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Three independent non-food Scientific Committees provide the Commission with the 
scientific advice it needs when preparing policy and proposals relating to consumer 
safety, public health and the environment. The Committees also draw the Commission's 
attention to the new or emerging problems which may pose an actual or potential threat.  
They are: the Scientific Committee on Consumer Products (SCCP), the Scientific 
Committee on Health and Environmental Risks (SCHER) and the Scientific Committee on 
Emerging and Newly-Identified Health Risks (SCENIHR) and are made up of external 
experts.   
In addition, the Commission relies upon the work of the European Food Safety Authority 
(EFSA), the European Medicines Evaluation Agency (EMEA), the European Centre for 
Disease prevention and Control (ECDC) and the European Chemicals Agency (ECHA).  

SCHER  
Questions relating to examinations of the toxicity and ecotoxicity of chemicals, 
biochemicals and biological compound whose use may have harmful consequences for 
human health and the environment. 
In particular, the Committee addresses questions related to new and existing chemicals, 
the restriction and marketing of dangerous substances, biocides, waste, environmental 
contaminants, plastic and other materials used for water pipe work (e.g. new organics 
substances), drinking water, indoor and ambient air quality. It addresses questions 
relating to human exposure to mixtures of chemicals, sensitisation and identification of 
endocrine disrupters. 

Scientific Committee members 
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SCCP 
Questions concerning the safety of consumer products (non-food products intended for 
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In particular, the Committee addresses questions related to the safety and allergenic 
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health, toys, textiles, clothing, personal care products, domestic products such as 
detergents and consumer services such as tattooing. 

Scientific Committee members 
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SCENIHR 
Questions concerning emerging or newly-identified risks and on broad, complex or 
multidisciplinary issues requiring a comprehensive assessment of risks to consumer 
safety or public health and related issues not covered by other Community risk- 
assessment bodies 
In particular, the Committee addresses questions related to potential risks associated 
with interaction of risk factors, synergic effects, cumulative effects, antimicrobial 
resistance, new technologies such as nanotechnologies, medical devices, tissue 
engineering, blood products, fertility reduction, cancer of endocrine organs, physical 
hazards such as noise and electromagnetic fields and methodologies for assessing new 
risks. 
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1. BACKGROUND 

Several approaches are in use to assess the risk of substances that are carcinogenic.  In 
broad terms, these methods make a distinction between those substances that are 
carcinogenic via a genotoxic mechanism and those that are carcinogenic via a non 
genotoxic mechanism.  In addition, several approaches are used to assess the risks of 
genotoxic substances for which the evidence of carcinogenic potential is either limited or 
missing altogether.   

Within the scope of harmonizing different approaches in the field of food safety, the 
European Food Safety Authority (EFSA) has adopted an opinion on “Harmonized 
approach for substances that are both genotoxic and carcinogenic” on October 20051.   

The issue of risk assessment of genotoxic and carcinogenic substances is relevant for 
chemicals used or present in foods, non foods, industrial applications, and is one that 
poses significant challenges to the risk managers. It is therefore essential that the 
assessment of these substances is conducted using the best science available and that 
efforts are made globally to avoid divergences of scientific opinions and, if possible, 
arrive at a harmonised approach.   

2. TERMS OF REFERENCE 

Based on the publicly available information on the health risk assessment of substances 
that are genotoxic and/or carcinogenic, SCHER/SCCP/SCENIHR are asked: 

1) To critically review the available methodologies and approaches used for the risk 
assessment of substances that have been shown to be carcinogenic in the 
appropriate toxicity studies.  

2) If possible, to identify a harmonised methodology/approach for the risk assessment 
of substances that are carcinogenic taking into account all factors that may be of 
relevance (e.g. differences in their mechanism of action).  

3) To critically review the available methodologies and approaches used for the health 
risk assessment of substances that are shown to be genotoxic in the appropriate 
toxicity studies and for which evidence of carcinogenicity is either limited or missing.  

4) If possible, to identify a harmonised methodology/approach for the risk assessment 
of substances that are genotoxic and for which evidence of carcinogenicity is limited 
or missing, taking into account all factors that may be of relevance (e.g. differences 
in their mechanism of action). 

PUBLIC CONSULTATION 

A public consultation of the preliminary report of this opinion took place from 15 October 
to 26 November 2008. During the consultation 12 contributions were received,  

In evaluating the responses from the consultation, submitted material has only been 
considered for revision of the opinion if 

1. it is directly referring to the content of the report and relating to the issues that the 
report addresses, 

2. it contains specific comments and suggestions on the scientific basis of the opinion, 

4. it has the potential to add to the preliminary opinion of Scientific Committees 

Each submission which meets these criteria has been carefully considered by the Working 

Group.  

                                          
1http://www.efsa.europa.eu/etc/medialib/efsa/science/sc_commitee/sc_opinions/1201.Par.0002.File.dat/sc_op_ej

282_gentox_en3.pdf  
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3. OPINION 

3.1 General comments 

Due to improved analytical techniques, extended testing and increased surveillance, 
genotoxic and carcinogenic chemicals may be detected in environmental media and 
consumer products at very low levels. Potential health risks of these exposures need to 
be assessed. Broadly defined, carcinogens are agents, which increase the incidence of 
neoplasms in experimental animals and/or in humans.  

Genotoxic versus non-genotoxic carcinogens 

The distinction between carcinogens likely causing tumours by interaction with the 
genetic material (genotoxic) and carcinogens causing tumours by other mechanism not 
involving genotoxicity (non-genotoxic) is the major determinant for the selection of risk 
assessment methodologies. A genotoxic chemical or physical agent has the ability to 
induce mutations or so-called indicator effects which are mechanistically associated with 
the formation of mutations (e.g. induction of DNA modifications, DNA repair, or 
recombination). Mutations are alterations of the genetic material within living cells, which 
can be transmitted from one cell generation to another (somatic mutations) or to the 
progeny of affected individuals through germ cells (germinal mutations). Mutations 
include gene mutations, structural chromosome mutations, and genome mutations. 

Genotoxic agents are considered not to have a threshold but induced increases in DNA 
damage linearly related to the administered dose. It is also theoretically assumed that 
even a single molecule of a genotoxic carcinogen may cause a mutation and thus result 
in an increased cancer incidence, although the increase in risk may be infinitesimally 
small. 

Compounds which induce aneuploidy and which are clearly devoid of any DNA reactivity 
or clastogenic activity constitute a particular subgroup of genotoxins. Aneuploidy 
induction does not result from an interaction of the compound or its metabolites with the 
DNA, but with proteins, which are present in multiple copies and which, thus, represent 
highly redundant targets. As a consequence, a certain minimal level of protein damage is 
required before the process of chromosome separation and distribution to the daughter 
cells is impaired. This level is assumed to constitute a threshold below which no 
disturbance of chromosome segregation occurs.  

Moreover, a number of chemicals, which are devoid of genotoxic activity (eg peroxisome 
proliferators, hormones and local irritants) induced tumours in animal testing.  Such non-
genotoxic chemicals lack genotoxicity as a primary biological activity. While these agents 
may yield genotoxic events as a secondary result (secondary genotoxicity) of induced 
toxicity, such as forced cellular growth or formation of reactive oxygen species due to 
inflammation, their primary action does not involve reactivity with the genetic material. 
There is general agreement that knowledge of the underlying non-genotoxic mechanism 
of such compounds justifies identification of an NOEL.  

In the present opinion only compounds that are both genotoxic and carcinogenic are 
discussed. 

Classification of carcinogens 

In the current classification principles (e.g. EU, GHS, IARC), mode of action and potency 
of a carcinogen are either not taken into account, or at best used as supporting 
arguments. However, the advancing knowledge of biochemical mechanisms of 
carcinogenesis and the different potencies of carcinogens have initiated a re-evaluation of 
the traditional concepts. 

The International Agency for Research of Cancer (IARC 2006) and the OECD propose to 
use data on the carcinogenic mechanism and potency. Similarly, the General Directorate 
Employment of the EU is discussing application of information on carcinogenic 
mechanisms and potency as criteria for a revised classification. Within the EU context, 
the T25 dose-descriptor is in use for inclusion of potency considerations in setting specific 
concentration limits for carcinogens in Annex I of Directive 67/548/EEC (EC, 1999).  
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The Globally Harmonized System (GHS) has simplified and harmonized the classification 
criteria and categories of IARC, US Environmental Protection Agency (EPA), and the 
European Commission for carcinogens but does not include criteria for consideration of 
exposure and thus of carcinogenic risk. 

The EPA Cancer Guidelines of 2005 (EPA 2005a) recommend that an agent's human 
carcinogenic potential is described in a weight-of-evidence-narrative, to characterise the 
full range of available evidence and the conditions associated with an agent's hazard 
potential. The use of mode of action data is explicitly mandated, but linear extrapolation 
from cancer incidences in animal studies at high doses to low doses, relevant for human 
exposures, using a benchmark dose as point of departure, is still required as default. 
However, the extrapolation process should utilize both toxicokinetic and toxicodynamic 
modelling to conclude on risks if substantial data support is available.  

The narrative may explain that an agent appears to be carcinogenic by some routes of 
exposure but not others (inhalation versus ingestion) and may be attributed to specific 
exposures. 

The MAK committee of the German Research Foundation considers mode of action to 
differentiate between genotoxic and non-genotoxic carcinogens and exposure for 
classification (Neumann et al 1998, DFG 2008). The American Conference of 
Governmental Industrial Hygienists has been using this concept since 1995.  

Within the European Commission this concept is applied by the Scientific Committee of 
Occupational Exposure Limits (Bolt and Huici-Montagud 2008), the former SCF and EFSA 
(2005), which all differentiate between genotoxic and non-genotoxic carcinogens and 
consider the latter to be thresholded.  

 

Risk assessment of Carcinogens 

Risk assessment of carcinogens includes hazard identification, hazard characterisation 
(dose-response), and exposure assessment. These pillars are then merged into the 
assessment of potential risks for tumour induction in exposed populations. 

Methods to identify the carcinogenic potential and potency and the approaches to assess 
the carcinogenic risk at a given exposure are indicated subsequently. 

3.1.1 Hazard identification   

Hazard identification of carcinogens usually requires a 2-year animal experiment 
following OECD-guidelines; however, a number of approaches using animal studies of 
shorter duration including endpoints related to cancer formation have been developed. 
These include tests in transgenic animals, induction of preneoplastic foci, genomic 
analyses after exposure duration of less than 2 years and may be increasingly utilized. 
Hazard identification can also be based on human observations on tumour incidences in 
exposed populations, but such data are only available for a few agents with a history of 
high exposures and often a very specific tumour response. 

The 2-year carcinogenicity studies are typically carried out in rats and/or mice. This 
study type is intended for detection of potential of chemicals to induce neoplastic lesions, 
but also for identification of target organs, determination of dose-response relationships 
(establishment of NOAEL for non neoplastic effects or other points of departure), and 
providing data on mode of action. The study requires a control group and at least 3 dose 
levels of the test chemical, and at least 50 animals of each sex per dose-level. Evaluation 
of carcinogenic potential is primarily based on histopathological examination of all 
tissues. In order to maximise the ability of the study to detect carcinogens the highest 
dose level is selected to elicit some evidence of toxicity, such as a decrease in body 
weight development at most by 10% (MTD). However, a high dose level exposure to a 
test chemical may result in cytotoxicity followed by regenerative cell replication, which in 
a long-term study may eventually lead to increased incidence of neoplasms without 
specific carcinogenic potential of the test chemical. These types of tumours may not be 
relevant for human exposure levels, and therefore the evaluation of the data requires a 
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careful analysis of dose-response relationships of both neoplastic and non-neoplastic 
lesions in the target organ. 

Animal experiments of shorter duration often use protocols that screen for preneoplastic 
effects, sometimes in a single tissue, such as altered foci in liver. They may also involve 
tumour induction in various organs after initiation-promotion treatment. In these types of 
studies the selected organ rather than the whole animal is the actual test system. 

Experiments using transgenic rodents typically utilise activated oncogenes or inactivated 
tumour suppressor genes introduced into the test species using genetic engineering. 
These test systems may therefore provide specific mechanistic information on the 
chemical-gene interaction. Tumour development is usually faster than in standard 
carcinogenicity studies, and the test system makes it possible to establish a quantitative 
relationship between exposure and tumourigenic response. The limitations of these test 
systems include lack of complete development of tumours, manipulation of the 
carcinogenic process and limited histopathology. Therefore, at the present stage of 
development their role is supplementary. 

Besides the observation of an increased tumour incidence in animals or humans exposed 
to the chemicals, the major aspect of hazard identification is to determine if an agent as 
parent compound or after bioactivation interacts with the genetic material of the cells; in 
other words, if is it genotoxic.  

Hazard identification for genotoxicity mainly relies on in vitro studies determining 
mutagenicity of agents in bacteria and in mammalian cells. Indications for genotoxicity of 
an agent can also be derived by assessment of so-called indicator effects, e.g. DNA-
damage, such as formation of strand breaks or adducts, or induction of DNA repair. In 
vivo studies further evaluate the genotoxic potential and usually are applied to confirm 
the observations made in vitro (see 3.4). 

For non-genotoxic carcinogens, threshold mechanisms are accepted, when information 
on the underlying mechanisms indicates that non-toxic low concentrations of these 
substances are not tumourigenic. For receptor-mediated processes, a disproportional 
relationship between receptor occupancy and hormonally mediated cancer is also 
considered likely. For non-genotoxic compounds specific experimental approaches to 
delineate mode of action and its relevance are required. Specific approaches to evaluate 
available information on non-genotoxic modes of action and confidence in the conclusions 
have been published and should be rigorously applied (Sonich-Mullin et al 2001).  

Since most of the genotoxic compounds require metabolic activation to produce 
electrophilic species that can interact with the genetic material, the differences in 
capacity of biotransformation enzymes and dose-dependent metabolic processes have a 
major influence on the target concentrations of reactive intermediates formed from 
carcinogens. To estimate the dose-dependent relationship between dose administered 
and effective dose, physiologically based toxicokinetic (PBTK) models can be applied. 
Such models integrate animal and human specific parameters such as blood flow to 
organs, enzymatic activity for activation and detoxication, and rates of elimination. They 
may be further enhanced by integration of DNA-repair and other toxicodynamic 
responses as well as by the dose-dependent balance between metabolic activation and 
detoxication. A guidance document is currently being prepared by IPCS (WHO 2008). 

Susceptible populations 

Risk assessment requires consideration of susceptible populations, because variations in 
toxicokinetics of chemical agents have been observed. Parameters affecting susceptibility 
include genetic differences, windows of susceptibility and predisposing diseases. This 
variation is partly due to polymorphisms of genes involved in the metabolism of chemical 
carcinogens, both in phase I and phase II, uptake of the toxicants, i.e. ABC transporter 
proteins, defences against oxidative stress induced by toxicants, and repair of the DNA 
damage. However, most of these polymorphisms have not been linked to a functional 
defect such as increased tumour rates (Garte et al, 2001).  
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Polymorphisms in phase I, phase II and DNA repair enzymes have been linked to 
increased risk of cancer as well as altered levels of biomarkers for genotoxic exposure, 
i.e. DNA adducts, and chromosomal damage (Autrup, 2004).  However, as the 
metabolism of carcinogens to their ultimate carcinogenic form depends on several 
metabolic steps, the risk associated with a single polymorphism is limited, but persons 
carrying more than one risk variant allele may have a higher risk. 

The interpretation of the role of the genotypes is complicated by the observation that the 
effect of the genotype depends on the dose.  In case of vinyl chloride the expression of 
GSTT1 was associated with increased liver toxicity at low exposure, whereas it was 
protective at high exposure (Huang et al., 1997).  

It has been estimated that the human variation in phase I and phase II metabolism in 
general is covered by the general kinetic default factor of 3.16 (Renwick et al., 2003) for 
inter-individual variations, the largest deviation observed was for the cytochrome CYP 
2C19 and CYP2D6. Furthermore, some ethnic differences, as well as differences between 
elderly, children and neonates were estimated (Dorne et al., 2005).  

The impact of predisposing disease on genotoxicity has not been systematically 
investigated. However, some  diseases affect the expression of enzymes involved in the 
metabolism of genotoxic agents, e.g. diabetes and thus influence the risk associated with  
compounds metabolized by CYP 2E1 (Gonzales, 2007). 

A special concern is exposure during development and early childhood. Human exposures 
during this period could contribute to cancer in children and young adults, and to cancer 
later in life. However, these two scenarios are qualitatively different. Childhood cancers, 
with a short latency period, most likely contain molecular lesions that may have been 
present at birth, whereas cancers that appear later in life, as a results of perinatal 
events, more likely reflects interaction with other causative factors later in life (Anderson, 
2004). 

Several international agencies have intensively discussed the need to apply specific 
uncertainty factors to protect sensitive subpopulations.  

In its document “Chemical-specific adjustment factors for interspecies differences and 
human variability” (WHO, 2005) IPCS concludes that extra uncertainty factors to protect 
sensitive populations are not necessary. Instead, potentially susceptible population 
subgroups should be addressed separately. WHO further concluded (WHO, 2006) that 
representative data on toxicokinetics and toxicodynamics of the exposed population is 
required including an assessment of neonates, if appropriate. Furthermore polymorphism 
of xenobiotic biotransformation should be taken into account and in cases where the 
default factor will not cover the variability, the default should be modified appropriately.  

In the Technical Guidance Document on Risk Assessment (TGD, 2005) it was concluded 
that higher intraspecies extrapolation factors from 10 to 100 should be considered when 
the following criteria are fulfilled: 

 Specific exposure of very young children 

 Indication or suspicion of effects on organ systems and functions that are 
especially vulnerable under development and maturation in early life 

 Deficiencies in the databases on such effects in young animals. 

US EPA (EPA 2005b) has evaluated several hundred references on 50 chemicals that 
have been shown to induce cancer following prenatal exposure. Both the acute and 
repeated dose studies support the concept that early-life exposure to chemicals with a 
genotoxic mode of action would lead to an increased tumour incidence compared to adult 
exposure. A practical approach was recommended that for exposures before 2 years of 
age a 10-fold adjustment and for exposures between 2 and 16 years of age a 3-fold 
adjustment should be used for risk assessment. 
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3.1.2 Dose-response characterisation  

Dose-response characterization integrates all available toxicological, physical and 
chemical information on a compound for judging the likely potency of the carcinogen in 
humans and the shape of the dose-response curve for the carcinogenic effect in a weight 
of evidence approach. Dose-response characterization is also required for investigation of 
mode of action. A guidance document is available from WHO (2004). 

The distinction between carcinogens likely causing tumours by interaction with the 
genetic material (genotoxic) and carcinogens causing tumours by other mechanism not 
involving genotoxicity (non-genotoxic) is the major determinant for the dose-response 
characterisation. Genotoxic chemicals exhibiting such activity can usually be identified by 
assays that measure induction of mutations or other genotoxic effects (indicator effects).  

For genotoxic carcinogens, dose-response characterisation usually relies on data from 
animal cancer bioassays. Extrapolation of such data to exposure conditions likely 
encountered by humans requires integration of toxicokinetic and toxicodynamic 
information, understanding of the mode of action of genotoxicity, influence of non-
genotoxic processes such as hyperplasia on tumour incidence, and consideration of 
potential subpopulations with special sensitivity/susceptibility. Dose-response 
characterization for genotoxic agents will also need to integrate non-linear toxicokinetics 
and role of DNA-repair (see below). 

3.1.3 Exposure assessment  

The quantification of exposure, both in individuals and in populations, is a prerequisite for 
the quantification of risk. Reliable data on exposure are needed to recognize specific risk 
factors such as occupation, life-style or social status. The dimensions of exposure include 
intensity, frequency, route and duration of the exposure; in addition, the exposed 
population should be characterized. Typically, field measurements and estimations are 
required. The estimation of human exposure to a particular xenobiotic involves an initial 
estimation of the possible sources of the chemical and the characterisation of exposure.  

A good inventory of sources provides important information on critical pathways of 
exposure, populations at particular risk and the levels of exposure. In many cases, the 
duration and level of exposure, especially after chronic contact, can only be estimated 
from ambient levels of the xenobiotic in the environment and estimations may thus be 
crude; due to the large numbers of potentially exposed people, only in special situations 
(e.g. occupational exposure, after disasters), exposure data including determination of 
the internal dose will be available.  

Exposure assessment for the general population is often derived from the concentrations 
of the agent in environmental media and standardized assumptions on intake of such 
media. In addition, exposure from consumer products has to be taken into account. In 
the area of exposures from food, exposure assessment includes use patterns for the 
agent, food consumption data, actual measured concentrations of the agent in food, and 
information of migration from food contact materials. 

Specific procedures to estimate “external” exposure include direct measurement of the 
chemical in environmental samples such as water, air and soil. Measurement of the 
chemical, its metabolites or products of the interaction of the chemical or its 
biotransformation products with cellular macromolecules (protein and/or DNA) in body 
fluids and tissues determines “internal exposure”. Due to the development of highly 
sensitive analytical techniques, the use of biomarkers becomes increasingly important in 
exposure assessment since it provides more exact information on actual internal 
exposure (target dose) to an agent. (Angerer et al. 2007, Boogaard 2007, Calafat et al. 
2006, Needham et al. 2007, Pirkle et al. 2005, Yang et al. 2006b). Biomarkers are 
frequently used in experimental studies in animals and humans to assess the individual 
and internal exposure as compared to external exposure and other indirect exposure 
assessments. 

Biomarkers of genotoxic effects include: DNA-adducts including oxidative damage to the 
DNA, which may be detected by the comet assay, chromosomal aberrations, sister 
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chromatid exchanges, increased frequency of micronuclei. Recently Swenberg et al 
(2008) have evaluated the biological relevance of DNA modifications such as DNA breaks 
and their direct consequences. These are considered to be markers of exposure, versus 
mutations, which are considered as markers of effect. Whereas biomarkers of exposure 
extrapolate down to zero, biomarkers of effect can only be interpolated back to the 
spontaneous or background number of mutations. Thus at high exposures, the biology 
that results in mutagenesis is driven by DNA damage preferentially resulting from the 
chemical exposure. In contrast, at very low exposures, the biology that results in 
mutagenesis is driven by endogenous DNA damage.  

There were also efforts to assess the prognostic value of biomarkers for genotoxicity for 
carcinogenic risk in humans. Controversial results have been obtained with respect to the 
predictive value of chromosomal aberrations for increased cancer risk (Hagmar et al 
1998, Bonassi et al 2004, Rossner et al 2005, Norppa et al., 2006, Boffetta et al 2007). 
Other studies evaluated frequency of micronuclei in peripheral blood lymphocytes (Znaor 
et al 2003, Bonassi et al 2008), and the levels of “bulky” DNA adducts for diagnosis of 
lung cancer in different smoking groups (Veglia et al 2008).   

Since there is exposure from different sources and co-exposure by similarly acting 
compounds a clear differentiation between cumulative, aggregated and combined 
exposure is needed. Accordingly, SCHER has proposed the following terms and definitions 
(SCHER 2006):  

• Cumulative exposure is the total exposure to one stressor from several sources 
and/or via several pathways. 

• Aggregate exposure is total exposure to one stressor from several sources and/or 
via several pathways over time. 

• Combined exposure describes the exposure to several stressors giving similar 
effects. 

Especially combined exposures should be given specific attention in the risk 
characterization step. Aspects of combined exposure should, however, clearly be 
separated from the aspect of cumulative exposure to a single chemical from different 
exposure routes and exposure scenarios. 

Due to the time consuming and cost and labour intensive procedures required, data on 
the exposure to xenobiotics usually are limited. Insufficient quality of chemical-analytical 
procedures, difficulties in identifying concomitant exposures, interactions with other 
xenobiotics or activities, special risk groups such as the very old or very young and 
pregnant women, and patterns of exposure can result in uncertainties in the exposure 
assessment in human populations. 

3.1.4 Risk assessment 

The risk assessment comprises all information on the mode of action, including genotoxic 
versus non-genotoxic effects, dose response of the toxic effects, identification of the 
NOEL of the most sensitive endpoint, and scenarios of human exposure. The various 
procedures for risk assessment of genotoxic carcinogens are described subsequently.  

3.2 Request 1 

To critically review the available methodologies and approaches used for the risk 
assessment of substances that have been shown to be genotoxic and carcinogenic in the 
appropriate toxicity studies. 

A summary of currently used methodologies for risk assessment of genotoxic and 
carcinogenic chemicals is presented in Table 1.  

3.2.1 Risk characterization for genotoxic carcinogens 

Estimation of potency from animal cancer bioassays has inherent difficulties in the 
translation to potency estimates for humans because of species differences in physiology 
and due to the application of usually very high doses in the animal testing to compensate 
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for the low number of animals which can be used per dose group. The issues of 
extrapolations from incidence data in tests with inbred animals using high doses to 
predict incidences in genetically diverse human population exposed to much lower doses 
with a potentially wide variation in exposures represent the major challenges.  

At present, a number of different procedures are used in the risk characterisation for 
such compounds (Table 1). 

3.2.2 Linear Extrapolation from High Doses in Repeated Dose Animal Studies to Low 
Dose Human Exposure  

A number of mathematical models have been developed for extrapolation from responses 
at the high experimental doses generally used in animal carcinogenicity tests to those of 
the substantially lower exposure levels usually encountered in human situations, well 
outside the range of experimental observations. These models describe the relationship 
between the administered daily dose and resulting tumour incidence. The models are 
either based on tolerance distributions or mechanistic assumptions. Because of the small 
number of doses tested experimentally, i.e. usually only 2 or 3, almost all data sets fit 
equally well these various mathematical functions. Yet, in the low dose region, risk 
estimates by these models may differ by several orders of magnitude (Krewski et al., 
1999). Moreover, for most substances it is not known, whether the model actually 
reflects the underlying biological process and the method implies that any low exposure 
is actually associated with a defined cancer incidence. 

Three different methods have been used by regulatory authorities in Europe and USA. 
The “Linearised Multistage Model" has been used extensively by the US EPA (1986), but 
the “LED10 method” has later been proposed (EPA, 1996), while the “T25 method” has 
been used in Europe (Sanner et al., 2001) (Table 1). The two latter methods, also called 
the “linear” approach, are basically driven by the assumption of a linear dose response 
relationship between tumour formation and exposure and involve linear extrapolation 
from a dose descriptor. The results obtained with these three extrapolation methods are, 
in most cases, nearly indistinguishable (Sanner et al., 2001) and the differences are 
much smaller than generally found when different tumours or experiments are 
considered. It should be noted that, in cases where high quality epidemiology and animal 
carcinogenicity studies are available, a good agreement was found between hazard 
characterisation based on epidemiology and hazard characterisation based on animal 
studies using the T25 method (Sanner and Dybing, 2005a). 

The linear approach is used when there is an absence of sufficient information on modes 
of action or when mode of action information indicates that the dose-response curve at 
low dose is or is expected to be linear. Although it is recognised that linear extrapolation 
may in some cases result in overestimation of risks at low exposures, Bolt et al (2004) 
pointed out that for a number of chemical carcinogens a linear non-threshold 
extrapolation appears appropriate and scientifically well founded. However, if the 
available data do indicate a deviation from linearity, these data should be taken into 
account resulting in a modification of the default approach.  

Different dose descriptors or point of departures may be used in the linear extrapolation.  
In the USA, it is recommended that a BMDL (LED) is selected that is representative of 
the lower end of the observed range. In most cases that would be BMDL10 (LED10), but 
in some cases even BMDL01 may be used (EPA, 2005a). For the regulation of existing 
chemicals the Technical Guidance Document (TGD 2007) states that the T25 should be 
used as the default dose-descriptor in relation to linear extrapolation. The BMD05 or 
BMD10 should be used in certain cases in addition to the T25 when data are adequate for 
modelling purposes. 

In order to use the advantages that the BMD05 or BMD10 offer, the TGD (2007) 
requests that a good set of quantitative data is needed, i.e. a control group and at least 
three dose levels. The BMD05 may offer an advantage in the case of sub- and 
supralinear dose relationship. In cases when the model shows a good fit, it is 
recommended that the point estimate of the BMD05 is calculated. The justification for 
using a benchmark dose (BMD) rather than the BMDL, is that (1) the point estimate is 
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the best estimate of the response, (2) a sufficient amount of conservative assumptions 
are included in a linear extrapolation to the origin and (3) it is in line with the procedure 
used for the T25 methods which also uses the point estimate as the starting point. On 
the other hand the BMDL advantageously represents the uncertainty of the dose-
response relationship and is considered more conservative.  

The determination of lifetime cancer risks and associated conclusions for certain 
exposure scenarios is carried out in several distinct steps as illustrated for the T25 
method in fig. 1. The same applies for other dose descriptors. After having decided 
what animal data set to use, the dose descriptor T25 is determined. The T25 is 
determined by linear extrapolation from the lowest dose giving a statistically significant 
increase in tumours. Subsequently, the human equivalent of the animal dose-
descriptor, i.e. the HT252 is calculated by dividing with an assessment factor for 
differences in metabolic rate (allometric scaling). The human dose is determined on the 
basis of a relevant scenario or measurements and the lifetime cancer risk is 
subsequently calculated. If the exposure is less than lifetime a correction factor should 
be applied to the calculated chronic exposure dose3. Subsequently, a commentary 
statement (narrative) is generated whether an overall evaluation of the data available4 
indicates that the actual risk may be higher or lower than the risk calculated for a 
specific scenario.  

 
Animal experiment, decide data set to use 

 
Determine the animal dose descriptor, T25 

 
Calculate the corresponding human dose descriptor, 
HT25, by dividing with the appropriate scaling factor 

 
Select the relevant exposure scenarios and calculate the human doses (E) 

 
Calculate the life-time cancer risks (E/[HT25/0.25]) 

 
Evaluate impact of modifying elements 

 
Conclusion 

 
Figure 1- Outline of the procedure of the life-time cancer risk approach (After Sanner et al., 2001) 
 

Of special importance is comparison with possible epidemiological information. Even in 
cases were no excess cancer risk were found it may be possible from the strength of 
the study to indicate at what risk the epidemiological study would be able to detect an 
increase and compare that with the calculated risk.  

Finally, the calculated lifetime cancer risk for a certain exposure scenario will be 
compared to a lifetime cancer risk of little concern. Based on this comparison together 
with the commentary statement, conclusions with respect to the risks associated with the 
specific exposure situations are made. 

The decision whether a calculated lifetime cancer risk is of concern or not is a political 
question. Some guidance may, however, be found by using the lifetime cancer risk in 
different countries, and if international organisations have considered to be of no or little 
concern. It has been found that the cancer risk decision points used for lifetime exposure 

                                          
2  HT25=T25/(weight human/weight animal)0.25 
3 For workers with an exposure time of 8 hours per day, 5 days per week, 48 weeks per year for 40 years the 

default correction factor is 2.8 (7/5 x 52/48 x 75/40) for oral studies, whereas a factor of 1.5 (6/8 x 5/5 x 
52/48 x 75/40) is used for inhalation studies (which normally involves 6 hours exposure per day, 5 days 
per week). 

4 Elements that may influence the value of the lifetime risk estimate are i.e. epidemiology, data-sets available, 
site-/species/strain/gender activity, dose-response relationships, chemical class, toxicokinetics (see Sanner et 
al., 2001) 
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of the general population are generally in the range of 10-5 to 10-6.  The decision point for 
'acceptable' lifetime (i.e., a working life of 40 years) cancer risk levels used for workers 
are generally around 10-5 but higher or lower levels have been considered to be tolerable 
under certain circumstances (TGD, 2007). The Scientific Committees (SCs) note that the 
tolerable cancer risk values for occupational exposure are within one order of magnitude. 
These values should be harmonized internationally. The values for environmental 
exposure have a much larger variation. These values should also be harmonized globally. 

In the REACH guidance document on dose-response characterisation (ECHA, 2008) linear 
extrapolation from T25 or the BMD to a risk of 10-5 is proposed to derive the so-called 
"derived maximum exposure level" (DMEL). For the risk characterisation this value is 
compared with exposure concentrations. If the DMEL is higher than the exposure level, 
the risk level is seen as tolerable. 

3.2.3 Margin of Exposure (MOE) 

EFSA recommends application of the concept of MOE for assessing the risk of genotoxic 
and carcinogenic substances (EFSA 2005, Barlow et al 2006, O’Brien et al 2006; see 
Table 1). The MOE represents the ratio between the dose descriptor for tumour formation 
in animals or humans and the measured or estimated human exposure. Application of 
the MOE-approach requires reliable animal carcinogenicity data or reliable 
epidemiological data including good quality exposure assessment. Comparative potency 
estimated is represented by the benchmark dose, or the T25 derived from animal 
carcinogenicity studies. Depending on the quality of the animal carcinogenicity data and 
the number of dose levels used in these studies, the dose-descriptors T25 or the BMD(L) 
are used as points of departure for risk estimation in the low dose region. EFSA (2005) 
concluded, “that a MOE of 10,000 and above, based on a BMDL10 from an animal study, 
would be a value that would indicate a low concern from a public health point of view and 
that might be considered a low priority for risk management actions.“ The proposal has 
been discussed and supported during a joint EFSA/WHO/ ILSI Europe conference (Barlow 
et al 2006). This MOE of 10,000 is based on the conclusion that for non-genotoxic 
substances the product of two 10-fold factors (one to allow for possible inter-species 
differences, the other to allow for human variability (WHO, 1987 and 1994) also apply for 
substances which are both genotoxic and carcinogenic and an additional factor of 100. 
This factor takes into account that the additional point is not equivalent to the NOEL, 
additional uncertainties related to human variability in cell cycle control and DNA repair, 
and uncertainties about the shape of the dose–response curve below the BMD and the 
dose level below which the cancer incidence is not increased.  

Although SCHER/SCCP/SCENIHR (SCs) agree to this additional factor because of limited 
knowledge and the lack of experience with this approach, it notices that several 
investigations revealed that genetic variations in xenobiotic-metabolising enzymes have, 
in general, only a modest effect on the individual cancer risk associated with low level 
environmental exposures (Hirvonen, 1999; Taningher et al., 1999; D’Errico et al., 1999; 
Pavanello and Clonfero, 2000).  

Moreover, although in vitro treatment of blood cells from healthy subjects with genotoxic 
agents showed a variation in response in a range of an order of magnitude (Gu et al., 
1999), the contributions of individual variant alleles of DNA repair genes is less than two-
fold although the impact of low penetrance polymorphisms may theoretically be barely 
detectable (Mohrenweiser et al., 2003). 

However, the magnitude of the MOE requires adjustment to the type of point of 
departure since these do represent doses inducing different tumour incidences thus 
influencing conclusions on risk. Size of the required MOE may be influenced by more 
detailed information on mode of action such as genotoxicity versus non-genotoxicity and 
integration of all available data in a weight of evidence approach. Different MOE-values 
may also be derived for subpopulations with different (high or low) exposures. 

As already mentioned in 3.2.2 the REACH guidance (ECHA, 2008) requires the 
identification of a DMEL for carcinogenic substances. A DMEL may also be obtained by 
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applying the MOE-approach. The T25 or BMD are divided by the assessment factors 
described above (10000 for the BMD10) to obtain the DMEL.  

The document does not provide guidance on which method - linear extrapolation or MOE 
approach - is to be preferred. However, there is a comparison on the outcome of the 
linearized approach and the MOE approach in Appendix 8-7 of the guidance, which shows 
that the resulting DMEL is principally the same. As the way, how the DMEL is obtained by 
applying assessment factors, the MOE-approach is called “large assessment factor 
approach” in the REACH guidance. 

3.2.4 ALARA  

While not a risk assessment method, but a risk management tool, the ALARA principle is 
often applied by advisory bodies and regulatory agencies and requires comments in the 
context of risk characterisation (Table 1). The application of the ALARA principle intends 
to keep the exposure to carcinogenic substances at the lowest achievable level, usually 
limited by technological limitations or economic considerations. The advantage of the 
ALARA principle is that only hazard identification data is needed and that exposure to 
genotoxic and carcinogenic substances is limited to technically unavoidable amounts. The 
hazard identification data may be restricted to an in vivo genotoxicity test considered 
indicative of potential carcinogenicity, but the ALARA principle may also use animal 
carcinogenicity data. There is no requirement to evaluate carcinogenicity data in a 
quantitative manner. In addition, no information on exposure is needed. By that, the 
approach is qualitative and can readily be communicated to the general public.  

However, the ALARA principle has a number of major disadvantages. It usually does not 
make use of the general toxicological database available,  is not useful for risk 
comparison and does not take into account the carcinogenic potency and the actual 
(sometimes extremely low) exposures, which may result in very low risks. Although the 
ALARA principle is a valuable tool to generally reduce exposure, it may create problems 
for risk communication because it provides only qualitative information and will not 
communicate that certain agents may be of higher risks than others, because of their 
potency or of high exposures. 

3.2.5 Threshold of toxicological concern (TTC)  

The TTC principle is dealing with compounds of unknown toxicity. Based on the chemical 
structure of a compound, human exposure threshold values for the daily uptake of a 
compound are established (Kroes et al., 2000, 2004). 

For compounds with structural alerts for genotoxicity (Ashby and Tennant, 1991) the TTC 
is 0.15 µg/person/day. As it is assumed, that there is no threshold for genotoxicity and 
carcinogenicity a risk based approach has been used for deriving this TTC. The criterion 
for “no appreciable risk” for carcinogenicity was a risk of 1 in 1 million, based on the 
TD50 values from rodent carcinogenicity studies. To establish a TTC-value for these 
compounds a database of rodent carcinogenicity studies with over 700 chemicals 
(Cheeseman et al., 1999, Kroes et al., 2004) has been analysed. Most of the carcinogens 
assessed have a risk level which is less then 1 in 1 million at the TTC. However some 
aflatoxin-like-, azoxy-, or N-nitroso-compounds give risks higher than 1 in 1 million. 
Therefore these structural classes were excluded from the use of the TTC principle, 
because compound specific risk assessments are required. Metals, metal-containing 
compounds, polyhalogenated dibenzodioxins, dibenzofurans or biphenyls and proteins 
are also excluded from the use of the TTC. 

The TTC principle has been developed originally for chemicals present in food (Munro et 
al., 2008). It is applied by organizations such as the US Food and Drug Administration in 
the regulation of food contact materials (USFDA, 1995) and by EFSA and the Joint FAO 
/WHO Expert Committee on Food Additives (JECFA) in evaluations of flavouring 
substances. Further its use has been proposed for cosmetic ingredients (Kroes et al., 
2007), herbal preparations (EMEA, 2007), personal and household care products 
(Blackburn et al., 2005), and impurities in pharmaceuticals (Müller et al., 2005). 
Concerning the latter, its use has been criticized as too conservative (Delaney, 2007), as 
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the use of a single figure infers an unwarranted level of precision (Humfrey, 2007). It has 
been proposed that the TTC for genotoxic compounds should be adapted for impurities in 
pharmaceuticals, which are designed for shorter duration of intake as compared to the 
life-time intake of food (Humfrey, 2007). 

The TTC principle is currently being assessed by the Sanco SCs (SCCP/SCHER/SCENIHR, 
2008) 

3.2.6 (Q)SAR for the assessment of genotoxic agents and carcinogens 

As the carcinogenicity bioassay in rodents is long and costly and requires the use of 
many animals, chemical carcinogenicity has been the target of numerous attempts to 
create alternative predictive in silico models. A number of commercial and non 
commercial computer programs or tools are available on genotoxicity or carcinogenicity 
of chemical substances e.g. COMPAQ, DEREK, HAZARDEXPERT, MCASE, MDL-SAR, 
Oncologic®, TOPKAT, the OECD toolbox and structural alerts.  

Several external validation exercises of these (Q)SAR programs are available in the 
literature (Benigni and Zito, 2004, Benigni et al., 2007; Bristol et al., 1996, Contrera et 
al., 2007; Matthews et al., 2006; Mayer et al., 2008). They differ in numbers of 
chemicals assessed and in how the chemicals were selected for the prediction.  

In the most recent evaluation of Mayer et al., (2008), the predictive ability of 
genotoxicity tests (bacterial reverse mutation, mouse lymphoma, chromosome 
aberration) and SAR (structural alerts, MCASE, OncoLogic®) have been compared with 
the results of carcinogenicity studies on 650 compounds from the TD50 carcinogenicity 
Potency DataBase of Gold (http://potency.berkeley.edu/cpdb.html). While the 
concordance for the structural alerts (70.9 %) was similar to the genotoxicity tests (62.5 
-75 %), MCASE and OncoLogic® were more effective in predicting carcinogenicity (82.9-
88.4 %). One reason for this difference may be that the SAR programs also detect non 
genotoxic carcinogens. MCASE and OncoLogic® had a similar degree of concordance 
(88.4 % versus 82.9 %). The better performance of OncoLogic® and MCASE compared to 
genotoxicity assays may at least partly be due to the inclusion of non genotoxic 
carcinogens, which are detected by these programs. In another analysis encompassing 
1540 compounds Contrera et al. (2007) obtained 69 % concordance with results of 
carcinogenicity studies for MCASE and 73 % for MDL-QSAR. The prediction has been 
refined to 76 %, if both programs were merged. For analyses of chemicals, where the 
outcome of carcinogenicity studies was not yet available at the time of the analysis 
(Benigni and Zito, 2004, Bristol et al., 1996), the concordance of the predictions by 
Oncologic® as the best performing programme was 65 % (Benigni and Zito, 2004).  

One major shortcoming of SAR approaches is the limited data availability in the training 
set of the program. If the compound analysed is not similar to any of the compounds in 
the training set, then the SAR programs is not able to make a significant prediction. In 
the analysis of Mayer et al., (2008), many compounds could not be analysed by 
OncoLogic®, the best performing program, because they did not fall into one of 
OncoLogic®´s defined structure classes. Further there are several types of compounds 
that cannot be predicted at all in many SAR programs, e.g. inorganics, organometallic 
compounds, mixtures, and silicone-based compounds.  

Besides assessing carcinogenicity as a yes/no result, (Q)SAR may be useful for analysing 
mode of action and for guiding mechanistic studies. As an example the mode of action of 
aromatic amines has been explored (Benigni and Passerini, 2002). Carcinogenicity of 
these compounds depended on hydrophobicity as well as electronic and steric properties. 
Thus, the information provided by (Q)SAR can expand the knowledge on a chemical and 
may help to put into context available evidence.  

In conclusion, given the structural diversity and possible complexity of chemicals to be 
analysed and the huge range and variability of possible interactions of chemicals in 
biological systems, it is highly unlikely that (Q)SAR models will ever achieve absolute 
certainty in predicting carcinogenicity. However, (Q)SAR software programs provide the 
possibility of cost effective screening of chemicals for possible carcinogenic effects. 
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Several programs may be used together in a weight of evidence approach. As they may 
also detect non genotoxic carcinogens they are also valuable in combination with genetic 
toxicity assays. Therefore SCHER recommends that SAR should be incorporated into a 
battery of approaches for evaluating the genotoxic and carcinogenic potential of a 
chemical thus adding to the overall evidence.  

3.2.7 Use of epidemiological studies in cancer quantitative risk assessment  

It is generally recognised that dose-response information from epidemiological studies is 
preferred as the starting point for quantitative risk analysis of carcinogens instead of data 
from experimental animal studies. The main advantage is that there is no need for 
usually conservative extrapolation step for species-species extrapolation and that 
exposure conditions are representative of those of the target population. However, the 
results of human studies are often hampered by insufficient exposure assessment and by 
other methodological shortcomings or too large random variations between study results 
(Brandt, 2002). 

The SCs stress that exposure assessment is most critical for the establishment of 
exposure response relationships. Three ‘exposure fields’ can be defined: consumer 
exposure, environmental exposure and occupational exposure. The measures of 
exposure(s) or exposure surrogates should be: (a) conceptually relevant to the risk 
assessment being conducted; (b) based on principles that are biologically plausible and 
(c) properly quantified.  

For identification of appropriate epidemiologic studies the SCS recommend to use the 
quality criteria developed by Swaen (2006), which include consideration of: 1) study 
design, 2) appropriate control group, 3) sufficient long observation period with respect to 
latency 4) if applicable, correction for known confounding factors, including concomitant 
exposures 5) sufficient statistical power, and 6) appropriate statistical analysis.  

Whenever feasible, human data on biomarkers and other biological measures as well as 
data on individual susceptibility should be employed.  

US EPA has developed an electronic database (IRIS) containing information on human 
health effects that may result from exposure to various substances in the environment. 
By the end of 2007, 24 agents have been classified according to the EPA guidelines for 
carcinogen risk assessment as human or probably (likely) human carcinogens. Of these 
agents risk estimation based on epidemiological data were available for 15 substances. 
From the epidemiological studies the difference in risk of a particular condition between 
those who are exposed and those who are not were calculated. The additional risk is an 
absolute measure of the excess risk attributed to the exposure. 
(http://cfpub.epa.gov/ncea/iris/index.cfm?fuseaction=iris.showSubstanceList). 

As in quantitative risk assessment based on animal studies, the evaluation of 
uncertainties is essential. Main sources of uncertainty in epidemiological studies, such as 
bias (e.g. healthy worker effect), exposure measurement error or possible confounding 
can be estimated in validation study e.g. Steenland and Greenland (2004). 

Until recently, transparent and generally accepted protocol for calculating cancer risk 
from epidemiological studies was not available. A systematic approach has been 
proposed (Goldbohm et al., 2006) based on the case of hexavalent chromium and lung 
cancer. The SCs strongly recommend this approach, which is structured, transparent and 
allows conducting risk assessment process in reproducible manner. The approach 
includes: (1) selection and evaluation of epidemiological data, (2) derivations of relative 
risk as a function of exposure from the selected epidemiological data and (3) calculation 
of excess lifetime risk for an exposed target population at risk.  

In conclusion, the SCs point out that, epidemiological studies of sufficient quality are best 
suitable for quantitative risk assessment if they include dose response information based 
on which starting point for dose extrapolation can be identified. Epidemiological studies 
without such detailed information can support a risk assessment based on appropriate 
animal studies.  
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3.2.8 The question of threshold for genotoxic carcinogens 

In its opinion the Scientific Committee of EFSA (EFSA, 2005) has concluded that based 
on the current understanding of cancer biology there are levels of exposure to 
substances, which are both genotoxic and carcinogenic, below which cancer incidence is 
not increased (biological thresholds in dose-response).  

As mentioned above, the default assumption for risk assessment of carcinogens is that 
exposure to even very small amounts of a chemical may result in additional risk. While 
this low-dose linearity is supported by observations on the dose-response for DNA adduct 
formation of many chemicals, non-linearity in the low-dose range, suggesting the 
presence of thresholds has been observed in a number of systems regarding endpoints 
considered relevant in the process of tumour formation, e.g. mutations. This assumption 
is based on the existence of cellular defence mechanism and that at a certain dose the 
agent may no longer increase the spontaneous mutation rates.  

However, the relative contribution of the different cellular defence mechanisms and the 
dose dependence of their responses are insufficiently understood. Moreover, further 
research is needed to elucidate the rate limiting parameters that trigger the defence 
mechanisms, which will permit the determination of the onset of such counterbalancing 
reactions. A better understanding is of utmost regulatory importance, since a 
scientifically defendable threshold concept for genotoxic carcinogens will allow to identify 
NOEL and by that to propose health based exposure limits for genotoxic carcinogens. 

In its opinion “Research priorities for the 7th Framework Program - Human Health and the 
Environment“, adopted on 30 October 2006 SCHER has addressed this problem and has 
recommended the following activities: 

Development of tools to assess interaction of chemicals at low dose, including natural 
stressors, comparison of dose-response of several interrelated biomarkers (systems 
biology) focusing on chemical carcinogenesis. 

• Shape of dose-response relationships for low-level exposures to chemicals   
• Explore the possibilities to establish threshold for genotoxic carcinogens.   
• Integration of physiologically based toxicokinetic models into the risk assessment 
process. 

The working group supports this proposal and strongly recommends further research 
within the 7th Framework Program.  

3.3 Request 2   

If possible, to identify a harmonised methodology/approach for the risk assessment of 
substances that are genotoxic and carcinogenic taking into account all factors that may 
be of relevance (e.g. differences in their mechanism of action). 

No international scientific consensus on what is the best approach for risk assessment of 
substances that are both genotoxic and carcinogenic is currently available. However, if 
good epidemiological data are available these should primarily be used for risk 
assessment.  

The Technical Guidance Document Chemical Safety Assessment (REACH Implementation 
Project 3.2-2) recommends two default methodologies for deriving an exposure level of 
little or no concern (RIP, 2007). The ‘linearised’ approach (T25 method) results in a 
lifetime cancer risk considered being of low concern while the MOE approach results in 
values representing a low concern. If data allows, more sophisticated methodologies for 
deriving a no-effect level may be applied. The choice of such alternative methodologies 
should be justified. EFSA (2005) has recommended application of the MOE approach. 

Both the linear extrapolation and the MOE approach use the same dose-descriptors, a 
benchmark dose or a T25, as determined from experimental studies in animals. Both also 
require a precise and comprehensive exposure assessment. Both approaches allow 
comparing the risks of exposures by considering differences in potency of the substances 
concerned and exposure patterns in the population. Moreover, both approaches may be 
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applied to individual chemical agents as well as to chemical classes (e.g.PAHs) and 
aggregate exposures. 

Both approaches can be adjusted by information on differences in metabolic rates 
between the experimental animal and man. Other differences in toxicokinetics and 
toxicodynamics may also be included. Moreover, confirmation by epidemiological 
information can be performed.  

The MOE represents the ratio between a dose-descriptor BMDL or T25 and the actual 
human exposure. Thus, the MOE approach avoids extrapolations of dose-response curves 
way outside of the observable range, and as a consequence the presentation of a virtual 
cancer risk with intrinsic uncertainties. On the other hand, only limited experience with 
the method including interpretation and communication of MOE is available.  

The SCs conclude that evaluation of the carcinogenic risk of a genotoxic carcinogen 
should be done on a case-case basis. Whenever sufficient information is available, 
emphasis should be laid to identify the appropriate dose descriptor as a starting point for 
risk assessment of genotoxic carcinogens to either apply the linear extrapolation or the 
MOE approach. Both have their advantages and disadvantages. From a scientific point of 
view the MOE approach avoids the usually intrinsic uncertainties of the extrapolation 
models and the presentation of a virtual cancer risk of a high uncertainty. The need for a 
high quality exposure assessment including specific subpopulation and of high quality 
bioassay data and inability to serve as a quantitative estimate of risk may be considered 
as disadvantages of the MOE-approach. Moreover, risk comparisons for management 
decisions require that all MOEs or quantitative risk characterisations are based on 
databases with similar and high quality. 

The MOE and linear extrapolation approaches combine information on human exposure 
and the potency of the carcinogen and can be used to indicate levels of concern and also 
ranking between various exposures to such agents.  

With this the SCs have identified several conditions where one or the other approach may 
be preferable: 

• For risk communication the MOE is seen preferable.  

• For prioritisation of measures to reduce risk, both, the MOE approach and the 
linear extrapolation from a dose descriptor e.g. the BMDL10 or the T25 are 
applicable 

• Linear extrapolation is a method that provides a quantitative expression of risk 
that is commensurate with cost benefit analysis It provides likely units of life 
under certain exposure conditions. 

 
The SCs also recommend application of the TTC principle when appropriate. In cases 
where the exposures are below the relevant TTC level, non-necessary toxicological 
testing or regulations can be avoided.  

The concept to reduce the exposure of carcinogens to a level as low as reasonably 
achievable (ALARA principle) is a valuable measure to minimize exposure to genotoxic 
and carcinogenic substances. It is not applicable for risk assessment, and it does not 
provide a basis for setting priorities for action. 

3.4 Request 3 

To critically review the available methodologies and approaches used for the health risk 
assessment of substances that are shown to be genotoxic in the appropriate toxicity 
studies and for which evidence of carcinogenicity is either limited or missing.  

Genotoxic effects, i.e. toxic effects on the genome of cells, comprise both mutations and 
damage to the genetic material which cannot be inherited but has the potential to cause 
the formation of mutations after further processing. The terms “genotoxic” and 
“mutagenic” or “genotoxicity test” and “mutagenicity test” must, therefore, not be 
considered synonymous. Whereas mutations can only be identified in the subgroup of 
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genotoxicity tests termed “mutagenicity tests”, damage to the genetic material or cellular 
responses specific to the presence of DNA damage can be identified in a different 
subgroup termed “indicator tests”. 
Information on the biological background of the individual assays is given in the Annex. 

3.4.1 Ability of in vitro and in vivo genotoxicity tests to correctly predict the 
carcinogenicity of chemicals 

The capability of individual genotoxicity tests or combinations of tests to correctly predict 
the carcinogenic properties of chemicals has been assessed in a number of studies (see, 
e.g., Tennant et al. 1987, Haseman et al. 1990, Zeiger et al. 1990, Zeiger, 1998). The 
most recent and largest of these analyses are those of Kirkland et al. (2005) and 
Matthews et al. (2006a) the outcomes of which will be discussed here in some detail.  

A straightforward interpretation of the results of the two studies is hampered by the fact 
that the rodent carcinogens in the data sets analysed included both clearly genotoxic 
carcinogens as well as others with a presumed non-genotoxic mode of action. Kirkland et 
al. (2005) argued that “…there are only a few rodent carcinogens for which the non-
genotoxic mechanism of action is sufficiently defined to discern whether an absence of 
response (…) in the in vitro battery is an accurate reflection of mechanism or a true lack 
of predictivity”. As a consequence, the non-genotoxic compounds were not separated 
from the genotoxic ones for the correlation analysis. Therefore, the sensitivity of a 
genotoxicity assay, i.e. its ability to give a positive response with a rodent carcinogen, 
cannot be regarded a good measure for the utility of an assay to identify genotoxic 
carcinogens, as negative results must be expected for any single test system with 
carcinogens that are non-genotoxic. More critical parameters for the ability of the tests to 
correctly predict the carcinogenicity of genotoxic carcinogens are specificity, i.e. the 
ability to give negative results with known rodent non-carcinogens, and positive 
predictivity, i.e. the probability of an assay to correctly identify a rodent carcinogen from 
a positive result. 

Kirkland et al. (2005) assessed the ability of a battery of three commonly used in vitro 
genotoxicity tests to discriminate rodent carcinogens and non-carcinogens. Assays 
investigated were the bacterial mutagenicity test, the mouse lymphoma assay and a test 
for clastogenicity, the in vitro micronucleus or the chromosomal aberration test.  

The sensitivity of the three-test battery, i.e. its ability to give positive responses with 
rodent carcinogens, was high. Of the 553 genotoxic and non genotoxic carcinogens for 
which there were valid genotoxicity data, 93% of the compounds evaluated gave positive 
results in at least one of the three tests. Combinations of two and three test systems had 
greater sensitivity than individual tests resulting in sensitivities of around 90% or more, 
depending on test combination.  

Only 19 carcinogens out of 206 tested in all three tests gave consistently negative results 
in a full three-test battery. Most were either recognised as known non-genotoxic 
carcinogens or were extremely weak (presumed) genotoxic carcinogens. 183 chemicals 
were non-carcinogenic after testing in both male and female rats and mice. There were 
genotoxicity data on 177 of these, which were used to determine the specificity of the 
individual assays or their combinations. The specificity of the bacterial mutagenicity test, 
for which the largest database was available, was reasonable (73.9%), but all 
mammalian cell tests alone had low specificity (i.e. 31% for the micronucleus test, 39% 
for the mouse lymphoma assay and 45% for the chromosomal aberration test).  

This already low specificity declined to extremely low levels in combinations of two and 
three test systems. When all three tests were performed, 75-95% of the non-carcinogens 
gave positive (i.e. false positive) results in at least one test in the battery.  

These findings were largely corroborated and extended by Matthews et al. (2006a) who 
performed an analysis of a large set of data from numerous genotoxicity tests, 
reproductive and developmental toxicity studies and rodent carcinogenicity bioassays in 
order to identify the genotoxicity and reprotoxicity endpoints which best correlate with 
the results from the carcinogenicity bioassays.  



    Genotoxic and carcinogenic substances     
   

 22 

The data in the ICSAS carcinogenicity database at the time of analysis contained 24708 
study records. For 1112 of the 7205 organic chemicals selected, both genotoxicity data 
and results from carcinogenicity assays were available. Of the various statistical 
parameters evaluated only a new statistical parameter, the “correlation indicator” (CI), 
was used. The CI was defined as the average of specificity and positive predictivity.  

A CI value of 73%, which was 5% less than the CI value for the Salmonella composite 
data (78%), was arbitrarily chosen as the cut-off for the discrimination between “well 
correlated” and “not well correlated” endpoints. Of the 21 composite endpoints composed 
of genotoxicity test systems, 10 had CI values below 73%. These endpoints included two 
composites comprising differentially evaluated mouse lymphoma assays (CI = 62.0 and 
53.4%), 7 composites categorised as “Clastogenicity”, which contained the in vitro 
micronucleus assay (9.3%), chromosome aberrations in vitro (65.2%) and plant 
cytogenetics, but also SCE in vitro and in vivo and fungal and Drosophila aneuploidy.  

The 11 composites that were classified as “well correlated” comprised 8 groups 
categorised as “Gene mutation” which included the induction of gene mutations in 
Salmonella (CI = 78.3%), Escherichia coli (75.1%), all bacteria (77.3%), fungi (78.2%), 
plants (88.6%), Drosophila (80.5%), the HPRT system (78.4%) and rodent mutation in 
vivo (consisting of  results from dominant lethal, heritable translocation and specific locus 
tests; 90.5%), two composites for in vivo clastogenicity which contained chromosome 
aberrations in vivo (75.2%) and micronuclei in vivo (73.4%), and DNA damage, i.e. the 
in vitro UDS test (86.6%). Of the individual test systems in these composites using 
bacteria or mammalian cells, the highest CI values of >90% were associated with UDS in 
human fibroblasts (95.6%) and rat hepatocytes (92.0%) and the dominant lethal assay 
(92.5%). The high CI values of these three assay systems were due to both specificities 
and positive predictivities between 91 and 96%. 

It appears likely that a certain proportion of “false positive” results from in vivo 
genotoxicity tests, i.e. positive findings that were not associated with a positive result in 
a carcinogenicity bioassay and which impair the positive predictivities of the assays, 
actually reflects the genotoxicity of very weak carcinogens that were not identified in the 
standard bioassay due to its inherently low sensitivity.  

In a further study, a good performance with respect to the prediction of rodent 
carcinogens was reported for various cell transformation tests, particularly the SHE cell 
assay (OECD, 2007). However, these assays give no information on the genotoxicity of 
an agent, as cell transformation can be brought about by both genotoxic and non-
genotoxic mechanisms. 
  
In conclusion, an evaluation of the results of the analyses of Kirkland et al. (2005) and 
Matthews et al. (2006) with respect to those test systems commonly used for 
genotoxicity testing suggests that the two in vitro test systems specific for gene 
mutations, the bacterial gene mutation assay and the HPRT test, show good and similar 
predictivity. The analyses also confirm numerous earlier reports that the predictivity of 
positive results from in vitro assays responding to the clastogenic activity of chemicals in 
mammalian cells, i.e., the test for chromosome aberrations, the micronucleus assay and 
the mouse lymphoma assay, is very limited. In particular, the low specificity and CI of 
the in vitro micronucleus test would suggest that this assay is not well suited for an 
inclusion in a battery of basic in vitro tests for genotoxicity. On the other hand, it is the 
only available test capable of detecting aneugenic effects, and this appears to justify its 
inclusion in a battery of initial tests. The particularly good predictivity of the UDS test, 
the performance of which was only analysed in vitro, indicates that this indicator test 
should be an excellent assay for the follow-up testing of chemicals in vivo, as there is no 
reason to believe that the predictivity of the in vivo version of the assay is lower than 
that of the in vitro version. The predictivity of the standard in vivo assay, the 
micronucleus test, appears good, although clearly lower than that of germ cell tests 
involving an examination of the progeny, such as the dominant lethal test. These assays, 
however, are definitely too laborious and require too many animals for being employed 
for routine testing. 
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Current Strategies for Genotoxicity Testing 

As an initial step in the evaluation of the genotoxicity of an agent, the available 
information on its toxicity, metabolism, toxicokinetics etc. should be scrutinised, as the 
exact strategy employed in the subsequent experimental phase has to consider all 
available relevant data. This information can be supplemented by an in silico assessment 
of QSAR. This kind of initial computational toxicology may also be employed in cases 
where prioritisation of agents to be tested is desired. The in silico approach is then 
followed by experiments in which the genotoxicity of the agent in question is assessed in 
vitro and if need be in vivo.  

For the experimental evaluation of the genotoxic potential of chemical compounds, 
several national and international institutions and scientific societies have proposed 
guidelines for a successive approach (Cimino 2006; Lorge et al., 2007; Tweats et al., 
2007a, b; WHO, 2008). There is extensive, but not complete agreement among these 
proposals. Recently, a general, simplified, highly flexible strategy for genotoxicity testing 
has been proposed (Pfuhler et al. 2007) which is in general accordance with the majority 
of these proposals and which takes into account the experience with the individual test 
systems (see Annex, “Test systems for genotoxicity”). In the following, a schematic 
outline of a strategy largely based on this proposal is presented. It is important to note, 
however, that the presentation of the strategy is unavoidably simplified. For example, it 
will not take into account quantitative aspects of results obtained in vitro, like the 
magnitude of observed effects and concentration-effect relationships, which may have an 
impact on the overall testing strategy. 

Initial in vitro testing 

In vitro systems for the detection of genotoxicity are generally comprised of test cells in 
which genotoxic effects (the so-called “endpoints”) can be detected, and an added 
artificial system for the extracellular metabolic activation of the test agent. This system 
(usually the so-called “S9 mix”) is employed with the objective of compensating for the 
limitations of the capacity of the tests cells, e.g. bacteria and mammalian cell lines, to 
metabolically activate the tests agents. 

There is agreement among the individual proposals that the first level of initial or basic 
testing should be comprised of at least two basic in vitro tests which cover the two 
categories of mutations any test strategy must be able to detect, namely gene mutations 
and chromosomal mutations, with high sensitivity. The test system of choice for the 
detection of gene mutations is the bacterial gene mutation assay. For the detection of 
chromosomal mutations, the in vitro chromosomal aberration test, which detects 
structural chromosome aberrations, but not genome mutations, has been used for a long 
time. It is now suggested to use the in vitro micronucleus assay for the detection of 
chromosomal effects, primarily because it provides the possibility to identify both 
clastogens and aneugens (Kirsch-Volders et al., 1997).   

This general scheme of basic testing may not be applicable in a meaningful way if there 
is evidence that the S9 mix may be inappropriate for metabolic activation of the agent to 
be tested. In this case the use of metabolically competent cells, e.g. primary 
hepatocytes, in which indicator effects can be detected, or transgenic cell lines 
engineered to express the relevant enzymes may provide an alternative test strategy. 

Follow-up testing 

Following the initial in vitro tests, the further line of action is dependent on the outcome 
of these assays. Four possible cases can be envisioned: 

(a) In case both tests yield unequivocally negative results, the agent can generally be 
regarded as non mutagenic and further confirmatory testing may be deemed 
unnecessary. However, if there are any specific aspects (e.g., substance class–
specific factors, inappropriate representation of in vivo metabolism) that raise 
concern about the reliability of the results, further testing, possibly using a non-
routine strategy, must be considered.  
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(b) In case only the bacterial gene mutation assay yields positive results and in the 
absence of evidence that a bacteria-specific metabolic pathway was responsible for 
the positive outcome, the capacity of the agent to induce gene mutations should be 
further assessed in mammalian cells in vitro, i.e. in the HPRT or TK+/- gene mutation 
assay. A negative result could be taken as indication that the agent does not induce 
mutations in mammalian cells unless there are other compound-specific reasons for 
concern (see (a)). A positive outcome would indicate a mutagenicity of the agent in 
mammalian cells in vitro and necessitate further studies (see (c)).  

(c) In case only the in vitro micronucleus test yields positive results, the result should be 
confirmed in an in vivo assay unless it can be shown convincingly that it was caused 
by experimental factors specific for the in vitro situation.   

(d) In case positive results are obtained in both test systems, the same strategy will be 
followed as in case (c). 

Further in vivo testing subsequent to positive results obtained in vitro is generally 
mandatory as the in vitro assays, in particular the micronucleus assay and the TK+/- 
gene mutation assay, have a rather limited specificity and are, thus, prone to yield a 
large proportion of “false positives” (see chapter 3.4.1). The particular assay and the 
experimental protocol employed for the follow-up testing in vivo should be selected case-
by-case based on the available information on the toxicokinetics of the agent, e.g. the 
systemic availability, the exposed organs and the pathways possibly involved in its 
metabolism, as well as the specific genetic endpoint probably affected. If regarded 
appropriate on the basis of the aforementioned considerations, the in vivo micronucleus 
assay is used to further evaluate the relevance of positive results of in vitro tests or, in 
specific cases, to add further confirmatory evidence to negative results obtained. A 
negative result of the micronucleus assay would only be meaningful if there is definite 
evidence from toxicokinetic studies that the test agent actually reaches the bone marrow 
in significant amounts. In specific cases, e.g., when it is known that the test compound is 
metabolised in the liver and the metabolites formed are too short-lived to reach the bone 
marrow, even the demonstrated bioavailability of the compound itself in the bone 
marrow will not suffice to consider bone marrow an appropriate target for an in vivo 
assay. In these situations, the use of an in vivo assay able to detect indicator effects in 
exposed tissues or organs where mutation induction is difficult or impossible to attest will 
represent an alternative or supplementation to the micronucleus assay. These assays 
include the UDS test and the Comet assay.  

Consistently negative results obtained in combinatorial tests of the type discussed above 
for tissues or organs definitely exposed to the test agent or its reactive metabolite(s) 
would generally result in a classification of the compound as non-genotoxic in vivo. In 
case the compound is known to be carcinogenic, the results from the genotoxicity assays 
would then support the conclusion that genotoxicity is most likely not involved in tumour 
formation.  

A positive outcome of an in vivo micronucleus assay, which cannot be attributed to 
compound-related disturbances in the physiology of the test animals, would establish the 
mutagenicity of the agent in vivo, and in the absence of further relevant data, the agent 
should be regarded as a potential genotoxic carcinogen and a potential germ cell 
mutagen. A similar conclusion should be drawn from positive results obtained with the in 
vivo UDS test. If uncertainties regarding the outcomes of these in vivo tests remain, 
further follow up-studies, such as in vivo mutation assays using transgenic animals, 
should be considered. 

3.5 Request 4  

If possible, to identify harmonized methodology/approach for the assessment of 
substances that are genotoxic and for which evidence of carcinogenicity is limited or 
missing, taking into account all factors that may be of relevance (e.g. differences in their 
mechanism of action) 
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 Formally, a carcinogenic effect can only be assessed in experimental studies on 
animals or in epidemiological investigations. If valid studies of these types are not 
available or if studies have yielded limited information only, in vitro and in vivo 
approaches can provide some information on the likelihood that a given agent is 
carcinogenic. It should be realised, however, that these studies cannot give a 
definite answer to the question about a carcinogenic potential. Moreover, due to 
this inherent uncertainty and the use of surrogate endpoints, i.e. genotoxicity 
instead of carcinogenicity, they can be used for hazard identification but, so far, 
not for risk assessment (i.e. derivation of numbers).  

 For a compound known to be “genotoxic”, the biological relevance of the observed 
genotoxicity will depend on the assay system(s) in which its genotoxic effects 
were detected. Ideally, a test strategy as described in Chapter 3.4 “Strategies for 
genotoxicity testing” should be adopted to accumulate as much knowledge as 
possible on both the potential mechanism of action and the concentration-
response relationship and the dose-response relationship (in vivo).  

 Due to the limitations of in vitro and in vivo test systems outlined in Chapter 3.4.1 
“Ability of in vitro and in vivo genotoxicity tests to correctly predict the 
carcinogenicity of chemicals”, a defendable prediction of carcinogenicity 
associated with an exposure to a compound for which such genotoxicity data are 
available cannot be made.  

 In specific cases, agents may be regarded as potential genotoxic carcinogens on 
the basis of positive in vivo genotoxicity tests. Although the positive predictivity of 
most in vivo genotoxicity assays is limited, compounds shown to induce DNA 
strand breaks, chromosomal mutations and, particularly, unscheduled DNA 
synthesis or gene mutations in vivo in addition to positive in vitro data are highly 
suspect of being carcinogenic. These compounds may be considered potential 
carcinogens until results from appropriate repeated dose studies in animals or 
human data become available.  

 In specific cases, compounds may be regarded as putative genotoxic carcinogens 
even in the absence of in vivo genotoxicity data. This may be justified, if there is 
convincing evidence for compounds with a closely related structure that have 
been demonstrated to be carcinogenic, that the compound in question will behave 
in a similar way and cause similar biological effects, i.e. tumour formation.  
Compounds of this type include certain alkylating agents, nitrosamines and 
certain polycyclic aromatic hydrocarbons. For every single compound, however, it 
is mandatory that the structure-activity relationship, on which the assessment is 
based, is delineated explicitly. In summary, each compound requires a case-by-
case decision, taking into consideration all available information on the compound 
under consideration, i.e. its toxicokinetics, toxicodynamics and mode of action to 
evaluate the weight of evidence to justify categorisation without appropriate long 
term studies. 

As stated above, there is general agreement that data from in vitro and in vivo 
genotoxicity tests are not suitable for the quantification of the carcinogenic risk. 
Recently Sanner and Dybing (2005b) discussed the possibility to predict the 
carcinogenic potency of compounds for which genotoxic mechanisms are likely or 
possible from the lowest effective dose (LED) obtained from in vivo genotoxicity 
studies. On the basis of IARC monographs a linear correlation between the lowest 
effective dose for in vivo genotoxicity after oral administration and inhalation 
exposure and the lowest dose descriptor T25 for tumour formation in long-term 
studies was found. If further evaluated, this approach may become a tool for risk 
assessment of genotoxic carcinogens without a long-term study. 

 For compounds which induce aneuploidy and which are clearly devoid of any DNA 
reactivity or clastogenic activity, the dose-response relationship observed in vivo 
is an important aspect that needs to be taken into consideration for risk 
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assessment. Aneuploidy induction does not result from an interaction of the 
compound or its metabolites with the DNA, but with proteins, which are present in 
multiple copies and which, thus, represent highly redundant targets. As a 
consequence, a certain minimal level of protein damage is required before the 
process of chromosome separation and distribution to the daughter cells is 
impaired. This minimal level is assumed to constitute a threshold below which no 
disturbance of chromosome segregation occurs. In case there is clear evidence for 
a certain experimental aneugen that the minimal concentration required for 
aneuploidy induction cannot be attained in humans, an assessment of this 
compound as potential human carcinogen is not warranted. 

4. EXECUTIVE SUMMARY 

The SCs conclude that risk assessment of compounds that are both genotoxic and 
carcinogenic should be done on a case-case basis. Whenever sufficient information is 
available, the appropriate dose descriptor as a starting point is identified to either apply 
the linear extrapolation or the MOE approach. Both have their advantages and 
disadvantages. From a scientific point of view the MOE approach avoids the usually 
intrinsic uncertainties of the extrapolation models and the presentation of a virtual cancer 
risk of a high uncertainty. 

The MOE and linear extrapolation approaches combine information on human exposure 
and the potency of the carcinogen. The SCs have identified several conditions where one 
or the other approach may be preferable: 

• For risk communication the MOE is seen preferable 

• For prioritisation of measures to reduce risk, both the MOE approach and the 
linear extrapolation from a dose descriptor are applicable 

• Linear extrapolation is a method that provides a quantitative expression of risk 
that is commensurate with cost benefit analysis. It provides likely units of life lost 
or gained under certain exposure conditions. 

When appropriate the SCs also recommend application of the TTC.  

The ALARA principle is a valuable measure to minimize exposure to genotoxic and 
carcinogenic substances. It is a qualitative procedure and not applicable for risk 
assessment. 

Genotoxic effects, i.e. toxic effects on the genome of cells, comprise both heritable 
alterations (mutations) and damage to the genetic material which cannot be inherited but 
has the potential to cause the formation of mutations after further processing. Genotoxic 
effects can be assessed both in vitro and in vivo. For basic in vitro testing, assays 
capable of identifying both gene mutations and chromosomal mutations must be 
employed. Most in vitro assays, particularly those detecting DNA breakage and 
associated chromosomal effects, have low specificity and, consequently, limited 
predictivity with respect to the carcinogenic potential of agents. Therefore, the 
demonstration of a genotoxic activity of an agent in vitro usually entails further studies in 
vivo.  

The specific assay(s) employed for the follow-up testing in vivo should be selected case-
by-case, based on the available information on the toxicokinetics of the agent, the 
pathways possibly involved in its metabolism and the specific genetic endpoint probably 
affected. In general, the micronucleus assay is recommended as first in vivo test, as it 
shows good positive predictivity for rodent carcinogenicity and as it can detect both 
chromosome and genome mutations. In specific cases, however, e.g. when organs and 
tissues other than the bone marrow are regarded as potential targets of genotoxicity, 
other tests able to detect local genotoxic effects should be employed. These assays 
include tests for the induction of DNA repair synthesis (UDS) or DNA strand breaks.  

In summary, each compound requires a case-by-case approach, taking into consideration 
all available information on the toxicokinetics, toxicodynamics and mode of action for the 
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evaluation of the weight of evidence, which may justify categorisation without 
appropriate long-term studies. A quantification of the carcinogenic risk associated with 
the exposure to an in vivo genotoxin is not possible solely on the basis of data from in 
vitro and in vivo genotoxicity tests; it requires appropriate repeated dose studies in 
animals. 

 

 



   

5. TABLE 1 - Summary on the available risk assessment methodologies: advantages and disadvantages  
 

Method Note Advantages Disadvantages 
Quantitative risk 

characterisation by linear 
extrapolation    

Linear extrapolation is 
performed from animal 
carcinogenicity data to the 
low doses usually 
encountered for human 
exposures. Corrections are 
made for differences in 
metabolic rate of the 
animal used and humans.  

• Provides a quantitative risk 
estimate 

• Applicable to cumulative and 
aggregate exposures 

• Can be used for prioritisation of 
measures to reduce risk 

• Can be used in cost-benefit 
analyses 

• Requires determination of a dose-
descriptor e.g. T25 from animal data 

• Requires linear extrapolations of dose-
response curves outside of the 
observable range. However, in cases 
where good epidemiology data are 
available a good agreement with the 
epidemiology data have been found 

• Requires human exposure data 

Margin of exposure (MOE) A ratio between a dose 
resulting a defined 
carcinogenic response and 
measured or estimated 
human exposure. Used by 
EFSA. 

• Provides a risk estimate 
• Applicable to aggregate 

exposures 
• Avoids extrapolations of dose-

responses outside the 
observable range 

• Can be used for prioritisation 

• Requires quantitative potency data on 
animal or human carcinogenicity 

• Requires human exposure data 
• Requires adjustments based on the 

type of the dose-response reference 
point 

As low as reasonably 
achievable (ALARA) 

Aims to keep the exposure 
to carcinogenic chemicals 
at the lowest achievable 
level. A tool for risk 
management. 

• Requires only hazard 
identification 

• No exposure data needed 
• No quantitative risk estimate 

needed 
• Easy to communicate 

• Cannot be used for risk comparison or 
prioritization 

• Carcinogenic potency not considered 
• Exposure not considered 

Threshold of toxicological 
concern (TTC) 

Human exposure threshold 
values for daily uptake of a 
chemical, below which 
there is no appreciable risk 
to human health. 
Developed originally for 
chemicals in food. 
Applicability for other 
chemical groups under 

• Simple and easy to use 
• Does not require potency data 
• Can be used for prioritization 

• Based on worst case assumptions 
• requires human exposure data  
• Assumes no threshold for 

carcinogenicity 
• Certain structural classes of chemicals 

excluded due to insufficient data 
• Databases need further development 

and validation 
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evaluation. 

Structure-activity 
relationships (SARs ) 

In silico method that 
utilises chemical structure, 
physico-chemical properties 
and structural alerts for 
effect and potency 
predictions. 

• No experimental studies 
needed, quick and cheap 

• Suitable for screening and 
prioritization of structurally 
related chemicals 

• May be useful for analysis of 
mode of action 

• May be useful in combination 
with experimental test systems 

• Poor predictivity beyond structurally 
and mechanistically similar chemicals 

• Very limited use as a stand-alone 
method 

Epidemiological data for 
quantitative risk 
characterisation 

The relevant study types 
are case-control studies 
and cohort studies. 

• No species extrapolation 
needed 

•     Realistic exposure levels 
• Suitable for calculating excess 

lifetime risks 

• Require good data at several exposure 
levels 

• Limited availability of appropriate 
studies 

• Usually poor exposure assessment 
• Subject for confounding and bias 
• Long follow up needed in cohort studies 

No-observed-adverse- 
effect –level (NOAEL) 

The highest dose-level used 
in experimental studies that 
is not associated with 
adverse effects. 

• Simple to use • Dependent on  number of test 
animal, choice of doses and spacing 
between doses 

• Ignores the shape of dose-response 
curve 

T25 The chronic daily dose 
which will induce 25% of 
the animals tumours at a 
specific tissue site after 
correction for spontaneous 
incidence, within the 
standard life span of that 
species. Assumes linearity. 
Currently used in the EU. 

• A simplified and robust index of 
carcinogenic potency 

• No computer program needed 
• Suitable for carcinogen potency 

classification and labelling 
• Can be used for quantitative 

risk characterisation and MOE 
calculations 

• Potency estimates not very accurate, 
but generally in reasonable agreement 
with BMDL determinations 

• Sensitive to experimental design 
differences 



    Genotoxic and carcinogenic substances     
   

 30

  

Benchmark dose lower 
confidence limit (BMDL) 

The dose associated with 
the lower 95% confidence 
limit for a predetermined 
change in response. Based 
on dose-response 
modelling. Recommended 
by the EFSA Scientific 
Committee. 

• Takes into account the shape 
and other information of the 
dose-response curve 

• Corresponds to an explicit 
response level 

• Use of lower bound confidence 
limit appropriately reflects the 
sample size and uncertainty 

• Can be used for quantitative 
risk characterisation and MOE 
calculations 

• Requires at least 3 dose-levels 
• Currently used guideline study designs 

are not optimal for BMD modelling (too 
few doses) 

Short-term genotoxicity 
tests 

In vitro and short-term in 
vivo studies as part of 
genotoxicity test batteries, 
mechanistic studies for 
specific purposes. Form the 
basis for the current 
genotoxicity classification. 
 

• Suitable for hazard 
identification, prioritization and 
clarification of mechanisms 

• Reasonable predictivity for 
rodent carcinogens 

• Provide mechanistic 
information 

• Quick and cheap 

• Do not provide quantitative risk 
estimate 

• Limited use as stand-alone methods 
• Usually require high exposure levels 

Long-term carcinogenicity 
bioassays in vivo 

Carcinogencity bioassays in 
rodents, initiation / 
promotion studies, 
carcinogenicity studies in 
transgenic animals. 

• Suitable for hazard 
identification and hazard 
characterization 

• Provide quantitative risk 
estimate 

 

• Require animal experimentation 
• Time consuming, laborious and 

expensive 
• Usually require high dose-levels that 

may involve toxicity mechanisms not 
relevant for human low dose exposures 
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7. LIST OF ABBREVIATIONS 

ALARA  As Low As Reasonably Achievable 
BMD  Benchmark Dose 
BMDL  Benchmark Dose Lower Limit 
CI  Correlation Indicator 
DFG  German Research Foundation 
DMEL  Derived Maximum Exposure Level 
EFSA  European Food Safety Authority 
EPA  Environmental Protection Agency 
GHS  Globally Harmonized System 
GSTT1  Glutathione S-transferase theta 1  
HPRT  Hypoxanthine Guanine Phosphoribosyl Transferase  
IARC  International Agency for Research of Cancer 
ICSAS  Informatics and Computational Safety Analysis Staff 
IPCS  International Programme on Chemical Safety 
IRIS  Integrated Risk Information System 
LED  Lowest Effective Dose 
MOE  Margin of Exposure 
MTD  Maximum Tolerated Dose 
NO(A)EL No Observed (Adverse) Effect Level 
OECD  Organisation for Economic Co-operation and Development 
(Q)SAR  (Quantitative) Structure-Activity Relationship 
SCs  Scientific Committees 
TGD  Technical Guidance Document 
TTC  Threshold of Toxicological Concern 
UDS  Unscheduled DNA Synthesis 
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8. GLOSSARY 
 
Aneuploidy  Abnormal number of chromosomes  

Carcinogen  Substance or agent that increases the incidence of 
 neoplasms in experimental animals and/or humans  

Clastogens  Substance or agent that causes chromosome breakage and 
(or) consequent gain, loss or rearrangement of pieces of 
chromosomes. 

False positive/negative  A result that is erroneously positive/negative  

Genotoxic agent Substance or agent that affects the genetic material of 
cells.  

Genotoxic carcinogen  Substance capable of producing cancer by directly altering 
 the genetic material of target cells  

HT25      HT25=T25/(weight human/weight animal)0.25 

In vitro  Refers to the technique of performing a given experiment 
 in a controlled environment outside of a living organism 

In vivo  Refers to experimentation done in or on the living tissue of 
 a whole, living organism 

LED10      The 95% per cent lower confidence interval for a 10 per 
       cent increase in tumour incidence and is determined by 
       fitting dose-response data to various mathematical models 
       (US EPA, 1996)  

Micronuclei Small extra nuclear chromatin-containing bodies in cells 

Mutagenic agent  Substance or agent capable of causing permanent 
alterations of the genetic material (mutations) 

Neoplasm  Structure resulting from the abnormal proliferation of 
 cells.  

Non-genotoxic carcinogen Substance capable of producing cancer by mechanism not 
 related to initial damage to the genetic material.  

S9 mix Artificial system for the extra cellular metabolic activation 
 of the test agent in in vitro systems  

T25  Chronic daily dose which will give tumours in 25% of the 
 animals above background at a specific tissue site (Dybing 
 et al., 1997) 

Transgenic  Refers to an organism whose genome has been altered by 
 the transfer of one or more genes.  
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ANNEX I 
 

TEST SYSTEMS FOR GENOTOXICITY 

Genotoxic effects, i.e. toxic effects on the genome of cells, comprise both mutations, 
which are alterations of the information content or the segregation of DNA that can be 
passed on to the next cell generation or the offspring, and damage to the genetic 
material which cannot be inherited but has the potential to cause the formation of 
mutations after further processing.  

The terms “genotoxic” and “mutagenic” or “genotoxicity test” and “mutagenicity test” 
must, therefore, not be considered synonymous. Whereas the detection of mutations 
caused by a test agent in mutagenicity test systems may enable direct conclusions with 
regard to its impact on the genetic material, the detection of mere damage is usually less 
meaningful.  

The demonstration of DNA damage or cellular responses specific to the presence of DNA 
damage by so-called “indicator tests” may, however, yield important information on the 
potential mutagenicity of an agent in cases where mutagenicity is difficult to determine 
directly, such as in primary cells in vitro which do not proliferate to any significant extent 
or in certain tissues in vivo in which the induction of mutations is difficult or impossible to 
determine. 

For most of the test described below guidelines are available from OECD, EU ICH (Cimino 
2006; Lorge et al., 2007; Tweats et al., 2007a, b; WHO, 2008) 

I. In vitro test systems for genotoxicity 

In vitro systems for the detection of genotoxicity are generally comprised of test cells in 
which genotoxic effects (the so-called “endpoints”) can be detected, and an added 
artificial system for the extracellular metabolic activation of the test agent. This artificial 
system is generally required as the test organisms employed, e.g. bacteria and 
mammalian cell lines have a very limited capacity for the metabolic activation of 
chemicals. The standard system used in nearly every in vitro test for genotoxicity is the 
so-called “S9 mix”, a mixture of a cell fraction obtained as supernatant after 
centrifugation of liver homogenate of rodents, usually rats, at 9000 x g (“S9”) and an 
enzymatic system for the generation of NADPH, a cofactor required for the metabolism of 
chemicals by cytochromes P450 (CYPs). The enzymatic activity of the S9 is generally 
increased by pre-treatment of the animals with chemical inducers of the CYP system, and 
its activating capacity is further augmented by the virtual absence of the activity of 
inactivating conjugating enzymes due to the lack of their enzymatic cofactors. However, 
this lack can also prevent the detection of genotoxic effects of compounds which require 
the activity of conjugating enzymes for their activation. Moreover, other potentially 
activating enzymes are not present in the S9 to any significant extent, and in specific 
cases their absence may prevent the detection of genotoxic effects of test agents. 
Available information on the potential route(s) of metabolic activation of the test agent 
can provide the possibility to supplement the presumably missing enzymes or cofactors. 
Other problems associated with the use of S9 mix may result when metabolites are 
formed that are charged and unlikely to penetrate the bacterial cell wall or whose half-life 
is so short that they cannot reach the genetic material of the test cell. In this case, the 
use of metabolically competent cells, e.g. primary hepatocytes, in which indicator effects 
can be detected, or transgenic cell lines engineered to express the relevant enzymes may 
provide an alternative test strategy. 

Mutagenicity tests 
Mutations which can be induced by test agents in in vitro test systems comprise gene 
mutations, chromosome mutations and genome mutations. Whereas the induction of 
gene mutations can be assessed in bacteria and in mammalian cells, the analysis of the 
induction of chromosome and genome mutations is restricted to mammalian cells and 
yeasts. 



    Genotoxic and carcinogenic substances     
   

 39 

Tests for the induction of gene mutations 

The bacterial reverse mutation assay, also colloquially referred to as “Ames test”, is the 
most frequently employed in vitro mutagenicity test. The test is performed with various 
strains of Salmonella typhimurium and Escherichia coli which, as a consequence of 
specific, well-defined mutations in genes coding for enzymes for the biosynthesis of a 
certain amino acid, have lost the ability to grow in the absence of this amino acid. 
Mutagenic chemicals which induce reverse mutations at selected loci in the genome of 
these cells convey back the capability to synthesize the respective amino acid and to 
grow and form visible colonies. The number of these colonies is a direct measure of the 
mutagenicity of the test agent in the individual strains, which also enables conclusions 
with respect to the underlying mechanism of mutation induction. The system is very 
sensitive for the detection of mutations because of the tailor-made properties of the cells 
and the use of very large numbers of cells (about 108 per treatment), which allows the 
detection of small increases in mutant frequency. The high sensitivity of the assays puts 
high demands on the purity of test agents, as very minor mutagenic impurities can 
produce false positive results. As the structure of the bacterial chromosome is different 
from the much more complex structure of the chromatin in mammalian cells, some types 
of mutagens, e.g., compounds eliciting chromosomal mutations in mammalian cells as a 
consequence of an interaction with DNA-associated proteins cannot be detected in 
bacterial test systems. 

In contrast to the bacterial reverse mutation assay, gene mutation assays with 
mammalian cells detect forward mutations, i.e. the loss of a specific function, usually an 
enzyme activity, as a consequence of a mutation. The functionally altered cells are 
identified by selection procedures which allow the detection and quantification of few 
mutants within a large number of non-mutated cells. In general, selection is based on 
the mutation-induced resistance to toxic base analogs which will kill the non-mutated 
cells. The mutants survive and form colonies because the resistance is passed on to the 
daughter cells.  

For routine testing, two assays referred to as “HPRT gene mutation test” and “TK+/- 
gene mutation test” are usually employed. The HPRT gene mutation test, which is 
generally performed with Chinese hamster cell lines, e.g., V79 or CHO cells, detects the 
heritable loss of the activity of the enzyme hypoxanthine guanine phosphoribosyl 
transferase (HPRT). Loss of this enzyme activity results in the resistance to guanine 
analogs like 6-thioguanine. It primarily identifies mutations within the hprt gene, e.g., 
base substitutions or small deletions/insertions. Large deletions, which extend into 
neighboring essential genes and which show up microscopically as chromosome 
aberrations, are frequently lethal and cannot be detected by the HPRT test. The TK+/- 
gene mutation test is routinely performed with the mouse lymphoma cell line L5178Y and 
then also referred to as "mouse lymphoma assay". It detects the heritable loss of the 
activity of the enzyme thymidine kinase (TK) in cell lines heterozygous for the thymidine 
kinase gene (tk+/-). Loss of the TK activity leads to the insensitivity of the cells to 
thymidine analogs like trifluorothymidine. The test detects mutations limited to the tk 
gene. Mutants produced by a mutation within the tk+ allele, which is not essential for 
growth, form rapidly growing, large colonies. This type of mutation apparently 
corresponds to the mutations detectable with the HPRT system. However, the test also 
detects large mutations which can be identified microscopically as chromosome 
aberrations and which become apparent as slowly growing, small colonies of 
trifluorothymidine-resistant cells. It appears that compounds or treatment conditions, 
such as those associated with excessive toxicity, which result in the formation of 
chromosomal aberrations (see below) also lead to the appearance of small colonies. 
Electrophilic properties or a reactivity of the compound or its metabolites with DNA are 
not essential for the induction of this type of mutation.  

Thus, the responsiveness of the L5178Y TK+/- system to different types of mutations is 
broader than that of the HPRT system which does not detect chromosomal mutations.  
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Tests for the induction of chromosome aberrations 

The term “chromosome aberrations” includes both alterations of chromosome structure 
that are microscopically visible in mitotic cells (structural aberrations) and alterations of 
chromosome number (numerical aberrations). 

The chromosome aberration test detects structural aberrations only, and it can provide 
an indication of polyploidy. It cannot detect numerical aberrations elicited by aneugens.  
The first mitoses (metaphases) occurring after treatment of the cells with the test 
substance are scored, i.e., the analysed cells have not yet divided. Thus, the aberration 
assay does not detect mutations in the narrower sense, but potential precursors of 
heritable chromosome aberrations, i.e., chromosome mutations. Nevertheless, the terms 
“chromosome aberration test” and “chromosome mutation test” are frequently used as 
synonyms. Chemicals which induce structural chromosome aberrations are also called 
“clastogens”. 

Chromosomal aberrations induced by chemicals are usually assessed in human 
lymphocytes or, more frequently, certain karyotypically stable cell lines, such as various 
Chinese hamster cell lines or L5178Y mouse lymphoma cells. Scoring for aberrations is 
performed on metaphase cells, as only in this phase of the cell cycle the chromosomes 
are amenable to an analysis of their structure by light microscopy. Metaphase analysis 
requires considerable effort to produce statistically robust data sets. The quality of the 
performance of the assay and the scoring of the aberrations is of vital importance for the 
significance of results obtained with this assay. 

A prerequisite for the induction of chromosomal aberrations by a compound is its ability 
to cause DNA double strand breaks. These breaks can be induced directly by an attack of 
the compound on DNA, or they can be formed during the processing or repair of DNA 
damage. However, even though the formation of DNA double strand breaks is an 
essential step in the formation of chromosome aberrations, the clastogenicity of a 
compound is not necessarily due to the reactivity of the compound or its metabolites with 
DNA. Chromosomes are complex, dynamic structures made up of DNA and proteins, and 
their structural integrity depends on a large number of factors including the maintenance 
of a physiological intracellular milieu, such as a proper osmolality and pH, and the 
activity of several enzymes. Changes of chromosome structure can be induced by, e.g., 
disturbances of DNA replication and repair, effects on topoisomerases, depletion of 
cellular energy, interference with cell membrane function or triggering of apoptosis. 
Therefore, this assay system is highly sensitive to interferences caused by the toxicity of 
the test compound and therefore prone to the generation of “false positive” results.  

In the in vitro micronucleus test, cells are treated with the test agent, and, after they 
have completed cell division or, in a variant of the assay, only nuclear division, scored for 
the presence of micronuclei. Micronuclei are small extra-nuclear chromatin-containing 
bodies. They contain either fragments of chromosomes (produced by chromosome 
breakage) or complete chromosomes (as a consequence chromosome malsegregation) 
that have not been integrated into a nucleus of one of the daughter cells during nuclear 
division. Micronuclei can be easily identified by light microscopy after staining. Whereas 
the formation of chromosomal fragments (also called acentric fragments) is due to the 
clastogenic activity of the test agent, the formation of micronuclei containing whole 
chromosomes is caused by disturbances of the mitotic apparatus of the cells. 

Since the formation of micronuclei consisting of acentric fragments and whole 
chromosomes is based on completely different mechanisms, differentiation of the two 
types of micronuclei can yield valuable information on the mechanism of action of a test 
agent. The differentiation is achieved by examining the micronuclei for the presence of 
centromere-specific chromosome regions by either anti-kinetochore antibodies or 
fluorescence in situ hybridization (FISH) with centromere-specific DNA probes. Thus, the 
micronucleus test allows the identification of clastogens, which cause chromosome 
breaks, and of spindle poisons, which disturb chromosome segregation. The micronucleus 
test is particularly valuable because no other assays for the reliable detection of 
aneuploidies are currently available.  
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The in vitro micronucleus test can be conducted with any mammalian cell line and certain 
primary cells, such as mitogen-stimulated freshly isolated hepatocytes. Due to the ease 
of evaluation, large numbers of cells can be scored which increases the reliability of the 
results obtained. Like the chromosome aberration test, however, it appears to be prone 
to false-positive results although a sound quantitative comparison of the susceptibility of 
the two assays to in vitro artefacts is not yet possible due to the relatively limited 
database for the micronucleus test.  

Indicator tests  
The term “indicator tests” signifies a group of genotoxicity assays which do not detect the 
induction of mutations in the progeny of the treated cells. Rather, various effects 
mechanistically associated with the formation of mutations are identified directly in the 
treated cells. 

Tests for covalent binding of chemicals to DNA 

The capability to react with DNA and to form covalent DNA adducts is a characteristic 
property of many mutagens and genotoxic carcinogens or their metabolites. Covalent 
binding of a test chemical to DNA can be assessed by treating cells with the radioactively 
labelled compound and subsequently analysing them for radioactivity covalently bound to 
the DNA. The practical utility of this approach is, however, limited by the problem that 
the chemical in question has to be available in radioactively labelled form. Moreover, 
laborious control experiments are generally necessary to exclude experimental artefacts, 
such as the exchange of tritium atoms between the test chemical and the DNA when 
tritium-labelled compounds are used, the enzymatic incorporation of radioactive 
decomposition products of the test chemical into DNA and the apparent radioactive 
labelling of the DNA as a consequence of its contamination by radioactively labelled 
proteins. For these reasons, studies on the covalent binding are unsuited for routine 
testing. Immunological methods and the 32P post-labelling technique allow very sensitive 
detection of DNA adducts without being dependent on radioactively labelled test 
compounds, but these approaches are also associated with substantial experimental 
effort. They are, however, particularly useful in their in vivo version for the detection of 
organ-specific genotoxicity. 

Tests for differential killing 

In the past, various tests were utilized in genotoxicity testing which compare the growth 
inhibitory effect of a test agent in two bacterial strains one of which, as a consequence of 
a mutation in a gene relevant for DNA repair, has a limited capacity to repair DNA 
damage. Different growth rates of the two strains in the presence of a test agent were 
interpreted as an indication that the test compound had induced DNA damage. These 
assays, which were performed with various species of bacteria and commonly designated 
“repair assay” or given specific names (e.g. “Rec assay”), frequently yielded positive 
results with test chemicals which did not exhibit genotoxic activity in other test systems. 
This was probably due to the fact that the product of the mutated gene, e.g. the recA 
protein, frequently has pleiotropic functions and may render cells less sensitive to certain 
cytotoxic effects of test agents. For this reason, among others, tests for differential killing 
are no longer used in genotoxicity testing. Positive results from these assays can, at the 
best, only support findings from other tests that yielded positive results. 

Tests for the induction of the SOS response 

In this type of test, the increased expression of specific stress genes (“SOS genes“, 
specifically sfiA, umuC, recA) as a consequence of DNA damage or an inhibition of DNA 
synthesis is determined in bacteria. The increase is detected indirectly via the 
demonstration of an increased expression of a reporter gene (lacZ, the structural gene of 
the enzyme γ-galactosidase) which is quantitated colorimetrically. The tests can be 
performed with different bacterial species, e.g., E. coli („SOS chromotest“) or Salmonella 
typhimurium (“Umu test“, “RecA test“). The responsiveness of the tests to inhibitors of 
DNA synthesis can yield positive results with compounds which would not give positive 
results in, e.g., the bacterial gene mutation assay. Positive results from this type of tests 
may provide supportive evidence for positive results obtained in other test systems. 
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Tests for the induction of DNA strand breaks 

DNA single and double strand breaks, if not repaired correctly, may result in mutation 
induction. DNA strand breaks can be formed directly, e.g., by attack of reactive species 
at the sugar phosphate backbone of the DNA. In addition, strand breaks can result from 
the repair of DNA damage, and certain DNA lesions called ”alkali labile sites” are 
converted into breaks under the alkaline conditions generally used for strand break 
analysis. 

Alkaline conditions are employed in order to separate the DNA strands and to uncover 
single strand breaks. Subsequently, characteristic changes of the physicochemical 
properties of the DNA strands, which occur as a consequence of strand breaks, are 
measured. Primarily two techniques, the alkaline elution method and, more recently, the 
alkaline single cell gel electrophoresis method have been employed in genotoxicity 
testing approaches.   

In the alkaline elution method, the DNA of the cells to be analysed is deposited on 
membrane filters and then eluted with an alkaline buffer. The rate of elution through the 
membrane pores depends on the length of the DNA molecules, as shortened strands of 
DNA resulting from strand breaks will be eluted prior to intact DNA. By comparing the 
elution rates of the DNA from untreated and from treated cells, it can be determined 
whether the test compound induced DNA strand breaks. Modifications of the 
experimental protocol are available which preferentially detect DNA-DNA- and DNA-
protein crosslinks as well as DNA double strand breaks.  

In the alkaline single cell gel electrophoresis method, also known as “Comet assay”, the 
cells are exposed to a test compound, embedded in agarose on a microscope slide and 
lysed. Subsequently, they are subjected to electrophoresis under alkaline conditions. The 
DNA is then stained and individual cells are analysed under the microscope. Whereas 
undamaged DNA does not migrate towards the anode under the test conditions applied, 
strand breaks and alkali labile sites cause a partial relaxation of the compact DNA 
structure and enable the movement of DNA fragments and loops out of the nucleus 
towards the anode. This movement results in the appearance of a “comet tail“ which can 
be quantitated and which represents a measure for the strand-break inducing capacity of 
the test agent. Advantages of the single cell gel electrophoresis technique, which can be 
applied on every cell type containing DNA, are the high sensitivity of strand break 
detection and the possibility to analyse individual cells. The in vivo version of this test 
has gained practical importance in genotoxicity testing with regard to the detection of 
organ-specific genotoxic events (see below). 

The interpretation of experiments measuring the induction of DNA strand breaks by test 
agents is complicated by the fact that strand breaks can also be induced by agents which 
do not directly damage DNA. Such compounds include those affecting the function of 
specific proteins involved in the maintenance of DNA structure, inhibitors of DNA 
polymerases and DNA repair enzymes or intercalating compounds which interfere with 
the activity of DNA topoisomerases. Strand breaks can also occur as a consequence of 
unspecific cytotoxic effects, such as membrane damage, shifts of the intra- and 
extracellular distribution of ions, lack of energy and inhibition of protein synthesis, and 
during apoptosis. Thus, for the interpretation of observations from strand break 
experiments it is mandatory to discriminate between unspecific or indirect actions of 
chemicals and specific effects originating from the reactivity of the test compound or its 
metabolites with the DNA. This differentiation is often difficult and can constitute a major 
problem for the interpretation of the results from strand break measurements.  

Tests for the induction of sister chromatid exchanges (SCEs) 

SCEs represent the exchange of corresponding stretches of DNA molecules between the 
two chromatids of a chromosome during DNA synthesis. The exchange reaction is based 
on breaks of the DNA molecules of both chromatids at genetically identical sites with 
subsequent rejoining of both DNA molecules at the breakage sites during replication. 
Thus, the exchange is “reciprocal” and does not usually lead to alterations in DNA 
sequence. 
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To make SCEs detectable by microscopic examination of the cells, chromatids are 
labelled with the synthetic nucleoside 5-bromo-2’-deoxyuridine (BrdUrd). After two 
rounds of DNA synthesis the chromosomes consist of two chromatids which are 
asymmetrically substituted with BrdUrd and can thus be discriminated. SCEs become 
apparent by color switches between the two chromatids. Quantitative evaluation of the 
experiments is performed by counting the number of color switches per metaphase.  

SCE tests, which are easy to perform, have been preferentially performed using Chinese 
hamster cell lines, such as V79 or CHO. The molecular mechanisms resulting in SCE 
formation are largely unclear. In general, SCEs appear to be the consequence of a 
perturbation of DNA synthesis. Such perturbations can be caused by the presence of 
unrepaired DNA lesions or by an inhibition of DNA repair. However, numerous other 
mechanisms which result in an inhibition of DNA replication also induce SCEs. Since an 
exactly “reciprocal“ exchange between sister chromatids is not associated with 
alterations of the nucleotide sequence of the DNA, a SCE per se is not a mutagenic 
event. The exchange process between the two double stranded DNA molecules is, 
however, a very complex, potentially error-prone biochemical process. A compound 
which is able to initiate this process is, therefore, generally regarded as potentially 
mutagenic. This notion is supported by the observation that many chemicals which 
induce gene mutations or chromosomal aberrations also increase the frequency of SCEs. 

The SCE test is not used any more in routine testing as the micronucleus test is also easy 
to perform and to evaluate and because the genetic endpoints detected with the 
micronucleus test, i.e., clastogenicity and aneugenicity, are better defined and of higher 
biological relevance. 

Test for the induction of unscheduled DNA synthesis (UDS)  

The in vitro UDS test determines the capability of a chemical to induce DNA repair in 
cultured mammalian cells. DNA repair is quantified by measuring DNA repair synthesis. 
DNA repair synthesis is a step in the process called “excision repair” which enables cells 
to excise DNA lesions from the damaged strand. The resulting gaps are subsequently 
filled by repair synthesis which can be measured via the incorporation of radioactively 
labelled thymidine. Repair synthesis is discriminated from normal replicative DNA 
synthesis by microscopic evaluation of single cells in autoradiographs which allows the 
exclusion of the heavily labelled cells in the S phase of the cell cycle from the analysis. In 
general, primary cultures of rat hepatocytes are employed because of their outstanding 
metabolic competence. Thus, this assay does not rely on the use of S9 mix for metabolic 
activation. 

The measurement of the induction of DNA repair synthesis enables the detection of the 
genotoxic properties of many different types of DNA damaging chemicals. Since the 
biological consequences of the corresponding DNA lesions can be very different, no 
quantitative conclusions regarding the mutagenicity of chemicals can be drawn from the 
results of repair tests. However, an increased repair synthesis clearly indicates a 
chemical reactivity of the test compound or its metabolite(s) with the DNA. Since toxic 
effects not associated with genotoxicity do not result in an induction of repair, false 
positive results do not occur. 

Cell transformation assays 
In certain mammalian cells, carcinogenic chemicals induce heritable alterations in cell 
morphology or growth behaviour which cause these cells to resemble tumour cells. The 
alterations occurring as a consequence of this “transformation“ include the loss of growth 
control, which can become manifest in various steps, such as the loss of contact 
inhibition, the acquired ability to grow in soft agar, or the capability for unlimited cell 
division (immortalisation). Thus, cell transformation appears to be a complex process 
having many aspects in common with the process of cancer development. 

The molecular mechanisms responsible for the individual steps of cell transformation are 
largely unknown. It appears, however, that test systems for cell transformation do not 
only detect mutagens, but also "non-genotoxic carcinogens" such as certain types of 
tumour promoters. Therefore, cell transformation assays are not counted among the 
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classical genotoxicity tests and have not gained broad acceptance in routine testing, 
primarily because of the uncertainties regarding the molecular mechanisms of cell 
transformation, the experimental effort required, and their sensitivity against 
modifications of experimental parameters. Large data base are available for systems 
employing mouse fibroblast cell lines, such as C3H10T1/2, Balb/c3T3, and Syrian 
hamster embryo cells. 

II. In vivo test systems for genotoxicity 

In vivo test systems for genotoxicity are used to put positive results from in vitro 
genotoxicity assays into perspective, i.e. to determine if the capability of a test 
compound to induce genotoxic effects in vitro is realised in the whole animal with fully 
functional absorption, distribution, metabolism and excretion. Moreover, in vivo test 
systems are used to detect genotoxic agents that are poorly detected in vitro. The in vivo 
tests are generally performed on rodents, i.e. mice, rats, or hamsters, but there are also 
well established test systems using the fruit fly Drosophila melanogaster.  

Mutagenicity tests 
Drosophila melanogaster 

Somatic cell tests  

These tests detect mutations and/or mitotic recombination in embryonic somatic cells of 
Drosophila. Larvae with specific genetic constitutions with respect to certain marker 
genes affecting the appearance of the eyes (“white-ivory eye spot test”) or the wings 
(“wing spot test” or “wing somatic mutation and recombination test (SMART)”) are 
treated with the test agent by injection, feeding or inhalation. A mutated cell in the 
embryo will grow into a region of mutated cells among normal cells in the adult fly. After 
hatching of the adult flies the eyes and the wings, respectively, are microscopically 
examined for characteristic morphological alterations. Whereas the eye spot test 
specifically detects gene mutations, the wing spot test detects both various types of 
mutational events and mitotic recombination.  

Germ cell test  

The “sex-linked recessive lethal (SLRL) test” is a germ cell test which detects the 
induction of X-chromosomal recessive lethal mutations. For routine testing males, which 
contain only one X chromosome per germ cell, are exposed to a potential mutagen. In 
two successive crosses the treated X chromosome is transferred to males of the F2 
generation. Here, males carrying the treated chromosome can be detected based on 
easily scorable phenotypic characteristics (eye shape and colour). The X chromosome in 
F2 males is hemizygous, and therefore any recessive mutation is expressed: The 
presence of a recessive lethal kills all these males before they have developed into a fly, 
and this is easily scored as the absence of one mendelian class among the progeny. 

Rodents 

Tests for the induction of gene mutations in somatic cells 

The Mouse Spot Test is an in vivo mutation assay with somatic cells which detects the 
transplacentary induction of gene mutations, but also chromosome mutations and 
somatic recombinations. Mouse embryos which are heterozygous for several different 
recessive coat colour genes are exposed to the test agent in utero. Mutational and 
recombinational events in the embryonic melanoblasts which result in the mutation or 
loss of the wild type allele and the expression of the recessive marker allele in the 
growing cell clones lead to localised coat colour changes that can be detected as a colour 
spot after the birth of the mouse. The frequency of the spots in treated animals is 
compared with that of controls. Mitotic recombination can be differentiated from gene 
mutations by microscopic examination of the colour granula in the hairs.  . 

The spot test shows certain limitations with respect to the toxicokinetics of the test 
agents due to the transplacentary delivery of the compound or its metabolites. Moreover, 
the sensitivity of the assay is low as there are only 150-200 melanoblasts in the embryo 
at the time of treatment. In order to attain an acceptable sensitivity, large numbers of 
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animals must be used. For this reason, the Mouse Spot Test is unsuited for routine in 
vivo testing for mutagenicity.   

Gene mutation tests with transgenic mice or rats generally detect mutations in a 
prokaryotic reporter gene in genomic DNA of specific proprietary transgenic animals. The 
largest data bases exist for the so-called MutaTMMouse and Big Blue® mice and rats. In 
the MutaTM system, the reporter gene is the lacZ gene, in the Big Blue® system it is the 
lacI gene. These target genes are incorporated as multiple copies at specific 
chromosomal locations. Using shuttle vector technology, the transgene is isolated from 
the organ(s) of interest of control mice and treated mice and used to transfect E. coli 
cultures for the determination of mutant frequency. Cell clones carrying gene mutations 
can by identified by the colour changes resulting from the lack of expression (mutated 
lacZ) or the induced expression (mutated lacI) of the enzyme γ-galactosidase, which can 
cleave the chromogenic substrate X-gal to produce a blue colour. Optionally, the 
mutations detected may be characterised at the molecular level. Besides lacZ and lacI 
other reporter genes have been transferred into the mouse genome as mutational 
targets, but there is still little experience with these models. 

A decisive advantage of the assays compared to any other mutagenicity test is the 
capability to isolate the target gene from any organ or tissue which enables the 
assessment of both systemic and local mutagenic effects. The sensitivity of the assay is 
limited by a relatively high frequency of spontaneous mutations which probably arise as a 
consequence of the suboptimal surveillance of the silent bacterial transgene by 
transcription-coupled DNA repair systems of the host. Sensitivity can be increased by 
repeated application of the test agent over several weeks. A major drawback of the 
shuttle vector technology is that it is not compatible with the detection of transgenes 
carrying large deletions, and clastogenic events resulting in chromosomal mutations can 
therefore not be detected. This drawback has been overcome by the recent generation of 
transgenic animals which carry the target gene not in a shuttle vector, but in a plasmid 
vector incorporated into their genome.  

Tests for the induction of chromosome aberrations in somatic cells and germ cells 

The rodent micronucleus assay is the most frequently employed in vivo mutagenicity 
assay. It is usually performed with mice, but rats or hamsters may also be used. 
Micronuclei can only be found in cells which have undergone cell division following 
exposure to the test agent. Since the bone marrow is one of the continuously 
proliferating tissues in adult animals and as it is easy to obtain, it has been used as the 
primary target organ for this assay. Following treatment of the animals, polychromatic 
(young) erythrocytes in the bone marrow which have extruded the main nucleus during 
the last stage of hematopoiesis are scored for the presence of micronuclei. In order to 
detect potential cytotoxic effects of the treatment on the bone marrow, the ratio between 
polychromatic and normochromatic (mature) erythrocytes is determined. It is also 
possible to analyse reticulocytes in peripheral blood for the presence of micronuclei. The 
absence of the main nucleus in these cells facilitates scoring, but the micronucleus assay 
can also be performed with nuclei containing cells in other proliferating tissues, such as 
gut epithelial cells or early spermatids. The assay can also be conducted with 
hepatocytes from young animals or with hepatocytes from adult animals following 
stimulation of cell division by partial hepatectomy or treatment with chemical mitogens 
such as 4-acetylaminofluorene.  

The micronucleus assay detects both clastogenic and aneugenic effects of agents. The 
endpoint is easy to score and provides good statistical power as many cells can be 
scored. Scoring of blood cells can be further improved and facilitated by the use of flow 
cytometry. It can be incorporated in ongoing toxicological studies, and several samples 
can be obtained from the same animal. For the evaluation of negative results obtained it 
is essential to assure that the test agent actually reached the respective organ, e.g. the 
bone marrow, in its active form. The specificity of the assay for detecting genotoxic 
carcinogens is apparently quite high, i.e. false positives are very rare. However, there is 
a growing body of evidence that compound-related disturbances in the physiology of the 
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rodents used in these assays can result in increases in micronucleated cells that are not 
related to an intrinsic genotoxicity of the compound under test. These disturbances 
include changes in the core body temperature (hypo- and hyperthermia), increases in 
erythropoiesis following prior toxicity to erythroblasts, such as haemolysis, the inhibition 
of protein synthesis or the direct stimulation of cell division in these cells. Potential 
contributions of these disturbing factors to micronucleus formation must be taken into 
consideration..  

In the chromosomal aberration test with mice, rats or hamsters, the clastogenicity of the 
test agent is assessed by analysing the first metaphases of the cells after treatment of 
the animal with the test agent. To meet this requirement, animals are treated only once. 
A mitogenic activity of the target tissue is a prerequisite for the assay. It is increasingly 
displaced by the micronucleus assay because structural chromosomal aberrations are 
much more difficult to score than micronuclei, are scored with less statistical power, 
show less reproducibility between laboratories, and, most importantly, do not yield 
information on potential aneugenic effects.   

Indicator tests 
Tests for the induction of DNA strand breaks 

The detection of strand break induction in vivo is nowadays almost exclusively achieved 
using the Comet assay. This assay can be performed with any organ from which single 
cell suspensions can be obtained, and it is particularly suited for the detection of local, 
organ-specific genotoxic events. Following treatment of the animals, cells are isolated 
from the organ(s) of interest and analysed in vitro for the presence of strand breaks. 

As DNA strand breakage can be induced by a variety of mechanisms including both a 
direct interaction of the test agents or its metabolite(s) with the DNA and indirect 
mechanisms occurring as a consequence of cytotoxicity, it is indispensable to get 
information on potential cytotoxicity in the respective organ in case an induction of 
strand breaks is observed. The most straightforward approach is the histopathological 
examination of the tissue for signs of toxicity, e.g. the presence of necrotic or apoptotic 
cells. In case cytotoxicity can be excluded, the agent can be regarded as genotoxic in the 
organ or tissue studied.  It is not possible, however, to draw any sound conclusion with 
respect to the potential clastogenicity of the agent, as double strand breaks, the cause of 
chromosomal aberrations, are generally not distinguished from single strand breaks. 

Tests for the induction of sister chromatid exchanges (SCEs) 
Mice, rats or Chinese hamsters are exposed to the test agent. To enable a discrimination 
of the sister chromatids, the animals are treated with 5-bromodeoxyuridine by repeated 
injection or via an implanted tablet or minipump. SCEs can be assessed in proliferating 
somatic cells, such as bone marrow cells, and germ cells (differentiated spermatogonia). 

The SCE test does not measure chromosomal aberrations, but intrachromosomal 
recombinational events, and an induction of SCEs can be due to a direct interaction of 
the test agent or its metabolites with the DNA or to an interference with DNA synthesis 
mediated by non-genotoxic mechanisms. For this reason, SCE tests are hardly used any 
more in genotoxicity testing. 

Test for the induction of unscheduled DNA synthesis (UDS) 

In principle, the assay can be conducted with any organ or tissue from which 
preparations of single cells can be obtained. The most common version is the rat liver 
UDS test. In general, animals are treated with the test agent once, and after 12-16 hours 
hepatocytes are isolated by collagenase perfusion of the liver. They are then exposed to 
3H-thymidine for the in vitro labelling of the ongoing DNA repair synthesis and analysed 
for the induction of UDS by autoradiography and microscopic examination. In case of a 
negative test result, the treatment is usually repeated using shorter exposure times of 
only 2-4 hours.  

The hepatic cytotoxicity of the exposure is monitored by assessing the morphological 
appearance of the cells. Interpretation of the results is facilitated by the fact that even 
strong cytotoxicity does not result in UDS induction, i.e. false positives. This feature is 
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responsible for the high specificity (i.e., ability to correctly identify non-genotoxic 
hepatocarcinogens as non-genotoxic) of the assay. As there is no information on the kind 
of DNA damage responsible for repair induction, it is not possible to draw quantitative 
conclusions regarding the mutagenic potential of the test agent.  

Germ cell tests involving an examination of the progeny 
The following in vivo tests for mutagenicity are assays in which mutations in germ cells of 
exposed animals are identified via the scoring of specific changes in the next generation 
(F1). These tests are generally very laborious and require large numbers of animals. 
They are, therefore, hardly used for the detection of potential genotoxic carcinogens but 
rather for the identification of germ cell mutagens or the assessment of the risk of 
humans to develop heritable genetic changes. 

Tests for the induction of gene mutations 

The specific locus test is a mutagenicity assay which detects heritable mutations of 
specific marker genes in germ cells of treated mice on the basis of changes in coat 
colour, eye colour or ear size in the progeny of the F1 generation. The discernable 
mutations are base substitutions or small deletions. The test is restricted to mice as only 
mouse strains with the required marker genes are available. The test is used primarily for 
the quantification of the genetic risk associated with exposure of humans to mutagenic 
agents.  

Tests for the induction of chromosome aberrations 

The dominant lethal test, which can be performed with mice and rats, is an indirect germ 
cell assay for the clastogenic activity of an agent. Males are exposed to the test agent 
and mated with untreated females. After fertilisation, chromosomal aberrations in sperm 
cells result in the death of the embryos, an event that can be recognized by the 
subsequent examination of the uteri of pregnant females. The dominant lethal test is 
used for the identification of germ cell mutagens and the characterisation of the 
mutagenic effects induced in specific stages of spermatogenesis.  

The test for heritable translocations, which also can be performed with mice and rats, 
identifies a specific subset of chromosomal aberrations which are transmitted from the 
exposed animals to the progeny and which are compatible with the survival of the 
embryos.  In general the males are treated for this kind of assay. The offspring with 
inherited chromosomal aberrations of this type exhibit reduced fertility, i.e. they are 
semi-sterile or sterile. Individuals of the F1 generation carrying translocations are 
identified by the assessment of their fertility and, preferably, by the cytogenetic 
confirmation of the translocation. Because of the large number of animals required, the 
test for heritable translocations is usually conducted only when the dominant lethal test 
has indicated an effect of an agent on a specific stage of spermatogenesis. Similar to the 
specific locus test, the assay for heritable translocations serves to quantify the genetic 
risk to humans associated with an exposure to the test agent and is not used in routine 
mutagenicity testing.  

 


