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We propose a shift from primarily in vivo animal 

studies to in vitro assays, in vivo assays with Transforming Environmental 
lower organisms, and computational modeling 

for toxicity assessments. Health Protection 
Francis S. Collins,1*† George M. Gray,2* John R. Bucher3* 

Transforming toxicology. The studies we propose will test whether high-throughput and computational tox
icology approaches can yield data predictive of results from animal toxicity studies, will allow prioritization 
of chemicals for further testing, and can assist in prediction of risk to humans. C
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n 2005, the U.S. Environmental Protection 

Agency (EPA), with support from the U.S. 

National Toxicology Program (NTP), 

funded a project at the National Research 

Council (NRC) to develop a long-range vision 

for toxicity testing and a strategic plan for 

implementing that vision. Both agencies 

wanted future toxicity testing and assessment 

paradigms to meet evolving regulatory needs. 

Challenges include the large numbers of sub

stances that need to be tested and how to incor

porate recent advances in molecular toxicol

ogy, computational sciences, and information 

technology; to rely increasingly on human as 

opposed to animal data; and to offer increased 

efficiency in design and costs (1–5). In 

response, the NRC Committee on Toxicity 

Testing and Assessment of Environmental 

Agents produced two reports that reviewed 

current toxicity testing, identified key issues, 

and developed a vision and implementation 

strategy to create a major shift in the assess

ment of chemical hazard and risk (6, 7). 

Although the NRC reports have laid out a solid 

theoretical rationale, comprehensive and rig

orously gathered data (and comparisons with 

historical animal data) will determine whether 

the hypothesized improvements will be real

ized in practice. For this purpose, NTP, EPA, 

and the National Institutes of Health Chemical 

Genomics Center (NCGC) (organizations 

with expertise in experimental toxicology, 

computational toxicology, and high-through

put technologies, respectively) have estab

lished a collaborative research program. 

EPA, NCGC, and NTP Joint Activities 

In 2004, the NTP released its vision and 

roadmap for the 21st century (1), which 

established initiatives to integrate high
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throughput screening (HTS) and other auto

mated screening assays into its testing 

program. In 2005, the EPA established the 

National Center for Computational Toxi

cology (NCCT). Through these initiatives, 

NTP and EPA, with the NCGC, are promot

ing the evolution of toxicology from a pre

dominantly observational science at the 

level of disease-specific models in vivo to a 

predominantly predictive science focused 

on broad inclusion of target-specific, mech

anism-based, biological observations in 

vitro (1, 4) (see figure, below). 

Toxicity pathways. In vitro and in vivo 

tools are being used to identify cellular 

responses after chemical exposure expected 

to result in adverse health effects (7). HTS 

methods are a primary means of discovery 

for drug development, and screening of 

>100,000 compounds per day is routine (8). 

However, drug-discovery HTS methods tra

ditionally test compounds at one concentra-

Standard rodent 
Human experience 

toxicological tests 
1–3 studies/year 

10–100/year 

Predict 

Knowledge 

tion, usually between 2 and 10 µM, and toler

ate high false-negative rates. In contrast, in 

the EPA, NCGC, and NTP combined effort, 

all compounds are tested at as many as 15 

concentrations, generally ranging from ~5 

nM to ~100 µM, to generate a concentration-

response curve (9). This approach is highly 

reproducible, produces significantly lower 

false-positive and false-negative rates than 

the traditional HTS methods (9), and facili

tates multiassay comparisons. Finally, an 

informatics platform has been built to com

pare results among HTS screens; this is 

being expanded to allow comparisons with 

historical toxicologic NTP and EPA data 

(http://ncgc.nih.gov/pub/openhts). HTS data 

collected by EPA and NTP, as well as by 

the NCGC and other Molecular Libraries 

Initiative centers (http://mli.nih.gov/), are 

being made publicly available through Web-

based databases [e.g., PubChem (http:// 

pubchem.ncbi.nlm.nih.gov)]. In addition, 

Alternative Biochemical- and cell-based 
animal models in vitro assays 

100–10,000/year >10,000/day 
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efforts are under way to link HTS data to his
torical toxicological test results, including 
creating relational databases with controlled 
ontologies, annotation of the chemical entity, 
and public availability of information at 
the chemical and biological level needed 
to interpret the HTS data. EPA’s DSSTox 
(Distributed Structure Searchable Toxicity) 
effort is one example of a quality-controlled, 
structure-searchable database of chemicals 
that is linked to physicochemical and toxico
logical data (www.epa.gov/ncct/dsstox/). 

At present, more than 2800 NTP and EPA 
compounds are under study at the NCGC in 
over 50 biochemical- and cell-based assays. 
Results from the first study, in which 1408 
NTP compounds were tested for their ability 
to induce cytotoxicity in 13 rodent and human 
cell types, have been published (10). Some 
compounds were cytotoxic across all cell 
types and species, whereas others were more 
selective. This work demonstrates that titra
tion-based HTS can produce high-quality in 
vitro toxicity data on thousands of compounds 
simultaneously and illustrates the complexi
ties of selecting the most appropriate cell 
types and assay end points. Additional com
pounds, end points, and assay variables will 
need to be evaluated to generate a data set suf
ficiently robust for predicting a given in vivo 
toxic response. 

In 2007, the EPA launched ToxCast 
(www.epa.gov/ncct/toxcast) to evaluate HTS 
assays as tools for prioritizing compounds 
for traditional toxicity testing (5). In its first 
phase, ToxCast is profiling over 300 well-
characterized toxicants (primarily pesticides) 
across more than 400 end points. These end 
points include biochemical assays of protein 
function, cell-based transcriptional reporter 
assays, multicell interaction assays, transcrip
tomics on primary cell cultures, and develop
mental assays in zebrafish embryos. Almost 
all of the compounds being examined in phase 
1 of ToxCast have been tested in traditional 
toxicology tests. ToxRefDB, a relational data
base being created to house this information, 
will contain the results of nearly $1 billion 
worth of toxicity studies in animals. 

Another approach to identifying toxicity 
pathways is exploring the genetic diversity 
of animal and human responses to known 
toxicants. The NCGC is evaluating the dif
ferential sensitivity of human cell lines 
obtained from the International HapMap 
Project (http://www.hapmap.org/) to the 
2800 compounds provided by NTP and 
EPA. Similarly, NTP has established a 
Host Susceptibility Program to investigate 
the genetic basis for differences in disease 
response using various mouse strains 

(http://ntp.niehs.nih.gov/go/32132); cell 
lines derived from these animals will be 
evaluated at the NCGC for differential 
sensitivity to the compounds tested in the 
HapMap cell lines. The resulting collective 
data sets will be used to develop bioactivity 
profiles that are predictive of the phenotypes 
observed in standard toxicological assays 
and to identify biological pathways which, 
when perturbed, lead to toxicities. The ulti
mate goal is to establish in vitro “signatures” 
of in vivo rodent and human toxicity. To 
assist, computational methods are being 
developed that can simulate in silico the 
biology of a given organ system. 

The liver is the most frequent target of more 
than 500 orally consumed environmental 
chemicals, based on an analysis of the distribu
tion of critical effects in rodents by organ, in 
the EPA Integrated Risk Information System 
(IRIS) (www.epa.gov/iris). The goal of the 
recently initiated Virtual Liver project 
(www.epa.gov/ncct/virtual_liver.html) is to 
develop models for predicting liver injury due 
to chronic chemical exposure by simulating 
the dynamics of perturbed molecular path
ways, their linkage with adaptive or adverse 
processes leading to alterations of cell state, 
and integration of the responses into a physio
logical tissue model. When completed, the 
Virtual Liver Web portal and accompanying 
query tools will provide a framework for 
incorporation of mechanistic information on 
hepatic toxicity pathways and for characteriz
ing interactions spatially and across the vari
ous cells types that comprise liver tissue. 

Targeted testing. The NRC committee 
report (7) proposes in vitro testing as the 
principal approach with the support of in 
vivo assays to fill knowledge gaps, including 
tests conducted in nonmammalian species or 
genetically engineered animal models. A goal 
would be to use genetically engineered in vitro 
cell systems, microchip-based genomic tech
nologies, and computer-based predictive toxi
cology models to address uncertainties. 

Dose-response and extrapolation models. 

Dose-response data and extrapolation models 
encompass both pharmacokinetics (the rela
tion between exposure and internal dose to 
tissues and organs) and pharmacodynamics 
(the relation between internal dose and toxic 
effect). This knowledge can aid in predicting 
the consequences of exposure at other dose 
levels and life stages, in other species, or 
in susceptible individuals. Physiologically 
based pharmacokinetic (PBPK) models pro
vide a quantitative simulation of the biologi
cal processes of absorption, distribution, 
metabolism, and elimination of a substance in 
animals or humans. PBPK models are being 

created to evaluate exposure-response rela
tion for critical target organ effects (11). 
These can be combined with models that 
measure changes in cells in target tissues 
under different test substance concentrations. 
This will help to determine the likelihood of 
adverse effects from “low-dose” exposure, as 
well as to assess variation among individuals 
in specific susceptible groups. 

Making It Happen 

Elements of this ongoing collaboration and 
coordination include sharing of databases 
and analytical tools, cataloging critical toxic
ity pathways for key target organ toxicities, 
sponsoring workshops to broaden scientific 
input into the strategy and directions, out
reach to the international community, scien
tific training of end users of the new tech
nologies, and support for activities related 
to the requirements for national and inter
national regulatory acceptance of the new 
approaches. It is a research program that, 
if successful, will eventually lead to new 
approaches for safety assessment and a 
marked refinement and reduction of animal 
use in toxicology. The collective budget for 
activities across the three agencies that are 
directly related to this collaboration has not 
yet been established. Future budgets and the 
pace of further development will depend on 
the demonstration of success in our initial 
efforts. As our research strategy develops, we 
welcome the participation of other public and 
private partners. 
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