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Mechanistic data, when available, have long been considered in
risk assessment, such as in the development of the nitrate RfD
based on effects in a sensitive group (infants). Recent advances in
biology and risk assessment methods have led to a tremendous
increase in the use of mechanistic data in risk assessment. Toxi-
cokinetic data can improve extrapolation from animals to humans
and characterization of human variability. This is done by the
development of improved tissue dosimetry, by the use of uncer-
tainty factors based on chemical-specific data, and in the devel-
opment of physiologically based pharmacokinetic (PBPK) models.
The development of the boron RfD illustrates the use of chemical-
specific data in the improved choice of uncertainty factors. The
draft cancer guidelines of the U.S. Environmental Protection
Agency emphasize the use of mode of action data. The first choice
under the guidelines is to use a chemical-specific, biologically
based dose-response (BBDR) model. In the absence of a BBDR
model, mode of action data are used to determine whether low-
dose extrapolation is done using a linear or nonlinear (margin of
exposure) approach. Considerations involved in evaluating a hy-
pothesized mode of action are illustrated using 1,3-dichloropro-
pene, and use of a BBDR model is illustrated using formaldehyde.
Recent developments in molecular biology, including transgenic
animals, microarrays, and the characterization of genetic poly-
morphisms, have significant potential for improving risk assess-
ments, although further methods development is needed. Overall,
use of mechanistic data has significant potential for reducing the
uncertainty in assessments, while at the same time highlighting the
areas of uncertainty.
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Although noncancer and cancer risk assessments conducted
in the past 20 years have sometimes used mechanistic data, the
use of such data is increasing as toxicologists and risk assessors
develop a better understanding of how chemicals exert their
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toxic effects. For the purposes of this paper, “mechanistic data”
refers to all data other than that obtained from classical toxicity
testing (e.g., toxicokinetics data, data on precursor effects, and
studies on the interactions of the chemical of interest with
cellular macromolecules). Use of mechanistic data can lead
to a better choice of critical effect, identification of a sensi-
tive population, and/or to higher confidence in the hazard
identification and dose response assessment. Properly used,
all of these applications of mechanistic data improve the
quality of the resulting assessment and reduce the associated
uncertainty.

Risk assessors now routinely consider mechanistic and ki-
netic data in the development of noncancer assessments, par-
ticularly in the extrapolation of data from animals to humans
and in the selection of uncertainty factors (UFs) in calculating
reference doses (RfDs), reference concentrations (RfCs), or
acceptable daily intakes (ADIs). Such considerations appeared
in the late 1980’s in the development of RfCs by the U.S.
Environmental Protection Agency (U.S. EPA) with the advent
of dosimetric adjustments for converting chemical concentra-
tions inhaled by experimental animals to human equivalent
concentrations (Jarabek, 1994, 1995; U.S. EPA, 1994). The
associated modifications to UFs were later captured more for-
mally by Renwick (1993), who proposed a data-derived UF
approach. In this latter approach, both the UF for extrapolation
from animals to humans and the UF for interindividual vari-
ability are divided into subfactors to-allow for separate evalu-
ations of differences in toxicokinetics and toxicodynamics.
Modifications of this approach have been used by Health
Canada (Meek et al., 1994) and the International Programme
on Chemical Safety (IPCS, 1994). As default values, the IPCS
suggests that the UF for interspecies extrapolation should be
subdivided unequally into 4-fold (toxicokinetics) and 2.5-fold
(toxicodynamics), and that the UF for intraspecies extrapola-
tion be split evenly (3.16-fold for both toxicokinetics and
toxicodynamics). These splits were based on the distribution of
inter- and intraspecies differences in toxicokinetics and toxi-
codynamics among a small number of pharmaceuticals (Ren-
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wick, 1993) and were supported by a later evaluation of a
larger group of pharmaceuticals (Renwick and Lazarus, 1998).
When chemical-specific data are available, these categorical
defaults may be replaced by compound-specific adjustment
factors (CSAFs) (Meek et al., in press). The choice of UFs can
also take into account whether the effects of the chemi-
cal progress with continued exposure (e.g., subchronic vs.
chronic), whether there is evidence for differential susceptibil-
ity of adults and children, and whether the chemical is an
essential element. The use of CSAFs and consideration of these
issues is illustrated in the case study on boron.

Recent guidelines and methods currently under development
expand the use of mechanistic data for cancer risk assessments.
For example, one of the major ways in which the 1996 draft of
the U.S. EPA cancer guidelines differs from the 1986 guide-
lines is in the consideration of mode of action (MOA) data.
Mode of action is not explicitly defined in the guidelines, but
it can be considered to be a general description of the manner
in which a chemical acts to produce its toxic effect. Knowing
the mode of action means that the obligatory precursor step in
the carcinogenic process has been identified. This precursor
step may involve, for example, a chemical interacting directly
with DNA and forming DNA adducts, or the chemical causing
cytotoxicity, leading to compensatory cell proliferation. Under
the 1996 cancer guidelines, the preferred approach for low-
dose extrapolation is using a biologically based dose-response
(BBDR) model. In the absence of such a model, mode of action
understanding is used in determining whether extrapolation to
low doses is done using a linear extrapolation, a nonlinear one,
or both procedures. Use of such considerations in risk assess-
ment is illustrated in the case studies for formaldehyde and
1,3-dichloropropene. A recent interagency initiative, led by the
U.S. EPA, is expanding on the mode of action framework
proposed by the U.S. EPA 1996 cancer guidelines. This frame-
work includes the development of dosimetric approaches for
the oral, inhalation, and dermal routes, taking into account the
chemical’s dosimetry, site of toxic action including the portal
of entry, and its mode of action (Jarabek et al., manuscript in
preparation).

In this review, we highlight how the application of mecha-
nistic data is having an important impact on the derivation of
risk estimates, while also pointing out opportunities for the
further evolution of the basic science and the tools for appli-
cation of these data. To accomplish this, we have selected case
studies from recent risk assessments as a backdrop for discuss-
ing current applications of mechanistic data. The role that
mechanistic data plays in improved tissue dosimetry, applica-
tion of early biological effects data, and replacement of default
UFs with data-derived ones are discussed within the context of
the case studies. We further discuss current data gaps, with the
goal of communicating to basic biology researchers our view
of the data needs of risk assessment scientists.

Case Studies

Nitrate: identification of sensitive population. One of the
earliest applications of mechanistic data was in the use of
information about the sensitive population to move away from
a default UF for the nitrate RfD. Ingestion of drinking water
contaminated with nitrate from fertilizer runoff can lead to
methemoglobinemia in infants and possibly in adults. Nitrate is
converted to nitrite in the gut and absorbed into the blood-
stream, where it chemically oxidizes hemoglobin to methemo-
globin (MetHb). Unlike hemoglobin, MetHb is unable to re-
versibly bind oxygen. Infants are much more sensitive than
children or adults to this effect, for four reasons:

o Infants have a less acidic gastric environment, and there-
fore their guts have high levels of nitrate-reducing bacteria,
which survive only under less acidic conditions.

o Infants under 3 months of age also have a lower enzymatic
capacity of MetHb reductase, the enzyme that reduces MetHb
back to hemoglobin.

o Infants have a form of hemoglobin (fetal hemoglobin) that
is particularly susceptible to oxidation by nitrite.

o Infants’ water intake per body weight is higher than that of
adults, thus contributing to higher dose per kilogram of body
weight.

The RED for nitrate is based on the NOAEL for clinical signs
of methemoglobinemia in infants (U.S. EPA, 2000). Because
the NOAEL was identified in a sensitive subgroup of the
population, a 1-fold UF for within-human variability in toxi-
cokinetics and toxicodynamics was used to estimate the RfD in
place of the default value of 10. In this case, a full understand-
ing of the mechanism of nitrate toxicity in the sensitive sub-
group led to a high confidence RfD that was equivalent to the
NOAEL of the critical effect in the sensitive subgroup.

Boron: use of toxicokinetic data in the choice of UFs.
Boron compounds are widely distributed in the environment.
The major sources of human exposure are food and drinking
water; fruits, vegetables, and nuts are naturally rich in boron.
Boron is also used in laundry detergent and in household
pesticides. In animals, boron exposure results in reproductive
and developmental effects; decreased fetal weight is the most
sensitive effect. The critical NOAEL of 9.6 mg/kg/day was
reported by Price et al. (1996), based on decreased fetal
weight. In light of the extensive information available on boron
toxicokinetics in humans and animals, a number of authors
have used this end point, together with data-derived UFs, to
develop exposure level guidance (e.g., IPCS, 1994; the World
Health Organization’s Working Group on Chemical Sub-
stances in Drinking Water (WGCSDW); Murray and
Andersen, in press). All of these assessments used the same
NOAEL (or the related benchmark dose) as the basis for the
assessment, although the UFs ranged from 25 to 60. This
discussion focuses on the WGCSDW assessment (published as
Dourson et al., 1998) and the Murray and Andersen (in press)
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update, as being the most recent assessments and best repre-
senting the state of the science.

Over a wide range of doses, studies in both experimental
animals and humans have found that ingested boron is almost
completely absorbed (summarized in Dourson et al., 1998).
Boron distributes evenly throughout the body fluid by passive
diffusion. In rats and humans, boron concentrations were com-
parable in almost all tissues examined, except that there were
somewhat higher concentrations in bone (Alexander et al.,
1951; Forbes et al., 1954; Ku et al., 1991; Shuler et al. 1990;
Ward, 1993). Metabolism of inorganic borate by biological
systems is not thermodynamically feasible due to the excessive
energy required to break the boron—oxygen bond (Emsley,
1989). Based on the quantitative similarity in absorption, dis-
tribution, and metabolism, no UF was needed to account for
species differences in these aspects of toxicokinetics. However,
based on the steady-state blood boron concentrations and the
corresponding oral doses, boron clearance rates were estimated
to be 40 ml/kg/h in humans, and 163 ml/kg/h in rats. This
indicates that rats have an approximately 3- to 4-fold higher
boron clearance rate than humans. Based on these consider-
ations, the WGCSDW (Dourson et al., 1998) proposed a factor
of 4 for interspecies differences in elimination. More recent
work found that boron clearance in pregnant rats is 3.1 times as
fast as in pregnant women when renal clearance is normalized
to body weight (milliliters/minute/kilogram), supporting a fac-
tor of 3.1 for interspecies differences in toxicokinetics (Murray
and Andersen, in press). Because no data were available to
support a UF other than 2.5 for interspecies variation in toxi-
codynamics, the WGCSDW used a default value of 2.5 for the
toxicodynamic variation, which together with the boron-spe-
cific value of 4 for toxicokinetic differences resulted in an
interspecies UF of 10. Murray and Andersen (in press) pro-
posed a reduced interspecies factor for toxicodynamics of
1.25-2.5, based on interspecies similarities in toxicodynamics
for a number of end points, and based on the nutritional
importance, if not essentiality, of boron. A total UF of 3.9-7.8
for interspecies extrapolation resulted using this alternative
approach.

The intraspecies UF for toxicokinetic variability was also
based solely on variation in excretion. Because no information
on boron clearance in pregnant women was available,
WGCSDW estimated the variability in boron clearance rate in
pregnant women based on the available information on vari-
ability in the glomerular filtration rate (GFR) during human
pregnancy. Considering two standard deviations from the mean
GFR as a reasonable measure of variability in light of the
biological lower limit of GFR consistent with good health, a
factor of 1.8 resulted. Murray and Andersen (in press) reported
on a recent study of boron clearance in pregnant women, which
found that a two standard deviation variance from the mean in
pregnant women translates to a 2.0-fold difference in clear-
ance, a value close to the 1.8-fold value used by the
WGCSDW. Because there are no data on human variability in

toxicodynamics, both of the assessments used the default UF of
3.2 (10) for human toxicodynamics. Thus, both groups used
subfactors in the range of 1.8-2 for the variation in toxicoki-
netics and a default value of 3.2 for the variation in toxicody-
namics, resulting in a UF of 6 for intraspecies variation. This
case study illustrates the need for criteria for determining
data-derived UFs, in light of the variety of approaches previ-
ously used to determine the safe dose of boron. The develop-
ment of such criteria has been the focus of recent IPCS activity
(Meek et al., in press). However, it is noteworthy that the
composite UFs calculated by the various different groups are
within a factor of 2 to 3. Additional research is needed to
consider the issue of how the risk assessment should be mod-
ified if the chemical of interest is an essential element.

1,3-Dichloropropene: use of mode of action data on gluta-
thione (GSH) depletion in cancer risk assessment. 1,3-di-
chloropropene is the active ingredient in commercially applied
preplanting fumigants used for the control of nematodes. Re-
cent inhalation cancer risk assessments for 1,3-dichloropro-
pene (U.S. EPA, 2000) and Telone II, an epoxidized soybean
oil stabilized 1,3-dichloropropene formulation (Dow Agro-
Sciences, Indianapolis; manuscript in preparation; meeting
notes from a peer review of the Dow assessment are available
at http://tera.org/peer/) highlight how mechanistic toxicity data
can have a direct impact on quantitative risk estimates. In both
of these assessments, increased incidence of bronchioalveolar
adenoma in male mice was used as the basis of the cancer
assessment. The assessments differed, however, in the inter-
pretation of the evidence for a MOA supporting a nonlinear
extrapolation to low doses. In the Dow assessment, both mar-
gin of exposure (MOE) and linear low-dose modeling ap-
proaches were presented, whereas the U.S. EPA assessment
concluded that a linear low-dose modeling approach was more
appropriate.

Support for the application of a nonlinear assessment hinged
on the determination of whether GSH depletion, resulting in a
decreased ability to detoxify the administered dose, caused the
tumorigenic response seen in mice. The Dow assessment ar-
gued that the absence of detection of potentially DNA-reactive
epoxide metabolites in the presence of detoxification enzymes
and reduced GSH, coupled with generally negative results in in
vivo genotoxicity assays, supports the conclusion that 1,3-
dichloropropene lacks genotoxic potential under normal phys-
iological conditions. The Dow assessment further suggeste(‘i
that the reported genotoxic activity in some in vivo and in vitro
studies (using the current soybean oil stabilized product for-
mulation) is associated with doses that saturate detoxification
pathways. As support for this conclusion, the Dow assessment
cited the concordance between doses that deplete GSH and
those that induce tumors in animal studies. As further support
for a nongenotoxic MOA, the Dow assessment noted that
Telone II induced tumors only late in life and of a type having
high spontaneous incidence.
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The U.S. EPA assessment (U.S. EPA, 2000) also examined
the data in support of GSH depletion as a key event in the
MOA, but concluded that a linear low-dose approach was most
appropriate. This conclusion was based on the mixed results in
mutagenicity assays, coupled with the absence of adequate
support for the proposed MOA, as described below. The as-
sessment (U.S. EPA, 2000) noted that *“1,3-dichloropropene
may be nongenotoxic at low-dose exposures that do not inter-
fere significantly with normal function of GSH, but bioassay
data showing the protective effect of GSH against tumor for-
mation are lacking.” The language in the U.S. EPA assessment
suggests that the proposed GSH-depletion mechanism would
support a nonlinear risk assessment approach, given sufficient
evidence for its causal role in tumor induction. This being the
case, what data would be needed to build a sufficient case to
support GSH depletion as a key event in the tumorigenic
MOA?

The following evidence for a role of GSH depletion in the
lung tumor induction is provided to highlight the use of mech-
anistic data in support of identification of an MOA. Lomax et
al. (1989) reported a concentration-dependent increase in the
incidence of bronchioalveolar adenomas in male B6C3F1 mice
exposed to 1,3-dichloropropene (Telone II) for 2 years; the
tumor incidences were 9/50, 6/50, 13/50, and 22/50 in mice
exposed to 0, 5, 20, and 60 ppm Telone II, respectively. To test
whether this might be due to GSH depletion, W. T. Stott et al.
in an unpublished study (described in greater detail in U.S.
EPA, 2000) measured lung GSH levels in male mice exposed
by inhalation for up to 26 days over the tumorigenic dose
range. GSH was decreased in a concentration-dependent man-
ner after 3, 12, and 26 days of dosing. The mean lung GSH
levels were 85.3, 79.9, 58.3, and 43.1% of control levels
following exposures to 10, 30, 60, or 150 ppm, respectively,
after 26 days of exposure. In parallel samples collected during
the 26-day inhalation study, no changes in cell proliferation or
apoptosis rates were observed, indicating that these latter two
events are unlikely to be related to 1,3-dichloropropene-in-
duced tumorigenesis.

Reviewing these data under the framework of the 1996
cancer guidelines (U.S. EPA, 1996), as further explicated in the
January 1999 SAB draft revision of the cancer guidelines (U.S.
EPA, 1999), provides an opportunity to highlight the types of
mechanistic studies that would more fully support the proposed
MOA. The U.S. EPA framework focuses on identification of
key events in the development of tumors. A key event is
defined as an empirically observed precursor consistent with a
mode of action. According to these guidelines, considerations
in weighing the evidence for a proposed MOA include mag-
nitude, consistency, and specificity of association; the dose-
response relationship and temporal relationship between the
suggested key event and tumor induction; and biological plau-
sibility and coherence with known biology of the disease.

The data are limited for evaluation of consistency between
lung GSH depletion and induction of the lung adenomas,

primarily because each of these end points has been examined
in vivo in only a single study in a single species; a bioassay has
been conducted in rats without observing lung adenomas. The
data also appear to be limited regarding the specificity of the
response, as GSH depletion is a common cellular response to
many toxicants, not necessarily all of which are tumorigenic. In
an unpublished study by W. T. Stott et al. (1997), GSH
depletion was measured only in tissues that developed tumors.
Evidence showing an absence of GSH depletion in tissues that
do not have a tumorigenic response would lend support for the
specificity of the key event. Together, the issues of specificity
and consistency address whether the key event of GSH deple-
tion is a necessary event for 1,3-dichloropropene—induced tu-
mor development. It is noteworthy that GSH depletion may not
be a sufficient event, but that does not rule out the hypothesized
MOA. While the available data are not-inconsistent with an
effect of GSH depletion, the proposed MOA identifies only a
single key event. A stronger case could be made for the role of
GSH homeostasis if additional intermediate events that link
GSH depletion to tumorigenesis were also demonstrated ex-
perimentally. Concentrations of 1,3-dichloropropene that ef-
fectively depleted GSH had no effect on two plausible inter-
mediate effects, cell proliferation or apoptosis (W. T. Stott er
al., 1997, unpublished data). Thus, the link between cellu-
lar thiol status and cell growth needs to be further clarified.
For example, studies in mice given cotreatments with GSH
synthesis inhibitors should yield an enhanced tumorigenic re-
sponse, whereas coadministration of antioxidants should de-
crease 1,3-dichloropropene tumorigenicity. Additional mecha-
nistic toxicology studies can provide relevant approaches for
more tightly linking GSH depletion to tumorigenesis.

The strength of the dose-response and temporal relationships
between key events and the outcome of the tumorigenic re-
sponse are also to be considered in the weight of evidence
evaluation. Both GSH depletion and the induction of lung
adenomas were dose dependent. In addition, GSH depletion
was significantly affected at doses lower than those associated
with adenoma formation, and the degree of GSH depletion
increased with increasing dose. Therefore, the dose-response
data are consistent with GSH depletion being an early event in
lung tumor formation. These data would be consistent with
GSH depletion being necessary, but not sufficient, for lung
tumor formation, although this consistency alone is not suffi-
cient to show causality. Lung GSH depletion was measured
after 26 days of exposure, whereas lung adenoma incidence
increased after 2 years of dosing; continued GSH depletion
throughout a significant period of tumorigenesis has not been
shown. Nonetheless, because GSH depletion occurred within 3
days of dosing and was maintained for up to 26 days with daily
dosing (W. T. Stott ez al., 1997, unpublished data), GSH depletion
may have continued with longer exposure durations, suggesting a
temporal relationship consistent with a role of GSH depletion.
Thus, there are data supporting the hypothesized relationship
between GSH depletion and tumor development, but additional
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data are needed to meet criteria of the U.S. EPA for sufficiency to
support a nonlinear low-dose extrapolation.

Formaldehyde: use of a biologically based dose-response
model for cancer risk assessment. As noted above, the 1996
cancer guidelines (U.S. EPA, 1996) recommend that a BBDR
model be used for low-dose extrapolation if sufficient data are
available. BBDR models incorporate mechanistic data into the
risk assessment process by providing a mathematical descrip-
tion of the link between an exposure metric and the key
mechanistic events that drive downstream toxic responses. The
use of dose-response data for key events in the mechanism of
toxicity provides the opportunity to more accurately predict the
risk of low-dose exposures, as dose-response information is
developed directly for precursor events, which may occur at or
near environmental exposure levels. As for other applications
of mechanistic data, a positive demonstration must be made
that the key events modeled are necessary steps in the devel-
opment of the adverse effect of interest.

BBDR modeling has been described in the context of both
cancer and noncancer risk assessments. Application of BBDR
modeling was incorporated into a recent assessment of form-
aldehyde cancer risk (CIIT, 1999). A BBDR model has also
been described for noncancer end points such as chloroform
hepatotoxicity (Conolly and Butterworth, 1995). BBDR mod-
eling efforts for developmental toxicity of 5-fluorouracil have
also been described recently (Lau et al., 2000).

The recent inhalation cancer risk assessment for formalde-
hyde provides a detailed example of the application of BBDR
modeling (CIIT, 1999). Although the epidemiology data pro-
vide mixed results, formaldehyde is a nasal tumorigen in rats
following exposure by the inhalation route (Kerns et al., 1983;
Monticello er al., 1996; Morgan et al., 1986; reviewed in the
CHT 1999 assessment). The CIIT assessment (CIIT, 1999)
used a two-stage clonal growth model of carcinogenesis that
incorporated data on the rate of cell division and on the number
of cells at risk in different regions of the respiratory tract of rats
and humans. Regional uptake of inhaled formaldehyde was
simulated in each species, and the flux values were determined
for the upper respiratory tracts of rats and humans using
three-dimensional, anatomically accurate computational fluid
dynamics (CFD) models of rat, primate, and human nasal
airflow and inhaled gas uptake (Kepler et al., 1998; Kimbell et
al., 1997; Subramaniam et al., 1998; reviewed in CIIT, 1999).

Two types of key events in tumorigenesis were considered:
the formation of DNA—protein crosslinks (DPX) or a related
genotoxic event, and increased mutation fixation through re-
generative cell proliferation secondary to cytotoxicity. A hu-
man BBDR model was developed. Predicted dose-response
relationships for DPX formation from rat and monkey data
were used to develop clonal growth model parameters related
to the direct mutagenic component of the model. The labeling
index dose-response in rats (a measure of regenerative cell
proliferation, normalized by unit length) was used to represent

the cell proliferation component of the clonal growth model.
Other model parameter estimates were derived from human
lung cancer incidence data or were taken from the published
literature. The resulting two-stage clonal growth model was
subsequently used to estimate cancer risk in humans under
vartous exposure scenarios.

The application of the BBDR modeling approach results in
low-dose risk estimates that are much lower than those ob-
tained from approaches that rely only on tumor incidence data
and apply default linear low-dose extrapolations. For example,
in the CIIT formaldehyde assessment, the cancer risk estimates
for humans following exposure to 0.1 ppm 6 h/day, 5 days/
week was compared for different risk assessment methods. The
human risk was reported as 2.7E-8 based on BBDR modeling
and 4.2E-4 based on benchmark dose modeling of tumor
incidence data and linear low-dose extrapolation.

The appropriateness of a BBDR model, and thus the accuracy
of the low-dose risk estimates, depends on the degree of evidence
that the low-dose end points that drive the shape of the dose-
response curve are really key events in the MOA. Gaps in the data
on the relationship between the precursor events and the outcome
of interest result in uncertainty in the assessment. The CIIT
assessment (CHT, 1999) indicates that the application of the
model reduces overall uncertainty, as sources of uncertainty are
identified and the degree of uncertainty can be incorporated into
the modeling. A number of key areas of uncertainty in the devel-
opment of the clonal growth model were noted. For the use of
DPX, data gaps that were discussed include defining the relation-
ship between DPX and the induction of mutations, determining
the kinetics of DPX formation and removal, and evaluating the
appropriateness of assumptions for interspecies extrapolation. An
uncertainty noted in the use of the unit length labeling index
(ULLI) to model effects on cell proliferation was the assumption
that the toxicodynamics for this end point was similar in the
human and rat nasal cells. An additional uncertainty was the use
of estimated cell cycle times for the respiratory epithelium, rather
than measured species-specific values.

The case of formaldehyde highlights the potential utility of
BBDR modeling for cancer risk assessment. The application of
BBDR models provides the opportunity to reduce uncertainty in
risk estimates across the entire exposure range of interest, primar-
ily by using information on tissue dose of the toxic moiety, and by
incorporating dose-response information for precursor events. As
with the more qualitative margin of exposure approach for mov-
ing away from the default for low-dose extrapolation, BBDR
modeling requires that an adequate positive demonstration be
made that the proposed key events in the MOA are necessary
steps in the cancer process induced by the exposure of interest.

Future Directions

Dose-response determinations for early biological effects.
The case studies highlighted above for 1,3-dichloropropene
and formaldehyde provide examples where preclinical effect
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measures played an important part in drawing conclusions
about the likely shape of the dose-response curve. The use of
data on early effects is attractive for this purpose, because
much of the uncertainty surrounding risk assessments results
from the need to predict risk at environmentally relevant doses,
which are often below dose levels that induce clearly adverse
effects in animal studies. Biomarkers of early effects offer the
possibility of reducing many of the uncertainties associated
with low-dose extrapolation by extending the range of obser-
vation to include validated response end points in place of less
sensitive defaults (morbidity, mortality, tumors, etc.). Consid-
erations for the use of biomarkers of early effects in the
dose-response analysis have been outlined elsewhere (Hattis
and Silver, 1993; NRC, 1987; Schulte, 1989; U.S. EPA, 1994),
and critical evaluations of the utility of effect biomarkers
and further research needs have been discussed in several
more recent reviews (Aitio and Kallio, 1999; Groopman and
Kensler, 1999; Mutti, 1999; Ward and Henderson, 1996).

As demonstrated in the case studies, early-effect biomarkers
¢an have an important impact on the outcome of the risk
assessment. However, use of biomarkers in risk assessment
depends on the adequate characterization of the link between
the biomarker and other events in the exposure—disease con-
tinuum, using criteria such as those originally outlined by Hill
(1965) and expanded on by Schulte et al. (1989) and U.S. EPA
(1994). Some key elements of the Hill criteria that must be
demonstrated for determining whether a key precursor event
has been identified include biological plausibility, and evalua-
tion of how the dose-response and time-response relationships
of the precursor event relate to those of the adverse effect of
interest (U.S. EPA, 1994, 1999). Laboratory scientists can
enhance the relevance of their studies to risk assessment by
including dose-response evaluation (ideally tied to the doses
used for toxicity or carcinogenicity studies) in their mechanis-
tic studies. Another way to enhance the utility of their studies
includes ensuring that the models chosen are relevant to the
key toxic effects (e.g., the target tissue is evaluated).

Several newer approaches can be used to link precursor
events to downstream toxicity end points and to test the
strength of that linkage. New tools in molecular biology offer
opportunities for testing whether an early event is an obligate
precursor to more traditional outcomes. Transgenic animals
constitute such a new tool and include animals with a targeted
disruption of a gene of interest (knockout) as well as animals
with other targeted gene changes. Bull (2000) recently de-
scribed the potential for using data from a knockout mouse
strain to provide critical evidence regarding whether mouse
liver tumors induced by trichloroacetic acid (TCA) can be
attributed to peroxisome proliferation. As suggested in that
article, the absence of TCA-induced liver tumors in mice with
a targeted disruption of the gene encoding the peroxisome
proliferation receptor would be a powerful demonstration that
activation of this receptor is a key event in TCA-induced tumor
formation.

The capacity to detect molecular and cellular events in
response to toxicants is rapidly increasing, as exemplified by
the measurement of toxicant-induced gene expression changes
using DNA microarrays (e.g., Nuwaysir et al., 1999). Microar-
ray data differ from single gene expression experiments by
simultaneously measuring gene expression changes represent-
ing gene clusters that reflect a range of toxic severity. For
example, a DNA array provides information on the induction
of gene clusters involved in adaptive responses as well as cell
proliferation or cytotoxicity. Conducting a dose-response ex-
periment using DNA arrays yields a series of dose-response
curves for each gene cluster. By defining the quantitative
relationships among the dose-response relationships of these
different gene clusters, it may be possible to elucidate the
dose-response relationship between adaptive and adverse
effects.

A traditional approach for demonstrating the relationship
among early effect biomarkers and more adverse end points is
to test their correlation using regression approaches. Categor-
ical regression is a meta-analytical technique that allows for
modeling of the severity of response versus the dose (Dourson
et al., 1997; Guth et al., 1997, Teuschler et al., 1999). This
approach might offer an alternative to test the link between
dose-response curves for a series of effects of increasing se-
verity, to aid in biomarker validation. Based on this scheme, if
the precursor event is truly linked to more severe events at
higher doses, then inclusion of the dose-response data for the
precursor end point with the dose-response data for increas-
ingly severe end points in the same continuum would result in
a good fit in the categorical regression model. When these
criteria are met, the categorical regression model provides an
opportunity to expand the dose-response curve to include the
lower doses represented by the precursor events.

Dose-response information for precursor end points may
also be useful for extrapolating to environmentally relevant
exposures and for improving animal-to-human extrapolation.
The methods for using precursor end points for these purposes
have not yet been fully developed, but are active areas of
research. BBDR modeling is likely to provide useful insights,
as such modeling defines the relationship between tissue dose
and defined biological steps. This was done for formaldehyde,
as described above.

It is noteworthy that quantitatively linking the dose-response
data for precursor and clearly adverse events can be problem-
atic. For example, based on a 2,3,7,8-tetrachlorodibenzo-p-
dioxin case study, Andersen and Barton (1998) suggested that
precursor effects, such as CYP1A1 and CYP1A?2 induction, are
frequently not proportionally related to the toxic response of
interest, such as tumorigenic responses. This is due in part to
the contribution of multiple mechanisms in the development of
the downstream pathogenesis. Under these conditions, direct
application of the precursor dose-response curve in the risk
assessment can often be used to yield a conservative risk
estimate (Andersen and Barton, 1998).
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It may also be possible to use precursor data to improve
low-dose extrapolation without having the detailed mechanis-
tic information needed to include precursor information in a
BBDR model. Precursor end points may be measurable in
exposed human populations, but risk assessors need to deter-
mine the relationship between those measured precursors and
the adverse effect of interest. If the dose-response relationship
between the precursor and tissue dose in humans is determined,
and the quantitative relationship between a precursor effect and
the adverse effect of interest can be determined in animals, also
on the basis of tissue dose, a prediction of the human dose
response for adverse effects can be made. Categorical regres-
sion is a promising approach for developing such a quantitative
connection between the precursor and adverse effect, because
it allows the precursor and adverse effects to be modeled in
either an interdependent or independent manner. A limitation
to this approach, however, is that it assumes that the relation-
ship between precursor and adverse effects is the same in the
experimental animal species and in humans.

Using polymorphism data to characterize intraspecies vari-
ability. As described in the introduction and in the boron case
study, there has been considerable recent work on using chem-
ical-specific data in place of the default UFs for extrapolating
from animals to humans and for accounting for human vari-
ability. One of the important sources of human variability in
susceptibility to toxicant responses is genetic polymorphisms
(Taningher et al, 1999; Wormhoudt et al., 1999). Unfortu-
nately, methods have not been developed for the routine in-
corporation of data on polymorphisms into risk assessments.
Some initial attempts have been conducted to address this issue
(e.g., Clewell and Andersen, 1996; Renwick and Lazarus,
1998). However, further investigation is needed to determine
the relevance of this type of variation in the estimation of
intraspecies UFs as applied in risk assessments.

One promising approach for quantifying the effect of genetic
polymorphisms is through the combined use of physiologically
based pharmacokinetic (PBPK) models and Monte Carlo anal-
ysis. Use of this approach allows one to determine how vari-
ability in all relevant parameters determines the variability in
the ultimate tissue dose. Because it is unlikely that an individ-
val will be at the edge of the distribution for multiple unrelated
physiological parameters, incorporating all sources of variabil-
ity may result in a smaller total variability than that expected
from considering only one parameter (such as enzyme poly-
morphisms). Similarly, if enzyme activity is not rate limiting at
environmental exposure levels, enzyme polymorphisms may
not have a significant effect on tissue dose.

Summary

Mechanistic data, when available, have long been consid-
ered in risk assessment, but the use of such data is increasing
with the recent explosion of mechanistic studies, molecular
biology techniques, and mathematical approaches for address-

ing mechanistic issues. Use of such data has significant poten-
tial for reducing the uncertainty in assessments, while at the
same time making the areas of uncertainty more explicit.
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