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Abstract

With the release of the landmark report Toxicity Testing in the 21st Century: A Vision and a
Strategy, the U.S. National Academy of Sciences, in 2007, precipitated a major change in the way
toxicity testing is conducted. It envisions increased efficiency in toxicity testing and decreased
animal usage by transitioning from current expensive and lengthy in vivo testing with qualitative
endpoints to in vitro toxicity pathway assays on human cells or cell lines using robotic high-
throughput screening with mechanistic quantitative parameters. Risk assessment in the exposed
human population would focus on avoiding significant perturbations in these toxicity pathways.
Computational systems biology models would be implemented to determine the dose-response
models of perturbations of pathway function. Extrapolation of in vitro results to in vivo human
blood and tissue concentrations would be based on pharmacokinetic models for the given exposure
condition. This practice would enhance human relevance of test results, and would cover several
test agents, compared to traditional toxicological testing strategies. As all the tools that are
necessary to implement the vision are currently available or in an advanced stage of development,
the key prerequisites to achieving this paradigm shift are a commitment to change in the scientific
community, which could be facilitated by a broad discussion of the vision, and obtaining
necessary resources to enhance current knowledge of pathway perturbations and pathway assays in
humans and to implement computational systems biology models. Implementation of these
strategies would result in a new toxicity testing paradigm firmly based on human biology.

Toxicity testing is approaching a pivotal point where it is poised to take advantage of the
revolution in biology and biotechnology. The current system is the product of an approach
that has addressed advances in science by incrementally expanding test protocols or by
adding new tests without evaluating the testing system in light of overall risk-assessment
and risk-management needs. That approach has led to a system that is somewhat
cumbersome with respect to the cost of testing, the use of laboratory animals, and the time
needed to generate and review data. In combination with varied statutory requirements for
testing, it has also resulted in a system in which there are substantial differences in chemical
testing, with many chemicals not being tested at all despite potential human exposure to
them. Furthermore, the data that are generated might not be ideal for answering questions
regarding risk to human health. Accordingly, the U.S. Environmental Protection Agency
(EPA) recognized that the time had come for an innovative approach to toxicity testing and
asked the National Research Council (NRC) to develop a long-range vision and strategy for
toxicity testing. In response to the U.S. EPA’s request, the NRC convened the Committee on
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Toxicity Testing and Assessment of Environmental Agents, which prepared a report. This
document is based on the NRC Committee’s report on Toxicity Testing and Assessment of
Environmental Agents.

HISTORICAL PERSPECTIVE OF REGULATORY TOXICOLOGY

To gain an appreciation of current toxicity-testing strategies, it is helpful to examine how
they evolved, why differences arose among and within federal agencies, and who
contributed to the process. The current strategies have their foundation in the response to a
tragedy that occurred in 1937 (Gad & Chengelis, 2001). At that time, few laws prevented the
sale of unsafe food or drugs. A labeling law prohibited the sale of “misbranded” food or
drugs, but the law could be enforced only on the basis of criminal charges that arose after
sale of a product. During fall 1937, the Massengil Company marketed a drug labeled “Elixir
of Sulfanilamide,” which was a solution of sulfanilamide in diethylene glycol. From the
recognition of the drug’s toxicity to its removal from the market by the Food and Drug
Administration (FDA), it caused at least 73 deaths. The tragedy revealed the inadequacy of
the existing law. FDA was able to act only because the drug had been mislabeled; at that
time, an elixir was defined as a product that contained alcohol. If the company had labeled
the drug “Solution of Sulfanilamide,” FDA would not have been able to act.

As a result of the sulfanilamide tragedy, Congress passed the Food, Drug, and Cosmetic Act
(FDCA) of 1938, which required evidence (that is, from toxicity studies in animals) of drug
safety before marketing (Gad & Chengelis, 2001). Major amendments to the FDCA in 1962,
known as the Kefauver—Harris Amendments, strengthened the original law and required
proof not only of drug safety but of drug efficacy. More extensive clinical trials were
required, and FDA had to indicate affirmative approval of a drug before it could be
marketed. The approval process thus changed from one based on premarket notification to
one based on premarket approval.

The FDCA also dealt with food-safety issues and was amended in 1958 to require
manufacturers to demonstrate the safety of food additives (Frankos & Rodricks, 2001). FDA
was given authority to develop toxicity studies for assessing food additives and to specify
criteria to be used in assessing safety. As a result of the need for scientific safety
assessments, toxicologists in FDA, academe, and industry developed the first modern
protocols in toxicology during the 1950s and 1960s (see, for example, FDA, 1959). Those
protocols helped to shape the toxicity-testing programs that are in use today.

Differences in testing strategies between drugs and foods arose in FDA because of
differences in characteristics and regulatory requirements (Frankos & Rodricks, 2001).
Drugs are chemicals with intended biologic effects in people, whereas food additives—such
as antioxidants, emulsifiers, and stabilizers—have intended physical and chemical effects in
food. Thus, a drug manufacturer must demonstrate the desired biologic effect, and a food-
additive manufacturer must demonstrate the absence of measurable biologic effect.
Regarding regulatory requirements, the FDCA requires clinical trials in humans for drug
approval; there is no such requirement for food additives. FDA considers risks and benefits
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when approving a drug but considers only safety when approving a food additive. Thus,
differences in approaches to food and drug testing have evolved.

The public has long been concerned about the safety of intentional food additives and drugs.
By the late 1960s, concern about exposure to chemical contaminants in the environment was
also growing. In 1970, the U.S. EPA was established “to protect human health and to
safeguard the natural environment—air, water, and land—upon which life depends” (U.S.
EPA, 2005a). Over the years, U.S. EPA has developed toxicity-testing strategies to evaluate
pesticides and industrial chemicals that may eventually appear as food residues or as
environmental contaminants.

The 1947 Federal Insecticide, Fungicide, and Rodenticide Act (FIFRA) required the
registration of pesticides before marketing in interstate or foreign commerce (Conner et al.,
1987). The statute was first administered by the U.S. Department of Agriculture, but
authority was transferred to the U.S. EPA when it was created. FIFRA has been amended
several times, but the 1972 amendments transformed FIFRA and gave U.S. EPA new
powers, such as classification of pesticides and regulation of pesticide residues on raw
agricultural commaodities. Although registration remained the centerpiece of the act, one
amendment required proof that the pesticide did not cause “unreasonable adverse effects” on
humans or the environment (Conner et al., 1987). That amendment was largely responsible
for the testing strategy that eventually emerged in U.S. EPA.

The other critical pieces of legislation that helped to shape the current toxicity-testing
strategy for pesticides were amendments to the FDCA. In 1954, the Miller Amendment
“required that a maximum acceptable level (tolerance) be established for pesticide residues
in foods and animal feed” (Conner et al., 1987). The Food Quality Protection Act of 1996
amended the FDCA (and FIFRA) and “fundamentally changed the way EPA regulates
pesticides” (U.S. EPA, 2005b). Some of the most important changes were the establishment
of a risk-based standard for pesticide residues on all foods, the requirement that U.S. EPA
“consider all non-occupational sources of exposure ... and exposure to other pesticides with
a common mechanism of toxicity when setting tolerances,” the requirement that U.S. EPA
set tolerances that would ensure safety for infants and children, and the requirement that
U.S. EPA develop and implement an endocrine-disruptor screening program (U.S. EPA,
2006a).

FIFRA, the FDCA, and the amendments to them are responsible for the current toxicity-
testing strategy for pesticides, which typically requires extensive testing before a pesticide
can be marketed. The strategy for evaluating industrial chemicals is different. The Toxic
Substances Control Act (TSCA) was passed in 1976 to address control of new and existing
industrial chemicals not regulated by other statutes (Kraska, 2001). Although manufacturers
are required to submit premanufacturing notices—which include such information as
chemical identity, intended use, manufacturing process, and expected exposure—no specific
toxicity testing is required [see NRC (2006a) interim report for more information on the
extent of chemical testing under TSCA]. Instead, the strategy for evaluating industrial
chemicals relies heavily on the use of structure—activity relationships.
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FDA'’s drug and food-additive testing programs and U.S. EPA’s pesticide testing program
represent strategies designed to support safety evaluations of chemicals before specified
uses. Other testing can occur in response to regulatory concerns regarding environmental
agents. For example, U.S. EPA sponsors some toxicity testing, epidemiologic studies, and
test development to support its regulatory mandates, such as those under the Safe Drinking
Water Act. The Health Effects Institute (HEI), a joint U.S. EPA- and industry-sponsored
organization, funds toxicity studies to inform regulatory decisions on air pollutants. As
regulatory concerns arise, industry may initiate testing to evaluate further dose-response
relationships of important environmental contaminants. The National Toxicology Program
(NTP)—which was created in 1978 to “coordinate toxicology testing programs within the
federal government[,] ... strengthen the science base in toxicology[,] ... develop and
validate improved testing methods[,] ... [and] provide information about potentially toxic
chemicals to health, regulatory, and research agencies, scientific and medical communities,
and the public” (NTP, 2005a)—performs toxicity tests on agents of public-health concern.
For example, its chronic bioassay has become the gold standard for carcinogenicity testing.
The NTP has been instrumental in the acceptance and integration of new tests or approaches
in toxicity-testing strategies. It has initiated development of medium- and high-throughput
tests to address the ever-growing number of newly introduced chemicals and the existing
chemicals and breakdown products that have not been tested [The NTP’s general approach
as described in its Roadmap for the Future is reviewed in the NRC (2006a) report.] Tests
proposed by NTP and others that are alternatives to standard protocols are formally
reviewed by an interagency authority, the Interagency Coordinating Committee on the
Validation of Alternative Methods (ICCVAM), to ensure that they have value in regulatory
decision making.

Another organization that has influenced toxicity-testing programs in the United States is the
Organization for Economic Cooperation and Development (OECD). OECD is an
organization that “provides a setting where governments can compare policy experiences,
seek answers to common problems, identify good practice and co-ordinate domestic and
international policies” (OECD, 2006, p. 7). OECD’s broad interests include health and the
environment. OECD has been instrumental in developing internationally accepted, or
harmonized, toxicity-testing guidelines. The goal of the harmonization program is to reduce
the repetition of similar tests conducted by member countries to assess the toxicity of a
given chemical. Other OECD programs that have influenced toxicity-testing approaches or
strategies include those to define the tests required for a minimal data set for a chemical and
to determine the approach to screening endocrine disruptors.

RISK ASSESSMENT

The toxicity data generated by the strategies and programs just described are most often
used in a process called risk assessment to evaluate the risk associated with exposure to an
agent. The 1983 NRC report Risk Assessment in the Federal Government: Managing the
Process, which presented a systematic and organized paradigm, set a standard for risk
assessment. The report outlined a three-phase process in which scientific data are moved
from the laboratory or the field into the risk-assessment process and then on to decision
makers to determine regulatory options.
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The research phase is marked by data generation and method development, including basic
research and routine testing. For any particular risk assessment, the data used may have
many sources, including studies of laboratory animals, clinical tests, epidemiologic studies,
and studies of animal and human cells in culture. The data may be reported in peer-reviewed
publications, in the general scientific literature and government reports, and in unpublished
reports of specific tests undertaken for an assessment.

In the risk-assessment phase, selected data are interpreted and used to evaluate a potential
risk to human health and the environment. The 1983 NRC report described this phase in
terms of four components: hazard identification (analysis of the available data to describe
qualitatively the nature of the response to toxic chemicals, such as tumors, birth defects, and
neurologic effects); dose-response analysis (quantification of the relationship between
exposure and the response observed in studies used to identify hazard); exposure assessment
(quantification of expected exposure to the agent among the general population and
differently exposed groups); and risk characterization (synthesis and integration of the
analyses in the three other components to estimate the likelihood and scope of risk among
the general, sensitive, and differently exposed populations). Although risk assessment is
based on scientific data, the process is characterized by gaps in data and fundamental
scientific knowledge, and it relies on models, extrapolation, and other inference methods.
The process turns to science policies—choice of mathematical models, safety factors, and
assumptions—to fill in data and knowledge gaps. Science policies used in risk assessment
are distinct from the regulatory policies developed for risk-management decisions described
below.

Risk management moves the original data—now synthesized and integrated in the form of a
risk characterization—to those responsible for making regulatory decisions. The decision
makers consider the products of the risk assessment with data from other fields (for
example, economics), societal and political issues, and interagency and international factors
to decide whether regulation is needed and, if so, its nature and scope.

The 1983 NRC report and later reports (NRC, 1993, 1996; U.S. EPA, 1998a) recognized a
planning and scoping stage in which a host of scientific and societal issues are considered in
advance of research and risk assessment. That activity includes examining the expected
scope of the problem, available data and expected data needs, cost and time requirements,
legal considerations, and community-related issues. The present report identifies some of
those considerations and other, public-health considerations as “risk contexts” and
underlines their important role in decisions related to toxicity testing (see discussion under
“The Committee’s Second Task and Approach” in this section).

Reviews and critiques of the 1983 NRC paradigm have for the most part focused on the risk-
assessment module and its four components. A review of the literature shows considerably
less attention to the research module and the risk-management module. The present report
focuses on the research module, in which testing is conducted; however, it ventures into
some risk-assessment considerations.

J Toxicol Environ Health B Crit Rev. Author manuscript; available in PMC 2015 April 27.
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The Committee’s First Task and Key Points From its Interim Report

Anticipating the impact of the many scientific advances and the changing needs of the
assessment process, U.S. EPA recognized the need to review existing strategies and develop
a long-range vision for toxicity testing and assessment. The committee that was formed in
response to U.S. EPA’s request and convened in March 2004 includes experts in
developmental toxicology, reproductive toxicology, neurotoxicology, immunology,
pediatrics and neonatology, epidemiology, biostatistics, in vitro methods and models,
molecular biology, pharmacology, physiologically based pharmacokinetic and
pharmacodynamic models, genetics, toxicogenomics, cancer hazard assessment, and risk
assessment.

As a first task, the committee was asked to review several relevant reports by U.S. EPA and
others and to comment on aspects pertaining to new developments in toxicity testing and
proposals to modify current approaches. Accordingly, the committee reviewed the 2002 U.S.
EPA evaluation of its reference-dose and reference-concentration process (U.S. EPA, 2002),
the International Life Sciences Institute Health and Environmental Sciences Institute draft
reports on a tiered toxicity-testing approach for agricultural-chemical safety evaluations
(ILSI-HESI, 20044, 2004b, 2004c), the 2004 European Union report on the REACH
(Registration, Evaluation and Authorisation of Chemicals) program, and the 2004 report on
the near-term and long-term goals of the National Toxicology Program (NTP, 2004). The
committee’s interim report, released in December 2005, fulfilled the first part of the study.

As discussed in its interim report (NRC, 2006a), the committee’s review of current toxicity-
testing strategies revealed a system that had reached a turning point. Agencies typically have
responded to scientific advances and emerging challenges by simply altering individual tests
or adding tests to existing regimens. That patchwork approach has not provided a fully
satisfactory solution to the fundamental problem—the difficulty in meeting four objectives
simultaneously: depth, providing the most accurate, relevant information possible for hazard
identification and dose-response assessment; breadth, providing data on the broadest
possible universe of chemicals, endpoints, and life stages; animal welfare, causing the least
animal suffering possible and using the fewest animals possible; and conservation,
minimizing the expenditure of money and time on testing and regulatory review.

The committee identified several recurring themes and questions in the various reports that it
was asked to review. The recurring themes included the following:

O The inherent tension between breadth, depth, animal welfare, and conservation
and the challenge to address one of these issues without worsening another.

O The importance of distinguishing between testing protocols and testing
strategies while considering modifications of current testing practices.

O The possible dangers in making tests so focused that they evaluate only one
endpoint in one species and thus provide no overlap to verify results.

O The need for both chemical-specific tailored testing to enhance understanding of
a particular chemical’s mode of action and uniform testing protocols and
strategies to enhance comparability.
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O The importance of recognizing that toxicity testing for regulatory purposes
should be conducted primarily to serve the needs of risk management.

The recurring questions that arose during the committee’s review included the following:
Which environmental agents should be tested? How should priorities for testing chemicals
be set? What strategies for toxicity testing are the most useful and effective? How can
toxicity testing generate data that are more useful for human health risk assessment? How
can toxicity testing be applied to a broader universe of chemicals, life stages, and health
effects? How can environmental agents be screened with minimal use of animals and
efficient expenditure of time and other resources? How should tests and testing strategies be
evaluated?

In considering those questions, the committee came to several important conclusions. First,
the intensity and depth of testing should be based on practical needs, including the use of the
chemical, the likelihood of human exposure, and the scientific questions that testing must
answer to support a reasonable science-policy decision. Fundamentally, the design and
scope of a toxicity-testing approach need to reflect risk-management needs. Thus, the goal is
to focus resources on the evaluation of the more sensitive adverse effects of exposures of
greatest concern rather than on full characterization of all adverse effects irrespective of
relevance for risk-assessment and risk-management needs. Second, priority setting should be
a component of any testing strategy that is designed to address a large number of chemicals.
Chemicals to which people are more likely to be exposed or to which some segment of the
population might receive relatively high exposures should undergo more in-depth testing,
and this concept is embedded in several existing and proposed strategies. Third, there are
major gaps in current toxicity-testing approaches. The importance of the gaps is a matter of
debate and depends on whether effects of public-health importance are being missed by
current approaches. Testing every chemical for every possible health effect over all life
stages is impractical; however, the emerging technologies hold great promise for screening
chemicals more rapidly. Fourth, testing strategies will need to be evaluated with respect to
the value of information that they provide in light of the four objectives already discussed—
depth, breadth, animal welfare, and conservation. In evaluating new tests, there remains the
difficult question of what should serve as the gold standard for performance. Simply
comparing the outcomes of new tests with the outcomes of currently used tests might not be
the best approach; determining whether it is will depend on the reliability and relevance of
the current tests.

The Committee’s Second Task and Approach

For the second part of the study, the committee’s statement of task was to build on the work
presented in the first report and develop a long-range vision and strategic plan to advance
the practices of toxicity testing and human health assessment of environmental
contaminants. The committee was directed to consider the following specific issues:

O Improvements in the assessment of key exposures (for example, potential
susceptibility of specific life stages and groups in the general population) and
toxicity outcomes (for example, endocrine disruption and developmental
neurotoxicity).
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O Incorporation of state-of-the-science testing and assessment procedures,
methods, and approaches, such as genomics, proteomics, transgenics,
bioinformatics, and pharmacokinetics.

O Methods for increasing efficiency in experimental design and reducing the use
of laboratory animals.

Potential uses and limitations of new or alternative testing methods.

Application of emerging computational and molecular techniques in risk
assessment. Issues to be considered included the data necessary to validate the
techniques, the limitations of the techniques, the use of such methods to identify
plausible mechanisms or pathways of toxicity, and the use of mechanistic
insights in risk assessments or testing decisions.

To prepare its final report, the committee held six meetings from April 2005 to June 2006.
Three of the meetings included public sessions during which the committee heard
presentations by staff members of several U.S. EPA offices, including the Office of
Prevention, Pesticides and Toxic Substances, the Office of Children’s Health Protection, the
Office of Water, the Office of Solid Waste and Emergency Response, and the Office of Air
and Radiation. The committee also heard presentations by persons in other government
agencies, industry, and academe.

To develop its long-range vision, the committee identified a variety of scenarios for which
toxicity-testing information would be needed to make a decision. Some common scenarios,
defined by the committee as “risk contexts” for which toxicity testing is used to generate
information needed for decision making, are outlined next.

O Evaluation of new environmental agents. This category covers chemicals that
have the potential to appear as environmental contaminants. It includes
pesticides; industrial chemicals; chemicals that are destined for use in, for
example, consumer products; and chemicals that might be emitted by the
combustion of new fuels or new manufacturing processes. It would also include
their break-down products. Because of the large number of new agents that are
introduced each year, a mechanism is needed to test the agents rapidly for
potential toxicity. Questions have been raised about the safety of and risk posed
by new categories of potential environmental agents, such as those introduced
through nanotechnology and biotechnology. This category would also include
those substances.

O Evaluation of existing environmental agents. Many substances already in the
environment have not been evaluated for toxicity. In some cases, a need to
evaluate specific existing environmental agents may arise from the discovery of
a new source or exposure pathway or from a better understanding of human
exposure on the basis of, for example, biomonitoring data. In other cases,
scrutiny may be necessary when toxicity is newly recognized, such as toxicity in
a worker population. In addition, the backlog of untested chemicals in
commerce requires assessment to ensure that the chemicals in use today do not
pose unacceptable risks at current exposures. Thus, toxicity testing for existing
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environmental agents requires a variety of testing approaches, from basic
screening of a huge set of chemical agents to use of specific data generated by
new exposure or health-effects information.

O Evaluation of a site. In many areas, soil or water has been contaminated by, for
example, former industrial, military, or power-generation activities. If a new
use, such as the building of a school or office building, is proposed for such a
site, a primary goal would be to protect the health of future users of the site.
Other goals could include evaluating the risks to neighbors posed by such a site
or determining the degree and type of cleanup needed. Sites that are in use also
might need evaluation, such as sites of industrial workplaces, schools, or office
buildings. Those evaluations almost always involve concerns about exposures to
site-specific chemical mixtures.

O Evaluation of potential environmental contributors to a specific disease. Many
diseases are suspected of having an etiology that is, at least in part,
environmental. A higher prevalence of a disease in one geographic area than in
another might require decision makers to consider the role of environmental
agents in the disparity. Understanding the role of environmental agents in a
prevalent disease can also help to target actions that need to be taken. For
example, asthma, which has seen an increase in prevalence over the last two
decades in Western societies, is now known to be induced or aggravated by air
pollutants. That understanding has allowed decision makers to take action
against some pollutants, but other causes or triggers of asthma could yet be
discovered.

O Evaluation of the relative risks posed by environmental agents. A risk manager
might need to choose between different manufacturing processes or different
solvents. Consumers might wish to distinguish between products on the basis of
their potential risks to children. A proponent of a new chemical or process might
wish to show that it has a lower risk in some ways than the current chemical or
process. Such decisions might require less complex risk characterizations if they
focus on the possible outcomes or exposures to be compared rather than
requiring an in-depth understanding of the risks associated with each possible
choice. This scenario emphasizes the need for toxicity-testing information to be
directly comparable, standardized, and quantifiable so that such comparisons
can be made.

Thus, a primary goal of the committee was to develop a flexible toxicity-testing strategy that
would be responsive to the different toxicity-testing needs of the various risk contexts
outlined above. Another goal of the committee was to consider the powerful new
technologies that have become available and will continue to evolve. For example,
bioinformatics, which applies computational approaches to describe and predict biologic
function at the molecular level, and systems biology, which is a powerful approach to
describing and understanding fundamental mechanisms by which biologic systems operate,
have pushed biologic understanding into a new realm. Moreover, genomics, proteomics, and
metabolomics offer great potential and are being used to study human disease and to
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evaluate the safety of pharmaceutical products. Those and other tools are considered to be
important in any future toxicity-testing strategy.

ORGANIZATION OF THE DOCUMENT

VISION

This document is organized into five more sections. In the section titled “Vision,” the
limitations of the current toxicity-testing system, the design goals for a new system, and the
options considered by the committee are discussed. An overview of the new long-range
vision for toxicity testing of environmental agents is also presented. Each component of the
new vision is discussed in greater detail in the section “Components of the Vision.” “Tools
and technologies” that might be used in the future toxicity-testing paradigm are described in
the subsequent section. Implementation of the new vision over the course of several decades
is considered in the section “Developing the Science Base and Assays to Implement the
Vision.” In the final section, “Prerequisites for Implementing the Vision in Regulatory
Contexts,” the committee considers the implications of the long-range vision given the
current regulatory framework.

Make no little plans. They have no magic to stir men’s blood and probably
themselves will not be realized. Make big plans; aim high in hope and work,
remembering that a noble, logical diagram once recorded will never die, but long
after we are gone will be a living thing, asserting itself with ever-growing
insistency. (Daniel Hudson Burnham, Architect, Designer of the 1893 Chicago
World’s Fair)

The goal of toxicity testing is to develop data that can ensure appropriate protection of
public health from the adverse effects of exposures to environmental agents. Current
approaches to toxicity testing rely primarily on observing adverse biologic responses in
homogeneous groups of animals exposed to high doses of a test agent. However, the
relevance of such animal studies for the assessment of risks to heterogeneous human
populations exposed at much lower concentrations has been questioned. Moreover, the
studies are expensive and time-consuming and can use large numbers of animals, so only a
small proportion of chemicals have been evaluated with these methods. Adequate coverage
of different life stages, of endpoints of public concern, such as developmental neurotoxicity,
and of mixtures of environmental agents is a continuing concern. Current tests also provide
little information on modes and mechanisms of action, which are critical for understanding
interspecies differences in toxicity, and little or no information for assessing variability in
human susceptibility. Thus, the committee looked to recent scientific advances to provide a
new approach to toxicity testing.

A revolution is taking place in biology. At its center is the progress being made in the
elucidation of cellular-response networks. Those networks are interconnected pathways
composed of complex biochemical interactions of genes, proteins, and small molecules that
maintain normal cellular function, control communication between cells, and allow cells to
adapt to changes in their environment. A familiar cellular-response network is signaling by
estrogens in which initial exposure results in enhanced cell proliferation and growth of
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specific tissues or in proliferation of estrogen-sensitive cells in culture (Frasor et al., 2003).
In that type of network, initial interactions between a signaling molecule and various cellular
receptors result in a cascade of early, midterm, and late responses to achieve a coordinated
response that orchestrates normal physiologic functions (Landers & Spelsberg, 1992;
Thummel, 2002; Rochette-Egly, 2003).

Bioscience is rapidly enhancing our knowledge of cellular-response networks and allowing
scientists to begin to uncover the manner in which environmental agents perturb pathways to
cause toxicity. Pathways that can lead to adverse health effects when sufficiently perturbed
are termed toxicity pathways. Responses of cells to oxidative stress caused by exposure to
diesel exhaust particles (DEP) constitute an example of toxicity pathways within a cellular-
response network (Xiao et al., 2003). In a dose-related fashion, in vitro exposures to DEP
lead to activation of a hierarchic set of pathways. First, cell antioxidant signaling is
increased. As the dose increases, inflammatory signaling is enhanced; finally, at higher
doses, there is activation of cell-death (apoptosis) pathways (Nel et al., 2006). Thus, in the
cellular-response network dealing with oxidative stress, the antioxidant pathways activated
by DEPs are normal adaptive signaling pathways that assist in maintaining homeostasis;
however, they are also toxicity pathways in that they lead to adverse effects when oxidant
exposure is sufficiently high. The committee capitalizes on the recent advances in
elucidating and understanding toxicity pathways and proposes a new approach to toxicity
testing based on them.

New investigative tools are providing knowledge about biologic processes and functions at
an astonishing rate. In vitro tests that evaluate activity in toxicity pathways are elucidating
the modes and mechanisms of action of toxic substances. Quantitative high-throughput
assays can be used to expand the coverage of the universe of new and existing chemicals
that need to be evaluated for human health risk assessment (Roberts, 2001; Inglese, 2002;
Inglese et al., 2006; Haney et al., 2006). The new assays can also generate enhanced
information on dose-response relationships over a much wider range of concentrations,
including those representative of human exposure. Pharmacokinetic and pharmacodynamic
models promise to provide more accurate extrapolation of tissue dosimetry linked to cellular
and molecular endpoints. The application of toxicogenomic technologies and systems-
biology evaluation of signaling networks will permit genomewide scans for genetic and
epigenetic perturbations of toxicity pathways. Thus, changes in toxicity pathways are
envisioned as the basis of a new toxicity-testing paradigm for managing the risks posed by
environmental agents instead of apical endpoints from whole-animal tests.

This section provides an overview of the committee’s vision but first discusses the
limitations of current toxicity-testing strategies, the design goals for a new system, and the
options that the committee considered. Key terms used throughout this report are listed and
defined in Table 1.

Limitations of Current Testing Strategies

The exposure-response continuum shown in Figure 1 effectively represents the current
approach to toxicologic risk assessment. It focuses primarily on adverse health outcomes as
the endpoints for assessing the risk posed by environmental agents and establishing human
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exposure guidelines. Although intermediate biologic changes and mechanisms of action are
considered in the paradigm, they are viewed as steps along the pathway to the ultimate
induction of an adverse health outcome.

Traditional toxicity-testing strategies undertaken in the context of the preceding paradigm
have evolved and expanded over the last few decades to reflect increasing concern about a
wider variety of toxic responses, such as subtle neurotoxic effects and adverse immunologic
changes. The current system, which relies primarily on a complex set of whole-animal-based
toxicity-testing strategies for hazard identification and dose-response assessment, has
difficulty in addressing the wide variety of challenges that toxicity testing must meet today.
Toxicity testing is under increasing pressure to meet several competing demands:

O Test large numbers of existing chemicals, many of which lack basic toxicity
data.

O Test the large number of new chemicals and novel materials, such as
nanomaterials, introduced into commerce each year.

O Evaluate potential adverse effects with respect to all critical endpoints and life
stages.

O Evaluate potential toxicity in the most vulnerable members of the human
population.

Minimize animal use.
O Reduce the cost and time required for chemical safety evaluation.

Acquire detailed mechanistic and tissue-dosimetry data needed to assess human
risk quantitatively and to aid in regulatory decision making.

The current approach relies primarily on in vivo mammalian toxicity testing and is unable to
meet those competing demands adequately. In 1979, about 62,000 chemicals were in
commerce (Government Accounting Office [GAQ], 2005). Today, there are 82,000, and
about 700 are introduced each year (GAO, 2005). The large volume of new and current
chemicals in commerce is not being fully assessed (see the committee’s interim report,
NRC, 2006a). One reason for the testing gaps is that the current testing is so time-consuming
and resource-intensive. Furthermore, only limited mechanistic information is routinely
developed to understand how most chemicals are expected to produce adverse health effects
in humans. Those deficiencies limit the ability to predict toxicity in human populations that
are typically exposed to much lower doses than those used in whole-animal studies. They
also limit the ability to develop predictions about similar chemicals that have not been
similarly tested. The following sections describe several limitations of the current system
and describe how a system based on toxicity pathways would help to address them.

Low-Dose Extrapolation From High-Dose Data

Traditional toxicity testing has relied on administering high doses to animals of nearly
identical susceptibility to generate data for identifying critical endpoints for risk assessment.
Historically, exposing animals to high doses was justified by a need for sufficient statistical
power to observe high incidences of toxic responses in small test populations with relatively
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short exposures. In many cases, daily doses in animal toxicity tests are orders of magnitude
greater than those expected in human exposures. Thus, the use of high-dose animal toxicity
tests for predicting risks of specific apical human endpoints has remained challenging and
controversial. Inferring effects at lower doses is difficult because of inherent uncertainty in
the nature of dose-response relationships. Effects at high doses may result from metabolic
processes that contribute negligibly at lower doses or may arise from biologic processes that
do not occur with treatment at lower doses. In contrast, high doses may cause overt toxic
responses that preclude the detection of biologic interactions between the chemical and
various signaling pathways that lead to subtle but important adverse effects. The vision
proposed in this report offers the potential to obtain direct information on toxic effects at
exposures more relevant to those experienced by human populations.

Animal-to-Human Extrapolation

Mixtures

Other concerns arise about the relationship between the biology of the test species and the
heterogeneous human population. Animals have served as models of human response for
decades because the biology of the test animals is, in general, similar to that of humans
(NRC, 1977). However, although the generality holds true, there are several examples of
idiosyncratic responses in test animals and humans in which chemicals do not have a
specific toxic effect in a test species but do in humans and vice versa. A classic example is
thalidomide: Rats are resistant, and human fetuses are sensitive. The committee envisions a
future in which tests based on human cell systems can serve as better models of human
biologic responses than apical studies in different species. The committee therefore believes
that, given a sufficient research and development effort, human cell systems have the
potential to largely supplant testing in animals.

Current toxicity-testing approaches have been criticized because of their failure to consider
co-exposures that commonly occur in human populations. Because animal toxicity tests are
time-consuming and resource-intensive and result in the sacrifice of animals, it is difficult to
use them for substantial testing of chemical mixtures (NRC, 1988; Cassee et al., 1998; Feron
et al., 1995; Lydy et al., 2004; Bakand et al., 2005; Pauluhn, 2005; Teuschler et al., 2005).
Furthermore, without information on how chemicals exert their biologic effects, testing of
mixtures is a daunting task. For example, testing of mixtures in animal assays could involve
huge numbers of combinations of chemicals and the use of substantial resources in an effort
of uncertain value. In contrast, testing based on toxicity pathways could allow grouping of
chemicals according to their effects on key biologic pathways. Combinations of chemicals
that interact with the same toxicity pathway could be tested over broad dose ranges much
more rapidly and inexpensively. The resulting data could allow an intelligent and focused
approach to the problem of assessing risk in human populations exposed to mixtures.

Design Criteria for a New Toxicity Testing Paradigm

The committee discussed the design criteria that should be considered in developing a
strategy for toxicity testing in the future. As discussed in the committee’s interim report
(NRC, 2006a), which did much to frame those criteria, the goal is to improve toxicity testing
by accomplishing the following objectives:
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O Provide broader coverage of chemicals and their mixtures, endpoints, and life-
stage vulnerabilities.

O Reduce the cost and time of testing, increase efficiency and flexibility, and make
it possible to reach a decision more quickly.

Use fewer animals and cause minimal suffering to animals that are used.

O Develop a more robust scientific basis of risk assessment by providing detailed
mechanistic and dosimetry information and by encouraging the integration of
toxicologic and population- based data.

The committee considered those objectives as it weighed various options. The following
section discusses some of the options considered by the committee.

Options for a New Toxicity-Testing Paradigm

In developing its vision for toxicity testing, the committee explored four options, as
presented in Table 2. The baseline option (Option I) applies current toxicity-testing
principles and practices. Accordingly, it would use primarily in vivo animal toxicity tests to
predict human health risks. The difficulties in interpreting animal data obtained at high
doses with respect to risks in the heterogeneous human population would not be
circumvented. Moreover, because whole-animal testing is expensive and time-consuming,
the number of chemicals addressed would continue to be small. The continued use of
relatively large numbers of animals for toxicity testing also raises ethical issues and is
inconsistent with emphasis on reduction, replacement, and refinement of animal use (Russell
& Burch, 1959). Overall, the current approach does not provide an adequate balance among
the four objectives of toxicity testing identified in the committee’s interim report: depth of
testing, breadth of testing, animal welfare, and conservation of testing resources.

The committee extensively considered the expanded use of tiered testing (Option I1) to
alleviate some of the concerns with present practice. The tiered approach to toxicity testing
entails a stepwise process for screening and evaluating the toxicity of agents that still relies
primarily on test results in whole animals. The goal of tiered testing is to generate pertinent
data for more efficient assessment of potential health risks posed by an environmental agent,
taking into consideration available knowledge on the chemical and its class, its modes or
mechanisms of action, and its intended use and estimated exposures (Carmichael et al.,
2006). Those factors are used to refine testing priorities to focus first on areas of greatest
concern in early tiers and then to move judiciously to advanced testing in later tiers as
needed. In addition, an emphasis on pharmacokinetic studies in tiered approaches has been
considered in recent discussions of improving toxicity testing of pesticides (Carmichael et
al., 2006; Doe et al., 2006).

Tiered testing has been recommended in evaluating the toxicity of agricultural products
(Doe et al., 2006), in screening for endocrine disruptors (Charles, 2004), and in assessing
developmental toxicity (Spielman, 2005) and carcinogenicity (Stavanja et al., 2006) of
chemicals and products. A tiered-testing approach also has the promise to include
comparative genomic studies to help to identify genes, transcription-factor motifs, and other
putative control regions that are involved in tissue responses (Ptacek & Sell, 2005). The
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increasing complexity of biologic information—including genomic, proteomic, and cell-
signaling information—has encouraged the use of a more systematic multilevel approach in
toxicity screening (Yokota et al., 2004).

The systematic development of tiered, decision-tree selection of more limited suites of
animal tests could conceivably provide toxicity-testing data nearly equivalent to those
currently obtained but without the need to conduct tests for as many apical endpoints. The
use of appropriately chosen computational models and in vitro screens might also permit
sound risk-management decisions in some cases without the need for in vivo testing. Both
types of tiered-testing strategies offer the potential of reducing animal use and toxicity-
testing costs and allowing flexibility in testing based on risk-management information
needs. Although the committee recognized the potential for incremental improvement in
toxicity testing through a tiered approach, Option |1 still represents only a small step in
improving coverage, reducing costs and animal use, and increasing mechanistic information
in risk assessment. It still relies on whole-animal testing and is geared mainly toward
deciding which animal tests are required in risk assessment for any specific agent. Although
tiered testing might be pursued more formally in a transition to a more comprehensive
toxicity-testing strategy, it does not meet most of the design criteria discussed earlier.

In the committee’s view, a more transformative paradigm shift is needed to achieve the
objectives for toxicity testing set out in its interim report, represented by Options Il and IV
in Table 2. The committee’s vision is built on the identification of biologic perturbations of
toxicity pathways that can lead to adverse health outcomes under conditions of human
exposure. The use of a comprehensive array of in vitro tests to identify relevant biologic
perturbations with cellular and molecular systems based on human biology could eventually
eliminate the need for whole-animal testing and provide a stronger, mechanistically based
approach for environmental decision making. Computational models could also play a role
in the early identification of environmental agents potentially harmful to humans, although
further testing would probably be needed. This new approach would be less expensive and
less time-consuming than the current approach and result in much higher throughput.
Although the reliance on in vitro results lacks the whole-organism integration provided by
current tests, toxicologic assessments would be based on biologic perturbations of toxicity
pathways that can reasonably be expected to lead to adverse health effects. Understanding of
the role of such perturbations in the induction of toxic responses would be refined through
toxicologic research. With the further development of in vitro test systems of toxicity
pathways and the tools for assessing the dose-response characteristics of the perturbations,
the committee believes that its vision for toxicity testing will meet the four objectives set out
in its interim report.

Full implementation of the high-throughput, fully human-cell-based testing scheme
represented by Option IV in Table 2 would face a number of scientific challenges. Major
concerns are related to ensuring adequate testing of metabolites and the potential difficulties
of evaluating novel chemicals, such as nanomaterials and biotechnology products with in
vitro tests. Those challenges require maintenance of some whole-animal tests into the
foreseeable future, as indicated in Option 111, which includes specific in vivo studies to
assess formation of metabolites and some mechanistic studies of target-organ responses to
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environmental agents and leaves open the possibility that more extensive in vivo toxicity
evaluations of new classes of agents will be needed. Like Option 1V, Option 11l emphasizes
the development and application of new in vitro assays for biologic perturbations of toxicity
pathways. Thus, although the committee notes that Option IV embodies the ultimate goal for
toxicity testing, the committee’s vision for the next 10-20 years is defined by Option III.

The committee is mindful of the methodologic developments that will be required to
orchestrate the transition from current practices toward its vision. During the transition
period, there will be a need to continue the use of many current test procedures, including
whole-animal tests, as the tools needed to implement the committee’s vision fully are
developed. The steps that need to be taken to achieve the committee’s vision are discussed
further in the section “Developing the Science Base and Assays to Implement the Vision.”

The committee notes that European approaches to improve toxicity testing emphasize the
replacement of animal tests with in vitro methods (Gennari et al., 2004). However, a major
goal of the European approaches is to develop in vitro batteries that can predict the outcome
of high-dose testing in animals. The committee distinguishes those in vitro tests from the
ones noted in Options 111 and IV. In vitro studies promise to provide more mechanistic
information and to allow more extensive and more rapid determinations of biologic
perturbations that are directly relevant to human biology and exposures.

Overview of the Committee’s Long-Range Vision for Toxicity Testing

The framework outlined in Figure 2 forms the basis of the committee’s vision for toxicity
testing in the 21st century. The figure indicates that the initial perturbations of cell-signaling
motifs, genetic circuits, and cellular-response networks are obligatory changes related to
chemical exposure that might eventually result in disease. The consequences of a biologic
perturbation depend on the magnitude of the perturbation, which is related to the dose, the
timing and duration of the perturbation, and the susceptibility of the host. Accordingly, at
low doses, many biologic systems may function normally within their homeostatic limits. At
somewhat higher doses, clear biologic responses occur. They may be successfully handled
with adaptation, although some susceptible people may respond. A more intense or
persistent perturbation may overwhelm the capacity of the system to adapt and may lead to
tissue injury and possibly to adverse health effects.

In this framework, the goals of toxicity testing are to identify critical pathways that when
perturbed can lead to adverse health outcomes and to evaluate the host susceptibility to
understand the effects of perturbations on human populations. To implement the new
toxicity-testing approach, toxicologists will need to evolve a comprehensive array of test
procedures that will allow the reliable identification of important biologic perturbations in
key toxicity pathways. And epidemiologists and toxicologists will need to develop
approaches to understand the range of host susceptibility within populations. Viewing toxic
responses in that manner shifts the focus away from the apical endpoints emphasized in the
traditional toxicity-testing paradigm, toward biologic perturbations that can be identified
more efficiently without the need for whole-animal testing and toward characterizing host
vulnerability to provide the context for assessing the implications of test results.
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Figure 3 illustrates the major components of the committee’s proposed vision: chemical
characterization, toxicity testing, and dose-response and extrapolation modeling. Each
component is discussed in further detail in the next section, and the tools and technologies
that might play some role in the future paradigm are discussed in section “Tools and
Technologies.”

Chemical characterization involves consideration of physicochemical properties,
environmental persistence, bioaccumulation potential, production volumes, concentration in
environmental media, and exposure data. Computational tools, such as quantitative
structure—activity relationship models and bioinformatics, may eventually be used to
categorize chemicals, predict likely toxicity and metabolic pathways, screen for relative
potency with predictive models, and organize large databases for analysis and hypothesis
generation.

Toxicity testing in the committee’s vision seeks to identify the perturbations in toxicity
pathways that are expected to lead to adverse effects. The focus on biologic perturbations
rather than apical endpoints is fundamental to the committee’s vision. If adopted, the vision
will lead to a major shift in emphasis away from whole-animal testing toward efficient in
vitro tests and greater human surveillance. Targeted testing is also used to identify or
explore functional endpoints associated with adverse health outcomes and may include in
vivo metabolic or mechanistic studies.

Dose-response modeling is used to describe the relationship between biologic perturbations
and dose in quantitative terms and optimally mechanistic terms; extrapolation modeling is
used to make predictions of possible effects in human populations at prevailing
environmental exposure concentrations. Computational modeling of toxicity pathways
evaluated with specific high-throughput tests themselves will be a key tool for establishing
dose-response relationships. Pharmacokinetic models, such as physiologically based
pharmacokinetic models, will assist in extrapolating from in vitro to in vivo conditions by
relating concentrations active in toxicity-test systems in vitro to human blood
concentrations.

At each step, population-based data and human-exposure information should be considered.
For example, human biomonitoring and surveillance can provide data on exposure to
environmental agents, host susceptibility, and biologic change that will be key for dose-
response and extrapolation modeling. Throughout, the information needs for risk-
management decision making must be borne in mind because they will to a great extent
guide the nature of the testing required. Thus, the population-based data and exposure
information and the risk contexts are shown to encircle the core toxicity-testing strategy in
Figure 3.

The components of the toxicity-testing paradigm are semi-autonomous but interrelated
modules, containing specific sets of underlying technologies and capabilities. Some
chemical evaluations may proceed stepwise from chemical characterization to toxicity
testing to dose-response and extrapolation modeling, but that sequence might not always be
followed. A critical feature of the new vision is consideration of risk context at each step and
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the ability to exit the strategy at any point whenever enough data have been generated to
inform the decision that needs to be made. Also, the proposed vision emphasizes the
generation and use of population-based data and exposure estimates when possible. The
committee notes that the development of surveillance systems for chemicals newly
introduced into the market will be important. The new vision encourages the collection of
such data on important existing chemicals from biomonitoring, surveillance, and molecular
epidemiologic studies. Finally, flexibility is needed in the testing of environmental agents to
encourage the development and application of novel tools and approaches. The evolution of
the toxicity-testing process, as envisioned here, must retain flexibility to encourage
incorporation of new information and new methods as they are developed and found to be
useful for evaluating whether a given exposure poses a risk to humans. That will require
formal procedures for the phasing in or phasing out of standard testing methods. Indeed, that
process is attuned to the need for efficient testing of all chemicals in a timely, cost-effective
fashion.

The committee envisions a reconfiguration of toxicity testing through the development of in
vitro medium- and high-throughput assays. The in vitro tests would be developed not to
predict the results of current apical toxicity tests but rather as cell-based assays that are
informative about mechanistic responses of human tissues to toxic chemicals. The
committee is aware of the implementation challenges that the new toxicity-testing paradigm
would face. For example, toxicity testing must be able to address the potential adverse
health effects both of chemicals in the environment and of the metabolites formed when the
chemicals enter the body. Much research will be needed to ensure that the new system
evaluates the effects of the chemicals and their metabolites fully. Moreover, as we shift from
a focus on apical endpoints to perturbations in toxicity pathways, there will be a need to
develop an appropriate science base to support risk-man-agement actions based on the
perturbations. Implementation of the vision and the possible challenges are discussed in the
section “Developing the Science Base and Assays to Implement the Vision.”

COMPONENTS OF THE VISION

The committee foresees pervasive changes in toxicity testing and in interpretive risk-
assessment activities. The current approach to toxicity testing focuses on predicting adverse
effects in humans on the basis of studies of apical endpoints in whole-animal tests. In the
committee’s vision, in vitro mechanistic tests provide rapid evaluations of large numbers of
chemicals, greatly reduced live-animal use, and results potentially more relevant to human
biology and human exposures. As discussed in the previous section, “Vision,” toxicity
testing can be increasingly reconfigured with the accrual of better understanding of biologic
pathways perturbed by toxicants and of the signaling networks that control activation of the
pathways. The use of systems-biology approaches that integrate responses over multiple
levels from molecules to organs will enable a more holistic view of biologic processes,
including an understanding of the relationship between perturbations in toxicity pathways
and consequences for cell and organism function. The central premise of the committee’s
vision is that toxicant-induced responses can be quantified with appropriate cellular assays
and that empirical or mechanistic models of pathway perturbations can be used as the basis
of environmental decision making. Combining a fundamental understanding of cellular
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responses to toxicants with knowledge of tissue dosimetry in cell systems and in exposed
human populations will provide a suite of tools to permit more accurate predictions of
conditions under which humans are expected to show pathway perturbations by toxicant
exposure. The institutional and infrastructural changes required to achieve the committee’s
vision will include changes in the types of tests that support toxicity testing and how
toxicity, mechanistic information, and epidemiologic data are used in regulatory decision
making. The regulatory transition from the current emphasis on apical endpoint toxicity tests
to reliance on perturbations of toxicity pathways will raise many issues. The challenges to
implementation and a strategy to implement the vision are discussed in the section
“Developing the Science Base and Assays to Implement the Vision.”

This section discusses individual components of the vision: chemical characterization
(component A), toxicity testing (component B), dose-response and extrapolation modeling
(component C), population-based and human exposure data (component D), and risk
contexts (component E). Component B is composed of a toxicity-pathway component and a
limited targeted-testing component. The toxicity-pathway component will be increasingly
dominant as more and more high-throughput toxicity-pathway assays are developed and
validated. Surveillance and biomonitoring data will be needed to understand the effects of
toxicity-pathway perturbations on humans. Finally, the overall success of the new paradigm
will depend on ensuring that toxicity testing meets the information needs of environmental
decision making given the risk contexts.

Component A: Chemical Characterization

An overview of component A is provided in Figure 4. Chemical characterization is meant to
address key questions, including the compound’s stability in the environment, the potential
for human exposure, the likely routes of exposure, the potential for bioaccumulation, the
likely routes of metabolism, and the likely toxicity of the compound and possible
metabolites based on chemical structure or physical or chemical characteristics. Thus, data
would be collected on physical and chemical properties, use characteristics, possible
environmental concentrations, possible metabolites and breakdown products, initial
molecular interactions of compounds and metabolites with cellular components, and
possible toxic properties. A variety of computational methods might be used to predict those
properties when data are not available. Decisions could be made after chemical
characterization about further testing that might or might not be required. For example, if a
chemical were produced in such a manner that it would never reach the environment or if it
were sufficiently persistent and biologically reactive, further toxicity evaluation might not
be necessary for regulatory decision making. Moreover, computational tools for estimating
biologic activities and potency could be useful in assessing characteristics of compounds
during their development or in a premanufacturing scenario to rule out development or
introduction of compounds that are expected to lead to biologically important perturbations
in toxicity pathways. In most cases, chemical characterization alone is not expected to be
sufficient to reach decisions about the toxicity of an environmental agent.

The tools for chemical characterization will include a variety of empirical and computational
methods. As outlined in the committee’s first report (NRC, 2006a), computational
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approaches that can and most likely will be used are in the following categories: tools to
calculate physical and chemical properties, models that predict metabolism and metabolic
products of a chemical, structure—activity relationship (SAR) and quantitative SAR (QSAR)
models that predict biologic activity from molecular structure, and models that predict
specific molecular interactions, such as protein—ligand binding, tissue binding, and tissue
solubility. An array of computational tools is available to calculate physical and chemical
properties (Volarath et al., 2004; Olsen et al., 2006; Grimme et al., 2007; Balazs, 2007).
Tools for assessing metabolic fate and biologic activity are continually evolving, and many
of the more accurate and refined examples rely on proprietary technology or proprietary
databases. Databases that support the most predictive tools may therefore end up being
proprietary and substantially different from those available in the public domain. The
committee urges the U.S. Environmental Protection Agency (EPA) to consider taking a lead
role in ensuring public access to the data sets that are developed for predictive modeling and
in providing the resources necessary for the continual evolution of methods to develop SAR,
QSAR, and other predictive modeling tools.

Many models used to predict hazard are based only on structure and physical and chemical
properties and rely on historical data sets. Their reliability is limited by the relevant data
sets, which are continually evolving and increasing in size and accessibility. That is, the
predictive value of the structure— activity rules will depend on the chemicals in the data set
from which they are derived—their prevalence, structures, and whether they have the toxic
activity of interest (see, for example, Battelle, 2002). Computational approaches for
predicting toxicity and molecular interactions are available for only a small number of
endpoints, such as estrogen-receptor binding, and their predictive value can be low (Battelle,
2002). As approaches improve with time and experience and as the data sets available for
model development become larger and more robust, computational tools should become
much more useful for chemical characterization, predicting activity in toxicity pathways,
and early-stage decision making.

Component B: Toxicity Testing of Compounds and Metabolites

The long-term vision makes the development of predictive toxicity-pathway-based assays
the central component of a broad toxicity-testing strategy for assessing biologic activity of
new or existing compounds. The assays will be conducted primarily with cells or cell lines,
optimally with human cells or cell lines, and as time passes, the need for traditional apical
animal tests will be greatly reduced and optimally eliminated. The overview of component B
provided in Figure 5 indicates that toxicity testing will include both pathway testing and
targeted testing, which are discussed further in the following.

A period of transition is inevitable because of the need to develop the full suite of toxicity-
pathway tests that will be required for a comprehensive assessment of toxicity. Challenges
related to the transition from the current paradigm oriented to apical endpoints to that
outlined here are addressed separately in the section “Developing the Science Base and
Assays to Implement the Vision.”
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Toxicity Pathways—The committee’s vision focuses on toxicity pathways. Toxicity
pathways are simply normal cellular response pathways that are expected to result in adverse
health effects when sufficiently perturbed. For example, in early studies of cancer biology,
specific genes that were associated with malignant growth and transformation were called
oncogenes (those promoting unrestrained cell replication) and tumor-suppressor genes
(those restricting replication). Both oncogenes and tumor-suppressor genes were later found
to code for proteins that played important roles in normal biology. For example, oncogenes
were involved in cell replication, and suppressor-gene products normally halted some key
part of the replication process. However, mutations (such as those which can be induced by
some environmental agents) were found to make oncogenes constitutively active or to cause
a great reduction in or loss of activity of suppressor genes.

It is the ability of otherwise normal cellular response pathways to be targets for
environmental agents that leads to their definition as toxicity pathways. Perturbations of
toxicity pathways can be evaluated with a variety of assays, including relatively
straightforward biochemical assays, such as receptor binding or reporter-gene expression, or
more integrated cellular response assays, such as assays to evaluate proliferation of an
estrogen-responsive cell line after treatment with environmental agents. Cellular responses
can be broadly dichotomized as those requiring recognition of the structure of an
environmental agent and those occurring because of reactivity of the environmental agent. In
the first case, the three-dimensional structure is recognized by macromolecular receptors, as
with estrogenic compounds. Accordingly, tests for the structurally mediated responses could
be based on binding assays or on integrated cellular-response events, such as proliferation,
induction of new proteins, or alteration of phosphorylation status of cells after exposure to
environmental agents. In the second case, with reactivity-driven responses, the compound or
a metabolite reacts with and damages cellular structures. Reactive compounds have the
capacity to be much more promiscuous in their targets in cells, and the initial stress
responses to tissue reactivity with these agents may also trigger adaptive changes to
maintain homeostasis in the face of increased cellular stress (see Figure 2).

Biologic systems from single cells to complex plant and animal organisms have evolved
many mechanisms to respond to and counter stressors in their environment. Many responses
are mediated through coordinated changes in expression of genes in specific patterns, which
result in new operational characteristics of affected cells (Ho et al., 2006; Schilter et al.,
2006; Singh & DuMond, 2007). Many stress-response pathways—such as those regulated
by hsp90-mediated regulation of chaperone proteins, by Nrf2-mediated antioxidant-element
control of cellular glutathione, or by steroid-hormone family (for example, PPAR, CAR, and
PXR) receptor-mediated induction of xenobiotic metabolizing enzymes—are conserved
across many vertebrate species (Aranda & Pascual, 2001; Handschin & Meyer, 2005;
Westerheide & Morimoto, 2005; Kobayashi & Yamamoto, 2006). Initial responses to
stressors represent adaptation to maintain normal function. When stressors are applied at
increasingly high concentrations in combination with other stressors, in sensitive hosts, or
during sensitive life stages, adaptation fails, and adverse effects occur in the cell and
organism (see Figure 2).
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As stated, the committee’s long-range vision capitalizes on the identification and use of
toxicity pathways as the basis of a new approach to toxicity testing and dose-response
modeling. An important question for toxicity-testing strategies concerns the number of
pathways that might need to be examined as primary targets of chemical toxicants. For
example, in the case of reproductive and developmental toxicity, the National Research
Council Committee on Developmental Toxicology listed 17 primary intracellular and
intercellular signaling pathways that were then known to be involved in normal development
(NRC, 2000). Those pathways and the various points for toxic interaction with them are
potential targets of chemicals whose structures mimic or disrupt portions of them. Some of
the pathways are also important at other life stages, and biologically significant
perturbations of them might result in long-lasting effects or effects that are manifested later
in life. As discussed in the section “Developing the Science Base and Assays to Implement
the Vision,” considerable effort will be required to determine which pathways ultimately to
include in the suite of toxicity pathways for testing and what patterns and magnitudes of
perturbations will lead to adverse effects.

Some examples of toxicity pathways that could be evaluated with high-throughput methods
are listed next, where the consequences of pathway activation are also noted. Most tests are
expected to use high-throughput methods, but others could include medium-throughput
assays of more integrated cellular responses, such as cytotoxicity, cell proliferation, and
apoptosis. Simpler assays, such as receptor binding or reactivity of compounds with targets
(for example, tests of inhibition of cholinesterase activity), also could be used as needed.

O Nrf2 antioxidant-response pathway (McMahon et al., 2006; Zhang, 2006). The
activation of antioxidant-response element signaling occurs through oxidation of
sentinel sulfhydryls on the protein Keapl. Some agents, such as chlorine,
activate Nrf2 signaling in vitro, and the oxidative stress likely is the cause of
irritation and toxicity in the respiratory tract.

O Heat-shock-response pathway (Maroni et al., 2003; Westerheide & Morimoto,
2005). The activation of protein synthesis by HSP1 transcription factor signaling
maintains cellular proteins in an active folded configuration in response to
stressors that cause unfolding and denaturation.

O PXR, CAR, PPAR, and AhR response pathways (Waxman, 1999; Handschin &
Meyer, 2005; Hillegass et al., 2006; Timsit & Negishi, 2006; Li et al., 2006).
The activation of xenobiotic-metabolizing pathways by transcriptional activation
reduces concentrations of some biologically active xenobiotics and enhances
elimination from the body as metabolites (Nebert, 1994); it can also increase the
activation of other xenaobiotics to more toxic forms. The toxicity and
carcinogenicity of some agents, such as polyaromatic hydrocarbons, occur
because of production of mutagenic metabolites by inducible oxidative enzymes.

O Hypo-osmolarity-response pathway (Subramanya & Mensa-Wilmot, 2006).
Cellular stressors damage the integrity of the cellular membranes and activate
p38 MAP kinase-mediated pathways to counter them (Van Wuytswinkel et al.,
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2000). The p38 MAP kinase functionality for the stress responses is conserved
across eukaryotes.

O DNA-response pathways (Nordstrand et al., 2007). Damage to DNA structures
induces repair enzymes that act through GADD45 (Sheikh et al., 2000) and
other proteins. Unrepaired damage increases the risk of mutation during cell
division and increases the risk of cancer.

O Endogenous-hormone-response pathways (NRC, 1999; Harrington et al., 2006).
Enhancement or suppression of activity of transcriptionally active hormone
receptors—including estrogen, androgen, thyroid, and progesterone receptors
(Aranda & Pascual, 2001)—Ieads to altered homeostasis and alteration in
biologic functions that are controlled by the receptors.

The biologic revolution now making its way into toxicity testing sets the stage for the design
of mechanistic cell-based assays that can be evaluated primarily with high-throughput
approaches to testing. The promise of the novel cell-system assays is becoming apparent in
advances in several areas: genomic studies of cellular signaling networks affected by
chemical exposures, identification of common toxicity pathways that regulate outcomes in
diverse tissues, and understanding of networks that control cell responses to external
stressors. To ensure the value of results for use in environmental decision making, the
toxicity-pathway assays should be amenable to measurements of dose-response relationships
over a broad range of concentrations. Chemical concentrations should be measured directly
in the media used in the toxicity-pathway assays when administered concentrations might
not represent the concentrations in vitro (for example, in the case of volatile compounds).

Finding new assays for assessing the dose-response characteristics of the toxicity pathways
will have high priority for research and standardization. Environmental agents on which
animal, human, and cellular evidence consistently demonstrates increased risk of adverse
health outcomes could serve as positive controls for evaluation of toxicity-pathway assays.
Those controls would serve as standards for the evaluation of the ability of other compounds
to perturb the assayed toxicity pathways. Negative controls would also be needed to evaluate
the specificity of responses for the key toxicity pathways. For risk implications in specific
populations, interpretation of the studies would consider the results of the assays coupled
with information on host susceptibility from other human cell or tissue assays and
population-based studies. The research needed to implement the toxicity-pathway approach
is discussed further in the section “Developing the Science Base and Assays to Implement
the Vision.”

Targeted Testing—As discussed in the section “Vision,” an integral part of the
committee’s vision is targeted testing, which would be used to complement toxicity-pathway
testing and used in the following circumstances:

O To clarify substantial uncertainties in the interpretation of toxicity-pathway data.

O To understand effects of representative prototype compounds from classes of
materials, such as nanoparticles, that may activate toxicity pathways not
included in a standard suite of assays.
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O To refine a risk estimate when the targeted testing can reduce uncertainty and
when a more refined estimate is needed for decision making.

O To investigate the production of possibly toxic metabolites of new compounds.

To fill gaps in the toxicity-pathway testing strategy to ensure that critical
toxicity pathways and endpoints are adequately covered.

One of the challenges of developing an in vitro test system to evaluate toxicity is the current
inability of cell assays to mirror the metabolism of a whole animal (Coecke et al., 2006). For
the foreseeable future, any in vitro strategy will need to include a provision to assess likely
metabolites with whole-animal testing. The metabolites would also need to be tested in a
suite of in vitro assays. For very reactive metabolites, the suite of assays should include cell
models that have biotransformation enzymes required for metabolism. Although it may
become possible to make comprehensive predictions of metabolism of environmental
agents, any plan to implement the vision here will probably have to rely on some metabolite-
identification studies in whole animals. Another challenge is adequate development of in
vitro assays to identify reliably toxicity pathways that are causally related to
neurodevelopment and other physiologic processes that depend on timing and patterns of
exposure and the interactions of multiple pathways. In the near term, targeted in vivo testing
will most likely be needed to address those types of toxicities.

Targeted testing might be conducted in vivo or in vitro, depending on the conditions and the
toxicity tests available. In the case of metabolite studies, one approach might be to dose
small groups of animals with radiolabeled compound, to separate and characterize the
excreted radioactivity with modern analytic techniques, and to compare the metabolite
structure with known chemistries to determine the need for testing specific metabolites.
Similar studies might be conducted in tissue bioreactors, especially a liver bioreactor or
cocultures of cells from human liver and other tissues that might make the studies more
applicable to human metabolism. Concerns raised in evaluations of metabolism could
necessitate synthesis of specific metabolites that would then be tested in the main toxicity-
pathway assays. In the development of the European Centre for the Validation of Alternative
Methods, there has been extensive discussion of the challenges of capturing the possible
toxicity of metabolites so as not to miss ultimate toxicities of substances with in vitro testing
(Coecke et al., 2005, 2006).

Although targeted tests could be based on existing toxicity-test systems, they will probably
differ from traditional tests in the long term. They could use transgenic species, isogenic
strains, new animal models, or other novel test systems (see the committee’s interim report
[NRC, 2006a] for further discussion) and could include a toxicogenomic evaluation of tissue
responses over wide dose ranges. Whatever system is used, testing protocols would
maximize the amount of information gained from whole-animal toxicity testing. For
example, routinely used whole-animal toxicity-testing protocols could provide mode-of-
action information on toxicity pathways and target tissues in short-term repeat studies. They
could emphasize measurement of metabolite formation and applications of transcriptomics
and bioinformatics; future designs might include other “-omic” approaches as the
technologies mature and the costs of such studies decrease. Toxicogenomic studies of 14-30
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days could provide tissues for microarray analysis and information on pathology. They
would harvest a suite of major tissues, MRNA analysis would be performed, and
bioinformatics analysis would be conducted to evaluate dose-response relationships in
connection with changes in genes and groups of related genes. mRNA from tissues with
evidence of pathologic alterations at high doses might also be examined with the major
tissues. Thus, the targeted testing in the committee’s vision will not necessarily resemble the
standard whole-animal assays now conducted either in the protocol used or in the
information gained.

Component C: Dose-Response and Extrapolation Modeling

The committee’s vision includes dose-response and extrapolation modeling modules, which
are discussed next; an overview of this component is provided in Figure 6.

Empirical Dose-Response Modeling—As they are currently used in toxicity testing
with apical endpoints, empirical dose-response (EDR) models often describe a relationship
between the incidence of the endpoint and either the dose given to the animal or the
concentration of the environmental agent or its metabolite in the target tissue. In the long-
range vision, the committee believes that EDR models will be developed for environmental
agents primarily on the basis of data from in vitro, mechanistically based assays described in
component B. The EDR models would describe the relationship between the concentration
in the test medium and the degree of in vitro response; in some cases, they would provide an
estimate of some effective concentration at which a specified level of response occurs. The
effective concentration could describe, for example, a percentage of maximal response or a
statistical increase above background for a more integrated assay, such as an enhanced-cell-
proliferation assay. Considerations in the interpretation of in vitro response metrics would
include responses in positive and negative controls, their statistical variability, background
historical data, and the experimental dose-response data on the test substance. In general, the
toxicity-pathway evaluations require consideration of increases in continuous rather than
dichotomous responses.

Dose measures in targeted-testing studies conducted in whole animals could also be
expressed in relation to a measure of tissue or plasma concentrations of the parent
compound or a metabolite in the organism, such as blood concentration, area under a
concentration—time course curve, and rate of metabolism. Preferably, the concentrations
would be based on empirical measurements rather than on predictions from pharmacokinetic
models. The main reason for insisting that the in vivo studies have a measure of tissue
concentration is to permit comparison with the results from the in vitro assays.

In some risk contexts, an EDR model based on in vitro assay results might provide adequate
data for a risk-management decision, for example, if host-susceptibility factors of a
compound in humans are well understood and human biomonitoring provides good
information about its tissue or blood concentrations and about other exposures that affect the
toxicity pathway in a human population. Effective concentrations in the suite of in vitro
mechanistic assays could be adjusted for host susceptibility and then compared with the
human biomonitoring data. In the absence of detailed biomonitoring data and host-
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susceptibility information, predictions of human response to a toxicant will require building
on the data provided by the in vitro EDR models and using physiologically based
pharmacokinetic (PBPK) models and perhaps host-susceptibility information on related
compounds.

Extrapolation Modeling—Extrapolation modeling encompasses the analytic tools
required to predict exposures that might result in adverse effects in human populations
primarily on the basis of results of hazard testing completed in component B. In the
committee’s vision, extrapolation modeling would most likely include PBPK modeling to
equate tissue-media concentrations from toxicity testing with tissue doses expected in
humans; toxicity-pathway modeling that provides an understanding of the biologic
components that control the toxicity-pathway response in vitro; and consideration of human
data on host susceptibility and background exposure that provide the context for interpreting
the modeling results. As stated in the committee’s interim report (NRC, 2006a), the
computational approaches must be validated, adequately explained, and made accessible to
peer review to be valuable for risk assessment. Models not accessible for review may be
useful for many scientific purposes but are not appropriate for regulatory use.

Toxicity-Pathway Dose-Response Models—Models of toxicity-pathway
perturbations need to be developed to interpret results from toxicity tests in a mechanistic
rather than simply empirical manner; they should be achievable in the near future. Toxicity-
pathway models should be more readily configured than models of organism-level toxicity
because they describe only the toxicity pathway itself and the initial chemical-related
perturbations that are believed to be obligatory but not necessarily sufficient for causing the
overt adverse health effect.

Several models of normal signaling pathways have been developed, for example, for heat-
shock response (EI-Samad et al., 2005; Rieger et al., 2005), platelet-derived growth-factor
signaling (Bhalla et al., 2002), and nuclear factor kappa-B-mediated inflammatory signaling
in response to cytokines, such as tumor necrosis factor-alpha (Hoffmann et al., 2002; Cho et
al., 2003). Also, a screen for anticancer drugs has been developed by using the Nrf2
antioxidant-response pathway (Wang et al., 2006a), and a preliminary Nrf2 oxidative-stress
model has been developed (Zhang, 2006) to examine chlorine as an oxidative stressor and to
evaluate both adaptive and overtly toxic responses of cells in culture. Toxicity-pathway
dose-response models optimally would describe the interaction of chemicals with cell
constituents that activate or repress the pathway (that is, control it) and describe the cellular
consequences of activation (that is, the cellular responses, usually altered gene expression, to
changes in normal control). Table 3 and Figure 7 illustrate these concepts in terms of the
activation of the Nrf2 antioxidant stress-response pathway.

Although the toxicity-pathway models are discussed here as part of component C of the
vision, creation of the models would occur as a natural extension of developing and
validating the in vitro toxicity-pathway tests discussed in component B. In other words, the
committee envisions that the models would be developed for many assays in component B.
The committee recognizes that in the near term there will be continued reliance on default
approaches for low-dose extrapolation, such as the linear dose-response model and
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application of uncertainty factors to benchmark doses or no-observed-adverse-effect levels.
The application of uncertainty and adjustment factors to precursor biologic responses from
perturbations will not necessarily involve the same factors as currently used in U.S. EPA
risk assessments for noncancer endpoints.

The committee emphasizes the important distinction between models for toxicity-pathway
perturbations and biologically based dose-response (BBDR) models for apical responses.
Approaches to BBDR modeling for complex apical responses—such as cancer (Moolgavkar
& Luebeck, 1990; Conolly et al., 2003), developmental toxicity (Leroux et al., 1996), and
cytotoxicity (Reitz et al., 1990; el-Masri et al., 1996)—have focused on integrated processes,
such as proliferation, apoptosis, necrosis, and mutation. Experimental studies and biologic
and toxicologic research are still required to guide the development and validation of such
models. Although toxicity-testing strategies would be enhanced by availability of
quantitative BBDR models for apical responses, this type of modeling is still in its infancy
and probably will not be available for risk-assessment applications in the near future.
Progress in developing the models will rely heavily on biologic studies of disease processes
in whole animals and mathematical descriptions of the processes. The committee sees
BBDR-model development for apical endpoints as part of a much longer range research
program and does not see routine development of the models from toxicity-pathway testing
data in the foreseeable future.

Physiologically Based Pharmacokinetic Modeling

PBPK models assist in extrapolations of dosimetry among doses, dose routes, animal
species, and classes of similar chemicals (Clark et al., 2004). They also support risk
assessment, aid in designing and interpreting the results of biomonitoring studies (Clewell et
al., 2005), and facilitate predictions of human body burden based on use and exposure
patterns in specific populations. The development of PBPK models requires variable
investment, depending on the chemical. For well-studied classes of compounds, PBPK-
model development might require collection of compound-specific characteristics or
statistical analysis to incorporate descriptions of human variability and to describe
uncertainty (see, for example, Bois et al., 1996; Fouchecourt et al., 2001; Poulin & Theil,
2002; Theil et al., 2003). For less well-studied classes of chemicals, model development
might require collection of timecourse data on tissue concentrations (see, for example,
Sarangapani et al., 2002). Validation of existing models is an important consideration. The
possibility of studying the pharmacokinetics of low concentrations in environmentally or
occupationally exposed humans provides many opportunities for checking the validity of
PBPK models. Advances in analytic chemistry permit kinetic studies at extremely low doses
that enable opportunities for such studies.

In the future, QSAR should allow estimation of such parameters as blood-tissue partitioning,
metabolic rate constants, and tissue binding and could give rise to predictive PBPK models
validated with a minimal research investment in targeted studies in test animals. The goal of
developing predictive PBPK models dates back to efforts to develop in vitro tools to
measure model parameters or to develop QSAR models to predict model parameters on the
basis of physical and chemical characteristics or properties (Gargas et al., 1988, 1989).
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Component D: Population-Based and Human Exposure Data

Population-based and human exposure data will be crucial components of the new toxicity-
testing strategy. They will be critical for selecting doses in in vitro and targeted in vivo
testing, for interpreting and extrapolating from high-throughput test results, for identifying
and understanding toxicity pathways, and for identifying toxic chemical hazards. Figure 8
provides an overview of component D, and the following subsections discuss how
population-based and exposure data can be integrated with toxicity testing.

Population-Based Data and the Toxicity-Testing Strategy—The new toxicity-
testing strategy emphasizes the collection of data on the fundamental biologic events
involved in the activation of toxicity pathways after exposure to environmental agents. The
collection of mechanistic data on fundamental biologic perturbations will provide new
opportunities for greater integration of toxicity testing and population-based studies. In some
cases, coordination of the tests will be required; interpretation of toxicity-test results will
require an understanding of how human susceptibility factors and background exposures
affect the toxicity pathway and how those factors and exposures vary among people.

Genetic epidemiology provides an excellent example of the integration of information from
toxicity testing in the long-range vision and population-based studies. It seeks to determine
the relationship between specific genes in the population and disease. The finding of genetic
loci associated with susceptibility potentially can inform biologists of important cellular
proteins that affect disease and can uncover novel disease pathways. Toxicity-testing assays
can then be designed to investigate and evaluate the finding and the effects of exogenous
chemicals on the disease pathways. For example, human studies have provided information
on DNA damage in arsenic-exposed people and motivated laboratory studies on cultured
human cells to determine specific DNA-repair pathways affected by arsenic (Andrew et al.,
2006).

Conversely, as understanding of toxicity pathways grows, specific genetic polymorphisms
that increase or decrease susceptibility to adverse effects of exposure to environmental
agents can be more accurately predicted. For example, genetic polymorphisms in some
DNA repair and detoxification genes result in higher levels of chromosomal and genomic
damage based on the micronuclear centromere content in tissue samples from welders
occupationally exposed to welding fumes (larmarcovai et al., 2005). Although a substantial
amount of normal genetic variation has been identified, only a small fraction of the variation
may play a substantive role in influencing differences in human susceptibility.
Understanding the biology of the toxicity pathways provides insight into how genetic
susceptibility may play an important role. Specifically, a toxicity-testing strategy with a
mechanistic focus should define pathways and indicate points that are rate-limiting or are
critical signaling nodes in cellular-response systems. ldentifying those nodes will allow the
potential effects of genotypic variation to be better determined and integrated into chemical-
toxicity assessments.

Another example of the interplay between toxicity testing and epidemiology is the
generation of potentially important data on biomarkers. The committee’s vision emphasizes
studies conducted in human cells that indicate how environmental agents can affect human
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biologic response. The studies will suggest biomarkers of early biologic effects that could be
monitored in human populations (NRC, 2006b). Studying the markers in a variety of cellular
systems will help to determine the biomarkers that are best for systematic testing and for use
in population-based studies.

Population-health surveillance may indicate human health risks that were not detected in
toxicity tests. For example, although pharmaceutical products are subject to extensive
toxicologic and clinical testing before their introduction into the marketplace,
pharmacovigilance programs have identified adverse health outcomes that were not detected
in preclinical and clinical testing (Lexchin, 2005; IOM, 2007). Food-flavoring agents
provide another illustrative example. In 2000, several cases of bronchiolitis obliterans, a
severe and rare pulmonary disorder, were described in former workers at a microwave-
popcorn plant (Akpinar-Elci et al., 2002). Exposure to vaporized flavoring agents used in the
production process was associated with decreased lung function (Kreiss et al., 2002).
Flavoring-associated respiratory disease was also documented among food-product workers
and among workers in facilities that manufactured the flavoring agents (Lockey et al., 2002).
Although the toxicity of the flavoring agents was confirmed in animal studies (Hubbs et al.,
2002), their inhalation hazards during manufacture and food-product production was not
recognized at the time of product approval. Situations in which toxicity testing is not
adequately conducted or fails to identify an important human health risk emphasize the need
to integrate population-based studies into any toxicity-testing paradigm and the need to
collect human data in a structured manner so that they can be used effectively by the
toxicology community.

Human-Exposure Data and the Toxicity-Testing Strategy—Human-exposure data
may prove to be pivotal as toxicity testing shifts from the current apical endpoint whole-
animal testing to cell-based testing. Several types of information will be useful. The first is
information collected by manufacturers, users, agencies, or others on exposures of
employees in the workplace or on environmental exposures of the population at large. Such
exposure information would be considered in the setting of dose ranges for in vitro toxicity
testing and of doses for collecting data in targeted pharmacokinetic studies and in selecting
concentrations to use in human PBPK models.

Other valuable information will come from biomonitoring surveys of the population that
measure environmental agents or their metabolites in blood, urine, or other tissues. New
sensitive analytic tools that allow measurement of low concentrations of chemicals in cells,
tissues, and environmental media enable tracking of biomarkers in the human population
and the environment (Weis et al., 2005; NRC, 2006b). Comparison of concentrations of
agents that activate toxicity pathways with concentrations of agents in biologic media in
human populations will help to identify populations that may be overexposed, to guide the
setting of human exposure guidelines, and to assess the cumulative impact of chemicals that
influence the same toxicity pathway. The ability to make such comparisons will be greatly
strengthened by a deeper understanding of the pharmacokinetic processes that govern the
absorption, distribution, metabolism, and elimination of environmental agents by biologic
systems. The enhanced ability to identify media concentrations that can evoke biologic
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responses will help to reduce the uncertainties associated with a focus on apical effects
observed at high doses in animal testing.

The importance of biomonitoring data emphasizes the need to support and expand such
programs as the National Biomonitoring Program conducted by the Centers for Disease
Control and Prevention (CDC, 2001, 2003, 2005). Those programs have greatly increased
the understanding of human population exposure and have provided valuable information to
guide toxicity testing. In time, biomonitoring will enable assessment of the status of the
toxicity-pathway activation in the population. That information will be critical in
understanding the implications of high-throughput results for the population and for
identifying susceptible populations.

Component E: Risk Contexts

Toxicity testing is valuable only if it can be used to make more informed and more efficient
responses to public-health concerns faced by regulators, industry, and the public. Early in
this article, the committee identified five broad risk contexts requiring decisions about
environmental agents, which are listed in Figure 9. Each decision-making context creates a
need for toxicity-testing information that, if fulfilled, can help to identify the most effective
ways to reduce or eliminate health risks posed by environmental agents.

Some of the risk contexts require rapid screening of environmental agents numbering in the
tens of thousands. Others require highly refined dose-response information on effects at
environmental concentrations, the ability to test chemical mixtures, or the use of focused
assays targeted to specific toxicity pathways or endpoints. Some risk contexts may require
the use of population-based approaches, including population health surveillance and
biomonitoring. The committee believes that its vision for a new toxicity-testing paradigm
will help to respond to decision-making needs, whether regulatory or nonregulatory, and
will allow evaluation of all substances of concern whatever their origin might be. Specific
implications of the vision for risk management can be illustrated by considering the five risk
contexts identified in the first section.

O Evaluation of new environmental agents. Two issues arise in the testing of new
chemicals or products. First, emerging technologies might require novel testing
approaches. For example, nanotechnology, which focuses on materials in the
nanometer range, will present challenges in toxicity testing that might not be
easily addressed with existing approaches (Institute of Medicine [IOM], 2005;
Borm et al., 2006; Gwinn & Vallyathan, 2006; Nel et al., 2006; Powell &
Kanarek, 2006). Specifically, the toxic properties of a nanoscale material will
probably depend on its physical characteristics, not on the toxic properties of the
substance or element itself (such as titanium or carbon) that makes up the
material. The nanoscale material might be evaluated with new in vitro tests
specially designed to identify biologic perturbations that might be expected from
exposure to it. As discussed earlier in this section, nanoscale materials may
require some targeted whole-animal testing to ensure that all biologically
significant effects are identified. Second, because many new commercial
chemicals are developed each year, there is a need for a mechanism to screen
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them rapidly for potential toxicity. With an emphasis on high- and medium-
throughput screens, the committee’s vision for toxicity testing accommodates
screening a large number of chemicals.

O Evaluation of existing environmental agents. Two issues arise in the testing of
existing environmental agents. For widespread and persistent environmental
agents that cannot be easily removed from the human environment and can have
potentially significant health effects, an in-depth evaluation of toxic properties is
important. The committee’s vision, with its emphasis on toxicity-pathway
analysis, will provide the deep understanding needed for refined evaluation of
the potential human health effects and risks. As in the evaluation of new
environmental agents, there is a need for effective screening methods so that the
potential toxicity of the tens of thousands of agents already in the environment
can be evaluated. The committee’s toxicity-testing strategy, with high-
throughput toxicity-pathway assays, should permit greater coverage of the
existing environmental agents that have not been adequately tested for toxicity.

O Evaluation of a site. Sites invariably contain a mixture of chemical agents.
Evaluation of mixtures has proved to be difficult in the existing toxicity-testing
strategy (see the section “Vision”). High-throughput assays, as emphasized by
the committee, may be the best approach for toxicity assessment of mixtures
because they are more easily used to assess combinations of chemicals.
Biomonitoring data—whose collection is highlighted in the committee’s vision
—can be especially useful in site investigations to identify problematic
exposures.

O Evaluation of potential environmental contributors to a specific disease. Public-
health problems, such as clusters of cancer cases or outbreaks of communicable
diseases, can have an environmental component. Asthma has distinct
geographic, temporal, and demographic patterns that strongly suggest
environmental contributions to its incidence and severity (Woodruff et al., 2004)
and provides an excellent illustration of how the committee’s vision could help
to elucidate the environmental components of a disease. First, animal models of
asthma have been plagued by important species differences, which limit the
utility of standard toxicity-testing approaches (Pabst, 2002; Epstein, 2004).
Second, substantial data are available on toxicity pathways involved in asthma
(Maddox & Schwartz, 2002; Pandya et al., 2002; Lutz & Sulkowski, 2004; Lee
etal., 2005; Chan et al., 2006; Nakajima & Takatsu, 2006; Abdala-Valencia et
al., 2007); the pathways should be testable with high-throughput assays, which
could permit the evaluation of many environmental agents for a potential
etiologic role in the induction or exacerbation of asthma. Third, environmental
agents that raise concern in the high-throughput assays could have high priority
in population-based studies for evaluation of their potential link to asthma in
human populations, such as workers. The high-throughput assays that are based
on evaluation of toxicity pathways can survey large numbers of environmental
agents and identify those which operate through a mechanism that may be
relevant to a disease of interest, as in the case of asthma, and may help to
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generate useful hypotheses that can then be examined in population-based
studies.

O Evaluation of the relative risks posed by environmental agents. It is often useful
to assess the relative risks associated with different environmental agents, such
as pesticides or pharmaceutical products, that could have been developed for the
same purpose. The new toxicity-testing paradigm will provide information on
relative potencies established by computational toxicology, toxicity-pathway
analysis, dose-response analysis, and targeted testing.

The future toxicity-testing strategy envisioned by the committee will be well suited to
providing the relevant data needed to make the critical risk-management decisions required
in the long term.

Toxicity-Testing Strategies in Practice

To illustrate how the results of the tests envisioned by the committee may be applied in
specific circumstances, two hypothetical examples of environmental agents that may pose
risks to human health are considered. The first example is an irritant gas, and the second is
an environmental agent that acts by interactions with estrogen receptors. The committee
emphasizes that these examples are intended not to recommend definitive procedures for
conducting human health risk assessment but simply to show how assessment might be
approached. As the research discussed in the section “Developing the Science Base and
Assays to Implement the Vision” is conducted, much will be learned, and new tests and
methods to incorporate results into assessments will emerge.

Example 1: Irritant Gas
Toxicity testing and empirical dose-response analysis

O Among a larger group of gases tested in multiple high-throughput assays, the
agent caused dose-related responses in test assays for glutathione depletion,
Nfr2 oxidative-stress pathway activation, inflammatory pathway responses, and
general cytotoxicity. Most other human toxicity-pathway tests had negative
results, but the test gas was routinely cytotoxic in systems in which gases were
easily tested. Nrf2 pathway activation proved to be the most sensitive endpoint,
with an ECqq of 10 ppm and a lower bound on the EC;q of 6.5 ppm, where ECy
or EDg is the concentration or dose that causes a 10% increase in the response
or effect over that of the control.

O A known hydrolysis product of the test gas—one produced in stoichiometric
equivalents on hydrolysis of the gas—produced similar responses in vitro when
tested over a thousand-fold concentration range (0.001-1 mM). The test
provided a lower bound ED1q! of 0.12 mM for Nrf2 pathway activation. The
hydrolysis product was tested in a broad suite of toxicity pathways and showed
little evidence of pathway specific responses, but consistently showed toxic
responses at concentrations much above 1.0 mM.

O At nontoxic concentrations, the compound showed no evidence of mutagenicity.
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Extrapolation

O

Low dose. With positive-control oxidants, low-dose behavior of the Nrf2
pathway was shown to be nonlinear because of high gain in the feedback loops
that control activation of this adaptive stress-response pathway. A concentration
of one-tenth the lower bound on the EC10 would not be expected to cause
substantial pathway activation. That concentration would serve as a starting
point for consideration of susceptibility factors, preexisting disease in the human
population, and possible coexposures to similarly acting compounds.

In vitro to in vivo. Extrapolation from the in vitro system used a human
pharmacokinetic model derived from a computational fluid-dynamics approach.
Model inputs derived partially from SAR included reaction rates of the gas in
tissues and species-specific breathing rates. The pharmacokinetic dosimetry
model was used to calculate the exposure concentrations that would yield 0.012
mM hydrolysis product (that is, 0.12 mM/10) in the nose and lungs during a
continuous human inhalation exposure. The pharmacokinetic model, run in
Markov-chain Monte Carlo fashion to account for variability and uncertainty,
provided lower bound estimates of 2.5-0.6 ppm for the lungs and 15-3 ppm for
the nose. Sensitivity analysis of the combined toxicity-pathway dosimetry model
indicated key biologic and pharmacokinetic factors that had important roles in
dose delivery and the circuitry governing Keapl and Nrf2 signaling.

Susceptibility. Susceptibility would depend heavily on polymorphisms in critical
portions of the Nrf2 pathway. People with higher than average Keapl or lower
than average Nrf2 could fail to have an adaptive response to oxidative stressors
and could progress to toxicity at lower exposure concentrations. The observed
polymorphisms in the human population and sensitivity with pre-existing
diseases suggest that estimates arising from the dose-response analysis should be
reduced by a factor of 10.

Risk-assessment guidance

O

The exposure concentration derived from the high-throughput toxicity-pathway
screens and the associated interpretive tools could be used in setting reference
standards. The assessment would indicate that the concentration should ensure
that an exposure would not lead to biologically significant responses to the
compound. In addition, the risk narrative would state that this exposure limit
should be protective of other downstream responses—such as respiratory tract
toxicity—that might be of concern at higher concentrations, because even
adaptive, precursor responses are being avoided.

Estimates of cumulative risk should be considered for situations with
simultaneous exposures to the irritant gas and other gases that affect Nrf2
signaling.
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Human surveillance

O

Surveillance studies of workers or other human populations potentially exposed
to the irritant gas could test for evidence of Nfr2 oxidative-stress pathway
activation and inflammatory pathway responses, possibly using induced sputum
samples. To evaluate the results, any increases in activation in the exposed
population could be compared with pathway activation in control human
populations.

Example 2: Estrogenic Agonist

Toxicity testing and empirical dose-response analysis

O

Members of a large group of commercial chemicals were tested in multiple
high-throughput in vitro assays. One of them triggered dose-related activation of
estrogenic signaling in receptor-binding assays and increased DNA replication
—indicative of cell proliferation—in human breast-cancer cells in vitro. Binding
assays for this compound had the lowest ED10 values; assay indicators of gene
transcription and DNA replication occurred at much higher concentrations.
QSAR methods also predicted an estrogenic effect on the basis of a library of
tested compounds. All other human toxicity-pathway tests were negative or
showed responses at much higher concentrations. The test compound had low
cytotoxicity in most screens and produced estrogen-receptor activation at
concentrations one-tenth of those that produce signs of cell toxicity.

A short-term, mechanistic in vivo study with ovariectomized female rats
confirmed mild estrogenic action in vivo and moderate evidence of gene
expression for responses in utero or in breast tissues. Predicted conjugated
metabolites of the compound were without activity in those assays.

Extrapolation

O

Experience with estrogen and other estrogenic chemicals indicates the existence
of susceptible populations—such as pubescent girls, fetuses, and infants—that
require additional protection and attention. In addition, chemicals that bind to
and activate the estrogen receptor may act additively with one another. The
extrapolation needs to consider the compound uses, subpopulations that are
likely to be exposed to it, other background exposures to estrogenic agents in
these subpopulations, and the estimated tissue dose in pregnant and nonpregnant
women, fetuses, and infants.

Research on estrogen and estrogen agonists reveals that if receptor occupancy in
the most sensitive tissues in susceptible humans is increased by less than x% by
this exposure or any combined exposure to estrogenic compounds, an
appreciable activation of downstream responses or a biologically significant
increase in their activation would be unlikely. An alternative assessment would
be based on a functional response in a toxicity-pathway assay, such as
transcriptional activation.
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O Human PBPK models for the compound would be used to model absorption,
distribution to sensitive tissues, and elimination of active parent compound. The
models (for example, Markov-chain Monte Carlo PBPK model) would be
designed to account for human variability in pharmacokinetics and modeling
uncertainty. The PBPK models could generate a point-of-departure exposure
concentration or a daily intake at which there would be less than x% increase in
receptor occupancy or less than x% change in transcriptional activation in
susceptible populations (for example, fetuses) and in 95% to 99% of the exposed
general population. The PBPK models could also provide the blood
concentration associated with the change in receptor occupancy or
transcriptional activation. That blood concentration could be expressed in units
of “estrogen equivalence” to simplify comparisons with estrogen and similarly
acting estrogen agonists. Also, on the basis of estrogen equivalence, the models
could be used to assess the effects of cumulative exposure to exogenous
estrogenic compounds and could be checked against biologic monitoring data in
the human population for validity and to ensure that the point of departure is not
overestimated.

Risk-assessment guidance

O Reference doses and concentrations used in decision making could be based on a
point of departure derived as already described. The reference dose would
consider factors, such as susceptibility, that could be altered by polymorphisms
in critical portions of downstream estrogen-response pathways or in conjugation
with enzymes that clear the compound before it reaches the systemic circulation.

Human surveillance

O Human surveillance of workers exposed to the compound could detect subtle
indications of early effects in humans if they were to occur.

Toxicity Testing and Risk Assessment—A major application of the results of toxicity
testing is in the risk assessment of environmental agents. As illustrated in Figure 10, the
committee’s vision for toxicity testing is consistent with the risk-assessment paradigm
originally put forward by the National Research Council in 1983. Chemical characterization
and toxicity-pathway evaluation would be involved in hazard identification.
Pharmacokinetic models would be used to calibrate in vitro and human dosimetry and
thereby facilitate the translation of dose in cellular systems to dose in human organs and
tissues. Population-based studies would be used to confirm or explore effects observed in
cellular systems to suggest biologic perturbations that require clarification in in vitro tests
and to interpret findings in in vitro studies in the context of human populations. All would
work together to permit establishment of human exposure guidelines based on risk
avoidance, which could be used to enforce scientifically based regulatory standards or
support nonregulatory risk-management strategies.

Mode-of-action information is important for informing the dose-response component of the
risk-assessment paradigm. A deep understanding of mode of action involves studying the
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mechanistic pathways by which toxic effects are induced, including the key molecular and
other biologic targets in the pathways. Thus, the committee’s vision, outlined in the sections
“Vision” and “Components of the Vision” of this report, is a shift away from traditional
toxicity testing that focuses on demonstrating adverse health effects in experimental animals
toward a deeper understanding of biologic perturbations in key toxicity pathways that lead to
adverse health outcomes. The committee believes that its vision of toxicity testing would
better inform the assessment of the potential human health risks posed by exposure to
environmental agents and ensure efficient testing methods.

TOOLS AND TECHNOLOGIES

The committee provided an overview of its vision for toxicity testing, and described the
main components of the vision in previous sections. Here, tools and technologies that might
be used to apply the committee’s vision are briefly discussed. The tools and technologies
will evolve and mature over time, but many are already available. The committee
emphasizes that technologies are evolving rapidly, and new molecular technologies will
surely be available in the near future for mapping toxicity pathways, assessing their
functions, and measuring dose-response relationships.

Tools and Technologies for Chemical Characterization

Various computational methods are available for chemical characterization. The discussion
here focuses on structure—activity relationship (SAR) analyses, which use physical and
chemical properties to predict the biologic activity, potential toxicity, and metabolism of an
agent of concern. All are conceptually based on the similar-property principle—that is, that
chemicals with similar structure are likely to exhibit similar activity (Tong et al., 2003).
Accordingly, biologic properties of new chemicals are often inferred from properties of
similar existing chemicals whose hazards are already known. Specifically, SAR analysis
involves building mathematical models and databases that use physical properties (such as
solubility, molecular weight, dissociation constant, ionization potential energies, and melting
point) and chemical properties (such as steric properties, presence or absence of chemical
moieties or functional groups, and electrophilicity) to predict biologic or toxicologic activity
of chemicals. SAR analyses can be qualitative (for example, recognition of structural alerts,
that is, chemical functional groups and substructures) or quantitative (for example, use of
mathematical modeling to link physical, chemical, and structural properties with biologic or
toxic endpoints) (Benigni, 2004). Key factors in the successful application of SAR methods
include proper representation and selection of structural, physical, and chemical molecular
features; appropriate selection of the initial set of compounds (that is, the “training set”) and
methods of analysis; the quality of the biologic data; and knowledge of the mode or
mechanism of toxic action (McKinney et al., 2000).

Current applications of SAR analyses include soft drug design, which involves improving
the therapeutic index of a drug by manipulating its steric and structural properties (Bodor,
1999); design and testing of chemotherapeutic agents (van den Broek et al., 1989); nonviral
gene and targeted-gene delivery (Congiu et al., 2004); creating predictive models of
carcinogenicity to replace animal models (Benigni, 2004); predicting the toxicity of
chemicals, particularly pesticides and metals (Walker et al., 2003a); and predicting the
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environmental fate and ecologic effects of industrial chemicals (Walker et al., 2003b).
Among the available predictive-toxicity systems, the most widely used are statistically based
correlative programs (such as CASE/MultiCASE and TOPKAT) and rule-based expert
systems (such as DEREK and ONCOLOGIC) (McKinney et al., 2000).

There are many examples of successful applications of SAR and quantitative SAR (QSAR)
analysis. One successful application of SAR analysis in risk assessment is the modeling of
Ah-receptor-binding affinities of dioxin-like compounds, including the structurally related
polychlorinated dioxins, dibenzofurans, and biphenyls. Specifically, SAR methods were
used to establish a common mechanism of action for toxic effects and in the further
development of toxic equivalency factors in risk assessments involving exposure to complex
mixtures of those compounds (van der Berg et al., 1998). Other successful applications have
examined how structural alterations influence toxicity. For example, toxic effects of
nonpolar anesthetics are mediated by a nonspecific action on cell membranes and have been
shown to be directly correlated to their log octanol-water partition coefficient (log Kow).
However, the polar anesthetics—which include such chemicals as phenols, anilines,
pyridines, nitrobenzenes, and aliphatic amines—generally show an anesthetic potency 5-10
times higher than expected on the basis of their log Kow alone (Soffers et al., 2001).

Much effort has been directed toward the modeling and prediction of specific toxicities,
particularly mutagenicity and carcinogenicity because of the importance of these endpoints,
the cost and length of full rodent assays for carcinogenesis, and the availability of high-
quality data for modeling purposes. Experimental observation has led to the identification of
several structural alerts that can cause both mutation and cancer, including carbonium ions
(alkyl, aryl, and benzylic), nitrenium ions, epoxides and oxonium ions, aldehydes, polarized
double bonds (alpha- and beta-unsaturated carbonyls or carboxylates), peroxides, free
radicals, and acylating intermediates (Benigni & Bossa, 2006). The structural alerts for
mutagenicity and carcinogenicity have been incorporated into expert systems for predicting
toxic effects of chemicals (Simon-Hettich et al., 2006).

A number of structural alerts also have been associated with developmental toxicity. They
were identified on the basis of known developmental responses to environmental agents,
such as valproic acids, hydrazides, and carbamates (Schultz & Seward, 2000; Cronin, 2002;
Walker et al., 2004). Studies have demonstrated that the presence of a hydroxyl group is
required for estrogenic activity of biphenyls; symmetric derivatives are 10 times more active
than nonsymmetric ones (Schultz et al., 1998). The relationship between the size and shape
of the nonphenolic moiety and estrogenic potency among para-substituted phenols
demonstrated the trend of increasing estrogenicity with increased molecular size (Schultz &
Seward, 2000). Thus, although predictive models for some toxic endpoints, such as
mutagenicity, already exist, more mechanistically complex endpoints—such as acute,
chronic, or organ toxicity—are more difficult to predict (Schultz & Seward, 2000; Simon-
Hettich et al., 2006).

One final application of SAR analysis is in predicting absorption, distribution, metabolism,
and excretion. Qualitative SARs, QSARs, and the related quantitative structure—property
relationships have been successfully used to estimate such key properties as permeability,
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solubility, biodegradability, and cytochrome P-450 metabolism (Feher et al., 2000; Bugrim
et al., 2004); to predict drug half-life values (Anderson, 2002); and to describe penetration of
the blood-brain barrier (Bugrim et al., 2004).

As indicated earlier, the predictive ability of different models depends on selecting the
correct molecular descriptors for the particular toxic endpoints, the appropriate mathematical
approach and analysis, and a sufficiently rich set of experimental data. The ability to adapt
existing models continuously by building on larger and higher quality data sets is crucial for
the improvement and ultimate success of these approaches.

Mapping Toxicity Pathways

As discussed in the sections “Vision” and “Components of the the Vision,” the key
component of the committee’s vision is the evaluation of perturbations in toxicity pathways.
Many tools and technologies are available that can aid in the identification of biologic
signaling pathways and the development of assays to evaluate their function. Recent
advances in cellular and molecular biology, “-omics” technologies, and computational
analysis have contributed considerably to the understanding of biologic signaling processes
(Daston, 1997; Ekins et al., 2005). Within the last 15 years, multiple cellular response
pathways have been evaluated in increasing depth, as is evidenced by the progress in the
basic knowledge of cellular and molecular biology (Fernandis & Wenk, 2007; Lewin et al.,
2007). Moreover, systems biology constitutes a powerful approach to describing and
understanding the fundamental mechanisms by which biologic systems operate. Specifically,
systems biology focuses on the elucidation of biologic components and how they work
together to give rise to biologic function. A systems approach can be used to describe the
fundamental biologic events involved in toxicity pathways and to provide evolving biologic
modeling tools that describe cellular circuits and their perturbations by environmental agents
(Andersen et al., 2005a). A longer term goal of systems biology is to create mathematical
models of biologic circuits that predict the behavior of cells in response to environmental
agents qualitatively and quantitatively (Lander & Weinberg, 2000). Progress in that regard is
being made in developmental biology (Cummings & Kavlock, 2005; Slikker et al., 2005).
The subsections that follow outline tools and technologies that will most likely be used to
elucidate the critical toxicity pathways and to develop assays to evaluate them.

In Vitro Tests—The committee foresees that in vitro assays will make up the bulk of the
toxicity tests in its vision. In vitro tests are currently used in traditional toxicity testing and
indicate the success of developing and using in vitro assays (Goldberg & Hartung, 2006). In
vitro tests include the 3T3 neural red uptake phototoxicity assay (Spielman & Liebsch,
2001), cytotoxicity assays (O’Brien & Haskins, 2007), skin-corrosivity tests, and assays
measuring vascular injury using human endothelial cells (Schleger et al., 2004). Many tests
have been validated by the European Centre for the Validation of Alternative Methods. The
committee notes that the current in vitro tests originated as alternatives to or replacements of
other toxicity tests. In the committee’s vision, in vitro assays will evaluate biologically
significant perturbations in toxicity pathways and thus are not intended to serve as direct
replacements of existing toxicity tests.
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The committee envisions the use of human cell lines for the in vitro assays. Cell lines have
been used for a long time in experimental toxicology and pharmacology. Human cell lines
are readily available from tissue-culture banks and laboratories and are particularly attractive
because they offer the possibility of working with a system that maintains several
phenotypic and genotypic characteristics of the human cells in vivo (Suemori, 2006).
Differentiated functions, functional markers, and metabolic capacities may be altered or
preserved in cell lines, depending on culture conditions, thereby allowing testing of a wide
array of agents in different experimental settings. Other possibilities include using animal
cells that are transfected to express human genes and proteins. For example, various cell
lines—such as V79, CHO, COS-7, NIH3T3, and HEPG2—have been transfected with
complementary DNA (cDNA, DNA synthesized from mature mRNA) coding for human
enzymes and used in mutagenesis and drug-metabolism studies (Potier et al., 1995).
Individual enzymes have also been stably expressed to identify the major human
isoenzymes, such as cytochromes P-450 and UDP-glucuronosyltransferases, responsible for
the metabolism of potential therapeutic and environmental agents. The metabolic in vitro
screens with human enzymes are usually conducted as a prelude to clinical studies.

A major limitation of using human cell lines is the difficulty of extrapolating data from the
simple biologic system of single cells to the complex interactions in whole animals.
Questions have also been raised concerning the stability of cell lines over time, the
reproducibility of responses over time, and the ability of cell lines to account for genetic
diversity of the human population. Nonetheless, cell lines have been used as key tools in the
initial screening and evaluation of toxic agents and the characterization of properties of
cancer cells (Suzuki et al., 2005) and in gene profiling with microarrays (Wang et al.,
2006b). The high-throughput methods now becoming more common will allow the
expansion of the methods to larger numbers of endpoints, wider dose ranges, and mixtures
of agents (Inglese, 2002; Inglese et al., 2006).

High-Throughput Methods—A critical feature of the committee’s vision is the use of
high-throughput methods that will allow economical screening of large numbers of
chemicals in a short period. The pharmaceutical industry provides an example of the
successful use of high-throughput methods. Optimizing drug-candidate screening is essential
for timely and cost-effective development of new pharmaceuticals. Without effective
screening methods, poor drug candidates might not be identified until the preclinical or
clinical phase of the drug-development process, and this could lead to high costs and low
productivity for the pharmaceutical industry (Lee & Dordick, 2006). Pharmaceutical
companies have turned to high-throughput screening, which allows automated simultaneous
testing of thousands of chemical compounds under conditions that model key biologic
mechanisms (Fischer, 2005). Such technologies as hybridization, microarrays, real-time
polymerase chain reaction, and large-scale sequencing are some of the high-throughput
methods that have been developed (Waring & Ulrich, 2000). High-throughput assays are
useful for predicting several important characteristics related to the absorption, distribution,
metabolism, excretion, and toxicity of a compound (Gombar et al., 2003). They can predict
the interaction of a compound with enzymes, the metabolic degradation of the compound,
the enzymes involved in its biotransformation, and the metabolites formed (Masimirembwa
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etal., 2001). That information is integral for selecting compounds to advance to the next
phase of drug development, especially when many compounds may have comparable
pharmacologic properties but differing toxicity profiles (Pallardy et al., 1998). High-
throughput assays are also useful for rapid and accurate detection of genetic polymorphisms
that could dramatically influence individual differences in drug response (Shi et al., 1999).

Microarrays—Microarray technologies have allowed the development of the field of
toxicogenomics, which evaluates changes in genetic response to environmental agents or
toxicants. These technologies permit genome-wide assessments of changes in gene
expression associated with exposure to environmental agents. The identification of
responding genes can provide valuable information on cellular response and some
information on toxicity pathways that might be affected by environmental agents. Some of
the tools and technologies are described next.

Microarrays are high-throughput analytic devices that provide comprehensive genome-scale
expression analysis by simultaneously monitoring quantitative transcription of thousands of
genes in parallel (Hoheisel, 2006). The Affymetrix GeneChip Human Genome U133 Plus
2.0 Array provides comprehensive analysis of genomewide expression of the entire
transcribed human genome on a single microarray (Affymetrix Corporation, 2007). Whole-
genome arrays are also available for the rat and mouse. The use of the rat arrays will
probably increase as the relationships between specific genes and markers on the arrays
become better understood.

Protein microarrays potentially offer the ability to evaluate all expressed proteins in cells or
tissues. Protein-expression profiling would allow some understanding of the relationship
between transcription (the suite of MRNAs in the cell) and the translational readout of the
transcripts (the proteins). Protein microarrays have diverse applications in biomedical
research, including profiling of disease markers and understanding of molecular pathways,
protein modifications, and protein activities (Zangar et al., 2005). However, whole-cell or
tissue profiling of expressed proteins is still in the developmental stage. These techniques
remain expensive, and the technology is in flux.

Differential gene-expression experiments use comparative microarray analysis to identify
genes that are upregulated or downregulated in response to experimental conditions. The
large-scale investigation of differential gene expression attaches functional activity to
structural genomics. Whole-genome-expression experiments involve hundreds of
experimental conditions in which patterns of global gene expression are used to classify
disease specimens and discover gene functions and toxicogenomic targets (Peeters & Van
der Spek, 2005). Gene-expression profiling will have a role in identifying toxicity pathways
in whole-animal studies but is not expected to be the staple technology for identifying and
mapping the pathways.

High-Throughput Functional Genomics—Functional genomics should be
distinguished from toxicogenomics. Toxicogenomics is a broad field combining expertise in
toxicology, genetics, molecular biology, and environmental health and includes genomics,
proteomics, and metabonomics, whereas functional genomics as described here is a
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specialized discipline that attempts to understand the functions of genes within cellular
networks.

Large-scale evaluations of the status of gene expression and protein concentrations in cells
allow understanding of the integrated biologic activities in tissues and can be used to catalog
changes after in vivo or in vitro treatment with environmental agents. However, evaluation
of the organization and interactions among genes in toxicity pathways requires approaches
referred to as functional genomics, which encompass a different suite of molecular tools
(Brent, 2000). The tools are designed to catalog the full suite of genes that are required for
optimal activity of a toxicity pathway. The evaluation of the readout of those functional
screens with bioinformatic analysis provides key data about the organization of toxicity
pathways and guides computational methods that model the consequences of perturbation of
the pathways by environmental agents.

Functional analysis requires a cell-based assay that provides a convenient, automated cell-
based measure of functioning of a toxicity pathway (Akutsu et al., 1998; Michiels et al.,
2002; Chanda et al., 2003; Lum et al., 2003; Berns et al., 2004; Huang et al., 2004) and
requires the ability to automate treatment of the cells with individual cDNAs or small
interfering RNAs (siRNAs), which are relatively short RNA oligomers that appear to play
important roles in inhibiting gene expression (Hannon, 2002; Meister & Tuschl, 2004; Mello
& Conte, 2004; Hammond, 2005). Treatment of the cells with a particular cDNA causes
overexpression of the gene (and presumably the protein) that is coded by it. In contrast,
treatment with gene-specific SiRNA causes knockdown of specific proteins by enhancing
degradation of the mRNA from the gene. High-throughput methods permit automation of
such cell-based assays by the use of robots and libraries of cDNAs and siRNAs. The screens
show which genes increase and which decrease activity of the toxicity pathway.

Computational Biology—Computational biology uses computer techniques and
mathematical modeling to understand biologic processes. It is a powerful tool to cope with
the ever-increasing quantity and quality of biologic information on genomics, proteomics,
gene expression, gene varieties, genotyping techniques, and protein and cell arrays (Kriete &
Eils, 2006). Computational tools are used in data analysis, data mining, data integration,
network analysis, and multiscale modeling (Kitano, 2005). Computational biology is
particularly useful for systems biology in understanding structural, regulatory, and kinetic
models (Barabasi & Oltvai, 2004); in modeling signal transduction (Eungdamrong &
lyengar, 2004); and in analyzing genome information and its structural and functional
properties (Snitkin et al., 2006). Furthermore, computational biology is used to predict toxic
effects of chemical substances (Simon-Hettich et al., 2006), to understand the toxicokinetics
and toxicodynamics of xenobiotics (Ekins, 2006), to determine gene-expression profiling of
cancer cells (Katoh & Katoh, 2006), to help in the development of genomic biomarkers
(Ginsburg & Haga, 2006), and to design virtual experiments to replace or reduce animal
testing (Vedani, 1999). In drug design and discovery, novel computational technologies help
to create chemical libraries of structural motifs relevant to target proteins and their small
molecular ligands (Balakin et al., 2006; O’Donoghue et al., 2006).
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Cellular signaling circuits handle an enormous variety of functions. Apart from replication
and other functions of individual cells, signaling circuits must implement the complex logic
of development and function of multicellular organisms. Computer models are helpful in
understanding that complexity (Bhalla et al., 2002). Recent studies have extended such
models to include electrical, mechanical, and spatial details of signaling (Bhalla, 20044,
2004b). The mitogen-activated protein kinase (MAPK) pathway is one of the most important
and extensively studied signaling pathways; it governs growth, proliferation, differentiation,
and survival of cells. Widely varied mathematical models of the MAPK pathway have led to
novel insights and predictions as to how it functions (Orton et al., 2005; Santos et al., 2007).

Predictive computational models derived from experimental studies have been developed to
describe receptor-mediated cell communication and intracellular signal transduction (Sachs
et al., 2005). Physicochemical models attempt to describe biomolecular transformations,
such as covalent modification and intermolecular association, with physicochemical
equations. The models make specific predictions and work mostly with pathways that are
better understood. They can be viewed as translations of familiar pathway maps into
mathematical forms (Aldridge et al., 2006). Integrated mechanistic and data-driven
modeling for multivariate analysis of signaling pathways is a novel approach to
understanding multivariate dependence among molecules in complex networks and
potentially can be used to identify combinatorial targets for therapeutic interventions and
toxicity-pathway targets that lead to adverse responses (Hua et al., 2006).

In Vivo Tests—As discussed in two previous sections, in vivo tests will most likely be
used in the foreseeable future to evaluate the formation of metabolites and some mechanistic
aspects of target-organ responses to environmental agents, including genomewide evaluation
of gene expression. The previous section “Components of the Vision” noted that careful
design of those studies could substantially increase the value of information obtained. For
example, evaluation of cellular transcriptomic patterns from tissues of animals receiving
short-term exposures may provide clues to cellular targets of environmental agents and
assist in target-tissue identification. (See the section “Components of the Vision” for further
discussion of protocol changes that could increase the value of toxicity tests.) Moreover,
technologic advances in detection and imaging have the potential for improving in vivo
testing. For example, positron-emission tomography (PET) is an imaging tool that can
determine biochemical and physiologic processes in vivo by monitoring the activity of
radiolabeled compounds (Paans & Vaalburg, 2000). Because PET can detect the activity of
an administered compound at the cellular level, its use in animal models can result in the
incorporation of mechanistic processes and an understanding of the pathologic effects of a
candidate compound (Rehmann & Jayson, 2005).

Tools and Technologies for Dose-Response and Extrapolation Modeling—As
discussed in sections, ‘Vision’ and ‘Components of the Vision’, two types of modeling will
be critical for implementing the committee’s vision: physiologically based pharmacokinetic
(PBPK) models and dose-response models of perturbations of toxicity pathways. PBPK
models will allow dose extrapolation from in vitro conditions used for assessing toxicity-
pathway perturbations to projected human exposures in vivo. Mechanistic models of
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perturbations of toxicity pathways should aid in developing low-dose extrapolation models
that consider the biologic structure of the cellular circuitry controlling pathway activation.

Physiologically Based Pharmacokinetic Models—Assessing the risk associated with
human chemical exposure has traditionally relied on the extrapolation of data from animal
models to humans, from one route of exposure to another, and from high doses to low doses.
Such extrapolation attempts to relate the extent of external exposure to a toxicant to the
internal dose in the target tissue of interest. However, differences in biotransformation and
other pharmacokinetic processes can introduce error and uncertainty into the extrapolation
of toxicity from animals to humans (Kedderis & Lipscomb, 2001).

PBPK models provide a physiologic basis for extrapolating between species and routes of
exposure and thus allow estimation of the active form of a toxicant that reaches the target
tissue after absorption, distribution, and biotransformation (Watanabe et al., 1988).
However, PBPK results can differ significantly in the hands of different modelers (Hattis et
al., 1990), and improved modeling approaches for parameter selection and uncertainty
analysis are under discussion. PBPK models might also be useful for estimating the effect of
exposure at different life stages, such as pregnancy, critical periods of development, and
childhood growth (Barton, 2005). Interindividual differences can be incorporated into PBPK
models by integrating quantitative information from in vitro biotransformation studies (Bois
et al., 1995; Kedderis & Lipscomb, 2001).

The more pervasive use of PBPK approaches in the new strategy for toxicity testing will be
in basing dosimetry extrapolations on estimates of partitioning, metabolism, and interactions
among chemicals derived from in vitro measurements or perhaps even from SAR or QSAR
techniques. Those extrapolations will require some level of validation that might require
data from kinetic studies in volunteers or from biomonitoring studies in human populations.
In the committee’s vision for toxicity testing, the development of PBPK models from SAR
predictions of partitioning and metabolism would decrease animal use, and continued
improvements in the in vitro to in vivo extrapolations of kinetics will support the translation
from test-tube studies of perturbations to predictions.

Dose-Response Models of Toxicity Pathways—Dose-response modeling of toxicity
pathways involves the integration of mechanistic and dosimetric information about the
toxicity of a chemical into descriptive mathematical terms to provide a quantitative model
that allows dose and interspecies extrapolation (Conolly, 2002). New techniques in
molecular biology, such as functional genomics, will play a key role in the development of
such models because they provide more detailed information about the organization of
toxicity pathways and the dose-response relationships of perturbations of toxicity pathways
by environmental agents. Dose-response models have been developed for cell-signaling
pathways and used in risk assessment (Andersen et al., 2002). They have found important
applications in studying chemical carcinogenesis (Park & Stayner, 2006). In particular,
models of cancer formation have been developed to describe the induction of squamous-cell
carcinomas of the nasal passage in rats exposed to formaldehyde by inhalation, taking into
account both tissue dosimetry and the nonlinear effects of cellular proliferation and
formation of DNA- protein cross-links (Slikker et al., 2004a, 2004b; Conolly et al., 2004).
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However, alternative implementations of the formaldehyde model gave substantially
different results (Subramaniam et al., 2006). Emerging developments in systems biology
allow modeling of cellular and molecular signaling networks affected by chemical exposures
and thereby produce an integrated modeling approach capable of predicting dose-response
relationships of pathway perturbations by developmental and reproductive toxicants
(Andersen et al., 2005b).

In the next decades, the dose-response modeling tools for perturbations should progress
relatively rapidly to guide low-dose extrapolations of initial interactions of toxic compounds
with biologic systems. The quantitative lineage of early perturbations with apical responses
is likely to develop more slowly. For the foreseeable future, the continued refinement of
biologic models of signaling circuitry should guide the extrapolation approaches necessary
for conducting risk assessment with the toxicity-pathway tests as the cornerstone of toxicity-
testing methods.

DEVELOPING THE SCIENCE BASE AND ASSAYS TO IMPLEMENT THE
VISION

Rapid advances in the understanding of the organization and function of biologic systems
provide the opportunity to develop innovative mechanistic approaches to toxicity testing. In
comparison with the current system, the new approaches should provide wider coverage of
chemicals of concern, reduce the time needed for generating toxicity-test data required for
decision making, and use animals to a far smaller extent. Accordingly, the committee has
proposed development of a testing structure that evaluates perturbations in toxicity pathways
and relies on a mix of high- and medium-throughput assays and targeted in vivo tests as the
foundation of its vision for toxicity testing. This section discusses the kinds of applied and
basic research needed to support the new toxicity-testing approach, the institutional
resources required to support and encourage it, and the valuable products that can be
expected during the transition from the current apical endpoint testing to a mechanistically
based in vivo and in vitro test system.

Most tests in the committee’s vision would be unlike current toxicity tests, which generate
data on apical endpoints. The mix of tests in the vision include in vitro tests that assess
critical mechanistic endpoints involved in the induction of overt toxic effects rather than the
effects themselves and targeted in vivo tests that ensure adequate testing of metabolites and
coverage of endpoints. The move toward a mechanism-oriented testing paradigm poses
challenges. Implementation will require (1) the availability of suites of in vitro tests—
preferably based on human cells, cell lines, or components—that are sufficiently
comprehensive to evaluate activity in toxicity pathways associated with the broad array of
possible toxic responses; (2) the availability of targeted tests to complement the in vitro tests
and ensure overall adequate data for decision making; (3) models of toxicity pathways to
support application of in vitro test results to predict general-population exposures that could
potentially cause adverse perturbations; (4) infrastructure changes to support the basic and
applied research needed to develop the tests and the pathway models; (5) validation of tests
and test strategies for incorporation into chemical-assessment guidelines that will provide
direction on interpreting and drawing conclusions from the new assay results; and (6)
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acceptance of the idea that the results of tests based on perturbations in toxicity pathways are
adequately predictive of adverse responses and can be used in decision making.
Development of the new assays and the related basic research—the focus of this section—
requires a substantial research investment over quite a few years. Institutional acceptance of
the new tests and the requisite new risk-assessment approaches—the focus of the next
section, “Prerequisites for Implementing the Vision in Regulatory Contexts”—also require
careful planning. They cannot occur overnight.

Ultimately, the time required to conduct the research needed to support large-scale
incorporation of the new mechanistic assays into a test strategy that can adequately and
rapidly address large numbers of agents depends on the institutional will to commit
resources to support the changes. The committee believes that with a concerted research
effort, over the next 10 years high-throughput test batteries could be developed that would
substantially improve the ability to identify toxicity hazards caused by a number of
mechanisms of action. Those results in themselves would be a considerable advance. The
time for full realization of the new test strategy, with its mix of in vitro and in vivo test
batteries that can rapidly and inexpensively assess large numbers of substances with
adequate coverage of possible endpoints, could be 20 or more years.

This section starts by discussing basic research that will provide the foundation for assay
development. It then outlines a research strategy and milestones. It concludes by discussing
the scientific infrastructure that will support the basic and applied research required to
develop the high-throughput and targeted testing strategy envisioned by the committee.

Scope of Scientific Knowledge, Methods, and Assay Development

This section outlines the scientific inquiry required to develop the efficient and effective
testing strategy envisioned by the committee. Several basic-research questions need to be
addressed to develop the knowledge base from which toxicity-pathway assays and
supporting testing technologies can be designed. The discussion here is intended to provide
a broad overview, not a detailed research agenda. The committee recognizes the challenges
and effort involved in addressing some of these research questions.

Knowledge Development—Knowledge critical for the development of high-throughput
assays is emerging from biologic, medical, and pharmaceutical research. Further
complementary, focused research will be needed to address fully the key questions that
when answered will support toxicity-pathway assay development. Those questions are
outlined in Table 4 and elaborated next.

O Toxicity-pathway identification. The key pathways that, when sufficiently
perturbed, will result in toxicity will be identified primarily from future, current,
and completed studies in the basic biology of cell-signaling motifs.
Identification will involve the discovery of the protein components of toxicity
pathways and how the pathways are altered by environmental agents. Many
pathways are under investigation with respect to the basic biology of cellular
processes. For example, the National Institutes of Health (NIH) has a major
program under way to develop high-throughput screening (HTS) assays based
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on important biologic responses in in vitro systems. HTS has the potential to
identify chemical probes of genes, pathways, and cell functions that may
ultimately lead to characterization of the relationship between chemical structure
and biologic activity (Inglese et al., 2006). Determining the number and nature
of toxicity pathways involved in human disease and impairment is an essential
component of the committee’s vision for toxicity testing.

O Multiple pathways. Adverse biologic change can occur from simultaneous
perturbations of multiple toxicity pathways. Environmental agents typically
affect more than one toxicity pathway. Although the committee envisions the
design of a suite of toxicity tests that will provide broad coverage of biologic
perturbations in all key toxicity pathways, biologic perturbations in different
pathways may lead to synergistic interactions with important implications for
human health. For some adverse health effects, an understanding of the interplay
of multiple pathways involved may be important. For others, the research need
will be to identify the pathway affected at the lowest dose of the environmental
agent.

O Adversity. An understanding of possible diseases or functional losses that may
result from specific toxicity-pathway perturbations will support the use of
pathway perturbations for decision making. Current risk assessments rely on
toxicity tests that demonstrate apical adverse health effects, such as disease or
functional deficits, that are at various distances downstream of the toxicity-
pathway perturbations. In the committee’s vision, the assessment of potential
human health impact will be based on perturbations in toxicity pathways. For
example, activation of estrogenic action to abnormal levels during pregnancy is
associated with undescended testes and, in later life, testicular cancer. Research
will be needed to understand the patterns and magnitudes of the perturbations
that will lead to adverse effects. As part of the research, biomarkers of effect that
can be monitored in humans and studied in whole animals will be useful.

O Life stages. An understanding of how pathways associated with developmental
timing or aging can be adversely perturbed and lead to toxicity will be needed to
develop high-throughput assays that can capture and adequately cover
developmental and senescing life stages. Many biologic functions require
coordination and integration of a wide array of cellular signals that interact
through broad networks that contribute to biologic function at different life
stages. That complexity of pathway interaction holds for reproductive and
developmental functions, which are governed by parallel and sequential
signaling networks during critical periods of biologic development. Because of
the complexity of such pathways, the challenge will be to identify all important
pathways that affect such functions to ensure adequate protection against risks to
the fetus and infant. That research will involve elucidating temporal changes in
key toxicity pathways that might occur during development and the time-
dependent effects of exposure on these pathways.
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O Effects of exposure duration. The dose of and response to exposure to a toxicant
in the whole organism depend on the duration of exposure. Thus, conventional
toxicity testing places considerable emphasis on characterizing risks associated
with exposures of different duration, from a few days to the test animal’s
lifetime. The ultimate goal in the new paradigm is to evaluate conditions under
which human cells are likely to respond and to ensure that these conditions do
not occur in exposures of human populations. Research will be needed to
understand how the dose-response relationships for perturbations might change
with the duration of exposure and to understand pathway activation under acute,
subchronic, and chronic exposure conditions. The research will involve
investigating the differential responses of cells of various ages and backgrounds
to a toxic compound and possible differences in responses of cells between
people of different ages.

O Low-dose response. The assessment of the potential for an adverse health effect
from a small environmental exposure involves an understanding of how the
small exposure adds to preexisting exposures that affect the same toxicity
pathways and disease processes. For the more common human diseases and
impairments, a myriad of exposures from food, pharmaceuticals, the
environment, and endogenous processes have the potential to perturb underlying
toxicity pathways. Understanding how a specific environmental exposure
contributes, with the other exposures, to modulate a toxicity pathway is critical
for the understanding of low-dose response. Because the toxicity tests used in
the committee’s long-range vision are based largely on cellular assays involving
sensitive biomarkers of alterations in biologic function, it will be possible to
study the potential for adverse human health effects at doses lower than is
possible with conventional whole-animal tests. Given the cost-effectiveness of
the computational methods and in vitro tests that form the core of the toxicity
testing, it will be efficient to evaluate effects at multiple doses and so build a
basis of detailed dose-response research.

O Human variability. People differ in their expression of toxicity-pathway
constituents and consequently in their predisposition to disease and impairment.
An understanding of differences among people in the level of responsiveness of
particular toxicity pathways is needed to interpret the importance of small
environmental exposures. The comprehensive mapping of toxicity pathways
provides an unprecedented opportunity to identify gene loci and other
determinants of human sensitivity to environmental exposures. That research
will support the development of biomarkers of exposure, effect, and
susceptibility for surveillance in the human population, and these discoveries in
turn will support an assessment of host susceptibility for use in extrapolating
results from the in vitro assays to the general population and susceptible groups.
The enhanced ability to characterize interindividual differences in sensitivity to
environmental exposures will provide a firmer scientific basis of the
establishment of human exposure guidelines that can protect susceptible
subpopulations.
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Research on most, or all, of the subjects just described is going on in the United States and
internationally. It is taking place in academe, industry, and government institutions and is
funded by foundations and the federal government, mainly to understand the basis of human
disease and treatment. Private firms, such as pharmaceutical and biotechnology companies,
conduct the research for product development. However, efforts directed specifically toward
developing toxicity-testing systems are small.

Test and Analytic Methods Development—The research just described will provide
the foundation for the development of toxicity tests and comprehensive testing approaches.
The categories of toxicity tests and methods to be developed are outlined next, and the
primary questions to be answered in their development are presented in Table 5.

O Methods to predict metabolism. A key issue to address at an early phase will be
development of methods to ensure adequate testing for metabolites in high-
throughput assays. Understanding the range of metabolic products and the
variation in metabolism among humans and being able to simulate human
metabolism as needed in test systems are critical for developing valid toxicity-
pathway assays. Without such methods, targeted in vivo assays will be needed to
evaluate metabolism.

O Chemical-characterization tools. In addition to metabolism, further
development of tools to support chemical characterization will be important.
The tools will include computational and structure—activity relationship (SAR)
methods to predict chemical properties, potential initial interactions of a
chemical and its metabolites with cellular molecules, and biologic activity. A
National Research Council report (NRC, 2000) indicated that early cellular
interactions are important in understanding potential toxicity and include
receptor—ligand interactions, covalent binding with DNA and other endogenous
molecules, peroxidation of lipids and proteins, interference with sulfhydryl
groups, DNA methylation, and inhibition of protein function. Good predictive
methods for chemical characterization will reduce the need for targeted testing
and enhance the efficiency of the testing.

O Assays to uncover cell circuitry. Development of methods to facilitate the
discovery of the circuitry associated with toxicity pathways will involve
functional genomic techniques for integrating and interpreting various data types
and for translating dose-response relationships from simple to complex biologic
systems, for example, from the pathway to the tissue level. It will most likely
require improved methods in bioinformatics, systems biology, and
computational toxicology. Some advances in overexpression with
complementary DNA (cDNA) and gene knockdown with small inhibitory RNAs
are likely to allow improved pathway mapping and will also lead to studies with
cells or cell lines that are more readily transfectable.

O Assays for large-scale application. Several substantive issues will need to be
considered in developing assays for routine application in a testing strategy.
First, as pathways are identified, medium- and high-throughput assays that
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adequately evaluate pathways and human biology will be developed, including
new, preferably human, cell-based cultures for assessment of perturbations.
Second, the assay designs that best capture the elucidated pathways and can be
applied for rapid large-scale testing of chemicals will need to be identified.
Third, an important design criterion for assays will be that they are adequately
reflective of the in vivo cellular environment. For any given assay, that will
involve an understanding of the elements of the human cellular environment that
must be simulated and of culture conditions that affect response. Fourth, the
molecular evolution of cell lines during passage in culture and related
interlaboratory differences that can result will have to be controlled for. Fifth,
approaches for the testing of volatile compounds will require early attention in
the development of high-throughput assays; this has been a challenge for in vitro
test systems in general. Sixth, assay sensitivity (the probability that the assay
identifies the phenomenon that it is designed to identify) and assay specificity
(the probability that the assay does not identify a phenomenon as occurring
when it does not) will be important considerations in assay design. Individual
assays and test batteries should have the capability to predict accurately the
effects that they are designed to measure without undue numbers of false
positives and false negatives. And seventh, it will be important to achieve
flexibility to expand or contract the suites of assays as more detailed biologic
understanding of health and disease states emerges from basic research studies.

O Suite of assays. An important criterion for the development of a suite of assays
for assessing the potential for a substance to cause a particular type of disease or
group of toxicities will be adequate coverage of causative mechanisms, affected
cell types, and susceptible individuals. Ensuring the right mix of pathway-based
high-throughput assays and targeted tests will involve research. For diseases for
which toxicity pathways are not fully understood, targeted in vivo or other tests
may be included to ensure adequate coverage.

O Human-surveillance strategy. Human data on the fundamental biologic events
involved in the activation of toxicity pathways will aid the interpretation of the
results of high-throughput assays. They will provide the basis of understanding
of determinants of human susceptibilities related to a toxicity pathway and of
background exposures to compounds affecting the pathway. Research will be
needed to assess how population-based studies can best be designed and
conducted to complement high-throughput testing and provide the information
necessary for data interpretation.

O Mathematical models for data interpretation and extrapolation. Procedures for
evaluating the impact of human exposure concentrations will involve
pharmacokinetic and other modeling methods to relate cell media concentrations
to human tissue doses and biomonitoring data and to account for exposure
patterns and interindividual variabilities. To facilitate interpretation of high-
throughput assay results, models of toxicity pathways (see the section
“Components of the Vision) and other techniques will be needed to address
differences among people in their levels of activation of particular response
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pathways. Although it is not a key aspect of the current vision, in the distant
future research may enable the development of biologically based dose-response
models of apical responses for risk prediction.

Test-strategy uncertainty. Methods to evaluate the overall uncertainty in a
possible testing strategy will assist the validation and evolution of the new
methods. Formal methods could be developed that use systematic approaches to
evaluate uncertainty in predicting from the test battery results the doses that
should be without biologic effect in human populations. These uncertainty
evaluations can be used in the construction and selection of testing strategies.

Whether the testing strategy will detect and predict harmful exposures will depend on
whether the major toxicity pathways are addressed by the high-throughput assays or covered
by the targeted in vivo and other tests. To ensure that the test system is adequate, the
committee envisions a multipronged approach that includes the following components:

O

A continuing research and evaluation program to develop, improve, and assess
the testing program.

Adequate validation of the assays, including examination of false-negative and
false-positive rates, by applying the assays to sufficient numbers of chemicals of
known toxicity.

A robust program of biomonitoring, human health surveillance, and molecular
epidemiology to assess exposures and early indicators of toxicity, to aid in
interpretation of high-throughput assay results, and to monitor exposures to
ensure that toxic ones are not missed.

Aspects of those endeavors are discussed in the following subsections.

Strategy for Knowledge and Assay Development and Validation

The research strategy to develop the computational tools, suites of in vitro assays, and
complementary targeted tests envisioned by the committee will likely involve contributions
on multiple fronts, including the following:

O

O

Basic biologic research to obtain the requisite knowledge of toxicity pathways
and the potential human health impacts when the pathways are perturbed.

Science and technology milestones that ensure timely achievement of assays and
tool development for the new paradigm.

Phased basic and applied research to demonstrate success in the transition to the
testing emphasis on toxicity pathways.

The basic-research effort will be directed at discovering and mapping toxicity pathways that
are the early targets of perturbation by environmental agents and at understanding how
agents cause the perturbations. That will be followed by research focused on the design of
assays that can be used to determine, first, whether an agent has the potential to perturb the
pathway and, if so, the levels and durations of exposure required. The scientific inquiry will
involve research at multiple levels of biologic organization, that is, understanding the nature
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of toxicity pathways at the molecular and cellular levels and how toxicity-pathway
alterations may translate to disease processes in tissues, organs, and the whole organism.
Some of the tools and technologies that enable this research are described in the previous
section “Tools and Technologies.”

In each broad field of toxicity testing, such as neurotoxicology and reproductive and
developmental toxicity, systematic approaches to assay development, assay validation, and
generalized acceptance of the assays will be organized and pursued. As the research
questions presented in the previous section are answered, milestones would be achieved in
an orderly manner. Some important milestones to move from pathway research through
assay development to validated test strategies are presented in broad brushstrokes in Table 6.
The committee recognizes that the implementation of its recommendations would entail
extensive planning and expert deliberation; through those processes, the important
milestones would be subdivided, elaborated, reshaped, and perhaps even replaced.

The research would progress in sequential phases, whose timelines would overlap. The
committee finds that four phases would evolve as follows:

Phase I: Toxicity-pathway elucidation—A focused research effort is pursued first to
understand the toxicity pathways for a select group of health effects (that is, apical
endpoints) or molecular mechanisms. Early in this first phase, a data-storage, -access, and -
management system would be established to enable broad use of the data being generated to
facilitate the understanding of the toxicity pathways and research and knowledge
development in later phases. A third element of this phase would involve developing
standard practices for research methods and reporting of results so that they are
understandable and accessible to a broad audience of researchers and to facilitate
consistency and validity in the research methods used. Research in this phase would also
focus on developing tools for predicting metabolism, characterizing chemicals, and planning
a strategy for human surveillance and biomonitoring of exposure, susceptibility, and effect
markers associated with the toxicity-pathway perturbations.

Phase II: Assay development and validation—High- and medium-throughput assays
would be developed for toxicity pathways and points for chemical perturbation in the
pathways organized for assay development. During this phase, attempts would be pursued to
develop biologic markers of exposure, susceptibility, and effect for use in surveillance and
biomonitoring of human populations where these toxicity pathways might activated.

Phase lll: Assay relevance and validity trial—The third phase would explore assay
use, usually in parallel with traditional apical tests. It would screen chemicals that would not
otherwise be tested and would begin the biomonitoring and surveillance of human
populations.

Phase IV: Assembly and validation of test batteries—Suites of assays would be
proposed and validated for use in place of identified apical tests.
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Some of the key science and technology development activities for the phases are listed out
in Figure 11, and some of the critical aspects are described next. All phases would include
research on toxicity pathways. Progression through the phases would involve exploring the
research questions outlined in Table 4.

Phase I: Toxicity-Pathway Elucidation

Resear ch to under stand toxicity pathways. Phase | research would develop pathway
knowledge from which assays for health effects would emerge. Systems-biology approaches
—including molecular profiling microarrays, pathway mining, and other high-resolution
techniques—would reveal key molecular interactions. Mechanistic understanding provides
the basis for identifying the key molecular “triggers” or mechanisms of interactions that can
alter biologic processes and ultimately cause toxicity after an environmental exposure.
Those nodal triggers or interactions would be modeled in vitro and computationally to
provide a suite of appropriate assays for detecting toxicity-pathway perturbations and the
requisite tools for describing dose-response relationships.

Early efforts would explore possible toxicity pathways for health effects where there is fairly
advanced knowledge of mechanisms of toxicity, molecular signaling and interactions. As a
case study, the following sketches out how knowledge development might begin for toxic
responses that are associated with estrogenic signaling alterations caused by agonists and
antagonists of estrogen function.

Even our current appreciation of the number of potential toxicity pathways highlights the
breadth of responses that might be evaluated in various high-throughput assays.
Consideration of adverse responses at the level of the intact organism that might be
associated with altered signaling through estrogen-receptor-mediated responses illustrates
some of the challenges. Xenobiotic-caused alteration in estrogen signaling can occur or be
measured at a number of points in the various process that affect estrogen actions, including
steroidogenesis, hormone transport and elimination, receptor binding and alteration in
numbers of receptors, and changes in nuclear translocation. Those pathways may also be
evaluated at different levels of organization—Iligand binding, receptor translocation,
transcriptional activation, and integrated cellular responses. Some of the processes are
outlined here.

O Estrogen steroidogenesis. Upstream alterations in steroidogenesis pathways or
other independently regulated pathways that affect endocrine signaling would be
explored. Knowledge development would focus on understanding of enzymatic
function for key steroidogenesis pathways and the interactions of the pathways
with each other and on understanding of how key elements of the pathways
might be altered, including alterations of precursors, products, and metabolites
when pathway dysregulation occurs. The research might involve quantitative
assessment of key enzyme functions in in vitro and in vivo systems, analytic
techniques to measure various metabolites, and modeling to understand the
target and key steps that undergo estrogen-related dysregulation. Other assays
would develop SAR information on compounds already associated with altered
steroidogenesis in other situations.
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O Estrogen—receptor interactions. Much is known about the molecular interactions
between xenobiotics and estrogen receptors (ERSs), for example, direct
xenobiotic interaction with ERs, including differential interaction with specific
ER subtypes, such as ER-a and ER-b xenobiotic interactions with discrete
receptor domains that give rise to different biologic consequences, such as
interactions with the ligand-binding domain that could cause conformational
changes that activate or inhibit signaling; and direct xenobiotic interactions with
other components of the ER complex, including accessory proteins, coactivators,
and other coregulatory elements. Most responses associated with altered
estrogen signaling would be more easily evaluated in assays that evaluated a
larger scale function, such as receptor activation of estrogen-mediated
transcription of reporter genes or estrogen-mediated cell responses (for example,
cell proliferation of estrogen-sensitive cells in vitro).

O Processes that lead to estrogenic transgenerational epigenetic effects. Assay
development to address estrogen-induced transgenerational epigenetic effects
would involve understanding how early-life exposures to estrogenic compounds
permanently alter transcriptional control of genes, understanding how such
early-life exposures might be priming events for later-life alterations in
reproductive competence or the development of cancer, and understanding how
such exposures may produce transgenerational effects. Specific approaches in
this research might include genomewide methods to analyze the patterns of
DNA methylation with and without estrogenic exposure, quantification of
histone modifications, measurements of microRNAs, and the dissection and
mechanistic understanding of hormonal inputs to the epigenetic regulatory
phenomena.

Those are just a few examples of the kinds of research on estrogenic compounds that would
support assay development. The approaches include relatively small-scale research efforts
for processes that are fairly well understood (such as direct ligand—receptor interactions) and
larger endeavors for the yet-to-be-explained processes (such as the epigenetic and
transgenerational effects of early-life estrogenic-compound exposure). A holistic
understanding of estrogenic and other pathways and signaling in humans would be derived
incrementally by building on studies in a wide variety of species and tissues. New
information from basic studies in biology is likely to lead to improved assays for testing
specific toxicity pathways.

The identified estrogenic pathways and signaling processes, once understood, would serve
as the substrate for further pathway mining to highlight the critical events that could be
tested experimentally in assay systems, that is, events that are obligatory for downstream,
apical responses and occur at the lowest exposure of a biologic system to an environmental
agent. With studies on the organization of response circuitry controlling the toxicity-
pathway responses, a dose-response model would be based on key, nodal points in the
circuits that control perturbations, rather than on the overall detail of all steps in the
signaling process.
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Assessing validity of pathway knowledge and linkage to adversity at the organism
level: The next step in pathway elucidation would be the assessment of the validity of the
pathway knowledge, which would proceed in two steps and involve the broader scientific
community.

First, the validity would be tested by artificially modulating the pathways to establish that
predicted downstream molecular consequences are consistent and measurable. The
perturbations could take place, for example, with the use of standard reference compounds,
such as 17b-estradiol, or discrete molecular probes, such as genetically modified test
systems, knockout models, or other interventions with siRNA or small-molecule inhibitors
of key enzymes of other cellular factors.

Second, the consequences of pathway disruption for the organism—the linkage of molecular
events to downstream established biologic effects considered to be adverse or human disease
—would be assessed. For the case of perturbations of estrogen signaling, it may include
linkage with results from short-term in vivo assays, such as an increase in uterine weight in
rats in the uterotrophic assay. The link between the toxicity pathways and adverse effects at
the level of the whole organism would be assessed in a variety of in vivo and in vitro
experiments.

Development of data-stor age, data-access, and data-management systems: Very early
stage in Phase |, data-storage, -access, and -management systems should be developed and
standardized. As the altered-estrogen-signaling case study indicates, the acquisition of the
knowledge to develop high-throughput testing assays would involve the discovery of
toxicity pathways and networks from vast amounts of data from studies of biologic circuitry
and interactions of environmental agents with the circuitry. Organization of that knowledge
would require data analysis and exploration by interdisciplinary teams of scientists.
Understanding the relationships of pathways to adverse endpoints would also involve large-
volume data analysis, as would the design of test batteries and their validation. Those efforts
could be stymied without easy and wide public access to databases of results from a broad
array of research studies: high-throughput assays, quantitative-SAR model development,
protein and DNA microarrays, pharmacokinetic and metabolomic experiments, in vivo
apical tests, and human biomonitoring, clinical, and population-based studies. Central
repositories for “-omics” data are under development and exist to a small extent for some in
vivo toxicity data. The scale of data storage and access envisioned by the committee is much
larger.

The data should be available, regardless of whether they were generated by industry,
academe, federal institutions, or foundations. However, the data-management system must
also be able to accommodate confidential data but allow for data sharing of confidential
components of the database among parties that agree to the terms of confidentiality. The
data-management system would also provide procedures and guidelines for adequate quality
control. Central storage efforts would need to be coordinated and standardized as
appropriate to ensure usefulness.
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Standar dization of resear ch assays and results:. With the development of data-
management systems, processes for standardizing platforms would have to be developed.
Currently, there is little standardization of microarrays, although such efforts are moving
more quickly with the Minimum Information About a Microarray Experiment formats now
in use (Brazma et al., 2001). Too much standardization can stifle innovation, so approaches
to identifying and using the appropriate level of standardization would be needed.
Bioinformatics should proceed jointly with the development of assay-platform technology.
Data-management systems would have to evolve flexibly to accommodate new data forms
and assay platforms.

Phase II: Assay Development and Validation—After the Phase | validity assessment,
pathways would be selected for assay development. The focus would be on critical toxicity
pathways that lead reliably to adverse effects for the organism and that are not secondary
consequences of other biologic perturbations. The first subsection of this section outlined
some of the technical issues that would require research to support assay development.

The case-study example of altered estrogen signaling already given indicates how assays
may follow from toxicity-pathway identification. Understanding the direct gene-regulation
consequences of modulated ER-mediated transcriptional activation would lead to specific
assays for quantitative assessment of transcription (RNA), translation (protein), metabolite
markers, and altered function. Rapid assays to evaluate function on the scale of receptor
activation of estrogen-mediated transcription of reporter genes or even estrogen-mediated
cell responses, such as cell proliferation of estrogen-sensitive cells in vitro, could be
developed to assess altered estrogen signaling.

Also important for assessing the potential for perturbations in estrogen signaling would be
reliable assays for detecting estrogen receptor interactions rapidly. Specific assays that
might be developed include ligand-receptor binding assays and more sophisticated
computational structural models of ligand interactions with receptor and receptor-complex
conformational changes. Further sets of assays would be needed to address the wide variety
of toxicity pathways by which estrogenic compounds can operate. In this phase, biomarkers
of effect, susceptibility, and exposure would be developed for use in human biomonitoring
and surveillance.

Demonstrating that a test is reliable and relevant for a particular purpose is a prerequisite for
its routine use for regulatory acceptance. But establishing the validity of any new toxicity
assay can be a formidable process—expensive, time-consuming, and logistically and
technically challenging. Development of efficient approaches for validating the new
mechanistically based assays would add to the challenge. How can the assays come into use
within a reasonable time and be sufficiently validated to be used with confidence? That
question is discussed by considering first the relevant existing guidance on validation and
then the challenges faced in validating the new tests. Finally, some general suggestions are
made regarding validation of the new tests. In making its suggestions, the committee
acknowledges the considerable work going on in institutions in the United States and Europe
to improve validation methods.
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Existing validation guidance: Guidelines on the validation of new and revised methods for
regulatory acceptance have been developed by both regulatory agencies and consortia
(ICCVAM/NICEATM, 2003; OECD, 2005). Such guidelines focus on multifactorial aspects
of a test, which cover the following elements:

O Definition of test rationale, test components, and assay conduct and the
provision of details on the test protocol.

O Consideration of the relationship of the test-method endpoints to the biologic
effect of interest.

O Characterization of reproducibility in and among laboratories, transferability
among laboratories, sources of variability, test limits, and other factors related to
the reliability of test measurements (sometimes referred to as internal validity).

O Demonstrated biologic performance of the test with reference chemicals,
comparison of the performance with that of the tests it is to replace, and
description of test limitations (sometimes referred to as external validity).

O Availability, peer review, and good-laboratory-practices status of the data
supporting the validation of the test method.

O Independent peer review of the methods and results of the test and publication in
the peer-reviewed literature.

Criteria for regulatory acceptance of new test methods have also been published (ICCVAM/
NICEATM, 2003). They cover some of the subjects noted already and include criteria
related to robustness (insensitivity to minor changes in protocol), time and cost
effectiveness, capability of being harmonized and accepted by agencies and international
groups, and capability of generating useful information for risk assessment.

Validation of a new test method typically is a prerequisite for regulatory acceptance but is
no guarantee of acceptance. It establishes the performance characteristics of a test method
for a particular purpose. Different regulatory agencies may decide that they have no need for
a test intended for a given purpose, or they may set their criteria of acceptable performance
higher or lower than other agencies. To minimize problems associated with acceptance, the
Organization for Economic Cooperation and Development (OECD, 2005) recommends that
validation and peer-review processes take place before a test is considered for acceptance as
an OECD test guideline. OECD recognizes, however, that factors beyond the technical
performance of an assay may be viewed differently by different regulatory authorities.

Challengesin validating mechanistically based assays: Validation of the mechanistically
based tests envisioned by the committee may be especially challenging for several reasons.
First, the tests in the new paradigm that are based on nonapical findings depart from current
practice used by regulatory agencies in setting health advisories and guidelines based on
apical outcomes. Relevant policy and legal issues are discussed at length in the next section,
“Prerequisites for Implementing the Vision in Regulatory Contexts,” and are not covered
here except to note that scientific acceptance of a test and its relationship to disease is a
critical component of establishment of the validity of the test for regulatory purposes.
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Second, the new “-omics” and related technologies will need to be standardized and refined
before specific applications can be validated for regulatory purposes (Corvi et al., 2006).
Such preliminary work could be seen as an elaborate extension of the routine step of test-
method optimization or prevalidation leading to validation of conventional in vivo or in vitro
assays. The committee also notes earlier in this report that some degree of standardization
will be necessary early to promote understanding and use of assay findings by researchers
for knowledge development.

Third, because “-omics” and related technologies are evolving rapidly, the decision to halt
optimization of a particular application and begin a formal validation study will be
somewhat subjective. Validation and regulatory acceptance of a specific test do not preclude
incorporating later technologic advances that would enhance its performance. If it is
warranted, the effects of such modifications on performance can be evaluated through an
expedited validation that avoids the burdens of a second full-blown validation.

Fourth, the committee envisions that a suite of new tests typically will be needed to replace
an individual in vivo test, given that apical findings can be triggered by multiple
mechanisms. Consequently, although it is current practice to validate a single test against the
corresponding conventional test and then to look for one-to-one correspondence, the new
paradigm would routinely entail validation of test batteries and would use multivariate
comparisons.

Fifth, existing validation guidelines focus on concordance between the results of the new
and the existing assays. In practice, that often means comparing results from cell-based in
vitro assays with in vivo data from animals. One of the challenges of validating the medium-
and high-throughput assays in the new vision—with its emphasis on human-derived cells,
cell lines, and cellular components—will be to identify standards of comparison for
assessing their relevance and predictiveness while aiming for a transformative paradigm
shift that emphasizes human biology, mechanisms of toxicity, and initial, critical
perturbations of toxicity pathways.

Sixth, it is anticipated that virtually all xenobiotics will perturb signaling pathways to some
degree, so a key challenge will be to determine when a perturbation leads to downstream
toxicity and when it does not. Thus, specificity may be a bigger challenge than sensitivity.

Assay validation under new toxicity-testing paradigm: Validation should not be viewed
as an inflexible process that proceeds sequentially through a fixed series of steps and is then
judged according to unvarying criteria. For example, because validation assesses fitness for
purpose, such exercises should be judged with the specific intended purpose in mind. A
test’s intended purpose may vary from use as a preliminary screening tool to use as the
definitive test. Similarly, a new test may be intended to model one or a few toxicity
mechanisms for a given apical endpoint but not the full array of mechanisms. Given that the
new paradigm would emerge gradually, it would be important to consider validating
incremental gains, while recognizing their current strengths and weaknesses.
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Consequently, applying a one-size-fits-all approach to validation is not conducive to the
rapid incorporation of emerging science or technology into regulatory decision making. A
more flexible approach to assay validation would facilitate the evolution of testing toward a
more mechanistic understanding of toxicity endpoints; the form the validation should take is
a point of discussion and deliberation (Balls et al., 2006; Corvi et al., 2006). For
nonregulatory use of assays, preliminary data-gathering, and exploration of mechanisms, at
a minimum some general guidance on assay performance appears warranted for intended
assays. For assays to be used routinely, somewhat rigorous performance standards and
relevance would have to be established.

Returning to the case study on estrogen signaling, the validation sequence involves the
development of specific assays that track the key molecular triggers linked to human
estrogenic effects. This validation component is largely focused first on validating that the
assay components recapitulate the key molecular interactions already described here and
then on the traditional approach of looking at assay performance in terms of reproducibility
and relevance.

Assessing intralaboratory and interlaboratory reproducibility is more straightforward than
assessing relevance, which is sometimes labeled accuracy. To assess relevance, assays
would be formally linked to organism-level adverse health effects. For example, they would
provide the basis of evaluating the level of molecular change that potentially corresponds to
an adverse effect. In addition, reference compounds would be used to determine the assays’
positive and negative predictive value. ldeally, substances known to cause and substances
known not to cause the effect in humans would be used as the reference agents for positive
and negative predictivity. In the absence of adequate numbers of xenobiotics known to be
positive and negative in humans, animal data may have to be used in validation. For the
assays based on human cell lines, that could be problematic, and some creativity and
flexibility in the validation process would be desirable. For example, rodent-based cell
assays comparable with the human assay could be used to establish relevance and to support
the use of the human cell-based assay.

Phase lll: Assay Relevance and Validity Trial—Once assays are developed and
formally validated, they would become available for use. The committee suggests three
distinct strategies that could aid in the assessment of test validity and relevance and could
further the development of improved assays.

First, research entities, such as the National Toxicology Program (NTP), should further
develop and run the experimental high-throughput assays, some before they are fully
validated, on chemicals that have already been extensively tested with standard or other
toxicity tests. The NTP has, for example, initiated mechanistic high-throughput assays on at
least 500 chemicals that have already been tested using NTP cancer and reproductive and
developmental toxicity studies, and, in collaboration with the NIH Molecular Library
Initiative, further developed and applied cell-based screening assays that can be automated
(NTP, 2006). The U.S. Environmental Protection Agency (EPA) National Center for
Computational Toxicology (NCCT) also has an initiative to screen numerous pesticides and
some industrial chemicals in high-throughput tests. Those processes would be essential for
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validating the new assays and for learning more about which health effects can be predicted
from specific perturbations of toxicity pathways.

Second, new validated assays should be conducted in parallel with existing toxicity tests for
chemicals, such as pesticides and pharmaceuticals, that will be undergoing or have recently
undergone toxicity testing under regulatory programs. This research testing, which would be
conducted by research entities, would help to foster the evolution of the assays into cell-
based test batteries to eventually replace current tests. The testing would also help to gauge
the positive and negative predictive values of the various assays and thereby help to avoid
(or at least begin to quantify) the associated risks with missing important toxicities with the
new assays or incorporating a new assay that detects meaningless physiologic alterations
that are not useful for predicting human risk.

Third, as the new assays are developed further and validated, they should be deployed as
screens for evaluation of chemicals that would not currently undergo toxicity testing, such as
existing high-production-volume chemicals that have not been tested or have been evaluated
only with the screening information data set, or new chemicals that are not currently subject
to test requirements. Used as screens for chemicals that would otherwise not be tested or be
subject only to little testing, the assays could begin to help to set priorities for testing and
could also help to guide the focus of any testing that may be required. Eventually they could
provide the basis of an improved framework for addressing chemicals for which testing is
limited or not done at all. This is illustrated in Figure 12.

Resources will be required to implement the three approaches: testing of chemicals with
large and robust data sets of apical tests, parallel research testing of chemicals subject to
existing regulatory testing requirements, and applying high-through-put screens to chemicals
that are currently not tested. In making those suggestions, the committee is not
recommending expanding test requirements for pesticides or pharmaceuticals. Rather, it
notes that the tests developed will be a national resource of wide benefit and worthy of
funding by federal research programs. Voluntary testing by industry using validated new
assays should also be encouraged. The three approaches are anticipated to pay off
substantially in the longer term as scientists, regulators, and stakeholders develop enough
familiarity and comfort with the new assays that they begin to replace current apical
endpoint tests and as mechanistic indicators are increasingly used in environmental decision
making.

In addition to the high-throughput testing by NTP and U.S. EPA of chemicals with robust
data sets already described here, the committee notes the increasing use of mechanistic
assays, primarily for further evaluation of chemicals that have demonstrated toxicity in
standard apical assays. The mechanistic studies are done to evaluate further a tailored subset
of toxicity pathways, such as those involving the peroxisome proliferators-activated
receptor, the aryl hydrocarbon receptor, and thyroid and sex hormones. Some companies are
also using high-throughput assays to guide internal decision making in new chemical
development, but their results typically are not publicly available.
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A recent example of how the high-throughput assays could play out in the near term is the
risk assessment of perchlorate. The data on perchlorate include standard subchronic- and
chronic-toxicity tests and developmental-neurotoxicity tests, but risk assessments and
regulatory decisions have been based on perturbation of iodide-uptake inhibition—the
known toxicity pathway through which perchlorate has its effects (U.S. EPA, 2006b; NRC,
2006¢). If a new chemical were found to inhibit iodide uptake, standard toxicity tests would
not be necessary to demonstrate the predictable effects on thyroid hormone and
neurodevelopment. Regulatory decisions could be based on the dose-response relationship
for iodide-uptake inhibition. The new data on perchlorate-susceptible subpopulations (for
example, those with low iodide) emerging from biomonitoring would also be considered
(see Blount et al., 2006). Such a chemical would need to undergo a full battery of toxicity-
pathway testing to ascertain that no other important pathways that might have effects at
lower doses were disrupted.

In the long run, using upstream indicators of toxicity from high-throughput assays based on
toxicity pathways can be more sensitive and hence more protective of public health then
using apical-endpoint observations from assays in small numbers of live rodents. However,
while the new assays are under development, there will be a long period of uncertainty
during which the false-positive and false-negative rates of the testing battery will remain
unclear, and the ability of the battery to adequately predict effects in susceptible
subpopulations or during susceptible life stages will also be unclear. During the phase-in
period and afterward, there will be a need to pay close attention to whether important
toxicities are being missed or are being exaggerated by the toxicity-pathway screening
battery. The concern about missing important toxic endpoints is one of the main reasons for
the committee’s recommendation for a long phase-in period during which the new assays are
run in parallel with existing assays and tested on chemicals on which there are already large
robust data sets of apical findings. Parallel testing will allow identification of toxicities that
might be missed if the new assays were used alone and will compel the development of
assays to address these gaps.

Many additional issues would need to be considered during the interim phase of assay
development. For example, technical issues, such as cell-culture conditions, and selective
pressures that result in molecular evolution of cell lines over time and across laboratories
could result in issues that could be addressed only with experience and careful review of
assay results. Parallel use of new assays and current tests would probably continue for some
time before the adoption of the new assays as first-tier screens or as definitive tests of
toxicity.

Phase IV: Assembly and Validation of Test Batteries—Once toxicity pathways are
elucidated and translated into high-throughput assays for a broad field of toxicity testing,
such as neurotoxicology, a progressively more comprehensive suite of validated medium- to
high-throughput tests would become available to cover the field. Single assays would not be
comprehensive or predictive in isolation but would be assembled into suites with targeted
tests that would cover the field. The suite or “panel” of assays and the scoring of the assays
would need to be assessed. This may involve a computational assessment of multivariate
endpoints. Turning again to the estrogen-signaling case study, known estrogen modulators
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should register as positive in one or more assays. Confidence in the suite of assays can come
from the knowledge that all known mechanisms of estrogenic-signaling alteration are
modeled.

The development and assessment of batteries and the overall testing strategy would be
facilitated by a formal uncertainty evaluation. For the different risk contexts and decisions to
be made (see the section “Components of Vision”), the preferred test batteries may differ in
sensitivity, in this context the probability that the battery identifies as harmful a dose that is
harmful, and specificity, the probability that a test battery identifies as not harmful a dose
that is not harmful. In screening, the effect of a false-negative finding of no harm at a given
dose can be far more costly than a false-positive finding of harm (see, for example, Lave &
Omenn, 1986). The ability to characterize the specificity and sensitivity of the test battery
would aid the consideration of the cost effectiveness and value of the information to be
obtained from the test battery (Lave and Omenn, 1986; Lave et al., 1988) and ultimately
help to identify preferred test strategies.

Although considerable effort would be directed at the construction of high-throughput
batteries, targeted tests would probably also be needed in routine testing strategies to address
particular risk contexts (for example, registration of a pesticide for food uses). Still, the
endpoint-focused targeted assays should by no means remain static. Instead, they should
evolve to incorporate new refinements. For example, the rapid developments in imaging
technologies have offered scientists important new tools to enhance the collection of
information from animal bioassays. Promising new assays that use nonmammalian models,
such as Caenorhabditis elegans, are in development. Combined mammalian assays that
incorporate a broader array of sensitive endpoints in a more efficient manner have been
developed. The committee assumes that development of those approaches will continue, and
it encourages development and validation of them in targeted testing. As newer targeted-
testing approaches become available, older apical approaches should be retired.

Intermediate products of assay-development research

One important benefit of the research described is that it could add public-health protection
and refinement to current regulatory testing. For example, in some risk contexts, particularly
widespread human exposure to existing chemicals, the dose-response data from toxicity-
pathway tests could help to refine quantitative relationships between adverse effects
identified in the apical tests and perturbations in toxicity pathways and improve the
evaluation of perturbations at the low end of the dose-response curve. The results of the
toxicity-pathway tests could provide data to aid in interpreting the results of apical tests on a
given substance and may guide the selection of further follow-up tests or epidemiologic
surveillance. The mechanistic assays would also help to permit the extrapolation of toxicity
findings on a chemical under study to other chemicals that target the same mechanism.
Additional benefits and research products anticipated for use in the near term include the
following:

O A battery of inexpensive medium- and high-throughput screening assays that
could be incorporated into tiered-testing schemes to identify the most
appropriate tests or to provide preliminary results for screening risk assessments.
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With experience, the assays would support the phase-out of apical endpoint
tests.

O Early cell-based replacements for some in vivo tests, such as those for acute
toxicity.

O Work to develop consensus approaches for DNA-reactivity and mutagenicity
assays and strategies for using mechanistic studies in cancer risk assessment.

O Online libraries of results of medium- and high-throughput screens for use in
toxicity prediction and improving SAR models. For classes of chemicals well
studied in apical endpoint tests, the comparison of results from high-throughput
studies with those from whole-animal studies could provide the basis of
extrapolating toxicity to untested chemicals in the class.

O Elucidation of the mechanisms of toxicity of chemicals well studied in high-
dose apical endpoint tests. Research to achieve the vision must include the study
of perturbations of toxicity pathways of well-studied chemicals, many of which
have widespread human exposure. Such research would bring about better
understanding of the mechanisms of toxicity of the chemicals and improve risk
assessment. Chemicals with known adverse effects and mechanisms well
elucidated with respect to toxicity pathways would be good candidates to serve
as positive controls in the high-throughput assays. Such studies would help to
distinguish between exposures that result in impaired function and disease and
exposures that result in adaptation and normal biologic function (see Figure 2).

O Indicators of toxicity-pathway activation in the human population. This
knowledge could be used to understand the extent to which a single chemical
might contribute to disease processes and would be critical for realistic dose-
response modeling and

O Refined analytic tools for assessing the pharmacokinetics of environmental
agents in humans exposed at low concentrations. Such evaluations could be used
directly in risk assessments based on apical endpoint tests and could aid in
design and interpretation of in vitro screens.

O Improvements in targeted human disease surveillance and exposure
biomonitoring.

Building a Transformative Research Program

Instituting Focused Research—A long-term, large-scale concerted effort is needed to
bring the new toxicity-testing paradigm to fruition. A critical element is the conduct of
transformative research to provide the scientific basis of creating the new testing tools and to
understand the implications of test results and how they may be applied in risk assessments
used in environmental decision making.

What type of institutional structure would be most appropriate for conducting and managing
the research effort? It is beyond the committee’s charge and expertise to make specific
recommendations either to change or to create government institutions or to alter their
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funding decisions. The committee will simply sketch its thoughts on an appropriate
institutional structure for implementing the vision. Other approaches may also be
appropriate.

The committee notes that an institutional structure should be selected with the following
considerations in mind:

O The realization of the vision will entail considerable research over many years
and require substantial funding—hundreds of millions of dollars.

O Much of the research will be interdisciplinary and consequently, to be most
effective, should not be dispersed among discipline-specific laboratories.

O The research will need high-level coordination to tackle the challenges presented
in the vision efficiently.

O The research should be informed by the needs of the regulatory agencies that
would adapt and use the emerging testing procedures, but the research program
should be insulated from the short-term orientation and varied mandates of the
agencies.

Interdisciplinarity, Adaptability, and Timeline—The need for an institutional
structure that encourages and coordinates the necessarily multidisciplinary research cannot
be overstated, and a spirit of interdisciplinarity should infuse the research program.
Accordingly, the effort would need to draw on a variety of technologies and a number of
disciplines, including basic biology, bioinformatics, biostatistics, chemistry, computational
biology, developmental biology, engineering, epidemiology, genetics, pathology, structural
biology, and toxicology. Good communication and problem solving across disciplines are a
must, as well as leadership adept at fostering interdisciplinary efforts. The effort will have to
be monitored continually, with the necessary cross-interactions engineered, managed, and
maintained.

The testing paradigm would be progressively elaborated over many years or decades as
experience and successes accumulate. It should continue to evolve with scientific advances.
Its evolution is likely to entail midcourse changes in the direction of research as
breakthroughs in technology and science open more promising leads. Neither this committee
nor any other constituted committee will be able to foresee the full suite of possibilities or
potential limitations of new approaches that might arise with increasing biologic knowledge.
The research strategy just outlined provides a preview to the future and suggests general
steps needed to arrive at a new toxicity-testing paradigm. Some of the suggested steps would
need to be reconsidered as time passes and experience is developed with new cell-based
assays and interpretive tools, but no global change in the vision, which the committee
regards as robust, is expected.

The transition from existing tests to the new tests would require active management,
involvement of the regulatory agencies, and coherent long-range planning that invests in the
creation of new knowledge while refining current testing and, correspondingly, stimulating
changes in risk-assessment procedures and guidelines. Over time, the research expertise and
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infrastructure involved in testing regimes could be transformed in important ways as the
need for animal testing decreases and pathway-related testing increases.

The committee envisions that the new knowledge and technology generated from the
proposed research program will be translated to noticeable changes in toxicity-testing
practices within 10 years. Within 20 years, testing approaches will more closely reflect the
proposed vision than current approaches. That projection assumes adequate and sustained
funding. As in the Human Genome Project, progress is expected to be nonlinear, with the
pace increasing as technologic and scientific breakthroughs are applied to the effort.

Cross-Institution and Sector Linkages—The research to describe cellular-response
networks and toxicity pathways and to develop the complementary human biomonitoring
and surveillance strategy would be part of larger current efforts in medicine and
biotechnology. Funding of that research is substantial in medical schools and other academic
institutions, some U.S. federal and European agencies, and pharmaceutical, medical, and
biotechnology industries. Links among different elements in the research community
involved in relevant research will be needed to capitalize on the new knowledge,
technologies, and analytic tools as they develop. Mechanisms for ensuring sustained
communication and collaboration, such as data sharing, will also be needed.

Some form of participation by industry and public-interest groups should be ensured. Firms
have a long-term interest in the new paradigm, and most stand to gain from more efficient
testing requirements. Public-health and environmental interest groups, as well as those
promoting alternatives to animal testing, should also be engaged.

Funding—A large-scale, long-term research program is needed to elucidate the cellular-
response networks and individual toxicity pathways within them. Given the scientific
challenges and knowledge development required, moderately large funding will be required.
The committee envisions a research and test-development program similar in scale to the
NTP or the Institute for Systems Biology in Seattle, WA.

The success of the project will depend on attracting the best thinkers to the task, and the
endeavor would compete with related research programs in medicine, industry, and
government for these researchers. Attracting the best researchers in turn would depend on an
adequately funded and managed venture that appears well placed to succeed.

Institutional Framework—The committee concludes that an appropriate institutional
structure for the proposed vision is a research institute that fosters multidisciplinary research
intramurally and extramurally. A strong intramural research program is essential. The effort
cannot succeed merely by creating a virtual institution to link and integrate organizations
that are performing relevant research and by dispersing funding on relevant research
projects. A mission-oriented, intramural program with core multidisciplinary programs to
answer the critical research questions can foster the kind of cross-discipline activity essential
for the success of the initiative. There would be far less chance of success within a
reasonable period if the research were dispersed among different locations and organizations
without a core integrating and organizing institute. A collocated, strong intramural research
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initiative will enable the communication and problem solving across disciplines required for
the research and assay development.

Similarly, a strong, well-coordinated, targeted extramural program will leverage the
expertise that already exists within academe, pharmaceutical companies, the biotechnology
sector, and elsewhere and foster research that complements the intramural program. Through
its intramural and highly targeted extramural activities, the envisioned research institute
would provide the nexus through which the new testing tools would be conceived,
developed, validated, and incorporated into coherent testing schemes.

The committee sees the research institute funded and coordinated primarily by the federal
government, given the scale of the necessary funding, the multiyear nature of the project,
and links to government regulatory agencies. That does not mean that there will be no role
for other stakeholders. Biotechnology companies, for example, could co-fund specific
projects. Academic researchers could conduct research with the program’s extramural funds.
Moreover, researchers in industry and academe will continue making important progress in
fields related to the proposed vision independently of the proposed projects.

The key institutional question is where to house the government research institute that
carries out the intramural program of core multidisciplinary research and manages the
extramural program of research. Should it be an existing entity, such as the National
Institute of Environmental Health Sciences (NIEHS), or a new entity devoted exclusively to
the proposed vision? The committee notes that the recognized need for research and
institutional structures that transcend disciplinary boundaries to address critical biomedical
research questions has spawned systems-biology institutes and centers at biomedical firms
and several leading universities in the country. However, the committee found few examples
in the government sector. The Department of Energy (DOE) Genomics GTL Program seeks
to engineer systems for energy production, site remediation, and carbon sequestration based
on systems-biology research on microorganisms. In its review of this DOE program, NRC
(2006c¢) found collocated, integrated vertical research to be essential to its success.

If one were to place the proposed research program into an existing government entity, a
possible choice would be the NTP, a multiagency entity administered and housed in NIEHS.
The NTP has several features that suggest it as a possible institutional home for the research
program envisioned here, including its mandate to develop innovative testing approaches, its
multiagency character, the similarities between its Vision and Roadmap for the Future and
what is envisioned here, and its expertise in validating new tests through the NTP
Interagency Center for the Evaluation of Alterative Toxicological Methods and its sister
entity, the Interagency Coordinating Committee on the Validation of Alternative Methods,
and in “-omics” testing at its Center for Toxicogenomics. It is conceivable that the NTP
could absorb the research mandate outlined here if its efforts dramatically scaled up to
accommodate the focused program envisioned. If it were placed in the NTP, structures
would have to be in place to ensure that the day-to-day technical focus on short-term
problems of high-volume chemical testing would not impede progress in evolving testing
strategies. As the new test batteries and strategies are developed and validated, they would
be moved out of the research arm and be made available for routine application.
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The committee considered housing the proposed research institute in a regulatory agency
and notes that this could be problematic. The science and technology budgets of regulatory
agencies have been under considerable stress and appear unlikely to sustain such an effort.
Although U.S. EPA’s NCCT has initiated important work in this field, the scale of the
endeavor envisioned by the committee is substantially larger and could not be sufficiently
supported if recent trends in congressional budgeting for the U.S. EPA continue. For
example, U.S. EPA’s science and technology research budget has been suboptimal and
decreasing in real dollars for a number of years (U.S. EPA, 2006b, 2007).

The research portfolio entailed by the committee’s vision will also require active
management to maintain relevance and the scientific focus needed for knowledge
development. Although sufficient input from regulatory agencies is needed, insulation of the
institute from the short-term orientation of regulatory-agency programs that depend on the
results of toxicologic testing is important.

In the end, the committee noted that wherever the institute is housed, it should be structured
along the lines of the NTP, with intramural and focused extramural components and
interagency input but with its own focused mission and funding stream.

Scientific Surprises and the Need for Midcourse Corrections—Research often
brings surprises, and today’s predictions concerning the promise of particular lines of
research are probably either pessimistic or optimistic in some details. For example, the
committee’s vision of toxicity testing stands on the presumption that a relatively small
number of pathways can provide sufficiently broad coverage to allow a moderately sized set
of high- and medium-throughput assays to be developed for the scientific community to use
with confidence and that any important gaps in coverage can be addressed with a relatively
small set of targeted assays. That presumption may be found to be incorrect. Furthermore,
the establishment of links between perturbations and apical endpoints may prove especially
challenging for some endpoints. Thus, as the research proceeds and learning takes place,
adjustments in the vision and the research focus can be anticipated.

In addition to program oversight noted above, the research program should be assessed
every 3-5 years by well-recognized scientific experts independently of vested interests in
the public and private sectors. The assessment would weigh practical progress, the promise
of methods on the research horizon, and the place of the research in the context of other
research, and it would recommend midcourse corrections.

Concluding Remarks for Developing the Science Base and Assays to Implement the Vision

In the traditional approach to toxicity testing, the whole animal provides for the integration
and evaluation of many toxicity pathways. Yet each animal study is time-consuming and
expensive and results in the use of many animals. In addition, many animal studies need to
be done to evaluate different endpoints, life stages, and exposure durations. The new
approach may require individual assays for hundreds of relevant toxicity pathways. Despite
that apparent complexity, emerging methods allow testing of many pathways extremely
rapidly and efficiently (for example, in microarrays or wells). If positive signals from the
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assays can be used with confidence to guide risk management, the new approach will
ultimately prove more efficient than the traditional one.

It is clear, however, that much development and refinement will be needed before a new and
efficient system could be in place. For some kinds of toxicity, such as developmental
toxicity and neurotoxicity, the identification of replacement toxicity-pathway assays might
be particularly challenging, and some degree of targeted testing might continue to be
necessary. In addition, the validation process may uncover unexpected and challenging
technical problems that will require targeted testing. Finally, the parallel interim process
may discover that some categories of chemicals or of toxicity cannot yet be evaluated with
toxicity-pathway testing. Nonetheless, the committee envisions the steady evolution of
toxicity testing from apical endpoint testing to a system based largely on toxicity-pathway
batteries in a manner mindful of information needs and of the capacity of the test system to
provide information.

In the long term, the committee expects toxicity pathways to become sufficiently well
understood and calibrated for batteries of high-throughput assays to provide a substantial
fraction of the toxicity-testing data needed for environmental decision making. Exposure
monitoring, human surveillance for early perturbations of toxicity-response pathways, and
epidemiologic studies should provide an additional layer of assurance that early indications
of adverse effects would be detected if they occurred. The research conducted to realize the
committee’s vision would support a series of substantial improvements in toxicity testing in
the relatively near term.

PREREQUISITES FOR IMPLEMENTING THE VISION IN REGULATORY
CONTEXTS

The committee’s vision sets the stage for transformative changes in toxicity testing in the
regulatory agencies and the larger scientific community. Although advances in the state of
the science are indispensable to realization of the vision, corresponding institutional changes
are also important. The changes will promote acceptance of the principles and methods
envisioned. Acceptance will depend on several factors, some having scientific origins. For
example, the new testing requirements will be expected to reflect the state of the science and
to be founded on peer-reviewed research, established protocols, validated models, case
examples, and other scientific features. Other factors stem from administrative procedures
associated with rulemaking, such as documenting scientific sources; providing opportunities
for scientific experts, stakeholders, and the interested public to participate; and consulting
with sister agencies and international organizations.

This section explores the conditions required for using the new testing strategy for
regulatory purposes. It focuses on the federal agencies and identifies institutional outlooks
and orientation—both tangible, such as budget and staffing, and intangible, such as
leadership and commitment—that can determine the pace and degree to which the vision is
incorporated into agency culture and practice. The section also addresses the fundamental
issues related to the use and the validity of the new concepts, technologies, and resulting
data for the specific purpose of developing federal regulations.
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The committee’s vision anticipates continual change over the next two to three decades.
Beyond the scientific and procedural considerations summarized in this section, the state of
the economy, changing environmental conditions and social perspectives, and other
dynamics that shape the political climate will influence legislative changes and federal
budgets that, in turn, will determine the future of toxicity testing in the regulatory context.

Institutional Change to Meet the Vision

Attitudes and Expectations—Full realization of the vision depends on the promotion of
new testing principles and methods in the scientific community at large. As in the past, some
changes will originate outside the regulatory agencies and work their way into agency
practice, and others will originate in the agencies and work their way into the larger
scientific community. In both cases, far-reaching shifts in orientation and perception will be
critical. For risk assessors and researchers, the shifts will be from familiar types of studies
and established procedures involving overt effects in laboratory animals and cross-species
extrapolation to new approaches that focus on how chemicals, both endogenous and
exogenous, interact in human disease processes (Lieber, 2006). Many analysts in and outside
the agencies will have to apply their expertise in new ways.

The need for a change in attitude and orientation extends far beyond risk assessors and the
toxicity-testing community. Most difficult, perhaps, will be the new level of scientific
understanding needed to enable many participants, especially nonscientists, to become
sufficiently informed to engage in discussion of the new methods. Lawmakers who
determine policy and appropriate funds, federal executives who determine research
priorities, politically accountable managers and decision makers who use data-based risk
assessment for making regulatory decisions, courts that review those decisions, and the
public, which has an interest in the need for and nature of regulations, will need to become
acquainted with new terminology and concepts.

Nonscientists will grasp some aspects of the new science—such as having regulations based
on data derived from human cells, cell lines, and tissues rather than on laboratory animals—
more easily than other aspects, such as the molecular basis of chemical changes that lead to

adverse health effects. Ideally, individual or institutional “champions” will emerge to foster
and guide the implementation process.

Developing and Cultivating Expertise—Effective implementation depends on
competent scientists and informed agency management. Those factors are crucial: Agency
progress depends on the expertise and experience of the technical staff and a supportive
management structure. Incorporating new tests and testing strategies into risk-assessment
practices and agency testing guidelines will go no further or faster than staffing permits.

For several decades, academic institutions have prepared scientists for toxicity testing and
risk analysis through training in chemistry, biology, toxicology, pharmacology, and the
related medical and engineering disciplines. Agency scientists receive their basic
undergraduate and postgraduate education and training from external institutions and bring
their training to bear on their work for the agencies. For many, pre-agency experience
includes postdoctoral fellowships, internships, or first jobs at universities, industry
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laboratories, consulting laboratories, and other outside organizations. The kind of expertise
currently available in the agencies therefore reflects in large measure expertise in the larger
scientific community. That tradition has contributed to a large and stable cadre of well-
trained scientists in the federal agencies that have science-based responsibilities. Thus,
implementing the vision will require an infusion of new scientists who have education and
experience in the new technologies and special training for current scientific staff and
managers.

Scientists in academe, industry, and consulting laboratories and organizations have had a
productive exchange with those in regulatory agencies through professional conferences and
workshops, joint research projects, and peer-review activities. Fostering and accelerating
those activities will be critical for implementing the vision and will require congressional
and management support of targeted investment in developing and sustaining agency
expertise. Scientists gravitate to attractive, well-funded, and well-staffed programs. To hire
and retain high-caliber scientists in the numbers and disciplines needed, agencies will need
congressional and management support of the vision reflected in budget allocations and
hiring authorizations.

Policies to Foster Development and Use of New Tests—Institutional change does
not come easily. The history of toxicity testing indicates that the pace and extent of change
will depend in part on policies and incentives. Some policies and incentives to encourage the
use and development of the new tests by agencies are discussed here.

First, continued progress in the use of the new technologies constitutes the greatest incentive
to reconfiguring agency testing programs in line with the vision. Policies to support and
reward effective use of new testing concepts and methods should be implemented. Apart
from historical high-visibility examples, such as the Human Genome Project, current broad-
scale examples include the development and use of mechanistic data and the expanding list
of “-omics” applications.

Second, policies to encourage the use of data generated with the new testing paradigm in
chemical assessments by the agencies will be important. That will involve the evolution of
agencies’ risk-assessment methods and guidelines as the new tests are developed and used.
For decades, the federal agencies have promulgated formal risk-assessment guidelines,
based in part on consultation with outside scientists and the public, that codify generally
accepted concepts and methods to be followed in assessing the hazards, dose-response
relationships, exposures, and risks related to environmental agents (for example, U.S. EPA,
1991, 1996, 1998h, 2005c). Poalicies to include the new technologies in agency assessments
can foster and accelerate their acceptance and institutionalization.

Third, congressional funding of agencies to implement the vision is essential to support
relevant research and staffing, encourage work with external scientists outside the agencies,
recognize accomplishments by scientists and their management, and support other policies
to promote change.
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Fourth, dependence of market access on the conduct of specific toxicity tests can be a policy
incentive. For example, the European Union’s Registration, Evaluation and Authorisation of
Chemicals (REACH) program requires generation of a basic set of toxicity data on new
industrial chemicals before the chemicals can enter the market; the program also sets
deadlines for receipt of basic toxicity data on existing industrial chemicals. Another example
is the registration of pesticides in the United States.

Fifth, scientific progress in toxicity testing depends on work in academic and private-sector
laboratories and in the federal sector. Congressional and agency policies and activities must
ensure that sufficiently informative data generated from effective new methods are used in
the regulatory process and that the large expenditures of money are not in vain.

Sixth, policies designed to overcome tendencies to resist novel approaches and maintain the
status quo will be important. Implementing the vision requires periodic re-examination of
testing programs and strategies in each agency and possibly a return to Congress to address
outdated and ineffective programs that might impede implementation of novel tests and
improved testing strategies.

Regulatory Use of New Methods

The committee’s vision sets the stage for transformative change in developing data to meet
regulatory objectives codified in laws passed by Congress. Although the term toxicity testing
rarely, if ever, appears in the major statutes administered by the U.S. Environmental
Protection Agency (EPA), the availability of reliable data on “adverse effects” and health or
environmental “risk” is an underlying assumption in them. The Clean Water Act, the Clean
Air Act, the Toxic Substances Control Act (TSCA), and pesticide and Superfund legislation
are based on the availability of data for risk assessment and regulatory decision making for
chemicals in their jurisdictions.

The data can have several sources. Some statutes—such as the Federal Insecticide,
Fungicide, and Rodenticide Act (FIFRA), the Food Quality Protection Act, and TSCA—
authorize U.S. EPA to require the producers of some chemicals to develop and submit
specific categories of data to the agency. Other statutes—such as the Clean Air Act, the
Clean Water Act, and the Safe Drinking Water Act—require toxicity data to be considered
but depend mainly on information available in the scientific literature or government
laboratory reports (in some cases, these statutes authorize U.S. EPA to apply TSCA and
FIFRA testing requirements to chemicals in their jurisdiction). Regardless of the statute or
the data source, toxicity data are indispensable for well-reasoned conclusions on the nature
and dimensions of risk and for well-grounded decisions on the necessity of regulation to
protect the public health or the environment and on the nature and scope of any such
regulations.

As discussed in previous sections, the committee’s vision will result in the generation of
data on perturbations in toxicity pathways with the use of high- and medium-throughput
assays. A few of the test methods considered in this report have a long history and a place in
the current regulatory testing programs and current risk-assessment guidelines and practices.
Others are in early stages of development and have yet to be considered for regulatory use.
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Still others that will be used eventually are not yet on the drawing board or even imagined.
Debate on the scientific validity of nonapical test methods and the application of the
resulting data should be expected, and controversy could stall or bar the use of new test
methods by regulatory agencies.

The discussion here addresses the prospect of controversy and focuses on the validity and
defensibility of the new approaches. The primary measure of validity for regulatory
purposes is scientific validity. Evidence of reliability and credibility that satisfies established
scientific criteria is the principal basis for adopting and adapting new testing concepts and
methods for regulatory use. Validity in this sense does not require de novo testing or further
confirmation of previously validated scientific tests (see the section “Developing the Science
Base and Assays to Implement the Vision”). Rather, it involves producing documentary
evidence that the tests have been validated consistently with standard scientific criteria. The
objective is to avoid bringing unproven tests and the resulting data into the regulatory
system. However, there are also policy and procedural aspects to validation, so the
discussion also addresses administrative policies and procedures and other nonscientific
considerations related to promulgating and defending government testing practices and
requirements. New data and data categories developed in line with the proposed changes in
testing can be expected to affect many aspects of risk assessment and risk management. This
section comments mainly on testing requirements.

Scientific Prerequisites of Validity

The federal agencies have a 75-year history of developing and promulgating toxicity-testing
requirements for external entities, such as pesticide and drug manufacturers, and internal
guidance for government laboratories (see introductory sections of this report).
Documenting the validity, reliability, and relevance of test methods to the satisfaction of the
scientific community has been and will continue to be an essential first step in identifying
appropriate methods for use in the regulatory context. That documentation can also provide
information and a tutorial for decision makers, the public, and the courts.

Individual agency testing requirements do not arise de novo. For example, U.S. EPA’s
Office of Pesticide Programs promulgates test guidelines and requirements only after a
comprehensive development and review process involving public comment, harmonization
with other international organizations, and peer review by experts in the field (see, for
example, 63 Fed. Reg. 41845-41848(1998) and U.S. EPA, 2006¢). Documentary evidence
of validity has many sources and takes several forms. It includes evidence that customary
criteria of scientific acceptance, such as peer review and publication in scholarly journals,
have been satisfied. Use by other laboratories, other government agencies, or international
organizations, such as the Organization for Economic Cooperation and Development, is an
indication of scientific acceptability. As new methods emerge, case studies and peer-
reviewed testing guidelines, standardized operating procedures, and practice can be used to
document validity.

Establishing and documenting the validity of the new nonapical test methods and the
validity of markers of adverse responses corresponding to perturbations of toxicity pathways
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will be important milestones in implementing the committee’s vision for regulatory use.
Some considerations for accomplishing this are discussed next.

Adopting and Adapting New Test Systems and Methods—The vision prompts
questions regarding the extent to which scientific progress using primarily human cells, cell
lines, and cellular components in vitro can replace and, ideally, surpass in vivo mammalian
systems as predictors of toxic effects in humans. Testing with cellular systems derived from
human tissue and from nonmammalian systems is backed by an impressive scientific
literature and has a long history that includes major contributions to cancer research and the
Human Genome Project.

Regulatory agencies also use in vitro systems for toxicity testing and risk assessment. In
vitro mode-of-action data were central elements when U.S. EPA proposed revisions to the
cancer guidelines more than 10 years ago and in the final guidelines (U.S. EPA, 2005c).
Mode-of-action data are featured in a wide array of risk assessments in U.S. EPA, other
government institutions, and the private sector (for example, Meek et al., 2003; CalEPA,
2004; NTP, 2005b; IARC, 2006). U.S. EPA’s exploration of mode-of-action approaches
illustrates the use of information on biologic perturbations involved in key toxicity
pathways.

With few exceptions, such studies are used in the regulatory context mainly to supplement
or complement data from in vivo studies. As a result, despite the established value of in vitro
systems for many purposes, increased reliance on them for regulatory testing may require
further evidence of validity. As discussed in this report, a particularly important aspect of
establishing validity concerns metabolism. Many of the issues are highlighted in the
following statement:

Several major problems are encountered in studying metabolism-related toxicity in vitro: (a)
modeling human metabolism ...; (b) maintaining tissue-specific function in vitro; (c)
selecting an appropriate xenobiotic metabolizing system; (d) keeping enzyme activity stable
over time; and (e) the adverse effects to toxicity-indicator cells of subcellular metabolizing
fractions .... Two further problems [are] the testing of mixtures of chemicals that might
require different enzyme systems ... and ... the inactivation of exogenous biotransformation
systems, due to exposure to certain solvents and test substance. (Coecke et al., 2006, 57)

Unresolved scientific issues of that type are potential barriers to full validation and
acceptance of some new concepts and methods for use in the regulatory context. Such issues
show that although the vision conforms to the current movement from in vivo to in vitro test
systems, a new set of scientific and related issues may replace interspecies extrapolation as a
source of controversy. For example, using human cell lines in culture instead of laboratory
animals to identify early perturbations in a cellular-response network avoids the
uncertainties associated with the customary animal-to-human extrapolation. But such
human-to-human methods introduce new issues and related uncertainties, such as
extrapolation from isolated cells in tissue culture to intact humans and from the genetic
backgrounds of the cultured cells to the genetic backgrounds of individuals or populations of
interest for risk-assessment purposes.
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Incorporation of emerging methods depends in part on the status of the new methods in the
scientific community, which in turn depends on the reliability of new test systems in
identifying compounds with known biologic activities. The generic question is “readiness”
for regulatory use. Methods still under development are not necessarily barred, but until they
are fully tested and documentable, questions regarding extrapolation, relevance, and possible
controversy with respect to use for regulatory purposes can be expected.

Identifying and Defining Markers and Indicators of Adverse Responses—The
vision calls for replacing current tests for apical endpoints, such as tumors and birth defects,
with mechanistically based testing that identifies early markers of disease and potential risk.
The new tests focus on perturbations that are expected to produce adverse responses. This
aspect of the vision presents validation issues that require two kinds of documentation, one
scientific and one policy-related.

As discussed earlier, assessment of scientific validity will require evidence, such as peer-
reviewed publications and other indicators of acceptance in the scientific community.
Similar documentation will be required for other new endpoint categories identified as early
indicators of perturbations of critical pathways that have the potential to cause toxic effects.

The policy question is an old one: What constitutes an adverse effect? The regulatory trigger
for many statutes administered by U.S. EPA is an adverse effect or some variation. For
example, the Safe Drinking Water Act calls for establishing contaminant concentrations at
which “no known or anticipated adverse effects on the health of persons occur and which
allows an adequate margin of safety.” A FIFRA provision calls for preventing “unreasonable
adverse effects on the environment,” a phrase that includes nontarget animals as well as
humans. As a result, identifying adverse effects is the objective of many current testing
practices and regulations and will be critical for the use of new test methods and data.

Historically, both in legislation and in practice, testing and regulation have focused on apical
endpoints, particularly clinically, anatomically, or histopathologically observable endpoints,
such as tumors, birth defects, and neurologic impairments. That precedent could provide a
basis of resistance to a move from traditional apical endpoints to perturbations of toxicity
pathways. However, despite the historical emphasis, scientific and regulatory sources make
clear that adverse effects embrace a wide array of endpoint categories. Table 7 provides
some definitions that are consistent with the vision’s approach to toxicity testing.

In this case, establishing validity for regulatory purposes involves documenting (1) sources
that justify a broad interpretation of adverse effects as a concept and (2) published papers
and other materials that show the relationship between responses in toxicity pathways and
disease. Case studies that link specific chemicals, mechanistic endpoints, and disease would
be useful.

Policy and Procedural Prerequisites of Validity—Ideally, new test systems and

agency guidelines that incorporate them will coevolve. In that regard, opportunities for
public participation are as important as scientific measures of validity. For the courts, in
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laboratories subject to government testing requirements, and in the public forum, the
perceived legitimacy of new testing approaches depends also on nonscientific factors.

Establishing a Record—For any of the components of the vision, documentary evidence
of scientific validity as reviewed earlier in this report makes up the substantive portion of the
record, but evidence of public participation is also important. Current U.S. EPA practice
often includes extensive discussion with scientists in universities, industry, advocacy groups,
and other government agencies at public conferences and workshops. Informal or formal
notice-and-comment rulemaking procedures and external peer review are critical steps in the
development and issuance of new testing and risk-assessment guidance (U.S. EPA, 1998c,
2005c¢).

Audience and Communication Issues—The committee’s vision is the product of
extensive scientific thought supported by a substantial body of scientific evidence. The
scientific principles and methods involved in the implementation of the committee’s vision
are well known in the scientific community, a major constituency in the discussion of the
scientific validity of data derived from toxicity tests for regulatory use. Scientists have long
recognized the importance of effective communication of scientific results to a wide variety
of stakeholders in toxicity testing, including other scientists, regulatory authorities, industry,
the mass media, nongovernment organizations, and the public (NRC, 1989; Leiss, 2001;
Krewski et al., 2006; ATSDR, 2007). However, because of the transformative nature of the
committee’s vision for toxicity testing, communication of the scientific basis of the vision
and its implications for risk assessment of environmental agents will be challenging.

Here, there is a need for clarity in communicating the essence of the committee’s vision to
affected parties. The nature and scientific complexity of the unfamiliar and more
sophisticated methods promoted in the vision may require new communication approaches.
The scientific community may be best positioned to understand the scientific basis on which
the committee’s vision rests but may need time to appreciate its implications fully.
Acceptance of the committee’s vision in the scientific community will require further
elaboration of the technical details of its implementation and generation of new scientific
evidence to support the move away from apical endpoints to perturbations of toxicity
pathways. The broad participation of the scientific community in the elaboration of the
committee’s vision for toxicity testing is essential for its success.

Even more challenging will be the nonscientists” understanding and acceptance of the
committee’s vision. Regulatory authorities will need to consider how current risk-
assessment practices can be adapted to make use of the types of toxicity-testing data
underlying the committee’s vision to arrive at human exposure guidelines for environmental
agents judged, on the basis of the new test results, to have toxic potential. Lawmakers will
need to determine whether the regulatory statutes that form the basis of such guidelines need
to be modified to reflect the greater reliance on indicators of toxicity-pathway perturbations
than on overt health outcomes. For regulatory and legal experts to support the
implementation of the committee’s vision, it is essential that the fundamental biologic tenets
underlying it be clearly articulated and reinforced by the development of the scientific data
needed to support the shift away from a focus on apical outcomes to biologic perturbations
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of key toxicity pathways. The communication challenge will be to portray the benefits of
adopting the committee’s vision in scientifically valid terms without confusing the vision
with over-reliance on intricate scientific detail.

Adoption of the committee’s vision will require acceptance by politicians and the public
alike. There will undoubtedly be a lack of support for its implementation if the scientific
essence of the vision (the notion of toxicity pathways and the effects of perturbing them) is
not communicated in understandable terms. Data will need to be generated to demonstrate
that avoidance of such perturbations will provide a level of protection against the potential
health risks posed by environmental agents at least as great as the current level. It will also
be important to demonstrate that adoption of the committee’s vision will permit an
assessment of the potential risks associated with many more agents than is possible with
current toxicity-testing practices and that this expanded coverage of the universe of
environmental agents can be achieved cost-effectively.

The vision for toxicity testing in the 21st century articulated here represents a paradigm shift
from the use of experimental animals and apical endpoints toward the use of more efficient
in vitro tests and computational techniques. Implementation of the vision, which will
provide much broader coverage of the universe of environmental agents that warrant our
attention from a risk-assessment perspective, will require a concerted effort on the part of
the scientific community. A substantial commitment of resources will be required to
generate the scientific data needed to support that paradigm shift, which can be achieved
only with the steadfast support of regulators, lawmakers, industry, and the general public.
Their support will be garnered only if the essence of the committee’s vision can be
communicated to all stakeholders in understandable terms.

CONCLUSIONS

Change often involves a pivotal event that builds on previous history and opens the door to a
new era. Pivotal events in science include the discovery of penicillin, the elucidation of the
DNA double helix, and the development of computers. All were marked by inauspicious
beginnings followed by unheralded advances over a period of years but ultimately resulted
in a pharmacopoeia of lifesaving drugs, a map of the human genome, and a personal
computer on almost every desk in today’s workplace.

Toxicity testing is approaching such a scientific pivot point. It is poised to take advantage of
the revolutions in biology and biotechnology. Advances in toxicogenomics, bioinformatics,
systems biology, epigenetics, and computational toxicology could transform toxicity testing
from a system based on whole-animal testing to one founded primarily on in vitro methods
that evaluate changes in biologic processes using cells, cell lines, or cellular components,
preferably of human origin. Anticipating the impact of recent scientific advances, the U.S.
Environmental Protection Agency (EPA) asked the National Research Council (NRC) to
develop a long-range vision for toxicity testing and a strategic plan for implementing the
vision.
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This article is based on the NRC Committee’s report on Toxicity Testing and Assessment of
Environmental Agents, prepared in response to U.S. EPA’s request, and envisions a major
campaign in the scientific community to advance the science of toxicity testing and put it on
a forward-looking footing. The potential benefits are clear. Fresh thinking and the use of
emerging methods for understanding how environmental agents affect human health will
promote beneficial changes in testing of these agents and in the use of data for decision
making. The envisioned change is expected to generate more robust data on the potential
risks to humans posed by exposure to environmental agents and to expand capabilities to test
chemicals more efficiently. A stronger scientific foundation offers the prospect of improved
risk-based regulatory decisions and possibly greater public confidence in and acceptance of
the decisions.

With those goals in mind, the committee presents in this report a vision for mobilizing the
scientific community and marshalling scientific resources to initiate and sustain new
approaches, some available and others yet to be developed, to toxicity testing. This report
speaks to scientists in all sectors—government, public interest, industry, university, and
consulting laboratories—who design and conduct toxicity tests and who use test results to
evaluate risks to human health. The report also seeks to inform and engage decision makers
and other leaders who shape the nature and scope of government regulations and who
establish budgetary priorities that will determine progress in advancing toxicity testing in the
future. The full impact of the committee’s wide-ranging recommendations can be achieved
only if both scientists and nonscientists work to advance the objectives set forth in the
vision.

The current approach to toxicity testing relies primarily on a complex array of studies that
evaluate observable outcomes in whole animals, such as clinical signs or pathologic
changes, that are indicative of a disease state. Partly because that strategy is so time-
consuming and resource-intensive, it has had difficulty in meeting many challenges
encountered today, such as evaluating various life stages, numerous health outcomes, and
large numbers of untested chemicals. The committee debated several options for improving
the current system but concluded that a transformative paradigm shift is needed to achieve
the design criteria set out in the committee’s interim report: (1) to provide broad coverage of
chemicals, chemical mixtures, outcomes, and life stages, (2) to reduce the cost and time of
testing, (3) to use fewer animals and cause minimal suffering in the animals used, and (4) to
develop a more robust scientific basis for assessing health effects of environmental agents.
For a further discussion of the options considered by the committee, see the section “Options
for a New Toxicity-Testing Paradigm.”

The committee considered recent scientific advances in defining a new approach to toxicity
testing. Substantial progress is being made in the elucidation of cellular-response networks
—interconnected pathways composed of complex biochemical interactions of genes,
proteins, and small molecules that maintain normal cellular function, control communication
between cells, and allow cells to adapt to changes in their environment. For example, one
familiar cellular-response network is signaling by estrogens in which initial exposure results

J Toxicol Environ Health B Crit Rev. Author manuscript; available in PMC 2015 April 27.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Krewski et al. Page 78

in enhanced cell proliferation and tissue growth in specific tissues. Bioscience is enhancing
our knowledge of cellular-response networks and allowing scientists to begin to uncover
how environmental agents perturb pathways in ways that lead to toxicity. Cellular response
pathways that, when sufficiently perturbed, are expected to result in adverse health effects
are termed toxicity pathways. The committee envisions a new toxicity-testing system that
evaluates biologically significant perturbations in key toxicity pathways by using new
methods in computational biology and a comprehensive array of in vitro tests based on
human biology.

Components of the Vision

Figure 3 illustrates the major components of the committee’s vision: chemical
characterization, toxicity testing, and dose-response and extrapolation modeling. The
components of the vision, which are described in the subsections that follow, are distinct but
interrelated modules involving specific sets of technologies and scientific capabilities. Some
chemical evaluations may proceed in a stepwise manner—from chemical characterization to
toxicity testing to dose-response and extrapolation modeling—but such a sequential
evaluation need not always be followed in practice. A critical feature of the new vision is
consideration of the risk context (the decision-making context that creates the need for
toxicity-testing information) at each step and the ability to exit the strategy at any point
when sufficient data have been generated for decision making. The vision emphasizes the
generation and use of population-based and human exposure data where possible for
interpreting test results and encourages the collection of such data on important chemicals
with biomonitoring, surveillance, and epidemiologic studies. Population-based and human
exposure data, along with the risk context, will play a role in both guiding and using the
toxicity information that is produced. Finally, the vision anticipates the development of a
formal process to phase in and phase out test methods as scientific understanding of toxicity-
testing methods expands. That process addresses the need for efficient testing of all
chemicals in a timely, cost-effective fashion.

Chemical Characterization—Chemical characterization is meant to provide insights to
key questions, including a compound’s stability in the environment, the potential for human
exposure, the likely routes of exposure, the potential for bioaccumulation, possible routes of
metabolism, and the likely toxicity of the compound and possible metabolites based on
chemical structure or physical or chemical characteristics. Thus, data would be collected on
physical and chemical properties, use, possible environmental concentrations, metabolites
and breakdown products, initial molecular interactions of compounds and metabolites with
cellular components, and possible toxic properties. A variety of computational methods
might be used to predict those properties and characteristics. After chemical
characterization, decisions might be made about what further testing is required or whether
it is needed at all. In most cases, chemical characterization alone is not expected to be
sufficient to reach decisions about the toxicity of an environmental agent.

Toxicity Testing—In the vision proposed (Figure 3), toxicity testing has two components:
toxicity-pathway assays and targeted testing. The committee expects that when the vision is
achieved, predictive, pathway-based assays will serve as the central component of a broad
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toxicity-testing strategy for assessing the biologic activity of new and existing compounds.
Targeted testing will serve to complement the assays and support evaluation.

Toxicity Pathways—Figure 2 illustrates the activation of a toxicity pathway. The initial
perturbations of cell-signaling motifs, genetic circuits, and cellular-response networks are
obligatory changes resulting from chemical exposure that might eventually result in disease.
The consequences of a biologic perturbation depend on its magnitude, which is related to the
dose, the timing and duration of the perturbation, and the susceptibility of the host.
Accordingly, at low doses, many biologic systems may function normally within their
homeostatic limits. At somewhat higher doses, clear biologic responses occur. They may be
successfully handled by adaptation, although some susceptible people may respond. More
intense or persistent perturbations may overwhelm the capacity of the system to adapt and
lead to tissue injury and possible adverse health effects.

The committee’s vision capitalizes on the identification and use of toxicity pathways as the
basis of new approaches to toxicity testing and dose-response modeling. Accordingly, the
vision emphasizes the development of suites of predictive, high-throughput assays (high-
throughput assays are efficiently designed experiments that can be automated and rapidly
performed to measure the effect of substances on a biologic process of interest—these
assays can evaluate hundreds to many thousands of chemicals over a wide concentration
range to identify chemical actions on gene, pathway, and cell function) that use cells or cell
lines, preferably of human origin, to evaluate relevant perturbations in key toxicity
pathways. Those assays may measure relatively simple processes, such as binding of
environmental agents with cellular proteins and changes in gene expression caused by that
binding, or they may measure more integrated responses, such as cell division and cell
differentiation. Although the majority of toxicity tests in the vision are expected to use high-
throughput methods, other tests could include medium-throughput assays of more integrated
cellular responses, such as cytotoxicity, cell proliferation, and apoptosis. Over time, the need
for traditional animal testing should be greatly reduced and possibly even eliminated.

Targeted Testing—Targeted testing would be used to complement toxicity-pathway tests
and to ensure adequate evaluation. It would be used (1) to clarify substantial uncertainties in
the interpretation of toxicity-pathway data; (2) to understand effects of representative
prototype compounds from classes of materials, such as nanoparticles, that may activate
toxicity pathways not included in a standard suite of assays; (3) to refine a risk estimate
when the targeted testing can reduce uncertainty, and a more refined estimate is needed for
decision making; (4) to investigate the production of possibly toxic metabolites; and (5) to
fill gaps in the toxicity-pathway testing strategy to ensure that critical toxicity pathways and
endpoints are adequately covered. One of the challenges of developing an in vitro test
system to evaluate toxicity is the current inability of cell assays to mirror metabolism in the
integrated whole animal. For the foreseeable future, any in vitro strategy will need to include
a provision to assess likely metabolites through whole-animal testing.

Targeted testing might be conducted in vivo or in vitro, depending on the toxicity tests
available. Although targeted tests could be based on existing toxicity-test systems, they will
probably differ from traditional tests in the future. They could use transgenic species,
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isogenic strains, new animal models, or other novel test systems and could include a
toxicogenomic evaluation of tissue responses over wide dose ranges. Whatever system is
used, testing protocols would maximize the amount of information gained from whole-
animal toxicity testing.

Dose-Response and Extrapolation Modeling—In the vision proposed (Figure 3),
dose-response models would be developed for environmental agents primarily on the basis
of data from mechanistic, in vitro assays as described in the toxicity-testing component. The
dose-response models would describe the relationship between concentration in the test
medium and degree of in vitro response. In some risk contexts, a dose-response model based
on in vitro results might provide adequate data to support a risk-management decision. An
example could involve compounds for which host-susceptibility factors in humans are well
understood and for which human biomonitoring provides good information about tissue or
blood concentrations of the compound and other related exposures that affect the toxicity
pathway in a human population.

Extrapolation modeling estimates the environmental exposures or human intakes that would
lead to human tissue concentrations similar to those associated with perturbations of toxicity
pathways in vitro and would account for host susceptibility factors. In the vision proposed,
extrapolation modeling has three primary components. First, a toxicity-pathway model
would provide a quantitative, mechanistic understanding of the dose-response relationship
for the perturbations of the pathways by environmental agents. Second, physiologically
based pharmacokinetic modeling would then be used to predict human exposures that lead to
tissue concentrations that could be compared with the concentrations that caused
perturbations in vitro. Third, human data would provide information on background
chemical exposures and disease processes that would affect the same toxicity pathway and
provide a basis for addressing host susceptibility quantitatively.

Population-Based and Human Exposure Data—Population-based and human
exposure data are important components of the committee’s toxicity-testing strategy (Figure
3). Those data can help to inform each component of the vision and ensure the integrity of
the overall testing strategy. The shift toward the collection of more mechanistic data on
fundamental biologic perturbations in human cells will require greater use of biomonitoring
and human-surveillance studies for data interpretation. Moreover, the interaction between
population-based studies and toxicity tests will improve the design of each study type for
answering questions about the importance of molecular, cellular, and genetic factors that
influence individual and population-level health risks. Because the vision emphasizes
studies conducted in human cells that indicate how environmental agents can affect human
biologic responses, the studies will suggest biomarkers (indicators of human exposure,
effect, or susceptibility) that can be monitored and studied in human populations.

As toxicity testing shifts to cell-based studies, human exposure data from biomonitoring
studies [such as those recommended in the National Research Council report Human
Biomonitoring for Environmental Chemicals (NRC, 2006b)] may prove pivotal. Such data
can be used to select doses for toxicity testing that can provide information on biologic
effects at environmentally relevant exposures. More important, comparison of
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concentrations that activate toxicity pathways with concentrations of agents in blood, urine,
or other tissues from human populations will help to identify potentially important
exposures to ensure an adequate margin of safety in setting human exposure guidelines.

Risk Context—Toxicity testing is useful ultimately only if it can be used to facilitate more
informed and efficient responses to the public-health concerns of regulators, industry, and
the public. Common scenarios, defined by the committee as “risk contexts,” for which
toxicity testing is used to make decisions include evaluation of potential environmental
agents, existing environmental agents, sites of environmental contamination, environmental
contributors to a human disease, and the relative risk of different environmental agents.
Some risk contexts require rapid screening of tens of thousands of environmental agents;
some require highly refined dose-response data, extending down to environmentally relevant
exposure concentrations, and some require the ability to test chemical mixtures or to use
assays focused on specific mechanisms. Some risk contexts might require the use of
population-based approaches, including population health surveillance and biomonitoring.
With its emphasis on high-throughput assays that use human cells, cell lines, and
components to evaluate biologically significant perturbations in key toxicity pathways, the
vision presented here will assist the decision-making process in each risk context.

Implementation of the Vision

Implementation of the vision will require (1) the availability of suites of in vitro tests—
preferably based on human cells, cell lines, or components—that are sufficiently
comprehensive to evaluate activity in toxicity pathways associated with the broad array of
possible toxic responses; (2) the availability of targeted tests to complement the in vitro tests
and ensure an adequate toxicity database for risk-management decision making; (3)
computational models of toxicity pathways to support application of in vitro test results to
predict exposures in the general population that could potentially lead to adverse changes;
(4) infrastructure changes to support the basic and applied research needed to develop the
tests and the pathway models; (5) validation of tests and test strategies for incorporation into
chemical-assessment guidelines that will provide direction in interpreting and drawing
conclusions from the new assay results; and (6) evidence justifying that the results of tests
based on perturbations in toxicity pathways are adequately predictive of adverse health
outcomes to be used in decision making.

A substantial and focused research effort will be needed to meet those requirements. The
research will need to develop both new scientific knowledge and new toxicity-testing
methods. Key questions that need to be addressed regarding knowledge and method
development are highlighted in Table 4 and Table 5, respectively.

The research and development needed to implement the vision would progress in phases
whose timelines would overlap. Phase | would focus on elucidating toxicity pathways;
developing a data-storage, -access, and -management system; developing standard protocols
for research methods and reporting; and planning a strategy for human surveillance and
biomonitoring to support the toxicity-pathway testing approach. Phase Il would involve
development and validation of toxicity-pathway assays and identification of markers of
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exposure, effect, and susceptibility for use in surveillance and biomonitoring of human
populations. Phase 111 would evaluate assays by running them in parallel with traditional
toxicity tests, on chemicals with large data sets, and on chemicals that would not otherwise
be tested as a screening process. Parallel testing will allow identification of toxicities that
might be missed if the new assays were used alone and will compel the development of
assays to address these gaps. Surveillance and biomonitoring of human populations would
also begin during Phase I11. Finally, the validated assays would be assembled into panels in
Phase IV for use in place of identified traditional toxicity tests.

Validation will be a critical component of the research and development phases.
Establishing the validity of any new toxicity assay can be a formidable process—expensive,
time-consuming, and logistically and technically demanding. For several reasons, validation
will be especially challenging for the mechanistically based tests envisioned by the
committee. First, the test results to be generated in the new paradigm depart from the
traditional data used by regulatory agencies to set health advisories and guidelines. Second,
the many new technologies developed will need to be standardized and refined before
specific applications are validated for regulatory purposes. Third, because new technologies
are evolving rapidly, the decision to halt optimization of a particular application and begin a
formal validation study will be somewhat subjective. Fourth, the committee envisions that a
suite of new tests will typically be needed to replace a specific traditional test. Fifth, existing
guidelines focus on concordance between the results of new and existing assays; the
difficulty will be to find standards for comparison that can assess the relevance and
predictivity of the new assays. Sixth, because virtually all environmental agents will perturb
signaling pathways to some degree, a key challenge will be to determine when such
perturbations are likely to lead to toxic effects and when they are not.

A long-term, large-scale concerted effort is needed to bring the committee’s vision for
toxicity-testing to fruition. A critical factor for success is the conduct of the transformative
research to establish the scientific basis of new toxicity-testing tools and to understand the
implications of test results and their application in risk assessments used in decision making.
The committee concludes that an appropriate institutional structure that fosters
multidisciplinary intramural and extramural research is needed to achieve the vision. The
effort will not succeed merely by creating a virtual institution to link and integrate
organizations that perform relevant research and by dispersing funding on relevant research
projects. Mission-oriented intramural and extramural programs with core multidisciplinary
activities within the institute to answer the critical research questions listed earlier in this
report can foster the kind of interdisciplinary activity essential for the success of the
initiative. There would be far less chance of success within a reasonable time if the research
were dispersed among different locations and organizations without a core integrating and
organizing institute to enable the communication and problem solving required across
disciplines.

Research frequently brings surprises, and today’s predictions about the promise of lines of
research might prove to be too pessimistic or too optimistic in some details. Therefore, the
committee recommends that an independent scientific assessment of the research program
supporting implementation of the vision be conducted every 3 to 5 years to provide advice
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for midcourse corrections. The interim assessments would weigh progress, evaluate the
promise of new methods on the research horizon, and refine the committee’s vision in light
of the many scientific advances that are expected to occur in the near future.

Regulatory acceptance of the new toxicity-testing strategy will depend on several factors.
New testing requirements will be expected to reflect the state of the science and be founded
on peer-reviewed research, established test protocols, validated models, and case studies.
Other factors affecting regulatory acceptance stem from administrative procedures
associated with rulemaking, such as documenting scientific sources; providing opportunities
for scientific experts, stakeholders, and the interested public to participate; and consulting
with sister agencies and international organizations. Implementing the vision will require
improvements and focused effort over a period of decades. However, given the political will
and the availability of funds to adapt the current regulatory system to take advantage of the
best possible scientific approaches to toxicity testing in the future, the committee foresees no
insurmountable obstacles to implementing the vision presented here.

Resources are always limited, and current toxicity-testing practices are long established and
deeply ingrained in some sectors. Thus, some resistance to the vision proposed by this
committee is expected. However, the vision takes full advantage of current and expected
scientific advances to enhance our understanding of how environmental agents can affect
human health. It has the potential to greatly reduce the cost and time of testing and to lead to
much broader coverage of the universe of environmental agents. Moreover, the vision will
lead to a marked reduction in animal use and focus on doses that are more relevant to those
experienced by human populations. The vision for toxicity testing in the twenty-first century
articulated here is a paradigm shift that will not only improve the current system but
transform it into one capable of overcoming current limitations and meeting future
challenges.
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Exposure——) Tissue —> Biologically ——> Early =—> Late =—=> Pathology
Dose Effective Dose Responses Responses

FIGURE 1.
The exposure-response continuum underlying the current paradigm for toxicity testing.
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FIGURE 2.

Biologic responses viewed as results of an intersection of exposure and biologic function.
The intersection results in perturbation of biologic pathways. When perturbations are
sufficiently large or when the host is unable to adapt because of underlying nutritional,
genetic, disease, or life-stage status, biologic function is compromised, and this leads to
toxicity and disease. Source: Adapted from Andersen et al., 2005a. Reprinted with
permission; copyright 2005, Trends in Biotechnology.
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FIGURE 3.
The committee’s vision for toxicity testing is a process that includes chemical

characterization, toxicity testing, and dose-response and extrapolation modeling. At each
step, population-based and human exposure data are considered, as is the question of what
data are needed for decision making.
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Chemical Characterization

Compile data on physical and chemical properties, use characleristics, environmental
concentrations, possible metabolites and breakdown products, and possible toxic properties.
Predict properties and characteristics, where possible and appropriate, by using computational tools.
Answer key questions concerning compound’s stability, potential for human exposure and
bioaccumulation, and toxicity of chemical and possible metabolites.

FIGURE 4.
Overview of chemical characterization component.
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Toxicity Pathways

* Evaluation of perturbations in toxicity pathways
rather than apical end points.

* Emphasis on high-throughput approaches using
cells or cell lines, preferably of human origin.

* Use of medium-throughput assays of more
integrated cellular responses.

FIGURE 5.
Toxicity-testing component, which includes toxicity-pathway testing in cells and cell lines

and targeted testing in whole animals.

Page 101

Targeted Testing

Testing conducted to evaluate metabolites,
assess target tissues, and develop
understanding of affected cellular processes at
genomics level.

Limited types and duration of in vivo studies,
focusing on up to 14-day exposures.

More extensive testing for representative
compounds in novel chemical classes.
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Dose-Response and Extrapolation Modeling

+ Empirical dose-response models will be developed on the basis of data from in vitro,

mechanistically based assays.

+ Physiologically based pharmacokinetic (PBPK) models will equate tissue-media concentrations from
toxicty tests with tissue doses expected in humans.

* Dose-response models for toxicity pathways will reliably predict concentrations expected to cause

measurable precursor-effect responses.

+ PBPK and toxicity-pathway models will identify biomarkers of susceptibility for
sensitive subpopulations.

FIGURE 6.
Overview of dose-response and extrapolation modeling component.
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Oxidants

FIGURE 7.
Nrf2 antioxidant-response pathway schematic. Adapted from Motohashi and Yamamoto

(2004), with permission from Trends in Molecular Medicine.
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* Population-based studies, particularly those
involving cellular or molecular components, may
provide information on perturbations in cellular-
response networks and toxicity pathways.

Population-based studies can provide information on host
susceptibility and background exposures for interpreting and
extrapolating in vitro test results.

+ Population-based studies can reveal health risks not previously identified

through toxicity testing.

Human exposure data can be used to select doses for toxicity testing

that can provide information on biologic effects at environmentally

relevant exposures.

Comparison of human exposure data from biomonitoring

surveys with concentrations that perturb toxicity

pathways can be used to identify potentially
important exposures.

FIGURE 8.
Overview of population-based and human exposure data component.
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= Evaluation of new environmental
agents.

« Evaluation of existing environmental agents.
« Evaluation of a site.

« Evaluation of potential environmental contributors
to a specific disease.

« Evaluation of the relative risks associated with
environmental agents.

FIGURE 9.
Overview of risk contexts component.
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Dose-Response
Assessment

Page 106

Chemical
Characterization Mode of Action Population-based
studies
Compounds ‘T
¥ Dose-response
analysis of Calibrating -
perturbations |™®| in vitro and human Indficqfors
Assess i - of risk
bk of toxicity dosimetry
iologic pathways ‘ 1
Metabolites
Human-exposure
data
Hazard Identification
Risk-Characterization Process
FIGURE 10.

Risk assessment components. End product is development of one or more indicators of risk,

such as a reference dose or concentration.
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Phase I

» Elucidate toxicity pathways.

» Establish data-storing and -management
systems.

» Establish practices for assay conduct and
reporting.

» Plan human-surveillance and -biomonitoring
strategy.

Phase II

Phase III

Phase IV

~ Develop suite of representative human cell lines and
cultures.

~ Develop and validate high-and medium-throughput
assays.

» Develop biomarkers for exposure, susceptibility, and
effect for human surveillance and biomonitoring.

» Gain experience though testing mechanistic assays
+In parallel with traditional apical tests.
*On chemicals with large datasets of apical tests.
*By screening chemicals that would not otherwise
betested.

~ Begin biomonitoring and surveillance of human
populations,

» Propose then validate suites of assays for
use in place of identified apical tests.

FIGURE 11.
Progression

Program Time Line

of some important science and technology activities during assay development.
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No regulatory or other
action. No further
testing.

Regulatory or other
action. No further
testing.

FIGURE 12.

Risk-Management Decision

Chemical Characterization
and
Screening Assay Suite

0 @ A < 3%

Chemical Characteristics
Assay Results

More Testing

In Vitro and In Vivo Targeted Testing

[ S

Results

More Research

Page 108

Screening of chemicals that would otherwise not be tested or be subject to only limited
testing. The results of the screening tests would be used to decide the nature of further

testing needed, if any.

J Toxicol Environ Health B Crit Rev. Author manuscript; available in PMC 2015 April 27.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Krewski et al.

Page 109

TABLE 1

Key Terms Used in the Report

Apical endpoint. An observable outcome in a whole organism, such as a clinical sign or pathologic state, that is indicative of a
disease state that can result from exposure to a toxicant.

Cellular-response network. Interconnected pathways composed of the complex biochemical interactions of genes, proteins, and
small molecules that maintain normal cellular function, control communication between cells, and allow cells to adapt to changes
in their environment.

High-throughput assays. Efficiently designed experiments that can be automated and rapidly performed to measure the effect of
substances on a biologic process of interest. These assays can evaluate hundreds to many thousands of chemicals over a wide
concentration range to identify chemical actions on gene, pathway, and cell function.

Mechanism of action. A detailed description, often at the molecular level, of the means by which an agent causes a disease state or
other adverse effect.

Medium-throughput assays. Assays that can be used to test large numbers of chemicals for their ability to perturb more integrated
cellular responses, such as cell proliferation, apoptosis, and mutation. Because of assay complexity, fewer agents can be evaluated
in the same period than with high-throughput assays.

Mode of action. A description of key events or processes by which an agent causes a disease state or other adverse effect.

Systems biology. The study of all elements in a biologic system and their interrelationships in response to exogenous perturbation
(Stephens & Rung, 2006).

Toxicity pathway. Cellular response pathways that, when sufficiently perturbed in an intact animal, are expected to result in
adverse health effects (see Figure 2).
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Options for Future Toxicity-Testing Strategies

TABLE 2
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Option |, in vivo

Option I, tiered in vivo

Option |11, in vitro and in vivo

Option IV, in vitro

Animal biology
High doses

Low throughput
Expensive
Time-consuming

Use of relatively

Animal biology
High doses
Improved throughput
Less expensive

Less time-consuming

large Use of fewer animals

numbers of animals

Based on apical
endpoints

Based on apical endpoints

Some screening using

computational and in vitro
approaches; more flexibility

than current methods

Primarily human biology
Broad range of doses

High and medium throughput
Less expensive

Less time-consuming

Use of substantially fewer animals

Based on perturbations of critical
cellular responses

Screening using computational
approaches possible; limited

animalstudies that focus on mechanism

and metabolism

Primarily human biology
Broad range of doses
High throughput

Less expensive

Less time-consuming

Use of virtually no animals

Based on perturbations of critical
cellular responses

Screening using computational
approaches
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TABLE 3
Example of Components of Signaling Pathway That Could Be Modeled

In nontoxic environments, antioxidant genes are repressed through inactivation of the transcriptional regulator Nrf2. The cytoplasmic protein
Keap-1 binds Nrf2 and sequesters Nrf2 in the cytoplasm, where it cannot activate transcription of antioxidant genes (see Figure 7). Nrf2 bound
to Keap-1 is then quickly degraded through the Cul3-based E3 ligase system (Kobayashi et al., 2004). In toxic environments, some oxidants
interact with thiol groups on Keap-1, causing Nrf2 to be released and translocated to the nucleus. Once in the nucleus, Nrf2 heterodimerizes
with a small Maf protein and binds to antioxidant response elements; this leads to expression of antioxidant-stress proteins and phase 2
detoxifying enzymes (Motohashi & Yamamoto, 2004).

The negative-feedback response loop has two major portions, each of which could be the target of model development. First, the inactivation of
Keap-1 by oxidants and the later formation of the Nrf2-Maf het-erodimer are response circuits that can be mathematically modeled to predict
low-dose toxic responses. Second, the expression of antioxidant-stress proteins and phase 2 detoxifying enzymes can also be modeled to predict

low-dose toxic responses.
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TABLE 4

Key Research Questions in Developing Knowledge to Support Pathway Testing

Toxicity-pathway identification—What are the key pathways whose perturbations result in toxicity? Multiple pathways—What alteration in
response can be expected from simultaneous perturbations of multiple toxicity pathways?

Adversity—What adverse effects are linked to specific toxicity-pathway perturbations? What patterns and magnitudes of perturbations are
predictive of adverse health outcomes?

Life stages—How can the perturbations of toxicity pathways associated with developmental timing or aging be best captured to enable the
advancement of high-throughput assays?

Effects of exposure duration—How are biologic responses affected by exposures of different duration?

Low-dose response—What is the effect on a toxicity pathway of adding small amounts of toxicants in light of preexisting endogenous and
exogenous human exposures?

Human variability—How do people differ in their expression of toxicity-pathway constituents and in their predisposition to disease and

impairment?
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TABLE 5

Main Questions in Developing Tests and Methods

Methods to predict metabolism—How can adequate testing for metabolites in the high-throughput assays be ensured?

Chemical-characterization tools—What computational tools can best predict chemical properties, metabolites, xenobiotic—cellular and
molecular interactions, and biologic activity?

Assays to uncover cell circuitry—What methods will best facilitate the discovery of the circuitry associated with toxicity pathways?

Assays for large-scale application—Which assays best capture the elucidated pathways and best reflect in vivo conditions? What designs will
ensure adequate testing of volatile compounds?

Suite of assays—What mix of pathway-based high- and medium-throughput assays and targeted tests will provide adequate coverage? What
targeted tests should be developed to complement the toxicity-pathway assays? What are the appropriate positive and negative controls that
should be used to validate the assay suite?

Human-surveillance strategy—What surveillance is needed to interpret the results of pathway tests in light of variable human susceptibility and
background exposures?

Mathematical models for data interpretation and extrapolation—What procedures should be used to evaluate whether humans are at risk from
environmental exposures?

Test-strategy uncertainty—How can the overall uncertainty in the testing strategy be best evaluated?
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TABLE 6

Some Science and Technology Milestones in Developing Toxicity-Pathway Tests as the Cornerstone of Future
Toxicity-Testing Strategies

Develop rapid methods and systems to enable in vitro dosing with chemical stressors (including important metabolites and volatile
compounds).

Create and adapt human, human-gene-transfected rodent, and other cell lines and systems, with culture medium conditions, to have an adequate
array of in vitro human cell and tissue surrogates.

Adapt and develop technologies to enable the full elucidation of critical toxicity pathways causing the diseases by the mechanisms selected for
pilot project study.

Develop toxicity-pathway assays that fully explore the possible effects of exogenous chemical exposure on the diseases and mechanisms
selected for a pilot-project study, thereby demonstrating proof of concept.

Establish efficient approaches for validating suites of high-throughput assays.

Develop the infrastructure for data management, assay standardization, and reporting to enable broad data sharing across academic,

government, industry, and nongovernmental organization sectors and institutions.
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Definitions of Adverse Effect
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Definition

Source

“Adverse effect: A biochemical change, functional impairment, or pathologic lesion that affects the performance of
the whole organism, or reduces an organism’s ability to respond to an additional environmental challenge.”

“Adverse effect: Change in the morphology, physiology, growth, development or life span of an organism, system or
(sub) population that results in an impairment of functional capacity, an impairment of the capacity to compensate for
additional stress, or an increase in susceptibility to other external influences.”

“Adverse effects are changes that are undesirable because they alter valued structural or functional attributes of the
entities of interest .... The nature and intensity of effects help distinguish adverse changes from normal ... variability
or those resulting in little or no significant change.”

“The spectrum of undesired effects of chemicals is broad. Some effects are deleterious and others are not ....
[Regarding drugs], some side effects ... are never desirable and are deleterious to the well-being of humans. These are
referred to as the adverse, deleterious, or toxic effects of the drug.”

“All chemicals produce their toxic effects via alterations in normal cellular biochemistry and physiology .... It should
also be recognized that most organs have a capacity for function that exceeds that required for normal homeostasis,
sometimes referred to as functional reserve capacity.”

IRIS, 2007

Renwick et al., 2003

Sergeant, 2002

Klaassen & Eaton,
1991

Klaassen & Eaton,
1991
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