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1. Introduction

The mutagenic and/or genotoxic properties of a substance are an important property upon which hazard
classification is based within the context of the Existing Substances Regulation (ESR). Mutagenic properties
will also be of fundamental importance with the adoption of REACH provisions within the pending Chemical’s
Policy, serving as a potential mandatory trigger for REACH Authorisation provisions. Although classification
criteria may evolve with the expected adoption of the Global Harmonised System (GHS) for classification,
criteria for mutagenicity classification should be similar to those presently in place within the EU.

Mutagenic potential can also be of importance within Risk Assessments and affect the fashion in which dose
response relationships are evaluated for other health endpoints. For example, genotoxic carcinogens can be
presumed to exert effects without a threshold and to exhibit presume low dose linearity for the induction of
effects. Similarly, reproductive impacts mediated by mutagenic effects upon germ cells may be assumed to
lack thresholds and to also exhibit linear dose response at low exposure levels. This is in contrast to the
presumed thresholds and No Observable Effect Levels that characterise reproductive or carcinogenic
impacts mediated by non-genotoxic mechanisms.

The mutagenic effects of metals and their compounds have been evaluated within the context of several EU
Risk Assessments and were further the subject of a workshop convened in Hannover, Germany on 28 — 29
November 2005 (see annex 1). The workshop assembled external independent experts from government
and academia to address key issues associated with classification and risk assessment for both metal
genotoxicity and carcinogenicity. In the presence of a small number of industry experts and observers, the
external experts addressed a series of charge questions focussed upon testing strategies, classification
criteria and risk assessment principles that might be appropriate for metals.

The detailed deliberations of the external experts are described in workshop minutes, which may be obtained
upon request from the authors of this fact sheet. As will be discussed, the experts concluded that testing
strategies developed for the classification of organic substances (see annex 2) were not appropriate for
metals and that alternate “decision tree” approaches for in vitro and in vivo genotoxicity testing were
appropriate. The means by which test data could be interpreted and further work conducted for purposes of
risk assessment were also reviewed. This analysis was undertaken with recognition that much of the
experimental work on the mutagenic potential of metals and metal compounds has been conducted using
soluble metal compounds. Issues of bioavailability, and their potential ramifications for read across in hazard
identification and for quantitative risk assessment were recognised as important but beyond the scope of the
current document. Rather, this testing strategy document seeks to identify test systems and procedures
optimal for evaluating the mutagenic potential of substances that may induce effects through a set of indirect
mechanisms atypical for mutagenic organic substances.

2. Definition of Mutagenicity

As defined by the Technical Guidance Document and Annex VI to Directive 67/548/EEC, a mutagenic effect
is a permanent change in the amount or structure of the genetic material in an organism, resulting in a
change of the phenotypic characteristics of the organism. Alterations may involve a single gene, a block of
genes or a whole chromosome. A mutation in the germ cells of sexually reproducing organisms is of
paramount concern since it may be transmitted to the offspring. A mutagen is thus an agent that gives rise
to an increased frequency of mutations.

The term genotoxicity is inclusive of mutagenicity but further encompasses a wider range of events indicative
that a given substance has induced changes that may lead to mutations. Thus, genotoxicity assays may
include endpoints such as the induction of DNA damage, DNA repair and/or recombination events such as
those which give rise to sister chromatid exchanges. The frequency with which genotoxic changes result in
mutagenic events is variable as a function of factors such as the efficiency and efficacy of the repair
processes that reverse DNA damage. The distinction between genotoxicity and mutagenicity test results can
be most important in weight of evidence evaluations with higher priority (all other factors being equal) being
assigned to the results of mutagenicity tests.
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Mutagens are classified under the directive into one of three categories and decisions leading to inclusion
into these categories can be based upon the demonstration of genotoxic changes and mutagenic changes.

Category 1 mutagens are substances known to be mutagenic to man. To place a substance in category 1,
positive evidence from human epidemiology studies documenting mutagenic effects is needed. To date, no
substance has been classified as a Category 1 mutagen and it is recognised that the collection of reliable
data on the incidence of mutations in human populations, or on possible increases in mutation frequencies,
Is extremely difficult.

Category 2 mutagens are substances that should be regarded as if they are mutagenic to man. Substances
are placed into this category based upon evidence that supports a strong presumption that human exposure
to the substance may result in the development of heritable genetic damage. This determination is generally
made from appropriate animal studies and other relevant (e.g. mechanistic) information. Supporting
evidence from in vitro assays or positive results from host-mediated assays, can contribute to this
classification.

In vivo germ cell mutagenesis assays can be applied to demonstrate the appearance of affected progeny or
a defect in a developing embryo. Examples of tests that provide such a demonstration include the specific
locus mutation test, the heritable translocation test and the dominant lethal mutation test.

Alternatively, in vivo assays may show relevant interactions with germ cell DNA. Assays for chromosomal
abnormalities, including aneuploidy, provide evidence of mutagenic effects in germ cells. Other assays
detect the ability of substances to interact with DNA, this interaction being an indirect indication of the
possibility that mutations may be induced. Assays of this latter category include genotoxicity tests for sister
chromatid exchange (SCE’s), unscheduled DNA synthesis (UDS), covalent binding of a substance to DNA,
or assaying other types of DNA damage (e.g. DNA strand breaks). Under most circumstances it would be
anticipated that effects upon germ cell tissue would be accompanied by similar effects in the somatic tissue
cells of mammals.

Finally, in vivo assays may demonstrate mutagenic effects in the somatic cells of animals. Combined with
supporting toxicokinetic data, or other information that demonstrates that a compound or its’ reactive
metabolites reaches the germ cells, a presumption may be made that germ cells may be affected. Activity
exerted in somatic cells may, in and of itself, be of relevance to carcinogenesis and is generally reviewed
within that context.

Category 3 mutagens are substances that cause concern for man owing to possible mutagenic effects.
Evidence will be available from mutagenicity studies, but is insufficient for placement in category 2. Such
substances are identified based upon positive results from in vivo assays that demonstrate either mutagenic
effects in somatic cells or other cellular interactions relevant to mutagenicity in mammals. In vivo somatic
cell mutagenicity assays include the bone marrow micronucleus test, metaphase analysis of peripheral
lymphocytes, or the mouse coat colour spot test. The determination of whether a substance is capable of
interacting with the DNA of somatic cells is provided by genotoxicity tests for SCE’s, UDS, covalent binding
to DNA, or other forms of DNA damage. Supporting data from in vitro mutagenicity assays assist in
assigning this classification.

It should be noted that a proportion of the assay methods mentioned in the directive are no longer in routine
use. For reasons related to cost, animal welfare issues and the limited number of laboratories with the
requisite level of expertise required to perform some assays, tests such as the mouse coat colour spot test or
the heritable translocation test are seldom performed.

2.1. Test Systems Commonly Applied in the Study of Metals and Metal Compounds

The majority of test data for many metals is actually for metal salts with high water solubility and thus more
convenient to use in the conduct of testing. These salts need not be substances of commercial importance
and extrapolation can be required if inferences are to be drawn regarding the properties of poorly soluble
substances or the metal itself. Issues of bioavailability, and their potential ramifications for read across in
hazard identification and when applied in quantitative risk assessment are important but beyond the scope of
the current document. Assessments of the mutagenic properties of metals and their compounds are typically
first based upon in vitro testing, with follow-up work using in vivo testing as appropriate. The following
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summary describes the most commonly applied test systems in greater detail, along with some of the criteria
that can be used to judge aspects of study quality.

As noted above, in vitro and animal studies of metal genotoxicity have most often been conducted upon
soluble compounds. Such studies tended to assume that counter ion effects are minimal, although this
assumption was not always valid. For example, chromate salts of metals may elicit responses due to activity
of the chromate anion (ATSDR 2000). Thus, whereas most compounds of lead are not bacterial mutagens,
lead chromate is mutagenic for Salmonella typhimurium (Nestmann et al., 1979). Similarly, calcium
chromate will produced response in the mouse lymphoma mammalian cell mutagenesis assay (Caspary et
al.,, 1988). Halogenated metal salts are typically highly soluble and, for this reason, used in mutagenesis
assays. However, halogens may, at sufficiently high concentrations, elicit gene and chromosome mutations
(Seeberg et al., 1988; Wangenheim and Bolcsfoldi, 1988). In instances where such counter ion effects are
suspected, the overall response profile must be examined to determine if other soluble metal salts also
produce a similar profile of positive responses. In general, in vitro studies have usually been conducted in
aqueous media buffered with components capable of complexing metals (e.g. carbonate formation from
bicarbonate buffers). The speciation of the soluble metal salts at the time of addition to in vitro tests should
thus be regarded as indicative of initial speciation only and may not represent the compound actually present
in a given test system.

The nature, type and biological relevance of the test system used for the study of the activity of inorganic
compounds must be considered when assessing the relative weight of the evidence for or against mutagenic
activity. A variety of endpoints can be assessed in vivo or in vitro, but are not equivalent with respect to
assessment of mutagenic potential. The sensitivity and specificity of individual assays varies with different
classes of compounds and should be considered when evaluating the significance of data from each assay
type. High sensitivity assays will respond to a broad range of genotoxic substances and thus yield few false
negative responses. Assay specificity is the converse of sensitivity and refers to the tendency of the assay
to yield false positive results. A highly specific assay will yield few false positives. The ideal assay has both
high specificity and sensitivity — but this ideal is seldom achieved. High sensitivity is often achieved with a
loss of specificity. The sensitivity and specificity of many in vitro test systems, and their ability to successfully
predict carcinogenic potential for the rat carcinogens has recently been questioned by Kirkland et al (2005)
who have observed that, at least with respect to rodent carcinogens and noncarcinogens, some assays for
genotoxicity may have inadequate specificity and vyield significant “false positive” responses for
noncarcinogens. Sensitivity and specificity are not addressed further in this section except to note specific
issues of relevance to the interpretation of assay results for metals and their compounds.

Mutagenicity Assays

Mutagenic effects can be detected through the observation of induced gene and/or chromosome changes.
Gene mutation assays detect changes in the primary sequence of DNA that result in altered protein
production and/or function. The detection of mutagenic effects in somatic cells is an important factor in the
assessment of cancer hazard. Germ cell alterations indicate risk of adverse heritable genetic changes.
Although some mutagenicity assays can be conducted in vivo, in vitro mutagenicity tests are more commonly
applied in the initial assessment of potential mutagenic properties. The most common test systems study
cultured bacteria or mammalian cells. Properly conducted assays employ both positive and negative
controls, include metabolic activation preparations, evaluate the impact of multiple concentrations of the test
substance, and seek to define dose-dependent increases in mutation frequency in the absence of high levels
of cytotoxity. Cell survival is most commonly monitored in mammalian cell test systems via colony formation
assays. Dose dependent induction of mammalian cell mutations in the absence of high levels of cytotoxicity
is regarded to provide the most relevant indication of mutagenic potential that can be obtained from in vitro
studies. The acceptable level of cytotoxicity associated with mutagenic response varies with the assay
employed but is typically on the order of 50% or less.

Different cell types or gene loci vary in their sensitivity to genotoxic agents for mechanistic reasons. For
example, some test systems are primarily sensitive to specific nucleotide base change alterations - only a
limited range of mutagenic changes may thus be detected. This limitation is particularly relevant to metals
and reverse mutation assays in bacteria (e.g. the Ames test with Salmonella typhimurium). This assay
assesses the ability of a substance to reverse the impacts of a prior known mutation that has inactivated a
gene. Different strains of S. typhimurium, each with a specific reverse mutation requirement, must thus be
used in the study of a given substance to ensure sensitivity to a spectrum of genetic changes. Only a few
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metal compounds are suspected to produce direct DNA damage, but a number are suspected to express
mutagenic potential via indirect pathways. For example, the most commonly used strains of Salmonella
have poor sensitivity to genetic changes associated with the action of oxygen radicals which are in turn
suspected to be the indirect mediators of genotoxicity for some metals. False negative responses will thus
result if the reverse mutation assay has limited sensitivity to the spectrum of genetic changes that occur as a
result of exposure to metal compounds. Interpretation of bacterial mutagenesis data for metals can also be
difficult if it is not known if the metal under study is taken up by bacteria — a number of metals are actively
excluded from uptake. As such, the sensitivity of bacterial systems to metal genotoxicity appears to be low.

Mutagenicity studies with mammalian cells are usually forward mutation assays that assess the ability of a
substance to inactivate a cell enzyme such as thymidine kinase (TK) or hypoxanthine phosphoribosyl
transferase (HPRT). Mutations occur that inactivate the target enzyme render the mutant cells resistant to
specific substances that are transformed to toxic metabolites by the functional form of the enzyme. Forward
mutation assays can be sensitive to a broad array of genetic changes, including point mutations, small
deletions and large deletions. The sensitivity of forward mutation assays to very large DNA deletions is
suspected to be limited by the presence of essential genes near the target gene evaluated in many
mutagenesis assays. Large deletions that inactivate the target gene may thus also result in damage to
genes that are essential to cell survival. If cell viability is lost, the induction of large deletions may not be
detected. Of the preceding mutation assays mentioned, loss of activity at the TK locus may be able to
tolerate larger deletion events without eliminating cell viability than loss of activity at the HPRT locus.

Genetically modified test systems are sometimes used to assess the mutagenic potential of substances
suspected to primarily cause large deletions in DNA. The cells used in such test systems contain a bacterial
gene (e.g. guanine-hypoxanthine phosphoribosyl transferase or gpt) inserted in a chromosome region not
adjacent to essential genes. Mutagenic events affecting large regions of DNA that also eliminate activity in
the bacterial gene can thus be detected with greater ease. While genetically modified cells may have
sensitivity to a broader subset of genetic alterations, assays using such cells have been only recently
developed and have not been as extensively validated as traditional forward mutation assays and assay
specificity, sensitivity remains to be determined. Moreover, it would appear that, at least in some instances,
loss of gene activity may result from events that affect gene expression (e.g. methylation) as opposed to
changes in the primary sequence of DNA (Klein, 1994). However, given these limitations, such assays have
been suggested to be sensitive to some of the indirect mechanisms of mutagenicity that may be associated
with some metal compounds (Ariza and Williams, 1996).

Each mutation assay has it's own specific recommended protocols covering treatment conditions, mutation
expression time, mutant selection and acceptable rates of background mutation frequency. Detailed
specification of the technical nuances associated with each type of assay will not be provided here.

Chromosome Changes

Alterations in DNA sequence also result from changes in the structure of chromosomes and alterations in the
amount of DNA from changes in the number of chromosomes. Using cells exposed in vitro, or cells (e.g.
bone marrow from animals or peripheral blood lymphocytes from humans) harvested and placed in cell
culture after in vivo exposure, metaphase chromosomes can be routinely screened for numerical and
structural chromosome aberrations (CA). The frequency of CA in peripheral blood lymphocytes was the only
genotoxic biomarker recently suggested to correlate with future cancer risk in humans. An approximate two-
fold elevated cancer risk has been estimated among subjects with high frequencies of CA (Hagmar et al.
2004a).

CA are divided into two types: 1) chromatid-type aberrations, which affect only one chromatid; and 2)
chromosome-type aberrations, which affect the same locus on two sister chromatids. Agents that produce
double strand breaks, such as ionising radiation, produce mainly chromosome aberrations and these are
independent of DNA replication. Chromosome-type aberrations represent unrepaired or incompletely
repaired double strand breaks. Agents that produce other DNA lesions (adducts, crosslinks, pyrimidine
dimers, single strand breaks) produce chromatid-type aberrations and these are DNA replication-dependant
and form in vitro during S-phase. Lesions can also result from cellular events such as topoisomerase action
or repair of endogenous lesions. Although they are induced by different mechanisms, both types are
reported to be associated with increased cancer risk although the correlation with chromosome-type lesions
may be stronger (Hagmar et al., 2004b). The strength of the correlation between different classes of
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chromosomal changes and endpoints such as cancer is likely to vary as a function of the class of substance
being tested and the mechanism(s) responsible for the induction of CAs — at present the strength of the
correlation for metals is not known.

Chromosome-type aberration types include: chromosome breaks, ring chromosomes, marker chromosomes,
and dicentrics. Chromatid-type aberrations include chromatid breaks and chromatid exchanges (these are
not the same as sister chromatid exchanges). The chromosome “gaps” that were sometimes reported in
earlier cytogenetic studies are now thought to be artefacts (often the result of the staining procedures used)
and are not in and of themselves regarded as reliable indicators of mutagenic effects.

In the 1990’s attention was focused on CA’s produced under extreme conditions such as high osmolarity,
high ionic strength and low pH. Such conditions are obviously germane to testing conducted with high
concentrations of metal salts. These conditions, as well as some non-genotoxic chemicals (e.g. aphidicolin,
an inhibitor of DNA polymerase) caused non-specific interference with cellular functions that could lead to
CA (Galloway et al., 1998). It was found that compounds that induced CA at <50% cytotoxicity were more
likely to be genotoxic in other assays than compounds that only caused CA at >50% toxicity. It is now
recommended that chromosome aberration assays should incorporate some measure of cytotoxicity to aid in
the assessment of the relevance of study results, although this is often not done adequately (Komissarova et
al., 2004). Finally, there is often a dose-related delay in appearance of aberrations, due to cell cycle delay,
such that dose-response experiments assayed at one time point may not yield a dose-related effect (Kirkland
1998). Some agents thus require assessment of CA’s after variable post-treatment recovery times.
Conversely, decreased cell cycle times may be associated with an increase in aberrations and should be
considered in the evaluation of metals known to be mitogens. Cells harvested from the bone marrow or
other in vivo sites tend to accumulate spontaneous aberrations during successive cell divisions in vitro.
Accordingly, increases in aberrations associated with increased mitotic indices or decreased cell cycle times
must be interpreted with caution.

The in vitro micronucleus (MN) assay was developed as a short-term screening assay for animal and human
genotoxic exposures and cytogenetic effects. In comparison with CA, the scoring of micronuclei (MNs) is
simpler, less expensive and less time consuming. In principle, the MN assay can be expected to be more
sensitive than the CA assay because of the increased statistical power when large numbers of cells are
analysed (1000 per culture is recommended) compared with a hundred or a few hundred cells usually scored
for CA. The in vivo bone marrow MN test is now accepted as being equivalent to the bone marrow CA test in
identifying clastogens, and the in vitro MN assay shows good potential to replace the in vitro CA test (Kirsch-
Volders et al., 2003b).

MN are defined as small, membrane bound DNA-containing cytoplasmic bodies formed during cell division
by loss of either acentric chromatin fragments or whole chromosomes. The two basic phenomena leading to
the formation of MN are chromosome breakage (double strand breaks associated with clastogenesis) and
dysfunction of the mitotic apparatus that impairs chromosome segregation during mitosis/meiosis to result in
the gain or loss of entire chromosomes (aneugenesis). Aneuploidy is defined as a change in chromosome
number from the normal diploid or haploid number other than an exact multiple (polyploidy). MN produced
as a result of clastogenesis contain acentric chromosome or chromatid fragments and MN associated with
aneuploidy contain whole chromosomes that lag behind in anaphase and are left outside the daughter nuclei
in telophase.

Because cell division is necessary for the generation of MN, the cytokinesis block micronucleus (CBMN)
assay is recommended for use with human lymphocytes and is optional for use with cell lines (Kirsch-Volders
et al., 2003b). In this assay, cultures are treated with cytochalasin B, an inhibitor of actin polymerisation.
Cytochalasin B prevents cytokinesis but allows nuclear division, resulting in cells with multiple nuclei. It is
thus possible to identify cells that have divided once, because they contain two nuclei. By restricting scoring
of micronuclei only to cells with two nuclei, problems caused by treatment-related variations in cell cycle
times are reduced. Furthermore, the scoring of cells with two nuclei helps ensure that only events in viable
cells are scored and that apoptosis has not occurred. When applied to cell cultures, cytochalasin B blocks
also help ensure that the MN scored were induced after the treatment of cells with the test material.

Attempts have been made to distinguish between numerical (aneugenic) and structural (clastogenic)
changes that can occur following treatment with a test compound. Currently, the most widespread and
reliable assays identify whole chromosomes in MN by labelling their kinetochores or centromeres.
Kinetochore proteins can be identified by immunofluorescence with CREST anti-kinetochore antibody
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reactive with conserved human centromere proteins (labelled MN are termed K+). Alternatively, centromeric
DNA sequences can be identified by fluorescent in situ hybridization (FISH) using repetitive DNA sequence
probes (labelled MN are termed C+). When these techniques are used, the in vitro MN assay is considered
a suitable alternative to in vitro chromosome aberrations tests for detection of clastogenic and aneugenic
agents. As a generalization, since metals have a strong tendency to bind to cellular proteins, and could alter
antibody binding to proteins, FISH may be preferable to CREST staining in the study of metal-treated cells.

It is recommended that this assay should be performed under conditions of high survival (>50% or more
viable cells). It is also recommended that markers for apoptosis and necrosis be included, particularly if cells
are being evaluated in vitro after treatment in vivo (Kirsch-Volders et al., 2003b). At least 2000 cells should
be scored per concentration (1000 per culture, in duplicate).

Genotoxicity tests providing indications of potential mutagenicity

A number of test systems do not actually assess mutagenic effects and are best regarded as “indicator tests”
for genotoxic potential. These test systems monitor cellular changes thought to occur in association with
mutagenic change, but the changes measured are not in and of themselves proof that mutagenic change
has occurred. In a number of instances, positive responses in indicator tests can occur via mechanisms that
are not the same as those for mutagenic change. As such, results from such indicator test systems are often
assigned secondary priority in weight of evidence genotoxicity assessments. A variety of indicator tests exist
— only those that have been applied most frequently in the study of metals are discussed here.

Sister Chromatid Exchange

Sister Chromatid Exchange (SCE) frequency has been commonly used as an index of chromosomal stability
after treatment with mutagens. SCE'’s are induced during DNA replication, most likely as a result of a highly
conserved homologous recombination (HR) mechanism that uses the nascent sister chromatid to repair
potentially lethal DNA lesions during replication (Sonoda et al., 1999). SCE induction is stimulated by DNA
damage, but also by replication fork arrest (Matsuoka et al., 2004). Thus, one cannot conclude from SCE
data alone that an agent causes DNA damage, particularly if the SCE response is only seen in the toxic dose
range where replication fork arrest might be occurring. The toxicity of metal concentrations inducing SCE’s,
and whether DNA replication is inhibited at those doses, must be ascertained in order to interpret SCE
induction data properly. The most relevant responses will be those that:

1) occur at concentrations with minimal toxicity;

2) exhibit dose dependence; and

3) result in a greater than two-fold increase in SCE frequency above baseline.
Single Cell Electrophoresis (COMET assay)

In the Comet assay, individual cells are electrophoresed, stained and visualized microscopically for evidence
of treatment induced damage to DNA (Collins, 2004). The alkaline version of this assay (conducted at
pH>13) is accepted as the most sensitive protocol since it will detect both DNA strand breaks and alkali
labile DNA adducts (Collins, 2004). When there is DNA damage, stained cells appear as a nucleus (the
“head”) with a “tail” like that of a comet. This tail consists of broken DNA strands that are released by the cell
lysis and DNA unwinding stages of the procedure. Undamaged DNA does not migrate and remains in the
head. The parameters measured in the Comet assay are *“tail length”, “% DNA in tail” or “tail moment” (%
DNA in tail x Tail length). Tail moment is regarded as the best index of effect.

The Comet assay detects both single and double strand DNA breaks as well as alkali-labile sites. As a
consequence of sensitivity to DNA stand breaks, Comet assay results often correlate with those of the
chromosome aberration assay. The assay protocol can be readily applied to cells treated in vivo and, as a
result, has been used to study multiple tissues from treated animals and human cells that can be harvested
by relatively non-invasive procedures. A number of human biomonitoring studies have thus been conducted,
but the results of such studies have been difficult to interpret. The effect of tobacco smoking on the Comet
assay has produced mixed outcomes, with 9 reports finding increased damage in smokers and 16 reports
not finding such an effect (Faust et al., 2004). Although it can be argued that tobacco smoke represents low
level chronic exposure to mutagens and that consistent positive responses would not be expected, the assay
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has demonstrated responsiveness to other substances (e.g. pesticides) that are either weakly mutagenic or
non-mutagenic in other test systems (Faust et al., 2004). Interpretation of Comet assay results with respect
to mutagenic or carcinogenic risk in humans is further complicated by the impact of age, stress, nutrition and
exercise upon assay results and the extreme degree of inter-individual variability that generally exceeds the
differential between the “exposed” and “control” subjects in most studies (Collins, 2004).

The mixed performance of the Comet assay in human biomonitoring validation studies is likely, at least in
part, to be due to the mixed exposures and uncontrolled confounding characteristic of any human
biomonitoring study. Assay responses may also reflect sensitivity to biological effects not necessarily
relevant to genotoxicity. Single strand breaks are quickly repaired and are not regarded as significant
promutagenic lesions. Alkali-labile sites can result from some DNA adducts which spontaneously depurinate
(or depyrimidinate) leaving AP sites which are cleaved by alkali. However, excision repair of adducts can
create AP sites and breaks as intermediates. In order to avoid false positive responses, Henderson et al.
(1998) suggest that the concentration of test substance should produce >75% viability since necrotic cells
also display DNA damage (Fairbairn et al., 1996). For studies conducted using cells derived from tissues
exposed in vivo, histopathological examination of the treated tissues is generally regarded as the optimal
means of ensuring that excessive toxicity and necrosis has not been produced (Burlinson et al., 2007).

Positive Comet assay results can also be produced by the induction of apoptosis, programmed cell death
that results in DNA fragmentation into segments of 180 base pairs, and apoptosis can in turn be induced by
non-genotoxic agents. Extremes of pH, ionic strength and osmolarity, and fast ligand binding may induce
apoptosis (Henderson et al. 1998; Choucroun et al., 2001) and a number of metals have been found to
modulate apoptosis induction. Thus, it is advisable to evaluate apoptosis in the population of cells being
used in the Comet assay although this is not usually done. Comet assay results reflective of apoptosis can
be detected by evaluating the distribution of DNA damage amongst cells (e.g. by calculating the tail moment
in each cell). If apoptosis is occurring, a bimodal distribution will be seen with a population of cells that show
no damage and a population of cells that show extensive damage. This occurs with compounds like
dexamethasone and camptothecin (Lee et al., 2003). Alternatively, or in addition, apoptosis induction can be
monitored using an Annexin V affinity assay or caspase-3 activation assay to detect apoptosis induction
within the target cell population (Roser et al., 2001; Komissarova et al., 2004). When the Comet assay is
performed in combination with controls for apoptosis, it has been reported to have a higher specificity than
the Comet assay alone (Lee et al., 2003).

Application of the Comet assay under controlled laboratory conditions has produced more reproducible and
consistent results than those produced by human biomonitoring studies (Sasaki et al., 2000). In a test of 208
chemicals, 110 out of 117 rodent genotoxic (Ames *) carcinogens gave positive Comet assay results
compared to 6 0f30 tested noncarcinogens. For Ames (-) carcinogens, less than 50% were positive in the
Comet assay, suggesting that the assay will have understandable limitations in the detection of nongenotoxic
carcinogens. Moreover, while responses were observed in vivo in tissues that were known to be the target
tissues for carcinogenesis, greater amounts of DNA damage are at times observed in non-target tissues.

2.2. Mechanisms of Mutagenicity of Metals and Metal Compounds

Compounds of a number of metals (e.g. Pb, Zn, Cu, Cd) have been evaluated for mutagenicity and/or
genotoxicity in vitro and in vivo. Observation of mutagenicity in vitro has been common, but for a number of
metals responses appear to be elicited in the absence of direct metal interaction with DNA. This has
stimulated research on indirect pathways by which metals could produce an effect. A variety of hypotheses
have been put forward to explain mutagenic and genotoxic responses induced by metals and their
compounds and are summarized here. These hypotheses are not mutually exclusive; different mechanisms
may underlie the activity of different metals and/or a single metal may have several potential mechanisms by
which effects might be induced. A number of these mechanisms are, however, predicated upon the
assumption that some metals may be capable of substituting for essential metals involved in key
physiological processes. As such, this mechanistic aspect of metal genotoxicity is unlike that responsible for
the activity of most genotoxic organic substances.

The importance of oxidative damage to DNA in mutagenesis and carcinogenesis has been extensively
studied with respect to several metals. Oxygen is present as 20% of the atmosphere and is the terminal
oxidant for aerobic organisms. All forms of aerobic life are subjected to oxidant pressure from molecular
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oxygen and reactive oxygen species (ROS). Most of the potentially harmful effects of oxygen are due to the
formation and activation of ROS. Oxidative stress can be defined most simply as the imbalance between the
production of ROS capable of causing cellular damage and the body’s antioxidant defences. ROS include
singlet oxygen, hydrogen peroxide (HoOs), superoxide radical (O2), nitric oxide (NO), organic oxyradicals,
and organic peroxyradicals. Many of these are free radicals (i.e. molecules with one or more unpaired
electrons and therefore unstable and highly reactive). Seeking stability, radicals attack nearby molecules to
obtain another electron, causing damage to the molecule. If free radicals are not inactivated, their chemical
reactivity can damage all cellular macromolecules, including proteins, carbohydrates, lipids and nucleic
acids. Upon reaction with DNA, ROS have been documented to produce more than 30 different base
adducts, DNA strand breaks and crosslinks as well as various amino acid, protein and lipid addition products
(Marnett and Burcham, 1993). Although 8-OHdG is only one of a plethora of oxidized bases, it has been
useful as a marker for oxidative DNA damage. Hydroxyl radical attack on the deoxyribose in DNA induces
strand breaks that might be expected to contribute to the deletions within DNA and structural chromosome
changes (Joenje, 1989).

Free radicals and other reactive oxygen species can be derived from normal metabolism in the human body
as well as from external sources, such as exposure to radiation, ozone, cigarette smoking, certain drugs,
pesticides, air pollutants and industrial chemicals. Mitochondria represent the greatest source of cellular
oxidants because their electron transport system consumes approximately 85% of the oxygen utilized by the
cell (Shigenaga et al., 1994). 1-2% of oxygen molecules are converted to superoxide by autooxidation [one
electron transfer to O» (Sohal and Dubey, 1994)]. Through dismutation, this is the major source of H>O5 in
cells, although smaller amounts of ROS are also contributed by other oxidant-producing systems
(cytochrome p450, peroxisomes, NO synthetase, and cytoplasmic oxidases). Levels of oxidative damage to
mitochondrial DNA are at least 10-fold higher than to nuclear DNA in the same cell, a fact consistent with the
higher evolutionary mutation rate of mitochondrial DNA compared with nuclear DNA (Shigenaga et al.,
1994).

HoO» itself does not react with DNA, but requires a metal ion that can produce the DNA-damaging hydroxyl
radical via Fenton reactions with HoOs (Joenje, 1989). Since iron and copper ions are powerful Fenton
agents generating hydroxyl radicals, a complex system of storage and transport proteins exist to sequester
these ions. Iron bound to ferritin, its storage form, or transferrin, its transporter, will not take part in Fenton
reactions (Halliwell and Gutteridge, 1989). However, if superoxide escapes dismutation, it too can damage
DNA.

A favourable condition for uncontrolled oxidative reactions exists in cell membranes because of their
unsaturated lipids. Mutagens such as malondialdehyde and unsaturated aldehydes (e.g. acrolein) can be
formed endogenously as a result of lipid peroxidation. These compounds modify DNA bases with propano
and etheno adducts (Marnett, 1994). Among these adducts so far found as endogenous DNA lesions, the
acrolein- and the crotonaldehyde-derived 1,N2-propano deoxyguanosines are most ubiquitously detected at
relatively high levels in tissue DNA (Nath and Chung, 1994). It is suggested that these adducts could
represent the main DNA damage resulting from lipid peroxidation. It stands to reason that agents increasing
lipid peroxidation in cells should increase the abundance of malondialdehyde, acrolein, and their DNA
adducts.

In many cases, the conclusion that free radical production is part of a genotoxic mechanism for metals
follows the observation of increased amounts of free radical damage products, particularly markers of lipid
peroxidation. It is important to consider that lipid peroxidation inevitably accompanies cell death from any
cause. Metals may cause oxidative stress as a result of cell death, or as a result of Fenton-type reactions
with HO,. Mitochondria are also centers of heme production and use, have naturally high metal
concentrations and as such may be sensitive targets for metal toxicity. More research is needed to
understand the chemical and biochemical determinants of metal interactions with cellular oxidants. For
example, does a specific metal ion cause a Fenton reaction or does it displace iron from some molecules,
resulting in iron-induced Fenton reaction? Do some metals affect mitochondrial function to produce more
ROS and, if so, does this occur at metal concentrations that are not lethal to the cell?

Several authors have conducted studies demonstrating that mutagenic and genotoxic effects of metal
compounds could result from indirect oxidative mechanisms in vitro (Ariza and Williams, 1998; Yang et al.,
1999; Vaglenov et al. 1998; Roy and Rossman, 1992) and in vivo (Huang, 1988; Fracasso et al., 2002;
Valverde et al. 2001) although the specific mechanism speculated to underly the effects of different metals
varies.
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Other indirect mechanisms may be important in the consideration of metals. Hartwig et al (1994) postulated
that some metals may interfere with the fidelity of DNA repair — and through this mechanism increase the
effects of other genotoxic substances. Subsequent studies have confirmed that metals such as cobalt,
arsenic, nickel and cadmium interfere with base and nucleotide excision repair, even though they may affect
different steps of the respective repair systems and act by different, not yet completely understood
mechanisms. The activity of some metals could be mediated by their unique ability to substitute for essential
metals that are involved in DNA repair or replication. Potential target molecules for some metal ions are so-
called zinc finger structures in DNA repair proteins (Hartwig, 2001). Such proteins have structural motifs
containing zinc that might be replaced by other metals with a resulting alteration in DNA repair efficacy.
However, different zinc finger proteins exhibit sensitivity towards different toxic metal ions and the resulting
complexity of potential effects has proved difficult to dissect (Hartwig and Schwerdtle 2002; Hartwig et al.,
2003). Although the precise mechanism of action may not be understood, metal ion induced effects upon
DNA repair can be seen at low, non-cytotoxic concentrations and can greatly reduce the repair of DNA
adducts induced by substances such as benzo[a]pyrene. Finally, nickel, arsenic, and cobalt ion have been
observed to interfere with cell cycle progression and cell cycle control following ultraviolet C radiation, a
presumed indication of interference with excision repair of UV-induced DNA damage (Hartwig et al., 2002).
Of potential particular significance are specific inhibitory effects of some metal ions at low concentrations
with plausible physiological relevance. For example, arsenic induced effects have been observed in the
range of 10 nM arsenic concentration.

While an impact of metals upon mutagenesis through oxidative stress and/or decreased repair fidelity cannot
be precluded, the lesions thus generated (adducts or base pair changes) would most likely elicit responses
in assays for point mutations. Evidence for point mutations induction in response to treatment with many
metal compounds is often quite limited, but few studies have evaluated the combined impact of treatment
with metal compounds and direct-acting genotoxic agents. The relative importance of either pathway in
producing mutagenic effects in vitro or in vivo is thus difficult to judge. Moreover, it is unclear if either
pathway is operative in inducing chromosomal changes frequently observed after treatment with metal
compounds.

Novel mechanisms for clastogenic activity have recently been proposed. Thier et al (2003) examined
micronucleus induction by lead and mercury salts in cultured V79 hamster cells. Dose dependent induction
of micronuclei was observed and additional studies suggested that the induced micronuclei were entire
chromosomes as opposed to chromosome fragments. Interference with function of the mitotic apparatus,
most likely mediated by metal specific binding to mitotic spindle proteins, thus represents yet another indirect
pathway through which metals might act. Moreover, it would suggest that some metals may preferentially
induce aneuploidy, as opposed to chromosome fragmentation, to yield micronuclei.

2.3. Response Profiles for Metal Genotoxicity

The genotoxicity of numerous metal compounds has been examined. For many metals and their
compounds, testing has been extensive, but contradictory reports have appeared in the scientific literature.
The response profile for metals that are the subject of ongoing or recently completed EU risk assessments is
presented in the following table in an attempt to summarize the overall weight of evidence judgements of
these risk assessments. The table indicates the metal ion tested, along with a summary evaluation of
whether or not the responses elicited within in vitro test systems required physiologically relevant
concentrations of metal ions. Most studies have been conducted using soluble metal salts (e.g. acetates,
chlorides, nitrates), but the broad range of compounds actually tested is not presented in the interests of
simplicity and due to the presumption that the metal ion is the moiety responsible for any activity observed.

As a generalisation, all metals appear to elicit genotoxicity in one or more in vitro test systems. Summary
evaluations are offered for in vitro testing for point mutations in mammalian cells and cytogenetic alterations
(chromosome aberrations or micronucleus induction). Mutagenicity testing in bacteria is negative for most of
the metal compounds tested and is thus not included in this summary evaluation. However, several metal
compounds, such as tetravalent platinum compounds, rhodium compounds and hexavalent chromium salts,
are reported in the scientific literature to be bacterial mutagens (Lantzsh and Gebel, 1997; Bunger et al.,
1996). Results obtained in the Comet assay and in vivo cytogenetic assays are also listed. Finally,
summary evaluations are offered of the carcinogenic potential for both animals and humans.
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For most metals, the overall profile that emerges is complex and lacks consistency. A portion of this
inconsistency is likely derived from older studies that are poorly reported and/or of probable low quality. As a
generalisation, tests for point mutations in mammalian cells are usually negative, but this finding must be
interpreted with caution since some indirect mechanisms of action (e.g. through reactive oxygen species)
could induce large deletions not efficiently detected by most point mutation assays. Assays for in vitro
cytogenetic changes are usually positive, with some indications that aneuploidy induction may be common.
The Comet assay provides either positive or equivocal results for most metals, although many of the studies
conducted have not included adequate controls for cytotoxicity or apoptosis.. In vivo cytogenetics assay
results are generally less definitive than in vitro studies, with a tendency for positive findings to result from
routes of administration such as i.p. injection and negative studies to result from studies conducted via oral
administration or inhalation exposure. Weight of evidence evaluations are thus needed to ascertain the
physiological relevance of i.p. studies and the adequacy of oral or inhalation dosing regimens for achieving
adequate “dose to target tissues”. The nature of such weight of evidence evaluations was extensively
discussed during the external experts workshop (see annex 1) and will be reviewed in the next section on
recommendations for a genotoxicity testing strategy for metals. The carcinogenicity evaluations listed are
generally the findings of recent risk assessments and/or IARC although it is inappropriate to assume an
obligatory linkage between carcinogenicity and genotoxicity for all metals.

Summary Result of Genotoxicity Testing and Carcinogenicity Evaluations for Selected Metals'

Metal Mutagenesis in vitro COMET in vivo Cancer
Cytogenetics Cytogenetics Animal/Hum

Cd (phys) +/- + ? -? +/+

Co (phys) ? + + + +/-

Cu (not phys) +/- + ? - -/-

Ni (phys) soluble - + + - -/+
insoluble - + + NT +/+

Pb (not phys) +/- +/- +/- +/- +-?

Zn (phys) +/- + NT +/- -/-?

"Test results are defined as follows. (-) indicates that most tests are negative, (+/-) indicates that responses are inconsistent with both
positive and negative results, (?) indicates that test result are equivocal, (-?) Indicates that results are generally negative with some
indications of a positive response. NT indicates that the endpoint has not been tested. Finally, a summary appraisal if offered of
whether the responses observed were obtained using test concentrations with probable physiological relevance (phys) or
concentrations unlikely to be achieved via normal routes of exposure (not phys.)

Note that the preceding matrix does not include biomonitoring studies of occupationally - or environmentally-
exposed humans. The results of such studies will be discussed in the companion HERAG fact sheet on
Carcinogenicity.




HERAG FACT SHEET Page 13 of 27

.
.
EBRC a Mutagenicity

3. Recommendations for a Mutagenicity Testing Strategy for Metals and Metal Compounds

Current base set strategies for genotoxicity testing (see annex 2) start with assays for bacterial mutagenesis.
Bacterial mutagenicity tests appear to have little utility for the testing of metals (test results are almost always
negative) and should be replaced with mammalian cell test systems. However, the indirect mechanisms
suspected to mediate metal genotoxicity may induce large deletions for which the sensitivity of gene
mutation assays such forward mutation at the HPRT locus may be limited. Large scale deletions, while
inactivating the HPRT gene, may also affect neighbouring genes essential for cell survival and thus go
undetected. Considerations should therefore be given to use of forward mutation assays with demonstrated
sensitivity to both point mutations and large deletions. The mouse lymphoma test system, assaying
mutations at the thymidine kinase gene, has been suggested to be sensitive to both types of lesions. Small
point mutations result in rapidly growing mutant colonies. Mutations that inactivate the thymidine kinase
gene via large deletions result in mutants with impaired growth capacity that form slow growing small
colonies. Comparison of small vs large mutant colonies can thus provide an indication of the size of the
genetic lesions responsible for mutagenesis. Alternatively, genetically engineered cell lines with bacterial
gene inserts (such as the gpt gene) appear capable of detecting both large and small scale mutagenic
events that inactivate the gpt gene. These newer test systems are not, however, yet validated or extensively
characterised with respect to assay sensitivity or specificity. Epigenetic events (e.g. DNA methylation) may
also result in loss of gpt activity (Klein, (1994) and at least one metal (nickel) has been found to produce
positive assay responses via reversible alterations in transgene methylation as opposed to the induction of
actual mutations (Kargacin et al., 1993). Verification that DNA sequence changes have occurred may thus
be required for definitive interpretation of positive results from some of these newer assays.

Tests for chromosome aberrations or micronucleus induction are currently recommended as part of base set
testing and appear to be sensitive to the effects of metals. Retention of testing for these endpoints is thus
indicated in the in vitro base set. Assays for micronucleus induction may be the simpler and more rapid
assay for assessing cytogenetic damage — and if coupled with kinetochore staining can further serve to
assess aneuploidy induction in addition to chromosome damage. Although not yet ready for routine use, it is
expected that assays for effects upon DNA repair might be both possible and useful in the near term.
However, for the time being, such assays remain highly specialized and are not yet amenable for routine
screening purposes.

A tiered testing strategy is depicted in Figure 1 overleaf and can be applied for purposes of both hazard
identification (i.e. classification) and risk assessment. The proposed scheme would conduct in vitro testing
for gene mutations and chromosomal changes/micronucleus induction. However, based upon both the high
prevalence of positive in vitro data for metals, and the theoretical premise that metal ions will bind to multiple
cellular targets and induce genetic changes via indirect mechanisms, many metals compounds would test
positive in the recommended in vitro base set. An in vivo follow-up strategy is thus also defined which can,
on a case by case basis, be used to assess the relevance of mutagenic potential that may be suggested by
in vitro testing.

In vivo follow-up strategies would be guided by the endpoints suggested to be relevant by in vitro testing.
Thus, observation of cytogenetic changes in vitro should be followed up by testing for cytogenetic effects in
vivo etc. The conduct of gene mutation assays has historically been a challenge in that the range of tissues
that could be routinely examined for was limited. However, with the growing sophistication and acceptance
of mutagenesis assays in transgenic animals, in vivo follow-up for gene mutation endpoints will be
increasingly feasible and accepted. Consideration may also be given to the prioritization of follow-up in
accordance with the relevance of the concentrations required to produce effects in vitro to the concentrations
of metal that can be tolerated by in vivo systems. For example, if uM concentrations of a metal are the
maximum that can be tolerated in vivo then priority might be assigned to evaluated effects induced by uM (as
opposed to mM) concentrations in vitro.
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between mutagenic effects
and putative mechanisms

FIGURE 1: PROPOSED MUTAGENICITY TESTING STRATEGY FOR METALS AND METAL COMPOUNDS
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Understanding of the target organ specificity and toxicokinetics for a specific metal would facilitate the
identification of in vivo tissues that should be selected for study. Preferred tissues for testing would be those
known to experience high concentrations of metal ions and/or to be the targets of carcinogenesis. For
example, assays for micronucleus induction in bone marrow cells would be relevant if the metal to be tested
is known to affect bone marrow or to attain concentrations adequate for producing a meaningful test result.
Knowledge of metal toxicokinetics and target organ specificity would also assist in assessing the routes of
exposure that might be relevant for testing. Inhalation exposure would be appropriate for pulmonary
toxicants, oral exposure for agents impacting the gastrointestinal tract etc.

Whereas routes of administration such as intraperitoneal or intravenous injection may be appropriate so as
to maximize the sensitivity of assays for producing genotoxicity responses in internal organ tissues, due
consideration should also be given to the fashion in which routes of exposure may alter metal toxicokinetics.
For metals that demonstrate high affinity binding to carrier proteins, non-physiological routes of
administration may bypass normal control mechanisms to yield patterns of tissue specificity and effect that
may not be relevant to oral or inhalation exposure. There may further be concern that injection will yield
systemic free metal ion concentrations that could not be achieved without causing severe local or systemic
toxicity. For metals with strong toxicokinetic dependence upon protein carrier systems, observation of
genotoxicity at physiological exposure concentrations, obtained via physiologically relevant exposure routes,
would be of greatest concern. In situations where studies employing physiological routes of exposure are
negative and those employing non-physiological routes are positive, expert judgement and weight of
evidence evaluations will be required for appropriate interpretation of results. For metals with poor uptake
rates, short-term oral or inhalation treatment regimens might not be adequate to produce systemic metal ion
concentrations required for a relevant test result. Longer treatment regimens could be indicated in such
cases.

In the absence of adequate information regarding metal toxicokinetics and target organ specificity, indicator
assays such as the Comet assay could be applied to identify tissues that may be targets for mutagenesis.
However, some caution should be exercised in that organ-specificity for Comet assay results is not always
fully concordant with tissue-specificity for carcinogenic responses induced by mutagenic carcinogens (Sasaki
et al., 2000).

Noticeably absent from the proposed in vivo testing strategy is reliance upon the dominant lethal test.
Although long-standing validated OECD testing protocols exist for this test, refinements have since been
proposed that more carefully adopt treatment protocols to the timing of different stages of male germ cell
development and the action to mutagenic substances (Adler, 2000). Moreover, while a number of metals
have been evaluated in the dominant lethal test, much of the data is in the older literature and of
questionable quality. As animal welfare issues assume greater importance, risk of genotoxicity to germ cells
is more likely to be determined by careful weight of evidence evaluations that determine 1) whether a metal
is genotoxic in somatic cells in vivo; and 2) whether the substance reaches the germ cells in significant
quantity. This recommendation is made with recognition that there is at present uncertainty with respect to
the criteria that are to be applied for definition of whether a substance reaches germ cells and that use of
transgenic animals may soon make it possible to assess mutagenic effects in germ cells. Conduct of
dominant lethal tests, with appropriately modified and updated protocols (Adler, 2000), remains an option
that can be pursued should there emerge to be a legitimate need to quantify risk.

The results of the in vivo testing strategy described here would be used for final classification decisions using
a weight of evidence approach that carefully evaluates the relevance of the endpoints examined, routes of
administration employed and the target tissues studied. This weight of evidence evaluation, particularly if
guided by studies employing physiological routes of exposure, would further point the way for the conduct of
dose response and mechanistic studies that would be critical for risk assessment. Such strategies are still in
early stages of development but might consist of studies that quantify the dose response for both genotoxic
effects of concern and the mechanisms that are believed to be responsible for those effects in the target
tissues of greatest concern. For example, dose response studies could be conducted to determine dose
responses for:

1. Generation of DNA adducts and DNA strand breakage
2. Mouse erythrocyte MN induction.

3. Modulation of ROS induction or metabolism
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Determination of the shape of the dose response curves for each of the above could provide information
regarding effects at low exposure levels and subsequent estimates of risk. Given that indirect mechanisms
are suspected to mediate potential genotoxicity for many metals, nonlinear or “quasi threshold” dose
response curves may be observed. This will be particularly true if, as is suspected for numerous metals,
genotoxicity results from the substitution of exogenous metals for essential metals that play a role in DNA
replication and repair or the metabolism of oxygen radicals. Such substitution mechanisms will exhibit
kinetics reflective of the relative competitive binding affinity of different metals for target molecules and would
be expected to be exhibit distinctly nonlinear dose responses. Concordance between the dose response for
biological effects and mechanisms believed to mediate effects would increase the relative degree of
confidence placed upon levels of risk assumed at different levels of exposure. However, there is no
standard approach or general agreement on data needs and evaluation strategy established at the moment.
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