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Abstract
Animal experiments have been the standard method to assess the safety of chemicals used
in cosmetic products for decades. However, public opinion has continued to demand that
in vivo hazard identification methods conducted on animals are replaced with alternative
methods. Research on alternative methods to replace in vivo toxicity testing continually
increased over the past few decades with different alternatives developed, such as in vitro,

in chemico and in silico approaches.

Although different alternative techniques can be employed, no single technique can solely
replace the complexity and an in vivo test, especially for chronic effects. Therefore,
integrated testing strategies that can utilise the information from all available alternative
testing approaches have been developed. Within the Adverse Outcome Pathway (AOP)
paradigm, the molecular initiating event(s) MIE can be induced by several chemical key
features which can be captured by structural alerts. When structural alerts for a MIE are
compiled and supported by mechanistic and toxicity information confirming the induction

of the same MIE, then they can be considered as an in silico profiler.

The overall aim of the work presented in this thesis was to assess the current in silico
profilers for carcinogenicity (both genotoxic and non-genotoxic), mutagenicity and skin
sensitisation through assessment using multiple high-quality experimental databases. The
research presented herein demonstrates the ability to assess the positive predictivity of two
types of structural alert, mechanism- and chemistry-based that pertain to the endpoints and
proposes ways to improve the overall accuracy of these profilers. In this context, this study
has given an insight to those alerts that may be found equally in endpoint-positive or
negative compounds, and those which may be more effectively utilised to form groups of
analogues for read across predictions. A detailed analysis of positive predictivity of the

available mutagenicity, carcinogenicity and skin sensitisation structural alerts and profilers
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within the OECD QSAR Toolbox against experimental data is presented. This
investigation showed the structural alerts that are accurate as such, and those that may need
further refinement, or their use may need to be reconsidered. In addition, the relationship
between scaffolds of a range of diverse compounds and carcinogenicity showed that a total
of 17 carcinogenicity scaffolds could be identified from the available databases and could

be used as a base for an in silico profiler.

This work has also determined the need for further in-depth research in this area to study
the suitability and merits of each of the alerts within the profilers currently included in the
OECD QSAR Toolbox, and other in silico toxicity platforms, to identify the possibilities
for improvement in their performance. This will, by implication, also improve the
reliability of chemical read-across and grouping/categorisation for classification, labelling

and risk assessment for regulatory use of the in silico methods.
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Chapter 1: Introduction

Cosmetics and personal care products are amongst the everyday consumer products that are
used by the vast majority of world’s population. Whilst they offer a number of aesthetic benefits,
the intimate nature of their application on the body, and repeated exposures due to frequent use,
mean that the presence of any harmful substance in a cosmetic product can also pose a risk of
adverse health effects to the user. Ensuring safety of cosmetics is therefore of utmost
importance for both the industry and the regulatory authorities. Whilst the range of cosmetic
products is seemingly endless, they can be broadly categorised as oral-care (e.g. toothpaste,
mouthwash), hair-care (e.g. shampoo/conditioner, hair dye), skin-care (e.g. lotion, cream),

make-up (e.g. mascara, lipstick), deodorant/antiperspirant, perfume and fragrance products.

1.1: Risk assessment and risk management

Risk assessment and risk management are crucial elements for the development of a cosmetic
product that help to assess and mitigate possible adverse health effects to consumers. At the
regulatory level, these two issues are kept independent of each other. The outcome of risk

assessment, however, provides a basis for devising appropriate risk management strategies.

Generally, risk assessment of a cosmetic ingredient requires data and information on the

following aspects:

- The physicochemical characterisation of the ingredients intended to be used in a cosmetic
product. The knowledge of physicochemical properties of the substance may provide useful

pointers to its potential behaviour, interactions and effects in biological systems.

- The identification and dose—response characterisation of toxicological hazards. The
toxicological endpoints measured for risk assessment relate to both the local and systemic

effects that may manifest over short, medium or long terms.



Chapter 1

- An exposure assessment for reasonably foreseen conditions of use. This includes
assessment of both external exposure and internal (systemic) exposure. The latter is usually
derived from the external exposure on the basis of the level of absorption through relevant

routes (dermal, oral, and/or inhalation) and distribution through the body.

All of the above data and information are used together to assess the overall risk to an average

consumer, keeping in mind certain vulnerable groups - such as infants and children.

Amongst the toxicological endpoints that are studied for the safety assessment of cosmetics,
carcinogenicity is one of the most difficult to measure or predict accurately. Historically,
testing for carcinogenicity of cosmetic ingredients has been performed using the rodent
carcinogenicity assay (OECD 2008), whilst organ level toxicity is studied in rodents using 28
day or 90-day using repeated-dose exposures (OECD 1995, OECD 1998). These studies are
also used to derive a No Observed (Adverse) Effect Level (NO(A)EL), which is “the highest
exposure level at which there are no biologically significant increases in frequency or severity
of adverse effects between the exposed population and it appropriate control.” (EPA 1995,
Lewis et al. 2002). For instance, a 28 or 90-day inhalation, oral or dermal repeated dose study
in rodents can provide data to derive a N(O)AEL value for use in risk assessment. Where some
effects are observed in these tests, a Lowest Observed (Adverse) Effect Level (LO(A)EL) may,
instead, be derived. The LO(A)EL is “the lowest exposure level at which there are biologically
significant increases in frequency or severity of adverse effects between the exposed population
and its appropriate control group.” (EPA 1995, Lewis et al. 2002). The NO(A)EL value (or
the LO(A)EL value after applying appropriate safety factor) is used along with the estimates
of internal (systemic) exposure to estimate the Margin of Safety (MoS) for the specific
substance. In view of the possible toxicokinetics/ toxicodynamics differences between the test

species (generally rodents) and humans, and the variability within the human population, an
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uncertainty factor of 100 (10 x 10 respectively) is generally applied and substances with a MoS

equal to, or greater than, 100 are considered safe for use in cosmetic products.

1.2: European Union regulation

In Europe, safety of cosmetics is regulated under the European Union’s Cosmetic Regulation
[Regulation (EC) No 1223/2009]. Article 2 of the Regulation regards a cosmetic product as a
substance or mixture intended to be placed in contact with the external parts of the human body
(epidermis, hair system, nails, lips and external genital organs) or with the teeth and the mucous
membranes of the oral cavity with the exclusive or main purpose of cleaning or perfuming
them, changing their appearance, protecting them, keeping them in good condition or

correcting body odours.

In Europe, safety assessment of cosmetics is carried out by industry, which is then assessed by
the regulatory authorities. At the industry level, all the information relating to safety is
maintained in a Product Information File (PIF) by the company’s Responsible Person (RP). At
the regulatory level, the safety of cosmetic ingredients is overseen by the European
Commission, whereas that of the final products by competent authorities in the European Union
(EU) Member States. The European regulatory framework for cosmetic safety requires pre-
market notification of the intended use of any ingredients that fall within the regulated
categories (the so-called Annex substances), assessment of the safety, regulatory approval and

appropriate labelling of the final products.

The safety data on cosmetic ingredients submitted to the European Commission are reviewed
by a committee of independent experts (the Scientific Committee on Consumer Safety (SCCS)),
who advise the Commission on the safety of the substance. Depending on level of the assessed

risk to the consumer, the Commission may allow an ingredient at the levels proposed by the
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industry, allow it with restrictions on the use levels or the types of uses, or ban its use in
cosmetic products. As such, the Commission may place a cosmetic ingredient in one of the
Annexes of Regulation (EC) 1223/2009: Annex II (list of prohibited substances); Annex III
(list of restricted substances III); Annex IV (list of colourants); Annex V (list of preservatives;

or Annex VI (list of UV-filters).

Since 11 March 2013, the EU Cosmetic Regulation has banned animal testing of any cosmetic
ingredient or a finished product in the EU, as well as the marketing of any cosmetic
ingredient/product that has been tested on animals after the ban took force. This has placed a
lot of emphasis on alternative non-animal methods to obtain data and information for risk

assessment (Rogiers, 2019).

The Registration, Evaluation, Authorisation and restriction of Chemicals (REACH) is another
(and most influential) EU regulatory framework relating to safety of the workers and the
environment from the chemicals that are produced and/or used at industrial scales. Since
implementation in 2007, REACH has progressed in various phases on the basis of tonnage of
the chemicals produced and now requires that substances imported or produced in the EU at
one tonne per year or more should be registered with the European Chemicals Agency (EChA).
Some cosmetic ingredients are produced or imported into the EU at high tonnages and hence
will also be safety assessed under REACH based on data relating to physicochemical properties,
toxicological effects and estimates of exposure. REACH also encourages the use of alternatives
methods and the use of animal experimentation only as the last resort. Part of this is due to the
commitment to the so-called '3Rs' principle (Reduction, Refinement, and Replacement of

animals used in laboratory procedures) (Russell and Burch 1959).
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1.3: Toxicological testing of cosmetic ingredients

Toxicology is an inter-disciplinary subject that brings knowledge together from chemistry,
pharmacology and biology. The harmful effect(s) of a test chemical observed at the organism,
organ, (sub)cellular or molecular level are termed the toxic endpoint or adverse effect/ outcome.

Determining the nature and the extent of an adverse effect is generally based on:

a. Data from tests conducted in vivo on animals (e.g. rodents), as well as the information
drawn from epidemiological studies or clinical trials on human volunteers. These data
provide a basis for determining the levels below which the substance may be considered

non-toxic (such as the NOAEL).

b. Data from tests carried out in vitro using cultures of bacterial, animal or human cells,

cultured tissues or organoids.

c. Estimates drawn from computational (in silico) models that are based on structure-
activity rules, algorithms and / or structural alerts for toxic potential that have been
derived from experimental data on related group(s) of chemicals. Such models allow

for the prediction of toxicity of untested substances.

In vivo testing has long been considered the most appropriate method for toxicological
assessment of chemical substances to predict their potential effects in humans — albeit with
consideration of the relevance of animal data to humans due to interspecies differences.
Toxicological data for cosmetic safety assessment have also been historically derived from
tests on animals in the form of measured values against specific endpoints that depict both

short- and long-term effects in humans. These included:

* dermal/ percutaneous absorption; toxicokinetics; acute toxicity; irritation and corrosivity

(skin and eye); skin sensitisation; mutagenicity/genotoxicity; repeated dose toxicity;
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where data indicated potential long term effects, further studies on carcinogenicity and

reproductive toxicity could be required;

data on photo-toxicity may be required for substances that are photo-reactive and the final

products are intended for application on the skin exposed to sunlight;

where available, data from exposure to humans, e.g. data from epidemiological studies or

clinical trials are also taken into consideration.

1.4: Testing for carcinogenicity, mutagenicity or reproductive toxicity

Although the toxicological data required for safety assessment of cosmetic ingredients cover a

range of short- and long-term endpoints, more emphasis is placed on identifying and avoiding

the use of those substances that may be Carcinogenic, Mutagenic or Reproductive toxicants

(so-called “CMRs”), or may be persistent and accumulative in the body. This is because acute

and short-term toxic effects are relatively straightforward to detect and mitigate, unlike long-

term effects, such as the risk of cancer. The current classification of CMR substances used in

the EU is as follows:

Carcinogenic substances are categorised either as 1 A (known to have carcinogenic potential
for humans), 1B (presumed to have carcinogenic potential for humans); or 2 (suspected

human carcinogen).

Mutagenic substances are categorised either as 1A (known to induce heritable mutations in
the germ cells of humans); 1B (can induce heritable mutations in the germ cells of humans);
or 2 (may cause concern for humans owing to the possibility to induce heritable mutations

in the germ cells of humans).

Reproductive toxicants are categorised either as 1A (known human reproductive toxicant);

1B (presumed human reproductive toxicant); or 2 (suspected human reproductive toxicant)

Page 14



Chapter 1

Under the current regulations, CMR 2 substances may be allowed in cosmetic products where
they, in view of the exposure and concentration, have been found safe. CMR 1A or 1B
substances are allowed only in exceptional cases that is when they comply with food safety
requirements, inter alia as a result of their natural-occurrence in food, and that no suitable
alternative substances exist, on the condition that such use has also been found safe (see

Chapter 4 for more details).

1.5: Alternative (non-animal) methods

With the animal testing/marketing ban for cosmetic products under the EU Cosmetic
Regulation, and emphasis on the 3Rs principles under other regulatory frameworks, there is an
increasing focus on the use of alternative (non-animal) methods to obtain toxicological data for
safety assessment (Balls, 2019). This is, in part, due to ethical reasons over, and public pressure
opposing, the use of animals to assess the toxicity of chemicals (including cosmetic
ingredients). In addition, scientific progress is driving the change with new approaches to
toxicology that are more relevant to humans as well as environmental species. In particular,
non-testing methods, such as in silico models and tools, provide a far cheaper and quicker
option for the primary screening of chemicals for hazard identification compared to other
methods. For instance, the average cost of a 90-day repeat-dose rodent study for a single
chemical can be between $125,000-175,000 and requires the use of approximately 80 animals.
Testing for long-term effects - such as carcinogenicity - may cost many times that amount.
Thus, the use of alternatives non-animal methods offers the opportunity to reduce the cost of
product development, the use of animals in toxicological studies, and can make the hazard

identification process more rapid (Worth, 2019).

By banning in vivo testing of cosmetics under Cosmetic Regulation, the EU has opened the

door for the use of scientifically-valid alternative methods. The main approaches used for this
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purpose are based on in vitro tests using cultures of cells, tissues or organoids, in chemico
approaches and computational (in silico) models that are based on structure-activity based rules,
algorithms, and structural alerts (EC 2003, EC 2006, EC 2006). The capacity of a molecule to
react and covalently link with significant biological macromolecules, such as proteins, is
studied by in chemico testing. An example of this technique is the measurement of the
capability of a compound to bind to a thiol group, such as contained on the amino acid cysteine,
by the depletion of glutathione in a standard assay (Aptula et al. 2006). In vitro assays provide
another non-animal route to assessment of toxicological hazards. The bacterial Ames Test is
an example of an in vitro technique which is used to assess the mutagenic potential of
compounds with the use of a mutant strain of the bacterium Salmonella typhimurium which is
not able to generate histidine but will revert back to the wild type in the presence of a mutagen
(Ames et al. 1973, OECD 1997). A range of in silico models and tools that can estimate
different toxicological endpoints, e.g. mutagenicity, skin sensitisation, teratogenicity (Enoch et
al. 2008a, Enoch et al. 2008b, Enoch et al. 2009, Enoch ef al. 2011a) is now available. These
are used to derive toxicity estimates based on (Quantitative) Structure-Activity Relationships
((Q)SARs), category formation (grouping) and read-across. The principles of structure-activity
relationships (SARs) are based on the notion that biological activity (including toxicity) of a
chemical substance is dependent on certain physicochemical and structural parameters. Thus,
the toxicity of a yet-untested chemical may be predicted on the basis of models developed from
SARs of groups of related substances, or through extrapolation of data from close structural

analogues of the untested compound (the premise of category formation and read-across).

There are, however, certain limitations to each of the different alternative methods and as such
they cannot entirely replace the results obtained from in vivo tests in a live functional animal.
Despite much recent scientific progress, the assessment and prediction of many complex

toxicological endpoints, especially chronic effects, is difficult. Thus, to obtain sufficient weight
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of evidence for risk assessment a combination of several approaches need to be employed as a

part of an integrated testing strategy (ITS) (Hartung et al. 2013).

1.5.1 Adverse Outcome Pathways and Molecular Initiating Events

The Adverse Outcome Pathway (AOP) paradigm provides a framework that enables the
information provided by different testing methods to be integrated and organised cohesively
and transparently (Ankley et al. 2010, OECD 2013, Vinken 2013, Vinken ef al. 2013a, Vinken
et al. 2014). The knowledge within an AOP provides a mechanistic link between data and
information derived from different approaches. Knowledge can be provided for the upstream
Molecular Initiating Event (MIE) and a potential downstream adverse outcome that may be
relevant for risk assessment. AOPs are defined by a number of key testable events at different
levels of biological organisation - including the organ, cellular or organism level (Ankley et al.
2010, Schultz 2010, OECD 2013, Przybylak and Schultz 2013). The progression of an AOP is
towards the adverse event that is initiated by the interaction of a chemical and the site of action
(the MIE), which is the primary event in the sequence. The primary interaction between the
biological and chemical system may be obtained from the mechanistic information described
by the MIE. The physicochemical properties and structural fragments of molecules that can
interact via the MIE can be analysed and rationalised in terms of their mechanistic information
and relevance. The sequential progression of toxicity from one level of biological complexity
to another is represented in Figure 1.1. It is also recognised that the elicitation of the adverse
effect in a biological system is a complex process which may have been provoked by multiple
key effects at the cellular level following a single event upstream. Many, often unrelated, events
in a pathway may combine to bring about the same adverse effect, as described by Vinken et
al. (2013b) for the AOP for cholestasis. Other AOPs, e.g. for weak acid respiratory uncoupling,

oestrogen receptor-mediated reproductive toxicity, voltage-gated sodium channel-mediated
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neural toxicity, skin sensitisation and cholestasis have been developed accounting for a wide
variety of adverse outcomes (Ankley et al. 2010, Schultz 2010, OECD 2011, Landesmann et
al. 2012, OECD 2012). A more comprehensive list of the available AOPs is accessible from
the AOP-Wiki via the AOP Knowledge Base (available from https://aopkb.org/, accessed
17.2.2017). To assist in their implementation, the AOP framework has been standardised in an
OECD guidance document which indicates the process by which AOPs should be developed

and assessed for reliability and robustness (OECD 2013).

Adverse outcome pathway

. Macro-Molecular Cellular Organ Organism
Toxicant ) )
interaction Responses Responses Responses
Chemical properties +  Receptor/Ligand = Gene Activation * Altered v Tty
interaction Physiology ] )
o dnAbindiog * Protein Production i = Impaited
- Protein Oxidation * Disrupted

development
Homeostasis

* Altered Signaling . * Impaired
* Altered tissue
reproduction
. : i development or
Protein depletion « Cancer

function

Molecular Initiating Event
(MIE)

Adverse Outcome
(A0)

Figure 1.1. Summary of the steps within an adverse outcome pathway and examples of the type

of effect or activity (adapted from Ankley et al. (2010))

1.5.2 In silico profilers

In silico methods can also be used to define and capture the MIE from an AOP pathway (Cronin
and Richarz, 2017). The molecular fragments and chemical structures that are found to be
responsible for inducing toxicity can be identified by these methods. One method of capturing

2-D information relating to, e.g. DNA or protein binding, is the use of structural alerts. A
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collection of structural alerts that predict the same MIE have been considered to be used as an
in silico profiler (Enoch and Cronin 2010, Enoch et al. 2011b). The profilers can be classified
into two main types, namely mechanistic and non-mechanistic profilers (the latter described as
chemistry-based profilers in this thesis). A profiler that is associated with a particular endpoint
induced by a group of structural alerts related to an MIE is termed a mechanistic profiler. Thus,
protein binding can be indicative of skin sensitisation as it is the MIE in this AOP. Ideally,
structural alerts that are present in the mechanistic profiler should be associated with
experimental data that exhibit the generation of toxicity as a result of the particular MIE. In
vivo, in vitro and/or in chemico methods can provide such experimental data. These types of
profiler are also used for the formation of categories and hence allow for read-across from

tested analogous chemicals to fill data gaps for toxicity prediction (Enoch et al. 2011Db).

A profiler for a particular endpoint that is based on a group of structural alerts related to
chemistry is termed a non-mechanistic profiler. Such a profiler does not provide any
mechanistic information about the initiation of toxicity. Instead, they may be based on
cheminformatics, or a simple analogue/ homologue approach which indicates that a particular
common structural group is responsible for the toxicity of the compound (Enoch and Cronin
2010). Even when the alerts are related directly to toxicity, the nature of the chemical alerts
obtained by this approach does not identify the mechanism by which the observed toxicity is
brought about. The reason for this is that small molecular fragments may initiate toxicity
through different mechanisms whereas each profiler is used in an endpoint- and context-
dependent manner. Chemistry-based profilers are nevertheless helpful in screening large
datasets to identify which chemicals should undergo initial in vitro or in chemico tests (Cronin

and Richarz, 2017).
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1.5.3 Category formation and read-across

A set of chemicals having common properties may be assigned to a category according to the
technique of chemical category formation (ECHA 2008, OECD 2011). The identification of
chemicals having the same mechanism of action, or MIE, is one of the key means of forming
a chemical category. Thus, a chemical category can be formed based on a structural alert for a
particular mechanism where the same alert is present in the target chemical as well as its
analogues. The Organisation for Economic Co-operation and Development’s (OECD’s) QSAR
Toolbox software has been developed as a result of the need to form chemical categories for a
wide range of toxicological endpoints with the aid of mechanistic profilers (available from

www.gsartoolbox.org) (Schultz et al., 2018). The read-across approach uses appropriate data

and assumes that the biological and chemical activity of similar chemicals will be similar
(Jaworska and Nikolova-Jeliazkova 2007). This allows the prediction of activity of the target
chemical with the help of toxicological data for chemicals belonging to the same category. This
approach may allow for both qualitative and quantitative predictions by analysing the data

available for analogous chemicals belonging to a specific category.

1.5.4 Profiling inventories for prioritisation

A library of information about a set of chemicals with their identities is termed a “chemical
inventory”. Chemical inventories are created and maintained for many purposes including
regulatory use - such as the industrial chemicals registered under REACH. The inventories
generally do not contain toxicological data associated with the chemicals but some free-access
and commercial databases do provide such information. /n silico profilers made up of relevant
structural alerts can be used to screen inventories - for example to identify chemicals that may
induce certain toxicity(ies). Although chemistry-based profilers lack mechanistic information,

they are generally still useful for read-across (Alves ef al., 2016). As such, chemistry-based
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profilers may be used to screen inventories, large datasets and chemicals that contain one, or
more, structural alerts. The presence of a chemistry-based alert in a cosmetic ingredient could
indicate that the chemical would require in chemico, in silico and/or in vitro analysis to gain
further insights into the mechanism of toxicity. Thus, the chemistry-based alert can lead to

further investigations into the possible mechanistic basis (Limban et al., 2018).

1.5.5 Expert systems

In addition to the chemistry- and mechanistically-based profilers in the OECD QSAR Toolbox
(and other freely available software such as Toxtree), there are a number of software packages
termed expert systems that are available on a commercial basis e.g. ChemTunes, TIMES-SS
and DEREK Nexus (formerly DEREK for Windows). Expert systems can be based on one or
more different approaches to predicting toxicity, such as decision trees based on rules,
structural alerts for particular toxicity endpoint and / or nested QSARs (Dearden et al., 1997).
Structural alerts can identify endpoints, such as skin irritation/ sensitisation, mutagenicity and
carcinogenicity. Using expert systems, a user can quickly identify chemicals that may have the
potential to elicit a toxic effect. Expert systems are commonly used by cosmetics and
pharmaceutical companies to screen datasets for toxicity at early stages of product development.
Knowledge of the potential toxicity of the lead compound(s) helps to avoid safety issues at
later stages of the R&D pipeline. Such information can help in the development of 'safer'
compounds where fragments associated with potential toxicity can be substituted with other

moieties (Limban et al., 2018).

1.6: Molecular initiating events for (sub)chronic repeat dose toxicity

Sub-chronic and chronic adverse effects of a particular substance can be identified with the

help of repeated dose toxicity testing. In repeated dose toxicity testing, the organism is exposed
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to the chemical to be tested either over a stipulated period of time (28 or 90 day) or for the
complete lifespan of the organism (e.g. 2 year study in rat). Initiating events for some of the
toxicological endpoints are known, e.g. covalent binding of the substance with a protein and
DNA (de Groot and Noll 1983, Woodward and Timbrell 1984, Aptula and Roberts 2006,
Aptula et al. 2006, Enoch et al. 2008a, Enoch et al. 2008b, Enoch and Cronin 2010, Enoch et
al. 2011a, OECD 2012, Hewitt et al. 2013), however, for more complex endpoints relevant to

this thesis, such as non-genotoxic carcinogenicity, there may only be limited clues to the MIEs.

1.7: Carcinogenicity - the use of SAR approaches to identify suspect carcinogens

In western countries, cancer is considered as one of the main causes of death after circulatory
disease (Frankish, 2003). The National Cancer Institute (NCI) defined cancer as “a term for
disease in which abnormal cells divide without control and can invade nearby tissues and can
also spread to other part of the body”. Whilst substantial effort and funds have been devoted
to research into cancer in the recent decades, cancer is still one of the main diseases causing
death. Numerous causes for cancer have been postulated, most notable amongst them are
exposure to carcinogens in the environment, through diet, at the work place or due to lifestyle

(Lichtenstein et al., 2000).

The potential of a chemical to elicit carcinogenicity and mutagenicity can be tested using a
range of in vitro and/or in vivo test methods (Table 1.1). For genotoxicity testing, the endpoints
are related mainly to gene mutations and chromosomal damage. /n vitro methods in bacteria
(i.e. the Ames test) or in mammalian cells are suitable and widely used to identify potential
genotoxic chemicals. In the Ames test, the assay is usually performed both in the absence and
the presence of an S9 fraction from rat liver to mimic the metabolic function of mammalian

systems (Cartus and Schrenk, 2016).
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A compound or its metabolite(s) may bind directly with DNA or exert indirect effects through

interaction with the function of DNA leading to a positive outcome for genotoxicity. This may

lead to an irreversible change in the DNA base sequence or a damage to the cellular genome.

These changes, together with other effects in the cancer multistep process, e.g. suppression of

apoptosis or DNA repair, are frequently linked to an increase in tumour rate. Rats and mice are

primarily used to detect carcinogenic effects and general toxicity respectively, under chronic

exposure conditions and over the lifespan of the animals. If there is a carcinogenic response in

vivo, further in vitro and in silico investigations can provide crucial information as to whether

the compound is carcinogenic as a result of genotoxic mode of action.

Table 1.1. A summary of selected in vivo and in vitro tests to assess the possible genotoxic

effects of a compound according to OECD TGs (OECD, 2015)

Endpoint Test Species

In vitro test methods

Mutagenicity  (reverse | Ames test, Ames fluctuation test Bacteria (Salmonella
mutation) typhimurium, Escherichia coli)

Mutagenicity (forward
mutation)

Hprt test

Mammalian cell lines

Mutagenicity (forward
mutation)/Chromosomal
damage

Thymidine kinase-/Mouse lymphoma
assay

TK6 human lymphoblastoid
cell line; L5178Y mouse
lymphoma cell line

Chromosomal damage

Chromosome aberration test in vitro

Mammalian cell lines

DNA strand breaks

Comet assay

Cells and cell lines

In vivo test methods

Mutagenicity

Transgenic rodent somatic and germ
cell gene mutation assays

Transgenic rats or mice

Chromosomal damage

Micronucleus test in vivo

Mammalian erythrocytes/blood
cells

Chromosomal damage

Chromosome aberration test in vivo

Mammalian bone marrow and
mammalian  spermatogonial
cells
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Although human cancer risk might be predicted from long-term carcinogenesis studies in
rodents (mainly rat and mice), the cost and time required are quite high and there are ethical
issues for the use of animals in such studies (Huff et al., 1996). Attempts have therefore been
made to develop alternative models - including short-term biological tests (such as the tests for
mutagenicity), or structure-based in silico models (Benigni, 2012). Understanding the
mechanisms of chemical carcinogenesis is crucially important to design prevention plans
(Belpomme et al., 2007). As more details of the molecular basis of carcinogenic activity
become known, the identification of potential carcinogens by SAR analysis is also becoming

increasingly reliable (Benigni and Bossa, 2011).

From a mechanistic point of view, carcinogens can be regarded as being either genotoxic or
non-genotoxic (epigenetic). As illustrated in Table 1.2, when chemicals or their metabolite(s)
are capable of directly inducing cancer by altering genetic material in the target cells, they are
classified as being a 'genotoxic carcinogen'. The term 'non-genotoxic carcinogen' is generally
used for chemicals that are capable of inducing cancer by secondary mechanisms that do not
involve direct damage to the genetic material. Whilst there are many data and much knowledge
on the mechanisms leading to genotoxicity, it is more difficult to classify non-genotoxic
carcinogens on the basis of mechanisms of action due to lack of specific mechanistic
information (Hayashi, 1992). In fact, the differentiation between genotoxic and non-genotoxic
carcinogenicity is rarely absolute as most potent genotoxic carcinogens also possess non-
genotoxic activities that could act synergistically to lead to carcinogenic process. A unifying
feature that can help identify genotoxic carcinogens is that they are either intrinsically
electrophiles, or are transformed to electrophilic reactive intermediates. This, however, cannot
be said for non-genotoxic carcinogens that can act through a range of different mechanisms

that have no apparent unifying basis (Anastas et al., 2012).
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Table 1.2. A summary of the main differences between genotoxic and non-genotoxic

carcinogens.
Feature Genotoxic carcinogen Non-genotoxic carcinogen
DNA alteration Direct Indirect (secondary)
Mechanism Known Multiple
Structural Feature Electrophiles No unifying concept
(several)

In order to gain a better understanding of the role of non-genotoxic carcinogenicity and its
specific mechanisms of action, a thorough review is required. The outcome of this review is

presented below as Section 1.8.

1.8: Non-genotoxic carcinogenicity

Predicting the carcinogenic potential of chemicals that act through non-genotoxic mechanisms
is one of the major challenges in toxicology. Historically, events that could not be described
by normal genetic principles of heritability were termed as being epigenetic. In a broad sense,
epigenetic refers to the alteration of gene expression without changing the basic DNA sequence.
Thus, non-genotoxic (epigenetic) carcinogenicity includes the actions of all natural or synthetic
chemicals that may induce carcinogenic effects without involving mutation(s) in the DNA
sequence. There has recently been huge growth in the scientific literature on the mechanisms
of action of non-genotoxic (epigenetic) carcinogenicity; this is as a result of the greater
importance being placed on gaining more knowledge about its mechanistic understanding and
the molecular basis of chemical carcinogenicity (Benigni ef al., 2013). Unlike genotoxic agents,
cancer induction by non-genotoxic carcinogens may occur through alteration of multiple
pathways. Therefore, the activities of non-genotoxic carcinogens could include the molecular

targeting of different cellular and extracellular constituents of various organs, but not DNA
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(Yamasaki, 1995). Cytokines and hormones that operate through cell membrane receptors and
intracellular communication processes - such as enhancing cell proliferation and abnormal cell
cycle kinetics — may potentially alter sensitivity to a wide variety of cell growth mediators. As
such, they have been considered the main determining factors for the carcinogenic response
(Klein and Costa, 1997). Mechanisms of action of non-genotoxic carcinogens are mostly
heterogeneous and often tissue, species and gender specific. The main non-genotoxic
mechanisms, with an emphasis on those with features amenable to interpretation by SARs, are
illustrated in the following section. The available information is used to support a unifying
theory that can, at least in principle, be translated to an in silico tool for interpretation through

predictive toxicology.

As noted above, there is a need to identify the key mechanisms of action of non-genotoxic
carcinogenicity. Those that are known so far, along with examples of structural alerts and

exemplar compounds that may be of use, are discussed below:

1.8.1 Peroxisome proliferation

One of the main groups of non-genotoxic carcinogens comprises a group of diverse chemicals
that have been collectively termed as “peroxisome proliferators” (PP). Almost all eukaryotic
cells contain cytoplasmic organelles called peroxisomes (or microbodies), that vary between
tissues in terms of size, number and tissue profile (de Duve, 1983). Peroxisomes play an
important role in P-oxidation of very-long-chain fatty acids and in the biosynthesis of
cholesterol and bile acid (Mannaerts and van Veldhoven, 1993). The possibility to induce
noticeable peroxisome proliferation was first demonstrated in rodent liver cells after
administration of the hypolipidemic drug clofibrate (Paget, 1963). Since then, a number of
other compounds have been identified as peroxisome proliferators. These include herbicides,

solvents, plasticisers, leukotriene antagonists, as well as natural compounds (Gonzalez et al.,
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1998). There is a noticeable increase in both the size and the number of peroxisomes and
hepatomegaly after administration of the non-genotoxic agents to rodents due to hypertrophy
and enhanced cell proliferation (Reddy et al., 1986). Administration of peroxisome
proliferators over longer periods of time to rats and mice has been shown to result in the

development of hepatocellular carcinomas (Rusyn et al., 2006).

short term effect

Rat liver

g

Peroxisomes PPARa

proliferators

Mechanism

1. Increased DNA replication
2. Increased cells proliferation
3. Decrease apoptosis
4. Reactive oxygen species
DNA damage, proliferation Long term effect

Hepatocellular

carcinoma

Figure 1.2. Peroxisome proliferation: consequences of PPARa activation in the liver and the

proposed underlying mechanisms (adapted from Michalik et al., 2004).

As shown in Figure 1.2, the exact process of how peroxisome proliferators cause tumours in
rodent liver it is not fully understood. However, two factors are thought to be the main inducers

of hepatocarcinogensis in rodents:
(1) induction of oxidative stress that leads to DNA damage; and

(i) enhanced cell proliferation or decreased apoptosis that alters the growth control of

hepatocytes (Corton et al., 2000).
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The imbalance between the production and degradation of hydrogen peroxide (H20O>) resulting
from oxygen radical generation is the main cause of oxidative injury. H>O» is a by-product of
acyl-CoA oxidase, the level of which increases by 10-30 fold during the induction of
peroxisomes, while there is only a two-fold increase in the level of catalase, which is not
sufficient to degrade all of the H>O, produced (Reddy et al., 1986). Additionally, it is believed
that peroxisome proliferation increases the rate of fixation of DNA in the genome leading to
changes in gene expression, such as increased expression of oncogenes or silencing of the

tumour suppressor genes.
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Figure 1.3. Mechanism of action of peroxisome proliferation.

Peroxisome Proliferator Activated Receptors (PPARs) were identified in the early 1990s as
novel members of the steroid receptor superfamily (Schmidt et al., 1992). Figure 1.3 shows
that binding of peroxisomes proliferators to PPARs leads to dimerisation with the Retinoid X
Receptor (RXR). This heterodimer (PPAR-RXR) binds to DNA in a specific sequence element
called the Peroxisome Proliferator Response Element (PPRE) that initiates gene expression and

the production of proteins involved in fatty acids metabolism (Green and Wahli, 1994).
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Collectively, each isotype of the PPAR family has a specific function in lipid homeostasis, as
there are different isotypes of PPAR including PPARa, PPARP/6, and PPARYy (Green, 1995).
Of particular chemical interest is the mediation of biological effects for peroxisome
proliferators, which is mostly performed by PPARa. The primary natural ligands of PPARa
are saturated and unsaturated fatty acids and it is highly expressed in liver, heart, kidney and
muscle which all have higher rates of mitochondrial fatty acid oxidation. It is essential to have
PPARa to mediate the carcinogenic response to a peroxisome proliferator in rodents, but its
relevance to humans has been debated intensively. Noticeable differences in the response of
peroxisome proliferators among species have been reported ranging from being highly
susceptible in rats and mice to being highly intractable in dogs, guinea pigs, non-human
primates and humans to short term effect of PP exposure (Bentley ef al., 1993). In the case of
humans, it is not entirely understood how resistance to peroxisome proliferators occurs while
there is functional PPARa. The differences in PPARa expression is likely to be a probable
explanation for the species-specific effects of PP (Tugwood et al., 1996). It was concluded that
peroxisome proliferators are unlikely to cause human liver cancer at the expected exposure
levels (Cattley et al., 1998). However, it cannot be disregarded that there is a dependency
between PPARa mediated rodent liver cancer and differential PP exposure (Lai, 2004). The
following sections discuss two special classes of the effects that have been attributed to
peroxisome proliferators: (a) inhibition of gap junction intercellular communications and (b)

DNA methylation.

1.8.1.1 Inhibitors of Gap Junction Intercellular Communication:

Gap junction intracellular communication has been shown to be inhibited by several non-
genotoxic carcinogens including agonists of PPARa (Upham et al., 2008). Adjacent cells are
connected internally by the channels formed by the plasma membrane, termed Gap junctions

(Klaunig et al., 2003). The channels have the same structure irrespective of which tissue cells
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they are present in. In a typical gap junction, six subunits of connexin protein form a
hemichannel connexon. Two connexions, one from each cell, dock to form a gap junction.
Small ions and molecules such as calcium, glucose or growth regulators can diffuse directly
through the gap junction between the cells and this process is known as Gap Junction
Intercellular Communication (GJIC) (Yamasaki, 1990). GJIC is a normal phenomenon
required for homeostatic maintenance in multicellular organisms, normal growth, development
and tissue differentiation. Gap junction regulation can occur at the translational, post-
translational or transcriptional level. Stable or transient up or down regulation of GJIC can
occur at any of these three levels by exogenous or endogenous chemicals involving many
mechanisms. It has been observed that stable normal gap junction regulation is linked with
tumour suppressor genes and abnormal gap junction regulation is linked with activated
oncogenes. GJIC has also been shown to be reduced by many carcinogens (Trosko, 1998).
Heterologous or homologous alteration (either connexins localisation or aberrant expression)
of GJIC has been reported in almost all malignant cells (Yamasaki, 1990). Although the
mechanisms underlying the relationship between GJIC inhibition and carcinogenic response
are ambiguous, GJIC is still considered to be important in tumour promotion and hence

carcinogenesis.

1.8.1.2 DNA Methylating Agents:

Altered DNA methylation patterns have been reported following exposure to peroxisome
proliferators such as dibutyl phthalate, dichloroacetic acid, Wy-14, trichloroethylene,
trichloroacetic acid and gemfibrozil (Tao, 2000). DNA methylation is an epigenetic
modification which affects regulation of transcription. It is covalent addition of a methyl group
at the 5 position of the cytosine ring within the CpG island (which is the region within DNA
with a high frequency of CpG sites, i.e. the area where a cytosine nucleotide (C) is followed

by guanine nucleotide (G) within the linear sequence of bases). DNA methylation is considered
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to be a non-genotoxic mechanism involved in the promotion and initiation of carcinogenesis
(Watson and Goodman, 2002). In both tumour tissues and cells, the altered DNA methylation
patterns have been observed as compared to normal cells. It has been observed in the genome
of various animal and human cancers that hypermethylation (region specific) and
hypomethylation (global) can coexist. The most important clue is that the CpG islands are
hypermethylated in tumour cells, however, there is no methylation at all in the CpG islands in
normal cells. The CpG islands have more CpG regions as compared to other regions of the
genome which are associated with coding regions or promotors of genes. Hypermethylation of
these regions may result in transcriptional alteration or silencing of associated genes which, in
turn, may result in inactivation of tumour suppressor genes. Alternatively, proto oncogenes,
such as c-Jun or c-Myc can be abnormally activated by hypomethylation. Moreover,
methylcytosine to thymine deamination can also occur by hypermethylation, which can result
in cytosine to thymine point mutations (Robertson, 2000). In short, different changes after
DNA methylation, such as hypermethylation, hypomethylation, altered gene expression, and
mutation may lead to carcinogenesis. A number of structural alerts have been identified for

peroxisome proliferation as shown in Table 1.3.
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Table 1.3. The main structural alerts for peroxisome proliferation (Benigni ef al., 2013)

N Alert name Structural alert An example molecular containing the
alert that elicits peroxisome proliferation
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1.8.2 Inducers of oxidative stress

Oxidative stress has been implicated in carcinogenesis in many ways (Halliwell, 2007). It is

caused by the imbalance between the antioxidant capability of the target cell and the production

of Reactive Oxygen Species (ROS). The short-lived ROS - such as ‘'OH (hydroxyl), Oy

(superoxide anion) and non-radical oxygen derivatives such as H>O» (hydrogen peroxide) - are

highly reactive towards many biological entities, including lipids, proteins, nucleic acids and
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membranes. A decrease in cell’s antioxidant resistance leads to increase in the level of ROS
and consequently to oxidative stress and oxidative damage. Both endogenous sources
(peroxisomes, inflammation in cell and mitochondria) and exogenous sources (radiation,
industrial chemicals, drugs and environmental agents) can produce ROS (Klaunig et al., 2009).
Oxidative metabolism in mitochondria and enzymes, such as cyclooxygenases, xanthine
oxidases, lipoxygenases and NADP oxidase endogenously produces superoxide anions (Valko
et al., 2004). The enzyme superoxide dismutase (SOD) depletes superoxide anions and the
resulting H>O» is removed by glutathione peroxidases and catalases. However, in the presence
of metal ions, hydrogen peroxide can be converted to the hydroxyl radical through The Haber-
Weiss (Fenton) reaction. The hydroxyl radical is more reactive and aggressive in terms of
modifying DNA and the production of several oxidation products (Valko et al., 2005).
However, the hydroxyl radical cannot diffuse within cells because of its high reactivity. It is
hypothesised that free radical hydrogen must be produced from hydrogen peroxide in the

immediate vicinity of DNA and can easily cross cell membranes (Klaunig ef al., 1995).

ROS can damage DNA in several ways including DNA cross-linking, at apurinic/apyrimidinic
sites, deoxyribose modification, breakage in single or double strands and deoxyribose
modification. Normal in cellular DNA, repair machinery mends this damage by nucleotide
excision and base excision repair. Where this is left unrepaired before replication, it could lead
to genome instability, cell death or DNA mutation (Cooke, 2003). 8-Hydroxy-2'-
deoxyguanosine (8-OHdG) is the most studied oxidative DNA lesion that is produced by the
hydroxyl radical at the C-8 position of deoxyguanosine residues. It is also a commonly used
biomarker of oxidative stress along with its keto-enol tautomer 8-oxo-7,8-dihydro-2'-
deoxyguanosine (8-oxodG) (Valavanidis et al., 2009). In addition, 8-OHdG is highly

mutagenic due to mispairing of adenine in the replication process (Cheng et al., 1992). High
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levels of 8-OHAG have been observed in many studies on human cancers and animal tumours

(Klaunig et al., 1995).

ROS have also been found to induce genetic changes, such as chromosomal rearrangements
and DNA mutations, which are the basis for the initiation of cancer (Cooke, 2003). ROS cannot
only cause cell damage, but they can also affect cell regulation and intracellular signalling
(Allen and Tresini, 2000). The stress activated signalling cascade starts in cells due to a change
in the redox potential of cells by oxidative stress, which in turn activates transcription factors
related to redox potential (Adler et al., 1999). Mitogen activated protein kinase (MAPK)
pathways are the signalling pathways initiated by ROS. These pathways activate many factors
including hypoxia-inducible factor-1(HIF-1), nuclear factor of activated T cells (NFAT),
nuclear factor (NF) -kB, p53, and activator factor-1(AP-1). The expression of many DNA
damage protective genes is controlled by these pathways, including the genes involved in DNA
repair, induction of apoptosis, damage cell proliferation arrest and the ability of the immune
system to repair damage (Valko et al., 2006). ROS start signalling initially by the release of
intracellular calcium, which in turn activates the protein C kinase, a serine threonine kinase
which regulates cell survival, migration, death and proliferation. These epigenetic effects play

an important role in tumour promotion (Gopalakrishna and Jaken, 2000).

Many epigenetic carcinogens (phenolic compounds such as o-phenylphenol,
pentachlorophenol, and quercetin-type flavonoids) cause cancer by the induction of oxidative
stress. A common pathway in drug transformations is oxidation of the phenols by CYP450
enzymes that lead to the production of hydroquinone, which is oxidised into quinone. The semi-

quinone radical formed by the reduction of one electron is followed by superoxide anion
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formation by autoxidation in the presence of oxygen and ultimately quinone regeneration
(Bolton et al., 2000). This redox cycle produces ROS, which could lead to oxidative stress

(Kovacic and Jacintho, 2001).

Oxidative stress is also an important mode of action for toxic metals including copper, cobalt,
aluminium and iron. These metals are collectively involved in hydroxyl radical production in
vivo by activation in Fenton reactions and are thus termed carcinogenic metals (Valko et al.,
2005). Other metals such mercury, lead and cadmium increase ROS production indirectly by
depleting thiol containing enzymes and antioxidants which are the major cellular antioxidants
(Leonard et al., 2004). Chromium exists in three oxidative states - Cr(0), Cr(III), and Cr(VI).
Cr(IIT) compounds are not carcinogenic to humans (Hopkins, 1991). The International Agency
for Research on Cancer (IARC) classified Cr(VI) compounds as group 1 carcinogens to humans
(Straif et al., 2009). Cr(VI) uses the anion channel to enter the cells as chromates interact with
physiological phosphate and sulphate (Zhitkovich, 2005). Inside the cells, biological reducers
(cysteine, glutathione and ascorbate) reduce Cr(VI) into Cr(IIl) (Standeven et al., 1992). The
reductive reactions produce several products including radicals based on carbon, sulphur and
Cr(V) (O'Brien, 2003). Moreover, Fenton type reactions also produce hydroxyl radicals by Cr
forms (Shi et al., 1993). Oxidative stress is produced by two main factors: the oxidising abilities
of Cr(V) and the formation of ROS. Besides ROS, the carcinogenicity of Cr(VI) is more
dependent upon its DNA mutagenesis ability (Zhitkovich, 2011). These compounds can cause
damage to DNA in different ways, including DNA-DNA cross linking, oxidative damage, Cr-
DNA adducts and DNA protein cross-linking (O'Brien, 2003). The reduction of Cr(VI) to
Cr(III) is required for the interaction with DNA, Although that there are some recent studies

have shown the cellular uptake of reduced Cr which was produced by extracellular redox
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reactions (Valko et al., 2005). Cr(IIT) compounds are poorly permeable to the cell membrane

and are therefore non-toxic (Costa, 1997).

Arsenic is also a Group 1 carcinogen to humans (Shi ef al., 2004). Inorganic arsenic, such as
arsenate V and arsenite III, is methylated to form MMA (monomethylarsonic) and DMA
(dimethylarsinic) in the body as a result of detoxification process (Vaskenaposhian, 2004).
Trivalent arsenite can interact with thiol containing enzymes and proteins in their reduced state
and inhibit several biochemical pathways. Pentavalent arsenate is less active than trivalent
arsenite (Huang et al., 2004) but it may be reduced to arsinite in the body after absorption
(Rosen, 2002). Arsenite has been found to cause multilocus deletion mutations in human-
hamster hybrid cells (Hei et al., 1998). Dose-dependent transformation of BALB/3T3 cells and
Syrian hamster embryo cells was induced by sodium arsenite and sodium arsenate (Bertolero
et al., 1987; Lee et al., 1985). Ultraviolet radiation and inorganic arsenic have also been
reported to cause co-mutagenicity and carcinogenicity (Hughes, 2002). A number of
mechanisms have been proposed for arsenic carcinogenesis in humans. Several studies have
indicated different types of ROS production during arsenic metabolism including singlet
oxygen ('), nitric oxide (NOs), arsenic-mediated generation of superoxide (O2—), peroxyl
radical (ROQe¢), dimethylarsinic radical [(CH3)2As¢], dimethylarsinic peroxyl radical [(CH3)
2As0O0¢] and hydrogen peroxide (H2O2) (Shi ef al., 2004). The mode of action of arsenic
carcinogenesis has been linked to other effects including altered DNA repair, possibly as a
result of oxidative stress, enhanced cell proliferation, gene amplification, cell

progression/promotion, pS3 suppression and DNA methylation (Hughes, 2002).
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1.8.3 Inducer of hormonal imbalance

Epigenetic carcinogenesis has also been linked to increased expression of trophic hormones
due to hormonal imbalance. Increases in both exogenous and endogenous hormones can
stimulate cell proliferation which, in turn, can result in the formation of tumours by greater cell
division and random genetic errors (Henderson et al., 1988). There is a negative feedback
regulation mechanism amongst trophic hormone target tissues and hypophysis; this acts to stop
target gland secretion and the elimination of secreted hormones which together overproduce
the respective pituitary hormone. If this mechanism continues for a long time it results into the

development of tumours in over-stimulated target glands or over-reactive hypophysis.

Many goitrogenic xenobiotics are associated with non-genotoxic mechanisms through
hormonal imbalance. These chemicals may disrupt any biosynthesis steps including thyroid
hormone biosynthesis, metabolism and secretion, and induce thyroid tumours from follicular
cells (Capen, 1992). Xenobiotics use several methods to decrease thyroid activity by either
increased excretion of the thyroid hormone in bile, interference with thyroid secretion and
synthesis in the thyroid gland, T4 to T3 conversion disruption and hepatic mixed-function
induction (Capen, 1992). The pituitary gland negative feedback system regulates thyroid
stimulating hormone (TSH) secretion and synthesis, and results in sustained expression of TSH.
Stimulation of TSH results in hyperplasia, hypertrophy and neoplasia in rodents by
proliferation of follicular cells (Hill, 1989). However, it is believed that thyroid pituitary
disruption mechanisms of tumorigenesis are less relevant in humans than tumorigenesis in

rodents (Hill et al., 1998).

Hypothalamo-pituitary-testis (HPT) axis disruption and hormonal imbalance in rodents are the
epigenetic mechanisms which lead towards the induction of tumours in Leydig cells (interstitial
cells that produce testosterone). These cells are stimulated by leuteinising hormone (LH) to

produce testosterone. Negative feedback of testosterone results in the production of LH from
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the pituitary gland (Clegg et al., 1997). In rodents this feedback is blocked by different
chemicals with different mode of actions including oestrogen agonism, androgen antagonism,
testosterone biosynthesis inhibition, gonadotropin releasing hormone (GnRH) agonism, 5a-
reductase inhibition, dopamine agonism and aromatase inhibition. The chemicals that are
involved in HPT axis disruption, with the exception of dopamine agonists and GnRH, may
pose a risk to human health. Rodents are more sensitive than humans to Leydig cell tumours

induced by chemicals (Cook ef al., 1999).

The carcinogenic action of oestrogens is an epigenetic mechanism as well as having genotoxic
effects. Cells expressing receptors for oestrogen, i.e. in the breast, liver and endometrium, start
proliferating as a result of prolonged expression of oestrogen from exogenous and endogenous
sources. The organs, whose normal growth is under hormonal control, develop hyperplasia to

neoplasia as a result of proliferation induced by oestrogen (Henderson et al., 1988).

1.8.4 Agonists and antagonists of the aryl hydrocarbon receptor.

Aryl hydrocarbon receptor (AhR) mediation by different natural and synthetic chemicals can
have many toxicological and biological effects on cells, including carcinogenesis. AhR belongs
to the superfamily of basic helix-loop-helix/Per-Arnt-Sim (bHLH/PAS) proteins and is a ligand
activated transcription factor. AhR agonists consist of halogenated and planar aromatic
hydrocarbons including biphenyls, heterocyclic plant constituents, dibenzofurans and related
chemicals and polychlorinated dibenzo-p-dioxins (Denison et al., 2002). Until now, no
authentic AhR high affinity endogenous agonists have been identified, although there are
studies which indicate that endogenous physiological ligands are involved in the activation of

AhR itself and the signalling pathways of AhR. Unbound AhR complexed with co-chaperons
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and chaperone HsP90 has been found in cellular cytosol, which translocates into the nucleus
after binding with the ligand. In the nucleus, HsP90 and other chaperons are released and it
associates with Ah receptor nucleus translocator (Arnt) forming an AhR:Arnt heterodimer
(Bock and Kohle, 2006). Special DNA binding sites called Ah-responsive element (AhRE),
dioxin responsive element (DRE), or xenobiotic responsive element (XRE) present in the target
genes regulatory regions are recognised by this heterodimer and it binds to this site (Rowlands
and Gustafsson, 1997). The target genes may include proliferation regulatory genes, genes
involved in differentiation and development and Phase 1 and 2 biotransformation enzymes

coding genes (Beischlag et al., 2008).

Enhanced DNA binding results in corepressors and coactivators recruitment, chromatin
structure remodelling and target genes transcriptional machinery activation. Constant exposure
to agonists (for example exposure to TCDD (2,3,7,8-tetrachlorodibenzo-p-dioxin)) leads
towards toxic tissue- and species-specific effects including teratogenicity, chloracne, wasting,
liver tumour promotion, carcinogenicity and immunotoxicity (Bock and Kohle, 2006).
Although the role of AhR in producing these responses is observed, the underlying molecular
mechanisms are still unknown. It is hypothesised that inappropriate or sustained activation of
AhR results in the TCDD mediated toxicities and deregulated physiological functions (Poland
and Knutson, 1982). In another experiment on rodents expressing mutant AhR, the role of this
receptor in hepatocarcinogenesis promotion was demonstrated (Moennikes, 2004). It has been
hypothesised that at the tumour initiation stage sustained AhR signalling is involved which
facilitates the genotoxically injured cells selective survival. Nuclear proteins and signalling
factors, AhR/Arnt crosstalk have also been described (Puga et al., 2009). Specifically, crosstalk

with the oestrogen receptor.
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1.8.5 Summary of the findings on mechanisms of non-genotoxic carcinogenicity

As described in Section 1.8, most carcinogenic chemicals associated with a non-genotoxic of

action have been reported to act through one or more of the following mechanisms:

1. Peroxisome proliferation, which may result from either induction of oxidative stress;
enhanced cell proliferation or decreased apoptosis; inhibition of gap junction intercellular

communication; or DNA methylation.

2. Induction of oxidative stress, that may result from either an increase in the production of
oxyradicals, or a decrease in the cell’s antioxidant capacity that may lead to DNA damage
in several ways - such DNA cross-linking, at apurinic/apyrimidinic sites, breakage in single

or double strand and deoxyribose modification.
3. Induction of hormonal imbalance

4. Agonist and antagonist of aryl hydrocarbon receptor (AhR), which is a ligand activated

transcription factor.

Knowledge of these key mechanisms of action has the capability to provide a basis for further

evaluation and in silico analysis of these important effects

1.9: The potential use of in silico tools for the identification of non-genotoxic carcinogen

With regard to developing in silico tools for the prediction of the toxic effects of cosmetics
ingredients, there has been a great deal of research undertaken. For instance, Safety Evaluation
Ultimately Replacing Animal Testing-1 (SEURAT-1) was a cluster of European projects
created in response to the Seventh Amendment of the final deadline for the Cosmetic Directive
in January 2011. It comprised a collaboration of one co-ordination project and six research

projects encompassing 70 European Universities, commercial companies and research
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institutes. The SEURAT-1 Cluster operated for five years (2011-2015) with the aim of reducing
the reliance on in vivo repeated dose toxicity tests by beginning the process of replacing it with

in silico and in vitro methods. The COSMOS Project was one of the six research projects of

SEURAT-1; the main objectives of COSMOS were as follows:

a. The formation of an inventory of cosmetic ingredients including their chemical

structures as well as, where possible, toxicological data.

b. The collection and compilation of recent sources of the toxicological data from the

literature and regulatory sources.

c. The development of new software to be applied in the analysis of the repeated dose

toxicity of the cosmetics towards humans.

The safety of cosmetics ingredients within the European Union was supported by the
development of new tools with the aid of the COSMOS project and other collaborative projects
associated with SEURAT-1. It was also envisaged that the results of the six research projects
could help provide a basis for alternative techniques and tools in the identification of toxicity

of chemicals used in pharmaceutical industry (Cosmostox.eu, 2019).

The main outputs from the COSMOS Project were the development of the COSMOS database

(https://cosmosdb.eu/cosmosdb.v2/) which focussed on repeated dose toxicity data for

cosmetics ingredients, amongst other endpoints and data. The data were used to enrich and
enhance the datasets available for derivations of Threshold for Toxicological Concern (TTC)
values (Yang ef al., 2017). In addition, a number of innovative computational approaches for
the assessment of chronic toxicity endpoints (notably liver toxicity) were developed in the
COSMOS Project. The new modelling approaches were developed around the use of
knowledge of MIEs for endpoints such as hepatic steatosis (Mellor et al., 2016) and PPARYy

dysregulation (Al Sharif ef al., 2017). Overall, the COSMOS Project illustrated the possibility
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of modelling a complex endpoint when appropriate and mechanistically based in silico models

were developed.

Taken as a whole, the SEURAT-1 Cluster enabled better use of the data from new methods.
There were at least two major contributions including development of a set of read-across case
studies proposed by Berggren et al., (2015). The case studies provided a number of learnings
for the development collation of data and justification of similarity hypotheses (Schultz and
Cronin, 2017) as well as the definition of uncertainties in read-across (Schultz et al., 2019). In
addition, the SEURAT-1 Cluster developed a workflow, or strategy or safety assessment in the
case of no data, with decisions made on an exposure basis in the first place, then leading to use
of new types of data. The type of sequential approach was termed an ab initio chemical safety
assessment workflow and demonstrated the utility of combining together different types of
information (Berggren et al., 2017). Overall the SEURAT-1 philosophy, and COSMOS Project
in particular, demonstrated that information on chemistry can be used to make assessments of
complex and subtle toxicities, especially when combined into integrated frameworks of data

gathering.

1.10: Context and research aims of this thesis:

The safety of cosmetic products is of utmost importance in relation to consumer health because
of the large variety of products, the frequency of use and the intimate nature of applications on
the body. In Europe, ensuring safety of cosmetics is jointly undertaken by industry and
regulatory authorities. The European regulatory framework for cosmetic safety requires pre-
market notification of the intended use of any ingredients that fall within the regulated
categories, assessment of safety, regulatory approval, and appropriate labelling of the final
products. At the regulatory level, safety of cosmetic ingredients is assessed by an independent

committee of experts (the Scientific Committee on Consumer Safety, SCCS) before they are
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allowed by the European Commission to be used in cosmetic products. The safety assessment
of final products is overseen by the competent authorities in the EU Member States. Ensuring
overall safety of the final products placed on the market, nevertheless, remains responsibility

of the industry.

Safety assessment of cosmetic ingredient/products requires detailed information and data
relating to the physicochemical properties and toxicological hazard of ingredients, as well as
the possible route(s) and the extent of consumer exposure. The toxicological data for hazard
identification/ characterisation are generally drawn from a systematic scheme that involves
testing against set endpoints that can provide information on potential acute (short-term) and
chronic (long-term) adverse effects. The most difficult endpoints to measure accurately in this
regard are those that are indicative of long-terms effects, such as reproductive and
developmental effects and carcinogenicity. The available tests for gene mutation and DNA
damage can indicate the potential of a cosmetic ingredient to be a genotoxic carcinogen.
However, identifying non-genotoxic carcinogens is a particular challenge due to the lack of a
single mode of action. As non-genotoxic carcinogens can act through alteration of multiple
pathways, and generally without a change in DNA sequence, predicting the potential
carcinogenicity of a non-genotoxic chemical is one of the current major challenges in

toxicology, although as shown in Section 1.8 the main mechanisms can be defined.

The EU Cosmetic Regulation (EC) No 1223/2009 has also resulted in a ban on animal testing
of cosmetics ingredients since 11 March 2013. This means that all toxicological data for
cosmetic ingredients and products need to be drawn from alternative (non-animal) methods.
This has made testing of cosmetic ingredients for non-mutagenic carcinogenicity even more
challenging. A battery of in vitro tests is available for certain endpoints but results from
different tests may generate contradictory or equivocal results. In this context, the use of in

silico models and read-across tools provides a useful alternative means to obtain additional
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supporting evidence which, when used in conjunction with other lines of evidence, can
strengthen the overall weight of evidence for safety assessment. /n silico approaches can also
provide important clues to the mode of action of a chemical to inform in vitro testing and the
models and structural alerts can enable toxicological assessment of other substances. In this
regard, the European SEURAT-1 Cluster went some way to demonstrate a reduction in the
reliance on in vivo repeated dose toxicity tests and providing a strategy to replace it with read-
across, in silico and in vitro methods. As part of the SEURAT-1 cluster, the COSMOS project

specifically aimed to use new alternative tools for safety assessment of cosmetic ingredients.

In keeping with the research aims of the COSMOS project, the overall aim of this research was
to evaluate and develop in silico models for the human health effects of cosmetic ingredients,
focussing on read-across and (Quantitative) Structure-Activity Relationships ((Q)SARs) for

carcinogenicity and skin sensitisation. The specific objectives to achieve this aim were:

1. To review the state of the art of grouping approaches, (Q)SARs and available software
to predict the toxicity of cosmetic ingredients, including the mechanisms of
carcinogenicity and their relationship to existing Adverse Outcome Pathways (AOPs)
with an emphasis on non-genotoxic mechanisms.

ii.  To identify and evaluate existing data for the carcinogenic potential of the chemicals,
as well as repeated dose toxicity, skin sensitisation, dermal absorption and metabolism,
assessing quality of both physicochemical and toxicological data.

iii.  To assess existing structural alerts for human health effects allowing for the formation
of chemical categories, read-across supported by ToxCast data and (Q)SARs supported
by data for key events in AOPs.

iv.  To study the chemical space of cosmetics ingredients and materials utilising and
building on the COSMOS inventory through the analysis of descriptors of molecular

structure and physicochemical properties.
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v.  To develop relevant case studies to provide a proof of concept for cosmetics-related
materials focussing on relevant classes of chemicals such as aluminium and the

phthalates.

An extensive literature search was performed as part of this thesis and this indicated that a
range of in silico models, read-across tools and expert systems is available. These are discussed
in more detail in Chapters 3 and 5. In addition, certain structural alerts have been identified for
some known non-genotoxic mechanisms of carcinogenicity. For example, a small number of
structural alerts have been associated with peroxisome proliferation, e.g. substituted phenoxy
acids, substituted N-alkyl carboxylic acids, phthalates (or butyl diesters and monoesters),
perfluorooctanoic acid and phenoxy herbicides. These are discussed in more detail in Chapter
2. A general comparison between the performance of genotoxic and non-genotoxic carcinogen
structural alerts was also conducted in Chapter 2. This comparison showed that the positive
predictivity for genotoxic carcinogen structural alerts was more accurate and effective
compared to non-genotoxic carcinogen alerts. A detailed analysis of positive predictivity of all
available mutagenic structural alerts and profilers within the OECD QSAR Toolbox when
compared to experimental mutagenicity data from the CCRIS dataset was conducted in Chapter
3. In Chapter 4, the relationship between scaffolds of a range of diverse compounds and
carcinogenicity (both genotoxic and non-genotoxic) was analysed using a dataset of Ames
assay data for 10,543 compounds from the SAR genotoxicity database, and carcinogenicity
data for 2,870 compounds from the SAR carcinogenicity in the Leadscope® database
(Leadscope.com, 2018). Chapter 5 illustrates how essential it is to know the accuracy of the
different profilers within the OECD QSAR Toolbox for carcinogenicity, mutagenicity and skin
sensitisation in terms of sensitivity, specificity and accuracy, and to investigate possibilities for

improvement.
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Chapter 2: Assessment of currently available structural alerts for genotoxic and non-
genotoxic carcinogens

2.1: Introduction:

Mutagenicity and carcinogenicity are considered amongst the most significant toxicological
concerns for human health. As such, they are part of the standard information requirements for
regulatory and other risk assessment. To understand the mechanistic basis of these endpoints,
Miller et al. (1977; 1981) described the electrophilic theory of chemical carcinogenesis which
helped rationalise a wide variety of carcinogenic chemicals identified during the 1970s.
Miller’s theory gave a mechanistic basis for these chemicals to act as mutagens (i.e., in the
Ames test). It also stated that various carcinogenic compounds possessed alkylating and
electrophilic characteristics. Thus, electrophilic acylating agents are one of the key groups of
chemicals that can be considered as direct-acting carcinogens. In addition, Miller et al. also
reported that there are other carcinogenic chemical compounds, other than acylating agents,
such as aromatic amines, which may undergo electrophilic reaction following metabolism. In

this way, the (chemical) structural basis of genotoxic carcinogens began to be established.

It is now well known that a significant proportion of the direct acting chemical carcinogens are
electrophilic in nature. However, many genotoxic carcinogenic chemicals that are not
electrophilic behave as such in vivo, as they can react with nucleophilic groups of proteins and
nucleic acids present in cells and tissue (Miller and Miller, 1981). Miller’s work inspired
different researchers to work further in this field. For instance, different strains of genetically
engineered Salmonella typhimurium have been developed to test specific individual chemical
classes, such as alkylating or intercalating chemical carcinogens (Maron and Ames, 1983). The
Salmonella, or Ames, Test is an in vitro model for detecting chemical mutagenicity and consists

of different bacterial strains that are susceptible to a large array of DNA damaging agents



Chapter 2
(Ames, 1984). The Ames Test was developed from mutant forms of the bacterium S.
typhimurium, whereby when the bacterial DNA interacts with a potential genotoxic chemical,

the change in DNA provides evidence for mutagenicity of the chemical.

Miller’s hypothesis supporting the use of Sa/monella in the Ames Test was relevant at that time
in relation to the mechanism of action as carcinogens were thought to be mainly the result of
genotoxic interactions (Ashby, Tennant, 1988). In due course, the theory regarding the
electrophilic activity of many chemical carcinogens has also been incorporated into a more
general theory of chemical carcinogenesis. According to the theories at that time, the initiation
of cancer was due either to genetic mutation, or a carcinogen's ability to damage DNA directly
(Arcos and Argus, 1995). However, there is yet another type of carcinogen termed “epigenetic”
which does not bind covalently to DNA and hence does not damage DNA directly. As a result,
epigenetic (non-genotoxic) carcinogens are negative in the most commonly and frequently used
assays for mutagenicity (Woo, 2003). As discussed in Chapter 1, there are a number of diverse

mechanisms of action of epigenetic carcinogens.

Structural alerts

The term ‘structural alert’ was defined by Dr John Ashby, who also contributed to the
compilation of a list of structural alerts following the electrophilicity theory proposed by Miller
(Ashby, 1985; Ashby and Tennant, 1988). Structural alerts are defined as being a definable
fragment within a molecule (i.e., a functional group or substructure) representing a structure-
activity relationship (i.e., inducing carcinogenic activity). Thus, the potential classes of
chemicals that can induce cancer can be identified by structural alerts for carcinogenicity.
Depending on their definition, structural alerts for genotoxic carcinogenicity are considered
suitable to identify mutagenic compounds, as the main mode of action of this type of carcinogen

(i.e., genotoxic carcinogen) is modification and direct interaction with DNA. Structural alerts
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for carcinogenicity have been identified from experimental data on animals or from

observations on human epidemiological studies.

There are many reasons why the majority of carcinogenic structural alerts were obtained from
data derived from rat and mice toxicological studies. These animals are preferred as
investigational models because of their relatively low cost and ease of maintenance (compared
to other non-rodent assays), short life span and higher susceptibility to tumour induction, as
well as the accessibility of characterised strains (Huff ez al., 1991; Fung et al., 1995; Huff and
Haseman, 1999). Whilst short-term mutagenicity assays help in the detection of potential
genotoxic carcinogens within a much shorter timeframe, non-genotoxic carcinogens cannot be
identified easily or exclusively by the use of long-term carcinogenicity studies. These rodent
bioassays, in conjunction with bacterial Ames and other in vitro tests for mutagenicity, provide

an indication of carcinogenicity.

Models based on structural alerts play a major role in predictive toxicology. Software platforms,
both commercial (e.g., DEREK Nexus from Lhasa Ltd) and non-commercial (e.g., Oncologic
by the US EPA) use structural alerts as the basis to predict mutagenicity/carcinogenicity.
Whilst structural alerts generally predict genotoxic carcinogens well, their ability to identify
non-genotoxic carcinogens is still in infancy. (Woo, 2003) reported different characteristics of
non-genotoxic carcinogens as well as relating them to structural alerts. As mentioned in
Chapter 1, non-genotoxic carcinogens have different modes of action and cannot be explained
by a clear unifying theory. The main non-genotoxic mechanisms of carcinogenicity can be

mainly grouped into the following mechanisms (see Section 1.8 for more details):

1) Peroxisome proliferation, which includes:
a) Inhibitors of gap junction intercellular communication

b) DNA methylating agents
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2) Inducers of oxidative stress
3) Inducers of hormonal imbalance

4) Agonists and antagonists of aryl hydrocarbon receptor.

Relationship of mechanism of action to structural alerts:

In general, if a single structural alert represents the same or similar chemical class, then it may
be assumed to exhibit a similar mode of toxic action. The major chemical groups identified by
the structural alerts responsible for direct acting genotoxic carcinogens are sulphur-compounds,
epoxides, aziridines, a-haloethers and lactones (Benigni ef al., 2008). For the purposes of this

Chapter, the mode of action of epoxides will be analysed in detail as a representative example.

Epoxides alkylate DNA and this may lead to carcinogenic effects. The strained epoxide ring
breaks open easily to form a carbonium ion, which is responsible for the initiation of this
alkylation reaction. This, in turn, leads to the substance being able to react with a nucleophilic
site, such as DNA, forming 2-hydroxy-2-alkyl adducts (Singer and Grunberg, 1983). Thus,
chemicals containing epoxide groups are strongly associated with the induction of mutations
in cells and/or cancer induction. The chemical mechanism of the reaction of an epoxide with

DNA is shown in Figure 2.1:
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Figure 2.1. Mechanism of epoxide attack on DNA (Benigni et al., 2008).

There are other structural alerts for functional groups relating to genotoxic carcinogens that are

not directly acting, but may become genotoxic following metabolic activation. Due to the
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complexity of some of the metabolic pathways e.g. involving more than a single metabolic step,
a structural alert could point to a range of final toxicological outcomes. For instance, aromatic
imines and amines may be metabolically activated to electrophiles and hence have the potential
to induce carcinogenicity. A study in mice revealed that the oxidation of aromatic amides and
amines formed N- hydroxyarylamines and N-hydroxyarylamides, respectively induced by
cytochrome P-450 ¢ (BNF-B) and d (ISF-G). The metabolic conversion of nitroso, nitro, and
hydroxylamine derivatives also generates amine groups. Another example of the complexity
of metabolic activation is that seven nitroaromatic hydrocarbons are generated through the
formation of N-hydroxyarylamine as an intermediate in the presence of cytosolic and

microsomal enzymes that act as a catalyst.

The process of the reduction of nitro groups in microsomes can be replicated experimentally
in the presence of a cytochrome P-450 complex obtained from rat liver isozymes, namely ¢
(PB-B), d(PB-B), b (PB-B), and e (PB-D). The enzymes responsible for cytosolic
nitroreductase activity include DT-diaphorase, alcohol dehydrogenase and enzymes having
xanthine and aldehyde groups. The main activation pathway is the nitrogen oxidation and
reduction reaction as shown in Figure 2.2. However, there are certain aromatic amines, as well
as aromatic nitro compounds, that are converted to electrophilic compounds through a ring
oxidation pathway. Unlike other direct electrophilic metabolites, such as hydroxyarylamines,
epoxides, and iminoquinones, N-hydroxyarylamides need to go through the esterification

process to be capable of reacting with DNA (Benigni, 2005).
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OH OH
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Covalent binding to DNA

Toxic effect (mutation and cancer)

Figure 2.2. The main oxidation pathway of aromatic amines leading to potentially carcinogenic

metabolites (Benigni, 2005).

Using more than a single SA is appropriate for some chemical classes as it the mechanism of
action of certain groups, such as the aliphatic halogens, is more complicated. As shown in
Figure 2.3, the mechanism of action of aliphatic halogens may switch from genotoxic to non-
genotoxic pathways depending on the degree of halogenation and the whether the carbon
skeleton is a cyclic or linear. The short chain mono-halogenated alkanes, as well as alkenes and
dihalogenated alkanes, act directly as alkylating agents (as genotoxic mechanism) either
without, or after, conjugation with GSH. Conversely, the mechanism of action of poly-

haloalkanes is either a non-genotoxic or a free radical mechanism.
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With regard to halogenated cycloalkanes (and cycloalkenes), it is more appropriate to use

multiple structural alerts as the mechanism of action of carcinogenicity is still unclear and

possibly genotoxic (i.e., alkylation) either directly or after metabolic activation, although non-

genotoxic mechanisms have also been proposed. For example, Woo ef al. (2002) suggested

non-genotoxic mechanisms for halogenated cycloalkanes to involve:

a. Hormonal imbalance

b. Degranulation of the rough endoplasmic reticulum

c. Inhibition of other intercellular mechanisms.

Mono halogenated alkanes
(and alkenes)

Dihalogenated alkanes (and
alkenes)

Polyhalogenated alkanes
(and alkenes)

halogenated cycloalkanes
(and alkenes)

BE—CH—X

K——A—X

¥n
[re=2)

Cyclo-R—Xn
(n=2)

direct

] Alkylation

direct Alkylation or Crass-linking
GSH conjugation
(GE-tH-x ., % 7 )

——="%  Alkylation or Crass-linking
Free radical mechanisms Active metabolites

R

Reductive dehalogenation

—_— Haloalkenes
—_— - Mon-genotaxic mechanisms
— Mon-genotoxic mechanisms
direct
! metabolically activated .
JE—— Alkylation

Figure 2.3. The complexity of carcinogenicity mechanism of actions for aliphatic halogens

(Benigni, 2005).

In contrast to complex carcinogenicity testing, in silico toxicology offers an extremely

attractive option in terms of being a rapid and low cost methodology. It also provides the

possibility to reduce animals use and make tests more directed and mechanistically based. As
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such, structural alerts also provide a means to understand and interpret the mechanisms of

genotoxicity and therefore help in the classification of potential carcinogens. The structural

alerts published by Benigni ef al. (2013) and summarised in Tables 2.1 and 2.2 are considered

the most advanced list to evaluate both the genotoxic and non-genotoxic carcinogenicity

potential of chemicals. These structural alerts have also been implemented as a rule-base

system in the Toxtree software and the OECD QSAR Toolbox.

Table 2.1. Currently identified non-genotoxic carcinogen structural alerts (Benigni et al., 2013).

NO | Mechanism of action* Alert Name
1 HI Thiocarbonyl
2 HI Poly halocycloalkane
3 AHR Halogenated benzenes
4 AHR Halogenated dibenzodioxines
5 HI Steroidal oestrogen
6 PP Substituted phenoxy acids
7 PP Substituted n-alkylcarboxylic acids
8 PP Phthalates
9 PP Perflourooctanoic acid (PFOA)
10 PP Tri, tetraflouroethylene
11 AHR Indole-3-carbonyl
12 OXsS Pentachlorophenoles
13 OXS 2-Phenylphenols
14 OXsS Quercetin flavonoid
15 HI Benzimidazolea
16 HI Imidazoles ,benzamidazoles
17 HI Dicarboximides
18 HI Dimethylpyridinse
19 OXsS Metals
20 HI Benzsulfonic ether
21 OXS 1,3-Benzdioxole
22 PP Phenoxy herbicides
23 HI Alkyl halides

*PP: peroxisome proliferator, OXS: oxidative stress, HI: hormonal imbalance, AHR:
aryl hydrocarbon receptor agonist and antagonist.
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Table 2.2. Currently identified genotoxic carcinogen structural alerts (Benigni ef al., 2013).

NO | Mechanism of action Alert Name
1 Alkyl (C5) or benzyl esters of sulphonic or phosphonic acid
2 N-methylol derivatives
3 S- or N- mustards
4 Propiolactones and propiolsulfones
5 Epoxides and arizidines
6 Direct DNA Aliphatic halogens
7 Alkylation Alkyl nitrites
8 a, B-Unsaturated carbonyls
9 Simple aldehydes
10 Quinones
11 Alkyl and aryl N-nitroso groups
12 Monohaloakenes
13 Hydrazines
14 Aliphatic azo and azoxys
15 Alkyl carbamate and thiocarbamates
16 Indirect PNA Azide and triazene groups
Alkylation
17 Aliphatic N-nitro groups
18 o, B-Unsaturated alkoxy group
19 Pyrrolizidine alkaloids
20 Alkenylbenzenes
21 Steroidal oestrogen (genotoxic and non genotoxic)
22 Direct Acylation Isocyanate and isothiocyanate groups
23 Aromatic ring N-oxides
24 ) Aromatic nitroso groups
25 Amino aryl D'\,IA Nitro Aromatics
26 adduct formation Aromatic amines and hydroxyl amine & its derived esters
27 Aromatic mono and dialkylamino groups
28 Aromatic N-acyl amines
29 Aromatic diazo groups
30 DNA adduct Polycyclic Aromatic Hydrocarbons
31 formation by Heterocyclic Polycyclic Aromatic Hydrocarbons
32 Intercalation Coumarins and Furocoumarins

Given the utility of structural alerts for all toxic endpoints, and potential benefits in using them

for the prediction of carcinogenicity, it is perhaps surprising that there have been no, or few,

systematic assessments of their performance, coverage and relevance. This is particularly

pertinent to non-genotoxic carcinogens where an assessment of the available structural alerts
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could assist in the identification of their strengths, but also clarification of chemical or
mechanistic space that is not well covered. The aim, therefore, of this chapter was to assess the
currently available structural alerts and in silico models for both genotoxic and non-genotoxic
carcinogenicity. The analysis focussed on four main mechanisms of non-genotoxic carcinogens:
peroxisome proliferation, hormonal imbalance, oxidative stress, and aryl hydrocarbon receptor
agonism/antagonism as well as the five main mechanism of action of genotoxic carcinogen:
direct DNA alkylation, indirect DNA alkylation, direct acylation, amino aryl DNA adduct
formation and DNA adduct formation by intercalation. In this study, the performance of the 23
structural alerts for non-genotoxic carcinogenicity described by Benigni et al. (2013), listed in
Table 2.1 and as implemented within the Toxtree software, has been assessed by comparison

with experimental cancer data compiled in the Carcinogenic Potency Database (CPDB).

2.2: Methods:
2.2.1 Dataset used:
Carcinogenic Potency Database (CPDB)

Data relating to cancer causing chemicals were compiled from the Carcinogenic Potency
Database (CPDB), which is freely available from http://toxnet.nlm.nih.gov/cpdb/cpdb.html.
This database is a widely used and unique international resource comprising the results of 6,540
chronic, long-term animal carcinogenicity tests on 1,547 chemicals in rats, mice, dogs,
hamsters and non-human primates. All important information is included for each experiment
to interpret the bioassay, such as strain, species and sex of the test animal along with other
details relating to the experimental protocol used, e.g. the route of administration, average daily
dose and duration of dosing. Information is also provided on the tumour type, tumour incidence,

carcinogenic potency (TD50) and statistical significance of the results. TD50 can be very useful
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for comparison and analysis of the relative carcinogenicity of compounds as it provides a

standard qualitative measure.

2.2.2: Review process of non-genotoxic structural alerts

The workflow shown in Figure 2.4 outlines the steps in the assessment of the current non-
genotoxic structural alerts discussed in this chapter. This workflow is split into two sections:
the first section is related to the filtering and extraction of CPDB cancer data. The second
section is related to the review process using the rule-based expert system Toxtree version
2.6.13  (downloaded in  April 2016) which is freely available from
http://toxtree.sourceforge.net. Toxtree predicts different types of toxicological hazard and
modes of action by applying decision tree approaches; it can be used for initial hazard
assessments (Pavan and Worth, 2008). The review process was conducted after converting the
extracted structures from SMILES format to SD/SDF format using the Open Babel programme
version 2.3.2 (downloaded in April 2016) which is freely available from

https://openbabel.org/docs/dev/Installation/install.html.
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1. CPDB downloaded as an Excel datasheet

h 4

2. Chemicals filtered according to carcinogenic
activity, mutagenicity and species

A

3. SMILES extracted for non-genotoxic
carcinogens, genotoxic carcinogens, genotoxic
non-carcinogens and non-genotoxic non-
carcinogens.

v
4. SMILES converted to a SDF file in Open Babel
for use in the Chemotyper and Toxtree

v
5. Dataset run through Toxtree to review the
Benigni ef al. (2013) structural alerts

Figure 2.4. Workflow for the process undertaken to assess structural alerts for non-genotoxic

carcinogenicity.

The individual steps of the workflow summarised in Figure 2.4 are described below.

Step 1: CPDB downloaded as an Excel datasheet:

Results were downloaded from the CPDB for the full list of 6,540 experiments on 1,547
chemicals as an Excel spreadsheet. The information downloaded included the full details
regarding the diversity of bioassay designs in the CPDB, e.g., dose ranges tested, number of

dose groups and the frequency of testing per chemical.

Step 2: Chemicals filtered according carcinogenic activity, mutagenicity and species
The process of filtering the downloaded CPDB data is detailed below.
1. Using the “sort & filter” tool in Excel, the 1,548 chemicals were filtered to select only

those chemicals that are negative (inactive) in the Ames test in the column
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(ActivityOutcome CPDBAS Mutagenicity), as shown in Figure 2.5. This indicates

which chemicals have a higher probability of an epigenetic carcinogenicity mechanism.

Figure 2.5.
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READY 150 OF 1547 RECORDS FOUND H W -——4——+ 150%

Screenshot of the Excel spreadsheet showing filtrated carcinogenic data that are

inactive in the Ames test in order to extract non-genotoxic carcinogens from the CPDB.

2. Only data for rats were included in the filtered dataset from the “species” column. Data

for other species, such as mice and rhesus and cynomolgus monkeys, were excluded

from the dataset, as shown in Figure 2.6.

3. Only “active” chemicals that initiate carcinogenicity were selected from the

“ActivityOutcome_ CPDBAS Rat” column, resulting in the selection of 150 non-

genotoxic carcinogenic chemicals to the rat.

4. All mixtures and inorganic substances were excluded from the list using the column

“STRUCTURE_ChemicalType”.
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5. The same process was conducted using the same filtering process as described above
to produce three additional groups for comparison. This produced 240 genotoxic

carcinogens, 108 genotoxic non-carcinogens and 242 non-genotoxic non-carcinogens.

@B H S = CPDBAS_v5d_1547_20Nov2008_nostructures colored - Excel 2 @ - x

I HOME | INSERT  PAGELAVOUT  FORMULAS  DATA  REVIEW  VIEW Aljallzl, Mohammed ~
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? Arial |8 «  EFWrap Text General . | 7 4 = 2 d

Ogy- Y = sl 5 Blei- 2y
Paste B I u- [ Bl Merge & Center = - 9 » % 3 Conditoral Fomatas Cell lnsert Delete Format Sort & Find &

- Formatting™ Tabler Stylesw  + - - &Clearr Filter~ Select -
Clipboard Font Number & Styles Cells Editing -
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nervous system; peritoneal cavity: clitoral gland, mammary gland, N
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33
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79 liver; urinary bladder no positive results active
eritoneal cavity, spleen; vascular
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system
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104
mammary giand hematopoietic system; mammary active
116 gland; uterus
ear Zymbals gland; nasal cavity,  ear Zymbals gland; nasal cavity;
Sheetl | Sheet2 | Sheet3 ® ]
READY 150 OF 1547 RECORDS FOUND B M -————+ 1304

Figure 2.6. Screenshot of the Excel spreadsheet showing the exclusion of data for species other

than the rat to select rat carcinogens only from the activity outcome column.

Step 3: SMILES strings extracted for non-genotoxic carcinogens, genotoxic carcinogens,

genotoxic non-carcinogens and non-genotoxic non-carcinogens.

One hundred and fifty non-genotoxic carcinogenic chemical structures, in SMILES strings,
were copied from the column “STRUCTURE SMILES” using the “find & select” tool,
selecting only visible cells as shown in Figure 2.7. The same process was performed for
the other three groups of compounds. Once selected, SMILES strings were pasted into a

new Excel sheet and saved as a txt file.
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Figure 2.7. SMILES strings copied from the “STRUCTURE_ SMILES” column in the CPDB

Excel spreadsheet.

Step 4: SMILES converted to a SDF file in Open Babel for use in the Chemotyper and

Toxtree.

The most important information about chemicals is easily exchanged using the SDF file format.

SDF files include all necessary information about training/test set molecules (i.e., identifiers of

all compounds, CAS/ InChl/ name/ formula, 3D structures, experimental and predicted values

of target properties/parameters and the values of the molecular descriptors utilised).

In order to convert and store the filtered list of chemical structures, the open source Open Babel

programme version 2.3.2 was used. This program is designed to search, convert and store

chemical data from molecular modelling. Open Babel version 2.3.2 for Windows is freely

available at http://openbabel.org/. Open Babel was used as follows:
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1. The SMILES strings of the non-genotoxic carcinogens and the three other groups
were saved as a .txt file to act as the input into Open Babel — its content was
visualised to confirm it was recorded correctly.
2. In order to save the output as a SDF file, the name and the path of the output file
were specified as shown in Figure 2.8.
3. In case of an error occurring for certain chemical structures during the conversion
process, Open Babel offers a choice to continue and override to the next structure
in the input SMILES list to avoid any delays or error in structure conversion process

which was activated before the conversion process.
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Figure 2.8. Screenshot of the Open Babel software showing the input (SMILES) and output

(SDF) format.
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Step 5: The data sets were run through Toxtree to review Benigni et al.’s (2013) structural
alerts:

Toxtree is a programme developed by IDEAconsult Ltd. (Sofia, Bulgaria) for researchers and
other stakeholders (especially in industry) to predict various types of toxic effects using
decision trees to place chemicals into appropriate categories. It includes Benigni ez al.’s (2013)
rules for mutagenicity and carcinogenicity. Chemical structures can be entered into Toxtree
using SMILES strings, SDF files, and over 110 other chemical file formats. If a structural alert
is present in a molecule this is highlighted and can be recorded. The Toxtree software was used
as described below.

1. First, it is essential to choose the correct decision tree to predict carcinogenicity and
mutagenicity. This was selected by clicking on method from the main tabs and then
choosing the desired tree from “select decision tree”.

2. As illustrated in Figure 2.9, a list of available decision trees was shown, including
that required to use Benigni ef al.’s (2013) structural alerts, under the name of

“carcinogenicity (genotox & nongenotox) by ISS”.
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Figure 2.9. The choice of decision tree for “Carcinogenicity prediction by ISS”.

Page 62



Chapter 2

3. The 150 chemicals determined to be non-genotoxic to rat were entered into Toxtree

as a SDF file and the alerts run on them using the (estimate) tab for each chemical.

This process was also applied to the 240 chemicals determined to be genotoxic
carcinogen to rat.

4. All structures containing one or more of Benigni ef al.’s (2013) structural alerts for

either genotoxic or non-genotoxic carcinogenicity were highlighted in Toxtree with

a brown warning message for non-genotoxic carcinogen and red for genotoxic

carcinogen under the estimation tab, as shown in Figure 2.10. The presence of an

alert was counted as a positive result.

¥ Toxtree (Estimation of Toxic Hazard - A Decision Tree Approach) v2.6.13 - X
File Edit Chemical Compounds Toxic Hazard Method Help

File: C: \Usersiph.Mohammed\OneDrive ispecies NGYyat NG active sdf.sdf*

Available structure attributes Toxic Hazard by Carcinogenicity (genotox and nongenotox) and mutagenicity rulebase by 155
Errar when spplying the ... INO + Estimate

Exact Mass 312.1362
For a better assessment ... NO

Structural Alert for genotoxic carcinogenicity

Potential 5. typhimurium TA100 mutagen based on QSAR

Logkp -1.09
LogP 458
Mol\Veight 312,36

INegative for genotoxic c... [YES
[Negative for nongenoto... NO
Potential S. typhimurium .. [NO
Potential carcinogen bas...
QSAR13 applicable?

Unlikely to be a 5. typhimurium TA100 mutagen based on QSAR
Verbose explanation

| & QSA39 gen and nogen.Steroidal estrogens No ’
#8 QSA40_nogen substifuted phenoxyacid No
i QSA41_nogen substituted n-alkylcarboxylic acids No

Bt QSA42_nogen phthalate diesters and s Yes
] QSA43_nogen Perfluorooctanoic acid (PFOA) No
0 ] QSA44_nogen.Trichloro (or fluoro) ethylene and Tefrachloro (or fluoro) ethylene No

L] QSA45_nogen indole-3-carbinol No

] QSA46_nogen.pentachlorophenol No

0 0 ] QSA47_nogen o-phenylphenol No

] QSA48_nogen.quercetin-type flavonoids No
] QSA49_nogen imidazole and benzimidazole No
ih QSA350_nogen.dicarboximide No

#8 QSAS1_nogen dimethylpyridine No

i QSA52_nogen.Metals, oxidative stress No

#8 QSA353_nogen Benzensulfonic ethers No

i QSA354_nogen 1,3-Benzodioxoles No

] QSAS55_nogen.Phenoxy herbicides No

#8 QSAS6_nogen alkyl halides No
8 QNongenotoxic alert?. At least one alert for nongenotoxic carcinogenicity fired? Ves Class A

First  Prev Next  Last

Completed.

Figure 2.10. Structural alert for the non-genotoxic carcinogenicity for benzyl butyl phthalate.
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5. The SDF files for the third and fourth groups of chemical structures (non-
carcinogens) were also entered Toxtree to evaluate the negative predictivity of the

“carcinogenicity (genotox & nongenotox) by ISS” decision tree.

2.2.3 Statistical analysis

The results of the predictions were analysed in Excel using a four-way contingency table. The
performance of 23 non genotoxic carcinogen structural alerts, 32 genotoxic carcinogen
structural alerts and the overall performance of ISS carcinogenicity profiler which includes
both genotoxic and non-genotoxic structural alerts was assessed against the two groups of
substances, 390 carcinogens and 350 non carcinogens. The true positive rate (sensitivity) was
calculated for both non genotoxic and genotoxic carcinogens alone and then compared with the
true positive rate of the ISS carcinogenicity profiler which includes both. All substances among
the 390 carcinogenic group that were correctly predicted either by non-genotoxic or genotoxic
carcinogenic structural alerts were counted as true positives, if it failed to predict the
carcinogenic substances, then it was counted as a false negative. Among the group of 350 non
carcinogenic substances, the true negative rate (specificity) was calculated for both non-
genotoxic and genotoxic carcinogenic for structural alerts alone and then calculated for ISS
carcinogenicity profiler as a whole. All substances among the group of 350 non carcinogens
that were falsely predicted as carcinogenic will be counted as false positive and, if not, were

counted as true negative predictions.
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2.3. Results and discussion:

The aim of this chapter was to assess the currently available structural alerts for both genotoxic
and non-genotoxic carcinogenicity, focussing on the main four mechanisms of action of non-
genotoxic carcinogenicity: peroxisome proliferation, hormonal imbalance, oxidative stress,
and aryl hydrocarbon receptor agonism/antagonism and the main five mechanisms of action of
genotoxic carcinogenicity: direct DNA alkylation, indirect DNA alkylation, direct acylation,
amino aryl DNA adduct formation and DNA adduct formation by intercalation. In this Chapter,
the performance of 23 structural alerts for non-genotoxic carcinogenicity and 32 structural
alerts for genotoxic carcinogenicity as described by Benigni et al. (2013) and coded within
Toxtree version 2.6.13, was assessed by comparison with experimental data for carcinogenicity

which were compiled in, and retrieved from, the CPDB.

Analysis of the CPDB found 390 substances in the CPDB to be experimentally determined to
be carcinogenic in rats. Of these 390 substances, 150 were non-genotoxic (i.e., negative in the
Ames test). The remaining 240 substances were positive in the Ames test, i.e., rat genotoxic
carcinogens. The analysis also found 350 substances to be experimentally determined to be
non-carcinogenic in the rat. All 740 substances were assessed using Toxtree version 2.6.13,
applying the carcinogenicity rules by ISS. The predictions were compared with the

experimental results.

The number of correct predictions for the carcinogenic compounds is reported in Table 2.3.
For positive prediction of non-genotoxic carcinogenic substances, only 41 out of the total 150
were correctly assigned as being carcinogenic. Thus, the predictively of Toxtree with regard to
the positive identification of non-genotoxic carcinogens was only 27.3%. This is in a sharp

contrast to 91% predictivity for genotoxic carcinogenic compounds (223 positively predicted
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out of 240) and shows the limitation of the currently available structural alerts in relation to the

identification of non-genotoxic carcinogenic chemicals.

Table 2.3. Prediction of genotoxic and non-genotoxic carcinogenicity using the ISS Rulebase

in Toxtree v2.6.13.

Name and classification
of substances’ groups

Number of substances
predicted by the 23
structural alerts as non-
genotoxic carcinogen in

Number of substances
predicted by the 32
structural alerts as
genotoxic carcinogen in

ISS carcinogenicity
profiler (genotoxic and
non-genotoxic)

Toxtree Toxtree
Non-Genotoxic 264 126
Carcinogen 150 Substance 41 True Positive— 223 True Positive True False
390 Substances Genotoxic positive | Negative
240 Substance
Genotoxic 125 225
Non-carcinogen 108 Substance 11 False Positive 114 False Positive False True
350 Substances Non-Genotoxic positive | Negative
242 Substance
Positive Predictive Value: Positive Predictive
Value:
78.8%
66.1% 68%
True positive rate (sensitivity) % Sensitivity among 150
non-genotoxic Sensitivity among 240
carcinogens: genotoxic carcinogens:
27.3% 92%
True negative rate (specificity) % 64%

2.3.1 Genotoxic carcinogen structural alerts:

The most common structural alerts to predict genotoxic carcinogens were for the aromatic

amines and nitro aromatics, with 51 and 40 hits respectively. These substances become

carcinogenic through the aminoaryl DNA adduct formation as an indirect acting agent (Benigni,

2005). The structural alerts for compounds that exert their action by alkylating mechanisms

were also predictive, as the indirect acting agent alkyl and aryl N-nitroso groups were found in
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39 out of 240 genotoxic substances. Direct acting agents (i.e. aliphatic halogens) were found
in 20 genotoxic substances. The other structural alerts listed in Table 2.5 were present in
different substances; however, they were limited in number compared to aromatic amines and
nitro aromatic structural alerts. The alerts were grouped in Table 2.5 based on the main
mechanisms of action, as some of the alerts were poorly represented among the experimental

carcinogens.

As shown in Table 2.4, seventeen experimentally determined genotoxic carcinogenic
substances were not flagged by genotoxic carcinogenic structural alerts out of the total of 240;
however, some were obviously carcinogenic, including formaldehyde, selenium sulfide,
sodium nitrite and tetra-nitromethane. Nevertheless, there was no common link that could be

used to group these structures to derive a new rule.

One of these seventeen carcinogenic substances is selenium sulfide which is used as an anti-
dandruff in shampoos. It is believed that selenium sulfide controls dandruff via its anti-
Malassezia effect, rather than by its antiproliferative effect although it has an effect in reducing
cell turnover (Milani et al., 2003). Malassezia is a genus of fungi that is naturally found on the
skin surfaces of many animals, including humans. It has anti-seborrheic properties as well as
cytostatic effect on cells of the epidermal and follicular epithelium. Excessive oiliness after use
of this agent has been reported in many patients as adverse drug effect (Ranganathan and

Mukhopadhyay, 2010).

Selenium sulfide is reasonably anticipated to be a human carcinogen based on sufficient
evidence of carcinogenicity from experimental studies in animals. Oral exposure of selenium
sulfide caused tumours in two rodent species and at two different tissue sites. Administration
of selenium sulfide by stomach tube caused liver cancer (hepatocellular carcinoma) in rats of

both sexes and in female mice. In female mice, it also increased the combined incidence of
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benign and malignant lung tumours (alveolar/bronchiolar adenoma and carcinoma) (NCI
1980b). When applied topically, selenium sulfide and selsun, an antidandruff shampoo
containing 2.5% selenium sulfide, did not cause tumors in mice; however, these studies were
considered inconclusive, because the study length was limited to 88 weeks by the animals’

early death resulting from amyloidosis (NCI 1980a,c).

Another chemical substance that has been determined experimentally as being a non-genotoxic
carcinogen, and not identified by non-genotoxic carcinogenic alerts, was potassium bromate
(KBrO3). This is an oxidising agent that has been used as a food additive and in the cosmetic
industry. Although adverse effects are not evident in animals fed bread-based diets made from
flour treated with KBrO3, the agent is carcinogenic in rats and nephrotoxic in both man and
experimental animals when given orally. It has been demonstrated that KBrO3 induces renal
cell tumours, mesotheliomas of the peritoneum and follicular cell tumours of the thyroid. In
addition, experiments aimed at elucidating the mode of carcinogenic action have revealed that
KBrO3 is a complete carcinogen, possessing both initiating and promoting activities for rat
renal tumorigenesis. However, the potential seems to be weak in mice and hamsters. Active
oxygen radicals generated from KBrO3 were implicated in its toxic and carcinogenic effects,
especially because KBrO3 produced 8-hydroxydeoxyguanosine in the rat kidney (Kurokawa

et al., 1990).

In general genotoxic carcinogen structural alerts showed a high sensitivity rate among large

number of carcinogenic substances compared to non-genotoxic alerts.
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Table 2.4. Identity of 17 out of 240 experimentally genotoxic carcinogen which were not

identified by the ISS genotoxic rule base

Numb | Chemical Name [UPAC SMILES String
er

1 acrylonitrile C=CC#N

2 4-amino-1-B-D- N/C1=N/C(=O)N(/C=N1)[C@@H]20[C@H](CO)[C@@H](
ribofuranosyl-1,3,5- O)[C@H]20
triazin-2(1H)-one

3 potassium bromate Br(=0)(=0)[O-].[K+]

4 buta-1,3-diene C=CC=C

5 naphthalen-1-yl O=C(OC1=C2C(=CC=C1)C=CC=C2)NC
methylcarbamate

6 trichloro(nitro)methane | CIC([N+](=0)[O-])(CI)Cl

7 2,6-dimethyl-1,3- CCICC(OC(0O1)C)OC(=0)C
dioxan-4-yl acetate

8 dimethyl phosphonate O=P(H)(OC)OC

9 formaldehyde C=0

10 sodium nitrite O=N[O-].[Na+t]

11 1,4-benzoquinone ON=C1C=CC(=NO)C=C1
dioxime

12 selenium sulfide [Se]=S

13 8-hydroxy-6- O=C1C2=C(C=C3C(=C20C4=CC=CC(=C14)0)C5C(03)0C
(methyloxy)-3a,12c- =C5)0C
dihydro-7H-
furo[3',2":4,5]furo[2,3-
c]xanthen-7-one

14 styrene C=CC1=CC=CC=C1

15 tetranitromethane O=[N+](C(IN+](=0)[O-D(IN+](=O)[O-D[N+](=O0)[O-D[O-]

16 propane-1,2,3-triyl O=C(OC(COC(=0)CCCCCCr)Ccoc=0)ceeecce)eecece
trioctanoate CCC

17 zine S=C([S-]N(C)C.[S-IC(N(C)C)=S.[Zn+2]
bis(dimethyldithiocarba
mate)
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Table 2.5. Percentage of structural alerts flagged among the group of genotoxic carcinogens

organised according to chemical reactivity domain.

Number of Total number of Percentage of the
Mechanism genotoxic genotoxic genotoxic
of Action Structural Alert carcinogens carcinogen carcinogen
containing | structural alerts by | structural alerts of
this alert this mechanism this mechanism
out of total
Alkyl (C5) or benzyl esters 4
of sulphonic or phosphonic
acids
N-methylol derivatives 0
Alkylating
(Direct acting S- or N- mustards 4
agent)
Propiolactones and 3 91 35%
propiolsulfones
Epoxides and arizidines 10
Aliphatic halogens 20
Alkyl nitrite 1
o, B-Unsaturated carbonyls 2
Simple aldehydes 1
Quinones 7
Alkyl and aryl N-nitroso groups 39
Monohaloakenes 7
) Hydrazines 10
Alkylating i i
(Indirect Aliphatic azo and azoxy 2
acting agent) Alkyl carbamate and
thiocarbamate 32 13%
Azide and triazene groups 3
Aliphatic N-nitro groups
o, B-Uunsaturated alkoxy 0
groups
Pyrrolizidine Alkaloids
Alkenylbenzenes
Steroidal oestrogens
(genotoxic & non-
genotoxic)
Acylating Isocyanate and
(Direct acting isothiocyanate groups 3 3 2%
agent)
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Aromatic ring N-oxides 0
Amino aryl Aromatic nitroso groups
DNA adduct . .
forming Nitro aromatic 40
(indirect Aromatic amines and 51 119 43%
acting agent) hydroxyl amine and their
derived esters
Aromatic mono and 7
dialkylamino groups
Aromatic N-acyl amines 7
Aromatic diazo groups 14
Intercalating Polycyclic Aromatic 5 7%
and DNA Hydrocarbons
adduct Heterocyclic Polycyclic 11 19
forming Aromatic Hydrocarbons
(indirect Coumarins and 4
acting agent) furocoumarins

2.3.2: Non genotoxic structural alerts:

Table 2.6 shows, among the 150 non-genotoxic carcinogens, hormonal balance and oxidative
stress structural alerts were more often detected among the total group, with more than 46%
and 24% hits respectively. Thiocarbonyl and alkyl halides were the highest detected alerts
amongst the hormonal imbalance group, while metals and benzodioxol were detected more
amongst the oxidative stress group. Nearly 71% of all non-genotoxic carcinogens were detected
by hormonal imbalance or oxidative stress. Aryl hydrocarbon agonist and antagonist and
peroxisome proliferator structural alerts were less detectable compared to hormonal imbalance
and oxidative stress, as shown in Figure 2.11. The number of structural alerts for aryl
hydrocarbon and peroxisome proliferator is still limited and there is a need to do more research
to produce new structural alerts based on experimental results for additional chemical

substances.

Only 41 non-genotoxic carcinogen substances, out of 150, were identified correctly by these
23 non-genotoxic carcinogen structural alerts. This means that 109 substances experimentally

determined as non-genotoxic carcinogen were not identified by these structural alerts. These
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109 non-genotoxic carcinogen substances are listed in Table 2.7 in order to allow investigation
of why these non-genotoxic carcinogens are not identified and to develop the structural alerts

further.

As shown in Table 2.6 (alert number 10, oxidative stress), there are only three non-genotoxic
carcinogens containing a structural alert for a metal. These three substances are
dicopper:tetrasodium 3,3'-[(3,3'-dihydroxybiphenyl-4,4'-diyl)di(E)diazene-2, 1 -diyl]bis(5-
amino-4-hydroxynaphthalene-2,7-disulfonate), mercury(2+) dichloride and dimethylarsenic
acid. The three substances contained copper, mercury and arsenic respectively and thus they
were flagged by the structural alert for metals to be non-genotoxic carcinogens. However, after
reviewing the list of 109 experimentally non-genotoxic carcinogenic substances that were not
identified by the non-genotoxic carcinogen alerts in Table 2.7, there are another three
substances containing heavy metals and not identified by the alert for metals. These three
substances were cadmium dichloride, lead(2+) diacetate and =zinc ethane-1,2-
diylbis(dithiocarbamate). This indicates that the structural alert for metals was only predicting
copper, mercury and arsenic as non-genotoxic carcinogens but it was failed to predict
substances that contain other metals such as lead, cadmium and zinc although that they have

known carcinogenic activity with the same oxidative stress mechanism.

The low true positive rate for non-genotoxic carcinogen shows the need to include more
structural alerts to give more coverage for this type of carcinogen. Further detailed assessment
of the performance of both genotoxic and non-genotoxic carcinogen structural alerts is

performed in the next chapters.

Page 72



Chapter 2

Table 2.6. Percentage of non-genotoxic structural alerts flagged among the non-genotoxic

carcinogen experimental group of chemicals based their mechanism of action.

Number of Total number of Percentage of non
nongenotoxic non-genotoxic genotoxic carcinogen
NE | e ek Structural Alert Name carcinogens carcinogen structural | structural alerts of this
action containing alerts by this mechanism
this alert mechanism Out of total
1 Thiocarbonyl 6
2 Poly halocycloalkane 3
3 Benzimidazole 1
R
Imbalance 19
6 Dimethylpyridine 0
7 Benzsulfonic ether 3
8 Alkyl halide 4
9 Steroid oestrogen M/N 0
10 Metals 3
11 1,3-Benzdioxole 4
12 | Oxidative Stress Pentachlorophenole 1 10 24.4%
13 2- Phenylphenol 1
14 Quercetin flavonoid 0
15 Halogenated benzene 3
16 Aryl Halogenated 1 8 19.5%
Hydrocarbon dibenzodioxine
17 Agonist- Indole-3-carbonyl 0
Antagonist
18 Phenoxy herbicide 0
19 Substituted phenoxyacid 1
20 ) Substituted N- 2
Peroxisome alkylcarboxylic acid 4 9.8%
21 Proliferator Phthalate D
22 Perflourooctanoic acid 0
(PFOA)
23 Tri and tetraflouro 3
cthylene
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Total hits out of 150 substances

B Hormonal Imbalance

B Oxidative Stress

 Preoxisome Proliferator

Aryl Hydrocarbone Agonist-
Antagonist

Figure 2.11. Percentage of structural alerts flagged on non-genotoxic carcinogenic chemicals

based on their mechanism of action.

Table 2.7. List of 109 out of 150 experimentally non-genotoxic carcinogens which were not

identified by the ISS genotoxic rule base structural alerts for non-genotoxic carcinogenicity.

Number Chemical Name SMILES String

1 acetaldehyde CC=0

2 acetamide CC(=O)N

3 N-(4-hydroxyphenyl)acetamide C1(=CC=C(C=C1)O)NC(C)=0O
acrylamide NC(=0)C=C

4 1yl (=0)
2-amino-4,6-dimethyl-3-oxo0-N,N'- C12C(0C3=C(N=1)C(=CC=C3C)C(N[C@@HJ4C(N[C@@H](C(N5[C@@
bis[(6S,9R,108S,13R,18aS)-2,5,9-trimethyl- H]
6,13-bis(1-methylethyl)-1,4,7,11,14- (CCC5)C(N(CC(N([C@H](C(O[C@H]4C)=0)C(C)C)C)=0)C)=0)=0)C(C)
pentaoxohexadecahydro-1H-pyrrolo[2,1- C)=0)=0)=C(C(C(=C2C(N[C@@H]6C(N[C@@H](C(N7[C@@H](CCCT7)
i][1,4,7,10,13]oxatetraazacyclohexadecin- C(N(CC(N([C@H](C(O[C@H]6C)

5 10-yl]-3H-phenoxazine-1,9-dicarboxamide =0)C(C)C)C)=0)C)=0)=0)C(C)C)=0)=0)N)=0)C

6 allyl 3-methylbutanoate O=C(CC(C)C)0Ccc=C

7 1H-1,2,4-triazol-3-amine CI(N=CNN=1)N

8 11-aminoundecanoic acid OC(=0)CCCCCCCCCCN

9 aniline hydrochloride NC1=CC=CC=CI1[H]Cl

10 2,2',3,3" 4-pentachlorobiphenyl CIC2=C(C=CC(Cl=C2C])C1=C(CHC(CH=CC=C1
6-chloro-N-ethyl-N'-isopropyl-1,3,5-triazine- | CIC1=NC(=NC(=N1)NC(C)C)NCC

11 2,4-diamine

12 benzene C1=CC=CC=Cl

13 1-benzofuran C1=COC2=C1C=CC=C2
2,2'-{[2-(5-nitro-2-thienyl)quinazolin-4- C1=CC=C2C(=C1)N=C(N=C2N(CCO)CCO)C3=CC=C(S3)[N+]([O-])=O

14 yl]imino}diethanol

15 2-methylpropan-2-ol CC(C)(C)O

16 benzyl butyl phthalate C1(=C(C=CC=C1)C(OCCCC)=0)C(OCC2=CC=CC=C2)=0
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2-(1,1-dimethylethyl)-4-(methyloxy)phenol OC1=CC=C(C=C1C(C)(C)C)OC
17
18 cadmium dichloride [CI-].[Cd+2].[CI-]
(2E)-3-(3,4-dihydroxyphenyl)acrylic acid OC1=C(C=CC(=C1)/C=C/C(=0)0)0O
19
[(aminocarbonyl)(nitroso)amino]acetic acid N(C(=O0)N)(N=0)CC(=0)O
20
ocatechol OC1=C(C=CC=C1)0
21 pyr
1,2,3,4,6,7,10-heptachlorododecane CIC(CC(ChHLC(Cpeeeenpecee(encencect
22 P
2-chloro-1,1,1-trifluoroethane C(CCI(F)(F)F
23
24 chloro(methoxy)methane CICOC
3-(4-chlorophenyl)-1,1-dimethylurea O=C(N(C)C)NC1=CC=C(C=C1)Cl
25
2-chlorobuta-1,3-diene C=C(Cl)C=C
26
27 2,4,5,6-tetrachloroisophthalonitrile CIC1=C(C(=C(C(=CICH#N)CHCD)CI)C#N
(2E)-3-phenylprop-2-en-1-yl 2- NC1=C(C=CC=CI1)C(=0)OC/C=C/C2=CC=CC=C2
28 aminobenzoate
(3S,4R)-8-hydroxy-3,4,5-trimethyl-6-oxo- CC1=C2C(=CO[C@H]([C@@H]2C)C)C(=C(C1=0)C(=0)0)O
4,6-dihydro-3H-isochromene-7-carboxylic
29 acid
4-(2,2-dimethylhydrazino)-4-oxobutanoic O=C(CCC(=0)O)NN(C)C
30
acid
4,4'-sulfonyldianiline 0=S(=0)(C1=CC=C(C=C1)N)C2=CC=C(C=C2)N
31 Y
2,2'-oxydiethanol OCCOCCO
32
4,4'-(3E)-hex-3-ene-3,4-diyldiphenol 0OC2=CC=C(C=C2)/C(CC)=C(CC)/C1=CC=C(O)C=C1
33
34 chroman-2-one 0=C10C2=C(C=CC=C2)CC1
35 dimethyl methylphosphonate CP(=0)(0C)OC
imethyl morpholin-4-ylphosphonate P(= N
36 dimethyl holin-4-ylphosph (=0)(OC)(OC)N1CCOCCl
37 N,N-dimethylaniline CN(C1=CC=CC=C1)C
38 1,4-dioxane C1Cc0occol1
N,N-dimethyl-2-(1-phenyl-1-pyridin-2- C(CC(=0)0)C(=0)0O.C(OCCN(C)C)(C)(C1=CC=CC=C1)C2=CC=CC=N2
dimethyl henyl idi (cC( ( ( (C)
39 ylethoxy)ethanamine succinate
6',7',10,11-tetramethoxyemetan [C@@]12(C3=C(C=C(OC)C(=C3)OC)CCNIC[C@H](CC)[C@H](C2)C[C
dihydrochloride @@]4(C5=C(C=C(0OC)C(=C5)OC)CCN4)[H])[H].[H]CL[H]CI]
40
4-[(1R)-1-hydroxy-2- C1(=C(C=CC(=C1)[C@H](CNC)0)0)0.[H]Cl
(methylamino)ethyl]benzene-1,2-diol
41 hydrochloride
(17beta)-17-ethynylestra-1(10),2,4-triene- [Hl[C@]14[C@@]([C@]3(H]))CC[C@@](O)(C#C)[C@](C)3CC4)([H])CC
42 3,17-diol C2=CC(0)=CC=C12
43 S-ethyl-L-homocysteine N[C@@H](CCSCC)C(=0)O
S-ethylhomocysteine NC(CCSCC)C(=0)O
44 hylh i ( (
1-(4-ethoxyphenyl)urea NC(NC1=CC=C(C=C1)OCC)=0
45 (4-ethoxyphenyl) (N (C=CHOCCy
46 ethyl acrylate O=C(0CC)C=C
ethanol Ccco
47
ethylbenzene CCCl1=CC=CC=C1
48 y
furan C1=COC=Cl
49
2-furylmethanol C1=C(C0O)0C=C1
50
51 glycine NCC(0)=0
(6aR,11bS)-7,11b-dihydroindeno[2,1- OC1=C(0)C=C4C(C[C@](COC2=C3C=CC(0)=C20)([C@@]34[H])O)=C
52 c]chromene-3,4,6a,9,10(6H)-pentol 1
hexachlorobenzene CIC1=C(C(=C(C(=C1CcDnHCcncncncl
53
N,N,N',N',N",N"-hexamethylphosphoric CN(C)P(=0)(N(C)C)N(C)C
54 triamide
55 hydroquinone OC1=CC=C(C=C1)O
2-methylprop-1-ene CC(C)=C
56
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57 3,5,5-trimethylcyclohex-2-en-1-one CCI1(CC(=CC(=0)C1)O)C
58 isoprene CC(=O)C=C
59 lead(2+) diacetate C([O-])(C)=0.[Pb+2].[0O-]C(C)=0
(4R)-1-methyl-4-(1- CC(=C)[C@@H]1CCC(=CCI1)C
60 methylethenyl)cyclohexene
61 sodium (1E)-3-oxoprop-1-en-1-olate C(=C/C=0)\[O-].[Na+]
62 1,3,5-triazine-2,4,6-triamine NCI=NC(=NC(=ENTDN)N
63 1,3-benzothiazole-2-thiol SC1=NC2=C(C=CC=C2)S1
N,N-dimethyl-N'-pyridin-2-yl-N'-(2- CN(C)CCN(CC2=CC=CS2)C1=NC=CC=C1.Cl
thienylmethyl)ethane-1,2-diamine
64 hydrochloride
4-methoxyphenol COC1=CC=C(C=C1)0O
65
66 1,1-dimethylethyl methyl ether CC(OC)(C)C
67 methyl carbamate NC(=0)0C
68 1-phenylethanol C1=CC=C(C(0O)C)C=C1
69 4-methylbenzene-1,2-diol OC1=C(C=CC(=C1)C)O
70 4-allyl-1,2-dimethoxybenzene O(C)clee(CC=C)ccclOC
(3R,4R,5R,13aR,13bR)-4,5-dihydroxy- O0=C10[C@@H]3CCN2C\C=C(\COC(=0)[C@](C)(O)[C@](C)O)[C@H]1
3.,4,5-trimethyl-4,5,8,10,12,13,13a,13b- O)[C@@H]23
octahydro-2H-
[1,6]dioxacycloundecino[2,3,4-
71 ghlpyrrolizine-2,6(3H)-dione
1-ethyl-7-methyl-4-oxo-1,4-dihydro-1,8- 0O=C1C2=C(N=C(C=C2)C)N(C=CI1C(=0)0O)CC
72 naphthyridine-3-carboxylic acid
73 naphthalene C1=C2C(=CC=Cl)C=CC=C2
74 2,2',2"-nitrilotriacetic acid OC(=0)CN(CC(=0)0)CC(=0)O
75 trisodium 2,2',2"-nitrilotriacetate hydrate N(CC(=0)[O-])(CC(=0)[O-]))CC(=0)[O-].[Na+].[Na+].[Na+].O
76 nitrobenzene O=[N+](C1=CC=CC=C1)[O-]
77 nitromethane [O-][N+](C)=0
2,6-dimethyl-4-nitroso-1- NI(CC(N(C(C1)C)C(C2C=CC=CC=2)=0)C)N=0
78 (phenylcarbonyl)piperazine
79 N-nitroso-N-phenylaniline O=NN(C1=CC=CC=C1)C2=CC=CC=C2
]0 4-[methyl(nitroso)amino]butanoic acid O=C(CCCN(C)N=0)O
81 1-methyl-2-nitrobenzene [N+](=0)([O-])clcceecelC
]2 1-methyl-4-nitrobenzene O=N(=0)clccc(C)ccl
N-{[(3R)-5-chloro-8-hydroxy-3-methyl-1- O=C(O[C@H](C)C2)C1=C2C(Cl)=CC(C(N[C@@H](CC3=CC=CC=C3)[C
0x0-3,4-dihydro-1H-isochromen-7- @@](0)=0)=0)=C10
83 yl]carbonyl}-L-phenylalanine
17-Hydroxy-2-(hydroxymethylene)-17- O0=C3C[C@@H]4CC[C@@H]1[C@H](CC[C@]2(C)[C@@](C)(O)CC[C
84 methyl-5-alpha-17-beta-androst-3-one @@H]12)[C@@]4(C)C\C3=C\O
1,5-dimethyl-2-phenyl-1,2-dihydro-3H- CNIN(C2=CC=CC=C2)C(=0)C=CIC
85 pyrazol-3-one
3-[(E)-phenyldiazenyl]pyridine-2,6-diamine | NC1=CC=C(/N=N/C2=CC=CC=C2)C(N)=N1.Cl
86 hydrochloride
(3B)-cholest-5-en-3-yl {4-[bis(2- O=C(O[C@@H]5CC([C@@](CC5)C)[C@]([H])3CC4)=CC[C@@]3([H][
chloroethyl)amino]phenyl}acetate C@@]2(H)[C@@]4(C)[C@]([C@H](C)CCCC(C)C)([HDCC2)CCl=CC=
87 C(N(cceneeence=Cl
sodium 5-ethyl-4,6-dioxo-5-phenyl-1,4,5,6- C1(C2=CC=CC=C2)(C(NC(=NC1=0)[O-])=0)CC.[Na+]
88 tetrahydropyrimidin-2-olate
3,3-bis(4-hydroxyphenyl)-2-benzofuran- O=C10C(C2=C1C=CC=C2)(C3=CC=C(C=C3)0)C4=CC=C(C=C4)0
89 1(3H)-one
90 4-butyl-1,2-diphenylpyrazolidine-3,5-dione O=CIN(C2=CC=CC=C2)N(C3=CC=CC=C3)C(=0)Cc1Ccccc
(11B)-11,17,21-trihydroxypregna-1,4-diene- [C@]13([C@@](C(=0)CO)CC[C@H]]l[C@@H]2CCCH4[C@@]([C@H]2
91 3,20-dione [C@H](C3)0)(\C=C/C(C=4)=0)C)O)C
N-(1-methylethyl)-4-[(2- CNNCC1=CC=C(C=C1)C(=O)NC(C)C
92 methylhydrazino)methyl]benzamide
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N-(1-methylethyl)-4-[(2- CNNCC1(=CC=C(C=C1)C(=O)NC(C)C).[H]C1
methylhydrazino)methyl]benzamide

93 hydrochloride

94 pyridine N1=CC=CC=Cl1
disodium 3-hydroxy-4-[(E)-(2,4,5- CC1=CC(C)=C(/N=N/C2=C(C(S([O-])(=0)=0)=CC3=C2C=CC(S([O-
trimethylphenyl)diazenyl]naphthalene-2,7- D(E0)=0)=C3)0)C=C1C.[Na+].[Na+]

95 disulfonate
trisodium 3-hydroxy-4-[(Z)-(4- C12(C(=CC(=C(C=1/N=N/C3=C4C(=C(C=C3)S(=0)(=0)[O-
sulfonatonaphthalen-1- 1)C=CC=C4)0)S(=0)(=0)[O-])C=C(C=C2)S(=0)(=0)[O-
yl)diazenyl]naphthalene-2,7-disulfonate D.[Na+].[Na+].[Nat]

96
methyl (3B,16B,170,18B,200)-11,17- 0=C(C4=CC(0C)=C(0O)C(OC)=CHO[C@@H] I C[C@@]3(HDC@@](
bis(methyloxy)-18-({[3,4,5- C[C@](N5C3)([H])C2=C(CC5)C(C=C6)=C(C=C60OC)N2)([H)[C@H]([C
tris(methyloxy)phenyl]carbonyl} oxy)yohim @](0C)=0)[C@H]10C

97 ban-16-carboxylate

08 tetrahydrofuran Cl1CCcOo1

99 toluene CCl=CC=CC=C1

100 2-methylbenzenesulfonamide CC1=C(C=CC=CI1)S(=0)(=0)N

101 tributyl phosphate CCCCOP(=0)(0Ccceyoccecece

102 2,4,6-trichlorophenol OCI1=C(C=C(C=CICI)CI)ClI

103 tris(2-chloroethyl) phosphate O=P(OCCCI)(OCCCl)OCCCl

104 pyrimidine-2,4(1H,3H)-dione O=CINC(=O)NC=C1

105 vinyl acetate CC(=0)0C=C

106 4-vinylcyclohexene C=CCl1CcCcC=CCl

107 1-vinylpyrrolidin-2-one O=CIN(C=C)CCCl1

108 m-xylene CC1=CC=CC(C)=C1

109 zinc ethane-1,2-diylbis(dithiocarbamate) S=C([S-])NCCNC([S-])=S.[Zn+2]

2.4: Conclusions:

The aim of Chapter 2 was to assess the currently available structural alerts for both genotoxic
and non-genotoxic carcinogenicity, focussing on the main mechanisms of action of both
genotoxic and non-genotoxic carcinogenicity. An existing database of information (i.e. the
CPDB) was downloaded and the data curated and cleaned. From this, 240 genotoxic
carcinogens and 150 non-genotoxic carcinogens were identified. A well-used rule base for ISS
carcinogenicity in Toxtree version 2.6.13 was utilised to investigate the usefulness of the alerts.
Out of the 240 genotoxic carcinogens, the true positive rate of the genotoxic carcinogens was
92% with 223 predicted correctly. The majority of genotoxic carcinogens were associated with

aromatic amines and nitro aromatics, with 51 and 40 hits respectively. These substances
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become carcinogenic through the aminoaryl DNA adduct formation as an indirect acting agent.
This high positive predictivity is due to the clear mechanistic information of the molecular
initiating event (MIE) which can be used as structural alert and gives a more accurate result.
For non-genotoxic carcinogens, the alerts only identified 41 of 150 non genotoxic substances
correctly, giving a true positive rate of 27%. The most influential alerts were for hormonal
imbalance and oxidative stress mechanism, which accounted for more than 71% of the positive
hits, as compared to peroxisome proliferators and aryl hydrocarbon agonists and antagonists
with lower hit rates. It was also shown that the structural alert for metals was poorly defined
and not able to identify other metals that caused carcinogenicity through oxidative stress e.g.
lead, zinc and cadmium. Therefore, better definition of existing alerts, and greater coverage
with new alerts is needed. More detailed assessment of individual structural alerts for both

genotoxic and non-genotoxic carcinogens will be undertaken in the next chapters.
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Chapter 3: Assessment of current profilers and structural alerts for mutagenicity provided in
the OECD QSAR Toolbox.

3.1 Introduction

Assessment of the mutagenic potential of the ingredients used in cosmetic products and
preparations is one of the priorities of the safety assessment process. Safety assessment is based,
in part, on regulatory requirements. For instance, the SCCS Notes of Guidance for the Testing
of Cosmetic Ingredients and their Safety Evaluation (10th revision, SCCS/1602/18), indicate
that mutagenicity refers to the induction of permanent transmissible changes in the amount or
structure of the genetic material of cells or organisms. These changes may involve a single
gene or gene segment, a block of genes or whole chromosomes. Effects on whole chromosomes
may be structural and/or numerical. Genotoxicity, on the other hand, is a broader term and
refers to processes which alter the structure, information content or segregation of DNA and
are not necessarily associated with mutagenicity (SCCNFP, 2003).

As stated in the SCCS “Notes of Guidance for Testing of Cosmetic Ingredients for their Safety
Evaluation” (9th revision, SCCS/1564/15), the safety evaluation procedure refers to the
ingredients in the Annexes III, IV, VI and VII of Directive 76/768/EEC as summarised in Table
3.1. The ingredients listed in Annexes III-VII may pose a risk to human health because their
use in cosmetic products may lead to high exposure of the consumer because of potentially
extensive and routine use over a long period of the time. These Annex ingredients, therefore,

require detailed toxicological information, including studies on the mutagenicity potential.
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Table 3.1. Ingredients in cosmetic products that require safety evaluation by the Scientific

Committee on Cosmetic Product and Nonfood Product (SCCNFB) under Directive

76/768/EEC
list of substances which cosmetic products must not contain except
Annex III subject to restrictions and conditions laid down
Annex IV list of colouring agents allowed for use in cosmetic products
Annex VI list of preservatives which cosmetic products may contain
Annex VII list of UV filters which cosmetic products may contain

As stated in section 1.7, a mutagenic effect can take place via several different mechanisms
(Hsu et al., 2016). For instance, a compound's reactivity toward DNA can result in the
formation of DNA adducts or base deletions, which distort the structure and function of DNA.
Non-reactive compounds may also be converted to DNA-reactive metabolites through enzyme-
catalysed metabolic activation (Plosnik, Vracko and Dolenc, 2016). DNA distortion can also
be caused by intercalation, a process of reversible, non-covalent fixation of a molecule into the
DNA (SCCNFP, 2003). For example, compounds with an aromatic polycyclic backbone can
intercalate, that is, insert themselves between, or parallel to, base pairs of the DNA double helix,
thus form & stacking interactions (Garrett and Grisham, 1995). The distortion of the structure
of DNA through DNA reactivity and/or intercalation can disrupt enzymatic DNA repair and
replication, which increases the chances of erroneous base replacements or deletions or
insertions of base pairs, in other terms mutations (Garret and Grisham, 1995).

In section 2.1, a brief explanation was given about definition and use of the Ames test. The
Ames test has become one of the standard tests for mutagenicity determinations as it is
relatively simple, fast and inexpensive. Ames tests use a histidine-free medium with an
engineered strain of the Salmonella typhimurium bacterium that can only proliferate into

colonies after certain mutations restore its ability to synthesise histidine (Mortelmans and
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Zeiger, 2000). A chemical is considered Ames positive when its addition to the assay causes a
significant increase in the number of bacterial colonies with respect to a control experiment. A
metabolic activation mixture termed “S9”, generally comprising (rat) liver microsomes, can be
added to this test to mimic in vivo metabolism (Benigni and Bossa, 2008). The term Ames test
does not, however, refer to a single unique assay, as evidenced by the different standardised
experimental methods, bacterial strains and metabolic activation mixtures that are available

(Mortelmans and Zeiger, 2000).

Several factors can limit the reproducibility of the Ames test, such as the purity of the tested
chemicals, the variation in the interpretation of dose-response curves, differences in the
methodology employed and the materials used (bacterial strains and mixtures for metabolic
activation) as well as interference from other toxic side effects, including cytotoxicity (Kazius
et al., 2006). It has been determined that average inter-laboratory reproducibility for a series of
Ames tests is around 85% (Benigni and Bossa, 2011). The Ames test has also been applied to
predict rodent carcinogenicity because of the high predictive power of the positive Ames that
ranges from 77% to 90% depending on the various factors discussed (Kazius et al., 2006). This
predictive performance makes it superior to any other in vitro genotoxicity assay, all of which
have lower performance in terms of predicting genotoxicity (Kazius et al., 2006). One of the
main databases that contains a large number of chemical records with mutagenicity test results
is the Chemical Carcinogenicity Research Information System (CCRIS) database. This
database contains Ames test data for approximately 7,000 compounds and mixtures that have
been curated and evaluated in terms of their validity. These high-quality data for the Ames test
has been reviewed by experts in mutagenesis. The National Cancer Institute (NCI) has
developed this database from various studies cited in primary journals, NCI reports and current

awareness tools (TOXNET, 2019).
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An important research focus of predictive toxicology has been on the identification of the
chemicals that are able to bind covalently to DNA (Benigni and Bossa, 2008). Recent
legislation such as REACH and the Cosmetics Regulation in the European Union is intended
to ensure that all chemicals either manufactured or imported (some of which may be used in
cosmetic products) at significant tonnage must have appropriate information relating to safety
to human health and environment (EC, 2003, 2006). It is well established that there is a
significant ethical responsibility and a high cost when using animal testing to gather the
required toxicological information to perform a risk assessment for regulatory purposes (van
der Jagt et al., 2004). Alternative means for filling the data gaps in the available toxicological
information have therefore been sought, including in silico models and tools for developing

chemical categories (van Leeuwen et al., 2009; Enoch and Cronin, 2010).

Based on the assumption that chemicals that have similar structures are likely to have similar
toxicological profiles (Enoch et al., 2008, 2009a), the chemical category principle can be used
to predict a range of toxicological endpoints when populated with suitable data through the so-
called process of “read-across”. Utilising a common mechanism of action is one of the most
powerful methods to group chemicals on the basis of structural/functional similarities, which
is the key step in the process of developing chemical categories (EC, 2007; OECD, 2007). In
order to group chemicals, the mechanism of action needs to be defined in relation to chemical

structure.

Mutagenicity mechanisms involve the formation of a covalent adduct between an exogenous
chemical and biological macromolecule such as DNA, RNA or proteins; the covalent
interaction may be defined as the MIE. It is important to note that other factors can also
determine whether the chemical is mutagenic or not, in addition to those that are defined by an
AOP. These factors include any biological repair mechanisms e.g. within the genetic DNA.

Therefore, placing a chemical into a mechanistic category, such as those derived from MIEs
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for the ability to bind covalently with DNA, or other biological macromolecule, does not
necessarily mean that the chemical will be toxic. The read-across of an adverse outcome is, as
such, a skilled procedure which involves the compilation of information and expert judgment

to form an overall weight of evidence.

The first compilation of covalently reactive structural alerts based on the analysis of
mutagenicity data by Ashby and Tennant (1988) defined a board range of reactive structural
features responsible for the formation of DNA adducts. Ashby and Tennant (1988) also defined
a hypothetical 'super molecule' which was the first attempt to define the potential MIE for
genotoxicity (see Figure 3.1). Additional structural alerts for covalent binding to DNA have
been suggested by other workers (Benigni and Bossa, 2008; Kazius et al., 2005, 2006), and
Enoch and Cronin, (2010) who compiled the alerts into a single, mechanistically based, profiler

describing the chemistry associated with binding to DNA.
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Figure 3.1. Super molecule suggested by Ashby and Tenant (1988) for structurally reactive

features that may bind covalently with DNA.
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It is important to know that, aside from structural features, other factors may also contribute to
the potential of a compound to be mutagenic and/ or carcinogenic. For example, some
cosmetics ingredients may contain one or more structural alerts associated with toxicity;
however, the compound may be metabolically inactive. Metabolic inactivity may be caused by
the compound’s molecular weight, solubility, reactivity, stability and state of matter, or the

geometry of the chemical structure, amongst other factors (Plosnik, Vracko and Dolenc, 2016).

Elucidation of the mechanism for electrophilic reactions with biological nucleophiles is
founded on basic substitution, conjugation and addition reactions that are characterised by the
reaction between electron-deficient and electron-rich moieties. Enoch and Cronin (2010)
categorised genotoxic carcinogenic structural alerts according to chemistry into the main
known mechanistic domains of organic reaction chemistry. The six main organic chemistry
mechanisms relevant to toxicology are Michael addition (MA), acylation (AC), Schiff base
formation (SB) and nucleophilic domain reactions (Sn) which include unimolecular aliphatic
nucleophilic substitution (Sx1), bimolecular aliphatic nucleophilic substitution (Sn2) and
aromatic nucleophilic substitution (SxAr). The key genotoxic structural alerts linked to
chemically mechanistic domains are depicted in Table 3.2. The definition of the chemistry
associated with the mechanisms has enabled the grouping of electrophiles depending on their
potential to bind covalently with DNA (and hence potential mutagenicity). Some of the aspects

of chemistry associated with the mechanisms are illustrated in Table 3.3.

One of the most beneficial computational toxicology applications that has been used by
regulators, industry, researchers and many others is OECD QSAR Toolbox (or simply referred
to as the “Toolbox’). This software package was developed by the Organisation for Economic
Cooperation and Development (OECD) and has now reached its 10™ anniversary

(Schultz et al., 2018). The Toolbox has number of advantages over the other QSAR prediction
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tools including that it is freely available, continuously updated and mainly designed to assess
the safety of organic substances (Nicolotti, 2018). The Toolbox was designed to offer a
comprehensible and transparent predictions including ‘read-across’ for the user (Cronin and
Madden, 2011).

The Toolbox, and other computational toxicology applications, can identify structural
analogues by providing the information on chemicals in standardised, structure-searchable files
that are associated with chemical and toxicity data. Toxicity assessment and testing methods
are changing and improving through time, which raises the need of computational toxicology
software, such as the Toolbox, to integrate new datasets, e.g. the next generation of in vitro
tests (Nicolotti, 2018).

Fundamentally, grouping substances into chemical categories and using the data from tested
chemicals to fill the gaps of untested chemicals was considered as a long-term goal of the
Toolbox, thus ensuring its usefulness in regulatory assessment. In order to be useful in a
regulatory setting, the Toolbox user must be confident that the predictions coming from this
tool are reliable, consistent and correct. This can be achieved by ensuring accuracy in chemical
and biological information and, when appropriate, adding statistical assurance. Unlike other
QSAR-based software which failed to achieve regular regulatory use, the Toolbox used a
unique approach that provided mechanical understanding and high transparency through the
category approach and read-across. For other QSARs using descriptors and modelling
approaches, putting statistics ahead of chemistry and biology often resulted in “black box”
predictions which did not give a mechanical understanding to the user.

The Toolbox predictions are based on the category approach (OECD, 2007). In this approach,
one or more chemicals are grouped based on their similarity which is not only defined in terms
of their chemical structure and physiochemical properties but also includes similarity in

mechanism of interaction with different biomolecular targets (e.g., DNA, protein), as well as
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similarity in toxicokinetic and toxicodynamic properties. The available experimental data for
one or more members of the category, the source substances, are used to fill the data gap(s) of
other unknown chemical substances of the category, the target substances.

The six modules in the Toolbox are based on the category approach that guide the user through
a logical workflow (OECD, 2009). These six modules (i.e., Chemical Input, Profiling,
Endpoints, Category Definition, Filling Data Gap, and Report) are employed in a sequential
workflow as suggested by the Toolbox guidance (Dimitrov ef al., 2016).

A number of in silico profilers are available in the Toolbox for various toxicological endpoints.

Of these profilers, the following are relevant to the investigation of mutagenicity in this chapter:

1. DNA binding by OASIS v1.4. This profiler is a mechanistic profiler developed from an
analysis of Ames mutagenicity data. It contains 85 structural alerts that have been
separated into eight mechanistic domains. Each of the mechanistic domains comprises
mechanistic alerts that have been shown to be related to established electrophilic
reaction chemistry known to be important in covalent DNA binding. (Mekenyan et al.

2004; Serafimova et al. 2007).

2. DNA binding by OECD. This profiler is based on structural alerts for the electrophilic
reaction chemistry associated with covalent DNA binding (Enoch and Cronin 2010).
The profiler is made up of 60 structural alerts that contain electrophilic centres or those

that can be metabolically activated to electrophiles.

3. Carcinogenicity (genotoxic and non-genotoxic) alerts by ISS. This profiler is based on
a list of 55 structural alerts from the Toxtree software (http://toxtree.sourceforge.net/).
Approximately 20 of the alerts are for non-genotoxic carcinogenicity, and the

remainder for genotoxic carcinogenicity (mutagenicity).
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DNA alerts for AMES, MN and CA by OASIS v.1.1. This is a refinement of the DNA
binding by OASIS profiler described above. The profiler is based on the 85 structural
alerts responsible for interaction of chemicals with DNA extracted from chromosomal
aberrations data. There is a slight difference between DNA alerts in the in vitro Ames
and CA models justified by the different local training set chemicals in both models.
The scope of this profiler is to investigate the presence of alerts within the target
molecules responsible for interaction with DNA related to chromosomal aberration and

micronucleus tests.

In vitro mutagenicity (Ames test) alerts by ISS. The present list of structural alerts is a
subset of the original Toxtree list, obtained by eliminating the structural alerts for non-
genotoxic carcinogenicity and is a refinement of the Carcinogenicity (genotoxic and

non-genotoxic) alerts by ISS profiler.

In vivo mutagenicity (Micronucleus) alerts by ISS. This profiler is based on the ToxMic
rule-base within the Toxtree software. This rule-base provides a list of 35 structural
alerts for a preliminary screening of potential in vivo mutagens. These structural alerts
are molecular functional groups or substructures that are known to be linked to the

induction of effects in the in vivo micronucleus assay.

A number of statistical analyses are appropriate to evaluate the predictive performance of the
in silico profilers against the experimental data. Key amongst these are the Cooper statistics
and Mathews Correlation Coefficient. The Cooper statistics (Cooper et al., 1979) are useful to
assess the predictions against the experimental values given in the databases, by calculating the
sensitivity, specificity, positive predictivity and accuracy of the alert triggers. Sensitivity is

defined as the percentage of correctly classified positive predictions among the total number
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of positive instances. Specificity is the percentage of correct negative predictions compared to
the total number of negatives. Accuracy (concordance or “Q”) is defined as the total number
both positive and negatives correctly predicted among the total number of compounds. The
positive predictive value (PPV) or precision is defined as the as the proportion of positives or
toxic chemicals that are correctly predicted (see Table 3.4; Pradeep et al., 2016) and can be
considered as an estimate of the likelihood that following a positive prediction (i.e., the
presence of a structural alert), that the substance will truly be positive (Eriksson ef al., 2003).
The Matthews Correlation Coefficient (MCC) is a weighted value that overcomes any
imbalance in the data classes which might lead to over optimistic values of Q (Matthews, 1975).
An MCC value of 1 indicates that the model can predict the data classes of unknown
compounds perfectly, whilst a MCC value of 0 indicates that the predictions are no better than
random guessing, and a MCC value of -1 indicates total disagreement between the predicted

data and the actual data.

Since there have been few, or no, attempts to evaluate the statistical performance of the in silico
profilers, the aim of this chapter was to provide a detailed analysis for positive prediction of
each structural alert in six mutagenicity profilers within the OECD QSAR Toolbox against
experimental mutagenicity data from the CCRIS dataset. Analysis of the results from this
investigation aimed to increase the reliability and accuracy of mutagenicity predictions by these

profilers.
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Table 3.2. A selection of structural alerts which belong to reactive electrophilic mechanistic

domains relating to mutagenicity (Enoch and Cronin, 2010).

Mechanism domain

Sn2

Sn1

Acylation

Schiff base
formation

Michael addition
SNAT

Structural alert
Alkyl esters of either phosphonic or sulphonic acids
Monohaloalkenes
S- or N- mustards
Propiolactones and propio sulphones
Epoxides and arizidines
Aliphatic halogens
Alkyl nitriles
Aromatic nitro groups
Alkyl hydrazines
Alkyl and aryl N-nitroso groups
Aliphatic N-nitro groups
Aromatic nitroso groups
Aromatic amines and hydroxyl amine
Halogenated polycyclic aromatic hydrocarbons
Halogenated dibenzodioxins
Aromatic diazo groups
Acyl halides
Simple aldehydes
N-methylol derivative
Quinones
Aromatic N-oxides
Aromatic mono and dialkylamino groups
Halogenated benzenes
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Table 3.3. Mechanisms of covalent binding to cellular nucleophiles (DNA, proteins) *Nu-

nucleophilic site of molecule and how this may be translated into usable structural fragments

(Enoch and Cronin, 2010)

Type of illustration
reaction
X _
SN2 Nu R e Nu—R
reaction S\2: Characteristics: X = halogen or other electronegative leaving group.
Nu
\‘ _Nu
NH, NH+ HN
SNl metabolism and/or oxidation
. e — ——
reaction
Sy 1: Characteristics: ability to form a stabilized positive charge, typically
on a carbon or nitrogen
o o}
N”\le\x —_— )LNIJ
ACylatlon Acylating agents: Characteristics: X = halogen or electronegative leaving
group
a-carbon
. N”/\/\/ Nu o~
Michaels X X
addition
b-carbon
Michael addition: Characteristics: double or triple bond where X = electron
withdrawing substituent (o and p alkene carbon atom as highlighted).
/\X Nu
Nu RS
SNAR ij @
Y Y
Sy Ar electrophiles: Characteristics: X = halogen or pseudo-halogen
Y = (at least two) NO,, CN, CHO, CF3, Halogen.
Schiff Nu R 0 — ~.Nu
base N
formation Schiff base formers: Characteristics: reactive carbonyl species such as
aliphatic aldehyde or di-ketones.
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3.2 Methods
3.2.1 Dataset used

The main resource to obtain data for this study was the Chemical Carcinogenicity Research
Information System (CCRIS) database which was available uploaded in the Leadscope
Personal software Version 4.4 (Leadscope.com, 2018). The version of CCRIS used in this study
was updated in 2011 and it has not been updated since that time. CCRIS provides historical
information from 1985 — 2011 and contains Ames test data for approximately 7,000 compounds
and mixtures, the results of which have been curated and evaluated in terms of their validity.
The compounds were identified with a CAS registry number and/or chemical name(s).
Additional mutagenicity data, although fewer in number, were available from other public
toxicity databases, including CPDB, GENETOX, National Toxicology Program Dataset NTP
and the genetic activity profile dataset (EPA/ IARC). Compounds whose CCRIS data showed
contradictory categorisations with the NTP data were removed from the dataset. In total, a
dataset of 8,130 compounds with corresponding molecular structures and toxicity
categorisations (3,838 mutagens and 2,861 non-mutagens) was constructed. The chemical
structures of the dataset were obtained as in the SDF file format using the Leadscope software

so that they may be used in the OECD QSAR Toolbox.

3.2.2 The OECD QSAR Toolbox

For this study, version 4.1 (downloaded in April 2018) of the OECD QSAR Toolbox was used

throughout for the profiling process. The Toolbox is freely available and downloaded from

gsartoolbox.org.
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3.2.3 Data analysis:

The following workflow was implemented in order to assess and evaluate the accuracy of the
following six mutagenicity profilers as implemented in the OECD QSAR Toolbox (details on

the profilers is given in Section 3.1).

1. DNA binding by OASIS v1.4

2. DNA binding by OECD

3. Carcinogenicity (genotoxic and non-genotoxic) alerts by ISS
4. DNA alerts for AMES, MN and CA by OASIS v.1.1

5. Invitro mutagenicity (Ames test) alerts by ISS

6. In vivo mutagenicity (Micronucleus) alerts by ISS

The workflow below allowed for detailed analysis of the positive predictivity for each

structural alert within each profiler.

Step 1 — Within the Leadscope personal version 4.4 software, the latest (2011) high-quality
version of the CCRIS database was selected. The database was searched to identify and extract

all experimental results for each substance. A screenshot of this process is shown in Figure 3.2.
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Figure 3.2. Screenshot from Leadscope database with the CCRIS mutagenicity database

uploaded.

Step 2 - Bacterial mutagenicity and Salmonella experimental results were identified for each
chemical substance in the database, the file containing these data was exported as molecular

spreadsheet sheet as shown in Figure 3.3.
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Figure 3.3. Screenshot from the Leadscope software showing the list of substances from the

CCRIS database with experimental mutagenicity data.
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Step 3 — A SDF version of CCRIS database was profiled through the OECD QSAR Toolbox
using the six mutagenic profilers noted above. The results of this profiling were exported as an

excel spreadsheet. A screenshot of the profiling in the Toolbox is shown in Figure 3.4.

Step 4 — The data from the Leadscope software and predictions from the OECD QSAR Toolbox
were merged into a single spreadsheet so that experimental data and the profiling results for
each structural alert triggered could be compared. A screenshot of the spreadsheet is shown in

Figure 3.5.

QSAR Toolbox 4.1 [Document 1]

01010
QSAR TOOLBOX h 100
P Category definition P Data Gap Filling
Profiling Custom profile
9 T A
Apply  View  New  Delete
[~} E—— Filter endpoint tree...
A& Document 1
D) CCRIS 8128 SDF N
Structure X
by @ .
— Acute Toxicity
{— Bioaccumulation
[— carcinogenicity
|— Developmental Toxicity / Teratogenicity
Profiling methods fmiCenstichioxicity
Ovtions 4 [— Immunotoxicity
[ ][ select Al _|[ Unselect All ][ invert ik ditation/Comosion
[ Lo ~ | [ Neurotoxicity
B | o/ Corroson TnalRn s By |— Photoinduced toxicity
in viro mutagenicty (Ames test) alerts. f—— Repeated Dose Toxicity
[— Sensitisation AW SW AOP |
f— Toxcast
o e 1 [— Toxicity to Reproduction
2 and
[ Profile
General Mechanistic
AT: DNA binding by OASIS No alert found No alert found No alert found ANZ o | Radical 2| AN2 alAN2
DNA binding by OECD No alert found No alert found No alert found No alert found SNT No alert found No alert found
Endpoint Specific
AE inogenicity (genotox and al.. |Noalertfound No alert found No alert found Quinones (Genotex) g [ Nitro-aromatic (Gen _| Alkyl halides (Nonge g [ Aliphatic halog
DNA alerts for CA and MNT by OASIS No alert found No alert found No alert found No alert found Radical ANz al N2
in vitro mutagenicity (Ames test) alerts by ISS | No alert found No alert found No alert found Anthrones 2| Nitro-aromatic No alert found Aliphatic halog
in vivo mutagenicity (Micronucleus) alerts by ISS | No alert found H-acceptor-path3-H-ac No alert found H-acceptor-path-H g Nitro-aromatic No alert found Aliphatic halog

Figure 3.4. Screenshot showing the profiling of a list of 8,210 substances from the CCRIS

database.

Step 5 — A separate column for each of the six Toolbox profilers assessed was created in the
merged spreadsheet. If the structural alert was triggered, the compound was given a score of 1,
if no alerts were triggered, a score of 0 was allocated. The results were compared with the

assigned binary activity for mutagenicity from the CCRIS database (positive=1, negative=0).
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Figure 3.5. Final excel spreadsheet where both profiling and experimental results for each

substance from CCRIS database were merged in one single file.

Step 6 - The results from the six profilers within the OECD QSAR Toolbox were assessed

statistically against the experimental results value given in CCRIS database. This was

performed by calculating sensitivity, specificity, accuracy, precision, negative predictive value,

false positive rate, false negative rate, false discovery rate, false omission rate, F1 score,

informedness, markedness, and the Mathews correlation coefficient (MCC) of each alert. These

statistical parameters are described in Section 3.1 and their definitions provided in Table 3.4.
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Table 3.4. 13 statistical assessment parameters of the results from six profilers within the

OECD QSAR Toolbox against the experimental results value given in CCRIS database.

Sensitivity (True positive rate) = TP/ TP+FN
Specificity (True negative rate) TN/TN+FP
Accuracy (TN+TP)/(TN+FP+FN+TP)
PPV (Positive predictive value) or (precision) TP/ TP+FP
NPV (negative predictive value) TN/TN+FN

FNR (false negative rate) or (miss rate)

1- sensitivity

FPR (false positive rate) or (fall out)

1- specificity

FDR (false discovery rate)

1- PPV

FOP (false omission rate)

1- NPV

F1 score 2 x (PPV x TPR) / (PPV +TPR)

Informedness (BM) TPR+TNR -1

Markedness (MK) PPV + NPV -1

MCC — (TPXTN)-(FPXFN)/N(TP+FN)(TP+FP)(TN+FN)(TN+FP)

Where TP=True positive, TN=True negative, FP=False positive, FN=False negative

Step 7 - A detailed analysis of the positive predictivity value (PPV) for each structural alert

within each profiler were conducted. Only substances with one structural alert triggered were

assessed, this was to avoid any interference of other structural alerts in cases of substances with

multiple structural alerts triggered.

Step 8 - Structural alerts that were triggered in more than 10 substances and showed less than

0.5 positive predictivity were considered to be of limited significance.
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3.3: Results and Discussion

The aim of Chapter 3 was to evaluate the performance of six commonly used in silico profilers
for mutagenicity from the OECD QSAR Toolbox with a view to identifying strongly

performing alerts and those in need of more refinement or development.

3.3.1 Data Collection

A dataset of 8,130 compounds with corresponding molecular structures and toxicity
categorisations (3,838 mutagens and 2,861 non-mutagens) was constructed. The dataset
included data from four mutagenicity tests for each chemical substance, namely bacterial
mutation, Salmonella, female rat and male rat. No information about metabolism was available
for any chemical substance. The major uses for these chemicals varied from drugs (anti-
infectives and anti-viral), pesticides (herbicides and plant growth regulator