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Current Paradigm: 

The Exposure-response Continuum
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A Transformative Vision

Daniel Hudson Burnham, Architect

Designer of the 1893 Chicago World’s Fair

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 evergrowing

insistency.

Make no little plans. They have no magic to stir men’s 

blood and probably themselves will not be realized
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A New Paradigm:

Activation of Toxicity Pathways



Toxicity  Pathways

Toxicity Pathway: A cellular response 
pathway that, when sufficiently perturbed, 
is expected to result in an adverse health 
effect.  



Toxicity Response Pathways

Nrf2 oxidative stress

Heat-shock proteins

PXR, CAR, PPAR and AhR receptors

Hypo-osmolarity

DNA damage

Endogenous hormones



In non-toxic environments, Nrf2 

is bound to the cytoplasmic

protein Keap1

Nrf2 Antioxidant Response Pathway

In toxic environments, Nrf2 is 

released into the nucleus, 

leading to expression of 

antioxidant stress proteins 



Mitogen-activated

protein kinase (MAPK)

cascades integrate

cell signaling pathways 

that govern cell kinetics

Integration of  Cell Signaling Pathways



Feedback controlled  

adaptive stress 

responses govern

activation and 

perturbation of 

signaling pathways

Computational Systems Biology



Nfr2 activation

represents an important 

biological perturbation of 

a general toxicity 

pathway

Dose-response Modeling of

Nrf2 Pathway Activation
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Design Criteria: 

Objectives of Toxicity Testing

Broadest coverage of 
chemicals, end points, 
life stages

Lowest cost; 
least time

Detailed mechanistic and 
dose information for human 
health risk assessment

Fewest animals; least 
suffering per animal



The Committee’s Vision

Toxicity Testing in the 21st Century:

A Vision and A Strategy

Final Report Released June 12, 2007



Components of the Vision



Chemical Characterization



Toxicity Testing



Implementing the Vision:

EPA’s ToxCastTM Program

Forecast toxicity

based on

bioactivity

profiling 



High Throughput

Molecular mechanism

10’s/year

10,000’s/day
100’s/year

100,000’s/day1-3/year

Implementing the Vision:

NIEHS  High Throughput Screens



• Enzymatic assays

• Receptor binding assays

• GTPγS binding Assays 

• Tissue culture assays

• Cell-based Elisa and Western Blots (for 

quantitative antigen detection )

• FLIPR™ Assays (GPCR and ion channel targets)

• Immunoassays

Implementing the Vision:

NIH National Chemical Genomics Center



McLaughlin Centre for Population Health Risk Assessment

Progress since 2007:
Regulatory Implications





McLaughlin Centre for Population Health Risk Assessment

Discussion
Progress since 2007:

Endorsement by 
Scientific Community



Transforming Environmental Health Protection*

*Collins, F.S., Gray, G.M. & Bucher, J.R. (2008), 
Science (Policy Forum).  Vol. 319. pp. 906 - 907



“We propose a shift from primarily in vivo 
animal studies to in vitro assays, in vivo assays 
with lower organisms, and computational 
modeling for toxicity assessments.”

*Collins, F.S., Gray, G.M. & Bucher, J.R. (2008), 
Science (Policy Forum).  Vol. 319. pp. 906 - 907

Making it Happen*



McLaughlin Centre for Population Health Risk Assessment

Progress since 2007:
Regulatory Implications

Progress since 2007:
Implications for Risk Assessment





Toxicity Testing and Risk Assessment

Compounds

Metabolite(s)

Assess
Biological 

Perturbation

Affected
Pathway

Measures of
dose in vitro

Dose Response
Analysis for 
Perturbations
of Toxicity 
Pathways

Calibrating 
in vitro and human

Dosimetry

Human Exposure
Data 

Population Based
Studies

Exposure
Guideline

Mode of Action
Chemical
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Dose Response 
Assessment

Hazard Identification

Risk Characterization

Exposure Assessment



• Tsuji & Garry (Exponent Corporation)
• Consider background exposures, mixed 

exposures and sensitive subpopulations

• Rory Connolly (U.S. EPA)
• Consider accuracy of risk predictions
• Microdosimetry to aid in in vitro to in vivo 

extrapolations, including use of PBPK models 
• Development of virtual tissues to integrate 

across molecules, pathways, cells and tissues

Highlights of Invited Commentaries I



• Donald Elliot (Yale Law School) 
• Legal challenges in implementing the vision
• Establishment of what constitutes an 

‘adverse effect’

• Dale Hattis (Clark University)
• Challenges in using HTS results based on the 

current EPA regulatory framework
• Consider expected ‘value of information’ of 

successively adding additional toxicological 
test data

Highlights of Invited Commentaries II



• Lorenz Rhomberg (Gradient Corporation)
• NRC report will require pervasive changes in 

both toxicity testing and risk assessment
• Effective risk assessment needs to consider 

underlying causative pathways in animals and 
humans, and at high and low doses

• Robert Kavlock (U.S. EPA), Chris Austin 
(NCGC), and Ray Tice (NIEHS)
• Interagency memorandum of understanding
• Develop efficient test batteries for 

identifying human health hazards, and for 
prioritizing chemicals for further more in-
depth evaluation

Highlights of Invited Commentaries III



McLaughlin Centre for Population Health Risk Assessment

Progress since 2007:
Regulatory Implications

Progress since 2007:
Rethinking Toxicity Testing







McLaughlin Centre for Population Health Risk Assessment

Progress since 2007:
Federal Agency Commitment







• Toxicity Pathway Identification and 

Chemical Screening and Prioritization 

• Toxicity pathway-based risk assessment

• Institutional Transition

Strategic Goals



“This strategic plan describes an ambitious and 
substantive change in the process by which 
chemicals are evaluated for toxicity.  The NRC 
(2007) suggested that such a transformation 
would require up to $100 million per year in 
funding over a 10 - 20 year period to have a 
reasonable chance of reaching its goals.”

Resources Needed to
Implement EPA’s Strategic Plan*

*U.S. Environmental Protection Agency (2009). Strategic Plan for
the Future of Toxicity Testing at the U.S. Environmental 

Protection Agency.
(www.epa.gov/osa/spc/toxicitytesting/)



McLaughlin Centre for Population Health Risk Assessment

Progress since 2007:
Animal Welfare



• Long-term goal: 

eliminate use of animals 

in harmful research

• Promote 3 R’s: 

Replacement, Reduction, 

Refinement

Animal Rights Perspective:

Humane Society of the United States



Dual Motivation for Change

Better Science Animal Welfare



McLaughlin Centre for Population Health Risk Assessment

Progress since 2007:
UnderstandingToxicity Pathways

(Prion Diseases)



• A Network of Centres of Excellence in Canada 
established in 2005 to respond to Canada’s BSE 
crisis

• Budget of $35 million over seven years

• Five research themes

– Bovine spongiform encephalopathy

– Chronic wasting disease and scrapie

– Creutzfeldt-Jakob disease

– Prion protein structure and function

– Prion disease risk management

• The Network of Centes of Excellence involve:

– 60 principal investigators

– 150 graduate students

– 300+ attendees at the annual meeting

• International collaboration key to success

PrioNet Canada

Neil Cashman
Scientific Director

University of
British Columbia



Prion Misfolding as a Toxicity Pathway



International Collaboration

Government (U.S.)

42%
Research

19%

Government (Canada)

10%

Other 

(PAHO, etc.)

20%

Industry 

Association

8%

Government (Mexico 

& Costa Rica)

1%

Attendee Demographics

Attendees = 50





McLaughlin Centre for Population Health Risk Assessment

Progress since 2007:
Linkages to

Pharmaceutical Risk Assessment



McLaughlin Centre for Population Health Risk Assessment

Applications in the Pharmaceutical Industry?

•Drug safety

•Drug efficacy



Assay
development

Screening
Hits
and
leads

Target
decon-
volution

Target

Target
Target

Validation

Assay
develop-
ment

Screening
Hits
and
leads

Phenotype-based

Target-based

Applications in Drug Design

[Adapted from: Terstappen, Schulpen, Raggiaschi & Gaviraghi (2007), 
Nature Reviews/Drug Discovery, 6, 891-903]



PharmacotoxicologyPharmacovigilance

Understand biological mechanisms of suspected ADRs

Investigate toxicological effects of drugs under real world conditions

Linking Population Based and Laboratory Studies



McLaughlin Centre for Population Health Risk Assessment

Progress since 2007:
Building the Science Base



McLaughlin Centre for Population Health Risk Assessment

• (toxicity OR toxicology OR toxicity testing)

• AND (2000-2009) 

• AND (high-throughput screens OR high-throughput 
in vitro screens)

Toxicity Testing Literature Search Criteria

Example: High-throughput Screening



2011Effect biomarkers11d

700Susceptibility biomarkers11c

3440Exposure biomarkers11b

20153Biomarkers11a

15164Computational biology10

1229Computational toxicology9

330109Quantitative structure-activity relationships8b

26395Structure-activity relationships8a

530Physiologically based pharmacokinetic models7

111Computational systems biology6

2983Systems toxicology5b

31812Systems biology5a

21536Bioinformatics4

28533Functional genomics3

716Stem cell  biology2

322High-throughput in vitro screening1

ScifinderMedlineTopicNumber

Review Papers on Selected Topics, 2000-2009



McLaughlin Centre for Population Health Risk Assessment

• Part A: NRC Report on Toxicity 
Testing in the 21st Century (reprint 
with permission)

• Part B: U.S. EPA Strategic Plan for 
Toxicity Testing (reprint)

JTEH Special Issue on

Future Directions in Toxicity Testing

• Part C: 15+ individual contributions on future 
directions in toxicity testing 



McLaughlin Centre for Population Health Risk Assessment

Progress since 2007:
Regulatory Applications



Expert Panel 

on the

Integrated Testing of Pesticides



Integrated Testing

“Integrated testing, using in vitro data from diverse 
fields of study, represents an exciting means by 

which we can refine and reduce in vivo toxicity 
testing requirements. By this approach, it may be 

possible to avoid the need for full batteries of 
animal-based toxicity tests for each pesticide under 
assessment, while still maintaining defensibility of 

the assessments.”



Assessment Questions

http://www.scienceadvice.ca/pesticides.html

1. What is the current status of the use of integrated testing strategies 
for the risk assessment of pesticides, pharmaceuticals, industrial 
chemicals and other chemical substances by regulatory agencies 
around the world?

2. What is the state of the science of the tools and data sources 
associated with integrated testing strategies? 

3. Could there be potential impacts on the public’s perception and 
confidence in regulatory risk assessment and risk management 
decisions for pesticides if integrated testing strategies were 
implemented? 



McLaughlin Centre for Population Health Risk Assessment

Progress since 2007:
Implementing the Vision



Symposium on International Implications

of the U.S. National Research Council Report on 

Toxicity Testing in the 21st Century: 

Challenges and Opportunities in Implementation

University of Ottawa, 

Desmarais Building, 

55 Laurier St. East, Room 1150

June 29-30, 2009

The Johns Hopkins Bloomberg School of Public Health, Center for Alternatives to 

Animal Testing (Baltimore, Maryland, USA) and the McLaughlin Centre for 

Popultion Health Risk Assessment at the University of Ottawa organized this 

symposium, which examined from an international perspective the scientific, risk 

assessment and implementation challenges and opportunities generated by the 

vision contained in the US National Research Council’s Toxicity Testing report.

http://www.mclaughlincentre.ca/events/toxicity/index.shtml




