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Matters Arising CC/2022/04 

COMMITTEE ON CARCINOGENICITY OF CHEMICALS IN FOOD, CONSUMER 
PRODUCTS AND THE ENVIRONMENT (COC)  

 

COC Guidance Statement (G04): The Use of Biomarkers in Carcinogenic Risk 
Assessment – final draft – updated following COM comments 
 
1. The COC has periodically published guidelines for the evaluation of chemicals 
for carcinogenicity. The first guidance was published in 1982 and has undergone 
several updates since then to reflect advances in development and validation of 
methods for assessing risk of chemical carcinogenicity. These updates included the 
separation of the overall guidance into individual documents to allow faster revisions 
to be made in the case of rapidly developing areas. This included a separate 
document addressing the use of biomarkers in carcinogenic risk assessment (G04).  

2. During the latest round of updating G04, the COC considered it would be 
helpful to have COM comment on the DNA adducts and genotoxicity biomarkers 
sections, which had been extensive in the previous version. The COC suggested that 
COM might be better placed to produce guidance on these topics, which COC could 
then make reference to. 

3. At the last discussion of this draft update to G04, the COC agreed that subject 
to any comments from COM, the document could be agreed by Chairs action.  

4. The current draft document, attached for final agreement by the Committee at 
Annex A, includes further amendments in light of comments received from the COM, 
and makes reference to the COM specific guidance on biomarkers, which the COM 
agreed would be taken forward.  

Questions for the Committee  

5. Members are asked to consider the COC draft guidance statement and, in 
particular, whether the guidance document can now be published as COC guidance.  

 
IEH Consulting under contract supporting the PHE COC and COM Secretariat  
July 2022 
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COC Guidance Statement G04 v1.2 draft 0.d 

COMMITTEE ON CARCINOGENICITY OF CHEMICALS IN FOOD, CONSUMER 
PRODUCTS AND THE ENVIRONMENT 

 

The Use of Biomarkers in Carcinogenic Risk Assessment 

 

Introduction 

1. The focus of this guidance statement are biomarkers of toxicological 
relevance, defined as “any substance, structure or process that can be measured in 
an organism, related to a specific exposure or effect or which can influence the 
incidence of the effect" (Choi et al., 2015). Biomarkers can provide valuable 
information to aid chemical risk assessment processes and are used as investigative 
tools in both animal and human studies which aim to evaluate carcinogenic hazards 
and risk. Readers are also referred to the Committee on Mutagenicity (COM) 
guidance document that provides more in-depth information on biomarkers of 
exposure and effect for genotoxic carcinogens, which is currently in preparation.  

2. For the purposes of this document, biomarkers will be broadly characterised 
as those of exposure and those of effect, although the distinction between these two 
is not always clear-cut. Biomarkers in the context of carcinogenicity can mean proof 
of exposure to a carcinogen, detection of a reaction product or an indication that a 
preliminary genotoxic event or actual DNA damage has occurred. Other types of 
biomarkers exist, for example biomarkers of susceptibility, which were initially 
introduced as interpretative aids to epidemiological investigations of chemically-
induced carcinogenesis. 

• Biomarkers of exposure - “an exogenous substance or its metabolite or the 
product of an interaction between a xenobiotic agent and some target 
molecule or cell that is measured in a compartment within an organism” 
(Laideira and Viegas, 2016).  Biomarkers of exposure are further divided into 
those reflecting ‘internal dose’ and those reflecting ‘effective dose’. The 
concentration of a chemical (or metabolite) in blood following exposure is a 
basic measure of the internal dose, indicating the likely level of chemical (or 
metabolite) at the target site. The effective dose is a more accurate 
measurement of the exposure levels associated with the target molecule, 
structure or cell itself (Laideira and Viegas, 2016) (refer to paragraphs 16 - 
26).  
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• Biomarkers of effect - “a measurable biochemical, physiological, behavioural 
or other alteration within an organism that, depending upon the magnitude, 
can be recognised as associated with an established or possible health 
impairment or disease” (IPCS, 1993; Jeddi et al., 2021), for example 
measures of chromosome damage, related to carcinogenicity (refer to 
paragraphs 27 to 36). 

• Biomarkers of susceptibility - A biomarker of susceptibility may be defined as 
an indicator of an inherent or acquired ability of an organism to respond to the 
challenge of exposure to a chemical (Manno et al., 2010) (refer to paragraphs 
37 and 38).  

3. The over-arching summary Guidance Statement (G01) provides the 
Committee’s views on the general principles relating to carcinogenic hazard and risk 
assessment and a background to the individual components of the risk assessment 
process and how these are integrated. This statement aims to provide detail of how 
biomarkers are utilised within the individual components of the risk assessment 
process. 

4. The Committee recommends a four-stage approach to the risk assessment of 
chemical carcinogenicity which is based on the widely adopted paradigm proposed 
by the National Academy of Sciences (US National Academy of Sciences, 1983). 
This is summarised as follows: 

 

Figure 1: Four stage evaluation strategy for the risk assessment process of 
carcinogenic hazard 

5. In recent discussions, COC has expressed the aspiration to move away 
from traditional risk assessment approaches for potential carcinogens, to a 
more “holistic approach” encompassing consideration of the effects of 
chemicals on all stages of cancer development (Harrison and Doe, 2021). 
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https://www.gov.uk/government/publications/a-strategy-for-the-risk-assessment-of-chemical-carcinogens
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6. Within exposure assessment, biomarkers can be used (usually) to establish 
recent exposures to, and uptake of, actual or putative carcinogens in human 
populations or experimental animals. Within hazard assessment, biomarkers may be 
used to quantitatively associate a dose or exposure with either a precursor 
carcinogenic effect or the probability of a disease outcome. In this context, 
biomarkers can provide specific evidence that a chemical has the potential to cause 
a carcinogenic effect and may also provide information on mode of action. 
Therefore, biomarkers provide a range of possible measurements from systemic 
exposure through to resulting causal events in the process of carcinogenesis. 

7. When utilising biomarker data, it is important to consider that there is usually a 
long latency period between first exposure to the carcinogen and the clinical onset of 
cancer. Currently, established biomarkers of exposure often represent recent 
exposure but some which show organ or tissue retention can be used to assess long-
term exposure. 

8. Biomarkers are powerful tools for investigating the mode of action (MOA) 
and can be incorporated into animal studies for this purpose. Indeed, biomarkers, 
where a clear rationale for the alteration of the level of biomarker with the 
underlying latent variable, can be useful to discern mechanisms of action. 
Conversely, knowledge of MOA may help in the development of better biomarkers 
for use in human exposure scenarios. It should be noted however, that any 
biomarker used in animal studies must have relevance to humans and not 
represent an animal (species)-specific response (see for example, Bartsch et al., 
2018).  

Biomarker characterisation and validation 

9. The Committee has a role in evaluating the entire spectrum of biomarkers 
including the development, validation and practicality of new techniques and the 
applicability and interpretation of well-established methods.  

10. Biomarkers must be appropriately characterised and validated before 
conclusions are drawn from their use. There are a number of criteria that should be 
considered when selecting and validating suitable biomarkers for use in human 
biomonitoring studies (Vorkamp et al., 2021). For example, the general criteria used 
for the evaluation of the most suitable exposure biomarkers (EB) and matrix (M) for 
the current European initiative, HBM4EU for carcinogens and non-carcinogens, 
include:  

• Specificity – concentration of the exposure biomarker in the selected 
matrix should exclusively reflect exogenous exposure and is a 
consequence of environmental and/or occupational exposure. It is 
noted that for chemicals with very limited data, exclusivity may not be 
achievable, however concentrations should be a correct indication of 
exposure.    

• Biological sensitivity - the measured concentration of the EB/M 
correlates strongly with the substance intake dose. Variations of EB/M 
concentration reflect the variation of exposure to the substance of 
interest. For chemicals with very limited data, the measured 
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concentration of the EB/M is an acceptable indication of the substance 
intake dose. 

• Half-life - the EB/M should preferably have a half-life sufficiently long to 
avoid an excessive intra-individual variability in EB/M concentration 
measurement. 

• Stability after sample collection - cryo-preservability of EB/M is sufficient 
to guarantee a high stability during storage in the biobank or analyse 
the sample as soon as possible. 

• Matrix availability and sample collection - the sample collection of the 
relevant matrix is not considered too invasive. Easy collection and 
transportation of the required amount of sample with a validated 
sampling protocol is beneficial. It is advantageous if it is possible to 
determine more than one EB in the same matrix where it is relatively 
easy to obtain a sufficient sample volume for a required number of 
samples. 

• Measurement validity - the EB/M concentration in the sample is not 
likely to be altered by contamination with a ubiquitous parent substance 
from the environment preceding and during the analysis. Variations in 
matrix composition can be easily corrected for (e.g. creatinine in urine, 
lipids in serum). Sample contamination by a ubiquitous parent 
substance might occur, but the level of contamination is low compared 
to expected levels and special precautions can be applied to minimize 
the amount of contamination.     

11. Biomarkers used in animal studies must also be suitably characterised and 
validated and this should be based on the principles detailed for human biomarkers. 
In relation to biomarkers, the STrengthening the Reporting of OBservational studies 
in Epidemiology – Molecular Epidemiology (STROBE-ME) initiative (Gallo et al., 
2011) provides standardised guidelines and a ‘checklist’ for the reporting of 
biomarker and molecular epidemiology studies (see http://www.equator-
network.org/reporting-guidelines/strobe-me/, accessed June 2021). 

Strategic uses of human biomonitoring (HBM)  

12. Probably the most well-developed use of HBM has been in occupational 
settings where exposures to a chemical of particular concern might be relatively 
high. Here, routine HBM might be more informative about risk than air monitoring 
and, various types of reference values used for risk management might exist for the 
chemical of concern. In the general population, HBM is often used to inform on 
exposure to chemical of particular concern and also, for changes over time (increase 
or decrease) for substances of interest related to industrial or consumer usage to 
existing or newly introduced substances (Bevan et al., 2017). 

13. Ongoing national and international surveillance programmes such as the US 
National Health and Nutrition Examination Survey (NHANES), the Canada Health 
Measures Survey (CHMS) and the German Environmental Survey (GerES) typically 
use well-established biomonitoring techniques (e.g. biomarkers which are known to 
reflect exposure to the chemical of interest, standardized sampling methods and 

http://www.equator-network.org/reporting-guidelines/strobe-me/
http://www.equator-network.org/reporting-guidelines/strobe-me/
http://www.equator-network.org/reporting-guidelines/strobe-me/
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verified analytical techniques) to collect information on population exposures to 
environmental hazards that are known to be significant to public health. As 
biomonitoring does not generally determine exposure sources and routes of 
exposure, environmental monitoring remains crucial (Ladeira and Viegas, 2016).  

14. A Biomonitoring Equivalent (BE) is an estimated concentration or range of 
concentrations of an environmental chemical in humans that is consistent with 
existing health-based guidance values such as the Tolerable Daily Intake (TDI) or 
reference dose or concentration (RfD, RfC). It provides a way of interpreting 
biomonitoring data in the context of these values (Hays et al., 2008; LaKind et al., 
2008). It is envisaged that they will be useful for understanding and prioritising risk 
management practices and will enable the available biomonitoring data to be utilised 
more fully. However, to date, there is limited information on the use of BEs for 
estimating chemical exposure in the context of carcinogenesis (Faure et al., 2020). 

15. Human biomonitoring guidance values (HBM-GVs) are being derived by the 
European Human Biomonitoring Initiative referred to as HBM4EU. There is currently 
a diversity in the derivation of health-based guidance values for both the general 
population and for occupational exposure. The HBM4EU initiative aims to increase 
confidence in HBM-GVs derived using a harmonised, systematic and generally 
accepted strategy for the derivation of HBM-GVs at the European level (Vorkamp et 
al., 2021).  

Biomarkers of exposure 

16. The objective of human exposure assessment is to estimate probable 
exposure by determining exposure routes, source, magnitude and duration of 
contact with the chemical of concern. However, epidemiological studies can have 
limitations related to measurement of exposure to carcinogens over long periods, 
and exposure assessment is frequently identified as the main area of uncertainty in 
the overall risk assessment process. Although the alternative approach of personal 
monitoring (e.g. dermal patch studies) provides a way to measure exposure directly, 
assumptions need to be made about the relationship between results from short-
term sampling and predicted long-term exposure. Approaches used in exposure 
assessment and the characterisation of uncertainties and variability in the resulting 
estimates have been extensively reviewed elsewhere (Ladeira and Viegas, 2016). 

17. Biomarkers of exposure can indicate the presence of a carcinogenic 
compound or its biological interactions. This is achieved by assaying levels of the 
chemical, a metabolite or a reaction product in blood, urine, saliva, cerebrospinal 
fluid, or other biological samples. In this way, exposure biomarkers can provide 
direct evidence of human exposure to a carcinogen through internal dose. In 
addition, any factors that may impact on target organ concentrations, such as 
individual phenotype should be taken into consideration.  

18. Where a relationship can be established between biomarker levels and 
external and internal dose, data from exposure biomarkers can be used to calculate 
the initial external exposure. It is important that a relationship can be established to 
counter the potential impact of interfering factors. Physiologically Based 
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Pharmacokinetic (PBPK) models are valuable tools to help define safe external 
levels of chemicals based on internal doses at target organs in experimental 
animals, humans and organisms used in environmental risk assessment (Paini et al., 
2021). 

19.   Biomarkers such as adducts (DNA or protein) are important in understanding 
the kinetics and potential biological interactions of a chemical, for example if it is 
capable of interacting with DNA. Many biomarkers of exposure are short-lived and 
provide short- to medium-term indications of internal exposure. Adipose tissue (AT) 
is also recognised as a significant site of lipophilic toxicant bioaccumulation, thereby 
reflecting cumulative exposure. It has been suggested that AT plays a major role in 
the storage and overall toxicokinetics of hydrophobic xenobiotic persistent organic 
pollutants (POPs), which has both positive and negative consequences. The 
sequestration of POPs can be both protective, i.e. by removing them from the blood 
stream but are potentially harmful if released from AT, for example during rapid 
periods of weight loss (Jackson et al., 2017).  

20. Biomonitoring, the direct measurement of a chemical or its metabolites in 
biological samples, has been widely used within the risk assessment process, for 
both carcinogens and non-carcinogens. Validated biomarkers of internal exposure 
have been identified for a wide range of environmental chemicals and metabolites, 
including: metals; polyaromatic hydrocarbons (PAHs); polychlorinated 
dibenzodioxins (PCDD), polychlorinated biphenyls (PCB); phthalates; pesticides; 
aromatic amines; perfluorinated substances; tobacco smoke components; and 
volatile organic compounds (VOCs) (Jeddi et al., 2021). Biomarkers of exposure 
can be used in animal studies to provide important information which can contribute 
to carcinogenic MOA investigations. For example, investigations of the 
carcinogenic potential of acrylamide utilising DNA and haemoglobin (Hb) adduct 
data (Virk-Baker et al., 2014; Xu et al., 2014). 

DNA adducts 

21. DNA adducts, where a chemical moiety is covalently bound to DNA , 
characterise the first stage of DNA damage and provide a marker of exposure to 
reactive chemicals or their metabolites. The presence of DNA adducts may 
demonstrate systemic exposure to specific target tissues and can be measured in 
peripheral blood lymphocytes (PBLs), exfoliated cells, such as from the urothelium 
or buccal mucosa, and in tissue biopsy samples (see for example: Farmer et al., 
2003; Lee et al., 2003; Veglia et al., 2003; Phillips, 2005; Singh et al., 2007; Taioli 
et al., 2007; Ewa and Danuta, 2017; Ma et al., 2019; Totsuka et al., 2021).  

22. The biological significance of DNA adducts has been considered by the 
European Centre for Ecotoxicology and Toxicology of Chemicals (ECETOC) and 
International Life Sciences Institute/Health and Environmental Sciences Institute 
(ILSI/HESI) workshops (Pottenger et al., 2009; Sander et al., 2005). Both reached 
the general consensus that DNA adducts had an important role in the risk 
assessment process and in establishing mode of carcinogenic action, although the 
association of an adduct with a disease does not automatically indicate causality. It 
has also been proposed that where the relative timing of exposure and sampling are 
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known, DNA adducts can be useful biomarkers of cumulative exposure, representing 
cumulative unrepaired DNA damage (Kwack et al., 2014). The COM considers DNA 
adducts to be biomarkers of exposure, whereas gene mutations and chromosomal 
alterations represent biomarkers of early biological effects but are also potential bio-
indicators of the carcinogenic process (COM 2021). 

23. It has been estimated that endogenous DNA adducts are present in animal 
and human cells at levels of approximately 50,000 adducts per cell, formed 
predominantly through oxidative stress. Many of these can result in mutations if DNA 
replication occurs prior to repair and are considered a major contributor of cancer 
and other diseases (Swenberg et al., 2011). It is important to consider this in risk 
assessments.  

24. The comet assay detects single strand breaks and alkali-labile lesions in DNA 
using PBLs and is well established as a biomonitoring tool for occupational and 
environmental exposures (Azqueta et al., 2020).  However, its value for predicting 
cancer is not yet known because it has not been investigated in prospective cohort 
studies. An understanding of the covariates influencing inter-individual background 
levels is also critical in the design of such studies (Azqueta et al., 2020) and a role of 
genotype is also implicated in this variability (Koppen et al., 2017). The advantages 
and limitations of using the in vivo comet assay in a regulatory context have been 
reviewed (Cordelli et al., 2021). 

25. 8-Hydroxy-2’-deoxyguanosine (8-OHdG) is a non-specific marker of oxidative 
damage to DNA that can be assessed using PBLs or assayed in biofluids such as 
urine (Loft et al., 2012). There is good evidence, for example from studies 
examining workers exposed to PAHs and air pollutants, that increases in this 
biomarker correlate with exposure to potential mutagens and these increases are 
broadly in accordance with comet assay results (Brucker et al., 2020).  

Protein (haemoglobin or albumin) adducts 

26. Adducts of chemicals with proteins such as haemoglobin (Hb) and albumin 
can also be used as biomarkers of exposure to carcinogens (Hartwig et al., 2020). 
Occupational exposure to 1,3-butadiene and styrene have been effectively 
investigated using Hb-adduct methodology (Vacek et al., 2010; Boysen et al., 2012; 
Ogawa et al., 2006). Acrylamide exposure in humans has been successfully 
monitored by measuring Hb adducts of acrylamide itself or its metabolite glycidamide 
(Vikstrom et al., 2012). Similarly, albumin adducts of aflatoxin have been detected in 
exposed populations (McCoy et al., 2008) and biomonitoring of arylamines and 
nitroarenes utilises albumin adducts (Sabbionu and Turesky, 2017). 

Biomarkers of Effect 

27. Biomarkers of a key event implicated in a carcinogenic mode of action may be 
used to characterise the hazard. With regard to carcinogenicity, the most commonly 
studied biomarkers of effect measure genotoxicity endpoints such as chromosomal 
changes (Albertini et al., 2000; Bonassi et al., 2005 and 2011). It is important to 
recognise that, in some instances, these biomarkers of effect may only be indicative 



This is a draft statement for discussion.  
It does not reflect the view of the Committee and must not be quoted, cited or reproduced 

9 

of immediate, and not fixed, alterations and therefore may not represent injury 
resulting in impairment of health or disease. Biomarkers of effect are frequently not 
specific to a given exposure or a specific agent and are influenced by sources of 
inter- and intra-individual variability, including species, sex and age. The relationship 
between exposure (acute, subacute, or chronic), the biomarker of effect, and 
carcinogenic event must be established in order to determine validity (Jeddi et al., 
2021). 

Genotoxicity Biomarkers 

28. Some of the currently used biomarkers of genotoxicity are briefly 
summarised here. However, it should be noted that evidence that genotoxicity 
biomarkers are indicative of cancer risk in humans is not extensive, and that the 
presence of genotoxicity biomarkers does not inform on the precise nature of the 
chemical exposure that has given rise to the measured endpoint. Further 
information on genotoxicity biomarkers is expected to be published by COM in due 
course. 

29. Cytogenetic endpoints such as micronuclei (MN) and fixed chromosome 
aberrations (CA) are considered to be biomarkers of early carcinogenic effect and 
are thought to be predictive for cancer risk in humans (Bonassi et al., 2011; Wang 
et al., 2012; Bonassi et al., 2016; Barth et al., 2017; Vodenkova et al., 2015; Hopf 
et al., 2019). are They are often used in occupational and environmental 
biomonitoring studies (Mahmoodi et al., 2017; Brucker et al., 2019). Aneuploidy, a 
change in chromosome number, is being increasingly used as a biomarker of 
effect as its mechanisms and adverse effects are well defined. It is considered a 
‘hallmark’ of cancer which is present in cancerous and precancerous lesions 
caused by both genotoxic and non-genotoxic carcinogens (Mandrioli et al., 2016).  

30. Epigenetic features are increasingly considered sensitive to environmental 
exposures, and therefore could serve as an important biomarker of effect (Sanchez-
Guerra et al., 2015; Shukla et al., 2019). Epigenetic modifications are flexible 
genomic parameters that can change genome function under exogenous influences. 
To date, epigenetic changes include DNA methylation, histone modifications, and 
miRNAs that affect post-transcriptional regulation, without changes to nucleotide 
sequences. It has been proposed that environmental factors could influence 
epigenetic processes, leading to epigenetic reprogramming and contributing to the 
development of several diseases (Ji et al., 2016).  

31. Despite progress in the identification of biomarkers, gene mutation-based 
approaches still face considerable challenges as cancer evolves from a complex 
interplay between environment and host. Therefore, identification of an epigenomic 
signature might be useful for early diagnosis with the potential to reduce the 
environmental-associated disease burden (Ceccaroli et al., 2015).  

Other biomarkers of carcinogenic effect 

32. Extracellular vesicles such as exosomes contain proteins, lipids, RNAs and 
microRNAs and mediate cell-to-cell communication. They can originate from both 
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healthy and tumour cells and are ejected into the bloodstream. Functional protein 
biomarkers representing the tumour proteome and carried in the extracellular vesicle 
can be used for early detection of cancers, including prostate and pancreatic cancers 
(Yu et al., 2021).  
 
33. Many chemicals cause cancer through a broader variety of mechanisms than 
solely genotoxicity, for example by affecting epigenetics (see paragraph 30), the 
endocrine system, apoptotic signalling, cell proliferation, and/or gap-junctional 
intercellular communication. In addition, simultaneous alteration of multiple 
pathways is often required to result in carcinogenicity (Wilde et al., 2018). Examples 
of non-genotoxic carcinogens include 1,4-dichlorobenze that acts as a tumour 
promoter, 17β-oestradiol that is an endocrine-modifier, 2,3,7,8-tetrachlorodibenzo-p-
dioxin that is a receptor-mediator, cyclosporine which is an immunosuppressant or 
metals such as arsenic and beryllium that induce tissue-specific toxicity and 
inflammatory responses (Hernández, et al., 2009).   

Molecular Epidemiology in Cancer Risk Assessment 

34. Epidemiologists are currently challenged with measuring the biological effect 
of an exposure occurring at low doses, whilst recognising the effect of a single 
component in a mixture and highlighting the link between genetic and environment 
factors in the aetiology of cancer. Population-based studies involving environmental 
and occupational exposure, infectious agents, personal susceptibility factors, and 
acquired genetic factors may identify high-risk populations that are likely to develop 
cancer; additionally, such studies are very informative and significant in designing 
future community-based health initiatives. 

35. Molecular epidemiology is simply defined as the application of the techniques 
of molecular biology to the study of populations, with a particular focus on the 
investigation of disease prevalence (Vineis et al., 2005). The term encompasses the 
use of biomarkers to investigate the events and potential mechanisms which occur 
during the process of carcinogenicity, from initial exposure to disease (also called the 
‘meet in the middle approach’; Vineis and Perera, 2007; Vineis and Chadeau-Hyam, 
2011).   

36. Developments in this field have been underpinned by the improvement of 
genetic and molecular techniques identifying environmental and genetic risk factors 
in the aetiology of cancer. There is a large body of literature which describes the 
development of potential new biomarkers of exposure and effect and discusses the 
usefulness and limitations of biomarker measurement (e.g. Ceccaroli et al, 2015). 

Biomarkers of Susceptibility 

37. Evidence suggests that genetic susceptibility plays a role in an individual’s 
response to exogenous and environmental exposures. Consequently, a number of 
studies have explored the interactions between genetics and exposures in the 
aetiology of disease (for example, Kelly and Vineis, 2014).  
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38. The use of detailed PBPK models for interpreting biomonitoring data also 
allows for the modelling of different sources of interindividual variability of the 
absorption, distribution, metabolism and excretion processes, such as body weight, 
age, genetic polymorphisms in xenobiotic metabolic pathways, excretion and 
elimination rates and others. The previously so-called confounders or uncertainty 
factors can be treated as analysable variables which reflect variations in the 
susceptibility within a population that is exposed to environmental pollutants (Ladeira 
and Viegas, 2016). 

Omics technologies 

39. The development of omics technologies (genomics, proteomics, 
metabolomics) to investigate gene and protein changes following chemical exposure, 
and its use in toxicological risk assessment has previously been reviewed in detail by 
the COT, COC and COM (COT, COC and COM, 2004; COT, 2012). In addition, 
COM is currently preparing an updated evaluation of the application of 
transcriptomics and next generation sequencing to genotoxicity and carcinogenicity 
assessment.  

40. The conceptual term ‘exposome’ has been developed as a means to 
consider an individual’s exposures over the entire life course from conception until 
death (Wild, 2005; Vineis et al., 2020; Huhn et al., 2021). It has been described as 
“the totality of internal human exposure with regards to exogenous chemicals, their 
biotransformation products, and endogenous chemicals sensitive to various 
environmental exposures and potentially involved in signaling pathways” (Escher et 
al., 2017).  

41. Understanding the relation of external to internal exposures is a central aspect 
of an exposome assessment, however at present there is no consensus on how to 
assess the exposome. A number of major ongoing projects investigating approaches 
to implement the exposome concept with a focus on environmental chemicals have 
been developed, including: Human Early Life Exposure (HELIX); Health and 
Environment-wide Associations based on Large Population Surveys (HEALS); 
EXPOsOMICS; and HBM4EU. All of these projects related their research to existing 
infrastructures and data available in different European cohorts with the aim of 
comparing health outcomes and exposure information and to generate cohort-related 
biosamples and exposome data (Huhn et al., 2021).  

42. Tools such as Exposome-Explorer (http://exposome-explorer.iarc.fr; accessed 
September 2021) are also available. This is the first database dedicated to the 
collation of biomarkers of exposure to environmental risk factors for diseases and 
aims to provide comprehensive data on all known biomarkers of exposure to dietary 
factors, pollutants, and contaminants measured in population studies (Neveu et al., 
2017). 

43. The application of omics technologies to carcinogenicity evaluation was 
previously considered by the COC as part of its discussions on alternatives to 
the use of the 2-year rodent bioassay for carcinogenicity risk assessment (COC 
Guidance Statement G07, Part C). However, as a result of discussions to move 

http://exposome-explorer.iarc.fr/
https://www.gov.uk/government/publications/alternatives-to-the-2-year-bioassay
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away from traditional risk assessment approaches for potential carcinogens, 
G07 is undergoing substantial revision which will include an updated evaluation 
of the use of omics technologies.   

44. Epigenetics, heritable changes in gene expression which are independent of 
changes in DNA sequence are being increasingly recognised as part of the process 
of carcinogenesis (Barrow and Michels, 2014). Epigenetic mechanisms include 
changes in DNA methylation. There is evidence that some chemical exposures 
result in epigenetic modifications which could impact on the induction of cancer and 
may act as historical biomarkers of exposure (Verma, 2015). The possibility of use of 
epigenetic change as a biomarker of exposure has been discussed at the joint COC, 
COM and COT meeting in October 2017 where use of epigenetics in chemical risk 
assessment was discussed (COC, COM, COT, 2019). 

45. Non-coding RNAs (ncRNAs) constitute the majority of the human transcribed 
genome and have been implicated in many pathological conditions, especially 
cancer (Chan and Tay, 2018). One subclass of ncRNAs, miRNAs, which have a role 
in the regulation of translation of protein from mRNA, have been explored for 
development as a biomarker of effect. These miRNAs are differentially expressed in 
many cancer types and found in the circulation (Brase et al., 2010; Calin and Croce, 
2006; Mitchell et al., 2008; Mo et al., 2012). miRNA species are coded from regions 
of the genome that can be under epigenetic control and can be differentially 
methylated in cancer (Chuang and Jones, 2007; Li et al., 2012; Lujambio et al., 
2008). This raises the possibility that epigenetic change resulting from carcinogen 
exposure may lead to altered miRNA expression via differential methylation and that 
this could be a biomarker of historical carcinogen exposure and arbiter of potential 
future effect (Vrijens et al., 2015; Krewski et al., 2020).  
 
46. The use of ncRNAs as potential biomarkers in regulatory toxicology was 
discussed at an ECETOC workshop, the summary of which noted  
“To make available ncRNAs as biomarkers for regulatory toxicology and RA, normal 
and adverse ncRNA profiles and dose-response relationships of effects should be 
determined, and ncRNA expression profiles should be linked to phenotypic 
alterations. Further, it should be determined whether ncRNA levels in specific body 
fluids reflect levels in specific target tissues. Even though a number of research 
projects demonstrated a lack of toxicologically relevant uptake and activity of 
ingested RNAs, bioavailability of ingested ncRNAs and potential impacts to the 
consuming organism may merit further investigation” (ECETOC, 2016). 

Summary 

47. A biomarker, in the context of chemicals and carcinogenicity, is defined 
as an observable change related to the carcinogenic process following a 
specific exposure or effect.  

48. In cancer risk assessment, biomarkers can be utilised for hazard 
identification and characterisation, for exposure assessment and in some 
instances to inform the causal mechanism. The causal relationship between 
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the biomarker and the carcinogenic response should be established where 
possible. 

49. Biomonitoring studies should fulfil pre-defined criteria and human-specific 
biomarkers should be appropriately characterised and validated. Particular attention 
should be given to ascertaining the stability and half-life of the biomarker and how 
these impact on the interpretation of epidemiological data. 

50. Biomarkers of exposure include DNA and protein adducts. Biomarkers of 
effect include genotoxicity biomarkers such as MN and fixed CA. Non-genotoxic 
carcinogens demonstrate a broader mechanistic variety than genotoxic carcinogens, 
which is reflected in the potentially greater number of system effects. In addition, 
simultaneous alteration of multiple pathways is often required to prompt non-
genotoxic carcinogenesis (Wilde et al., 2018).  

51. The Committee maintains an on-going awareness of the development of 
newer techniques including molecular epidemiology methods, omics technologies 
and the emergence of the exposome. However, many of the techniques are still 
experimental and are useful only for deriving qualitative measurements or 
information contributing to MOA investigations. It is not currently possible to provide 
specific guidance on their use in a quantitative capacity. 

52. The Committee continues to evaluate the usefulness of the entire spectrum of 
biomarker techniques including the applicability and interpretation of well-established 
methods. 

COC Guidance Statement G04 v1.2 draft v0.d 
Date TBC 



This is a draft statement for discussion.  
It does not reflect the view of the Committee and must not be quoted, cited or reproduced 

14 

References 
 
Agundez, J.A. (2008). Polymorphisms of human N-acetyltransferases and cancer 
risk. Current drug metabolism 9, 520-531. 
 
Albertini, R.J., Anderson, D., Douglas, G.R., Hagmar, L., Hemminki, K., et al. (2000). 
IPCS guidelines for the monitoring of genotoxic effects of carcinogens in humans. 
International Programme on Chemical Safety. Mutat Res 463, 111-172. 
 
Alexandrov, L.B., Kim, J., Haradhvala, N.J. Huang, M.N., Ng, A.W.T., et al. (2020). 
The repertoire of mutational signatures in human cancer. Nature 578, 94–101. 
(2020).  
 
Azqueta, A., Ladeira, C., Giovannelli, L. et al. (2020). Application of the comet assay 
in human biomonitoring: An hCOMET perspective. Mutation Research/Reviews in 
Mutation Research 783, 108288. 
 
Barrow, T.M., Michels, K.B. (2014). Epigenetic epidemiology of cancer. 
Biochem Biophys Res Commun 455, 70-83. 
 
Barth, A., Brucker, N., Moro, A. M., Nascimento, S., Goethel, G., (2017). 
Association between inflammation processes, DNA damage, and exposure to 
environmental pollutants. Environmental Science and Pollution Research, 
24(1), 353–362. 
 
Bartsch, R., Brinkmann, B., Jahnke, G., Laube, B., Lohmann, R., et al. (2018). 
Human relevance of follicular thyroid tumors in rodents caused by non-
genotoxic substances. Regulatory Toxicology and Pharmacology, 98, 199-208. 
 
Bevan, R., Brown, T., Matthies, F., Sams, C., Jones, J., et al. (2017). Human 
biomonitoring data collection from occupational exposure to pesticides – Final 
Report. EFSA supporting publication 2017: 14( 3):EN-1185. 207 pp. 
 
Bonassi, S., and Au, W.W. (2002). Biomarkers in molecular epidemiology studies for 
health risk prediction. Mutat Res 511, 73-86. 
 
Bonassi, S., El-Zein, R., Bolognesi, C., and Fenech, M. (2011). Micronuclei 
frequency in peripheral blood lymphocytes and cancer risk: evidence from human 
studies. Mutagenesis 26, 93-100. 
 
Bonassi, S., Milic, M., & Neri, M. (2016). Frequency of micronuclei and other 
biomarkers of DNA damage in populations exposed to dusts, asbestos and other 
fibers. A systematic review. Mutation Research, 770, 106–118.  
 
Bonassi, S., Ugolini, D., Kirsch-Volders, M., Stromberg, U., Vermeulen, R., and 
Tucker, J.D. (2005). Human population studies with cytogenetic biomarkers: 
review of the literature and future prospectives. Environ Mol Mutagen 45, 258-
270. 



This is a draft statement for discussion.  
It does not reflect the view of the Committee and must not be quoted, cited or reproduced 

15 

 
Bonassi, D., El-zein, R., Bolognesi, C., Fenech, M. (2011). Micronuclei frequency 
in peripheral blood lymphocytes and cancer risk: evidence from human studies. 
Mutagenesis, 26, 93–100. 
 
Boysen, G., Georgieva, N.I., Bordeerat, N.K., Sram, R.J., Vacek, P., et al. (2012). 
Formation of 1,2:3,4-diepoxybutane-specific hemoglobin adducts in 1,3-butadiene 
exposed workers. Toxicol Sci 125, 30-40. 
 
Brase, J.C., Wuttig, D., Kuner, R., and Sultmann, H. (2010). Serum microRNAs as 
non-invasive biomarkers for cancer. Molecular cancer 9, 306. 
 
Brucker, N., do Nascimento, S.N., Bernardini, L., Charao, M.F., Garcia, S.C. (2020). 
Biomarkers of exposure, effect, and susceptibility in occupational exposure to traffic-
related air pollution: A review. Journal of Applied Toxicology, 40, 722-736. 
  
Calin, G.A., and Croce, C.M. (2006). MicroRNA signatures in human cancers. Nat 
Rev Cancer 6, 857-866. 
 
Ceccaroli, C., Pulliero, A., Geretto, M. and Izzotti, A. (2015). Molecular fingerprints 
of environmental carcinogens in human cancer. J Environ Sci Health C Environ 
Carcinog Ecotoxicol Rev 33, 188-228. 
 
Chan JJ, Tay Y. (2018). Noncoding RNA:RNA Regulatory Networks in Cancer. 
International Journal of Molecular Sciences, 19, 1310.  
 
Choi, J., Mørck, TA., Joas, A., Knudsen, LE. (2015). Major national human 
biomonitoring programs in chemical exposure assessment. AIMS Environmental 
Science. 2. 782-802. 
 
Chuang, J.C., and Jones, P.A. (2007). Epigenetics and microRNAs. Pediatric 
research 61, 24R-29R. 
 
COC, COM, COT (2019). Statement from a joint Committee workshop on the use of 
epigenetics in chemical risk assessment. Available from: 
https://www.gov.uk/government/publications/epigenetics-in-chemical-risk-
assessment-joint-committee-statement [accessed September 2021]. 
 
COM (2011). A strategy for the testing of chemicals for genotoxicity. Available from: 
https://www.gov.uk/government/publications/a-strategy-for-testing-of-chemicals-for-
genotoxicity [accessed September 2021]. 
 
COM (2020). Presentation by Professor David Phillips on mutational spectra and 
signatures of environmental mutagens. In COT, COM, COC Annual report: 
https://cot.food.gov.uk/COTCOMCOCAnnualReport2020 [accessed February 2022] 

Cordelli, E., Bignami, M., Pacchierotti, F. (2021). Comet assay: a versatile but 
complex tool in genotoxicity testing, Toxicology Research,  10(1), 68–78. 

https://www.scopus.com/authid/detail.uri?authorId=57214440476&eid=2-s2.0-85078777549
https://www.scopus.com/authid/detail.uri?authorId=15724307300&eid=2-s2.0-85078777549
https://www.scopus.com/sourceid/25126
https://www.gov.uk/government/publications/epigenetics-in-chemical-risk-assessment-joint-committee-statement
https://www.gov.uk/government/publications/epigenetics-in-chemical-risk-assessment-joint-committee-statement
https://www.gov.uk/government/publications/a-strategy-for-testing-of-chemicals-for-genotoxicity
https://www.gov.uk/government/publications/a-strategy-for-testing-of-chemicals-for-genotoxicity
https://cot.food.gov.uk/COTCOMCOCAnnualReport2020


This is a draft statement for discussion.  
It does not reflect the view of the Committee and must not be quoted, cited or reproduced 

16 

COT, COC and COM (2004). Joint statement on the use of toxicogenomics in 
toxicology. 
https://webarchive.nationalarchives.gov.uk/ukgwa/20200803134734/https://cot.food.
gov.uk/cotstatements/cotstatementsyrs/cotstatements2004/toxicogenomics   
[accessed February 2022].  

COT (2012). COT statement on the use of toxicogenomics data in risk assessment.  
COT/2012/02. 
https://webarchive.nationalarchives.gov.uk/ukgwa/20200803134416/https://cot.food.g
ov.uk/cotstatements/cotstatementsyrs/cotstatements2012/646694 [accessed 
February 2022]. 
 
ECETOC (2016). Noncoding RNAs and Risk Assessment Science. Workshop 
Report No. 32. Available from: http://www.ecetoc.org/publication/workshop-report-
no-32-noncoding-rnas-risk-assessment-science-3-4-march-2016-malaga/ [accessed 
September 2021].  
 
Escher BI, Hackermuller J, Polte T, Scholz S, Aigner A, et al. (2017). From the 
exposome to mechanistic understanding of chemical-induced adverse effects. 
Environ Int, 99:97–106.  
 
Ewa B, Danuta MŠ. (2017). Polycyclic aromatic hydrocarbons and PAH-related DNA 
adducts. J Appl Genet. 58(3):321-330.  
 
Farmer, P.B., Singh, R., Kaur, B., Sram, R.J., Binkova, B. et al. (2003). Molecular 
epidemiology studies of carcinogenic environmental pollutants. Effects of polycyclic 
aromatic hydrocarbons (PAHs) in environmental pollution on exogenous and 
oxidative DNA damage. Mutat Res 544, 397-402. 
 
Faure, S., Noisel, N., Werry, K., Karthikeyan, S., Aylward, L.L., St-Amand, A. (2020). 
Evaluation of human biomonitoring data in a health risk based context: An updated 
analysis of population level data from the Canadian Health Measures Survey. 
International Journal of Hygiene and Environmental Health, 223, 267-280 
 
Gallo, V., Egger, M., McCormack, V., Farmer, P.B., Ioannidis, et al. (2011). 
STrengthening the Reporting of OBservational studies in Epidemiology - Molecular 
Epidemiology (STROBE-ME): An extension of the STROBE statement. Mutagenesis 
27, 17-29. 
 
Harrison DJ, Doe JE (2021) The modification of cancer risk by chemicals. 
Toxicology Research, 10(4), 800–809.  
 
Hartwig, A., Arand, M., Epe, B., Guth, S., Jahnke, G. (2020). Mode of action-based 
risk assessment of genotoxic carcinogens. Archives of Toxicology, 94, 1787–1877  
  
Hays, S.M., Aylward, L.L., LaKind, J.S., Bartels, M.J., Barton, H.A. et al. (2008). 
Guidelines for the derivation of Biomonitoring Equivalents: report from the 
Biomonitoring Equivalents Expert Workshop. Regul Toxicol Pharmacol 51, S4-15. 

https://webarchive.nationalarchives.gov.uk/ukgwa/20200803134734/https:/cot.food.gov.uk/cotstatements/cotstatementsyrs/cotstatements2004/toxicogenomics
https://webarchive.nationalarchives.gov.uk/ukgwa/20200803134734/https:/cot.food.gov.uk/cotstatements/cotstatementsyrs/cotstatements2004/toxicogenomics
https://webarchive.nationalarchives.gov.uk/ukgwa/20200803134416/https:/cot.food.gov.uk/cotstatements/cotstatementsyrs/cotstatements2012/646694
https://webarchive.nationalarchives.gov.uk/ukgwa/20200803134416/https:/cot.food.gov.uk/cotstatements/cotstatementsyrs/cotstatements2012/646694
http://www.ecetoc.org/publication/workshop-report-no-32-noncoding-rnas-risk-assessment-science-3-4-march-2016-malaga/
http://www.ecetoc.org/publication/workshop-report-no-32-noncoding-rnas-risk-assessment-science-3-4-march-2016-malaga/
http://www.ecetoc.org/publication/workshop-report-no-32-noncoding-rnas-risk-assessment-science-3-4-march-2016-malaga/


This is a draft statement for discussion.  
It does not reflect the view of the Committee and must not be quoted, cited or reproduced 

17 

 
Hernández, L.G., van Steeg, H., Luijten, M., van Benthem, J. (2009). Mechanisms 
of non-genotoxic carcinogens and importance of a weight of evidence approach. 
Mutation Research/Reviews in Mutation Research, 682, 94-109 
 
Hopf, N.B., Bolognesi, C., Danuser, B., Wild, P. (2019). Biological monitoring of 
workers exposed to carcinogens using the buccal micronucleus approach: A 
systematic review and meta-analysis. Mutation Research/Reviews in Mutation 
Research, 781, 11-29, 
 
Huhn, S., Escher, B.I., Krauss, M., Scholz, S., Hackermüller, J., Altenburger, R. 
(2021). Unravelling the chemical exposome in cohort studies: routes explored and 
steps to become comprehensive. Environmental Sciences Europe, 33, 17.  

IPCS (1993). Environmental Health Criteria 155: Biomarkers and risk assessment: 
Concepts and principles. Geneva, World Health Organization, International 
Programme on Chemical Safety, 82 pp. 

Jackson E, Shoemaker R, Larian N, Cassis L. (2018). Adipose Tissue as a Site 
of Toxin Accumulation. Compr Physiol. 7, 1085-1135. Erratum in: Compr 
Physiol. 2018, 8, 1251. 
 
Jeddi MZ, Hopf NB, Viegas S, Price AB, Paini A, et al (2021). Towards a systematic 
use of effect biomarkers in population and occupational biomonitoring. Environ Int. 
146:106257.  
 
Ji J, Zhang Y, Redon CE, Reinhold WC, Chen AP, Fogli LK, et al. (2017). 
Phosphorylated fraction of H2AX as a measurement for DNA damage in cancer cells 
and potential applications of a novel assay. PLoS ONE 12(2): e0171582.  
 
Kelly, R., Vineis, P. (2014). Biomarkers of susceptibility to chemical carcinogens: 
the example of non-Hodgkin lymphomas. British Medical Bulletin, 111(1), 89-100. 
 
Koppen, G., Azqueta, A., Pourrut, B., Brunborg, G., Collins, A.R. and Langie, S.A. 
(2017). The next three decades of the comet assay: a report of the 11th 
International Comet Assay Workshop. Mutagenesis 32, 397-408. 
 
Kwack SJ, Kim DY, Kim YJ, Roh TH, Choi SM, et al. (2014). Potential application of 
benzo(a)pyrene-associated adducts (globin or lipid) as blood biomarkers for target 
organ exposure and human risk assessment. J Toxicol Environ Health A. 77(22-
24):1491-501.  

Krewski, D., Andersen, M.E., Tyshenko, M.G. et al. (2020). Toxicity testing in the 
21st century: progress in the past decade and future perspectives. Arch 
Toxicol 94, 1–58.  



This is a draft statement for discussion.  
It does not reflect the view of the Committee and must not be quoted, cited or reproduced 

18 

Ladeira, C., Viegas, S. (2016). Human Biomonitoring – An overview on biomarkers 
and their application in Occupational and Environmental Health. Biomonitoring, 3(1), 
15-24.  

LaKind, J.S., Aylward, L.L., Brunk, C., DiZio, S., Dourson, M. et al. (2008). 
Guidelines for the communication of Biomonitoring Equivalents: report from the 
Biomonitoring Equivalents Expert Workshop. Regul Toxicol Pharmacol 51, S16-26. 
 
Lee, K.H., Ichiba, M., Zhang, J., Tomokuni, K., Hong, Y.C. et al. (2003). Multiple 
biomarkers study in painters in a shipyard in Korea. Mutat Res 540, 89-98. 
 
Li, X.Q., Guo, Y.Y., and De, W. (2012). DNA methylation and microRNAs in cancer.  
World journal of gastroenterology : WJG 18, 882-888. 
 
Loft, S., Danielsen, P., Løhr, M., Jantzen, K., Hemmingsen, J.G., et al. (2012). 
Urinary excretion of 8-oxo-7,8-dihydroguanine as biomarker of oxidative damage to 
DNA. Arch Biochem Biophys 518, 142-50. 
 
Lujambio, A., Calin, G.A., Villanueva, A., Ropero, S., Sanchez-Cespedes, M. et al. 
(2008). A microRNA DNA methylation signature for human cancer metastasis. Proc 
Natl Acad Sci U S A 105, 13556-13561. 
 
Ma B, Stepanov I, Hecht SS. (2019). Recent Studies on DNA Adducts Resulting 
from Human Exposure to Tobacco Smoke. Toxics. 7(1):16.  
 
Mahmoodi, M., Soleyman-Jahi, S., Zendehdel, K., et al. (2017). Chromosomal 
aberrations, sister chromatid exchanges, and micronuclei in lymphocytes of oncology 
department personnel handling anti-neoplastic drugs. Drug Chem. Toxicol. 40, 235-
240. 
 
Mandrioli, D., Belpoggi, F., Silbergeld, E.K., Perry, M.J. (2016). Aneuploidy: a 
common and early evidence-based biomarker for carcinogens and reproductive 
toxicants. Environmental Health 15, 97. 
 
Manno M., Viau C., in collaboration with, Cocker J., Colosio C., Lowry L., et al. 
(2010). Biomonitoring for occupational health risk assessment (BOHRA), Toxicol. 
Lett., 192, 3–16. 
 
McCoy, L.F., Scholl, P.F., Sutcliffe, A.E., Kieszak, S.M., Powers, C.D., et al. (2008). 
Human aflatoxin albumin adducts quantitatively compared by ELISA, HPLC with 
fluorescence detection, and HPLC with isotope dilution mass spectrometry. Cancer 
Epidemiol Biomarkers Prev 17, 1653-1657. 
 
Mitchell, P.S., Parkin, R.K., Kroh, E.M., Fritz, B.R., Wyman, S.K., et al. (2008). 
Circulating microRNAs as stable blood-based markers for cancer detection. Proc 
Natl Acad Sci U S A 105, 10513-10518. 
 



This is a draft statement for discussion.  
It does not reflect the view of the Committee and must not be quoted, cited or reproduced 

19 

Mo, M.H., Chen, L., Fu, Y., Wang, W., and Fu, S.W. (2012). Cell-free Circulating 
miRNA Biomarkers in Cancer. Journal of Cancer 3, 432-448. 
 
Neveu, V., Moussy, A., Rouaix, H., Wedekind, R., Pon, A., Knox, C., Wishart, D.S., 
Scalbert, A. (2017). Exposome-Explorer: a manually-curated database on biomarkers 
of exposure to dietary and environmental factors. Nucleic Acids Res 45, D979–D984. 
 
Ogawa, M., Oyama, T., Isse, T., Yamaguchi, T., Murakami, T., Endo, Y., and 
Kawamoto, T. (2006). Hemoglobin adducts as a marker of exposure to chemical 
substances, especially PRTR class I designated chemical substances. J Occup 
Health 48, 314-328. 
 
Paini A., Tan Y.-M., Sachana M., Worth A. (2021). Physiologically Based Kinetic 
(PBK) models are valuable tools to help define safe external levels of chemicals 
based on internal doses at target organs in experimental animals, humans and 
organisms used in environmental risk assessment. Computational Toxicology, 
18, 100163.  
 
Phillips, D.H. (2005). DNA adducts as markers of exposure and risk. Mutat Res 577, 
284-292. 
 
Pottenger, L.H., Carmichael, N., Banton, M.I., Boogaard, P.J., Kim, J., et al. (2009). 
ECETOC workshop on the biological significance of DNA adducts: summary of 
follow-up from an expert panel meeting. Mutat Res 678, 152-157. 
 
Sabbioni, G., and Turesky, R.J. (2017). Biomonitoring Human Albumin Adducts: The 
Past, the Present, and the Future. Chem Res Toxicol 30, 332-366. 
 
Sanchez-Guerra, M., Zheng, Y., Osorio-Yanez, C., Zhong, J., Chervona, Y et al. 
(2015). Effects of particulate matter exposure on blood 5-hydroxymethylation: results 
from the Beijing truck driver air pollution study, Epigenetics, 10(7), 633-642. 
 
Sander, M., Cadet, J., Casciano, D.A., Galloway, S.M., Marnett, L.J., et al. (2005). 
Proceedings of a workshop on DNA adducts: biological significance and applications 
to risk assessment Washington, DC, April 13-14, 2004. Toxicol Appl Pharmacol 208, 
1-20. 
 
Shukla, A., Bunkar, N., Kumar, R., Bhargava, A., Tiwari, R., et al. (2019). Air pollution 
associated epigenetic modifications: Transgenerational inheritance and underlying 
molecular mechanisms, Science of The Total Environment, 656, 760-777. 
 
Singh, R., Sram, R.J., Binkova, B., Kalina, I., Popov, T.A., et al. (2007). The 
relationship between biomarkers of oxidative DNA damage, polycyclic aromatic 
hydrocarbon DNA adducts, antioxidant status and genetic susceptibility following 
exposure to environmental air pollution in humans. Mutat Res 620, 83-92. 
 

https://www.scopus.com/authid/detail.uri?authorId=35076439300&eid=2-s2.0-85102587522
https://www.scopus.com/authid/detail.uri?authorId=57213173924&eid=2-s2.0-85102587522
https://www.scopus.com/authid/detail.uri?authorId=7801555411&eid=2-s2.0-85102587522
https://www.scopus.com/authid/detail.uri?authorId=7005072148&eid=2-s2.0-85102587522
https://www.scopus.com/sourceid/21100824046


This is a draft statement for discussion.  
It does not reflect the view of the Committee and must not be quoted, cited or reproduced 

20 

Swenberg, J.A., Lu, K., Moeller, B.C., Gao L., Patricia B., et al. (2011). Endogenous 
versus Exogenous DNA Adducts: Their Role in Carcinogenesis, Epidemiology, and 
Risk Assessment. Toxicol Sci 120(S1), S130-S145.  
 
Taioli, E., Sram, R.J., Binkova, B., Kalina, I., Popov, T.A., et al. (2007). 
Biomarkers of exposure to carcinogenic PAHs and their relationship with 
environmental factors. Mutat Res 620, 16-21. 
 
Totsuka Y, Watanabe M, Lin Y. (2021). New horizons of DNA adductome for 
exploring environmental causes of cancer. Cancer Sci. 112(1):7-15.  
 
US NAS - National Academy of Science (1983). Risk assessment in the Federal 
Government: Managing the process. National Research Council, Committee on the 
Institutional Means for Assessment of Risks to Public Health. National Academy 
Press, Washington, DC. 
 
Vacek, P.M., Albertini, R.J., Sram, R.J., Upton, P., and Swenberg, J.A. (2010). 
Hemoglobin adducts in 1,3-butadiene exposed Czech workers: female-male 
comparisons. Chem Biol Interact 188, 668-676. 
 
Veglia, F., Matullo, G., and Vineis, P. (2003). Bulky DNA adducts and risk of cancer:  
a meta-analysis. Cancer Epidemiol Biomarkers Prev 12, 157-160. 
 
Verma, M. (2015). The Role of Epigenomics in the Study of Cancer Biomarkers 
and in the Development of Diagnostic Tools. Adv Exp Med Biol 867, 59-80. 
 
Vikstrom, A.C., Warholm, M., Paulsson, B., Axmon, A., Wirfalt, E., and Tornqvist, M. 
(2012). Hemoglobin adducts as a measure of variations in exposure to acrylamide in 
food and comparison to questionnaire data. Food Chem Toxicol. 
  
Vineis, P., and Chadeau-Hyam, M. (2011). Integrating biomarkers into molecular 
epidemiological studies. Curr Opin Oncol 23, 100-105. 
 
Vineis P., Matullo G., Berwick M. (2005). Molecular Epidemiology. In: Ahrens W., 
Pigeot I. (eds) Handbook of Epidemiology. Springer, Berlin, Heidelberg. 
https://doi.org/10.1007/978-3-540-26577-1_28 
 
Vineis, P., and Perera, F. (2007). Molecular epidemiology and biomarkers in etiologic 
cancer research: the new in light of the old. Cancer Epidemiol Biomarkers Prev 16, 
1954-1965. 
 
Vineis P, Robinson O, Chadeau-Hyam M, Dehghan A, Mudway I, Dagnino S. (2020). 
What is new in the exposome? Environ Int. 143:105887.  
 
Virk-Baker MK, Nagy TR, Barnes S, Groopman J. (2014). Dietary acrylamide and 
human cancer: a systematic review of literature. Nutr Cancer. 66(5):774-90.  
 

https://doi.org/10.1007/978-3-540-26577-1_28


This is a draft statement for discussion.  
It does not reflect the view of the Committee and must not be quoted, cited or reproduced 

21 

Vorkamp, K., Castaño, A., Antignac, J.-P., Boada, L.D., Cequier, E., et al. (2021). 
Biomarkers, matrices and analytical methods targeting human exposure to chemicals 
selected for a European human biomonitoring initiative. Environment International, 
146, 106082. 
 
Vrijens, K., Bollati, V., Nawrot, T.S. (2015). MicroRNAs as potential signatures of 
environmental exposure or effect: a systematic review. Environ Health Perspect 123, 
399-411. 
 
Vodenkova, S., Polivkova, Z., Musak, L., Smerhovsky, Z., Zoubkova, H., et al. 
(2015). Structural chromosomal aberrations as potential risk markers in incident 
cancer patients. Mutagenesis, 30, 557-563.  
 
Wang, Y., Yang, H., Li, L., Wang, H., Xia, X., and Zhang, C. (2012). Biomarkers of 
chromosomal damage in peripheral blood lymphocytes induced by polycyclic 
aromatic hydrocarbons: a meta-analysis. International archives of occupational and 
environmental health 85, 13-25. 
 
Wild, C.P. (2005). Complementing the genome with an "exposome": the outstanding 
challenge of environmental exposure measurement in molecular epidemiology. 
Cancer Epidemiol Biomarkers Prev 14, 1847-1850. 
 
Wilde, E.C., Chapman, K.E., Stannard, L.M. et al. A novel, integrated in vitro 
carcinogenicity test to identify genotoxic and non-genotoxic carcinogens using 
human lymphoblastoid cells. Arch Toxicol 92, 935–951 (2018). 
https://doi.org/10.1007/s00204-017-2102-y 
 
Xu, Y., Cui, B., Ran, R., Liu, Y., Chen, H., et al. (2014). Risk assessment, formation, 
and mitigation of dietary acrylamide: current status and future prospects. Food Chem 
Toxicol 69, 1-12. 
 
Yu, W., Hurley, J., Roberts, D., Chakrabortty, S.K., Enderle, D., et al. (2021). 
Exosome-based liquid biopsies in cancer: opportunities and challenges. Ann 
Oncol 32, 466-477.  

https://academic.microsoft.com/journal/101337917

	Brucker, N., do Nascimento, S.N., Bernardini, L., Charao, M.F., Garcia, S.C. (2020). Biomarkers of exposure, effect, and susceptibility in occupational exposure to traffic-related air pollution: A review. Journal of Applied Toxicology, 40, 722-736.

