Chem. Res. Toxicol. 2008, 21, 253-265

Biomarkers in Toxicology and Risk Assessment: Informing Critical
Dose—Response Relationships

James A. Swenberg,* " Elizabeth Fryar-Tita,” Yo-Chan Jeong,” Gunnar Boysen,"
Thomas Starr,” Vernon E. Walker,® and Richard J. Albertini®

Department of Environmental Sciences & Engineering, University of North Carolina,
Chapel Hill, North Carolina 27599, TBS Associates, 7500 Rainwater Road, Raleigh, North Carolina 27615,
Lovelace Research Respiratory Institute, 2425 Ridgecrest Dr. Southeast, Albuquerque, New Mexico 87108, and
Genetic Toxicology Laboratory, University of Vermont, 656 Spear Street, Burlington, Vermont 05401

Received November 15, 2007

Tremendous advances have been made in the study of biomarkers related to carcinogenesis during the
past 20 years. This perspective will briefly review improvements in methodology and instrumentation
that have increased our abilities to measure the formation, repair, and consequences of DNA adducts.
These biomarkers of exposure, along with surrogates such as protein adducts, have greatly improved our
understanding of species differences in metabolism and effects of chemical stability and DNA repair on
tissue differences in molecular dose. During this same time frame, improvements in assays for biomarkers
of effect have provided better data and an improved understanding of the dose responses for both gene
and chromosomal mutations. A framework analysis approach was used to examine the mode of action
of genotoxic chemicals and the default assumption that cancer can be expected to be linear at very low
doses. This analysis showed that biomarkers of exposure are usually linear at low doses, with the exception
being when identical adducts are formed endogenously. Whereas biomarkers of exposure extrapolate
down to zero, biomarkers of effect can only be interpolated back to the spontaneous or background
number of mutations. The likely explanation for this major difference is that at high exposures, the biology
that results in mutagenesis is driven by DNA damage resulting from the chemical exposure. In contrast,
at very low exposures, the biology that results in mutagenesis is driven by endogenous DNA damage.
The shapes of the dose—response curves for biomarkers of exposure and effect can be very different,
with biomarkers of effect better informing quantitative estimates of risk for cancer, a disease that results
from multiple mutations. It is also clear, however, that low dose data on mutagenesis are needed for
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many more chemicals.
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1. Introduction

Biomarkers have been used in medicine and toxicology for
many years to assist in diagnosing and staging disease. Examples
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of this include measurements of blood pressure and heart rate,
blood cholesterol, and liver enzymes. While these types of
measurements have not traditionally been called biomarkers,
they clearly fit current definitions. An NIH Study Group defined
“biomarkers” as a characteristic that is objectively measured
and evaluated as an indicator of normal physiologic processes,
pathologic processes, or pharmacologic responses to a thera-
peutic intervention (/). Today, the term usually refers to
“molecular or cellular biomarkers”. This perspective will focus
on a small subset of biomarkers that is being used to better
understand the role of reactive molecules that produce DNA
adducts thought to be involved in carcinogenesis and related
biomarkers such as protein adducts and metabolites excreted
in the urine. These biomarkers represent biomarkers of exposure.
Many DNA adducts can result in mutations if DNA replication
takes place before repair. Mutations, at either the gene or the
chromosome level, are irreversible changes in DNA structure
that alter its genetic information content. Unlike DNA adducts,
mutations cannot be repaired and are heritable in the progeny
of the originally mutated cell. Mutations represent biomarkers
of effect.

Consequently, molecular and cellular biomarkers are also
being incorporated into the assessment of cancer risk (2, 3).
For example, dose-response relationships of DNA adducts and
protein adducts are proposed to extend the range of observable
data for risk assessment. There is general consensus that
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mutations are the primary mechanism involved in carcinogenesis
(4); yet, the dose-response of this biomarker of effect has not
received the same degree of consideration as have adducts in
cancer risk assessment, even though their use could be highly
informative. Dose-response relationships of mutations have
primarily been addressed at high doses, utilizing in vitro
prokaryotic and eukaryotic systems that have been optimized
to undergo mutations. Most studies on mutational end points
have been related to hazard identification. However, methods
are now available to measure mutational end points in cells or
whole animals (including humans), where they arise under
normal physiological conditions. This perspective will review
some of the basic tenets involved with the underlying science
that determines the molecular dose of DNA and protein adducts,
the relationships between macromolecular adducts and muta-
tions, and the important role that mutational biomarkers should
have in cancer risk assessment.

2. Methods for Measuring DNA and Protein Adducts

Methods for studying DNA adducts have greatly advanced
during the past 40 years. Early studies utilized exposure to
radiolabeled carcinogens and column chromatography to ex-
amine the formation of adducts. These studies usually had a
throughput of one sample per day, a detection limit of 1 adduct
per 10° nucleotides, and a cost of ~$100 per animal due to the
requirement for custom synthesis of radiolabeled carcinogen
(5, 6). This approach was followed by the development of HPLC
coupled with fluorescence, radioimmunoassay, or ELISA, which
increased throughput, greatly reduced costs due to the elimina-
tion of custom radioisotope synthesis, and allowed expansion
to protocols that included multiple days to months of exposure.
The extended exposure protocols provided information on the
steady-state concentrations of adducts and demonstrated that
what had previously appeared to be minor adducts following
single exposures could actually become major adducts if they
were poorly repaired and accumulated with extended exposure
(7). However, as compared to present day technology, these
methods had limited sensitivity and some of the immunoassays
were plagued by cross-reactivity.

A major breakthrough in methodology occurred in 1982,
when Randerath and colleagues developed **P-postlabeling
methods for DNA adducts (8). The limit of detection for the
early **P-postlabeling assays was 1 adduct per 10® nucleotides,
but subsequent modifications, such as the combination of 32p.
postlabeling with HPLC or immunoaffinity, improved the
sensitivity one or more orders of magnitude by permitting larger
amounts of DNA to be evaluated. **P-Postlabeling works very
well for bulky adducts but is less well-suited for small or
depurinating adducts. The major problems associated with this
method include the lack of specific chemical identity and the
lack of internal standards for quantitation. The number of
PubMed citations found using “*?P-postlabeling” and “DNA
adducts™ as the search strategy shows that the **P-postlabeling
method gained widespread use during the mid-90s, with up to
76 citations per year. This number has now declined to ~20
citations per year.

The methods that are currently in highest use for detecting
and quantifying biomarkers employ mass spectrometry. Earlier
studies utilized GC-MS, but now, the vast majority of research
quantifying DNA adducts is done with LC-MS/MS. The
application of mass spectrometry for DNA adducts has been
recently reviewed by Singh and Farmer (9) and by Koc and
Swenberg (/0). Major advances in instrumentation for both mass
spectrometry and chromatography have increased the detection
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limits for DNA adducts up to 100-fold, making it possible to
routinely measure 1 adduct per 10° nucleotides. A major
advantage of GC- and LC-MS/MS methods is the use of
chemical-specific stable isotope internal standards for quanti-
tation. The greatest sensitivity for measuring DNA adducts is
achieved with accelerator mass spectrometry, which can quan-
titate down to 1 adduct per 10'? nucleosides. While this method
is extremely sensitive, it requires the use of '*C-labeled chemical
and has limited access due to the expense of the equipment
(11). Citations in PubMed for “mass spectrometry” and “DNA
adducts” are now averaging ~50 per year.

Mass spectrometry has been the major method used for
quantitating protein adducts for many years. This primarily stems
from Tornqvist’s application of Edman degradation to the study
of N-terminal valine adducts of globin using GC-MS/MS (12).
Major chemicals that have been studied with this approach
include ethylene oxide (EO), propylene oxide, butadiene, and
acrylamide. More recently, similar approaches have been
modified to use LC-MS/MS (13, 14). Albumin adducts represent
another common biomarker of proteins, using the cleavage of
cysteine adducts (75).

3. DNA Adducts are Biomarkers of Exposure

The availability of highly sensitive analytical methods has
provided tremendous insight into the formation, persistence, and
repair of DNA adducts induced by a large number of chemicals.
By understanding the molecular dose of such adducts in different
cells and tissues, major inroads can be achieved to understand
the metabolism and mode of action (MOA)' of individual
chemicals across species (/6). In addition to DNA adducts,
similar information can be gained from studies of protein adducts
and chemical metabolites in urine and plasma. Examples of such
data sets are discussed below.

Extensive research has been conducted on the molecular
dosimetry of aflatoxin in rats and humans, with measurements
of DNA adducts, protein adducts, and urinary excretion of both
adducts and metabolites. The earlier literature was reviewed by
Busby and Wogan (/7). Aflatoxin B1 (AFB1) forms adducts at
the N-7 position of guanine. These adducts can depurinate and
be excreted in the urine, but they also form the ring-opened
FAPY adduct, which is persistent and mutagenic (/8). Knowl-
edge gained from studies on aflatoxin led Groopman and
colleagues to hypothesize that it would be possible to reduce
the molecular dose of DNA adducts by inducing detoxication
of the AFB1 epoxide with chemicals that induce glutathione
pathways (/9). They demonstrated that a 62% decrease in DNA
adducts resulted in >99% reduction in preneoplastic foci and
the elimination of hepatic carcinomas and adenomas (/9). More
recent studies have shown that urinary excretion of AFB1-N-7
guanine adducts can be greatly reduced in humans with dietary
exposure to aflatoxin by administering oltipraz or broccoli
sprouts (20). It is believed that the incidence of liver cancer

! Abbreviations: EO, ethylene oxide; AFB1, aflatoxin B1; VC, vinyl
chloride; HRMS, high-resolution mass spectrometry; MGMT, methylgua-
nine methyl transferase; DPX, DNA—protein cross-links; ROS, reactive
oxygen species; 8-OH-dG, 7,8-dihydro-8-oxo-2'-deoxyguanosine; M,G,
pyrimido[1,2-a]purin-10(3H)one; edA, 1,N°-ethenodeoxyadenosine; €G,
N2,3—ethenoguanine; MOA, mode of action; FISH, fluorescent in situ
hybridization; MN, micronuclei; PCR, polymerase chain reaction; Hprt,
hypoxanthine-guanine phosphoribosyltransferase; Tk, thymidine kinase;
GPA, glycophorin-A; TCR, T-cell receptor; U.S. EPA, United States
Envrironmental Protection Agency; PBPK, physiologically based pharma-
cokinetic; N7-GA-Gua, N-7-(2-carbamoyl-2-hydroxyethyl)guanine; MMS,
methylmethanesulphonate; N7-MeG, N7-methylguanine; N7-HEG, N7-2-
hydroxyethylguanine; HEVal, hydroxyethyl valine; RFLP, restriction frag-
ment length polymorphism.
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will be reduced and the latency of this disease will be increased
from 40 years of age to a cancer of much older individuals
through the use of such strategies.

Vinyl chloride (VC) DNA adducts have been investigated in
depth using *?P-postlabeling and mass spectrometry (2/-24).
An unexpected finding was that identical DNA adducts were
present in tissues of control animals and humans with no known
exposure to VC (25, 26). These identical adducts were shown
to result from lipid peroxidation (27, 28). Molecular dosimetry
studies in rats demonstrated supralinear dose responses associ-
ated with saturation of metabolic activation of VC (26). Because
of the exquisite sensitivity of the immunoaffinity GC-high-
resolution mass spectrometry (HRMS) approach used, it was
possible to interpolate expected relationships for endogenous
adducts and those that would be associated with current day
occupational exposure levels of VC. These researchers also
utilized exposures to ['*C,]VC, so that endogenous and exog-
enous adducts could be measured in the same animals (29). This
unique approach demonstrated that large numbers of exogenous
['3C,]-N?,3-ethenoguanine were formed in the liver but not in
the brain. They also confirmed the relationships between
endogenous and exogenous adducts.

Numerous studies have been conducted on the DNA adducts
of olefins and their epoxides, including EO, propylene oxide,
and butadiene (30-37). The major adducts induced by these
chemicals occur at the N-7 position of guanine. As discussed
earlier, steady-state concentrations of N-7 guanine adducts are
achieved following 7-10 days of exposure. When exposures
were to the epoxides, linear responses were found (30, 31, 34, 35).
In contrast, when exposures were to the olefins, supralinear
responses were present (32, 36, 38, 39). EO is of particular
interest, because all animals, including humans, form this
genotoxic chemical endogenously. Its molecular dosimetry has
been studied in globin and DNA, as well as in exhaled breath.
Steady-state concentrations of globin adducts in humans have
been measured (40), while N-7-(2-hydroxyethyl)guanine has
been measured in rats, mice, and humans (33, 38, 41-43).

In the case of butadiene, marked species differences were
noted, with mice producing greater numbers of DNA adducts
than rats (36). Whereas N-1 deoxyadenosine adducts of buta-
diene and their rearrangement to N® deoxyadenosine and
deamination to N-1 deoxyinosine adducts had been investigated
in vitro and shown to be highly mutagenic, these adducts have
been below detection limits in tissues from highly exposed mice,
suggesting that they are either not formed or are rapidly repaired.
More recently, studies on butadiene have been expanded to
include globin adducts of the diepoxide (44, 45). Mice form
much higher amounts of the diepoxide globin adducts than rats.
Even lower numbers of diepoxide globin adducts are formed
in humans. No evidence for gender differences was present in
mice, rats, or humans. New LC-MS/MS methods have been used
to demonstrate the formation of DNA—DNA cross-links of
butadiene diepoxide in mice (46) and DNA—protein cross-links
(DPX) between butadiene diepoxide and methylguanine methyl
transferase (MGMT) protein in vitro (47).

The formation, persistence, and repair of DNA—DNA cross-
links and DPX are two areas of molecular dosimetry that have
been greatly understudied. While several DNA—DNA cross-
links have been characterized, there is limited information on
the quantitation of these important lesions. Both types of adducts
form from exogenous and endogenous electrophiles, including
environmental chemicals, cancer chemotherapeutic agents, and
oxidative stress. DPX have been investigated with methods that
rely on physical chemistry, use of detergents, and Comet assays,
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Figure 1. Scheme depicting the steps involved in the molecular dose
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Figure 2. Graph showing lines representing (a) a linear dose response,
(b) a supralinear dose response exhibited by saturation of metabolic
activation, and (c) a sublinear dose response indicating saturation of
detoxication.

but little is known regarding the specific formation or repair of
these lesions. Part of the problem lies in the fact that many
different proteins are likely to be involved, making target
selection difficult. In vitro studies with isolated proteins have
demonstrated specific DPX that can be formed, but there is little
or no quantitative data on such effects in cells or tissues.
Likewise, little is known about the repair of DNA—DNA cross-
links or DPX. For example, is the protein cleaved to an amino
acid or to a short peptide? If so, do physical chemistry and
detergent methods differentiate these from normal DNA? Can
individual amino acid—nucleoside cross-links be examined as
a quantitative approach?

As will be discussed later, studies on molecular dosimetry
provide critical information that is relevant to conducting
mechanistically based risk assessments. Many of these examples
have established dose-response relationships for DNA and
protein adducts following exposure protocols similar to those
used in animal carcinogenicity bioassays. The molecular dose
integrates such important processes as absorption, distribution,
metabolism, detoxication, and DNA repair, as generalized in
Figure 1. Such dose responses include linear, sublinear, and
supralinear shapes as illustrated in Figure 2. In general, sublinear
responses are found at doses that exhibit impaired detoxication
or DNA repair, resulting in a disproportionately increased
number of adducts per unit dose at high doses. In contrast,
supralinear responses are associated with saturation of metabolic
activation, where fewer electrophiles are formed per unit dose
at high exposures. At doses below either of these nonlinear
processes, however, DNA adducts are expected to be linear
functions of administered doses.

Furthermore, the site of formation of the electrophilic
metabolite, combined with its chemical stability, influences the
cellular and tissue distribution of DNA adducts. For example,
the “methyl carbonium” ion of dimethyl nitrosamine and
chloroethylene oxide arising from the metabolism of VC are
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highly unstable electrophiles and do not persist long enough to
form adducts in tissues distant to the site of metabolic activation.
In contrast, the epoxides formed from the metabolic activation
of ethylene, propylene, butadiene, acrylamide, and acrylonitrile
are relatively stable, circulate in the blood, and form similar
amounts of DNA adducts in many tissues and protein adducts
in albumin and globin.

DNA and protein adducts also vary greatly in their half-lives.
In the case of DNA adducts, the half-life depends on the
chemical stability of the adduct under study, DNA repair, and
cell death. Examples of unstable DNA adducts include the N-7
adducts of guanine and the N-3 adducts of adenine arising from
simple alkylating agents (48) and the N-7 adenine adducts of
estrogen quinones (49). Tissue-specific differences in DNA
repair can greatly affect the molecular dose, as exemplified by
the early experiments on O°-alkylguanine in liver vs brain
(5, 6, 50), where hepatocytes actively repair these adducts, but
the brain has little repair. Thus, following single exposures, the
molecular dose of adducts decreases rapidly in repair-proficient
tissues but remains relatively stable in repair-deficient tissues.

When exposures mimic subacute to chronic exposure, DNA
adducts will increase over time until a steady-state concentration
is attained, where the number of adducts formed each day equal
the number that are lost or repaired. For highly unstable or
rapidly repaired DNA adducts such as N-3 methyladenine or
N-7 estrogen adducts on adenine, steady-state concentrations
may be achieved as quickly as following the first daily dose. In
the case of N-7 alkylguanine adducts, steady-state concentrations
are achieved in 7-10 days (57/-54). More persistent adducts,
such as O*-ethyl thymidine, accumulate over a period of 4 weeks
(55), while O°methylguanine in the brain continued to ac-
cumulate over 6 weeks of dosing (50).

Protein adducts are not subject to repair but also vary in half-
life, depending upon the chemical stability of the adducts and
the lifespan of the protein. The two most studied proteins are
albumin and globin. Albumin has a half-life of 12-21 days in
different species, while globin has a half-life of 42 days in mice,
63 days in rats, and 120 days in humans. As scientists begin
examining the adduction of new proteins that may be involved
in signal transduction, protein lifespan and targeted destruction
through pathways such as ubiquitination will become increas-
ingly important parameters to understand.

In summary, the interplay between electrophile formation and
stability, adduct stability and repair, protein lifespan, and cell
death determine the distribution, shape, and time course of the
molecular dose being measured.

4. Oxidative DNA Damage

Oxidative stress is a common state in pathophysiology, where
the number of reactive oxygen species (ROS) being formed
exceeds those being detoxified. It is thought to play an important
role in many diseases including cancer, neurodegeneration, and
aging (56). Many endogenous processes, as well as exposure
to both endogenous and environmental chemicals or their
metabolites, are known to induce ROS through redox cycling.
ROS interact with many cellular constituents, including lipids
and DNA. In addition, ROS are involved in signaling pathways
associated with cell death and cell proliferation (57). DNA
damage induced by ROS and cell proliferation is thought to be
two of the primary MOAs for carcinogenesis by nongenotoxic
environmental chemicals, but they may also be important MOAs
for genotoxic chemicals. Nongenotoxic carcinogens present
major problems for risk assessment, since the shapes of their
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Figure 3. Scheme depicting the various steps and adducts in oxidative
stress-induced DNA damage.

dose-response curves at low exposures are not yet deducible
from mechanistic principles.

Endogenous DNA adducts that result from ROS are always
present in genomic DNA (Figure 3). Thus, some risk of mutation
is always present. This nonzero background causes uncertainty
when regulatory agencies such as the United States Environ-
mental Protection Agency (U.S. EPA) are required to extrapolate
risks for hazardous chemicals that are thought to produce ROS
as an important MOA for toxicity and/or carcinogenicity. The
implications of background mutations for risk assessment will
be discussed in relationship to low numbers of DNA adducts
later in this perspective.

The DNA damage caused by ROS has been implicated in a
myriad of diseases, cancer, and aging (58-60). Various oxidative
DNA lesions have been characterized and investigated for their
role in the pathogenesis of adverse health effects and disease.
One of the most studied biomarkers for oxidative DNA damage
is 7,8-dihydro-8-ox0-2'-deoxyguanosine (8-OH-dG). It is formed
in relatively high amounts, and sensitive LC-MS/MS methods
are now available for its analysis. However, the measurement
of a single lesion such as 8-OH-dG as a biomarker of oxidative
DNA damage might be misleading because it may not reflect
the overall spectrum of DNA damage and the potential for
mutations. In addition, the accumulation of different oxidative
DNA lesions could be affected by DNA repair, which is
mediated by different pathways depending on the type of DNA
lesion. Therefore, it is desirable to have a panel of biomarkers
specific for different types of ROS-induced damage to monitor
oxidative DNA damage when investigating the role of ROS in
the pathogenesis of disease. While base oxidation and abasic
sites are the most frequent insults to DNA, substantial evidence
supports that secondary DNA damage produced from byproducts
of primary DNA damage or lipid membrane damage may play
an important role in mutation (26, 67). Base propenal, a
byproduct of deoxyribose oxidation, has been identified as a
key intermediate, producing the exocyclic DNA adduct, py-
rimido[1 2-a]purin-10(3H)one (M,G) (62). More frequently,
ROS can abstract a hydrogen from polyunsaturated fatty acids
to produce a carbon-centered fatty acid radical, which can be
further oxidized to form a lipid peroxy radical. Lipid peroxy
radicals abstract hydrogen from neighboring phospholipids,
producing additional lipid peroxy radicals (63, 64). As a result,
there may be up to 2 orders of magnitude amplification in the
production of free radicals and many reactive byproducts such
as malondialdehyde, 4-hydroxy-nonenal, crotonaldehyde, and
acrolein, which can damage genomic DNA (65). Lipid peroxi-
dation-induced DNA adducts include exocyclic purine adducts
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such as 1,N6—ethen0de0xyadenosine (edA), N2,3—ethen0guanine
(eG), and M,G (66). Therefore, genomic DNA in the living
cell is under constant assault by numerous endogenous mutagens
that can damage DNA bases or the sugar—phosphate backbone.
To counteract deleterious effects of oxidative DNA lesions, cells
are equipped with a complicated network of DNA repair
pathways (67). However, little is known about the comparative
rates and efficiency of repair for this wide spectrum of oxidative
DNA lesions. Differences in formation and repair will result in
different molecular doses and will affect the induction and types
of mutations and chromosome damage that result in toxicity
and carcinogenesis.

5. Mutations as Biomarkers of Effect

The process of DNA replication is characterized by high
fidelity, as orderly cell growth requires that the genetic informa-
tion, encoded in DNA, be precisely transmitted from cell
generation to cell generation. However, mistakes do occur,
altering the primary structure of this critical molecule. Such
alterations are mutations, which permanently change the genetic
information of the cell and, assuming it is nonlethal, in all
progeny cells.

Mutations, although rare, are always occurring. When arising
without identifiable cause, they are termed “spontaneous”,
although “background” is a better term. Background mutations
may be the result of DNA replication errors (68) or DNA
damage (adducts) arising from endogenously produced chemi-
cals. Processes that chemically alter DNA or produce potentially
mutagenic chemicals include oxidation, methylation, deamina-
tion, and depurination, as well as normal metabolism that
produces additional electrophilic compounds, for example, EO
(58, 69-73). Superimposed on this background are the mutations
resulting from exogenous agents, which may be physical (e.g.,
ionizing radiation), biological (e.g., viruses), or chemical. These
different agents, or products that they produce, interact with
the DNA, producing the adducts described above, which are
the substrates for the exogenous mutations. It is important to
note, however, that the DNA adducts themselves are not the
mutations. It is the cells that process DNA adducts, either
repairing them or not. If a cell is unsuccessful in repairing DNA
damage, it may continue on without effect, die, or mutate. Figure
4 shows the importance of cell functions in processing DNA
adducts to mutations.

Mutations encompass all irreversible changes in DNA primary
structure and may be manifest at the gene or chromosome level.
The former are submicroscopic changes, while the latter are
usually observable with a light microscope. Although, by
convention, the term mutation has been applied to gene level
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changes and the term chromosome aberration applied to
chromosomal level events, the extent of an alteration in DNA
structure may be a continuum, with these two different
manifestations merging into each other. Mutations, in this
nomenclature, usually refer to single gene effects, while
chromosome aberrations may affect expression of several genes.

Distinguishing between gene and chromosome level DNA
changes, or at least the extent of the DNA change involved in
a mutation, does have some utility for predicting the shapes of
the dose—response curves for inducing such effects. For
example, single gene mutations resulting from a base substitution
or a small deletion or insertion (point mutations) can arise from
the mishandling of an unrepaired DNA adduct (of the appropri-
ate kind) during DNA replication. This can be during scheduled,
or S phase, replication, or during repair replication. A “targeted”
mutation is then induced at the site of DNA damage (adduct),
without requiring the cooperative effects of several sites of DNA
damage to produce the mutation (74). It is important to
remember, however, that the DNA adduct must remain in the
DNA during its replication (i.e., be unrepaired) and that the
cell must mishandle the adduct (e.g., cause a mispairing) for a
mutation to occur. Exogenously induced point mutations may
well show linearity at low doses, although this does not imply
that mutation responses go down linearly through zero. The
slope of the dose-response curve for mutations, the point on
this curve where the induced mutation frequency exceeds the
spontaneous background and, indeed, even the likelihood that
a mutation will occur, depends on the mutagenic potency of
the DNA adduct and the cell’s capacity for handling the damage.
The capacity of a single DNA adduct to induce a targeted point
mutation, without requiring cooperation from additional adducts,
has been misinterpreted to indicate that one chemical hit can
result in cancer. This ignores the ultimate source of the mutation,
that is, the cell and its processing of DNA adducts, either
handling or mishandling them, and, furthermore, equates point
mutations with cancer. Ignoring either leads to distortions.

Although point mutations may not require the cooperative
effects of more than one DNA adduct, large gene deletions
involving kilobase lengths of DNA often do, requiring at least
one chemical hit that is processed by the cell into a double-
stranded DNA break for each of the two ends of the deletion,
with subsequent rejoining of the ends. This processing occurs
during DNA replication. The dose-response curve here may
best be described as linear-quadratic, with the linear portion
being due to background or pre-existing DNA adducts. For these
same reasons, chromosome aberrations that involve actual
translocations between two different chromosomes or segments
of chromosomes, or interstitial deletions, are likely to be two
chemical hit events and show linear-quadratic dose responses
(75). Simple chromatid breaks, as seen by the light microscope,
can be single chemical hit events, but most are also lethal.
Aneuploidy, which is the gain or loss of one or more whole
chromosomes, can well result from damage to spindle proteins
that control chromosome segregation and, because of the
multiplicity of targets, can show a threshold response (76). As
should be obvious, there is no necessary relationship between
the shapes of the dose-response curves for DNA adducts and
those for the resultant mutations, should any be produced.

Mutations are the critical biomarkers for cancer risk assess-
ment for agents having a mutagenic MOA because, in this case,
mutation is the critical key event. When mutations are observed,
the shapes of the dose—response curves provide some aids for
extrapolating to potential cancer effects, recognizing that there
are many events required beyond the mutations for the evolution
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of cancer. Mutational dose-response curves that are quadratic
at higher or intermediate doses allow more accurate determina-
tions of points of departure for estimating mutagenic effects at
levels below limits of detection. An important corollary to a
mutagenic MOA for cancer is that a chemical that induces
cancer by this MOA cannot induce cancer under conditions
where it does not induce mutations.

6. Methods for Monitoring Mutations

Cytogenetic studies have long been used to assess chromo-
some level mutations in animals and humans (77, 78). The
methods have evolved from simple analyses of stained chro-
mosomes, to studies of banded chromosomes, to investigations
involving fluorescent in situ hybridization (FISH) to identify
specific portions of chromosomes involved in chromosome
translocations. Techniques that detect either whole or parts of
chromosomes present in the cytoplasm of cells (micronuclei =
MN) allow more rapid detection of some classes of chromosome
aberrations (78). These events are detected in either bone
marrow or peripheral blood cells (immature red cells or
lymphocytes) of animals but only in peripheral blood lympho-
cytes in humans. Their implications and interpretations differ
somewhat, depending on the target cell type. More recently,
polymerase chain reaction (PCR) methods have been used to
identify specific chromosome translocations in the blood of
humans (79). To the extent that the latter becomes possible, it
may allow detection of cancer (leukemia)-specific chromosome
level mutations to be monitored in humans, whereas the other
cytogenetic methods detect only nonspecific reporter events.
However, even for the nonspecific changes, a remarkable
statistical association has been shown between the frequencies
of chromosome aberrations and the subsequent occurrences of
cancer (80).

Somatic mutations at the gene level can be detected in both
cancer-specific genes and in reporter genes in animals and
humans. Potentially informative target mutations for monitoring,
therefore, include those in oncogenes, for example, ras, and
those in tumor suppressor genes, for example, P53, depending
on the species (81, 82). Cancer-specific mutations can be
detected in normal, noncancer cells or in actual tumors. Studies
of cancer mutations in tumors that include characterizations of
the kinds of mutations present (molecular mutational spectra)
have been used to infer causation (83, 84). Measuring mutations
in cancer genes in normal individuals (animals or humans) has
the advantage of relevance, in that events directly on the pathway
to cancer are being monitored. However, there are two potential
disadvantages to using such genes for this purpose. First, there
may be ambiguity in that it is not always clear if the mutations
are truly arising in noncancer cells or if they are indicators of
early malignancy. This can have psychological consequences
when monitoring healthy worker populations. The second
potential disadvantage is that cancer-specific mutations may
change cell growth characteristics, allowing cells carrying the
mutation to overgrow normal cells and change the relationship
between mutants and mutations.

In contrast to mutations in cancer-specific genes, those that
arise in reporter genes, which also serve to quantify and
characterize in vivo mutations, have no role in disease processes.
In animals, both endogenous and transgenes can serve as
reporters. The former include the hypoxanthine-guanine phos-
phoribosyltransferase (Hprt) and, more recently, the thymidine
kinase (Tk) genes (85, 86). Hprt is located on the X-chromo-
some, while Tk is autosomal. These locations have some
implications as to the kinds of mutations that can be detected
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Figure 5. Representative biomarkers of effect in humans.

in that there can be no homologous crossing-over events for
X-chromsomal genes. Both Hprt and Tk mutations are assayed
in blood cells. By contrast, there are now transgenic rodent
models available for the analysis of somatic gene mutations.
The lacl and lacZ bacterial genes have both been introduced
into rodents, allowing them to serve as reporters of mutations
in the animals (87). An advantage to using these reporter genes
as biomarkers of mutation is that mutations can be detected in
almost any tissue, allowing correlations to be made between
target tissues for cancer and for mutations. Unfortunately, there
are also several disadvantages to using these transgenes for
mutational studies. First, they are quite small in size and cannot
record large deletion mutations. This important class is therefore
missed. Furthermore, there appear to be quite high background
mutation rates leading to relatively high background mutation
frequencies. This lowers the sensitivities for detecting induced
mutations resulting from exogenous chemicals. Lastly, these
bacterial genes are normally not transcribed; therefore, damage
in them is not repaired by transcription-coupled DNA repair
systems (88).

There are currently four reporter gene/cell systems that have
been used to some degree for human in vivo mutation studies
(81, 89). These include the glycophorin-A (GPA) gene, studied
in red blood cells, the HPRT gene, the HLA genes, and the T-cell
receptor (TCR) genes, all measured in T-lymphocytes. The GPA
red cell system employs cytometry to enumerate variant cells
but does not allow molecular characterization of the mutations.
All of the T-cell systems potentially allow for mutant isolation
and molecular studies to define mutational spectra. Practically,
most data on somatic gene mutations in humans have come from
studies of HPRT mutations. Figure 5 illustrates the different
reporter and cancer genes available for human mutagenicity
monitoring and puts them into the context of the progression
of mutations to early malignancy.

7. The Use of Biomarkers to Inform Risk Assessment

Biomarkers have long been used in risk assessment, public
health, and clinical medicine. An early example was the general
knowledge that high cholesterol increased the probability of
heart disease and stroke. As mentioned in the introduction, the
U.S. EPA Guidelines for Carcinogen Risk Assessment (2)
propose that DNA and protein adducts represent biomarkers of
internal dose that extend knowledge on the shape of the dose
response below what can be achieved from cancer bioassays.
Indeed, there are now numerous studies that demonstrate DNA
and/or globin adducts over exposures covering several orders
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of magnitude in experimental animals. Likewise, many studies
on globin adducts in humans have examined exposures ranging
from high occupational exposures to low environmental, dietary,
and endogenous sources of exposure to EO and acrylamide
(90, 91). **P-postlabeling and accelerator mass spectrometry
have been used to examine the molecular dose of tamoxifen in
laboratory rats, mice, and monkeys, as well as in tissues of
patients receiving it as a cancer chemotherapeutic (/1, 92).

The U.S. EPA Guidelines for Carcinogen Risk Assessment
(2) state that the assessment of risk should be based on the best
scientific knowledge available for a given chemical and favor
the use of a biologically based assessment of risk when possible.
The guidelines also utilize the “Framework Analysis of Mode
of Action” to identify the MOA for individual chemicals in a
transparent manner to examine the key events that are thought
to drive the carcinogenic response(s). The “Framework Analysis
of Mode of Action” was first developed in a meeting of
government and academic scientists in 1997 and published by
Sonich-Mullin in 2002 (93). It has subsequently been expanded
with case studies and considerations of potential human
relevance (94, 95). Most examples to date have been for specific
chemicals, and some have utilized molecular dosimetry data.
Such framework analyses state the proposed MOA, identify the
key events that are thought to drive the development of cancer,
compare the dose response of these key events with that of
carcinogenesis, assess the consistency between studies, draw
conclusions on the weight of evidence for the proposed MOA,
and identify gaps and uncertainties that remain. Most recently,
a draft “Framework Analysis of Genotoxicity” has been prepared
and submitted for peer review by the U.S. EPA (3). This
document addresses the key events involved and how to apply
weight of evidence analyses but does not go into dose—response
relationships. The rationale for not examining this critical issue
was not discussed in the draft document but will be examined
below.

The same approach and principles can readily be applied to
examine default assumptions that are used in risk assessment.
Major default assumptions include (i) that chemicals that are
carcinogenic to animals will be carcinogenic to humans, (ii)
that humans are as sensitive as the most sensitive animal species,
and (iii) that genotoxic chemicals will have a risk that is linear
from high to very low exposures.

8. Framework Analysis of Low Dose Linearity of
Mutations

In the section below, the “framework analysis” approach will
be used to examine the default that identifying a chemical as
“genotoxic” supports a linear assessment of cancer risk (Figure
6). Each of the “key events” in the framework analysis for low-
dose linearity of mutations will be examined for its contribution
to identifying information important for risk assessment, from
both the standpoint of species similarities and differences in
metabolism and the key events that are representative of the
heritable alterations that drive the carcinogenic response.

8.1. Key Event #1: Genotoxicity. A chemical is considered
genotoxic/mutagenic if the weight of evidence indicates that it
can cause heritable mutations, chromosome aberrations, or MN
using an approach similar to that proposed by the U.S. EPA
(3). Data used in the weight of evidence decision are usually
generated in short-term tests in bacteria such as the Ames test,
in vitro assays such as Hprt, or Tk mutation assays, micronucleus
formation, and chromosome alterations. These studies are
usually conducted early in the time line for toxicology studies
on a given chemical. They usually represent qualitative informa-
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tion relevant to hazard identification, rather than quantitative
data useful in addressing the shape of the dose—response
relationship for risk assessment. Hazard identification determines
if a chemical can cause a genetic change under any condition.
There may also be in vivo data on similar gene or chromosome
mutational end points in animals and occasionally in humans.
When such data are available, they should be used to inform
the dose response as will be discussed below under Key Event
#3.

8.2. Key Event #2: DNA Adducts. DNA adducts provide
important information on the molecular dose and its tissue
distribution. As discussed earlier, such data can be highly
informative about the metabolism of the chemical and the repair
of adducts. Molecular dosimetry can also be used to examine
species similarities and differences in adduct formation and
repair, as well as inflections in the dose—response curve. While
nonlinearities of either the supra- or the sublinear form can and
do occur at high doses, when exposures go below doses that
saturate activation, detoxication, or repair, DNA adducts are
expected to be linear. It is important to recognize that DNA
adducts are biomarkers of exposure, not heritable mutations.
These biomarkers of exposure are likely to support the default
of linear risk at low doses. Exceptions to the expected linearity
of DNA adducts arise when chemically induced adducts are
identical to adducts that arise from endogenous sources such
as ROS. At higher exposures, adducts arising from the exog-
enous exposures will dominate the molecular dose. In contrast,
at low exposures, the likelihood that a mutation will arise from
the exogenous adducts becomes de minimus as compared to
the large molecular dose formed from normal cellular metabo-
lism. Two examples of endogenous chemicals include the etheno
adducts of VC that are also formed by ROS and the hydroxy-
ethyl adducts of EO that arise from ethylene production from
gut microflora, lipid peroxidation, and endogenous metabolism.
In such cases, the molecular dose from exogenous exposures
will effectively plateau at the concentration present in unexposed
individuals, and the biologic effects of de minimus exposures
below endogenous amounts will be lost in the noise of the
background. For example, recent studies from Brown and
colleagues showed that rat endogenous N7-HEG adducts ranged
from 1.1 to 3.5 adducts per 10® nucleosides (32). Administration
of single doses of ['*C]EO ranging from 0.0001 up to 0.01 mg/
kg and measurement of N7-HEG by accelerator mass spec-
trometry were roughly linear but were de minimus relative to
the endogenous levels of N7-HEG (Brown et al., personal
communication).

8.3. Key Event #3: Mutations in Reporter Genes. In
contrast to DNA adducts, which are normally linear down to
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zero, mutation frequencies in genes such as Hprt or Tk,
chromosome aberrations, or MN have dose responses for
heritable mutations that terminate at a nonzero spontaneous
background rate. These dose responses for heritable mutations
at the gene or chromosomal level may be linear or nonlinear
but do not go to zero in unexposed cells. As mentioned earlier,
the cells in animals, humans, and cell culture are subjected to
continuous endogenous DNA damage arising from oxidative
stress, depurination, and other endogenous electrophiles, such
as EO. At “high” exposures to genotoxic chemicals or metabo-
lites, the DNA damage induced by the exogenous exposure
drives the biology of mutagenesis at the gene and chromosomal
level. However, when the exposures are low, the biology driving
the induction of mutations is derived from the endogenous
sources. The primary issue for risk assessment revolves around
the definition of “low”, that is, what constitutes a de minimus
level of exogenous exposure that would lead to a de minimus
increment in mutations and increased risk? This has been a topic
of discussion for many years (96). The BEIR Report III (97)
concluded that one should “use simple linear interpolation
between the lowest reliable dose data and the spontaneous...rate.”
Experimental studies on mutagenesis and carcinogenesis are
usually confined to exposures covering 1—2 orders of magni-
tude, and these doses are frequently high to establish hazard
identification. In contrast, risk assessment extrapolations fre-
quently cover up to 6 orders of magnitude. Recent data on the
molecular dose of DNA and protein adducts cover 4-5 orders
of magnitude and show linear responses. Better data on the dose
response for mutations and the subsequent utilization of these
data in quantitative risk assessment will provide critical scientific
information on dose—response relationships that are highly
relevant for carcinogenesis. These data will be superior to DNA
and protein adducts, since they represent biomarkers of effect,
rather than biomarkers of exposure.

The dose-response curve for mutagenic end points may not
be linear even if the associated DNA adduct response is linear.
Indeed, mutagenic compounds may very well possess dose—re-
sponse thresholds, that is, positive doses below which there is
no increase in mutation frequency above that observed in
unexposed control animals. To illustrate this, the data for three
chemicals with different dose responses will be examined in
more detail.

Acrylamide has been studied by toxicologists for many years.
The primary area of investigation focused on its ability to induce
neurotoxicity (98, 99). Acrylamide was evaluated for carcino-
genicity in two traditional rat bioassays and found to cause
several tumor types at oral doses ranging from 0.5 to 3.0 mg/
kg/day (100, 10I). More recently, its epoxide metabolite,
glycidamide, was also shown to form globin adducts and DNA
adducts. In 2001, Tornqgvist and colleagues were conducting
studies on tunnel construction workers to investigate acrylamide
exposures and neurotoxicity (/02, 103). The workers were
exposed to significant amounts of acrylamide as a result of its
use in waterproofing the construction area. For comparison with
the workers, globin adducts of controls with no known exposure
to acrylamide were examined and found to have readily
detectable amounts of acrylamide and glycidamide globin
adducts in their blood (/04). Many additional researchers began
studies to determine the sources of exposure. Ultimately, it was
shown that when carbohydrates are exposed to high tempera-
tures, the Maillard reaction converts asparagine and sugars to
acrylamide (/05). Thus, humans are constantly exposed to low
amounts of acrylamide in the daily diet.
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Several research groups have gone on to develop major data
sets for metabolism in animals and humans, molecular dosimetry
of DNA adducts in experimental animals, gene and chromosome
mutagenicity data, and physiologically based pharmacokinetic
(PBPK) models for cross-species extrapolation. The major DNA
adduct formed by acrylamide, N-7-(2-carbamoyl-2-hydroxy-
ethyl)guanine (N7-GA-Gua) adduct, is formed by glycidamide,
the epoxide of acrylamide that results from P450 metabolism.
N7-GA-Gua is not a promutagenic DNA adduct but can
chemically depurinate, leaving an apurinic site. Studies by
Doerge and colleagues have shown that it reaches steady-state
concentrations in 7-14 days, similar to many related N7-Gua
adducts. The major route of loss of this adduct is chemical
depurination. Steady-state concentrations following dietary
exposure to 1 mg/kg/day are 90-100 per 10® nucleotides
(53, 54). The same group of investigators demonstrated that
autoclaved laboratory chow contained amounts of acrylamide
that were 7-fold higher than irradiated chow (/06). This provided
one of the rare examples of very low exposure. Mice consuming
irradiated chow had a daily dose of 1.4 ug/kg/day, which
resulted in steady-state concentrations of 1 N7-GA-Gua adducts
per 10® nucleotides, while the 1 mg/kg/day mice had 90-100
N7-GA-Gua adducts per 10® nucleotides adducts and 2.6 mg/
kg resulted in 240 adducts/ 10® nucleotides (53, 107). Thus, a
700- and 1820-fold higher dose gave a 100- and 240-fold greater
number of adducts. Single exposure studies by Doerge and co-
workers demonstrated that doses ranging from 1 to 100 mg/kg
were also linear (/08). Thus, there are data on the molecular
dose of N7-GA-Gua that show a linear response over more than
4 orders of magnitude.

The ability of acrylamide to induce a variety of gene and
chromosomal mutations also has been evaluated. Doses that
induced positive mutation studies following 3-4 weeks of
drinking water exposure were conducted between 20 and 100
mg/kg/day (109). Micronucleus, hprt, and cIl mutations in Big
Blue mice were significantly increased at the high dose, while
only hprt was increased at the 19-25 mg/kg dose. The only
study that has examined lower doses of acrylamide to date was
that of Abramsson-Zetterberg (/08). This investigation provided
data for single exposures of 0, 1, 3, 6, 12, 24, and 30 mg/kg.
The authors concluded that acrylamide caused a linear increase
in MN. However, examination of the data clearly shows that
only doses of 6 mg/kg and higher resulted in a significant
increase in MN. Specifically, 1 or 3 mg/kg was not different
from the control mice, even though they received a dose of
acrylamide that was ~700- and 2100-fold higher than the
controls. Figure 7 compares the findings of Doerge and
colleagues to Abramsson-Zetterberg. It demonstrates that the
number of N7-GA-Gua adducts, a biomarker of exposure,
increases more than 200-fold, while the number of MN does
not change (53, 108).

Methylmethanesulphonate (MMS) is a well-studied mutagen
that has recently been evaluated for low dose effects in the Hprt
and Tk genes (/10). In addition, we have examined the
molecular dose of the major DNA adduct, N7-methylguanine
(N7-MeG), over the same dose range studied by Doak et al.
(110) using ["*C*H;]MMS. Figure 8 compares the data for
mutations at HPRT and DNA adducts in AHH-1 cells. In
addition, the endogenous N7-MeG was quantitated at each dose
(9.8 + 4.6 N7-MeG/10® ntds). It is readily apparent that the
shape of the mutation curves and the shape of the molecular
dose of N7-MeG are different. The DNA adducts are linear over
the entire dose response and intersect with the identical
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endogenous adduct, while HPRT and Tk mutations, as well as
micronucleus inductions, are highly sublinear (/70).

EO is a chemical with both exogenous and endogenous
exposure. The exogenous exposures come from occupational,
tobacco smoke, and environmental sources, while the endog-
enous exposure comes from metabolism of ethylene produced
by gut microflora, ROS, and metabolism. Molecular dosimetry
of DNA adducts has been examined with HPLC and fluores-
cence detection, GC-HRMS, and LC-MS/MS. As with acryla-
mide and MMS, the major DNA adduct occurs at the N-7
position of guanine. Steady-state concentrations of N7-2-
hydroxyethylguanine (N7-HEG) occur between 7 and 10 days
of exposure. DNA adducts have also been used as molecular
dosimeters for ethylene exposure, which allowed extrapolation
of EO mutations to even lower exposures by utilizing the
metabolism of ethylene to EO. Exposure-related increases in
N7-HEG and hydroxyethyl valine (HEVal) globin adducts have
been measured by several research groups and found to increase
linearly with exposures to EO above endogenous concentrations.
A variety of mutational end points have also been measured.
Using a 4 week inhalation exposure protocol, mutations in Hprt
were increased following EO exposures at 50 ppm and higher
but not at ethylene exposures resulting in 4.5 + 2.0, 9.0 = 1.9,
or 10.0 = 3.0 ppm EO (Figure 9). Similar data were reported
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by Tates et al. (//7). Nivard et al. (//2) have also reported
important data from Drosophila comparing the relationship
between N7-HEG and mutations. The wild-type flies showed
that mutations reached background frequencies, while DNA
adducts were linear. If nucleotide repair-deficient flies were used,
the mutations also came down to background frequencies, but
the exposure response was shifted to the left, demonstrating the
importance of DNA repair. The system used by Nivard et al.
(112) has an extremely high rate of cell proliferation, leaving
minimal time for DNA repair. Comparisons of cell proliferation
in Drosophila germ cells vs the human equivalent demonstrate
that the fly’s fertilized ovum undergoes very rapid cell prolifera-
tion that is ~85 times faster than the human, minimizing the
effect of DNA repair.

8.4. Key Event #4: Mutations in Cancer Genes. It is now
well-established that cancer results from the induction of
multiple mutations in genes that control signaling pathways
associated with cell proliferation, cell death, metastasis, and
vascularization (4, 113). At the present time, little quantitative
data are available on chemical exposures and these end points,
particularly in noncancerous tissues. Early studies by Cerutti
and colleagues utilized restriction fragment length polymorphism
(RFLP)/PCR methods to demonstrate the ability of AFB1 to
induce specific mutations at a p53 hot spot in HepG2 cells that
had also been identified in human hepatocellular carcinomas
(114). Mutations at other sites in p53 were also induced in
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HepG?2 cells by the exposure but were not related to hot spots
in human tumors or to functional changes in the gene. They
later showed that such increases were present in nontumorous
regions of the liver in humans from geographic regions that
correlated with AFB1 exposure (/75), but the data were not
considered quantitative. Furthermore, the predominant mutations
in patients’ tumors were different from those in nonmalignant
tissue. The authors concluded that the point mutations most
likely represented premalignant changes that contributed to
multistage carcinogenesis.

Tumors in humans and those that were induced by many
carcinogens in animals have been evaluated for such mutations.
These involve point mutations in ras, p53, p'®™**, and Rb, loss
of heterozygocity in p53, etc., demonstrating that chemical
carcinogenesis in test animals and humans arises via the same
pathways. The pathways associated with gene and chromosome
mutations in cancer genes drive the biology that results in
carcinogenesis. Because the factors that result in mutations of
cancer genes are not different than the factors that result in
reporter gene mutations, Key Events 3 and 4 should be the most
important data sets for informing the dose response for cancer
risk assessment.

Unfortunately, this has not been the case as yet. One may
ask, why not? There are many parts to the answer of that
question. First, at one time, simplistic theories that one hit could
lead to cancer were proposed (/16). Second, limited numbers
of mutagenesis studies have carried out “low” dose exposures.
Third, many members of the risk assessment community fall
back on oversimplified mathematical modeling that only consid-
ers the numbers of tumors in carcinogenicity bioassays, rather
than integrating the complexity of the scientific data.

9. Conclusions

The development of highly specific and sensitive assays for
biomarkers of exposure and effect has provided a vastly
improved understanding of events related to chemical exposure,
metabolism, DNA damage and repair, as well as the resultant
effects on mutations. This understanding provides critical
stochastic knowledge on the quantitative biologic processes that
determine how chemicals cause cancer. The 2005 Cancer Risk
Assessment Guidelines (2) clearly state that a biologically driven
model is preferred for cancer risk assessment. For as long as
Chemical Research in Toxicology has been published, we have
used biomarkers of exposure to understand species, tissue, and
cell type differences in DNA damage and repair. It seemed
reasonable to use such biomarkers of exposure to also inform
risk assessment, since it integrated exposure, metabolic activa-
tion, and detoxication. However, by using the framework
analysis to carry this information forward, along with data on
biomarkers of effect that measure exposure responses of gene
and chromosomal mutations, it became clear that major differ-
ences exist in the shapes of the dose—response relationships
for the biomarkers of exposure and biomarkers of effect. This
new understanding has critical implications for cancer risk
assessment, since it is well-accepted that mutations at the gene
and chromosome level are major determinants in the genesis
of cancer in laboratory animals and humans. While one cannot
exclude a linear component for such mutational events, it is
clear that they do not occur following a dose response that
parallels biomarkers of exposure. On further reflection, this
should not come as a surprise. It has been known for many
years that some DNA adducts are either not or are only weakly
promutagenic and do not cause mispairing during DNA replica-
tion. We have utilized three examples to evaluate these
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differences, all of which have relatively weak strength as
mutagens. The literature certainly contains numerous examples
of highly promutagenic DNA adducts. A similar evaluation of
biomarkers of exposure vs effect will need to be conducted to
determine if and how they differ in these responses. One thing
is clear, however. The dose response for mutations will come
into the background frequency of the controls at some point.
When this happens, the biology of mutagenesis and subsequently
carcinogenesis is being driven by the endogenous DNA damage
that arises from ROS, endogenous EO, spontaneous depurina-
tion, and errors of DNA polymerase. Additional research will
be needed to more fully understand each carcinogen, from the
standpoint of molecular dose, and the exposure response for
mutations. Application of a “framework analysis” approach to
this issue has increased the transparency of such deliberations
and identified data gaps that will further reduce the uncertainties
associated with risk assessment through the use of science, rather
than defaults.
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