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EDC  endocrine disrupting chemicals 

ETUI  European Trade Union Institute 

FDR  false discovery rate 

HLF  human embryo lung fibroblast 

HRV   heart rate variability 

IPR  intellectual property rights 

ITM  impaired telomere maintenance 

kb  kilobase 

mRNA  messengerRNA 

miRNA  microRNA 

MoA  mode of action 

MS-qFRET methylation-specific quantum dot fluorescence resonance energy transfer 

MWCNT multi-walled carbon nanotubes 

NGC  non-genotoxic carcinogen 

NP  nanoparticle 

OBELIX  OBesogenic Endocrine disrupting chemicals: LInking prenatal eXposure 

to the development of obesity later in life 

PAH  polycyclic aromatic hydrocarbons 



 

6  

 

PBL  peripheral blood lymphocytes 

PBMC  peripheral blood mononuclear cells 

PCR   polymerase chain reaction 

PM  particulate matter 

POPs  persistent organic pollutants 

RA   risk assessment 
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Summary  
 

 

 

 

 

 

 

 

 

Alongside genetics (nucleotide sequences), there is a second form of cell 
memory in the body known as epigenetics, a research field that has attracted 
rapidly increasing attention in the past decade. All different cell types 
(e.g. muscle, brain, blood) contain the whole genome, and in each specialised 
cell, different genes need to be activated and silenced or at least tuned, and 
when specialised cells divide, this should be ‘remembered’; all this is achieved 
by epigenetics. The epigenetic machinery is also involved in regulating the life-
stages of cells and organisms and in specific gene expression in response to 
the environment (including chemicals). Science is starting to master how to 
read the epigenome, and there is clear potential for this technology to be 
incorporated into the chemical toxicity tests and exposure tests of regulating 
agencies. 
 
Currently, the three most studied epigenetic mechanisms are: (i) DNA 
methylation  this chemical tagging can, for example, silence the production 
of liver enzymes in brain cells; (ii) chemical tagging of DNA-folding proteins 
known as histones  the transcription of genes can be influenced by regulating 
folding-unfolding; (iii) microRNAs  these small stretches of RNA influence 
the translation of messengerRNA into proteins, thereby indirectly tuning gene 
expression. 
 
Epigenetic mechanisms in principle represent a healthy system to regulate the 
organisation of the body (specialisation, age) and also a healthy response to 
differences in the environment (e.g. nutrition). However, alongside this 
healthy adaptive response to exposure, poor nutrition and/or certain 
chemicals can lead to epigenetic modifications that can have life-long adverse 
effects on an organism. There is a major epigenetic reset around conception, 
which in principle prevents transgenerational effects, but this reset also 
results in extra vulnerability to chemical exposure during this period, causing 
epigenetic marks that can affect subsequent generations. There is also a large 
amount of ongoing research and debate on the extent to which the epigenetic 
reset is complete. To a certain extent, this type of extra epigenetic vulnerability 
is expected for all types of stem cells, since these are particularly active 
epigenetically. 
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The technology of measuring epigenetic marks can, in principle, be used by 
regulatory agencies to assess chemical exposure of workers, both 
retrospectively and in risk assessment of new chemicals. It is also likely that it 
will function as an early warning system. Practical analysis in this field is 
currently (2016) still in its infancy, but it is difficult to overestimate its 
potential importance in risk assessment and analysis of past exposure. 
 
The epigenetic marks can store a practically limitless amount of information 
about a person’s exposure, which, by the time we are able to ‘read’ the 
epigenome accurately, will yield a wealth of information about a person’s past 
exposure to chemicals. Along with all the beneficial potential, this will raise 
privacy, insurance and ethical issues, and it is therefore important that various 
parties (like the ETUI) are aware of these issues and develop a position and 
organise discussions on this technological trend.  
 
Lab-on-a-chip technology with epigenetic marks will play a major role in risk 
assessments of new chemicals; it will be used together with other biomarker 
technologies such as DNA sequencing, proteomics and immune response. It is 
also likely to help in predicting synergistic effects of exposure to multiple 
compounds.  
 
It is difficult to determine the precise mode of action from chemical exposure 
to an adverse epigenetic mark, since there are a number of chicken-and-egg 
issues in (cell) biology, for example making DNA and RNA requires enzymes, 
and making those enzymes requires their blueprint in the DNA. Similar issues 
apply to all regulatory enzymes in the epigenetic machinery; a key player in 
the whole process (the ribosome) is itself an inextricable amalgam of enzyme 
and RNA. It is important to be aware of this complexity, since some producers 
of chemicals might use it to evade liability. Elucidation of molecular structures 
of chemical-epigenome complexes is needed to understand fully the order of 
events. However, even though this understanding is lacking, unique 
epigenetic marks can already be very sensitive biomarkers of adverse effects 
of exposure. 
 
Certain compounds that have strong epigenetic effects are the usual suspects 
(e.g. aromatics, endocrine disruptors), these also having genetic effects, but 
there is also a class of compounds that have adverse effects solely by affecting 
the epigenome. The ETUI should therefore closely monitor developments in 
this field. For bisphenol A, for example, there are strong indications that its 
mode of action (primary trigger) is epigenetic. In addition, compounds that 
primarily cause mutations in the genome have been shown to have epigenetic 
consequences that might be easier (less evasive) to test. 
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We would advise the ETUI to organise debate in order to develop its position 
in this field and collaborate with various parties, including research and 
regulation bodies, and to devise mechanisms to guide Responsible Research 
and Innovation (RRI) in the field of epigenetics. 
 
Figure 1 summarises several aspects of epigenetics and (chemical) exposure. 
 

Figure 1  Genetically identical mice can have distinctly different phenotypes due 

to epigenetic marks 

 

 
This figure is reproduced from Bernal and Jirtle, 2010, with permission of John Wiley & Sons, Inc. – all rights 

reserved 

 

If the mother is exposed to the epigenetically disturbing endocrine disruptor 
bisphenol A (BPA), a different skin colour pattern is observed in the offspring 
(Dolinoy et al. 2007), as well as effects such as obesity and higher risk of 
cancer having been reported, see also Figure 10). The effect of exposure of the 
mother to BPA can be ‘corrected’ by adding supplements to the diet alongside 
the bisphenol A, illustrating the interplay of several epigenetic exposures. 
 
A list of conclusions drawn from this report can be found in Chapter 12. 
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1.  Introduction: epigenetics and its 
possible relevance to occupational 
settings 

 

 

 

 

 

 

 

 

 

In the 19th century, a French biologist, Jean-Baptiste Lamarck, proposed that 
organisms could pass acquired characteristics or traits down to future 
generations. His theory was discredited at the time, because a possible 
mechanism by which such inheritance might work was lacking. More recently, 
several epidemiological studies based on historical records have indicated that 
the grandchildren of individuals who had experienced famine and hunger 
were less likely to develop heart disease or diabetes than the grandchildren of 
those who had had plenty to eat. A striking example of this nutrition effect is 
a study in which it was shown that specific epigenetic marks obtained during 
prenatal exposure to famine during the Dutch Hunger Winter of 1944-1945 
were still visible up to six decades later (Heijmans et al. 2008). Several follow-
up studies on mice and rats confirm the conclusions concerning specific 
epigenetic mutations as a consequence of nutrition found in this study. 
 
Explaining such transgenerational phenomena requires a deeper 
understanding of the reproductive biology of how these signals might be 
formed and transferred to the germ line and be carried on to the next and 
possibly subsequent generations. Since the start of the millennium, scientists 
have begun to understand that the transcription of genes does not depend 
solely on the primary genetic code, but that environmental factors such as diet, 
air pollution and exposure to chemicals and also social and psychological 
insults can cause the addition and/or removal of small chemical marks on 
DNA that may also turn genes on and off. These phenomena are nowadays 
described as epigenetics. 
 
Epigenetics is a natural phenomenon where not all cell memory is coded in 
the ‘primary’ genetic code of the DNA (epi is Greek for ‘on top of’, ‘outside of’). 
After fertilisation, cells divide and specialise into different cell types such as 
brain and liver cells, etc. (Figure 2). All these cells contain the complete 
genomic information concerning all cell types, so many genes need to be 
activated or silenced in different cell types. In addition, there is differentiation 
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of cells in time (for example, the age of the person). All this regulation is 
achieved by epigenetics. 
 

Figure 2  All specialised cells in an organism contain the complete genome; 

differentiation is achieved by epigenetics via activating and silencing certain genes 

 

 
Figure kindly provided by Dr Travis Antes, System Biosciences (SBI), USA – all rights reserved 

 

The number of research groups and consequently scientific papers dealing 
with the understanding of epigenetics and how environmental insults can 
influence the organism has risen sharply over the past 15 years. Epigenetics 
consequently offers potential for use in risk assessment methods for workers, 
since these environmental insults may consist of exposure to substances at the 
workplace. The ETUI approached IVAM to prepare a brief overview of the 
potential of epigenetics in relation to the chemical safety of workers. It turns 
out that many references describe how certain adverse effects may be related 
to epigenetics or how exposure to chemical substances or other environmental 
insults may cause epigenetic modifications in humans, but the exact 
epigenetic mode of action for cause and effect is still largely unknown. 
 
We mainly analysed scientific reviews on epigenetic effects from the past 4-
5 years that describe a possible link between health effects and exposure to 
chemicals related to the workplace. If certain effects were described in these 
reviews, their potential relationship to current risk assessment methodology 
of chemicals was briefly evaluated. In addition, the ETUI requested IVAM to 
describe briefly which research groups are active and which civil society 
organisations (CSOs) in the EU have given attention to epigenetics. This 
report is intended to present a preliminary overview of the potential relevance 
of epigenetics for workers and also includes a brief description of the scientific 
and societal organisations active in this area. 
 
The report is divided into the following chapters: Chapter 2 presents a 
description and defines the characteristics of epigenetics, Chapter 3 explains 
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the connection between natural and unnatural epigenetic effects and the 
general relationship to risk assessment, Chapter 4 describes the scientific and 
technological state of the art in the field of epigenetics, Chapter 5 describes 
epigenetic heredity, Chapter 6 summarises in vivo experiments on various test 
animals, Chapter 7 addresses the relationship with stem cell research, 
Chapter 8 describes epigenetics in risk assessment, Chapter 9 summarises 
illustrative examples of adverse effects of certain compounds that can be 
monitored epigenetically, Chapter 10 focuses on epigenetic effects of 
occupational exposure, Chapter 11 discusses the impact of Chapters 2-10, 
Chapter 12 lists the report’s conclusions, Chapter 13 describes the EU 
epigenetic networks, Chapter 14 summarises IVAM’s advice to the ETUI and 
Chapter 15 is a report on the workshop entitled ‘The Potential of Epigenetics 
in Chemical Safety’ that was held at the ETUI in Brussels in March 2015. 
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2. What is epigenetics?  
Detailed description and definition  
of characteristics 

 

 

 

 

 

 

 

 

 

Definitions of epigenetics in the literature vary somewhat, but all stress that 
the transcription of DNA sequences (genes) ultimately leading to the 
expression of proteins (or, to be more precise, altered phenotype) is 
determined not just by the primary DNA sequence (identity and order of 
nucleotides) but also by epigenetic factors (the prefix epi- is Greek for ‘on top 
of’, ‘outside of’). A general introduction to epigenetics can also be viewed on 
YouTube: https://www.youtube.com/watch?v=JTBg6hqeuTg 
 
The best-known epigenetic mechanism is installing chemical tags on the DNA 
or on its folding machinery (Figures 2 and 3) to programme the cell as to 
which genes should be expressed or not expressed in various cell types, cell 
stages and in response to the environment. An example of this is methylation 
of parts of the DNA which are needed for certain enzymes to bind, in order to 
express the genes into proteins; this is sometimes referred to as the ‘blocking 
of landing strips’ of these enzymes, thereby preventing their action. The 
second well-known epigenetic mechanism is putting chemical tags on the 
folding machinery; the logic behind this is that local unfolding of DNA is 
necessary for genes to be expressed. DNA, in particular that of mammals, is 
not just a linear double helix molecule with the well-known A-T-G-C four-
letter code. In linear form, the more than 3 billion base pairs of this molecule 
would stretch over 2 metres, so a phenomenal folding machinery is necessary 
to fit it in the nucleus of a cell which is only a few micrometres wide (one 
micrometre is one 1/1000th of a millimetre). Human DNA is divided into 
23 pieces which each fold via various steps into what are known as 
chromosomes, which during cell division resemble the letter X or Y (Figure 3). 
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Figure 3  Various levels of folding-unfolding of mammalian DNA into 

chromosomes need to be tightly regulated for gene expression via epigenetic tags  

 

  
 

  
(see also https://www.youtube.com/watch?v=gbSIBhFwQ4s) 

The upper figure was published at https://commons.wikimedia.org/wiki/File%3AEukaryote_DNA-en.svg 

The lower figure was published at https://commons.wikimedia.org/wiki/File:Epigenetic_mechanisms.jpg 

 

Once folded, chromosomes need to be able to unfold very fast locally in order 
to access the information that codes for proteins (the genes), and this process 
can be regulated at various levels; the best-known chemical-tag labelling of 
this folding machinery is that of histone molecules, which are proteins that 
serve as molecular spools (see Figure 4). 
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Figure 4  Epigenetic chemical tags such as acetyl groups are put on ‘DNA-spool’ 

proteins (histones) in order to influence gene expression by creating a different form 

of chromatin 

 

 
Reproduced with permission of Richard Ballermann, http://www.mrballermann.com, all rights reserved 

 

Six epigenetic mechanisms that regulate gene expression in placental 
mammals have currently been identified: 

1. DNA methylation, predominantly at the fifth carbon in the cytosines 
that are followed by a guanine (a CpG nucleotide);  

2. chemical tagging of histones by processes such as methylation, 
acetylation, ubiquitination and sumoylation of lysine, 
phosphorylation of serine and threonine (Milagro et al. 2013), and 
methylation of arginine (see also Box 1);  

3. other nuclear proteins are critical for epigenetic gene regulation (such 
as chromatin remodelling complexes, effector proteins with various 
binding modules for different modifications and insulator proteins); 

4. genomic imprinting, by which the expression of a gene is limited to 
one of the two parental alleles; 

5. regulation via non-coding RNAs including microRNAs (miRNAs), 
which can bind to and regulate multiple mRNAs; 

6. regulation via non-covalent mechanisms, such as physical alterations 
in nucleosomal positioning via nucleosome remodellers or 
replacement of canonical histone proteins with specialised histone 
variants. 
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Of the six observed mechanisms, 1, 2 and 5 are the ones most studied by a 
number of sequencing methods. A seemingly simple chemical modification 
such as methylation already creates an enormous amount of possibilities for 
information storage; not only can the bases of DNA be methylated, amino 
acids in the DNA spool proteins can also be methylated (mechanism 2, Box 1). 
Methylation of DNA (mechanism 1) occurs on short stretches (on average of 
about 1 kb) of CpG-rich regions known as CpG islands (CpGI), which are found 
in the promoters of approximately 60% of the coding genes in the mammalian 
genome. These islands are generally unmethylated in normal cells, while most 
CpG sites outside these islands are methylated. It was observed that 
hypermethylation of these CpGIs is found in virtually every type of human 
cancer and that the other CpG sites were hypomethylated. Hypermethylation 
of these promoter regions is therefore associated with the inappropriate 
transcriptional silencing of genes (Fukushige 2013). However, increased DNA 
methylation is not always associated with gene silencing. Moreover, the effect 
of epigenetic variation on transcriptional activity may be tissue-specific or 
may occur during a discrete developmental phase (Mill and Heijmans 2013). 
Recently, other chemical groups have been found to react at 5-cytosine such 
as hydroxyl or acetyl groups, but it is still unknown what gene expression 
mechanisms are associated with these chemical tags (Fukushige et al. 2013). 
 
Alongside DNA methylation and histone modification, the third major 
epigenetic mechanism receiving a great deal of attention is that of microRNAs 
(miRNAs); before DNA is considered to be fully expressed, it is first 
transcribed into messengerRNA which is later translated into protein. Tuning 
of gene expression is also possible at the level of RNA. miRNAs are short 
stretches of RNA (20-30 nucleotides) which influence the translation of 
messengerRNA into proteins, thereby indirectly tuning gene expression 
(Figure 5). 
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Figure 5  Epigenetic regulation of gene expression via microRNAs that bind to 

messengerRNAs 

 

 
https://commons.wikimedia.org/w/index.php?title=File:MiRNA-biogenesis.jpg&oldid=85542091 

 

miRNAs are short stretches of RNA regulating the translation of mRNAs into 
protein. The formation of miRNA is a complex process, with several enzymes 
that might interact with xenobiotic chemicals. These subtle changes influence 
the transcription of many genes. These changes may occur naturally but also 
on exposure to atypical insults. This may differ from exposure to specific 
substances at the working place but also, for example, to air pollution, stress, 
famine or diet. Epigenetic marks correlated to chemical exposure therefore 
need to be sufficiently specific to qualify for safety and exposure assessments. 
 
The epigenome is defined as the sum of all types of epigenetic marks known 
and yet to be discovered. One part that already has a name of its own is the 
methylome (all methylations of the DNA). 
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Box 1 Practically unlimited exposure information due to epigenetic tags:  
just a matter of epigenetic literacy 
 
 
A seemingly simple chemical modification such as methylation already creates an enormous number of 

possibilities of information storage; not only can the bases of DNA be methylated, amino acids in the DNA 

spool proteins (histones) can also be methylated. Since methylation of lysine and arginine can take place in 

three different ways, enormous complexity can be achieved from simple building blocks, which can be 

compared to the number of possibilities that can be achieved from recombinations of a few simple sugar units 

(also used to tag proteins for where to go and what to do).  

 

The various information storage systems of the organism can be recombined into a nearly limitless number of 

possibilities. In principle, all levels of DNA folding give rise to potential levels of epigenetic regulation that are 

yet to be discovered/read. Epigenetic methylation of two amino acids in proteins already shows how much 

information can be stored by recombining simple units. This also holds for other chemical tags, and combining 

different tags for multiple amino acids and different types of tags yields a number of tags beyond what can 

be imagined. 
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3.  Programmed epigenetic marks and 
those in response to the environment 

 
 
 
 
 
 
 
 
 
The epigenetic machinery is necessary for a human being to regulate 
programmed events such as cell specialisation (function, time), but it is also 
designed as a (healthy) response to the environment (nutrition and other 
external factors). Alongside this healthy adaptive response, any exposure 
leading to chemical changes in the body may also have adverse effects via 
epigenetic marks or may leave epigenetic marks indirectly. 
 
It is easy to imagine that exposure to high concentrations of chemicals can 
interfere with healthy epigenetic events: chemicals either from nutrition or in 
the workplace. A striking example of a nutrition effect is a study in which it 
was shown that epigenetic marks obtained during prenatal exposure to famine 
during the Dutch Hunger Winter of 1944-1945 were still visible up to six 
decades later (Heijmans et al. 2008). Several follow-up studies on mice and 
rats confirm the conclusions on epigenetic mutations as a consequence of 
nutrition found in this study. A large body of evidence suggests that adverse 
effects such as diabetes and cancer can have an epigenetic origin. 
 
If unnatural epigenetic marks can be related to a specific (adverse) effect, they 
may serve as a new class of biomarkers of disease and/or exposure. They can 
be unique biomarkers (no mutations found at the level of genetics, immune 
response, etc.) or they may be supporting (fine-tuning toxicity levels, early 
warning system). 
 
Some suspicious compounds already show up in other tests (the usual 
suspects such as aromatic compounds in the Ames test); compounds are found 
that cause mutations only in the epigenome and not in the genome are also 
found (e.g. hyper- and or hypomethylation of DNA). These changes in the 
epigenome may very well serve as new sensitive biomarkers  potentially as 
an ‘early warning system’ – even before the exact mechanisms of this 
disturbance of the human epigenetic machinery are fully elucidated. 
Epigenetic mutations may, in some cases, be the precursor of mutagenic 
effects. Alongside nutrition-specific compounds with epigenetic effects, other 
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compounds (e.g. work-specific) are also clearly suspicious, in a dose-
dependent manner. It is important to be aware that, both in genetics and, to 
an even greater degree, in epigenetics, it is sometimes very difficult to 
distinguish between cause and effect of events because of molecular chicken-
and-egg problems (see Box 6). In addition, it is a major challenge to 
distinguish effects of specific compounds from other environmental insults 
such as nutrition, stress and other compounds such as air pollution. 
 
A detailed overview of compounds, epigenetic marks and related adversities 
can be found in Chapter 9. 
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4. How advanced is scientific 
understanding of epigenetics and how 
advanced is the practical 
analysis/application of epigenetics? 

 
 
 
 
 
 
 
 
 
Epigenetics is a field of research that has grown exponentially since the start 
of the new millennium. A large number of epidemiological studies still need 
to be done, precise mechanisms need to be elucidated, and screening for the 
epigenetic biomarkers requires further development of high-throughput 
screening of the epigenome. Box 2 explains that even the study of just one 
aspect of the epigenome, the methylome, has not yet been standardised. The 
high-throughput analysis of the methylome is the most advanced aspect of 
reading the epigenome, and is partially based on the success of DNA 
sequencing, but further improvement of this and analysis of other parts of the 
epigenome are required for epigenetic biomarkers to be part of standard 
testing. A nanotechnology variant of MSP that enables the detection of 
methylation in a sensitive and quantifiable manner is methylation-specific 
quantum dot fluorescence resonance energy transfer (MS-qFRET). This 
requires the use of biotinylated methylation-specific primers, for post-PCR 
conjugation to quantum dots. The quantum dot nano-assay is strengthened by 
signal enhancement from multiple DNA targets that bind to a single quantum 
dot, illustrating the need for a multidisciplinary approach to reading the 
epigenome.  
 
Box 3 illustrates the future role of epigenetic biomarkers for risk assessment 
and analysis of past exposure; sufficiently standardised screening of 
epigenetic markers is a prerequisite for this. Standardised testing for 
epigenetic marks outside the methylome will take several years, and it will take 
some time for especially high-throughput testing to become available. Several 
techniques have been developed in the past few years for the histone 
modifications. Chromatin immunoprecipitation (ChIP) is a widely used 
technique to detect interactions between DNA and proteins, in which 
chromatin is immuno-precipitated with antibody against a transcription 
factor, a chromatin-associated protein, or a modified histone. 
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Analysis of the miRNA part of the epigenome appears promising (techniques 
based on quantitative PCR and microarrays), despite the intrinsic instability 
of RNA molecules, and appears to be minimally evasive, but also needs time 
to develop into a routine test. It is desirable also to measure mRNA levels to 
interpret miRNA data correctly, and this integrated analysis is currently being 
developed. 
 
High-throughput screening of the full methylome or other parts of the 
epigenome is of great interest in identifying patterns and discovering 
relationships between chemicals and alterations in the epigenome. Once an 
epigenetic biomarker has been identified, focused analysis is possible, and this 
might take far less time to become standardised, as it requires less technical 
and bioinformatic power. 

Box 2 Measurement of mutations in the epigenome: how practical currently? 
 
DNA sequencing is now well established, and its speed is ever-increasing, but high-throughput analysis of the 

epigenome is more complex and still in its infancy. If only DNA methylation is looked at (the ‘methylome’) the 

number of approaches reported by Laird et al. (2010) is already large: 17 different ones. 

 

The techniques depend heavily on bioinformatics and are based on methylation-sensitive restriction enzymes and 

bisulphite sequencing, which is based on standard DNA sequencing, but we are several years away from easy and 

economical high-throughput sequencing of the methylome and epigenome that can be used in large-scale 

diagnostics. 

 

Nevertheless, analysing specifically identified ‘hot spots’ in the epigenome for biomarkers is less difficult. As in 

DNA sequencing, a question will be how practical the analysis is, and sampling of tissue 

(urine/blood/stool/biopsy) is important in this respect. 

 

Box 3 Lab-on-a-chip approach for preventive screening of (new) compounds with respect to mutations in 
the epigenome 

 
A major diagnostic tool that will also emerge in the field of epigenetics is the lab-on-a-chip, which will be used to 

assess the risks of new compounds but also to analyse epigenetic events retrospectively. Analysis of epigenetic 

markers/effects will be part of routine chips that address multiple effects such as those on the immune system, 

DNA, etc. 

 

A good review describing the future of toxicity assessment using lab-on-a-chip technology was recently published 

by Shah et al. (2014). This paper is specifically about nanotoxicity, since it has a certain overlap with epigenetics, 

and the lab-on-a-chip approach will be essentially the same. 
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Box 4 Molecular mechanisms behind epigenetics 

 
Several molecular epigenetic marks such as DNA methylation have been identified. However, precise molecular 

explanations of how external chemicals trigger cascades leading to these marks (mode of action) are currently 

largely unknown. The cascades of enzymes, RNA and their complexes may be influenced by active site inhibition 

(reversibly or irreversibly), etc.*; in the next 5-10 years, many new results are expected (e.g. Jacob et al. 2014), 

since this subject has an enormous impact, not least because of its close relationship with the field of stem cell 

research. Some aspects, especially transgenerational effects, will require considerable time to be elucidated, both 

for scientific reasons (e.g. multiple mammalian generations required, requirement of large numbers in the case of 

the epidemiology) and ethical issues (e.g. embryonic research). 

 

*– Enzyme inhibition/activation leading to overall hypo- and hypermethylation; 

  – complexation/reaction with folding proteins/RNA; 

  – mutations can cause epigenetic effects and vice versa; 

  – disturbance of healthy cell-to-cell inheritance. 

 

Matsuma et al. (2007) investigated the interaction between bisphenol A (BPA) and oestrogen-related receptor  
(ERR-). BPA has been shown to leave long-lasting epigenetic (methylation) marks and is an endocrine disruptor. 

ERR- is an orphan receptor (endogenous ligand still unknown) and behaves as a constitutive activator of 

transcription, thus being involved in gene expression. BPA binds very strongly to ERR- (dissociation constant = 

5.5 nM), see picture below. This strong interaction with an enzyme that is involved in gene expression, combined 

with the strong epigenetic marks, suggests that science is close to identifying molecular events that trigger 

epigenetic marks. 

 

Bisphenol A (Red) in the active site of oestrogen-related receptor . 
 

 
Reused from Matsuma et al. (2007) with permission from Oxford University Press, all rights reserved 
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5. Heredity: are epigenetic marks for life 
and can they be transgenerational? 

 
 
 
 
 
 
 
 
 
A major question regarding epigenetic markers/mutations for many civil 
society organisations (CSOs) is to what extent they are hereditary. There are a 
currently a great deal of debate on this. In this context it is important to 
distinguish two types of inheritance: (i) within one’s life, also referred to as 
cell-cell transfer (ii) transfer to the next generation, also known as organism-
organism transfer. 
 
(i) Within one’s life, many cells divide during growth, and various tissues are 
constantly renewed at frequencies of up to once every few days. This depends 
greatly on tissue type and location within the tissue. This type of cell division 
is called mitosis, and since the new cells need to ‘remember’ which type of cell 
they should be, the healthy epigenetic marks should be passed on 
(e.g. silencing brain-protein expression in liver cells needs to be kept). With 
regard to epigenetic marks that have been made in response to the 
environment, the situation is more complex, but in the Dutch Hunger Winter 
study, epigenetic marks were found up to six decades later (Heijmans et al. 
2008). Clearly, environmental influence can be an epigenetic mark for life. In 
different cases, depending on the nature and length of the environmental 
influence, the epigenetic marks will probably be reversible or non-reversible. 
These mitosis-related processes are important with respect to carcinogenicity 
in currents RAs. Some further aspects of this are discussed in Chapters 8 
and 9. 
 
(ii) Current evidence generally shows that an epigenetic reset takes place 
during maturation of the gametes (sperm and egg cells) in the process of 
meiosis and also during early embryonic development (Figures 6 and 7). But 
even when epigenetic marks are not transgenerational, they may still serve as 
sensitive biomarkers, perhaps as an early warning system, and are thus 
potentially interesting for inclusion in standard health assessment tests. In 
addition, they may implicitly serve as a registration system for chemical 
exposure (Box 5). These meiosis-related processes are important with respect 
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to reprotoxicity in currents RAs. Some further aspects of this are described in 
Chapters 6 and 7. 
 
There are examples in which epigenetic marks appear to be transferred to the 
next generation, particularly in plants (Bond 2007). Until such time as a 
molecular explanation for transfer of epigenetic information to the next 
generation is provided, there will be speculation over alternative explanations 
for epigenetic information that appears to escape the epigenetic 
reprogramming events, even if the same marks are found in the next 
generation. This healthy scientific scepticism clearly shows that epigenetics 
research itself is in an embryonic state. 
 

 

Figure 6  Possible epigenetic inheritance is a major focus of current research 

 

 
Reproduced with permission from Nature Publishing Group, all rights reserved 

 

Box 5 Epigenetics may be the future registration system for chemical exposure (retroactively) 
 
As soon as we are fully capable of reading chemically the traces of chemical exposure in the epigenome, we 

will, in principle, be able to trace the exposure of human beings back to specific chemicals or combinations 

thereof. This will require understanding (Box 4) and rapid and economical tests (Boxes 2 and 3), but there is 

little doubt that this will be possible in principle, in a similar way to how we are increasingly able to elucidate 

past events by genomic analysis. The DNA methylation study on the Dutch Hunger Winter is lifting a little 

corner of the veil on what will be possible in future. This is a fairly reassuring idea for cases in which current or 

past exposure registration is poorly documented (see also Figures 11 and 12). 
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There are several moments of epigenetic reset during meiosis and early 
embryonic development, but several organisms seem to transfer some 
epigenetic mutations to the next generation, and substantial epidemiological 
research on mammals suggests that this could happen in humans as well 
(Hughes 2014).  
 
On the one hand, the epigenetic reset around conception is ‘good news’, since 
it means that at least most acquired epigenetic effects will not be transferred 
to the next generation, while on the other hand it points to a vulnerable period 
for (chemical) influences from outside. The vulnerability of the gametes 
during maturation (before conception) and the embryo just after fertilisation 
is highly significant. During these stages, epigenetic (re)programming is very 
active, and there is a great deal of evidence to indicate that environmental 
influences that change the epigenotype can have a great impact on organisms 
(e.g. smoking, obesity). If the gametes (sperm and/or egg cells) are 
epigenetically affected, they may transfer these marks. This can be seen in 
Figure 7 (Perera et al. 2011). 
 

Figure 7  Gestation period during which environmental exposures may affect the 

F1 individual’s methylation status, potentially affecting the F1 phenotype (Perera 

et al. 2011) 

 

 
Reproduced with permission from Elsevier 

 

There are multiple periods during which environmental exposures could 
affect the F1 individual’s methylation status, potentially affecting the F1 
phenotype. The first window is during F0 (parental) germ cell development 
when methylation is reprogrammed following imprint erasure in the father’s 
sperm (solid blue line) and the mother’s egg (solid red line). The second 
window is post-conception, during F1 embryonic development, when all but 
imprinted genes are de-methylated, with the male germ line (dashed blue line) 
de-methylating more quickly, followed by the female germ line (dashed red 
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line). Imprinted genes (purple line) maintain their methylation marks 
throughout this reprogramming, allowing for the inheritance of parental-
specific monoallelic expression in somatic tissues throughout adulthood. All 
the non-imprinted genes are subsequently re-methylated once the embryo 
reaches the early blastocyst stage. During the gonadal sex determination of the 
F1 embryo, primordial germ cells undergo epigenetic reprogramming, where 
parental imprinting is erased, as the germ cells of the F1 individual mature 
(solid light blue or pink line). Persisting transgenerational epigenetic effects 
can be observed only in the F3 since the gametes are potentially already 
present in the F1. 
 
Current RA methodologies include only a two-generation test at specific 
tonnages. In the current review of REACH, it is debated whether this two-
generation test should be reduced to one generation only. There are clear 
indications that epigenetic marks can be transferred to offspring, depending 
on maternal behaviour, particularly during (early) pregnancy. It remains to be 
seen whether this is a choice that will not have an impact on the high level of 
safety that REACH aims to achieve. 
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6. In vivo experiments studying 
epigenetics 

 

 

 

 

 

 

 

 

 

6.1 Mouse 
 

Experiments in mice show just how important a mother’s diet is in shaping 
the epigenome of her offspring. All mammals have a gene called agouti. When 
a mouse’s agouti gene is completely unmethylated, the mouse’s coat is yellow, 
and the mouse is obese and prone to diabetes and cancer. In normal mice, the 
agouti gene is methylated and the coat colour is then brown, and the mice have 
a low risk of disease. Fat yellow mice and thin brown mice are genetically 
identical (see Figure 1). The fat yellow mice are different because they have an 
epigenetic ‘mutation’ (Figures 1 and 8). 
 
When researchers fed pregnant yellow mice a methyl-rich diet (e.g. folic acid), 
most of the pups were brown and stayed healthy for life. These results show 
that the environment in the womb influences adult health. In other words, our 
health is determined not only by what we eat, but also by what our parents ate. 
Interestingly, a well-known ‘suspect’ chemical, bisphenol A, appears to reduce 
methylation of the epigenome, leading to adverse health effects (Figure 8). 
Bisphenol A is a compound used in making polycarbonate plastic. It is present 
in many consumer products, including water bottles and tin cans. The adverse 
effects can be counteracted with methyl-rich supplements. These findings 
clearly show that chemicals can influence the health of the offspring 
epigenetically. 
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Figure 8  Health is also epigenetically influenced by the nutrition and chemical 

environment of the parents; the two mice above are genetically identical but 

epigenetically different 

 

 
http://learn.genetics.utah.edu/content/epigenetics/nutrition 

 

 

6.2 Fruit fly 
 

In Drosophila melanogaster (fruit fly), the red eye colour depends on the 
expression of the white colour gene, and an adult fly usually displays 
variegated (white or red) eye colour (Seong et al. 2011). However, stress 
factors and heat shocks change the colour to full red in an adult fly, limiting 
the expression of the white eye colour genes. It is unknown whether these 
changes are also observed when specific chemicals are used. 
 

 

6.3 Daphnia 

 

In Daphnia, external stress brings about dramatic morphological change 
during development, persisting over several generations of populations 
(Simon et al. 2011). Recent experiments by Arndt et al. (2013) showed that the 
toxicity of carbon nanomaterials (CNMs) to exposed F0 Daphnia in previous 
experiments did not induce multigenerational toxicity. Certain nanomaterials, 
however, such as C60-malonate, and certain single- and multi-walled carbon 
nanotubes (SWCNTs and MWCNTs), caused a significant decrease in either 
survival or reproduction in F1 Daphnia, and SWCNT-CONH2 reduced 
reproduction into the F2 generation. Impacts of nanomaterials on F1 and F2 
size were small and did not show any clear patterns, indicating that CNMs 
have minimal multigenerational impacts on size. This implies that surface-
treated nanomaterials may have a great impact on these morphological 
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changes that may remain unnoticed in chronic Daphnia tests; morphological 
changes are likely to be regulated by epigenetics. 
 
These examples indicate that the organisms commonly used for testing in the 
current risk assessment methodology (mice and Daphnia) may be used to 
develop standard test methods for the epigenetic profile of substances. 
However, its translation into a possible risk potential for adverse effects is still 
largely unknown. 
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7. Epigenetics and stem cell research 
 

 

 

 

 

 

 

 

 

The field of epigenetics is directly related to that of stem cells. Understanding 
why and how stem cells differentiate may one day lead to reversal of this 
process in the laboratory, to the creation of medically interesting stem cells 
from specialised cells without having to isolate them from vulnerable tissues 
such as bone marrow. In this respect, it is important to note that there are 
various degrees of stem cells; the fertilised embryo initially has ‘omnipotent’ 
stem cells (also known as totipotent), while pluripotent stem cells can also be 
distinguished, being ‘organ stem cells’ and having limited differentiation 
potential (Figure 9). 
 

Figure 9  Stem cells of various degrees are particularly vulnerable to epigenetic 

influences of environmental chemicals 

 

 
Pluripotent, embryonic stem cells originate as inner cell mass (ICM) cells 
within a blastocyst. These stem cells can become any tissue in the body, 
except a placenta. Only cells from an earlier stage of the embryo, known as 
the morula, are totipotent, capable of becoming any tissue in the body and 
the extra-embryonic placenta. 
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https://commons.wikimedia.org/w/index.php?title=File:Stem_cells_diagra
m.png&oldid=155771934 
 
All these forms of stem cells are probably more vulnerable epigenetically than 
highly specialised cells, with the gametes and embryo cells being the most 
vulnerable to environmental chemicals. This suggests that, while the 
environmental stress of the mother around fertilisation is an epigenetically 
critical period, the behaviour of the father is also crucial, and in other periods 
of life there are also various extra vulnerable epigenetic events (Hughes 2014). 
 
All these levels of (sub-)specialisation are accompanied by events of relatively 
high vulnerability (junction points in an organism), giving rise to potential 
interference. The link below illustrates that, even within stem cells, epigenetic 
regulation of sub-specialisation is observed. 
 
http://www.babraham.ac.uk/our-research/epigenetics/myriam-
hemberger/research/transcriptional-and-epigenetic-regulation-of-the-
trophoblast-stem-cells-compartment 
 
Even a relatively specialised stem cell can still differentiate into many related 
cell types, and all these epigenetically controlled events are likely to be 
relatively vulnerable to chemical exposure: 
https://stemcellgurus.wordpress.com/2012/05/08/msc1/ 
 
These ‘multipotent’ mesenchymal stem cells (MSCs) can be cultured in vitro 
to generate a variety of differentiated cells. The end-stage cell type is 
dependent on the culture conditions, media and supplements. All 
epigenetically regulated specialisation events in the human body may give rise 
to specific time windows of extra vulnerability to chemical exposure 
comparable to that during conception. 
 
It could be said that, in principle, there is a certain extra vulnerability during 
natural epigenetic programming events. Protection mechanisms exist, but if 
these protection mechanisms are not adequate, effects can be drastic 
(e.g. endocrine disruptors such as bisphenol A and diethylstilbestrol (DES)). 
 
Since the process of cell differentiation can be closely connected to hormone 
signalling, possible biomarkers (early warning system) and possible MoAs of 
EDCs are likely to have an epigenetic nature/component (see, for example, 
Bastos Sales et al. 2013, and de Cock et al. 2014). 
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8.  Epigenetics and risk assessment  
 

 

 

 

 

 

 

 

 

8.1 Introduction 
 

One aim of this report is to draw attention to effects of epigenetic alterations 
due to exposure to chemicals at the workplace. However, we need to 
distinguish other environmentally relevant insults also causing similar 
alterations (background). In addition, there are several chicken-and-egg 
issues in cell biology which make it very difficult to establish the precise mode 
of action of chemicals (see Box 6), which it is desirable to distinguish from 
background effects, and to ensure that epigenetic alterations are a primary 
consequence and not secondary. In addition, there can be synergistic effects 
of multiple chemicals or chemical and other insults (Box 7), leading to a 
requirement for control experiments of high quality.   
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Box 6  Epigenetics and chicken-and-egg problems in cell biology 

 

Distinguishing causes and consequences is a major challenge in molecular cell biology. Not only can biochemical 

cascades consist of many steps, there is also (i) the issue of primacy of cause and (ii) self-

reference/amplification. 

 

(i) In order to make DNA, there is a need for enzymes, and in order to make enzymes, there is a need for DNA. 

In addition, various forms of RNA are needed. These and other contributors very often form a complex network 

(frequently also a physical complex), of which the protein-producing ribosome is the most obvious example, 

which itself consists of a complex amalgam of protein and RNA (for a video on this, see: 

https://www.youtube.com/watch?v=TfYf_rPWUdY). For epigenetics, this means that the precise start of events 

will be difficult to determine; precise molecular complexes of the epigenetics machinery (geometrically) 

interacting with a specific chemical need to be identified/resolved. However, until such time as cause-effect 

issues are fully resolved, the epigenetic marks can continue to serve as sensitive and early biomarkers of 

interaction of the organism with environmental chemicals. For a discussion on the synergy of multiple chemicals, 

see Box 7. 

 

(ii) The best-known epigenetic mark is the methylation of DNA. This is regulated by DNA methyltransferases 

and demethylases that are, in some way, activated (or their inhibition is prevented) by an epigenetic substance. 

If, for example, the genes of these DNA methyltransferases are methylated or demethylated themselves, a 

general hypo- or hypermethylation may occur, influencing many genes. Questions to illustrate the self-referring 

complexity are: How are the micro-genes of miRNAs regulated? Are miRNAs chemically tagged? 

 

To sum up: by epigenetically (or genetically) influencing the expression of the epigenetic proteins themselves, a 

major overall amplifying effect may occur. This should be kept in mind for all epigenetic mechanisms. 
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8.2 Non-genotoxic or epigenetic cancers 
 
One specific research field in the area of epigenetic alterations due to chemical 
exposure in a person’s life is focused on non-genotoxic or epigenetic cancers. 
In current RA methodologies, the genotoxic potential of a substance is an 
important endpoint, and a number of standard tests have been developed. 
Within REACH, each registered substance must have been tested for its 
genotoxic potential by using the Ames test developed in the 1970s. When a 

Box 7  Synergistic effects of multiple chemicals 

 
Box 6 described how fundamentally difficult it can be to elucidate the precise cause and effects of an 

epigenetically active chemical, but the real situation is even more complex (literally and figuratively speaking); 

the effect of two or more chemicals on epigenetic events can be very different from simply adding together the 

effects of the single chemicals. Two chemicals can together form a complex with proteins from the epigenetic 

machinery (or with complexes from this machinery), which they would not form by themselves. So the overall 

effect can be greater than the sum of the parts, a lesson that can also be observed in drug-drug interactions in 

medicine. Synergy can, in theory, also lead to cancelling of effects. With respect to synergy, it is also important 

to note the interaction with the individual; as with the future of medicine, epigenetics will, to a certain degree, 

be individual in terms of the effect of the identity and doses of the chemical, depending on one’s sub-

group/individual DNA. 

 

Below is an example of the mode of action of two antibiotics having a synergistic effect by together inhibiting a 

ribosome of a bacterium. Synergistic effects of multiple epigenetic chemicals will essentially have a similar mode 

of action in the sense that they will have concerted geometric docking events at active sites of key 

enzymes/receptors/complexes (e.g. the ribosome). 

 

 
 

The synergistic antibiotic pair ankamycin and lankacidin, in a complex with the ribosome of Deinococcus 
radiodurans forming a concerted network (reproduced from Belousoff et al., 2011, PNAS, Open Access). 
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positive outcome is found, additional in vivo testing must be conducted in 
order to predict a potential genotoxic effect as accurately as possible. 
 
Weisburger and Williams (1980, 1981) were the first formally to divide 
chemical carcinogens into two broad categories, genotoxic and epigenetic 
carcinogens. Owing to the limited scientific knowledge at that time concerning 
the origin of cancer (both mutagenic and non-mutagenic), little was explicitly 
discussed about the epigenetic mechanisms associated with chemicals linked 
to cancers. This has changed dramatically in the past 15 years, and non-
genotoxic cancers are now related to epigenetics, making epigenetics a prime 
candidate to establish a mode of action (MoA) for this type of cancers. 
 
The review of Progribny et al. (2013) indicates that the unifying molecular 
feature in epigenetics is a profoundly reshaped genome (chromatin, 
chromosome) characterised by global genomic hypo-methylation, gene-
specific hyper- or hypo-methylation, and altered histone modification 
patterns. This has led to an increase in the search for tumour-specific DNA 
methylation biomarkers (Verma et al. 2006; Marsit et al. 2013). Such a 
biomarker can also be useful for early detection of cancer, prediction and/or 
monitoring of the therapeutic response and detection of recurrent cancer. 
Methylated CpG islands of p16, Septin9 and MGMT, for example, are being 
used as predictive biomarkers for cancer diagnosis, classification, 
development, prognosis and chemo-sensitivity (Deng et al. 2010). It was 
observed (Marsit et al. 2013) that reduction in 5-methylcytosine content in 
peripheral blood lymphocytes significantly increased for the risk of colon 
adenoma, and this indicated an increased risk of colon cancer. Despite the 
large body of evidence indicating that cancer-associated DNA de-methylation 
is an important early event in tumour development, it is still unclear whether 
the loss of DNA methylation is a cause or an effect of the malignant 
transformation. But it is clear that both hypo- and hypermethylation of DNA 
are observed during the development of certain types of non-genotoxic 
cancers. 
 
Not just DNA methylation alterations have been linked to the development of 
non-genotoxic cancers, the use of microRNAs as biomarkers in diseases and 
toxicology has also been frequently described. The review of Siddeek et al. 
(2014) presents an overview of circulating miRNAs that are correlated not 
only to a number of cancers (e.g. colorectal, prostate, breast), but also to 
several other associated metabolic disorders, auto-immune and inflammatory 
diseases. 
 
The increased knowledge of the role of epigenetics in the development of non-
genotoxic carcinogens is not yet applied in the current risk assessment 
methodology of substances. The Ames test (EU Regulation 440/2008 B13/14 
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test) is still the only test under the 1-10 tonne registration requirements 
relating to genotoxicity. However, this test establishes only the result of DNA 
impairment. An Ames test will not be able to rule out the development of 
cancers linked to epigenetic alterations by the substance. It has been reported 
that the micronucleus assay (OECD 478) has a multi-target genotoxic 
endpoint (Kirsch-Volders et al. 2011) and may therefore be more appropriate. 
Nioi (2012) suggests integrating DNA methylation analysis with carcinogenic 
risk assessment, and this may have to be complemented by miRNA analysis to 
include all non-genotoxic cancers and use the potentially early warning 
properties of miRNA analysis. 
 
Two important conclusions can be drawn that are relevant to the current risk 
assessment methodology of chemicals: 

1. A more critical analysis of applied test methods of carcinogens in the 
current RA seems to be required in order to reduce the number of false 
negatives in the Ames test and possibly other tests that do not 
measure epigenetic carcinogens. 

2. Specific epigenetic biomarkers may yield early signals of the 
development of non-genotoxic or even genotoxic cancers and may 
therefore serve as a biomarker in health surveillance. This may open 
up the possibility of checking for the presence of specific biomarkers 
in health surveillance programmes in occupational settings, but such 
programmes must be carefully introduced, and economic, legal and 
social issues also need to be addressed. 

 

 

8.3 Transgenerationally adverse effects due to 
epigenetic changes 

 

Reviews summarising transgenerationally adverse effects due to epigenetic 
changes describe effects in offspring in particular rather than in the parents. 
It is perfectly possible that epigenetically disturbing compounds affect the 
offspring more than the parents. Obesity, diabetes and cardiovascular adverse 
effects are currently the most widely studied effects in this respect (often 
caused by nutritionally unfavourable conditions). Epigenetic processes may 
also be linked to offspring that are more prone to developing asthma. In the 
review of Milagro et al. (2013), some examples of key metabolic genes linked 
to obesity are shown whose expression is controlled by changes in the DNA 
methylation pattern and histone modifications, examples of epigenetic 
mechanisms. The mode of action of these nutritional factors that generate 
epigenetic marks is still unknown. In many standard tests, the 
(transgenerationally) adverse effect is commonly related to a decrease in 
weight compared to normal offspring rather than an increase in weight. It 
might be advisable also to consider an increase in weight in these standard 



 

3 8  

 

experiments to test for obesity. As described in Figure 8, the cause of these 
epigenetic processes may not necessarily be present only in the parents but 
may also be present in the grandparents. 
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9. Epigenetic alterations induced by 
chemicals: illustrative examples 

 

 

 

 

 

 

 

 

 

Reviews describing epigenetic alterations can be divided into two categories: 
(a) describing changes in DNA or histone modification patterns and 
(b) describing miRNAs changes. 
 

 

9.1 Chemicals inducing variations in methylation 
patterns 

 

The effect of bisphenol A shown in Figure 8 is a clear example of an 
environmental chemical inducing epigenetic alterations by changing the DNA 
methylation pattern. A list of examples of chemicals and pollutants that have 
similar epigenetic alterations appears in Table 1. 
 
Although the precise molecular mechanisms of the interaction of these 
environmental compounds with the epigenetic machinery still, for the most 
part, await elucidation (see Boxes 2, 4 and 6), a clear lasting effect is observed, 
requiring our attention. Compounds that are endocrine disruptors and that 
are epigenetically active (e.g. vinclozolin, bisphenol A) require special 
attention, since the hormone systems are key junction points in (human) 
biochemistry, resulting in amplified effects. As well as the substances 
indicated previously, several substances that are more directly linked to 
occupational exposure such as asbestos, benzene and chlorinated compounds 
should be included. 
 
Most of the effects mentioned in Table 1 have been deduced from 
epidemiological studies, and all epigenetic effects refer to DNA methylation 
changes. Although the maintenance of the DNA methylated location (5mC) 
mark has been well studied, the pathways governing active removal of the 
resulting 5mC marks are beginning only now to be understood. The first step 
is related to newly discovered modifications of the 5mC to 5-
hydroxymethylcytosine (5hmC), which is subsequently modified to its keto- 
and acid form by a family of dioxygenases that utilise molecular oxygen to 
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transfer a hydroxyl group to 5mC to form 5hmC. Recent work reveals that the 
5hmC mark is less abundant than that of 5mC. These dioxygenases, however, 
are frequently mutated or inhibited in many human acute myeloid leukaemias 
as well as being substantially reduced in their expression levels in many 
human cancers and cell lines. Typical 5hmC and 5mC profiles have been 
developed that are sufficiently different from unexposed mice of a well-
studied NGC (Thompson, 2014). These profiles may potentially be considered 
as biomarkers of specific xenobiotic exposure. 

 
Table 1 Chemicals and pollutants that affect health and induce epigenetic alterations 

 

 
Reproduced from Feil et al. (2012). Reference numbers refer to those in the Nature Review paper. Reproduced with permission of Nature 

Publishing Group 

 

Koedrith et al. (2013) reviewed the toxicogenomic approaches to 
understanding molecular mechanisms of heavy metal mutagenicity and 
carcinogenicity, with greater emphasis on environmental exposure. An 
increasing body of data shows a link between heavy metal exposure and 
aberrant changes in both genetic and epigenetic factors via multiple 
technologies: the transcriptome, proteome, metabolome and epigenome, 
showing their intricate interplay. 
 
Marsit et al. (2013) and Bollati et al. (2007) highlight the existing research 
linking the environment, blood-derived DNA methylation alterations and 
cancer risk, and point out how these epigenetic alterations may contribute to 
carcinogenesis. A number of studies on LINE-1 methylation in human 
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peripheral blood (e.g. in samples of elderly people in the Boston area) have 
now been conducted, and LINE-1 hypomethylation was observed after 
exposure to, for example, benzene, particulate matter including traffic 
particulates (PM10 and carbon black), polycyclic aromatic hydrocarbons and 
persistent organic pollutants. 
 
Kim et al. (2013) reviewed specific DNA methylation as epigenetic endpoints, 
induced by environmental toxicants including alcohol, asbestos, 
nanomaterials, benzene, endocrine disrupting chemicals (EDCs), metals and 
ionising radiation, and how these methylation patterns are modulated by 
specific food nutrients. The epigenetic endpoints can be classified as global 
hypomethylation and specific hypermethylation at various tumour-
suppressing genes. Exposure timing, dose, sex or organ specificity should be 
considered to use the epigenetic endpoints as biomarkers for exposure to the 
epimutagenic toxicants. 
 
Mytych et al. (2013) reviewed, among other things, epigenetic effects caused 
by NPs, usually studied in mice or rats. They reported that gold NPs modulate 
heterochromatin connections with core histones, indicating that gold NPs can 
change the epigenome. (Increased) ROS production by NPs can lead to DNA 
hypomethylation and alter the expression of methylation-regulated genes. 
Some NPs can penetrate into the nucleus modulating cellular functions; how 
cell physiology is changed depends on the kind of chromatin affected. NP-
mediated heterochromatin changes (e.g. from CdTe quantum dots) cause 
dramatic shrinkage of the nucleus, while euchromatin regions are only slightly 
modified. 
 
Although variations in DNA methylation can be observed after exposure to a 
number of persistent chemicals, the pattern itself can be modified again by 
other environmental insults such as nutrient factors or habits such as 
smoking. It clearly shows the complexity of establishing proper exposure 
markers. 
 
 

9.2 Exposure to substances causing variations in 
miRNA (and methylation) patterns 

 
The review of Siddeek et al. (2014) shows a long list of chemicals causing 
alterations of miRNA in specific organs/cells of certain species, showing the 
potential of analysis of the miRNA part of the epigenome. 
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Table 2  Effects of drugs, natural and chemical compounds on miRNA levels 

 

 
References numbers are from Siddeek et al. (2014). (Reproduced with permission from Elsevier)
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Stoccoro et al. (2013) also present an overview of epigenetic effects of nano-
sized materials, fine and ultrafine pollution particles. Both DNA 
methylation and miRNA studies are reported.  
 

 

Table 3  Studies reported by Stoccoro et al. (2013) on epigenetic effects of engineered nanomaterials  

 

 
Reproduced with permission from Elsevier 

 

It is feasible that some epigenetic effects of nanomaterials occur directly via 
influencing of the various nanostructures (including the ‘30 nm fibre’) that are 
formed during normal folding and unfolding processes of DNA into 
chromosomes necessary for gene expression (Figure 10). 

 

Figure 10 During folding and unfolding of DNA/chromosomes, various nanostructures are formed 

 

 
Source: Richard Wheeler https://en.wikipedia.org/wiki/Chromosome#/media/File:Chromatin_Structures.png 

 

Interaction of these nanostructures with nanoparticles could be one of the 
mechanisms in the epigenetic influence of nanoparticles; this would, however, 
require access to the nucleus for these particles. 
 
Weiss (2012) wrote a review on the intersection of endocrine disruptors (EDs) 
and neurotoxicology. It is generally understood that environmental chemicals 
are capable of altering underlying events and processes that regulate sex 
differences. The brain is sexually differentiated (epigenetically) during early 
development by gonadal hormones. Among those environmental chemicals, 
the group labelled as endocrine disrupting chemicals (EDCs) offers the 
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clearest evidence of influencing this process, a consequence of their actions 
on the endogenous sex steroids, androgens and oestrogens. Two EDCs in 
particular offer useful and intriguing examples. One is the group of phthalate 
esters. The other is bisphenol A. Both agents are used extensively in plastics 
manufacture, and are pervasive in the environment. Both are produced in 
immense quantities and are found in almost all humans. Phthalates are 
considered to function in essence as anti-androgens, while bisphenol A is 
labelled as an oestrogen. However, both EDCs produce a wider spectrum of 
health effects than would be extrapolated simply from their properties as anti-
androgens and oestrogens. 
 
We may conclude that many chemicals can cause epigenetic effects. For a 
chemical to cause any effect, its persistence is an important property. It is clear 
that most, if not all, of the discussed chemicals fall into the category of 
persistent or very persistent (e.g. POPs or metals). Several of these chemicals 
fall under specific chemical regulations like a number of heavy metals for 
inducing cancers, PAHs, pesticides and POPs. Several of these chemicals that 
induce epigenetic effects are not regulated. This holds to a lesser extent for 
EDCs and the insoluble nanomaterials, suggesting that some simple in vitro 
and in vivo tests need to be developed to establish the epigenetic effect of a 
substance. 
 

 

9.3 Dose-response relationships 
 

Weiss 2012 emphasises the need to apply the mantra ‘the dose makes the 
poison’ to all forms of toxicity. The review of Weiss indicates that numerous 
examples, starting from the traditional toxicological assumptions of linear, 
monotonic dose-response functions, can be found. BPA has become the model 
chemical for examples of non-monotonic dose-response functions. A 
comprehensive review of low-dose effects and non-monotonic dose-response 
relationships appeared recently in Vandenberg et al. (2012). A non-linear 
dose-response relationship approach was also proposed for the carcinogen 
acrylamide based on the available data from male and female F344 rat 
bioassays (Maier et al. 2012). 
 
In discussions with risk assessors about these data reported by Weiss (2012), 
they explained that the RAs do not include such more elaborate mathematical 
equations. They typically rely on indices such as the No Observed Adverse 
Effect Level (NOAEL) as the value to which they apply uncertainty (safety) 
factors such as a 100-fold denominator. U-shaped functions pose a problem 
for assessors because the calculations of uncertainty factors assume 
monotonicity. However, the quadratic dose-response relationship indicated in 
Figure 5 in the review by Weiss is drawn through data points that do not seem 
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to be significantly different from each other. In addition, a non-linear dose-
response relationship is less safe only if the non-linear form decreases faster 
than the linear one. The very few examples given do not (yet) indicate this 
(comment by HK). It is still largely unknown how and in what way dose-
response relationships of epigenetic alterations can be established.  
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10. Epigenetic effects of occupational 
exposure 

 
 
 
 
 
 
 
 
 

10.1 Introduction 
 
 
In this chapter, we look in more detail at the way in which epigenetics and 
workers are linked in the scientific literature. We performed a CAS-search 
based on epigenetic and occupational or epigenetic and workers as keywords. 
Numbers of 181 and 166 hits were obtained. The set of hits of epigenetic and 
occupational contained by far the most relevant papers. Both sets were 
screened for their content, and references from around 2009 onwards were 
selected, since it appeared that nearly all references before 2009 used the 
word epigenetic in a general way without linking it specifically to the research 
performed in the paper. In general, references to epigenetics and occupational 
settings deal with the effects of exposure to occupational agents and their 
possible epigenetic effects. Most of these studies are therefore of an 
epidemiological nature and focus on risk assessment (RA) aspects from 
exposure rather than hazard. This is contrary to current RA methodology. 
 
Exposure (internal and external) modifies the various -omics of organisms, 
including humans. Well-defined insults (for example, tobacco, diet, 
occupational exposures, environmental pollutants) create specific -omics 
profiles. The combined changes in the various -omics together are termed the 
‘exposome’. The importance of integrating various -omics into this exposome 
(exposomics) for workplace safety is stressed by NIOSH: 
 
http://www.cdc.gov/niosh/topics/exposome 
 
The exposome includes genomics, epigenomics, proteomics, adductomics, 
metabolomics, transcriptomics, lipidomics, etc. Commonalities of these fields 
could lead to biomarkers for (workplace) disease. 
 
Although occupational exposure occurs mainly in adulthood, the distinct 
marks can influence the profiles of offspring, as parental exposure influences 
the ‘omic’-profile of their gametes. In this chapter, we therefore focus on three 
aspects: 1. epigenetic biomarkers of occupational exposure described in the 
scientific literature; 2. if a degree of variability in occupational exposure is 
considered in epigenetics, we refer to the dose aspect; and 3. if specific 
(adverse) endpoints are (cor-)related to occupational exposure and 
epigenetics in the reference, we refer to the effect aspect. 
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10.2 Epigenetic variations after occupational 
exposure 

 
Here we look at the literature relating to occupational exposure to epigenetic 
variations only. No correlation between the exposure concentration and 
observed epigenetic variations or between the effect and observed epigenetic 
variations is mentioned in the references. In all cases, the epigenetic variations 
have been compared to unexposed individuals. Peripheral blood mononuclear 
cells (PBMCs), whole blood, blood DNA and drained liquid from lymph nodes 
are used, in all cases, to establish epigenetic variations. Not only was metal 
exposure (e.g. nickel) reported, so too were aromatic solvents and sensitisers. 
 
 

Metals 
 
Nickel is one of the metals frequently mentioned in occupational epigenetic 
research. It was reported that, in peripheral blood mononuclear cells (PBMCs) 
in Ni-exposed individuals, the global histone3-lysine-4-methylation level, 
H3K4 trimethylation (H3K4me3), was elevated and the H3K4me2 level was 
decreased compared to unexposed individuals (Arita et al., 2012). It was also 
reported that these histone modifications were quite stable over time in 
human PBMCs. In another study on the effects of nickel, eight Ni refinery 
workers and 10 referents were selected, their PBMC RNA was extracted and 
the differentially expressed genes (DEGs) between the two groups were 
identified in a global analysis using Affymetrix exon arrays. There were a total 
of 2 756 DEGs in the Ni refinery workers relative to the referents [false 
discovery rate (FDR) adjusted P < 0.05] with 770 upregulated genes and 
1 986 downregulated genes. DNA repair and epigenetic genes were 
significantly overrepresented (P < 0.0002) among the DEGs. 
 
Three mitochondrial DNA regions in peripheral blood cells (not stated 
whether specific cells were investigated), i.e. the transfer RNA phenylalanine 
(MT-TF), 12S ribosomal RNA (MT-RNR1) gene and ‘D-loop’ control region, 
were checked for their methylation pattern after exposure of steel workers to 
metal-rich particulate matter (measured as PM1) in Brescia, Italy (Study 1), 
filling station attendants to air benzene in Milan, Italy (Study 2), and truck 
drivers to traffic-derived elemental carbon (EC) in Beijing, China (Study 3) 
(Byun 2013). All analyses were adjusted for age and smoking. Only a small 
number of workers (20) were involved and compared to 20 unexposed 
persons. Only a methylation variation in mitochondrial MT-TF and MT-RNR1 
DNA could be associated with metal-rich PM1 exposure. 
 
 

Solvents 
 
Blood DNA samples and exposure data were obtained from subjects with 
different levels of solvent (benzene, toluene and xylene) exposure, including 
132 decorators, 129 painters and 130 unexposed referents in a container 
manufactory in Shenzhen, China (Sha et al. 2014). This is the first human 
study to link altered poly ADP-ribosylation patterns, which reproduce the 
aberrant epigenetic patterns found in benzene-treated cells, to chronic 
occupational exposure to BTX. 
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A cross-sectional study was set up in 41 referents, 128 solvent workers and 
23 CTE patients (chronic traumatic encephalopathy). Global DNA 
hypermethylation in the solvent-exposed population compared with the 
referents (p = 0.001, r = -0.544) was found (Godderis et al., 2012). Global 
DNA methylation was negatively associated with exposure. Furthermore, 
GSTP1 genotypic polymorphism was found to be significantly associated 
(p = 0.033) with global DNA hypomethylation. This indicates that solvent-
induced DNA methylation alterations have an impact on neurotoxicity and 
development of CTE. 
 
In another study (Ouyang et al., 2012), firefighters (18 FF vs. 20 non-FF) had 
a higher prevalence of dual specificity phosphatase 22-promoter 
hypomethylation in blood DNA (P = 0.03), and the extent of hypomethylation 
correlated with duration of firefighting service (P = 0.04) but not with age. It 
was suggested that cumulative occupational exposure to combustion-derived 
PAHs during firefighting causes epigenetic changes in promoters of specific 
genes. 
 
 

Sensitisers 
 
Another area where occupational epigenetic research is focused upon is 
sensitisation. Risk factors that determine the susceptibility for development 
of diisocyanate-induced occupational asthma (DA) were investigated, for 
example (Ouyang et al. 2013). Diisocyanate exposure could modify gene 
promoter regions regulating transcription of cytokine mediators and thereby 
influence expression of DA. The methylation status of four candidate genes 
(GSTM1, DUSP22, IFN-g, and IL-4), for which altered promoter methylation 
has been previously investigated for relationships with a variety of other 
environmental exposures, was established. Results showed that relative 
methylation of IFN-g promoter was significantly increased in DA+ in 
comparison with both comparator groups (DA- and AW), and exhibited good 
sensitivity (77.5%) and specificity (80%) for identifying DA workers in a 
multivariate predictive model after adjusting for type of DI exposure, smoking 
status, methacholine PC20 and gender. IL-4 was slightly less methylated, and 
GSTM1 and DUSP 22 were not found to be associated. 
 
A study in which a respiratory sensitiser, trimellitic anhydride (TMA) and a 
skin sensitiser, 2,4-dinitrochlorobenzene (DNCB), were used (Chapman et al. 
2014). DNA from draining mouse lymph nodes was processed for methylated 
DNA immunoprecipitation, followed by hybridisation to a whole-genome 
DNA promoter array. A total of 6 319 differently methylated regions (DMRs) 
were identified following DNCB treatment, whereas 2 178 DMRs were 
measured following TMA treatment, with approximately half of the TMA 
DMRs common to DNCB. When limited to promoter region-associated DMRs, 
637 genes were uniquely associated with DNCB-induced DMRs, but only 
164 genes were unique to TMA DMRs. Promoter-associated DMRs unique to 
either DNCB or TMA were generally hypomethylated, whereas DMRs 
common to both allergens tended to be hypermethylated. Pathway analyses 
highlighted a number of immune-related pathways, including chemokine and 
cytokine signalling. These data demonstrate that chemical allergen exposure 
results in characteristic patterns of DNA methylation indicative of epigenetic 
regulation of the allergic response. 
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10.3 Epigenetic biomarkers and dose-related issues 
 
 
In this part, references were selected in which a correlation between exposure 
and its endpoint was also established. Mostly human and in vitro studies are 
found. 
 
 

Human studies 
 
Carugno et al. (2012) measured blood mitochondrial DNA copy number 
(mtDNAcn) from various occupational groups with low-level benzene 
exposures (> 100 times lower than the Occupational Safety and Health 
Administration/European Union standards) and 178 referents from three 
Italian cities (Genoa, Milan and Cagliari). In each city, benzene-exposed 
participants showed higher mtDNAcn than referents. Using methylation data 
available for the Milan participants, we found that mtDNAcn was associated 
with LINE-1 hypomethylation (-2.41%; p = 0.007) and p15 hypermethylation 
(+15.95%, p = 0.008). 
 
In another study, 78 filling station attendants, 77 traffic police officers, and 
58 unexposed referents in Milan, Italy were exposed to an airborne benzene 
range from 0.006 to 0.48 mg/m3 benzene (Bollati et al. 2007). This is below 
the OEL for benzene in the Netherlands of 3.25 mg/m3. Such levels already 
had significant DNA hypomethylation in LINE-1, Alul repetitive elements and 
MAGE-1, and significant hypermethylation was observed in p15. However, the 
authors stated that the possibility that other traffic pollutants may have 
contributed to the observed changes cannot be ruled out. 
 
Miao et al. (2014) aimed to examine whether bisphenol A (BPA) exposure was 
associated with LINE-1 methylation changes in men. Male factory workers in 
Hunan, China (N = 149) were studied, 77 with BPA exposure at the workplace 
(BPA-exposed group) and 72 without BPA exposure at the workplace (control 
group). Urine, blood and semen samples were collected from both groups for 
LINE-1 methylation analysis. Linear regression analysis also showed that log-
transformed urine BPA levels were inversely associated with sperm LINE-1 
methylation (p < 0.0001), but not peripheral blood cell LINE-1 methylation. 
Moreover, the association between urine BPA level and semen quality was not 
attenuated after adjustments for LINE-1 level. 
 
In another study (Cantone et al. 2011), histone-3-lysine-4 dimethylation 
(H3K4me2) and histone-3-lysine-9 acetylation (H3K9ac) on histones from 
the blood leukocytes of 63 steel workers with well-characterised exposure to 
metal-rich PM were examined. Both H3K4me2 and H3K9ac increased in line 
with years of employment at the plant (p-trend = 0.04 and 0.006, 
respectively), but only H3K4me2 increased in line with air levels of nickel 
[b = 0.16; 95% confidence interval (CI), 0.03-0.3], arsenic (b = 0.16; 95% CI, 
0.02-0.3) and iron (b = 0.14; 95% CI, 0.01-0.26). 
 
Coke oven workers who were heavily exposed to PAHs (79% exceeded the 
urinary 1-pyrenol biological exposure index) exhibited lower telomere length 
(TL) (P = 0.038) than controls, as well as higher levels of genetic and 
chromosomal alterations [i.e. anti-BPDE-DNA adduct and MN (P < 0.0001)] 
and epigenetic changes [i.e. p53 gene-specific promoter and global 
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methylation (P <0.001)] (Pavanello et al., 2010). Although it is stated by the 
authors that the interrelations with other genetic and epigenetic mechanisms 
in their data suggest that shorter TL could be a central event in PAH 
carcinogenesis, other chemicals also decrease telomere length after exposure, 
such as N-nitrosoamines (Li 2014). 
 

 
In vitro effects 
 
The effects of long-term low-dose cadmium chloride solution exposure on 
DNA methylation in human embryo lung fibroblast (HLF) cells were 
investigated by Jiang et al. (2008). After 2 months of exposure to 0-1.5 
µmol/L cadmium, both the level of genomic DNA methylation and the enzyme 
activity of DNA methyltransferases (DNMTs) were increased in a 
concentration-related manner. Above 0.9 µmol/L methylation changes were 
reported to be significantly above the starting levels. However, the levels used 
are not related to inhalation exposure levels, and the lung removal 
mechanisms have not been considered. 
 
Studies in which human lung epithelial BEAS-2B cells were chronically 
exposed to a low-dose occupationally relevant concentration for example of 
arsenic (III) oxide (arsenic trioxide) of 2.5 μM As2O3 (this concentration 
represented a moderate occupational inhalation exposure) can also be useful 
to elucidate cancer-promoting gene signalling networks associated with 
arsenic-transformed (B-As) cells (Stueckle et al., 2012). Following 6-month 
exposure, exposed cells were assessed for enhanced cell proliferation, colony 
formation, invasion capability and in-vivo tumour formation compared to 
control cell lines. B-As cells displayed significant increases in proliferation, 
colony formation and invasion ability compared to BEAS-2B cells. B-As 
injections into nude mice resulted in development of primary and secondary 
metastatic tumours. Arsenic exposure resulted in widespread up-regulation of 
genes associated with mitochondrial metabolism and increased reactive 
oxygen species protection, suggesting mitochondrial dysfunction. 
 
 

10.4 Epigenetic biomarkers and effect-related 
issues 

 
Acute decline of heart rate variability (HRV) was observed after exposure to 
PM2.5 welding fumes (Fan et al. 2014). The concentration of welding PM2.5 
was significantly higher than background levels in the union hall (0.43 mg/m3 
vs. 0.11 mg/m3, p < 0.0001). The natural log of transformed power in the high 
frequency range (ln HF) had a significantly negative association with PM2.5 
exposure (β = −0.76, p = 0.035) and several other markers (pNN10 and 
pNN20). PM2.5 was positively associated with LINE-1 methylation [β = 0.79, 
5-methylcytosine (%mC), p = 0.013]. 
 
Evidence is rapidly growing that telomere length (TL) in, for example, blood 
leukocytes may be affected by environmental chemicals that have frequently 
been associated with chronic diseases. For example, shorter TL in peripheral 
blood lymphocytes (PBLs) is predictive of lung cancer risk (Pavanello et al. 
2010). However, a number of other diseases may also be related to this 
‘impaired telomere maintenance spectrum disorder’ (ITM) (Zhang et al. 
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2013). Several genes that impair telomere maintenance are linked to specific 
diseases. The environmental and (chronic) occupational exposures associated 
with shorter TL include traffic-related air pollution, i.e. particulate matter 
(PM), carbon black (CB), benzene and toluene, polycyclic aromatic 
hydrocarbons (PAHs), N-nitrosamines, pesticides, lead, exposure in car 
mechanical workshops, and hazardous waste exposure. Arsenic, persistent 
organic pollutants (POPs) and short-term exposure to PM are associated with 
longer TL. 
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11. Discussion 
 

 

 

 

 

 

 

 

 

11.1 General discussion 
 

 
Epigenetics is a phenomenon whereby the memory of cells is influenced 
without any change in the primary DNA sequence. The best-known example 
is the addition or deletion of chemical tags on specific locations in the genome, 
but other mechanisms that influence gene expression have also been found 
(e.g. miRNAs). The tagging process is crucial for the transcription of genes by 
alteration of the folded DNA structures. The major conclusion of this overview 
is that epigenetics is even more complex than genetics (in so far as the two can 
be separated), and understanding and practical applications of it are in their 
early stages. 
 
An epigenetic reset around conception is a moment at which ‘the cards are 
dealt’, and a strong influence on events is thus possible. By analogy, the 
present moment may be an appropriate time for the ETUI and other CSOs to 
monitor developments in epigenetic technologies, since ‘the rules’ of how to 
deal with the scientific-technological findings in practice will take shape over 
the next few years. The ETUI and other CSOs need to establish their position 
on the consequences of this rapidly emerging technology and what type of 
epigenetic biomarkers may be included in standard testing to increase societal 
benefits. In this exciting embryonic time of epigenetic technology, it is 
important to influence how it unfolds. 
 
Figure 11 summarises epigenetics and its potential for regulatory bodies for 
potential inclusion in the current risk assessment methodology.  
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Figure 11 ‘Epigenetic memory’ as an indicator of prior exposure 

 

 
 

Mirbahai et al. (2014) write: ‘Epigenetic alterations induced by environmental 
stressors, including changes to the normal DNA methylation pattern, can 
create a persistent memory of the received signal.  
 
Most interestingly, it is proposed that each class of chemicals can induce class-
specific alterations to the normal pattern of DNA methylation (epigenetic foot-
print). These changes will further induce alterations to the gene expression 
profile, which can promote change in organism’s traits either immediately or 
at a later stage of development. Such persistent modulations of the epigenome 
offer a unique opportunity to provide a lifetime history of an organism’s prior 
exposure to factors influencing the epigenome. There is also potential for 
germ-line modifications to persist into subsequent generations depending on 
the nature and critical timing of exposure.’ (Modified from Mirbahai et al. 
2014, Open Access journal Elsevier) 
 
Figure 12 illustrates that combined testing of genomic and epigenomic 
biomarkers (combined with other -omics) is the future of disease and 
exposure analysis. 
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Figure 12  Combined approach of biomarkers from various -omics fields, including 

epigenomics 

 

 
Reproduced with permission from Thomson et al. 2014 

 

It is likely that epigenetics will be part of standard lab-on-a-chip tests to 
predict the risks of new chemicals (Box 3). Specific chemicals have already 
been (and will be) identified as adversely influencing the epigenome without 
being mutagenic at the level of the primary code of DNA. Epigenetic effects 
can last for life but, in most cases, are not transferred to the next generation, 
as far as is clear at present. But around conception in particular, there is a high 
risk of mutations in the epigenome, and this is also relatively high in specific 
tissues (stem-cell tissues). 
 
Certain compounds that have strong epigenetic effects are the usual suspects 
(e.g. aromatics, endocrine disruptors) for also having genetic effects, but there 
is also a class of compounds that have adverse effects uniquely by affecting the 
epigenome. For bisphenol A, for example, there are strong indications that its 
mode of action (primary trigger) is epigenetic. In addition, even compounds 
that primarily cause mutations in the genome have been shown to have 
epigenetic consequences that might be easier (less evasive) to test. 
 
The field of epigenetics also offers many opportunities in the field of chemical 
safety. This may encourage the ETUI to propose that the ETUC develop a 
position. IVAM suggests starting with a workshop to which several EU 
researchers, CSOs and regulators are invited to identify specific issues that are 
relevant to the different CSOs and discuss how these issues should be tackled. 
The central question is then what the significance of epigenetics is for the 
current risk assessment process in general and for workers in particular. Such 
a workshop and discussion fall within the currently widely debated 
Responsible Research and Innovation (RRI). This workshop could lead to a 
network of contacts that can develop a future EU Horizon 2020 project to 
build capacity within the CSOs to develop their position in a similar way to the 
NanoCap project for Nanotechnology. 
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11.2 Discussion from an occupational point of view 
 
In epigenetics, gene transcription is activated when, for example, specific CpG 
sites are demethylated and histones are acetylated, and, conversely, silenced 
when sites are methylated and histones are deacetylated. Although research is 
largely focused on cancer, it is assumed that transcription has been modified. 
Most epigenetic research is confined to trying to establish which specific CpG 
sites are related to the development of non-genotoxic cancers. Epigenetics 
thus seems to be a powerful tool to establish a mode of action in the 
development of non-genotoxic cancers. However, even genotoxic cancers 
show differences in epigenetic patterns. With observed differences in 
epigenetic patterns, it is currently difficult to distinguish whether the change 
in pattern will cause the development of a cancer or is already an effect of it. 
 
In this type of research and risk assessment, an attempt is made also to 
identify dose-response relationships. Although exact relationships do not 
seem yet to have been described for occupational settings, several references 
described above do indicate that dose-response relationships can exist not just 
in human studies, as shown above after bisphenol A exposure, but also in cell 
studies, as shown after prolonged cadmium exposure. These in vitro studies 
can open up the possibility of screening studies. 
 
Incorporation of the epigenetic biomarkers into the studies on cancer risk of 
exposures offers a number of advantages over traditionally used methods, 
such as evaluation of the carcinogen-induced DNA damage, DNA adduct 
formation or bacterial mutagenicity. Specifically, we reason that the following 
features are in favour of greater integration of epigenetic biomarkers in 
studies of the carcinogenic potential of the environmental exposures: (1) early 
appearance; (2) stability; (3) target tissue-specificity; (4) relatively low cost of 
the assays needed to detect these changes; (5) applicability to both genotoxic 
and non-genotoxic agents; and (6) a greater number of detectable epigenetic 
changes as compared to the genetic alterations after exposure. The 
incorporation of epigenetic technologies into the studies of cancer risk 
promises also to enhance substantially the efficiency of carcinogenicity 
testing. In chemical regulation, the B6C3F1 mouse, F344 rat, and other mouse 
and rat models are used to assess effects of these compounds through multiple 
routes of exposure, including feed, gavage, inhalation, and topical 
administration, and pathology data gained from subchronic (90-day) and 
chronic (2-year) NTP studies is used for hazard identification in order to 
assess the toxic and carcinogenic effects of these compounds in rodents. 
Epigenetic changes are not yet considered in these regulatory tests, and it may 
therefore be easier to try to include some epigenetic studies in these tests as a 
prerequisite. The example of exposure to bisphenol A as an EDC described 
above may trigger such an approach. In this way, it is possible to extend the 
general risk assessment of substances currently in place. 
 
Epigenetic studies after occupational exposure appear to indicate that 
epigenetic changes already occur at low doses, lower than for current 
occupational or environmental exposure levels set. However, the studies 
described above still lack a distinct time aspect in that it is not well established 
whether the epigenetic changes at these low doses are reversible or not. 
Prolonged periods of low exposure appear, however, to result in irreversible 
changes, as was shown for example in the arsenic study on human lung 
epithelial cells. However, extending the study to a specific period after ending 
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the specific insult may provide an insight into the reversibility of the observed 
epigenetic changes or patterns. It thus appears that epigenetics may cause a 
further decrease (or at least change) in occupational exposure limits (OELs) 
in the long run. 
 
Biomarkers of long-term exposure are a priority, and past exposure 
assessment remains one of the critical challenges, not only in cancer 
epidemiology but also in other areas such as sensitisation to many exposures 
of interest. Current epigenetic in vivo studies after occupational exposure are 
still epidemiological in character. Both exposed and unexposed individuals are 
considered. Well-defined epigenetic biomarkers are thus still looked for after 
well-defined insults. Epigenetic research in occupational settings is 
specifically focused on exposure and most likely already on quite low levels of 
exposure. As such, it could be considered in the future as a tool with which to 
establish exposure-based adverse effect. This opens up the possibility of 
switching risk assessment methodology from the current hazard-based 
approach to a more exposure-based approach. This is also in line with the 
paper from the EU scientific committees in their preliminary report on 
Addressing the New Challenges for Risk Assessment, where a more exposure-
based approach was proposed in order to cope better with the current 
challenges in the hazard-based approach (SCENHIR 2012). 
 
Although REACH includes in its Article 1(3) the statement that the regulation 
is based on the precautionary principle, the current way forward is that, if 
concern is present and the precautionary principle needs to be applied, as a 
first step standard tests must be developed, and it must then be established 
when the outcome of these tests provides cause for concern. Such a procedure 
is advocated by industry and regulators, but will take many years to become 
established. Epigenetics may become a tool not only in occupational settings 
but also in other areas of human health to identify the level of concern. 
However, it is then essential to evaluate the reliability and validity of any -
omic, including epigenomic, measurements over time, as only one sample, 
collected at baseline, is typically available in large epidemiological studies. 
Standardisation is still some way ahead. 
 

 

11.3 Suggested reading/congresses 
 

Excellent reviews on epigenetics have recently been published: 
1. Mill and Heijmans (2013): excellent reading to manage expectations of 
epigenetics. 
2. Almouzni et al. (2014): integration of genome and epigenome research and 
a useful overview of FP7 projects on epigenetics. 
 
Recently, an update on the Dutch Hunger Winter study was also published 
(Tobi et al. 2014). 
 
A useful overview of several congresses in the field of epigenetics can be found 
at: http://epigenie.com/conferences 
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12. Conclusions 
 

 

 

 

 

 

 

 

 

1. Epigenetics is the natural cell memory that is not encoded in the 
primary code of DNA but regulates differentiation of cells (type, age 
and in response to external factors such as nutrition and chemicals). 
Epigenetic marks are changes in the packing/coating of the DNA, one 
example being the methylation of DNA, with which groups of genes 
that are not needed in certain cell types, for example, can be switched 
off. Some chemicals can have adverse effects on this machinery, 
leaving unnatural epigenetic marks, and consequently also leaving 
marks of chemical exposure. As a consequence, unique new 
biomarkers for diseases and exposure are being identified. 
 

2. Epigenetic marks will be a new set of biomarkers for chemical 
exposure and diseases, either on their own or in conjunction with 
other marks (proteomics, genomics, etc.). The 
understanding/reading of the epigenome is at an early stage but is 
already showing remarkable results. It is a matter of time before this 
reading technology will be as scientifically routine and economical as 
DNA sequencing is now. These marks may be especially important in 
monitoring the effects of endocrine disruptors (either reprotoxic or 
not), since hormones are important in steering healthy epigenetic 
events in the body (such as cell differentiation/maturation). 
 

3. Epigenetic mechanisms/marks are expected to be crucial in 
monitoring the effects of exposure to known reprotoxic compounds 
(such as bisphenol A) and will help identify new reprotoxic 
compounds. The mode of action of these compounds can be primarily 
epigenetic or at least have epigenetic consequences (marks). 
 

4. Epigenetic marks may become part of an early warning system for 
effects of exposure to chemicals (nanomaterials, solvents and 
genotoxicants), either alone or, more likely, in combination with 
marks at other levels (genomics, proteomics, etc.). 
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5. In current risk assessment procedures, the dose-response-
relationships of substances are extrapolated linearly to derive a no-
effect level. But as with other techniques, there are indications that a 
non-linear response may occur in epigenetic effects. It is too early to 
discuss this in depth for epigenetics; first, a number of ‘easy’ 
epigenetic marks need to be identified (easy to measure and easy in 
terms of a one-to-one relationship with an effect). 
 

6. Heredity: epigenetic marks can sometimes be transferred to the next 
generation despite a large epigenetic reset by the body around 
conception, especially with exposure to chemicals during and around 
conception, and this holds for both mother and father. Since the 
reproductive cells of the unborn child in theory can bear epigenetic 
marks due to the exposure of the mother, truly irreversible 
transgenerational epigenetic marks can be observed only in a third-
generation test. 
 

7. It is expected that epigenetic marks will be an inextricable part of 
hazard assessment of chemicals in the future; this will take at least 5-
10 years; the pace and direction of future developments also depend 
on initiatives taken by CSOs such as the ETUI/ETUC. Societal actors 
can play an explicit role in this. It is expected that epigenetics will have 
a significant effect on social and ethical aspects of occupational health 
and safety policies. 
 

8. It is expected that inclusion of epigenetic marks in safety assessment 
methodology will reduce false negatives and will lead to adjustment 
of (derived) no-effect levels (DNELs) of certain compounds. An 
important group of false negatives concern non-genotoxic 
carcinogens that are currently not detected in standard safety 
assessment assays. Epigenetic knowledge is also expected to provide, 
for example, the desired mode of action of these non-genotoxic 
carcinogens. 
 

9. Typical effects that may have a clear epigenetic component and thus 
have potential for epigenetic biomarkers are: cancer, diabetes, lung 
disease, hormonal problems and reproduction. 
 

10. As with many other techniques/biomarkers, distinguishing between 
epigenetic marks will prove to be a challenge due to chemical 
exposure at the workplace, background chemicals, nutrition, stress 
and the interplay of all these factors. 
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11. Over the next few years (2016-2020), reflection should take place on 
the position of CSOs such as the ETUI/ETUC on this new technology. 
CSOs such as the ETUI/ETUC should benefit from the momentum 
and not wait for government and industry to take the initiative to steer 
responsible research and innovation. 
 

12. It is expected that the currently emerging technology to read the 
epigenomic marks will, in future, be the ‘registration system’ for 
exposure to chemicals that leave no genetic marks. 
 

13. To protect the interests of workers, the ETUI might take the initiative 
to organise the assessment of the benefits and possible downsides of 
this emerging technology to read the epigenome. The questions listed 
in Chapter 14 in this report can be used as a starting point. 
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13. Epigenetic networks in the EU  
 

 

 

 

 

 

 

 

 

13.1 Researchers 
 

The following EU researchers have written one or more reviews on this topic. 
Some have been selected here. 
 

 Dr Bastiaan T. Heijmans. Associate Professor at Leiden University 
Medical Centre, Leiden, Netherlands. Leader Work Package Life 
course loss and maintenance of epigenetic control of the EU FP7 
consortium IDEAL (Integrated Research on Developmental 
Determinants of Ageing and Longevity). PI and chair of the BBMRI-
NL Rainbow Project, a nation-wide functional genomics 
infrastructure enabling mechanistic insights into complex disease 
phenotypes generating and integrating genetic (GWAS, WGS), 
epigenomics (450k, bis-seq) and transcriptomics (RNA-seq, arrays) 
data in 4 000 samples from Dutch biobanks. Associate member of the 
EU Network of Excellence EpiGeneSys. 
https://www.lumc.nl/org/msbi/medewerkers/btheijmans 

 
 Prof. Juliette Legler, Institute for Environmental Studies (IVM), 

Free University of Amsterdam, Netherlands. Coordinator of the EU 
OBELIX, which studies possible links between early-life-stage 
exposure to endocrine disrupting chemicals and the development of 
obesity later in life. In addition, she participates in various advisory 
committees such as the Dutch Health Council and the OECD. 
http://www.ivm.vu.nl/en/people/researchers/chemistry-and-
biology/legler/index.asp#accept 

- Prof. Legler joined Brunel University London in January 
2016: 

- http://www.brunel.ac.uk/people/juliette-legler 
 

 Dr A. Baccarelli, Department of Environmental and Occupational 
Health, Centre of Molecular and Genetic Epidemiology, Università 
degli Studi di Milano and Fondazione IRCCS Ospedale Maggiore 
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Policlinico, Mangiagalli e Regina Elena, Via San Barnaba 8, 20122 
Milan, Italy, andrea.baccarelli@unimi.it. 

 
 Andrea Stoccoro (a), Hanna L. Karlsson (b), Fabio Coppedè 

(c), Lucia Migliore (a). 
- Department of Translational Research and New Technologies 

in Medicine and Surgery, Medical Genetics Laboratory, 
University of Pisa, Pisa, Italy. 

- Institute of Environmental Medicine, Division of Molecular 
Toxicology, Karolinska Institutet, Stockholm, Sweden. 

- Department of Laboratory Medicine, Pisa University Hospital 
(AOUP), Pisa, Italy. 

 
 Jennifer Mytych and Macie Wnuk Maciej. Department of 

Genetics, University of Rzeszow, Rzeszow, Poland; Centre of Applied 
Biotechnology and Basic Sciences, University of Rzeszow, 
Kolbuszowa, Poland, jennifermytych@wp.pl, mawnuk@gmail.com. 

 
 Christopher P. Wild, Molecular Epidemiology Unit, Centre for 

Epidemiology and Biostatistics, Leeds Institute of Genetics, Health 
and Therapeutics, LIGHT Laboratories, University of Leeds, 
Clarendon Way, Leeds LS2 9JT, UK. 

 
 Roel Vermeulen, IRAS University of Utrecht. Occupational Health. 

 
 Anne Gabory, Linda Attig, Claudine Junien Inserm U781 

Genetics and Epigenetics of Metabolic Diseases, Neurosensorial 
Diseases and Development, Clinique Maurice Lamy, porte 15, Hôpital 
Necker-Enfants Malades, 149 rue de Sèvres, 75743 Paris, France. 

 
 Andrea Baccarelli, Department of Environmental and 

Occupational Health, Centre of Molecular and Genetic Epidemiology, 
University of Milan, and the Fondazione IRCCS Ospedale. 

 
 Maggiore Policlinico, Mangiagalli e Regina Elena, Via San 

Barnaba 8, 20122 Milan, Italy, andrea.baccarelli@unimi.it. 
 

 Robert Feil, Institute of Molecular Genetics (IGMM), CNRS 
UMR-5535 and the University of Montpellier, 1919 route de Mende, 
34293 Montpellier, France, robert.feil@igmm.cnrs.fr, and Mario 
Fraga, Department of Immunology and Oncology, Centro Nacional de 
Biotecnología (CNB-CSIC), Madrid, Spain. 
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 Micheline Kirsch-Volders, Lab voor Cellulaire Genetica, Free 
University of Brussels, Pleinlaan 2, mkirschv@vub.ac.be. 

 
 Greet ER Schoeters, VITO, Unit of Env., Risk and Health, Mol, 

Belgium, greet.schoeters@vito.be. 
 

 Prof. Dr Jos Kleinjans, Dept. of Toxicogenomics, Maastricht 
University, Netherlands. http://toxicogenomics-
um.nl/Staff/39/Prof.-JCS-Kleinjans-PhD. 

 

Several members of the INSERM, Team 5 from the Centre Méditerranéen de 
Médecine Moléculaire in Nice, France, and from the Université de Nice-
Sophia-Antipolis, UFR Médicine, Nice, France, are co-authors of the review of 
Siddeek (2014). 
 

Bastiaan Heijmans and Roel Vermeulen are known to IVAM. From the 
reviews, we view Robert Feil, Victor Bollati and Micheline Kirsch-
Volders as researchers with some background in regulatory affairs and/or 
occupational health. 
 

 

13.2 Civil society organisations 
 

Several CSOs have recently published a report on chronic non-communicable 
diseases (NCDs) and environmental determinants. They refer to the growing 
burden of cancer, cardiovascular disease, respiratory illnesses and diabetes 
around the world, and the toll it is taking on families, healthcare systems and 
economies. How these diseases are related to the environmental determinants 
is not known, but epigenetic changes are nowadays often related to the MoA. 
Which environmental determinants are causing these changes is also often not 
precisely known, but EDCs and air pollution are mentioned in this report. The 
following EU CSOs were involved in this report: 
 

 Alexandra Caterbow, Sascha Gabizon of Women in Europe for 
a Common Future (WECF); 

 Genon Jensen of the Health and Environment Alliance (HEAL); 
 Dolores Romano, Tatiana Santos, Maria Lopez Jacob, Laura 

Martin Murillo of SustainLabour. 
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14. Future work 
 

 

 

 

 

 

 

 

 

In the field of toxico-epigenomics, the following subjects/activities are 
recommended for the ETUI: 
 

1. What is the significance of epigenetic research for the current risk 
assessment of workers? 

2. What research questions need to be answered to enable epigenetics to 
play its role in occupational health and safety? 

3. It appears that low exposure concentrations specifically of heavy 
metals and persistent substances may lead to adverse effects in the F0 
but also in their offspring. Epigenetics points to a common mode of 
action. Does this mean that occupational safe levels will decrease 
further? Are these safe levels approaching background levels? What 
are the (legal) consequences of this? 

4. Is there sufficient concern that a number of adverse effects are related 
to epigenetics? Does this mean that a precautionary approach needs 
to be developed? If so, how can this be operationalised? 

5. The literature suggests that epigenetics is the mode of action for the 
development of non-genotoxic carcinogens. If this is the case, how can 
the current RA be applied to this type of carcinogen? Are current 
standard tests for mutagenicity sufficient? In current RA, further 
testing is done only if the result of another test is negative. This is the 
case for most current mutagenicity tests that cannot distinguish 
epigenetic modes of action. 

6. Epigenetic patterns such as DNA methylation can nowadays be 
established crudely. If these patterns can be established more 
accurately, they might be useful as biomarkers of specific adverse 
effects, e.g. non-genotoxic carcinogens. Under what conditions can 
they be made to be useful in health surveillance programmes for 
workers? What types of uncertainties (legal, social or economic) must 
then also be addressed? 

7. Epigenetic insults during the gestation period can have more 
influence on offspring, but this influence may not be permanent. Is it 
necessary to develop additional policy actions in the field of 
reprotoxicity?   
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15. Workshop at the ETUI, Brussels, 
March 2015 

 
 
 
 
 
 
 
 
 
Closed meeting with invited participants only, followed by public meetings. 
Organisers: ETUI (European Trade Union Institute) and IVAM UvA BV (Amsterdam) 
Contact persons at the ETUI: Dr Aída Ponce, Ms Dominique Schwan 
Contact person at IVAM UvA BV: Dr Rokus Renirie 
 
Location: Brussels, Wednesday 11 March 2015 
Venue: Thon Hotel, Brussels City Centre 

 

Participants: 

 
Organisers 
Dr Rokus Renirie (IVAM UvA BV, Amsterdam) 
Dr Hildo Krop (IVAM UvA BV, Amsterdam) 
Dr Aïda Ponce (ETUI, Brussels) 
Dr Doreen Fedrigo (ETUI, Brussels) 
 
Guest speakers 
Prof. Dr Juliette Legler, Institute for Environmental Sciences, Free University 
Amsterdam, Netherlands (since 2016: Brunel University London) 
Dr Bastiaan Heijmans, Leiden University Medical Centre, Netherlands 
Dr Karin Sørig Hougaard, National Centre for the Working Environment, Denmark 
Dr René von Schomberg, European Commission 
 
Others 
Dr Jorge Costa-David, European Commission, Brussels. DG EMPL – Directorate B – 
Employment and Social Legislation; Social Dialogue, Unit B3 – Health, Safety and 
Hygiene at Work 
Mr Gianluca Quaglio, European Parliament, Science and Technology Options 
Assessment (STOA) 
Dr Ivo Iavicoli, European Union of Medical Specialists (UEMS) 
Mr Frank Barry, UNITE, United Kingdom 
Dr Pieter van Broekhuizen, on behalf of the Dutch trade union FNV 
Ms Purificación Moran, Union Institute of Work, Environment and Health, ISTAS, Spain 
Ms Caroline Verdoot, Fédération Générale du Travail de Belgique FGTB – ABVV, 
Brussels, Belgium 
Prof. Annie Sasco, Women in Europe for a Common Future (WECF) 
 
Various industries were invited but were unable to participate. 
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Workshop: The potential of epigenetics in chemical safety 
ETUI  
Brussels, Wednesday 11 March 2015 

 

 Agenda item 

10:00 Welcome by ETUI – Working Conditions, Health and Safety Unit (Dr Doreen Fedrigo) 

 

10:30- 

11:00 

 

Presentation of the report ‘The potential of epigenetics in chemical safety’ 

Dr Rokus Renirie, IVAM: Introduction 

Dr Hildo Krop, IVAM: Horizon 2020 project? 

11:00 – 

12:30 

 

 

Presentations 

 

1. Dr Bastiaan Heijmans, Leiden University Medical Centre, NL 

14. ‘The memory of our genes. Lessons from the Dutch Famine’ 

Keywords: Epigenetics, Registration (Hunger Winter Study), Epidemiology, Integration Genomics-
Epigenomics, etc. 
2. Dr Karin Sørig Hougaard, National Research Centre for the Working Environment, Denmark. 

Senior scientist, developmental and reproductive toxicology 

‘Epigenetics and chemical safety at work: Developmental nanotoxicity as an example’ 

Keywords: European Regulation, Nanosafety, possible links with epigenetics 
 

12:30 -

13:30 
Lunch 

13:30 – 

17:00 

Presentations 

 

3. Dr René von Schomberg, European Commission 

15. ‘Towards a Paradigm Shift in Research and Innovation Policy (RRI)’ 

Keywords: RRI, Philosophy-Politics 
4. Prof. Juliette Legler, Institute for Environmental Sciences, Free University Amsterdam, NL 

Keywords: Epigenetics, EDCs, zebrafish assays, OBELIX project, cocktail approach (synergy 
multiple chemicals) 

 

Round-table discussion 

 

What are the implications for the trade unions and other stakeholders? How can scientists  

at universities and other organisations help each other? 

Round-table discussion: 

Participants: see above 

  

17:00 – 

18:00 

Final points and workshop conclusions 

What steps for the future? 

 

18:00 End of the workshop 
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15.1 Brief synopsis of the workshop 
 
 

Dr Rokus Renirie 
 
Goals of this Workshop: 
 

‐ Introduction: The latest on epigenetics for stakeholders in Europe 
(two epigenetics specialists). 

‐ Discuss regulatory and other aspects of new technologies, including 
RRI (two specialists). 

‐ Make an inventory: which questions/issues are on the minds of 
epigenetics specialists and the stakeholders? 

‐ How can this new knowledge and technology be an asset to society (in 
chemical safety issues)? 

‐ Build an early dialogue between epigenetics specialists and various 
stakeholders. 

‐ Perhaps leading to a Horizon-2020 project in the near future. 
 
The report was briefly discussed; currently, the focus of epigenetics is on DNA 
methylation, histone modification and miRNA, but epigenetics is essentially 
everything that divides over two cells which is not in the primary DNA 
sequence itself. In other words, everything that is part of the cell memory and 
is not in the primary DNA sequence itself. We are now learning how to read 
this. 
 
An illustrative example of the chemical influence on epigenetic development 
of organisms is that of bee larvae (Figures 13 and 14). If a genetically identical 
larva is placed in ‘royal jelly’ it will grow to become a queen, whereas, without 
this (bio)chemical environment, it becomes a worker bee. 
 
Figure 13  Phenotype development of genetically identical bees depending on 
chemical environment (‘royal jelly’) 
 

 
Reproduced from Weiner and Toth 2012 (Open Access), DOI: 10.1155/2012/609810 
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Figure 14  Royal jelly, which determines the phenotype development  
of genetically identical bees 
 

 
https://commons.wikimedia.org/w/index.php?title=File:Weiselzellen_68a.jpg&oldid=176718069 

 
Since many epigenetic events are hormone-controlled, a relatively high 
percentage of modes of action are expected to have an epigenetic origin 
(bisphenol A, insecticides, fungicides, etc.). 
 
Glyphosate is often said not to affect human chemistry; this is very much 
debated, but an interesting point is that, since there may be an impact on our 
gut bacteria, effects may be indirect, and we should include the ‘epigenome’ of 
intestinal bacteria (microbiome) in health analysis. 
 
With regard to endocrine disrupting chemicals (EDCs), the very small pineal 
gland is of interest; it is one of the small glands that are at the central nervous 
system (CNS) junction point between the spinal cord and the brain. It 
produces anandamide, among other things, and has been said to regulate the 
other glands connected to the spinal cord. Fluoride has been reported to block 
the function of the pineal gland by inducing calcination. Anandamide is also 
found in high concentrations in the uterus around the time when an embryo 
settles, and may play a role in epigenetic re-setting. It might be interesting for 
scientists in the field of epigenetics to keep an extra (third) eye on this. 
 
 

Dr Hildo Krop 
 
A possible future project, such as Horizon 2020, concerning epigenetics and 
occupational aspects, in which trade unions, NGOs, industry and scientists 
could participate may follow a similar setup to ‘NanoCAP’. NanoCAP was a 
capacity-building project for trade unions and environmental NGOs on 
nanotechnology (2006-2009) in which a consortium of five trade unions, five 
environmental NGOs and five universities was established. As with 
epigenetics, there was/is a lack of insight on the consequences of this 
interesting field for occupational safety issues. The effect of inceased 
epigenetic knowledge on occupational issues is expected to be positive, since 
it will finetune existing safety limits for compounds and provide modes of 
action for problematic compounds. It is also expected to shed light on 
reversibility and transgenerational aspects of exposure to certain compounds. 
 
With the absence of exact data/insight, a precautionary approach is advisible. 
With the help of epigenetic insights, new groupings of new and existing 
materials may be possible. Based on these groups, precautionary values prior 
to proper OELs may be derived, in a similar way to nanomaterials (Nano 
Reference Values, van Broekhuizen et al., 2012). Epigenetics may distinguish 
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between genotoxic and non-genotoxic (epigenotoxic) carcinogens. The 
derivation of occupational exposure levels (OELs) will be completely different, 
and rare types of cancer may perhaps be linked to workplace exposures. 
Currently, most of the studies are still epidemiological in character: exposed 
group vs. non-exposed groups. Many reported epigenetic effects measured are 
(far) below current OELs, and the question that arises is whether these effects 
are reversible or not. Cell studies indicate that long-term low-dose exposures 
lead to irreversible changes. Another major issue is precise dose-effects. 
 
Since epigenetics has a strong focus on exposure, it could play a major role in 
the current discussion in Europe as to whether risk assessment should be 
hazard-based or (also) exposure-based. 
 
Epigenetics, like all forms of biomarkers, is associated with ethical aspects 
such as privacy of generated data. 
 
 

Dr Bastiaan Heijmans 
 
A suggested interesting read is ‘Commentary: the seven plagues of epigenetic 
epidemiology’ (Heijmans et al. 2012). In this paper, Heijmans explains several 
‘immature’ aspects of this high-potential scientific field and warns about 
managing high expectations: ‘Epigenetics should avoid some of the hype that 
surrounded the early days of genetic epidemiology’ … ‘Very much like genetics, 
epigenetics will not be able to deliver the miracles it is sometimes claimed it 
will.’ We are still learning to read the epigenome, and its book is far larger than 
we are able to read now. For details, readers should refer to the paper. 
Nevertheless, the potential future impact of epigenetics on the field of 
(occupational) exposure is hard to overestimate. 
 
A very interesting development in epigenetic research is libraries of genetically 
identical twins that are created; cohort studies on them will provide very 
substantial insight. Heijmans also stresses  as elsewhere in this report  the 
importance of the integration of various -omics. The synergistic potential of 
this is very clear. The potential insight and impact arising from epigenetics is 
summarised below: 
 

1. Fundamental biology  development and cell differentiation 
2. Disease mechanisms  dysregulation of the genome 
3. Disease risk    interface genome and environment 
4. Biomarkers   archive of (past) exposures 
5. Treatment    epigenetic drugs 

 
As is apparent in other diagnostic techniques, smoking clearly leads to 
biomarkers that can be related to various diseases (Zeilinger et al. 2013); after 
smoking cessation, the corresponding epigenetic marks are slowly reversed. 
Prenatal exposure to smoking clearly creates epigenetic marks in the offspring 
(Joubert et al. 2012). As well as effects from inhalable chemicals, the 
‘exposure’ to food also leads to epigenetic marks and effects; there is clear 
interplay between exposure to chemicals and food, as is illustrated by the 
famous ‘agouti’ mice (as described in detail in Figures 1 and 8); for humans, 
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the impact was shown by the Dutch Famine (Hunger Winter 1944-45) study 
by Heijmans et al. (2008) (Figure 15). 
 
Figure 15   Well documented food rations during the Dutch Hunger Winter (1944-

45) of mothers show that epigenetic marks can last six decades in offspring and lead 

to various effects such as increased schizophrenia and cardiometabolic diseases 

(Heijmans et al., 2008) 

 

 

 
 

 

In this study, Heijmans et al. show changes in the epigenetic control of IGF2, 
a prenatal growth factor, also involved in metabolic regulation and memory. 
The epigenetic significance of periconceptional folic acid supplementation 
was shown in modern (early) exposure (Steegers-Theunissen, 2009). The 
overall conclusion is that the period around conception is a critical stage in 
establishing and maintaining epigenetic marks (Tobi et al. 2009). 
 
Epigenetic changes can be a balance between various interests of the 
organism; if an embryo senses a famine, epigenetic marks may be made that 
lead to overexpressing genes that can cope with limited amounts of food 
throughout life. If the organsim then has normal amounts of food available to 
it, a higher chance of obesity may be the consequence (Tobi et al. 2014). 
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Figure 16 Epigenomic changes throughout life and various approaches towards 

studying these (Mill et al. 2013) 

 
Reproduced with permission of the Nature Publishing Group 

 

An important conclusion from the work of Heijmans and co-workers is that 
DNA methylation signatures that have been identified link prenatal famine 
exposure to growth and metabolism, and thus lasting effects. 
 
The future of epigenetics will include: 

- In silico annotation-based predictions of DMR (differentially 
methylated regions) functionality. 

- In vitro testing of DMR functionality and evaluation of epigenetic 
plasticity (specific exposures and beyond-DNA methylation). 

- In vivo experiments in animals (moving from principles to testing 
specific human outcomes), short-term interventions in humans. 

- Integrative genomics from genome and epigenome to transcriptome 
and further. 

 
 

Dr Karin Sørig Hougaard 
 

Epigenetic research shows that exposure to certain chemicals before or 
around conception and during pregnancy can lead to epigenetic marks in 
offspring. However, there are now also signs that the father’s exposure to 
chemicals can lead to epigenetic marks (Hughes 2014). 
 
Hougaard discusses regulation of chemicals/nanoparticles in the work 
environment. The Council Directive of 27 November 1980) on the Protection 
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of Workers states the following objective: ‘The protection of workers against 
risks to their health and safety from exposure to chemical, physical and 
biological agents considered harmful.’ The Scientific Committee on 
Occupational Exposure Limits states: ‘Set limits for exposure via inhalation so 
exposure will not harm health of exposed persons or their progeny at any time’ 
(SCOEL 2013). 
 
Identification of harmful effects: may be viewed as a continuum: 

1. no effects observed; 
2. compensatory effects or early effects of dubious significance without 

adverse health consequences; 
3. early health impairement; 
4. overt disease, possible death. 

 
With respect to epigenetics, the question is: When are the changes harmful? 

- Epigenetic changes with changes in protein expression? 
- Epigenetic changes associated with disease? 
- What if epigenetic changes ‘just’ increase sensitivity? 

 
This discussion bears some resemblance to the setting of occupational 
exposure limits for allergenic proteins, for example in flour. See discussion in: 
Nielsen et al. (2012). 
 

 

The (pre)pregnancy issue and regulation 

 
The following hypothesis with respect to epigenetic effects around pregnancy 
is interesting: prenatal stress increases sensitivity to stressful life events 
(including chemical exposure).  
 
This may evoke various issues: 

- preventive measures are enforced when the employer is notified of 
pregnancy (NOT planning of pregnancy); 

- epigenetic changes may be induced in germ cells prior to pregnancy 
and conception (mother AND father) 

- men unaware before pregnancy; 
- women unaware of pregnancy in the first 4-6 weeks; 
- are epigenetic marks reversible? in adults? in the child?; 
- help only planned pregnancies?; 
- exclude women for work and money – and now also men? 

 
Solutions: Preconceptional counselling? Preconceptional removal from work 
site? 
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Inhaled chemicals/nanoparticles: 
 

– The differences in effects of maternal and paternal inhalation have been very 
little studied. 
– Not only engineered nanoparticles should be looked at but also 
unintentional nanoparticles that are generated during various processes 
(sometimes called ‘incidental nanoparticles’; examples are diesel exhaust, 
welding, (3D) printing, high-power laser treatments of materials). In general, 
the greatest concern is over nanoparticles that have relatively high persistence 
(metals, alloys, metaloxides, polymers, ceramic materials, soot). When 
materials contain engineered nanoparticles, treatment of these materials 
(drilling, sanding, recycling, extrusion, spaying, etc.) may lead to a mixture of 
engineered nanoparticles and process-generated nanoparticles. Very little 
attention is currently given to process-generated nanoparticles in the 
workplace, with the exception of diesel exhaust and welding, although in the 
latter two examples, attention is not necessarily focused on the nanocharacter 
of the emission. 
 
 
What is considered special about nanoparticles? 

 
– high surface area; 
– similar size compared to the nano-technology of the body (DNA, various 
levels of coiling of DNA, proteins, RNA, complexes of these, membranes, etc.); 
this may lead to nano-interference (especially when the particles are 
persistent); 
– high capacity to generate reactive oxygen species (ROS) and reactive 
nitrogen species (RNS): together referred to as oxidative stress. 
 
Nano-interference with epigenetic structures (coiled-up DNA and other 
expression-regulating machinery) may provide epigenetic modes of action for 
the harmful effects of certain nanoparticles. With prenatal exposure to (ultra-
)fine dust (PM2.5), there is clear epidimiological evidence that adverse effects 
take place (review of 41 studies, Shah et al. 2011; Vrijheid et al. 2011): 

– birth weight  
– preterm births  
– heart malformations  
– (allergy)  

 
With diesel exhaust (which contains high concentrations of persistent 
nanoparticles), the following adverse effects have been reported after prenatal 
exposure of animals (reviewed in Ema et al. 2013; Hougaard et al. 2008): 

– birth weight  
– airway reactivity (allergy)  
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– male fertility  
– changed neurofunction 
– endocrine influence 
– heritable (germline) mutations 

 
With respect to engineered nanoparticles and the effect on offspring, various 
reports are starting to appear in the literature indicating sometimes clear 
epigenetic responses, but in many cases no effects are reported (Lu 2015). 
Hougaard et al. (2015) summarise effects of nanoparticles on offspring in 
general: ‘Overall, it is plausible that NP may translocate from the respiratory 
tract to the placenta and fetus, but also that adverse effects may occur 
secondarily to maternal inflammatory responses. The limited database 
describes several organ systems in the offspring to be potentially sensitive to 
maternal inhalation of particles, but large uncertainties exist about the 
implications for embryo-fetal development and health later in life. Clearly, the 
potential for hazard remains to be characterised. Considering the increased 
production and application of nanomaterials and related consumerproducts a 
testing strategy for NP should be established. Due to large gaps in data, 
significant amounts of groundwork are warranted for a testing strategy to be 
established on a sound scientific basis.’ 
 
The effect of nanotubes on progeny was studied in the increasingly popular 
zebrafish assay (simplest vertibrate for studies, transparent animal, main 
difference is the absence of placenta) (Cheng et al., 2009). Nanotubes did not 
influence the first generation or production of the next generation. However, 
the survival rate of the second generation decreased. 
 

How to move forward? 
– proof-of-concept studies: do epigenetic marks/adverse phenotypical 
changes take place for common occupational exposures?; men and women; 
particles, selected chemicals, stress, shift work; 
– include transmission to future generations (of epigenetic marks and 
phenotype); 
– identify markers in blood for nano-accessible organs in humans. 
 

There are currently no standardised protocols for evaluation of epigenetic 
potential or transmission to future generations. Elements that may be 
included are depicted in Figure 17. 
 
  



 

7 4  

 

Figure 17  Elements that should be part of future standardised tests that  

include epigenetic transmission to future generations 

 

 
 

 

Prof. Juliette Legler 
 

There are various types of epigenetic DNA modifications.  
 
Examples are: 

- 5-methylcytosine "5mC";  
- 5-hydroxymethylcytosine "5hmC"; 
- 5-formylcytosine "5fC";  
- 5-carboxylcytosine "5ca". 

 
A European FP7 project studying possible endocrine disrupting (epigenetic) 
origins of obesity is known as OBELIX (OBesogenic Endocrine disrupting 
chemicals: LInking prenatal eXposure to the development of obesity later in 
life, Figure 18). 
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Figure 18  European OBELIX project: does early exposure to endocrine disrupting 

chemicals cause obesity? 

 

 
 

 

The main objectives of OBELIX were: 
1. To assess early life (perinatal) exposure in humans to major classes of 

EDs in food, using mother-child cohorts from various European 
regions with different food contaminant exposure patterns. 

2. To relate early life exposure to EDs with effect biomarkers and health 
outcome data in children which are related to obesity. 

3. To perform in vivo hazard characterisation of early life exposure to 
EDs. 

4. To determine mechanisms of action of obesogenic EDs using analysis 
of effect biomarkers, gene expression and epigenetic analysis. 

5. To perform risk assessment of early life exposure to obesogenic EDs 
in food, by integrating maternal exposure through food, contaminant 
exposure and health effect data in children, and hazard 
characterisation and mechanistic information from in vivo and in in 
vitro studies. 

 
OBELIX started in May 2009 and ran until May 2013. OBELIX used a 
multidisciplinary approach that combined epidemiology, toxicology, 
neonatology, endocrinology, analytical chemistry and risk assessment. The 
OBELIX team included the Free University (VU) Amsterdam, the Flemish 
Institute for Technological Research (VITO), the National Institute for Public 
Health and the Environment (RIVM, NL), the Norwegian Institute of Public 
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Health, the Ecobaby Foundation (NL), the French National Institute for 
Agricultural Research (Met@risk) and the Slovak Medical University. 
 
DDE (dichlorodiphenyldichloroethylene), an organochlorine pesticide, which 
was used on a massive scale in the mid-20th century, shows what can happen: 
prenatal exposure correlates with increased early childhood growth and 
weight (Iszatt et al. 2015; Valvi et al. 2014), and this is accompanied by 
changes in DNA methylation. 
 
Perinatal BPA exposure, adult body weight and DNA methylation were 
analysed by van Esterik et al. (2014, 2015). They state: ‘The global rise in 
prevalence of obesity is not fully explained by genetics or life style factors. The 
developmental origins of health and disease paradigm suggests that 
environmental factors during early life could play a role.’ From their studies, 
it can be concluded that, although the situation is complex, exposure to BPA 
can definitely contribute to phenotypical outcome. Interestingly, the effects 
are most pronounced on female offspring. 
 
A series of four articles have been recently published in the Journal of Clinical 
Endocrinology and Metabolism, describing the estimated costs of exposure to 
EDCs for the European Union (Trasande et al. 2015; Hauser et al. 2015; Legler 
et al. 2015; Bellanger et al. 2015). Effects/diseases described there include 
obesity, diabetes, male reproductive disorders and neurobehavioural deficits. 
 
Legler et al. (2015) conclude: ‘EDC exposures in the EU contribute 
substantially to obesity and diabetes, with a moderate probability of 
€18 billion in costs per year. This is a conservative estimate; the results 
emphasise the need to control EDC exposures.’ 
 
Trasande et al. (2015) state: ‘Expert panels achieved consensus at least for 
probable (>20%) EDC causation for IQ loss and associated intellectual 
disability, autism, attention-deficit hyperactivity disorder, childhood obesity, 
adult obesity, adult diabetes, cryptorchidism, male infertility, and mortality 
associated with reduced testosterone.’ They conclude: ‘EDC exposures in the 
EU are likely to contribute substantially to disease and dysfunction across the 
life course with costs in the hundreds of billions of Euros per year. These 
estimates represent only those EDCs with the highest probability of causation; 
a broader analysis would have produced greater estimates of burden of disease 
and costs.’ 
 
Hauser et al. (2015) looked specifically at the contribution of EDCs to male 
reproductive diseases and disorders. They state for phthalates in particular 
that there is strong evidence of toxicity. They conclude: ‘EDCs may contribute 
substantially to male reproductive disorders and diseases, with nearly 
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€15 billion annual associated costs in the EU. These estimates represent only 
a few EDCs for which there were sufficient epidemiological studies and those 
with the highest probability of causation. These public health costs should be 
considered as the EU contemplates regulatory action on EDCs.’ 
 
Bellanger et al. (2015) focused on neurobehavioural deficits and diseases 
linked to EDCs. They looked at IQ loss, autism spectrum disorders causation 
and attention-deficit hyperactivity disorder (ADHD) causation. They 
conclude: ‘EDC exposures in Europe contribute substantially to 
neurobehavioural deficits and disease, with a high probability of >€150 billion 
costs/year. These results emphasise the advantages of controlling EDC 
exposure.’ 
 
In an editorial note, Woodruff (2015) summarises the overall finding in the 
four papers of a staggering annual economic toll of €157 billion (median 
cost) and adds that this is only for the chemicals reviewed. Epigenetic 
biomarkers could lead to early warning systems for all chemicals; a relatively 
high percentage of epigenetic modes of action are to be expected for EDCs 
based on the assumption that proliferation and specialisation of various types 
of stem cells are hormone-regulated. 
 
EDCs influence adipocyte differentation and global DNA methylation in vitro 
(Bastos Sales et al. 2013). Another study describes Pparg2 promoter 
demethylation during adipocyte differentiation (Kamstra et al. 2014). 
 
 
Zebrafish assay: 

 

The zebrafish assay is becoming increasingly significant in animal testing for 
effects of compounds on early life-stage exposure. As stated elsewhere in this 
report, it is the simplest vertibrate assay currently available. This freshwater 
fish is 4 cm in length when fully grown, but in its early stages it is small enough 
to keep in 96-well plates (Figure 19). After only a few days, embryos have all 
organs developed, and below a certain age these embryos are not regarded as 
experimental animals in legislation. Additional advantages are that these fish 
are very easy to keep and that they are transparent, enabling easy monitoring 
of effects on organs in a living organism. 
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Figure 19 A schematic diagram illustrating the procedure for high-content 

screening in zebrafish 

 

 
Embryos collected from healthy adult zebrafish fish were placed in 96-well microtitre 

plates, where they underwent nanoparticle exposure. High-content imaging (bright-field 

and fluorescence based) was conducted every 24 hours after exposure for 5 consecutive 

days. 

Reproduced from Lin et al. (2011) with permission from American Chemical Society – all rights reserved 

 

The effects of BPA exposure on brain development and behaviour of zebrafish 
was investigated by Kinch et al. (2015). They conclude: ‘Our studies here 
provide mechanistic support that the neurogenic period indeed may be a 
window of vulnerability and uncovers previously unexplored avenues of 
research into how endocrine disruptors might perturb early brain 
development. Furthermore, our results show that BPA-free products are not 
necessarily safer and support the removal of all bisphenols from consumer 
merchandise.’ Others are looking at the epigenetic component of phenotypical 
changes caused by BPA. 
 

To summarise: 
- exposure to chemicals can lead to specific or global DNA methylation 

changes that persist long after exposure has ended; 
- only a handful of chemicals have really been tested as yet, and mainly 

in rodents; 
- changes in DNA methylation may occur at concentrations below those 

causing phenotypical effects; 
- changes in DNA methylation may be dose-related; 
- chemical exposures can result in transgenerational effects 

accompanied by stable changes in methylation. 
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Suggested research needs: 
- genome-wide methylation studies; 
- better understanding of variation: tissue, cell type, age, sex specificity; 
- coupled with gene expression profiling, adverse outcome pathways; 
- bioinformatics and biomarker development; 
- mechanistic studies, understanding causation; 
- screens for epigenetic effects, e.g in vitro, fish embryos, invertebrates; 
- epigenetic endpoints in standard tox. assays; 
- multigenerational studies in model and non-model species; 
- studies of other epigenetic mechanisms beyond methylation; 
- mixtures of chemicals, e.g. synergistic effects. 

 
 

Dr René von Schomberg1 
 

Dr René von Schomberg was invited to give his views on Responsible Research 
and Innovation (RRI) from a philosophical and European policy point of view, 
with comments here and there on how this could translate to issues that are 
evoked by the possibilities of epigenetics as a new ‘reading’ technology and the 
practical applications that may arise from the acquired epigenetic knowledge. 
Several aspects are applicable to epigenetics, major examples being ethical 
aspects such as privacy. Details of those discussions were too elaborate to 
include in this report. 
 
An extended version of the vision of Dr von Schomberg can be found in the 
chapter ‘A vision of Responsible Research and Innovation’ (von Schomberg 
2013): ‘This chapter outlines a vision behind responsible research and 
innovation (RRI), taking a largely European policy perspective. It provides a 
definition of the concept and proposes a broad framework for its 
implementation under research and innovation schemes around the world. 
The author makes the case that RRI should be understood as a strategy of 
stakeholders to become mutually responsive to each other, anticipating 
research and innovation outcomes aimed at the “grand challenges” of our 
time, for which they share responsibility. Research and innovation processes 
need to become more responsive and adaptive to these grand challenges. This 
implies, among other[ thing]s, the introduction of broader foresight and 
impact assessments for new technologies, beyond their anticipated market 
benefits and risks.’ 
   

                                                      
1 The views expressed here are those of the author and may not, under any circumstances, be 

regarded as stating an official position of the European Commission. 
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EU policy:  
- The Union shall (…) work for the sustainable development of Europe 

based on balanced economic growth and price stability, a highly 
competitive social market economy, aiming at full employment and 
social progress, and a high level of protection and improvement of 
the quality of the environment. It shall promote scientific and 
technological advance. 

- It shall combat social exclusion and discrimination, and shall promote 
social justice and protection, equality between women and men, 
solidarity between generations and protection of the rights of the 
child. 

- To promote (…) harmonious, balanced and sustainable development 
of economic activities, a high level of employment and of social 
protection, equality between men and women, sustainable and non-
inflationary growth, a high degree of competitiveness and 
convergence of economic performance, a high level of protection and 
improvement of the quality of the environment, the raising of the 
standard of living and quality of life, and economic and social 
cohesion and solidarity among Member States. 

 
Definition of RRI: 
‘Responsible Research and Innovation is a transparent, interactive process by 
which societal actors and innovators become mutually responsive to each 
other with a view to the (ethical) acceptability, sustainability and societal 
desirability of the innovation process and its (marketable) outcomes and 
impacts.’ 
 
 
Table 4  ‘Regular’ innovation vs. Responsible Research and Innovation according 

to von Schomberg 

(Pure) market-based innovation Responsible innovation

State responsibility for risks State responsibility for ‘right’ impacts of R&I 

Macro-economic assessment: ‘infinite growth’ Economic and societal impact of ‘knowledge’: 

‘sustained growth’ 

Steer less, inherently good Responsive to basic needs, reflect basic values 

‘The faster, the better’ Innovation is ‘managed’ 

Technology-oriented R&D Issue-oriented R&I 
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Table 5  Features of Responsible Research and Innovation according to von 

Schomberg 

Product dimension: 
addressing normative anchor points 

Process dimension: 
deliberative democracy 

Institutionalisation of Technology Assessment and 
Foresight 

Use of Code of Conduct 

Application of the precautionary principle; ongoing 
risk assessment; ongoing monitoring 

Ensuring market accountability: Use of Standards, 
Certification Schemes, Labels 

Use of demonstration projects: from risk to 
innovation governance 

‘Ethics’ as a design principle for technology 

 Normative models for governance 
 Ongoing public debate: Moderating ‘Policy Pull and 

Technology Push’ 

 
Table 6  Elements of ‘good’ science and ‘good’ innovation 

Good science  
Anywhere is good for science everywhere 
  

Good innovation
Anywhere, might be beneficial for many, 
somewhere  

Credible Science: 
– scientific integrity 
– open access 

Credible Innovation:
– agreement on standards 
  

Responsive Science: 
– open, networked collaborative science: responsive 
to societal challenges/issue-mission oriented. 

Responsive Innovation:
– IPR but also ‘open’ innovation 
  

Responsible Science: 
– foresight on impacts and outcomes 
New institutions/extending: 
Global Research Council(?) – Extending ERC in GRC? 
New mandate for UNESCO? 

Responsible Innovation: 
– joint tackling of Grand Challenges  ‘right 
outcomes’ 
– international agreement on codes of 
conduct/ethical standards/mutual 
responsiveness(?) 
  

 

Elements of irresponsible innovation include: 
 

- Technology Push: GMOs (Rathenau Institute: AgBiotech consensus 
among stakeholders, etc.) 

- Policy Pull: biometrics (visa), ‘body scanner’, etc. 
- Neglecting of basic principles: EPD, smart-meters, etc. 
- Lack of Foresight and Precaution: Asbestos  see ‘late lessons from 

early warning’. 
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Table 7  Responsible Development of Technology vs. Responsible Innovation 

Responsible development Responsible innovation  
Identification and management of ethical, legal and 
societal implications 

Anticipatory governance 

Incorporation of safety evaluation of nanomaterial 
into the product life cycle and allocation of budgets 
for identification and study of risks 

Deliberative governance: Early policy responsive 
and stakeholder commitment 
  

Identification of knowledge gaps and regulatory 
needs 

Ethics of co-responsibility 

Involvement of stakeholders and engagement in 
international dialogue 

Ethics as a driving force (‘privacy by design’, etc.)
 

 Mid-stream modulation
 Driving innovation ‘societal desirable ends’  

Innovation partnerships 
Key-tech focused Societal objective focused: whatever it takes as 

‘means’: multitech-social innovation, etc.  

 

‘Internal’ Grand Challenges: 
- China and India: income gaps; 
- China: urbanisation (13.5 million people each year); 
- Europe: internal ‘cohesion’; 
- Innovation divide: inclusive growth vs. inclusive innovation. 

 
The reader is kindly asked to leave any comments on Dr von Schomberg’s 
website: 
renevonschomberg.wordpress.com 
 
Comment on Responsible Research and Innovation by Dr Rokus Renirie as 
discussed in his presentation: 
 
For the zebrafish assay mentioned in this report, for conducting toxicological 
tests, it can be argued that there is a reasonable balance of pros and cons in 
using it as a test animal (some disagree); however, there are also genetically 
modified versions with fluorescent proteins called ‘glofish’ which can be 
bought to entertain children of all ages. There is no consideration for true (all-
inclusive) well-being, ecosystems, etc.; it is the plain financial interest of a few. 
I would rename it ‘sell-fish’. There are two ways in which a business (including 
technology) can develop, grow and expand: the first is by conquest (intellect 
only rather than true intelligence, just money, war) and the second one is 
embrace. Only the latter is sustainable and thus responsible and in one’s 
highest self-interest. 
  
Round-table discussion: 
 
Comment/question Dr Rokus Renirie: 
The famine-induced epigenetic marks as discussed by several speakers could 
mean that, during embryonic development, the organism ‘learns’ what the 
environment will be like; the adaptive/responsive origin of all epigenetic 
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changes? On a genetic level, a similar phenomenon can take place. In Africa, 
a genetic mutation called sickle cell anaemia protects a person against rapid 
death caused by malaria, but in the long run it causes anaemia in these 
individuals. So there is a constant balance between adaptation and damage, 
and in epigenetics the organism is particularly sensitive during periods of 
strong natural epigenetic (re)-programming. An overview of these periods is 
given in Figure 16. In general, it could be said that it has to do with 
proliferation of cells/tissues, often regulated by hormonal cascades. EDCs are 
therefore more likely to have an epigenetic mode of action than the average 
adverse chemical. 
 
Dr Jorge Costa-David: Although the subject of today’s meeting is very 
interesting and will become important, I have to warn that it is unlikely that 
this will be translated into specific EU policy in the short term. Even on 
subjects where there is much less scientific debate and evidence to arouse 
concern is much clearer, it is still difficult to translate this into practical 
measures. 
 
Prof. Annie Sasco (WECF): Epigenetics is a new field of research with great 
potential. In the near future, I think it will make a substantial positive 
contribution to epidemiologic research, and in particular to the evaluation of 
the carcinogenicity of non-mutagenic carcinogens. As already stated, the 
development of epigenetic markers will allow potential demonstration of 
exposure and will probably permit more precise assessment of modes of action 
of hormones and more generally of EDCs, thereby reinforcing the evidence in 
favour of a causal role of these compounds in cancer incidence. This will later 
be an argument for establishing preventive programmes and regulations and 
also for compensation for occupational and/or environmental diseases. 
 
The general impression during the workshop is that epigenetics will become 
very important from a workers’ safety assessment perspective, but that it will 
take time to become practical. Industry, trade unions, the scientific 
community, NGOs and government should communicate as early as possible 
and regularly on the question: how practical are the outcomes of epigenetic 
research/the ability to read the epigenome from the workplace perspective? 
No specific follow-up meeting was arranged, but there is a clear intention to 
arrange this communication in the (near) future via meetings such as this 
workshop. Initiating a Horizon 2020 project in this direction was also 
mentioned. 
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