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1. SUMMARY
This report presents recent progress made on the application of ‘omics technologies in
toxicological and ecotoxicological risk assessment as discussed at a workshop held in Malaga on
22 and 23 February 2010. Seven case studies were presented as well as sessions on the future
perspective, system biology and modelling. This was followed by syndicate discussions on
baseline, new descriptors, adverse effects, identification of mode of action and its qualitative
application to risk assessment. The following conclusions were drawn in a final plenary session:
•

‘Omics data are particularly valuable for understanding modes of action (MoA) via
underlying molecular patterns and by exploring responses to model compounds in highly
standardised systems.

•

Novel patterns or biomarkers (e.g. gene signatures, metabolome profiles) can also be
developed this way for screening chemical properties of novel compounds.

•

Within the context of risk assessment ‘omics data can already add value to risk assessment
by improving mechanistic understanding and the identification of modes of action.

•

To enhance the acceptance of ‘omics data, for such risk assessment purposes, high quality
data and a careful design of the biological experiment are essential.

•

Mode of action recognition by fingerprints or biomarkers can be enhanced if the changes
observed can be causally linked to the toxicological pathway.

•

These technologies can potentially serve as a tool for the prioritisation of chemical testing
and could help to provide a better (biology based) rationale for chemical grouping under the
REACH legislation.

•

To better assess the quantitative aspects of ‘omics data, more information concerning the
sensitivity of ‘omics relative to classical toxicology testing is needed. It would seem that
transcriptomic information may be more sensitive than classical toxicology, whereas
metabolomics appears to be equally sensitive.

In addition, there is a need for better standardisation of methods within the various activities in
this dynamic field, particularly in the area of transcriptomics. The participants also agreed that in
the near future, ‘omics technologies could help to bridge in vitro testing to in vivo relevance.
Guidance (communication of best practices), rather than guidelines will encourage improvements
and adaptation to new technical developments.
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The workshop concluded that better standardisation, data interpretation and evaluation will build
confidence in the value of ‘omics technologies – this being essential to increase their (regulatory)
use. The workshop therefore called for an international effort to bring together scientists from
academia, industry, agencies as well as the risk assessors themselves, to discuss and evaluate the
necessary modifications that may be needed to enhance the use of ‘omics data in risk assessment.

2
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2. WORKSHOP OVERVIEW
2.1

Introduction

In the 2007 ECETOC Workshop on the application of the ‘omic technology in (eco)toxicology, it
was agreed that toxicological relevance could only be ascribed to patterns of change indicative of
a perturbation in a biochemical pathway whose relevance was understood (see Workshop Report
No. 11). The significance of changes in single genes was considered unlikely to have
toxicological significance due to the high likelihood of spurious and random variations.
Three recommendations are therefore proposed:
1. In order to exemplify typical toxicological mechanisms, standardised studies are required
using well-characterised reference chemicals. This will increase confidence in the
interpretation of ‘omic data.
2. As changes in biochemical pathways are accepted to be more relevant than changes in
individual genes, it is necessary to obtain a common and agreed definition of what
constitutes a toxicologically relevant biochemical pathway, based on well-studied and
characterised examples.
3. In order to relate ‘omics results to conventional toxicity, it is necessary to study the toxicity
dose and time dependent transition in relevant biochemical pathways from normal
variability, through adaptive response, to adverse effect. A benchmark dose approach might
be the most suitable one for this exercise.
To follow up and review the progress made on the application of ‘omics technologies in
toxicology and ecotoxicology, a second workshop “‘Omics in (Eco)toxicology: Case Studies and
Risk Assessment” was organised as significant developments within the ‘omics sciences have
taken place over the last two years. The number of available case studies is far larger than two
years ago, and some experiences concerning the regulatory use of ‘omics data
(e.g. to demonstrate a mode of action / toxicological mechanism) have been obtained by
companies. It seems appropriate to address the question: “Which of the recommendations from
the 2007 Workshop were actually taken up by scientists and whether the recommendations need
to be developed and progressed further.”

2.2

Workshop structure

The workshop was organised around case studies and syndicate discussion sessions where
baseline, new descriptors, adverse effects and the identification of mode of action and the
application of this to risk assessment in a qualitative way were discussed. Seven case studies
were presented as well as a session on the future perspective, system biology and modelling.
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The discussions from the breakout groups were recapitulated in a final plenary session where
several recommendations were made and conclusions drawn. A total of 35 scientific experts
from industry, academia and governmental agencies participated in the workshop, which was
held in Malaga on 22 and 23 February 2010. A list of participants is given in Appendix A,
and the programme is detailed in Appendix B. The workshop was limited to participation by
selected industry experts and invited external scientists.

2.3

Workshop aim and objectives

The starting point for the second workshop was the recommendations of the first workshop
“The Application of ‘Omics Technologies in Toxicology and Ecotoxicology: Case Studies and
Risk Assessment” the results of which were published in ECETOC Workshop Report no. 11.
In short they were:

•
•
•
•
•

Conduct studies in a more standardised form using reference chemicals.
Obtain a common and agreed definition of what constitutes a toxicologically relevant
biochemical pathway.
Study the toxicity dose and time dependent transition on relevant biochemical pathways
from normal variability through adaptive response, to adverse effect.
Identify a relevant MoA from a risk assessment point of view.
How can ‘omics contribute to the above points?

It was felt that gathering appropriate experts to help with the interpretation of data from ‘omics
studies was needed as well as the formation of working groups that would address specific topics.
The aim of the 2010 ECETOC Workshop “‘Omics in (Eco)toxicology: Case Studies and Risk
Assessment” was to bring together experts from industry, academia and the regulatory agencies to
review the current state of the use of ‘omics technology, the progress that has been made and to
identify issues that need to be addressed in the (near) future.

4
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3. DEFINITIONS
Mode of Action (MoA) is a reference to the specific biochemical interaction through which a
chemical substance / agent produces its influence on key processes in living organisms. It is a
less detailed biochemical description of events than is meant by mechanism of action. However,
specifically for risk assessment in toxicology a MoA should consist of a defined set of several
key processes that all need to be fulfilled.
Mode of action then, in the context of risk assessment, is defined as a biologically plausible series
of key events leading to an adverse effect. Key events are those that are critical to the adverse
outcome (i.e. necessary but not necessarily sufficient in their own right), measurable and
repeatable.
Mechanism of action: The mechanism of action is usually considered to include an
identification of the specific molecular targets to which a chemical active substance binds or
whose biochemical action it influences; it refers to the specific biochemical interaction through
which a chemical substance produces a biochemical effect.
Mechanism of action thus relates to understanding the molecular basis of adverse effects. While
there is limited understanding of the mechanisms of toxicity for most adverse effects,
identification of key events in an hypothesised mode of action, based on robust (but generally
incomplete) mechanistic data provides important insight, which is critical to effective and
efficient prediction and reduction of risk.
Toxicity pathway: As a group of critical molecular events that, if perturbed by a toxic chemical,
are expected to result in adverse effects, thus implying that changing such a pathway prevents the
particular toxic endpoint of becoming manifest.
Risk assessment: The process of determining the potential impact of risk by identification,
evaluation and estimation of both the likelihood that effect will occur and, if it does occur, the
impact it has on life, and then combining the results and comparing them against benchmarks or
standards, to then determine an acceptable level of risk.
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4. BASELINE / NEW DESCRIPTORS / ADVERSE EFFECTS
4.1

Sources of variation in baseline gene expression levels from toxicogenomics study
control animals

Chris Corton
Integrated Systems Toxicology Division, National Health and Environmental Effects Research Laboratory,
US EPA, USA

The use of gene expression profiling to predict chemical mode of action would be enhanced by
better characterisation of variance due to individual, environmental, and technical factors. Metaanalysis of microarray data from untreated or vehicle-treated animals within the control arm of
toxicogenomics studies has yielded useful information on baseline fluctuations in gene
expression. A dataset of control animal microarray expression data was assembled by a working
group of the Health and Environmental Sciences Institute's Technical Committee on the
Application of Genomics in Mechanism Based Risk Assessment in order to provide a public
resource for assessments of variability in baseline gene expression. Data from over 500
Affymetrix microarrays from control rat liver and kidney were collected from 16 different
institutions. Thirty-five biological and technical factors were obtained for each animal,
describing a wide range of study characteristics, and a subset were evaluated in detail for their
contribution to total variability using multivariate statistical and graphical techniques. The study
factors that emerged as key sources of variability included gender, organ section, strain, and
fasting state. These and other study factors were identified as key descriptors that should be
included in the minimal information about a toxicogenomics study needed for interpretation of
results by an independent source. Genes that are the most and least variable, gender-selective, or
altered by fasting were also identified and functionally categorised. In other studies, examples of
gene expression variability through mouse life stages were discussed. Better characterisation of
gene expression variability in control animals will aid in the design of toxicogenomics studies
and in the interpretation of their results.

This abstract does not necessarily reflect US EPA policy.
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4.2

Toxicogenomics: The challenges and opportunities to identify biomarkers,
signatures and thresholds to support mode of action

Richard A. Currie
Syngenta, UK

For over a decade toxicogenomics (TGx – the application of transcript profiling and other
massively parallel analytical techniques to toxicology) has been proposed to assist toxicologists
and risk assessors in two ways. Firstly, by identifying patterns of gene-expression changes
(signatures) that are surrogate markers, we might better predict hazard endpoints. Secondly by
identifying the gene expression changes preceding toxicity, TGx can be used to investigate the
underlying causes.
The early challenges of technical reproducibility have been evaluated and addressed by both
ILSI/HESI and the MAQC, which demonstrated that by the adoption of good practice, TGx can
give reliable and reproducible information on gene expression changes in response to chemical
treatment. Similarly the MAQC II is about to publish ‘best practice on signature generation’ after
conducting an extensive evaluation of numerous methods on existing large datasets. Two
findings of particular note are the need for methods that control batch variability, and that the
predictive power of a signature correlates with the intrinsic variability of the apical endpoint
being predicted. Indeed this might create a fundamental challenge for the application of TGx in
this way – does this represent an upper limit on our ability to ever predict some endpoints?
A traditional mode of action (MoA) is defined as the series of key events that ultimately result in
the apical adverse endpoint of concern. Key events can either be casual or associative, which can
thus act as surrogates for an underling key event. Obviously not every chemical-induced change
need be a key event in the formation of toxicity and the observable key or incidental events may
change with duration of chemical treatment. Clearly TGx can, and in practice does, identify the
gene-expression changes underlying both key and incidental events. When considering the more
investigative uses of TGx associated with MoA, there is therefore a clear need to adopt a suitable
framework to aid in the analysis of the data. The application of the tests for causation used to
build a more traditional argument is one such framework and its application to toxicogenomics
data will also produce reasonable hypotheses linking altered pathways to phenotypic changes
(as described in Figure 1). Challenges in interpretation still remain: Are all pathway changes
equal; which are most important and can be plausibly considered as, or linked to, another key
event? There are theoretical reasons why we might consider consistent alterations across genes in
a metabolic pathway important, but similar changes in a signalling pathway may not alter
information flow through that pathway. Only changes at the inputs, outputs or key integration
nodes in a signalling transduction pathway may be considered relevant indicators for pathways of
this type. Are some gene expression changes most often unrelated to chemical treatment? Can
TGx data be used to separate two distinct MoAs (e.g. direct mitogenic stimulation and necrotic-
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damage induced regenerative proliferation)? How we perform interspecies comparisons is
another major challenge for use in risk assessment: When can we use the same genes, or the
same pathway. The use of the expert judgement of the toxicologist is still needed to identify
those gene-expression changes that should be considered key events and those which should not.
Do we know enough and are we adequately trained to make these judgments?

Figure 1: Frameworks for interpretation of toxicity and toxicogenomics data…

IPCS framework for evaluating a MoA

Toxicogenomics data

•

Gene expression changes are measurable (with suitable
experimental protocols) and pathway tools inform us of
the biological processes and pathway perturbations that
may underlie existing key events

Postulated theory of cause – the series of
measurable events that are believed to be
critical to the induction of the toxicity

 A body of evidence is then developed to support
the association based on Sir Austin Bradford
Hill type ‘tests for causation’
¾ Dose-response relationships – are they parallel?
¾ Temporal relationship – does the cause precede
the effect?
¾ Consistent – are the effects repeatable across

Correct experimental design with suitable doses and time
points plus replication

studies?
¾ Specificity – are the events unique or general?
¾ Are other modes of action also operating?
¾ Analogous to a previously proven causal

Databases of TGx changes induced by a variety of
compounds for comparison

relationship?
¾ Biologically plausible – are they consistent with
what is known about the underlying biology?

State of knowledge dependent that needs expert judgement
and review of the weight of evidence in public literature

One further opportunity for the application of TGx data is provided by increased understanding of
why a threshold might exist. Whereas a MoA can identify a threshold; the more detailed insights
provided by the interpretation of TGx data might provide mechanistic hypotheses to explain why
a threshold exists. For example, thresholds are likely to be an inherent systems property of the
regulatory network in the pathway leading to the toxicity, for example switch-like behaviours
may be a result of particular network motifs (e.g. positive feedback, mutual inhibition). Such
systems biology approaches informed by TGx data can be used to generate hypotheses that
explain why a threshold response exists. These molecular-level hypotheses are amenable to
being tested using modern functional genomics approaches.

8
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Finally, in theory TGx can be used to help build MoA arguments, so why isn’t it? Perhaps there
is no perceived need; or conservatism and uncertainty concerning how any data will be viewed by
regulatory agencies prevents adoption; or a lack of familiarity and training in its application
stands in the way of more widespread application? Also, until there is more widespread
application of MoA into regulatory toxicology, technologies that can support MoA will not be
widely used. These impediments point to the need for more collaborative efforts between
regulators, industry and academia to properly define how these technologies can be applied using
appropriate case-studies as part of continuing efforts to use MoA to aid risk assessments.
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4.3

New descriptors in toxicogenomics: Epigenetic studies and microRNA

Jos Kleinjans
Maastricht University, Dept. of Health Risk Analysis & Toxicology, The Netherlands

Transcriptomics has been successfully applied to in vitro models of human cells for the purpose
of predicting toxicity, e.g. with respect to genotoxicity / carcinogenicity, organ toxicity and
endocrine disruption, in general being able to predict toxicity with an accuracy of above 85%.
For innovative biomarker development, future developments will focus on integrating multiple
data streams derived from transcriptomics, microRNA (miRNA) analysis, epigenetics,
proteomics and metabonomics with traditional toxicological and histopathological endpoint
evaluation, in view of systems biology or rather, systems toxicology approach.
In particular, completely new insights in long-term toxic effects on cells are to be expected from
new readouts such as epigenetics and miRNA.

Epigenetic alterations are potentially more damaging than nucleotide mutations because
their effects on regional chromatin structure can spread, thus affecting multiple genetic loci.
They also tend to affect a high proportion of those cells exposed, unlike conventional mutations,
which are relatively rare. The most common changes are alterations in the methylation pattern
of DNA, but modifications of histone proteins are also implicated. It has been shown that
epigenetic inheritance of disease stays for generations after the initial exposure in cases
involving endocrine disruptors.

10
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miRNAs have emerged as powerful negative regulators of mRNA levels in several systems.
These miRNAs can be held responsible for influencing mRNA levels of important genes involved
in metabolic and toxicological pathways. Increasing evidence has implicated miRNAs in
biological processes such as normal development and disease pathology, particularly in cancer.
Analysis of epigenetics and/or miRNA responses may therefore help in identifying novel sets
of predictive biomarkers at the level of regulation of gene expression of toxicologically
relevant genes.
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5. IDENTIFICATION OF MODE OF ACTION AND APPLICATION TO RISK
ASSESSMENT IN A QUALITATIVE WAY
5.1

Linking transcriptomic profiles to population effects in Daphnia magna

Amanda Callaghan*, L.H. Heckmann, C.J. Hill, T. Hutchinson, R.M. Sibly
*
University of Reading, School of Biological Sciences, UK

Daphnia magna is a key invertebrate in the freshwater environment and is used as a model in
regulatory ecotoxicology and environmental risk assessments. When our work on Daphnia
‘omics began in 1999, there was little genomic data available on ecotoxicological model
organisms. However, this situation is rapidly changing and Daphnia genome data is being
released by international consortia. In a large UK research council and industry collaborative
project, we produced a D. magna cDNA microarray to develop as a tool to measure
transcriptomic responses and link them experimentally to responses at the population level
(life history analysis). The array has been partially annotated and we have several datasets that
measure transcriptomic and life history responses to environmental stress, including
pharmaceuticals, pesticides and metals. In studying the impact of the pharmaceutical
ibuprofen (IB), a non-steroidal anti-inflammatory drug, on Daphnia, we have identified responses
and pathways that appear to reflect those in mammals and other taxa.

Our mode of action (MoA) population linked approach has provided a significant insight into the
molecular MoA of ibuprofen, and its impact on population health in Daphnia. Overall, IB had a
low toxicity affecting daphnids in the mg l-1 range.
However, a chronic exposure
-1
(concentration range: 0, 20, 40 and 80 mg IB l for 14d) showed an impact on population
structure and population growth rate at all concentrations. IB seems to disrupt daphnid
reproduction, an impact supported by the MoA revealed in mammalian models. Using
microarrays, we recently identified several interlinked pathways and biological processes in
response to acute (48h) ibuprofen exposure, such as eicosanoid metabolism, peroxisome
proliferator-activated receptor (PPAR) signalling, and oogenesis. Temporal transcriptomic
profiles of key genes supported the proposal that IB inhibits Daphnia eicosanoid metabolism,
which appears to disrupt signal transduction, affecting the Daphnia endocrine system related to
juvenile hormone metabolism and oogenesis. Our studies in Daphnia show strong links between
acute transcriptomic and chronic phenotypic stress responses, and show promise for predicting
chronic consequences of environmental stress for population health based on insights from the
molecular MoA of the stressor. The results also highlight similarities between the eicosanoid
pathways of vertebrates and arthropod invertebrates, adding support to the possibility of using a
molecular MoA approach to guide Intelligent Testing Strategies for chemical risk assessments
involving both invertebrate and vertebrate model species.

12
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5.2

Profiling endocrine disruption potential using ToxCast and other relevant data

Robert Kavlock1, David Reif1, Matthew Martin1, Shirlee Tan2, Keith Houck1, Richard Judson1,
Ann Richard1, Thomas Knudsen1, David Dix1
1
National Center for Computational Toxicology, Office of Research and Development, US EPA
2
Office of Science Coordination and Policy, Office of Pollution Prevention, Pesticides and Toxic
Substances, US EPA

The Food Quality Protection Act (FQPA) of 1996 mandates that the US EPA implement a
validated screening program using validated assays for detecting oestrogenic chemicals. FQPA
also authorised detection of other endocrine targets deemed appropriate by the Administrator.
The US EPA’s Endocrine Disruptor Screening Program (EDSP) has been developing and
validating screening assays for disruption of oestrogen (E), androgen (A) and thyroid (T)
signalling pathways. The EDSP includes in vitro and in vivo assays for detecting E, A or T
activity; and 67 chemicals have been proposed for initial screening. ToxCast™ is a US EPA
research program using a broad range of high-throughput screens to profile the bioactivity of
chemicals and develop predictive signatures of toxicity, based on modelling in vitro assay data to
in vivo toxicity phenotypes. ToxCast assayed 53 of the 67 EDSP List 1 chemicals using in vitro
assays which characterised receptor binding, activation, inhibition and target gene regulation,
providing biological fingerprints relevant to E, A, T and other endocrine related activities
(e.g. other nuclear receptors, xenobiotic metabolising enzymes). Results were combined into
various information domains and visualised as a Toxicological Prioritisation Index (ToxPi)
profile. The summary ToxPi profiles provide a transparent view of the relative contribution of all
information sources to an overall priority ranking, and which can be continually updated with
new chemicals and future data. Combining multiple data sources into an overall weight of
evidence ToxPi for prioritising further chemical testing resulted in more robust conclusions than
any single data source alone.

Although this work was reviewed by EPA and approved for publication, it may not necessarily
reflect official Agency policy.
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6.
6.1

CASE STUDIES
Case 1: Using transcriptomic data to define non-cancer and cancer points of
departure: A five-chemical case study

Russell S. Thomas
The Hamner Institutes for Health Sciences, USA

The current system for assessing the health risks associated with chemical exposure is a
complicated multi-step process that involves the integration of hazard, dose-response, and
exposure. An extensive amount of data is required to provide adequate information in each step
of the process resulting in a resource intensive system that has provided safe exposure levels for
only a relatively small number of chemicals (e.g. ~500 chemicals in the US EPA IRIS database).
The application of transcriptomic technology to chemical risk assessment has the potential to
accelerate the process. However, despite considerable interest from the scientific and regulatory
communities, no study currently exists that has compared estimated points of departure, based on
transcriptomic changes, with those from traditional endpoints.
In this case study, we present the application of benchmark dose analysis to gene expression
microarray data collected in the lungs and livers of mice following ninety-day exposures to five
different chemicals. Gene expression changes were first grouped based on their known cellular
functions. Benchmark dose methods were then used to estimate points of departure at which
different cellular processes were transcriptionally altered. Based on the most sensitive cellular
process, the lower confidence limit of the benchmark dose value was used to estimate a reference
dose for non-cancer effects and a risk-specific dose for cancer effects. The reference and riskspecific dose for each chemical were then compared with existing values from the US EPA IRIS
database. The results show good correspondence between the reference and risk-specific doses
derived from transcriptional changes with those from traditional endpoints. In the future, instead
of selecting the most sensitive cellular process, key pathways associated with the mode of action
of a chemical may be used to estimate the point of departure.

14
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6.2

Case 2: Protein biomarkers for in vitro testing of embryotoxicity

Karlfried Groebe*, Katrin Hayess§, Martina Klemm-Manns*, Gerhard Schwall*, Woijciech Wozny*,
Margino Steemans#, Annelieke K. Peters#, Chaturvedala Sastri*, Petra Jaeckel*, Werner Stegmann*,
Helmut Zengerling*, Rainer Schöpf*, Slobodan Poznanovic*, Tina C. Stummann$, Andrea Seiler§,
Horst Spielmann§, André Schrattenholz*
*
ProteoSys AG, Germany
§
Federal Institute for Risk Assessment; Center for Alternative Methods to Animal Experiments - ZEBET,
Germany
#
Johnson & Johnson PRD, a division of Janssen Pharmaceutical, Belgium
$
ECVAM, Italy

There are new challenges for hazard and risk assessment in the chemical industry with regard to
REACH legislation in Europe and related activities in the US and Japan, which require the
development of novel in vitro models for the molecular characterisation of drug- or chemicalrelated effects. In particular the investigation of developmental toxicity is regulated so far by
guidelines including assessments of brain morphology, behaviour, development of young
animals, measurements of biomarkers for gliosis and cytotoxicity, and more, requiring huge
numbers of test animals.
In the frame of a European FP6 project on reproductive toxicology (www.reprotect.eu) we
combined quantitative proteomic differences and functional data, generating an integrated
data set. As in vitro model we used the embryonic stem cell test (EST), a model validated by
an ECVAM study and a set of model substances assigned to four categories of embryotoxicity
‘strong’, ‘moderate’, ‘mild’, or ‘non-embryotoxic’ based on in vivo data (selected by independent
experts for the Reprotect consortium). Substance-dependent cardiomyocyte protein extracts were
subjected to systematic differential proteomic profiling. Dual radioisotope labelling of proteins
provided the rigorous quantitative pattern control necessary to obtain statistical significance.
Moreover we included human and mouse embryonic stem cell models for neuronal differentiation
and further substances to understand the general significance of our findings.
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6.3

Case 3: The identification of direct and indirect modes of action on the thyroid by
means of metabolic profiling and its use for biology based chemicals grouping under
REACH

Bennard van Ravenzwaay1, Eric Fabian1, Werner Mellert1, Volker Strauss1, Gerd Krennrich1,
Tilmann Walk2, Jan Wiemer2, Alexander Prokoudine2, Ralf Looser2, Michael Herold2,
Hennicke Kamp1
1
BASF SE, Germany
2
Metanomics GmbH, Germany

Metabolic profiling can be used to generate patterns of changes following exposure to chemicals.
We have used this technology to determine these changes in the plasma of rats during exposure to
a great number of different chemicals. We could demonstrate the stability of about 280 plasma
metabolite levels in untreated control rats over three years. The coefficient of variation across
metabolite levels over that time period was approximately 0.3.
Biological variation
(e.g. seasonal, inter-individual variation) was found to be about twice as large as technical
variation (see Figure 2).

Figure 2: Technical and biological variation (of all parameters) over time

In order to ensure the quality of the data and stability of the individual parameters, as well as the
entire process of data generation, we regularly include reference substances with known
metabolite profiles together with new compounds in the same study. As all samples of the study
were randomised for analysing the metabolic profile, a comparison of individual parameters and
entire profiles of reference compounds provides an insight into potential errors. In Figure 3, an
example is given of metabolite patterns of oestradiol, which were determined approximately one
year apart. With the exception of some parameters at day 28 in the second profiling, all
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parameters were shown to be stable. The few and unexpected changes at day 28 provide
information concerning potential variability during the biological or profiling stage. As only
60 µl of plasma are used for measurements, a repeated analysis using stored, frozen samples from
the same experiment may be used to enhance the quality of the results.

Figure 3: Metabolite profile of 17-alpha-oestradiol; data set 1 (MoA 13) and 2 (MoA 58) were
obtained one year apart
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The database of metabolic profiles is made up of approximately 500 compounds (ca. 39% drugs,
39% chemicals, 20% agrochemicals and 2% others). Generally, patterns of consistently changed
metabolite levels, rather than individual biomarkers, are used to identify specific modes of action.
The size of the pattern can vary considerably between different modes of action. For example,
chemicals which induce anaemia can be identified by only three metabolic changes
(18-hydroxy corticosterone, ribal and cytosine). On the other hand, sometimes large patterns are
necessary to identify a mode of action with sufficient specificity. Here we present two modes of
action regarding effects on the thyroid. Although several specific modes of action can lead to
thyroid dysregulation, the two most common ones are referred to as the direct mechanism
(inhibition of thyroid hormone synthesis) and the indirect mechanism. The latter is one of the
most common findings in toxicological studies and involves the concomitant induction of size
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and weight increases in liver and thyroid. It is considered to be related to the induction of liver
enzymes and a subsequently increased conjugation and excretion of thyroid hormones.
To establish a metabolic pattern for direct effects we have used three model substances,
ethylenethiourea (ETU), propylenethiourea (PTU) and Methimazole. To confirm the specificity
we compared these patterns with that induced by thyroxin administration to rats and noticed that
nearly all metabolite levels were changed contrarily (Figure 4). To induce an indirect mechanism
on the thyroid we administered Phenobarbital, Aroclor 1254, and Boscalid. The patterns of
changed metabolite values were similar to, but not congruent with the pattern established with
other enzyme inducers. With the former pattern we were able to correctly pitch on other
compounds from a large database (MetaMap® Tox) known to induce an indirect effect on
the thyroid. The effect of some compounds (e.g. Metazachlor) was verified by performing
a perchlorate discharge assay.

Figure 4: Metabolite profile of compounds inhibiting the formation of thyroxin. Note that the
pattern of excess thyroxin is nearly perfectly inverted
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In addition to the identification of individual mode of action (MoA) patterns, metabolite profiling
also allows the comparison of the entire profile of a new compound with those profiles in the
MetaMap Tox data base. With a correlation analysis (Pearson and Spearman), a ranking based on
similarities of profiles can be obtained. Table 1 provides an example of such a comparison with
phenoxy herbicides. The profile induced with 2-methyl-4-chlorophenoxyacetic acid (MCPA) is
most similar to that of 2,4 D, followed by Mecoprop and Dichlorprop. Next in ranking can be
found compounds with less similarity, but still sharing some of the toxicity profiles. In this case
the biology based ranking (QBAR [quantitative biological activity relationship] assessment) is
very similar to that obtained based on QSAR assessment.
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A metabolite profile comparison of the structurally very similar compounds
2-AAF (2-acetyl-aminofluorene) and 4-AAF, shows that the profiles of both compounds are
dissimilar. 2-AAF has a profile indicating clear effects on the liver, whereas 4-AAF does not
demonstrate statistical significance for liver parameters. The toxicological profiles of these
compounds show remarkable differences concerning the number of significantly changed
metabolites and the strength of the effects on the metabolic changes. Whereas 2-AAF is a potent
liver enzyme inducer, liver toxicant and liver carcinogen, 4-AAF causes only weak enzyme
induction in the liver and is not carcinogenic. Within the context of profile ranking, the match of
both compounds is very low. Using the 2-AAF profile as a reference, the 4-AAF profile is found
at rank 248 out of 500 compounds.

Table 1: Ranking of similarities of metabolite profiles relative to MCPA tested in CRL*
Wistar rats
Pearson

Spearman

R

Rank

R

Rank

1

1

1

1

MCPA [Han:Rcc:WIST(SPF)]

0.821

2

0.831

2

2,4-D (MOA22)

0.813

3

0.779

5

MCPA [F-344/Crl]

0.807

4

0.764

6

MCPA

MCPA [Crl:CD(R) (Sprague Dawley)]

0.784

6

0.791

3

Dichlorprop-p

0.724

7

0.633

7

Mecoprop-p

0.709

8

0.624

8

Pentachlorophenol

0.572

9

0.529

9

Fenofibrate

0.556

10

0.422

15

* Charles River Laboratories

This exercise demonstrates the power and usefulness of this technology for grouping of
chemicals. Under the REACH legislation, grouping of chemicals and read-across from data-poor
to data-rich compounds is considered to be one of the most efficient ways to reduce the amount of
animal testing for risk assessment. However, for the currently most used tool QSAR, many
examples are known that show an insufficient predictability for the biological / toxicological
activity (as demonstrated here for AAF). Moreover, for complex toxicological endpoints, such
as systemic toxicity, reliable QSAR models even do not exist. Therefore, biology based
technologies such as metabolite profiling can be an extraordinary valuable tool to provide the
biological background for chemical grouping. As such profiling can be done with a minute
quantity of blood, which can be obtained from routine studies such as the 28-day rat study
(OECD 407, 2008), the inclusion of such data should enable companies and risk assessors
to ensure an efficient and reliable process of chemical grouping for subsequent read-across
procedures. With the introduction of such sophisticated ‘omics technologies, we can go from
QSAR to QBAR.
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6.4

Case 4: Male reproductive health and endocrine toxicity: Application of
toxicogenomic technologies to develop a mechanistic-based risk assessment

David Rouquié
Bayer CropScience, France

The aim of the Cefic research project (EMSG46) is to characterise adult rat testicular toxicity
induced by compounds that act through an endocrine mediated mode of action
(oestrogenic or antiandrogenic) or have a direct effect on the testes. To fully realise this goal,
the differentiation between normal background variability (i.e. no effect), an adaptive change
and an adverse effect due to treatment (both in terms of dose level and treatment duration),
will be established for each of the compounds investigated. Gravimetric and hormonal changes
as well as testicular histopathology and changes in gene expression will be investigated.
In addition, the concentration of parent compound and major metabolites in the plasma and testes
will also be established.
The compounds chosen for investigation were the oestrogen, ethinyl estradiol (EE), the
antiandrogen, flutamide (FM) and the direct-acting testicular toxicant, 1,3-dinitrobenzene (DNB).
To date dose-response studies have been conducted for each compound using either a standard
28-day oral toxicity study (according to the OECD 407 guideline) for EE and FM or a 4-day oral
toxicity study for DNB. The transition between normal variability, adaptive responses and
adverse effects for testicular toxicity are currently being established for each compound for all
parameters investigated. Data concerning the hormonal, histopathological and gene expression
changes induced by EE and FM as well as parent compound and metabolite analyses will be
presented. Similar investigations for DNB are on-going. At the end of the project, the
establishment of a comprehensive profile of rat testicular toxicity as a function of time and dose
level will be generated for three compounds, using traditional and molecular tools.
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6.5

Case 5: Liver toxicogenomics within the pharmaceutical industry. From in vivo, to
slice, to permanent cell line

Willem G. Schoonen1, A.A. Staalduinen, W.M.A. Westerink, M.G.L. Elferink3, P. Olinga3,
A.L. Draaisma3, M.T. Merema3, S. Bauerschmidt2, J. Polman2, G.M.M. Groothuis
1
MSD, Toxicology and Drug Disposition, The Netherlands
2
MSD, Molecular Design and Informatics, The Netherlands
3
University of Groningen, Pharmacokinetics, Toxicology and Targeting, Dept of Pharmacy, The
Netherlands

Liver, heart and kidney failure are the most prominent toxicity problems for drug development
within the pharmaceutical industry. The introduction of the microarray technology, in which
a large number of genes can be examined, created the possibility for early toxicity screening
within the process of drug development. In this study, the attention was focused on the liver,
in which also phase I and II metabolism plays a pivotal role. The effects of different necrotic,
cholestatic and/or genotoxic compounds were analysed at the gene expression level in the rat
liver both in vivo and in vitro. As in vitro model system, the precision-cut liver slice model
was used, in which all liver cell types are present in their natural architecture. This is important
since drug-induced toxicity is often a multi-cellular process involving not only hepatocytes but
also other cell types such as Kupffer and stellate cells.
The aim of this study was to validate the rat liver slice system as in vitro model system for
drug-induced toxicity studies. In addition, HepG2 cells, a widely used permanent human
liver cell line derived from human liver carcinoma, were studied for comparison. The results
of the microarray studies show that the in vitro profiles of gene expression in rat liver
slices cluster per compound and incubation time, and when analysed in a commercial
gene expression database (ToxShieldTM), can predict the in vivo toxicity and pathology. In
HepG2 cells, necrotic and cholestatic compounds can be distinguished from genotoxicants.
Moreover, by transfection of HepG2 cells with a proper selection of gene sets with
their respective promoters, high throughput assays have been developed for genotoxicity
screening. These data show that the rat liver slice system, as well as HepG2 cells represent
appropriate tools for the prediction of liver toxicity. The prediction of human specific toxicity
using human liver slices is currently under investigation.
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Figure 5: Principal component analysis of rat precision-cut liver slices treated with vehicle,
low, medium and high concentrations with either paracetamol (APAP), LPS, carbon
tetrachloride (CCL4) or gliotoxin during short and long term exposure
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6.6

Case 6: In vitro and in vivo transcriptomics for assessing toxicological effects of
chemicals to aquatic organisms

Knut-Erik Tollefsen
Norwegian Institute for Water Research, Oslo, Norway
University of Life Sciences, Ås, Norway

(Eco)toxicogenomics and other high-throughput methods have been used to screen potential
transcriptional effects after exposure to priority chemicals and chemicals of emerging concern
for identifying potential toxicological effects. A combination of the hypothesis-generating
potential of microarrays with the hypothesis-investigative power of quantitative polymerase chain
reaction (PCR) has in our hands been successful in identifying potential toxic mode of action of
various compounds. The work performed in recent years consisted of both in vivo and in vitro
studies and aimed at determining the potential for using high-throughput screening methods in
predictive risk assessment and prioritisation of chemicals for in-depth regulatory toxicological
testing. The studies have been conducted with off-the-shelf microarray technologies such as the
zebrafish oligonucleotide arrays (oligoarrays) as well as custom oligoarrays for non-model
species such as rainbow trout (Oncorhynchus mykiss), Atlantic salmon (Salmo salar), Atlantic
cod (Gadus morhua), mussels (Mytilus Sp.) and crustaceans (Calanus finmarchicus). The
principal objective in the present work has been to study the transcriptional effects of existing
and emerging compounds in key freshwater and marine species as well as proving tools
for environmental monitoring. In vivo case studies with environmentally relevant concentrations
of pharmaceuticals such as 17α-ethinyloestradiol and diclophenac will be presented to give
insight into transcriptional effects of compounds of emerging concern.
In addition,
transcriptional studies with single environmental pollutants and various mixtures of these have
been conducted in fish in vitro models to enhance our knowledge about the cellular mechanisms
affecting joint (combined) toxicity. Future work will focus on linking the transcriptional effects
observed to more adverse outcomes in order to approach and potentially assist risk assessment
of chemicals.
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6.7

Case 7: A systems biology approach to small fish ecotoxicogenomics

Daniel L. Villeneuve
US Environmental Protection Agency, Office of Research and Development, National Health and
Environmental Effects Laboratory, Mid-Continent Ecology Division, USA

At present the largest and most integrated effort in the area of ecotoxicogenomics within the
US Environmental Protection Agency (EPA) Office of Research and Development is a research
program entitled Linkage of exposure and effects using genomics, proteomics, and metabolomics
in small fish models. The effort involves collaboration across five EPA divisions and centres,
several academic partners, and other US government agencies, notably the Army Engineer
Research and Development Center (ERDC). Eleven chemicals, known or hypothesised to disrupt
reproductive function in fish through different modes of action, were tested using a three-phased
testing approach (Ankley et al, 2009a). Firstly a 21-day fathead minnow reproduction assay was
conducted, and hypothesis-driven approaches were used to establish linkages across levels of
biological organisation between the chemical mode of action, molecular and biochemical
responses, and a reproductive outcome relevant to risk assessment (e.g. Ankley et al, 2002; 2003;
2005; 2007; Martinovic et al, 2008; Villeneuve et al, 2008; 2010). Secondly, short-term
experiments were performed with zebrafish and 22k oligonucleotide microarrays were used to
conduct unsupervised analyses of impacted pathways and functions, develop novel testable
hypotheses, identify putative molecular biomarkers of exposure and/or effect, and reverse
engineer transcription factor networks (e.g. Villeneuve et al, 2009a; Wang et al, 2008a,b; 2010).
Finally, time course experiments including both exposure and post-exposure sampling were used
to evaluate temporal dynamics and robustness of transcriptomic and metabolomic responses and
reverse engineer transcriptional networks for the fathead minnow ovary. Results of these studies
(e.g. Ankley et al, 2009b; Perkins et al, 2010; Villeneuve et al, 2009b) are being used to:
•
•
•
•
•

Elucidate adverse outcome pathways (Ankley et al, 2009c) relevant for endocrine disrupting
chemicals causing reproductive impairment in fish;
identify molecular responses with potential predictive or diagnostic utility;
evaluate the sensitivity, robustness (as a function of time, exposure concentration, species,
etc) and biological relevance of those responses;
improve systems-level understanding of mechanisms of toxicity including direct effects,
indirect effects, compensation during exposure, and recovery following exposure;
inform the development of biologically based computational models (e.g. Breen et al, 2007;
Watanabe et al, 2009).

This abstract does not necessarily reflect official Agency policy.
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7. FUTURE PERSPECTIVES / SYSTEMS BIOLOGY / MODELLING
7.1

Prediction in the face of uncertainty: A Monte Carlo strategy for systems biology of
cancer treatment

Christoph Wierling
Max Planck Institute for Molecular Genetics, Germany

Cancer is known to be a complex disease and its therapy has turned out to be difficult. Much
information is available on molecules and pathways involved in cancer onset and progression.
By processing literature information and pathway databases of twenty different signalling
pathways known to be relevant for cancer (like Wnt, Notch, BMP [bone morphogenetic protein],
Fas, Trail, EGF [epidermal growth factor], IGF [insulin-like growth factor], Hedgehog, etc), we
have developed a large mathematical model of these pathways. Although the development of
large detailed mathematical models is difficult, the benefit one could gain using their predictive
power is tremendous. The development of such detailed mathematical models is not only
hampered by a limited knowledge about the topology of the cellular reaction network, but also by
a highly restricted availability of detailed mathematical descriptions of the individual reaction
kinetics along with their respective kinetic parameters. To overcome this bottleneck we introduce
an approach, based on a ‘Monte Carlo strategy’, in which the kinetic parameters are sampled
from appropriate probability distributions and used for multiple simulations in parallel. Results
from different forms of the model (e.g. a model that resembles a certain mutation or the treatment
by a drug) can be compared with the unperturbed control and used for the prediction of the effect
of the perturbation. The established resources, tools, algorithms and models build a foundation
for the application of systems biology strategies in medical and pharmaceutical research and,
based on data from high-throughput genome, transcriptome, and proteome analysis, it enables the
development of a personalised medicine.
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8. REPORTS FROM THE SYNDICATE SESSIONS
The mode of action (MoA) syndicate session was split into two parallel groups due to the
number of delegates involved (Syndicates 1a and 1b). These syndicates addressed different
sets of questions.

8.1

Syndicate 1a: MoA

Moderator: Chris Corton
Rapporteur: Jos Kleinjans
Torik Ayoubi
Amanda Callaghan
Richard Currie
Malyka Galay Burgos
Dan Villeneuve
The following questions were discussed:
1. Are gene signatures or molecular patterns the most common and useful way to provide
information on MoA?
We define MoA as a chemical-independent series of biologically plausible, key events
leading to a particular endpoint of toxicity.
Genomics should be applied for understanding modes of action via underlying molecular
patterns, by exploring responses to model compounds in highly standardised systems. This
may be used for generating novel hypotheses for the purpose of further unravelling
mechanisms of toxicity.
Novel biomarkers (e.g. gene signatures) can also be developed this way for screening of
chemical properties of novel compounds or for screening of human and
ecological populations.
The usefulness of gene signatures may be found in the added value of further mechanistic
understanding in risk assessment, e.g. for selecting promising compounds, for linking
in vitro to in vivo responses and for avoiding unnecessary animal experimentation.
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2. How are toxicity pathways defined, and what are the criteria to determine an activation or
inhibition of a particular toxicity pathway?
We define a toxicity pathway as a group of critical molecular events, perturbed by a toxic
chemical, implying that up or down-regulation of such a pathway either elicits or prevents
the particular toxic endpoint from becoming manifest. The modification of a toxicity
pathway can be a key event in the MoA. But key events are not necessarily always
represented by changed pathways activities, because key events may also imply changes in
individual molecular properties, in enzymes levels, or in receptor binding etc.
All modern biological techniques developed thus far should be fully exploited for the
purpose of identifying such key toxicity pathways.

3. How many positive controls (compounds with a specific mode of action) should be used to
establish a mode of action pattern?
It depends; one may be enough if this particular model compound is really a prototype,
because by that it becomes possible to accept the signature as fully relevant.
Otherwise as many as possible, depending on time and money, their availability, and also the
mechanistic (MoA) variability / heterogeneity between model compounds belonging to a
particular class of toxicity.
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8.2

Syndicate 1b: MoA

Moderator: Neil Carmichael
Rapporteur: Paul Van Hummelen
Hans-Juergen Ahr
Lisa Bickley
Peter Kille
David Rouquié
Christoph Wierling
The following questions were discussed:
1. Which criteria should be applied for the unequivocal identification of a mode of action?
Because a MoA is not absolutely defined we are not near to unequivocally identifying a
MoA. Therefore the term “Unequivocal” should be omitted. Possible genomics criteria to
suggest or identify a MoA are the obvious Gene Expression Fingerprints and Genomic
Biomarkers. With current genomic statistical techniques, biomarkers can be determined
with great confidence, but they are not necessarily causally involved in the respective MoA.
Therefore additional efforts are needed for better understanding of the underlying
mechanisms and their functional consequence.

2. Which criteria should be fulfilled for the use of a (mode of action) database (rather than
using concurrent positive controls in all studies)?
Obviously, a MoA database should only contain high quality data. However there is still
discussion about when data can be considered as high quality. Although the microarray
technology is currently robust and reproducible, questions are often raised about the basics
of the experimental design. Care should be taken in choosing the proper biological model,
the treatment schedule and sampling method. In addition, proper controls and validation
should be included using reference compounds and phenotypic anchoring approaches.

3. What information and guidelines are needed to perform these studies?
Standardised experimental protocols can be useful, but only for guidance without limiting
creativity. Similar guidance protocols could also be proposed for the data analysis
procedures and workflows.
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It was the general feeling of the syndicate members that ‘Omics is currently a valuable
‘supportive’ technology for MoA in risk assessment, but not a stand-alone tool. Therefore
‘Omics will not readily replace classical toxicology testing. ‘Omics can be used to classify
chemicals into a known MoA, or group chemicals with similar MoA. ‘Omics technologies can
help to bridge in vitro testing and in vivo interpretations. A set of in vitro assays can yield
reasonable ideas about the MoA but is as yet not a practical tool for risk assessment.
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8.3

Syndicate 2: Quantitative risk assessment

Moderator: Russell Thomas
Rapporteur: Saskia van der Vies
Ross Brown
Watze de Wolf
Willem Schoonen
Agnes Schulte
Knut Erik Tollefsen
Coral Vergé
Annette Wilschut
The following questions were discussed:
1. What have we learnt on gene signature and/or toxicity pathways from dose-response
experiment using ‘omic tools?
The group agreed that it is now established that 1) gene expression signatures can vary
depending on the dose of exposure and 2) different doses induce distinct physiological
responses. For example changes in gene expression at low dose may relate to the cell or
organism to adapt, while changes at high dose might indicate the attempt to survive.
It would be interesting to investigate the predictive value of low dose gene expression
profiles for high dose exposure response. It was considered important to be able to relate the
dose response curve to the time response curve. Understanding of dose-dependent
transition and mechanism of transition from low dose experiments to high dose was
considered key to the future of ‘omics as a tool for toxicity testing.
There is a clear need to establish the baseline variance of the various pathways since
pathways with high variability can exhibit adaptive responses in absence of pathology.
In contrast, pathways that do not vary may be under strict transcriptional control because
minor changes can lead to adverse effects. Variable pathways therefore, may require greater
changes (higher dose) before they are identified. Also the most sensitive biomarker may not
be involved in a ‘toxicity pathway’ but may present the working of a protective mechanism.
It was noted that mechanistic and dose-response models must allow for dose-dependent
transitions in mechanisms and in response parameters and that computational biology will
play a central role in supporting dose-response modelling of toxicity pathway function.
Doses are often applied at one level of organisation, e.g. whole animal, but measured effects,
interpretations of interactions, and adverse outcome are often at other levels of biological
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organisation. Yet, there is seldom a reliable dose metric that inter-converts dose across
levels. This is expected to limit our interpretation of changes that occur at levels of biology
where the dose is undetermined.
Another issue was addressed, namely the robustness of the experimental design. For
example, if two sample collections are separated by a couple of hours what effect might
that have on the gene expression profiles? Little is known about the contribution of
circadian rhythms for example, or time-dependent hormonal changes to the variability of the
gene expression profiles in the presence and/or absence of the chemical. Also, the biological
age (particularly nutritional and metabolism status as well as growth) was mentioned and is
expected to have an influence on the variability of gene expression profiles. More so the
biological age rather than the chronological age.
At the moment ‘omics technology in general and gene expression profiling in particular are
mainly used for ‘traditional’ classification and that it is at least comparable to standard
MoA tests.
A potential danger is the fact that one might find that based on the gene expression profiling,
the traditional classification endpoints of a compound might have been inappropriate for the
test chemical e.g. should have looked at kidney pathology rather than liver pathology.
It was concluded that the full potential of ‘omics technology is not exploited at the moment.
For example, sample changes can be picked up but this is not ‘used’ since there is no
agreement on how to use it. It was felt that using the full potential of ‘omics technology
needed to be encouraged so that we will end up with a better system to assess toxicity, which
is expected to lead to better risk assessment. It may also help to provide information for
regulators. It was suggested that it will be useful to perform a retrospective analysis of
toxicological properties using newly-generated ‘omics technology data.
For ecotoxicology it was considered important to develop good (and simple) model systems
like Daphnia. Ecotoxicology also has to deal with potential differences in the effects of
compounds at different trophic levels. It might be worthwhile to use a group of chemicals
for ‘omics analysis and determine which model organism is the most sensitive. Comparison
of model systems was also considered an important issue that needs to be addressed.
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2. How can ‘omics data be used for quantitative aspects in risk assessment?
Potential uses of ‘omics in risk assessment include providing a marker of exposure, a direct
measure of toxicity or a means of identifying or clarifying the mode or mechanism of
toxicity for a chemical or class of chemicals.
At the moment it is too early to use ‘omics data in isolation for quantitative aspects of risk
assessment. However it is considered increasingly important to support technology in risk
assessment (i.e. in providing additional weight of evidence of chemical mode of action –
linking cause and effect).
It was thought that ‘no effect levels’ can be set based on patterns rather than on a single gene
since it is unknown what components are ‘sensitive’ in the pathway. Knowledge of cell
physiology is needed to identify relevant patterns.
The question was raised whether we were more comfortable using toxicology pathways
rather than single gene effects. If the key gene in the pathway is altered then more than just
that gene would be affected in the pathway. In addition, it was noted that changes in certain
pathways may be fast and may be missed, the result of the change e.g. the phosphorylation
of proteins, may be picked up at a later stage (later in time) and may be related to toxicity.
It was pointed out that this is a view from a mammalian perspective. Ecotoxicology may
have to “make do” with single or a few genes rather than with a pattern, because gene
annotation may be limited for certain test species.
Using ‘omics for risk assessment may be as a marker of exposure, as a direct measure of
toxicity or as a means of identifying or clarifying the mode or mechanism of toxicity for a
chemical or class of chemicals.
It was considered important to determine the shape of dose-response curve and dosedependent transitions in relation to the mode and/or mechanisms of action.
It is important to identify the dose-dependent transitions in mechanisms that most impact
risk estimation.

3. Are ‘omics of any use to resolve the issue of threshold effect and ‘low dose effects’?
The group felt that ‘resolve’ was not the correct word to use. ‘Omics may help the further
interpretation and elucidation of observed effects.
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It is important to realise that transcriptional data are often generated for one cell type or one
organ. But how do we know / determine that another tissue is not more sensitive? E.g.
some compounds show kidney toxicity and not liver toxicity.
By using in vitro toxicity testing and validated ‘omics technology, it will be possible in the
future to deselect compounds / chemicals that give side effects early in development.
Omics data may also be used to prioritise which ‘new’ compounds should be tested first
in animals.
It was stated that determining no effect concentrations in ecological systems still remained a
big challenge.
In ecotoxicology the aim is to protect wildlife populations from chemical impacts.
Reproductive endpoints are therefore particularly important in determining populationrelevant threshold effect levels. However, it is recognised that test species generally have
rapid life-cycles and produce large numbers of offspring (r-strategists) and may not be
representative of some other species with longer life-cycles and lower fecundity
(k-strategists).

The syndicate made the following further remarks:
‘Omics technology will help to identify the point of departure for risk assessment and hence will
help in the design of experiments and the decision of what kind of tests need to be performed.
‘Omics technology can be used as a prioritisation tool to determine what compounds should be
tested in animals (first) and what are the most important tests to be done.
There is a continuing need for ‘high quality’ databases that contain ‘omics data together
with traditional toxicological data to allow a systems biology approach for data mining and
analysis with the aim to elucidate causal relationships to aid the prediction of toxicities and to
improve risk assessment.
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8.4

Syndicate 3: Linking from in vitro / in vivo and extrapolation across species:
Mammals to humans, Daphnia to fish

Moderator: Bette Meek
Rapporteur: Bob Kavlock
Karen Duis
Roland Frötschl
Hans Ketelslegers
Gladys Ouédraogo
André Schrattenholz
Ben van Ravenzwaay
Isabel Vieira
The following questions were discussed:
1. Can ‘omic data generated from in vitro or in vivo systems be used for chemical grouping in
the context of the REACH legislation?
Firstly, concern was expressed over the existing approaches for creating categories due to
the general lack of input from a biological perspective. The group was unaware of any
prospective effort to evaluate the utility of current category approaches. It was
recommended that data integration from multiple sources should form the basis of
categories, that these include consideration of the most relevant aspects (on a category by
category approach), and that this information be used to inform testing needs (so called
tiered or integrative testing). Using biological assays to distinguish between genotoxic and
non-genotoxic chemicals was provided as an example where there has been acceptance for
broad hazard identification / characterisation purposes. Clearly there is a need for more
inter-laboratory comparisons for developing relative ranking procedures; it will be important
to avoid the need for endless validation efforts while at the same time building confidence.
It was also noted that utility of ‘omic information will vary between data rich and data poor
chemicals, but that side-by-side comparisons of ‘omic data with that from more traditional
testing approaches for data rich chemicals will contribute to confidence building in
predictive capacity.

2. How can we extrapolate chemical effects observed in vitro to an in vivo situation?
Extrapolation from an in vitro test result to in vivo phenotypic responses is well founded in
some situations (e.g. where there is knowledge of cellular receptors), but in others there is
much less confidence in the translation. A number of collaborating international
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organisations are, under the leadership of the IPCS, considering among other aspects to
facilitate more predictive approaches, develop a database on commonly agreed modes of
action, which will help support development in this area. There is a need to be explicit about
what we know and what we do not know about modes of action. The extrapolation from in
vitro to ecotoxicological effects faces additional challenges due to the diversity of species
and the lack of biological reagents for many modes of action. The addition of kinetic
information on the chemical in the test system, both in in vitro and in vivo experiments, will
aide in the translation of effects between them. The building of confidence in these
extrapolations requires communication across national regulatory assessment communities
so that there is sharing of knowledge, training and international acceptance. Side-by-side
comparisons are needed to build this confidence, and data generators and users need to
embrace a common strategic direction. We must move away from routine box-checking on
study requirements and use the integrated knowledge we have to make the overall process
more efficient and effective. Furthermore, it will be necessary to provide incentives to the
chemical industry so that they support the development efforts e.g. by the future possibility
to integrate ‘omics data into risk assessment and substance classification. Finally, we must
strive to preclude the pressures of immediate regulatory mandates posing roadblocks to long
term support for essential change to increase efficiency and effectiveness.

3. What role can in vitro systems play to extrapolate adverse effects observed in animals to
humans? How reliable are human in vitro systems to predict adverse outcome in humans?
In vitro systems can play a critical role in the extrapolation of effects observed in animals
to humans, as has been demonstrated in the context of mode of action / physiologically
based pharmacokinetic models. When specific needs have been identified, this approach
is of proven utility. However, a strategy is needed to guide international cooperation to
build side-by-side examples that can then be used to build confidence in the approach.
In pursuing this strategy, one needs to differentiate between mode of action experiments,
where a specific hypothesis is being studied for a data rich chemical, and hazard
identification experiments, where we are seeking to generate hypotheses for later testing
and evaluation. It is this later case where ‘omic technologies are currently likely to have
their broadest impact. In terms of specific human based in vitro systems, there is research
needed to define the relative merits of primary cell experiments as compared to established
cell lines. The former suffers from inter-individual variations and confounding factors due
to the donor, and there has been limited application of primary cell to broad scale needs.
Baseline comparisons are needed between the various technologies (e.g. primary
hepatocytes, versus HepG2, versus precision cut liver slices) in order to tailor the
experimental approach to the main testing objectives.
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4. Are we getting closer than two years ago?
As evidenced by the presentations at this meeting, there are now numerous case studies
demonstrating the strengths and limitations of the new approaches. ‘Omics is opening the
black box of how chemicals exert their biological responses and allowing toxicology to
transform from a descriptive to a predictive science. To date, most of the progress has
been on qualitative hazard assessment, with less occurring in the area of quantitative
dose-response characterisation. While recognising the dynamic nature of advances in
technology, we must work, perhaps through international organisations such as the OECD,
IPCS or ILSI/HESI, to identify best practices. The regulatory community needs to be
brought into these discussions early on, so that the approaches and outcomes are relevant to
their needs, and there must be incentives for industry to participate in the process ( see
above). It was recognised that agendas supporting public / private partnerships are more
progressive in Europe than in North America, and there is room for expanded international
dialogue and co-ordination. Finally, strategies must be sought that rise above the current
legislative agenda, encourage more intelligent testing, and support the development of
‘green’ chemicals that lack the inherent properties that contribute to toxicity. In the future
this approach will enable the search for source reduction solutions, rather than the current
exposure management solutions.

36

ECETOC WR No. 19

‘Omics in (Eco)toxicology: Case Studies and Risk Assessment

9. CONCLUSIONS AND RECOMMENDATIONS
Since the 2007 ECETOC workshop a number of well documented case studies using ‘omics
technologies have become available. The case studies were presented in the current workshop
and convincingly demonstrate the progress in the field.
At this time ‘omics data are particularly valuable for understanding modes of action via
underlying molecular patterns and by exploring responses to model compounds in highly
standardised systems. This may be used for confirmation of existing or the generation of novel
hypotheses. Novel patterns or biomarkers (e.g. gene signatures, metabolome profiles) can also be
developed this way for screening of chemical properties of novel compounds. Within the context
of risk assessment, there was broad agreement among the participants that ‘omics data already
adds value to risk assessment by improving mechanistic understanding and identification of
modes of action (MoA). To enhance the acceptance of ‘omics technology, in particular for risk
assessment purposes, high quality data and a careful design of the biological experiment are
essential (e.g. proper biological model, treatment schedule and sampling method). In addition,
proper controls, reference compounds, phenotypic anchoring as well as appropriate validation
procedures should be used to ensure the quality of the generated data. Thus, the value
(credibility) of mode of action recognition by fingerprints or biomarkers can be enhanced if the
changes observed can be causally linked to the toxicological pathway. It should also be noted
that ‘omics data could be obtained from regulatory studies, thus reducing the need for additional
experiments and providing a highly standardised experimental set up of the biological study.
With the current state of the art, the ‘omics technologies could very well serve as a tool for
the prioritisation of chemical testing and are expected to help to provide a better (biology based)
rationale for chemical grouping under the REACH legislation. For this purpose it was
recommended that data integration from multiple sources should form the basis for
categorisation, including considerations of the most relevant aspects (with a category by
category approach). In addition data integration can be used to inform testing needs
(tiered or intelligent testing).
Although the use of ‘omics for risk assessment is currently limited to qualitative aspects of
risk assessment (recognition of modes of action, species relevance), examples are becoming
available on how to use this information in a more quantitative way, e.g. to elucidate
dose-dependent transition, mechanism of transition, and the shape of the dose-response curve.
To better assess the quantitative aspects of ‘omics data, more information concerning the
sensitivity of ‘omics relative to classical toxicology testing is needed. It would seem that
transcriptomic analysis may be significantly more sensitive than classical toxicology, whereas
metabolomics appears to be equally sensitive.
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The workshop recommended that building confidence in ‘omics will be one of the most essential
aspects to increase its (regulatory) use. This will include the need for more inter-laboratory
comparisons for developing relative ranking procedures, while avoiding the need for endless
validation efforts. Flexible approaches, such as relating the number of model compounds
necessary for the identification of a mode of action to the variability of the parameters measured
(i.e. with stable parameters only a few model compounds are necessary, with high variability
more), are necessary to more rapidly advance its use. It is expected that increased regulatory use
of ‘omics will also enhance involvement of industry.
An important goal will be to advance the use of ‘omics from in vitro systems. However it is not
yet possible to conclude that the transition from in vivo to in vitro will be successful. There are
some examples which indicate that ‘omics data from in vitro systems have relevance for the
in vivo; there are however also strong indications for de-differentiation and large
changes / variability when going from an in vivo situation to in vitro systems. Thus more baseline values are needed to better understand these changes and their relevance. In the not so
distant future however, ‘omics technologies could help to bridge in vitro testing and in vivo
relevance. A set of in vitro assays can yield reasonable ideas about the MoA and could thus serve
as a starting point for targeted (in vivo) testing. Under the leadership of the IPCS, a number of
collaborating international organisations are considering how to facilitate more predictive
approaches, like developing a database based on commonly agreed modes of action, which will
help support development in this area.
With the various activities in this field, particularly in the area of transcriptomics, there is a clear
need for a better standardisation of the methodology. To allow for improvements and adaptation
to new technical developments, the participants of the workshop called for guidance
(communication of best practices), rather than guidelines. A better standardisation of data
interpretation and evaluation will increase confidence in the merit of these technologies. This
was considered to be essential because at present there appears to be a lack of acceptance
for ‘omics data at the level of the risk assessors. Side-by-side comparisons are needed to build
this confidence, and data generators and users need to embrace a common strategic direction.
The meeting therefore called for an international effort to bring together scientists from academia,
industry and agencies, as well as the risk assessors themselves, to discuss and evaluate the
necessary modifications to enhance the use of ‘omics data in risk assessment. Such an initiative
may best be placed with organisations such as ILSI/HESI or OECD and should involve
identification and communication of best practices. Furthermore, it will be necessary to provide
incentives to the chemical industry e.g. by the future possibility to integrate ‘omics data into risk
assessment and substance classification, so that they support the development efforts. Finally, we
must strive to preclude the pressures of immediate regulatory mandates posing roadblocks to
long term support for essential change to increase efficiency and effectiveness.
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ABBREVIATIONS
A
AAF
cDNA
DNA
DNB
E
ECVAM
EDSP
EE
ERDC
EST
FM
FQPA
IB
ILSI/HESI
IPCS
MAQC
MCPA
miRNA
MoA
mRNA
OECD
PPAR
QSAR
REACH
T
TGx
ToxPi
US EPA
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Androgen
Acetyl-aminofluorene
Complementary desoxyribonucleic acid
Deoxyribonucleic acid
1,3-dinitrobenzene
Oestrogen
European Centre for the Validation of Alternative Methods
Endocrine Disruptor Screening Program
Ethinyl estradiol
Army Engineer Research and Development Center
Embryonic stem cell test
Flutamide
Food Quality Protection Act
Ibuprofen
International Life Sciences Institutes / Health and Environmental Sciences Institute
International Programme on Chemical Safety
MicroArray Quality Control
2-methyl-4-chlorophenoxyacetic acid
Micro ribonucleic acid
Mode of action
Messenger ribonucleic acid
Organisation for Economic Co-operation and Development
Peroxisome proliferator-activated receptor
Quantitative structure activity relationship
Registration, Evaluation, Authorisation and Restriction of Chemicals
Thyroid
Toxicogenomics
Toxicological Prioritisation Index
United States Environmental Protection Agency
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APPENDIX B: WORKSHOP PROGRAMME
Monday 22 February 2010
12.30 - 13.30

Registration and lunch

13.30 - 13.40

Welcome

Neil Carmichael
ECETOC
BASELINE / NEW DESCRIPTORS / ADVERSE EFFECTS

13.40 - 14.00

14.00 - 14.20

14.20 - 14.40

Sources of Variation in Baseline Gene Expression Levels from
Toxicogenomics Study Control Animals

Toxicogenomics: The Challenges and Opportunities to Identify Biomarkers,
Signatures and Thresholds to Support Mode of Action Arguments

New Descriptors in Toxicogenomics: Epigenetic Studies and microRNA

Chris Corton
US EPA

Richard Currie
Syngenta
Jos Kleinjans
Maastricht University

IDENTIFICATION OF MODE OF ACTION AND APPLICATION
TO RISK ASSESSMENT IN A QUALITATIVE WAY
14.40 - 15.00

Linking Transcriptomic Profiles to Population Effects in Daphnia Magna

15.00 - 15.20

Profiling Endocrine Disruption Potential Using ToxCast and
Other Relevant Data

15.20 - 15.40

Applying Genomics in Risk Assessment

15.40 - 16.00

Coffee break

44

Amanda Callaghan
Reading University

Bob Kavlock
US EPA
Tim Gant
Leicester University

ECETOC WR No. 19

‘Omics in (Eco)toxicology: Case Studies and Risk Assessment

CASE STUDIES
16.00 - 16.05

Introduction

16.05 - 16.25

Case 1: Using Transcriptomic Data to Define Non-Cancer and
Cancer Points of Departure: A Five Chemical Case Study

16.25 - 16.45

Case 2: Protein Biomarkers for in vitro Testing of Embryotoxicity

16.45 - 17.05

Case 3: The Identification of Direct and Indirect Modes of Action on
the Thyroid by Means of Metabolic Profiling

17.05 - 17.25

Coffee break

17.40 - 18.00

Case 5: Liver Toxicogenomics within the Pharmaceutical Industry.
From in vivo, to Slice, to Permanent Cell Line

18.20 - 18.40

Russell Thomas
The Hamner Institutes
André Schrattenholz
ProteoSys

Ben van Ravenzwaay
BASF

Case 4: Male Reproductive Health and Endocrine Toxicity: Application of
Toxicogenomics Technologies to Develop a Mechanistic-Based Risk Assessment

17.25 - 17.40

18.00 - 18.20

Ben van Ravenzwaay
BASF

Case 6: In vitro and in vivo Transcriptomics for Assessing Toxicological
Effects of Chemicals to Aquatic Organisms

Case 7: A Systems Biology Approach to Small Fish Ecotoxicogenomics

David Rouquié
Bayer CropScience

Willem Schoonen
MSD

Knut-Eric Tollefsen
MSD
Dan Villeneuve
US EPA

FUTURE PERSPECTIVES / SYSTEMS BIOLOGY / MODELLING
18.40 - 19.00

Prediction in the Face of Uncertainty: A Monte Carlo Strategy for
Systems Biology of Cancer Treatment
Christoph Wierling
Max Planck Institute for Molecular Genetics

19.00

End of Day 1

21.00

Dinner
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Tuesday 23 February 2010
08.30 - 08.45

Recapitulation of Day 1 and Introduction to Syndicate Sessions

08.45 - 10.30

Syndicates

Saskia van der Vies
Amsterdam Free University

Syndicate 1a - MoA
Moderator: Chris Corton

Rapporteur: Jos Kleinjans

- Are gene signatures or molecular patterns the most common and useful way to provide information on MoA?
- How to define toxicity pathways and what are the criteria to determine an activation or inhibition of a particular
toxicity pathway?
- How many positive controls (compounds with a specific mode of action) should be used to establish a mode of action
pattern?
Syndicate 1b - MoA
Moderator: Neil Carmichael

Rapporteur: Paul Van Hummelen

- Which criteria should be applied for the unequivocal identification of a mode of action?
- Which criteria should be fulfilled for the use of a (mode of action) database (rather than using concurrent positive
controls in all studies)?
- What information and guidelines are needed to perform these studies?
Syndicate 2 - Quantitative Risk Assessment
Moderator: Russell Thomas

Rapporteur: Saskia van der Vies

- What have we learnt on gene signature and/or toxicity pathways from dose-response experiment using ‘omic tools?
- How can ‘omics data be used for quantitative aspects in risk assessment?
- Are ‘omics of any use to resolve the issue of threshold effect and ‘low dose effects’?
Syndicate 3 - Link from in vitro / in vivo and Extrapolation across Species: Mammals to Humans, Daphnia to Fish
Moderator: Bette Meek

Rapporteur: Bob Kavlock

- Can ‘omic data generated from in vitro or in vivo systems be used for chemical grouping in the context of the REACH
legislation?
- How can we extrapolate chemical effects observed in vitro to an in vivo situation?
- What role can in vitro systems play to extrapolate adverse effects observed in animals to humans? How reliable are
human in vitro systems to predict adverse outcome in humans?
10.30 - 11.00

Coffee break
Chairman: Ben van Ravenzwaay

11.00 - 12.00

In plenary: Syndicate Reports and Discussion

12.00 - 12.30

Summary / Conclusion

12.30 - 14.00

Adjourn and lunch
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ECETOC WORKSHOP REPORTS
No.

Title

No. 1

Workshop on Availability, Interpretation and Use of Environmental Monitoring Data. 20-21 March 2003, Brussels

No. 2

Strategy Report on Challenges, Opportunities and Research Needs Arising from the Definition, Assessment and
Management of Ecological Quality Status as Required by the EU Water Framework Directive Based on the
Workshop EQS and WFD versus PNEC and REACH - Are They Doing the Job? 27-28 November 2003, Budapest

No. 3

Workshop on Use of Human Data in Risk Assessment. 23-24 February 2004, Cardiff

No. 4

Influence of Maternal Toxicity in Studies on Developmental Toxicity. 2 March 2004, Berlin

No. 5

Workshop on Alternative Testing Approaches in Environmental Risk Assessment. 7-9 July 2004, Crécy-la-Chapelle

No. 6

Workshop on Chemical Pollution, Respiratory Allergy and Asthma. 16-17 June 2005, Leuven

No. 7

Workshop on Testing Strategies to Establish the Safety of Nanomaterials. 7-8 November 2005, Barcelona

No. 8

Workshop on Societal Aspects of Nanotechnology. 9 November 2005, Barcelona

No. 9

Workshop on the Refinement of Mutagenicity / Genotoxicity Testing. 23-24 April 2007, Malta

No. 10

Workshop on Biodegradation and Persistence. 26-27 June 2007, Holmes Chapel

No. 11

Workshop on the Application of ‘Omics in Toxicology and Ecotoxicology: Case Studies and Risk Assessment.
6-7 December 2007, Malaga

No. 12

Workshop on Triggering and Waiving Criteria for the Extended One-Generation Reproduction Toxicity Study.
14-15 April 2008, Barza d’Ispra

No. 13

Counting the Costs and Benefits of Chemical Controls: Role of Environmental Risk Assessment in Socio-Economic
Analysis. 4 June 2008, Brussels

No. 14

Use of Markers for Improved Retrospective Exposure Assessment in Epidemiology Studies. 24-25 June 2008, Brussels

No. 15

Workshop on the Probabilistic Approaches for Marine Hazard Assessment. 18-19 June 2008, Oslo

No. 16

Workshop: Guidance on Interpreting Endocrine Disrupting Effects. 29-30 June 2009, Barcelona

No. 17

Workshop: Significance of Bound Residues in Environmental Risk Assessment. 14-15 October 2009, Brussels

No. 18

Workshop: Enhancement of the Scientific Process and Transparency of Observational Epidemiology Studies.
24-25 September 2009, London

All ECETOC reports can be downloaded from www.ecetoc.org/workshop-reports
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Established in 1978, ECETOC (European Centre for Ecotoxicology and
Toxicology of Chemicals) is Europe’s leading industry association for
developing and promoting top quality science in human and environmental
risk assessment of chemicals. Members include the main companies with
interests in the manufacture and use of chemicals, biomaterials and
pharmaceuticals, and organisations active in these fields. ECETOC is the
scientific forum where member company experts meet and co-operate with
government and academic scientists, to evaluate and assess the available
data, identify gaps in knowledge and recommend research, and publish
critical reviews on the ecotoxicology and toxicology of chemicals,
biomaterials and pharmaceuticals.

