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1. SUMMARY 

To review recent progress made on the application of ‘omics technologies to chemical safety and 

to assess their potential impact on the risk assessment of chemical substances, ECETOC 

organised a Workshop in Malaga, Spain (6-7 December 2007).   

The workshop was limited to participation by selected industry experts, government agencies and 

invited external scientists (both toxicologists and ecotoxicologists), 29 people in all.  Seven case 

studies were presented.   

The general conclusion among participants was that ‘omics are now taking their place among 

other regular tools for hazard/risk assessment.  However, the question remains whether the 

technology is ready to be incorporated into a regulatory setting.  It was recognised that the 

pharmaceutical industry is more advanced at using ‘omic data in the regulatory arena 

(e.g. US FDA) and that mammalian models are more developed than those of environmental 

relevant species (e.g. US EPA).  For example, genome sequence data for environmentally 

relevant organisms are still poorly described or non-existent.   

The workshop firstly addressed the importance of using high quality study design and 

experimental controls (including quality controls).  Good quality standards will improve 

confidence in the ‘omics techniques and increase the likelihood of regulatory acceptance.  

Consequently, there is a need to define quality standards for the performance of ‘omic studies.   

Interpretation of genomics data often proves to be a time consuming and challenging area of 

genomic science but is a key factor to its successful application.  The further development and 

implementation of guidance was found to be helpful, but it was stressed that full interpretation 

requires a refined and appropriate characterisation of the genes in the biological system as a 

whole.   

Participants agreed that in future, genomics will change the current paradigm of toxicology and 

environmental science.  As regards human health, the general consensus was that toxicogenomics 

will have value in providing supportive evidence for toxic mechanisms but should not necessarily 

be expected to be a definitive endpoint in a regulatory setting of chemical/drug risk assessment.  

With more toxicogenomic tools becoming available and users gaining more experience, it is most 

likely that environmental science will increasingly witness the application of genomic tools in 

chemical hazard/risk assessments.   

Concerning the predictability of toxicogenomics, chemical class-specific molecular signatures 

were identified in several of the case studies presented.  Selecting the sequences that were altered 

in the same direction by chemical/drug with the same presumed mode of action (MoA), will 



Workshop on the Application of ‘Omic Technologies in Toxicology and Ecotoxicology:  Case Studies and Risk Assessment 

 

 

ECETOC WR No. 11 2 

identify distinct cellular pathways, indicating that the pathway associated gene expression 

profiles may be used to predict the genotoxic or non-genotoxic (i.e. carcinogenic) potential of a 

chemical/drug.  Nonetheless, due caution is required when choosing a relevant biological model.  

Information on the toxic mechanism or mode of action of the selected biomarkers, and on their 

stability, will be improved by new developments, i.e. systems biology, and careful validation 

based on independent chemical or drug class.   

For prospective ecological risk assessment, understanding species diversity is still paramount.  It 

is necessary to discriminate the effects of chemicals in the environment from the compensatory 

homeostatic response at organism level in the presence of a toxicant and the compensatory 

dynamics of the population as a whole.  High levels of gene conservation between species 

genomes, means that micro-organisms (e.g. Escherichia coli), nematodes, earthworms and fish 

could be useful as indicators for higher organisms.   

Alterations in individual parameters in ‘omic studies were considered to be unsuitable to derive 

no observed effect levels (NOAELs).  This conclusion was based on the very high probability to 

find random alterations, taking into account the high number of parameters assessed in such 

studies.  To derive a meaningful NOAEL it was recommended that only specific patterns of 

change (in any type of ‘omics study) should be used to conclude that a potentially relevant 

biological effect is taking place.  As changes in ‘omics pathways do not necessarily imply that 

changes at cellular, individual or population levels will necessarily occur, these pathways need to 

be correlated to observable changes at the microscopic and macroscopic level.  To use changes in 

an ‘omics pattern for NOAEL purposes, it must be assured that the pathway identified is causally 

related to an adverse effect.   

In all, the workshop participants concluded that the ‘omics technology is firmly established as a 

research tool and is also becoming less expensive.  Regulators do not require ‘omic data as yet 

but the available data can already be included in dossiers.  The efforts made to develop these 

techniques for risk assessment and to resolve all pending issues will benefit science and industry 

in the future.   
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2. WORKSHOP OVERVIEW 

2.1 Introduction 

At the present time, the main applications of ‘omics tools (genomics, transcriptomics, proteomics, 
metabonomics) in toxicology are in the development of methods for prioritising chemicals for 
further screening and testing such as the ‘ToxCast™ program’ from the US Environmental 
Protection Agency (US EPA, 2007) and in the elucidation of the MoA of toxicity from chemicals 
by generating and testing hypotheses.  The potential role of ‘omics technologies in chemical 
hazard identification and risk assessment is well recognised as they offer certain advantages over 
traditional toxicological approaches (ECETOC, 2001; Sarrif et al, 2005).  When compared to 
traditional toxicological methods (e.g. weighing) used to measure alterations of tissues, organs or 
systems following xenobiotic exposure by drugs or industrial/environmental chemicals, ‘omics 
technologies combine the benefits of relative simplicity, sensitivity and speed of generating 
information at various stages of the insult.  Moreover, ‘omics techniques can be applied directly 
to (biological samples from) human beings or environmental biota and will therefore reduce the 
need to experiment in and extrapolate from animal models.   

The US EPA actively encourages the contribution of genomics data to support MoA arguments 
for human or ecological health risk assessments when the data are used in combination with other 
information in a weight-of-evidence approach (Appendix A).  The EPA recognises that the use of 
‘omic data alone is insufficient for risk assessment and management decisions.  The use of ‘omics 
tools in such a manner is paving the way for the development of integrative or systems 
toxicology.  This will ultimately lead to a significant reduction of both animal numbers and study 
duration.   

Despite advances made to standardise the generation of ‘omic data (viz. by means of micro-array 
technology), difficulty is still encountered in the interpretation of the data and, therefore, the 
drawing of meaningful conclusions.  In the light of these considerations, the ECETOC Scientific 
Committee felt the need to review the current state of the ‘omics science and identify some 
worked examples of ‘omics used in toxicology, hazard and risk assessment.   

2.2 Workshop structure 

Consequently, nearly 30 scientific experts from industry, academia and governmental agencies 
participated in a workshop held in Malaga from 4 to 6 December 2007 where case studies were 
presented.  This was followed by syndicate sessions, where the experimental conditions used to 
generate ‘omic data, dose responses and the contribution of ‘omics to MoA/predictivity 
evaluations were discussed.  These discussions were recapitulated in a final plenary session 
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where several recommendations were made and conclusions drawn.  A list of workshop 
participants is given in Appendix B, and the programme is detailed in Appendix C.   

2.3 Workshop aims and objectives 

The aim of the workshop was to review recent progress made on the application of ‘omics 
technologies to chemical safety and assess the potential impact of these new technologies on the 
risk assessment of chemical substances.   

The workshop addressed the following points in particular:   

1. Conditions to generate ‘omic data relevant to toxicity (appropriate study design, quality 
control, exploitation and interpretation of data).   

2. Usefulness of ‘omics technologies in predicting toxicity in mammalian and non-mammalian 
models.   

3. Usefulness of ‘omics technologies in elucidating mechanism of action leading to toxicity.   

4. Sensitivity of the ‘omics technologies in detecting changes related to toxicity and 
comparison with sensitivity from more traditional methods (histopathology, enzyme assays, 
hormone measurements, etc.   

ECETOC WR No. 11 4 
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3. PRESENTATION SUMMARIES 

3.1 Quality controls and RNA-related procedures for gene expression profiling of different 
tissues 
O. Grenet, E. Marrer, F. Pognan, S.-D. Chibout 
Novartis Pharma, France 

The recent advent of toxicogenomics, a discipline derived from a combination of the fields of 
toxicology, genomics and bioinformatics, allows the identification of signatures for a drug effect 
at the molecular level and to the better anticipation of drug toxicity and efficacy.   

Several expression tools such as DNA micro-arrays and PCR (polymerase chain reaction), can be 
applied to minute samples such as laser micro-dissected samples (LCM) and cerebrospinal fluid 
(CSF).  In the context of minute samples, strict quality controls are required for every step, from 
sampling to hybridisation of the nucleic acids.  For example appropriate measures must be taken 
rapidly after LCM sample collection since mRNA half life is approx. 30 minutes in these 
conditions.  Also a thickness of 50 µm is the best compromise in terms of RNA yield and quality.   

Once these parameters are controlled, one can assess the limits of LCM or human CSF profiling 
for example, in providing a meaningful adjunct to genomics and biomarker research.   

Issues outside the control of the investigator also influence RNA quality such as variable 
ribonuclease activity in different sample types.  This will impact the ability of these techniques to 
provide meaningful gene expression analysis of tissues or organ substructures in pharmacological 
or toxicological studies.   

These emerging technologies have several implications and can be applied to the understanding 
of many kinds of toxicity such as drug-induced kidney injury which is a serious and not 
uncommon adverse event that needs to be considered during drug development (Dieterle et al, 
2008).  The current standards used to monitor kidney function, such as blood urea nitrogen and 
serum creatinine, are late indicators of kidney injury and thus do not allow for timely intervention 
before loss of function.  Improving the diagnosis and monitoring of kidney damage goes hand-in-
hand with the identification of new biomarkers and the development of such technologies that 
enable their sensitive and specific measurements.   
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3.2 Quality control in toxicogenomics 
R. Currie 
Syngenta, UK 

Toxicogenomics is usually defined as the application of massively parallel transcript profiling 
technologies (usually microarrays) to understanding and/or predicting toxicity.  Microarrays have 
been constructed by attaching small oligonucleotides or cDNAs, which are complementary to 
their target sequences, to solid supports and as such are merely an analytical technique to measure 
the levels of many analytes simultaneous (in this case different species of mRNA).  As with all 
experimental methods, a prerequisite for the analysis and interpretation of microarray data is to be 
assured that the data are of sufficient quality for the planned analysis.  A series of quality control 
measures are necessary to help demonstrate this.   

There are many sources of variability that must be considered.  The quality of the underlying 
sequence data may be variable depending on the species being investigated.  For example humans 
and a small number of well studied model organisms have the best coverage of genome sequence 
information, whereas rarely studied organisms have much poorer depth of coverage and most 
organisms have no sequence information available.  The quality of the microarray during 
manufacture may vary depending on the source, that is to say a commercial provider may have 
the economies of scale necessary to develop consistent manufacturing processes and pre-release 
quality control when compared to smaller microarrays printed ‘in house’.  The generation of data 
using microarrays is a multi-step process involving tissue isolation, RNA purification, labelling, 
hybridisation to a microarray, washing and finally imaging.  Therefore suitable quality control 
measurements should be collected and an analysis of these performed before any further data 
analysis is considered.  Commonly measured QC metrics consider purified RNA quality 
(e.g. RNA yield, ratio of absorbance at 260 nm to 280 nm, ratio of 28S to 18S ribosome bands on 
a 1% agarose gel or on the Agilent Bioanalyser, or similar instruments, the ‘RNA integrity 
number’, the ratio of 3` to 5` probe sets on e.g. Affymetrix microarrays), RNA processing 
controls (RNA spikes to assess enzymatic processes, yield and size analysis of fragmented 
labelled cRNAs) and hybridisation (platform-specific spiked control mRNAs, replicate spots on 
the array, normalisation scaling factors).  Although there are no commonly agreed standard 
criteria for excluding a particular measurement based on all of these QC metrics, an 
understanding of the consistency of these criteria within an experiment allows the identification 
of outliers that may need to be excluded or ideally have repeat measurements made.  Caution 
should also be exercised in applying generic criteria when considering experiments with different 
designs.  For example the quality of RNA expected from a tissue that was rapidly excised from an 
organism and then stabilised by freezing, would be expected to be different from the frozen and 
fixed tissue scraped off a microscope slide or recovered by laser capture micro-dissection, and 
both are likely to have very different quality from RNA purified from formalin-fixed paraffin 
embedded tissues.   
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The raw images captured from a microarray are processed to generate the expression data that are 
subjected to a variety of methods to identify significant changes in gene expression.  An analysis 
of the pathways and Gene Ontology processes that may have been perturbed is then commonly 
performed to aid mechanistic understanding of the toxicity under study.  The quality of the 
annotations of the genes is clearly of crucial importance for this.  However this quality is variable 
depending on the organism being studied, where well studied model systems have good (but still 
incomplete) annotations but most species have very little or no direct genome annotations.  One 
factor to note is that gene annotations are subject to review and occasional re-annotation.  
Consequently the interpretation and analysis must be in the context of the annotations available at 
that time and this should be recorded alongside the analysis.   

Clearly opportunities exist for variation to be introduced at many points in a microarray 
experiment; therefore it is not surprising that there has been considerable debate within the 
scientific community on the reproducibility and validity of genomic (transcript profiling) data 
generated through the use of microarrays.  Recently the MicroArray Quality Control consortium 
(MAQC Consortium, 2006) has investigated the reproducibility of microarray data between 
laboratories and platforms.  Using common commercially available reference pools of RNA and a 
number of commercial and ‘in-house’ printed arrays they demonstrated good concordance in 
detecting mRNAs as ‘present’.  Similarly, they showed good concordance (excluding the printed 
microarray, >80% between platforms and >90% within platforms) for lists of differentially 
expressed genes.  They did demonstrate quantitative differences in the absolute fold-change 
values between platforms.  However when the genes were ranked by fold-change, there was good 
correlation of these ranks between platforms indicating that the microarrays were identifying the 
same underlying change in mRNA, despite the platform dependent signal differences.  Also 
microarray data had good correlation with TaqMan results for those same genes, but typically 
with differences in the absolute fold change values.  The MAQC therefore concluded that, for 
these samples and laboratories, microarray data are repeatable within laboratories, reproducible 
between laboratories and comparable across platforms.  The public availability of the MAQC 
data and commercially available RNA standard potentially allows test facilities conducting 
microarray experiments to benchmark their performance against other test facilities and thereby 
demonstrate their competence.   

In conclusion, the continued technical development of microarray methods has demonstrated that 
a series of quality control measures that can be easily measured during a microarray experiment 
help give confidence that the technical requirements of sample processing and analysis are of 
sufficient quality to be used.   
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3.3 Exploitation:  Use of global gene expression data to improve hazard and risk 
assessment 
J. M. Naciff, G. P. Daston 
Procter and Gamble, USA 

The relatively new ‘omic technologies (genomics, proteomics and metabonomics) present a 
potentially powerful set of tools to better understand health effects from exposures to toxicants in 
the environment.  Scientists are applying these technologies to study the potentially adverse 
effects of pharmaceutical drugs, and industrial and environmental chemicals on human health.  
These applications have provided valuable information on the effects of chemicals at a molecular 
level, providing a more complete understanding of their potential toxic effects.  Integrating such 
information into risk assessments could significantly enhance public health and regulatory 
decisions.   

The most obvious application of genomic technologies in toxicology has been in the prediction of 
toxic mechanism.  This has been applied on a fairly broad scale in the evaluation of candidate 
compounds in drug development, but research has also indicated that gene expression analysis 
also has utility in predicting MoA for chemicals in general.  The ability to deduce mechanism 
from the pattern of genes expressed has applications in 1) prioritising chemicals for more 
extensive testing; 2) tailoring test batteries based on presumed MoA; 3) as support for read-across 
procedures to limit testing in well-studied chemical families, among others.  Gene expression 
analysis can also be exploited to evaluate the nature of the dose-response at dose levels lower 
than the NOAEL in traditional toxicity studies.  Gene expression is generally more sensitive than 
traditional toxicity endpoints (Figure 3-1), and evaluation of gene expression at ambient exposure 
levels has the potential to address uncertainty about possible unusual or residual effects at low 
dose levels.  Gene expression analysis may also support comparison of responses and 
extrapolation across species, particularly if non-invasively obtained biological samples from 
humans (e.g. white blood cells, mucosal epithelium), or if human-derived cell lines are available 
to evaluate the particular MoA under investigation.   

We have used transcript profiling to identify molecular fingerprints that are indicative of 
oestrogenicity (i.e. identification of biomarkers of exposure) and used gene expression profiling 
to clearly determine this MoA, as well as to address the dose-response relationship with 
chemicals with oestrogenic activity.  We have also used this genomic approach to determine life-
stage-specific effects and gender specificity of the response to chemical exposure.  We have also 
assessed the value of the transcript profiling to improve inter-species extrapolation and to identify 
an in vitro system to screen chemicals for potential oestrogenic activity, which will be a great 
asset to assist in the evaluation of chemical safety, particularly when dealing with the evaluation 
of multiple chemicals.   
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Figure 3-1:  Uterotrophic response comparing the traditional uterine weight versus the 

corresponding response at the gene expression level 
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We have determined the genomic response of the Ishikawa cells (human-derived endometrial 
adenocarcinoma cell line) to oestrogen exposure in a time and dose dependent manner, using 
three oestrogen receptor agonists:  17 α-ethynyl oestradiol (EE), genistein (Ges) and bisphenol A 
(BPA), as we have done in an in vivo system (the rat uterus).  The analysis of the date indicates 
that the genomic response of the Ishikawa cells to a potent, a medium and a weak oestrogen 
receptor (ER) agonist exposure is time and dose dependent, following a pattern of a monotonic 
response for both parameters.  Similar characteristics of the genomic response are elicited by EE, 
BPA and Ges in vivo (the rat uterus).  We determined by statistical analysis that more than 1000 
unique genes changed their expression by exposure to EE, Ges or BPA in either the rat uterus or 
the human-derived cell line (Ishikawa cells).  Further, we have also compared the response of our 
in vitro system to the three oestrogenic chemicals with the genomic response induced in vivo.  It 
has to be emphasised that this is not just an in vitro vs. in vivo comparison, but also is an 
interspecies comparison (human vs. rat).  This comparison has shown that the change in the 
expression of 28 genes is identical in the direction of the change, although the magnitude of the 
change of some genes is different in the Ishikawa cells vs. the rat uterus exposed to these three 
ER agonists.  These 28 genes can act as biomarkers of exposure to oestrogens, both in vitro as 
well as in vivo systems.  This molecular finger print is currently being validated against chemicals 
with oestrogenic and non-oestrogenic activity.  Using the annotation available for the genes 
responding to EE, Ges and BPA, we determined that the response of the Ishikawa cells as well as 
the rat uterus involves cellular processes relevant for cell proliferation, differentiation and tissue 
remodelling.  The similarities of the Ishikawa cells’ genomic response to EE, BPA and Ges 
exposure, as well as the biological relevance of this response as compared with the in vivo data, 
are demonstrated by the effect of these chemicals in the expression of some genes encoding key 
proteins regulating cell cycle, exemplified below after 24 hours of exposure to EE, BPA or Ges 
(Figure 3-2).  The indicated genes have been colour coded in this diagram according to the 
direction and magnitude of the change in the expression level of each gene.  As can be seen in 
this example, the response of the Ishikawa cells to EE, BPA and Ges is remarkably similar 
(ovals) in both systems, even though genistein is a well known protein tyrosine kinase inhibitor 
and it also affects the signal transduction components Akt, FAK, ErbB-2 and Bcl-2 independently 
of its interaction with the ER.  These ER-independent responses to Ges have a gene expression 
component that it is still distinguishable in the transcript profile of the Ishikawa cells, evident in 
the diagram the cell cycle Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway, which 
attests to the genomic competence of these cells and also supports their value as an in vitro 
model.  The fact that a key cellular function, as is cell cycle, is regulated by oestrogen exposure in 
our in vitro system as is in vivo, suggests that the Ishikawa cells are capable of mounting a 
biologically relevant oestrogenic response after exposure to chemicals with varied oestrogenic 
activity.  In all, our data support the use of the Ishikawa cells, coupled with transcript profiling, as 
a viable in vitro system to evaluate potential oestrogenic activities of chemicals of interest.   
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Figure 3-2:  KEGG cell cycle example (24 hours) 
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Figure 3-2:  KEGG cell cycle example (24 hours) (cont’d) 
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The main conclusion from our work using genomics is that the application of transcript profiling 
to toxicity studies offers the greatest potential of significantly improving the process of assessing 
safety and risk of chemicals, since it is the most advanced, sensitive, and mature of the ‘omic 
technologies we have available today.  Transcript profiling can help us to:  1) improve the 
understanding of mechanisms of toxicity; 2) identify biomarkers of toxicity and exposure; 
3) reduce uncertainty in grouping of chemicals for assessments, (Q)SARs, inter-species 
extrapolation, effects on susceptible populations, etc.; and 4) providing a solid base to identify 
alternative methods for chemical screening, hazard identification and characterisation.  The 
benefits of applying transcript profiling to toxicity studies can return great benefit to respond to 
the demand for chemical toxicity data imposed to us by the Registration, Evaluation, 
Authorisation and Restriction of Chemicals (REACH) program within the EU and the High 
Production Volume (HPV) challenge program in the U.S.  However, there is still a lot of work to 
do before genomics-derived data are ready for their application in occupational, environmental, 
and pharmaceutical regulation.  We need to engage the chemical industry together with 
regulatory agencies and academia to attain the validation, replication, consistency, sensitivity and 
specificity of methods used to generate genomics data, before we can rely on this type of data for 
hazard and risk assessment.   

 

3.4 Genomic data interpretation 
T. W. Gant 
Medical Research Council, University of Leicester 

Introduction 
Interpretation of genomics data is the key factor to its successful application in a translational 
context.  Interpretation though often proves to be the most time consuming and challenging area 
of genomic science.  The advent of many more reproducible platforms has made less complex the 
process of generating data, but has also increased the rate at which the data can be generated.  
This has had the effect of magnifying the problem of data interpretation by a factor roughly 
equivalent to the rate at which the data are generated.  Further complexity is added by the 
explosion in online access to associated data as many new data streams have to be incorporated 
into a meaningful analysis.  Genomics in particular but also other high throughput analysis have 
taken us from a point where the analysis of data, for example expression of gene x altered by 
exposure to chemical a in biological system b, could be achieved virtually at the point of data 
generation, to a new point where the data analysis may not be completed for many months or 
even years downstream.   

What then is data interpretation?  Suppose we take as an example language where the term is 
often used.  The process of linguistic translation from one language to another requires first the 
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application of rules and is governed by understood rules of grammar in both languages and 
appropriate words for the same object.  When strictly applied though this process often generates 
blocks of text which may be understandable, but which loose meaning because the nuance or 
refinement of the language is lost.  A full interpretation requires an application of the ‘unwritten 
rules and understanding’ which may be derived from the culture and context in which the 
language is used.  The same is true in genomics.  The application of rules, e.g. statistical, achieves 
some understanding, but full interpretation requires a refined and contextual analysis of the role 
of the genes in the system as a whole. It is the current lack of both rules and contextual 
understanding that currently limits interpretation of genomic data. For example changes in gene 
expression are a perfectly normal response to maintain system homeostasis in response to 
chemical challenge. The change in gene expression should act to mitigate the effects of the 
chemical ultimately resulting in no effect for the organism. It is only when systems become 
overwhelmed that there are adverse consequences for the organism. It is therefore very important 
to interpret gene expression changes with a contextual understanding of the system as a whole to 
understand whether they represent and adverse response..   

Methodology 
The processes of data analysis are shown in Figure 3-3.  From primary data generation there is 
the important step of univariate data analysis and filtering to ensure that interpretation is not 
being made of data which are not of sufficient quality.  This process completed there is then the 
process of interpretation.  For this there are now two primary method classes (Figure 3-4), 
multivariate methods and comparative techniques.  The difference between these is that 
multivariate methods require only the primary data itself but comparative techniques require the 
input of data from other sources.  Two common multivariate approaches are clustering and 
principal components analysis (PCA).  Both of these methods are primarily concerned with 
similarity within the data set, i.e. how the observations (gene expression) can define the grouping 
of the variables (system, exposure, environment etc).  Comparative techniques ask questions 
about the relationships of the genomic datasets with other data.  One of the most popular of these 
methods has been phenotypic analysis where genomics data had been analysed alongside 
phenotypic data, such as that from a pathological analysis.  Often such an analysis is achieved by 
including a numerical measure of the phenotypic data included with a multivariate analysis, or 
more often using a more subjective approach.   

The most fundamental question often asked of genomics data is:  Can it make predictions about 
the pharmacological or toxicological properties in any biological system?  This has been for 
example addressed in the work of Lamb et al (2006).  We have derived an improved method for 
conductivity from the method of Lamb et al (currently in submission) and used this to show how 
both agonist and antagonist properties in molecules can be discovered by connection of gene 
expression profiles between molecules with established and unknown pharmacological 
properties.  Further development of such a system may to some degree allow the achievement of 
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the prediction of chemical toxicity in environmental biological systems.  The key to success for 
such a method is the collection of as many reference data as possible.   

For the future genomics is likely to become an increasingly important tool in environmental 
science.  As with human health though is it likely to be an addendum tool and not a replacement 
in the armoury of techniques.  With the technical challenges for data generation increasingly 
overcome data interpretation has assumed the mantle of most challenging area for the effective 
application of genomics in systems biology.  With more tools available and importantly more 
experienced practitioners of the art of interpretation forthcoming it is most likely that 
environmental science will increasingly experience the application of genomic tools in chemical 
assessments.   

Figure 3-3:  The processes of data analysis 
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Figure 3-4:  Classes of genomic data analysis 
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3.5 ‘Omic tools and dose response in toxicity studies 
D. Rouquié 
Bayer CropScience, France 

An important step in the safety assessment of chemicals for humans is the identification of a 
NOAEL in toxicity studies conducted in animal models.  In such studies, adverse effect levels are 
generally defined using gravimetric measurements and microscopic examinations.  However, the 
application of ‘omic technologies to toxicology, now allows the generation of a new type of 
biological information that needs to be correlated with the traditional data generated in toxicity 
studies.  In the literature, some attempts to link these two datasets have been reported.  The 
concepts of phenotypic anchoring of molecular data and NOTEL (no observed transcriptional 
level) have been proposed and were discussed in the presentation.   

To further contribute to the on-going efforts to link standard and new techniques in toxicity 
studies we have assessed, using transcriptomic and traditional tools, the testicular effects of a 
wide range of dose levels of the antiandrogen flutamide (FM) on adult male rats.  FM was 
administered at doses of 0, 0.04, 0.2, 1, 6, 30 and 150 mg/kgbw/d for 28 days.  At necropsy, 
blood samples were collected for testosterone measurements.  The testes were collected for 
histopathological assessment as well as for the evaluation of gene expression changes using either 
full genome DNA chip or qPCR analyses.  Results showed that increases in testosterone levels 
and testicular lesions (Leydig cell hyperplasia: see Figure 3-5) were detected in a dose related 
fashion from 6 mg FM/kgbw/d.   

In order to identify alterations in gene expression, we first focused on the top dose level of FM.  
Thus, RNA was prepared from testes of 5 control and 5 treated rats and analysed using Agilent 
full genome rat DNA chips.  For our dose response investigation, we focused on those biological 
functions which were altered at the high dose level and which were unambiguously involved in 
the testicular lesion, i.e. lipid metabolism (for testosterone synthesis activation in the Leydig 
cells) and cell proliferation/cell death (for Leydig cell hyperplasia).  For the dose response 
investigation, we performed qPCR analyses of testicular samples from rat exposed to lower dose 
levels of FM (Figure 3-6).   

When compared to controls, the transcript levels of the selected set of genes also showed changes 
from 6 mg FM/kgbw/d, the same dose at which histopathological and testosterone level changes 
were first observed.   

In conclusion, these data show that, using a standard 28-day toxicity study and a well 
characterised adverse effect, the NOTEL based on transcript profiling analyses is similar to the 
NOAEL based on histopathological examinations.   
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Figure 3-5: Histopathological analyses of testicular sections stained with haematoxylineosin 

indicated a clear induction of Leydig cell hyperplasia 
 

 Testis control rat Testis treated rat (150 mg/kgbw/d) 
 

 

Figure 3-6:  Dose response changes in expression of genes involved in steroidogenesis as 

evaluated in the testes of rat exposed to a wide range of dose levels of flutamide 
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3.6 Predictive use of ‘omics technologies:  Toxicogenomics of carcinogens 
H.-J. Ahr, H. Ellinger-Ziegelbauer 
Bayer HealthCare, Germany 

Application of gene expression techniques using microarrays in toxicological studies 
(toxicogenomics) allows an unprecedented hypothesis-free insight into mechanisms underlying 
toxicological effects and thus facilitates the interpretation of a toxic compound’s MoA.  
Meanwhile the utility of toxicogenomics for mechanistic investigations is widely accepted.  There 
is now also an increasing interest in the predictive use of toxicogenomics approaches (Fig. 3-7).  
It is the expectation that gene expression profiles may allow to detect toxicities earlier or at lower 
doses i.e. prior to the phenotypical manifestation of damage.  Such an approach would be 
especially valuable, if gene expression changes after short term treatment would allow predictions 
of the outcome of longer term bioassays.  Databases of expression profiles from samples 
following treatment with compounds of predefined toxic classes are necessary to extract 
multigene biomarkers and to derive a prediction model, which then can be used to classify 
unknown compounds.  Various powerful statistical methods are available to select biomarker 
genes based on supervised learning algorithms.   

In order to test the feasibility of predictive approaches in toxicogenomics we choose carcinogens 
as example.  The carcinogenic potential of chemicals is currently evaluated with rodent life-time 
bioassays, which are time consuming and expensive with respect to cost, number of animals and 
amount of compound required.  Since the results of these 2-year bioassays are not known until 
quite late during development of new chemical entities and since the short time test battery to test 
for genotoxicity, a characteristic of genotoxic carcinogens, is hampered by low specificity, the 
identification of early biomarkers for carcinogenicity would be of utmost importance.   

Male rats were treated for up to 14 days with prototypic genotoxic, and non-genotoxic 
hepatocarcinogens at doses known to induce tumours in liver in the 2-year bioassay.  By global 
expression analysis in liver tissue using Affymetrix microarrays early events characteristic for the 
two classes of hepatocarcinogens could be identified and mechanistically characterised.  Distinct 
cellular pathways were affected by the genotoxic and non-genotoxic carcinogens.  DNA damage 
response and activation of proliferation and survival signalling were found for genotoxic 
carcinogenic compounds.  In contrast non-genotoxic carcinogens activate responses to oxidative 
DNA and protein damage and induced cell cycle genes as well as other genes involved in 
regeneration.  This indicated that pathway associated gene expression signatures may be used to 
predict the genotoxic or non-genotoxic carcinogenic potential of a chemical (Ellinger-Ziegelbauer 
et al, 2005).   

The knowledge gained by mechanistic analysis helped in the selection of training profiles, which 
clearly represented the genotoxic and non genotoxic carcinogenic response.  Expression profiles 
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of non carcinogens served as control class.  Several statistical methods (analysis of variance 
[ANOVA], support vector machine [SVM], recursive feature elimination [RFE]) were applied to 
extract multigene biomarkers discriminating the three compound classes.  These biomarkers were 
then used to train classifiers based on the SVM algorithm.  The biomarkers were all characterised 
by very low cross validation errors.  Interestingly the number of genes as well as the selected 
genes themselves were rather different dependent on the selection method used.  On the pathway 
level, however, the biomarkers showed a much higher consistency pointing to the importance of a 
mechanistic anchoring of the selected multigene biomarkers.  With expression profiles of 
16 compounds, which had not been used before, for the training of the classification algorithm, 
the classification model was independently validated and prediction accuracies of up to 88% were 
obtained.  The results of this study may thus be considered as good evidence that prediction of 
toxicity based on toxicogenomics data is feasible and may play an important role in improving 
the toxicological risk assessment in the future (Ellinger-Ziegelbauer et al, 2008).   

Figure 3-7:  Schematic representation of different gene categories deregulated by treatment 

with a compound and their relation to mechanistic or predictive use of toxicogenomics 
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3.7 Use of genomics in chemical mode of action analysis  
J. C. Corton 
Environmental Carcinogenesis Division, National Health and Environmental Effects Research 
Lab [NHEERL] and the NHEERL Toxicogenomics Core, US EPA, USA 

The US EPA has spent considerable effort in the last few years to develop guidance on the use of 
genomics to inform the process for determining effects on humans and ecological species.  A 
number of workgroups within the Agency have developed consensus documents that cover a 
wide range of issues related to the use of genomics in risk assessment.  In 2002, the EPA issued 
the Interim Policy on Genomics which provided initial guidance concerning how and when 
genomics information should be used to assess the risks of environmental contaminants under 
regulatory programs within the agency.  In 2004, the document Potential Implications of 
Genomics for Regulatory and Risk Assessment Applications at EPA identified four areas of 
oversight likely to be influenced by genomics data.  These were (i) the prioritisation of 
contaminants and contaminated sites for cleanup efforts, (ii) environmental monitoring at known 
or potentially contaminated sites, (iii) provisions in reporting chemical submissions and 
(iv) chemical risk assessment.  The paper also identified a critical need for defining analysis and 
acceptance criteria the EPA would use for genomics information in understanding chemical 
toxicity and regulatory applications.  This guidance encourages and supports continued genomics 
research for understanding the molecular basis of toxicity.  While the guidance states that 
genomics data alone is currently insufficient to be used as the basis for risk assessment and 
management decisions, genomics data may help support arguments for MoA in a weight-of-
evidence approach for human or ecological health risk assessments in combination with all the 
other information the EPA considers for a particular assessment or decision.   

In 2007, an EPA Workgroup completed a document Interim Guidance for Microarray-Based 
Assays:  Regulatory and Risk Assessment Applications at EPA that is currently undergoing peer-
review.  This document describes (i) the types of data that could be submitted to the EPA when 
using microarrays, (ii) approaches to quality assessment parameters of the submitted microarray 
data, (iii) microarray data analysis approaches and (iv) issues relevant to data management and 
storage for microarray data submitted to, or used by the EPA.  This interim guidance also 
identifies future actions that are needed to better incorporate genomics information into the 
EPA’s risk assessments as well as the regulatory decision making process.   

As mentioned above, one of the areas identified in the 2004 guidance document impacted by 
genomics data is chemical risk assessment.  Genomics data will complement conventional 
toxicological data to help identify key events necessary for a chemical to work through a defined 
MoA.  Comparing the transcript profiles between test species and human-derived samples will aid 
in determining the plausibility of the animal key events in humans.  Genomics will likely one day 
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decrease the overall uncertainty of a MoA because of the global assessment of expression and 
individual variability of all genes in a genome.   

One of the major hurdles for optimising usefulness of genomic data in MoA based risk 
assessments has been the inability to comprehensively interpret changes in gene expression, 
especially those changes that directly impact key events in chemical MoA.  Currently, most 
investigators interpret the profiles generated essentially in the absence of comprehensive 
consideration of historical genomic data that may be extremely useful in determining a chemical 
MoA.  EPA and other organisations are developing or have developed databases to compare 
experimental profiles with historical data (e.g. Kavlock et al, 2008; Fostel et al, 2007).  This 
approach is even more powerful when coupled with the analysis of phenotypic endpoints that link 
the gene expression changes to toxicity.  Additional tools are necessary to develop signatures for 
different key events or MoAs.  Biochemical or genetic approaches are available that when 
coupled to transcript profiling can aid in the interpretation of the gene expression changes.  These 
can include profiling comparisons in wild-type and genetically modified mice, the use of 
techniques that can ‘knock down’ gene expression (e.g. RNAi), and use of biochemical inhibitors 
of key events (e.g. inhibitors of oxidative stress in carcinogenesis).  Additional approaches that 
have yielded more informative profiles have included dose-response and time course studies, 
comparisons between tissues and between active versus structurally similar but inactive 
compounds.  Although the field of toxicogenomics is developing improved capabilities for 
interpretation of transcript profiles, considerable collaborative efforts are needed for development 
of databases of genomic data useful for comparison of newly generated profiles and for the 
establishment of a consensus on the information necessary to establish a key event in a chemical 
MoA.   

One of the recommendations of the EPA interim guidance on genomic data is to identify and 
critically evaluate microarray data in a series of case studies with the goal to determine the utility 
of genomic analyses in risk assessment and regulatory applications.  In the following example, 
one case study is described in which we have performed a toxicogenomic dissection of the 
transcript profiles after exposure to a chemical of interest to the EPA.  To aid in the interpretation 
of the profiles we compared the profiles using one of the tools listed above (i.e. transgenic mice).  
This work has been recently published (Rosen et al, 2008).   

A number of perfluorinated alkyl acids including perfluoro-octanoic acid (PFOA) elicit effects 
similar to peroxisome proliferator chemicals (PPC) in mouse and rat liver.  There is strong 
evidence that PPC cause many of their effects linked to liver cancer through the nuclear receptor 
peroxisome proliferator-activated receptor alpha (PPARalpha).  To determine the role of 
PPARalpha in mediating PFOA transcriptional events, we compared the transcript profiles of the 
livers of wild-type or PPARalpha-null mice exposed to PFOA or the PPARalpha agonist 
Wyeth-14,643 (WY).  After 7 days of exposure, 85% or 99.7% of the genes altered by PFOA or 
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WY exposure, respectively were dependent on PPARalpha.  The PPARalpha-independent genes 
regulated by PFOA included those involved in lipid homeostasis and xenobiotic metabolism.  
Many of the lipid homeostasis genes including acyl-CoA oxidase (Acox1) were also regulated by 
WY in a PPARalpha-dependent manner.  The increased expression of these genes in PPARalpha-
null mice may be partly due to increases in PPARgamma expression upon PFOA exposure.  
Many of the identified xenobiotic metabolism genes are known to be under control of the nuclear 
receptor CAR and the transcription factor Nrf2.  There was excellent correlation between the 
transcript profile of PPARalpha-independent PFOA genes and those of activators of CAR 
including phenobarbital and TCPOBOP (1,4-bis[2-(3,5-dichloropyridyloxy)]benzene) but not 
those regulated by the Nrf2 activator, dithiol-3-thione.  These results indicate that PFOA alters 
most genes in wild-type mouse liver through PPARalpha, but that a subset of genes are regulated 
by CAR and possibly PPARgamma in the PPARalpha-null mouse.  As the expression and 
activation of the human counterparts of these nuclear receptors are well characterised, future 
research should focus on the possible involvement of these receptors in human liver through 
activation and regulation of genes involved in hepatocyte growth control.  These studies will help 
to determine the human relevance of exposures to PFOA and the risk for human liver cancer.   

Although the PFOA case study above is just one case study of the use of genomics in chemical 
MoA research, many other examples exist in the literature including those generated by EPA 
scientists and those in the European community.  There is a great deal of uncertainty and lack of 
consensus as to the impact of these studies on chemical risk assessment.  What is needed is the 
establishment of genomics working groups who can critically evaluate microarray data in a risk 
assessment context much the same way that pathology working groups evaluate tissue lesions.  
The workgroups would be useful to both regulatory agencies and the chemical industries to 
define the minimal criteria to establish key events in MoAs, define biomarkers of exposure and 
toxicological effects, refine data quality and analysis standards, and highlight the potential 
usefulness of genomic data in defining MoA and reducing uncertainty in risk assessment.  Ample 
opportunities exist for US and European scientists to participate in genomics working groups to 
develop a global consensus on risk assessment issues of mutual interest.   

(This extended abstract does not necessarily reflect US EPA policy.)   
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3.8 Current state-of-the-art of genomics in toxicology, within the framework of REACH 
P. Van Hummelen 
Vlaams Instituut voor Biotechnologie and Leuven University 

Toxicogenomics is considered as a new strategy in toxicology for human risk identification and 
prediction and will have without any doubt an important role in the way the adverse effects of 
substances are evaluated in the future.  Within the ‘Intelligent Testing Strategy’ these new 
technologies are needed to allow cost-effective evaluations of chemical risks.  Microarray 
technology will definitely be a key component of such evaluations and in the development of 
alternatives for animal testing.  However, the question remains if the technology is ready to be 
incorporated today in a regulatory setting.  In this presentation an overview was given whether 
toxicogenomics is more sensitive than current toxicology, whether it gives more information 
about MoA or whether it could reduce (in vivo) testing.   

Several publications demonstrated that agent specific expression patterns could be associated 
with dose and time of exposure.  McMillian et al (2004) found specific gene expression 
signatures for hepatotoxic compounds in rat liver that clustered with compounds having similar 
MoA.  Auman et al (2007) showed that Methapyrilene induced specific expression profiles with a 
clear dose response correlation.   

Gene expression analysis can be more sensitive and more consistent than histopathology in liver 
biopsy evaluations.  Heinloth et al (2007) identified expression changes induced by Paracetamol 
in rat livers at subtoxic doses starting from 1,500 mg/kgbw, 6 hours after treatment.  In addition, 
they demonstrated that the expression profiles were more reproducible within a dose group than 
histopathology readings.   

Toxicogenomics can also be an ideal tool to elucidate MoA by translating gene expression 
changes into changes of biological pathways.  Amin et al (2004) could identify putative gene-
based markers of renal toxicity for Puromycin that showed similar expression changes as the 
typical tubular toxicant Cisplatinin.   

An important question remains if toxicogenomics can be used to bridge in vitro to in vivo or 
predict human relevance from animal studies.  Although several studies were published that this 
can indeed be accomplished (Boess et al, 2007; Werle-Schneider et al, 2007) the results will 
dependent highly on the in vitro model used or the class of compounds tested.   

In conclusion, genomics will definitely change the current paradigm of toxicology.  It will have 
value in providing supportive evidence for understanding the toxicity and will therefore help in 
reducing testing as a whole, including animal usage. However, several bottlenecks still have to be resolved. 
They include the complex data analysis, data interpretation and the establishment and sharing of large 
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reference databases of relevant toxicity profiles. It is therefore important to organise interdisciplinary 
workshops to bring together biologists, bioinformaticians, statisticians and toxicologists. More structured 
funds are needed from both governmental agencies and industrial partners to discuss the future needs of 
toxicology and how to implement genomics in the current research and data submission guidelines for 
regulatory purposes. Finally, more efforts should be placed on sharing toxicology expression databases 
between and among the research and industry communities. The latter will hopefully start a road towards 
consensus guidelines or more standardised interpretation of the results.   

3.9 Potential toxicogenomics applications under the new REACH legislation 
W. de Coen1,2, K. Dries2, K. van der Ven2 
1 European Chemicals Bureau, DG-JRC, European Commission, EU 
2 University of Antwerp, Belgium 

In the new REACH era, responsibility for producers, importers and downstream users of 
substances, preparations and products is drastically changing.  Whereas formerly the burden of 
proof was on public authorities, it is now up to Industry to demonstrate and ensure the safe use of 
chemical substances.  Within the new chemicals regulation it will be necessary to assemble, share 
and collate all available information on the physico-chemical, exposure and toxicological 
characteristics of substances.  In case of missing information, an Integrated Testing Strategy 
(ITS) is proposed.  This ITS allows applicants to provide alternative methodologies to generate 
information on the adverse properties of chemicals:  In vitro methods, read across, QSAR, 
grouping etc.  As a general principle, new vertebrate toxicity testing can only be performed as a 
last resort and after approval of the European Chemicals Agency.  Among the alternatives that are 
presently mentioned in the REACH text toxicogenomics is also mentioned.  Although this field 
of research is currently in full development, it is to be expected that this methodology will 
provide an important contribution in the overall weight-of-evidence approach when evaluating 
chemical substances.   

Several contributions can be expected from the ‘omics domain:   

1. Grouping of chemicals:  Excellent examples have been given by ‘omics research to 
demonstrate the potential of grouping of chemicals on a mechanism of action basis.  
Moens et al (2006), for example, were able to discriminate the endocrine disrupting 
properties of chemicals using fish-specific DNA microarrays.  Even more, it was possible to 
discriminate oestrogen-like properties from androgen- and cortisol-like responses in carp.  
Such examples demonstrate convincingly that for grouping of substances, ‘omics endpoints 
can be already applied.   

2. Screening tools for prioritisation of chemicals:  One of the potential applications of ‘omics 
research is the development of new biomarkers that can be used as rapid screening tools.  In 
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previous studies, it was demonstrated that energy metabolism-based responses provide 
excellent early warning signals for chronic population level effects (e.g. de Coen and 
Janssen, 2003).  Using a similar approach with DNA microarrays for Daphnia, 
Soetaert et al (2007) were able to indicate those molecular responses that could be used as 
rapid screening tools to screen for long term adverse effects.  Such molecular markers can 
become extremely useful for the ranking and priority setting of chemicals.   

3. Risk assessment of chemicals:  At present it is too early to start using ‘omics endpoints as 
new toxicological thresholds in risk assessment procedures.  Nevertheless, as our knowledge 
and expertise with these methods will increase over the coming years (e.g. through 
successful case studies) it is to be expected that ‘omics will become an important part of the 
overall safety evaluation of chemicals.  In order to achieve this, substantial attention needs to 
be given to the development of data analysis tools and guidance for regulators on the correct 
interpretation of these data-rich experimental approaches.   
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4. ADDITIONAL COMMENTS FROM WORKSHOP PARTICIPANTS 

4.1 Notes from a sceptical eco-toxico-genomic-ologist  
P. Calow 
Roskilde University, Denmark 

I write this critique from the perspective of ecological risk assessments.  These seek to protect 
ecological populations, communities and ecosystems.  There are two ways that ‘omics might be 
used in this context.  The first is to explore the likelihood of an adverse effect observed in some 
ecological system being linked with a causative agent in retrospective risk assessments; for 
example, as might be required in the eco-epidemiological studies aimed at identifying causes for 
the deterioration of ecological quality status under the EU water legislation.  The second is to 
explore the likelihood of a potential causative agent having an adverse ecological effect in 
prospective risk assessments; for example, as required under new and existing substances 
legislation and in so-called ‘early warning’ systems.   

The effectiveness of using ‘omics in retrospective analyses depends on their specificity, 
consistency, ease of application and expense.  The prospects here look promising.  But still, as a 
number of papers in this collection point out, quite a considerable amount of effort (and hence 
cost) needs to be invested in developing systems and methodology that deliver consistently and 
reliably.   

The deployment of ‘omics in prospective analyses raises more profound issues, and these are the 
basis of my scepticism.  Put in very fundamental terms, it is a well known principle of General 
Systems Theory that whereas it should always be possible in a non-mysterious world to 
understand a whole system in terms of its parts, it is not possible to predict systems’ behaviour in 
terms of the parts alone (Calow, 1976).  Especially in complex systems, such as organisms and 
populations, ‘emergent properties’ arise out of differing initial and boundary conditions, and 
particularly out of interaction terms.   

To be more concrete, the up- or down-regulation of a constellation of genes will frequently mean 
nothing for the population of organisms from which the genes are derived even if taken to the 
level of the proteome or even metabolome.  There are a number of reasons for this.  First the 
response is often part of a homeostatic syndrome that in itself dampens any adverse health effects 
for the individual; for example, the up-regulation of genes coding for proteins that protect against 
the toxicant such as metallothioneins.  Second, what happens to the health of particular 
individuals in a population may be dampened for the population as a whole by compensatory 
dynamics —as in density-dependent regulation— so that no change occurs in the density or 
demographic structure of the population (Forbes et al, 2001).  And, finally, what happens to 
particular species populations may not matter for the community structure and ecosystem 
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processes if, for example, there is species redundancy.  All this argues for the possibility that sub-
organismic ‘omics effects can often lead to false positives from an ecological risk assessment 
perspective (Forbes et al, 2006).  This is sometimes justified in a precautionary way as leading to 
conservative conclusions; and that might be acceptable if it is done transparently.  However, 
precautionary action needs to be judged against any lost benefit for society arising from 
regulatory activity that does not necessarily bring any benefit for ecological protection —not a 
judgment that scientists should be making in isolation.   

Neither is there much reason to believe that false negatives will be any less frequent than false 
positives by using ‘omics as a basis for ecological risk assessment.  Fishing for effects in a 
sample of genes may miss the important responses in other genes and processes.  Making 
observations on the wrong systems in the wrong organisms of the wrong species seem to be more, 
not less, likely as the observations become more sub-organismic.  Picking up global responses in 
transcriptional, proteomic and metabolomic endpoints for whole cells or organism or microbial 
community is still a distant goal except in a few well-studied organisms and systems.   

That particular ‘omics responses correlate with population-relevant criteria, such as those related 
to reproductive responses, should not be grounds for too much optimism as is sometimes the case 
in papers purporting to establish the eco-relevance of the technique.  There are a number of 
reasons for this.  First, and most generally, correlations do not necessarily demonstrate causality.  
Second, though reproductive responses are undoubtedly population relevant so too are survival 
and life-cycle timings.  Moreover, the relationships between these variables and population 
dynamics’ responses (such as in population growth rate – often a proxy for fitness) are neither 
consistent nor linear (Forbes and Calow, 1999).  This is because the relationships are dependent 
on life cycle and differ amongst species, and also because of the possibility of density-dependent 
compensation that has already been mentioned.   

The conclusion from a sceptic, then, is that there is no substitute for making observations on 
ecological-level responses as the basis of prospective ecological risk assessment, especially if the 
substitutes take as much time and effort to run properly as the systems they purport to replace.  
Even the whole-organism responses in growth, reproduction and survival need to be put in the 
context of the complexity of the population dynamics and this is why ecological modelling ought 
to play a more prominent part in ecological risk assessment than it currently does 
(Barnthouse et al, 2007).   
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4.2 Cellomics, a new technique for toxicological evaluation 
W. Schoonen 
Organon/Schering-Plough, The Netherlands 

The meeting in Malaga gave a good general review about the whereabouts from genomics, 
metabonomics and proteomics.  In this ‘omics field, we missed the opportunity about an up-
coming technique, like cellomics.  To predict human or rat toxicity this new technique may also 
lead to a relative fast identification of acute and more or less chronic toxicity.  The idea is 
measurement of five different cell toxicity parameters within one cell, which gives good 
prediction of human hepatotoxic, nephrotoxic and cardiotoxic compounds with a liver HepG2 cell 
line (O’Brien et al, 2006).  With respect to regular cytotoxicity measurements (MTT, NBT 
Hoechst, thymidine incorporation, calcein uptake and glutathione depletion), this technique is 
much more sensitive as identified also by Vanparys with several compounds (Johnson and 
Johnson) and by ourselves with phospholipidosis (Organon/Schering-Plough).  For fast analysis. 
cellomics techniques are a welcome contribution in the field of ECETOC I believe.   

Nevertheless, these fast assays only give a clue about the fact, that there is an effect and if the 
toxicity mechanisms need to be clarified more specific cellular information is needed.   

In this respect, toxicogenomics, metabonomics and proteomics, alone or in combination will lead 
to the identification of the mechanisms of action.  The efforts shown with other species and 
microarrays surprised me in a pleasant way.  Some groups showed already very impressive data 
with gene analysis.  Proteomics and metabonomics, for other lower vertebrate species are, 
however, only in development and the hurdles to be taken here are much larger.  If attention, at 
first instance, will be focussed on specific identification of compound effects on certain target 
tissues, these techniques can certainly be used to grow to high potential usage within 5 to 10 
years.   

Still, a need for a good understanding of physiology, endocrinology and metabolic pathway 
analysis remains essential.  For instance for endocrine disruption, we have to realise that the 
mechanism of action can be on completely different levels in between the hypothalamus, pituitary 
and ovarian/testicular axis.  Thus interaction can occur in the brain on serotonin and dopamine 
receptors, it can occur on the level of feedback with estrogenic/androgenic/progestagenic and 
glucocorticoid receptors in the hypothalamus to regulate the secretion of pituitary hormones or it 
may by in the testis or ovaries in the prevention or super-stimulation of LH and FSH receptors.  
Knowledge should guide the identification of the right target organ and in this respect old-
fashioned endocrine parameters should first be examined/measured to allocate the right target 
organ.  A nice example was with the anti-androgen with flutamide were the testis instead of 
hypothalamus and pituitary gonadotropic cells were examined.  The effects shown in the testis 
were the result of increased secretion of LH from the pituitary.  Also in this respect simple steroid 
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receptor assays in combination with a specific reporter luciferase read-out should be brought into 
perspective, as these assays can be used much easier as first line physiological screening methods 
to demonstrate the serum or water extract potential for endocrine activity in a certain respect, in 
showing estrogenic, androgenic, progestagenic or glucocorticoid (in)activity or that serotonergic, 
dopaminergic, FSH or LH receptors are activated or inactivated.   

Thus in general my thoughts are that the ‘omics techniques need sophisticated implementation in 
the field of ECETOC.  It will be a long term process to get these things on track, but within 5 to 
10 years the gain in knowledge will lead to a better understanding of the underlying mechanisms 
of action of toxicity and endocrine disruption.  The advice is to start the implementation of these 
techniques, but take into consideration that it will cost a lot of time, money and hard work.  But 
finally we will benefit in the future from the effort made.   
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4.3 The perspective of a regulator in the pharmaceutical area 
Roland Froetschl 
German Federal Institute for Drugs and Medical Devices (BfArM), Germany      

Situation of ‘omics in the pharmaceutical field:   

• Endpoint specific prediction models have been shown to work for genotoxicity and 
carcinogenicity when used for classification of compounds into classes of different MoAs 
(Eric Boitier’s and Hans-Jürgen Ahr’s presentations; Section 5.7 and 3.6 ).   

• However prediction models so far are system specific and predictive gene expression 
profiles generated in one model are not transferable to a different model.   

• In cases, where special toxicological concerns difficult to address with classical methods 
demanded further examination of toxic MoAs, expression profiling has delivered additional 
and valuable data to the body of evidence and therefore was also valuable for a meaningful 
risk assessment.   

• Expression profiling has already been used in providing predictive biomarkers for 
nephrotoxicity in animals.  These biomarkers are now tested in an evaluation process for 
their value in clinical studies as predictive markers of nephrotoxicity even before 
morphological changes will appear in histopathology.  The ultimate goal will be biomarkers 
for monitoring nephrotoxicity in clinical trails1.   

• FDA guidance for submission of toxicogenomics data is awaited to be implemented for 
processes of pharmaceutical applications (Pharmacogenomic Data Submissions – 
Companion Guidance)2.   

• A regular system of informal data submissions and experience exchange between experts in 
the regulatory agencies and pharmaceutical industry on pharmacogenomics has been 
established at the European Medicines Agency (EMEA) and US-FDA (Pharmacogenomic 
Briefing Meetings, Voluntary Data Submissions).   

Situation in the chemicals field:   

• Excellent systems for ecotoxicology research have been presented (e.g. Pete Kille, Charles 
Tyler; Section 5.2 and 5.6).  These eco-system based models may also be useful for 
toxicological classification of substances, however yet these systems are research 
applications.   

• There exists a substantial basis of excellent ‘Omics-research in the chemical industry and 
regulatory bodies such as EPA (e.g. presentations by Chris Corton, Ben van Ravenzwaay, 
Jorge Naciff; Section 3.7, 5.1, 3.3 and 5.4) to address substance toxicity.   

                                                        
1 www.c-path.org/PredictiveSafetyTestingConsortium/tabid/219/Default.aspx 
2 www.fda.gov cder guidance 7735dft.pdf/ / /
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• EPA has already begun to work on interim guidance (presentation by Chris Corton).   
• There seems to be a lack of interaction and communication between regulatory agencies and 

industry on experience exchange on the use and value of ‘omics technologies.   

Suggestions: 

• Establish a forum of regulators and industry on ‘omics -technologies  
• Exchange of ‘omics-data addressing specific topics (e.g. organ toxicity, specific toxicology 

on ecosystems) between chemical industry and regulatory bodies on the basis of a 
confidentiality agreement (like voluntary data submissions).   

• Joint discussion of the data by regulatory and industry experts.   
• Identify and agree on the areas where such data will be of use in risk assessment.   
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5. CASE STUDIES 

5.1 Case 1:  Variability and confounders for metabolomic analysis:  Experiences from the 
BASF’s metanomics ‘MetaMap™ Tox’ project  
B. van Ravenzwaay1, G. Coelho-Palermo Cunha1, H. Kamp1, E. Leibold2, R. Looser2, 
W. Mellert1, A. Prokoudine2, V. Strauβ1, T. Walk2, J. Wiemer2 
1 BASF SE, Experimental Toxicology and Ecology, Germany 
2 Metronics GmbH, Germany 

Metabolomics have some potential advantages over other ‘omics technologies:  (1) It analyses the 
last step in a series of changes following a toxic insult, (2) many of the metabolites have a known 
function and (3) changes are detectable in blood.  If the analysis of a great number of individual 
organs can be replaced by one matrix then this will provide significant advantages (less invasive 
method, no need to kill animals, time course analysis possible).  We have chosen to perform the 
analysis of blood metabolites in such a way as to minimise the risk of artefacts and to have a high 
number of known metabolites.  Through a series of steps we have tried to reduce the amount of 
variation in the biological system as well as during metabolite analysis.  The total variation in 
control samples can be considered to be made up of three components:  Technical, biological and 
rest or additional variation.  For the latter particularly time (daily, monthly or annual) related 
fluctuations could potentially contribute to variation.  Technical variation was estimated 
analysing data from repeated measurements of pooled blood samples, rest or additional variation 
was estimated by analysing total variation plots over a period of 2.5 years and finally biological 
variation was calculated using the results of control animals.  As there is a profound difference in 
the metabolome of male and female control rats, all evaluations were performed sex specifically.  
The major factor driving variation is biology, with a slightly higher variation in females than in 
males.  This observation could be explained by the fact that oestrus cycle is likely to exert some 
influence on blood metabolites. Technical variation i.e. sample pre-processing and analytical 
variation, is at least 5-fold lower than biological variation.  The time analysis of control variation 
over 2.5 years revealed no effect (seasonal trends, annual variations) of this potential confounding 
factor.   

In a series of proofs of concept studies it could be demonstrated that dose response relationships 
in metabolome changes were induced and that different MoAs could be distinguished by blood 
metabolome analysis.  Most importantly, in these proofs of concept studies, it could be 
demonstrated that compounds with similar MoAs have at least partly similar metabolome 
profiles.  Thus with the aid of metabolomics it should be possible to identify MoAs of 
toxicologically unknown chemicals and to group chemicals of similar biological action.   

In addition to the previously described differences in the plasma metabolome of control male and 
female rats, we also observed that in most cases the chemical induced metabolome profile also 
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differed profoundly between the sexes.  This does not necessarily mean that the same metabolites 
are regulated in a different way, but rather that completely different metabolites are regulated 
following administration with chemicals in males and females.   

Taking into account the domination of biological variation and the number of metabolites 
investigated, it is clear that the selection of the statistical methods can have a profound effect on 
the recognition of the compounds’ metabolome pattern.  If p-values are set at very low levels 
(e.g. < 0.001) inevitably subtle but important information will be lost.  If p-values are set at high 
values (e.g. < 0.1) then in many cases the ‘background noise’ may be too high and the selected 
features may not be specific enough.  Repetition of the experiment with some chemicals over the 
time course of 3 years provided some surprising results:  The total number of changes, total up 
and total down regulated metabolites was remarkably similar.  However, within the groups of 
either up or down regulated metabolites there was a variation between significant or non-
significant change of 15-20%.  The number of mismatches (significantly up regulated in the first 
study, significantly down regulated in the second study (or vice versa) was very low.   
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5.2 Case 2:  Ecoworm:  Linking molecular impacts to population effect 
B. Kille 
Cardiff School of Biosciences, Cardiff University, UK 

Genomic tools substantially enhance soil ecotoxicology by providing mechanistic insight into 
modes of compound-specific toxicosis and through furnishing temporally predictive ‘early 
warning’ indicators of functional impairments.  This (bio)technology promises to initiate a step-
change from the ‘traditional’ observation of chronic effects to providing information-rich 
prognostic tools, thus supplying not only a holistic view of disturbed biological processes but also 
revealing the underlying molecular pathways affected.  However, it is recognised that the value 
and relevance of molecular analyses is magnified if the data are ‘anchored’ to higher order 
biological observations indicative of an organism’s individual life history indicators (i.e. viability 
and fecundity) and a population’s prospects of sustainability.  Furthermore, it was recognised that 
in order to link these molecular changes to predictions about environmental health we need to 
harness the ecological knowledge-base which relate an individual organism’s fitness to the health 
and fidelity of complex soil ecosystems.  The difficulty was that whilst comprehensive and 
thorough information relating to general biology and ecology of the keystone ‘soil engineer’, the 
earthworm Lumbricus rubellus, had been accumulated over many years, the molecular-genetic 
knowledge-base for the entire taxon was sparse if not non-existent.  In contrast, and 
encouragingly, all the genomics data existed for the laboratory-model nematode, C. elegans.  It 
was decided to exploit this diversity between the taxa by developing parallel ecotoxicology 
programmes, firmly anchored to life history parameters and population modelling, for both 
earthworms and C. elegans.  The plan was then to use the accrued data to reveal common and 
divergent cross-taxa biological responses from the level of individual gene expression to whole-
organism performance criteria.   

To achieve the above objectives a consortium of partners from complimentary disciplines was 
established, representing expertise on soil ecology and environmental assessment 
(Dr. D. Spurgeon, CEH Monks Wood), earthworm ecology and cell biology 
(Dr. A. John Morgan, Cardiff University), genome sequencing and bioinformatics 
(Prof. M. Blaxter, Edinburg University), proteomics and phase I and II organic metabolism 
(Prof. S. Kelly, Swansea University and Dr. P. Brophy, Liverpool University), C. elegans  
genetics and ecotoxicology (Dr. S. R. Stürzenbaum, King’s College London) and myself 
providing the transcriptomics and coordination of the overall programme.  Collaboration with the 
Free University of Amsterdam contributed valuable modelling expertise allowing us to relate data 
to population and energy budget models whilst support from the chemical industry (AstraZeneca) 
aided in funding key postgraduate students together with organic residue analysis but more 
significant is that this interaction focused the group on the potential applied outcomes of the 
project.   
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The project set out to characterise the effects of a range of sub-lethal concentrations of three 

contrasting environmental pollutants (cadmium [Cd], the polycyclic aromatic hydrocarbon 

fluoranthene [FLA], and the herbicide atrazine [ATZ]) on a model soil animal, the earthworm 

Lumbricus rubellus, and in a model nematode, C. elegans. L. rubellus is important for soil 

structure and productivity, while C. elegans is a key model animal system.  We measured 

molecular responses (gene expression and detoxification protein profiles) and ecologically 

relevant whole-organism parameters (such as growth and reproductive success).  We linked the 

networks of molecular responses identified to the ecological measures.   

Two major obstacles had to be overcome.  First, virtually nothing was known about earthworm 

genomes.  Second, the lack of background knowledge for L. rubellus limited our ability to 

interpret multivariate transcriptomic (gene expression) and proteomic (protein profile) changes.  

Therefore 20,000 high-quality expressed sequence tags (ESTs) were generated, representing over 

8,000 different genes, and carried out extensive gene annotation3.  We also exposed the model 

nematode C. elegans to the test chemicals so that we could use the deep body of knowledge of 

C. elegans’ biology to inform our interpretations of earthworm responses.   

The main findings can be summarised as responses to five questions: 

1. What are the life-cycle consequences of pollutant exposure?   

A 4-stage life-cycle model was developed for L. rubellus which, together with a 2-stage 

model for C. elegans, indicated that populations were affected in compound- and dose-

dependent ways.  A Dynamic Energy Budget model revealed that, in C. elegans, Cd reduced 

energy assimilation, FLA increased detoxification energy expenditure and ATZ reduced 

energy assimilation and increased the unit cost of reproduction (Figure 5-1).   

Figure 5-1:  Effects of cadmium, fluoranthene and atrazine on population growth rate in 

C. elegans strain GE31 and putative energetic MoAs indicated through energy budget analysis 

using the DEB model 

 

 

 

 

 

 

                                                        
3
 Available on the web in the project database, LumbriBASE, www.earthworms.org 
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2. Can genetic and protein profiling identify traits governing life-cycle changes or pollutant 

metabolism?   

Microarrays developed from our L. rubellus EST sequences and from all known genes for 

C. elegans, and protein profiles showed compound- and dose-dependent changes in the 

transcriptome and proteome signatures of the model and sentinel organisms.  This can be 

best illustrated by the dose specific signatures revealed for each compound (Figure 5-2A).  

However, the research additionally revealed developmental and even seasonal profiles for 

the earthworm, L. rubellus, reflecting its transition to an ecotoxicogenomic model organism 

(Figure 5-2B and C).   

 

Figure 5-2:  A selection of transcriptome profiles from L. rubellus
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The first generation microarray has been used to transcript the profile responses of L. rubellus to chemical challenge (panel A), 

development stage (panel B) and seasonal fluctuations (panel C).  The profiles are illustrated by utilising clustering algorithms to 

group together similarly changing genes and conditions using lists of genes which show a significant change (p0.05) to the relevant 

condition using an Anova or T-test combined with multi sample correct.  Panel A shows the average transcriptome of five 

independent biological replicates for each exposure and 8 controls whilst panels B and C display profiles of independent biological 

replicates separately.   
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3. What are the functions of these molecular and biochemical traits?   

A few examples serve to illustrate the wealth of observations obtained:  (i) Cd down-
regulated genes involved in DNA repair in earthworms and nematodes, whilst FLA caused 
DNA damage; (ii) Cd reduced body size, generation time, brood size and lifespan in C. 
elegans.  Effects were amplified in the presence of the metal in nematodes mutant in genes 
encoding Cd-binding metallothioneins, or in wild type animals where these genes were 
functionally silenced by RNA interference; (iii) ATZ and FLA up-regulated specific 
glutathione S-transferases in both species.   

4. Which of these biochemical and molecular pollutant responses are conserved between taxa?   
Primary detoxification mechanisms for Cd, FLA, and ATZ are highly conserved.  For 
example, the induction by Cd of a L. rubellus metallothione in gene engineered into the 
genome of C. elegans indicates that the gene’s transcription machinery is conserved.   

5. Can specific molecular responses be used to predict demographic effects?   
We were able to identify key toxicant response genes for both species that offer promise in 
the development of novel screens for toxicant effects. In particular we can now suggest a 
range of response pathways to be tested when assessing soil animal health, and the effects of 
chemicals of unknown effect. Our comparative approach has not only provided a means of 
addressing our specific questions, but has yielded value-added products in the forms of 
comprehensive sets of widely accessible ‘omics resources and, more broadly a benchmark of 
how the impacts of stressors on the health of natural ecosystems can be objectively 
diagnosed.   
The outcome of this programme demonstrated:  a) the synergistic and value added 
information offered by molecular analyses over established life cycle based toxicology; 
b) the benefits and limitations of ecotoxicology when restricted to the study of a laboratory 
model with a short, extremely well-characterised, life cycle; and, c) the relative ease in 
which molecular resources can be generated for environmental sentinels where no 
methodology or data had previously existed.  Although the latter is a testimony to the efforts 
of all consortium members within this research programme, the exponential advances in 
genome sequencing and molecular analyses will increasingly allow these resources to be 
beneficially exploited for a wide range of accepted environmental sentinels.   
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5.3 Case 3:  Gene pathways targeted during phthalate-induced testicular dysgenesis 
K. Gaido 
The Hamner Institutes of Health Sciences, USA 

Male reproductive tract abnormalities associated with testicular dysgenesis in humans also occur 
in male rats exposed gestationally to some phthalate esters.  One of the earliest testicular changes 
observed after phthalate exposure of rats is an alteration in expression of numerous genes on 
genome-wide microarrays (Figure 5-3) (Liu et al, 2005).   

Figure 5-3:  Heat map of 391 significant genes based on 2-way nested ANOVA model.   
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Red/Green indicates an increase/decrease in gene expression relative to the universal mean for each gene (Liu et al, 2005)   

 
Gene pathways disrupted include cholesterol transport and steroidogenesis, as well as pathways 
involved in intracellular lipid and cholesterol homeostasis, insulin signalling, transcriptional 
regulation, and oxidative stress.  Additional gene targets include those essential for normal Sertoli 
cell development, and genes involved in Sertoli cell, gonocyte communication (Figure 5-4).  The 
common targeting of these genes by a select group of phthalates indicates a role for their 
associated molecular pathways in testicular development.  The response of the foetal mouse testis 
to phthalate exposure was also investigated and these results compared with those previously 
obtained from the rat (Gaido et al, 2007).  Initial experiments using a variety of phthalate 
congeners and exposure paradigms did not reduce foetal mouse testis testosterone levels.   
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Figure 5-4:  Developmentally toxic phthalate esters target multiple pathways in the 

developing foetal testis 
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In foetal Leydig cells molecular pathways associated with lipid and cholesterol synthesis and transport, and steroidogenesis are 
reduced.  SRB1, scavenger receptor class B; LDLR, low density lipoprotein receptor; LHR, luteinising hormone receptor; CNP, 
c-type naturietic peptide; AVR, angiotensin/vasopressin receptor; GJA1, gap junction alpha-1; c-kit, stern cell factor receptor. 

 
Pharmacokinetic data demonstrated that the concentrations and kinetics of the active metabolite 
in foetal and maternal plasma were similar to the rat. After a single or multiple day foetal mouse 
phthalate exposure, rapid and dynamic changes in testis gene expression were observed, 
including induction of immediate early genes.  Unlike the rat, expression of genes involved in 
cholesterol homeostasis and steroidogenesis were not decreased, except for a few cases.  Similar 
to the rat, phthalate exposure from gestation day 16 to gestation day 18 significantly increased 
seminiferous cord diameter, the number of multinucleated gonocytes per cord, and the number of 
nuclei per multinucleated gonocyte (Figure 5-5).  Together, these results demonstrate that foetal 
mouse and rat phthalate exposure both induce immediate early gene expression and disrupt 
seminiferous cord and gonocyte development.  This response in the mouse occurs without a 
measurable decrease in testicular testosterone, suggesting that altered seminiferous cord 
formation and gonocyte multinucleation are not mechanistically linked to lowered testosterone.   
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Figure 5-5:  Mouse foetal testis histopathology at day 19 of gestation following exposure of 

the dam to corn oil (A) or 250 mg/kgbw DBP (B) on gestation days 16 to 18 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Note the DBP-induced increase in the seminiferous cord diameter (double headed arrow), and the multinucleated gonocyte 
(B, arrow).   
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5.4 Case 4:  Dose-response analysis of gene expression in the foetal testis of rats 
transplacentally exposed to 17 α-ethynyl oestradiol, genistein and bisphenol A 
J. M. Naciff and G. P. Daston 
Procter and Gamble, USA 

There has been considerable controversy in the literature as to whether oestrogens have the 
potential to affect male reproductive development at exposure levels far below the NOAELs 
identified in traditional toxicity studies.  Small-scale studies have indicated that low level 
exposures to oestrogens, including bisphenol A (BPA), affect prostate development in mice and 
testis development in rats, but larger scale studies have not been able to confirm these results.  An 
expert review convened by the US National Toxicology Program concluded that the 
preponderance of evidence was with the larger studies, but that it was not possible to rule out the 
validity of the smaller studies because of the near impossibility to identify and control all the 
variables that might influence the response (Melnick et al, 2002).   

This conclusion largely ruled out the possibility of conducting additional repetitions of studies to 
evaluate organ weight as being fruitful in settling the controversy.  It was decided to evaluate 
gene expression as an alternative means of addressing the question.  We reasoned that the signal 
transduction for oestrogens (especially for long-term, persistent effects) is mediated through gene 
expression, and that therefore there must be an underlying change in gene expression in the 
affected organs should any of the putative organisational effects be real.  Whether these changes 
were in the same genes affected by BPA or other oestrogens at high dose was immaterial, as 
microarrays give us the capability of evaluating all the potential gene expression changes induced 
by low doses of BPA.   

Microarray technology was used to identify gene expression changes induced by graded doses of 
three oestrogen receptor-agonists, the potent synthetic oestrogen receptor agonist 17 α-ethynyl 
oestradiol (EE), the medium potency natural phyto-oestrogens genistein (Ges), and the relatively 
weak oestrogen bisphenol A (BPA), in the developing rat testis and epididymis on gestation day 
(GD) 20, following chemical exposure from GD11 to GD20.  For this purpose, timed pregnant 
rats were treated (subcutaneously) with 0.001, 0.01, 0.1, 1, 10 μg EE/kgbw/d, 0.001, 0.1, 1, 10 
and 100 mg Ges/kgbw/d and 0.002, 0.02, 0.5, 50, and 400 mg BPA/kgbw/d in peanut oil, on days 
11 to 20 of gestation.  The gene expression profiles induced by exposure to the three ER-agonists 
were compared between treatment groups and controls (vehicle-treated animals), using the 
Affymetrix GeneChip system, Rat U34A GeneChip.  Analysing the dose-response characteristics 
of EE-, Ges- and BPA-exposure, including the data from all the dose groups, it was clear that 
most of the genes responsive to oestrogens change their expression level by exposure to the 
higher dosages of each ER-agonist (10 μg, 100 mg and 400 mg/kgbw/d, respectively).  This high 
dose-dependency on the number of genes affected by EE-, Ges-, or BPA-exposure is shown in 
Figure 5-6.  Even the genes which expression responds in a robust fashion to oestrogens do not 
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respond at low doses (Figure 5-7).  These results suggest an effect that follows a monotonic 
response, with both the number of genes significantly changed and the magnitude of the 
transcriptional change on each gene affected decreasing with decreasing dose of EE, Ges or BPA.  
From this set of data it is evident that most of the genes whose expression is modified by 
exposure to chemicals with oestrogenic activity, in the developing reproductive system of the 
male, do so when the organism is exposed to relatively high concentrations of these oestrogenic 
compounds (1 to 10 μg EE, 10 to 100 mg Ges or 50 - 400 mg BPA/kgbw/d).  Moreover, at the 
gene expression level, the testis/epididymis does not respond to low doses of ER-agonists.   

Figure 5-6:  Number of statistically significant gene expression changes induced in the 

testis/epididymis of immature rats by 17 α-ethynyl oestradiol (EE), genistein (Ges) or 

bisphenol A (BPA) exposure, in a dose-dependent way 

 
The number of gene whose expression was statistically significant modified by EE, Ges or BPA exposure, as compared with the 
corresponding vehicle-treated control, was determined using the t test (p ≤ 0.001).  At p ≤ 0.001, one gene per every 1,000 should be 
expected as a false positive.   

The results obtained from our studies demonstrate that transplacental exposure to a potent (EE), 
medium potency (Ges), or a weak (BPA) ER-agonist, at equipotent doses, changes the gene 
expression profile of oestrogen-sensitive tissues of the male, but only at relatively high doses.  
The shape of the dose-response curve, even for the most sensitive genes to oestrogen regulation 
(up- or down-regulated), suggests a monotonic response to chemicals with oestrogenic activity.  
Moreover, at the gene expression level, the testis/epididymis or the uterus/ovaries do not respond 
to low doses of ER-agonists.  In all, our results indicate that gene expression data are diagnostic 
of MoA and can be used to elucidate dose-response characteristics.  This result provides an 
example of the power of genomics to address vexing questions in risk assessment.   
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Figure 5-7:  Dose-dependent gene expression changes induced by transplacental exposure to 

BPA, EE and Genistein from GD11 to GD20 

  
 

  
 

The expression of the indicated genes changed in the foetal testis/epididymis in a statistical significant manner (p≤0.001) in each 
case, but only at relatively high doses for the three chemicals.  The fold change is the average fold change on the expression of each 
gene as compared to vehicle-treated control (n=5, in all dose=groups, per chemical) 
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5.5 Case 5:  Assessing the impact of chemical exposure on gene expression in Escherichia 
coli and Saccharomyces cerevisiae using transcriptomics 
J Snape1, A. Brown2, L Pease2, I. Singleton2, I. Head2 
1 AstraZeneca, UK 
2 Newcastle University, UK 

In ecotoxicology, standard biological assays are used to determine the effects of chemicals on 
micro-organisms.  The data from these assays are used to generate a predicted no effect 
concentration (PNEC) for micro-organisms to protect sewage treatment.  One assay, the 
microbial multiplication inhibition test, measures the degree of growth inhibition of a population 
of microorganisms when exposed to a chemical.  This test can be conducted with either a mixed 
microbial population (e.g. activated sludge) or single microbial species (e.g. Escherichia coli or 
Pseudomonas putida).  Whilst this test indicates crude inhibitory effects of chemicals on cells, it 
offers no insight as to why the cells are inhibited.  Genomic array technology was used to 
investigate the effects of a nitro-aromatic compound, para-nitrophenol (PNP), on Escherichia 
coli K12-MG1655 cells and Saccharomyces cerevisiae BY4741.  PNP is a widely distributed 
pollutant produced in industry and found in the environment as a result of the hydrolysis of some 
organophosphate pesticides.  PNP is known to be toxic to a range of living organisms due to its 
general mode of toxicity which results from membrane damage and interference in ATP synthesis 
in cells.  However the processes which underlie the toxicity of PNP, the resulting effects on cells, 
and the adaptations which take place to protect cells from exposure to PNP and other phenolics 
are poorly understood.   

Gene expression profiling using Affymetrix Microarrays was used to assess the effects of PNP 
exposure to cells of S. cerevisiae for 3 hours at the EC10 (10 mg/l) and EC50 (39 mg/l).  The 
results again showed that PNP caused oxidative and osmotic stresses; further investigation found 
that both stresses were attributed to plasma membrane damage.  A general up-regulation of 
protein encoding transcripts was seen in PNP treated cells, particularly those coding for plasma 
membrane proteins and mitochondrial proteins suggesting mitochondrial function was affected 
and membrane proteins were being synthesised to counter membrane damage.  In addition plasma 
membrane located pleiotropic drug resistance pumps (PDR15 and PDR16) which actively remove 
xenobiotics from cells were found to be up-regulated showing that 3 hours from the time of PNP 
exposure cells had implemented a system for the removal of PNP from the cytosol.  The number 
of known stress response elements (STRE) that were up-regulated and down-regulated in treated 
and control cells were compared.  The results demonstrated that more of the STRE were down-
regulated in treated cells, therefore their expression was increased in control cells.  The STRE 
genes were investigated further and it was found that at the time of sampling control cells were 
experiencing nutrient stress due to their higher growth rate (due to lack of growth inhibition by 
PNP) which led to quicker glucose and nitrogen depletion.   
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Global changes in gene expression showed exposure to PNP caused E. coli cells to prematurely 
enter stationary phase, as shown by down-regulation of genes involved in protein synthesis 
(rpl, rps, rpm).  Genes of the emrRAB operon, which confers resistance to compounds that 
uncouple oxidative phosphorylation, were up-regulated in cells in response to PNP exposure.  
PNP also induced the marRAB operon and dps gene, which confers resistance to oxidative stress.  
A compound structurally similar to PNP, dinitrophenol (DNP) a protonophore that uncouples 
oxidative phosphorylation, has previously been shown to induce the marRAB operon.  Like DNP, 
we suggest that PNP uncouples oxidative phosphorylation within E. coli cells.  The up-regulated 
marRAB and emrRAB genes also confer antibiotic resistance and efflux mechanisms, 
respectively, within E. coli.  A down-regulation of genes encoding porins, for the transport of 
solutes, in the outer membrane of cells (ompA, ompC, ompF and ompT ), indicated that PNP also 
affected cell membrane constituents.  In addition, rpoE, which encodes a sigma factor involved in 
cell envelope stress response, was up-regulated in cells following PNP exposure.  Genes that 
conferred resistance to low pH (hdeA, hdeB) were up-regulated in cells that were exposed to 
PNP.  Furthermore, the acidic nature of the PNP medium may have activated a pH-inducible 
gene, inaa, which (as with marRAB operon) confers antibiotic stress resistance in E. coli.   
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5.6 Case 6:  Application of molecular approaches in unravelling sexual disruption in fish 
C. R. Tyler 
School of Biosciences, the Hatherly Laboratories, University of Exeter, UK 

It is now well established that disruption of sexual development is common in some species of 
wild fish living in freshwaters contaminated with wastewater treatment works (WwTWs) 
effluents.  The feminisation of roach (Rutilus rutilus) has been especially well documented.  In 
the US androgenisation of females has also been reported in fish living downstream of cattle feed 
lots, where steroidal androgens are discharged.  For studies on the roach, all of the feminised 
phenotypes seen in wild populations (vitellogenin synthesis, and the induction of both an ovarian 
cavity and oocytes in the testis of males) have been induced experimentally by exposure to 
WwTWs effluent, proving the link between sexual disruption in wild fish and exposure to 
effluents from WwTWs.  Some of the causative chemicals in these effluents have been identified 
and they include natural steroid oestrogens, the pharmaceutical oestrogen, ethinyloestradiol and 
equine oestrogens used in hormone replacement therapy.  Exposure to the pharmaceutical 
ethinyloestradiol in the laboratory at concentrations that occur in UK WwTW effluents has been 
shown to induce feminised responses, including intersex.  Various other chemicals from 
industrial practices, including alkylphenolic chemicals, bisphenols, and various pesticides likely 
contribute to the disruption of sex in fish in UK rivers, because although weak in their 
oestrogenic potency compared with steroidal oestrogen or androgens, they have additive effects.  
Thus, good progress has been made in the field of endocrine disruption in identifying some of the 
causative agents contributing to the disruption of sexual development and function in wild fish.  
There is a lack of understanding, however, on how these chemicals cause these disruptions and 
what the consequences are for wild fish populations.   

Addressing the first knowledge gap and applying various genetic and genomics approaches, 
including targeted polymerase chain reaction (PCR), gene arrays, and comparative genomics, we 
have started to develop an understanding of the mechanisms of action of environmental 
oestrogens in fish.  In our targeted approach, we have cloned genes controlling sexual 
differentiation and reproduction from various fish species (both in so-called model species, such 
as the fathead minnow (Pimephales promelas) and zebrafish (Danio rerio), and our 
environmental sentinel species, the roach) and through qRT-PCR shown that environmentally 
relevant concentrations of some environmental oestrogens and their mixtures (effluents) alter 
their expression impacting on the subsequent sexual phenotype.  Using this target gene approach 
for a suited of 22 genes we have shown that endocrine disrupting chemicals (EDCs) working 
through specific mechanisms of action produce specific molecular signature and for oestrogens 
this signature persists even when the oestrogen is part of a complex mixture (an effluent).  Care 
has to be taken when interpreting gene signatures for chemicals, either alone, or a part of complex 
mixtures, however, as not all responses are monotonic and thus potentially different gene 
signatures can be obtained for a chemical at different exposure concentrations.  A further issue 
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that needs addressing in this work is what constitutes acclimation versus a toxic response:  Small 
changes in gene expression at low exposure concentrations may not signal for any harmful event 
and indeed the direction of the responses in that gene may even be opposite to that for a toxic 
effect at a higher exposure concentration.   

A targeted gene approach presupposes that the genes studied are the primary targets for that 
chemicals effect.  Genome wide approaches, such as gene arrays, offer an unbiased way of 
investigating for mechanisms of chemical effect.  Gene arrays (oligo- and/or cDNA) have now 
been developed in a wide range of fish species.  We have applied gene arrays in the zebrafish, 
stickleback and roach to investigate the mechanisms of sexual disruption in fish exposed to EDCs 
and shown that the effects of environmental oestrogens extend well beyond those on reproduction 
alone, impacting on metabolism, cell cycle control and possibly immune function too.  These 
empirical data for oestrogenic effects have been supported using bioinformatic approaches 
applying comparative genomics to screen all genes in the zebrafish genome for oestrogen 
responsive elements in their promoter regions.    

Fish with altered gonadal development as a consequence of exposure to environmental oestrogens 
can have an altered timing to maturation and/or produce gametes of poorer quality with a reduced 
capacity for fertilisation and the ability of these individuals to reproduce may be compromised, 
depending on the severity of the condition.  Nothing, however, has been established on the 
population level consequences of these disruptions to individuals.  This is a significant 
knowledge gap and we are addressing this through the application of DNA microsatellites to 
track individual breeding success after exposure to environmental oestrogens.  The initial studies 
have shown that exposure to ethinyloestradiol even for a short period of time can alter parentage 
dynamics in colonies of laboratory maintained zebrafish with potential consequences for natural 
selection, if this occurs in wild fish populations.  A similar approach is applied to DNA micro-
satellites to investigate the ability of intersex roach to breed under competitive conditions in the 
laboratory.   
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5.7 Case 7:  Application of toxicogenomics to genetic toxicology risk assessment 
E. Boitier 
 Sanofi Aventis R&D, France 

Based on the assumption that compounds having similar toxic MoAs induce specific gene 
expression changes, the toxicity of unknown compounds can be predicted after comparison of 
their molecular fingerprints with those obtained with compounds of known toxicity.  These 
predictive models will therefore rely on the characterisation of marker genes.  Toxicogenomics 
(TGX) also provides mechanistic insight into the mode of toxicity, and can therefore be used as 
an adjunct to the standard battery of genotoxicity tests.  Promising results, highlighting the ability 
of TGX to differentiate genotoxic from non-genotoxic carcinogens, as well as DNA-reactive from 
non-DNA reactive genotoxins, have been reported.  Additional data suggested the possibility of 
ranking genotoxins according to the nature of their interactions with DNA.  As an attempt to 
improve and refine these types of classification models, we tested different classes of genotoxic 
anticancer drugs, namely antimetabolites (Cytosine Arabinoside, Hydroxyurea, Methotrexate, 
5-Fluorouracil), topoisomerase inhibitors (Etoposide, Daunorubicin, Campthotecin, Amsacrine), 
mitotic spindle inhibitors (Vincristine, Paclitaxel), an alkylating agent (Cisplatin), crosslinking 
agents (BCNU [1,3-bis(2-chloroethyl)-1-nitrosourea], CCNU [1-(2-chloroethyl)-3-cyclohexyl-1-
nitrosourea]) and an oxidative agent (bleomycin) on human lymphoblastoid TK6 cells, a cell 
model widely used in genotoxicity assays and expressing the wild-type p53 protein.  They were 
treated for four hours with increasing compound concentrations:  A low dose inducing no 
genotoxic and no cytotoxic effects, a medium dose inducing genotoxic but no cytotoxic effects 
and a high dose inducing both effects.  After a 4-hour incubation, a fraction of the cells were 
harvested for downstream gene expression profiling using human Affymetrix U133A GeneChips 
(Affymetrix Inc. Santa Clara, USA), while the remainder was left for a 20-hour recovery period 
(four independent experiments per compound) for downstream cytotoxicity (cell counting), 
genotoxicity (in vitro micronucleus assay) evaluations and gene expression profiling.  Gene 
expression data bio-analysis was done using Resolver 5.0 software (Rosetta Biosoftware, Seattle, 
USA) and in-house developed annotation softwares.   

Drugs were grouped using prior knowledge on their tentative mechanisms of action i.e. mitotic 
spindle inhibitors (vincristine and paclitaxel), topoisomerase inhibitors (etoposide, daunorubicin 
and camptothecin), antimetabolites (cytosine arabinoside,  hydroxyurea and 5-fluorouracil), and 
DNA reactive/direct genotoxins (Cisplatin, CCNU and bleomycin) and class-specific molecular 
signatures were identified by selecting the sequences that were modulated in the same direction 
by all the drugs with the same presumed MoA.  A total of 28 potentially discriminatory sequences 
allowing us to classify drugs with the four mechanisms of action were identified. Hierarchical 
clustering (Figure 6-7) confirmed the discriminating power of the 28 selected genes.  Based on 
the correlation coefficient between gene expression profiles induced by the different drugs, 
mitotic spindle inhibitors clustered separately from the other drugs.  CCNU, Bleomycin and 
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Cisplatin composed the second cluster, and antimetabolites and topoisomerase II inhibitors 
composed the third cluster.   

To validate our model and to test the robustness of the marker genes, three additional anticancer 
drugs were submitted to the model: amsacrine, BCNU and methotrexate.  Each compound 
clustered in its respective MoA class: amsacrine clustered with etoposide, daunorubicin and 
camptothecin; BCNU with CCNU, Cisplatin and bleomycin; and methotrexate with 5-
fluorouracil, hydroxyurea and cytosine arabinoside.   

All in all, our results suggest that these marker genes could be used as a predictive model to 
classify genotoxins according to their direct or indirect interaction with DNA, but also to get 
more insight into the molecular drivers underlying their MoA/genotoxicity.   

Figure 5-8:  Hierarchical clustering of the 11 anticancer drugs using 28 marker genes 

modulated at the high concentration at 4 hours 
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6. SYNDICATE SESSIONS 

6.1 Syndicate 1:  Appropriate conditions to generate ‘omic data relevant to toxicity 

Moderator:  T. Hutchinson 

Rapporteur:  S. van der Vies 

Participants: O. Grenet, N. Hallmark, P. Kille, D. Rouquié, X. Sarda, P. van Hummelen 

 

1. Is it worth generating ‘omic data from standard guideline studies or should study design be 

reconsidered specifically for that purpose?   

The experimental design should reflect the question that is being asked (MoA) and contain 

information about the limitations of the experimental system and the methods that are used 

to analyse the data.  For example use of specific designs, which include classical endpoints 

and make use of the same kind of dosage as for the classical endpoints.  It was anticipated 

that more than one dose would be needed which should be linked to the maximum tolerated 

dose (MTD) concept.  At the lower dose, responses would become visible even in the 

absence of pathological symptoms, which makes interpretation of the data difficult.  For 

ecotoxicology, the experimental design should be anchored phenotypically to e.g. growth 

and reproduction and/or population relevance.   

Because microarrays and other ‘omic technologies are extremely sensitive, they can pick up 

subtle variations in gene, protein, or metabolite expression that are induced by differences in 

how samples are collected and handled.  The use of matched controls and randomisation can 

minimise potential sources of systematic bias.  It was therefore considered important that 

researchers publish data that include a set of data generated, for example, using the wild type 

organism and a given set of known mutants, so that it would be clear what the variation in 

the data from different laboratories would be.  It would also help to develop baselines for the 

‘omics studies to establish for example, the difference in homeostatis of a particular model 

animal. Another point of concern was that most toxico-‘omics studies are performed on 

healthy animals, while drugs are being used on patients, thus so the development of rodent 

disease models appears to be important.  It was considered an advantage to use human cell 

lines instead of mammalian cell lines as is often the case.   

The application of ‘omic technologies to toxicology needs to be flexible.  Universal 

guidelines cannot be specified for all ‘omic experiments, but careful design focused on the 

goals of the experiment and adequate sampling are needed to assess both the effect and the 

biologic variation in a system.   
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2. What are the various ways to analyse, compare and store (including annotations, 

nomenclature) the vast amount of data generated from ’omic tools?   

The greatest challenge of ‘omic technologies seems no longer to be data generation but the 

effective collection, analysis, management and interpretation of the data.  In contrast to 

entire genome sequencing projects, transcriptomes, proteomes, and metabolomes are 

dynamic and hence it is essential that analysis of the data is linked to the state of the 

biological samples under investigation.  While genetic variation influences the response of 

an organism to a stimulus, the various toxicogenomic technologies (genomics, 

transcriptomics, proteomics, and metabolomics) survey different aspects of cellular 

responses.  However the experimental design and high-level data analysis are often very 

similar.   

The Microarray and Gene Expression Data (MGED) Society is an international organisation 

of biologists, computer scientists, and data analysts that aims to facilitate the sharing of data 

generated using microarray and other functional genomics technologies for a variety of 

applications including expression profiling.  The focus is on establishing standards for data 

quality, management, annotation and exchange; facilitating the creation of tools that 

leverage these standards; working with other standards organisations and promoting the 

sharing of high quality, well annotated data within the life sciences and biomedical 

communities.   

A more recent initiative developed by MGED is MIAME, which describes the Minimum 

Information About a Microarray Experiment that is needed to enable the interpretation of the 

results of the experiment unambiguously and potentially to reproduce the experiment.  The 

International Life Sciences Institute (ILSI) is a global network of scientists devoted to 

enhancing the scientific basis for public health decision-making and is involved in the more 

recent MIAME/tox, which is an extension MIAME for array-based toxicogenomics 

experiments.   

MIAME/Tox supports a number of different objectives, such as linking data within a study, 

and linking several studies from one institution and exchanging toxicogenomics datasets 

among public databases.  The major objective of MIAME/Tox is to guide the development 

of toxicogenomics databases and data management software.   

MIAME/Env has been developed more recently for genomics experiments within the 

environmental programmes.  MAIME/Env contains three categories, namely field trials, 

conditioned field trials and laboratory experiments, each of which with their own distinct 

level of experimental detail.   
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The latest initiative is Omixt, being developed in Manchester (UK), which will host all the 

experimental ‘omic data in one place, including the MGED dictionary of terms which 

describes the experimental set.  The focus is on establishing standards for data quality, 

management, annotation and exchange; facilitating the creation of tools that leverage these 

standards; working with other standards organisations and promoting the sharing of high 

quality, well annotated data within the life sciences and biomedical communities. 

3. Status of regulatory agencies (FDA, EPA, EFSA, …) position with respect to ‘omic data.   

Regulatory agencies should enhance efforts to incorporate toxico-omic data into risk 

assessment.  For example in REACH, no specific guidance for ‘omic data is incorporated.  It 

was considered important to have a close collaboration with the regulatory bodies.   

The US Food and Drug Administration/National Center for Toxicological Research 

(FDA/NCTR) supports the development and use of new technologies to facilitate integration 

of data from multiple technology platforms for application to questions associated with the 

FDA’s Clinical Path Initiative.  The NCTR will provide technical expertise and guidance to 

the FDA in the use of ‘omic technologies for toxicology assessments.   

NCTR has developed ArrayTrack™, an integrated solution for managing, analysing, 

visualising, and interpreting microarray data currently used by FDA regulatory Center 

scientists as well as academics and industry scientists.  Also the FDA has suggested five 

molecular markers to be used as specific cell lines for endocrine disruption, a similar 

approach as for kidney toxicology.   

No guidance for ecotoxicology is currently available.   

It will be essential to take steps to facilitate the production and sharing of data between the 

public and private sectors.  Because many of the most extensive applications of ‘omic 

technologies have occurred in the private sector, public-private partnerships will be vital.   
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6.2 Syndicate 2:  Dose-response, comparison with traditional tools 

Moderator:  P. Calow 
Rapporteur:  B. van Ravenzwaay 
Participants: N. Carmichael, C. Corton, W. de Coen, C. Elcombe, R. Froetschl, J. Naciff,  
W. Schoonen, J. Snape 
 
4. Can a NOAEL set from conventional studies be challenged by ‘omics’ results?   

It was found that, given the very high number of parameters evaluated in any typical ‘omics 
study there is a very high probability, based on statistical considerations, to find a number of 
alterations (up or down regulations) in such studies.  Therefore, individual parameters in 
such studies are unsuitable to derive no observed effect levels. In this context the 
abbreviation NOTEL (no observed transcriptome effect level) was introduced.  However as 
there are more ‘omics technologies available than transcriptomics (e.g. proteomics and 
metabolomics), this abbreviation may not be appropriate.   

In order to derive a meaningful NOAEL from ‘omics studies a series of steps must be 
followed:   

Firstly, it was concluded that only specific patterns of change (in any type of ‘omics study) 
can be used to conclude that a potentially relevant biological effect is taking place.  
However, changes in pathways of gene expression (as well as protein or metabolite patterns) 
do not necessarily implicate that changes at cellular, individual or population levels will 
necessarily occur.  Therefore, as a second step, patterns of change need to be correlated to 
observable changes at the microscopic and macroscopic level.  This can be achieved by 
comparing observed patterns of changes with those of known reference compounds.  
Thirdly, to use an ‘omics pattern for NOAEL purposes, it must be assured that the pathway 
identified is related to an adverse effect.   

To fulfil these requirements more research and data analysis will be necessary to 
discriminate between changes directly related to a toxic insult and those who are indirectly 
related.   

As many of these requirements are not available at this time it was concluded that: ‘omics 
will not challenge conventional NOELs at this time.   

In terms of quantitative sensitivity (relative to conventional toxicological parameters) of the 
different ‘omics technologies it was considered that (patterns of) transcriptomics (changes) 
will be more sensitive.  Proteomics are possibly also more sensitive (but less so than 
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transcriptomics) whereas metabolomics are unlikely to be more sensitive than classical 
toxicological parameters.  All technologies, however, are likely to be able to identify 
changes earlier than routine toxicological studies.   

There are several additional potentials of ‘omics technologies, particularly for the REACH 
programme, which deserve attention:  (1) Demonstration of absence of effects at 
environmentally relevant concentrations, (2) as a tool for biologically based grouping and 
read across of chemicals, (3) to determine species specific sensitivity and to assess the 
extrapolation of MoA cross species, (4) to establish assessment factors, and (5) to establish 
relevant biomarkers.   

3. Status of regulatory agencies (FDA, EPA, EFSA, …) position with respect to ‘omic data.   

The regulatory agencies in the USA (EPA and FDA) appear to be open-minded concerning 
the use ‘omic data in toxicology.  However, currently data will not be accepted as stand-
alone, but will be considered in the context of conventional studies.  The EU has not 
provided guidance for chemicals up to now, although some encouragement to develop ‘omic 
data is given in the REACH framework.  For pharmaceutical submission of ‘omic data are 
currently only considered useful together with conventional data.   

Given the potential future application of ‘omics in the field of (eco)toxicology, it would 
seem that these technologies offer several opportunities.  However, working with very 
sensitive technologies which (still) lack a rigorous framework on how to interpret the results 
obtained, there is also the clear risk of (political) misuse.  It was considered likely that some 
NGOs will exert pressure on regulatory agencies to use ‘omic data in a very conservative 
and potentially unscientific way.   

The following conclusions were drawn: 
(1) ‘Omics scientists and regulators are not yet connected in a sufficient way.   
(2) Quality control of ‘omic data is likely to become an important issue.   

These issues provide an opportunity for industry and ECETOC to facilitate discussions 
between relevant parties, possibly by focusing on case studies.   
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6.3 Syndicate 3:  Predictivity, mode of action 

Moderator:  R. Bars 

Rapporteur:  M. Galay Burgos 

Participants: H.-J. Ahr, E. Boitier, R. Currie, K. Gaido, T. Gant, K. Tollefsen, C. Tyler,  

H. Vrijhof 

 

5. Can prediction of toxicity rely solely on ‘molecular signature’? 

The prediction of toxicity based solely on molecular signature is not feasible at the present 

time.  However a molecular signature will be of predictive value if it can be associated with 

a mechanism of toxicity that is known to lead to an adverse effect and/or histopathological 

changes.  Therefore the use of molecular signature to predict toxicity will benefit from our 

increasing knowledge in the molecular mechanisms of toxicity, which is often a dynamic 

process and this aspect should also be included in the concept of molecular signature.  The 

group felt that the initial question was not formulated properly and was rephrased to:  “What 

can molecular signature tell us?”  It was recognised that the field of molecular signature 

could progress at a greater pace if ‘omics databases could be harmonised and shared between 

‘omics users.   

6. Role of molecular biomarkers in predicting toxicity? 

Molecular biomarkers can be used to predict toxicity when it has been demonstrated that the 

biomarker is associated with a particular molecular mechanism of toxicity.  Biomarkers 

could also be used to group chemicals that appear to have the same MoA.  However, at the 

present time, biomarkers, in the absence of additional data, should be considered only as 

indicators of potential toxicity and should not be used for regulatory decisions.  The current 

validation process for biomarkers was found to be too slow and too bureaucratic.   

7. What are the technical hurdles to elucidate MoA from ‘omic data? 

To elucidate MoA, ‘omic data need to be integrated with information derived from other 

disciplines (biochemistry, physiology, pathology) and also need the support of scientists 

from disciplines such as biostatistics, bioinformatics and mathematics.  Currently, 

mammalian ‘omic data are assessed using pathway analysis tools.  These tools can identify 

biological pathways that may be relevant to the mechanism of action responsible for an 

adverse effect or the formation of a lesion.  However in the case of ecotoxicology, it is 
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considered that there is insufficient knowledge concerning the mechanism of action leading 

to toxicity and that the pathway analysis tools in target species are too rudimentary.   

3. Status of regulatory agencies (FDA, EPA, EFSA, …) position with respect to ‘omic data.   

Validation of molecular biomarkers of toxicity could benefit from a less bureaucratic 

procedure and a more proactive attitude of the regulatory agencies towards this activity 

which in fine could end up with a ‘gold standard list’ representing various MoA.   
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7. CONCLUSIONS AND RECOMMENDATIONS 

The workshop concluded that while generating toxicological and ecotoxicological ‘omic data 
from in vitro or in vivo systems is now easier and cheaper than in the past, the interpretation of 
data still poses a problem.  The interpretation of ‘omic data is complicated by the quantity of 
information produced in a single experiment and also by the difficulties in differentiating those 
pathways most relevant to toxicity from the host of less relevant pathways.  In particular, 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.  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 for this exercise.   

Interpretation of data from these reference studies should be done by a panel of scientists from 
various disciplines (pharmacology, biochemistry, toxicology, pathology) as well as ‘omic experts.  
A number of international organisations, including CEFIC LRI and ILSI HESI, are already 
contributing to these aims by promoting and/or funding a number of ‘omic projects.  ECETOC 
can further contribute to these recommendations by gathering together the appropriate experts to 
interpret the data from these focused ‘omic studies.   

The workshop further concluded that there is presently a great deal of uncertainty and lack of 
consensus as to the impact of ‘omic studies on chemical risk assessment.  It might be beneficial to 
establish genomics working groups who can critically evaluate micro-array data in a risk 
assessment context much the same way that pathology working groups evaluate tissue lesions.  
The workgroups would be useful to both regulatory agencies and the chemical industry and 
therefore should be composed of representatives of both, as well as academics.  These working 
groups could propose approaches for defining NOAELs for ‘omics endpoints with reference to 
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standard toxicology endpoints.  Once a general agreement of the toxicological relevance of the 
output from these studies is obtained, there is no reason why they should not take their place 
alongside other methods used in risk assessment.   
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ABBREVIATIONS 

ATP Adenosine triphosphate 
ATZ Atrazine 
 
BCNU 1,3-bis(2-chloroethyl)-1-nitroso-urea 
BPA Bisphenol A 
 
CCNU 1-(2-chloroethyl)-3-cyclohexyl-1-nitroso-urea 
Cd Cadmium 
CSF Cerebrospinal fluid 
 
DNA Deoxyribonucleic acid 
DNP Dinitrophenol 
 
ECVAM European Centre for the Validation of Alternative Methods 
EDC Endocrine disrupting chemical 
EE Ethynyl oestradiol 
EFSA European Food Safety Authority 
EMEA European Medicines Agency 
EPA Environmental Protection Agency 
ER Oestrogen receptor 
EST Expressed sequence tag 
EU European Union 
 
FDA US Food and Drug Administration 
FLA Fluoranthene 
FM Flutamide 
 
GD Gestation day 
Ges Genistein 
HPV High production volume 
 
ILSI International Life Sciences Institute 
ITS Integrated testing strategy 
LCM Laser micro-dissected samples 
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MAQC MicroArray Quality Control consortium 
MGED Microarray and Gene Expression Data 
MIAME Minimum information about a microarray experiment 
MoA Mode of action 
MTD Maximum tolerated dose 
 
NCTR US National Center for Toxicological Research 
NOAEL No observed adverse effect level 
NOTEL No observed transcriptome effect level 
OECD Organisation for Economic Co-operation and Development 
 
PCA Principal components analysis 
PCR Polymerase chain reaction 
PDR Pleiotropic drug resistance 
PFOA Perfluoro-octanoic acid 
PNEC Predicted no effect concentration 
PNP Para-nitrophenol 
PPAR Peroxisome proliferator-activated receptor 
PPC Peroxisome proliferator chemicals 
 
QC Quality control 
QSAR Quantitative Structure Activity Relationship 
 
REACH Registration, evaluation, authorisation and restriction of chemicals 
RNA Ribonuclease acid 
 
STRE Stress response elements 
TGX Toxicogenomics 
 
WwTWs Waste water treatment works 
WY Wyeth-14,643 
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APPENDIX A:  USE OF GENOMICS IN RISK ASSESSMENT BY THE US EPA 

The US EPA has spent considerable effort in the last few years to develop guidance on the use of 
genomics to inform the process for determining effects on humans and ecological species.  A 
number of workgroups within the Agency have developed consensus documents that cover a 
wide range of issues related to the use of genomics in risk assessment.  In 2002, the EPA issued 
the Interim Policy on Genomics which provided initial guidance concerning how and when 
genomics information should be used to assess the risks of environmental contaminants under 
regulatory programmes within the agency (US EPA, 2002).  In 2004, the document Potential 
Implications of Genomics for Regulatory and Risk Assessment Applications at EPA identified 
four areas of oversight likely to be influenced by genomics data.  These were (i) the prioritisation 
of contaminants and contaminated sites for cleanup efforts, (ii) environmental monitoring at 
known or potentially contaminated sites, (iii) provisions in reporting chemical submissions and 
(iv) chemical risk assessment.  The paper also identified a critical need for defining analysis and 
acceptance criteria the EPA would use for genomics information in understanding chemical 
toxicity and regulatory applications (US EPA, 2004).  This guidance encourages and supports 
continued genomics research for understanding the molecular basis of toxicity.  While the 
guidance states that genomics data alone is currently insufficient to be used as the basis for risk 
assessment and management decisions, genomics data may help support arguments for MoA in a 
weight-of-evidence approach for human or ecological health risk assessments in combination 
with all the other information the EPA considers for a particular assessment or decision.   

In 2007, an EPA Workgroup completed a document Interim Guidance for Microarray-Based 
Assays:  Regulatory and Risk Assessment Applications at EPA that is currently undergoing peer-
review.  This document describes (i) the types of data that could be submitted to the EPA when 
using microarrays, (ii) approaches to quality assessment parameters of the submitted microarray 
data, (iii) microarray data analysis approaches and (iv) issues relevant to data management and 
storage for microarray data submitted to, or used by the EPA.  This interim guidance also 
identifies future actions that are needed to better incorporate genomics information into the 
EPA’s risk assessments as well as the regulatory decision making process (US EPA, 2007). 
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Name E-mail Affiliation 

H.-J. Ahr hans-juergen.ahr@bayerhealthcare.com Bayer HealthCare, Germany 
R. Bars remi.bars@bayercropscience.com Bayer CropScience, France 
E. Boitier eric.boitier@sanofi-aventis.com Sanofi Aventis, France 
P. Calow p.calow@sheffield.ac.uk Roskilde University, Denmark 
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K. Gaido gaido@thehamner.com The Hamner Institutes for Health Sciences, USA 
M. Galay Burgos malyka.galay-burgos@ecetoc.org ECETOC, Belgium 
T. Gant twg1@le.ac.uk Leicester University, UK 
O. Grenet olivier.grenet@novartis.com Novartis, France 
N. Hallmark nina.hallmark@exxonmobil.com ExxonMobil, Belgium 
T. Hutchinson thom1@pml.ac.uk Plymouth Marine Laboratory, UK 
P. Kille kille@cardiff.ac.uk University of Cardiff, UK 
J. Naciff naciff.jm@pg.com Procter and Gamble, USA 
D. Rouquié david.rouquie@ bayercropscience.com Bayer CropScience, France 
X. Sarda x.sarda@afssa.fr AFSSA, France 
W. Schoonen willem.schoonen@organon.com Organon, The Netherlands 
J. Snape jason.snape@ astrazeneca.com AstraZeneca, UK 
K. Tollefsen knut.erik.tollefsen@niva.no Norwegian Institute for Water Research, Norway 
C. Tyler c.r.tyler@exeter.ac.uk Exeter University, UK 
S. van der Vies vdvies@few.vu.nl Vrije Universiteit Amsterdam, The Netherlands 
P. Van Hummelen paul.vanhummelen@vib.be Leuven Universiteit, Belgium 
B. van Ravenzwaay bennard.ravenzwaay@basf.com BASF, Germany 
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APPENDIX C:  WORKSHOP PROGRAMME 
 
Thursday 6 December 2007 
 
Chairmen:  R. Bars (Bayer CropScience), S. van der Vies (Vrije Universiteit Amsterdam) 
12.30-13.30 Registration and lunch 
 
13.30-13.40 Welcome  Neil Carmichael (ECETOC) 
 
13.40-14.00 Study design:  Quality controls and RNA-related procedures for gene expression 
 profiling of different tissues O. Grenet (Novartis) 
 
14.00-14.20 Quality control in toxicogenomics  R. Currie (Syngenta) 
 
14.20-14.40 Exploitation J. Naciff (P&G) 
 
14.40-15.00 Interpretation T. Gant (Leicester University) 
 
15.00-15.20 Dose-response D. Rouquié (Bayer CropScience) 
 
15.20-15.40 Predictivity H.-J. Ahr (Bayer HealthCare) 
 
15.40-16.00 Toxicogenomic dissection of the perfluorooctanoic acid transcript profile in mouse 
 liver:  evidence for involvement in the nuclear receptors PPARα and CAR C. Corton (US EPA) 
 
16.00-16.30 Coffee Break 
 
16.30-16.40 Case stories:  Introduction R. Bars (Bayer CropScience) 
 
16.40-17.00 Case 1:  Variability/cofounders for metabolic analysis B. van Ravenzwaay (BASF) 
 
17.00-17.20 Case 2:  Ecoworm:  Linking molecular impacts to populations effects pathways 
  P. Kille (Cardiff University) 
 
17.20-17.40 Case 3:  Gene pathways targeted during phthalate-induced testicular dysgenesis 
  K Gaido (The Hamner Institutes for Health Sciences) 
 
17.40-18.00 Case 4:  Use of global gene expression data to improve hazard and risk J. Naciff (P&G) 
 
18.00-18.20 Case 5:  Impact of chemical exposure on gene expression in yeast/bacteria J. Snape (AstraZeneca) 
 
18.20-18.40 Case 6:  Application of molecular approaches in unravelling sexual disruption in fish 
  C. Tyler (Exeter University) 
 
18.20-18.40 Case 7:  Application of toxicogenomics to genetic toxicology risk assessment 
  E. Boitier (Sanofi-Aventis) 
19.00 End of Day 1 
 
20.00 Dinner in syndicates (1, 2 or 3) 
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Friday 7 December 2007 
 
08.30-08.45 Current state-of-the-art of genomics in toxicology P. van Hummelen (VIB and Leuven University) 

 
08.45-09.00 ‘Omics and chemical regulations:  Potential and bottlenecks 
  W. De Coen (European, Chemicals Bureau) 
 
09.00-10.30 Syndicate sessions 

Syndicate 1: Appropriate conditions to generate omic data relevant to toxicity 

 Moderator: T. Hutchinson, Plymouth Marine Laboratory 
 Rapporteur: S. van der Vies, Vrije Universiteit Amsterdam 

 Question 1:  Is it worth generating ‘omic data from standard guideline studies or should study design 
be reconsidered specifically for that purpose? 

 Question 2:  What are the various ways to analyse, compare and store (including annotations, 
nomenclature) the vast amount of data generated from ‘omics tools? 

 Question 3 (to all 3 syndicates):  Status of regulatory agencies (FDA, EPA, EFSA, …) position with 
respect to ‘omic data 

Syndicate 2: Dose-response, comparison with traditional tools 

 Moderator:  P. Calow, Roskilde University 
 Rapporteur: B. van Ravenzwaay, BASF 

 Question 4:  Can a NOAEL set from conventional studies be challenged by ‘omics results? 

 Question 3 (to all 3 syndicates):  Status of regulatory agencies (FDA, EPA, EFSA, …) position with 
respect to ‘omic data 

Syndicate 3: Predictivity, mode of action 

 Moderator: R. Bars, Bayer CropScience 
 Rapporteur: H. Vrijhof/M. Galay Burgos, ECETOC 

 Question 5:  Can prediction of toxicity rely solely on ‘molecular signature’? 

 Question 6:  Role of molecular biomarkers in predicting toxicity? 

 Question 7:  What are the technical hurdles to elucidate MoA from ‘omic data? 

 Question 3 (to all 3 syndicates):  Status of regulatory agencies (FDA, EPA, EFSA, …) position with 
respect to ‘omic data 

 
10.30-11.00 Coffee Break 
 
Chairmen: R. Bars, S. van der Vies 
11.30-12.00 Plenary:  Syndicate reports and discussion  Audience and Speakers 
 
12.00-12.15 Summary:  Question VIII:  What is the (eco-)relevance of ‘omics tools? 
 Moderator: N. Carmichael (ECETOC) 
 
12.15-12.30 Conclusion  Moderator: R. Bars 
   Rapporteur: S. van der Vies 
 
13.00 Adjourn + lunch 
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United Kingdom 
 

M. Galay Burgos 
ECETOC 
Avenue Van Nieuwenhuyse 4 
B-1160 Brussels 
Belgium 
 

T. Hutchinson 
Plymouth Marine Laboratory 
Prospect Place, The Hoe 
Plymouth, Devon, PL1 3DH 
United Kingdom 
 

S. van der Vies 
VU University Medical Center, Department of Pathology 
De Boelelaan 1117 
1081 HV Amsterdam 
The Netherlands 
 

B. van Ravenzwaay 
BASF 
Carl-Bosch-Str. 38 
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Germany 
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ECETOC 
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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 
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