FiGure 1 Chromium organ loads in chromium-exposed workers and unex-
posed subjects. Data are from lung cancer patients with history of employ-
ment in Japanese chromium(VI) production facilities (reference 25). Unex-
posed subjects were defined as those without occupational chromium
exposure. Chromium organ loads were calculated from the original data re-
ported by Kishi et al. (reference 25) by assuming average organ weights. It
can be seen that the lung is by far the most important target organ for chro-
mium deposition after inhalative exposure. This applies not only to chro-
mium production workers. A similar picture has emerged from studies involv-
ing stainless steel welders, although their lungs show lower chromium loads
than those found in Japanese workers (see Table 1).

to ascorbate. Taken together, these results suggest that depletion of glutathione
and ascorbate stores in exposed cells may promote the formation of oxidative
DNA damage by chromium(VI).

Casadevall and Kortenkamp (73,74) and da Cruz Fresco et al. (94) have
explored the induction of abasic sites by the chromate/glutathione and chromate/
ascorbate under experimental conditions similar to those that gave rise to the
formation of DNA breaks. The formation of DNA breaks and abasic sites could
be suppressed by adding catalase and was dependent on the presence of molecular
oxygen. Both lesions, strand breaks and abasic sites, were formed by the same
highly oxidizing reactive species. Hydrogen abstraction from C4’ of the deoxyri-
bose moiety seems to trigger the events that lead to strand breaks and abasic
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sites (95,96). Similar observations were reported by Sugden and Wetterhahn, who
employed the chromium(V) complex [Cr(V)O(ehba),]~ to mimic chromium(V)
formation in situ by reducing agents in the cytosol (97,98).

The possible involvement of hydroxyl radicals in the formation of single-
strand breaks has been extensively studied using various approaches (92,99).
There is now sufficient evidence to rule out hydroxyl radicals as the species
causing single-strand breaks or abasic sites during the reduction of chromate by
glutathione or ascorbate (87,90,95,99,100).

Even so, reactive oxygen species (other than hydroxyl radicals) do play a
role in the formation of DNA lesions in reaction mixtures containing chromi-
um(VI) and reducing agents. Snyder (65) observed that strand breaks failed to
occur in human diploid fibroblasts treated with chromium(VI) in the presence of
catalase DNA. Superoxide dismutase exhibited a less pronounced protective ef-
fect, and hydroxyl radical scavengers such as manitol or potassium iodide did
not affect the number of single-strand breaks induced by chromium(VI). Sugden
et al. (57) published the results of a crucial experiment in which the mutation
frequency in strains of Salmonella typhimurium exposed to chromium(VI) was
determined under anaerobic and aerobic conditions. Chromium(VI) was able to
induce reversions in strain TA102 only in the presence of oxygen, thus implicat-
ing molecular oxygen in the formation of the reactive species responsible for
DNA damage. Observations by Kortenkamp and his co-workers ruled out chromi-
um(V) intermediates as being able to cause DNA strand breaks directly, unless
activated by molecular oxygen (95).

The ability of chromium(VI) and glutathione or ascorbate to form strand
breaks and abasic sites seems to be the result of complex interactions between
chromium in higher oxidation states and molecular oxygen. Lefebvre and Pézerat
(101) have formulated a concept implying electrophiles arising from the activa-
tion of oxygen by chromate/ascorbate as the species causing primary DNA dam-
age. Their idea is based on the observation that a formate-oxidizing intermediate
produced by chromate/ascorbate could be prevented from occurring by the exclu-
sion of molecular oxygen or the addition of catalase. Chromium(V) still appeared
in the absence of oxygen, once again suggesting that chromium(V) or a chromi-
um(V) ascorbate complex alone does not participate in the oxidation of formate.
Lefebvre and Pézerat suspected a chromium(V)superoxo complex as the caus-
ative species in their system.

5.7.2 The Involvement of GSH and AsA in the Formation
of Chromium-DNA Adducts

A series of studies by the Wetterhahn and co-workers (100,102,103) have shown
that chromium-DNA adducts can be formed in isolated DNA during the reduction
of chromium(VI) by glutathione. A 1:1 complex of chromium and glutathione
with DNA was strongly resistant against removal by chelating agents, good evi-
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dence for a chromium(III)-mediated DNA-peptide cross-link. Cross-links of this
kind were recently observed in cultured cells treated with chromium(VI) (80).
Ascorbate was also shown to be able to cause chromium-DNA adducts upon
reaction with chromium(VI), but unlike glutathione, ascorbate was not cross-
linked to DNA (104).

Attempts were made to identify the reactive species mediating the forma-
tion of chromium-DNA adducts in these systems. Based on correlations between

CrV0 >

.C'V 0, oxidative DNA lesions
I

Crll—
“cross-link”-type DN

FIGURE 2 An extension and update of the uptake-reduction model originally
proposed by Karen Wetterhahn (references 40, 46). The chromate anion en-
ters cells through sulfate anion carriers. Once inside the cell, it is reduced by
ascorbate (AsA), glutathione (GSH) and a number of other reductants (see
text). These processes generate a number of highly reactive intermediate
chromium species, including oxidation states V and IV. Ultimately, all chromi-
um(VI) that has entered cells is converted to chromium(lll). Crucially, chromi-
um(VI) is unable to cause DNA damage. Some poorly characterized, highly
oxidising species arising from chromium(V) and/or chromium(lV) are
thought to cause DNA strand breaks and AP-sites (‘‘oxidative DNA damage”’).
These oxidation states may also be involved in the formation of cross-link
type DNA lesions (intra- and inter-strand DNA cross-links, DNA-protein cross-
links). The chromium(lll) species evolving from the reduction of chromi-
um(VI) may directly contribute to cross-link-type DNA damage.
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the level of chromium(V) intermediates and the number of chromium-DNA ad-
ducts, Borges and Wetterhahn (102) and Aiyar et al. (88) concluded that chro-
mium-DNA binding is mediated by a chromium(V) species and ruled out a role
for chromium(III) complexes in this process. In their studies of chromium(VI)/
ascorbate systems, chromium(IIl) complexes were shown not to be involved in
chromium-DNA binding. Upon addition of DNA to solutions of preconditioned
chromium(VI)/ascorbate no chromium binding to DNA was observed, firmly rul-
ing out chromium(III) as the species reacting with DNA, and pointing to an inter-
mediate, possibly chromium(V) or chromium(IV), as being responsible for the
formation of chromium-DNA adducts (104). However, in the case of glutathione,
the evidence presented so far does not clearly rule out chromium(IIl) species as
possibly involved in the formation of DNA-chromium cross-links.

To identify the nature of the molecular binding site of chromium adducts
on DNA has been the subject of much work. In view of the more pronounced
binding of chromium to guanine-cytosine-rich polynucleotides relative to poly-
nucleotides of differing composition, Borges and Wetterhahn (102) suggested
DNA bases, and in particular guanine, as the likely site of DNA-chromium-gluta-
thione cross-links. Similar inferences were made for ascorbate in view of higher
levels of binding to single-stranded than to double-stranded DNA (104). The
results of NMR studies with ATP, chromium(III) complexes, and chromium(VI)/
GSH have provided evidence for secondary sphere interactions of chromium(III)
species with phosphate groups (105). This, however, did not rule out the possibil-
ity of binding to DNA bases. Crucially, Salnikow et al. (77) found that there was
no chromium associated with the bases of DNA isolated from cells treated with
chromium(VI), again pointing to DNA phosphate groups as the likely binding
site of DNA-chromium cross-links arising from the reduction of chromium(VI)
in cells.

In summary, the research into the mechanisms underlying the ability of
chromium(VI) upon reduction to form DNA lesions has yielded the following
insights: The formation of oxidative DNA damage, i.e., strand breaks and abasic
sites, is the result of complex interactions of intermediate chromium oxidation
states (V and/or IV), produced during reductive conversions, with molecular oxy-
gen. Neither hydroxyl radicals nor chromium(IIl) complexes, the final products
of intracellular chromium(VI) reduction, are involved.

On the other hand, cross-link-type lesions can arise from intermediate chro-
mium oxidation states (V and/or IV) without the activation of molecular oxygen.
The involvement of chromium(III) species in forming cross-links is worth serious
consideration and has already been demonstrated with synthetic chromium(I1II)
complexes. Complexes of chromium(IIl) are present at massive concentrations
inside cells that have come into contact with chromium(VI), and their slow hydro-
lysis may present considerable hazards. However, to decide the question as to
the extent of genotoxic risks it is important to consider which of the multiple
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lesions caused by reducing chromium(VI) are likely to play a role in the causation
of gene mutations.

5.8 The Mutagenicity of DNA Lesions Induced During the
Reductive Conversion of Chromium(VI)

Despite extensive work on the mechanisms of formation of DNA lesions by chro-
mium, very little is known about the relative mutagenicity of the various forms
of DNA damage seen in chromium(VI)-exposed cells. A number of recent papers
have begun to address this point, which is of great importance in biomonitoring
strategies.

Snow (106) was able to demonstrate that chromium(IIl) present at low
concentrations (5 WM) acts as a polymerase cofactor in the absence of magne-

bone marrow

II lung, liver,
o — ‘/’ other tissues
4 \

tonsils,

Peyers’ patches
\ lymph nodes

Ficure 3 Lymphocyte traffic and the fundamental dilemma in chromium bio-
monitoring (graph modified from Westermann and Pabst, reference 139).
Lymphocytes are produced in a multitude of organs, and are constantly re-
leased to the blood. Crucially however, the recirculation of lymphocytes from
the lung back to the blood is negligible. This poses a fundamental problem for
conventional biomonitoring strategies that rely on peripheral lymphocytes.
These cells will have come into contact with chromium while residing in the
blood, and are not representative of the processes giving rise to malignant
transformation of lung cells. Thus, the patterns of DNA damage and muta-
tions seen in lymphocytes bear no relation to the damage in lung cells. For
purposes of chromium biomonitoring, lymphocytes are unsuitable, and can-
not be viewed as surrogate tissue for the lung.

thoracic duct
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sium, the primary metal cofactor for these enzymes. The presence of chromi-
um(III) increased polymerase processivity in single-stranded DNA with a con-
comitant decrease in DNA replication fidelity. Alterations in DNA polymerase
function also increased the rate of bypass of oxidative DNA damage induced in
single-stranded DNA by KMnO,. Higher concentrations of chromium(III) and/
or the use of different polymerases led to inhibitions of the initiation and exten-
sion steps of DNA replication.

In work along similar lines, Patierno and co-workers (107,108) have shown
that in vitro treatment of template DNA with either chromium(IIl) or
chromium(VI)/ascorbate resulted in dose-dependent polymerase arrest. The spe-
cific pattern of arrests, one base prior to guanine residues, was similar in both
systems, suggesting that the same lesion was responsible for the obstruction of
DNA replication. Measurement of the chromium bound to DNA in relation to
the number of arrests showed that only a small fraction of the adducts (18.5%)
was involved. The authors suggested that DNA interstrand cross-links that were
detected in both systems were very likely responsible for these effects. Experi-
ments with different ratios of chromium(VI):ascorbate led to a decrease in poly-
merase arrest and cross-links but not in total Cr binding, further substantiating
the idea that DNA cross-links are the polymerase-arresting lesion. These observa-
tions prompted further studies with the use of a more relevant system, normal
human lung fibroblasts (79). Treatment of cultured cells with sodium chromate
again resulted in polymerase arrest. Consistent with in vitro data, only guanine
bases were involved. The results strongly indicated that DNA cross-links were
the lesions responsible for blocking DNA replication; however, the involvement
of DNA strand breaks and DNA-protein cross-links cannot be ruled out. The role
of DNA cross-links in chromium carcinogenicity is as yet unknown.

Zhitkovich and colleagues (109) specifically investigated the promutage-
nicity of chromium(III)-mediated cross-links of glutathione and amino acids with
DNA. To obtain the specific adducts a plasmid containing the target gene, supF,
was treated with chromium chloride hexahydrate and glutathione or amino acids.
Mutational frequencies due to the chromium(III) adducts could then be analyzed
after replication of the plasmid in human fibroblasts. Chromium(III)-DNA cross-
links with glutathione, cysteine, and histidine were found to be mutagenic, with
chromium(IIl)-glutathione exhibiting the highest mutagenic potential. Binary
chromium(IIT)-DNA adducts of the type likely to form interstrand cross-links
were found to be only weakly mutagenic. Single-base substitutions were the pre-
dominant mutation, with substitutions at G: base pair accounting for >95% of
all point mutations.

Kortenkamp and co-workers have begun to explore the mutagenic potential
of DNA-damaging species formed in situ in solution of chromium(VI) and with
AsA. The plasmid pUC19 was used for such purposes. It carries a fragment of the
lac Z gene of Escherichia coli and also contains the ampicillin-resistance gene.
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The plasmid was treated with chromium(VI) and ascorbate and then used to trans-
form E. coli TG1. Subsequent cultivation of the transformed cells on selective
medium allowed the screening for clones harboring plasmids with nonfunctional
lac z gene fragments (‘‘mutants’’). The treatment of pUC19 with chromium(VI)/
ascorbate under conditions that caused single-strand breaks and abasic sites in-
creased the prevalence of ‘‘mutant,”” ampicillin-resistant, lac Z—deficient clones
(Amp"lac Z7). The use of SOS-induced cultures of E. coli TG1 caused even higher
mutation frequencies, as would be expected. These findings demonstrate that the
in vitro modification of pUCI19 with chromium(VI)/ascorbate inactivates the lac
Z gene segment on the plasmid and provide good evidence that the DNA lesions
caused in this system have the potential to induce gene mutations (95).

In view of the known mutagenicity of abasic sites (110) it is tempting to
attribute the increased prevalence of ‘‘mutant’” ampicillin-resistant, lac Z—defi-
cient E. coli clones (Amp" lac Z7), to the formation of this type of DNA lesion.
It is likely, however, that chromium-DNA adducts that are formed by
chromium(VI)/ascorbate (104) are an additional cause of mutations.

Liu and Dixon used a shuttle vector construct to show that lesions induced
by chromium(VI)/glutathione are mutagenic (111). Comparative mutagenesis
studies, in which the same vector was transfected untreated to monkey kidney
cells before treatment with chromate, showed no significance differences in the
distribution of mutations (112). Mutations were induced by chromium(VI) in a
dose-dependent manner and were widely distributed over the gene, primarily at
G: base pairs. However, significant differences were observed when cells
transfected with untreated plasmid were treated with H,O, instead, indicating
that the DNA lesions induced by the two systems are of different nature. Their
results are in agreement with those of Chen and Thilly (59), who reported that
the mutational spectrum induced by chromium(VI) on exon 3 of the hprt gene
from human lymphoblasts differed markedly from that observed with hydrogen
peroxide, molecular oxygen, iron(II) (113), or copper(I)/(II) (114)—all thought
to be dependent on hydroxyl radicals or activated oxygen species. In discussing
their results, Chen and Thilly concluded: ‘“Whatever the merits of the hypothesis
that chromium(VI) operates via free radical generation or a chromium-DNA ad-
duct, it seems clear it does not share the pathway of either hydrogen peroxide
and oxygen or X-ray mutagenesis all of which have been suggested to proceed
via oxygen free radical intermediates.”’

In summary, the limited evidence available today suggests that cross-links
of the monoadduct type are mutagenic, as are oxidative lesions such as abasic
sites. As would be expected, interstrand cross-links primarily cause polymerase
arrest, with subsequent cell death. They probably have a relatively low mutagenic
potential.

Further progress in this field is hampered by the wide variety of different
DNA lesions that are formed by chromium(VI) upon reduction. Another compli-
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cation is the fact that the precise binding sites of chromium adducts with DNA
are ill-defined. If these adducts were linked to DNA bases, strong mutagenicity
is likely. Whether DNA adducts coordinated via DNA phosphate groups are mu-
tagenic depends on their propensity to induce large-scale DNA helix distortions.

6. THE BIOLOGICAL MONITORING OF
CHROMIUM(VI)-EXPOSED SUBJECTS

During the last two decades analytical techniques have become available that
allow the monitoring of chromium(VI) in body fluids. Today, exposure to chromi-
um(VI) at levels well below 50 pg/m? (the occupational exposure limit in a num-
ber of countries) can be reliably verified by determining chromium concentrations
in urine or plasma. In contrast, experiences with cytogenetic surveillance tech-
niques have been mixed. Studies undertaken in the early 1980s with relatively
heavily exposed workers have produced evidence of chromosome damage, but
the outcome of many of the more recent studies was inconclusive or negative.
In this section we will review the state of the art of techniques for chromium(VI)
biomonitoring and explore strengths and limitations of current approaches.

6.1 A Conceptual Framework for
Carcinogen Biomonitoring

The various approaches and techniques in carcinogen biomonitoring can be con-
veniently grouped in terms of key stages and events in neoplasia. The aim is to
measure parameters that reflect early events in the disease process (115). Thus,
techniques of biomonitoring focus on analyses of internalized carcinogen doses,
monitoring of biologically effective doses, and determinations of early biological
effects.

To exert their effects, carcinogenic agents have to enter the bodies of ex-
posed subjects. Depending on their biological availability they reach systemic
circulation and are then distributed to other tissues. Measurements of the level
of carcinogens in body fluids such as blood or urine can give indications of the
internalized dose, i.e., the amount of the agent or its metabolites that has reached
the inside of the body. However, not all of an internalized dose is available to
reach individual target cells. Techniques for the measurement of DNA damage
in appropriate cells are helpful in estimating the biologically effective dose of an
agent, or the amount that has reached the biological target thought to be relevant
to carcinogenesis, DNA. The tissues that give rise to neoplasia are usually inac-
cessible for biomonitoring. In such cases, determinations of DNA damage are
performed by using surrogate tissues such as peripheral lymphocytes or leuko-
cytes in the blood.

The DNA damage sustained by biologically effective doses of a genotoxic

Copyright © Marcel Dekker, Inc. All rights reserved.

MaRcEL DEKKER, INc. ﬂ
270 Madison Avenue, New York, New York 10016 0



294 Casadevall and Kortenkamp

carcinogen can be modulated substantially by DNA repair processes. Some dam-
age will eventually become fixed as gene mutations or as chromosome mutations
that manifest themselves as microscopically observable aberrations. All these
phenomena are viewed as early biological effects in the process of carcinogenesis.
The later stages of carcinogenesis, namely the processes that give rise to the
proliferation and clonal expansion of dormant tumor cells, are at present difficult
to monitor.

In chromium biomonitoring, analyses of internalized doses and determina-
tions of DNA damage have all played prominent roles in the screening of occupa-
tionally exposed subjects.

6.2 Determinations of Chromium in Blood and Urine as
Indicators of Internalized Doses

The advances in metal trace analysis in the 1970s and 1980s have made it possible
to establish the relationships between airborne chromium levels at workplaces
and the concentration of the metal in urine, plasma, and blood of exposed work-
ers. Urinary chromium is a sensitive and reliable marker of internal exposure to
chromium, suitable for the biological monitoring of exposures well below the
occupational exposure limits in most industrialized countries. Today, the analyti-
cal limit of detection is 0.2 pug/L urine (or 0.13 mg Cr/mg creatinine), approxi-
mately a tenth of the upper background level in occupationally unexposed people
(2 pg/L urine) (116).

Determinations of chromium in erythrocytes make it possible to distinguish
whether exposure to chromium(VI) or chromium(IIl) has occurred. This is be-
cause the chromate anion is able to cross cell membranes readily via anion carrier
systems. In contrast, chromium(III) complexes cannot reach the inside of erythro-
cytes (37). It is therefore not detected in red blood cells if the donor was exposed
to chromium(III). Elevated levels of chromium in plasma or urine, however, are
indicative of exposure to both chromium(IIl) and chromium(VI).

The work by Angerer and his colleagues was important in establishing that
the diagnostic specificity that measurements of chromium in erythrocytes offer
with respect to ascertaining chromium(VI) exposure can only be achieved at the
expense of diagnostic sensitivity. In their study (117), elevated concentrations of
chromium in erythrocytes were only seen at relatively high levels of airborne
chromium(VI). In contrast, urinary and plasma chromium concentrations above
background levels were observed at considerably lower exposure levels. Its supe-
rior sensitivity has made measurements of chromium in urine the method of
choice for the monitoring of internal chromium exposure. It offers the additional
advantage of being a more convenient, noninvasive sampling method than the
collection of blood.

Variations in renal function have an influence on urinary chromium levels.
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TaBLE 2 Urinary Chromium Levels Among Occupationally Exposed and
Nonexposed Individuals

Mean Cr(VI) Mean urinary

in air (ug/m?3) Group Cr (ug/g crea) Ref.

13.8 SS, smokers 14.2 119

13.5 SS, nonsmokers 5.3

1-55 Cr(VI) production 6 124

0 Nonexposed 0.76

0 Diabetics 1.38 120
Referents 0.58

0 Beer drinkers 0.67 120
Referents 0.49

SS: stainless steel welders (MMA).

Such variations are easily corrected for by relating urinary chromium concentra-
tions to the amount of creatinine present in the urine (118). Other factors that
have to be taken into consideration during the design of monitoring programmes
include the effect of smoking as a confounding factor. Kalliomaiki et al. (6) and
Strindsklev et al. (119) have found that urinary chromium levels in stainless steel
welders who smoke can be two to three times higher than those of their nonsmok-
ing colleagues (Table 2).

Strindsklev et al. (119) have carried out an extensive monitoring program
among MMA stainless steel welders aimed at documenting daily variations of
chromium concentrations in plasma, urine, and erythrocytes among welders.
They found that during a working week in an atmosphere with chromium(VI)
concentrations in the range of 10-34 ug/m? the mean daily increase was 1.0 ug
Cr/L in plasma and 5.6 g Cr/g creatinine in urine. It is interesting to note that
no such correlations between exposure and internal dose were observed for
nickel.

Urinary chromium analyses are sufficiently sensitive to detect even differ-
ences in drinking habits and exercise. Bukowski and his colleagues (120) were
able to demonstrate that drinking beer, lack of exercise, and diabetes all lead to
elevated levels of chromium in urine. Thus, when monitoring weakly exposed
subjects it becomes necessary to correct for these factors.

6.3 Determinations of DNA Damage in Lymphocytes as
Measures of Biologically Effective Doses of
Chromium(VI)

The assessment of DNA damage as a method of biomonitoring has not been
widely used in the chromium field, with only a few studies published to date.
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Almost exclusively, peripheral lymphocytes are employed as a readily accessible
tissue providing nucleated cells for the analysis of DNA damage.

One of the first studies of this kind was published by Popp and colleagues
(121). As part of a cytogenetic survey among stainless steel workers (see below),
DNA from blood lymphocytes was analyzed for cross-link-type DNA damage
by using filter elution techniques. The samples obtained from welders showed
reduced elution rates, which the authors interpreted as being indicative of DNA-
protein cross-links (DPC). There were no indications of DNA strand breaks.
However, in a more recent study (122), the same group of researchers found
significantly elevated DNA strand breaks and additional DPC in the lymphocytes
of welders. Elevated chromium levels in erythrocytes confirmed that exposure
to chromium(VI) (and nickel) had occurred. The authors explained the different
outcome of the two studies in terms of higher exposure to chromium(VI) among
the more recent cohort.

Zhitkovich et al. (123) have examined Bulgarian platers for evidence
of DNA damage in white blood cells. To monitor DPC they employed a potas-
sium-SDS precipitation assay, which provides more direct evidence for the
existence of this type of DNA damage than filter elution techniques. Although
elevated concentrations of chromium in the red blood cells and urine of the
platers confirmed that exposure to chromium(VI) had occurred, they failed to
observe significant differences in DPC levels relative to controls not engaged in
plating.

Gao et al. (124) chose to study a population of chromium(VI) production
workers and assessed oxidative DNA damage by monitoring the number of sin-
gle-strand breaks and modified DNA bases (8-hydroxydeoxyguanosine) in lym-
phocyte DNA. There was no evidence for increased levels of oxidative DNA
damage, although the workers’ exposure to chromium could be verified using
markers of internal exposure.

In parallel with measurements of DNA damage, Gao et al. (124) and Zhit-
kovitch et al. (123) have determined chromium levels in blood lymphocytes. The
striking observation in both cases was that the differences in lymphocyte chro-
mium levels between exposed individuals and controls were not very pronounced,
when at the same time all the other measures of internal exposure were markedly
elevated in relation to controls. The lymphocyte chromium levels in exposed
individuals were approximately twice as high relative to controls, while the con-
centrations in erythrocytes were 7—9 times higher. Expressed as amount of chro-
mium per cell, the lymphocytes in both exposed and unexposed persons showed
levels that were about 2 orders of magnitude higher than those found in erythro-
cytes (1.01 pg/10' lymphocytes vs. 0.01 pg/10' erythrocytes in exposed and
0.76 ng/10' lymphocytes vs. 0.002 pg/10' erythrocytes in unexposed), using
the data of Gao et al. (124).
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6.4 Cytogenetic Surveillance Studies Among Exposed
Subjects: The Monitoring of Early Biological Effects

The first studies looking for chromosome damage in the peripheral lymphocytes
of chromium(VI)-exposed workers were carried out in the 1970s. Bigaliev et al.
(125) have analyzed the number of chromosome aberrations in blood lympho-
cytes of 132 chromium(VI) production workers and found significant increases
(3.6-9% aberrant metaphases) relative to 37 unexposed controls (1.88% =
0.74%). In a surveillance study among chromium platers Stella et al. (126) ob-
served increased SCE frequencies with levels of 8.08 * 2.67 per cell versus
6.31 = 1.56 in controls.

The focus of this early work was on cytogenetics and consequently no
attempts were made to relate chromosome damage to internal chromium exposure
or even concentrations of the metal compound in the workplace air. In contrast,
the majority of subsequent studies in the 1980s and 1990s provide detailed infor-
mation about measures of external and internal exposure to chromium, thus en-
abling us to evaluate the relative sensitivity of markers of early biological effects
and of internal exposure in a variety of occupational settings.

The results of such a meta-analysis (127) of studies carried out among
chromium platers and ferrochromium workers (128—132) were surprising. Al-
though exposure to chromium could be readily ascertained (elevated urinary chro-
mium levels) the numbers of chromosome aberrations or SCE’s in exposed sub-
jects did not differ from those in unexposed controls. Overall, the values of SCE’s
observed in these studies (5—9 SCEs per cell) were well within the range of SCEs
reported for control populations (8.12 = 1.82 SCEs per cell) (133). Age and
smoking status had a strong influence on the level of SCEs.

The cytogenetic studies carried out among stainless steel welders using the
manual metal arc method (which, unlike the other two major welding methods,
generates welding fumes particularly high in chromium(VI) particulates) showed
similar trends. Similar to the surveys among platers and ferrochromium workers,
urinary chromium proved to be a reliable marker of internal chromium exposure
even at levels of airborne chromium(VI) below 10 pg/m’. In contrast, the fre-
quency of SCEs appeared to be surprisingly insensitive to exposure to chromi-
um(VI). All but one of the studies (134) failed to detect elevated numbers of
SCE:s in the exposed groups (121,135—138). In the surveys published after 1990
there was a marked tendency for SCEs to be slightly lower in manual metal arc
welders than in unexposed controls.

A different picture emerges when chromosome aberrations are considered.
Koshi et al. (134), Knudsen et al. (137), and Jelmert et al. (138) observed statisti-
cally significant increases of rare chromosome aberrations such as dicentric chro-
mosomes, translocations, minutes, and rings. Importantly, these effects were only
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seen among nonsmoking manual metal arc welders. Knudsen et al. (137) have
emphasized that such aberrations are severe genetic effects that require two inde-
pendent damaging events to occur.

Overall, the results of these investigations clearly show that there is evi-
dence for genotoxic effects among stainless steel welders using the manual metal
arc method. It is, however, important to interpret these data in the context of
other cytogenetic surveillance studies. The frequencies of aberrations detected
among welders are similar to those observed in unexposed controls of many stud-
ies, which is about 1.42 * 0.96% of aberrant cells (excluding gaps) (133).

In view of the strong genotoxicity of chromium(VI) compounds it is sur-
prising that the effect markers in cytogenetic surveillance studies responded so
weakly. One possible explanation would be that the study cohorts were exposed
to relatively low levels of chromium(VI) and that the resultant genotoxic effects
were small. Alternatively, are blood lymphocytes appropriate as a surrogate tissue
for the monitoring of genetic effects of chromium(VI) in humans?

To clarify whether it makes sense to use blood lymphocytes for chromi-
um(VI) effect monitoring it is necessary to reconsider the toxicokinetics of chro-
mium(VI) after exposure by inhalation. In view of the fact that the bulk of inhaled
chromium(VI) stays in the lungs, we can envisage two ways for lymphocytes
to come into contact with chromium(VI) following exposure by inhalation: (1)
lymphocytes, while traveling via the blood, take up chromium(VI) from the
plasma that has leached from the lungs; (2) lymphocytes homing to the supporting
tissues of the lungs are exposed to chromium before migrating back to the blood-
stream.

6.5 Lymphocyte Traffic

Lymphocytes continuously enter and leave lymphoid and nonlymphoid tissues
via the blood. Consequently, only about 2% of the total lymphocyte pool in the
human body resides in the blood at any given time, with an estimated residence
time of about 30 min (139). During 1 day approximately 500 X 10° lymphocytes
travel through the blood, a number equivalent to the total lymphocyte population
in the human body. However, not every single lymphocyte enters and leaves the
blood during 1 day. There are subsets of the lymphocyte population that reside
in certain tissues for long times without migrating through the blood. Lympho-
cytes in the blood are therefore hardly representative of the other lymphocytes
distributed in the body.

Lymphocytes migrate through most of the organs of the body and have the
ability to return to the blood. A well-established pathway of recirculation from
organs to the blood is via the lymph nodes and the thoracic duct, accounting for
approximately 5—10% of the lymphocyte population that returns to the blood
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each day. The spleen is by far the most important organ in lymphocyte recircula-
tion, with 50% of all the recirculated lymphocytes being released by the spleen.
In comparison, the daily recirculation of lymphocytes from the lungs back to the
blood is negligible (139).

Thus, only a very small fraction of the lymphocytes residing in the blood
will have had the opportunity to take up chromium(VI) while traveling through
the lungs. The short blood transit time of lymphocytes is likely to be another
complicating factor in the uptake of chromium(VI) by lymphocytes and might
help explain the small differences in the lymphocyte chromium levels of exposed
and unexposed observed by Gao et al. (124) and Zhitkovich et al. (123).

In conclusion, the vast majority of lymphocytes will have come into contact
with chromium(VI) during their migration through the blood. They may take up
chromium(VI) that has leached from the respiratory tract into the blood.

These features are important when considering whether chromium-induced
genotoxic effects occurring in lymphocytes are in any way predictive of the pro-
cesses leading to mutations and eventually cancer in the respiratory tract. In view
of the toxicokinetics of chromium(VI) upon inhalation, it is likely that cells of
the respiratory tract are exposed to much higher amounts of chromium(VI) than
lymphocytes. It would appear that the likelihood that cancer-initiating events oc-
cur in lung cells in considerably higher. Therefore, the absence of any genotoxic
effects in blood lymphocytes of exposed human subjects can by no means be
taken as an indication of absence of lung cancer risks.

There is no doubt that urinary chromium is a useful marker of exposure
to chromium in oxidation states (VI) and (II). At exposure levels likely to be
encountered in occupational settings today it provides a sensitive measure of the
internalized dose of chromium.

In contrast, the lack of success of cytogenetic surveillance studies using
blood lymphocytes as surrogate tissue is surprising, particularly in view of the
strong genotoxicity of chromium(VI). We consider it highly likely that the weak
responses observed in these studies are due to the disproportionately small differ-
ences in lymphocyte chromium levels between exposed persons and controls. It
would be of great importance to establish why the levels of chromium in lympho-
cytes are relatively high in unexposed controls.

The toxicokinetics of inhaled chromium(VI) and the dynamics of lympho-
cyte traffic probably mean that lymphocytes are exposed to lower concentrations
of chromium(VI) than cells in the respiratory tract. Taken together, these consid-
erations suggest that blood lymphocytes are not well suited for the monitoring
of the biologically effective dose, and of early biological effects arising from
exposure to chromium(VI) at levels below 50 ug/m?, the current exposure limit
in many industrialized countries. At higher exposure levels, however, effect mon-
itoring using lymphocytes may well be useful.
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These rather sobering conclusions provoke the question whether there are
alternative approaches to chromium biomonitoring that are more meaningful in
relation to lung carcinogenesis.

6.6 Effect Monitoring in Tissues of the Upper
Respiratory Tract?

The biggest challenge in chromium biomonitoring is to bridge the gap between
the monitoring of internalized doses and effect monitoring. Given the problems
associated with utilizing lymphocytes as a surrogate tissue, effect monitoring
ideally should concentrate on cells of the airways. However, this is complicated
by the difficulty of access to these tissues. A further problem lies in the small
number of cells that can be obtained by biopsy or lavage.

Clearly, what is needed is a technique that allows the determination of
DNA damage in single cells. The comet assay, or single-cell gel electrophoresis
assay, is such a technique. It was first developed by Ostling and Johanson in
1984 and later modified and refined by Singh and coworkers and by Olive and
her colleagues (see ref. 140). A small number of cells are embedded in agarose
on a microscope slide, lysed, electrophoresed, and then stained with a fluorescent
DNA-binding dye. In the electrical field, DNA moves out of the nucleus, such
that relaxed or broken regions of the genome migrate further. The objects thus
created look strikingly like comets, hence the name of the assay.

Ostling and Johanson worked with irradiated cells recovered from biopsy
samples of patients receiving radiation therapy. They observed that the extent to
which DNA could be liberated from the nucleus during electrophoresis depended
on radiation dose. The more damage there was in DNA, the more DNA resided
in the “‘tail’’ of the comet.

Virtually any eukaryotic cell can be examined using the comet assay and
there are well-established methods for generating single-cell suspensions from
biopsy samples. The most commonly used human cells are blood lymphocytes,
but cells derived from other tissues including gastric and nasal mucosa have also
been used (141). The comets are evaluated by using image analysis. A parameter
often referred to as ‘‘tail moment’’ is most frequently determined. ‘‘Tail mo-
ments’’ are defined as the product of the length of the comet and the fraction of
DNA residing in the tail.

The comet assay is sensitive to DNA damage such as single- and double-
strand breaks and abasic sites. Strand breaks that are produced by the cell as it
initiates DNA repair are also detected. Cross-link-type lesions, on the other hand,
can only be analyzed indirectly. Under standardized conditions, X-rays introduce
strand breaks to the DNA of cells, which subsequently will appear as comets
with high tail moments. If, however, cross-links are present, the formation of
comets will be reduced after pretreatment with radiation. In this way, cross-links
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formed by nitrogen mustard or cisplatin were readily detected using the comet
assay (140).

It is an attractive proposition to use the comet assay for determinations of
DNA damage in cells of the nasal epithelia obtained by using nasal lavage tech-
niques. However, before commencing with such studies it would be necessary
to establish in vitro whether the strand breaks and abasic sites induced by chromi-
um(VI) are masked by concurrently formed cross-link-type lesions. Whether oxi-
dative DNA damage or cross-links will dominate in cells exposed to chromi-
um(VI) is likely to depend on factors such as the intracellular concentrations of
glutathione and ascorbate anions, with high glutathione levels favoring cross-
links (see above). Should cross-links be the major lesions, the comet assay proto-
cols developed for cross-linking agents will have to be applied to nasal epithelial
cells. The work of Pool-Zobel and her colleagues (141) and of Blasiak and col-
leagues (142) shows that chromium(VI) induces comets directly. It is important
that human subjects with single-compound exposure, i.e., chrome platers, should
be selected for initial studies.

7. EVALUATION AND REGULATORY STATUS

The Working Group on Chromium and Chromium Compounds of the Interna-
tional Agency for Research on Cancer has made an overall evaluation for chromi-
um(VI) based on the concept that chromium(VI) ions generated at critical sites
in target cells are responsible for the carcinogenicity observed and has classified
chromium(VI) compounds in Group 1 (sufficient evidence of carcinogenicity in
humans) (4).

The classifications of many national governmental bodies are in line with
the evaluation of IARC. The American Conference of Governmental and Indus-
trial Hygienists (ACGIH), U.S. EPA, and the German MAK Commission have
classified chromium(VI) compounds as known human carcinogens. Poorly water-
soluble chromates such as lead chromate are classed as agents justifiably sus-
pected of having carcinogenic potential in humans.

7.1 Defining Threshold Limit Values (TLV) and Other
Exposure Limits for Chromium(VI) Compounds

Although the basis for a classification of chromium(VI) compounds as carcino-
gens is sound, the published epidemiological and experimental data do not allow
us to establish a quantitative relationship between the level of exposure and the
risk of developing cancer. This is mainly due to the fact that records on exposure
levels in the past are patchy or do not exist at all. Furthermore, both nature and
level of exposure usually change as people move to different jobs in the same
plant, making it very difficult to reconstruct past exposure profiles.
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It is therefore difficult, if not impossible, to define safe exposure limits
(apart from zero) on an epidemiological basis. However, epidemiology can ad-
dress the question whether existing exposure limits pose unacceptable risks. The
recent survey among chromium platers published by Sorahan and colleagues (15)
indicates that the current maximum exposure limit for chromium(VI) of 50 pg/
m? in the United Kingdom is too high.

The occupational exposure limits for airborne chromium(VI) vary consider-
ably from country to country. They range from 1 pg/m?, the level recommended
by the U.S. National Institute for Occupational Safety and Health (NIOSH) for
insoluble chromium(VI) compounds as a time-weighted average, to 500 pug/m?,
which is the limit in Mexico. Most European countries have set exposure limits
between 20 pug/m? (Denmark, Norway) and 50 pug/m?® (United Kingdom, Finland,
France) (4). These figures demonstrate that the criteria that have guided govern-
mental bodies to decide on particular threshold limit values are varied. Toxicolog-
ical considerations have certainly not always played a prominent role.

The question whether it is prudent to define threshold limits for carcino-
genic agents such as chromium(VI) is an old bone of contention in regulatory
toxicology. Based on the assumption that there cannot be a harmless level of
exposure for carcinogenic agents, bodies such as the German MAK Commission
do not define exposure limits for chromium(VI). Even though this position may
not be helpful in guiding practice when it comes to negotiating improvements
in occupational hygiene, it is at least on safe theoretical grounds. Whether or not
there is a threshold exposure below which the risks associated with chromium(VI)
are zero is almost impossible to decide. The argument that there may be a ‘‘bio-
logical’’ threshold for chromium(VI), because various tissues have the capacity
to clear chromium(VI) by reduction (38), does not pay due regard to the special
toxicokinetics of airborne chromium(VI). The formation of hot spots of deposi-
tion in the lung may quickly render any ‘‘reductive barriers’’ in the airways
irrelevant. Furthermore, even if there were at least in principle a ‘‘biological”
threshold for chromium(VI), toxicologists certainly lack the methodological
means to determine, quantitatively and reliably, what such levels would be.

In conclusion, there is no alternative to minimizing exposure to airborne
chromium(VI) to levels that approach the analytical detection limit as far as pos-
sible.
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University of Virginia, Charlottesville, Virginia
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1. INTRODUCTION

In 1856 Charles Dickens expressed enthusiasm about the newly discovered metal
aluminum (Al), but it was not until 1886 that large-scale production was intro-
duced. Since that time the use of Al has increased enormously and has become
the focus of a major industry. A few studies on Al toxicity were carried out as
early as 1888, but over the years, exposure to Al has generally been considered
to be a minor problem. In a report in 1957, Campbell et al. expressed few con-
cerns about hazards to human health presented by Al (1). The extensive literature
that formed the basis of this report was published prior to the development of
reliable analytical methods for the measurement of Al.

Assessment of the hazard presented by certain forms of Al exposure to
humans, animals, and plants has proved to be a difficult task. Aluminum is highly
abundant in the environment and represents 8% of the earth’s crust, with only
oxygen and silicon exceeding it in quantity, and is the most abundant metal.
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However, Al is complexed in minerals that conceal its abundance and, surpris-
ingly, the concentration in the ocean is less than 1 pg/L. Most natural waters
also have low concentrations of Al; any free AI** is deposited in sediment as a
hydroxide. It is with an increase in the acidity of fresh waters that Al can poten-
tially pose a threat to living systems. Despite the abundance of Al in the environ-
ment, it is present in relatively small amounts in healthy living systems. Nor-
mally, the total body content of healthy humans is less than 30 mg. However,
in certain human clinical conditions such as chronic renal failure, hyperalumi-
nemia can occur, producing blood concentrations of Al that are as just as neuro-
toxic as equimolar blood lead levels that result from excessive lead exposure.

2. ALUMINUM IN BIOLOGICAL SYSTEMS
2.1 Chemistry

Appreciation of the toxicity of Al has been hindered by a general lack of under-
standing of the chemical properties of this complex element. AI** is a small ion
with an effective ionic radius in sixfold coordination of only 54 pm. By way of
comparison, other values are Fe**, 65; Mg?*, 72; Zn**, 74; and Ca**, 100 pm
(2). On the basis of ionic radii, Al** is closest in size to Fe?** and Mg>*. High
concentrations of Al colocalize with iron in brain cells (3). Ca** is much larger,
and in its favored eightfold coordination exhibits a radius of 112 pm, yielding a
volume 9 times that of A1**. In the mixed crystal Ca; Al,(OH),,, each hexacoordi-
nate Al** is surrounded by six hydroxide ions and each cubic Ca** by eight
hydroxide ions. Each metal ion adopts its own favored coordination number. The
Al-O distances are 192 pm and the average of the Ca-O distances is 250 pm (4).
The difference of 58 pm agrees exactly with the difference of ionic radii quoted
above between six coordinate AlI** and eight coordinate Ca®*. Thus, the Al** and
Ca?" sites are distinctly different; one metal ion does not substitute for the other.
For these reasons it is unlikely that AI** binds strongly to the Ca®" sites of cal-
modulin (5,6). With one-quarter of its amino acid residues bearing carboxylate
side chains, calmodulin is an acidic protein that should bind multiply charged
ions as a polyelectrolyte. When it does so, physical changes upon addition of
AP are merely those of denaturation. It is, however, likely that AI** interacts
with calmodulin-regulated proteins that involve phosphate groups. By this route
calmodulin-dependent reactions may exhibit an AI** dependence (5,6).

Martin has argued that in biological systems Al** will be more competitive
with Mg?* than with Ca** (5,7). In both mineralogy and biology, comparable
ionic radii frequently outweigh charge in determining behavior. More Al*" is
accumulated by central nervous system tissue when the Mg?* concentration is
low (8). Both AI** and Mg?** favor oxygen donor ligands, especially phosphate
groups (9). AI** is 107 times more effective than Mg?* in promoting polymeriza-
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tion of tubulin to microtubules (10). In this study the free AI** concentration was
controlled near 10> M with nitrilotriacetate (NTA). Thus, wherever there is a
process involving Mg?*, there exists an opportunity for interference by Al*".

The most likely AI** binding sites are oxygen atoms, especially if they are
negatively charged. Carboxylate, deprotonated hydroxy groups (as in cate-
cholates, serine, and threonine), and phosphate groups are the strongest Al** bind-
ers. These binding characteristics differ sharply from those of the heavy metal
ions that bind to sulthydryl and amine groups. Even when part of a potential
chelate ring, sulfhydryl groups do not bind AI**. Amines bind AI** strongly only
as part of multidentate ligand systems, as in NTA and EDTA. Amino acids are
weak binders, barely competing with metal ion hydrolysis (11). The nitrogenous
bases of DNA and RNA do not bind Al** strongly (5,6). The weakly basic phos-
phate group of RNA and DNA also binds Al** weakly (12), while the basic and
chelating phosphate groups of nucleoside di- and triphosphates bind Al** strongly
(13). Within cells, Al** is likely bound to nucleoside di- and triphosphates (13).

In addition to stability of metal ion complexes, an important and often
overlooked feature is the rate of ligand exchange out of and into the metal ion
coordination sphere. Ligand exchange rates take on special importance for AI**,
because they are slow and systems may not be at equilibrium. The rate for ex-
change of inner-sphere water with solvent water is known for many metal ions,
and the order of increasing rate constants in acidic solutions for some biologically
important metal ions is as follows: AI’* << Fe¥" <& Mg?* < Zn*" < Ca®'.
Each inequality symbol indicates an approximate 10-fold increase in rate constant
from 1.3 s7! for AI**, increasing through 8 powers of 10 to > 108 s! for Ca**
at 25°C. Although these specific rate constants refer to water exchange in aquo
metal ions, they also reflect relative rates of exchange of other ligands. Chelated
ligands exchange more slowly, but the order remains. The slow ligand exchange
rate for AI** makes it useless as a metal ion engaged in enzyme active site reac-
tions. The 10° times faster rate for Mg** furnishes enough reason for AI** inhibi-
tion of enzymes with Mg?* cofactors. Processes involving rapid Ca?* exchange
would be thwarted by substitution of the 103-fold slower AI** (4). Slow exchange
of AI** may be an important factor affecting the efficacy of administered Al**
compounds.

Regardless of the type of ligand present, it is necessary to consider the
hydrolysis equilibria of AI(III). At pH < 5, AI(III) exists as an octahedral hexahy-
drate, AI(H,0)4**, usually abbreviated as A1**. As a solution becomes less acidic,
Al(H,0)¢* undergoes successive deprotonations to yield AI(OH)?>* and
Al(OH)," (5,14). Neutral solutions give an AI(OH); precipitate that redissolves,
because of the formation of tetrahedral aluminate, AI(OH),~, the primary soluble
AI(III) species at pH > 6.2. Only two species dominate over the entire pH range,
the octahedral hexahydrate AI(H,0)¢** at pH < 5.5, and the tetrahedral AI(OH),~
at pH > 6.2, while there is a mixture of hydrolyzed species and coordination
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numbers between 5.5 < pH < 6.2 (distribution curves appear in the references)
(11,14,15).

If in addition other ligands are incapable of holding AI(III) in solution, it
becomes necessary to include the solubility equilibrium with AI(OH); (5,11,14).
Inorganic Al(III) salts should not be added to neutral solutions in the absence of
a solubilizing ligand. At pH 7.5, the maximum concentration of total AI(III) is
about 8 UM, most of which is present as AI(OH),™; the free AI*" concentration
is only 3 X 107! M. Unless the remainder of added AI(TIT) has been sequestered
by other ligands, it will form insoluble AI(OH); (5,6).

2.2 Al Speciation in Cerebrospinal Fluid and Brain Tissue

Citrate is the main small-molecule binder of Al** in the plasma compartment;
10% of the AI** is bound to citrate and 90% to transferrin (6,12,16). Cerebrospi-
nal fluid contains much less transferrin than plasma, and Al speciation studies
(4) indicate that most of the Al is in the form of Al citrate. The pH of cerebrospi-
nal fluid is 7.33, with concentrations of inorganic phosphate, transferrin, citrate,
and amino acids of 0.49 mM, 0.25 uM, 0.18 mM, and 1.8 mM, respectively.
Compared to plasma, cerebrospinal fluid has a higher citrate concentration (1.8
times), which favors Al citrate over Al transferrin, since the transferrin concentra-
tion is about 0.5% of that in the plasma. The citrate/transferrin ratio is 2.0 in the
plasma and >720 in the cerebrospinal fluid. Thus in cerebrospinal fluid Al(III)
exists mainly as a citrate complex, with the free AI** concentration comparable
to that in plasma (4).

2.3 Where Is AI** Most Apt to Reside Within a Cell?

Typical intracellular fluids contain about 10 mM total inorganic phosphate at pH
6.6. Analysis indicates that as for plasma and cerebrospinal fluid, the insoluble
AI1PO, in the presence of ligands such as transferrin and citrate, will become
soluble, giving rise to a greater free AI** concentration (4).

For the purposes of metal ion binding, soluble phosphate groups may use-
fully be divided into two classes: basic phosphates and weak or nonbasic phos-
phates (12). Basic phosphates with pKa = 6-7 are monosubstituted with a
2~ charge and occur as HOPO5s?", as the terminal phosphate in nucleoside mono-,
di-, and tri-phosphates, and in many other compounds. Weakly or nonbasic
phosphates with the only pKa < 2 are di (or tri)-substituted, bear a 1~ charge,
and appear as the internal phosphates in nucleoside di- and tri-phosphates and
in DNA and RNA. Metal ions bind strongly to the basic phosphates but only
weakly to the nonbasic phosphates. The disubstituted phosphates of the nucleo-
tide polymers bear one negative charge per nucleotide residue, and the polymers
behave as polyelectrolytes, binding most metal ions weakly and nonspecifically.
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AI’* binds strongly to basic phosphate groups. The strongest stability constants
appear where chelation occurs: for ADP (log K, = 7.82 and log K, = 4.34) and
for ATP (log K, = 7.92 and log K, = 4.55) (13). For comparison, the stability
constant for Mg>" binding to ATP and other nucleoside triphosphates is log K,
= 4.3 (17), 4000 times weaker than for Al**. Thus, 0.2 UM AI** competes with
1 mM Mg** for ATP. Within a cell, ATP competes effectively with solid A1PO,
for AI**, and the ATP complex promises to be the predominant binder for small-
molecule AI**.

It has often been supposed that AI** binds to DNA in the cell nucleus.
However, AI** binding to DNA is so weak that a quantitative study was limited
to a high pH = 5.5 owing to metal ion hydrolysis and precipitation. Therefore,
DNA cannot compete with ATP and other ligands for A1**. We deduce that Al**
binding to DNA is so weak under normal intracellular conditions that it fails
by several orders of magnitude to compete with either metal ion hydrolysis or
insolubility of even an amorphous Al(OH);. These chemical conclusions are sup-
ported by the lack of DNA or RNA phosphate-bound Al*" in human neuro-
blastoma cells (18). Therefore, we conclude that the observation of Al binding
with nuclear chromatin is due not to its coordination to DNA but to ligands
containing basic phosphates.

2.4 What Ligands Might Bind Al** in the Cell, Especially in
the Nuclear Chromatin Region?

ATP and ADP are comparably strong Al** binders (13). A crucial AI** binding
site in chromatin promises to be phosphorylated proteins, perhaps phosphorylated
histones. Phosphorylation and dephosphorylation reactions normally accompany
cellular processes. The phosphate groups of any phosphorylated protein provide
the requisite basicity, and in conjunction with juxtaposed carboxylate or other
phosphate groups become strong AI** binding sites. Abnormally phosphorylated
proteins have been found in brain tissue from Alzheimer’s disease patients (19).
AI(IIT) induces covalent incorporation of phosphate into human microtubule-
associated tau (tau) protein (20). A’ aggregates highly phosphorylated brain
cytoskeletal proteins (21) and induces conformational changes in phosphorylated
neurofilament peptides that are irreversible to added citrate (22). More recent
studies indicate that Al can induce conformational changes in tau peptides inde-
pendent of phosphorylation, suggesting that there are binding sites that possess
a high affinity for Al, and that phosphorylation, while decreasing the affinity of
tau to microtubules, might have little effect on conformation (23). High Al(III)
concentrations have been found associated with increased linker histones in the
nuclear region of brain tissue obtained from patients with Alzheimer’s disease
(24). Al(IIl) induces neurofibrillary tangles in the perikaryon of neurons (25).
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Ternary Al** complexes have received little study, and AI(IIT) has been used as
a tanning or cross-linking reagent. Al** seems capable of cross-linking proteins,
and proteins and nucleic acids.

In fluids low in citrate, transferrin, and nucleotides, the catecholamines may
well become important Al** binders. While DOPA and epinephrine fail to bind
Mg?* at pH 7.4, they bind Al** at picomolar levels. In neutral solutions the main
species is a 3:1 complex, with the catechol moiety chelating the AI** and the
ammonium group remaining protonated (26). The norepinephrine-Al** complex
inhibits enzymatic O-methylation but not N-methylation by catechol-O-methyl
transferase (27). This result conforms to that expected if AI’* were to bind only
to the catechol moiety of norepinephrine. When other metal ions are deficient,
Al(III) decreases catecholamine levels in the rat brain (28). By binding to the
catechol moiety of catecholamines, trace amounts of AI** may disrupt neuro-
chemical processes.

Signal transduction pathways, particularly inositol phosphate and cAMP-
mediated signaling, appear to be targets of Al both in vivo and in vitro. Al in
drinking water decreases hippocampal inositol triphosphate levels, increases
cAMP, and alters the distribution of protein kinase C (29,30). In vitro exposure
to Al decreases agonist-stimulated inositol phosphate accumulation in rat brain
slices (31,32). The potential mechanisms of inositol phosphate inhibition have
been reviewed (33). Al can also interact with calcium and calcium-binding sites
and probably disrupts calcium signaling and homeostasis, and can block calcium
entry into the cell via voltage-sensitive channels (32). Several groups have shown
that exposure to Al produces a decrease in choline acetyl transferase activity
(34,35). There are regional reductions in glucose metabolism in Alzheimer’s dis-
ease (36) and also following chronic Al chloride exposure to rats (31), which
suggests that this effect may be important in human neurodegeneration. These
mechanisms of Al neurotoxicity have been reviewed by Strong et al. (37).

3. HUMAN EXPOSURE
3.1 Aluminum Toxicity and Chronic Renal Failure

There is considerable controversy regarding the toxicity of Al in individuals with
normal renal function. However, there is no doubt about the importance of Al
toxicity in patients with chronic renal failure, on treatment with hemodialysis.
This topic, reviewed by us (38—40), has been the subject of intensive investigation
since the original report by Alfrey and his colleagues (41), which proposed that
dialysis encephalopathy, a feature of patients on long-term treatment with inter-
mittent hemodialysis for chronic renal failure, resulted from Al intoxication. Ber-
lyne et al. were the first to recognize that hyperaluminemia occurred in these
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patients, and that Al toxicity could be demonstrated in experimental animals
(42,43). Aluminum in the dialysis solution is the major source of exposure to
this metal ion in patients being treated long-term with either hemo- or peritoneal
dialysis. The Al content is of course dependent on the water from which it is
prepared, and it was this particular source of Al that caused major clinical prob-
lems when city water treated with alum was used to produce dialysis solutions,
resulting in severe Al toxicity in many dialysis patients. This phenomenon has
been largely eliminated by the use of deionized water, but the problem occasion-
ally reoccurs (44). Adding to the problem of Al contamination of dialysis solu-
tions has been the extensive use of Al salts in the therapeutic management of
the hyperphosphatemia that arises in chronic renal failure. Intestinal absorption
of Al from this treatment adds to the hyperaluminemia, and consequently to the
clinical complications associated with this condition in patients with impaired
renal function. There is no doubt that hyperaluminemia in patients