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Abstract The 7th amendment to the EU Cosmetics
Directive prohibits to put animal-tested cosmetics on the
market in Europe after 2013. In that context, the European
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to identify scientific experts in five toxicological areas, i.e.
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sensitisation, and reproductive toxicity for which the
Directive foresees that the 2013 deadline could be further
extended in case alternative and validated methods would
not be available in time. The selected experts were asked to
analyse the status and prospects of alternative methods and
to provide a scientifically sound estimate of the time
necessary to achieve full replacement of animal testing. In
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summary, the experts confirmed that it will take at least
another 7-9 years for the replacement of the current in vivo
animal tests used for the safety assessment of cosmetic
ingredients for skin sensitisation. However, the experts
were also of the opinion that alternative methods may
be able to give hazard information, i.e. to differentiate
between sensitisers and non-sensitisers, ahead of 2017.
This would, however, not provide the complete picture
of what is a safe exposure because the relative potency
of a sensitiser would not be known. For toxicokinetics,
the timeframe was 5-7 years to develop the models
still lacking to predict lung absorption and renal/biliary
excretion, and even longer to integrate the methods to
fully replace the animal toxicokinetic models. For the
systemic toxicological endpoints of repeated dose tox-
icity, carcinogenicity and reproductive toxicity, the

time horizon for full replacement could not be
estimated.
Keywords Alternative methods - Toxicokinetics - Skin

sensitisation - Repeated dose toxicity - Carcinogenicity -
Reproductive toxicity
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Introduction and overview
Scope

This report provides the findings of a panel of scientific
experts tasked with assessing the availability of alternative
methods to animal testing in view of the full marketing ban
foreseen in 2013 for cosmetic products and ingredients
tested on animals in Europe.

Context

There has been a continuous effort at EU level to find
alternative approaches which avoid testing on animals
wherever possible. Whenever replacement is not possible,
the development of methods which use fewer animals or
cause least harm to the animals is supported. This ‘Three
Rs Principle’ (replacement, reduction and refinement of
animal use) is present in all relevant EU legislations.

In early 2003, the 7th amendment to the European
Union’s Cosmetics Directive (76/768/EEC) was adopted. It
stipulated an immediate end to animal testing in the EU for
cosmetic products and a complete ban of animal testing for
ingredients by 11 March 2009, irrespective of the

@ Springer

availability of alternative methods. The animal testing ban
was reinforced by a marketing ban on all cosmetic ingre-
dients or products tested for the purposes of the Directive
outside the EU after the same date. The only exception
related to animal testing for the more complex toxicolog-
ical endpoints such as repeated dose toxicity, reproductive
toxicity and toxicokinetics, for which the deadline was set
to 11 March 2013, respecting that alternatives for these
human health (-related) effects would not be available by
2009. The Directive foresees that the 2013 deadline could
be further extended in case alternative and validated
methods would not be available in time. Further to the
adoption of the 7th Amendment, the European Commission
was tasked with reporting regularly on progress and com-
pliance with the deadlines as well as possible technical
difficulties in complying with this ban.

Already in 2003, after consultation with the main
stakeholders in the field, the Commission established a
panel of 75 scientific experts, drawn from various
stakeholder bodies." The panel was requested to estab-
lish timetables for phasing out animal testing for an
agreed number” of human health effects of concern. The
European Centre for the Validation of Alternative
Methods (ECVAM), hosted by the Institute for Health
and Consumer Protection of the European Commission’s
Joint Research Centre, was asked to coordinate this
activity.

On the basis of an inventory of the available alterna-
tive methods in the respective toxicological areas, the
experts estimated the time required to bring the methods
to regulatory acceptance. The results of the panel’s work
were published in a scientific journal in 2005.%> The most
favourable outlook in terms of the time estimated for full
animal replacement (5 years or less) was in the area of
skin irritation. Test methods for skin corrosion, skin
absorption/penetration and phototoxicity were already
adopted into legislation at that time. Prospects for the
mid- to long-term (over 5 and up to 15 years) included
the areas of eye irritation, acute toxicity, skin sensitisat-
ion, genotoxicity and mutagenicity, and toxicokinetics
and metabolism.

Areas for which a replacement could, according to the
experts, not even be estimated on the basis of state-of-the-

! Representing industry, animal welfare and consumer associations,
governmental laboratories, and academia.

211 in total: acute toxicity; skin irritation and corrosion; eye
irritation; skin sensitisation; skin absorption and penetration; subacute
and subchronic toxicity; genotoxicity and mutagenicity; UV-induced
toxic effects; toxicokinetics and metabolism; carcinogenicity; and
reproductive and developmental toxicity.

3 Alternatives to Laboratory Animals (ATLA), volume 33, supple-
ment 1, July 2005.
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art techniques available in 2005 included: photosensitisa-
tion, sub-acute and sub-chronic toxicity, carcinogenicity,
and reproductive and developmental toxicity.

Between 2003 and 2010, considerable efforts were made
to accelerate the availability of suitable and appropriate
alternative tests. For example, the European Commission
funded research programmes in the area of alternatives in
the region of 150 million € over the FP6 and FP7 frame-
work programmes.

Many other international research programmes and
industry initiatives have contributed to the efforts to find
alternative methods over the past years. Furthermore, EC-
VAM, existing since 1991, has invested considerable time
and resources in coordinating and promoting the develop-
ment, validation and use of alternative methods.

Since 2005, ECVAM has provided annual technical
reports on the progress made on the development, valida-
tion and regulatory acceptance of alternative methods as an
input to the Commission’s yearly report on progress and
compliance with the deadlines of the Directive.* These
reports confirmed that the estimates made by the experts in
2005 were broadly accurate, in that full replacement has
been achieved in the areas of skin irritation and corrosion,
skin absorption and penetration, and phototoxicity. There
are also regulatory accepted methods for the identification
of severe eye irritants and good progress is being made
towards a testing strategy for the full replacement of the
Draize (rabbit) eye irritation test. Nevertheless, full
replacements do not yet exist for eye irritation, genotoxi-
city and acute toxicity, whereas the testing and marketing
ban is already in force for these endpoints.

In 2011, the Commission is called upon to review the
situation regarding the technical difficulties in complying
with the 2013 ban and inform the European Parliament and
the Council and propose adequate measures, if necessary.
In this context, in 2010 the Commission decided to conduct
a similar exercise as in 2005 on the current status of
development of alternative methods and future prospects
for evaluating repeated dose toxicity (including skin sen-
sitisation and carcinogenicity), toxicokinetics and repro-
ductive toxicity. ECVAM was asked again to coordinate
the work.

Evaluation process carried out during 2010

In 2010, the European Commission invited stakeholder
bodies (including industry, non-governmental organisa-
tions, EU Member States, and the Commission’s Scientific
Committee on Consumer Safety—SCCS) to nominate
scientific experts for each of the five toxicological areas of

* Latest available report: “ECVAM technical report on the Status of
Alternative Methods for Cosmetics Testing (2008-2009)”, 2010.

concern, i.e. toxicokinetics, repeated dose toxicity, car-
cinogenicity, skin sensitisation and reproductive toxicity.
From these suggested experts, thirty-nine were selected
with a view to have a balanced coverage of expertise
needed. The selected experts (see Annex 1) were invited to
participate in one of the five working groups according to
their expertise, acting in their personal capacity and not
representing any organisation or interest group. Each
working group, chaired by ECVAM staff, was required to
analyse the specific types of information provided by the
animal test methods used for safety assessment and to
compare this with the information that could be derived
from appropriate alternative methods. Concerning the lat-
ter, the experts were asked to provide realistic estimates of
the time required for the development of such methods
(where they did not already exist) to a level approaching
readiness for validation; i.e. meeting the criteria to enter
pre-validation.’

The time needed for (pre-) validation and regulatory
acceptance of alternative methods was not to be included
because, on the basis of estimates already produced by
ECVAM in 2005° and taking account of recent progress in
this field, it can be estimated that validation would require
2-3 years and regulatory acceptance an additional
2-5 years. Therefore, another 4-8 years need to be realis-
tically added to the time estimates for the research and
development efforts before regulatory risk assessment
would become feasible without any animal experiments. It
is also important to note that these estimates were made
assuming that optimal conditions are met. This means that
all necessary resources (technical, human, financial and
coordination) are available at all times in the process and
that the studies undertaken have successful outcomes.

The draft report of each working group was published
on the Commission’s Europa website’, and comments from
the general public were invited from 23 July 2010 to 15
October 2010. During that time, some thousand factual and
editorial comments were received which were carefully
considered by the working groups and integrated into the
final reports, when and where appropriate.

Conclusions from each of the five working groups

The resulting full reports of the five working groups are
presented in the subsequent chapters while main findings
are given here below. The time estimates provided by the

5> Pre-validation is a small-scale inter-laboratory study to assess the
readiness of a test for inclusion in a formal large-scale validation
study; Curren et al. (1995).

6 Eskes and Zuang (2005, 228 pp).

7 Under the http://ec.europa.eu/consumers/sectors/cosmetics/files/pdf/
animal_testing/consultation_animal_testing_en.pdf.
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experts are based on 2010 as a starting point, as the eval-
uation was carried out in the course of 2010.

Toxicokinetics

Toxicokinetics is the endpoint that informs about the
penetration into and fate within the body (i.e. its toxico-
kinetics) of a toxic substance, including the possible
emergence of metabolites and their absorption, distribu-
tion, metabolism and excretion (ADME). While toxicoki-
netics is an intrinsic part of an in vivo animal study, when
developing an alternative approach based on in vitro
studies, toxicokinetics becomes an absolutely crucial and
indispensable first step in translating the observations in
vitro to the human in vivo situation.

Toxicokinetics can also inform on the need for further
testing based on bioavailability considerations. Hence, for
safety assessment of a cosmetic ingredient, testing for
systemic toxicity is only necessary if the ingredient
penetrates into the body following dermal, oral, or inha-
lation exposure and if internal exposure potentially
exceeds critical levels, i.e. the internal Threshold of
Toxicological Concern (TTC, see Annex 2). The TTC
concept aims to establish a human exposure threshold
value below which there is a very low probability of an
appreciable risk to human health, applicable to chemicals
for which toxicological data are not available and based
on chemical structure and toxicity data of structurally
related chemicals.

Determining the internal TTC, a novel concept
explained in Annex 2, is of highest importance. Unfortu-
nately, the currently available data are too sparse to allow
derivation of any internal TTC.

Knowledge of toxicokinetics is also needed to estimate
the possible range of target doses at the cell or tissue level
that can be expected from realistic external human expo-
sure scenarios to cosmetics. This information is crucial for
determining the dose range that should be used for in vitro
testing.

Kinetics in the in vitro system and dose-response
information is also crucial to translate in vitro results to the
(human) in vivo situation. They have key importance for a
further development of alternative testing for systemic
toxicity capable of full replacement of animal experiments.
Therefore, full integration of kinetic expertise into design
and execution of toxicity testing and risk assessment is
essential.

For the proper design and performance of in vitro
studies aiming at determining systemic toxicity effects, it is
important to include kinetic and analytical aspects in the in
vitro test protocols (see the framework proposed in Annex
2). Analytical aspects are further important to measure
biomarkers as indicators for toxic effects in in vitro tests.
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Toxicokinetic modelling is currently seen as the most
adequate approach to simulate the fate of compounds in the
human body. However, high-quality data are needed as
input for these models. These data should and can be
generated with non-animal studies with in vitro or in silico
approaches that allow quantification of specific dose—
response curves.

In conclusion, for most kinetic data, non-animal meth-
ods are indeed available or at an advanced development
stage. However, alternative methods are lacking for pre-
dicting renal and biliary excretion, as well as absorption in
the lung, and the experts estimated that at least another
5-7 years (2015-2017) would be needed to develop
appropriate models. The full replacement of current animal
toxicokinetics tests, linking the results from in vitro/in
silico methods with toxicokinetic modelling, will take even
more time, and no specific timeline for this could be given
by the experts, but would be clearly beyond 2013.

Skin sensitisation

Skin sensitisation is the toxicological endpoint associated
with chemicals that have the intrinsic ability to cause skin
allergy, termed allergic contact dermatitis (ACD) in
humans. The mechanisms at the basis of the induction of
skin sensitisation are rather complex but relatively well
understood and involve the following key steps: skin bio-
availability, haptenation (binding to proteins), epidermal
inflammation, dendritic cell activation, dendritic cell
migration and T-cell proliferation. Skin sensitisation (and
ACD) appears only after repeated exposure.

Predictive testing to identify and characterise substances
causing skin sensitisation historically has been based on
animal tests. While all tests are able to differentiate
between non-sensitisers and sensitisers, one test, the local
lymph node assay (LLNA), is regarded as more capable to
predict the relative potency of skin sensitising chemicals,
i.e. the chemical’s relative power/strength to induce skin
sensitisation. This is crucial since skin sensitisers are
known to vary by up to 5 orders of magnitude with respect
to their relative skin sensitising potency, and only potency
information enables the establishment of safe levels for
human exposure to chemicals that cannot be regarded as
not having any skin sensitising potential.

In recent years, non-animal alternative methods have
been developed and evaluated to identify skin sensitisation
hazard potential. Although some publications indicate that
hazard identification might indeed be possible using these
methods, at the moment, none of these tests has been for-
mally validated.

However, due to the complexity of the endpoint, it has
been anticipated that no single non-animal approach could
generate the potency information that would be required to
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fully assess the safety of sensitisers and to allow prediction
of a safe level of human exposure to chemicals that carry a
known level of skin sensitising hazard. Consequently, a
range of non-animal test methods that address the above-
mentioned key mechanisms involved in skin sensitisation
would be necessary to yield an alternative measure of skin
sensitiser potency. However, at present, it is not possible to
predict which combinations of non-animal information will
be needed before risk assessment decisions could be
exclusively based on non-animal testing data with suffi-
cient confidence for the vast majority of cosmetic product
exposure scenarios.

It is recognised, however, that data from non-animal test
methods developed to identify skin sensitisation hazard
potential could be applied to risk assessment decision-
making. For example, if the absence of a skin sensitisation
hazard was reliably identified, no additional information on
potency would need to be generated.

In conclusion, on the basis of the above, the experts
agreed that by 2013, no full replacement of animal methods
will be available for skin sensitising potency assessment.
The most positive view of timing for this is another
7-9 years (2017-2019), but alternative methods able to
discriminate between sensitisers and non-sensitisers might
become available earlier. However, hazard identifying non-
animal tests in isolation will not be sufficient to fully
replace the need for animal testing for this endpoint. In
estimating the full replacement timeline, the experts of this
working group, unlike the experts of the other working
groups, included the time required, typically 2-3 years, for
demonstration that a non-animal test method is robust,
relevant and delivers useful information. Furthermore, the
indicated timeline is based upon the premise that predictive
non-animal test methods would be available for each
mechanistic step. On the other hand, it is unlikely that
information on every mechanistic step will be required to
inform all risk assessment decisions. Therefore, it is
expected that the scientific ability to inform skin sensiti-
sation decisions without animal test data for some ingre-
dients and exposure scenarios should be feasible ahead of
2017-2019.

Repeated dose toxicity

The term repeated dose toxicity comprises the general
toxicological effects occurring as a result of repeated daily
dosing with, or exposure to, a substance for a part of the
expected lifespan (sub-chronic exposure) or, in case of
chronic exposure, for the major part of the lifespan of the
experimental animal. The onset and progression of this
toxicity is influenced by the interplay between different cell
types, tissues and organs, including the concomitant con-
tribution of toxicokinetics, hormonal effects, autonomic

nervous system, immunosystem and other complex sys-
tems. Current repeated dose toxicity studies provide
information on a wide range of endpoints because changes
in many organs and tissues are taken into account. They
allow evaluation of an integrated response and its quanti-
tative (dose-response) aspects, making its replacement
very challenging.

To date, alternative methods have been developed
mainly with the aim of producing stand-alone methods
predicting effects in specific target organs. However, for
the purpose of quantitative risk assessment, an integrated
approach, e.g. based on the understanding of the mode of
action and perturbation of biological pathways leading to
toxicity, is needed. Integrative research efforts considering
interactions between different biological tissues and sys-
tems, which would be more representative of the situation
in the human body, have only recently been initiated.

In addition to in vitro techniques, initial attempts of
computer-based modelling techniques have suggested the
feasibility of developing models providing meaningful
predictions of chronic or repeated dose toxicity. At present,
there are only a few such models available. Also in the
recent years, “omics” technologies have been applied to in
vitro models for the purpose of understanding, and ulti-
mately predicting toxicity and these technologies hold
considerable promise.

The experts concluded that these and other methods
under development may be useful for identifying the
potential adverse effects of substances (hazard identifica-
tion) to a limited number of target organs or for obtaining
mechanistic information, but none of them is currently seen
as appropriate for providing all information needed for
quantitative safety assessment related to repeated dose
toxicity of cosmetic ingredients.

For quantitative risk assessment, better and more sci-
entific knowledge on exposure, toxicokinetics, dose
response and mechanisms of toxicity are needed. Ap-
proaches must be developed for combining and interpreting
data on multiple targets obtained from a variety of alter-
native methods and on the extrapolation between exposure
routes. Although efforts are on the way to use models for
prospective quantitative risk assessment for repeated dose
toxicity, additional efforts are necessary to develop
improved biokinetic models which would be able to cor-
rectly estimate the impact of the distribution over time and
level of the repeated external exposure and resulting
internal dose. Such models are also needed for extrapo-
lating from in vitro to in vivo and for understanding of dose
responses, so that the in vitro data can be applied for
quantitative risk assessment.

In conclusion, in view of this non-exhaustive list of
scientific challenges, full replacement of the animal tests
currently used for repeated dose toxicity testing will not be
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available by 2013. No estimate of the time needed to
achieve full replacement could be made by the experts,
because this will also depend on the progress of (basic)
research and development, adequate prioritisation, funding
and coordination of efforts, including those to translate
basic research results into practical and robust alternative
test methods that allow adequate safety assessment and risk
management.

Carcinogenicity

Carcinogenesis is a long-term, highly complex process that
is characterised by a sequence of stages, complex biolog-
ical interactions and many different modes of action. It is
recognised that even for one chemical substance, the mode
of action can be different in different target organs, and/or
in different species. Such complex adverse effects are to
date neither fully understood nor can they be completely
mimicked by the use of non-animal tests.

The 2-year cancer assay in rodents is widely regarded as
the “gold standard” to evaluate the cancer hazard and
potency of a chemical substance. However, this test is
rarely done for cosmetic ingredients. Rather, a combination
of shorter-term in vitro and in vivo studies have been used
including in vitro and in vivo genotoxicity assays to assess
genotoxic potential and repeated dose (typically 90-day)
toxicity studies to asses the risk of non-genotoxic chemi-
cals. It is clear that the animal testing ban under the 7th
amendment of the Cosmetics Directive will have a strong
impact on the ability to evaluate and conduct a quantitative
risk assessment for potential carcinogenicity of new cos-
metic ingredients. This impact is not only due to the ban on
the cancer assay itself, but mainly to the ban on in vivo
genotoxicity testing, any repeated dose toxicity testing, and
other tests such as in vivo toxicokinetics studies and in vivo
mechanistic assays.

Although several in vitro short-term tests which are at
different stages of development and scientific and regula-
tory acceptance are available beyond the standard in vitro
genotoxicity assays to support conclusions on cancer haz-
ard identification, the available in vitro short-term tests are
not sufficient to fully replace the animal tests needed to
confirm the safety of cosmetic ingredients. Those that are
available are focused on hazard evaluation only and cannot
currently be used to support a full safety assessment with
adequate dose-response information. However, for some
chemical classes, the available non-animal methods might
be sufficient to rule out carcinogenic potential in a weight
of evidence approach.

In conclusion, taking into consideration the present state
of the art of the non-animal methods, the experts were not
in a position to suggest a timeline for full replacement of
animal tests currently needed to fully evaluate carcinogenic
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risks of chemicals. Although a timeline for full replace-
ment cannot be developed, clearly the timeline is expected
to extend beyond 2013.

Reproductive toxicity

Reproductive toxicity is probably the most difficult
endpoint to be replaced, since it has not only to provide
an understanding of the many mechanisms and their
interactions which are essential for male and female
fertility but also an understanding of the development of
the entire human being during its prenatal life. It is
therefore not yet possible to estimate the impact that
disturbing single or multiple of these mechanisms could
have on the entire reproductive process including the
normal postnatal development. Only animal models are
hitherto accepted as adequately representing the com-
plexity and providing an assessment of the complex
interaction of chemicals on the reproductive system. This
complexity explains the slow progress in developing and
implementing alternatives for reproductive toxicity
safety assessments.

However, in the last decades, some non-animal in vitro
tests have been developed and validated that address spe-
cific aspects, such as embryotoxic- or endocrine disrupting
effects, of the overall reproductive system. So far, how-
ever, only selected mechanisms, which lead to reproductive
toxicity, can be mimicked in vitro. The available tests are
used as screening tools or for providing additional or
supporting mechanistic information, but no single alterna-
tive method or set of methods is yet available that could
replace the current animal tests used for assessing repro-
ductive toxicity of chemical substances. On the other hand,
regulators take account of data generated with these tests as
additional and supporting evidence when carrying out
safety assessments.

A promising way forward is the use of recently estab-
lished comprehensive databases in which toxicological
information derived from standardised animal experiments
is collected. These databases will allow the identification of
the most sensitive targets/target mechanisms of reproduc-
tive toxicants. A mapping exercise is then needed to
identify for which endpoints promising and reliable alter-
native testing methods are already available and which
missing “building blocks” for complete integrated testing
strategies still need to be developed. Use of advanced in
vitro technologies, including stem cells, should be con-
sidered for generating these missing methods.

In conclusion, given the complexity of the system that
needs to be modelled, and the many endpoints and their
interactions which must be addressed, the experts estimated
that this will need more than 10 years to be completed and
thus will clearly not be achieved by 2013.
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Overall conclusions

From the extensive reports of the working groups and the
discussions held with the experts involved, a number of
general conclusions can be drawn:

Despite the considerable efforts and progress which
have been made since the last status report produced by
ECVAM in 2005, the scientific basis to fully replace ani-
mal testing for toxicokinetics and the systemic toxicolog-
ical endpoints is still not fully established and will need
additional time beyond 2013.

All reports of the working groups, as summarised above
and shown in detail in the following chapters, highlighted
that, at present, animal tests are still necessary for carrying
out a full safety assessment of cosmetic ingredients with
regard to the critical toxicological endpoints (i.e. toxico-
kinetics, repeated dose toxicity incl. skin sensitisation and
carcinogenicity, and reproductive toxicity). They under-
lined the critical lack of alternative methods which would
be able to provide, for these endpoints, a similar basis for
safety assessment as the current animal tests, i.e. the lack of
tests which are not only able to differentiate between
substances that have a certain adverse effect or not (haz-
ard), but also allow an estimation of the strength of this
effect (i.e. potency, dose/response) in order to establish a
safe exposure below which no adverse effect would be
expected.

The working group experts confirmed that it could take
at least another 7-9 years for the replacement of the current
in vivo animal tests used for the safety assessment of
cosmetic ingredients for skin sensitisation. This confirms
the forecast of up to 15 years made in the 2005 status
report. However, the experts were also of the opinion that
alternative methods may be able to give hazard informa-
tion, i.e. to differentiate between sensitisers and non-sen-
sitisers, ahead of 2017. This would, however, not provide
the complete picture of what is a safe exposure because the
relative potency of a sensitiser would not be known.

For toxicokinetics, the time frame was 5-7 years to
develop the models still lacking to predict lung absorption
and renal/biliary excretion, and even longer to integrate the
methods to fully replace the animal toxicokinetic models.
For the systemic toxicological endpoints of repeated dose
toxicity, carcinogenicity and reproductive toxicity, the time
horizon for full replacement still could not be estimated at
this time.

However, this does not mean that no progress has been
made in the last 5 years. On the contrary, the extensive
descriptions of both in vitro and in silico models in the
tables and accompanying texts of the five endpoint-specific
chapters of this report indicate that many methods are in
development.

However, even if these methods were validated in the
coming years, it is not yet clear in most cases how to
combine the non-animal information in a way that would
provide the confidence required for basing risk assessment
decisions exclusively on non-animal (testing) data.

The greater rate of progress in finding alternatives in the
area of skin sensitisation is because this is a systemic
toxicological effect for which the mechanisms are rela-
tively well understood, which increases the possibility to
develop non-animal methods to model or measure certain
elements of that mechanism. Accordingly, a number of
mechanism-specific tests for skin sensitisation are being
developed, some of which are already in the validation
process by ECVAM. Although the current in vitro tests
have been mainly designed to differentiate between skin
sensitisers and non-sensitisers, some may contribute to the
determination of potency which is crucial for risk assess-
ment. How the information from those tests will be
exploited to predict potency is currently under investiga-
tion, and additional time will be needed before such
information can be used with sufficient confidence to fully
replace the need for animal testing for risk assessment.

For general systemic toxicity, including reproductive
toxicity and carcinogenicity, the many mechanisms leading
to toxicity are only poorly defined at present. Single cell-
based assays are not able to represent adequately the
complex interplay between different cell types in a specific
organ, and the involvement of mediators released by other
tissues such as the immune, the inflammatory or the
endocrine system. It is also unclear how representative
cells in vitro are of the behaviour of cells in vivo. More
work is needed to understand this issue. Having said this,
many in vitro and in silico methods have been developed or
are being developed to assess the impact of chemicals on
specific elements of the complex mechanisms and biolog-
ical systems which are at the basis of systemic toxicity.

Future prospects

As mentioned several times previously, toxicokinetics was
identified as an indispensable element for future non-ani-
mal testing approaches, because it is needed to determine
the internal dose that reaches, at a given external exposure,
the target cells or organs. This information is very impor-
tant for the translation of in vitro studies to the human in
vivo situation. This can be achieved through the use of
physiologically based toxicokinetic (PBTK) modelling to
estimate from measured in vitro concentrations the relevant
exposure at organism level. A framework for carrying out
this in vitro to in vivo translation is outlined in a simple
manner in Annex 2 and further described in the chapter on
toxicokinetics.
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From the risk assessment perspective, the Threshold of
Toxicological Concern (TTC) concept, using exposure as a
driver for the need for testing or not, was considered as a
potentially useful approach by several working groups (e.g.
working groups on toxicokinetics, repeated dose toxicity
and carcinogenicity), who also provide a detailed discus-
sion of it in their respective chapters. It could, for example,
form part of integrated testing strategies, as a pragmatic
assessment tool to avoid (or reduce) the need for in vivo or
in vitro testing. Work to further develop such risk assess-
ment approaches, for example tiered approaches which
incorporate information on skin and lung penetration, to
assess potential internal exposure, is also recommended.
This work should include consideration of how data on
consumer exposure can be used to determine the kind of
information that is required and hence the need for testing.
If exposure levels could be determined below which no
adverse effect is expected, regardless of the substance’s
potential hazard, animal testing could be avoided for all
uses where the expected exposure remain below the TTC.
Such a tiered approach is outlined in a proposal for a
framework for risk assessment without animal testing
described in Annex 2 to this chapter. While this concept is
already embraced for food additives and contaminants and
also pesticides, it is not yet widely applied for cosmetics.
The experts suggested that it is worth consideration.
However, appropriate databases would need to be
developed.

Recent advances in cell-based research including use of
stem cells, and the development of two-dimensional and
three-dimensional cell (co)-cultures, are facilitating the
development of much more sophisticated structures more
similar to tissues in the body. In addition, the advent of
“omics”-based technologies (i.e. genomics, metabonom-
ics, proteomics), which can measure the impact of a
chemical on gene and protein expression and metabolism
within the cell, should be able to indicate potential path-
ways by which a chemical may act upon the body. Com-
puter-based in silico methods are also being applied to
model the interactions of different biological systems and
to link the toxic effects of a chemical to its structure and
other descriptors. These new technologies hold a lot of
promise for the future development of a more predictive
risk assessment, based on a better understanding of how
toxic substances reach the target cells and organs and
perturb critical biological pathways. The integration of
some of these methods in so-called intelligent or integrated
testing strategies is seen as the most promising way for-
ward. While each of the methods alone may not be able to
generate all required information, their combination might
provide a sufficient basis for a complete safety assessment.

It should be borne in mind that the animal tests which
need to be replaced are not always relevant to predict
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human risk and have inherent limitations as well. However,
in terms of complexity, the animals are still considered to
be the closest approximation to the human body that is
currently available. The challenge to reflect the systemic
effects with in vitro and/or in silico models is high, and it is
unrealistic to think that it will be feasible to model the
entire mechanisms of action for a particular toxicological
endpoint within the short- to mid-term time horizons. It is
therefore essential to identify those mechanisms of action
which drive the toxicity and to focus the development of
alternative test methods on these. Exploring developments
made in biomedical research and basic biological sciences
will be of central importance for making swift progress.
With this in mind, it is not unrealistic to expect that in the
future, human health safety assessments can be realised
without recourse to animals as model organisms, and that
our understanding of the nature and level of risk will even
improve. However, this will require time, as well as
continuing research, development and innovation in this
field. In any case, the momentum for developing alternative
methods and testing strategies should be maintained.
Research and development activities in the field of non-
animal testing, both in the public sector (EC framework
programmes and national research programmes) and in the
private industry sector, have already yielded many prom-
ising methods and approaches, and these activities should
be further stimulated and encouraged.

For repeated dose toxicity, the recently initiated research
activity that is cofunded by the Commission and the Cos-
metics Industry under the European Commission’s FP7
HEALTH Programme is expected to contribute signifi-
cantly, since it is designed to contribute to the development
of alternative methods that can form building blocks in the
integrated approach needed for quantitative risk assess-
ment. This project, known as SEURAT “Safety Evaluation
Ultimately Replacing Animal Testing”, started on 1 Jan-
uvary 2011 for 5 years and is composed of six comple-
mentary research projects. These six projects will closely
cooperate in a cluster with a common goal and join over
70 European universities, public research institutes and
companies.

In the short term, providing a “toolbox” of well-defined
test methods with established reliability and relevance for
particular purposes, e.g. clearly addressing well-defined
mechanisms of toxicity, could support the development of
integrated testing strategies with an ultimate aim of com-
pletely replacing animal testing, even for systemic toxicity
endpoints.

It is noteworthy that the progress made in the develop-
ment of non-animal approaches will also be useful in other
regulatory contexts besides that of cosmetics, e.g. those
related to safety of food, and chemicals in consumer
products and the environment. Hence, this will support the
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overall aim to replace, reduce and refine animal experi-
ments. While full replacement is not yet accomplished or
possible by 2013, the working groups nevertheless agreed
that there is a potential for partial replacement strategies, to
reduce the number of animals used in the shorter term and
underlined that opportunities for reduction and refinement
should be pursued within existing approaches wherever
possible.

Toxicokinetics
Executive summary

1. Given the scenario of the development of cosmetic
products based on non-animal testing strategies non-
in vivo animal testing strategies (lR)S, toxicokinetics
becomes the essential and central body of
information.

2. Information on toxicokinetics under 1R is indispens-
able to address three major issues:

(A) Development and design of more efficient
testing strategies: As a key starting point for
any toxicological testing, it is essential to know
whether a compound and/or its metabolites will
be bioavailable by one of the relevant uptake
routes. Only in cases where a cosmetic ingre-
dient is bioavailable following dermal, oral or
inhalation exposure, further tests on systemic
and not just local toxicity would be necessary.

(B) In vitro—in vivo extrapolation: To relate toxico-
dynamic information from non-in vivo animal
testing (1R) to real-life situation relevant for
humans, i.e. to transform an in vitro concentra-
tion—effect relationship into an in vivo dose-
effect relationship. In this respect, the role of in
vitro biokinetics is crucial to translate a nominal
in vitro concentration to the actual level of
cell exposure producing the observed effects.
For the proper design and performance of in
vitro studies, it is important to include kinetic
and analytical aspects in the in vitro test
protocols.

(C) Identification of clearance rates and the role of
metabolites: For the in vitro dynamics experi-
ments, it is essential to know whether the cell or
tissue under human exposure conditions is
exposed to the parent compound and/or its
metabolites. This information is required
upfront and can be obtained from toxicokinetic

8 IR is the abbreviation for replacement (non-animal).

alternative methods that identify the main
metabolites and the clearance rates of the parent
compound and/or its metabolites.

3. Under IR, toxicokinetic studies can make use of the
updated OECD 417 (July 2010) which also comprises
in vitro (e.g. use of microsomal fractions or cell lines
to address metabolism) and in silico (toxicokinetic
modelling for the prediction of systemic exposure and
internal tissue dose) methods (OECD 2010a).

4. Physiologically based toxicokinetic (PBTK) models
are ideally suited for the integration of data produced
from in vitro/in silico methods into a biologically
meaningful framework and for the extrapolation to in
vivo conditions.

5. Sensitive, specific and validated analytical methods
for a new substance and its potential metabolites will
be an indispensable step in gathering data for
quantitative risk assessment.

6. A whole array of in vitro/in silico methods at various
levels of development is available for most of the
steps and mechanisms which govern the toxicokinet-
ics of cosmetic substances. One exception is excre-
tion, for which until now no in vitro/in silico methods
are available; thus, there is an urgent need for further
developments in this area. Also there is a lack of
experience for absorption through the lung alveoli,
which would also make this a priority item for
research and development given the fact that this
route of exposure is important for cosmetics.

7. For the generation of most kinetic data, non-animal
methods are available or at an advanced stage of
development. Given best working conditions, includ-
ing resources in money and in manpower, alternative
methods to predict renal and biliary excretion, as well
as absorption in the lungs, need at least 5-7 years of
development. However, the development of an inte-
grated approach linking the results from in vitro/in silico
methods with toxicokinetics modelling towards the full
replacement of animals will take even more time.

8. However, it cannot be excluded that with the use of
new exposure-driven risk assessment approaches,
such as the TTC (threshold of toxicological concern),
the need to replace at least some steps may become
less relevant for regulatory decisions.

Objectives

Given the scenario of non-in vivo animal testing (1R)
which has to be envisaged to be in place from 2013 on, the
risk assessment of cosmetics is faced with a radically
altered situation as compared with the 2005 report (see
Coecke et al. 2005 in Eskes and Zuang 2005). In this new
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framework, exposure assessment is the important first step
to decide on the necessity of further testing. Only in cases
where a cosmetic ingredient is bioavailable following
dermal, oral or inhalation exposure further tests on sys-
temic and not just local toxicity would be necessary. The
extent of exposure is compared with a dose which has a
low probability to exert a toxic effect. This dose—also
referred to as the threshold of toxicological concern
(TTC)—is derived from the existing knowledge and could
be used for chemicals for which little or no toxicological
data are available.

Toxicokinetics is characterising the absorption, distri-
bution, metabolism and excretion of a compound (ADME).
ADME and biotransformation or metabolism encompasses
all aspects of a pharmacokinetic/toxicokinetic evaluation.
Studies to characterise steps in the toxicokinetic processes
provide information about metabolite formation, metabolic
induction/inhibition and other information which might be
helpful for the study design of the downstream toxicolog-
ical tests (the so-called toxico-dynamics). Metabolite/tox-
icokinetic data may also contribute to explaining possible
toxicities and modes of action and their relation to dose
level and route of exposure. Physiologically based toxico-
kinetic (PBTK)? models are important to integrate the
processes of absorption, distribution, metabolism and
excretion (ADME) and are the tools to convert external
exposure doses into internal concentrations and vice versa,
thus enabling also for converting in vitro concentration—
response into in vivo dose-response relationships. This
chapter will illustrate that toxicokinetic data form a pre-
requisite for the conduct of other toxicological tests and are
necessary to understand and interpret toxicological data.
They are essential to extrapolate in vitro data to the human
in vivo situation for the respective relevant toxicological
endpoints.

It is seen necessary to maintain a dialogue between
experts working on toxicokinetics and on toxicodynamics
to ensure the interaction between the toxicokinetic and
toxicodynamic processes are understood. The toxicity
endpoints covered in other chapters deal with repeated dose
exposures to xenobiotics, assessing chronic toxicities
including target organ toxicities and target system toxici-
ties, carcinogenicity, reproductive and developmental tox-
icity and sensitisation. It is necessary for toxicodynamic
testing to take into consideration toxicokinetic processes of
importance for the proper design and performance of in
vitro toxicodynamic studies. Apart from ADME processes
and their integration in PBTK models, in vitro biokinetics

% In toxicological context, and also in the current legislation, the term
physiologically based toxicokinetics (PBTK) is used, but a compan-
ion term physiologically based pharmacokinetics (PBPK) is used
interchangeably especially in pharmaceutical contexts. There is no
“deeper” difference between the two terms.
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measurements are further elements which characterise the
concentration—time course during in vitro toxicity testing
relevant for the concentration—effect relationship, the so-
called actual concentration.

Background
The TTC concept

The TTC concept is an approach that aims to establish a
human exposure threshold value below which there is a
very low probability of an appreciable risk to human
health, applicable to chemicals for which toxicological data
are not available, based on chemical structure and toxicity
data of structurally related chemicals.'® The TTC concept
is currently used in relation to oral exposure to food contact
materials, to food flavourings and to genotoxic impurities
in pharmaceuticals and to metabolites of plant protection
products in ground water (e.g. Kroes et al. 2004; Barlow
2005). Recently, The European Cosmetic Toiletry and
Perfumery Association (COLIPA) sponsored work by a
group of experts to examine the potential use of the TTC
concept in the safety evaluation of cosmetic ingredients
(Kroes et al. 2007). As the application of the TTC principle
strongly depends on the quality, completeness and rele-
vance of the databases, which are mostly based on toxicity
data after oral exposure, its applicability to the dermal or
inhalation uptake routes is limited, although it has been
reported that the oral TTC values could be of some use for
dermal exposures (Kroes et al. 2007); further, the use of
TTC for the inhalation uptake route has recently been
published (Escher et al. 2010; Westmoreland et al. 2010).
However, only systemic effects are considered in the data-
bases, and no local toxicity can be evaluated with this
approach. Therefore, an improvement of the currently
available databases is certainly needed. In addition, the
TTC principle requires sound and reliable data on exposure
(which might not always be available for cosmetics such as
complex plant-derived mixtures) and the possibility to
apply this principle in the field of cosmetics is still an
ongoing discussion at an international level. Currently, the
three Scientific Committees of DG SANCO have received
a mandate to prepare an opinion on this topic.

If external exposure is above the external TTC, the
toxicokinetic behaviour of a substance becomes important
because it provides relevant information to derive the
internal concentration related to the external exposure. The
internal concentration, which might be different for dif-
ferent target organs, constitutes the basis for deciding on
the necessity to perform further toxicity studies. The

'9 Tt is worth of noting, that some groups of substances are a priori
exempted from the TTC approach (e.g. metals).
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decision is made by comparing the internal concentration
with a concentration which has a low probability to exert a
toxic effect at organism level—the internal threshold of
toxicological concern (TTCint)—derived from existing
knowledge. The usefulness of the TTCint concept is not yet
widely discussed, but the concept is under development.

In vitro toxicokinetics as a key for IR replacement
strategies

Given the scenario of the development of compounds/
products based on non-in vivo animal testing strategies
(1R), toxicokinetics provides essential data for (1)
establishing tools for PBTK modelling, (2) designing
tests for toxicodynamic endpoints and (3) permitting a
proper risk assessment. The implication for the IR
replacement paradigm is that toxicokinetic data would
become the first data set to be produced using alternative
methods.

Information on toxicokinetics under IR is essential to
address three major issues:

(A) Development and design of more efficient testing
strategies: As a key starting point for any toxicolog-
ical testing, it is essential to know whether a
substance will be bioavailable by one of the relevant
uptake routes: only in cases where a cosmetic
ingredient is bioavailable following dermal, oral or
inhalation exposure, further tests on systemic and not
just local toxicity will be necessary.

(B) In vitro—in vivo extrapolation: To relate toxicody-
namic information from non-animal-testing (1R) to
real-life situation relevant for humans, i.e. to trans-
form in vitro concentration—effect relationship into
an in vivo dose—effect relationship. The most
sophisticated challenge under 1R is to make in vitro
data (from any type of toxicological endpoint) usable
for risk assessment, i.e. to properly relate toxicody-
namic information from in vitro studies to the in vivo
situation, because test results under 1R will be
presented as an in vitro concentration—effect rela-
tionship instead of an in vivo dose—effect
relationship.

(C) Identification of clearance rates and the role of
metabolites: For the in vitro dynamics experiments, it
is essential to know whether the cell or tissues are
exposed to the parent compound and/or its metabo-
lites. This information has to be known upfront based
on toxicokinetic alternative methods identifying the
main metabolites and the clearance rates of the parent
compound and/or its metabolites.

Furthermore, nominal applied concentrations in in
vitro media may greatly differ from the actual

intracellular concentration due to altered bioavailability
(interactions with the medium, the plate, the cell itself)
or to physiological cellular processes (mechanism of
transport across the membranes, biotransformation, bio-
accumulation). In repeated treatments for prolonged
times of exposure, to mimic exposure to cosmetic
products, the uncertainty about the actual level of
exposure of cells in vitro is greatly enhanced. For this
reason, in vitro biokinetics should be also considered in
the experimental design for the in vitro dynamics
experiments in order to correlate in vitro results to in
vivo actual situations.

As amply justified earlier, it is without question that
under 1R scenario of full animal replacement, toxicokinetic
studies have to be performed differently from the study
design and execution described in the OECD test guideline
(OECD 417, the version adopted 1984; effective until
September 2010). The newly effective and updated OECD
417 also comprises in vitro (e.g. use of microsomal frac-
tions to address metabolism) and in silico (toxicokinetic
modelling for the prediction of systemic exposure and
internal tissue dose) methods (OECD 2010a). Essentially,
instead of in vivo experiments, in vitro/in silico methods
have to be used to derive the relevant information. This
paradigm shift is illustrated schematically in Figs. 1, 2a
and b.

The relation between kinetics and dynamics for a IR
replacement strategy

Ideally, and as a general goal, predictions of tissue expo-
sure and subsequently toxicities should be based on human
in vitro/in silico data combined with proper physiologi-
cally based toxicokinetic modelling, thereby replacing
animal experiments. However, there are two questions that
must be resolved in order to make the in vitro results
usable for risk assessment. Firstly, the relationship
between the effect of the parent compound and/or the
metabolites on the in vitro test system and the health effect
of interest must be clearly defined in order to derive a
relevant in vitro (no)effect concentration or, better,
benchmark concentration (BMC). In this respect, the
actual rather than the nominal in vitro concentration tes-
ted, as stated previously, is a crucial starting point, to
derive relevant parameters. Already at this stage, it is
essential to consider what compound [e.g. the parent
compound and/or metabolite(s)] the cells, tissues or organs
will be exposed to, e.g. these data would be obtained by the
kineticists. Secondly, an additional task of kineticists is to
convert in vitro BMC to a predicted in vivo benchmark
dose (BMD). For risk assessment purposes, the predicted
in vivo BMD is to be compared to human exposure data
(Rotroff et al. 2010).
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Fig. 1 Conventional human risk assessment (based on in vivo mode of action, or possible species specificity. Definitions to this and

animal bioassays). Solid ellipses on the left: usually, animals (blue)
are exposed at increasing doses, to derive an animal NOAEL or a
BMD (POD; blue) which is converted to a human limit value (HLV)
using appropriate assessment factors (AF’s). Only the HLV is
‘human’ (green). Dotted boxes on the right: sometimes, AF derivation
is based on further information from animal experiments such as on

Importance of analytical methods in the IR scenario

It is obvious that in this “alternative” scenario (1R), con-
centration measurements of the parent compound and/or
the metabolites in the in vitro test system and the behaviour
of a studied ingredient in the test system (in vitro kinetics
or biokinetics) in general become an important part of the
test design (Pelkonen et al. 2008a).

e Hence, a sensitive, specific and validated analytical and
quantitative method for a new substance and its
potential metabolites (Tolonen et al. 2009; Pelkonen
et al. 2009a) will be pre-requisite in gathering data for
quantitative risk assessment.

e Measurement of the actual rather than the nominal or
‘applied’ in vitro concentration'' in the media or in
cells is fundamental to performing in vitro kinetic
modelling and in vitro studies on metabolism, prefer-
ably in human-derived systems.

e In vitro studies on distribution between blood/plasma
and different tissues, in vitro absorption (gut, skin,
lung) as well as studies on protein binding rely on the
availability of appropriate analytical methods, although
for this purpose in silico methods may also be available
in the future, once the database containing chemical-
specific toxicokinetic parameters evolves to an extent

' In general, doses and concentrations should be expressed as moles
(per appropriate denominator). Only for certain (practical) purposes
mass unit could be used.
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the two following figures are in the footnote. Definitions: NOAEL No
observed adverse effect level, BMD in vivo benchmark dose, BMC in
vitro benchmark concentration, HLV human limit value (ADI, MAC,
TLV, etc.); MOA mode of action, PBTK modelling physiologically
based toxicokinetic modelling, AF assessment factor; C,t concentra-
tion—time

that QSAR models can be built based on these
parameters.

e Other fields of application for an analytical method are
experiments to derive physico-chemical data, which are
important as an input into QSAR for predicting the fate
of substances.

e Chemical-specific measurements are also important as
inputs into tissue composition-dependent algorithms to
estimate the partitioning of chemicals into tissues.

Importance of actual, rather than nominal concentration
in the IR scenario

Kinetics has often been evoked to explain the differences
between in vivo toxicity and results obtained in vitro,
limiting the possibility to use the in vitro—derived data for
an in vitro—in vivo extrapolation in the risk assessment of a
chemical (Pelkonen et al. 2008a). Nevertheless, surpris-
ingly few studies have addressed the issue of in vitro
kinetics (Blaauboer 2010). One of the major problems of in
vitro methods is the difficulty in the extrapolation of the
dose-response relationship of toxicity data obtained in
vitro to the in vivo situation if the nominal concentration of
a chemical applied to cells is the basis for that extrapola-
tion. PBTK models could help, allowing estimating tissues
concentrations starting from a specific exposure scenario,
or vice versa, to calculate from an effective dose resulting
in vivo, the concentration resulting in a toxicologically
relevant effect in an in vitro system (Mielke et al. 2010).
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Fig. 2 a Future human risk a
assessment (no animal

bioassays) based on in vitro—in

vivo extrapolation (IVIVE)

providing a human limit value

(HLV). In vitro systems are

exposed at increasing doses, to

derive a NOAEC on the basis of

biokinetic information, which is

extrapolated by means of PBTK

model to provide an in vivo

human limit value. In vitro

method, PBTK model and BMD

can be animal or human-based

(blue-green). HLV = human

(green). b Future human risk b
assessment (no animal
bioassays) based on in vitro—in
vivo comparison (IVIVC).
Predicted/modelled in vivo
human internal exposure is
compared to in vitro—derived
(bottom-up) human internal
benchmark concentration
(BMC). In vitro method can be
based on animal or human
biological material (blue-green)

human
exposure

In any case, to use the nominal concentration in the in
vitro system is a bad predictor of the free concentration and
therefore a prerequisite for these extrapolations is the
knowledge of the actual concentrations of the chemical
exerting a toxic effect in the in vitro system. The nominal
concentration, even when applied as a single dose, can to a
great extent deviate from the actual concentration of the
chemical in the system over time, due to altered bioavail-
ability (interactions with the medium, adsorption to the
disposable plastics, binding to proteins, evaporation) or to
physiological cellular processes (mechanism of transport
across the membranes, bio-transformation, bioaccumula-
tion). In repeated treatments for prolonged time of expo-
sure, the uncertainty about the actual level of exposure of
cells in vitro is greatly enhanced also due to the metabolic
capacity of the in vitro system. These processes have been
shown to influence the free concentration and thus the
effect (Giilden et al. 2001; Giilden and Seibert 2003; He-
ringa, et al. 2004; Kramer et al. 2009), clearly indicating
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the need to estimate or measure the free concentration in
the medium or the actual concentration in the cells
(Zaldivar et al. 2010). One technique used to measure the
free concentration in the medium is the solid-phase micro-
extraction (SPME), the application of which showed that
for some compounds the free concentration could differ up
to two orders of magnitude from the nominal concentration
(Kramer 2010).

The identification of in vitro relevant kinetic parameters,
the elaboration of a tiered strategy to measure/estimate the
real exposure of cells to xenobiotics and/or their metabo-
lites in in vitro systems as key elements for IVIV extrap-
olation are among the major aims of PredictlV, a EU
funded project, particularly of WP3: Non-animal-based
models for in vitro kinetics and human kinetic prediction
(see the Project website: http://www.predict-iv.toxi.uni-
wuerzburg.de/). This is the first attempt in an EU Project to
combine biological effects (toxicodynamics) with toxic-
okinetics and modelling ensuring the generation of real
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exposure data linked to effects. In strict cooperation with
the work package (WP) of the project dealing with the
identification of effects (dynamic), the studies have been
designed to determine the no observed effect concentration
(NOEC) in model systems based on human cells repre-
sentative of in vivo target organs. Data obtained will be
modelled, in close cooperation with WP partners dealing
with in silico methods, by using advanced PBPK model-
ling, so that starting from the NOECs, it will be possible to
extrapolate the corresponding in vivo dose.

This approach is in line with the recommendation
coming from an ECVAM-sponsored workshop on in vitro
kinetics held in ISPRA in 2007, stating: In biologically
relevant in vitro systems, good experimental design should
always consider the impact of relevant in vitro factors, in
particular kinetic factors, on the results. In order to
achieve this, close cooperation between experimenters,
modellers, biostatisticians and analytical chemists is nec-
essary, particularly beyond the stage of prototype
development.

Strategic considerations of risk assessment of cosmetic
ingredients

Kinetics and dynamics are inherently linked to each other
in the non-animal testing era, maybe even more than under
the current situation, when animal bioassays are still
allowed for several toxicological endpoints. This is illus-
trated in Fig. 3 (Bessems 2009). The left column starts on
top with exposure and ends at the bottom with target tissue
dose/concentration. The second column starts with the
estimated/predicted target tissue dose/concentration which
would indicate the range of concentrations to be tested in
vitro with as sensitive techniques as possible (including
omics). If in vitro effects are not measurable that are

Exposure — Dose Dose - Effect
product use target dose
in vitro testing &
2 3 biokineti
TTC external exposure lolinetics
....... > molecular response
in vitro testing & cellular/tissue effect
PBPK modelling 1
: istribyti modelling
abs;)rgnlc_m, dlsmbult_lon dose-response  dose-response
metabolism, excretion relationship
internal - L 2
TTC internal dose parent adverse effect
andjor active
metabolite 1
tissue dose disease
]
R d
target dose Ao

Fig. 3 The interdisciplinary link between kinetics and dynamics.
From external exposure to possible in vitro indications of effects
(amended from Bessems 2009)
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predicted using the left column, any in vivo effects are
quite unlikely and possible health risks would not be
indicated.

With respect to prevalidation and the time required to
prevalidation, it is worthwhile to spend a few sentences on
the actual need to perform standard validation processes,
such as by ECVAM. It is not uncommon that companies
perform in-house validation, using often (historical) animal
in vivo data. If the companies have a standard operating
procedure for ADME testing, there may be chances to
accept these kinds of methods via an independent expert
opinion consultation under confidentiality agreements. This
might be an alternative way to safeguarding consumer
safety, by circumventing long-term validation programmes.
Alternatively, if companies would be willing to cooperate,
these in-house methods might be provided to others, as e.g.
within COLIPA, and have independent experts reviewing
the performance of the method including public consulta-
tion in a kind of small-scale prevalidation which could be
sufficient for the purpose of ADME testing. Important in
this respect is the inclusion of well-known reference com-
pounds. In addition, for ADME testing, very high precision of
a method covering one of many aspects determining blood
concentration—time curves might not always be key, espe-
cially not during pre-screening when validation of a PBPK
modelling prediction would always be a case-by-case vali-
dation, not a method validation. Here, robustness may be a
much more important criterion than accuracy.

Under the new, non-whole-animal testing paradigm, the
first step of a screening process of chemicals for possible
use as a cosmetic ingredient should be to find out whether
absorption is likely or not under the foreseen use scenario.
To this end, the following decision tree (Fig. 4) might be
very helpful before starting any effects testing (both in vivo
or in vitro). Ultimately, companies could decide to stop
further development, if a compound appears to be absorbed
under foreseen circumstances.

One step further, if a chemical appears to be absorbed to
a limited extent, enough not to block further R&D, is to
assess its systemic exposure quantitatively (Fig. 5). This
will deliver essential information for the in vitro effects
testing.

Available non-animal methods to derive values
for absorption, distribution, metabolism and excretion

In this section, a general survey on the current status of
non-animal methods for deriving input parameters for
PBTK modelling is presented. For details regarding several
mostly in vitro and in silico methods that are under
development at various stages, the reader is referred to the
Supplementary Online Information, which includes several
tables.
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Fig. 4 Decision tree for

absorption-based testing No relevance

for systemic
exposure

No

Airway
exposure
as well?

No Yes

In vitro test(s) for
airway absorption

Airway absorption?

Absorption and bioavailability after dermal, inhalatory
or oral exposure

Absorption is the transport across an epithelial layer.
Bioavailability is more complex and is defined as the
fraction of a chemical in a certain matrix that reaches the
systemic circulation unchanged. In that way, it is a com-
plex parameter, describing several processes. Although it is
difficult to study in isolation in such a way that the outcome
is easily applicable in PBTK models, it is important in risk
assessment and possibly in intelligent testing strategies.

Bioaccessibility models Release of the compound from
its matrix is required for transport across the dermal, lung
or intestinal epithelium and bioavailability of a compound
to the body. Release depends mainly on the matrix—com-
pound interaction. In vitro models to assess bioaccessibility
are best developed for the oral route (Brandon et al. 2006).
Dermal exposure and exposure via inhalation are more
problematic. Some methods for these types of exposure are
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Yes No
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In vitro test(s) for
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Dermal absorption? Oral absorption?
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!

In vitro testing for
systemic toxicity [¢——  yes
endpoints advised

under development for other areas than cosmetics. They
will have to be developed further for application to cos-
metic ingredients in the next years.

Absorption models Absorption depends on the com-
pound-specific properties and physiology (and pathology)
of the epithelial tissue. Some of the properties of impor-
tance are physico-chemical properties of a compound and
the availability of specific influx and efflux transporters in
the tissue.

Dermal exposure: Various in silico QSAR models are
available for the skin permeability prediction of com-
pounds although none of them has been developed for a
broad applicability, i.e. for a broad range of physico-
chemical properties. Although some of them have been set
up according to the OECD Principles for the validation of
QSAR (OECD 2004a) and may be useful for specific
chemicals, none of them has been widely validated up to
our knowledge (Bouwman et al. 2008). Regarding in vitro
absorption models, OECD Technical Guideline 428 is
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Fig. 5 Decision tree for
(internal) exposure-based
testing
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available (OECD 2004b) and guidance is presented as well
by OECD (2004c), US EPA (2004), EFSA (2009) and
SCCNFP (2003).
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Inhalatory exposure: The lung can be anatomically
divided into several parts: trachea, bronchi, bronchioles
and alveoli. In the upper respiratory airways, the absorption
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is low, and it mostly occurs in the lower part. No QSAR
models predicting lung absorption are known in the public
literature. In vitro models to study the translocation of
compounds in the lung are in various stages of develop-
ment. Several more years of intensive research will be
needed to provide suitable models that can enter
prevalidation.

Oral exposure: In silico QSAR-like models can predict
specific parameters for an unknown chemical based on
structural and physicochemical similarities to various
known chemicals. In vitro models such as the Caco-2 cell
line can predict the absorption over a single barrier as well
and are rather standard. They could be incorporated in a
medium-throughput test strategy. Importantly however,
and as with in silico models, the validity of these in vitro
model predictions for cosmetic ingredients remains to be
established, because most, if not all, of these models were
developed for pharmaceutically active ingredients. While
in the pharmaceutical R&D reliable prediction between 50
and 100% absorption is important, in the cosmetics arena
the crucial range will be the lower absorption range, i.e.
much further less than 10% or even 1% absorption. Many
more years of intensive research seem necessary for cos-
metic ingredients before prevalidation of in vitro or other
methods that are suitable to assess the potential pneumonal
toxicity of cosmetic ingredients comes in sight.

Bioavailability Three processes (partially linear, partially
in parallel) can be distinguished that determine bioavail-
ability: (1) release of the compound from its matrix (bio-
accessibility), (2) absorption of the released fraction and
(3) metabolism before reaching the systemic circulation
(Oomen et al. 2003).

In order to predict the precise bioavailability of a cos-
metic ingredient from a cosmetic product, it is therefore
important to determine the three different processes
involved. However, the bioaccessibility could be used as a
measure for the maximal bioavailability. If the parent
compound would be expected to cause toxicity, complete
absence of bioaccessibility would indicate absence of
systemic effects. There are in vitro models to measure
absorption through various portals of entry, although they
are at various stages of development. In vitro models for
measuring metabolism are described in section “Metabo-
lism (biotransformation)”.

In silico models to estimate oral bioavailability (Bois
et al. 2010) have been developed for the use in conjunction
with PBTK models. The use of these organ-level in silico
models is currently the best way to integrate the inputs
from tests of bioaccessibility, absorption and metabolism,
including hepatic clearance in the first-pass situation,
because of the complex nature of bioavailability. However
clearly, relevance and reliability of these in silico models

outside the pharmaceutical R&D will need quite some
years of extra investigations before prevalidation, the
capacity to demonstrate reliability, would be reachable.

Distribution

After absorption, the distribution of a compound and its
metabolites inside the body is governed by three main
factors: (1) the partition of the substance with plasma
proteins, (2) between blood and specific tissues and (3)
the permeability of the substance to cross specialised
membranes, so-called barriers (e.g. blood—brain barrier/
BBB, blood-placental barrier/BPB, blood—testis barrier/
BTB).

Estimation of plasma protein binding (PPB) Only the
free (unbound) fraction of a compound is available for
diffusion and transport across cell membranes. Therefore,
it is essential to determine the binding of a compound to
plasma or serum proteins. The easy availability of human
plasma has made it possible to determine the unbound
fraction of compounds by performing in vitro incubations
directly in human plasma.

In vitro approaches: There are three methods generally
used for PPB determination: (1) equilibrium dialysis (ED)
(Waters et al. 2008), (2) ultrafiltration (UF) (Zhang and
Musson 2006) and (3) ultracentifugation (Nakai et al.
2004). All methods can be automated for high throughput,
are easy to perform and have good precision and repro-
ducibility. The use of combined LC/MS/MS allows high
selectivity and sensitivity. Equilibrium dialysis is regarded
as the “gold standard” approach (Waters et al. 2008).

In silico approaches: Two recent reviews on the in silico
approaches for the estimation of PPB have been carried out
by Wang and Hou (2009) and Mostrag-Szlichtyng and
Worth (2010). A general correlation based on the octanol—
water partition coefficient was proposed by de Bruyn and
Gobas (2007) after a compilation of literature data and
using a broad variety of chemicals, i.e. pesticides, polar
organics, polychlorinated biphenyls, dioxins, furans, etc.

Estimation of blood-tissue partitioning The fate of a
compound in the body is determined by partitioning into
the human tissues. Therefore, the knowledge of this parti-
tioning is of fundamental importance for the understanding
of a compound’s kinetic behaviour and toxic potential. The
measurement of tissue storage and a molecular under-
standing of tissue affinity have, historically, not been
studied to the same extent as plasma protein binding;
however, the knowledge of these partitioning coefficients is
essential for the development of PBTK models. Fortu-
nately, quite a large number of approaches have been
developed over the last years.
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In vitro approaches: The available system is the vial-
equilibration technique. A spiked sample of organ tissue—
buffer homogenate is equilibrated and subsequently, the
free (unbound) concentration of the test chemical is
determined. The tissue-blood partition coefficient is cal-
culated using results from pure buffer, tissue—buffer and
blood-buffer incubations. Tissues can be mixed to obtain
average values for example richly perfused tissue groups.
Olive oil or octanol are often used instead of adipose tissue.
The free (unbound) concentration is typically assessed by
one of the following techniques: equilibrium dialysis,
ultracentrifugation, headspace analysis (for volatiles) or
solid-phase (micro-) extraction followed by a classical
analysis such as HLPC UV or MS. The purpose of this
technique is the prediction of the in vivo tissue blood
partitioning and the prediction of an in vivo volume of
distribution (Gargas et al. 1989; Artola-Garicano et al.
2000).

In silico approaches: Different methodologies have
been developed, starting from QSAR, correlations with
physicochemical properties, up to mechanistic approaches.
The main problem for the generalisation of QSAR corre-
lations has been the poor results obtained for charged
molecules under physiological conditions and with charged
phospholipids. However, there are mixed and mechanistic
approaches with tolerable error ranges (Poulin and Theil
2002, 2009; Schmitt 2008).

Estimation of substance permeability through specialised
Blood-Brain Barrier (BBB): The BBB is a
regulatory interface that separates the central nervous
system (CNS) from systemic blood circulation and may
limit or impair the delivery of certain compounds, which
makes the brain different from other tissues. There are
several passive and active mechanisms of transport through
the BBB (Mehdipour and Hamidi 2009).

Several in vitro BBB models are under development
which integrate various cell of vascular and neural origin.
Also single cell lines containing transfected transporters
have been proposed as models to study BBB permeability.
However, all available models are in early stages of
development. Several in silico models exist to predict BBB
penetration, although the vast majority of these approaches
do not consider transport mechanisms taking place
(Mostrag-Szlichtyng and Worth 2010). Recently, some
molecular models have been developed to consider the
BBB transporters (Allen and Geldenhuys 2006).

Blood—-Placenta Barrier (BPB): The BPB serves to
transport nutrients and waste, and other compounds such as
hormones. However, the placenta does not provide a true
barrier protection to the foetus from exposure to com-
pounds present in the mother’s systemic circulation,
although it might reduce the transport of certain molecules.

barriers
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The transfer across the placenta can occur by several active
or passive processes (Myren et al. 2007).

Experimental methods to study human transplacental
exposure to toxic compounds have been reviewed by
Vihikangas and Myllynen (2006). There are both primary
and permanent trophoblast-derived cell models available.
An ex vivo model, human perfused placenta cotyledon,
offers information about transplacental transfer, placental
metabolism, storage, acute toxicity and the role of trans-
porters, as well as an estimation of foetal exposure. There
are also few QSAR models, although active transport
mechanisms and potential metabolism are not addressed.

Blood-Testis Barrier (BTB): In the testis, the BTB is a
physical and physiological barrier which assures functions
in hormonal regulation and spermatogenesis (Fawcett et al.
1970). Many systems have been tested as organ cultures,
co-cultures or single cell cultures, but none has really
developed for considering toxicokinetic processes.

Metabolism (biotransformation)

Metabolism or biotransformation is the principal elimina-
tion route of organic chemicals; roughly 70-80% of phar-
maceuticals are partially or practically completely
eliminated by metabolism (Zanger et al. 2008). Due to a
multitude of xenobiotic-metabolising enzymes possibly
acting on a chemical with different metabolic pathways,
the first screen should preferably be as comprehensive as
possible. Because liver is the principal site of xenobiotic
metabolism, the enzyme component in in vitro systems
should preferably be liver-derived (Coecke et al. 2006;
Pelkonen et al. 2005, 2008b) and of human origin, to avoid
species differences (see e.g. Turpeinen et al. 2007). There
is a generally accepted consensus that metabolically com-
petent human hepatocytes or hepatocyte-like cell lines are
the best enzyme source to perform the first primary
screening of metabolism (Goémez-Lechén et al. 2003, 2008;
Houston and Galetin 2008; Riley and Kenna 2004). The
two most important endpoints measured are (1) intrinsic
clearance which can be extrapolated into hepatic metabolic
clearance and (2) the identification of metabolites (stable,
inactive, active or reactive metabolites of concern).

In silico approaches The available systems are of three
types: (1) expert systems based on structure-metabolism
rules, (2) SAR and QSAR modelling and (3) systems based
on pharmacophore (ligand) or target protein modelling.
There are a large number of commercial softwares avail-
able for predicting biotransformation, in various phases of
development. Although in silico approaches are developing
rapidly, they are still inadequate for the production of
results which are accepted by regulators, and new
approaches are needed to predict the major metabolic
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routes when there are a number of potential metabolic
pathways. Reliable and good-quality databases (not limited
to pharmaceuticals) are of the utmost importance for the
development of reliable software for application to a wider
assortment of chemicals including cosmetic ingredients
and they are still in great need. Discussions of various
approaches can be found in recent reviews (Testa et al.
2004; de Graaf et al. 2005; Kulkarni et al. 2005; Crivori
and Poggesi 2006; Lewis and Ito 2008; Muster et al. 2008;
Mostrag-Szlichtyng and Worth 2010).

Metabolic clearance The metabolic stability test is a
relatively simple, fast-to-perform, but specialised analyti-
cal equipment-based MS study, to find out whether a
compound is metabolically stable or labile. It is based on
the disappearance of the parent compound over time (with
the appropriate analytical technique) when incubated with
a metabolically competent tissue preparation (e.g. a human
liver preparation, preferably human hepatocytes). The rate
of parent compound disappearance gives a measure of its
metabolic stability and allows for the calculation of
intrinsic clearance and extrapolation to hepatic (metabolic)
clearance. The use of liver-based experimental systems
should give a fairly reliable view of hepatic intrinsic
clearance. However, to be able to predict in vivo clearance,
a number of assumptions concerning the substance under
study must be made, so an extrapolation model is needed
(see e.g. Pelkonen and Turpeinen 2007; Rostami-Hodjegan
and Tucker 2007; Webborn et al. 2007). Although no
formal validation studies are known, the screening test for
metabolic clearance should be relatively ready for valida-
tion after the availability of common procedures and
related SOPs.

To cover also extrahepatic biotransformation, the above-
described method for metabolic stability can be combined
with the use of other tissues. For cosmetic substances,
dermal uptake is the most prominent intake pathway and
consequently methodologies for skin metabolism would be
of considerable significance. Likewise, inhalation (spray
applications) is also an important uptake route, and
metabolism should be taken into consideration in in vitro
pulmonary tests. Some efforts would be needed to stan-
dardise metabolic stability in skin and pulmonary tissues.

Metabolite profile and bioactivation With the advent of
modern MS techniques, it is possible and feasible to study
both the detailed qualitative and quantitative metabolic
profiles of a compound (Pelkonen et al. 2009b; Tolonen
et al. 2009). The use of recombinant enzymes, transfected
cells and metabolically competent human (liver-derived)
cell lines or subcellular fractions is being very actively
employed in pharmaceutical industry and academia. In this
way, it is possible to have indication about the enzymes

participating in the metabolism which allows a number of
predictions about physiological, pathological and environ-
mental factors affecting the kinetics of a compound of
interest.

The formation of reactive metabolites by biotransfor-
mation seems to be the cause of deleterious effects for a
large number of compounds (Park et al. 2006; Williams
2006). Even though mechanistic details of relationships
between toxicities and reactive metabolites are still some-
what unclear, there is ample indirect evidence for their
associations (Baillie 2006, 2008; Tang and Lu 2010).

There are direct and indirect methods to test the
potential formation of reactive metabolites. Most direct
assays use trapping agents (i.e. glutathione or its deriva-
tives, semicarbazide, methoxylamine or potassium cya-
nide) that are able to trap both soft and hard electrophiles:
conjugates are then analytically measured. The Ames test
is a prime example of an indirect method for the bioacti-
vation assay making use of metabolically competent
enzyme system (which could be human-derived, if needed)
and properly engineered bacteria to detect reactive, DNA-
bound metabolites.

Induction assays Since induction has a complex underlying
mechanism, it is a good indicator for high-quality metabolic
competent systems that can be used for long-term purposes
(Coecke et al. 1999; Pelkonen et al. 2008b): that is why
developments are ongoing to assess CYP induction in biore-
actor-based systems. Obviously, the most relevant intake
routes for cosmetics (dermal, inhalation) should be considered
when in vitro test systems are developed.

A large number of test systems ranging from nuclear
receptor binding assays to induction-competent cell lines
and cryopreserved human hepatocytes are currently avail-
able. The reliability of 2 hepatic metabolically competent
test systems, e.g. cryopreserved hepatocytes and cryopre-
served HepaRG systems, is currently assessed by ECVAM
(International Validation Trial) by using CYP induction at
the enzyme level as the endpoint detection method. These
test systems are widely used in pharmaceutical industry to
help early drug development and are designed to detect
induction of CYP enzymes relevant for the pharmaceutical
area. This can represent a potential limitation since, for
cosmetics, other CYP forms might play an additional or
more prominent role. Thus, further progress is needed to
cover this potential gap.

Inhibition assays Due to the broad substrate specificity of
metabolising enzymes, there is always a possibility that
compounds would interfere with each other’s biotransfor-
mation. Inhibition of biotransformation leads to higher
concentrations and delayed clearance and may cause
adverse effects. At the site of entry (i.e. GI tract, skin,
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lung), inhibition of the first-pass metabolism would
increase the blood concentration of the parent compound.
There are currently available a large number of test systems
ranging from recombinant expressed enzymes (principally
CYP and UGT enzymes, but increasingly also other xenobi-
otic-metabolising enzymes) to primary cells (hepatocytes) and
permanent cell lines (Li 2008; Farkas et al. 2008). All these test
systems are widely used in pharmaceutical industry and can be
judged to be validated at least for pharmaceuticals. This can
represent a potential limitation since, for cosmetics, other CYP
forms might be relevant. In addition, some cosmetics contain
complex plant-derived mixtures, and it is not elucidated to
what extent current inhibition assays would be applicable.
Thus, further progress should cover chemical and composi-
tional peculiarities characteristic for the cosmetics field.

Excretion

Predicting major excretion pathways of compounds is
important in relation to their kinetic behaviour and the rela-
tionship to pharmacological/toxicological effects. The kid-
neys and the hepatobiliary system have the capacity to excrete
either as the parent compound or as metabolites and are
important routes for elimination of xenobiotics and their
metabolites. Unfortunately, excretory processes seem to be
the least developed area in the context of in vitro toxicokinetic
methods probably because renal and biliary excretion, the
major excretory routes, are complex processes with a number
of passive components and active processes involved.

Renal excretion: Excretion by the kidney encompasses
three different mechanisms and they all include the inter-
play of both passive movement of drugs and the partici-
pation of a number of active transporters. Even if there are
examples how the involved transporters can be identified, it
is difficult to use the findings to feed into a physiological
model of renal excretion which includes tubular secretion
and tubular reabsorption.

Biliary excretion: In humans, biliary excretion does not
seem to play an important role for most of the substances.
However, in cases where it matters, the process is rather
complex, first preceded with the entry of the substance to
the hepatocyte and its possible metabolism by the hepatic
metabolic machinery. With most substances ultimately
excreted into the bile, phase II metabolising enzymes
produce conjugates, which are then transported across the
canalicular membrane to be excreted into the bile.

Current approaches and future efforts needed. There
have been few attempts for developing expert systems or
computational approaches to predict renal excretion from
some basic molecular and physicochemical properties.
Likewise, in silico modelling attempts are being made to
evaluate the molecular weight dependence of biliary
excretion (well established in rats) and to develop
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quantitative structure—pharmacokinetic relationships to
predict biliary excretion. Efforts have been undertaken to
use collagen-sandwich cultures of hepatocytes as an in
vitro test system for testing biliary excretion. Due to the
fact that progress in the field is very recent, no systematic
efforts have been undertaken to standardise the above
mentioned approaches. Some pharmaceutical companies as
well as academic groups have published reports on their
experiences. No formal validation studies are known.

An understanding of mechanisms that determine these
processes is required for the prediction of renal and biliary
excretion. Physiologically based in vitro/in-silico/in vivo
approaches could potentially be useful for predicting renal
and biliary clearance. Whereas for biliary excretion some
advances have been made with in vitro models (i.e. sand-
wich-cultured hepatocytes), no reports could be identified
in the literature on in vitro models of renal excretion nor
were reports available on in silico methods.

Integrating in vitro and in silico approaches using
PBTK modelling

After a chemical compound penetrates into a living mam-
malian organism (following intentional administration or
unintentional exposure), it is usually distributed to various
tissues and organs by blood flow (Nestorov 2007). The sub-
stance can then bind to various receptors or target molecules,
undergo metabolism or can be eliminated unchanged. The
four processes of absorption, distribution, metabolism and
elimination (ADME) constitute the pharmacokinetics of the
substance studied. The term toxicokinetics is used if the
substance is considered from a toxicity view point.

In general, the toxicokinetics of a compound are the
function of two sets of determinants: physiological char-
acteristics of the body (which are compound independent)
and compound-specific properties. It is possible to quantify
some compound-specific structural properties and to relate
them to biological activity. That is the basis of the so-called
Quantitative Structure—Activity Relationships (QSARSs).
Likewise, structural properties can be used to estimate
other properties, such as lipophilicity (logKow) and blood
over tissue partition coefficients. In that case, the term
Quantitative Structure—Property Relationship (QSPR) is
used. To quantitatively predict the toxicokinetics of a
substance, it is necessary to model jointly their physio-
logical determinants and the compound-specific properties.
Physiologically based toxicokinetic (PBTK)'? modelling is
currently the most advanced tool for that task.

12 In practically all sources on which this section is based, the term
physiologically based pharmacokinetics (PBPK) is used, but for the
sake of subject matter and chemicals legislation, PBTK is used
throughout in this report.
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PBTK models are necessary tools to integrate in vitro
and in silico study results

The concentration versus time profiles of a xenobiotic in
tissues, or the amount of its metabolites formed, is often
used as surrogate markers of internal dose or biological
activity (Andersen 1995). When in vivo studies cannot be
performed or when inadequate in vivo data are available,
the toxicokinetics of a substance can be predicted on the
basis of in vitro or in silico studies. For risk assessment
purposes, in vitro systems should be mechanism based and
able to generate dose/concentration-response data. The
greatest obstacles to the use of in vitro systems are the
integration of their data into a biologically meaningful
framework and their extrapolation to in vivo conditions.
PBTK models are ideally suited for this, because they can
predict the biologically effective dose of an administered
chemical at the target organ, tissue and even cell level
(Barratt et al. 1995; Blaauboer et al. 1999; Blaauboer et al.
1996; Combes et al. 2006; DeJongh et al. 1999a; Dr.
Hadwen Trust Science Review 2006). Indeed, PBTK
models are increasingly used in drug development and
regulatory toxicology to simulate the kinetics and metab-
olism of substances for a more data informed, biologically
based and quantitative risk assessment (Barton et al. 2007;
Boobis et al. 2008; Bouvier d’Yvoire et al. 2007; Loizou
et al. 2008; Meek 2004). As such, they should be able to
significantly reduce or even replace animals in many
research and toxicity studies.

General description of PBTK models

A PBTK model is a mechanistic ADME model, comprising
compartments that correspond directly to the organs and
tissues of the body (e.g. liver, lung, muscle), connected by
the cardiovascular system (see Fig. 6). The main applica-
tion of PBTK models is the prediction of an appropriate
target tissue dose, for the parent chemical or its active
metabolites. Using an appropriate dose-metric provides a
better basis for risk assessment (Barton 2009; Conolly and
Butterworth 1995). The estimation of dose-metrics is
regarded as the ‘linchpin’ of quantitative risk assessment
(Yang et al. 1998). In the 1R approach, the question may be
to predict the external dose leading to an internal dose
equivalent to that of a given in vitro treatment.

PBTK models’ parameter values can be determined on
the basis of:

— in vitro data,

— in vivo data in humans,

— quantitative structure—property relationship (QSPR)
models,

— the scientific literature.
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Fig. 6 Schematic representation of a PBTK model (for a woman).
The various organs or tissues are linked by blood flow. In this model,
exposure can be through the skin, the lung or per os. Elimination
occurs through the kidney, the GI tract, and the lung, or by
metabolism in the liver. The parameters involved are compartment
volumes, blood flows, tissue affinity constants (or partition coeffi-
cients), and specific absorption, diffusion, metabolic, and excretion
rate constants. The whole life of the person can be described, with
time-varying parameters. The model structure is not specific of a
particular chemical (see http://www.gnu.org/software/mcsim/, also
for a pregnant woman model)

Published models range from simple compartmental
(Gibaldi and Perrier 1982; see also Pelkonen and Turpei-
nen 2007 for current practical solutions) to very sophisti-
cated types (Jamei et al. 2009). Between compartments, the
transport of substances is dictated by various physiological
flows (blood, bile, pulmonary ventilation, etc.) or by dif-
fusions (Gerlowski and Jain 1983; Bois and Paxman 1992).
Perfusion-rate-limited kinetics applies when the tissue
membrane presents no barrier to distribution. Generally,
this condition is likely to be met by small lipophilic sub-
stances. In contrast, permeability-rate kinetics applies
when the distribution of the substance to a tissue is rate-
limited by the permeability of a compound across the tissue
membrane. That condition is more common with polar
compounds and large molecular structures. Consequently,
PBTK models may exhibit different degrees of complexity.
In the simplest and most commonly applied form (Fig. 6),
each tissue is considered to be a well-stirred compartment,
in which the substance distribution is limited by blood
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flow. In such a model, any of the tissues can be a site of
elimination. However, in Fig. 6, it is assumed that the liver
is the only metabolising organ and that excretion only
happens in the kidney.

Building a PBTK model requires gathering a consider-
able amount of data which can be categorised into three
groups: (1) system data (physiological, anatomical, bio-
chemical data), (2) compound-specific data and (3) the
model structure, which refers to the arrangement of tissues
and organs included in the model (Rowland et al. 2004). In
a sense, PBTK modelling is an integrated systems approach
to both understanding the kinetic behaviour of compounds
and predicting concentration—time profiles in plasma and
tissues. Additional details of PBTK modelling and appli-
cations can be found elsewhere (Gerlowski and Jain 1983;
Nestorov 2003; Rowland et al. 2004; Jones et al. 2009;
Edginton et al. 2008; Pelkonen et al. 2008a; Kapitulnik
et al. 2009; Dahl et al. 2010). Indeed, such descriptions of
the body are approximate, if not rough, but a balance has to
be found between precision (which implies complexity)
and simplicity (for ease of use). Yet, the generic structure
of a PBTK model facilitates its application to any mam-
malian species as long as the related system data are used.
Therefore, the same structural model can approximately be
used for a human, a rat or a mouse (De Buck et al. 2007).

Generic applications of PBTK modelling

Inter-individual or intra-individual extrapolations: These
refer to the fact that a given exposure may induce different
effects in the individuals of a population and that the same
individual may respond differently to the same exposure at
different times in his/her lifetime. These extrapolations are
performed by setting parameter values to those of the sub-
population or individual of interest and are mainly used to
predict the differential effects of chemicals on sensitive
populations such as children, pregnant women, the elderly,
the obese, and the sick, taking into account genetic varia-
tion of key metabolic enzymes, etc. (Jamei et al. 2009).
The toxicokinetic behaviour of a compound can also be
studied under special conditions, such as physical activity.

Inter-dose extrapolations: These extrapolations are
achieved by capturing both the linear and non-linear steps
of the biological processes known to govern the kinetics
of the chemical of interest, e.g. in the transport and
metabolism.

Inter-route of exposure extrapolations: Any route of
exposure can be described either in isolation or in combi-
nation. For example, systemic toxicity may be studied
following intravenous infusion, uptake via the gastroin-
testinal tract, dermal absorption and inhalation via the
lungs. For example, coumarin hepatotoxicity is dependent
on the route of administration and can be rationalised on
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the basis of physiologically based modelling (Kapitulnik
et al. 2009).

Specific applications of PBTK modelling in the case
of the IR for cosmetics

A tiered approach for pure predictions of toxicity: PBTK
models can be used in a step by step or tiered approach.
They can be first coupled to in silico quantitative structure-
pharmacokinetics properties relationships (QSPR) models
for partition coefficients, absorption or excretion rate
constants and computer models of metabolism (assuming
that such models are available for the chemical class of
interest). Using expected exposure patterns, estimates of
internal exposures, bioavailability, half-life, etc. can be
obtained. Such results could either be sufficient to answer
the question of interest or would provide at least estimates
of concentration levels to be assayed in vitro. In further
steps, leading to increased refinement and predictive
accuracy, PBTK models can incorporate the results of
specific in vitro estimates of pharmacokinetic parameters
(such as absorption rates, metabolic rate constants, etc.). At
any point of that approach, the PBTK model provides
estimates of internal dose levels attained in predefined
exposures scenarios, enabling a prediction of the most
sensitive toxic endpoint, of exposure—response relation-
ships, of no-effect levels (if the dynamic models provide
toxicity thresholds), etc. (Fig. 7).

Forward dosimetry: in vitro—in vivo correlation: His-
torically, in chemical risk assessment, PBTK modelling has
been used primarily for ‘forward dosimetry’, that is, the
estimation of internal exposures in the studies character-
ising the toxicity of a chemical. The human chemical risk
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Fig. 7 A tiered approach for experimental design and predictive
toxicity assessment using PBTK and pharmacodynamic (PD)
modelling
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assessment arena may be described as ‘data poor’ as
opposed to the ‘data-rich’ pharmaceutical arena, hence, the
need to estimate internal exposure through modelling, in
the absence of specific measurements. When in vitro sys-
tems, such as human cell lines, will replace animals in
toxicological and safety evaluation of cosmetics, we will
also need to estimate in vivo internal doses. This will
require PBTK modelling, as illustrated in Fig. 7.

Reverse dosimetry: exposure reconstruction from in
vitro alternatives: Recently, a number of studies have
attempted to ‘reconstruct dose’ or ‘estimate external
exposure’ consistent with human biological monitoring
data. That exercise has been described as ‘reverse dosim-
etry’ (Clewell et al. 2008; Georgopoulos et al. 1994; Liao
et al. 2007; Lyons et al. 2008; Roy and Georgopoulos
1998; Tan et al. 2006a, b). A similar procedure could be
applied to estimate the external exposure levels leading to
acute and chronic systemic toxicity, including repeated
dose systemic toxicity, as estimated from in vitro alterna-
tives methods.

Exposure reconstruction can, and should, be addressed
at both the individual and population level. Population-
based estimates of exposure should account for human
inter-individual variability, both in the modelling of
chemical disposition in the body and in the description of
plausible exposure conditions.

The reconstruction of dose or exposure using Bayesian
inference is recommended, even for systems where tissue
dose is not linearly related to external exposure (Allen et al.
2007; Lyons et al. 2008; Sohn et al. 2004). Gelman et al.
(1996) presented a general method of parameter estimation
in PBTK models, and reverse dosimetry is a type of PBTK
model calibration problem.

Current limitations: All the limitations of in vitro toxico-
kinetic assays have an impact on the predictive accuracy of
PBTK models. Difficulties in predicting metabolism, renal
excretion and active transport are foremost in that respect,
and improvements will proceed at the pace adopted to
solve these problems. More intrinsic to PBTK modelling
itself is the difficulty to accurately model dermal exposure
(e.g. surface area exposed, dose applied wearing and
washout) and absorption (e.g. saturation of the skin layers),
at least for some important chemical classes (PCBs, etc.).
The most precise solutions involve partial differential
equation models, even though various approximations are
available (Kriise et al. 2007). This goes beyond the capa-
bilities of commonly used PBTK modelling software, and a
particular effort would need to be devoted to resolving that
problem.

Checking the validity of PBTK models is much easier
when they have a stable and well-documented physiolog-
ical structure. That is a particular advantage of the generic
PBTK models developed by Simcyp (http://www.simcyp.

com), Bayer Technology Services (http://www.pk-sim.
com), Cyprotex (https://www.cloegateway.com) or Simu-
lation Plus (http://www.simulations-plus.com), etc. The
need remains to validate the QSAR sub-models or the in
vitro assays used to assign a PBTK model’s parameter
values. Obviously, the quality of those inputs conditions
the validity of the PBTK model which uses them. The
validation of those sub-models and in vitro assays should
be made following the relevant procedures, in the context
of cosmetic ingredients. Sensitivity and uncertainty ana-
lyses can also be performed to understand which are the
critical aspects of the model that might require particular
attention (Bernillon and Bois 2000). Experimental or
observational data are not always available to convincingly
validate such complex models. ‘Virtual’ experiments sim-
ulated by varying parameters, as in sensitivity analysis, can
point to important areas of future research needed to build
confidence in in silico predictions. Formal optimal design
techniques can also be used to that effect (Bois et al. 1999).

In any case, the major challenge will probably be the
coupling of PBTK models to predictive toxicity models, at
the cellular and at the organ level. Liver models are being
developed (Yan et al. 2008; Orman et al. 2010), but their
predictive power is far from established for chronic
repeated dose toxicity.

Inventory of in vivo methods currently available

Several specific tests for studying the toxicokinetics of
substances in vivo are described in Annex V to Directive
67/548. The OECD guideline 417 describes the procedure
in more detail. The OECD guideline also states: “Flexi-
bility taking into consideration the characteristics of the
substance being investigated is needed in the design of
toxicokinetic studies.” It should be mentioned that the
OECD guideline 417 has been recently updated and
adopted (July 2010) with the inclusion of in vitro and in
silico methods. With the exception of dermal absorption,
detailed data on the toxicokinetics including the metabo-
lism of cosmetic ingredients is currently of limited
importance and not requested. Such additional information
is only required for cases where specific effects, seen in
standard in vivo animal tests, have to be clarified and their
relevance to humans must be proven.

For example, toxicokinetics (TK) could aid in relating
concentration or dose to the observed toxicity, and to aid in
understanding mechanism of toxicity. Important goals are
the estimation of systemic exposure to the test substance,
identification of the circulating moieties (parent substance/
metabolites), the potential for accumulation of the test
substance in tissues and/or organs and the potential for
induction of biotransformation as a result of exposure to
the test substance. Additionally, toxicokinetic studies may
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provide useful information for determining dose levels for
toxicity studies (linear vs. non-linear kinetics), route of
administration effects, bioavailability and issues related to
study design.

As described in more detail in sections “Available non-
animal methods to derive values for absorption, distribu-
tion, metabolism and excretion (ADME)” and “Inventory
of alternative methods”, there exists a number of in vitro
and/or in silico methods to study many of these TK pro-
cesses. For example, in vitro biotransformation models
available (e.g. hepatocytes in suspension or culture) are
used to provide results considered relevant for risk
assessment. The same holds true for in vitro/in silico results
for oral absorption where information on chemical struc-
ture (e.g. QSAR) and physical and chemical properties
(e.g. logPow) may also provide an indication of the
absorption characteristics. Data on in vitro protein binding
may also be considered if relevant for risk assessment.

Inventory of alternative methods
Currently used in vitro guideline

To date, only one in vitro test addressing toxicokinetics is
covered by an OECD test guideline. This is the guideline
on in vitro dermal absorption (OECD 428, adopted on
February 2004) where the principles of this method are
described (OECD 2004b). The guideline is accepted by the
SCCS (SCCNFP/0750/03, Final). A guidance document of
the SCCS is complementing this guideline (SCCS/1358/
10).

Non-validated human in vitro/in silico approaches

Test systems to measure bioavailability and in vitro bio-
transformation are available (as described in the specific
subchapters) and routinely used for specific in-house pur-
poses, mainly in pharmaceutical companies. For some of
them, extensive sets of data are available, demonstrating
their importance to produce specific qualitative and quan-
titative information on various pharmacokinetic charac-
teristics. Regulatory authorities have recognised that in
vitro systems are helpful in addressing especially potential
biotransformation-related issues during drug development.
The application of in vitro systems for biotransformation
(e.g. in microsomal preparations or isolated hepatocytes)
has been described in guidance documents on studies of
drug—drug interactions by US (US FDA-CDER 1997, a
revised draft guideline has been published in 2006) and
European authorities (EMEA 1997, a revision of the latter
is currently under public consultation). The recently
revised OECD guideline 417 (July 2010) foresees the use
of in vitro and in silico methods.
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By applying an exposure-based tiered approach, there
would be no need to analyse the biotransformation of a
cosmetic ingredient if the chemical had insignificant bio-
availability or even if there is no toxicological relevance.
The selection of the most appropriate in vitro models for
determining absorption is therefore crucial for cosmetic
ingredients. Once the absorption and the potential toxico-
logical relevance is demonstrated, then further testing and
toxicokinetic information would be necessary.

Ideally, in silico and in vitro methods should use met-
abolically competent human cells and/or tissues to model
human toxicokinetic processes to avoid any need for spe-
cies extrapolation, as recommended by the ECVAM Tox-
icokinetics Working Group (e.g. Coecke et al. 2006).
However, the limited availability of human cells and tis-
sues, and ethical concerns which are often raised, should be
taken into account, although the use of human recombinant
enzymes, transgenic cells in vitro and the possibility to
cryopreserve human heptocytes are of great help.

In this respect, it should be noted that human genetic
polymorphisms of biotransformation enzymes and trans-
porters are not covered in conventional toxicological ani-
mal approaches. The use of human cells (or subcellular
fraction), recombinant enzymes and transgenic cells in
vitro are the first step in trying to pick up some well-known
genetic polymorphisms. This information might be useful
for the risk assessor and needs to be incorporated into a
tiered strategy for toxicokinetics. The issue is of impor-
tance to drug development and therapy, and for other
chemicals, but with respect to cosmetics, data could be less
relevant. Similarly, “barriers”, such as the BBB, BTB and
BPB, have been considered to be of minor importance in
the context of cosmetics, although in individual cases their
role may need clarification.

Non-validated human in vivo approaches

The microdosing approach, which makes use of extremely
sensitive detection techniques such as accelerator mass
spectrometry and LC-MS/MS, has been employed as a
first-to-man experiment to elucidate the pharmacokinetics
of pharmaceuticals (Coecke et al. 2006; Hah 2009; Lappin
and Garner 2005; Oosterhuis 2010; Wilding and Bell
2005). However, the need to conduct short-term animal
toxicity studies before employing microdosing would block
application in the 1R situation. Interestingly, a possible
approach could be to combine it with the TTC concept. In
principle, human microdosing could possibly obtain ethical
approval by keeping the total dose below the relevant
threshold in TTC terms, although a clear difference in the
cost/benefit ratio between pharmaceuticals and cosmetics
should be taken into account. Usually, an amount
somewhere in between 1 and 100 pg is administered
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(http://www.nc3rs.org.uk/downloaddoc.asp?id=339&page=
193&skin=0). If the chemical is not a genotoxic compound
(sufficient in vitro methods available) and not an organo-
phosphate, the lowest threshold for exposure below which
adverse effects are unlikely is 90 pg/day. Acknowledging
that this threshold was based on lifelong exposure, it can be
argued that this might be a promising approach for further
consideration. In this evaluation, the issue of exposure
route should be included, because the current TTC concept
is completely based on oral toxicity studies.

Imaging techniques to study both the kinetic and
dynamic behaviour of pharmaceuticals or pharmaceutical-
associated materials in in vivo conditions in humans are
advancing rapidly (Agdeppa and Spilker 2009; Péry et al.
2010), but similarly as with the microdosing concept, at
present it is difficult to see whether imaging techniques
would become tools for cosmetics risk assessment related
research.

Current developments in model systems

Organotypic culture models applicable to the intestinal,
pulmonary barriers and the blood-brain barrier are being
actively developed. However, these are laborious experi-
mental systems, which are not easy to handle, and are
currently restricted to mechanistic investigations or specific
questions facilitating in vitro—in vivo comparisons (Gar-
berg, et al. 2005; Prieto et al. 2010; Hallier-Vanuxeem
et al. 2009).

Recent developments on microfabrication technologies
coupled with cell cultures techniques have allowed for the
development of “cells on a chip” (El-Ali et al. 2006; Hwan
Sung et al. 2010) that have been used to mimic biological
systems and even as a physical representation of a PBTK
model. For example, Viravaidya et al. (2004) and Vira-
vaidya and Shuler (2004) developed a four-chamber
microscale cell culture analogue (LCCA) containing
“lung”, “liver”, “fat” and “other tissue” used to study the
role of the naphthalene metabolism in its toxicity and
bioaccumulation using cultures of L2, HepG2/C3A and
differentiated 3T3-L1 adipocytes. Tatosian and Shuler
(2009) studied the combined effect of several drugs for
cancer treatment using HepG2/C3A as liver cells, MEG-01
as bone narrow cells and MES-SA as uterine cancer cells
and MES-SA/DX-5 as a multidrug resistant variant of
uterine cancer. They showed that a certain combination
could inhibit MES-SA/DX-5 cell proliferation and using a
PBTK model of their device they were able to scale-up to
calculate doses for in vivo trials. Finally, Chao et al. (2009)
using a similar approach and human hepatocytes showed
that they could predict the in vivo human hepatic clear-
ances for six compounds.

Steps or tests with novel or improved alternative
methods needed

Since only in cases where a cosmetic ingredient is bio-
available following dermal, oral or inhalation exposure,
further tests on systemic and not just local toxicity will be
necessary, the priority for additional efforts has to be given
in providing reliable alternative methods to assess the
bioavailability after oral and inhalation exposure. Several
efforts have been undertaken to improve the reliability of
alternative test methods available assessing absorption via
gut, but still more work would be required. At present,
extensive experience does not exist with in vitro systems
suited to measure absorption through the lung alveoli. The
systems used in house have some disadvantages, and the
performance of a three-dimensional in vitro culture with
pulmonary cells has not yet shown for this purpose. Hence,
in the light that this route of exposure is important for
cosmetics, efforts are necessary to develop systems for the
purpose of measuring pulmonary absorption.

At the same time, it will be essential to develop toxico-
dynamic experimental design including all toxicokinetic
consideration necessary to transform in vitro nominal
concentration—effect relationship into an in vivo dose—
effect relationship and allow the extrapolation of in vitro/in
silico data to in vivo dose—effect relationship. If the actual
applied concentration in vitro could be determined by using
appropriate biokinetic measures, the relevance for the
extrapolation could be improved.

In order to do so, more investments should be done to
have access to high-throughput validated analytical methods
for compound and metabolite identification, as the indis-
pensable first step before any toxicodynamic experimental
design is planned allowing a quantitative risk assessment.

Several in vitro/in silico building blocks are available,
but a wide variety of standard operating procedures (SOP)
is used by different industries and CROs. Alternative
methods are available, but no effort up to now has been
made in order to get the most reliable version of such SOP
accepted by regulators.

The development of in vitro/in silico methods dealing
with biliary excretion and renal excretion is felt to be
essential to progress to a full 1R replacement strategy
based using as integrative tool the PBPK models.

Recommendations

Given the scenario of the development of compounds/
products based on non-in vivo animal testing strategies,
toxicokinetics becomes the cornerstone in the risk assess-
ment under 1R conditions. Toxicokinetic information has
to be available upfront for assessing the need for further
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testing dependent on the bioavailability, to plan in vitro
toxicodynamic testing, and together with biokinetic in vitro
data will allow to relate the in vitro information of the
concentration—effect(s) relationship of the substance to an
in vivo dose—effect relationship.

The following recommendations are given to pave the
way forward in the field of toxicokinetics under the 1R
scenario.

Firstly, absorption through the lung and excretion (via
the kidneys and the biliary route) are the two processes
within the ADME processes (absorption, distribution,
metabolism, excretion), which have been identified as
knowledge gaps.

Secondly, physiologically based toxicokinetic (PBTK)
models are ideally suited for the integration of data pro-
duced from in vitro testing systems/in silico models into a
biologically meaningful framework, and for the extrapo-
lation to in vivo condition. However, even if proof of
concept has been provided for the strategy how to proceed
there is presently not much experience, and hence, further
development and refinement is necessary. One could
envisage building a publicly available user friendly tool for
PBTK modelling with a repository of examples to support
the use of the tool. This would promote not only PBTK as a
tool for risk assessment but also the concept of risk
assessment under 1R scenario as a whole. Furthermore, the
working group on toxicokinetics restricted itself to kinetic
aspects because it felt not charged also to explore aspects
of toxicodynamics. However, it should be emphasised that
the link between the results of in vitro effect testing, cor-
rected on the basis of biokinetic measurements, and the
PBTK modelling is by modelling the in vitro responses by
toxicodynamic modelling (Dahl et al. 2010). Hence, the
crosstalk between toxicologists measuring effects and
toxicologists/scientists performing kinetic or kinetic/
dynamic modelling is fundamental (see Figs. 1, 2).

Thirdly, in the areas where in vitro/in silico methods are
available, it should be considered whether the conventional
validation procedure is the most efficient way forward.
Recognising that only one in vitro toxicokinetic method is
accepted at the OECD level (OECD guideline 428 for in
vitro dermal absorption), it should be considered whether
and to what extent alternative methods could be utilised. It
could be envisaged to work in an expert consensus pro-
cedure by collecting methods, assessing them according to
test quality criteria and ranking them. Finally, by consensus
a standard operating procedure (SOP) could be derived and
the reliability of the method could be tested on a small
sample of compounds with properties relevant for cos-
metics. In vitro protein binding, in vitro metabolism and
clearance, and in vitro oral absorption may be valid
examples for this approach. Currently, ECVAM is carrying
out a formal reliability check in the context of an

@ Springer

international validation trial of 2 metabolic competent
human hepatic systems (cryopreserved human hepatocytes
and the Human HepaRG cell line) for several phase 1
biotransformation CYP isoforms.

Concerning the available in silico methods (e.g. tissue
distribution), it seems necessary to explore whether sub-
stances used in cosmetics are in the chemical space of the
substances which have been used to develop and validate
the algorithms. If not, adjustment or even new development
of algorithms has to be undertaken.

Finally, it must be clarified that all the exercises for the
process of validating and of finding acceptance needs
financial resources other than research, because this
activity cannot be seen as a research activity but is rather a
standardising activity. There will be the necessity to
involve institutions which have experience and work on
standardising issues (e.g. experience from pharmaceutical
companies which already use a variety of alternative
methodologies).

There are some fields which have not yet been consid-
ered in depth. The most important is the field of nanopar-
ticles. We are aware of the fact that nanoparticles are
currently used in cosmetic products applied to the skin. As
far as we know, the presently available data show that from
the products on the market absorption to the general cir-
culation (i.e. internal exposure) does not take place. We
however know that absorption through the lung alveoli
may occur. We would recommend that a special working
group should be set up to deal with the issues of nano-
particles in the field of cosmetics taking into account the
regulations in other fields (e.g. industrial chemicals) and
what has been already considered by other institutions (e.g.
OECD).

Conclusions

Under the 1R scenario which has to be envisaged to be in
place from 2013 on, the risk assessment of cosmetics is
faced with a radically altered situation. In the current
paradigm of risk assessment, the external exposure (in mg/
kg/day) is compared to the dose for an observable effect (at
the no-effect-level in mg/kg/day adjusted with appropriate
assessment factors). In the old paradigm, kinetic and
dynamic considerations help to understand the mode of
action/interspecies differences. In the new framework,
knowledge on the toxicokinetic behaviour of a substance
becomes the first important piece of information.

Information on toxicokinetics under the 1R is essential
to address the following three major issues:

(A) It is essential to know, whether a substance will be
bioavailable by one of the relevant uptake routes:
only in cases where a cosmetic ingredient is
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bioavailable following dermal, oral, or inhalation
exposure, further tests on systemic and not just local
toxicity will be necessary.

(B) In order to relate toxicodynamic information from
non-animal-testing (1R) to real-life situation relevant
for humans, it is necessary to transform the in vitro
actual concentration—effect relationship into an in
vivo dose—effect relationship. Physiologically based
toxicokinetic modelling is the indispensable tool to
enable the transformation.

(C) In order to plan the experimental design for the in
vitro dynamics experiments, it is essential to know
whether the cells or tissues are exposed to the parent
compound and/or its metabolites. In vitro data on
metabolism support this decision.

In addition, in vitro biokinetic data recorded during in
vitro toxicity testing will be crucial to derive the actual in
vitro concentrations: indeed, nominal applied concentra-
tions may greatly differ from the intracellular concentration
due to altered bioavailability or to physiological cellular
processes. In repeated treatments for prolonged time of
exposure, to mimic exposure to cosmetic products, the
uncertainty about the actual level of exposure of cells in
vitro is greatly enhanced.

The development of specific and sensitive analytical
methods will be the first step to obtain the necessary
toxicokinetic information. Currently, there exists a number
of in vitro and in silico methods to cover different aspect of
the toxicokinetics processes. Although for some of them a
further development/improvement is still necessary, some
others of the existing methods are already well developed,
but, with the notable exemption of the in vitro dermal
absorption for which an OECD guideline exists, they are
non-validated.

Regarding the validation of the non-validated testing
methods, it should be considered whether the conventional
validation procedure is the most efficient way forward and
whether alternative methods could be utilised. It could be
envisaged to work in an expert consensus procedure to set
up Standard operating procedures by consensus and vali-
dation could be performed in testing the reliability of the
methods with compounds possessing properties relevant
for cosmetics. The appropriateness of available in silico
methods (e.g. tissue distribution) has to be explored for
substances used in cosmetics with respect to their location
in the chemical space. The non-availability of methods to
produce in vitro data on the absorption after inhalation
exposure and on excretion have been identified as the
major data gaps.

We underscore the importance of PBTK (PBPK) mod-
elling as a necessary tool to organise and integrate the input
from in vitro and in silico studies. In addition, we would

like to recommend including also toxicodynamic model-
ling in the chain from in vitro test results to the in vivo
dose—effect relationship. We also recommend supporting
the development of building a publicly available user
friendly tool for PBPK modelling with a repository of
examples.

A special working group, probably in collaboration with
other concerned agencies such as European Food Safety
Authority (EFSA), should be set up to deal with the issues
of nanoparticles in the field of cosmetics taking into
account the regulations in other fields (e.g. industrial
chemicals) and what has been already considered by other
institutions (e.g. OECD).

Given the best working conditions, including resources
in money and manpower, it could be predicted that the
improvement of the existing methods and the development
of in vitro methods for renal excretion and absorption via
the inhalation route would take 5-7 years; an integrated
approach linking the results from in vitro/in silico methods
with physiologically based toxicokinetics in order to
characterise different steps involved in toxicokinetics
would take a considerably longer time.

Although animal toxicokinetic models are already rarely
used in the context of cosmetics and consequently the
impact of the 2013 deadline will be greatly diminished, the
WG emphasises that toxicokinetics is the first step in the
non-animal testing strategy for cosmetics, considering a
decision tree based on systemic bioavailability and on the
need to integrate biokinetics into toxicity testing.

Skin sensitisation
Executive summary

Skin sensitisation is the toxicological endpoint associated
with chemicals that have the intrinsic ability to cause skin
allergy. To meet the challenge of the Cosmetics Regula-
tion, we must replace the need to generate new animal test
data for Cosmetics Industry risk assessments for this end-
point. Hazard characterisation data (e.g. dose-response) for
an ingredient, specifically its relative potency, i.e. the
chemical’s power/strength to induce skin sensitisation, is
used in combination with the expected human exposure to
that ingredient to predict the risk to human health. For skin
sensitisation risk assessment, the ability both to identify
and characterise the sensitisation potential and relative
potency of chemicals enables safe levels of human expo-
sure to be predicted in the context of product use. Conse-
quently, a non-animal approach capable of reliably
predicting skin sensitiser potency is required to ensure
consumer safety/continued innovation within the Cosmet-
ics Industry. This report is a critical evaluation of the
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ability of available non-animal test methods to generate
information that could be used to inform skin sensitiser
potency predictions (and therefore quantitative risk
assessments for cosmetics). Several non-animal methods
are being developed for hazard identification to support
hazard classification and labelling; however, data from
these test methods alone will not be sufficient for risk
assessment decision-making. Therefore, we focus here
upon evaluating non-animal test methods for application in
risk assessment, based upon:

e mechanistic relevance to skin sensitisation

e contribution to potency determination

e evidence of reliability (i.e. robustness, reproducibility
& transferability)

Table 1 displays generic non-animal test methods
aligned to key mechanistic pathways of skin sensitisation
[skin bioavailability (1), haptenation (2), epidermal
inflammation (3), dendritic cell activation (4) and migra-
tion (5) and T-cell proliferation (6)], together with a view
on when they are likely to be available for pre-validation
studies. It is unlikely that full replacement of the current in
vivo assays will require all methods and mechanistic steps
listed in Table 1. However, at present it is not possible to
predict which combinations may be required to derive
potency information for individual chemicals and exposure
scenarios. Consequently, a tool box covering a range of
mechanistic steps has been reviewed which could provide
the required information.

Please note that the estimated timelines for entry into
pre-validation do not consider the time required for test
method reliability to be evaluated, nor the time required to

establish the value of test data for risk assessment decision-
making.

The conclusion of the expert group was that the most
positive view of timing is as follows:

e 20I3*%: No full replacement of in vivo methods
available, although hazard identification without
potency information might be possible, allowing for
the identification of non-sensitisers.

e 2017-2019*: Scientific ability to make skin sensitisa-
tion risk assessment (RA) decisions using a toolbox of
non-animal test methods for all Cosmetics Industry
ingredients & exposure scenarios.

*Note that the replacement timeline is based on the
assumption that optimal conditions are met (i.e. all nec-
essary resources are made available) and that the studies
undertaken will have successful outcomes. In addition, the
replacement timeline does not consider the time required
for regulatory acceptance, but does consider the time
required, typically 2-3 years, for demonstration that a non-
animal test method is robust, relevant and delivers infor-
mation useful for the determination of the intrinsic relative
potency of sensitising chemicals and so is of value for risk
assessment decision-making. Furthermore, although the
timeline is based upon the premise that non-animal test
methods that are predictive for each mechanistic step will
be available, it is unlikely that information on every
mechanistic step will be required to inform all risk
assessment decisions. Therefore, it is expected that the
scientific ability to inform skin sensitisation decisions
without animal test data for some ingredients and exposure
scenarios should be feasible ahead of 2017-2019.

Table 1 Toolbox for skin sensitisation risk assessment: estimated timelines

Mechanistic step” Non-animal test methods

Estimated timeline for entry
into pre-validation

1 Skin bioavailability/metabolism 2010-2017°¢
142 In silico chemistry N/A®

2 Peptide reactivity (>6 methods) 2009-2011

243 Keratinocyte cultures, including cell-based reactivity (>3 methods) 2010-2012
3+4 Keratinocyte/dendritic cell co-culture (>1 method) 2011-2012
3 3D reconstituted skin models (>1 method) 2010-2011

3+4 3D reconstituted skin models + dendritic cells (>1 methods) 2012-2015

4 Dendritic cell activation (>4 methods) 2009-2012
5 Dendritic cell migration (>1 methods) 2012-2015

446 T-cell proliferation (>2 methods) 2015-2017

The dates for entry into pre-validation refer to the earliest and latest date for the methods described

% The numbers refer to the main steps shown in Fig. 8

® Not applicable—in silico models should be evaluated in accordance with the OECD principles for the validation of (Q)SARs (OECD 2007a)
¢ This timeline reflects the span of estimated timings for assays for the other mechanistic steps in which bioavailability is incorporated
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Information requirements for the safety assessment
of cosmetic ingredients and how this information is
currently obtained

Introduction/description of skin sensitisation
and mechanisms

Skin sensitisation is the toxicological endpoint associated
with chemicals that have the intrinsic ability to cause skin
allergy, termed allergic contact dermatitis (ACD) in
humans. This adverse effect results from an over reaction
of the adaptive immune system and thus involves two
phases, the induction of sensitisation which is followed
upon further contact with the sensitising chemical by the
elicitation of allergy symptoms. The elicited symptoms of
ACD are usually largely confined to the area where the
allergen actually touches the skin and include the follow-
ing: red rash (the usual reaction) and blisters, itching and
burning skin. Detailed reviews of the mechanistic aspects
of skin sensitisation/allergic contact dermatitis can be
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Fig. 8 Main steps in the mechanism of skin sensitisation induction.
The numbers correspond to the steps described in the text. (/) Skin
bioavailability, (2) haptenation, (3) epidermal inflammation, (4) DC
activation, (5) DC migration, (6) T-cell proliferation. This figure
contains elements of an image in the public domain from the National
Cancer Institute

found elsewhere (Rietschel and Fowler 2008; Vocanson
et al. 2009; Basketter and Kimber 2010a). The main steps
are shown in Fig. 8 and involve

1. Skin bioavailability—the extent to which the com-
pound reaches the site for haptenation.

2. Haptenation—the covalent binding of the chemical
sensitiser to skin protein.

3. Epidermal inflammation—the release of pro-inflam-
matory signals by epidermal keratinocytes.

4. Dendritic cell (DC) activation—the activation and
maturation of skin-associated DCs (i.e. Langerhans
cells) in response to the combined effects of steps 1
and 2, including maturational changes to the DCs.

5. DC migration—the movement of hapten—peptide
complex bearing dendritic cells from skin to the
draining lymph node.

6. T-cell proliferation—the clonal expansion of T cells
specific for the hapten—peptide complex.

It is important to recognise that contact allergens vary
widely in their relative skin sensitising potency, i.e. in their
intrinsic capacity for inducing skin sensitisation, some
being very strong, whereas others are much less potent.
The relative sensitising potency is defined as the ease with
which a chemical is able to induce sensitisation compared
to benchmark allergens for which information on potency
in humans is already available. The more potent the
chemical allergen, the lower the dose required to cause the
acquisition of skin sensitisation. As described in more
detail in the following sections, an accurate evaluation of
the relative potency of skin sensitising chemicals is the key
requirement to fully inform the risk assessment process.
Notably, for the purpose of hazard identification, sensitis-
ing potency information has to be taken into account
according to the recently adopted Globally Harmonised
System of Classification and Labelling of Chemicals (GHS;
Anon 2003).

Inventory of animal test methods currently available

Predictive testing to identify and characterise substances
causing allergic contact dermatitis historically has been
based on animal tests. The standard and accepted skin
sensitisation test methods, for which OECD guidelines are
available, include the guinea pig maximisation test
(GPMT) according to Magnusson and Kligman, the
occluded patch test of Buehler and the mouse local lymph
node assay (LLNA). The guinea pig regulatory test proto-
cols have not been designed to deliver potency information,
which is in contrast to the LLNA.

Guinea pig maximisation test (GPMT) In the GPMT,
guinea pigs are successively exposed to the test substance
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by intradermal injection (with and without Freund‘s
complete adjuvant as immune enhancer) and topical
application by occlusion (induction exposure). Following
a rest period of 10-14 days (induction period), the ani-
mals are exposed dermally to a challenge dose using 24-h
occlusion (Magnusson and Kligman. 1970). The extent
and degree of skin reactions to this challenge exposure is
then compared with control animals. A rechallenge
treatment may be considered 1-2 weeks after the first
challenge to clarify equivocal results. Test substances are
regarded as skin sensitisers when at least 30% of the
animals show a positive response. Details of the method
are given in the respective guidelines (OECD 1992; EU
2008).

Buehler guinea pig test In the Buehler test, guinea pigs
are repeatedly exposed to the test substance by topical
application under occlusion (induction exposures). Fol-
lowing a rest period of 12 days (induction period), a dermal
challenge treatment is performed under occlusive condi-
tions. The skin reactions to the challenge exposure are
compared with the reaction in control animals (Buehler
1965). A rechallenge treatment may be considered
1-2 weeks after to clarify equivocal results. Test sub-
stances are regarded to be skin sensitisers when at least
15% of the animals show a positive response. Details of the
method are given in the respective guidelines (OECD
1992; EU 2008).

Mouse local lymph node assay (LLNA) In the LLNA, the
test substance is applied to the dorsum of the ears of mice
for 3 consecutive days. On day 5, tritiated thymidine is
injected intravenously as a radioactive label for the
measurement of cell proliferation. Five hours later, the
auricular lymph nodes are excised and the incorporated
radioactivity counted (Kimber and Basketter 1992). An
increase in lymph node cell proliferation (stimulation
index, SI) compared to concurrent vehicle-treated control
animals indicates sensitisation (thus, the LLNA focuses
on the induction of sensitisation, not elicitation). The test
is positive when the SI is >3. The estimated concentra-
tion of a substance necessary to give a threefold increase
is the EC3 value (Basketter et al. 1999). Details of the
methodology are given in the relevant guideline (OECD
2002; EU 2008). A reduced version of the LLNA
(rLLNA) compared to the standard protocol has been
proposed (Kimber et al. 2006). The rLLNA has been
recently accepted by the OECD in an update of TG 429.
Two new test guidelines for the non-radioactive modifi-
cations of the LLNA, the LLNA: DA method (OECD TG
442A; OECD 2010b) and the LLNA: BrdU-ELISA assay
(OECD TG 442B; OECD 2010c) have been adopted by
the OECD in 2010.

@ Springer

Information supplied by these tests and its use for risk
assessment

Risk assessment for skin sensitisation relies on the same
elements that are used in general toxicology practice:
hazard identification, dose—response assessment, exposure
assessment and risk characterisation. For decades, the
standard guinea pig tests (Buehler test, GPMT), developed
for the identification of skin sensitisers have been used as
reliable predictors of allergic hazard (e.g. Andersen and
Maibach 1985). However, these assays do not provide
information on dose responses or thresholds for sensiti-
sation, because only a single test concentration is used for
the induction and challenge treatment (Basketter et al.
2005a; van Loveren et al. 2008). In principle, it is possible
to obtain data on skin sensitisation potency from guinea pig
tests by using a multidose regime for induction and/or
challenge treatment, but this has rarely been done
(Andersen et al. 1995; Frankild et al. 2000). In practice, the
information from guinea pig tests has been interpreted for
risk assessment purposes by considering these aspects:

— Physicochemical data (e.g. the octanol-water partition
coefficient K,,) of the test compound to get an estimate
of its bioavailability.

— Test concentrations used for induction and challenge
treatment(s) with emphasis on the exposure route
(topical intradermal).

— Examination of whether a response may be a false
positive, e.g. use of rechallenge.

— Estimation of potency based on induction and elicita-
tion concentrations, the frequency and intensity of
positive reactions and comparison to well-characterised
benchmark allergen(s).

— Comparison of the estimated potency with general use
conditions (concentration, frequency, duration).

— Applying a safety factor if necessary.

In contrast to the above, the LLNA has been recognised
as more capable in terms of the predictive identification of
the relative potency of skin sensitising chemicals (Bas-
ketter et al. 2005a; van Loveren et al. 2008). In particular,
the use of dose—response data to estimate the concentration
necessary to produce a threefold increase in stimulation
(the EC3 value) has been deployed as a marker of relative
potency (Griem et al. 2003; Schneider and Akkan 2004;
Basketter et al. 2005¢c, 2007a; Basketter 2010).

Current risk assessment

Cosmetic products have multiple uses by many millions of
consumers on a daily basis. To determine whether a skin
sensitising chemical can be used safely in any particular
product, its potency must be considered in the context of its
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concentration in the product and the predicted human
exposure scenario (Gerberick et al. 2001; Felter et al. 2002;
Felter et al. 2003; Api et al. 2008). Typically, the predicted
potency of the ingredient in the LLNA is deployed in a
quantitative risk assessment (QRA) approach reviewed
elsewhere (Felter et al. 2002; Felter et al. 2003), so only a
brief description will be given here. Several studies have
demonstrated a correlation between sensitisation induction
thresholds in the LLNA (the EC3 value) with the relative
skin sensitising potency of chemicals in human predictive
testing, notably the human repeated insult patch test
(HRIPT) (Griem et al. 2003; Schneider and Akkan 2004;
Basketter et al. 2005¢c, 2007a, 2008a; Basketter 2010).
These analyses covered a broad spectrum of sensitisation
mechanisms and potencies. Thus, a no expected sensiti-
sation induction level (NESIL) in the HRIPT can be pre-
dicted from the mouse LLNA. Then, three different
categories of uncertainty factors (UF) are applied to the
NESIL values to capture the potential for inter-individual
differences, vehicle or product formulation differences, and
exposure considerations. A default value is applied for each
UF (Felter et al. 2002; Felter et al. 2003; Api et al. 2008).
This modification of the NESIL using UFs provides a
theoretical safe level of exposure to material which can
then be compared with the predicted consumer exposure to
the material in the product. The outcome of the QRA is
also interpreted alongside any existing information, such as
history of use or clinical data relating to the material in
question (or similar benchmark materials), in order to reach
an overall risk-based safety decision. Practical examples of
this approach have been published (e.g. Api et al. 2008;
Basketter et al. 2008b; Basketter 2010).

It is important at this point to note that predictive skin
sensitisation testing in humans, e.g. the human repeated
insult patch test (HRIPT), should not be part of methods for
cosmetic testing and is generally discouraged (SCCNFP
2000; SCCP 2008; van Loveren et al. 2008; Basketter
2009).

The threshold of toxicological concern (TTC) concept is
a pragmatic risk assessment tool that establishes a human
exposure threshold for chemicals without specific toxicity
data (Kroes and Kozianowski 2002). This has been applied
for decades in cosmetic product safety evaluation and
recently has been crystallised in two publications con-
cerning its application to skin sensitisation (Safford 2008;
Keller et al. 2009).

Non-animal tools to inform the cosmetic industry for risk
assessment

To determine whether a chemical has the potential to
induce skin sensitisation, non-animal test methods are
being developed which reflect the key mechanisms

involved in skin sensitisation. It has been proposed that no
single approach could predict sensitiser potency, and that
the integration of multiple forms of non-animal data/
information would be necessary (Jowsey et al. 2006; Bas-
ketter and Kimber 2009; Roberts and Patlewicz 2010).
Consequently, the integration of some or all of the fol-
lowing categories of non-animal information will yield a
new measure of skin sensitiser potency to inform the new
risk assessment process: bioavailability, haptenation, epi-
dermal inflammation, dendritic cell activation, dendritic
cell migration and T-cell proliferation. In line with this, the
section that follows reviews promising ongoing research,
method development and method evaluation activities
aligned to each of the key mechanistic steps shown in
Fig. 8. Particular focus has been given to material pub-
lished since the last review (Basketter et al. 2005b).

There are ongoing research projects to develop generic
strategies for integrating the results obtained from these
different categories. The development of integrated testing
strategies (ITS) for human health endpoints, including skin
sensitisation, is one focus of the OSIRIS project included
under the Sixth Framework Programme funded by the
European Commission. In addition, an important objective
of the OSIRIS project is to develop a generic strategy for
ITS including quantitative estimates of certainty. A review
of ITS for skin sensitisation is provided in the JRC Sci-
entific and Technical report by Patlewicz and Worth
(2008), prepared as a contribution to the OSIRIS project.
Several literature-reported ITSs for skin sensitisation are
reviewed here as for example the ITS for skin sensitisation
customised by Grindon et al. (2006) highlighting that
before conducting new in vivo test, in vitro and in silico
data shall be considered. A non-animal strategy exploiting
QSAR approaches which involve applying mechanistic
principles is also presented (Roberts and Aptula 2008). The
authors describe the determinants of skin sensitisation
potential from a chemical perspective arguing that the rate-
limiting step involves the covalent binding of a chemical
electrophile to a protein nucleophile. Such electrophiles
can be classified into a limited number of reaction mech-
anistic domains within which QMM (Quantitative Mech-
anistic Model) may be derived using the RAI (Relative
Alkylation Index) approach which relates reactivity and
hydrophobicity to sensitisation potential.

Bioavailability Before moving on to discussions of non-
animal approaches, it is useful to be reminded that the in
vivo models that have an intact skin barrier are believed to
model differences in how different chemicals penetrate into
and are metabolised by the skin in a manner that reflects
what occurs in humans. Even though this assumption has
not been extensively explored, there are ongoing activities
to predict skin bioavailability using non-animal test
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methods and to establish the metabolic competency of
human skin equivalent models as a potential model for in
vivo skin metabolism (Gibbs et al. 2007; Pendlington et al.
2008; Kasting et al. 2010). However, it is reasonable to
anticipate that the use of in vitro methods will be associ-
ated with a markedly lower, or even absent, impact of
bioavailability and metabolic considerations on the pre-
diction. A recent review examined this topic in detail,
without identifying how the problem could be resolved
(Basketter et al. 2007c). In a pragmatic sense, and as will
be mentioned below, quantitative structure activity rela-
tionships (QSARs) often include logP (the octanol/water
partition coefficient) as a variable, where it is considered to
reflect the epidermal disposition of a chemical (Roberts and
Williams. 1982). This variable was also included in a first
effort to show how in vitro skin sensitisation data might be
combined in practice (Natsch et al. 2009). Whether logP
proves to be appropriate as an indicator of epidermal
availability for future in vitro methods, particularly with
respect to potency prediction, remains unknown.

Ultimately, it may be the nature of the in vitro
assay(s) which prove successful in informing the identifi-
cation and characterisation of skin sensitising chemicals
that will themselves determine the type of bioavailability
information necessary to complement them (Davies et al.
2010). Furthermore, to understand the sensitising potency
of a chemical in the absence of in vivo data, it will be
important to establish whether metabolic activation/inac-
tivation could occur upon skin exposure. (Karlberg et al.
1999; Smith and Hotchkiss 2001; Ott et al. 2009).

A final word on metabolic activation/inactivation of skin
sensitising chemicals: there is virtually no information on
what metabolic capabilities are important in human contact
allergy. This means that, at present, it is not possible to
determine what metabolic capacity would be appropriate in
any predictive model. Consequently, there is no value in
listing the presence of absence of such capabilities in
current in vivo or in vitro models. In practice, the assays
will have to be evaluated by the practical experience of
sensitising chemicals thought to need metabolic interven-
tion in order to function.

Mechanistic chemistry and in chemico reactivity (mecha-
nistic step 2) Theoretical chemistry: Research dating
back more than seven decades has established a strong
mechanistic understanding of skin sensitisation; however,
some knowledge gaps still exist, including a clear under-
standing of the nature and location of carrier proteins
(Divkovic et al. 2005; Roberts et al. 2007). In brief, the
ability of a chemical (either as a direct acting or after
autoxidation/metabolism) to react covalently with a ‘carrier
protein’ is a major determinant factor in its ability to act as
a skin sensitiser (Aptula and Roberts 2006; Roberts and
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Aptula 2008). The ability of the causative chemical species
to react covalently with the carrier protein is related to
either electrophilic reactivity or both electrophilic reactiv-
ity and hydrophobicity. A chemical with skin sensitisation
potential is either directly reactive (electrophilic) with
protein nucleophiles or it requires activation (either meta-
bolic or autooxidative) to make it into a reactive electro-
phile (i.e. it is a proelectrophile) (Aptula et al. 2007). To
predict and characterise the sensitisation potential of a
chemical (i.e. make a yes/no prediction and provide some
quantitative measure of relative potency), the following
chemistry-based information is required: (a) mechanism of
action (the chemical nature of its electrophilic reactions,
i.e. assignment to its reaction mechanistic domain) (Div-
kovic et al. 2005; Aptula and Roberts 2006; Roberts et al.
2007), (b) hydrophobicity (usually expressed as logP)
models bioavailability at the location where the protein-
binding reaction leading to sensitisation occurs. For some
reaction mechanistic domains logP is not required, bio-
availability being simply related to the dose/unit area
(which in turn is directly related to concentration in the
LLNA), but in others, where bioavailability depends on
partitioning into a lipid phase where reaction takes place,
logP is required in combination with reactivity, (c) reac-
tivity (ideally kinetic, models the protein binding of the
bioavailable sensitiser).

In silico tools for estimating skin sensitisation: Several
expert systems for predicting skin sensitisation are freely
available, to mention some:

1. The Toxtree software allows to classify the chemical
into its mechanistic domain (Aptula and Roberts 2006;
Enoch et al. 2008). This grouping will allow a user to
group chemicals into a mechanistic category. The data
for the chemicals within the category can then be used
in trend analysis/read across to fill any skin sensitisa-
tion data gaps within the category. Toxtree, along with
a database of peer-reviewed QSARs and information
on the validation status (according to the OECD
principles for the validation of QSARs; OECD 2007a)
of these models and how to report their use, are
available from EU website http://www.ecb.jrc.ec.
europa.eu/qsar/.

2. The OECD (Q)SAR Application Toolbox allows users
to apply structure—activity methods to group chemicals
into categories and then to fill data gaps by read-
across, trend analysis or external (Q)SARs. The key
step in using the Toolbox is the formation of a
chemical category (OECD 2007b), which is a group of
chemicals whose physicochemical and human health
and/or environmental toxicological properties and/or
environmental fate properties are likely to be similar or
follow a regular pattern as a result of structural
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similarity. Since variations in chemical structure can
affect both toxicokinetics (uptake and bioavailability)
and toxicodynamics (e.g. interactions with receptors
and enzymes), definitions of which chemicals should
be included in a category and conversely which
chemicals should be excluded as well as a definition
of the chemical space of the category are essential
(Aptula and Roberts 2006). Filling the data gaps with
the Toolbox is only possible when there is measured
data for one or more chemicals within the category.
Experimental results for skin sensitisation which are
searchable by structure within the Toolbox include the
database developed and donated to the Toolbox by the
Laboratory of Mathematical Chemistry, Bulgaria. The
Toolbox itself is freely available for download from
the following public internet site: http://www.oecd.
org/env/existingchemicals/gsar.

3. Statistically based models for predicting skin sensiti-
sation have been developed within the EU-funded
CAESAR  project (http://www.caesar-project.eu),
implemented into open-source software and made
available for online use. These models have been
developed and tested under stringent quality criteria to
fulfil the principles laid down by the OECD and the
final models, accessible from CAESAR website, offer
a method of assessing skin sensitisation for regulatory
use (Chaudhry et al. 2010). A new version of the
CAESAR models (CAESAR v. 2.0) will be made
freely available soon and will include some new fea-
tures to obtain more reliable predictions and will allow
to assess the applicability domain (AD), through
quantitative and visual ways.

4. The ability to make predictions on the skin sensitisa-
tion potential based on in chemico reactivity has been
recently evaluated under the UK Defra LINK project
(funded by the United Kingdom Department for
Environment, Food and Rural Affairs). QSARs, Qual-
ity assured databases together with integrated testing
strategies decision tools for skin sensitisation, have
been developed and are freely available under
http://www.inchemicotox.org/.

Several expert systems which claim to predict skin
sensitisation are commercially available, to mention some:

1. DEREK for Windows (https://www.lhasalimited.org/
derek/) has an extensive rule base able to identify skin
sensitisers. The rule base within Derek for Windows is
mechanistically based taking the premise that hapte-
nation is the key event that leads to skin sensitisation.
Such systems are of great benefit in supporting other
predictions (for example, predictions made by read
across or statistical QSARS).

2. TIMES-SS (http://www.oasis-lmc.org/?section=
software)—TImes MEtabolism Simulator platform
used for predicting skin sensitisation is a hybrid expert
system that was developed at Bourgas University using
funding and data from a consortium comprised of
industry and regulators. TIMES-SS encodes structure—
toxicity and structure—skin metabolism relationships
through a number of transformations, some of which
are underpinned by mechanistic three-dimensional
quantitative structure—activity relationships.

It must be kept in mind that none of the above
approaches represents a complete replacement for the
current in vivo methods nor have they undergone any
formal validation (see for example Patlewicz et al. 2007;
Roberts and Patlewicz 2008).

Reactivity assays: The general concept that the rate
determining step in the skin sensitisation process is the
reaction of the sensitiser with skin nucleophiles has led to
initiatives to develop methods and to generate data on the
reactivity of chemicals towards model nucleophiles repre-
senting peptide and protein nucleophiles in the skin.
Empirical measures of the reactivity of chemicals with
model nucleophiles such as thiol can be used to simulate
the relative rates at which a reactive chemical is likely to
bind to nucleophiles in cellular targets (Gerberick et al.
2008). To emphasise the nature of the reaction, it has been
termed in chemico reactivity (based only on organic
chemistry). With this approach, the toxicity (e.g. skin
sensitisation) of a new chemical can be estimated from
measured chemical data (Schultz et al. 2009). Specific
protocols to achieve this aim have been presented by a few
groups. The most basic method is the direct peptide reac-
tivity assay (DPRA) which is currently undergoing pre-
validation at ECVAM in respect to establishing its reli-
ability (within and between laboratory reproducibility and
transferability) and a preliminary assessment of its pre-
dictive capacity for hazard identification (Gerberick et al.
2004; Gerberick et al. 2007). A next generation DPRA is
also under development, which uses horseradish peroxi-
dase and hydrogen peroxide (HRP/P) to capture some
aspects of metabolism/autoxidation and thereby incorpo-
rate chemicals that require activation (Gerberick et al.
2009). To correct for some of the limitations of the assays
mentioned above, Natsch and Gfeller (2008) introduced a
variant. It is based on the alternative heptapeptide Corl-
C420, and uses quantitative LC-MS to measure peptide
depletion and adduct formation. Schultz and colleagues
developed a method determining thiol reactivity as a sys-
tem for in chemico modelling for a variety of toxicological
endpoints, including skin sensitisation (Schultz et al. 2005).
Interestingly, this method can be adapted to serve as a full
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kinetic assay (Roberts et al. 2010; Bohme et al. 2009).
Similar approaches include the extensive reactivity/adduct
profiling suggested by Aleksic and colleagues (Aleksic
et al. 2009). Alternatively Chipinda et al. published a
simple and rapid kinetic spectrophotometric in chemico
assay involving the reactivity of electrophilic sensitisers to
nitrobenzenethiol (Chipinda et al. 2010).

Among other general limitations (e.g. solubility issues),
metabolism and oxidation are not included in any of the
above approaches, except for the next generation DPRA
assay, using HRP/P, which is a promising system to capture
some aspects of metabolism/autoxidation (Gerberick et al.
2009). Furthermore, most of the above test methods are
based on the thiol nucleophile and so will not be good at
capturing reactivity in some domains such as Schiff Bases,
acyl transfer agents, where amine nucleophiles are more
relevant. The DPRA and the approach suggested by
Aleksic are exceptions as they also include a lysine
peptide.

Epidermal inflammatory responses (mechanistic step
3) Keratinocytes (KCs) are the predominant cells in the
epidermis and represent the first line of defence of the skin
to xenobiotics. KCs normally lack antigen-presenting
capacity; however, upon stimulation they are able to
secrete a wide range of pro-inflammatory mediators and
growth factors, some of which play an important role in the
initiation of the immune response (Griffiths et al. 2005). In
addition, KCs are metabolically competent cells and so
may be responsible for the conversion of pro-haptens into
reactive metabolites (Smith and Hotchkiss 2001).

It has been theorised that the irritant properties of a
substance may exert an important influence on the extent to
which contact sensitisation is induced (McFadden and
Basketter 2000; Basketter et al. 2007b). This implies that
the potency of chemicals in inducing skin sensitisation
might depend on the level of cytokine production by KCs.
A dose-dependent release of IL-1o and IL-18 has been
shown following exposure of the murine keratinocyte cell
line HEL-30 to sensitisers (Van Och et al. 2005). Fur-
thermore, the authors observed that the ranking of potency
was similar to the ranking established using the LLNA.

More recently a concentration-dependent increase in
intracellular IL-18 at non-cytototoxic concentrations of
chemical was observed in the human keratinocyte cell line
NCTC2455 following 24-h treatment (Corsini et al. 2009).
Notably no changes in the baseline level of IL-18 were
observed following treatment with respiratory allergens or
irritants indicating that cell-associated IL-18 may provide
an in vitro tool for identification and discrimination of
contact versus respiratory allergens and/or irritants. The
approach developed in the framework of the EU FP6
Sens-it-iv project is currently undergoing inter-laboratory
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evaluation to assess its transferability and reproducibility in
discriminating between sensitising and non-sensitising
chemicals, as well as its ability to estimate potency (Sens-
it-iv 2010).

Recent studies have suggested that the oxidative stress
response pathway is a major pathway that is induced by
contact sensitisers. In this pathway, the Kelch-like ECH-
associated protein 1 (Keapl), which contains cysteine
residues that are highly reactive to haptens, plays an
important role. Natsch (2010) recently reviewed evidence
for the major role of the oxidative stress response pathway
after contact sensitiser exposure. From this, a test method
(called KeratinoSens) to identify sensitisers was developed
using an ARE reporter construct (eight ARE sequences
upstream of a luciferase gene) in the HaCaT keratinocyte
cell line (Natsch and Emter 2008; Emter et al. 2010). An
interlaboratory trial of this test method is underway and has
been submitted to ECVAM (A. Natsch, personal
communication).

The SenCeeTox ™ approach measures changes in gene
transcription of up to 6 different genes (under the control of
the ARE promoter—see above) following treatment with
test chemical of either immortalised human keratinocytes
(HaCaT) cells or in a proprietary reconstructed human
epidermis (RHE) model. These changes in gene tran-
scription are integrated with data from a glutathione
binding test using a predictive algorithm to generate pre-
dictions to identify skin sensitisers and to perform an initial
characterisation of their potency (McKim et al. 2010).

Human skin equivalents (reconstituted tissue models)
(mechanistic step 3) There are two main categories of
reconstituted human skin models: skin equivalents and
reconstituted human epidermis (RHE). Skin equivalents
have both epidermal cells (keratinocytes) and dermal sub-
stitutes (collagen and fibroblasts) in their three-dimensional
(3D) structure. RHE are the most commonly used skin
models and only contain the keratinocytes in a multilayered
culture to mimic the outer layer (epidermis) of the skin. At
present, several commercial reconstituted RHE models are
available (Vandebriel and van Loveren 2010). They lack
the presence of dendritic cells/T lymphocytes critical to the
induction and elicitation of skin sensitisation in vivo
(Vandebriel and van Loveren 2010). Recently, the Japa-
nese researchers Uchino et al. (Uchino et al. 2009) have
developed a reconstituted 3D human skin model which
utilises a scaffold of collagen/vitrigel membrane and con-
tains DCs, keratinocytes and fibroblasts (VG-KDF-Skin).
The effects of non-sensitisers and sensitisers on CD86
expression and cytokine release differed from each other,
which suggest that the VG-KDF-Skin model could be
relevant for further development in the detection of skin
sensitisers in vitro. However, as yet there have been no
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method evaluation studies exploring the detection and
characterisation of skin sensitisers using reconstituted
human epidermal models containing immune cells.

It is possible to incorporate the commercial RHE models
into an integrated testing strategy being developed to dis-
tinguish contact sensitisers from non-sensitisers (Jowsey
et al. 2006; Aeby et al. 2007; Basketter and Kimber 2009;
Natsch et al. 2009; Sens-it-iv). It has been proposed that
most contact sensitisers are also irritants and have to pen-
etrate the stratum corneum in order to induce a general
irritant alarm signal to initiate an innate immune response,
which in turn triggers an adaptive immune response. As
mentioned earlier, one of the factors determining whether a
sensitiser is strong or weak may be related to its degree of
irritancy (McFadden and Basketter 2000; Basketter et al.
2007b; Spiekstra et al. 2009).

In conclusion, the developed methodologies where the
DC cells are incorporated in the reconstituted skin model
are promising, but there is no ongoing method evaluation
on them available to date. The use of RHE models is also
promising, especially when these models are incorporated
in an integrated testing strategy. In the framework of the
Sens-it-iv project, a tiered testing strategy to detect skin
sensitisers encompassing the use of a RHE model to
evaluate the potency of chemicals has been proposed. The
strategy is currently being optimised and evaluated in a
ring trial involving different laboratories.

Dendritic cell responses (mechanistic step 4) Langerhans
cells (LCs) are specialised immature dendritic cells (DCs)
residing in the skin. These cells are able to internalise the
hapten—protein conjugate and to present it to responsive T
lymphocytes. If the T lymphocyte can specifically recog-
nise the hapten conjugate and is sufficiently activated by
the DCs co-stimulatory signals, then it will be stimulated to
divide resulting in an expanded population of allergen-
specific T lymphocytes. The key role of LCs in the skin
immune response has led many investigators to exploit
their use in in vitro tests to detect contact sensitisers.
However, because of the rarity of LCs in the skin and their
spontaneous maturation during the extraction procedures,
other sources of antigen-presenting cells have been con-
sidered. Primary DCs derived from peripheral blood
mononuclear cells (PBMCs) or from CD34" progenitor
cells cultured from cord blood or bone-marrow samples
represent an option (Casati et al. 2005). Activation of DCs
is determined by measuring changes in the expression of
cell-surface markers such as CD1la, CD40, CD54, CD83,
CD86, CCR7, E-cadherin and human leucocyte antigen
(HLA)-DR or the release of cytokines such as IL-1p, IL-1¢,
IL-6, IL-8 and TNF-a. The use of human myeloid cell lines
such as THP-1, U-937, MUTZ-3 or KG-1 overcome
the donor-to-donor variability and the difficulties in

standardising the protocols for isolating and culturing
human primary DCs. The different types of DC-like cell
lines and the biomarkers investigated to discriminate
between sensitising and non-sensitising chemicals have
been the subject of a recent review (Galvdo dos Santos
et al. 2009).

Among the test methods based on the use of DC-like cell
lines, the myeloid U937 skin sensitisation test (MUSST)
and the human cell line activation test (h-CLAT) are the
most advanced in terms of standardisation and number of
chemicals tested. The MUSST protocol is an improved
version of the one published (Python et al. 2007). Using
flow cytometry, these tests monitor the induction of cell-
surface markers following exposure to the chemical. In the
MUSST, changes in CD86 expression in the U937 cell line
are detected; in the h-CLAT modulation of both CD86 and
CD54 expression are recorded (Ashikaga et al. 2006;
Sakaguchi et al. 2006; Sakaguchi et al. 2009). In both
assays, concentration selection is crucial for obtaining
reliable results. Both methods are being evaluated together
with the DPRA in an ECVAM coordinated prevalidation
study in which the tests’ transferability and reproducibility
will be assessed in view of their future use in an integrated
approach to achieve full replacement of the animal tests.
However, it is vital to recognise that these methods are
only under evaluation in relation to hazard identification
and not for potency assessment and thus would not be
sufficient in isolation to replace the need for animal test
data for cosmetic industry safety risk assessment.

The analysis of gene expression changes associated with
DC exposure to contact allergens has been and continues to
be the subject of a number of research activities. The
VITOSENS® test method is the result of a series of
transcriptomics analyses that identified 13 genes as pre-
dictive biomarkers following treatment of human DC
derived from CD34" progenitor cells with sensitising and
non-sensitising chemicals. An initial study with 21 chem-
icals measured changes in gene expression using real-time
PCR (Hooyberghs et al. 2008). Subsequent analysis of the
set of genes revealed that the expression profiles of cAMP-
responsive element modulator (CREM) and monocyte
chemotactic protein-1 receptor (CCR2) displayed highest
discriminating potential between sensitisers and non-sen-
sitisers after 6-h exposure. More recently 15 skin sensi-
tisers have been used to demonstrate the linear correlation
between the two genes expression changes and the con-
centration of the compound that causes 20% cell death
(IC20) with LLNA EC3 values (Lambrechts et al. 2010).

Recent investigations also suggest that cell-surface thi-
ols may play a role in the activation of DCs by haptens
(Hirota et al. 2009). Suzuki et al. reported that hapten
treatment caused alterations in the levels of cell-surface
thiols on the human monocyte cell line THP-1 (Suzuki
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et al. 2009). Using flow cytometry techniques to detect and
quantify the cell-surface thiols, they evaluated the effects
of 36 allergens and 16 non-allergens. Optimal correlation
with in vivo data was seen when the criterion for classifi-
cation was set as a greater than 15% change (either a
decrease or an increase) in the levels of cell-surface thiols
induced by 2 h treatment of the cells with the chemical.

Keratinocyte/DC  co-culture systems (mechanistic step
4) DC activation is dependent upon KC responses fol-
lowing pathogenic infection or physical/chemical insult.
Consistent with the pivotal role of KCs in modulating the
extent of DC activation, KC/DC co-culture models have
been developed for application in skin sensitisation hazard
characterisation. Although several co-culture systems are
currently in development (e.g. within the Sens-it-iv FP6
project) a robust, reproducible in vitro test method capable
of accurately predicting changes in these inflammatory
pathways has yet to become available.

A KC and DC co-culture model for the prediction of
skin sensitisation potential has recently been described
(Schreiner et al. 2007). The co-culture system is called
loose-fit co-culture-based sensitisation assay (LCSA) and is
composed of human non-differentiating KCs and human
monocytes that differentiate to a kind of DC with the help
of exogenous cytokines. The readout of the LCSA is the
modulation of the CD86 surface markers following 48-h
treatment with increasing doses of test substance. Cell
viability is concurrently assessed by 7-amino-actinomycin
D (7-AAD). Estimation of the concentration required
causing a half-maximal increase in CD86 expression
allows to categorise chemicals on the basis of their sensi-
tising potential and the estimation of the concentration
required to reduce viability by 50% is used to quantify the
irritation potential of a chemicals. Preliminary results
obtained with a limited panel of chemicals show that the
test is able to discriminate between sensitising and non-
sensitising chemicals with SLS and nickel correctly clas-
sified. In addition, a good correlation between the LCSA
potency categories and the LLNA potency classification
has been reported (Wanner et al. 2010). Further investi-
gation is needed with a larger panel of chemicals to confirm
these results.

Dendritic cell migration (mechanistic step 5) As depicted
in Fig. 8, one of the key events involved in the induction of
skin sensitisation is the migration of LC, from the epider-
mis to regional lymph nodes where they present the antigen
to responsive T lymphocytes. The process of mobilisation
from the skin and migration of LC is regulated by a number
of cytokines and chemokines and by their interaction with
LC receptors. The induced maturation of LC is character-
ised by the downregulation of skin-homing chemokines
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receptors such as CCR1 and CCR5 and concomitant
upregulation of receptors favouring the homing to the
regional lymph nodes such as CCR7 and CXCL12 (Kimber
et al. 2000; Ouwehand et al. 2008).

Recently an in vitro DC-based migration assay has been
described (Ouwehand et al. 2010) based on differential
MUTZ-3 derived DC migration towards either CXCL12 or
CCLS5 fibroblast-derived chemokines. Preliminary results
show that sensitisers and non-sensitisers can be distin-
guished based on predominant migration of MUTZ-3 cells
to either CXCL12 or CCLS5.

T-cell responses (mechanistic step 6) Naive T-cell pro-
liferation in response to chemical treatment is a robust
indicator that a substance is immunogenic, and several
publications are concerned with demonstrating the
experimental feasibility of inducing a naive T-cell pro-
liferation in vitro following co-culture with chemical
sensitiser-treated DCs (Hauser and Katz 1990; Guironnet
et al. 2000; Rougier et al. 2000). However, the sensitivity
of this approach has not been demonstrated to date, as
significant and reproducible proliferative responses have
generally only been detectable following stimulation with
sensitisers of strong or extreme potency. In addition, the
complexity of DC/T-cell co-culture protocols has histor-
ically made standardisation of these approaches labour
intensive and difficult to achieve. However, new insights
into the role of regulatory T cells in the modulation of
sensitiser-induced T-cell proliferation are now being
applied to generate next generation DC/T-cell co-culture
models. For example, it was found that depletion of
CD25™ regulatory T cells prior to measuring T-cell pro-
liferation and IFN-y secretion following exposure of
human autologous, peripheral blood-derived DC/T-cell
co-cultures treated with well-characterised sensitisers
increased the probability that T-cell proliferation would
be detected for sensitisers but not non-sensitisers (Voc-
anson et al. 2008). These results, although encouraging,
are preliminary, and consequently it is widely believed
that a robust and reproducible in vitro T-cell proliferation
model will require further long-term research in method
development activities.

Recent work has identified an alternative opportunity to
examine, and perhaps derive a predictive method from,
sensitiser-induced responses in T cells (Aliahmadi et al.
2009). Based upon this research, a method has been pro-
posed, the CAATC (contact allergen-activated T cell)
assay. The approach uses DCs from skin and characterises
the sensitising potency of chemicals via DC-induced
expression of lineage specific T-cell transcription factors
and cytokines, including T-bet, RORC2, IFNy, IL-17 and
IL-22 (Martin et al. 2010). However, this assay is only at
the earliest stage of development, so further evidence of its
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utility will be necessary before any firm conclusions can be
made.

Identified areas with no alternative methods available
and related scientific/technical difficulties

A complete skin sensitisation risk assessment for cosmetic
safety evaluation requires not only hazard identification but
also potency determination for identified sensitising
ingredients. Thus, in vitro alternatives which satisfy basic
regulatory toxicology needs regarding hazard identification
will not suffice to fully replace animal tests such as the
LLNA. Even these in vitro methods for hazard identifica-
tion are currently unavailable, although they are under very
active  development/prevalidation.  Furthermore, the
understanding of what determines the potency of a skin
sensitiser is still incomplete, although it is recognised that
reactivity is likely to be an important component. However,
translation of non-animal data into information which
permits a complete risk assessment decision-making
remains at an early stage of development.

In addition, it is important to keep in mind that the
current in vivo tests, while valuable tools, are themselves
not perfect (e.g. Kreiling et al. 2008; Basketter and Kimber
2010b). Thus, it is not reasonable to expect replacement
methods to be perfect, nor to correlate precisely with the
existing in vivo tests.

Summary of alternative methods currently available
and foreseeable time to achieve full replacement
of the animal test(s)

See Table 2.
Conclusions/summary

Skin sensitisation risk assessment decisions for the safety
evaluation of cosmetic products require not only hazard
identification but also sensitiser potency information to
allow a safe level of human exposure to be predicted for
chemical sensitisers. Consequently, non-animal test meth-
ods designed to characterise sensitiser potency are required
for complete skin sensitisation risk assessment decisions to
be made in the absence of new animal test data. It is
recognised that data from non-animal test methods devel-
oped to identify skin sensitisation hazard potential could be
applied to risk assessment decision-making. For example,
if the absence of a skin sensitisation hazard was identified,
no further information on potency would need to be gen-
erated. However it is important to emphasise that, in iso-
lation, non-animal tests for hazard identification will not be
sufficient to replace fully the need for animal testing for
this endpoint, although they might reduce the overall need.

Despite significant progress since the publication of the
previous review of this field (Basketter et al. 2005b) in the
standardisation of non-animal test methods for hazard
identification (e.g. three test methods are currently under-
going ECVAM prevalidation), currently our ability to
predict sensitiser potency without animal test data is pre-
dominantly lacking. Progress has also been made in the
development of non-animal test methods that can contrib-
ute to chemical sensitiser potency predictions (e.g. various
peptide reactivity test methods; Gerberick et al. 2004;
Schultz et al. 2005; Gerberick et al. 2007; Natsch and
Gfeller 2008; Gerberick et al. 2009; Roberts et al. 2010)
and in our understanding of how these data can be inte-
grated to improve any potency prediction (Maxwell and
Mackay 2008; Basketter and Kimber 2009; Natsch et al.
2009). However in the absence of any published evidence,
the conclusion of this expert group is that these non-animal
test data are not routinely applied to inform skin sensiti-
sation risk assessment decisions. Therefore although pro-
gress has been made in the standardisation of non-animal
test methods, this review concludes that the characterisa-
tion of sensitiser potency is currently not possible with
sufficient confidence to allow risk assessment decisions to
be made for the vast majority of cosmetic product
exposure scenarios. Consequently, the most positive view
of timing for full replacement (i.e. scientific ability to
make skin sensitisation risk assessment decisions using a
toolbox of non-animal test methods for all cosmetic
ingredients and cosmetic product exposure scenarios) is
2017-2019. This timeline does not consider the time
needed for validation and regulatory acceptance, but does
consider the time required, typically 2-3 years, for
demonstration that a non-animal test method is suffi-
ciently robust and relevant to deliver information useful
for the determination of the intrinsic relative potency of
sensitising chemicals and so be of value for risk assess-
ment decision-making. Furthermore although the timeline
is based upon the premise that non-animal test methods
predictive of each mechanistic step will be available, it is
unlikely that information on every mechanistic step will
be required to inform all risk assessment decisions.
Therefore, it is expected that the scientific ability to
inform skin sensitisation decisions without animal test
data for some ingredients and exposure scenarios should
be feasible ahead of 2017-2019.

Repeated dose toxicity
Executive summary

1. Repeated dose toxicity is present if a persistent or
progressively deteriorating dysfunction of cells, organs
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or multiple organ systems, results from long-term
repeated exposure to a chemical. The onset and pro-
gression of this toxicity is influenced by the interplay
between different cell types, tissues and organs,
including the concomitant contribution of toxicoki-
netics, hormonal effects, autonomic nervous system,
immuno- and other complex systems, which in certain
cases are modulated by feedback mechanisms.

2. Since a wide range of endpoints is investigated in the
animal repeated dose toxicity studies, an integrated
approach based on the use of alternative methods with
complementary endpoints needs to be developed.

3. This chapter presents an overview of in vitro models in
relation to six of the most common targets for repeated
dose toxicity (liver, kidney, central nervous system,
lung, cardiovascular and haematopoietic system). In
silico tools such as (Q)SARs for predicting repeated
dose toxicity are also discussed.

4. The in vitro methods have been developed with the
aim of producing stand-alone methods for predicting
effects in specific target organs. Integrative research
efforts considering interactions between different bio-
logical tissues and systems, which would be more
representative of the situation in vivo, have only
recently been initiated.

5. Many of the identified tests are at the research and
development level. The methods under development
may be useful for hazard identification of target organ
toxicity or for obtaining mechanistic information, but
none of them is currently seen as appropriate for
quantitative risk assessment for repeated dose toxicity.
Prospective quantitative risk assessment for repeated
dose toxicity by these methods is under development
and will rely on the integration of biokinetic models.

6. Intensive efforts will be necessary to optimise the
existing models and to develop relevant in vitro
models in those cases where fewer models are
available.

7. There is a need for more fundamental research
focusing on understanding mechanisms of toxicity
and toxicity pathways in support of predicting repeated
dose toxicity, rather than on apical'® endpoints.
Additional efforts are also necessary to develop
improved biokinetic models to support extrapolation
from in vitro to in vivo and understanding of dose
response, in order for data obtained in in vitro models
to be applied for quantitative risk assessment.

13" An observable outcome in a whole organism, such as a clinical
sign or pathological state, that is indicative of a disease state that can
result from exposure to a toxicant.

8. Optimal use of existing data by the Threshold of
Toxicological Concern (TTC) concept, read-across and
integrated testing strategies can provide an opportunity
to avoid the need for in vivo testing for a range of
substances and applications. Work to further develop
such approaches, incorporating information on toxicity
pathways as it evolves, is recommended. This should
include consideration of how information on con-
sumer exposure can be used to determine the need for
testing.

9. In conclusion, the participating experts estimated that
methods for full animal replacement with regulatory
accepted tests/strategies will not be available by 2013.
Full replacement for repeated dose toxicity is extre-
mely challenging and the time needed to achieve this
goal will depend on the progress at the research and
development level and adequate prioritisation, funding
and coordination of efforts.

Introduction

Repeated dose toxicity comprises the adverse general
toxicological effects (excluding reproductive, genotoxic
and carcinogenic effects) occurring as a result of repeated
daily dosing with, or exposure to, a substance for a spec-
ified period up to the expected lifespan of the test species
(ECHA 2008). Testing for repeated dose toxicity forms an
integral part of the data package produced to perform
quantitative risk assessment of cosmetic ingredients: the
repeated dose study usually delivers the NOAEL (No
observed adverse effect level) which is used in the calcu-
lation of the MoS (Margin of Safety) or MoE (Margin of
Exposure).

Repeated dose testing in vivo permits observation of the
integrated response to chemical exposure, including the
concomitant contribution of toxicokinetics, hormonal
effects, autonomic nervous system, immuno- and other
complex systems, which in certain cases, are modulated by
feedback mechanisms. In principle, it provides a relatively
unbiased assessment in which all organs and toxicity
endpoints (including those such as memory and behaviour)
are covered and their relative importance evaluated. While
differences between species mean that there is some
uncertainty about the relevance of the results of such
methods for predicting toxicity in humans, nevertheless,
due to similarities in for example anatomy, biochemistry
and physiology, in general repeated dose toxicity testing
appears to be effective in safeguarding public health.
Replacement of this in vivo methodology to evaluate such
an integrated response (including compensatory responses),
and in particular its quantitative aspects, is extremely
challenging.
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Current repeated dose toxicity methodology
for the safety assessment of cosmetic ingredients

The following in vivo repeated dose toxicity tests are
available for assessment of cosmetic ingredients:

1. Repeated dose (28 days) toxicity (oral) using rodents
(EU 2008; OECD 2008a).

2. Repeated dose (28 days) toxicity (dermal) using rats,
rabbits or guinea pigs (EU 2008; OECD 1981a).

3. Repeated dose (28 days) toxicity (inhalation) using
rodents (EU 2008; OECD 2009a).

4. Sub-chronic oral toxicity test: repeated dose 90-day
oral toxicity study in rodents (EU 2008; OECD 1998a).

5. Sub-chronic oral toxicity test: repeated dose 90-day
oral toxicity study in non-rodents (EU 2008; OECD
1998b).

6. Sub-chronic dermal toxicity study: repeated dose
90-day dermal toxicity study using rodent species
(EU 2008; OECD 1981b).

7. Sub-chronic inhalation toxicity study: repeated dose
90-day inhalation toxicity study using rodent species
(EU 2008; OECD 2009e).

8. Chronic toxicity test using rodents (EU 2008; OECD
2009f).

The objective of repeated dose studies is to determine
the potential toxic effects of a test substance in a mam-
malian species following daily administration for a pro-
longed period up to the whole lifespan of the animals and
to yield the associated dose-response data. In these tests,
effects that require a long latency period or are cumulative
become manifest.

The most typical repeated dose studies are the 28- and
90-day studies (subchronic) in rats or mice. When required
and justified, a chronic toxicity study lasting 52 weeks
(1 year) may be conducted. In these studies, the test sub-
stance is administered in graduated doses to several groups
of animals, one dose level per group, for the specified
period (i.e. 28 days or 90 days). During the period of
administration, animals are closely observed for signs of
toxicity. Animals which die or are killed during the course
of the test are necropsied and, at the conclusion of the test,
surviving animals are also killed and necropsied. The
dosing route (oral, dermal or inhalation) is usually selected
depending on the potential human exposure route and the
physico-chemical properties of the test substance (e.g. for
highly volatile, easily evaporating substances the inhalation
route is relevant).

From analysis of the Scientific Committee on Cosmetic
products and Non-Food Products intended for consumers
(SCC(NF)P) opinions over the last 10 years, the 90-day
oral toxicity assay in rats is the most commonly conducted
repeated dose toxicity study and the toxicity assay used

@ Springer

most to derive the NOAEL value for cosmetic ingredients
(Pauwels et al. 2009; Van Calsteren 2010).

In principle, the repeated dose toxicity study yields the
following data/information:

general characteristics of the toxicity

the target organs of toxicity

the dose-response (curve) for each toxicity endpoint
responses to toxic metabolites formed in the organism
delayed responses, cumulative effects

the margin between toxic/non-toxic dose

NOAEL, NOEL for toxicity

information on reversibility/irreversibility of the effect

Current availability and status of alternative methods
for repeated dose toxicity

Introduction

In current OECD guidelines (OECD 1998a, b) for repeated
dose toxicity testing in animals, in addition to gross
examination, clinical signs, clinical chemistry and haema-
tology, a comprehensive series of about 30 tissues and
organs is examined histopathologically. These are the brain
(representative regions including cerebrum, cerebellum and
medulla/pons), spinal cord (at three levels: cervical, mid-
thoracic and lumbar), pituitary, thyroid, parathyroid, thy-
mus, oesophagus, salivary glands, stomach, small and large
intestines (including Peyer’s patches), liver, pancreas,
kidneys, adrenals, spleen, heart, trachea and lungs, aorta,
gonads, uterus, accessory sex organs, female mammary
gland, prostate, urinary bladder, gall bladder (in mouse),
lymph nodes (preferably one lymph node covering the
route of administration and another one distant from the
route of administration to cover systemic effects), periph-
eral nerve (sciatic or tibial) preferably in close proximity to
the muscle, a section of bone marrow (and/or a fresh bone-
marrow aspirate), skin and eyes (if ophthalmological
examinations showed changes).

However, some tissues are much more frequently targets
of toxicity than others. In a recent review on target organ
involvement in attrition during drug development (Redfern
et al. 2010), it was concluded that the cardiovascular sys-
tem, nervous system and gastrointestinal system were most
often involved. Other tissues that were affected on an
appreciable number of occasions included the liver,
immune system, respiratory system and musculoskeletal
system. However, the relative importance of target organ
varies with the stage of drug development. This is because
some toxic reactions are idiosyncratic, so that they are
detected only after market launch and exposure to large
numbers of subjects. Hence, the targets most tractable to
replacement of whole animals will be those identifiable
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preclinically, as these will represent consistent, animal-
based effects. Hence, the targets of most concern are the
heart, the liver, the nervous system and the reproductive
system.

While the kidney is not a major target in pre-clinical
development of pharmaceuticals, it is clearly a frequent
target for other chemicals, as is the lung (Bitsch et al.
2006). Hence, a toxicological assessment of repeated dose
toxicity will need to include at least the liver, kidney, heart,
lung and nervous system. Other targets of potential concern
include the endocrine system, which covers many different
organs and systems and will overlap with the reproductive
system, the immune system, haematological system,
including bone marrow, the musculoskeletal system and
the gastrointestinal system. The skin and eye are also
potential routes of exposure. For example, cataracts might
not result from a single exposure to a chemical, but could
be produced following repeat exposure to the eye. In
addition, skin and eye can be potential target tissues fol-
lowing systemic exposure from other routes (e.g. oral,
inhalation).

A survey of cosmetic ingredients, studied between 2006
and 2010 by the SCC(NF)P and Scientific Committee on
Consumer Safety (SCCS) (Van Calsteren 2010), shows that
repeated dose toxicity studies are present in nearly all
dossiers. A 90-day study is most frequently reported (69%
of cases). In 31%, a 28-day study was available, which was
usually performed as a range finding study before a more
elaborate 90-day study is conducted. Thus, 90-day sub-
chronic toxicity studies usually deliver the NOAEL used in
the calculation of the MoS.

The NOAEL value is in certain cases derived from
teratogenicity studies (31%), but usually the 90-day repe-
ated dose study provides the lowest value (in 77% of cases
where both studies have been conducted), which is then
used for safety reasons as the most conservative value for
calculation of the MoS.

From this evaluation (Van Calsteren 2010; M. Pauwels
and V. Rogiers, personal communication), it appeared that
the most targeted organ was the liver, followed by the
kidneys and spleen. Other organs targeted less frequently
include the stomach, genitals, thyroid, adrenal glands,
thymus and heart. Secondary parameters significantly
changed were clinical biochemical values, haematology
and body weight. Liver pathologies that could be tenta-
tively connected with the changes observed were in par-
ticular steatosis and cholestasis.

Efforts to develop in vitro alternatives to animal testing
have generally been based around predicting toxicity in a
particular target organ, and these are discussed in the in
vitro section below. However, the utility of such an
approach is limited for quantitative risk assessment of
repeated dose systemic toxicity, and it has been suggested

that approaches based on understanding of mode of action
and biological pathways leading to toxicity may be of
greater value (NRC 2007).

It should also be noted that as pharmaceuticals are
subject to more extensive safety testing, and given the
drive towards predictive toxicology in the pharma industry,
most experience with non-animal methods has been gained
with pharmaceuticals. For this reason, many of the methods
discussed below have mainly been applied to pharmaceu-
tical testing. Although only a limited set of assays may
have been applied to cosmetics, most of the assays could
potentially be used for this purpose.

(Q)SARs and in silico modelling

At present, only a few (Q)SAR models are available for
repeated dose toxicity, the latter often being considered as
a far too heterogeneous and complex endpoint to be
encoded in a single predictive model. (Q)SARs based on
general apical endpoints (toxicological effects), such as
liver toxicity, are considered to have a low chance of
success because of the diversity of mechanisms/modes of
action involved in such effects. Hence, while (Q)SARs
could have an important role to play, they may need to be
more focused on specific mechanisms, and a suite of
(Q)SARs will probably be necessary for most endpoints.

Nevertheless, initial attempts have suggested the feasi-
bility of developing models providing meaningful predic-
tions of chronic toxicity. An overview of commercially
available models and those reported in the scientific liter-
ature is provided in Table 3.

It is worth also noting that most of these (Q)SARs have
been developed to serve pharmaceutical needs. Although
their applicability domains are wide and not specific to
drugs, the sensitivity and specificity of these models are
often uneven, and the extension to regulatory and cos-
metics use should be done carefully. In silico models are
best used in an integrated testing strategy and not as indi-
vidual isolated tools. Examples of their validity and
usability are given in the industrial strategies section.

Software: The provision of a numerical value (i.e. LO-
AEL; lowest observed adverse effect level) for potential
use in quantitative risk assessment for repeated dose tox-
icity is currently only supported by the TOPKAT com-
mercial package. The original model was developed by
Mumtaz et al. (1995), and the updated and current module
includes five regression (Q)SAR models based on 44
structural descriptors for five classes of chemicals (acyc-
lics, alicyclics, heteroaromatics, single and multiple ben-
zene rings) and was developed using 393 chemicals pulled
together from various sources (US EPA and National
Cancer Institute/National Toxicology Program (NCI/NTP)
databases, FDA drug applications reports and the open
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Table 3 Summary of in silico methods for repeated dose toxicity

Current endpoints addressed ~ Alternative  Part of Area(s) of Status (R&D, Comments Estimated time until
in animal test tests mechanism application optimisation, entry into pre-validation
available covered prevalidation,
validation,
regulatory
acceptance)
[OECD 407, EC B.7] TOPKAT Predicts LOAEL Prioritisation/  Optimised No formal validation
[OECD 408, EC B.26] for chronic screening necessary, methods
toxicity have to follow the
[OECD 409, EC B.27] OECD principles for
[OECD 410, EC B.9] the validation of
[OECD 411, EC B.28] QSARs for regulatory
[OECD 412, EC B.8] purposes
[OECD 413, ECB 29] DEREK Hepatotoxicity ngarq 4 Optimised Not qqantitative— Formal validation not
identification predicts necessary
[OECD 452, EC B.30] potential
In all these animal tests the hepatotoxicity
biological endpoints (yes/no answer)
eyaluate(.i are clinical DEREK hERG channel ~ Hazard Optimised Not quantitative— Formal validation not
blochemlstry, 8ross inhibition identification predicts necessary
necropsy, histological (cardiotoxicity) potential hERG
evaluation and target organ inhibition (yes/
no answer)
LAZAR Predicts MRTD? Prioritisation/ Optimised Developed using  Formal validation not
(Maunz for chronic screening data on necessary
and Helma  toxicity pharmaceuticals
2008) from clinical
trials
Garcia- Predicts LOAEL Prioritisation/  Optimised Major work Formal validation not
Domenech  for chronic screening needed to necessary
et al. toxicity develop software
(2006) for wider use
Mazzatorta  Predicts LOAEL Prioritisation/  Optimised Major work Formal validation not
et al. for chronic screening needed to necessary
(2008) toxicity develop software
for wider use
Matthews Predicts MRTD® Prioritisation/ Optimised Major work Formal validation not
et al. for chronic screening needed to necessary
(2004a, b) toxicity develop software

for wider use

# Maximum recommended therapeutic dose

literature). The software was challenged by a number of
independent studies (Venkatapathy et al. 2004; Tilaoui
et al. 2007) showing that TOPKAT is able to predict
approximately 30% of LOAELs within a factor of 2, 60%
within a factor of 10 and 95% within a factor of 100.
Although actual performances observed by these studies
are dissimilar, the results should be considered in the light
of the distinct differences in the data sets used.

Among its possible outputs, DEREK, another commer-
cial software package, provides a prediction on hepato-
toxicity potential. Experts have identified 74 structural
alerts based on public-domain literature and proprietary
data sets (Marchant et al. 2009). Validation results (posi-
tive predictivity of 80% for test chemicals which lie inside
the applicability domain that is based on structural
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fragments, 33% for chemicals which lie outside it) indicate
that while these structural alerts are effective in identifying
the hepatotoxicity of several chemicals, further research is
needed to develop additional structural alerts to account for
the hepatotoxicity of a number of chemicals that is not
currently predicted. This model only flags hazardous
structural alerts and thus is only applicable for the early
identification of potential adverse liver effects after
chemical exposure rather than for quantitative risk
assessment.

Maunz and Helma (2008) have applied support vector
regression (SVR) to predict the FDA MRTD (Maximum
Recommended Therapeutic Dose) on the basis of local
clusters of similar molecules. The MRTD is empirically
derived from human clinical trials and is a direct measure
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of the dose-related effects of pharmaceuticals in humans. In
a pharmacological context, it is an estimated upper dose
limit beyond which a drug’s efficacy is not increased and/
or undesirable adverse effects begin to outweigh beneficial
effects. It is essentially equivalent to the NOAEL in
humans, a dose beyond which adverse (toxicological) or
undesirable pharmacological effects are observed. The
SVR predictions of MRTD are obtained from the experi-
mental results of compounds with similar structures
(neighbours) with respect to the endpoint under investiga-
tion. Predictions are considered to be within the applica-
bility domain when the confidence is lower than 0.2. 89%
of predictions in the applicability domain are within 1 log
unit from the experimental value. This performance drops
to 82% when all predictions are considered. Authors have
implemented this approach in the freely available Lazar
software (http://www.lazar.in-silico.de/).

Models available in the scientific literature: Models
published in peer-reviewed papers that could be useful for
screening/prioritisation purposes if implemented in the
form of software that also generates the necessary
descriptors are listed below.

Garcia-Domenech et al. (2006) modelled the same data
used in the TOPKAT training set (EPA and NTP reports)
using graph theoretical descriptors and multilinear regres-
sion models for predicting the LOAEL in chronic studies.
Although the models have different performances on the
EPA pesticides database and the NTP database, they are
transparent and have the advantage of being based on
molecular connectivity indices, which are easily computed,
invariant molecular descriptors. The error of the regression
models was equivalent to the variance in the underlying
experimental data. The results obtained should be consid-
ered in the light of the structural diversity of the training
set.

Mazzatorta et al. (2008) reported a predictive in silico
study of more than 400 compounds based on two-dimen-
sional chemical descriptors and multivariate analysis. The
training set included pesticides, drugs and natural products
extracted from various reports (JECFA, JMPR, NCI and
NIH) and the dataset of Munro et al. (1996a). It was found
that the root mean squared error of the predictive model is
close to the estimated variability of experimental values
(0.73 vs. 0.64, respectively). The analysis of the model
revealed that the chronic toxicity effects are driven by the
bioavailability of the compound that constitutes a baseline
effect plus excess toxicity possibly described by a few
chemical moieties.

A model for predicting oral MRTD values in humans
was developed by Matthews et al. (2004a). With the
exception of chemotherapeutics and immunosuppressants,
the MRTD/10 would correspond to a dose exerting neither
therapeutic nor chronic adverse effects in humans

(Matthews et al. 2004b; Contrera et al. 2004). For non-
pharmaceutical chemicals, there is no desired pharmaco-
logical effect and any compound-related effect could be
interpreted as an adverse or non-desirable effect. The
model classifies between high-toxicity chemicals and low-
toxicity chemicals on the basis of structural alerts. While
most of the training set has been identified (Matthews et al.
2004b), the algorithm is not provided. The model is
reported to have a high positive predictivity and a low false
positive rate, implying that it could be used to identify
toxic chemicals.

In vitro models

Numerous in vitro systems have been generated over the
last few decades, which claim to be useful either for pre-
dicting target organ toxicity or in assessing mechanistic
aspects of target organ toxicity at the molecular, cellular
and tissue level. The majority of the in vitro models are
based on dispersed cell cultures, either as primary cultures
or as continuous cell lines. The cells may be derived from
many different species, including humans. The main
drawbacks of primary cultures are their limited lifespan
and that they do not always provide stable phenotypes. Cell
lines may undergo dedifferentiation and lose the specific
functional properties of the cells in vivo or express
uncharacteristic functional features. In addition, in vitro
cell culture systems often poorly resemble their in vivo
equivalents, mainly due to the poor mimicking of the
natural microenvironment. The use of extracellular support
systems such as scaffolds and extracellular support matrix
improves survival of cells in culture. Other approaches
include the use of microporous supports (mono-cultures or
co-cultures) in combination with perfusion systems to
provide an organotypic environment that can improve
differentiation and lifespan in culture (Prieto et al. 2006;
Grindon et al. 2008). A substantial amount of research is
currently being conducted on the potential use of stem cells
as in vitro models for research and safety testing (Grindon
et al. 2008; Chapin and Stedman 2009). Different types of
differentiated cells can be obtained from embryonic and
adult progenitor/stem cells of different species and also
from induced pluripotent (iPS) cells (Banas et al. 2007; De
Kock et al. 2009; Snykers et al. 2006, 2007; Taléns-Vis-
conti et al. 2006).

Metabolism is an important issue for in vitro testing. It
can be addressed to some extent by adding exogenous
metabolising fractions or by using metabolically competent
cells (Coecke et al. 2006; Combes et al. 2006; Bessems
2009). However, even if initially some metabolism is
present, deterioration can occur as a function of culture
time. Industry has now advanced new in vitro models to
assess dermal penetration, including those of nanoparticles
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and dermal metabolism (Jackh et al. 2010; Landsiedel et al.
2010).

In the following section, a review of the in vitro models
available for the six most common target organs for tox-
icity (see section “Introduction”) is provided. It should
however be emphasised that there are many more target
organs for which unfortunately less or no in vitro methods
are available. None of the models can currently be applied
for quantitative risk assessment for repeated dose toxicity.

Hepatotoxicity Because of its unique localisation and
function in the organism, the liver, and the hepatocyte in
particular, is a major target for toxicity. Hence, consider-
able attention has been paid over the years to the devel-
opment of liver-based in vitro models. As a result of such
efforts, a wide variety of hepatic in vitro systems is
available for toxicity testing, ranging from subcellular
hepatocyte fractions to whole isolated perfused livers
(Elaut et al. 2006; Hewitt et al. 2007a). A prerequisite for
repeated dose toxicity testing is that the method accurately
and consistently predicts long-term effects. However, many
of the hepatic cellular models undergo progressive changes
in the functional and morphological phenotype, rendering
them applicable for only short-term purposes. In the last
decade, several innovative strategies have been introduced
to counteract this dedifferentiation process, including
genetic (Naiki et al. 2005) and epigenetic (Henkens et al.
2007) approaches in primary hepatocyte cultures. Similar
strategies have been applied to liver-based cell lines, which
are also prone to dedifferentiation (Martinez-Jiménez et al.
2006). A notable exception in this respect is the human
hepatoma-derived HepaRG cell line, which persistently
displays high functionality (Aninat et al. 2006). The
maintenance of physiological functions over several weeks
has been demonstrated for co-cultured human hepatocytes,
which was developed based on a bioreactor technology for
clinical bioartificial liver support (Schmelzer et al. 2009;
Zeilinger et al. 2010).

While traditional high-order systems, such as precision-
cut liver slices and isolated perfused livers, are still widely
used for toxicity testing, there has been considerable focus
in recent years on the development of bioartificial liver
devices and perfused bioreactors consisting of primary
hepatocytes or liver-based cell lines cultivated on micro-
electronic sensors, micropatterned or microfluidic systems
(Allen et al. 2005; Kim et al. 2008; Lee et al. 2007; Ma
et al. 2009). A parallel track that has been followed in the
last few years concerns the in vitro differentiation of
hepatocyte-like cells from stem cell sources from different
species (Guguen-Guillouzo et al. 2010; Snykers et al.
2009). This research area is still in its infancy, but given the
exponentially growing interest, it can be anticipated that
this field will be fully exploited in the upcoming years.
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Significant progress has also been made lately with respect
to the refinement of read-outs for toxicity testing in the
available liver-based in vitro models, especially by com-
bining them with “-omics” methodologies (Choi et al.
2010; De Gottardi et al. 2007; de Longueville et al. 2003;
Elferink et al. 2008; Kikkawa et al. 2005, 2006; Li and
Chan 2009; Meneses-Lorente et al. 2006; Mortishire-Smith
et al. 2004; Petrak et al. 2006; Sawada et al. 2005). As part
of the EU FP6 project Predictomics, an assay using a
human liver cell line has been developed for the detection
by flow cytometry of compounds with the potential to
cause steatosis (Donato et al. 2009). An overview of the
most commonly used in vitro tools for hepatotoxicity
testing (i.e. measurement of apoptosis, necrosis, cholesta-
sis, steatosis, phospholipidosis and fibrosis) is provided in
Table 4. The potential use of these approaches for repeated
dose toxicity testing is unclear because the interaction
between different cells of the liver is hardly addressed,
which might be of particular importance for assessing the
capacity of the organ to regenerate after initial damage or
for assessing adaptation processes.

Nephrotoxicity The kidney is a frequent target for many
drugs and chemicals, some of which can contribute to end-
stage renal diseases, which in Europe represent an impor-
tant part of the total health-care burden. Moreover, the
kidney appears to be the second most common target for
cosmetic ingredients (Van Calsteren 2010). The kidney is a
highly complex organ, composed of many different cell
types, and it has a complex functional anatomy, so the
assessment of normal or impaired organ function cannot
easily be explored in in vitro studies (Prieto 2002).
Various in vitro models for the kidney are described in
the literature. The most frequently used techniques such as
renal slices, perfused nephron segments, isolated tubules as
well as isolated tubular cells in suspension, longer-lasting
primary cell cultures of isolated tubular cells and cell lines
have been reviewed including their advantages and limi-
tations (Boogaard et al. 1990; Pfaller et al. 2001). Among
them, primary proximal tubular cells from rodents and
humans are widely used as a renal cell model and many
improvements in culture techniques have been reported
(Hawksworth 2005; Li et al. 2006; Weiland et al. 2007,
Wainford et al. 2009). In addition, a number of cell lines
have been developed and used in nephrotoxicity testing.
Most of these cell lines are derived from proximal tubular
epithelium. They do not usually exhibit biotransformation
activity, but they retain at least some capacity for the active
transport of xenobiotics, which is relevant for kidney spe-
cific toxicity in vivo. Renal epithelial cell phenotypes with
extensive glycolytic metabolism and morphology very
close to the in vivo parent cell type are available, e.g.
RPTEC/TERT] cells, and can be maintained in culture up
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Table 5 Alternative methods for repeated dose toxicity—nephrotoxicity

Current endpoints addressed in Alternative tests Part of Area(s) of Status (R&D, Comments  Estimated
animal test available mechanism application optimisation, time until
covered prevalidation, entry into
validation, pre-
regulatory validation
acceptance) (years)
[OECD 407, EC B.7] Primary rat kidney =~ Nephrotoxicity Hazard R&D >10
[OECD 408, EC B.26] tubular epithelial identification
115
[OFCD 405, EC B.27] PC'e % h Nephrotoxicity Hazard R&D Limited 10
rimary human ephrotoxicity Hazar imite >
[OECD 410, EC B.9] kidney tubular identification availability
[OECD 411, EC B.28] epithelial cells
[OECD 412, EC B.8] Human proximal Nephrotoxicty Hazard R&D RPTECis  5-10
[OECD 413, ECB 29] tubule epithelial identification most
[OECD 452, EC B.30] cell lines, e.g. promising
T RPTEC/TERTI, cell line
In :?111 th.ese ammal' tests, the HK-2, HEK-293
biological endpoints evaluated . .
are clinical biochemistry, gross Rat Proxlmal tubule Nephrotoxicty Hazard R&D >10
necropsy, histological evaluation e.plthehal—hke cell identification
and target organ line
Pig proximal tubule Nephrotoxicty Hazard R&D >10
epithelial cell line identification
Dog distal tubule cell Nephrotoxicty Hazard R&D >10
line identification

This table estimates the time needed to enter prevalidation, according to ECVAM'’s established criteria, assuming optimal conditions. It does not
indicate the time needed to achieve full replacement of the animal test, nor does it include the time needed to achieve regulatory acceptance.
“Optimal conditions” means that all necessary resources, for example, technical, financial, human and coordination, are met at all times in the
process and that the studies undertaken have successful outcomes. None of the alternative methods available are suitable for quantitative risk

assessment

to 6 weeks (Wieser et al. 2008; Aschauer et al. 2010; Crean
et al. 2010). The usefulness of RPTEC/TERT1 cells to
study nephrotoxicity is currently under evaluation in the
EU FP7 project Predict-IV. Critical pathways have been
identified as the antioxidant and detoxification Nrf2 path-
way in human HK-2 cells (Jennings 2010; Wilmes et al.
2010).

In vitro models for other segments of the nephron are
limited. No model is available for assessment of the
potential for toxicity to the kidney medulla. An overview
of the many available models is given in Table 5.

Cardiovascular toxicity As noted previously, the cardio-
vascular system is one of the most commonly affected
targets associated with attrition during drug development
and is also the most common cause of drug withdrawal
from the market (Kettenhofen and Bohlen 2008; Stum-
mann et al. 2009a). A number of in vitro assays have
therefore been developed for the screening of new phar-
maceuticals for potential cardiotoxicity. The heart may also
be target of cosmetic ingredients albeit to a lesser extent
than several other organs (Van Calsteren 2010). The assays
developed for testing of pharmaceuticals may therefore
also have potential for the assessment of cardiac effects

@ Springer

from chronic repeated exposures to cosmetic ingredients.
An overview of available in vitro models is provided in
Table 6.

Many of these assays focus on detection of the ability to
block the hERG potassium channel, which causes QT
prolongation, including receptor binding assays, ion efflux
assays and patch clamp studies in cell lines expressing the
hERG channel (Houck and Kavlock 2008).

Primary cardiomyocytes have been isolated from a
variety of animal species and have also been used in tox-
icological studies. An advantage of these cells is that they
express all the ion channels underlying the cardiac action
potential, but adult cells have a low proliferative capacity.
Foetal and neonatal cardiomyocyte isolations may also
contain other cell types such as fibroblasts, which will
overgrow the cardiomyocytes after a few days in culture
(Kettenhofen and Bohlen 2008). Recently, new culture
techniques for the long-term culture of primary neonatal
mouse cardiomyocytes have been described (Sreejit et al.
2008).

Cardiomyocytes have also been derived from embryonic
stem (ES) cells. To assess cardiac-specific toxicity, the
effects of compounds in ES cell-derived cardiomyocytes
can be compared to those in non-cardiac cells such as
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Table 6 Alternative methods for repeated dose toxicity—cardiotoxicity
Current endpoints addressed in  Alternative tests  Part of Area(s) of Status (R&D, Comments Estimated
animal test available mechanism  application optimisation, time until
covered prevalidation, entry into
validation, pre-
regulatory validation
acceptance)
[OECD 407, EC B.7] Murine Cytotoxicity Screening/ R&D >10 years
[OECD 408, EC B.26] embryonic stem  Ajterations ~ hazard
[OECD 409, EC B.27] cell—.derlved in cardiac identification
cardiomyocytes  4ction
[OECD 410, EC B.9] .
potential
[OECD 411, EC B.28] Human Cytotoxicity Screening/ R&D Differentiation endpoints ~ >10 years
[OECD 412, EC B.8] embryonic stem A jterations hazard not clearly defined
[OECD 413, ECB 29] cell-derived in cardiac identification resulting in a variation of
[OECD 452, EC B.30] cardiomyocytes  ,ction cell types and
. otential developmental status of
In all these animal tests, the p the cells.
biological endpoints evaluated Pri C . S ino/ R&D Disad £ adul 10
are clinical biochemistry, rimary ytotoxicity Screening isadvantage of a ult ‘ >10 years
. o T . cardiomyocytes Ay ; hazard primary cardiac cells is
gross necropsy, histological : terations L . . .
evaluation and target organ from a variety in cardiac identification their l.ow proliferative
of animal action capacity.
species potential
Cell lines Effects on  Screening/ hERG assays Multichannel effects are ~ Ready
ion hazard used in not properly detected.
channels— identification  pharmaceutical
primarily development
hERG
Engineered Cytotoxicity Screening/ Commercial Ready
cardiac tissue Arrhythmia hazard systems for
identification  drug screening

available

This table estimates the time needed to enter prevalidation, according to ECVAM’s established criteria, assuming optimal conditions. It does not
indicate the time needed to achieve full replacement of the animal test, nor does it include the time needed to achieve regulatory acceptance.
“Optimal conditions” means that all necessary resources, for example, technical, financial, human and coordination, are met at all times in the
process and that the studies undertaken have successful outcomes. None of the alternative methods available are suitable for quantitative risk

assessment

fibroblasts. Biomarkers of cardiac damage are released by
ES cell-derived cardiomyocytes, and electrophysiological
behaviour can also be assessed (Kettenhofen and Bohlen
2008).

Efforts are also ongoing to develop three-dimensional
tissue engineering models of cardiac tissue, for both clin-
ical replacement and toxicity assessment purposes (Kette-
nhofen and Bohlen 2008; Franchini et al. 2007).
Engineered heart tissue models derived from neonatal rat
cardiac myocytes and human ES cells are commercially
available, and it is claimed that these can be used to screen
for arrhythmogenic and cardiotoxic effects of pharmaceu-
ticals (http://www.tristargroup.us/).

Overall, it can be concluded that alternative tests in the
field of drug-induced arrhythmia are in a relatively
advanced stage, but are mainly performed in addition to in
vivo studies to improve drug safety. They may also be of
relevance for testing of cosmetic ingredients, but primarily
in the context of hazard identification. Fewer alternative

methods are currently available to evaluate the potential for
compounds to cause contractility toxicity, ischaemic
effects, secondary cardiotoxicity and valve toxicity
(Stummann et al. 2009a). Pressurised human arteries have
been used for the investigation of microvascular dysfunc-
tion including vascular permeability and flow-mediated
dilatation (Moss et al. 2010), but methods sufficient for
quantitative risk assessment of repeated dose cardiac tox-
icity are not yet available.

Neurotoxicity Detection of neurotoxicity induced by
chemicals represents a major challenge due to the physio-
logical and morphological complexity of the central (CNS)
and peripheral nervous system (PNS). Neurotoxicity is
currently evaluated during repeated dose toxicity studies
using in vivo methods that are based mainly on the deter-
mination of neurobehavioural and neuropathological
effects. At present, validated in vitro methods for neuro-
toxicity that can provide quantitative predictions for use in
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risk assessment are not available. There are in vitro
methods which are used for screening purposes and to
improve mechanistic understanding of processes underly-
ing normal or pathological nervous system function.

The central nervous system is comprised of various cell
types (neuronal and glial), complex cell-cell interactions
and unique protein interactions where functional coupling
via synapses, gap junctions, signalling molecules and
growth factors has to be preserved.

Several in vitro systems from single cell types to sys-
tems that preserve some aspects of tissue structure and
function are currently available for toxicity testing. The
available models consist of primary culture, neuroblastoma
and glioma cell lines and recently available neural stem
cell lines (both human and rodent) (Bal-Price et al. 2008;
Harry et al. 1998). In the case of peripheral nervous system
(the ganglia and the peripheral nerves lying outside of the
brain and spinal cord), also various cell culture models
exist including primary culture and cell lines; however,
only limited aspects of Schwann cell function (interaction
with axons) can be examined (Harry et al. 1998; Suuronen
et al. 2004; Moore et al. 2005). Botulinum neurotoxin
(BoNT) potency testing does not fall under cosmetic reg-
ulations, and therefore, it is not discussed here. The current
scientific and legal status of alternative methods to the
LD50 test for botulinum neurotoxin potency testing has
been reported by Adler et al. (2010).

In vitro models of the blood-brain barrier (BBB) are
also available, as it is necessary to define whether a com-
pound crosses the BBB and whether it induces a direct
toxic effect on the BBB (Cecchelli et al. 2007).

These in vitro approaches allow the assessment of cell
viability, general but critical cell functions such as energy
metabolism, oxidative stress and calcium homeostasis, and
neuronal specific functions (neurite outgrowth and axonal
transport, synaptogenesis/myelination, neurotransmission
and vesicular release, signalling between neurons and glia,
receptor pharmacology, ion channel activation, electrical
activity, etc.). To date, in vitro neurotoxicity testing has
been used mainly for mechanistic studies, where molecu-
lar/cellular pathways of toxicity are determined and used as
the readout of chemically induced neuronal and glial
damage.

In vitro models for neurotoxicity testing:

1. Dissociated primary cell culture monolayer (mixed:
neuronal/glial) is the most widely used in vitro system
for neurotoxicity evaluation. It allows for visualisation
of individual living cells (neuronal and glial) and
monitoring both morphological and electrophysiolog-
ical features. Dissociated cell cultures are more
accessible and easier to obtain and maintain. Addi-
tional purification methods can be used to enrich a
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particular cell type (neuronal or glial). However, in
vivo-like structures cannot be achieved by this tech-
nique. This model is currently under evaluation by
“omics” technology and electrical activity measure-
ment in the EU FP7 Predict-IV project.

2. Reaggregate cultures (or explant/slice culture) offer a
more structured, three-dimensional histotypic organi-
sation so more closely approximate in vivo conditions
for cell growth and development. Processes such as
synaptogenesis/myelination, neurotransmission and
vesicular release are the most classical endpoints
studied in 3D models. This model is currently under
evaluation by “omics” technology in the EU FP7
Predict-IV project.

3. Continuous cell lines of tumoural origin provide
homogeneous cell populations (neuronal or glial) in
large quantities in a very reproducible manner. How-
ever, neuronal—glial cell interaction is lost. Many of
these cell lines display properties of their normal cell
counterpart when a differentiated state is induced by
NGF, retinoic acid, etc.

Recently, different types of stem cells (either adult,
embryonic or those derived from cord blood) are used as a
source of neural progenitor cells that can be differentiated
into functional neuronal and glial cells with possible
applications for neurotoxicity testing (Buzanska et al.
2009). The advantage of this approach is that it is a human
model and can be maintained in culture at different
developmental stages: as non-differentiated stem cells,
committed progenitors and lineage directed into neuronal,
astrocytic and oligodendroglial cells. Based on such mod-
els, a complex in vitro testing strategy has to be developed
with a battery of complementary endpoints using high-
throughput and/or high content screening platforms to be
able to test large number of substances with different
mechanisms of toxicity. However, before these tests are
used for routine screening, the sensitivity, specificity and
reliability of the endpoints and models, and their capacity
to predict human neurotoxic effects should be established.

An overview of available in vitro models is provided in
Table 7. The in vitro models, developed so far for neuro-
toxicity, are limited to screening, prioritisation and hazard
identification. They are not suitable for quantitative risk
assessment.

Pulmonary toxicity The respiratory tract consists of dif-
ferent cell populations including epithelial, nervous,
endothelial and immune cells which may respond to a
variety of stimuli including inhaled chemicals. Damage
may cause airway obstruction, inflammation or hyperre-
sponsiveness, resulting in a variety of lung diseases which
are a major global health concern. Chronic obstructive
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pulmonary disease (COPD) is becoming the third leading
cause of death worldwide (WHO 2008). Asthma is cur-
rently the most frequent chronic disease affecting children.
No validated or widely accepted in vitro methods are yet
available for the identification and characterisation of
chemicals that have the potential to cause lung toxicity
(Bérubé et al. 2009). Different in vitro models are being
developed based on primary cell cultures derived from
human (lung slices, biopsies, bronchioalveolar lavage) or
rodent tissues. Some of the systems maintain an organo-
typic structure up to 12 months. Lung disease models
(COPD, asthma, smoker, cystic fibrosis) and devices for
long-term exposure of epithelia to vapours and aerosols
are also available (Hayden et al. 2010) (http://www.
mattek.com). For the safety assessment of nanomaterials,
organotypic lung models have been established to study a
possible inflammatory response (Brandenberger et al.
2010). Epithelia can be stimulated regularly with pro-
inflammatory substances to simulate chronic inflammatory
reactions for up to several months. Organotypic lung
models exhibit an in vivo-like expression pattern of
CYP450 enzymes (Constant 2010; http://www.epithelix.
com). An organotypic lung model suitable for long-term
toxicity testing is under evaluation (Huang 2009). How-
ever, these models have not yet been applied or validated
for quantitative risk assessment.

Cell lines are available with characteristics that mimic
different cell types of the respiratory tract. Co-cultures are
also being developed. In addition, epithelial airway cells
can be cultured at the air-liquid interface. Devices are
being developed that represent the in vivo respiratory air
compartment and which allow exposure of the cells to
gases, liquid aerosols, complex mixtures, nanoparticles and
fibres (Deschl et al. 2010; Gminski et al. 2010). This
implies that cosmetics can be applied to potential target
cells in realistic conditions, and exposure can be accurately
monitored. An overview of available in vitro models is
provided in Table 8.

The endpoints that can be measured include cytotoxic-
ity, morphology, cilia beating, mucus secretion, damage of
specific cell functions such as expression of cytokines,
chemokines, metalloproteinases, lung specific molecules
and changes in gene expression. Most of the models are
used for mechanistic studies, and no formal validation
study has been conducted yet.

Immunotoxicity and myelotoxicity Immunotoxicity is
defined as the toxicological effects of xenobiotics on the
functioning of the immune system and can be induced in either
direct (caused by the effects of chemicals on the immune
system) or indirect ways (caused by specific immune
responses to the compounds themselves or to self-antigens
altered by these compounds) (Lankveld et al. 2010).
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At present, immunotoxicity is evaluated mainly in vivo.
The OECD test guideline No. 407 includes parameters of
immunotoxicological relevance as part of a repeated dose
28-day oral standard toxicity study in rodents (OECD
2008a). This guideline indicates that information about the
toxicity on the immune system can be obtained through the
analysis of total and absolute differential leucocyte counts,
detection of globulin serum level, gross pathology and
histology of lymphoid organs, organ weight (of thymus and
spleen), and histology of bone marrow, BALT (bronchus-
associated lymphoid tissues) and NALT (nasal-associated
lymphoid tissues).

The general view is that effects on the immune system
are very difficult to reproduce in vitro, because of the
requirement of complex cellular interactions. However,
some isolated processes may be studied in vitro such as
proliferation of T lymphocytes and cytokines release (Carfi
et al. 2010).

In vitro models could be used for pre-screening of im-
munotoxic potential (i.e. hazard identification), as part of a
strategy (Carfi et al. 2007). The first tier will consist of
measuring myelotoxicity. At present, a scientifically vali-
dated human and murine in vitro colony-forming unit-
granulocyte/macrophage (CFU-GM) assay is available for
evaluating the potential myelotoxicity of xenobiotics
(Pessina et al. 2003; Pessina et al. 2010). Toxic effects on
proliferation and differentiation of progenitor cells of dif-
ferent blood cell lineages can also be measured in vitro
(Pessina et al. 2005), as well as long-term repopulating
capacity of more primitive haemopoietic stem cells and the
stromal microenvironment (Broxmeyer et al. 2006; Miller
and Eaves 2002; Podesta et al. 2001; Sutherland et al.
1990). If the compound is not myelotoxic, it can be tested
for lymphotoxicity in the second tier. Several in vitro
assays for lymphotoxicity exist, each comprising specific
functions of the immune system, cytokine production
(Langezaal et al. 2002; Ringerike et al. 2005), B- and
T-cell proliferation (Carfi et al. 2007; Smialowicz 1995),
cytotoxic T-cell activity (House and Thomas 1995), natural
killer cell activity (Kane et al. 1996), antibody production
and dendritic cell maturation (Mellman and Steinman
2001).

An overview of available in vitro models is provided in
Table 9.

Omics and imaging technologies

In recent years, transcriptomics (i.e. whole genome gene
expression analysis based on microarray technology) has
been applied to in vitro models of human and rodent cells
for the purpose of predicting toxicity, for example, with
respect to genotoxicity/carcinogenicity, target organ tox-
icity and endocrine disruption.


http://www.mattek.com
http://www.mattek.com
http://www.epithelix.com
http://www.epithelix.com
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Table 8 Alternative methods for repeated dose toxicity—pulmonary toxicity

Current endpoints addressed in ~ Alternative tests available Part of mechanism Area(s) of Status (R&D, Comments Estimated

animal test covered application optimisation, time until
prevalidation, entry into
validation, pre-
regulatory validation
acceptance) (years)

[OECD 407, EC B.7] Primary cultures

[OECD 408, EC B.26] Normal human bronchial/ Allergic asthma Hazard R&D >10

[OECD 409, EC B.27] nasal epithelial cells identification

[OECD 410, EC B.9] Human airway gland Chronic obstructive Hazard R&D >10

epithelium airway diseases identification

[OECD 411, EC B.28]
[OECD 412, EC B.8]
[OECD 413, ECB 29]

Cystic fibrosis
Dendritic cells (CD) Adaptive immunity Hazard R&D >10

derived from human Allersic asthms identification
gic asthma
[OECD 452, EC B.30] peripheral blood
In all these animal tests the (monocyte derived) or
biological endpoints evaluated ~ CD34+ cord blood stem
are: clinical biochemistry, cells
8rOss necropsy, histological 3D-long-term human cell Inflammation Hazard R&D >5
evaluation and target organ cultures of nasal/ (asthma) identification
bronchial/alveolar Remodelling
epithelial cells (COPD)
Kept for up to 12 months pfucus secretion
(Cystic fibrosis)
Ciliary clearance
Active ion
transport
Lung slices Immunomodulation Hazard R&D >10
identification
Cell lines
Bronchial epithelial cell ~ Chronic obstructive Hazard R&D >10
lines (e.g. BEAS-2B, airway diseases identification
Calu-3, 16HBEI40_) Allergic asthma
Alveolar epithelial cell Inflammation Hazard R&D >10
lines, e.g. A549 irritation identification
Macrophage cell lines Inflammation Hazard R&D >10
THP-1 and U-937 identification
Human DC-like cell lines, Sensitisation Hazard R&D >10
e.g. KG-1, MUTZ-3, identification
U-937 and THP-1
3D cultures of A549 Irritation Hazard R&D >10
alveolar macrophages identification
Co-culture models Inflammation Hazard R&D >10
Epithelial cells with identification

dendritic cells
Alveolar macrophages

and human bronchial

epithelial cells

This table estimates the time needed to enter prevalidation, according to ECVAM'’s established criteria, assuming optimal conditions. It does not
indicate the time needed to achieve full replacement of the animal test, nor does it include the time needed to achieve regulatory acceptance.
“Optimal conditions” means that all necessary resources, for example, technical, financial, human and coordination, are met at all times in the
process, and that the studies undertaken have successful outcomes. None of the alternative methods available are suitable for quantitative risk
assessment

@ Springer
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In developing transcriptomics-based screens for toxic
class prediction by using DNA microarray technology,
gene expression data are derived from exposure of model
systems (such as cellular models) to well-known toxi-
cants belonging to specified classes of toxicity. From
these data sets, advanced statistics can be applied to
identify generic gene expression profiles corresponding
to different types of toxicity. These profiles are compared
to a set of gene expression changes elicited by a sus-
pected toxicant. If the characteristics match, a putative
mechanism of action can be assigned to the unknown
agent and hazard predicted.

Several investigations have demonstrated that predictive
transcriptomic profiling may be achievable in vivo after
short-term treatment periods, thus showing its potential for
informing repeated dose toxicity testing in rodent models
and possibly using in vitro systems (Steiner et al. 2004;
Fielden et al. 2007; Kier et al. 2004; Jiang et al. 2007).

Several studies have been published which used ‘omics
techniques to determine the value of conventional or
optimised in vitro hepatocyte models for toxicogenomics
investigations. A few examples are highlighted below.
Boess et al. (2003) compared base-line gene expression
profiles between primary hepatocytes either cultured con-
ventionally or in a collagen-sandwich culture, liver slices
and immortal cell lines of liver origin with gene expression
profiles in the in vivo liver, all from rat. They found liver
slices exhibited the strongest similarity to liver tissue
regarding mRNA expression, whereas the two cell lines
were quite different from the whole liver. Kienhuis et al.
(2007) demonstrated by means of gene expression profiling
in combination with enzyme activity assays that a modified
rat hepatocyte-based in vitro system enriched with low
concentrations of well-known enzyme inducers offers an
improvement over existing models with respect to sus-
taining metabolic competence in vitro. An inter-laboratory
comparison of transcriptomic data obtained from a human
proximal tubule cell line (HK-2) found that the microarray
data were generally satisfactory, although confounding
factors such as medium exhaustion during cell culture must
be considered (Jennings et al. 2009).

Because of our strongly increased insights into the
complexity of cellular biology, current efforts in develop-
ing in vitro omics-based alternatives for animal models for
repeated dose toxicity aim at understanding mechanisms of
action by in-depth investigations of molecular response
pathways. Transcriptomics is not the only technology that
is being employed for such research; microRNA analysis,
epigenetics, proteomics and metabonomics all have an
important role to play. In addition, novel imaging tech-
nologies and physiological analyses such as impedance
measurements provide the possibility for continuous
observation of major cellular events such as migration,

proliferation, cell morphology, cell-cell interactions and
colony formation.

As an example, the EU FP7 project Predict-IV is eval-
uating the integration of ‘omic technologies, biomarkers
and high content imaging for the early prediction of tox-
icity of pharmaceuticals in vitro. The aim is to identify
general pathways resulting in toxicity that are independent
of the cell/tissue type.

While these technologies hold considerable promise,
further development is needed before they can be applied
for quantitative risk assessment for repeated dose toxicity.
Stable and reproducible long-term culture systems are
needed before omics provide data that actually can be used.

Strategies to reduce, refine or replace the use of animals

Although no full replacement alternatives for in vivo
studies with regard to quantitative risk assessment for
repeated dose toxicity are likely to become available for
some time, alternative methods and use of integrated test-
ing strategies should be used to refine and reduce the use of
laboratory animals. Reduction/refinement can be achieved
with regard to species selection, selection of the most rel-
evant route, toxicokinetically guided study design (Barton
et al. 2006; Creton et al. 2009), better selection of doses,
use of intermediate endpoints, assessment of urgency
(priority setting) and waiving of the need to perform in
vivo bioassays in certain circumstances (Bessems 2009;
Vermeire et al. 2010). In the case of cosmetic ingredients,
human systemic exposure may be estimated on the basis of
in vitro skin penetration data; however, the limits of this
test should also be taken into account to avoid over-pre-
dicting exposure and therefore avoid triggering unneces-
sary in vivo testing (Nohynek et al. 2010).

Positive predictions based on a set of in vitro assays
could be used to focus planning of in vivo assays and use
less animals (for confirmation) or finish the study at an
earlier time-point by using more specific and/or earlier and
more sensitive endpoints or biomarkers. Further use of
toxicokinetic data in in vitro approaches can also decrease
the number of animals needed for confirmation of in vivo
findings.

Integrated testing strategies Integration of multiple
approaches and methods has greater potential to provide
relevant data for a weight of evidence approach in safety
evaluation and risk assessment than individual tests.
Intelligent testing strategies may include combinations of
chemical category, read-across, (Q)SAR, in vitro and in
vivo methods (Bessems 2009; Schaafsma et al. 2009;
Nohynek et al. 2010; Vermeire et al. 2010) and can help to
avoid animal use or reduce the number of animals needed
for confirmative testing. Inclusion of toxicokinetic data
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obtained by modelling and/or combination of in vitro
(Blaauboer 2002, 2003, 2008) and/or in vivo tests is cru-
cial. Information on exposure can also be incorporated to
inform the need for in vivo testing; testing can be avoided
if the predicted exposure level is not considered to be
significant (i.e. exposure-based waiving), for example,
using threshold of toxicological concern (TTC) approa-
ches. A number of integrated testing strategies for repeated
dose toxicity testing have been proposed for use under
REACH, which could also potentially be applied to cos-
metic ingredients (Grindon et al. 2008; ECHA 2008).
Different approaches have already been applied, with
variable results.

For cosmetics, the idea behind the recent COLIPA
research call with respect to repeated dose toxicity testing
(see “Current initiatives to develop approaches for re-
peated dose toxicity”) is to come to an integrated approach
by combining the results that will be generated by the
funded projects. Indeed, each project is dealing with a
specific unsolved problem related to repeated dose toxicity
and can be seen as an essential building block in a larger
strategy. An example is given for liver by Vanhaecke et al.
(submitted for publication to Archives of Toxicology).

In an integrated model, the neurodegenerative properties
of acrylamide were studied in differentiated SH-SYS5Y
human neuroblastoma cells by measuring the number of
neurites per cell and total cellular protein content and using
a biokinetic model based on acrylamide metabolism in rat
(DeJongh et al. 1999b). The hazard assessment was per-
formed on the basis of QSAR, PBBK modelling and new in
vitro studies were undertaken. Acute and subchronic tox-
icity (repeated dose 90-day study) was estimated for rat in
vivo and compared to experimentally derived LOELs
(lowest observed effect levels) for daily intraperitoneal
exposure to acrylamide. The estimated LOELs differed
maximally twofold from the respective experimental val-
ues and the nonlinear response to acrylamide exposure over
time could be simulated correctly. Although the integrated
model could predict the toxic dose for an important end-
point after subchronic exposure (altered acoustic startle
response), the toxic effects and recovery from toxicity did
not mimic completely the situation in vivo. It should also
be noted that neurotoxicity is not considered the critical
effect driving risk assessment for acrylamide (the critical
effect is cancer). However, such a model might be used to
roughly predict in vivo toxicity of acrylamide when its
concentration in blood serum is known.

Various in vitro and in silico methods were applied to 10
substances for which data from in vivo tests were also
available and predictions for a number of effects including
acute toxicity, skin and eye irritation and toxicity after
repeated dosing were made (Gubbels-van Hal et al. 2005).
Acute oral toxicity (LD50) was predicted correctly for 5

@ Springer

out of 10 substances, and skin and eye irritation was predicted
for 7 of the 10 substances, but predictions for repeated dose
toxicity were correct for only 2 of the 10 substances (Gubbels-
van Hal et al. 2005). The evaluation of repeated dose toxicity
was based only on one toxicity endpoint, cytotoxicity (in the
liver), which may be regarded as a high-dose effect and very
crude measure of repeated dose toxicity. In general, the
repeated dose toxicity was overestimated by the integrated
approach. This study demonstrates the greater difficulty in
using alternative methods to predict repeated dose toxicity in
comparison with predicting local effects or toxicity after
shorter exposures.

Threshold of toxicological concern (TTC) The TTC is a
pragmatic risk assessment tool that establishes a human
exposure threshold for chemicals without specific toxicity
data (Kroes and Kozianowski 2002). The approach is based
on the assumption that a conservative estimate of the dose
below the toxicity threshold for an untested chemical can
be based on the distribution of NOAELSs for a large number
of tested chemicals (Kroes et al. 2005; Munro et al. 2008). The
application of the TTC-concept requires only knowledge of
the structure of the chemical and the measured or anticipated
exposures. Low exposure levels without appreciable health
risks can be identified for many chemicals.

At present, a database containing carcinogenicity data
from animal studies (Carcinogen Potency Database,
CPDB) containing 730 chemicals and one database con-
taining 613 chemicals based on other toxicological end-
points (Munro database) are available. Both are based on
systemic effects after oral exposure. In addition, a database
(RepDose) containing toxicity data on 578 industrial
chemicals based on oral and inhalation studies is available
(Bitsch et al. 2006).

Kroes et al. (2004) describe the work of an Expert
Group of ILSI Europe that culminated in the development
of a decision tree that is now widely cited as providing the
foundation for a tiered TTC approach. This publication
describes a step-wise process in which it is first determined
whether TTC is an appropriate tool (proteins, heavy metals
and polyhalogenated-dibenzodioxins and related com-
pounds have been so far excluded from use with TTC), and
then follows a series of questions to determine the appro-
priate TTC tier. The initial step is the identification of high
potency carcinogens that have currently been excluded
from the TTC approach (aflatoxin-like, azoxy and
N-nitroso compounds). After that, the chemical would be
analysed for structural alerts for possible genotoxicity.
Those with alerts would be assigned to the lowest TTC tier
of 0.15 pg/day.

The TTC approach has primarily been used in a
regulatory context for oral exposure to food contact
materials, food flavourings and genotoxic impurities
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in pharmaceuticals (Kroes et al. 2005). Application of the
approach to cosmetic ingredients and impurities requires
consideration of whether these values may be applicable to
cosmetic exposures by the dermal or inhalation routes.
Kroes et al. (2007) reviewed the use of the TTC in safety
evaluation of cosmetic ingredients and concluded that the
oral TTC values are valid for topical exposures. It was
proposed that conservative default adjustment factors can
be applied to take account of the relationship between the
external topical dose and the internal dose.

In a joint effort with SCHER (Scientific Committee on
Health and Environmental Risks) and SCENIHR (Scien-
tific Committee on Emerging and Newly Identified Health
Risks), the SCCS (Scientific Committee on Consumer
Safety) is currently reviewing the use of the TTC for
cosmetic ingredients, and the outcome of this review may
have implications for use of the TTC in risk assessment for
cosmetics.

More recently, a TTC has been developed for the
assessment of inhalation exposure to aerosol ingredients in
consumer products. A database of inhalation toxicity
information was established and reviewed to derive TTCs
for local effects in the respiratory tract and systemic tox-
icity for Cramer class I and III chemicals. While not all
chemicals are suitable for use in the approach, it is pro-
posed that for chemicals with a predictable low potential
toxicity and very low levels of exposure, inhalation toxicity
testing could be avoided (Carthew et al. 2009).

Industry strategies A number of companies have devel-
oped in-house strategies that can be used as practical aids
in risk assessment. These strategies generally seek to use
all available data on a new ingredient, including informa-
tion on predicted levels of consumer exposures during
product use, as part of a weight of evidence approach to
determine whether, and what, new in vivo testing may be
required to inform a quantitative risk assessment. Two
examples of strategies currently employed that the Group
are aware of are described below.

Company 1 Risk-based approaches are employed at
Company 1 to ensure animal data are generated only when
required to fulfil the requirements of a safety assessment.

This relies on a thorough understanding of human
exposure, and this is the starting point for many safety
assessments at Company 1, since exposure-based waiving
may provide an opportunity to avoid performing new ani-
mal tests (Carmichael et al. 2009). Various models are used
to predict consumer exposure, making use of data from
dietary surveys for food ingredients/contaminants, con-
sumer habits and practise studies for home and personal
care ingredients, and even simulated use testing for prod-
ucts that will be applied as a spray.

Knowledge of consumer exposure is used in tandem
with various predictive chemistry approaches (e.g. Cramer
classification, DEREK) to derive TTCs. TTCs are available
for systemic exposure, dermal sensitisation (Safford 2008)
and inhalation exposure (Carthew et al. 2009) and are used
where appropriate, i.e. where exposure is very low.

For botanical ingredients, history of use is also taken
into account using an in-house software tool. This tool
takes into account the level of similarity of the proposed
ingredient to an historical comparator, plus any evidence
for safety or otherwise for the ingredient. This tool is used
to model the level of concern associated with the proposed
exposure to inform the need for further testing.

Read across to structurally similar chemicals can pro-
vide reduction or replacement opportunities. However, in
practice, this is rarely used for systemic endpoints, partly
due to limited ability to read across to very novel ingre-
dients and partly because a robust evaluation requires
a large amount of animal data on structurally similar
materials, which is rarely available.

Company 2 The chemical food safety group at Company
2 has developed an effective strategy that integrates a set of
in silico models (Fig. 9). Any new molecule entering the
system is first tested for mutagenicity using an in-house in
silico model (Mazzatorta et al. 2007). In the absence of an
alert for mutagenicity/genotoxicity, the calculated exposure
is compared to the relevant TTC (Kroes et al. 2004).
Exposures lower than the relevant TTC are considered of
low safety concern. In case of estimated exposure higher
than the relevant TTC, MoEs between the predicted rat
LOAEL obtained from TOPKAT, rat LOAEL calculated
by an in-house model (Mazzatorta et al. 2008) and the

Epastic e Chronic toxicity

Margin of
exposure

Mutagenicity
Genotoxicity

CONCERN

exposure< TTC

Fig. 9 Integration of QSAR and TTC. Shaded arrows indicate the
workflow, open arrows indicate decision outcomes. Green dotted or
orange solid arrows correspond to pass or fail in the test, respectively
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MRTD model (Maunz and Helma 2008) are calculated.
The MoE is calculated by dividing the predicted chronic
toxicity values by the estimated exposure. The interpreta-
tion of the MoE is performed on a case-by-case basis and
takes into consideration interspecies and intraspecies
differences. To conclude that there is low concern, MoEs
based on rat LOAELs should at least be large enough to
account for potential inter- (UF = 10) and intra
(UF = 10)-species differences and to allow for the con-
version of LOAELs into NOAELs (UF = 3-10). An
additional factor would increase the confidence to fully
cover the potential error of the models.

In case of alerts for mutagenicity/genotoxicity, the
estimated exposure is compared to a lower TTC of 0.15 pg/
pers (Kroes et al. 2004). Exposure below this TTC would
be considered unlikely to be of any concern, even for
compounds with mutagenic properties. Time adjustment
may be envisaged in case of established short-duration
exposure. Additional development is necessary to handle
chemicals with mutagenicity alerts at exposure levels sig-
nificantly higher than the TTC of 0.15 pg/pers. Models
predicting carcinogenicity are currently being evaluated. A
chemical with a mutagenicity alert but negative in carcin-
ogenicity predictive models would then enter the chronic
toxicity prediction scheme as described previously. A
chemical positive in both mutagenicity and carcinogenicity
predictions could theoretically be managed through the
calculation of a MoE between a predicted carcinogenic
potency (e.g. BMDLI10) and the estimated exposure.
However, no tools are currently available to predict car-
cinogenic potency in the absence of in vivo data.

Challenges for the development of alternative
approaches for quantitative risk assessment of cosmetic
ingredients

Quantitative risk assessment

Quantitative human health risk assessment of any chemical
substance requires data on the following three elements:
hazard identification (potential adverse effects of the sub-
stance), dose-response data for each toxic effect (i.e.
hazard characterisation) and exposure assessment (the level
of exposure preferably in quantitative terms). These data
are combined in risk characterisation, i.e. determination of
the probability that the toxic effect will occur and the
magnitude of the risk. As described earlier, data on specific
hazards may be obtained by in vitro studies and other
alternative methods for some endpoints. Only in vivo
studies provide sufficient information to cover all possible
endpoints at present. The dose—response data for the end-
points used in risk assessment are needed for deriving the
No observed adverse effect level (NOAEL) of the
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substance or another point of departure for risk character-
isation. Such data can not yet be obtained in in vitro
studies. In risk characterisation, the MOS or MOE is cal-
culated from a comparison of the point of departure (or a
health-based guidance value such as a tolerable daily
intake) and the level of human exposure.

The SCCS, previously called the Scientific Committee
on Consumer Products (SCCP), has recently stated that the
evaluation of the systemic risk via repeated dose toxicity
testing is a key element in evaluating the safety of new and
existing cosmetic ingredients (SCCS 2009). If these data
are lacking in a new cosmetic ingredient submission to the
SCCS, it is considered not feasible to perform risk
assessment of the compound under consideration (SCCS
2009). In addition, it was stated that at present, no alter-
native methods to replace in vivo repeated dose toxicity
testing on experimental animals are available (SCCS
2009).

Understanding the mechanisms of toxicity and modes of
action would be a key issue in risk assessment. When they
are known for the substance of interest, the relevance of the
toxicity to humans may be better evaluated. In vitro studies
produce invaluable data on cellular mechanisms for risk
assessment. However, in vitro data alone are currently
insufficient for quantitative risk assessment.

Combes et al. (2006), Prieto et al. (2006) and recently
Boekelheide and Campion (2010) describe how data from
in vitro studies could potentially be used in future for risk
assessment. The new paradigm focuses on in vitro
approaches with human cells, toxicity pathways and high-
throughput techniques. Results provide input into a toxi-
cological factors analysis and classification system which
can distinguish between adaptive and adverse reactions
which are defined at the sub-cellular, cellular and whole
organ level. In vitro data on biokinetics will allow estab-
lishing physiologically based biokinetic (PBBK) models as
a prerequisite for quantitative risk estimation (Blaauboer
2002, 2003). Integration of data on humans can contribute
to the weight of evidence (Weed 2005). However, these
approaches are at an early stage and have not been evalu-
ated regarding their ability to predict in vivo toxicity. For
repeated dose toxicity, much more work is needed for
extrapolation of in vitro data towards the in vivo situation
(Bessems 2009; see also the overall chapter and that on
Toxicokinetics).

Limitations of in vivo studies related to quantitative risk
assessment

The goal of toxicity testing is to ensure safety of products
and substances in exposed human populations. All exper-
imental non-human and human models have their limita-
tions to reveal and predict human toxicity for safety
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evaluation. In considering the development of new
approaches for safety testing, it is important to bear these
limitations in mind so that they may possibly be overcome.

Regarding the standard repeated dose studies, and in
vivo animal studies in general, limitations include

e Mechanisms of toxicity are rarely revealed.

e Species differences in metabolism and toxicokinetics in
general, physiological and anatomical differences.

e Genetic polymorphism is not fully covered due to
limitations on group sizes in the studies and cross-
species differences in polymorphisms.

e Some toxicity targets are poorly evaluated (e.g.
cardiotoxicity and neurotoxicity).

e Contribution of age and various disease-linked param-
eters to toxic response remains unknown.

Some of these limitations are specific to the use of
animals as surrogates for humans, while some are due to
the study designs employed, for example, it is not feasible
(or desirable) to use extremely large numbers of animals in
an attempt to detect rare effects. Because the aim of the
studies is to evaluate toxicity, the dose range (typically 3
doses of test substance) used is generally higher than
human exposures. High doses may cause toxicity which is
irrelevant to humans (irrelevant mechanisms and/or end-
points). In addition, extrapolation from high doses to lower
exposure level is needed in risk assessment.

Although widely accepted, the procedure to derive MOS
values from NOAEL in test animals has not been formally
validated for the purposes of predicting human health risks
(Blaauboer and Andersen 2007).

Only a limited number of surveys from concordance of
toxicity in humans and animals have been published from
the perspective of repeated dose toxicity studies. Fully
comparable data sets are rare or have not been available for
evaluation. In a survey on 150 pharmaceutical compounds
for which human toxicity was identified during clinical
development, the overall concordance rate between effects
in humans and those observed in rodent and non-rodent
species was 71%, while tests on rodents only predicted
43% of human effects (Olson et al. 2000). The highest
incidence of concordance was observed in haematological
(80%), gastrointestinal (85%) and cardiovascular effects
(80%). For cutaneous effects, the concordance was lowest
(about 35%) and for liver toxicity about 55% (Olson et al.
2000). However, it is important to note that this study is
limited due to the nature of the drug development process:
as it only assessed compounds that reached the market
many substances for which toxicity may have been pre-
dicted in the animal studies would already have been
screened out and not included in the analysis.

In another survey of concordance of hepatotoxic effects
between rodents and humans, positive prediction was 60%

for 1,061 pharmaceutical compounds and 46% for another
set of 137 compounds (Spanhaak et al. 2008). Between 38
and 51% of liver effects reported in humans were not
detected in rodent or non-rodent species. At least some of
these liver effects may have been idiosyncratic effects that
also would not have been detected in pre-marketing trials
because of their rarity.

Altogether, toxicity testing in animal models cannot
reveal all potential toxicity in humans. However, even
studies in human subjects, such as in phase I or phase II
clinical trials, are unable to reveal all potential adverse
effects in humans because of the limited numbers involved.

It is important to bear in mind when developing alter-
natives that the ultimate goal is prediction of health effects
in humans, and there is thus a need to change the mindset
from trying to mimic animal data and one-to-one replace-
ment for each target organ.

Limitations of in vitro studies with specific cell types

Endpoints relevant for regulatory decisions are usually
based on NOAELs'* from animal studies. Despite the
many parameters assessed in these studies, pathologic
changes are currently the most relevant for deriving
NOAELSs. The pathological changes usually are widely
varying and chemical specific, and both target organ and
cell-specific effects within an organ are frequent. Patho-
logical changes often involve complex interactions
between different cell types in a specific organ and the
pathological response may be mediated or influenced by
mediators released by other tissues such as the immune, the
inflammatory or the endocrine system.

In contrast, toxicity assessment in cultured cells usually
is based on observations of toxicity or functional effects in
a single-cell type, of which the biochemistry and gene
expression may or may not be similar to those of the target
cell in vivo. Responses to chemical challenges may also
differ. Since many of the mechanisms leading to toxicity
are only poorly defined at present, it is highly questionable
whether toxicity testing in vitro using specific cellular
systems will be predictive for the complex integrated
pathological responses in vivo.

Furthermore, there are currently no readily available/
reliable ways to quantitatively extrapolate dose—response
data from concentrations of the test substance in in vitro
experimental systems to toxic dose/exposure level in the
whole body. Physiologically based pharmacokinetic
(PBPK) and physiologically based biokinetic (PBBK)
models may be applicable to predict concentrations of test

14 Whilst alternatives such as the BMDL10 have been proposed, they
offer only a modest refinement in the risk assessment and most of the
issues relevant to the NOAEL also apply to the BMDL10.
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substance and their metabolites in tissues, although these
approaches are data-intensive.

Overall, appropriate information on the dose response of
adverse effects, identification of thresholds and NO(A)ELs
that are essential for risk characterisation cannot be
obtained at present from in vitro studies (Greim et al.
2006). In order to improve the predictivity of in vitro
systems, major efforts to understand mechanisms of tox-
icity on a tissue/organ level are required. Only then can
relevant biochemical factors contributing to toxicity be
identified and integrated in the in vitro test systems. Some
optimistic views already exist about the possibilities of
using, in future, non-animal data as input for quantitative
risks assessment in particular when well-defined threshold
dose levels can be defined in vitro (Combes et al. 2006).

From the perspective of their usefulness for evaluation
of repeated dose toxicity, in vitro studies are at present
most suitable for:

e clucidating the cellular mechanisms of toxicity

e providing additional data on potential to cause specific
toxic effects (hazard identification)

e relative ranking of hazard potency

The use of human-based models may also be an
advantage for predicting human effects.

Importance of understanding of mode of action and toxicity
pathways in the development of alternative approaches

The development of the concept of mode of action (MOA),
initially in chemical carcinogenesis and subsequently
extended to systemic toxicity in general, has had a marked
impact on many aspects of toxicology, not least in pro-
viding a clear focus and rationale for the development of
alternatives to toxicity testing in experimental animals.
A MOA comprises a series of key events, i.e. effects that
are necessary, though individually probably not sufficient,
to cause toxicity, observable and quantifiable. A mode of
action usually starts with the interaction of an agent with a
cell, through functional and anatomical changes, resulting
in an adverse effect on health (Boobis et al. 2009a). An
example of a key event would be the biotransformation of
methanol to formaldehyde. While this is a necessary event
in the ocular toxicity of methanol, on its own it is not
sufficient. The ocular toxicity (blindness) caused by
methanol requires subsequent conversion of formaldehyde
to formate, mitochondrial dysregulation and retinal cell
loss—all key events. A key event may be either kinetic or
dynamic. A MOA, as defined here, can be distinguished
from a mechanism of action, which comprises a detailed
molecular description of a key event(s) in the induction of
an adverse health effect.
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By focusing on MOA, it should be possible to develop
alternative testing methods, in which key events are
assessed and quantified. The advantage here is that the
human relevance of a MOA to humans, and of the specific
key events, is known in advance. Application of the
International Programme on Chemical Safety (IPCS)
human relevance framework provides a systematic and
transparent means of establishing a MOA in experimental
animals and for assessing its human relevance (Boobis
et al. 2006, 2008). An important advantage of the MOA
approach is that once the human relevance for a MOA has
been established for one substance, the implications are
applicable to other substances that share the mode of
action. Key events can be assessed in simpler systems than
are necessary for apical endpoints. For example, in the case
above of methanol ocular toxicity, the key event of con-
version to the intermediate metabolite formaldehyde can be
assessed in a less complex system than the whole organism.
Such studies need to be allied to appropriate biokinetic
considerations to enable in vivo extrapolation. The test
system used can be designed to be human relevant in
advance, based on knowledge of the mode of action and its
key events. By assessing the important key events in a
MOA, it may be possible to reach conclusions on the
potential consequence for human health without the
necessity of performing whole-animal studies. For exam-
ple, such an approach has been suggested for the assess-
ment of carcinogenic potential, albeit currently using a
refinement of animal tests rather than their replacement
(Boobis et al. 2009b; Cohen 2004). Nevertheless, the
general principle is such that it might be possible to
develop non-animal approaches.

The integration of omics studies allied to pathway
analysis will improve the predictive capacity of assays for
key events. Such next generation omics studies will have
established the biological relevance of the pathways iden-
tified and will have determined their quantitative contri-
bution to phenotypic changes. Thus, omics will add
evidence-based value to the alternative systems being
developed. An example of this can be seen in the assess-
ment of genotoxicity, where the pathways affected at the
transcriptomic level reflect relevant biological process,
distinct from those influenced by non-genotoxic com-
pounds (van Delft et al. 2005).

Identification of key events involved in human-relevant
modes of action provides an efficient and effective means
of developing biomarkers of effect applicable to studies in
humans at exposures below those which are overtly toxic.
The biomarker may comprise a key event itself, for
example circulating levels of a toxic metabolite, or a
suitable surrogate of a key event, e.g. activation of nuclear
receptors. While it is not often possible to quantify such
activation directly in vivo in humans, a gene product
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dependent on this activation may provide an adequate
surrogate. As an illustration, activation of the aryl hydro-
carbon receptor (AhR) cannot be measured directly in vivo,
whereas products of AhR-regulated genes such as
CYPI1A2, as assessed by the clearance of a specific sub-
strate such as caffeine, can readily be quantified.

Current initiatives to develop alternative approaches
for repeated dose toxicity

There is a growing view that recent advances in science
and technology in medicine and the biosciences could be
harnessed to develop novel, innovative ways to assure
safety without using animals, while also providing a better
prediction of likely effects in humans. For example, the US
National Research Council (NRC) recently set out a long-
term vision for the future of toxicity testing and risk
assessment in the twenty-first century, where safety testing
would be based on the identification of key biological
pathways that, if perturbed sufficiently, would result in
harmful effects (NRC 2007). This is somewhat analogous
to the key events/mode of action strategy discussed earlier.
Chemicals would be evaluated for their potential to pro-
duce changes in these key ‘toxicity pathways’:

“Advances in toxicogenomics, bioinformatics, sys-
tems biology, epigenetics and computational toxi-
cology could transform toxicity testing from a system
based on whole-animal testing to one founded pri-
marily on in vitro methods that evaluate changes in
biological processes using cells, cell lines or cellular
components, preferably of human origin”.

In the USA, the National Toxicology Program (NTP),
Environmental Protection Agency (EPA) and National Insti-
tutes of Health Chemical Genomics Centre (NCGC) have
formed a collaborative research programme to help realise the
NRC'’s vision in practice. The Tox21 programme seeks to
identify cellular responses to chemical exposures that are
expected to result in adverse effects and develop high-
throughput screening tools that can be used to predict toxicity
in vivo (Schmidt 2009). Initially, the tools developed will be
used to support the selection of previously untested chemicals
that should be prioritised for animal testing. In addition, the
Human Toxicology Project Consortium is seeking to engage a
wide range of stakeholders in academia, industry, regulatory
and non-governmental organisations to work together in
leading research to facilitate the global implementation of the
recommendations of the NRC report. The Consortium is also
seeking to develop methods of integrating and interpreting
data derived with alternative assays so they can be used for
quantitative risk assessment.

In Europe, the European Commission recently had a
joint research call, co-funded by COLIPA, to help develop
technologies and approaches for non-animals methods of
assessing repeated dose toxicity. Applications were invited
in the following areas:

e Optimisation of current methodologies and develop-
ment of novel methods to achieve functional differen-
tiation of human-based target cells in vitro.

e Exploitation of organ-simulating cellular devices as
alternatives for long-term toxicity testing.

e Establishment of endpoints and intermediate markers in
human-based target cells, with relevance for repeated
dose systemic toxicity testing.

e Computational modelling and estimation techniques.

e Systems biology for the development of predictive
causal computer models.

e Integrated data analysis and servicing.

Up to EUR 50 million will be invested in these projects,
which are expected to start in 2011. This research and the
other activities discussed above are intended to contribute
to the development of alternative methods that can form
building blocks in the integrated approach needed for
quantitative risk assessment. However, it is not currently
possible to predict when full replacement of animals might
be achieved; the NRC’s vision anticipates that it will take
several decades.

Conclusions

e No complete replacement for repeat-dose toxicity will
be available by 2013. Development of alternatives in
this area is extremely challenging, and it is not possible
to predict when full replacements are likely to be
available.

e In vitro tests can enable hazard identification for certain
specific endpoints and data on mechanisms of action
and potential toxicity.

e In silico models are already extensively used by the
pharmaceutical industry to guide and prioritise new
chemicals/drugs discovery and development.

e (QSARs, read-across from analogue chemicals, expo-
sure-based approaches (including TTC for trace
amounts) and in vitro predictive toxicology screening
are being increasingly used in intelligent testing
strategies in a weight of evidence approach to exclude
possible hazards to health for a range of substances or
cosmetic applications. With further development, such
approaches could make an even greater contribution to
avoiding animal testing by 2013, even if full replace-
ment cannot be expected.
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Key gaps include the following:

e In vitro assays to detect apical endpoints in target
organs, which have been the major focus for
development of alternative methods to date, are
unlikely to be sufficient for complete replacement.
For quantitative risk assessment using alternative
methods, there is a need for better and more
scientific knowledge on exposure, toxicokinetics
and dose response, mechanisms of toxicity and
extrapolation between exposure routes. Better
understanding of MOA and key events associated
with repeated dose toxicity endpoints would support
development of alternative approaches.

e The main bottleneck for developing predictive
QSAR models is the availability of sufficiently
large high-quality training datasets. These models
and their applicability domain could be greatly
improved by promoting the publication of confi-
dential data.

e One of the major challenges is to reproduce
integrated responses. There is a need to develop
approaches/strategies for combining and interpret-
ing data on multiple targets/endpoints, obtained
from a variety of alternative methods, so they can
be used in human risk assessment.

e Methods for dose response extrapolation from in
vitro to in vivo are therefore needed. There is also a
need to improve and expedite approaches for
obtaining relevant data and for development of
informative models.

e [t is important to bear in mind that the ultimate goal
is prediction of health effects in humans, and there
is thus a need to change the mindset from trying to
mimic animal data and one-to-one replacement for
each target organ towards a human-relevant inte-
grated approach combining all possible knowledge
and integrating, whenever possible, quantitative
data with evidence-based findings.

Carcinogenicity

Executive summary

Carcinogenesis is a complex long-term multifactorial
process and consists of a sequence of stages.

Carcinogens have conventionally been divided into two
categories according to their presumed mode of action:
genotoxic carcinogens that affect the integrity of the
genome by interacting with DNA and/or the cellular
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apparatus and, non-genotoxic carcinogens that exert
their carcinogenic effects through other mechanisms.

e The 2-year cancer bioassay in rodents is widely
regarded as the gold standard to evaluate cancer hazard
and potency; however, this test is rarely done on
cosmetic ingredients. A combination of shorter-term in
vitro and in vivo studies has been used including in vitro
and in vivo genotoxicity assays, to assess genotoxic
potential and repeat-dose (typically 90-day) toxicity
studies to asses the risk of non-genotoxic chemicals.

e It is clear that the animal testing bans under the 7th
Amendment to the Cosmetics Directive (EU 2003) will
have a profound impact on the ability to evaluate and
conduct a quantitative risk assessment for potential
carcinogenicity of new cosmetic ingredients. This
impact is not only due to the ban on the cancer
bioassay itself, but mainly to the ban on in vivo
genotoxicity testing, any repeat-dose toxicity testing,
and other tests such as in vivo toxicokinetics studies
and in vivo mechanistic assays which are currently used
to aid safety assessment.

e This report is a critical evaluation of the available non-
animal test methods and their ability to generate
information that could be used to inform on cancer
hazard identification.

e Although several in vitro short-term tests at different
stages of development and acceptance are available, at
the current status these will not be sufficient to fully
replace the animal tests needed to confirm the safety of
cosmetic ingredients. Furthermore, they are focused on
hazard evaluation only and cannot currently be used to
support a risk assessment.

e However, for some chemical classes, the available non-
animal methods might be sufficient to rule out carcin-
ogenic potential in a weight of evidence approach.

e Taking into consideration the present state of the art of
the non-animal methods, the experts were unable to suggest
a timeline for full replacement of animal tests currently
needed to fully evaluate carcinogenic risks of chemicals.
Full replacement is expected to extend past 2013.

General considerations
Introduction

Substances are defined as carcinogenic if after inhalation,
ingestion, dermal application or injection they induce
(malignant) tumours, increase their incidence or malig-
nancy or shorten the time of tumour occurrence. It is
generally accepted that carcinogenesis is a multihit/multi-
step process from the transition of normal cells into cancer
cells via a sequence of stages and complex biological
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interactions, strongly influenced by factors such as genet-
ics, age, diet, environment, hormonal balance, etc.

Since the induction of cancer involves genetic altera-
tions which can be induced directly or indirectly, carcin-
ogens have conventionally been divided into two
categories according to their presumed mode of action:
genotoxic carcinogens and non-genotoxic carcinogens.'
Genotoxic carcinogens have the ability to interact with
DNA and/or the cellular apparatus (such as the spindle
apparatus and topoisomerase enzymes) and thereby affect
the integrity of the genome, whereas non-genotoxic car-
cinogens exert their carcinogenic effects through other
mechanisms that do not involve direct alterations in DNA.

The 2-year cancer bioassay in rodents is widely regarded
as the gold standard to evaluate cancer hazard and potency,
although it is generally known that this test has its limita-
tions to predict human cancer risk (Knight et al. 2005,
2006). However, this test is rarely done on cosmetic
ingredients. Rather, a combination of shorter-term in vitro
and in vivo studies has been used including in vitro and in
vivo genotoxicity tests to assess genotoxic potential and
repeat-dose (typically 90-day) toxicity studies to assess
non-genotoxic potential.

It is clear that the animal testing bans under the 7th
amendment of the Cosmetics Directive (EU 2003) will
have a profound impact on the ability to evaluate and
conduct a risk assessment for potential carcinogenicity of
new cosmetic ingredients. This impact is not only due to
the ban on the cancer bioassay itself, but also to that on in
vivo genotoxicity testing, any repeat-dose toxicity testing,
and other tests such as toxicokinetics studies and in vivo
mechanistic assays that currently can be used to aid safety
assessment.

The challenge will be to find/develop alternative tests
for both genotoxic and non-genotoxic carcinogens. The
complexity of the carcinogenicity process makes it difficult
to develop in vitro alternative test models that mimic the
full process, especially for non-genotoxic chemicals. The
challenge in developing in vitro alternatives is also
heightened because of the complexity of the number of
potential target organs. Some key events of the carcino-
genesis process can be investigated in vitro. However, it is
expected that an integrated approach involving multiple in
vitro models will be needed, but a better understanding of
the entire process is needed before this will be possible.
Scientific research is ongoing to try to achieve this goal.

'S Tt is noted that not all genotoxic events lead to mutagenicity, and
that some prefer the terminology “mutagenic mode of action.”
However, genotoxicity assays are still commonly used to distinguish
those chemicals with the potential to directly affect the integrity of
DNA from those that don’t, so for the sake of simplicity, the text
throughout refers to genotoxic versus non-genotoxic carcinogens.

Information requirements for the carcinogenic safety
assessment of cosmetics ingredients until March 2009 (ref.
SCCP notes of guidance)

The EU Scientific Committee on Consumer Products
(SCCP) issued the 6th revision of the “Notes of Guidance
for the Testing of Cosmetic Ingredients and their Safety
Evaluation” in 2006 (SCCP 2006). This Guidance docu-
ment lists the general toxicological requirements for the
submission of a cosmetic ingredient dossier to the SCCP as
follows: acute toxicity, irritation and corrosivity, skin
sensitisation, dermal/percutaneous absorption, repeated
dose toxicity and genotoxicity. These are considered the
minimal base set requirements. However, when consider-
able oral intake is expected or when the data on dermal
absorption “indicate a considerable penetration of the
ingredients through the skin (taking into account the toxi-
cological profile of the substance and its chemical struc-
ture), additional data/information on carcinogenicity,
reproductive toxicity and toxicokinetics may become nec-
essary, as well as specific additional genotoxicity data”. It
is noted that the SCCP Notes of Guidance does not define
what is meant by “considerable oral intake” or “consid-
erable penetration of the ingredients through the skin”.
Tools such as the Threshold of Toxicologic Concern (TTC)
may be helpful in determining which exposures warrant
toxicological evaluation.

Historically, the strategy for addressing the carcinoge-
nicity endpoint for cosmetic ingredients has been threefold:

1. First, compounds are evaluated for genotoxicity. The
first step in this evaluation was a battery of in vitro
genotoxicity tests. A positive finding in an in vitro test
(e.g. a chromosome aberration study, OECD 473)
could then be followed-up with an in vivo study (e.g.
mouse micronucleus, OECD 474), which is deemed to
have more relevance to human exposures. Positive in
vivo tests for their part could trigger carcinogenicity
testing. In general, compounds that have been shown
to have genotoxic potential in vivo are not used in the
formulation of cosmetics, and materials testing posi-
tive in these tests have rarely been pursued further as
this might require the conduct of a carcinogenicity
bioassay (OECD 452) or a combined chronic toxicity/
carcinogenicity test (OECD 453). These studies take
several years to run (the in-life portion alone lasts
24 months) and cost around one million Euro. For
these reasons and given the potential for genotoxic
compounds to be positive in a rodent bioassay, new
cosmetic ingredients are almost never tested in a
carcinogenicity bioassay.

2. For those chemicals shown to lack genotoxicity
potential, it is generally assumed that there is a
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threshold and that the carcinogenic risk can be avoided
based on data from repeat-dose toxicity studies. Prior
to the formation of tumours (generally seen only after
long-term exposures), non-genotoxic carcinogens
cause changes in normal physiological function, and
these adverse effects, if relevant to the exposure,
would be determined in a sub-chronic study. Accord-
ingly, the risk assessment generally involves the
identification of a NOAEL from an appropriate
repeat-dose toxicity study (e.g. 90-day study) and the
application of appropriate safety factors. The methods
used in such quantitative risk assessments are regarded
as being sufficiently conservative such that even if the
chemical was later shown to be a non-genotoxic
carcinogen, the exposure would be so low that there
would be no risk to consumers. This is consistent with
the risk assessment practices of virtually all regulatory
bodies, including those inside and outside of Europe.

3. In addition to repeat-dose toxicity studies, other in
vivo studies are sometimes used to better understand
the human relevance of findings in rodents (e.g. related
to toxicokinetic handling or species-specific effects) or
the mechanism and associated dose-response for a
chemical.

Implications for carcinogenic safety assessment
after the 7th Amendment

The 7th Amendment to the Cosmetics Directive (EU 2003)
banned the conduct of all in vivo tests for cosmetic
ingredients in EU starting March 2009. However, a full
marketing ban of ingredients tested for repeat-dose toxicity
(including carcinogenicity and sensitisation), reproductive
toxicity and toxicokinetics, which tests are still allowed for
ingredients outside the EU, is foreseen in March 2013. The
consequences of these bans for carcinogenicity assessment
are that (1) for genotoxic substances, no in vivo genotox-
icity tests as follow-up of in vitro positive tests are allowed
and (2) risk from non-genotoxic carcinogens cannot be
sufficiently evaluated since the repeated dose toxicity (and
carcinogenicity) test is no longer allowed. Since both
modes of action are important and need to be covered, for
both alternative methods and approaches should be
considered.

Assessment of genotoxic carcinogens

Until the 7th Amendment, both in vitro and in vivo tests
played an important role in the recognition of potential
carcinogenicity in cosmetic ingredients. The in vivo tests
were used to clarify whether positive results from in vitro
tests were relevant under conditions of in vivo exposure. A
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number of well-established and regulatory accepted in vitro
tests are in place, but a caveat to the use of these tests is the
relatively low specificity and high rate of misleading
positive results (i.e. the results are not indicative of an
increased cancer risk associated with DNA reactivity, as
generally assumed from these tests). Kirkland et al. (2005,
2006) evaluated the predictivity of standard in vitro tests
for rodent carcinogens. The combination of three in vitro
genotoxicity tests as required by the SCCS increases the
sensitivity of the test battery (up to 90%), but the speci-
ficity (ability to identify non-carcinogens) decreased dras-
tically (down to below 25%). The low level of specificity
means that unacceptably high numbers of positives are
generated. However, before March 2009, the positives
could be evaluated and often overruled with in vivo
genotoxicity tests. Thus, the ban of in vivo tests will have a
negative impact on the development of new cosmetic
ingredients. This is clearly demonstrated by the evaluation
of 26 hair dyes by the SCCP. Nineteen hair dyes had to be
further assessed due to a clastogenic effect found in the in
vitro systems. For these compounds, 37 in vivo genotoxi-
city tests were submitted and 35 turned out to be negative
and 2 (comet assays) were at the time considered equivo-
cal. These data indicate that the performance of at least 26
in vivo tests was deemed necessary for the appropriate
characterisation of the genotoxic potential. Without the
performance of in vivo tests, at least 17 of these hair dyes
might have been abandoned without full scientific justifi-
cation (Speit 2009). Identical results were obtained from a
comprehensive survey of all SCC(NF)P/SCCS opinions
issued between 2000 and 2009. It appeared that 97 com-
pounds (of 150 tested ones) would have been lost without
the presence of the in vivo data (Pauwels and Rogiers
2009). However, we acknowledge that some in vivo
genotoxicity tests (e.g. UDS test) may suffer from limited
sensitivity (Benigni et al. 2010; Kirkland and Speit 2008).

Based on the weak performance of existing in vitro tests,
the development of new in vitro tests with better predic-
tivity for cosmetic ingredients is in focus. An ECVAM
workshop on “how to reduce false positive results when
undertaking in vitro genotoxicity testing” was held in 2006
and identified, among others, the following factors as being
important for the improvement of the current tests (Kirk-
land et al. 2007): (1) the identification of the chemicals to
be used in the evaluation of modified or new tests (Kirk-
land et al. 2008), (2) the choice of the cell types with higher
relevance (e.g. human origin, p53-proficient), (3) the cur-
rent measures in cytotoxicity in the standard genotoxicity
tests and (4) the current maximum concentration in the
standard genotoxicity tests.

Although inside the EU in vivo genotoxicity tests are not
allowed anymore, until 2013 they can still be carried out
outside the EU under some circumstances. For example,
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outside the EU, the micronucleus test and the comet assay
can still be performed if included in a repeated dose study
(Pfuhler et al. 2009). The in vivo comet assay gained
growing scientific acceptance over the last years, whereas
the inclusion of the micronucleus test is a long and well-
established concept and is already represented in the cur-
rent OECD guideline (OECD 474). While the integration
of a micronucleus test into repeated dose toxicity studies
can be accomplished without the addition of a positive
control, this may be problematic for other tests. For
example, the problem with the comet assay may be that this
currently requires the inclusion of an endpoint-specific
positive control group (Pfuhler et al. 2009). The use of
positive control reference slides, however, could be an
alternative to control for technical variations during study
performance. In case the repeated dose studies which
include a measure of genotoxicity but not an endpoint-
specific positive control will not be accepted by the regu-
latory bodies and thus cannot be used, the only way to
further evaluate positive findings from in vitro genotoxicity
studies in order to clarify the possible carcinogenic
potential of a compound is the performance of a carcino-
genicity study. This underscores the value of having a
control group scientifically to answer questions that could
only otherwise be answered by a bioassay.

The ability to investigate the relevance of positive in
vitro genotoxicity results for prediction of carcinogenicity
in humans without the use of animals is a significant sci-
entific and technical challenge. In addition to an
improvement of the existing in vitro genotoxicity tests, a
range of scientifically accepted tools should be available to
allow appropriate experiments for in vitro follow-up
testing.

Assessment of non-genotoxic carcinogens

Although it is generally accepted that major carcinogenic
risk is related to genotoxic compounds which can well be
detected by in vitro methods, the potential risk related to
non-genotoxic compounds must also be evaluated. Despite
the fact that some of the major mechanisms behind non-
genotoxic carcinogenicity are known, multiple unknown
mechanisms of action and the insufficient knowledge of the
cellular and molecular events have not yet allowed for the
implementation of a battery of in vitro tests that could
predict and/or explain their carcinogenic potential to man.

The mechanisms by which non-genotoxic carcinogens
cause tumours are in most cases related to tissue- and
species-specific disturbances in normal physiological con-
trol, gene expression patterns implicated in cellular pro-
liferation, survival and differentiation (Widschwendter and
Jones 2002; Baylin and Ohm 2006; Esteller 2007).
Numerous examples exist where the mechanism is animal

species specific, and thus these effects found in animals,
consequently, are not predictive for humans (Shanks et al.
2009).

The mechanisms behind non-genotoxic carcinogenicity
can be manifold, many of which are still not completely
understood. Typically modes of action are related to car-
cinogenesis phases of promotion and progression, but
participation in initiation phase is also proposed (Hattis
et al. 2008). The induction of tissue-specific toxicity
(cytotoxicity) resulting in inflammation and regenerative
hyperplasia belongs to those of the well known. Chronic
inflammation has shown to be associated with increased
incidence of cancers (Loeb and Harris 2008). As a result of
cell death by cytotoxic agents, persistent regenerative
growth may occur with increasing probability for sponta-
neous mutations (Ames and Gold 1991) which may lead to
accumulation and proliferation of mutated cells giving rise
to pre-neoplastic foci and, ultimately, to tumours via fur-
ther clonal expansion. Induction of immunosuppression by
chemicals is regarded another significant non-genotoxic
mechanism of cancer. The results from immunosuppressant
drugs like cyclosporine A have shown that they can elicit
direct cellular effects that can lead to promotion of cancer,
independent of immune reactivity (Hernandez et al. 2009).
Oxidative stress in cells also results in non-genotoxic car-
cinogenesis as it is shown that cancer cells commonly have
increased levels of reactive oxygen species (ROS) and that
ROS can induce cell malignant transformation (Lépez-
Lazaro 2010: Klaunig et al. 2010). Oxidative stress has
been suggested to have some involvement in the mode of
carcinogenic activity of peroxisome proliferators in rodent
livers (Doull et al. 1999; Hernandez et al. 2009).

Many non-genotoxic carcinogens act via binding to
receptors such as aryl hydrocarbon, nuclear and peroxi-
some-proliferator receptors (Hattis et al. 2008), thus
affecting proliferation, apoptosis and intercellular com-
munication. Relevant roles are also granted for tyrosine
kinase (TK), ion channel-coupled and G-protein-coupled
receptors (Lima and van der Laan 2000). Many endocrine
modifiers act through hormonal-mediated processes by
binding to receptors such as the oestrogen, the progester-
one, the aryl hydrocarbon or the thyroid hormone receptors
and induce cell proliferation at their target organs (Lima
and van der Laan 2000). Chemical substances may also
cause tumours by affecting regulation of gene expression
and genomic stability through hyper-or hypomethylation of
DNA, histone modifications and nucleosomal remodelling
(Lo and Sukumar 2008; Sadikovic et al. 2008).

Different research methods, including in vitro methods
using several cell types, are available to study a number of
these potential mechanisms. For example, tests are avail-
able to measure oxidative stress (Klaunig et al. 2010) or to
measure the inhibition of gap junction intercellular
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communication (GJIC) (Klaunig and Shi 2009), both of
which have been associated with a number of non-geno-
toxic carcinogens. However, these methods cannot cur-
rently be used to reliably predict carcinogenic potential, but
rather are focused on better understanding the mechanism
for effects elicited by a chemical.

Up to now the safety of non-genotoxic compounds in
man has mainly been concluded from repeat-dose toxicity
tests (mainly 90 day study), toxicokinetics, 2-year carci-
nogenesis bioassay, if available, and by using the TTC
principle. The prerequisite for the adequate use of TTC is
that information on toxicokinetics (i.e. systemic exposure)
is available. Opposite to genotoxic carcinogens for non-
genotoxic carcinogens, the threshold principle is com-
monly used for risk assessment. At this moment, no in vitro
test battery is recommended to test non-genotoxic carcin-
ogenic potential of chemical substances. To avoid animal-
specific and biased results, an in vitro testing battery based
on human cell or tissue models with relevant biomarkers is
seen as the most optimal way to replace animal tests in
non-genotoxic carcinogenic risk assessment. It is expected
that there will be significant synergies between work to
develop replacement tests for repeat-dose toxicity studies
with tests to predict non-genotoxic carcinogens and quan-
titative response thresholds.

Inventory of alternative methods currently available

Currently available non-testing and in vitro methods are
described below and are summarised in Table 10.

Non-testing methods

Non-testing methods include (quantitative) structure—
activity relationships ([Q]JSARs) and the formation of
chemical categories to facilitate the application of read-
across between similar chemicals. Non-testing methods are
based on the assumption that the information of a certain
compound can be extracted from the analysis of the effects
of similar compounds. Such methods are generally com-
puter-based (in silico) approaches.

(Q)SAR models link toxicity to continuous parameters
(molecular descriptors) associated with the chemical
structure. In case the relationship is simply qualitative, the
expression SAR is used. The term (Q)SAR is an umbrella
term covering both cases.

(Q)SARs are often incorporated, possibly in conjunction
with databases, into expert systems. An expert system is
any formalised system that is often, but not necessarily,
computer-based and that can be used to make predictions
on the basis of prior information (Dearden et al. 1997).
Expert systems (and their implementation in software
tools) are based on three main modelling approaches
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referred to rule-based, statistically based or hybrid meth-
ods. Rule-based methods codify the human rules which
identified certain chemical fragments responsible for the
effect. Statistical models are built by using data mining
methods to extract the information from a set of com-
pounds. It is possible to combine both approaches within a
hybrid model.

Quantitative  structure—activity  relationship  (QSAR)
Short description, scientific relevance and purpose: To
date, hundreds of QSAR models have been published in the
literature for predicting genotoxicity and carcinogenicity.
The application of the gene mutation test in bacteria (Ames
test) to large numbers of chemicals has shown that this test
has a high positive predictivity for chemical carcinogens
(around 80%; Benigni et al. 2010). Consequently, the most
commonly modelled test for genotoxicity has been the
Ames test. Most models are qualitative (SARs), i.e. coarse-
grain classifiers that predict a chemical compound as
genotoxic or carcinogenic or not. Relatively few models
are quantitative (QSARs) which provide a more precise
means of assessing genotoxicity and carcinogenicity,
mainly for congeneric sets of chemicals.

QSARs for non-genotoxic carcinogenicity are still in an
early stage of development. A number of structural alerts
and characteristics of several types of non-genotoxic car-
cinogens have been summarised (Woo and Lai 2003).
Relatively few models are available for identifying non-
genotoxic carcinogens or for predicting carcinogenic
potency (Toropov et al. 2009).

There exist several commercial as well as free available
expert systems for predicting genotoxicity and carcinoge-
nicity (Benfenati et al. 2009; Serafimova et al. 2010).
Freely available models in the public domain include
CAESAR, Toxtree, OncoLogic and LAZAR. Commercial
models requiring license fees include MultiCase, TOP-
KAT, HazardExpert, DEREK and ToxBoxes.

Rule-based systems contain “if-then-else” rules that
combine toxicological knowledge, expert judgment and
fuzzy logic. Commonly used software tools based on this
approach include OncoLogic (Woo et al. 1995), Derek
(Sanderson and Earnshaw 1991; Ridings et al. 1996) and
HazardExpert (Smithing and Darvas 1992). Derek and
HazardExpert can be used in conjunction with their sister
programs Meteor and MetabolExpert to predict the geno-
toxicity and carcinogenicity potential of metabolites as
well as parent compounds. In addition to these commercial
tools, models included in Toxtree and the OECD Toolbox
(OECD 2010d) are rule based.

Statistically based systems use a variety of statistical,
rule induction, artificial intelligence and pattern recogni-
tion techniques to build models from non-congeneric
databases. Statistically based systems are included in the
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Table 10 Summary of identified alternative non-animal methods for carcinogenicity

Current Alternative Part of mechanism Area(s) of application Status (R&D, Comments Estimated
endpoints tests available  covered optimisation, time until
addressed in prevalidation, entry into
animal test validation, regulatory pre-
acceptance) validation
Genotoxicity QSAR and Mainly genotoxicity =~ Mainly screening, but Models and software  These are in silico N/A
and expert and carcinognicity also provide a tools implementing tools that generate
carcinogenicity  systems based on DNA means of filling data  them are subject to predictions based on
reactivity. Mostly gaps in hazard ongoing chemical structure;
classification models  assessment development they are not
experimental test
methods
Genotoxicity Category Depends on choice of Grouping and read-  Various software tools These are in silico N/A
and formation and  category members across provides a are available to carry  tools that support
carcinogenicity ~ read-across means of filling data  out grouping and grouping and read-

approach

Genotoxic and
non-genotoxic
carcinogenicity

TTC approach

Bacterial
reverse
mutation
assay in
Salmonella
typhimurium
and
Escherichia
coli

Genotoxicity

Genotoxicity In vitro gene
mutation
assay in
mammalian
cells

In vitro
micronucleus
assay in
mammalian
cells

Genotoxicity

TTC is a statistically
based approach to
establish a
conservative default
risk value based on
worst-case
assumptions about
the chemical in the
absence of data. It is
not an assay that is
intended to replace
current testing
strategies

Gene mutations (point
mutations, base pair
substitutions and
frameshift
mutations)

Gene mutations (point
mutations, base pair
substitutions,
frameshift
mutations)

Structural and
numerical
chromosome
damage (Mouse
Lymphoma L5178Y
cells)

Structural and
numerical
chromosome
damage in
mammalian cells
(i.e. clastogenicity
and aneuploidy)

gaps in both hazard
and risk assessment

Screening;
conservative risk
assessment tool
based on
distribution of risk
values (one
distribution for
genotoxic
compounds and a
separate distribution
for non-genotoxic
compounds)

Screening

Hazard identification

Screening
Hazard identification

Screening
Hazard identification

read-across

TTC has regulatory
acceptance as a risk
assessment tool in
the US for food
packaging materials
and in the US and
Europe to set
acceptable exposure
limits for genotoxic
impurities in drugs.
It has not yet been
granted regulatory
acceptance for use in
cosmetics

OECD TG 471

OECD TG 476

OECD TG 487

across

Although TTC has the N/A
potential to be a
useful risk
assessment tool for
very low-level
exposures, it is not
expected to be
useful for cosmetic
ingredients used at
higher levels or in
product types
associated with
higher consumer
exposures (e.g. body

lotion)
Guideline
available
Problems related to Guideline
low specificity of the  available
tests (exception of
hprt)
Problems related to  Guideline
low specificity of the available

test
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Table 10 continued

Current Alternative tests Part of mechanism Area(s) of Status (R&D, Comments Estimated

endpoints available covered application optimisation, time until

addressed in prevalidation, entry into

animal test validation, pre-
regulatory validation
acceptance)

Genotoxicity In vitro Structural and numerical ~ Screening OECD TG 473 Problems related to  Guideline
chromosome chromosome damage in  [a7ard low specificity of available
aberration mammalian cells (i.e. identification the test
assay in clastogenicity and
mammalian polyploidy)
cells

Genotoxicity Comet assay in  DNA damage Hazard Optimisation Additional work is  1-3 years
human 3D skin identification ongoing with
model Clarification of in further human 3D

vitro genotoxic skin models
positives

Genotoxicity Micronucleus Structural and numerical ~ Hazard Prevalidation Additional work is  0-3 years
assay in human chromosome damage in identification ongoing for one of  ongoing with
3D skin model =~ mammalian cells (i.e. Clarification of in  the epidermis further human 3D

clastogenicity and vitro genotoxic human models skin models
aneuploidy) positives

Genotoxicity GreenScreen HC p53-dependent Screening Optimisation 1-3 years

upregulation of
GADD45a expression in
response to DNA
damage

Genotoxicity Hens egg test for Structural and numerical ~ Screening Optimisation 0—4 years
micronucleus chromosome damage in  a,ard
induction mammalian cells (i.e. identification
(HET-MN) clastogenicity and

aneuploidy)
Genotoxic and  Cell Transformation Screening Prevalidation Standard protocol 0 year
non-genotoxic transformation Clarification of in  completed for SHE  developed for
carcinogenicity  assays (CTA) vitro genotoxic and Balb/c 3T3 SHE, to be
positives validation ongoing  considered for
for Bhas 42 drafting the OECD
Hazard TG
identification
Identifying
promoters
Chemopreventive
activity
Mechanistic
studies

Genotoxic and  In vitro Expression changes of Screening R&D 0-5 years

non-genotoxic toxicogenomics ~ genes and gene sets Clarification of in Optimisation

carcinogenicity

(biological pathways)

vitro genotoxic

positives
Hazard

identification

Mechanistic
studies

N/A Not applicable

This table estimates the time needed to enter prevalidation, according to ECVAM'’s established criteria, assuming optimal conditions. It does not
indicate the time needed to achieve full replacement of the animal test, nor does it include the time needed to achieve regulatory acceptance.
“Optimal conditions” means that all necessary resources, for example, technical, financial, human and coordination, are met at all times in the
process, and that the studies undertaken have successful outcomes
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commercial tools MultiCASE (Klopman and Rosenkranz
1994), TOPKAT (Enslein et al. 1994) and the publicly
available LAZAR (Helma 2006) and CAESAR (Ferrari and
Gini 2010; Fjodorova et al. 2010) models. In addition,
many models published in the literature and not imple-
mented in software are statistically based.

Hybrid models are based on a combination of knowl-
edge-based rules and statistically derived models. These
are based on the general idea that within the structural
space of a single structural alert (considered to represent a
single interaction mechanism), statistically derived models
can quantitatively predict the variation in the reactivity of
the alert conditioned by the rest of the molecular structure.
Examples of the hydrid approach include models imple-
mented in the OASIS TIMES (Mekenyan et al. 2004, 2007;
Serafimova et al. 2007), in CAESAR (Ferrari and Gini
2010) as well as some literature-based models not imple-
mented in software (Purdy 1996).

The accuracy of QSARs for potency for both bacterial
reverse mutation assay mutagenicity and rodent carcino-
genicity (applicable only to toxic chemicals) is 30-70%,
whereas the accuracy of classification models for dis-
crimination between active and inactive chemicals is
70-100% depending on the model and dataset used. Usu-
ally accuracy of the models for carcinogenicity is relatively
lower than what the bacterial reverse mutation assay gives.
This is reasonable taking into account the complexity of the
carcinogenicity endpoint, and the fact that models do not
explicitly include ADME properties, which could be crit-
ical steps in the carcinogenic process. It has been argued
that QSARs for carcinogenicity classification are of com-
parable performance to the gene mutation test in bacteria
(Benigni et al. 2010).

Status of validation and/or standardisation: The vali-
dation process for a (Q)SAR model does not follow the
validation procedures of in vitro test methods (http://
www.ecb.jrc.ec.europa.eu/qsar/background/). It is a fast
and an unofficial approach for characterising models and
documenting them according to an internationally harmo-
nised format, the QSAR Model Reporting Format (QMREF;
http://www.ecb.jrc.ec.europa.eu/qsar/gsar-tools/index.php?
¢=QRF). Since the usefulness of QSAR estimates is highly
context dependent, there is no official acceptance or
adoption process at EU or OECD levels.

The REACH legislation allows the use of QSAR models
that are scientifically valid, applicable to the chemical of
interest and that give results adequate for the regulatory
purpose.

The validation procedure includes an assessment of
model performance based on different statistical analyses
(Eriksson et al. 2003). For models which are classifiers,

statistical parameters, such as accuracy (concordance),
sensitivity and specificity, are used. For continuous
(regression) models, a range of other parameters are typi-
cally used (e.g. the coefficient of determination, R?, and the
standard error of the estimate, s). The ultimate proof of the
predictivity of a QSAR is the demonstration that when
applied to a new set of chemicals not used for the model-
ling (an independent test set), it predicts reliably their
biological activity (Benigni and Bossa 2008).

The validation procedure also includes an assessment of
the applicability domain of the model. The key is to
understand whether it is appropriate to make a prediction
for a given query chemical. Different chemometric
approaches can be used to describe the applicability domain
of a model and thus to assess model applicability. Some
applicability domain methods are based on the structural
similarity of the chemical of interest to the training set
chemicals, whereas others are based on mechanistic simi-
larity. The program AMBIT for example can evaluate this
information (CEFIC 2010). Other approaches explore the
possible use of other pieces of information for the appli-
cability domain. For example, software based on the
CAESAR model for carcinogenicity takes into consider-
ation not only the chemical but also the toxicological
information (CAESAR 2010). This method evaluates not
only the input of the model (the chemical descriptors), but
also the output, which is the toxicity property.

Unfortunately, there is no single and harmonised way of
evaluating chemical similarity and defining applicability
domains (Jaworska and Nikolova-Jeliazkova 2007), which
means that the assessment of model applicability is not
straightforward and needs to rely to some extent on expert
judgement.

Field of application and limitations: (Q)SAR models are
used by industry, in the upstream process, for a fast
screening. More detailed information on the strengths and
limitations of the different models is given elsewhere
(Benfenati et al. 2009; Serafimova et al. 2010). Generally,
the carcinogenicity models are not used for the final
assessment.

It is interesting to notice that the results from different
models may not agree, because they are based on different
chemical information and rules. Indeed, any model is
incomplete in its knowledge. Thus, the recommendation is
to use more than one model and critically evaluate the
results. Another possibility is to combine predictions of
multiple models (Contrera et al. 2007). The results should
be analysed considering the knowledge on the basis of the
software. Indeed, several programs are quite transparent
and show for instance the fragment which is supposed to
trigger the toxic effect. When evaluating the reliability of a
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prediction, it is important to critically evaluate not only the
predicted outcome and the apparent predictive performance
of the model, but also any supporting information that is
available, such as whether the assumptions of the model
have been fulfilled (e.g. the model is applicable to the
substance being predicted) and information on the ability
of the model to correctly predict suitable analogues of the
chemical of interest.

Ongoing developments: There are some interesting
perspectives for the integration of (Q)SAR with results of
other tests. (Q)SAR models can offer advantages in the
organisation and exploration of the data and information.
This will be more powerful in case of the availability of a
huge number of data, arising, for instance, from the Tox-
Cast initiative (ToxCast 2010).

Read-across and grouping of chemicals Short descrip-
tion, scientific relevance and purpose: A chemical category
is a group of chemicals whose physicochemical, human
health, ecotoxicological properties and/or environmental
fate properties are likely to be similar or follow a regular
pattern, usually as a result of structural similarity (OECD
2007b). The grouping approach represents a move away
from the traditional substance-by-substance evaluation to a
more robust approach based on a family of related chem-
icals. Within a chemical category, data gaps may be filled
by read-across, trend analysis and QSARs (van Leeuwen
et al. 2009).

The OECD (2007b) guidance document on toxicological
grouping of chemicals, which is based on the REACH
guidance for grouping, proposes a stepwise approach for
analogue read-across. The steps include (1) identifying
potential analogues, (2) gathering data on these potential
analogues, (3) evaluating the adequacy of data for each
potential analogue, (4) constructing a matrix with available
data for the target and analogue(s), (5) assessing the ade-
quacy of the analogue(s) to fill the data gap and (6) doc-
umenting the entire process. The guidance also indicates
the importance of comparing the physicochemical proper-
ties of the analogue and target chemicals as well as
assessing the likely toxicokinetics of the substances,
including the possibility that divergent metabolic pathways
could be an important variable. Using the OECD guidance
as a foundation, Wu et al. (2010) have recently published a
framework for using similarity based on chemical struc-
ture, reactivity, and metabolic and physicochemical prop-
erties to specifically evaluate the suitability of analogues
for use in read-across toxicological assessments.

Read-across interpolates or extrapolates the property of
one or more compounds. For a given category endpoint, the
category members are often related by a trend (e.g.
increasing, decreasing or constant) in an effect, and a trend
analysis can be carried out using a model based on the data
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for the members of the category. Data gaps can also be
filled by an external QSAR model, where the category
under examination is a subcategory of the wider QSAR. All
of these approaches can be performed in a qualitative or
quantitative manner. In other words, using of a category
approach means to extend the use of measured data to
similar untested chemicals, and reliable estimates that are
adequate for classification and labelling and/or risk
assessment can be made without further testing.

Status of validation and/or standardisation: By its very
nature, the grouping and read-across approach is an ad hoc,
non-formalised approach based on a number of steps
including expert choices. Thus, the term “validation” is not
meaningful in this context. Instead, estimated properties
obtained by the grouping and read-across approach need to
be assessed in terms of their adequacy, and the justification
needs to be clearly documented according to an accepted
format (ECHA 2010). The critical issues of chemical cat-
egory formation procedure are quality of the existing data
for known chemicals and definitions of the similarity. The
similarities may be based on the following: (1) structural
features (e.g. common substructure, functional group,
chemical elements), (2) physico-chemical, topological,
geometrical, surface and quantum chemical properties, (3)
behaviour (eco)toxicological response underpinned by a
common mechanism of action and (4) toxicokinetics
properties, including metabolic pathways.

At present, there are several software tools that can be
used to build a category and fill data gaps related with
genotoxicity and carcinogenicity (Serafimova et al. 2010).
In version 2.0 of the OECD QSAR Toolbox, five mecha-
nistically based profilers connected with genotoxicity and
carcinogenicity are implemented (Enoch and Cronin 2010).
In the software, 5 databases are included which contain
genotoxic and carcinogenic experimental data. The Tool-
box gives the possibility to form a category using also other
criteria for similarity, including metabolism. Toxmatch
(Patlewicz, et al. 2008) is another software tool that
encodes several chemical similarity indices to facilitate the
grouping of chemicals into categories and the application
of read-across.

Compared to (Q)SAR methods, the experience on the
use of these methods for carcinogenicity is limited. A
limitation of these methods is that their reproducibility can
be low, because the definition of the similar compounds
and their number is not standardised. Different results are
expected if the toxicity prediction is based on different
compounds. More experience should be produced com-
paring results obtained from different users.

Field of application and limitations: Read-across is
typically used when very similar compounds are present.
Assessors rely on the property of these similar compounds.
It is obvious that the reliability of this non-testing method
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is highly related to toxicity values of the similar com-
pounds. If the information is extracted from one or two
chemicals, this information has to be very carefully
checked. This applies to all non-testing methods, but in
case of a large population of compounds, the presence of
errors is less critical. Furthermore, interpolation should be
preferred, compared to extrapolation.

Ongoing developments: Interesting perspectives exist in
the development of more robust methods for similarity
evaluation. For this, some of the tools above discussed for
the applicability domain can be used for the evaluation of
correctness of read-across and grouping.

Threshold of toxicologic concern (TTC) approach Cos-
metics are typically mixtures of different ingredients added
at varying levels, some of which are associated with very low
exposure to consumers. For these ingredients, the TTC
approach may offer a conservative, transparent and pragmatic
way to assure safety. However, because of the conservative
assumptions associated with TTC, it will be limited in its
general applicability to cosmetics and will likely not be useful
for ingredients used at higher levels or in products that involve
higher exposures (e.g. body lotions).

Short description, scientific relevance and purpose. The
TTC is a scientifically based approach to establish acceptable
exposure limits when sufficient chemical-specific toxicologic
information is lacking. It is a pragmatic risk assessment tool
that relies on the broad grouping of chemicals based on
structural features and then assumes that an untested chemical
is potentially as toxic as the most toxic chemicals in the group.
Asaconsequence, the TTC exposure limits are by design quite
conservative. Furthermore, it is likely that if chemical-specific
data were available, the risk assessment would support higher
exposure levels. The intention of this approach is to provide a
framework that minimises the time and effort spent on
assessing low-level exposures by providing a means to
develop scientifically supported exposure limits for these
materials without the need to generate additional toxicity data.
It is noted that TTC is different from some of the other alter-
native approaches described herein because the focus of TTC
is on risk assessment (i.e. establishing an acceptable exposure
limit) rather than being limited to hazard identification.

The origins of TTC as a risk assessment tool can be
found in the US FDA’s Threshold of Regulation (ToR),
which was developed as a pragmatic way to assess the
safety of low-level food packaging migrants (US FDA
1995). The ToR established an exposure level of 1.5 pg/
day as being protective for chemicals lacking structural
alerts for genotoxicity. This number was based on an
analysis of the distribution of potencies of chemical car-
cinogens in the Carcinogen Potency Database (CPDB),
which had 477 carcinogens in it at the time. Importantly, a
re-analysis of a later update of the Gold’s CPDB (1995)

that included more than 700 chemicals showed a similar
distribution of cancer potencies (Cheeseman et al. 1999;
Kroes et al. 2004). Although the ToR was based on an
evaluation of cancer potencies, the exposure limit of
1.5 pg/day was not intended to be used with genotoxic
carcinogens. This is because the Delaney Clause in US law
prohibits the use of carcinogens as indirect food additives.
Therefore, 1.5 pg/day was established as a limit that would
not be used for chemicals with structural alerts or other
reason for concern for genotoxicity, but would still be
considered to be protective in the event that later testing
revealed that the chemical did have some carcinogenic
potential.

Status of validation and/or standardisation: The TTC
methodology and scientific underpinnings continue to be
expanded upon such that its utility and acceptance are
growing. Since the initial work of the FDA on the ToR, the
TTC methodology has been expanded into a tiered
approach that has the potential for much broader applica-
bility. Most notably, Kroes et al. (2004) describes the work
of an Expert Group of ILSI Europe that culminated in the
development of a decision tree that is now widely cited as
providing the foundation for a tiered TTC approach. This
publication describes a step-wise process in which it is first
determined whether TTC is an appropriate tool (proteins,
heavy metals and polyhalogenated-dibenzodioxins and
related compounds have been so far excluded from use
with TTC) and then follows a series of questions to
determine the appropriate TTC tier. The initial step is the
identification of high potency carcinogens that have cur-
rently been excluded from the TTC approach (aflatoxin-
like, azoxy and N-nitroso compounds). After that, the
chemical would be analysed for structural alerts for pos-
sible genotoxicity. Those with alerts would be assigned to
the lowest TTC tier of 0.15 pg/day (an order of magnitude
lower than the FDA’s ToR). Organophosphates have then
been assigned the next highest tier, followed by three
higher tiers for non-genotoxic substances. These three tiers
are based on the work of Munro et al. (1996b), who
established a non-cancer database for TTC consisting of
repeat-dose oral toxicity data of 613 substances. These
substances were divided into three chemical classes of
toxic potential on the basis of their structure using the
decision tree of Cramer et al. (1978), and the distribution of
NOELs was established for each of the three Cramer
Classes. The 5th percentile NOEL was then calculated for
each Cramer Class distribution, and an uncertainty factor of
100 was applied to establish human exposure thresholds of
1,800, 540 and 90 mg per person per day (30, 9 and
1.5 mg/kg bw/day) for the Cramer structural classes III, II
and I. A new chemical lacking repeat-dose toxicity data
could then be assigned a Cramer class based on structure,
and the appropriate TTC value assigned.
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Fields of application and limitations: Since its origin as
a tool for food packaging materials in the mid-1990s, the
acceptance and utility of TTC has been expanded such that
it has been used extensively to assess food flavouring
agents (JECFA 1996, 1997; EFSA 2004; Renwick 2004)
and genotoxic impurities in pharmaceuticals (EMEA 2006,
2008; Miiller et al. 2006). The TTC decision tree has also
been recommended as a tool to evaluate low-level expo-
sures associated with personal and household products
(Blackburn et al. 2005) and cosmetic ingredients and
impurities in the absence of chemical-specific toxicology
data (Kroes et al. 2007). Whereas the TTC databases are
oral repeat-dose studies, cosmetic exposures are predomi-
nantly dermal. Therefore, in addition to considerations of
the chemical domain, application of the TTC approach to
cosmetics requires consideration of route-to-route extrap-
olation, including differences in absorption and first-pass
metabolism. Kroes et al. (2007) published an analysis
showing that the oral TTC values are in fact valid for use
with dermal exposures. Furthermore, they recommended
conservative default adjustment factors based on in silico
prediction tools that could be used to estimate an absorbed
dose following dermal exposure.

Ongoing developments: In addition to work ongoing to
further expand the applicability and acceptance of TTC as
a risk tool for cosmetic ingredients, other projects have
aimed to expand the tool itself. For example, additional
refinements have been recommended by Felter et al. (2009)
that allow for the inclusion of genotoxicity data as a way to
refine the TTC limit for chemicals that have structural
alerts for genotoxicity and to support higher exposure
limits for less-than-lifetime exposures. Also, work is
ongoing to develop TTC as a tool to evaluate inhalation
exposures (Carthew et al. 2009) from cosmetics and as a
tool for safety assessment of sensitisation following dermal
exposure (Safford 2008).

More recently, Bercu et al. (2010) proposed the use of
TTC in combination with QSAR tools to establish safe
levels for genotoxic impurities (GTIs) in drug substances.
The single TTC limit of 0.15 pg/day is highly conservative
and intended to be protective for the more potent end of the
distribution of potencies for genotoxic chemicals (after
excluding highly potent categories such as the N-nitroso
carcinogens), and as such can be very restrictive in the
development of new drug substances. To address this,
Bercu et al. developed a tiered approach to use in silico
tools to predict the cancer potency (TD50) of a compound
based on its structure. Structure activity relationship (SAR)
models were developed from the CPDB using two software
packages: MultiCASE and VISDOM (Eli Lilly proprietary
software). MultiCASE was used to predict a carcinogenic
potency class, while VISDOM was used to predict a
numerical TD50. For those compounds not categorised as
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“potent” by MultiCASE, TD50 values were predicted by
VISDOM that could then be used in establishing accept-
able exposure levels. For those that were categorised as
“potent”, the previously established TTC value of 0.15 pg/
day would be used.

In vitro methods

Classical genotoxicity tests Short description, scientific
relevance and purpose: Originally, in vitro genotoxicity
tests are used to predict the intrinsic potential of substances
to induce mutations. The rationale behind using genotoxi-
city tests for identifying potential carcinogens is that
mutations and/or chromosomal aberrations are strongly
associated with the carcinogenesis process. For this task,
only in vitro genotoxicity tests which measure a mutation
endpoint (gene or chromosomal mutation) are qualified: the
gene mutation test in bacteria (OECD 471), the gene
mutation test in mammalian cells (OECD 476), the chro-
mosome aberration test (OECD 473) and the in vitro
micronucleus test (OECD 487).

The tests rely on the fixation of initial DNA damage
(DNA adducts or chromosomal damage) or damage to the
cellular apparatus like the spindle figure into stable irre-
versible DNA modifications or changes in chromosome
number. These modifications may result in the induction of
diseases like cancer or genetic inheritable diseases. The
tests are used to predict the potential of chemical sub-
stances to induce the former diseases.

Known users: Academics for mechanistic studies, all
industries for screening purpose but also for regulatory
application.

Status of validation and/or standardisation: With the
exception of the in vitro micronucleus test (Corvi et al.
2008), none of the genotoxicity tests are formally validated
but nonetheless established, scientifically accepted and
used tests. For all the tests suggested, OECD guidelines
exist.

Fields of application and limitations: The problem with
in vitro genotoxicity tests, particularly for the tests mea-
suring clastogenic effects, is the high number of misleading
positives, i.e. positive test results for known non-carcino-
gens, as was discussed previously. Improvement of existing
in vitro standard genotoxicity tests is under investigation.
Preliminary data generated in a project sponsored by EC-
VAM and predominantly the cosmetic industry show that
misleading positive results can be reduced if: (1) p53-
competent cells (e.g. human lymphocytes, TK6) are used
instead of p53-compromised rodent cells (Fowler et al., in
press), (2) cytotoxicity measures are based on proliferation
during treatment instead of measures simply on cell count
(Kirkland and Fowler 2010) and (3) the top concentration
is reduced from 10 to 1 mM (Parry et al. 2010; Kirkland
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and Fowler 2010). These modifications are in line with the
OECD guidelines, except for the reduction of the top
concentration which would need revision of the guidelines
for in vitro genotoxicity testing.

Ongoing developments: The role of genotoxicity testing
can be both qualitative (hazard assessment) and quantita-
tive (risk assessment). A preliminary investigation on the
applicability of in vivo genotoxicity tests to estimate cancer
potency looked promising (see also the paragraph on in
vivo genotoxicity test and Herndndez et al., submitted). For
a quantitative approach of in vitro genotoxicity tests, a
foreseeable problem is the metrics comparison of the cor-
relation, particularly how the dose of in vitro studies (in
mM) translates to a dose in in vivo tests (mg/kg bw/day).
For this reason, dose—response analysis of both in vitro and
in vivo genotoxicity endpoints and carcinogenicity is
essential. Unfortunately, dose—response analyses using
sophisticated dose-response software such as PROAST
(RIVM) or the BMDS (USEPA) have never been per-
formed with in vitro genotoxicity tests. Given the prom-
ising results obtained between in vivo genotoxicity and
carcinogenicity, it is worthwhile applying a similar
approach to investigate whether in vitro genotoxicity tests
are correlated to carcinogenic potency.

In vitro micronucleus test in 3D human reconstructed skin
models (RSMN) Short description, scientific relevance
and purpose: The micronucleus test in 3D human recon-
structed skin models (RSMN) offers the potential for a
more physiologically relevant approach especially regard-
ing metabolic properties to test dermal exposure. It has
been anticipated that these features of the reconstituted skin
models could improve the predictive value of a genotoxi-
city assessment compared with that of existing in vitro tests
and, therefore, could be used as a follow-up test in case of
positive results from the standard in vitro genotoxicity
testing battery (Maurici et al. 2005). Several 3D skin
models are commercially available and are suitable for
conducting such test, provided that sufficient cell prolif-
eration is available.

Status of validation and/or standardisation: A RSMN
protocol using the EpiDerm™ (MatTec Corporation,
Ashland, MA, USA) model has been developed and eval-
uated with a variety of chemicals across three laboratories
in the United States (Curren et al. 2006; Mun et al. 2009;
Hu et al. 2009). A multilaboratory prevalidation study was
initiated in 2007 and is sponsored and coordinated by the
European Cosmetics Industry Association (COLIPA). This
study aims at establishing the reliability of the method
(Aardema et al. 2010) and at increasing the domain of
chemicals tested for predictive capacity. Results generated
so far show excellent inter- and intra-laboratory repro-
ducibility and, therefore, suggest that the RSMN in

EpiDerm™ is a valuable in vitro method of dermally

applied chemicals.

Fields of application and limitations: The test is aimed
for use at chemicals for which there is dermal exposure.
The RSMN test must be seen as an addition to the standard
battery of in vitro genotoxicity tests. It will be important to
demonstrate whether these tests have an equivalent sensi-
tivity and a better specificity with regard to those of the
standard in vitro micronucleus test.

Ongoing development: Research on the metabolic
capacity of the test (Hu et al. 2010) and investigation of the
utility of more complex models, such as full-thickness skin
models, are ongoing.

In vitro comet assay in 3D human reconstructed skin
models Short description, scientific relevance and pur-
pose: The comet assay in 3D human reconstructed skin
models is considered to be more relevant to evaluate the
genotoxic potential of chemicals than when performed in
cell cultures, because genotoxic effects can be evaluated
under physiological conditions, especially regarding met-
abolic properties (Hu et al. 2010), and therefore be closer to
the human situation than animal testing. This assay is a
rapid and sensitive method to evaluate primary DNA
damage, and it could be used as a follow-up test for
chemicals that cause gene mutation in the in vitro standard
tests (Maurici et al. 2005). Several 3D skin models are
commercially available and are suitable for conducting
such assay.

Status of validation and/or standardisation: Similarly to
the RSMN test, a protocol using the EpiDerm™ model has
been developed for the comet assay in 3D human recon-
structed skin models and is being optimised and evaluated
across three laboratories in the EU and USA. This study
which aims at establishing the reliability of the method and
at increasing the domain of chemicals tested for predictive
capacity was initiated in 2007 and is coordinated by CO-
LIPA and sponsored by COLIPA and ECVAM.

Fields of application and limitations: The test is aimed
for use at chemicals for which there is dermal exposure. It
must be seen as an addition to the standard battery of in
vitro genotoxicity tests. Being the endpoint sensitive to
DNA damage, it is crucial that the quality of the tissues and
good shipping conditions are ensured.

Ongoing development: Research on the metabolic
capacity of the assay (Hu et al. 2010) and investigation of
the utility of more complex models, such as full-thickness skin
models, are ongoing. Moreover, application of the comet
assay to freshly obtained human skin tissue that is generally
obtained following cosmetic surgery is under investigation.

GreenScreen HC assay Short description, scientific rel-
evance and purpose: The GreenScreen HC (Gentronix Ltd,
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Manchester, UK) is a commercially available assay for
genotoxicity testing, using human lymphoblastoid TK6
cells transfected with the GADD45a (growth arrest and
DNA damage) gene linked to a green fluorescent protein
(GFP) reporter (Hastwell et al. 2006). This assay is based
on the upregulation of GADD45a-GFP transcription and
the subsequent increase in fluorescence, in response to
genome damage and genotoxic stress. The test can be
performed with or without metabolic activation by S9-liver
fraction.

Status of validation and/or standardisation: Standard
protocols have been developed for both methods, without
(Hastwell et al. 2006) or with (Jagger et al. 2009) metabolic
activation, and their transferability, within-laboratory
reproducibility (Hastwell et al. 2006; Jagger et al. 2009)
and between-laboratory reproducibility (Billinton et al.
2008, 2010) have been evaluated.

Fields of application and limitations: This test is used
by the pharmaceutical industry as early screening tool in
drug discovery. However, most pharmaceutical companies
are still investigating the utility of the screen in their
strategies and how to interpret the data for internal deci-
sion-making.

Some technical aspects have also to be taken into
account for the conduct of the test: the protocol in the
absence of metabolic activation only requires the use of a
microplate spectrophotometer and is compatible with high-
throughput screening, whereas the accessibility and the
automation of the S9-protocol are both limited by the neces-
sity of a flow cytometer to avoid interference with the light-
absorbing and fluorescent properties of S9-particulates.

Ongoing development: A variant of the S9-protocol has
been developed, which was adapted to microplate readers
by the use of a fluorescent cell stain and fluorescence
(instead of absorbance) measurement to estimate cell
number. Although flow cytometry remains the most sen-
sitive method, this variant is more suitable for non-flow
cytometer users and for high-throughput screening.

The BlueScreen HC is a new assay under development
that uses the same GADD45a reporter gene as the Green-
Screen HC assay but linked to Gaussia luciferase gene,
which leads to a greater signal-to-noise ratio than with
GFP. Moreover, it has full compatibility with S9-liver
fraction use and thus with high-throughput screening
capability.

Hens egg test for micronucleus induction (HET-MN)
Short description, scientific relevance and purpose:
Another promising system as a follow-up for in vitro
positive for cosmetic ingredient is the hens’ egg test for
micronucleus induction (HET-MN; Wolf et al. 2008). The
HET-MN combines the use of the commonly accepted
genetic endpoint “formation of micronuclei” with the well-
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characterised and complex model of the incubated hen’s
egg, which enables metabolic activation, elimination and
excretion of xenobiotics, including those that are mutagens
or promutagens. The assay procedure is in line with
demands for animal protection.

Status of validation and/or standardisation: A prevali-
dation study is planned starting in September 2010 with at
least three participating laboratories investigating the
transferability and intra-laboratory reproducibility. Results
of this study will most probably be available in 2012.

Fields of application and limitations: At present, the
HET-MN is not frequently used. Only few laboratories
have established this test for screening purposes. Studies on
metabolism indicate that certain important phase I and II
enzymes are active and, therefore, the detection of liver
mutagens is possible. Up to now, the transferability and
intra-laboratory reproducibility is not provided.

Ongoing developments: An improvement may be the
inclusion of flow cytometric analysis where higher cell
numbers can be evaluated in a shorter time and which
could improve the sensitivity of the assay as the sample
size can be dramatically increased.

Cell transformation assay Short description, scientific
relevance and purpose: Mammalian cell culture systems
may be used to detect phenotypic changes in vitro induced
by chemical substances associated with malignant trans-
formation in vivo. Widely used cells include SHE,
C3H10T,,,, Balb/3T3 and Bhas 42 cells. The tests rely on
changes in cell colony morphology and monolayer focus
formation. Less widely used systems exist which detect
other physiological or morphological changes in cells fol-
lowing exposure to carcinogenic chemicals. Cytotoxicity is
determined by measuring the effect of the test material on
colony-forming abilities (cloning efficiency) or growth
rates of the cultures.

Status of validation and/or standardisation: In 2007 the
OECD published a Detailed Review Paper (DRP31) aiming
at reviewing all the available data on the 3 main protocols
for cell transformation assays and concluded that the per-
formance of the assays using SHE and Balb/c 3T3 cells
was sufficiently adequate (OECD 2007e) and should be
developed into OECD test guidelines. A prevalidation
study with SHE (pH 6.7 and 7.0) and Balb/c 3T3 cells was
organised by ECVAM to address issues of standardisation
of the protocols, transferability and reproducibility. The
experimental work was finished in 2009. The data dem-
onstrated that the SHE protocols and the assays system
themselves are transferable between laboratories and are
reproducible within- and between laboratories. For the
Balb/c 3T3 method, an improved protocol has been
developed, which allowed to obtain reproducible results.
Further testing of this improved protocol is recommended



Arch Toxicol (2011) 85:367-485

443

in order to confirm its robustness (Vanparys et al. 2010).
Overall, these results in combination with the extensive
database summarised in the OECD DRP31 (OECD 2007¢)
will support the development of the OECD test guidelines
for the assessment of carcinogenicity potential. This
ongoing work should progress in the coming 3 years.

Fields of application and limitations: The in vitro cell
transformation assays have been established in order to
predict tumourigenicity (DiPaolo et al. 1969; Isfort et al.
1996; Matthews et al. 1993). Some of the test systems are
capable of detecting tumour promoters (Rivedal and
Sanner 1982). Some cell types and substances may require
an appropriate external metabolic activation system. When
primary cells are used that possess intrinsic metabolic
activity, additional metabolic activation is not needed. The
scoring of transformed colonies and foci may require some
training and experience.

The cell transformation assays are currently used for
clarification of in vitro positive results from genotoxicity
assays to be used in the weight of evidence assessment.
Data generated by cell transformation assays can be useful
where genotoxicity data for a certain substance class have
limited predictive capacity (e.g. aromatic amines), for
investigation of compounds with structural alerts for car-
cinogenicity or to demonstrate differences or similarities
across a chemical category. Also the tumour-promoting
activity of chemicals can be investigated by the cell
transformation assays.

Known users: Academics, pharmaceutical and agro-
chemical industry for screening purpose, cosmetic industry
and chemical industry also for regulatory application.
Academia is using it for mechanistic studies.

Ongoing developments: Certain improvements for
investigating the transformed phenotype have been pro-
posed. Transformed colonies can be detected by discrimi-
nation of the transformation phenotype by using ATR-
FTIR spectroscopy (Walsh et al. 2009), by image analysis
(Urani et al. 2009) or by the inclusion of molecular bio-
markers (Poth et al. 2007). The technical performance of
the SHE assay has been improved by avoiding the use of
X-ray irradiated feeder layers (Pant et al. 2008). Systems
biology is included for mechanistic investigation of cellular
transformation (Ao et al. 2010; Rohrbeck et al. 2010) and
also the throughput has been increased by using soft agar
colony screening (Thierbach and Steinberg 2009) and Bhas
42 96-well plate method (Ohmori et al. 2005).

In vitro toxicogenomics Short description, scientific rel-
evance and purpose: Since the introduction of genomic
technologies circa 10 years ago, their application in
toxicology, toxicogenomics, has developed enormously
(Ellinger-Ziegelbauer et al. 2009a; Guyton et al. 2009;
Waters et al. 2010). The unbiased analyses of global

perturbations by chemicals in cells and organisms at the
level of genes, transcripts, proteins and metabolites, in
combination with powerful bioinformatic tools, provides
an unprecedented wealth of information about the molec-
ular processes and mechanisms that can be affected. This
knowledge can be used for elucidating the mode of action
of compounds, prediction of toxic properties, cross-species
and in vitro-in vivo comparison, and even in epidemio-
logical settings for assessment of exposure and (adverse)
effects in humans. Predominantly, transcriptomics (gene
expression analyses at the level of mRNA) has received
most attention and has proven to be promising. For in vitro
hazard assessment in the area of genotoxicity and carcin-
ogenicity TK6, HepG2 and primary liver cells are mostly
used. These toxicogenomics approaches reach 80-90%
accuracy (Ellinger-Ziegelbauer et al. 2009a; Li et al. 2007,
Tsujimura et al. 2006; Le Fevre et al. 2007; Hu et al. 2004;
Mathijs et al. 2010) for predicting in vivo toxicity in
rodents although the number of chemicals is still limited
and may not represent the full spectrum of toxins.

Known users: Academia is using it for mechanistic
studies. Pharmaceutical and cosmetic industry in screening
purposes only.

Status of validation and/or standardisation: No formal
validation under the guidance of ECVAM or a similar
organisation has been performed although the technology
has been extensively evaluated by the MicroArray Quality
Consortium (MAQC; Guo et al. 2006; MAQC Consortium
2006). For some tests based on gene expression analyses,
standard protocols are being developed and optimised (see
“Ongoing developments”). This ongoing work will pro-
gress in the coming 3 years; depending on the results and
conclusions of these studies, some tests might be ready to
enter prevalidation.

Fields of application and limitations: Various tests
based on gene expression analyses can be foreseen in the
near future for screening purposes and labelling of com-
pounds and, thus for hazard assessment only. Tests for
genotoxicity and carcinogenicity in general, or for specific
mechanisms therein, are under development (Mathijs et al.
2010). The transcriptomic biomarkers will be complex,
consisting of profiles for multiple genes. As many genes
have been annotated with respect to their function and
sometimes to toxicological pathways (e.g. the DNA dam-
age pathway), this will provide mechanistic information as
well. Since cell types and substances may require an
appropriate external metabolic activation system, in gen-
eral, cells derived from liver that possess intrinsic meta-
bolic activity are used making additional metabolic
activation redundant. The limitations are many, such as risk
assessment is problematic, each assay focuses on a specific
aspect of genotoxicity or carcinogenicity, limited public
accessibility of raw data, the function of many genes in the
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prediction sets are not understood, lack of uniformity in
study design (e.g. cell lines, dose setting criteria, time
points, repeats, etc.) and bioinformatic analyses, and the
requirement of expensive equipment and specialised staff.

Ongoing developments: Recently, a multilaboratory
project coordinated by the Health and Environmental Sci-
ences Institute (ILSI-HESI) demonstrated that expression
analysis by RT-PCR of a relevant gene set derived from -
omics data, is capable of distinguishing compounds that are
DNA reactive genotoxins from those that are non-DNA
reactive genotoxins (Ellinger-Ziegelbauer et al. 2009b).
RT-PCR provides a cheaper and faster test for gene
expression profiling, when limited to relatively small gene
sets. Furthermore, as part of the EU-funded project “car-
cinoGENOMICS” several in vitro models for liver, lung
and kidney are tested (cell lines, stem cell-derived hepa-
tocytes) and compared and certain aspects related to reli-
ability of the tests will be addressed in 2010-2011 (http://
www.carcinogenomics.eu).

In vivo methods (reduction/refinement)

Since no complete replacement methods are to date
available in the area of carcinogenicity, we considered also
reduction and refinement methods. The use of the described
in vivo assays can, in the absence of a validated alternative
to carcinogenicity testing, serve as a reduction approach as
they use at least 90% less animals. As alternatives, we
mention only those tests which are considered as predictive
tests for carcinogenicity and those which continue to
undergo further development. Rather old approaches like
the liver foci assay and the neonatal mouse assay are for
this reason not described further.

In vivo genotoxicity tests For the same reason as for in
vitro tests, also in vivo genotoxicity tests are a tool to
predict cancer risk. Contrary to the in vitro tests, the in vivo
tests do address ADME. As for the in vitro genotoxicity
tests, also for in vivo genotoxicity tests, the specificity and
predictivity have to be at a level that the prediction of
carcinogenicity is justified. This again may lead to modi-
fications of test protocols, i.e. species, (top) doses, among
others. But then, a positive result in an in vivo genotoxicity
test may point to a carcinogenic potency of the compound
under investigation and further carcinogenicity testing may
not be needed. As for the in vitro tests, predominantly tests
which measure irreversible genotoxic damage may be
considered: the chromosome aberration test (OECD 475),
the micronucleus test (OECD 474) and the gene mutation
test with transgenic animals (OECD guideline in prep).
However, as an exception, the comet assay (validation
ongoing, OECD guideline foreseen) is considered a useful
test, since it covers both the gene mutation and the
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chromosome aberration endpoint. Furthermore, if the most
modern approaches are used and the flexibility the OECD
guidelines provided are fully utilised, these tests can be
performed using even less animals compared to a standard
guideline test (50% or more reduction in animal numbers;
Pfuhler et al. 2009).

The role of genotoxicity testing can be both qualitative
(hazard assessment) and quantitative (risk assessment). The
finding of a linear relationship between the lowest effective
dose (LED) for in vivo genotoxicity and the carcinogen
dose descriptor T25 is of importance (Sanner and Dybing
2005). It was found for 34 carcinogens studied which
covered a potency range of 10,000, that the median of the
ratio LED/T25 was equal to 1.05 and that for 90% of the
substances the numerical value of LED was similar to the
numerical value of T25 within a factor of less than 5-10.
The results suggest that if further evaluated, LED for in
vivo genotoxicity may be used in a semi-quantitative
method for risk assessment of mutagens without a long-
term study.

The above results are further supported by a preliminary
investigation on the applicability of genotoxicity tests to
estimate cancer potency undertaken in the RIVM using the
benchmark dose approach. Positive correlations between in
vivo genotoxicity (micronucleus test and transgenic rodent
mutation test) and carcinogenic potency were found (Her-
nandez et al., submitted). Dose-response analyses using
sophisticated dose-response software such as PROAST
(RIVM) or the BMDS (USEPA) were used. The results
suggest that in vivo genotoxicity tests may be used to
estimate carcinogenic potency.

Transgenic mouse models Short-term tests with trans-
genic mouse models (p53+/ ~, rasH2, Tg.AC, Xpa_/_ and
Xpa~'"p53t7) are a good alternative to the classical two-
year cancer bioassay (Ashby 2001). The rationale for using
transgenic mice in regulatory carcinogenicity testing is that
transgenic mouse models may be more sensitive predictors
of carcinogenic risk to humans. Indeed these transgenic
mouse models had a reduced tumour latency period
(6-9 months) to chemically induced tumours (Marx 2003).
The increased sensitivity to tumour formation in transgenic
mouse models is primarily due to modifications in the
mouse genome by either removing or adding specific genetic
material (Tennant et al. 1995, 1999). Although not a complete
replacement to the rodent 2-year cancer bioassay, transgenic
mouse models are a refinement and result in a significant
reduction in the use of experimental animals.

Several studies (ILSI/HESI ACT 2001; Eastin et al.
1998; Bucher 1998; Pritchard et al. 2003; de Vries et al.
2004) demonstrate that in all transgenic models, a limited
number of animals 20-25 animals/sex/treatment group can
be used and that an exposure of 6-9 months is sufficient.
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However, wild-type animals should be included in test
battery to demonstrate that no genetic drift may affect
interpretation of the results. Transgenic mouse models
showed a high specificity given that all non-carcinogens
tested gave negative results in all 5 transgenic models.
These findings provide evidence against “oversensitivity”
concerns associated with transgenic mouse models due to
modifications in cancer-related genes. Transgenic models
were able to discriminate not only between carcinogens
and non-carcinogens but even between rodent carcinogens
and putative human non-carcinogens to a high degree of
accuracy.

In vivo toxicogenomics In the paragraph on in vitro tox-
icogenomics, an introduction is given on relevance of
genomics technologies and their application in toxicology.
Also in case of in vivo toxicogenomics, gene expression
analysis (transcriptomics) has been developed further.
Most in vivo toxicogenomics studies on assessment of
carcinogenicity, focus, but do not limit, on short-term rat
studies and non-genotoxic hepatocarcinogenicity. These
toxicogenomics approaches reach 80-90% accuracy (El-
linger-Ziegelbauer et al. 2008; Nie et al. 2006; Fielden
et al. 2007; Stemmer et al. 2007; Nioi et al. 2008; Uehara
et al. 2008; Jonker et al. 2009) for predicting rodent car-
cinogenicity which is in the same range as for in vitro
toxicogenomics. Pharmaceutical and sometimes the
chemical industries are the main users for screening pur-
poses. In rare cases, the pharmaceutical industry also uses
in vivo toxicogenomics for mechanistic purposes.

Various assays based on gene expression analyses can
be foreseen for the near future, which can be used for
screening/prioritisation purposes and for labelling of
compounds. These assays can also be helpful for the
understanding of modes of action. Especially assays for
non-genotoxic hepato-carcinogenicity are under develop-
ment (Ellinger-Ziegelbauer et al. 2008; Nie et al. 2006;
Fielden et al. 2007; Stemmer et al. 2007; Nioi et al. 2008;
Uehara et al. 2008; Jonker et al. 2009). Like for in vitro
toxicogenomics, the limitations are many, such as quanti-
tative risk assessment is in its infancy, strong focus on non-
genotoxic carcinogens (mainly pharmaceuticals) and on the
liver as target organ, limited public accessibility of raw
data, the function of many genes in the prediction sets are
not understood, lack of uniformity in study design (e.g.
rodent species and strain, dose setting criteria, time points,
repeats, etc.) and bioinformatic analyses, and the require-
ment of expensive equipment and specialised staff.

The in vivo toxicogenomics assays could be very helpful
for hazard assessment and by that may lead to a reduction
in the number of bioassays and the number of animals in
the remaining in vivo tests. The number of animals
required for toxicogenomics based assays is at least 10-fold

smaller than for the rodent bioassay, and the exposure
periods last maximally 4 weeks instead of 2 years.

So far, no formal validation of a method has been per-
formed. A gene expression profile for rat hepatocarcino-
genicity is being investigated for some aspects of
reliability. This ongoing work will progress in the coming
3 years; depending on the results and conclusions of these
studies, some tests may be ready to enter pre-validation.
The Predictive Safety Testing Consortium of the Critical
Path Institute evaluated the predictivity of two published
hepatic gene expression signatures when sharing the data
(Fielden et al. 2008). Based on the results, a QPCR-based
signature has been derived and is currently evaluated
for inter-laboratory precision, sensitivity and specificity,
time-dependency and non-genotoxic versus genotoxic
mechanisms.

Identified areas with no alternative methods available
and related scientific/technical difficulties

This report has highlighted a number of in vivo studies
historically used in the safety evaluation of cosmetics with
respect to carcinogenicity. For carcinogenicity, the gold
standard of a 2-year bioassay is not commonly used, but
several shorter-term studies are conducted, including in
vitro and in vivo genotoxicity studies, repeat-dose studies
and other mechanistic studies used in the safety assessment
of non-genotoxic compounds. Therefore, the animal testing
ban has implications well beyond the 2-year bioassay for
the evaluation of cancer hazard and risk. The first challenge
is for in vitro genotoxic compounds, where the strategy
until 2009 allowed for in vivo genotoxicity testing which
was the standard tool to clarify the relevance of in vitro
positives. The difficulties with the in vitro tests have been
described by Kirkland et al. (2007), and work is ongoing to
improve these assays. The second challenge is for geno-
toxic carcinogens. In case nothing would change in avail-
able test methods/strategies, we can only rely on in vitro
tests which test for intrinsic properties with a substantial
rate of misleading positives in the classical tests. Conse-
quently, the carcinogenic potential of substances will not
be characterised with the same level of certainty as today.

The ban on repeat-dose toxicity testing raises new
questions whether safety can be assured specifically for
non-genotoxic chemicals. It is noted that this is the same
challenge posed to those charged with developing alter-
natives for target organ toxicity. In the past, the safety
assessment for non-genotoxic chemicals has been based on
identification of a NO(A)EL from repeat-dose toxicity
studies. If in the future as it will no longer be possible to
conduct those studies for cosmetics ingredients, there will
be a lack of information on the non-genotoxic endpoint.
Given that some non-genotoxic carcinogens are known
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human carcinogens and the potential hazard associated
with them, there is a need for the development of alter-
native methods for the detection and risk assessment of
non-genotoxic carcinogens. Ideally, these alternatives
should include individual endpoints that are typically tar-
geted by non-genotoxic carcinogens, such as the induction
of oxidative stress and the inhibition of gap junction
intercellular communication. Today, however, these tests
are research methods, primarily used for evaluating
mechanism and cannot currently be used to predict whether
a chemical will be a carcinogen or what its potency would
be. Cell transformation assays have been developed as a
tool to identify both genotoxic and non-genotoxic carcin-
ogens. The development of the OECD guideline for these
assays is in progress. Toxicogenomics is an emerging area
and also offers promises for the detection of non-genotoxic
carcinogens, but still stands in its infancy. The challenges
of extrapolation from in vitro to in vivo are also that most
in vitro studies are limited to use in hazard identification
and cannot yet be used in risk assessment. These have been
described by Blaauboer (2010) and are also covered by the
working group which develops the alternatives for
toxicokinetics.

In silico methods such as QSAR have proven successful
at predicting genotoxic potential and rationalising the
chemical basis in terms of DNA reactivity. Such QSARs
can be as reliable and informative as the gene mutation test
in bacteria (Ames test), provided that their predictive
algorithms and applicability domains are well characterised
(Benigni et al. 2010). More research is needed to under-
stand how the applicability domains relate to the chemical
classes used in cosmetics. An advantage of the QSAR
approach is that the models can be tuned to meet user-
defined performance criteria such as low false positive or
negative rates, depending on their foreseen use in a testing
strategy. Relatively, few QSARs are available for non-
genotoxic carcinogenicity and carcinogenic potency, and
this represents a knowledge/development gap. The cate-
gory and read-across approach provides a promising means
of filling qualitative and quantitative data gaps (van
Leeuwen et al. 2009). However, specialised knowledge and
tools are needed to build the category and draw conclusions
on the adequacy of the read-across. It is not possible to
validate this approach a priori. In addition to being a stand-
alone approach, read-across can also be used to add con-
fidence to a prediction generated by QSAR. Additional
confidence can be provided by in vitro data. At present, it is
suggested to apply QSAR and read-across within the
context of a Weight of Evidence or TTC approach. This
implies the use of multiple QSARs in combination with
each other (e.g. Matthews et al. 2008) and if possible with
in vitro tests (e.g. Peer Consultation on Health Canada
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Draft Weight of Evidence Framework for Genotoxic Car-
cinogenicity 2005).

In order to test a cosmetic ingredient for the evaluation
of its carcinogenic potential, COLIPA (Pfuhler et al. 2010)
has proposed a tiered testing strategy focused on genotoxic
carcinogens for cosmetic ingredients for beyond 2013.
However, this strategy does not take into account non-
genotoxic carcinogens. No strategy is currently in place to
detect non-genotoxic carcinogens.

Conclusions

The process of carcinogenesis is recognised as a multihit/
multistep process from the transition of normal cells into
cancer cells via a sequence of stages and complex bio-
logical interactions, strongly influenced by factors such as
genetics, age, diet, environment, hormonal balance, etc. It
is also recognised that there are many different modes of
action that can contribute to the carcinogenic process and
that even for one chemical the mode of action can be
different in different target organs, or in different species.
Despite best efforts, at present the modelling of such
complex adverse effects cannot fully be accomplished by
the use of non-animal tests.

As in vivo testing is no longer possible, the safety of
many potential new cosmetic ingredients will not be sub-
stantiated and will therefore not be allowed to be marketed.

For genotoxic chemicals, a number of in vitro geno-
toxicity tests that are currently used to screen chemicals for
activity that is considered to be predictive of potential
carcinogenicity are available. While these tests have good
sensitivity, some (especially the in vitro mammalian cell
tests) have a high rate of misleading positives. Prior to
2009, a positive finding in an in vitro study was commonly
followed by an in vivo study to clarify the in vitro results.
Indeed, the vast majority of compounds tested in vivo was
negative. Because of the 2009 ban on in vivo genotoxicity
testing, the situation is now problematic and many poten-
tial cosmetic ingredients may be lost because of an
inability to clarify misleading positive results from an in
vitro genotoxicity test. Work is ongoing to improve these
in vitro tests.

Cell transformation assays are to date the only in vitro
tests that have reached a certain level of standardisation
and have the potential to detect both genotoxic and non-
genotoxic carcinogens. However, at the moment, these
assays cannot be considered as a stand-alone solution to
detect human carcinogens, but have the potential to con-
tribute to a weight of evidence approach. Importantly, these
assays are currently useful only in the hazard identification
of carcinogens; there are no methods yet to use data from
these tests to support a risk assessment.
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For non-genotoxic chemicals, the standard approach for
risk assessment (globally and for all sectors, not limited to
cosmetics) has been to assume a threshold for cosmetic
ingredients in general based on the results of repeated dose
toxicity studies. A NOAEL from a repeat-dose toxicity
study, along with appropriate conservative safety factors,
has been used to estimate a risk assessment for these
chemicals, including the risk for carcinogenicity. When
repeat-dose toxicity testing is banned in 2013, methods for
quantitative assessment of non-genotoxic carcinogenic
risks will be limited to tools such as read-across, (Q)SAR
and TTC (pending acceptance by the SCCS). Currently,
due to limited experience, QSAR and read-across methods
are better suited for use within a weight of evidence
approach rather than as stand-alone methods. Because of
limitations, the TTC does default to very conservative
assumptions that further limit the utility of these approa-
ches confirming safety during the development of new
cosmetic ingredients. Indeed, consumer exposure to many
ingredients is too high for TTC to be useful in many cases.
Rather, it is expected to be useful only for contaminants
and/or low-level ingredients associated with very low
consumer exposures.

Although many in vitro short-term tests are available
beyond the standard in vitro genotoxicity tests to support
conclusions on cancer hazard identification, the in vitro
short-term tests will not be sufficient to fully replace the
animal tests needed to perform risk assessment for car-
cinogenicity for cosmetic ingredients. However, for some
chemical classes, the available non-animal methods might
be sufficient to rule out carcinogenic potential in weight of
evidence approach.

Taking into consideration the present state of the art of
the non-animal methods, the experts were unable to suggest
a timeline for full replacement of animal tests currently
needed to fully evaluate carcinogenic risks of chemicals.
Full replacement is expected to extend past 2013.

Reproductive toxicity
Executive summary

In the last decades, significant efforts have been undertaken
to develop alternative methods to assess reproductive tox-
icity. However, despite the impressive number of alterna-
tive tests that have been published and are listed in this
report, the majority of these tests have not yet gained
regulatory acceptance. There are a number of reasons for
the relatively slow progress in the implementation of
alternative methods for reproductive toxicity safety eval-
uations, these include the lengthy research and develop-
ment phase, a lack of understanding of the mode of actions

of reproductive toxicants and the huge number of physio-
logical mechanisms involved in mammalian reproduction
which can be affected by xenobiotics. Among the various
stages in the reproductive cycle, embryo-foetal develop-
ment is considered as one of the most critical steps. Sub-
stantial effort has been spent in the development of
promising in vitro assays, such as the zebrafish embryo test
and pluripotent embryonic stem cell models, to allow for
the detection of the teratogenic potential of substances.
However, besides their current role as mechanistic support
and screening tools, the role of alternative methods as part
of integrated testing strategies for regulatory toxicity
evaluations has to be defined further.

The complexity of mammalian reproduction requires
integrated testing strategies to fulfil all needs for hazard
identification and risk assessment. A promising way for-
ward is the use of recently established comprehensive
databases in which toxicological information derived from
standardised animal experimentations is collected. These
databases will allow for the identification of the most
sensitive targets of reproductive toxicants. This priority
setting of sensitive endpoints is the first step to obtain a
detailed understanding of the toxicological relevance of the
in vitro tests described in this report and how they can be
used in integrated testing strategies. Furthermore, this
mapping exercise will also support the identification of
information gaps where further efforts in test development
are necessary to design specific alternative methods cov-
ering identified sensitive endpoints.

According to the actual Cosmetics Directive 76/768/
EEC and its 7th amendment, only validated alternatives
leading to full replacement of animal experiments are of
relevance for safety evaluations of cosmetic and their
ingredients. Regardless, the retrospective analysis of
available in vivo data allowing the detection of the most
sensitive endpoints, the definition of a toolbox of alterna-
tive methods as well as the eventual need to develop
additional alternatives to cover the missing building blocks
in the testing strategy will need more than 10 years to
complete.

Introduction
Complexity of the reproductive cycle

Reproductive toxicity refers to a wide variety of toxico-
logical effects that may occur in different phases within the
reproductive cycle (Fig. 10). This includes effects on fer-
tility, sexual behaviour, embryo implantation, embryonic/
foetal development, parturition, postnatal adaptation, and
subsequent growth and development into sexual maturity.
An enormous variety of mechanisms at the molecular,
cellular and tissue levels cooperate in a concerted and
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Fig. 10 The main stages in the mammalian reproductive cycle

genetically programmed way to regulate these processes.
The sensitivity to chemical insults may differ extensively
between processes. In addition, different temporal windows
of sensitivity have been observed for different processes.
As an example, neural tube closure occurs early in preg-
nancy, and most effects on this process can only be
determined after exposure during this critical period of
time.

Alternatives for reproductive toxicity testing

Over the last two decades, a wealth of ex vivo and in vitro
assays have been proposed as alternative test systems for
testing toxic effects on the various processes in reproduc-
tion and development. Individual in vitro models are
reductionistic in nature and are therefore unable to cover
all aspects of the reproductive cycle since reproduction
requires a complex interplay of integrated functions (Pi-
ersma 2006). However, parts of the reproductive cycle can
be mimicked by in vitro systems, and it is conceivable that
a panel of well-designed and validated in vitro tests could
replace a substantial proportion of in vivo testing proce-
dures. This chapter gives an inventory of the current state
of development of alternative test systems for reproductive
toxicity hazard assessment.

Although not applicable for cosmetic ingredients,
refinement and reduction of animal studies is a more fea-
sible goal than replacement, one example being the current
OECD activity towards an extended-1-generation study
protocol, which, if it would replace the current 2-genera-
tion study, would reduce animal use by roughly 40% in
each study (Cooper et al. 2006). The addition of relevant
parameters to this novel study protocol represents a good
example of refined testing.
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Information requirements for the safety assessment
of cosmetic

Within the EU the safety of cosmetic products is regulated
by the Cosmetics Product Directive 76/768/EEC (EU 1976)
which will be replaced stepwise by the new EU Cosmetics
Regulation 1223/2009. According to Article 2 of Directive
76/768/EEC, a “cosmetic product put on the market must
not cause damage to human health when applied under
normal or reasonably foreseeable conditions of use”. In
addition, Article 7a of the same Directive states that the
safety evaluation of a finished product should be based on
the general toxicological profile, the chemical structure and
the level of exposure of each ingredient. This implies that a
quantitative risk assessment is required for each single
ingredient of a cosmetic product.

Being responsible for the safety of its cosmetic product,
the producer assigns a qualified safety assessor who per-
forms a risk assessment based on the data of all ingredients
used. It must be emphasised, however, that not all cosmetic
ingredients have been subject to a pre-market approval
involving extended toxicological data requirements. In
fact, the latter is mainly reserved for those ingredients
listed in the positive lists of the Cosmetics Directive, such
as colorants (Annex IV), preservatives (Annex VI), UV
filters (Annex VII) and other substances which might
involve a potential health risk for the consumer, including
hair dyes (Annex III) (Pauwels and Rogiers 2010). These
ingredients are evaluated by the Scientific Committee on
Consumer Safety (SCCS, former SCCP), and details of
their data requirements can be retrieved from the SCCP
Notes of Guidance (Scientific Committee on Consumer
Products (SCCP 2006)).

The requested comprehensive dossier to be submitted to
the SCCS includes data on acute toxicity (if available),
dermal and mucous membrane irritation, dermal penetra-
tion, skin sensitisation, repeated dose toxicity, genotoxicity
and phototoxicity (if the cosmetic product is intended to be
used on sunlight-exposed skin). Further, it is stated that
when considerable oral intake is expected, or when dermal
penetration data suggest a significant systemic absorption,
information on toxicokinetics, carcinogenicity and repro-
ductive toxicity “may become necessary”. Additional
recommendations on specific in vivo or in vitro reproduc-
tive toxicity studies to be submitted with a dossier are not
described in the Notes on Guidance. From the SCCS/SCCP
opinions published within recent years (2000-2009) (http://
www.ec.europa.eu/health/ph_risk/committees/04_sccs/sces_
opinions_en.htm), it can be concluded that in most cases an
in vivo developmental toxicity study in the rat (OECD TG
414)—submitted by the manufacturer as the only study on
reproductive toxicity—was considered sufficient by the
SCCS as the minimum requirement. In only a few cases,
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additional data from a 1- or 2-generation study (OECD TG
415 and 416) were included in a dossier (Pauwels and
Rogiers, in preparation).

For substances, which are not listed in one of the
Annexes of the Cosmetic Directive, data on reproductive
toxicity are not explicitly asked for in the Notes of Guid-
ance. However, according to Regulation EC 1223/2009
(recast of the Cosmetic Directive), the toxicological profile
of each cosmetic ingredient must be assessed by a
responsible person taking into account all significant routes
of absorption. This safety evaluation includes systemic
effects and the calculation of a Margin of Safety (MoS) for
each ingredient. As a cosmetic product put on the market
must not cause damage to human health when applied
under normal or reasonable foreseeable conditions for use,
possible effects on reproduction and development must be
considered for each cosmetic ingredient. Some indications
of adverse effects on the fertility could be obtained, e.g.
from repeated dose toxicity studies, if available (e.g. his-
topathological effects on reproductive organs, effects on
the endocrine system).

Inventory of animal test methods currently used
for the evaluation of developmental and reproductive
toxicity

The Organisation for Economic Co-operation and Devel-
opment (OECD) have been producing highly standardised
and internationally harmonised test guidelines to be used
for the regulatory toxicological evaluation of different
products, including industrial chemicals, agrochemicals
and cosmetics. In addition, it has recently prepared a
Guidance Document on Mammalian Reproductive Toxicity
Testing and Assessment (OECD 2008b).

The older guidelines for the evaluation of developmental
and reproductive toxicity have been designed to include all
known endpoints according to expert judgement. Recent
guidelines (e.g. Uterotrophic and Hershberger) have
undergone a validation exercise. Extrapolation of animal
data to humans is complex due to inter-species differences
(Hurtt et al. 2003). These species and strain differences
include variations in the absorption, distribution, metabo-
lism and excretion of chemicals; in placental structure,
permeability and blood flows (Schroder 1995); and in the
genetic backgrounds of different species (Kawakami et al.
2006).

The US FDA published a report detailing the responses
of the mice, rats, rabbits, hamsters and monkeys to 38
known human teratogens in which the mean percentage of
correct positives from any one of these species was 60%
(Frankos 1985). Hurtt et al. (2003) found that positive
predictivity of one animal species to teratogenic effects in
either rat, mouse or rabbit was around 60% for 105

veterinary pharmaceuticals. Bailey (2005) examined the
data for 11 groups of known human teratogens across 12
animal species and found huge variability in positive pre-
dictability, with a mean of 61%.

As previously expressed, for developmental and reproduc-
tive toxicity evaluation of cosmetics, only TG 414 is required,
complemented in a few cases with 415 and 416. However, for
informative reasons, the main guidelines are summarised.

OECD test guideline 414: prenatal development toxicity
study for the testing of chemicals (OECD 2001a)

— Studies the effects of prenatal exposure on the pregnant
animal and on the developing organism; this may
include assessment of maternal effects as well as death,
structural abnormalities, or altered growth in the foetus.

— Period considered: from preimplantation to the day
before birth.

— Endpoints: litter composition (e.g. resorptions, live,
dead foetuses), embryonic development, foetal growth,
morphological variations and malformations. Func-
tional deficits are not considered.

— Species: rodent (preferably rat) and non-rodent (pref-
erably rabbit).

— It is the main guideline used for cosmetic testing of
developmental and reproductive toxicity.

OECD test guideline 415: one-generation reproduction
toxicity study (OECD 1983)

— Studies the effects on male and female reproductive
performance, such as gonadal function, oestrous cycle,
mating behaviour, conception, parturition, lactation and
weaning. It may also provide preliminary information
about developmental toxic effects, such as neonatal
morbidity, mortality, behaviour and teratogenesis and
to serve as a guide for subsequent tests.

— Period considered: continuously over one generation.

— Endpoints: growth, development and viability; preg-
nancy length and birth outcome; histopathology of sex
organs and target organs; and fertility.

— Preferred species: rat or mouse.

— It is only used in some cases for cosmetic testing.

OECD test guideline 416: two-generation reproduction
toxicity (OECD 2001b)

— Studies the effects of a substance on the integrity and
performance of the male and female reproductive sys-
tems, and on the growth and development of the off-
spring, including gonadal function, the oestrus cycle,
mating behaviour, conception, gestation, parturition,
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lactation, and weaning, and the growth and develop-
ment of the offspring. It may provide information on
neonatal morbidity, mortality, and preliminary data on
prenatal and postnatal developmental toxicity.

Period considered: continuously over two or several
generations.

Endpoints: growth, development and viability; preg-
nancy length and birth outcome; histopathology of sex
organs and target organs; fertility; and oestrus cyclicity
and sperm quality.

Preferred species: the rat.

It is only used in some cases for cosmetic testing.

OECD test guideline 421: reproduction/developmental
toxicity screening test (OECD 1995)

Generates preliminary information concerning the
effects of a substance on male and female reproductive
performance such as gonadal function, mating behav-
iour, conception, development of the conceptus and
parturition. It is not an alternative to, nor does it replace
the Test Guidelines 414, 415 and 416. Positive results
are useful for initial hazard assessment and contribute
to decisions with respect to the necessity and timing of
additional testing.

Period: from 2 weeks prior to mating until day 4
postnatally.

Endpoints: fertility; pregnancy length and birth out-
come; histopathology of sex organs and target organs;
foetal and pup growth and survival until day 3.
Preferred species: the rat.

Not commonly used for cosmetics but required under
the REACh regulation.

OECD test guideline 422: combined repeated dose toxicity
study with the reproduction/developmental toxicity
screening test (OECD 1996)

Apart from gonadal function, mating behaviour, con-
ception, development of the conceptus and parturition,
the Guideline also places emphasis on neurological
effects.

Useful as part of the initial screening of chemicals for
which little or no toxicological information is available
and can serve as an alternative to conducting two
separate tests for repeated dose toxicity (TG 407) and
reproduction/developmental toxicity (TG 421), respec-
tively. It can also be used as a dose range finding study
for more extensive reproduction/developmental studies,
or when otherwise considered relevant. It will not
provide evidence for definite claims of no reproduction/
developmental effects.
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— Period: from 2 weeks prior to mating until day 4
postnatally.

— Endpoints: fertility; pregnancy length and birth out-
come; histopathology of sex organs and target organs and
brain; foetal and pup growth and survival until day 3.

— Preferred species: the rat.

— Not commonly used for cosmetics but required under
the REACh regulation.

OECD test guideline 426: developmental neurotoxicity
study (OECD 2007c)

— Study the potential functional and morphological
effects on the developing nervous system of the off-
spring of repeated exposure to a substance during in
utero and early postnatal development. It can be con-
ducted as a separate study, incorporated into a repro-
ductive toxicity and/or adult neurotoxicity study (e.g.
TG 415, 416, 424), or added onto a prenatal develop-
mental toxicity study (e.g. TG 414).

— Period: during pregnancy and lactation.

— Endpoints: pregnancy length and birth outcome; phys-
ical and functional maturation; behavioural changes
due to CNS and PNS effects; and brain weights and
neuropathology.

— Preferred species: the rat.

— It is only regulatory required for the evaluation of
agrochemicals and it is unlikely that it will be used for
the safety evaluation of cosmetic ingredients.

OECD test guideline 440: uterotrophic bioassay
in rodents: a short-term screening test for oestrogenic
properties (OECD 2007d)

— This in vivo test evaluates the ability of a chemical to
elicit biological endocrine disruption activities consistent
with agonists or antagonists of natural oestrogens (e.g.
17 f-estradiol). It is based on the increase in uterine weight
or uterotrophic response. The uterus responds to oestro-
gens with an increase in weight due to water imbibition,
followed by a weight gain due to tissue growth.

— Endpoint: uterotrophic response to oestrogens.

— Preferred species: rat (or mature mice).

— It is only used in some cases for cosmetic testing.

OECD test guideline 441: Hershberger bioassay in rats:
a short-term screening assay for (anti-) androgenic
properties (OECD 2009b)

— This in vivo test evaluates the ability of a chemical to
elicit biological endocrine disruption activities
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consistent with androgen agonists, antagonists or 5
o-reductase inhibitors.

— Endpoints: changes in weight of five androgen-depen-
dent tissues in the castrate-peripubertal male rat: the
ventral prostate, seminal vesicle (plus fluids and
coagulating glands), levator ani-bulbocavernosus mus-
cle, paired Cowper’s glands and the glans penis.

— Preferred species: the rat.

— It is only used in some cases for cosmetic testing.

OECD test guideline 455: the stably transfected human
oestrogen receptor-o transcriptional activation assay
for detection of oestrogenic agonist-activity of chemicals
(OECD 2009c)

— This in vitro assay evaluates the transcriptional acti-
vation mediated by the hERa of oestrogen responsive
genes, a process considered to be one of the key
mechanisms of possible endocrine disruption related
health hazards. The assay provides mechanistic infor-
mation and can be used for screening and prioritisation
purposes of oestrogenic compounds.

— Endpoint: induction of hERa-mediated transactivation
of luciferase gene expression.

— Test system: the hERa-HeLa-9903 cell line derived
from a human cervical tumour and stably transfected.

— It is only used in some cases for cosmetic testing.

Draft OECD test guideline extended one-generation
reproductive toxicity study (OECD 2009d)

— This study may eventually replace the 2-generation
study in current testing strategies. It will also result in
considerable refinement of the study design through the
addition of a series of novel parameters and the
assessment of many parameters in more animals per
litter than currently prescribed in the 2-generation
study.

— This procedure will possibly reduce the number of
animals by 40%.

Inventory of alternative methods

In the following, alternative methods designed to detect
developmental and reproductive toxicants are described.
The chapter is divided into tests for developmental toxicity,
for placental toxicity and transport, for preimplantation
toxicity including fertility, for effects on the endocrine
system and finally in silico methods. The list comprises an
inventory of in vitro and in silico methods that are
described in the literature and/or that are used by chemical

industry. However, these tests do not necessarily have an
application in the safety assessment of cosmetic ingredi-
ents. See also Table 11.

Developmental toxicity

Whole embryo tests Whole embryo tests require the use
of material from living animals and can in that sense not be
regarded as full animal-free alternatives. However, the
embryos used for exposures in the tests are not considered
as experimental animals under current legislation in view
of the early stages of embryogenesis used, at which they
are not living independently but are still dependent on
either maternal or yolk feeding support. The principal
advantage of such assays is in the use of an intact embryo
that is exposed in vitro, allowing the study of malforma-
tions as they could occur in real life.

The rodent whole embryo culture test: Rodent postim-
plantation whole embryo culture (WEC) is the only avail-
able ex vivo test that covers the critical phase of
organogenesis in a complete mammalian embryo. It is
widely used both in mechanistic studies and as a screening
test for developmental toxicants. Gestation day 10-12 rat
embryos are cultured during organogenesis in vitro and
treated with test chemicals. Endpoints used in the WEC are
a series of well-defined morphological endpoints: all tis-
sues receive a score dependent on their developmental
stage, and all scores added up give the so-called Total
Morphological Score (TMS). Besides this score, malfor-
mations and size measurements are noted, the latter com-
prising of yolk sac diameter, head length and crown-rump
length (Brown and Fabro 1981).

The protocol of the WEC was standardised (Anon
2010b) and scientifically validated according to the EC-
VAM validation criteria (Genschow et al. 2002). However,
the predictability and applicability domains of the WEC are
not sufficiently defined yet to allow regulatory implemen-
tation. New developments include transciptomics analyses
to improve predictability and to better define the applica-
bility domain of the WEC (Luijten et al. 2010; Robinson
et al. 2010).

The zebrafish embryo teratogenicity assay: The zebra-
fish (Danio rerio) embryo has much promise as an in vitro
model to investigate the developmental toxicity potential of
substances on the developing vertebrate organism (Nagel
2002). Primary endpoints are lethality, malformations and
growth retardation. The development of the zebrafish
embryo is very similar to the embryogenesis in higher
vertebrates, including humans, and many molecular path-
ways are evolutionary conserved between zebrafish and
humans (Zon and Peterson 2005). This method is used not
only as a screening tool for teratogenicity (Brannen et al.
2010; Selderslaghs et al. 2009), but also as a means of
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Table 11 Inventory of available alternative methods for reproductive toxicity testing

Current Alternative tests Part of mechanism covered Area of Status® Estimated Comments
endpoint available application time to enter
addressed prevalidation
in the processb
animal test
OECD TG  Steroidogenesis Detects effects of chemicals Hazard Regulatory Limitations due to lack of relevant
416, assay using the on steroidogenesis identification acceptance receptors
OECD human H295R including the production and in progress
TG 415 adreno- of testosterone, estradiol mechanistic
carcinoma cell studies
line
OECD TG Other Covering different aspects ~ Hazard R&D >5 Different tests are based on various cell
416, steroidogenesis of the steroid production identification lines derived from rat, mouse and
OECD assays incl. gonadotrophin- and human tissues, as well as genetically
TG 415 receptor-mediated toxicity =~ mechanistic engineered cells and primary Leydig
studies cells
OECD TG Placental Inhibition of androgens Mechanistic Validation Different cellular assays as well as
416, aromatase assay aromatisation studies ongoing microsomal tests are in development
OECD
TG 415
OECD TG Thyroid receptor ~ Binding assays and reporter Mechanistic Optimisation >5
416, interactions gene assays studies
OECD
TG 415
OECD TG Interaction with Induction/inhibition of Mechanistic Optimisation ~ 3-5
416, the aryl reporter gene product studies
OECD hydrocarbon
TG 415 receptor
OECD TG
414
OECD TG Interaction with Oestrogen receptor binding, Mechanistic Validation
416, oestrogen induction/inhibition of studies and
OECD receptors reporter gene product, cell regulatory
TG 415 proliferation, Ishikawa cell acceptance
OECD TG test ongoing
414
OECD TG
440
OECD TG Interaction Receptor binding, reporter ~ Mechanistic Optimisation ~ 3-5
416, with the gene assays studies
OECD Progesterone
TG 415 receptor
OECD TG
414
OECD TG Progesterone Cell viability, progesterone  Mechanistic R&D >5
416, production production, histology studies
OECD
TG 415
OECD TG
414
OECD TG Interaction with Binding and induction/ Mechanistic Validation
416, androgen inhibition of reporter gene  studies and
OECD receptor product regulatory
TG 415 acceptance
OECD TG ongoing
414
OECD TG
441
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Table 11 continued

Current Alternative tests Part of mechanism covered Area of Status® Estimated Comments
endpoint available application time to enter
addressed in prevalidation
the animal processb
test
OECD TG  Gonadotrophin- Release of gonadotrophins or Mechanistic R&D >5 Several cellular tests based on
416, mediated receptor binding studies primary cells/explants or cell
OECD TG  effects lines covering FSH, GnRH, LH,
415 induced effects are described
OECD TG  Placenta Human ex vivo model to assess Hazard Optimisation ~ 3-5
416, perfusion transplacental transfer identification
OECD TG  system indicating foetal exposure and that might lead
415 metabolism of test chemicals to fertility
OECD TG impairments
414
OECD TG  Trophoblast cell Toxicity assessment during R&D >5
416, assay embryo implantation
OECD TG
415
OECD TG
414
OECD TG  Mouse embryo  Fertilisation, first cleavage Hazard Optimisation ~ 3-5
416, bioassay embryo development identification
OECD TG that might lead
415 to fertility
impairments
OECD TG Follicle bioassay Completion of oocyte meiosis up Hazard Optimisation ~ 3-5
416, (FBA) to the metaphase II Oogenesis:  identification
OECD TG oocyte yield; diameter; nuclear  that might lead
415 maturation to fertility
impairments
OECD TG  Bovine Completion of oocyte meiosis up Hazard Pre- 0
416, maturation test  to the metaphase II identification validation
OECD TG that might lead
415 to fertility
impairments
OECD TG  Bovine Formation of female and male Hazard Optimisation ~ 3-5
416, fertilisation pronuclei after penetration of identification
OECD TG test capacitated bull spermatozoa that might lead
415 into matured oocytes to fertility
impairments
OECD TG  ReProComet DNA strand breaks and alkali- Hazard Optimisation ~ 3-5
416, assay labile sites in bull sperm identification
OECD TG that might lead
415 to fertility
impairments
OECD TG  CASA test Multiple leading to impairments Hazard Pre- 0
416, in motility, and viability as well  identification validation
OECD TG as morphology of spermatozoa  that might lead
415 to fertility
impairments
OECD TG  Sertoli cell tests Secretion of Inhibin B by (1) Hazard R&D >5
416, primary rat Sertoli cells and (2)  identification
OECD TG cells of line SerW3; that might lead
415 cytotoxicity to fertility
impairments
OECD TG  Stem cell-based Interaction with cell Hazard Optimisation >3-5 Stem cell-based systems are
414 tests for differentiation into neural, identification of difficult to optimised due to the
assessing cartilage, bone and cardiac embryotoxicants challenges in stem cell
embryotoxicity  cells, chemical effects on differentiation protocols

signalling pathways
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Table 11 continued

Current Alternative tests Part of mechanism Area of application  Status® Estimated Comments
endpoint available covered time to enter
addressed prevalidation
in the processb
animal test
OECD TG  Murine embryonic  Detects effects on Hazard Validated 0
414 stem cell test differentiating identification of
(EST) embryonic stem embryotoxicants
cells into
cardiomyocytes and
cytotoxicity
OECD TG  Whole rat embryo Hazard Validated
414 culture identification of
embryotoxicants
OECD TG  Chicken embryo Hazard Pre-validation 0
414 culture identification of
embryotoxicants
OECD TG  The Zebrafish Assessment of Screening test for Optimisation ~ >3-5 A common standard protocol
414 Embryo lethality, the hazard is needed to start prevalidation
Teratogenicity malformations and identification of
Assay growth retardation developmental
toxicants
OECD TG  Frog Embryo Assessment of Screening test for Pre-validation 0
414 Teratogenesis lethality, the hazard
Assay Xenopus malformations and identification of
(FETAX) growth retardation developmental
toxicants
OECD TG  Hamster Egg Functional status of Hazard Optimisation 3-5
416, Penetration the sperm identification
OECD Test/ Sperm quality leading to female
TG 415 Hypoosmotic and/or male

Swelling Test

Fertilising capacity

toxicity

Definitions used with regard to the development, validation and acceptance process of alternative methods are based on the description of the original
document (Zuang and Eskes 2005). In summary a test is still in the R&D phase if basic research and development of a method and/or the test protocol is
still ongoing. The phase of optimisation aims to prepare in vitro tests to fulfil ECVAM’s criteria for entering into prevalidation. The prevalidation is a
small-scale interlaboratory study to assess the readiness of a test for inclusion in a formal large scale validation study (Curren et al. 1995; Hartung et al.
2004). The time to enter the prevalidation process was estimated assuming optimal conditions. Generally high fall-out rates occur during the phases of test
development and after entering the prevalidation phase. The list of alternative assays in this table comprises only a small proportion of the tests anticipated
to be needed to replace in vivo reproductive toxicity testing. Only tests for which publications are available since 2005 were included. Estimations
regarding the status of the different tests and timeframe have been performed by the working group and not officially done by the ECVAM

? Five levels in the development of a test have been defined: Research and Development (R&D), Test optimisation, prevalidation, validation, regulatory

acceptance

° Under optimal conditions

investigating specific mechanisms related to the teratogenic
potential of certain substances.
In principle, the fertilised fish eggs are exposed to dif-

ferent concentrations of a test substance. At different time
points, the exposed developing fish embryos are observed
and scored for lethal, embryotoxic and/or teratogenic
effects. Several protocols have been published differing in
e.g. (1) the start and duration of exposure to the test sub-
stance, (2) the use of complete or dechorionated fish
embryos, (3) the presence or absence of a metabolic acti-
vation system (Busquet et al. 2008) or (4) the scoring
system and observation intervals.

The zebrafish embryo teratogenicity assay is increas-
ingly used by many laboratories in academia and industry.
Intralaboratory studies demonstrate good concordance/
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predictivity in correctly classifying in vivo teratogens and
non-teratogens (Augustine-Rauch et al. 2010; Selderslaghs
et al. 2009). An important step forward would be the
agreement on a common standard protocol, which is the
prerequisite of a successful prevalidation. Currently, a
consortium from pharmaceutical industry has been estab-
lished to share results and facilitate harmonisation of this
promising in vitro method (Augustine 2009).

Frog embryo teratogenesis assay xenopus (FETAX):
The FETAX is a whole embryo screening assay, based on
the South African clawed frog Xenopus laevis, to identify
substances that may pose a developmental hazard in
humans (Bantle et al. 1999). According to the American
Society for Testing and Methods (ASTM) guidelines
(Anon 1998), fertilised eggs in the mid- to late-blastula
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stage are incubated in media containing the test substance
for 96 h. The embryos are scored for lethality, growth
retardation and malformations at different time points.
Similar to the zebrafish embryo teratogenicity assay, FE-
TAX encompasses organogenesis and does not include
later events of development.

In an interlaboratory validation study using 12 com-
pounds, FETAX yielded repeatable and reliable data.
However, transferability is still an issue of concern. The
inclusion of a mammalian metabolic activation system was
essential for the correct prediction of the teratogenic
potential of substances. However, FETAX still requires
further development (Bantle et al. 1999). Efforts have to be
made to improve the predictability of this assay (Fort and
Paul 2002).

The chicken embryotoxicity screening test (CHEST):
The chicken embryotoxicity screening test (CHEST) was
first described in 1976 by Jelinek et al. as a fast and cheap
teratogenicity test (Jelinek 1977). In the first protocol
described, CHEST comprised two phases of testing, i.e.
CHEST 1, which determines the toxic dose range in very
early administration time (24 h) and CHEST II that
determines the teratogenic dose range and covers late
effects on the embryo development (days 2, 3 and 4).
Recently, adaptations of this protocol were developed
(Boehn et al. 2009).

The main endpoints assessed using the modified
CHEST are mortality, malformations, embryo develop-
ment, blood vessel development and blood vessel color-
ation. Compounds or mixtures can easily be administered
to the windowed eggs, and effects on the developing
embryo can be investigated. Moreover, the chick embryo
possesses its own basic metabolic capacity providing the
possibility to screen for metabolites (Kotwani 1998).
Studies of Bernshausen et al. (2009) revealed metabolic
activities of cytochrome P450 (CYP) and glutathione
S-transferases (GST) in 72-h-old chicken embryo sub-
cellular fractions.

However, the chick embryo in ovo system has been
criticised for not being able to distinguish general toxicity
from specific developmental effects and the absence of
mammalian maternal-foetal relations (Anon 1967). In
addition, CHEST produces a high rate of false positives
especially among irritant and corrosive substances that
show an evident effect on the blood vessels of the chick
embryo (Boehn et al. 2009).

Several studies have evaluated the CHEST and similar
protocols (Durmus et al. 2005; Gilani and Alibhai 1990;
Jelinek et al. 1985; Jelinek and Marhan 1994; Kemper and
Luepke 1986; Kucera and Burnand 1987), and CHEST was
demonstrated to be a reproducible test system that deliv-
ered quantifiable data for evaluation. At the present time,
some laboratories in academia and industry are using

CHEST for routine embryotoxicity screening purposes and
mechanistic studies.

The micromass test The micromass test (MM) is making
use of cell cultures of the limb bud and/or neuronal cells
(Flint 1983; Flint and Orton 1984). The cells are isolated
from the limb or the cephalic tissues of mid-organogenesis
embryos. After preparing a single cell solution, the cells are
seeded in a high density and undergo differentiation into
chondrocytes and neurons without additional stimulation.
The viability and differentiation after exposure to test
chemicals is analysed by measuring the neutral red uptake
as well as by staining differentiated cells with alcian blue.
The intensity of staining is analysed by using spectropho-
tometric methods (Brown et al. 1995).

The protocol using micromass cultures of the limb buds
has been validated in an ECVAM validation study (Gens-
chow et al. 2002). Data on intra- and interlaboratory vari-
ability, transferability and in vivo/in vitro comparisons are
available. The number of laboratories currently using the
MM is limited.

Pluripotent stem cell-based in vitro tests The potential of
embryonic stem cells to differentiate into all cell types of
the mammalian organism (pluripotency) provides the sci-
entific rationale to assess adverse effects on the differen-
tiating embryonic stem cells that might be relevant for
embryotoxicity in vivo. In 2002, the embryonic stem cell
test (EST) that is based on the cytotoxicity assessment as
well as the evaluation of differentiation inhibition into
cardiomyocytes was scientifically validated (Balls and
Hellsten 2002). However, postvalidation evaluations have
shown that the applicability domain and its predictive
capacity have not yet been sufficiently defined and that the
original prediction model has to be modified (Marx-
Stoelting et al. 2009). Nevertheless, various industrial
sectors are using other methods involving ES cell differ-
entiation for predicting embryotoxicity for pre-screening
(Paquette et al. 2008). These embryonic stem cell tests vary
in their readouts but also in the target cell differentiation
(Peters et al. 2008; Zur Nieden et al. 2004). Depending on
the area of application, effects on differentiating neural
cells (Stummann et al. 2009b; Theunissen et al. 2010),
cardiomyocytes (Buesen et al. 2009) and skeletal cells
(Stummann et al. 2009b; Zur Nieden et al. 2004; Zur
Nieden et al. 2010) have been investigated. Effects on the
quantity of differentiated target cells have been assessed by
using immunological methods such as flow cytometry
(Buesen et al. 2009) or molecular biological methods such
as RT-PCRs and omics (Chapin et al. 2007; Osman et al.
2010; van Dartel et al. 2009; van Dartel et al. 2010; West
et al. 2010; Winkler et al. 2009; Zur Nieden et al. 2001; Zur
Nieden et al. 2004). Several of the methodologies could
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also be automated in order to increase the throughput of
substances and make the test available for screening pur-
poses (Peters et al. 2008).

In addition, the establishment of human embryonic stem
cell-based tests should contribute to a detailed under-
standing on mechanisms leading to human developmental
toxicity which should substantially contribute to a better
hazard identification/characterisation for humans. In 2007,
Cezar and colleagues applied hESCs with metabolomics
approaches for developmental toxicity testing (Cezar et al.
2007). They were able to identify alterations in the meta-
bolic profile of hESCs exposed to developmental toxicants.
This study highlights the possibility of using omics tech-
nologies in combination with ESCs and ESC-derived dif-
ferentiated cells as a novel tool to identify predictive
biomarkers for efficacy and safety assessment of substance.

The generation of genetically engineered embryonic
stem cell lines allows an easy monitoring of toxic effects in
medium-throughput applications. For example, the gener-
ation of transgenic cell lines that are using a heart-cell-
specific promoter/enhancer controlling the expression of
reporter genes allows measuring quantitatively side effects
on differentiating heart cells through a reduction in fluo-
rescence (Bremer et al. 1999). Another class of reporter
gene assays such as the ReProGlo assay detects chemical-
induced alterations in the canonical Wnt/f-catenin signal-
ling pathway, which is involved in the regulation of early
embryonic development (Uibel et al. 2009). The develop-
ment of additional genetically engineered embryonic stem
cell lines evaluating biologically significant perturbations
in key toxicity pathways of embryotoxicity might follow
and will provide a mechanistic understanding on develop-
mental toxicity. Nevertheless, also these tests are still in
their research and developmental phase.

The establishment of stable differentiation protocols is
challenging and requires additional scientific work. Con-
siderable scientific/technical efforts are currently ongoing
to stabilise stem cell differentiation mainly for application
in regenerative medicine. Due to the growing knowledge in
stem cell technologies, progress can be expected in the next
couple of years. First indications that successful tests can
be developed have been published (Adler et al. 2008a,
2008b; Stummann and Bremer 2008; West et al. 2010).

Placental toxicity and transport

The placental perfusion assay Understanding the pla-
cental transport of compounds provided to the pregnant
mother is essential to reduce the risks of foetal exposure to
harmful substances during pregnancy. The placenta serves
as the interface between the maternal and foetal circula-
tions during pregnancy. Ex vivo human placental perfusion
provides an opportunity to carry out research without
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ethical difficulties. It takes around 30 min following the
birth to set up a perfusion, and the perfusion conditions
allow for continued placental tissue viability for several
hours. Viability of the placenta during the experiments is
verified by monitoring leakage from the foetal compart-
ment, oxygen transfer and glucose consumption. Appro-
priate antipyrine transfer between the maternal and foetal
circulations confirms proper experimental set up and can be
used to normalise differences between placentas. Other
advantages of placental perfusion experiments include the
retention of in vivo placental organisation and assessment
of binding to placental tissue (Mose et al. 2008; Myllynen
et al. 2009). However, the application of this assay is
limited due to placenta to placenta variations and the
limited relevance of the term placenta for the period of
embryonic development. Due to the complexity of the
assay, it is not applicable to routine testing of high numbers
of test compounds.

Trophoblast cell assay 1In this assay, the BeWo cell line is
used which represents an immortalised trophoblastic line of
human origin. The cells form polarised, confluent mono-
layers and have proven useful in transport studies. The
assay based on BeWo cells serves as an in vitro model of
the rate-limiting barrier to maternal—foetal exchange. The
BeWo b30 model consists predominantly of cytotropho-
blast cells which form a confluent monolayer with tight
junctions, but they do not spontaneously differentiate to
syncytiotrophoblasts, and the model lacks the connective
tissue which is present in vivo (Morck et al. 2010).

Preimplantation toxicity

Male fertility Computer-assisted sperm analysis: The
computer-assisted sperm analysis (CASA) allows to mon-
itor effects of chemicals on spermatozoa with possible
implications on fertility. Potential viability, motility,
velocity, motion, and morphology of mammalian semen
will be analysed in real time. This allows the detection of
reversible and irreversible damages (recovery effect) to the
mature sperm as well as repeated dose effects. For repro-
ductive medicine, fully automated semen analysers are
available. Several chemicals have already been tested in
different laboratories, and an INVITTOX protocol is
available. The test has been evaluated by two independent
laboratories by testing more than 35 test chemicals (Anon
2010a). The lower sensitivity of mature sperm in com-
parison with earlier stages of spermatogenesis must be
considered and may limit the relevance of this test.
Leydig cell assay: A disturbance of the endocrine sys-
tem due to effects of chemicals on steroidogenesis or due to
specific cytotoxic effects on Leydig cells leads to a
decreased development of spermatozoa and impaired
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fertility since Leydig cells nurture the developing sperm
cell. A new Leydig cell line, BLT1-L17, that responds very
well and quite robustly to luteinising hormone (LH) or its
analogue, chorionic gonadotropin (hCG), has been
characterised.

In the assay, the MTT test serves as a general toxicity
endpoint and testosterone production as the Leydig cell-
specific endpoint. BLT1-L17 cells were exposed to 15
chemicals, and the data obtained with this set of test
chemicals indicate that the cell line is a candidate for
further development into a rigorous test applicable for in
vitro reproductive toxicity assessment acting via interfer-
ence with testosterone production (Anon 2010a). Another
Leydig cell system has also been developed and proven to
be applicable to the analysis of oestrogenic agents (La et al.
2010).

Sertoli cell assay: Sertoli cells form the basis of the
blood—testis barrier and divide the tubular area into adlu-
minal and basal compartments protecting the maturing
germ cells from chemical insults. In the assay, rat primary
cultures and the SerW3 line are used. The Sertoli cell assay
was developed by pharmaceutical industry and transferred
to a second laboratory. General cytotoxicity and the
secretion of inhibin B are measured. These two endpoints
allow a classification of test chemicals as positive or neg-
ative for testicular toxicity. In addition, the integrity of
tight junctions forming the blood—testis barrier can be
studied in the SerW3 cell line, providing a new endpoint to
study the mechanism of action of testicular toxicants.
Further studies are needed to fully understand the utility of
this test (Anon 2010a).

Very recently, a new 3D-culture system has been
developed composed of both Sertoli and germ cells, which
may allow mimicking to some extent the in vivo blood—
testis barrier (Legendre et al. 2010).

ReProComet assay: The ReProComet assay (Repair
Proficient Comet assay) was developed to detect chemi-
cally induced DNA damage in sperm cells. In order to
circumvent the intrinsic repair deficiency of the sperm
cells, a strategy is deployed involving a supplementation
with protein extract from somatic cells after the chemical
treatment. Liquid nitrogen frozen bull sperm is used for the
analysis. Bull sperm is incubated with the test chemicals
for 2 h. A SYBR-14/Propidium iodide flow cytometric
analysis is used to evaluate sperm viability in addition to
the four comet assay endpoints tail length, tail moment,
fraction of tail DNA, fraction of head DNA (Anon 2010a;
Cordelli et al. 2007). The rationale of the test design needs
further clarification.

Female fertility Follicle culture bioassay (FBA): The
FBA allows multiparametric in vitro analysis of effects of
chemicals on the ovarian function such as folliculogenesis,

steroidogenesis and oogenesis. Mouse ovarian pre-antral
follicles are grown in vitro until the preovulatory stage
followed by in vitro ovulation induction and mature oocyte
retrieval. During the in vitro growth period (12 days), the
follicles develop with theca cell proliferation, granulose
cell proliferation and differentiation, meanwhile supporting
oocyte growth and maturation. In the FBA, the in vitro
growing follicles are exposed to chemicals in a chronically
or acute manner, and effects on the different biological
processes of folliculogenesis, steroidogenesis and oogene-
sis are analysed with morphological, biochemical and
functional parameters. The FBA is still in the phase of
development. It requires further standardisation and trans-
ferability to other laboratories has to be addressed (Anon
2010a; Lemeire et al. 2007).

In vitro bovine oocyte maturation assay (bIVM): The
bIVM assay focuses on the use of bovine oocytes for
toxicity testing during the process of oocyte maturation in
vitro. The test screens for potential adverse effects on the
process of oocyte maturation after exposure of cumulus—
oocyte complexes to test substances, with special reference
to nuclear configuration changes within the oocyte as
compared to control non-exposed oocytes. Endpoint is the
successful achievement of the maturation stage metaphase
II (completion of meiosis up to the metaphase II). The
interlaboratory variability and the transferability of the
bIVM test was analysed for a set of eight chemicals, and
the statistical analysis of the data obtained from the two
laboratories demonstrated that there was a good concor-
dance of results across the laboratories (Anon 2010a;
Lazzari et al. 2008; Luciano et al. 2010). Testing of addi-
tional compounds is necessary in order to assess the pre-
dictivity of this test.

In vitro bovine fertilisation test (bIVF). The bIVF assay
focuses on the use of bovine oocytes and sperms for tox-
icity testing during the process of in vitro fertilisation. The
purpose of the test is to (1) screen for adverse effects of
chemicals on the process of oocyte fertilisation and (2)
investigate the mechanism of action of reproductive toxi-
cants. Both oocytes and sperms are exposed to test chem-
icals; therefore, the adverse effects on the function of both
gametes can be monitored. Specific endpoints are (1)
penetration of capacitated bull spermatozoa into matured
oocytes and (2) formation of the female and male pronuclei
(Lazzari et al. 2008). This test is still in a very early phase
of development and further investigations are necessary to
assess its toxicological relevance (Anon 2010a).

Mouse peri-implantation assay (MEPA). The mouse
peri-implantation assay is an in vitro bioassay that allows
studying the effect of compounds on the development of
the pre-implantation embryo and its capacity to survive
upon hatching around the implantation period. The assay is
based on the in vitro culture of mouse zygotes. The zygotes
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are cultured in groups of 10 for 7 days with daily obser-
vation and scoring of embryo development. These daily
morphological observations allow pinpointing potential
deviations of the timely regulated pre-implantation
embryo. The bioassay has a high intra-laboratory repro-
ducibility. It allows the characterisation of the sensitive
stage of embryo development (Van Merris et al. 2007). The
MEPA is still in the phase of development. It requires
further standardisation and transferability to other labora-
tories has to be addressed (Anon 2010a).

In vitro tests for assessing effects on the endocrine system

Ishikawa cell test The human endometrium is a fertility-
determining factor. Its receptivity during the implantation
window may be altered by chemicals. The Ishikawa cell
test aims to identify chemicals which alter the expression
of embryo-implantation-associated target genes in human
endometrial adenocarcinoma Ishikawa cells. Ishikawa cells
are cultured to subconfluency and incubated for 0.5-24 h
with test substances. This test system is a tissue-specific
model to detect oestrogenic activity of chemicals which
upregulate progesterone receptor (PR) mRNA in the human
endometrium. The Ishikawa model is informative regard-
ing the mode of action of positive tested chemicals and
provides guidance for prioritisation for further testing
(Schaefer et al. 2010). The Ishikawa cell test is still in the
phase of development. It requires further standardisation
and transferability to other laboratories has to be addressed.

Cell proliferation based assays for testing oestrogen
activity  Qestrogenic activity of substances can be asses-
sed by measuring in vitro proliferation of cell lines con-
taining the ER-a and ER-f oestrogen receptors such as the
human breast cancer cell line MCF-7. The binding of the
natural hormone or other oestrogen like xenobiotics leads
to conformational changes that allow the oestrogen-ligand
complex to proceed from inactive proteins to active tran-
scriptional regulators that induce transcription of oestrogen
responsive genes which lead to an oestrogen-dependent
proliferation of cells (Lippman et al. 1976). One example
of these assays, using MCF-7 cells, is currently undergoing
a validation study coordinated by NICEATM.

Receptor binding assays Relevant hormonal receptors
can be isolated either from primary tissues such as rat
prostate (US EPA 2007a) or generated with recombinant
technologies (Hartig et al. 2008). Nevertheless, all tests
rely on the same principles assessing the competitive
binding of a substance to a receptor of interest.

Most advanced are receptor binding tests based on the
oestrogen receptor. Chemical interactions with the oestro-
gen receptor might affect the development of female
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secondary sexual characteristics and/or the regulation of
the menstrual cycle. Several tests such as the uterine
cytosol (ER-Rat Uterine Cytosol) assay (US EPA 2009) or
the human recombinant full-length oestrogen receptor-
alpha binding assay (Freyberger et al. 2010) have been
intensively evaluated in (pre)validation trials under the lead
of the US-EPA. The regulatory acceptance of oestrogen
receptor binding tests is in preparation.

Another important receptor for the endocrine system is
the androgen receptor. Androgens are mainly concerned
in the development and maintenance of male secondary
sexual characteristics. Several receptor binding tests based
on isolated proteins from the cytosol of the rat prostate
(Battelle 2002) or recombinant proteins (Freyberger et al.
2009a; Hartig et al. 2008) have been developed and
optimised. The validation of other androgen receptor
binding tests has been taken up in the work programme of
the OECD (http://www.oecd.org/dataoecd/54/29/46034089.
pdf).

Another highly relevant receptor in the context of
receptor-mediated reproductive toxicity is the progesterone
receptor. As for the previous receptors also for the pro-
gesterone, receptor binding assays have been developed in
order to assess effects that might have influence on the
menstrual cycle, the pregnancy and/or embryogenesis.
Currently, several developed assays are available that are
using for example rabbit uterine cytosol (Attardi et al.
2006), recombinant receptor (Viswanath et al. 2008) or
even whole cells (Klotz et al. 1997).

The thyroid hormone receptor is highly relevant for the
development of the central nervous system. Tests moni-
toring the binding of the thyroid hormone triiodothyronine
(T3) to its receptor are in the development phase, using
recombinant proteins (Ishihara et al. 2009).

Other hormonal receptors playing a key role are binding
hormones produced by the hypothalamus (gonadotropin-
releasing hormone) or pituitary gland (follicle-stimulating
hormone, luteinising hormone). These tests are still in the
phase of research and development but need to be con-
sidered since these hormones are involved in the feedback
loop controlling the reproductive system. Even if biologi-
cally highly relevant, further assessments are needed to
clarify if they act as major targets for xenobiotics (toxi-
cological relevance).

Transcriptional tests In contrast to the receptor binding
tests which only provide information on the binding
capacity of a substance to a particular hormone receptor,
the so-called transcriptional activation assays are able to
distinguish between agonist and antagonistic effects of
xenobiotics. The basic principle of transcriptional assays
relies on genetically engineered cells which express hor-
mone receptors as well as reporter genes driven by
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hormone responsive genes. The intensity of the receptor
binding can be measured for example by using spectro-
photometric techniques.

This basic principle has been used for the development
of several transcriptional tests involving various hormones
which are in different stages of standardisation and vali-
dation. The oestrogen receptor (ER) transcriptional assays
for example quantify the induction of a reporter gene
product by the test substance or reference oestrogen. The
antagonism is measured by the inhibition of the reference
oestrogen induction of the reporter gene or cell
proliferation.

Most advanced in the class of transcriptional assays is
for example the “LUMI-CELL” test that is currently
undergoing a formal validation study by ICCVAM (http://
www.iccvam.niehs.nih.gov/methods/endocrine/end_eval.
htm). The process of regulatory acceptance of this test is
already included in the OECD work plan 2009 of the Test
Guidelines Programme. Other tests that will certainly also
contribute to a performance-based test guideline are tests
named “MELN” (Witters et al. 2010) and “ERa CALUX”
(van der Burg et al. 2010b). Anti-oestrogenic activities can
also be mediated through the activation of the aryl hydro-
carbon receptor. Transcriptional activation assays of this
receptor are in optimisation phase, using different cell lines
(Bittner et al. 2009; Long et al. 2003).

Similar to ER transcriptional assays, androgen receptor
transcriptional assays have been designed (Freyberger et al.
2009b; van der Burg et al. 2010a). A Japanese stably
transfected transcriptional activation (STTA) assay for the
detection of androgenic and anti-androgenic activity of
chemicals is under consideration by OECD (included in
work plan 2009 of the Test Guidelines Programme). Other
transcriptional assays following the same scientific princi-
ple are, tests, e.g. assessing the progesterone transcriptional
activity (Molina-Molina et al. 2006; Willemsen et al. 2004)
or the interaction with the thyroid receptor (Ghisari and
Bonefeld-Jorgensen 2009; Shen et al. 2009). These tests are
in their early phase of development, and additional work is
necessary to optimise the tests.

Tests assessing steroidogenesis In the past years, signif-
icant progress has been made by developing in vitro cell-based
assays aiming to detect substances that affect the synthesis of the
sex steroid hormones. These tests are at different stages in their
development. Nevertheless, all tests are designed to identify
xenobiotics that have as their target sites components that per-
turbed biochemical pathways. The complexity of potential target
enzyme is very high (as shown in the gonadal steroidogenesis
pathway; http://www.kcampbell.bio.umb.edu/lecturel.htm).
Furthermore, several receptors regulating steroidogene-
sis are involved and need to be considered as possible

target for endocrine effects (GnRH, LH, and FSH Recep-
tors). Different assays measuring the gonadotrophin-stim-
ulated steroidogenesis are under development, e.g. FSH
(Zachow and Uzumcu 2006) or LH (Lambrot et al. 2009).

A cell-based assay on steroidogenesis, using the H295R
cells, designed to measure effects on estradiol and testos-
terone production has been validated and a draft test
guideline is currently under discussion (OECD 2010e).
Other tests focusing on the aromatase enzyme (CYP19) are
under development, e.g. using human placental micro-
somes (Anon 2007d).

Application of in silico techniques to reproductive
toxicology

Existing data There are a number of international efforts
to bring together existing toxicological information on
reproductive toxicology in an electronic format. For data
that are publicly available (i.e. not Confidential Business
Information), they may be released via the internet.
Therefore, a number of searchable resources have been
developed. These resources can be used in at least two
ways: to provide existing information on a substance such
that testing may not be required and as a source of data for
further in silico modelling.

There are a number of important issues when developing
and using toxicological databases. The first is ensuring the
quality of the information within the database. There are
different issues to determination of data quality. The
chemical structure and its identifiers (e.g. name, CAS, 2-D
or 3-D structure) must be consistent and correct. The
structure and ontology of the database must be sophisti-
cated enough to capture the required information regarding
a toxicological test, i.e. species, test, duration, dose, purity,
effects, etc. In addition, the transfer of information, e.g.
from the open literature requires checking and quality
assurance. Finally, there is the issue of the quality of the
individual data. This last consideration of assigning data
quality is a process that may be undertaken by the database
user.

There are a number of (meta-) databases that can be
searched for toxicological information (including repro-
ductive effects) on single chemicals. Improvement of the
quality of existing databases took place during the past few
years and meta-databases offer now the possibility to
search numerous data resources and compile this infor-
mation. Of particular note are

e United States Environmental Protection Agency
(US EPA) Aggregated Computational Toxicological
Resource (ACToR) available from http://www.actor.
epa.gov/actor/faces/ ACToRHome.jsp.
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e Organisation for Economic Cooperation Development
(OECD) eChemPortal available from http://www.
webnet3.oecd.org/echemportal/.

e United States Environmental Protection Agency (US
EPA) TOXREF: EPA Toxicology Reference Database
in Support of ToxCast™ Program available from
http://www.epa.gov/comptox/dsstox/sdf_toxref.html.

e ToxCast™ Program available from http://www.epa.
gov/ncct/toxcast/.

e The US National Institute of Health National Toxicol-
ogy Program includes reproductive toxicity tests. Study
reports can be searched for and downloaded at
http://www.ntp.niehs.nih.gov/.

There are a number of other databases and toxicological
resources. For the development of (Q)SARs for reproduc-
tive toxicity, these have, historically, been relatively lim-
ited in terms of size and chemical diversity. Examples of
databases containing reproductive toxicity data include
those developed by Leadscope Inc (http://www.leadscope.
com) in cooperation with the United States Food and Drug
Administration (US FDA). A specific area where more data
are available is for endocrine disruption and the binding of
chemicals to specific receptors such as the oestrogen and
androgen receptor (Xu et al. 2010).

Grouping/category formation One of the simplest pre-
dictive in silico approaches is the development of rational
groupings of compounds. If the groups can be populated
with reliable data, then it may be possible to make inter-
polations of activity to fill data gaps (Fabjan et al. 2006;
Hewitt et al. 2010). The process of forming a grouping (or
category) is often termed “category formation” and that of
interpolation is termed “read-across”. The key to success
for this process is the development of a reliable grouping.
For reproductive toxicology, it is recommended that these
groupings are based on mechanisms of action should they
be known or implied. There are at least two methods to
develop groupings for read-across.

Structural analogues: Compounds can be grouped
together in terms of structural features, e.g. the presence of
a group that is known to elicit a particular reproductive
effect. Tools such as the freely available OECD (Q)SAR
Application Toolbox (downloadable from: http://www.
oecd.org/document/23/0,3343,en_2649_34377_33957015_
1_1_1_37465,00.html) are capable of forming such
groupings. The OECD Toolbox does not, at this time,
contain a “profiler” for reproductive effects, but it does
include the capability to group compounds according to
individual, or combinations, of structural features. In
addition, the OECD Toolbox provides a profiler for oestro-
gen receptor binding.
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Version 2.0 and Version 3.0 of the Toolbox are planned for
releases in October of 2010 and 2012, respectively. Key
changes scheduled for Version 2 are improved operation of
the Toolbox, expanding and refining key mechanistic profil-
ers, and adding new databases (including ones covering
reproductive toxicity endpoints). Key changes expected in
Version 3 are new functionalities for handling chemical
speciation, metabolism, mixtures and the use of 3D-descrip-
tors, profilers for toxicological categories based on symptom
data for chronic health effects (including reproductive toxic-
ity) and expanding the (Q)SAR models inventory.

3-D structure similarity: Various methods are available
to assess gross molecular “similarity” and provide a
quantitative measure. These have been coded into tools
such as the freely available ToxMatch software (down-
loadable from: http://www.ecb.jrc.ec.europa.eu/qsar/qsar-
tools/index.php?c=TOXMATCH). This provides a method
to group compounds together when a mechanistic basis
may not be available or immediately transparent. Enoch
et al. (2009) illustrated how categories could be formed for
the prediction of teratogenicity using these techniques.

Structure—activity relationships (SARs) SARs and struc-
tural alerts are appropriate to describe fragments of a
molecule which are related to a particular effect, e.g. a
reproductive toxicity endpoint. These can be utilised to
identify a potential hazard in a chemical. Currently, there
are few reliable structural alerts developed for reproductive
endpoints. Of the more developed, the Derek for Windows/
Derek Nexus software from Lhasa Ltd (https://www.
lhasalimited.org/) currently contains approximately 20
structural alerts for the reproductive toxicity “super-end-
point” (Hewitt et al. 2010). The current number of structural
alerts for reproductive toxicity represents only a small pro-
portion of the probable mechanisms of action. While there are
currently few structural alerts, they are accurately defined and
(in Derek for Windows/Derek Nexus) very well supported by
literature and examples of compounds. Therefore, presence of
an alert in a molecule should be considered a credible reason
for concern; the absence of an alert provides less confidence
that a molecule has no hazard associated with it.

OSARs QSARs (and other in silico methods) for pre-
dicting reproductive toxicity were reviewed by Cronin and
Worth (Cronin and Worth 2008). QSARs for endpoints
within reproductive toxicology have been developed by a
wide variety of approaches ranging from regression anal-
ysis to multivariate analyses. These techniques have been
used to make qualitative predictions (i.e. presence or
absence of an effect) as well predictions of potency. A
broad range of reproductive effects has been studied by
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QSAR, in addition to wide areas of chemical space. Gen-
erally, QSARs will work best when the chemical space
(and by analogy the mechanistic space) is restricted.

Some QSARs form the basis of some expert systems for
predicting reproductive toxicity. These include commercial
systems such as TopKat and MultiCASE and freely
available systems such as CAESAR. The expert systems
for reproductive toxicity were reviewed by Cronin and
Worth (Cronin and Worth 2008). Expert systems could be
used to prioritise compounds for testing—a good illustra-
tion for reproductive toxicology is provided by Jensen et al.
(2008). Many expert systems make predictions based on
large and chemically and mechanistically heterogeneous
datasets. While this makes these global models broadly
applicable, it makes the assessment of transparency and
mechanistic relevant more complex. There may be
increased certainty in using various predictions for repro-
ductive toxicity and forming a consensus through a weight
of evidence approach (Hewitt et al. 2010).

OSARs for ADME relating to reproductive toxicity:
There are numerous QSAR approaches to predict the
absorption, distribution, metabolism and excretion (ADME)
properties of compounds. The QSAR approaches to predict
ADME are mainly developed for the development of phar-
maceuticals, these are well summarised by Madden (Madden
2010). A number of these could be applicable to determine the
likelihood of significant bioavailability of a toxicant. For
instance, much has been written on the prediction of whether a
drug will be soluble and/or bioavailable after an oral dose.
Simple, freely available, computational screens based on
trivial molecular properties, such as the Lipinski rule of 5, can
provide an assessment of whether a compound may reach
therapeutic or toxic levels. There are a number of metabolic
simulators that can predict potential metabolites, e.g. for liver
and skin, although none have been yet been developed for
placental metabolism.

Specific QSARs have been developed for the transfer
(by passive diffusion) of chemicals across the placenta
(Hewitt et al. 2007b). Only very limited models are
available for blood-testis transfer and other relevant bar-
riers (Cronin and Hewitt 2007). While the accuracy of such
models is limited and they should be applied cautiously,
these approaches may provide a basis for prioritisation of
compounds within chemical groupings or categories (He-
witt et al. 2010).

While these approaches have been developed for phar-
maceutical compounds, they could be applied in the con-
text of cosmetic ingredients. This may require some
investigations of the relative chemical space to determine
the applicability of these approaches.

In silico approaches for endocrine mechanisms of action
Within in silico approaches for reproductive toxicology,

those for endocrine mechanisms of action are relatively
best developed (Cronin and Worth 2008; Devillers 2009).
Specifically, (Q)SAR have been well developed for the
ability of compounds to bind to the oestrogen receptor and
also (albeit to a lesser extent) the thyroid and androgen
receptors. These techniques range from simple screens that
define the structural requirements for binding, through to
QSARs for potency and 3-D QSAR models to incorporate
receptor binding explicitly. The range of approaches has
the capability to predict receptor affinity of compounds.

An advance from traditional QSAR is provided by
VirtualToxLab as described by Vedani and Smiesko (Ve-
dani and Smiesko 2009). This is a computationally inten-
sive approach that attempts to bind a target molecule to
each of a number of target receptors (e.g. androgen, aryl
hydrocarbon, oestrogen o and f5, etc.) associated with
reproductive hazard as a basis for potency ranking. The
individual models are shown to have good statistical fit for
training and test sets and provide an estimation of binding
affinities for the receptors. They cover different numbers of
chemical classes (from two to eighteen) depending on the
nature of the data sets. Thus, if deemed to be a valid pre-
diction, the information provided is analogous to an in vitro
binding assay. This advances the use of in silico techniques
as it provides the possibility of determining a mechanisti-
cally important event, e.g. receptor binding. Forming a
consensus from individual predictions will increase the
applicability to make assessments for the endpoint of
reproductive toxicology. Such a consensus relies of the
user having confidence that all relevant receptors have been
described and modelled. While VirtualToxLab does not
state this, the predicted “toxic potential” provides a good
estimate of hazard from the data provided.

Current status of in silico approaches for predicting
reproductive toxicity In silico approaches to predict
reproductive toxicity vary in type, complexity, ease of use
and acceptance. It is widely acknowledged that reproduc-
tive effects are among the most difficult endpoints to pre-
dict in silico. Reasons for this difficulty include a limited
number of data to model, lack of knowledge of mecha-
nisms of action, oversimplification of complex outcomes
that may have been brought about by different mechanisms
or effects. The problems in modelling have been reflected
in poor performance of the models in external assessments.
For instance, Pedersen et al. (2003) and Hewitt et al. (2010)
have demonstrated the poor predictivity of a number of in
silico approaches. However, these studies were seldom
accompanied by an assessment of whether a molecule was
within the applicability domain, etc. and how much con-
fidence could be associated with a particular prediction.
The current status of in silico methods for reproductive
toxicity reflects the problems with modelling this endpoint.
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Grouping approaches offer a possibility to build local
(Q)SARs and perform read-across. These are currently
limited and can be performed only for obvious (structural)
analogues for which a mechanistic basis may be known or
implied. Such grouping approaches could be improved by
the better development of profilers for reproductive toxic-
ity. In addition, new approaches may be required to group
compounds more successfully according to receptor-med-
iated effects: these will also need to be able to manage the
problems brought about by subtle effects in molecular
structure such as enantiomers. Similarly, structural alerts
and SARs should be developed on a mechanistic basis to
better reflect the number and complexity of toxicological
initiating events.

QSARs are available for reproductive toxicity effects
although they will probably work best within small groups
of compounds which share a common mechanism of
action. Other QSARs are available for ADME properties
although these require further refinement. There are no
predictive models for the metabolic activity of the placenta
and other relevant tissues. 3-D QSARs and those for
receptor binding affinity are well developed but are seldom
able to differentiate between agonistic and antagonistic
effects.

In summary, in silico approaches aiming to derive
simple statistical relationships between complex effects
and structural properties are ambitious and may not
account for the subtlety in the mechanisms, such as time
dependence and receptor binding effects. To provide rele-
vant solutions to predict reproductive toxicity, further alerts
and grouping strategies should be developed around the
sensitive endpoints identified through the analyses of data-
bases of in vivo responses. These could provide informa-
tion on the key molecular features that are involved across
reproductive toxicology to assist in the development of
structural alerts, locals (Q)SARs and possibly more global
QSAR models.

Identified areas with no alternative methods available
and related scientific/technical difficulties

Approaches for alternative testing

A significant number of alternative assays have been
developed as described in chapter 5. However, their
implementation in regulatory toxicity testing has not yet
been achieved. As stated in the introduction to this chapter,
the reproductive cycle combines a highly diverse multitude
of biological processes and mechanisms, each of which has
their own time-related sensitivity to xenobiotic exposures.
It is therefore a significant challenge to mimic all aspects of
the reproductive cycle with in vitro and in silico assays,
which may be considered necessary in order that
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reproductive toxicity can be predicted reliably on the basis
of alternative assays alone. The classical aim of “one-to-
one” replacement of in vivo protocols by alternative tests is
clearly not feasible for the complex reproductive and
developmental toxicity animal study protocols. Alternative
approaches are required in which a limited array of most
sensitive endpoints are reproduced by a set of alternative
assays which, in combination, could provide sufficient
background for hazard identification and risk assessment.
Other endpoints might be identified for which alternative
methods do not yet exist. These endpoints may include
among others ADME, spermatogenesis, sperm maturation,
HPG axis and maternally mediated effects.

General limitations of in vitro methods for reproductive
toxicity testing

It is generally recognised that in vitro methods represent
only a very simplified picture of reality, i.e. of living
organisms. In the case of reproductive toxicity, each in
vitro model encompasses only a small part of the complex
reproductive cycle and not all steps of reproduction are
covered by those assays so far. Moreover, many in vitro
assays, e.g. the receptor binding assays, investigate rather a
cellular mechanism which finally might or might not result
in an adverse effect in vivo. Most in vitro assays do not
consider the various aspects of absorption, distribution,
metabolism and excretion (ADME), which have a tre-
mendous impact on the toxicological profile of a substance.
In addition, the distinction between general toxicity and
specific developmental effects is difficult to evaluate even
with more complex in vitro studies such as the whole
embryo assays. In general, the influence of the maternal
organism including maternal toxicity is not covered by in
vitro studies. Finally, technical difficulties may occur such
as low water solubility of test materials, which have to be
considered in the design of each individual in vitro assay.

The testing strategy as the future driving force

Classically, many in vitro alternatives have been developed
based on relatively simple endpoints that were deemed
representative of the wider context of for example
embryotoxicity. Intrinsically reductionistic assays such as
rodent whole embryo culture (WEC), the embryonic stem
cell test (EST) and the limb bud micromass (MM) were
validated for their prediction of the entire embryotoxicity
endpoint. This approach presumes that the endpoints rep-
resented in these tests are actually among the critical ones
for embryotoxicity prediction in general. Recent experi-
ence with the EST has shown that this is an oversimplifi-
cation, leading to false positives and false negatives and
thus limited predictability, showing that the applicability
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domain of the assay was more limited than anticipated
(Marx-Stoelting et al. 2009). This has led to the insight that
rather than focussing exclusively on individual assays and
their relevance, it might be more productive, in view of the
regulatory implementation of alternative assays, to start
from their anticipated role in testing strategies for chemical
risk assessment.

Retrospective analyses to select critical endpoints

A wealth of in vivo data has been collected over the past
30 years since the introduction of OECD test guidelines for
reproductive and developmental toxicity testing. Databases
collecting past experience are being built and allow
detailed analysis to assess the relative sensitivity of end-
points in existing animal protocols (Martin et al. 2009).
The combination of the most sensitive endpoints should be
able to detect nearly all reproductive and developmental
toxicants. Current thinking evolves towards designing
alternative assays limited to covering each of these most
sensitive endpoints only. In addition, these assays should
be used appropriately within the entire testing strategy.
This can be either tiered (the next test carried out depen-
dent on the outcome of the former), or as a battery (several
tests in parallel), or in some combination of the two. They
should be performed in a phase within the strategy where
the information can be used optimally for hazard and risk
assessment in order to preclude as much as possible any
ultimate animal experimentation (Bremer et al. 2007).

Towards the definition of novel testing paradigms

The OECD conceptual framework for reproductive toxicity
testing provides an outline of such an approach. Starting
from in silico (non-testing) information such as physico-
chemical characteristics, structure—activity relationships
and read-across methods and followed by in vitro assays, it
should be possible to restrict in vivo testing to an essential
minimum. Information from innovative molecular
approaches including omics could enhance the testing
strategy. Crucial steps in the process of designing the
testing strategy on the basis of alternative approaches are
(1) the identification of most sensitive endpoints, (2)
evaluation of existing alternative tests containing these
endpoints, (3) design of novel assays for sensitive end-

points not already addressed by current assays and (4)
optimisation of the testing strategy through the combina-
tion of assays. A first example of such an approach is the
ReProTect feasibility study (Schenk et al. 2010). It should
be realised that the entire reproductive cycle in a living
animal is, by definition, more than the sum of any com-
bination of alternative approaches. Therefore, for repro-
ductive toxicity testing, animal studies will remain the last
resort for foreseeable time. This is caused by for example
the often long lag time between exposure and observed
adverse effect in the reproductive cycle and also by kinetic
aspects, which hamper ready translation from in vitro
effective concentrations to in vivo effective doses. In
addition, efforts to build risk assessment solely on human-
derived data (Krewski et al. 2010) are currently limited by
the scarcity of relevant human toxicological data.

Time schedule for phasing out in vivo reproductive toxicity
testing

Given current knowledge and a realistic outlook into the
future, full replacement of animal studies for reproductive
toxicity hazard assessment is not probable within foresee-
able time (>10 years). However, alternative assays are
already being used for priority setting and screening pur-
poses. In addition, alternative assays can make an impor-
tant contribution to the mechanistic understanding of
reproductive toxicity. Such tests may actually be able to
give more specific information on the interference of the
test compound with the endpoint involved than the in vivo
study is able to generate. The challenge is to build on these
advantages of alternative tests in generating a testing
strategy in which the most sensitive endpoints are com-
bined in a well-informed selection of alternative assays
(Schenk et al. 2010). Applying such a strategy in a tiered
screening situation (cf. the OECD conceptual framework)
could preclude the in vivo testing of many reproductive
toxicants and thus would considerably refine and reduce
testing for reproductive toxicity.

Annex 1

See Table 12.
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Table 12 Final list of invited
experts to the working groups
on alternatives to animal testing/
cosmetics—ISPRA

* EFfCI European Federation
for Cosmetic Ingredients

® SCCS Scientific Committee
for Consumer Safety

¢ MS Member State
4 JRC Joint Research Centre

¢ ECEAE European Coalition to
End Animal Experiments
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Name

Proposed by

Working group toxicokinetics
Ulrike Bernauer

George Loizou

Emanuela Testai

Ursula Gundert-Remy

Jos Bessems

Frederic Y. Bois

Olavi Pelkonen

Ester Brandon

Working group skin sensitisation
Reinhard Kreiling

Gavin Maxwell

Tan Kimber

Klaus Ejner Andersen

Henk van Loveren

Aynur Aptula

Hanna Téhti

David Basketter

EF{CI*
Colipa
sccs®
SCCS
MS® (NL)
JRC?

MS (FI)
JRC

EFfCI
Colipa
SCCS
SCCS
MS (NL)
JRC

MS (FI)
ECEAE*®

Working group repeated dose—including chronic, sub-chronic and sub-acute exposure

Vera Rogiers

Alan Boobis

Jos Kleinjans
Wolfgang Dekant
Greet Schoeters
Paolo Mazzatorta
Hannu Komulainen
Stuart Creton
Mathieu Vinken
Working group carcinogenicity
Susan Felter

Joost van Delft
Emilio Benfenati
Tuula Heinonen
Jan van Benthem
Albrecht Poth
Stefan Pfuhler
Working group reproductive toxicity
Thomas Broschard
George Daston
Aldert Piersma
Guillermo Repetto
Mark Cronin
Michael Schwarz
Sarah Adler

SCCA, Colipa, EFfCI
Colipa

SCCS

SCCS

SCCS

JRC

MS (FI)

ECEAE

JRC

Colipa
SCCS
JRC

MS (FI)
MS (NL)
ECEAE
JRC

EFfCI

Colipa

ECEAE, MS, Colipa
MS (ES)

JRC

JRC

MS (DE)
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Animal-Free Assessment Approach

Exposure Dose Dose Effect
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Fig. 11 An animal-free assessment approach that appropriately
takes account of toxicokinetics. The left column starts on top with
(external) exposure and ends at the bottom with (internal) target tissue
dose/concentration. The right column starts with the estimated/
predicted target tissue dose/concentration which would indicate the
range of concentrations that should be tested in vitro. If in vitro

Annex 2
A framework for risk assessment without animal testing

The working group experts underlined in their discussions
the central importance that should be allocated to toxic-
okinetic considerations for the design and conduct of tox-
icological (in vitro) tests and the interpretation of the
toxicity data generated by these tests.

Toxicokinetics is of particular importance for extrapo-
lating from external to internal exposure and from in vitro
data to the human in vivo situation. Full integration of
toxicokinetic considerations into the planning and per-
forming of toxicity testing was therefore identified as
essential. It is imperative that all factors which could affect
the derivation of biologically important concentrations
from the in vitro experiments should be taken into con-
sideration and be incorporated into the study design if
judged or anticipated to be significant.'®

The experts came up with a conceptual framework, as
illustrated in Fig. 11, for the assessment of systemic toxi-
cological effects without using animals as model for the
human body.

In practical terms, the following is proposed:

First, information on the extent of exposure needs to be
considered, taking into account exposure scenarios for
multiple routes and multiple sources. Then the likely

16 Pelkonen et al. (2008a).

effects are not measurable at target tissue concentration, any in vivo
effects and consequently possible health risks would be unlikely. If
certain effects are discovered at or above a defined target dose, the left
column could be applied in reverse order to estimate the external
exposure that would be needed to reach that target dose. Adapted
from Bessems (2009)

exposure(s) need to be compared with the route-specific
threshold of toxicological concern (TTC) value(s) (if these
are known), i.e. exposure values below which no adverse
effects have to be expected. If the external exposure is
below the TTC value, the conclusion would be that the
considered use of the substance is safe and a refined risk
assessment, e.g. including animal testing, is not needed. If
the external exposure is above the route-specific TTC
value, then the internal or target dose, to which the target
cells or tissues/organs might be exposed, has to be
estimated.

For this estimation, knowledge on absorption, distribu-
tion, metabolism and excretion (ADME) of the substance
under consideration becomes important. Most of this
information can be deduced from appropriate in vitro and/
or in silico studies, which will allow the estimation of the
internal or target dose by means of physiologically based
toxicokinetic (PBTK) modelling. PBTK models would be
used as a means to convert external doses into internal
concentration—time profiles and/or to convert concentra-
tions used in the in vitro tests, which represent an assumed
target dose, into external doses. If the internal dose (e.g.
concentration of the target substance or its metabolites in
the blood) is below the internal TTC value (determined
from an appropriate database of in vitro assays), the con-
clusion would be that the assessed product use is safe and
further testing is not needed.

It should be noted though that whereas the TTC
approach for external exposure is becoming widely
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accepted particularly for food contaminants due to the
available databases, the internal TTC approach, while valid
as a concept, needs further data acquisition for providing a
scientific solid basis.

If the internal TTC is not known, it is necessary to assess
the potential impact of the estimated target dose on the
target tissue/cells. This can be verified by means of
exposing appropriate cell or tissue cultures (in vitro) to the
target dose range or by carrying out in silico evaluations.
At a minimum, the in vitro methods will allow a dose
response relationship to be established, which would indi-
cate if the estimated internal dose (range) is indeed of
potential toxicological concern, i.e. able to induce effects at
molecular, cellular or tissue level.

Using appropriate modelling techniques that take into
consideration the relevant toxicokinetics, it may then be
possible to extrapolate from the observed molecular, cel-
lular or tissue level effects to the toxicological impact, i.e.
the adverse health effect or disease at organism level.
PBTK models will allow to link dose levels used in the in
vitro experiments (and hence the related observed effects)
with external exposure levels. However, it has to be
pointed out that the relationship between observed effects
in vitro to an adverse health effect at organism level
remains to be established in many cases (area outside the
shaded boxes in Fig. 11), and this could be the main rate-
limiting step to the application of this framework in
practice.
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