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Toxicology in the 21st Century  



The Bernice Barbour  
Foundation 

About 1/3 funding each from industry, philanthropy and research funding  

…and individuals 



• Information and communication 
• Policy and Outreach Program 
• Refinement Program 
• Transatlantic Think Tank of Toxicology (t4) 
• Evidence-based Toxicology 
• Grants Programs  
• Education 
• Research 

CAAT 
Programs 



Examples of 
food related 
activities 
 
Workshop 
Tox-21 beyond 
chemicals 
June, 2012 
 



43 – 60% interspecies correlation 3% well tested chemicals 8% somewhat tested chemicals 

100,000+ chemicals in consumer products 



Hartung and Koeter, ALTEX 2008, 259-264.  



Consumer are little 
aware of animal 
testing for food 
 
Strong 
discrepancies for 
e.g. food additives 
vs. pesticides  

Evident data gaps,  
But traditional 
approaches not 
suitable 



coffee 

DDT 

Comparison of 
cancer risk of 
the average 
American food 
intake 

No need: Coffee is 
poisonous enough 
with 21 of 30 
ingredients tested 
being carcinogenic 
 
 

Source: 
B. Ames & L. Gold 
 
Alcohol 36-times more 
dangerous than coffee 
intake 
 
When using the same 
threshold levels as for 
TCDD (dioxin): 
 
One beer in 345 years 
 



R22 harmful if swallowed  
(LD50 = 150-200mg/kg in rats) 
R 36 irritant to eyes 
R 37 respiratory irritant 
R 38 irritant to skin 
Not carcinogenic,  
but co-carcinogen (promotor) 
Unclear mutagenicity 
Embryonic malformations in 
cat, dog, rat, mice, rabbit, 
monkey 
 Unlikely to be brought to the 
 market today 



An atmosphere of departure in 
toxicology 

New technologies from 
biotech and (bio-
)informatics revolution 

Mapping of pathways of 
toxicity (PoT) 

NAS vision report Tox-21c 

“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”  
F. Collins, NIH, 2008 

    “With an advanced field of 
     regulatory science, new  
    tools, including functional  
    genomics, proteomics,  
    metabolomics, high- 
    throughput screening, and 
     systems biology, we can  
replace current toxicology assays with tests 
that incorporate the mechanistic 
underpinnings of disease and of underlying 
toxic side effects.” M.A. Hamburg, FDA 2011  



Initiatives implementing Tox-21c 

Organization Approach Purpose Outcome 

US EPA & Tox21  
(ToxCast Program) 

High-throughput 
testing 

Chemical 
prioritization 

(initially) 

“Biological 
signatures”  

 

Hamner Institute Case studies  “Just do it” Proof-of-principle 

NIH project 
(CAAT-US) Pathway mapping Pathway ID & 

annotation Human Toxome 



Tox-21c  = 

the end of 
GRAS 

The new regulator 



Tox-20c 

Tox-21c 
EBT 

Omics, high-
content, HTS 
Bio-informatics 
& -engineering 

Pathways 
of Tox (PoT) 
Human 
Toxome 

Integrated 
Testing 
Strategies 
ITS 

Organo-typic 
cultures 
Human-on- 
Chip 

Organo-typic 
cultures 
Human-on- 
Chip 



14 
http://en.wikipedia.org/wiki/Organ-on-a-chip 

 C. Zhang et al. (2009), 
“Towards a human-on-chip: 
Culturing multiple cell types 
on a chip with 
compartmentalized 
microenvironments” 

Human on Chip Approach 

Could overcome 
many of these 
shortcomings, 
especially using 
stem cells 

http://en.wikipedia.org/wiki/Organ-on-a-chip


Opportunities from 
countermeasures to 
bioterrorism 
• Funding program ($200 

million) from 
NIH/FDA/DARPA/DTRA 
 

• Need for predictivity, 
QA, validation 
 

• Joint workshop 10 May 
2013 FDA / NIH / DARPA 
/ CAAT 

 

InfoDay 22 May 2012 



3D vs. 2D cultures 

• Increased cell survival 
 

• Increased differentiation 
 

• Increased cell – cell 
interaction 
 

• Reproducing better the 
complexity of the organ 
 

• Endpoints need 
optimization 
 

• More complex – lower 
reproducibility 
 
 
 
 



Toxicology - $3 billion of testing 
to regulate $10 trillion of trade 

Problems 
• Throughput 
• Costs 
• Predictivity 
• Too precautionary 
• Animal use 
• New products 
• New hazards 
• Mixtures 
• Individuals 

 

? 
? 

Human-on-chip 



Tox-20c 

Tox-21c 
EBT 

Omics, high-
content, HTS 
Bio-informatics 
& -engineering 

Pathways 
of Tox (PoT) 
Human 
Toxome 

Integrated 
Testing 
Strategies 
ITS 

Organo-typic 
cultures 
Human-on- 
Chip 



Scientific roadmap for the future of animal-
free systemic toxicity testing 

 

May 2011:  EC report on status of  alternatives 
Sep 2011:  Independent review by 19 international experts 
Oct 2011:  Five white paper on the way forward 
    Consensus workshop with 35 experts 
Feb 2012: Roadmap published 
Mar 2012: Stakeholder Forum in Brussels with 150 experts 

 
US Stakeholder Forum 30-31 May 2013 

Hosted by FDA CFSAN 
Looking for further interested partners!!! 

 



 Key contribution to REACH 
implementation process  

 Use of different informations, not 
stand-alone replacement 

 Interim decision points 

 Probabilistic / Bayesian approaches 

 Modeling and Machine Learning 

Toxicology will make more use of 
integrated testing strategies 

 

Integrated Testing Strategies 



WoE, EBT, ITS…. Similar problems, 
but not the same 
all: quality and data integration problem 
EBT/WoE retrospective -- ITS prospective 
WoE pragmatic --  EBT / ITS formalized 
 

Just became available (AltWeb or ALTEX website) 



The concept of (finite number of) 
pathways of toxicity 

Annotation to: 
- Hazard 
- Toxin (class) 
- Cell type 
- Species 

Comprehensive list (Human Toxome)            Negatives 

Toxicant 

Toxicant 





Use for PoT identification: 
• Homeostasis under stress, 

i.e. signatures of tox 
• Critical cell infrastructures 

 

• Network knowledge 
• Reference models 
• Reference toxicants  

 



 
NIH Transformative Research Grant: 
Mapping the Human Toxome by Systems 
Toxicology 
Consortium:  Johns Hopkins (Hartung / Yager) 
     Brown (Boekelheide) 
     The Hamner (Andersen) 
     Georgetown (Fornace) 
     Agilent (Rosenberg) 
     EPA ToxCast (Kavlock, Dix) 
 



Toxicological endpoints 

Model Systems Characterization 

In vitro treatments 

In vitro systems 

omics data 
generation 

HC omics data 
Metabolomics 

&Transcriptomics  

Software tools 
Software for Statistics and 

Pathways 

Visualization Tools 

Pathways of Toxicity 
Signature of Toxicity 

Analysis 

PoT Concept 
Development 

Human Toxome 
Database 

Pathway Validation 

Toxcast, other data 

 IV-IV Extrapolation 

Mapping PoT from metabolomics and transcriptomics 



(Pre-)Validated work 
• Robust protocols, good cell models 
• Regulatory acceptance available or in progress 
• Available reference substances 
• Thresholds of adversity defined 

• MCF-7 cells (currently undergoing validation by ICCVAM) & 
• Initial set of endocrine disrupting chemicals selected from a 

priority list of 53 reference compounds identified by ICCVAM   

Gene Expression – Timecourse 
1nM estradiol – 2, 4, 8, and 24 hours 

Day -2 to -5  
 Plate cells 

Day -1 or -2  Switch 
to stripped serum 

Day  0  
Begin treatment 

Cell culture SOP 

In vitro systems 



Untargeted  

MCF-7 cell culture and E2 
exposure 

Data acquisition 
(Q-Tof) 

Workflow for 
Metabolomics  

 

Sample prep and 
metabolite extraction 

Targeted  

Peaks with mass & RT 
(more than 6,000 features)  

Peaks with metabolite names 
(around 200 metabolites) 

 Significant metabolite names 

Metabolites Identification (only for untargeted) and 
confirmation (for both approaches)  

Peak/feature extraction with 
NaÏve data mining algorithm  

Metabolite peak extraction with 
database searching 

Bio-statistical analysis (e.g. ANOVA, 
PCA and clustering analysis) 

Data interpretation  
(e.g. Pathway analysis) 

omics data 
generation 



LC/MS 
GC/MS 

Microarrays Biological 
Pathways 

MassHunter Qual/Quant 
ChemStation AMDIS 

Feature Extraction 
GeneSpring Platform 

Alignment to Reference Genome NGS 

29 

Software tools 

Agilent Integrated Biology Workflows 



Software tools 



Pathways of 
Toxicity 

Significant Metabolites Related Pathways 

Malate Citrate cycle (TCA cycle) 
Fumarate Citrate cycle (TCA cycle); Amino acid metabolisms 

Aconitate Citrate cycle (TCA cycle); C5-Branched dibasic acid metabolism    

Pyruvate Citrate cycle (TCA cycle); Glycolysis / Gluconeogenesis; Amino acid metabolisms 

D-glyceraldehdye-3-
phosphate Glycolysis / Gluconeogenesis 

Lactate Glycolysis / Gluconeogenesis 
Citraconic acid Valine, leucine and isoleucine biosynthesis; C5-Branched dibasic acid metabolism        

L-threo-3-Methylaspartate C5-Branched dibasic acid metabolism   

Glyoxylate C5-Branched dibasic acid metabolism 
(R)-2-Methylmalate Valine, leucine and isoleucine biosynthesis; C5-Branched dibasic acid metabolism        

Arginine Arginine & Proline Metabolism 
Valine Valine, leucine and isoleucine biosynthesis 

L-Glutamate 5-
semialdehyde Arginine & Proline Metabolism 

Ornithine Arginine & Proline Metabolism 
Leucine/Isoleucine Valine, leucine and isoleucine biosynthesis 

Urea cycle

TCA cycle

Glucose

G-6P

Glyceraldehyde-3P

Pyruvate

Citrate

cis-Aconitate

Isocitrate

2-Oxo-glutarate

Succinyl-CoA

Succinate

Fumarate

Malate

Ornithine

L-Argino succinate

L-Glutamate 5-
semialdehyde

Citruline

Proline

Arginine

Arginine and Proline metabolism

Glycolysis

(R)-2-Methylmalate Citraconic acid Valine

Isoleucine

Leucine

Valine, Leucineand Isoleucine biosynthesis

Glutamate

L-threo-3-
Methylaspartate

Glyoxylate

Mesaconate(3S)-Citramalate

C5-Branched dibasic acid metabolism 

Major pathways affected in MCF-7 cells  
after E2 exposure 



PoT 



PoT 

Human Toxome 
database 

User side: 
- Regulation 
- Probabilistic 

RA 
- Systems 

Toxicology 
- Virtual patient 

Content side: 
- Mol.biol. 
- Biochem. 
- Omics SoT 
- Tox Mechan. 

Existing 
databases 

Workshop on the Concept and Tools for Pathways of Toxicity 
October 10 -12, 2012, Baltimore, MD 



Metabolic profiling and Pathway of 
Toxicity identification in DNT 

• DNT (autism, hyperactivity);  
animal test $1.4 million, 1400 animals per substance 
 

• Identify metabolite changes relevant for 
neurodevelopment with reference compounds 
 

•Agilent thought leader award: 
 LC/MS system 
 
• Integrate with  
  genomics 
 
 



PoToMaC - 
The Pathways of Toxicty   
Mapping Center 
Transformative 
Research Grant: 
Mapping the 
Human Toxome 
by Systems 
Toxicology 

7 companies, 3 stakeholders 

European branch? 



2 Mar 2012 

“Driven both by legislative mandate and 
scientific need, a new suite of in vitro and cell 
culture-based animal-free methods are 
gaining a foothold in toxicology labs.” 



The trap 
 
Biological 
phenotyping (alerts) 
becomes available 
before we know how 
to interpret this in a 
risk context 



Evidence-based Toxicology 
“Evidence-based medicine goes toxicology!” 

 
Hoffmann and Hartung “Toward an evidence-based toxicology”,  

Human Exp. Tox., 2006 



Mar 2011:  US EBTC 
Oct 2011:  Secretariat at CAAT 
Jan 2012:  First conference hosted by EPA 



EBT Collaboration Steering Committees 
United States 

• Mel Andersen, Hamner* 
• Rick Becker, ACC 
• Kim Boekelheide, Brown 
• Robert Chapin, Pfizer 
• Rodger Curren, IIVS 
• Suzanne Fitzpatrick, FDA 
• Jack Fowle, EPA 
• James Freeman, ExxonMobil 
• Alan Goldberg, CAAT 
• Thomas Hartung, CAAT 
• Michael Holsapple, Battelle 
• Richard Judson, EPA 
• Francis Kruszewski, ACI 
• Martin Stephens, CAAT 
• William Stokes, NIEHS, NIH 
• Raymond Tice, NTP 
• Joanne Zurlo, CAAT 
• + Sebastian Hoffmann (EU EBTC liaison) 

 

 

Europe 
• Alan Boobis (Imperial College) 
• Neil Carmichael (ECETOC) 
• Thomas Hartung (CAAT) 
• Jan Hengstler (Leibniz Research Centre) 
• Sebastian Hoffmann (seh consulting + services) 
• Philippe Hubert (INERIS) 
• Joanna Jaworska (P&G) 
• Ian Kimber (University of Manchester) 
• Annette Kopp-Schneider (Cancer Research Centre) 
• Marcel Leist (University of Konstanz) 
• Jean-Roch Meunier (L’Oréal) 
• Bennard van Ravenzwaay (BASF) 
• Kai Savolainen (Institute of Occupational Health) 
• Thomas Singer (Hoffmann-La Roche) 
• Nigel Skinner (Agilent) 
• Carl Westmoreland (Unilever) 
• + Martin Stephens (US EBTC liaison) 

 

 * Affiliations for identification purposes only 40 



Definition of Validation 

New 
TEST METHOD 

REFERENCE 
(TEST)  

Reliability 
(reproducibility) 

Relevance: 
scientific basis 

Relevance: 
predictive capacity 

✔ 
!!! 

✗ 
? 

Scientific 
Knowledge: 
- PoT 
- MoA 

ALTEX 27 (2010) 253-263 



Just became available (AltWeb or ALTEX website) 



Next 
ALTEX 



We have to  
catch him 

That’s not 
evidence-based 



Johns Hopkins is the right environment for 
EBTC secretariat 



The difficulty lies, not in the new ideas, 

but in escaping from the old ones. 

John Maynard Keynes  

(1883 - 1946) 
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