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Abstract

All information for the proper development, functioning 
and reproduction of organisms is coded in the sequence 
of matched base-pairs of DNA. DNA mutations can result 
in harmful effects and play a role in genetic disorders and 
cancer. As mutations can arise through exposure to chem-
ical substances, testing needs to be done on substances 
that humans and animals can be exposed to. This review 
focuses on the different testing strategies for risk assess-
ment of chemicals for genotoxicity and carcinogenicity. This 
review is not meant to cover all testing methodologies, but 
rather to give an overview of the main methodologies that 
are used in a regulatory context. In silico and in vitro tools 
are playing an increasingly important role, in order to reduce 
in vivo animal testing. Especially in silico tools like (Q)SARs 
are promising as they are non-testing methods and thereby 
also reduce the costs and time that are needed to perform 
in vitro assays. (Q)SARs are not sufficiently reliable to be 
used as stand-alone tools, and should be associated with 
expert judgment or used in combination with other Weight of 
Evidence such as in vitro and in vivo data and data derived 
from other similar molecules (read-across). For some prod-
uct (sub) categories, testing (in vitro/in vivo) will be unavoid-
able; however the future may bring reliable approaches for 
ensuring human safety.
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fully replicated DNA molecules to the 2 daughter cells 
occurs accurately. However, DNA replication is not a 
faultless process and mutations, which can be defined 
as various types of permanent changes in DNA, do oc-
cur in all organisms. Mechanisms underlying mutations 
have been well studied and are described in many text-
books [1]. Whether mutations will affect gene function 
depends on where they occur within a gene or whether 
they affect levels of gene expression, mRNA splicing or 
protein composition. About 70% of the mutations that 
result in an amino acid change in a protein is estimated 
to be harmful [2].

A first type of mutation occurs due to the incorpo-
ration of a wrong base during replication. This can oc-
cur spontaneously or can be chemically induced and 
will result in a mismatch between base pairs. If this is 
not repaired, it will lead to a mutation in the next round 
of replication. Misincorporations lead to transitions in 
which a pyrimidine is changed into the other pyrimidine 
or a purine into the other purine and to transversions 
in which a pyrimidine is changed into a purine or vice 
versa.

Other types of mutations include insertions or dele-
tions of 1 or more base pairs into the DNA sequence. 
Mutations can also involve amplifications or deletions 
of large chromosomal areas leading to multiple copies 
or loss of the genes located within this region, respec-
tively [3]. These complex mutations are caused by chro-
mosomal translocations, interstitial deletions and chro-
mosomal inversions and can also result in juxtaposition 
of previously separate pieces of DNA, potentially even 
forming functionally distinct fusion genes, with poten-
tial harmful effect.

Finally, during mitosis or meiosis, large chromosomal 

Introduction

The genetic make-up of all organisms is contained 
within the double helix of DNA. All information for the 
development, functioning and reproduction of organ-
isms is coded within the sequence of matched base-pairs 
and it is of crucial importance that this information is 
passed on to progeny without or with the least amount 
of error possible. Thus at the cellular level it is important 
that the replication of DNA and the segregation of the 
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ity of chromosomal abnormalities result from trisomies 
and occur prenatally [11]. As exposure of the develop-
ing infants to specific chemicals has been shown to in-
duce birth defects, it is important to sufficiently screens 
new compounds for potential teratogenic effects prior 
to release to the market [12].

The correlation between the mutagenicity and car-
cinogenicity of chemicals has long been evident [13]. 
Another demonstration of this association is presented 
by the correlation of human chromosome instability 
syndromes and DNA repair deficiencies, with increased 
cancer risks [14]. Molecular studies of so-called pro-
to-oncogenes and tumor suppressor genes have also 
shown that mutations play an important role in the 
processes leading to cancer. These genes encode for 
proteins that typically help to control cell growth and 
proliferation. Proto-oncogenes (e.g. ras) can be con-
verted into active oncogenes by point mutations [15] or 
chromosomal aberrations, and subsequently stimulate 
the transformation of normal cells into cancer cells [16]. 
A tumor suppressor gene (e.g. p53) typically protects a 
cell by inhibiting cell proliferation and tumor develop-
ment, and mutational inactivation or deletion of these 
genes have been implicated in human tumors [17]. 
Many cancers involve both activation of oncogenes and 
inactivation of tumor suppressor genes, as well as oth-
er possible events. This implies that carcinogenesis is a 
multistep process resulting from an accumulation of ge-
netic alterations [18-20].

Hazard assessment for genetic toxicity is done by 
means of testing and non-testing methods as will be 
discussed in this overview. Also available human data is 
important for hazard assessment. This is closely related 
to the hazard assessment for carcinogenicity, at least 
for genotoxic carcinogens.

Non-genotoxic carcinogens, will not be positive in 
genotoxicity studies because they act via other mecha-
nisms (e.g. peroxisome proliferator-induced hepatocar-
cinogenesis in rodents; [21] and thus need other testing 
methods. However this is out of scope of this review.

Risk assessment for genotoxicity is not as easily per-
formed as for carcinogenicity. The usual approach is to 
combine rodent germ and somatic cell data for induced 
genetic alterations with human somatic cell data (if 
available) in order to estimate the frequency of muta-
tions in human cells. For a complete estimate of genetic 
risk, it is then necessary to obtain an estimate of the 
frequency of genetic alterations that are transmitted to 
the offspring [22].

Chemical Mutagens and Classification

Reactive chemicals that can induce covalent bond 
formation with endogenous molecules such as DNA can 
act as a rate determining step in mutagenesis. These 
types of reactive chemicals can sometimes also affect 
other human health endpoints such as skin sensitiza-

pieces or even whole chromosomes may be lost during 
the formation of daughter cells due to missegregation 
events or chromosome breakage. This may also result 
in the loss or increase in number of alleles of genes, 
with deleterious effects for the organism. These types 
of genotoxicants are non-mutagenic and they may 
have threshold mechanisms. Typical examples are topi-
somerase II poisons or mechanisms based on reactive 
oxygen species; other mechanisms may lead to aneu-
ploidy [4-6].

DNA damage introduced by endogenous and ex-
ogenous sources continuously threatens the structure 
and integrity of DNA molecules. Due to the deleterious 
effects that mutations can have on the functioning of 
gene products, organisms have evolved complex DNA 
repair mechanisms that are aimed to prevent or correct 
mutations by reverting the mutated sequence back to 
its original state before they are fixed as permanent ge-
netic changes [7]. If DNA lesions remain unrepaired or 
if they are erroneously repaired, they will most proba-
bly hamper crucial cellular processes like transcription 
and replication, which may result in cell cycle arrest and 
possibly (programmed) cell death. However, potentially 
the mutation may become fixed. At the level of the or-
ganism, mutations in germ cells can result in genetically 
inherited diseases, while accumulation of mutations in 
somatic cells is associated with the initiation and pro-
gression of cancer. DNA damage is also believed to be 
involved in aging [8].

Mutations and Pathogenesis

In this short overview paper we focus on the implica-
tions of mutations for humans. The importance of DNA 
and the impact of mutations and chromosomal aberra-
tions for human health are clear from their observed 
roles in numerous genetic diseases and cancer. There-
fore potential for mutations in both somatic and germs 
cells need to be taken into account when an overall risk 
estimate resulting from mutations is concerned [9].

Many genetic disorders (e.g. cystic fibrosis) are re-
cessive in nature, indicating that the underlying muta-
tions are expressed when an affected individual inherits 
the mutated gene from both parents. Disorders show-
ing a dominant inheritance pattern require only 1 copy 
of the mutated gene in order to become expressed in 
the affected individual. For dominant genetic disorders 
a single mutation is sufficient for disease expression, 
and therefore new mutations make a larger contribu-
tion to the incidence of dominant diseases [9]. Howev-
er, the occurrence of a mutation can be obscured by in-
complete penetrance of the affected phenotype.

Structural chromosome aberrations can cause mis-
carriage and fetal death or serious abnormalities [10]. 
Aneuploidy, which is defined as the gain or loss of one 
or more chromosomes contributes to perinatal death, 
but also causes disorders such as trisomy 21. The major-
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es shall be based on the total weight of evidence avail-
able, using expert judgement. A single, well-conducted 
test may be used for classification if it gives clear and 
unambiguously positive results. Newly developed and 
validated tests may also be used in the total weight of 
evidence. The relevance of the route of exposure used in 
the study compared to the most likely route for human 
exposure is also taken into account [27]. When there 
is only evidence of somatic cell genotoxicity, it is also 
warranted that the substance is also regarded as sus-
pected germ cell mutagen. Classification as a suspected 
germ cell mutagen may also have implications for po-
tential carcinogenicity classification. This also holds true 
for genotoxicants which are incapable of causing her-
itable mutations, because they act locally and cannot 
reach the germ cells. This implies that if positive results 
in vitro are supported by at least one positive local in 
vivo, somatic cell test, that this is considered as enough 
evidence to lead to Category 2 classification. If there is 
also negative or equivocal data available, a weight of 
evidence approach using expert judgement has to be 
applied [27].

Testing for Mutagenicity Potential According 
to Regulatory Context

For regulatory purpose, the mutagenicity potential 
of a chemical has mainly been evaluated using in vitro 
assays, in particular the Bacterial Reverse Mutation Test 
[28] and the Mammalian Cell Gene Mutation Assay [29], 
as described in Table 1.

The Ames test is a short-term bacterial reverse mu-
tation assay that is designed to detect a wide range of 
chemical substances that can produce genetic damage 
that leads to gene mutations. In this assay, mutations 
present in bacterial test strains are reverted in the pres-
ence of mutagenic agents, thereby restoring the func-
tional capability of the bacteria to synthesize an essen-
tial amino acid (histidine) and to grow colonies [30]. This 
assay detects point mutations, including substitution, 
addition or deletion of one or a few DNA base. Different 
Salmonella strains are used that have different muta-
tions in the histidine operon, each of which is designed to 
be responsive to mutagens that act via different mecha-
nisms [28]. Over the years, several modifications of the 
test have been done in order to increase the number of 
applications possible and in order to allow a testing of 
a wider range of chemicals (including gases,..). The as-
say is rapid, inexpensive and relatively easy to perform. 
However the test utilises prokaryotic cells, which differ 
from mammalian cells in such factors as uptake, metab-
olism, chromosome structure and DNA repair process-
es. An exogenous source of metabolic activation (e.g. 
Arochlor 1254 induced rat liver S-9 fraction) is therefore 
commonly used as well, but such systems cannot en-
tirely mimic the mammalian in vivo conditions. The test 
is typically employed as an initial screen for genotoxic 
activity and, in particular, for point mutation-inducing 

tion and target organ toxicity. Reactive chemicals are 
characterized by the presence of electrophilic groups, 
that can react with nucleophilic sites in DNA or proteins. 
Some examples of typical substances causing DNA bind-
ing are alpha, beta unsaturated aldehydes, hydrazines, 
nitrogen mustard and polyaromatic hydrocarbons [23]. 
The representative nucleophilic sites in DNA are the 
bases guanine, adenine, thymine, and cytosine, where-
as in proteins the amino acids, lysine, histidine, and ty-
rosine show most nucleophilic activity [24]. Schultz, et 
al. [25] described a conceptual framework for predicting 
the toxicity of reactive chemicals for which the initiating 
events were based on covalent reactions with nucleop-
hiles in proteins or DNA and that could lead to a variety 
of different adverse outcomes, including mutagenicity 
and sensitisation, but also target organ toxicity such 
as hepatocyte cytoxicity or respiratory toxicity. These 
measures of intrinsic reactivity are suitable to be mod-
elled as endpoints for QSARs rather than the toxicity 
endpoints that they reflect [25].

Classification of chemicals for germ cell mutagenic-
ity can be done according to the latest ‘CLP’ European 
classification system [26]. Based on the classification, 
manufacturers have to label their substances and take 
appropriate technical and personal protective measures 
for their workers. Classification for germ cell mutagen-
icity may also trigger the Regulatory Authorities such as 
ECHA and Member States to list and evaluate the sub-
stance as a very high concern substance. ‘Category 1‘ 
mutagens are substances that are known to induce her-
itable mutations or that are to be regarded as if they can 
induce heritable mutations in human germ cells. These 
substances can be further classified into sub-class 1A 
(classification based on positive human epidemiological 
studies) or 1B, if the classification is based on positive 
results from testing. The positive test results can be 
from (1) In vivo heritable germ cell mutagenicity tests 
in mammals; (2) In vivo somatic cell mutagenicity tests 
in mammals, in combination with other evidence that 
the substance has potential to cause mutations to germ 
cells; or (3) From data showing mutagenic effects in hu-
man germ cells, without demonstration of transmission 
to progeny (e.g. increased aneuploidy in sperm cells of 
exposed people).

Substances are classified as ‘Category 2‘ mutagens if 
there is concern that the substance may induce herita-
ble mutations in human germ cells. The concern can be 
based on positive evidence that is obtained from ani-
mal experiments and/or sometimes from in vitro exper-
iments in somatic cells. Substances that are positive in 
in vitro mammalian mutagenicity assays, and that also 
show chemical structure activity relationships to known 
germ cell mutagens, will also be considered for classifi-
cation as Category 2 mutagens.

According to latest Guidance on classification of 
chemicals [27], the classification of individual substanc-
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activity [31,32]; Gatehouse, et al., 1994) [31-33]. It is 
widely accepted that positive results in the Ames test 
correlate well with carcinogenic potential, at least in ro-
dents (70%-90% predictivity; [28]. In certain situations 
the mutagenic response may be specific to the bacterial 
test and therefore be false positive [34,35].

The mammalian cell gene mutation test applies 
mammalian cell lines such as (L5178Y) mouse lympho-
ma cells, CHO AS52 and V79 lines of Chinese hamster 
cells, and TK6 human lymphoblastoid cells. In these cell 
lines ‘forward’ mutations are typically measured at the 
Thymidine Kinase (TK) locus and Hypoxanthine-Guanine 
Phosphoribosyl Transferase (HPRT) locus, and at a trans-
gene of Xanthineguanine Phosphoribosyl Transferase 
(XPRT) locus. The TK, HPRT and XPRT mutation tests 
detect different spectra of genetic events, because the 
autosomal location of TK and XPRT may allow the detec-

tion of genetic events (e.g. large deletions) that are not 
detected at the X-linked HPRT locus [36]. These tests are 
used to screen for possible mammalian mutagens and 
carcinogens and thus complement the bacterial muta-
tion assays. Many compounds that are positive in these 
tests are mammalian carcinogens, however, also in this 
case, the correlation is not perfect [37].

If there is a positive result in any of the in vitro gen-
otoxicity studies and there are no results available from 
an in vivo study, an appropriate in vivo somatic cell gen-
otoxicity study should be performed to exclude or con-
firm the potential mutagenicity for humans. For chemi-
cals, these information requirements are described [38]. 
If there is a positive result from an in vivo somatic cell 
study available, the potential for germ cell mutagenicity 
should be further investigated.

Table 1: Major in vitro and in vivo testing models for mutation.

Test model Test guidance 
(Adopted)

Design (taken from the OECD test guidance)

Bacterial reverse 
mutation  
test

OECD TG 471 [30] - 
in vitro

Bacterial cell suspensions are exposed to the test substance (liquid or solid) in the 
presence and in the absence of an exogenous metabolic activation system. At least 
five different analysable concentrations of the test substance should be used. The 
recommended maximum test concentration for soluble non-cytotoxic substances is 
5 mg/plate or 5 ml/plate. There are two methods: the plate incorporation method and 
the preincubation method. For both techniques, after two or three days of incubation 
at 37 °C, revertant colonies are counted and compared to the number of spontane-
ous revertant colonies on solvent control plates.

Mammalian cell 
gene mutation test

OECD TG 476 [72] - 
in vitro

Genetic endpoints measure mutation at Hypoxanthine-Guanine Phosphoribosyl 
Transferase (HPRT), and at a transgene of Xanthineguanine Phosphoribosyl Trans-
ferase (XPRT). The HPRT and XPRT mutation tests detect different spectra of ge-
netic events.
Cells in suspension or monolayer culture are exposed to, at least four analysable 
concentrations of the test substance, both with and without metabolic activation. 
They are subcultured to determine cytotoxicity and to allow phenotypic expression 
prior to mutant selection. Mutant frequency is determined by seeding known num-
bers of cells in medium containing the selective agent to detect mutant cells, and in 
medium without selective agent to determine the cloning efficiency (viability). After a 
suitable incubation time, colonies are counted.

OECD TG 490 [73] - 
in vitro

This TG includes two distinct in vitro mammalian gene mutation assays requiring two 
specific TK heterozygous cells lines: L5178Y TK ± 3.7.2 C cells for the Mouse Lym-
phoma Assay (MLA) and TK6 TK ± cells for the TK6 assay. Genetic events detected 
using the TK locus include both gene mutations and chromosomal events. Cells in 
suspension or monolayer culture are exposed to, at least four analysable concentra-
tions of the test substance, both with and without metabolic activation. They are sub-
cultured to determine cytotoxicity and to allow phenotypic expression prior to mutant 
selection. Cytotoxicity is usually determined by measuring the relative cloning effi-
ciency (survival) or relative total growth of the cultures after the treatment period. 
The treated cultures are maintained in growth medium for a sufficient period of time, 
characteristic of each selected locus and cell type, to allow near-optimal phenotypic 
expression of induced mutations. Mutant frequency is determined by seeding known 
numbers of cells in medium containing the selective agent to detect mutant cells, 
and in medium without selective agent to determine the cloning efficiency (viability). 
After a suitable incubation time, colonies are counted.

Transgenic Rodent 
Somatic and Germ 
Cell Gene Mutation 
Assays

OECD TG 488 [74] - 
in vivo

This TG detects gene mutations in transgenic rats or mice that contain multiple 
copies of chromosomally integrated plasmid or phage shuttles. The transgenes con-
tain reporter genes for the detection of various types of mutations induced by test 
substances. Administration is done 28 consecutive days followed by a 3-day recov-
ery period, during which unrepaired DNA lesions are fixed into stable mutations. 
Genomic DNA is isolated from the tissue (s), and mutations are scored by recover-
ing the transgene and analysing the phenotype of the reporter gene in a bacterial 
host deficient for the reporter gene. Mutant frequency is calculated by dividing the 
number of plaques/plasmids containing mutations in the transgene by the total num-
ber of plaques/plasmids recovered from the same DNA sample.
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(induced by chromosome breaks) and whole chromo-
somes (occurring due to faults in the segregation of 
chromosomes to daughter cells) can be detected as an 
extra cytoplasmic body. Subsequent to the effect in-
duced by the substance, a chromosome fragment or a 
whole chromosome will become visible as a small nucle-
us. The micronucleus assay is thus capable of detecting 
clastogenic (chromosome breakage) as well as aneu-
genic substances. Using fluorescence in situ hybridisa-
tion methods or flow cytometry techniques clastogenic 
and aneugenic actions can be discerned. Several forms 
of micronucleus assays (mononucleate and binucleate 
assays) have been developed [45]. The in vivo mammali-
an micronucleus test is used to detect cytogenetic dam-
age induced by test substances to the chromosomes or 
the mitotic apparatus of erythroblasts, sampled in bone 
marrow or peripheral blood of mice or rats [46]. When 
a bone marrow erythroblast develops into a polychro-
matic erythrocyte or reticulocyte, the main nucleus is 
extruded; however, any micronucleus that has been 
formed will remain behind in the cytoplasm and can be 
scored. An increase in the frequency of micronucleated 
immature erythrocytes is an indication of induced struc-
tural and/or numerical chromosomal aberrations. Visual 
scoring by a microscope can be easily automated, which 

Testing for chromosome damage potential has tradi-
tionally been evaluated using in vivo assays such as the 
chromosome aberration and micronucleus test meth-
ods. However it has been demonstrated that these in 
vivo methods can be replaced by in vitro assays, as de-
scribed in Table 2.

The in vivo mammalian chromosome aberration test 
is used to detect structural chromosome aberrations 
that are induced by test compounds in bone marrow 
cells of rats, mice or Chinese hamsters [39]. While the 
majority of genotoxic chemical-induced aberrations are 
of the chromatid-type, chromosome-type aberrations 
also occur. Chromosomal damage and related events 
are the cause of many human genetic diseases and 
there is substantial evidence that, when they cause al-
terations in oncogenes and tumour suppressor genes, 
they are involved in cancer [40-43]. The in vitro chro-
mosome aberration test is used to identify agents that 
cause structural chromosome aberrations in cultured 
mammalian somatic cells [44] and is usually performed 
with and without metabolic activation of the test sub-
stance. Both in vivo and in vitro chromosome aberration 
tests are not designed to measure aneuploidy.

In the micronucleus assay, chromosome fragments 

Table 2: Major in vivo and in vitro testing models for chromosome damage.

Test model Test guidance 
(Adopted)

Design (taken from the OECD test guidance)

Mammalian 
chromosome 
aberration test

OECD TG 475 [39] - 
in vivo

Animals are exposed to the test substance (liquid or solid) by an appropriate route 
of exposure and are sacrificed at appropriate times after treatment. Prior to sacrifice, 
animals are treated with a metaphase-arresting agent. Chromosome preparations 
are then made from the bone marrow cells and stained, and metaphase cells are 
analysed for chromosome aberrations. Each treated and control group must include 
at least 5 analysable animals per sex. The limit dose is 2000 mg/kg/body weight/day 
for treatment up to 14 days, and 1000 mg/kg/body weight/day for treatment longer 
than 14 days.

OECD TG 473 [44] - 
in vitro

The in vitro chromosome aberration test may employ cultures of established cell lines, 
cell strains or primary cell cultures. Cell cultures are exposed to the test substance 
(liquid or solid) both with and without metabolic activation during about 1.5 normal 
cell cycle lengths. At least three analysable concentrations of the test substance 
should be used. At each concentration duplicate cultures should normally be used. At 
predetermined intervals after exposure of cell cultures to the test substance, the cells 
are treated with a metaphase-arresting substance, harvested, stained. Metaphase 
cells are analysed microscopically for the presence of chromosome aberrations.

Mammalian 
micronucleus test

OECD TG 474 [46] - 
in vivo

Animals are exposed to the test substance by an appropriate route. Bone marrow 
and/or blood cells are collected, prepared and stained. Preparations are analyzed 
for the presence of micronuclei. Each treated and control group must include at least 
5 analysable animals per sex. Administration of the treatments consists of a single 
dose of test substance or two daily doses (or more). The limit dose is 2000 mg/kg/
body weight/day for treatment up to 14 days, and 1000 mg/kg/body weight/day for 
treatment longer than 14 days.

OECD TG 487 [48] - 
in vitro

Cell cultures of human or other mammalian origin are exposed to the test chemical 
both with and without an exogenous source of metabolic activation. During or 
after exposure to the test chemical, the cells are grown for a period sufficient to 
allow chromosome damage or other effects on cell cycle/cell division to lead to 
the formation of micronuclei in interphase cells. For induction of aneuploidy, the 
test chemical should ordinarily be present during mitosis. Harvested and stained 
interphase cells are analysed for the presence of micronuclei. Ideally, micronuclei 
should only be scored in those cells that have completed mitosis during exposure 
to the test chemical or during the post-treatment period, if one is used. For all 
protocols, it is important to demonstrate that cell proliferation has occurred in both 
the control and treated cultures, and the extent of test chemical-induced cytotoxicity 
or cytostasis should be assessed in all of the cultures that are scored for micronuclei.
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from 1 tonne/year onwards, followed by an in vitro 
chromosome aberration study in mammalian cells or 
an in vitro micronucleus study for substances from 10 
tonnes/year onwards. If these studies are negative, an 
additional in vitro gene mutation study in mammalian 
cells is required for chemicals from 10 tonnes/year on-
wards. Only for the higher tonnage bands of 100 and 
1000 tonnes/year, an in vivo somatic cell genotoxicity 
study may have to be provided by the registrant if there 
is a positive in vitro study, to clear out the results [38].

In silico Assessment of Mutagenicity Potential

A next evolution in the mutagenicity assessment of 
compounds is the use of in silico methods. These are 
mainly (quantitative) structure activity relationship 
models and expert systems that combine physic-chem-
ical or structural properties (descriptors) and computa-
tional tools to assign a substance to a certain catego-
ry or biological/toxicological activity. In other words, 
based on chemical class or mechanistic reactivity do-
main, substances can predicted positive or negative for 
a certain toxicological endpoint (e.g. skin sensitisation, 
acute toxicity, mutagenicity,...).

The results of validated (Q)SARs and expert judge-
ment may also be taken into account for classification 
and labelling. To support the self-classification process 
for companies to meet their obligation to self-classi-
fy the chemicals they import or produce, the Danish 
EPA published an advisory list for self-classification of 
dangerous substances [57]. The list of suggested haz-
ard classifications was derived from (Q)SAR prediction 
models (obtained or developed by the Danish EPA) for 
various endpoints, including mutagenicity. The (Q)SAR 
models were used to make predictions for the numer-
ous discrete organic substances in the EINECS, and the 
updated Danish Advisory List contains the results of a 
systematic assessment of 49292 discrete organic sub-
stances [57].

(Q)SAR models can either include expert knowledge 
(e.g., Derek nexus, Toxtree) or be fully based on the sta-
tistical evaluation of structure fragments determined in 
a model training set (e.g., CASE Ultra, VEGA, TOPKAT). 
There is also the OECD (Q)SAR toolbox, which provides 
mechanistic information along the adverse outcome 
pathway from which substance-specific (Q)SAR models 
can be created [58].

In Table 3, the two main types of models are de-
scribed by means of some examples, however more 
models are available. Models are either mechanism- (or 
rule-) based or they are derived empirically using statis-
tical approaches. Some molecules may not fall into the 
specified applicability domain of the (Q)SAR models. If 
that happens, the predictions are unreliable and other 
(Q)SARs or different approaches need to be applied to 
predict the mutagenicity, chromosome aberration or 
carcinogenicity potential.

is also a big advantage of this assay [47]. The in vitro 
Micronucleus Test (MNvit) also detects micronuclei in 
the cytoplasm of interphase cells that have undergone 
cell division during or after exposure to a test substance 
[48]. Several cells such as human lymphocytes and 
Syrian hamster embryo cells, and cell lines (CHO, V79, 
L5178Y,…) are typically used. Also here different meth-
odologies can be performed with and without metabol-
ic activation of the test substance [6]. In the micronucle-
us assay, the slides can be scored relatively quickly and 
analysis can also be automated, which makes it practi-
cal to score thousands instead of hundreds of cells per 
treatment, increasing the power of the test.

Other assays are sometimes used for testing for (1) 
DNA damage and repair [49,50] guidelines for the Un-
scheduled DNA Synthesis (UDS) test in vitro and in vivo, 
(2) For measuring DNA strand breaks in eukaryotic cells 
[51] guidelines for the in vivo Mammalian Alkaline Com-
et Assay and (3) For demonstration of germ cell gene 
mutation (Transgenic Rodent Somatic and Germ Cell 
Gene Mutation Assays). These assays have been rela-
tively frequently been used in the past, but are nowa-
days typically used in situations in which an additional 
assay is needed to help to resolve a potential mutagen-
icity issue of a substance.

An in vivo assay with potential for regulatory safety 
assessment is the Pig-A gene mutation assay [52]. This 
assay is capable of measuring in vivo gene mutations at 
the Pig-A gene, which cause failure of ‘GPI anchors’, re-
sulting in the absence of specific surface markers on the 
exterior of peripheral blood cells. Using flow cytometry 
the frequency of cells without these surface makers is 
easily performed, requiring only microliter volumes of 
blood. Other existing and modified in vitro assays like 
the more high throughput Ames II assay [53], the Vito-
tox assay [54], can be used for specific purposes, how-
ever the discussion of all possible models is beyond the 
scope of this work.

For pharmaceutical development, an initial test 
battery is needed that comprises the bacterial reverse 
mutation (e.g. Ames) test and an in vitro test either for 
chromosomal damage or for mammalian gene mutation 
(e.g. Mouse Lymphoma TK assay). In addition, an in vivo 
test using rodent hematopoietic cells, either for detec-
tion of micronuclei or for chromosomal aberrations in 
metaphase cells is required [55]. Proposals have been 
made that an in vitro genotoxicity testing core battery 
should be sufficient by a combination of the Ames test 
and the in vitro Micronucleus Test (MNvit), since the 
latter assay detects both chromosomal aberrations and 
aneuploidy [56].

For chemicals, the requirements on mutagenicity are 
described by REACH (Annexes VI-XI) that specifies the 
information per tonnage band that must be submitted 
for registration and evaluation purposes. The bacterial 
reverse mutation (Ames) test is the basic requirement 
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For pharmaceutical impurities, hazard assessment 
also involves an initial analysis of actual and poten-
tial impurities by conducting database and literature 
searches for carcinogenicity and bacterial mutagenici-
ty data. If such data are not available, a (Q)SAR assess-
ment that focuses on bacterial mutagenicity prediction 
should be performed. Two (Q)SAR prediction methodol-
ogies, one expert rule-based and one statistical-based, 
that complement each other should be applied [60]. (Q)
SAR models utilizing these prediction methodologies 
should follow the general validation principles that are 
set forth by the Organisation for Economic Co-operation 
and Development (OECD). In the case that the two com-
plementary (Q)SAR methodologies indicate that struc-
tural alerts for mutagenicity are absent, it is sufficient to 
conclude that the impurity is not of mutagenic concern, 
and that no further testing is needed. If warranted, the 
outcome of any computer system-based analysis can 
be supplemented with additional expert knowledge in 
order to increase the supportive evidence on relevance 
of any positive, negative, conflicting or inconclusive pre-
diction and to provide a rationale to support the final 
conclusion [60]. A (Q)SAR assessment for chromosomal 
aberration or carcinogenicity is not required. The focus 
is on DNA reactive substances causing DNA damage 
and mutations and possibly when present at low levels. 
Other types of genotoxicants that are non-mutagenic 
typically have threshold mechanisms and usually do not 

A large experimental Ames assay mutagenicity data 
set, comprising about 6500 non-confidential compounds, 
was compiled and made publicly available [59]. A com-
parison was done of the predictive performance of three 
commercial software packages (Derek, MultiCASE, and 
an off-the-shelf Bayesian machine learner in Pipeline Pi-
lot) with four non-commercial machine learning imple-
mentation tools (Support Vector Machines, Random For-
ests, k-Nearest Neighbours, and Gaussian Processes). In 
this evaluation, Pipeline Pilot, trained on the developed 
Ames data set, showed the best predictivity of the three 
commercial tools followed by MultiCASE. The expert sys-
tem Derek gave the lowest sensitivity and specificity of all 
considered models. However, closer examination of the 
results revealed that the difference in sensitivity between 
the best commercial model and the best non-commercial 
machine learning approach is just a few percent, making 
it difficult to draw conclusions regarding robustness of 
the software tools. In general, machine learning algo-
rithms are expected to perform better in cases such as 
this, because they draw their knowledge exclusively from 
the training data, as opposed to models such as Derek, 
which has rules derived from other datasets or based on 
expert knowledge. This study was very useful in terms 
of the mutagenicity dataset which was made publicly 
available, but also because it demonstrates the power 
of machine learning approaches for model discovery and 
development.

Table 3: Examples of in silico models for mutagenicity.
Model Example Design
Knowledge- or rule-
based Structure-
Activity Relationship 
(SAR)

Toxtree (public 
model)

Toxtree includes modules for mutagenicity, carcinogenicity, and the in vivo micro-
nucleus assay Serafimova [55] The model includes a decision tree for assessment 
of mutagenicity and carcinogenicity potential by discriminant analysis and structural 
rules Benigni [62] The model also includes a decision tree for the in vivo micronucle-
us assay. The accuracy of prediction is 70% for carcinogenicity, 78% for mutagenic-
ity and 59% for the in vivo micronucleus assay.

Derek Nexus 
(Commercial model)

This (rule-based) model contains structural alerts for mutagenicity, chromosome 
damage and carcinogenicity. The hazard assessment is justified with literature ref-
erences. Advantages are the transparency in predictions, the rule development is 
peer-reviewed by a user group, and new rules can be added easily. The absence of 
a predicted hazard simply means that no relevant alerts were identified; it does not 
necessarily mean the absence of hazard Serafimova [55].

Quantitative or 
statically based 
Structure-Activity 
Relationship (QSAR)

CASE Ultra 
(Commercial model)

This model applies a statistical approach that automatically identifies molecular sub-
structures that have a high probability of being relevant to the observed endpoint. 
Genotoxicity models include Ames mutagenicity, direct mutagenicity, base-pair mu-
tagenicity, frameshift mutagenicity, chromosomal aberrations, mouse micronucleus 
assay, mouse sister chromosomal exchange. Carcinogenicity models include rat, 
mouse, female, male carcinogenicity, TD50 rat, mouse carcinogenicity Serafimova 
[55].

VEGA (Public model) A statistical model for mutagenicity that was originally developed in the frame of the 
EU CAESAR project. The authors reported correct classification rates of 92.3% and 
83.2% for the training and test sets, respectively. The model was combined with Tox-
tree, showing that the number of false negatives could be reduced, but the number 
of the false positives increased.

The authors concluded that by using the so-called “cascade model”, a classification 
accuracy close to the reliability of the Ames test data could be achieved Serafimova 
[55].

In the same project, two complementary approaches (regression and classification) 
were applied to develop models for carcinogenicity and an accuracy of classification 
of 91%-96% for the training set and 68%-74% for the test set was reported Serafi-
mova [55].
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An evaluation of (Q)SAR models for the prediction 
of mutagenicity (and carcinogenicity) was performed 
by [65] for models for congeneric chemical classes and 
Structure Alert (SA) models. QSARs that estimated the 
potency of congeneric chemicals were 30% to 70% cor-
rect, when evaluating chemicals that were not consid-
ered by the developers of the models. The models that 
discriminated active and inactive chemicals were con-
siderably more accurate (70% to 100%). It was shown 
that the internal cross-validation statistics were poorly 
correlated with external validation statistics using chem-
icals that were not part of the initial dataset used for 
constructing the QSAR. The genotoxic-based SA models 
had an accuracy of about 75% for Salmonella mutagens. 
However, the SA models were not able to discriminate 
active and inactive chemicals within individual chemical 
classes well and they seem better suited for preliminary 
or large-scale screenings. Overall it was concluded that 
the (Q)SAR-based tools are not meant to be black-box 
machines for predictions, but that they can play an im-
portant role. QSARs are able to significantly enrich for 
safer chemicals, contribute to the organization and ra-
tionalization of data, elucidate mechanisms of action, 
and complement data that is derived from other sourc-
es [65].

The FDA’s 2008 draft guidance on genotoxic and car-
cinogenic impurities in drug substances and products 
allows the use of QSARs to identify structural alerts for 
known and expected impurities present at levels below 
qualified thresholds [66]. A Leadscope model predicting 
Salmonella t. mutagenicity (Ames assay) of drug impu-
rities and other chemicals was described for regulatory 
use. A high sensitivity (81%) and high negative predic-
tivity (81%) was obtained, based on external validation 
with 2368 compounds foreign to the model and having 
known mutagenicity. A database of drug impurities was 
created from proprietary FDA submissions and from 
the public literature, which found a significant overlap 
between the structural features of drug impurities and 
training set chemicals in the QSAR model. The predic-
tive performance of the model was found to be accept-
able for screening drug impurities for Salmonella muta-
genicity [66].

For evaluation of impurities in drug substances and 
products, computational toxicology assessment should 
be performed using (Q)SAR methodologies that predict 
the outcome of a bacterial mutagenicity assay [67]. 
Two (Q)SAR prediction methodologies that comple-
ment each other should be applied, one methodology 
should be expert rule-based and the second should be 
statistical-based. The absence of structural alerts for 
mutagenicity from two complementary (Q)SAR meth-
odologies is sufficient to conclude that the impurity is 
of no mutagenic concern, and that no further testing is 
recommended. If warranted, the outcome of any com-
puter system-based analysis can be reviewed with the 
use of expert knowledge (including for example the use 

pose carcinogenic risk in humans at the level ordinarily 
present as impurities.

For chemicals, non-testing (i.e. not performing in vit-
ro or in vivo experiments) information about the muta-
genicity can be used as weight-of-evidence in a variety 
of ways, ranging from simple inspection of the chemical 
structure through read-across techniques, expert sys-
tems, metabolic simulators, or (Q)SARs. Generally, (Q)
SAR models that contain putative mechanistic descrip-
tors are preferred. Predictivity must be assessed case-
by-case on the basis of clear documentation and a QSAR 
Model Reporting Format (QMRF) and a QSAR Prediction 
Reporting Format (QPRF) have been developed by the 
Joint Research Centre (JRC) of the European Commis-
sion to ensure consistency in summarising and report-
ing key information on (Q)SAR models and substance 
specific predictions generated by (Q)SAR models [38].

Reliability of (Q)SAR Applications for Muta-
genicity Prediction

Many investigations have focused on the ability of 
computational models to accurately predict the mu-
tagenic effects of a chemical in the Ames assay, either 
individually or in combination [61]. Typically for these in-
vestigations, large numbers of compounds are evaluated 
with different in silico tools to predict their mutagenic 
potential, with no human interpretation being made. 
The use of multiple models in consensus to enhance pre-
diction is also widely accepted [62]. However, this does 
not indicate how these assessments are effectively con-
ducted in practice across the (pharmaceutical) industry.

Eight companies were surveyed for their success 
rate in prediction of mutagenicity with in silico tools 
[63]. The Negative Predictive Value (NPV) of the in sili-
co approaches was 94%. When human interpretation of 
in silico model predictions was conducted, the NPV in-
creased substantially to 99%. The survey clearly illustrat-
ed the importance of expert interpretation of in silico 
predictions. In addition, the survey also suggested that 
the use of multiple computational models is not a sig-
nificant factor in the success of the in silico approaches 
with respect to NPV [63]. A new tool that can help in the 
(in silico) interpretation of mutagenicity of a chemical is 
the ToxRead software [64]. ToxRead attempts to stand-
ardize the read across process using ad hoc visualization 
and data search methods. Based on similarity measures 
and fragment searches, the software constructs a pic-
ture that contains all relevant information that is useful 
to make an assessment of the mutagenic potential of 
the substance. In this picture the substance under eval-
uation is compared to similar compounds, which are 
known to be mutagenic or not. Structural alerts that are 
linked to the evaluated chemical are also included in the 
picture, thereby summarizing a lot of information into a 
picture. By clicking structural alerts and compounds in 
the picture, additional information can be obtained in 
tabular form.
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tagenic potential, in silico and in vitro are playing an in-
creasingly important role. Especially in silico tools like 
QSARs are promising as they are non-testing methods, 
thereby reducing cost and time to perform in vitro as-
says. However, more work on improving reliability of 
these non-testing tools needs to be done in order for 
them to become fully accepted alternatives. (Q)SARs 
are not meant as stand-alone tools; they should be 
done either in a battery of different (rule- and statisti-
cally based) QSAR models, associated with expert judg-
ment or in combination with other Weight of Evidence 
(WoE) such as in vitro data and in vivo data from other 
similar molecules (read-across). In this context, they can 
be used more and more for various product categories 
as an Integrated Testing Strategy (ITS) in order to avoid 
and replace animal testing. For some product (sub) cat-
egories such as pharmaceuticals and chemicals, testing 
(in vitro/in vivo) will be unavoidable, however future 
may bring more reliable approaches for ensuring hu-
man safety. For other product types, such as impurities, 
a combination of (Q)SARs for bacterial mutagenicity is 
acceptable to assess potential genotoxic impurities if no 
data are available. Newer models also integrate more 
Weight of Evidence information, either by means of lit-
erature data or mechanism of action.
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