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Abstract During the last two decades, substantial eVorts
have been made towards the development and international
acceptance of alternative methods to safety studies using
laboratory animals. In the EU, challenging timelines for
phasing out of many standard tests using laboratory animals
were established in the seventh Amending Directive 2003/
15/EC to Cosmetics Directive 76/768/EEC. In continuation
of this policy, the new European Chemicals Legislation
(REACH) favours alternative methods to conventional in
vivo testing, if validated and appropriate. Even alternative
methods in the status of prevalidation or validation, but
without scientiWc or regulatory acceptance may be used
under certain conditions. Considerable progress in the
establishment of alternative methods has been made in
some Welds, in particular with respect to methods predicting
local toxic eVects and genotoxicity. In more complex

important Welds of safety and risk assessment such as
systemic single and repeated dose toxicity, toxicokinetics,
sensitisation, reproductive toxicity and carcinogenicity, it is
expected that the development and validation of in silico
methods, testing batteries (in vitro and in silico) and tiered
testing systems will have to overcome many scientiWc and
regulatory obstacles which makes it extremely diYcult to
predict the outcome and the time needed. The main reasons
are the complexity and limited knowledge of the biological
processes involved on one hand and the long time frame
until validation and regulatory acceptance of an alternative
method on the other. New approaches in safety testing and
evaluation using “Integrated Testing Strategies” (ITS)
(including combinations of existing data, the use of chemi-
cal categories/grouping, in vitro tests and QSAR) that have
not been validated or not gained wide acceptance in the
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scientiWc community and by regulatory authorities will
need a thorough justiWcation of their appropriateness for a
given purpose. This requires the availability of knowledge
and experience of experts in toxicology. The challenging
deadlines for phasing out of in vivo tests in the Cosmetics
Amending Directive 2003/15/EC appear unrealistic. Like-
wise, we expect that the application of validated alternative
methods will only have a small or moderate impact on the
reduction of in vivo tests under the regimen of REACH,
provided that at least the same level of protection of human
health as in the past is envisaged. As a consequence, under
safety aspects, it appears wise to consider established in
vivo tests to be indispensable as basic tools for hazard and
risk assessment with respect to systemic single and
repeated dose toxicity, sensitisation, carcinogenicity and
reproductive toxicity, especially regarding quantitative
aspects of risk assessment such as NOAELs, LOAELs and
health-related limit values derived from them. Based on the
overall evaluation in this review, the authors are of the
opinion that in the short- and mid-term, the strategy of the
development of alternative methods should be more
directed towards the reWnement or reduction of in vivo
tests. The lessons learnt during these eVorts will provide a
substantial contribution towards the replacement initiatives
in the long-term.

Keywords Risk assessment · Chemicals · REACH · 
Alternative method · In vitro · In vivo · In silico · 
Validation · Integrated testing strategy

Introduction

Since the implementation of the Animal Welfare Guideline
86/609/EC in 1986, it is the declared policy of the EU insti-
tutions to support the development and use of alternative
methods, i.e. “any method that can be used to replace,
reduce or reWne the use of animal experiments in biomedi-
cal research, testing or education”. The “alternatives” con-
cept is attributed to Russell and Burch (1959), who deWned
three types of alternatives, the replacement, reduction or
reWnement of animal tests, the so called RRR (or 3R) Prin-
ciples (for details, see for instance Balls 2002; Worth and
Balls 2002a). In the frame of safety testing and safety
assessment, the deWnition of alternative methods includes
“testing methods” (e.g. in vitro, ex vivo or reduced/reWned
methods in vivo) as well as “non-testing methods” such as
the use of expert systems. In particular, for the purposes of
REACH, a consortium of the industry, EU institutions and
Member State bodies under the lead of CEFIC1 have com-

piled conventional and alternative methods for the testing
of chemicals and developed non-testing and testing strate-
gies for minimizing the volume of testing and thereby
reducing costs and the use of animals (ECB 2005, 2007,
http://ecb.jrc.it/reach/rip). Under REACH, non-testing
methods also include the adequate use of existing data of a
substance or other considerations such as the chemical cate-
gory or chemical analogue (read-across) approach that may
contribute to reduce or avoid testing in vivo (OECD 2007a,
b).2 Partly the deWnitions for testing and non-testing meth-
ods diVer. For instance, although (quantitative) structure–
activity relationships [(Q)SARs] may be considered as test-
ing methods, they may also be considered as non-testing
methods, such as in the Draft Technical Guidance Docu-
ment (TGD) which has been developed in the frame of
REACH (ECB 2005, 2007). Another distinction can be
made between reduced/reWned animal tests and non-animal
methods. The main focus of this paper will be on non-ani-
mal testing methods, since from our view it is of utmost
importance that these methods are realistically assessed in
respect to their use in hazard identiWcation and risk assess-
ment of chemicals in terms of human health.

Alternative methods to animal testing: an important 
perspective in current regulatory toxicology

Recent regulatory developments in the EU

In the EU, the promotion of alternative methods is increas-
ingly favoured at the expense of conventional animal test-
ing. Similar developments of the promotion of alternative
methods can be observed in other industrialised regions
such as USA and Japan. They are co-ordinated by OECD at
the international level (e. g. OECD 1990, 1996, 2005a). As
a consequence of the EU Directive 86/609/EEC, in 1991
the European Centre for the Validation of Alternative
Methods (ECVAM) was founded which has become a unit
of the Joint Research Centre of the EU Commission in
Ispra, Italy, since 1992. Meanwhile, the EU has invested
more than 200 million dollars into the development of
alternative methods by funding respective research (Zuang
and Hartung 2005) apart from the funding at the national
level by the Member States themselves. On the interna-
tional level, a close cooperation between ECVAM and
other similar institutions exists such as the US Interagency
Coordinating Committee on the Validation of Alternative
Methods (ICCVAM) and the National Toxicology Program
Interagency Center for the Evaluation of Alternative Toxi-

1 European Chemical Industry Council

2 Another term for chemical category approach is grouping which is
the favoured term in the frame of REACH (Art. 13, Annex XI; see also
ECB 2005, 2007.
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cological Methods (NICEATM) but increasingly also with
the OECD (Abbot 2005; IHCP 2004, 2005; Zuang and Har-
tung 2005; OECD 2005a).

Following the directive 86/609/EEC in 1986, (EU 1986),
the EU institutions adopted in 2003 the seventh Amendment
Directive 2003/15/EC on cosmetics, which aims at a step-
wise phasing out of experimental animal safety tests of cos-
metics by 2008 and 2013, respectively (EU 2003). Similarly
to the Amendment Directive 2003/15/EC on cosmetics, also
the REACH Regulation on chemicals adopted by the Euro-
pean Council and the European Parliament in December
2006 aims at avoiding animal testing and taking preference
of alternative methods to animal testing as far as possible
(EU 2006). The aim of Registration, Evaluation and Author-
isation of Chemicals (REACH) is to systematically evaluate
the risks, to human health and environment, of more than
30,000 chemical substances that are produced or imported
in the EU in volumes of 1 ton or more per year. Bands of
data requirements are 1, 10, 100 and 1,000 tons per year.
Article 25(1) of REACH Regulation reads: “In order to
avoid unnecessary animal testing, testing on vertebrate ani-
mals for the purpose of this Regulation shall be undertaken
only as a last resort.” Furthermore, Annexes VIII–XI of the
Regulation contain exceptions from the volume of testing
under certain circumstances and in particular from animal
testing which are termed derogation or waiving (for a dis-
cussion, see for instance ECB 2005, 2007; Greim et al.
2006). The time schedule of REACH as far as it is relevant
for the purposes of this paper is shown in Table 1, while the
toxicological endpoints for which data are required under
REACH are listed in Table 2. In current toxicological test-
ing, most of these endpoints are addressed by animal exper-
iments carried out according to OECD guidelines.

There is much activity to make the indeterminate
provisions of European legislation concerning animal
experimentation more operational. Recently, by the imple-
mentation of three large Integrated Projects, ReProTect, A-
Cute-Tox and Sens-it-iv, a new dimension of tailored

development of alternative methods in vitro, in silico and
combinations thereof has been envisaged. These projects
that involve more than 90 institutions and a funding of
about $40 million aim at making available batteries of
alternative methods including the respective test strategies
within 5 years each (Zuang and Hartung 2005). The current
progress of each of these projects can be followed at the
respective web sites (http://www.reprotect.eu; http://
www.acutetox.org; http://www.sens-it-iv.eu). For testing
of industrial chemicals under REACH, proposals for tiered
approaches have early been made (Combes et al. 2003;
Hartung et al. 2003), these issues have also comprehen-
sively been treated in the so called REACH Implementation
Projects (RIP 3.3-1 and 3.3-2) conducted by the European
Chemicals Bureau (ECB) on behalf of the European Com-
mission (http://ecb.jrc.it). It is prescribed by REACH
[Articles 13(1), 25(1), Annex XI] to exhaust all means of
collecting existing data and other means of predicting toxic
eVects, in particular chemical analogue and (broader)
chemical category approaches including data gap Wlling
techniques such as read-across,3 trend analysis, (Q)SARs
and computational expert systems before animal testing is
undertaken as a last resort (for details see ECB 2005, 2007;
see also OECD, http://cs3-hq.oecd.org/scripts/hpv). In this
respect, in vitro tests among alternative methods for pre-
dicting toxic eVects have been developed most extensively.

Validation of alternative methods

By deWnition, the validation of an alternative (non-animal)
method is the process by which the relevance and reliability
of the method are established for a particular purpose (Balls
et al. 1990, 1995). In the context of safety testing of chemi-
cals, relevance refers to the scientiWc basis of the test sys-
tem and to the predictive capacity of an associated

Table 1 Time schedule of the 
REACH Regulation relevant for 
the implementation of 
alternative test methods in 
safety testing

1 June 2007 Regulation enters into force

1 June 2008 European Chemicals Agency oYcially starts working

1 December 2008 Deadline for the pre-registration of phase-in substances (Art. 28)

Deadlines for the registration of phase-in substances (Art. 23): 

1 December 2010 ClassiWed as carcinogenic, mutagenic or toxic to reproduction, category 1 or 2,

1,000 tons or more manufactured or imported per year;

1 June 2013 100 tons or more manufactured or imported per year;

1 June 2018 1 ton or more manufactured or imported per year,

Draft decisions of the Agency on additional testing of substances (Art. 40(3) and 43(2)):

1 December 2012 ClassiWed as carcinogenic, mutagenic or toxic to reproduction, category 1 or 2,

1,000 tons or more manufactured or imported per year;

1 December 2016 100 tons or more manufactured or imported per year;

1 December 2018 1 ton or more manufactured or imported per year.

3 With regard to the deWnitions and use of various data gap Wlling tech-
niques the reader is referred to the Draft TGD (ECB 2007).
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prediction model (PM), whereas reliability refers to the
reproducibility of test results. Whereas a test system pro-
vides a means of generating experimental physicochemical
or biological in vitro data for a chemical of interest, a pre-
diction model (PM) is deWned as an unambiguous algo-
rithm (e. g., formula, rule or set of rules) for converting the
data into predictions of a pharmacological or toxicological
endpoint in animals or humans. The principles according to
which alternative methods should be validated have been
agreed at an international level, although the actual process
by which the validation process is performed varies
between diVerent validation authorities (Balls et al. 1990;
ICCVAM 1997; OECD 1990, 1996, 2005a, 2007a; Worth
and Balls 2002a, b).

In practice, the validation process of an alternative
method, e. g. an in vitro test, consists of several stages: (1)
the development and/or improvement of the test method in
one laboratory, (2) optimisation of the method by contribu-
tions of other laboratories, (3) prevalidation,4 (4) formal
validation,5 (5) scientiWc acceptance by a competent com-
mittee,6 and (6) regulatory acceptance (by EU or OECD).
Experience with validated methods in Europe indicates that

each of these stages takes a time scale of at least 1–3 years.
Therefore, the validation process of a new alternative
method altogether takes at least 6 years until scientiWc
acceptance is achieved. In certain cases the validation pro-
cess of a method can be accelerated if a validated “similar”
method already exists (so called “catch-up validation”)
(Worth and Balls 2001; 2002a, b). Recently, a “modular
approach“ has been proposed that is expected to accelerate
the validation process (Hartung et al. 2004). The basis for
the development of a prevalidation or validation study is
mostly existing in vivo data (animal or human data) to
which the results of the new non-animal method will be
compared. However, the in vivo data is often heteroge-
neous with regard to the relevance or reliability of the
respective studies because modern quality criteria as to the
conductance and documentation of studies are often not ful-
Wlled, in particular when considering data from older stud-
ies. Hence, it has been claimed that existing in vivo data are
not a “gold standard” in terms of relevance or reliability.
Another problem closely related to the heterogeneous qual-
ity of existing data is the selection of a set of representative
substances for the objectives of a (pre) validation study as
to the number, chemical class, use of the substances and the
assumed spectrum of human exposures to the substances.
The less suited substances are available for an intended
(pre) validation study, the more critical is the issue of repre-
sentativity of the study. Without doubt, the selection proce-
dure and the criteria for the inclusion or the exclusion of
substances will have an impact on the outcome of the (pre)
validation study.

Among non-animal tests, up to now the validation as
well as the scientiWc and/or regulatory acceptance of alter-

4 A prevalidation study is a small-scale interlaboratory study that is de-
signed to obtain a preliminary assessment of the reliability and rele-
vance of the study.
5 A formal validation study is an interlaboratory study that is designed
to obtain a more deWnite assessment of reliability and relevance.
6 In the EU, the ECVAM ScientiWc Advisory Committee (ESAC) is
responsible for scientiWc acceptance. It consists of experts from all
Member States, relevant industrial associations, academic toxicology
institutions, the animal welfare movement, as well as certain Commis-
sion services.

Table 2 Toxicological standard 
data requirements under 
REACH (waiving conditions not 
cited)

Toxicological endpoint Production volume 

8.1 Skin irritation, skin corrosion ¸1 t/a

8.2 Eye irritation ¸1 t/a

8.3 Dermal sensitisation ¸1 t/a

8.4 Mutagenicity ¸1 t/a

8.5.1 Acute oral toxicity ¸1 t/a

8.5.2 Acute inhalative toxicity ¸10 t/a (case by case)a

8.5.3 Acute dermal toxicity ¸10 t/a (case by case)a

8.6.1 Repeated dose toxicity (28 days) ¸10 t/a

8.6.2 Repeated dose toxicity (90 days) ¸100 t/a

¸10 t/a (case by case)b

8.7.1 Reproductive toxicity screening ¸10 t/a

8.7.2 Developmental toxicity ¸100 t/a

8.7.3 Two-generation reproductive toxicity study ¸100 t/a (case by case)b

¸1,000 t/a

8.8 Toxikokinetics ¸10 t/a (assessment on the 
basis of relevant information available)

8.9.1 Carcinogenicity study ¸1,000 t/a (case by case)b

a Depending on the assumed 
route of exposure to humans
b For details see text
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native tests is limited to in vitro tests (including ex vivo/in
vitro tests such as the WEC test for developmental toxic-
ity). According to OECD (2005a) the principles of valida-
tion as described in the OECD Technical Guidance
Document were written for biology-based tests but they
may be applicable to other alternative methods, too. For
instance, two recent examples of validated rule-based non-
testing approaches for the prediction of local toxic eVects
on skin and eyes are described below. Furthermore, an
OECD Guidance Document for the validation of (Q)SARs
has recently been published (OECD 2006c, 2007a). Besides
(Q)SARs, other alternative methods such as computerised
expert systems, mathematical and statistical approaches
such as toxicokinetic models and pattern-based systems
(so-called “omics”) are increasingly developed. However,
up to now none of them has been validated.

Validation studies of more complex alternative methods
or methodologies such as testing batteries and tiered testing
approaches may often be not appropriate, necessary or even
possible. In such circumstances a Weight of Evidence (WoE)
validation assessment may be more appropriate than a valida-
tion study. ICCVAM has used the methodology of WoE val-
idation assessment in the past for the validation of alternative
testing methods such as the skin penetration test, the local
lymph node assay (LLNA), the Up and Down procedure for
acute oral toxicity and in vitro tests for endocrine disruption
(further information is available at http://iccvam.niehs.
nih.gov). An ECVAM Workshop has dealt with the issues of
validation versus WoE validation assessment in 2004. Some
prerequisites and formal rules when performing a WoE vali-
dation assessment have been described in the workshop
report (Balls et al. 2006). However, up to now neither a vali-
dation nor a WoE validation assessment has been conducted
with testing batteries or tiered testing approaches yet.

Current status and developments of in vitro and other 
non-animal methods

Several in vitro tests have been established as Testing
Guidelines of the OECD, e.g. tests for genotoxicity or
mutagenicity. Also, other in vitro tests such as for the deter-
mination of local toxicity to skin or eyes have been estab-
lished as Testing Guidelines of the OECD for regulatory
use and have partly replaced the respective in vivo tests.
The in vitro methods available for regulatory use are listed
in Table 3 and compared to the corresponding in vivo
methods accepted by the OECD (Bernauer et al. 2005; ECB
2005, 2007; Genschow et al. 2004; Liebsch and Spielmann
2002; Piersma et al. 2004; Spielmann et al. 2004). If the in
vitro methods are accepted by the OECD (footnote f in
Table 3), they will be accepted by the national regulatory
authorities of OECD member countries. In contrast, other

in vitro tests are only accepted at the national level by some
of the Member States of the EU (footnote g in Table 3).
Reviews on current status and developments are given, e.g.
by Bernauer et al. (2005), ECB (2005. 2007), Eskes and
Zuang (2005) or can be found in the ECVAM database
(http://ecvam-dbalm.jrc.cec.eu.int/) or in the ZEBET7 data-
base (http://www.bfr.bund.de/cd/1591). A good source are
also the ECVAM workshop reports on speciWc issues of
toxicological concern that are available at the ECVAM
website (http://ecvam.jrc.it).

At the end of 2003, an ad hoc group of experts on behalf
of the European Commission reviewed the state of the art of
safety assessment by animal and non-animal tests for 11
diVerent human health eVects of concern in the frame of the
seventh amendment (Directive 2003/15/EC) of the Cosmet-
ics Directive 76/768/EEC, aiming at establishing time tables
for the implementation of marketing and testing bans includ-
ing deadlines for the phasing out of the various animal tests.
The expert subgroups provided inventories of the most
advanced or most promising alternative methods in each of
the toxicological areas, identiWed problems to be solved and
gaps to be Wlled, assessed timelines for the replacement of
animal tests by alternative methods and also gave recom-
mendations for future activities (for details see Eskes and
Zuang 2005). The state of the art, the development of alter-
native methods and the estimated timelines required for sci-
entiWc acceptance or full replacement of animal tests in
diVerent toxicological areas as assessed by these experts are
summarised in Table 4. It should be stressed that the experts
made their assessments of timelines required under the pro-
vision of optimal conditions related to Wnancial and human
resources and optimal co-operation and organisational sup-
port. In terms of reality, some delay may be predicted.
Although the assessments were made for testing and regula-
tory evaluation of cosmetics, they hold also true for indus-
trial chemicals. For the following human health-related
eVects, the ad hoc experts group did not foresee full replace-
ment of animal testing before the cut-oV dates provided by
the seventh Amendment to the Cosmetics Directive:8

– Acute toxicity
– Skin sensitisation
– Genotoxicity and mutagenicity
– Subacute and subchronic toxicity
– Toxicokinetics and metabolism
– Carcinogenicity
– Reproductive and developmental toxicity

7 Zentrale Erfassungs- und Bewertungsstelle für den Ersatz von Tier-
versuchen (Centre for Documentation and Evaluation of Alternatives
to Animal Experiments, Berlin)
8 Phototoxicity is of minor importance for chemicals under REACH
and is therefore not considered in the following.
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Table 3 Overview of toxicological in vivo and in vitro testing methods accepted for regulatory purposes

Toxicological end point In vivo methods (no. of OECD test guideline in brackets) In vitro methods (no. of OECD test 
guideline in brackets, if applicable)

1. Acute Toxicity Acute Toxicity

Oral [401, 420 (Wxed dose procedure), 
423 (acute toxic class method), 
425 (up-and-down procedure)]f,

dermal (402, 434a)f or 

inhalation [403, 433b (Wxed concentration procedure), 
436c (acute toxic class (ATC) method)]f

2. Dermal resorption Skin absorption (427)f Skin absorption (428)f

3. Phototoxicity 3T3 NRU Phototoxicity test (432)f

4. Skin irritation and 
corrosion

Acute dermal irritation/corrosion (404)f Transcutaneous electrical resistance test 
(TER) (430)f

Skin corrosion: human skin model test (431)f

Membrane barrier test method for skin 
corrosion (435)f

5. Eye irritation and 
corrosion

Acute eye irritation/corrosion (405)f Embryonated chicken egg (HET-CAM)g

Isolated bovine cornea (BCOP)g

Isolated chicken eye (CEET)g

Isolated rabbit eye (IRE)g

6. Sensitation Skin Sensitisation (406)f

Local lymph node assay (LLNA) (429)f

7. Hepatotoxicity Repeated dose toxicity study in rodents oral (28 day) (407)f, 
dermal (21/28–day) (410)f or inhalation 
(28-day or 14-day study) (412)f

Combined repeated dose toxicity study with the 
reproduction/developmental toxicity screening test (422)f

Repeated dose 90-day toxicity study oral in rodents (408)f 
or non-rodents (409)f, dermal (411)f or inhalation (413)f

Chronic toxicity studies (452)f

8. Nephrotoxicity

9. Hematotoxicity

10. Cardiotoxicity

11. Endocrine eVects Two-generation reproduction toxicity study (416)f

Repeated dose 28-day oral toxicity study in rodents; 
updated with parameters for endocrine eVects 
(May 2007 version) (407d)f

12. Neurotoxicity Delayed neurotoxicity of organophosphorus substances 
following acute exposure (418)f

Delayed neurotoxicity of organophosphorus substances, 
28-day repeated dose study (419)f

Neurotoxicity study in rodents (424)f

13. Immunotoxicity

14. Prenatal development Prenatal developmental toxicity study (414)f Whole embryo culture (WEC)g

Micromass Test (MM)g

Embryonic stem cell test (EST)g

Pre- and postnatal 
development

Two-generation reproduction toxicity study (416)f

Developmental neurotoxicity study (426)f

15. Fertility Combined repeated dose toxicity study with the 
reproduction/developmental toxicity screening test (422)f

Reproduction/developmental toxicity screening test (421)f

Repeated dose 28-day toxicity study (407, 410, 412)f

Repeated dose 90-day toxicity study (408, 409, 411, 413)f

One-generation reproduction toxicity study (415)f

Two-generation reproduction toxicity study (416)f
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The adequacy of alternative methods for the prediction of
toxicological endpoints deserves some commenting and
evaluation as follows.

Toxicokinetics and metabolism

This topic is discussed in the Wrst place because it is of
importance in most of the other toxicological areas dis-
cussed below and is regarded as a crucial issue and a “bot-
tleneck” hampering the predictivity of toxicity by
alternative tests. Metabolism often plays a key role in the
origin of toxic eVects and in inter- and intra-species diVer-
ences. However, the drug metabolising capacity of most in
vitro systems is either often diVerent and thus inappropri-
ate in relation to the human situation or low, variable or
continuously reduced under culture conditions. Frequently
used metabolising systems for in vitro toxicity tests and
their advantages and disadvantages are compiled in
Table 5. Co-culture of indicator cells with drug metabolis-
ing competent cells or addition of S9-mix is often not pos-

sible or may induce severe problems in data interpretation.
Although there has been considerable progress in the
development of expert systems and other in silico tech-
niques, computerised systems are at present not capable to
predict metabolism in a suYciently exact manner. Hence,
the inclusion of metabolism in predicting toxicity by
means of in vitro tests and/or computerised systems is far
from being satisfactory (Coecke et al. 2006a). Toxicologi-
cal testing of the main metabolites of the compound under
consideration would be desirable but is not possible in
most cases because the analytical methods for the charac-
terization of the metabolic proWle of industrial chemicals
are not available as a rule and synthesis of such metabo-
lites would be an expensive eVort. One promising way to
better incorporate metabolism in in vitro tests could be the
development of genetically engineered cell lines capable
of phase 1 and 2 metabolism preferably by enzymes of
human origin. The use of human enzyme sources and sev-
eral possible applications are reviewed by Pelkonen et al.
(2005).

Table 3 continued

a Draft Test Guideline 434 Acute Dermal toxicity-Fixed Dose Procedure, May 2004 Version (http://www.oecd.org/searchResult/
0,3400,en_2649_34377_1_1_1_1_1,00.html)
b Draft Test Guideline 433: acute inhalation toxicity—Wxed concentration procedure, June 2004 Version (http://www.oecd.org/searchResult/
0,3400,en_2649_34377_1_1_1_1_1,00.html)
c Draft New Test Guideline 436: acute inhalation toxicity—acute toxic class (ATC) Method, December 2004 Version (http://www.oecd.org/
searchResult/0,3400,en_2649_34377_1_1_1_1_1,00.html)
d Draft Updated Test Guideline 407: repeated dose 28-day oral toxicity study in rodents; Updated with parameters for endocrine eVects, May 2007
version (http://www.oecd.org/document/55/0,3343,en_2649_34377_2349687_1_1_1_1,00.html)
e Draft Proposal for a New Guideline 487: in vitro micronucleus test, December 2006 Version (http://www.oecd.org/document/55/
0,3343,en_2649_34377_2349687_1_1_1_1,00.html)
f OECD Guidelines for the testing of chemicals (http://oberon.sourceoecd.org/vl=5003995/cl=13/nw=1/rpsv/cw/vhosts/oecdjournals/1607310x/
v1n4/contp1-1.htm);
g Tests listed only in Annex V of Directive 67/548/EEC or accepted by regulatory authorities of some EU Member States

Toxicological end point In vivo methods (no. of OECD test guideline in brackets) In vitro methods (no. of OECD test 
guideline in brackets, if applicable)

16. Genotoxicity, 
mutagenicity

Mammalian erythrocyte micronucleus test (474)f Bacterial reverse mutation test (471)f

Mammalian bone marrow chromosomal 
aberration test (475)f

Saccharomyces cerevisiae, 
gene mutation assay (480)f

Sex-linked recessive lethal test in Drosophila 
melanogaster (477)f

Saccharomyces cerevisiae, mitotic recombination 
assay (481)f

Rodent dominant lethal test (478)f Mammalian chromosome aberration test (473)f

Mammalian spermatogonial chromosome 
aberration test (483)f

Mammalian cell gene mutation test (476)f

Mouse spot test (484)f Micronucleus test (487e))f

Mouse heritable translocation assay (485)f Sister chromatid exchange assay 
in mammalian cells (479)f

Unscheduled DNA synthesis (UDS) test with 
mammalian liver cells (486)f

DNA damage and repair, UDS 
in mammalian cells (482)f

16. Carcinogenicity Carcinogenicity studies (451)f Cell transformation assays 
(SHE, Balb/c 3T3, C3H10T)g

Combined chronic toxicity/carcinogenicity Studies (453)f
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Apart from the metabolism, the requirements for inclu-
sion of absorption, distribution and excretion need to be
discussed. For instance, the extent of absorption and pene-
tration of a substance through skin together with its inher-

ent toxicity is crucial for the risk assessment of dermal
exposure, occupational hygiene measures and may trigger
the necessity of setting Biological Exposure Limits. Skin
absorption and penetration of a substance can be measured

Table 4 Current developments of alternative methods according to an expert group on behalf of the EU Commission: Status at the end of 2003
(according to Eskes and Zuang 2005)

a Regulatory acceptance at the EU level
b See Table 3
c The experts assessed the time required for full replacement of animal tests to be probably much longer than 10 years

Health eVect 
or test area

Current status of test development Estimated time to achieve

ScientiWc acceptance by ECVAM 
ScientiWc Advisory Committee

Full replacement 
of animal testsa

Acute toxicity Two in vitro tests under validation, 
Several tests under prevalidation, 
test batteries and tests strategies required

¸2 years
¸4 years

>10 years

Skin irritation Three in vitro tests under validation, 
One test optimised

1–2 years 4–5 years for hazard 
identiWcation, 

6 years for risk 
assessment

Eye irritation Thirteen in vitro tests, six tests most promising 4 years for most promising tests >6 years

Skin sensitisation Optimised in silico models, 
in vitro tests under R&D

5–6 years for in silico methods, 
5–12 years for in vitro tests

¸12 years

Subacute and 
subchronic toxicity

In vitro models for Wve target organs under R&D, 
test batteries and test strategies required

>10 years Not estimatedc

Genotoxicity 
and mutagenicity

Seven in vitro tests accepted at the EU 
and OECD levelb, several tests under 
R&D or optimised

1–6 years for optimised tests, 
>6 years for tests under R&D

>12 years

Toxicokinetics 
and metabolism

In vitro tests under R&D, partly optimised, 
In silico methods under R&D, 
test batteries and test strategies required

3–8 years
>12 years including excretion

¸10 years

Carcinogenicity Three optimised tests accepted at the EU levelb 
One test under R&D, 
test batteries and test strategies required

5 years for optimised tests, 
>10 years for test under R&D

Not estimatedc

Reproductive and 
developmental 
toxicity

Three validated tests accepted at the EU levelb,
several tests under (pre) validation or R&D, 
test batteries and test strategies required

0 years, 
6 and >10 years for tests under (pre) 

validation and R&D, respectively

Not estimatedc

Table 5 Frequently used metabolizing systems for in vitro toxicity tests 

In vitro system Advantages DiVerences compared to the in vivo situation

Liver S-9 mix Easily available Strongly reduced phase II metabolism

High sensitivity due to a highly 
induced phase I metabolism

High fraction of false positive results for S-9 from induced rats

Microsomes Easily available Includes only a subset of all relevant drug metabolizing enzymes

High activities of cytochrome 
P450 enzymes

Heterologous 
expression 
of enzymes

Possibility for identiWcation of 
metabolites generated by 
speciWc enzymes

Only a limited number of enzymes can be expressed 
(more than two becomes technically demanding)

Primary 
hepatocytes

In vivo like metabolic activities for 
limited periods of time

Alterations of several metabolising activities depending on the culture conditions

Co-culture with target cells does not guarantee in vivo like pharmacokinetics

Liver slices In vivo like metabolic activities for 
limited periods of time

Applicable only for short incubation periods due to necrosis
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and expressed as dermal Xux. For skin absorption and pene-
tration, an in vitro test has been accepted at the OECD level
[Testing Guideline (TG) 428], although it was not formally
validated in a prospective validation study (Table 3). In
some respects it can be regarded as an alternative to the ani-
mal test; however, metabolism in the skin is not covered by
the test and repeated dose testing is limited to 1–2 days. It
should also be pointed out that experimentally determined
dermal Xuxes of industrial chemicals might largely diVer
between in vivo data and experimental systems based on ex
vivo human or animal skin. In addition, data may also
largely vary between individual humans in vivo and
between diVerent skin areas when applying the test sub-
stance to the same human individual (European Commis-
sion 2006; IPCS 2006; Williams 2004, 2006). Thus, all the
models including alternative in vitro and human in vivo
models available for predicting skin absorption and pene-
tration have considerable limitations and need further
research and development. For intestinal absorption, the
presence of active transporters (e.g. ABC proteins) in the
enterocytes is crucial but is not covered by most tests cur-
rently used. In this respect, the models of Caco-2 cell mon-
olayers and other in vitro membrane barrier models need to
be improved and standardised (Le Ferrec et al. 2001; Prieto
et al. 2004). In vitro tests predicting the elimination of a
substance via the kidney are not described in the literature.

ADME properties of a substance are dependent on the
physicochemical properties of the substance and hence this
fact oVers an opportunity for useful ADME prediction by
computation. Although in silico ADME prediction systems
may have great potential, they all require further improve-
ment before they can be considered acceptable for speciWc
applications. Moreover, it is important to be aware of the
fact that for the prediction of absorption in silico systems
must incorporate the role of metabolism as well as the role
of active transporters. Bergström (2005) concluded in a
review on the prediction of drug absorption by in silico
models that larger volumes of consistent high quality
experimental data compiled in the databases are required as
“prerequisites for a quantitative rather than qualitative pre-
diction of absorption”. Glomerular Wltration as well as
tubular re-absorption and secretion can be predicted from
the physicochemical properties of the compound and its
plasma protein (albumin) binding. If active secretion or re-
absorption and saturation kinetics are also involved these
processes are less predictable. Also, the role of active trans-
port via speciWc mechanisms is important for elimination
processes and is diYcult to predict. Since there are various
reasons why in silico ADME models may fail, van den
Waterbeemd (2005) proposed further development of
robust in silico tools in combination with high-throughput
in vitro screening that will lead to an “in combo” approach
towards the estimation of ADME properties of drugs and

other substances. Such development will require many
years for validation, scientiWc and regulatory acceptance.

Discourse: toxicokinetics in man—a useful alternative 
methodology

Methods for studying toxicokinetics in humans at low doses
are alternative methods par excellence with an inherent high
degree of relevance. However, the methodology to investi-
gate the toxicokinetic properties of chemical substances in
humans is limited for various reasons. The knowledge on the
fate of chemical substances in humans often originates from
accidental or suicidal uptake of high doses or from biomoni-
toring or biological eVect monitoring studies of chemicals in
exposed workers or exposed groups of the general popula-
tion. Studies on pharmacokinetics/toxicokinetics in humans
are performed to provide data support in the extrapolation
process of animal toxicity data to the human situation, in the
validation of physiologically-based pharmacokinetic models
developed based on in vitro data, and to obtain basic infor-
mation of ADME for new pharmaceuticals.

In the past, e.g. in case of heavy metals or other, e.g.
organic chemicals, radioactive isotopes or organic compounds
containing radiolabel have been applied in humans because
the analytical methods were often not suYciently sensitive to
determine low concentrations of the element or compound in
question. Apart from ethical considerations, the high costs for
the synthesis of radio-labelled substances and problems of
contamination are further reasons why the published literature
does not contain many examples of the intentional experimen-
tal intake of low doses of radio-labelled toxic chemicals by
humans in order to determine a substance’s toxicokinetics,
apart from drugs. One prominent example is the determination
of the biological halftime of the toxic compound 2,3,7,8-
TCDD in some volunteers, after intake of a very small dose of
the radiolabelled compound (Poiger and Schlatter 1986).

The recent developments in analytical chemistry permit
conclusive identiWcation and quantitation of xenobiotic
metabolites present in low concentrations in human body
Xuids such as urine and blood. The use of unlabelled com-
pounds requires the establishment of analytical methods to
quantitate parent compounds and all relevant metabolites,
which is often expensive and time-consuming. Metabolite
identiWcation usually has to be performed based on experi-
ments in animals with labelled compounds. Studies on the
ADME of chemicals in humans have been used to character-
ize the toxicokinetics of a variety of environmental contami-
nants, occupational chemicals or chemicals present in food,
and are recognized as important contributions in the extrapo-
lation process in the risk assessment (Amberg et al. 2001;
Bernauer et al. 1996; Ernstgard et al. 2005; Fennell et al.
2005; Filser et al. 1992; Gunnare et al. 2006; IPCS 2006;
Pähler et al. 1999; Schauer et al. 2006; Völkel et al. 2002).
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Studies on ADME of chemicals in humans require
review by ethical review boards as outlined in the Declara-
tion of Helsinki and follow-on documents. They also
require detailed information of potential risk to the partici-
pants and informed consent. In addition, a justiWcation of
dose administered should be provided. For non-genotoxic
agents, dose selection may be guided by occupational expo-
sure limits or tolerable daily intakes. If such endpoints are
not deWned, dose selection may be based on known end-
points in animal toxicity studies applying an adequate mar-
gin of safety (MOS).

Skin irritation and corrosion

Validated alternative methods accepted for regulatory use
determining skin corrosion exist that have displaced the
respective animal tests (see Table 3). The validation of two
methods for the testing of skin irritation, EPISKIN® and
EpiDerm®, has been Wnalised and scientiWcally accepted by
ESAC in Spring 2007. The EPISKIN® method is foreseen
to completely replace the regulatory Draize skin irritation
test whereas the EpiDerm® model is seen as a constituent of
a testing strategy. Other aspects such as reversibility of irri-
tation and dose-response characteristics, important compo-
nents for risk assessment, have yet to be addressed. Further
information is available at the ECVAM website (http://
ecvam.jrc.it/index.htm section news, events and meetings).

By use of a rule-based non-testing approach and using
data from the EU New Chemicals Database for chemicals
notiWed in the EU, a decision support system for skin corro-
sion/irritation potential in terms of C&L has been developed
and validated consisting of two predictive tools: (1) physi-
cochemical exclusion rules (cut-oV values) to identify
chemicals with no skin irritation/corrosion potential and (2)
inclusion rules to identify chemicals with skin irritation/cor-
rosion potential by use of structural alerts of chemicals. Fur-
thermore, a Skin Irritation Corrosion Rule Estimation Tool
(SICRET) has been developed which is a user-friendly tool
that enables non-QSAR experts to identify chemicals with
or without skin corrosion or irritation potential based on
physicochemical properties or structural alerts (Walker
et al. 2005). The validation study for predicting skin corro-
sion/irritation comprised 1,833 substances and the predic-
tivity was >95% (Gerner et al. 2000, 2004; Walker et al.
2004). In an additional external validation study using 201
notiWed chemicals not identical with the training set, the
validation study was conWrmed (Hulzebos et al. 2005).

Eye irritation and corrosion

Four tests, although not formally validated, have been
accepted by regulatory authorities of some EU member
states for the identiWcation and classiWcation of severe eye

irritants (Table 3). In Spring 2007, two of these tests, the
Bovine Corneal Opacity and Permeability (BCOP) and the
Isolated Chicken Eye (ICE) test methods have been vali-
dated and scientiWcally accepted by ESAC. Up to now it
has not been possible to identify a single method or a com-
bination of in vitro methods that could replace the animal
test for mild eye irritants. Also, major problems such as
reversibility or persistence of irritation as well as diVerenti-
ation of slight eVects and irritation potential relevant for
human health have not adequately been addressed yet. This
may be due to the fact that the eyeball has complex func-
tional structures and tissues with diVerent vulnerabilities to
chemicals and partly also to inherent limitations of the ani-
mal tests or low quality of animal test data which render the
development of non-animal tests more diYcult. In analogy
to the decision support system for skin corrosion/irritation
potential in terms of C&L, a similar rule-based non-testing
approach based on physicochemical properties and struc-
tural alerts was successfully carried out to predict (a) chem-
icals having no eye irritation/corrosion potential and (b)
chemicals possessing eye irritation/corrosion potential,
respectively (Gerner et al. 2005). The advantage of these
approaches is that data from standardised in vivo data
(OECD Testing Guidelines) are available for notiWed new
chemicals (diVerent from most existing chemicals). A limi-
tation is the fact that the data in the EU New Chemicals
Database are conWdential and therefore not available to the
scientiWc community. Another limitation should be seen in
that new chemicals are often developed for a limited range
of applications (e. g. dyes, polymer components) and there-
fore do not comprise the whole range of chemicals humans
may be exposed to. Thus, these rule-based non-testing
approaches and their validation should be extended to
chemical groups and structures that are not included in the
EU New Chemicals Database.

Skin sensitisation

Following a retrospective analysis of published data, the
Local Lymph Node Assay, the in vivo alternative method
for testing of skin sensitisation (LLNA, see Table 3), has
recently been modiWed in terms of reduction of animal use.
ESAC in April 2007 accepted that, within a tiered testing
strategy in the context of REACH, a reduced version of the
LLNA (rLLNA) using only the equivalent of the high dose
group from the full LLNA can be used as a screening test to
distinguish between sensitisers and non-sensitisers. How-
ever, ESAC pointed out that some limitations compared to
the full test method have to be taken into account (for fur-
ther information see http://ecvam.jrc.it/index.htm, section
news, events and meetings).

In contrast to the development of in vivo alternative test
methods, cellular systems capable of distinguishing
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between sensitising and non-sensitising substances are
available only at the research level and will probably
require more than 10 years for scientiWc and regulatory
acceptance. Since the complex mechanisms of sensitisation
are not well understood, it is diYcult to develop tests that
are based on the relevant biological events associated with
skin sensitisation. One suggested approach is the test of
chemicals in cultures of human blood-derived dendritic
cells since the diVerentiated dendritic cells of the skin (Lan-
gerhans cells) play a key role in the recognition of haptens
and the complex process of the immune response by T lym-
phocytes. Another approach is the measurement of cytokine
expression in keratinocytes, in co-culture with dendritic
cells or in reconstituted epidermis. Current status and prob-
lems of this approach are reviewed, e.g. by Casati et al.
(2005). Since single in vitro tests will not be able to cover
all aspects of the complex mechanisms of skin sensitisat-
ion, a test battery should be developed. Many substances
act as prohaptens requiring metabolic activation to exert
their sensitising properties. Hence, metabolic competence
of cellular systems is an important component that should
be considered in the development of a test battery. Further-
more, important aims for the future are to distinguish
between contact allergens and skin irritants and to distin-
guish between contact allergens of varying sensitising
potency. A recent project, Sens-it-iv started at the end of
2005 with a view to complete the development of animal-
free test strategies for skin and lung sensitisation (http://
www.sens-it-iv.eu).

A recent publication recommends the use of (Q)SAR to
predict skin sensitisation via expert systems taking into
account functional groups of chemicals and information on
mode or mechanism of action (Roberts et al. 2007). Taking
this into account, a (Q)SAR model was developed includ-
ing LLNA test data for 258 substances, guinea pig maximi-
sation test data for 360 substances, and data from 244
substances from a list of contact allergens (Schlede et al.
2003), respectively (Patlewicz et al. 2007). To validate this
model, in an initial eVort, data were generated for 40 new
chemicals in the LLNA and then compared with predictions
made by the model. The results showed an overall concor-
dance of 83% between experimental and predicted values.
Further studies and improvements will show whether this
approach will gain relevance in practice.

Acute systemic toxicity

The objectives of testing acute systemic toxicity are to
detect (1) the type(s) of acute toxic eVects of a chemical
and (2) to determine severe acute toxic eVects or lethality in
a quantitative manner and to allow for classiWcation and
labelling for acute toxicity. Basal cytotoxicity is an essen-
tial component of acute toxicity. It appears from a number

of studies showing positive correlations between in vitro
cytotoxicity and in vivo acute toxicity that in vitro test
methods may have a potential to predict quantitative
aspects of acute toxicity (Botham 2004). ICCVAM/NIC-
EATM and ECVAM completed in 2005 a joint validation
study to characterize the usefulness and limitations of in
vitro cytotoxicity assays as predictors of starting doses for
rodent acute oral toxicity test methods (ICCVAM/NIC-
EATM 2001a, b, 2006; Stokes et al. 2002; Zuang and
Hartung 2005). In this study, 72 reference substances with
known human toxicity and/or human exposure have been
tested for cytotoxicity in BALB/c 3T3 mouse Wbroblasts
(3T3) and normal human epidermal keratinocytes (NHK).
The Neutral Red Uptake (NRU) test in both the cell
systems correctly predicted the hazard category, according
to the Globally Harmonized System of ClassiWcation and
Labelling (GHS), of only about 30% of the reference
substances. The data obtained were used to estimate starting
doses for rodent acute oral testing, based on linear regres-
sions developed from the Registry of Cytotoxicity (RC)
database (Halle 2003).

ICCVAM’s recommendations for use of the in vitro
NRU test methods are as follows (ICCVAM/NICEATM
2006): The 3T3 and NHK NRU test methods alone are not
suYciently accurate to predict acute oral rodent toxicity for
regulatory hazard classiWcation. They may be used in a
weight-of-evidence approach to determine the starting dose
for current in vivo acute oral toxicity protocols, i.e., Fixed
Dose Procedure (OECD guideline 420), Acute Toxic Class
Method (OECD guideline 423), Up and Down Procedure
(OECD guideline 425). The starting doses for substances
with certain toxic mechanisms that are not expected to be
active in 3T3 or NHK cells (e.g., those that are neurotoxic
or cardiotoxic) will likely be underestimated by these in
vitro basal cytotoxicity test methods. Therefore, the results
from basal cytotoxicity testing with such substances may
not be appropriate for estimating starting doses.

The development of alternative methods for predicting
other important components of acute toxicity such as type,
onset, duration and reversibility of the toxic as well as tox-
icokinetics and metabolism is only at the research level.
Thus, an integrated project, ACuteTox, dealing with these
issues has been started in January 2005 with 35 research
groups from 13 European countries and an overall budget
of 16 million D (duration 5 years, http://www.acute-
tox.org). Besides the development of a database with in
vitro and in vivo data on acute toxicity for 100 to 140
chemicals, the selection and reWnement of in vitro tests is
planned. The approach is to add new in vitro tests for toxic-
okinetics and organ speciWcity to a basal set of cytotoxicity
assays in combination with computer modelling. These
components have to be integrated into a validated in vitro
test battery or testing scheme combined with a prediction
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model for data extrapolation aiming at hazard identiWcation
of acute toxicity to humans. Further aspects and problems
of this approach have been discussed by Gennari et al.
(2004).

We consider the progress, which has been made in
replacement of acute toxicity testing, is regrettably small
compared to the large eVorts made. However, one should
keep in mind that prediction of acute toxicity has to deal
with similar diYculties as prediction of other endpoints
which are generally regarded as “more complex”. Predict-
ing acute toxicity is more than just predicting the “simple
endpoint death”. It has to take into account the kinetics of
the substance, mode of action and its possible interaction
with all tissues as well as the extensive capability of the
organism to compensate for disturbance of homeostasis. In
accordance with these considerations, development of
replacement methods for acute toxicity testing cannot pro-
ceed much faster than for, e.g. repeated dose toxicity test-
ing. Finally, one should not forget that reWnement of acute
toxicity testing (resulting in the above-mentioned OECD
Guidelines) has already resulted in a substantial reduction
of animals used for such studies and the pain involved. We
are not convinced that animal-free methods will satisfy
future regulatory requirements concerning acute systemic
toxicity, but consider further reWnement of animal tests by
improved in vitro testing possible. However, we suspect
that the number of animals that can thus be saved may be
small.

Subacute and (sub) chronic toxicity

In Annexes VIII–XI of the REACH Regulation, repeated
dose toxicity studies are required for substances with vol-
umes of 10 tons up to more than 1,000 tons per year. The
minimum requirement for testing of chemicals is the test
for subacute toxicity with 28 days of exposure (OECD
Testing Guidelines 407, 410 and 412 or the respective
guidelines B.7, B.8 and B.9 in Annex V of the Guideline
67/548/EEC). These Testing Guidelines require a minimum
of Wve animals per dose group and gender. In the frame of
REACH, the 28-day short-term toxicity test has a great
importance since this test is foreseen to be applied to
approximately 15,000 chemicals that are produced in
amounts of 10 tons per year or more. According to Annex
VIII, No. 8.6.1 additional studies such as the 90-day sub-
chronic study may be required, in particular when toxicity
of particular concern (e.g. serious/severe eVects) is indi-
cated or in case of an eVect for which the available evi-
dence is inadequate for toxicological and/or risk
characterisation. It should be noted that compared to the
regulatory requirements of drug and biocide toxicity test-
ing, the 28-day toxicity test for chemicals is a compromise
with respect to duration and minimum animal number and

hence with respect to costs and animal welfare since for the
registration of drugs and biocides, a 90-day toxicity study is
a priori required.

The intention of the 28-day toxicity study is (1) to detect
the target tissue(s) of the chemical to be tested, potential
cumulative eVects and the reversibility of the toxicity and
(2) to determine a dose without eVect in order to provide a
basis for risk assessment. While no elaborated non-animal
concept does at present exist for the latter objective one can
in principle design a set of cell cultures from diVerent tis-
sues which might indicate the target organ(s). However,
such data do not represent the information which comes
from a conventional rodent 28-day toxicity study. OECD
guidelines demand data on body weight development, clini-
cal chemistry parameters, organ weights and gross necros-
copy and histopathological examination of all tissues. Cell
culture models lack a number of conditions present in vivo
which determine the outcome of these measurements. Both
the homeostatic capacity of the organism and the possible
potentiation of toxicity induced by cell–cell and tissue
interaction cannot be imitated in in vitro test systems. For
instance, a cell culture model will in general not allow for
an exacerbation of injury caused by the immigration of
inXammatory cells to the site of the primary lesion. To
mimic this, complex co-culture models would have to be
constructed for every target cell culture. Reversibility of
injury is another important aspect which critically inXu-
ences the results of an in vivo toxicity study. However, cell
culture models are rarely capable to also mimic of tissue
regeneration. Thus, while a variety of in vitro tests for some
of the main targets of repeated dose toxicity testing have
been developed at the R&D level or have been improved
(liver, kidney, lung, central nervous system, haematopoietic
system) none, single or in combination, is at present capa-
ble of adequately predicting all possible repeated dose toxic
eVects on the target organ they represent. Even more basi-
cally, there are inherent problems of culturing primary cells
which have not yet been solved satisfactorily such as the
limited life time of most of the cells or tissues in culture,
loss of important cellular functions due to the culture condi-
tions (a feature also typical for immortalised cell lines) and
the limited spectrum of responses to toxicity by cells or tis-
sues in culture compared to the whole organ in vivo.
Despite considerable progress of in vitro research (e.g. co-
cultures, sandwich or other three-dimensional cultures) it is
only partly understood which factors are needed to allow
cellular systems in vitro to maintain their functions for
more than a few hours, days or weeks. This is a matter of
basic research in the coming years.

In a recent review, Prieto et al. (2006) have discussed
these issues and have reached the general conclusion that
conventional in vivo tests for subacute or subchronic toxic-
ity cannot be replaced at present or in the near future by in
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vitro or other alternative methods. In particular they came
to the following conclusions: “The major limitations to the
use of in vitro models for the assessment of toxicity after
repeated dosing are: (1) the lack of suitable in vitro systems
to mimic all the possible interactions which may result in
vivo, (2) the limited possibilities of using cell culture sys-
tems to account for kinetics and biotransformation, (3) the
diYculty to derive from in vitro systems values such as the
NOAELs, which are traditionally used as the starting point
for risk assessment.” Some of their proposals deserve to be
discussed in more detail because these approaches, while
not claiming to replace them, could contribute to reduce the
number of in vivo tests. First, they consider using organo-
typic in vitro models as a “Wlter” to exclude chemicals with
speciWc unwanted or unacceptable eVects from further
unnecessary in vivo testing. They further propose to
develop a strategy to predict repeated dose (28 days) toxic-
ity by short-term low-dose exposure in vitro. For establish-
ing such a strategy, a set of relevant end points in vivo and
corresponding (presumably) early biological indicators in
vitro that are suYciently sensitive and relevant would be
needed. In particular, the anticipations into such indicators
are directed to the rapid development of pattern-based tech-
nologies such as toxicogenomics (see below). However, the
identiWcation and establishment of relevant end points and
corresponding sensitive biological indicators in vitro for the
prediction of toxicity in vivo is only at the research level.
To avoid the necessity to develop and validate hundreds of
biological indicators for reactive or adaptive responses at
the cellular and tissue level more eVort in basic research for
better understanding pathogenetic processes leading to
chronic toxicity is a prerequisite for test development. The
existing tests should be optimised and further tests may be
developed based on a mechanistic understanding of the
underlying pathogenetic processes, which, however, is far
from well developed.

Another approach discussed by Prieto et al. (2006) con-
cerns the determination of a maximal concentration without
any eVect in vitro and the correlation of such a NOEC in
vitro to a NOEC or NOEL in vivo. They propose to predict
the actual target organ concentration in vivo under the
expected exposure conditions by use of biokinetic models,
to compare it to the NOEC in vitro and thus to establish a
margin of safety (MOS). This approach may be useful for
substances with very low toxicity since in vivo testing is
not required when the corresponding NOEL in vivo (which
is calculated from the in vitro NOEC) is higher than the
limit dose for in vivo testing. Also, in vivo testing would
not be required when human exposure is low and the
derived MOS is large. In addition, this approach may have
the advantage that the establishment of biomarkers for the
determination of critical eVects in vitro and for the deriva-
tion of a NOAEL in vivo is not required.

However, one of the main unsolved problems of such an
approach is the requirement of valid biokinetic models to
arrive at a target organ concentration in vivo. It is even
questionable whether the nominal concentration in vitro
exactly determines the concentration of the substance at the
site of action, which is a prerequisite to assess the concen-
tration of the substance at the site of action in the target
organ in vivo. Although there is much eVort to use PBPK
models and biokinetic modelling for calculating in vivo
kinetics on the basis of in vitro data, predicting substance
concentrations at the site of action (in vitro) and in vitro–in
vivo scaling it must be stated that the models including
QSAR methods are presently not suYciently developed to
extrapolate from in vitro to in vivo situations and that their
validation is not expected in the next future.

Recently, several groups have reported on the use of
whole genome transcriptional proWling in short term animal
tests to identify substance speciWc alterations in mRNA
expression patterns (review: Hengstler et al. 2006). It has
been reported that gene array analysis allows the diVerenti-
ation between selected compounds associated with diVerent
subtypes of hepatotoxicity. SpeciWc gene clusters for micr-
ovesicular lipidosis, hepatocellular necrosis, inXammation,
hepatitis, bile duct hyperplasia and Wbrosis have so far been
identiWed (Huang et al. 2004; Waring et al. 2001). These
examples illustrate the potential of such novel techniques to
predict speciWc endpoints of toxicity after short-term in
vivo exposure of laboratory animals and thus to contribute
to a reWnement and reduction of animal testing. However,
further research is required for establishing, standardising
and validating these methods as prediction tools of speciWc
toxic mechanisms or eVects. Study conditions such as opti-
mal species, strain, required minimum of study duration
and other open questions should be thoroughly investi-
gated. In particular the pool of substances investigated by
these methods should be extended including substances
exerting weak or borderline eVects or acting by atypical
mechanisms. Toxicogenomics and other pattern-based
methods such as proteomics and metabolomics might suc-
cessfully be incorporated into integrated testing strategies.
However, we anticipate that the development and valida-
tion of computerised methods, testing batteries and tiered
testing schemes for predicting repeated dose toxicity have
to overcome many scientiWc and regulatory obstacles,
which make it extremely diYcult to predict the outcome
and the time needed.

Neurotoxicity

The REACH Regulation substantiates in Annexes VIII–X
that neurotoxicity studies shall be proposed by the regis-
trant or may be required by the Agency in case of indica-
tions of neurotoxic eVects for which the available evidence
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is inadequate for toxicological and/or risk characterisation.
In such cases, it may be more appropriate to perform spe-
ciWc toxicological studies that are designed to investigate
these eVects.

The functional speciWcs of the central and peripheral
nervous system result in highly speciWc mechanisms of
action of neurotoxic substances. Thus, in vivo test guide-
lines currently used to identify a substance-related neuro-
toxic potential are based on a number of endpoints of
neurobehaviour, neuropathology, neurophysiology, and
neurobiochemistry. The value of alternative testing for
neurotoxicity in the context of regulatory needs has been
discussed by Coecke et al. (2006b). One way is to study
neurotoxicity in speciWc cell types of the brain and to derive
generalised mechanisms of action of the toxicants. Addi-
tionally, toxicokinetic models including the blood–brain
barrier (BBB) are to be developed. The development of bat-
teries of in vitro tests with adequate endpoints as well as the
integration of in vitro toxicity data with biokinetic model-
ling (Forsby and Blaauboer 2007) could be promising in
order to cover the complexity of the nervous system.
ECVAM´s Workshop 49 focused on in vitro models for
studying the BBB (Prieto et al. 2004). It was concluded that
a number of in vitro models of the BBB are available but
minimal requirements for these models need to be better
deWned, particularly in relation to availability and ease of
culture, the functional expression of transporter mecha-
nisms, the possibility of studying polarity, restrictive para-
cellular transport, and closeness of morphology to that of in
vivo systems. An important aspect was the consideration of
the inclusion of biokinetic modelling and the BBB in inte-
grated testing strategies.

DiVerent in vitro models have been examined in an
ECVAM prevalidation study with the aim to identify a
model for the BBB based on the use of continuous cell lines
derived from the BBB, and to investigate the speciWcity of
this model (Garberg et al. 2005). The generally rather low
correlation between in vitro and in vivo data obtained indi-
cate that other factors than permeability inXuence the distri-
bution of compounds to the brain in vivo. Protein binding,
blood Xow, metabolic stability and lipophilicity, as well as
the aYnity for diVerent transporters expressed in the BBB,
seem to be such factors. It was concluded that the installa-
tion of a battery of in vitro tests is likely to be necessary in
order to improve in vitro–in vivo correlations and to make
it possible to perform predictions of in vivo brain distribu-
tions from in vitro data.

Under the sponsorship of the EC, Gartlon et al. (2006)
evaluated an in vitro testing strategy for predicting in vivo
neurotoxicity. The sensitivity of diVerentiated PC12 cells
and primary cerebellum granule cells (CGC) were com-
pared to that of undiVerentiated PC12 cells. Fifteen cyto-
toxicants and neurotoxicants selected for testing covered a

range of mechanisms and potencies in vivo. Neurotoxicants
could not be clearly distinguished from cytotoxicants
despite signiWcantly diVerent cell system responses using
the endpoints cell viability/activity, ATP depletion, mito-
chondrial membrane potential (MMP) depolarisation, ROS
production, and cytoskeleton modiWcations. It was con-
cluded that further work is required to determine suitable
combinations of cell systems and endpoints capable of dis-
tinguishing neurotoxicants from cytotoxicants.

Most recently, incorporating in vitro methods for devel-
opmental neurotoxicity (DNT) testing into international
hazard and risk assessment strategies has been discussed
within a workshop hosted by ECVAM (Coecke et al.
2007), and within the Wrst workshop of the TestSmart DNT
programme (Lein et al. 2007). They focused on: (1) the
models available to capture the critical DNT mechanisms
and processes, (2) the creation of a high quality open data-
base to catalogue DNT data, and (3) policy and strategy
aspects to assess the integration of alternative methods in
regulatory decision-making. A Wrst step would be to reWne
current in vivo strategies by integrating information derived
from in vitro models and using non-mammalian species
(e.g. zebraWsh, C. elegans, medaka) in alternative test strat-
egies. Because at present in vivo based DNT testing cannot
be replaced by in vitro approaches, incorporation of in vitro
testing as a part of an intelligent testing strategy could at
least reWne and reduce animal usage.

We conclude that the development of in vitro neurotox-
icity tests is at present only at the research level. Up to now,
no in vitro models for neurotoxicity testing have been vali-
dated or have been accepted for regulatory purposes. The
scientiWc and regulatory validation of alternative neurotox-
icity models remains challenging.

Genotoxicity and mutagenicity

Amongst all toxicological endpoints, chemical mutagenesis
and genotoxicity, have made the most intensive use of vari-
ous in vitro approaches, over the last decades. As one of the
consequences, several in vitro tests indicating genotoxic or
mutagenic eVects are currently accepted at the OECD level
(Table 3). However, these tests still have relevant limita-
tions, such as an insuYcient metabolic capacity (Hewitt
et al. 2007a; Gebhardt et al. 2003; Hengstler et al. 2000).
Moreover, in vitro genotoxicity testing in doses concomi-
tant with relevant cytotoxicity may lead to test oversensitiv-
ity compared to the in vivo situation (Kirkland et al. 2007).
Further characteristics like karyotypic instability and deW-
ciencies in, e.g. p53 and DNA repair mechanisms of the
commonly used rodent cell lines (e.g. V79, CHO) are addi-
tional factors potentially leading to results not representa-
tive for the in vivo situation. Misleading in vitro results
may also be particularly likely to be obtained in case of a
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target organ speciWc mode of action (Hengstler et al. 2003).
As a general consequence, a high portion of mainly false
positive but also false negative test results may arise. An
expert group on behalf of the European Commission con-
sidered the current situation as insuYcient and recom-
mended the development of a completely new-tiered testing
strategy, i. e. the development of a tier of in vitro target
organ/system models. The time required for the develop-
ment and validation of such models or testing blocks is
assumed to be 8–10 years (Eskes and Zuang 2005).

Hazard classiWcation under REACH speciWcally relates
to germ cell mutagenicity, i.e. genetic damage, which is
passed over to the next generation. In case of the negative
outcome of tests conducted in vitro, indicating no geno-
toxic or mutagenic eVects, no further in vivo testing is
required. Only if the in vitro tests are positive in vivo test-
ing has to be considered. In case there is a positive in vivo
mutagenicity/genotoxicity test in somatic cells, the sub-
stance under study is classiWed as being suspected to cause
germ cell mutagenicity. In such case, further studies to
assess the potential of germ cell mutagenicity can be con-
sidered. The established test strategy is to perform further
in vivo tests, e.g. the mouse heritable translocation assay
(OECD Test Guideline 485). There is no respective non-
animal testing approach available at present, like, e.g.
PBPK models, to predict whether the somatic cell mutagen/
genotoxicant reaches the germ cells in vivo.

In summary, despite long-term intensive scientiWc eVorts
in many working groups around the world, it is still not
possible to suYciently predict in vivo somatic cell mutage-
nicity by in vitro studies. Consequently, REACH uses posi-
tive in vitro study results only as a trigger for in vivo
studies. On the other hand, negative in vitro test results
abrogate the requirement to perform further in vivo tests.
With respect to the prediction of germ cell mutagenicity by
alternative methods, conventional in vitro tests are used
since there are currently no established non-animal
approaches available that are speciWc to mutagenicity in
germ cells.

Carcinogenicity

Chemical carcinogenesis is a complex and multifactorial
phenomenon of long-term toxicity that is mechanistically
by far not understood although some progress has been
made during the last decades. Some important puzzling fea-
tures are: the multistage character of the process, changes
of cellular regulation, organ or species speciWcity of many
carcinogenic substances as well as mechanisms that antago-
nize the multistep process of carcinogenesis (Hengstler
et al. 2003; Bolt et al. 2004). Metabolic inactivation, DNA
repair, cell cycle arrest, apoptosis, oncogene induced
senescence, and control by the immune system represent

well-documented mechanisms that inXuence the shape of
dose-response relationships in animal carcinogenicity stud-
ies (Hengstler et al. 2003; Trost et al. 2005; Spangenberg
et al. 2006; Hengstler et al. 2006). Several properties of car-
cinogenic substances inXuence the outcome: the degree of
genotoxicity in the cells of origin of cancer, cytotoxicity at
the site of carcinogenic action and promoter activity such as
inhibition of apoptosis or hormonal activity. Due to the
complexity of carcinogenesis, prediction of carcinogenic
properties of a given substance is diYcult. Presently, no
single in vitro test or test combination is considered to be
suYcient.

According to REACH, classiWcation of a high produc-
tion volume compound in the band of >1,000 tons per year
as a mutagen category 3 can give rise to a full carcinogenic-
ity study while mutagens in categories 1 and 2 are usually
regarded as carcinogenic (default presumption) without fur-
ther in vivo testing. A carcinogenicity study may be pro-
posed by the registrant or may be required by the agency if
the substance has a widespread use or if there is evidence of
frequent or long-term human exposure and the substance is
classiWed as mutagen category 3 or if there is evidence from
the repeated dose study(ies) that the substance is able to
induce hyperplasia and/or pre-neoplastic lesions (Annex X,
8.9.1).

However, a considerable number of non-genotoxic sub-
stances are also carcinogenic. Several in vitro transforma-
tion assays have been established for their detection (Sakai
et al. 2002). The largest database is available for transfor-
mation assays such as the Syrian hamster embryo cell assay
(SHE), the C3H10T1/2 and the BALB/c3T3 assay,
although it should be considered that these tests have not
yet been Wnally approved by the OECD (OECD 2001,
2006d; see Table 3). All assays rely on the formation of
transformed cell foci due to the inXuence of the test sub-
stance. Sensitivity (speciWcity) of the SHE assay, the
C3H10T1/2 assay and the BALB/c3T3 assay was deter-
mined to be 84% (81%), 71% (67%) and 62% (62%),
respectively (OECD 2001). A limitation of these methods is
the relatively long time period of 4–8 weeks until focus for-
mation can be observed as an indication of transformation.
In order to reduce the time required for in vitro transforma-
tion assays, Bhas42 cells have been established by transfec-
tion of BALB/c 3T3 cells with v-Ha-ras (Sasaki et al.
1988). Transformed foci can be induced in these cells
within a period of 2 weeks. Inter-laboratory studies have
been performed reporting that the Bhas42 cell assay may
represent a sensitive screening method for the identiWcation
of transforming chemicals. So far, however, much lower
numbers of substances have been tested by this assay com-
pared to the SHE, C3H10T1/2 or BALB/c3T3 assays
(Ohmori et al. 2004, 2005; Umeda 2006). These data dem-
onstrate that cell transformation assays may represent valu-
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able tools for the identiWcation of non-genotoxic
carcinogens. Besides non-genotoxic carcinogens, also,
many genotoxic carcinogens are positive in transformation
assays. However, the identiWcation of genotoxic carcino-
gens is not the major scope of transformation assays, since
genotoxic carcinogens can be identiWed by conventional
and easy to handle mutagenicity assays with high sensitiv-
ity. On the other hand, the capacity of transformation assays
to identify many non-genotoxic carcinogens does not mean
that in vivo carcinogenicity studies can be replaced by in
vitro cell transformation assays. Examples of Ames-test
negative rodent carcinogens with negative results in cell
transformation assays are TCDD, ethinyl estradiol and
methapyrilene (OECD 2001). These examples illustrate that
quite relevant carcinogens can be tested false negative in
cell transformation assays. In addition, false negative results
in transformation assays may be due to inadequate meta-
bolic activation. Taken together, although genotoxic or
mutagenic substances can be identiWed by in vitro tests a
complex long-term adverse eVect such as carcinogenicity
cannot suYciently be predicted at present by non-animal
tests. Still, the issue of potency remains unresolved, and
potency may be a major driver in risk assessment.

Pattern based technologies such as toxicogenomics have
been proposed for the prediction of the outcome of long-
term carcinogenicity studies and other endpoints in long-
term studies by short-term animal tests (Corvi et al. 2006;
OECD 2005b). This is based on the expectation that patterns
of gene expression deregulation speciWc for carcinogens can
be identiWed. Ellinger-Ziegelbauer et al. (2005, 2008) pub-
lished gene expression data from rats exposed to four non-
genotoxic hepatocarcinogens (methapyrilene, diethylstilbes-
trol, Wy-14643 and piperonylbutoxide) and four genotoxic
carcinogens (2-nitroXuorene, dimethylnitrosamine, NNK
and aXatoxin B1) for up to 14 days and identiWed substance
speciWc alterations in gene expression patterns. For instance,
the genotoxic carcinogens induced predominantly genes
involved in DNA damage response, apoptosis and survival
signalling. The non-genotoxic substances predominantly
deregulated genes related to signal transduction pathways in
cell cycle progression and response to oxidative DNA dam-
age. Usually, a single gene or pathway will be insuYcient to
assign a speciWc mechanism of carcinogenicity. However,
speciWc patterns of pathway-associated genes did allow a
correct assignment of the tested substances to the groups of
“genotoxic” or “non-genotoxic” rat carcinogens (Ellinger-
Ziegelbauer et al. 2005). In recent years characteristic RNA
expression signatures have been described for numerous
toxic and/or carcinogenic chemicals, including formalde-
hyde (Sul et al. 2007), peroxisome proliferators (Tamura
et al. 2006), 2-acetylaminoXuorene, 2-nitropropane, 2-nitro-
p-phenylenediamine, 2,4-diaminotoluene (Nakayama et al.
2006), N-ethyl-N-nitrosourea (Okamura et al. 2004), ochra-

toxin A (Arbillaga et al. 2007), aristolochic acid (Stemmer
et al. 2006), and Xumequine (Kashida et al. 2006). How-
ever, prospective and comprehensive validation studies aim-
ing at the identiWcation of carcinogens by predeWned rules
based on RNA expression signatures are not yet available.
The latter would be a precondition to replace carcinogenic-
ity studies by in vivo studies with shorter exposure periods
and smaller numbers of animals, where test substances will
be classiWed by alterations of RNA expression patterns in
the respective target organs.

REACH legislation assumes mutagenic chemicals (M1
and M2) to be carcinogenic without demanding proof from
a conventional carcinogenicity study or from alternative
methods. Concerning non-genotoxic carcinogens the situa-
tion is problematic. Only for chemicals in the band of
¸1,000 tons per year, the Agency can propose carcinoge-
nicity studies for non-genotoxic chemicals in case there is
evidence for extensive exposure of man or for the occur-
rence of preneoplastic changes in animal experiments. For
chemicals in the bands <1,000 tons per year, no assays for
identiWcation of non-genotoxic carcinogens are required
according to REACH. This leads to a problematic situation
because non-genotoxic carcinogens may be missed. Of
course it is not practicable to perform 2-year carcinogenic-
ity studies for all chemicals ¸10 to <1,000 tons per year.
On the other hand there are no validated in vitro tests for
the identiWcation of non-genotoxic carcinogens. As men-
tioned above, in vitro transformation assays will identify
some but not all non-genotoxic carcinogens. This scenario
illustrates that additional research is required. It should be
clariWed to which percentage non-genotoxic carcinogens
may be missed by subchronic toxicity studies in case of
chemicals ¸100 to <1,000 tons or by subacute toxicity
studies in case of chemicals ¸10 to <100 tons per year. We
encourage the development of in vivo studies with shorter
exposure periods and smaller numbers of animals, where
test substances will be classiWed by pattern-based methods
in the respective target organs. In addition, pattern-based in
vitro assays may play an increasing role if these assays will
be successfully validated.

Reproductive and developmental toxicity

According to Annex VIII of REACH, the standard require-
ment is a screening test on reproductive toxicity (OECD
TGs 421 or 422) at the 10 tons level per year. A develop-
mental toxicity study (OECD TG 414; EU Method B.31 in
Annex V of Directive 67/548/EEC) is mandatory for all
compounds at the 100 tons level and higher (Annex IX).
Starting from 100 tons per year, the two-generation test
(OECD TG 416; EU Method B.35) is required if there are
indications of potential reproductive toxicity from a
repeated dose toxicity study. In the absence of indications of
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potential reproductive toxicity, the two-generation study is
only required for substances that are manufactured or
imported in quantities of 1,000 tons or more per year. The
current status of reproductive testing and assessment has
been described and discussed in a recent Draft Guidance
Document of the OECD (2007c). Some of the current tests
require large numbers of animals. In particular, the two-
generation test may require 2,600 animals (including the
oVspring generated in these studies). Thus, by far the largest
proportion of animals in safety testing as required by
REACH will be needed for testing of reproductive and
developmental toxicity (Pedersen et al. 2003; van der Jagt
et al. 2004; Höfer et al. 2004). Hence, the eVorts in develop-
ing alternative tests are in particular directed to this area.
The complexity of the reproductive cycle in mammals
might be the main reason why success is limited up to now.
Three in vitro models, the embryonic stem cell test (EST),
the micromass test (MM) and the rat postimplantation whole
embryo culture test (WEC) have been formally validated
and recommended as screening tests for developmental tox-
icity testing (see Table 3). These tests can, however, cover
only certain aspects of developmental toxicity. Generally,
all three assays focus on the endpoint embryotoxicity, and
each of the tests employs a limited window of mammalian
reproduction. The EST represents speciWc cellular diVerenti-
ation pathways (mainly cardiomyocyte diVerentiation), the
MM test focuses on the diVerentiation of limb bud cells into
cartilage-producing chondrocytes and the WEC assay con-
stitutes a complex developmental system with a very narrow
period of embryo-fetal development (Spielmann et al.
2006). The predictive performance of the above-mentioned
validated assays for the compound classes tested was con-
sidered good and mainly suited for distinguishing between
strong and non/weak embryotoxicants (Genschow et al.
2004). However, there is uncertainty on the broad applica-
bility of these tests for a wide diversity of chemical com-
pounds, since relevant classes of industrial chemicals were
not included, only a limited number of toxicological mecha-
nisms were represented and the inclusion of biotransforma-
tion for detection of indirect acting compounds was deferred
to further validation studies. Hence it was recommended to
improve the EST by supplementing it with a suitable in vitro
metabolization system (Pellizzer et al. 2005; Coecke et al.
2006a). Since embryonic stem cells possess the capacity to
diVerentiate in vitro into a variety of cell lineages, additional
tissue-speciWc endpoints which are considered to be relevant
for the test compound can be used (zur Nieden et al. 2004;
Seiler et al. 2006). However, such approaches will require
further validation. In conclusion, three validated in vitro
assays for the determination of an embryotoxic potential of
a test compound have become available. However, up to
now the application of these tests for regulatory purposes is
limited as no corresponding guideline is in place. At the

time being they mainly represent valuable tools for the clar-
iWcation of mechanistic aspects. Furthermore they are used
in some laboratories of the pharmaceutical industry for
screening of drug candidates for possible embryotoxicity
(Whitlow et al. 2007). Accordingly, the outcome of these
assays might be used to select industrial chemicals for
which follow-up in vivo testing is still considered necessary.
It is conceivable that a compound belonging to a well-
known chemical class and producing a result in such assays
which conforms to the expectations may not need further in
vivo embryotoxicity assessment.

An integrated research project, ReProTect, started in
July 2004 aimed at building a predictive test strategy in the
Weld of reproductive toxicology including endocrine dis-
ruption. This project is aiming at generating information
which is not obtainable from the three validated in vitro
tests (for reviews see Hareng et al. 2005; Bremer et al.
2005). It will last 5 years and has been divided in several
research areas, namely male and female fertility, implanta-
tion and prenatal development. Newly developed and exist-
ing in vitro tests addressing diVerent aspects of the
reproductive cycle are planned to be integrated into an
alternative testing strategy. A fourth research area, “cross-
cutting technologies”, is aimed to develop concepts for the
validation of innovative test systems, namely murine and
human embryonic stem cells or reporter gene-based tests
using genetically engineered cells. Furthermore, it is envis-
aged to implement novel technologies such as sensor tech-
nologies, (Q)SARs and pattern-based methods (e.g.
toxicogenomics, proteomics and metabonomics) and to
evaluate their use for toxicological safety testing.

Several tests have been established to evaluate male/
female fertility, implantation, endometrial function and pla-
cental toxicity. For early and late development of the
embryo/fetus, two of the above-mentioned existing tests
(EST, WEC, see Table 3) are to be optimised and co-culture
systems to be developed aimed at detecting teratogens act-
ing via their metabolites. Further assays are directed to the
identiWcation of endocrine disruption (e.g via androgenic or
estrogenic activity). Most of the tests are at the R&D level,
some of the advanced tests are in a prevalidation phase. One
test for evaluating the ability of chemicals to bind to the
estrogen receptor is envisaged for validation at the level of
the OECD (for a more detailed description of the in vitro
tests and their toxicological background see Hareng et al.
2005; for the particular conditions and testing strategy using
embryonic stem cells see Bremer and Hartung 2004).

It is recognised that the project is focused on sensitive
endpoints and critical events and stages of the mammalian
reproduction cycle but even a complete set of 24 (or more)
validated in vitro tests will not be capable of covering all
relevant aspects of toxicity on fertility and development as
for example postnatal development is not assessed yet.
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Therefore, combined testing strategies including in vitro
methods, (Q)SARs and other alternative methods and tools
are planned to be developed. For instance, the in vitro tests
are planned to be complemented by means of (Q)SARs
focussing on the blood-testis barrier as well as the blood-
placental barrier (Hewitt et al. 2007b). By use of combina-
tions of these in silico approaches and physiologically
based pharmacokinetic (PBPK) modelling (Verwei et al.
2006) it is expected to improve the predictive value of in
vitro reproductive toxicity testing in risk assessment.
Although single tests may achieve validation status within
some years, it is not possible to suggest a time limit for
achieving an appreciable reduction or even the full replace-
ment of animal tests by in vitro tests, non-testing methods
and combinations thereof. In addition, eVects on some life
stages such as postnatal development either induced prena-
tally or postnatally cannot be assessed in vitro or by non-
testing methods but only in vivo, if any.

In terms of reWnement and reduction, recently several
reviews have been published evaluating the testing strategy
and the results from in vivo studies conducted according to
current testing guidelines on reproductive toxicity, in par-
ticular the two-generation studies, which are costly and
time-intensive and require relatively large numbers of ani-
mals. Mangelsdorf et al. (2003) have reviewed previous
reports and concluded that testes histopathology was the
most sensitive endpoint to detect adverse eVects on male
reproduction. Indicators such as reproductive organ weights
and sperm parameters also showed higher sensitivity than
conventional fertility parameters (e.g. number of implanta-
tions per female). Testes weight and histopathology evalua-
tions are required in the rat oral 28-day study (OECD Test
Guideline 407); and testis, epididymis, uterus, and ovary
weight and histopathology evaluations are required in the
rat subchronic study (OECD Test Guidelines 408, 411, and
413). It was shown that the lesions in male reproductive
organs can be detected in most cases after 2 weeks of treat-
ment (Sakai et al. 2000) suggesting that the duration of
repeated dosing in a subacute or subchronic study could be
suYcient in most cases to detect eVects on testes weight
and histopathology by a substance exerting reproductive
toxicity to males.

Based on similar considerations the “enhanced” 28-day
repeated dose toxicity study in rats (according to OECD
Guideline 407) has been shown to detect compounds with a
moderate to strong potential to aVect the gonads or the thy-
roid through disturbance of the endocrine regulation (Gelbke
et al. 2007; OECD 2006a, b). If a thorough histopathologic
examination of the gonads is conducted within such a study,
compounds aVecting major aspects of male or female fertil-
ity will be identiWed. Similarly, the absence of relevant Wnd-
ings in repeat-dose toxicity studies and in a prenatal
developmental toxicity study together with a negative sex

hormone receptor assay was considered as an argument to
lower the priority of in vivo fertility studies (Dent 2007).
Accordingly, one should consider whether a combination of
the above-mentioned 28-day test with an in vitro embryo-
toxicity screen, will be adequate for the characterization of
reproductive toxicity for most chemicals, once the problem
of lacking metabolising capacity will have been solved,

Using a diVerent approach, Vermeire et al. (2007) have
recently constructed a database consisting of rat subchronic
(90 days), rat reproductive (two-generations) and rat and
rabbit developmental toxicity studies for substances classi-
Wed as toxic to fertility or development. These authors
aimed at comparing the results of these diVerent study types
and focused on the added value to hazard and risk assess-
ment of the two-generation reproductive toxicity study
when a subchronic study was available. The impact of the
second generation on risk assessment within the two-gener-
ation reproductive toxicity study and the added value to risk
assessment of the rabbit developmental study was analysed
when a rat developmental study was available. As a Wrst
outcome, Janer et al. (2007) have published a retrospective
analysis of 176 multi-generation studies predominantly
conducted with pesticides but including also about 40
industrial chemicals. The collection comprised 58 studies
with substances that are considered as toxic to reproduction
according to EU or other international regulations. In 3 out
of the 176 studies, reproductive toxicity was identiWed in
the second generation but not in the Wrst generation. How-
ever, for diVerent reasons, none of these substances was
classiWed as toxic on reproduction. Among the studies with
substances classiWed as toxic on reproduction, six studies
indicated lower NOAELs in F1 animals compared to P0

adults (Wve substances belong to the group of phthalates)
and two studies indicated lower NOAELs in the F2

oVspring compared to F1 animals. Of course, the limited
number of studies available is not considered being repre-
sentative for industrial chemicals in general. Nonetheless,
the analysis raises concern about the ‘added value’ of the
second generation with respect to the eYciency and/or the
quality of the study design of the respective guideline and
the testing strategy of the complete set of repeated dose
studies.

From these and other reports it has been concluded that
the current testing strategy for reproductive toxicity (but
also systemic repeated dose toxicity) has to be re-consid-
ered. For instance, Cooper et al. (2006) have proposed a
“Life Stages Tiered Testing Approach” for agrochemicals
in which Tier 1 consists of a base set of studies that pro-
vides data on ADME, systemic toxicity in adults and in
other life stages from development to adolescence, gesta-
tion and elderly including consideration of neurological,
immunological and endocrine endpoints. A centrepiece of
the testing paradigm is an extended one-generation study.
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Certain triggers may induce a Tier 2 testing including, e.g.
a two-generation study. Compared to the complete current
testing scheme on reproductive toxicity, which according to
Cooper et al. (2006) requires about 5,300 animals including
a two-generation study, the proposed testing scheme
requires about half the number of animals when conducting
Tier 1 and 2 including a two-generation study. Although
the validation of the proposed testing scheme may take
many years, the authors demonstrate that there is a great
potential in reWnement and reduction of in vivo studies on
reproductive toxicity.

Some notes on test batteries, tiered testing approaches 
and integrated testing strategies (ITS)

According to OECD (2005a), a test battery or tiered testing
approach is a series of tests usually performed at the same
time or in close sequence. Each test in the battery is
selected so as to complement the other tests (e.g., to iden-
tify a diVerent component of a multi-factorial eVect) or to
conWrm another test. A battery of tests may also be
arranged in a hierarchical (tiered) approach to testing. In a
tiered approach, the tests are used sequentially; the tests
selected in each succeeding level are determined by the
results in the previous level of testing. At present this is a
common approach for, e.g. ecotoxicity testing.

Comprehensive guidance on the validation of test batter-
ies and tiered testing approaches has not been developed yet.
However, a few general considerations are given in a Guid-
ance Document (OECD 2005a). Individual tests within a
battery of tests (or in a tiered testing approach) should be
validated using the validation principles described in the
Guidance Document, taking into consideration their
restricted roles in the test battery/tiered testing approach.
JustiWcation for the acceptance of a test battery should be pri-
marily on the basis of its overall performance for its intended
purpose. The performance of a test battery or a tiered testing
approach, i.e., its predictive capacity and ability to replace or
reduce or reWne the use of animals, may be evaluated by sim-
ulating possible outcomes in vivo using existing data.

Recent additional considerations that may help to avoid
unnecessary testing are: (1) the assessment of human expo-
sure and the application of negligible or no human expo-
sure, e. g. according to the concept of Toxicological
Thresholds of Concern (TTC, Kroes et al. 2004; ECB
2007) and (2) the use of non-testing methods for gaining
data on toxicological endpoints such as grouping or the
chemical category approach for chemicals similar in their
structure or possessing similar properties including data
gap Wlling techniques such as read-across, trend analysis,
(Q)SARs and computational expert systems (ECB 2005,
2007). It has been proposed to develop and apply Integrated

(“Intelligent”) Testing Strategies (ITS) combining all the
diVerent information sources available. An Integrated Test-
ing Strategy is by a deWnition by Blaauboer (2002) “any
approach to the evaluation of toxicity that is based on the
use of two or more of the following: physicochemical data,
in vitro data, human data (for example, epidemiological
data, clinical case reports on intoxication), animal data
(where unavoidable) and computational methods such as
(Q)SAR and biokinetic models” (see also Combes et al.
2003; Hartung et al. 2003; Combes and Balls, 2005; ECB
2005, 2007).

The RIP consortium recently published a general deci-
sion-making framework (GDMF) making use of endpoint-
speciWc ITS. They recognised that the testing and data
requirements for diVerent endpoints are too diVerent to be
treated within a general ITS scheme. Instead they devel-
oped individual ITS schemes for the diVerent endpoints
within the GDMF. Treating diVerent kinds of data for each
endpoint in diVerent steps, the procedure comes either to a
classiWcation or no classiWcation in one of the steps or in
case of inconclusive data to a decision point termed
“weight of evidence (WoE) analysis”, the function of which
is to decide whether the sum of inconclusive data is suY-
cient for classiWcation or not. In the latter case, further (sup-
plementary) testing in vitro or in vivo is required.

Although the practicality of the endpoint-speciWc ITS
schemes was in general demonstrated, the RIP consortium
identiWed some issues raising concern. Some of these issues
are, for instance:

• Existing data were generated in a heterogeneous way in
the past. In particular the quality of toxicological data
and their evaluation is often a matter of concern and dis-
agreement among experts despite the fact that there exist
some guidance [e.g., quality criteria for checking the rel-
evance, reliability and adequacy of the data described by
Klimisch et al. (1997)]. The experience of adequate data
evaluation is restricted to a low number of experts com-
pared to the great amount of existing data available.

• The REACH Regulation (Annex XI) does not in detail
specify the prerequisites for using non-test information
as replacement for testing, but does only contain some
general statements about this. The current status and
some prerequisites for the grouping of the substances,
use of the analogue or category approach and data-Wlling
techniques are described in the Draft TGD (ECB 2007).
Although some experience in the frame of the High Pro-
duction Volume Programme (HPV) of the OECD exists
(OECD 2007b), scientiWc valid criteria or guidance are
lacking and need to be developed in particular when
deWning applicability domains.

• The scientiWcally adequate use of the weight of evidence
analysis depends on (1) the correct identiWcation of
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inconclusive data and (2) the adequate evaluation of the
sum of these data both of which is clearly a matter of
expertise and experience. Thus, the question on the num-
ber of experienced experts in relation to the amount of
work arises and has to be solved.

For risk assessment, alternative methods are at present
suited only to a limited extent. In particular, the develop-
ment of sets or combinations of complementary in vitro
tests, other prediction tools such as in silico toxicology
including (Q)SAR, toxikokinetic modelling and combina-
tions thereof is only in a starting phase (e. g., Anderson
2003; Combes et al. 2003; IHCP 2005; Zuang and Hartung
2005; Eskes and Zuang 2005; ECB 2005, 2007; OECD
2004, 2005a, 2007a; Gubbels-van Hal et al. 2005; Blaaub-
oer and Anderson 2007). Dose-response characteristics are
a central issue in risk assessment but it is at present unclear
whether PBPK models will ever allow for the reliable
extrapolation of dose-response data from in vitro experi-
ments to the in vivo situation.

In conclusion, although there may be a great potential
for using non-testing methods such as existing data, chemi-
cal analogue and chemical category approach/grouping or
in silico methods in supplementing, reducing or replacing
in vivo testing, these methods themselves or as parts of
tiered or integrated testing schemes are at the present time
not validated and need therefore to be applied and evalu-
ated case by case. This requires toxicological knowledge,
expertise and experience and it should be noted that this
also holds true for data admission and evaluation in relation
to the avoiding of unnecessary animal testing in general
[Article 25 (1)] and the provisions for waiving according to
Annex XI of REACH in particular.

Discussion: expectations and reality

Primacy of health protection versus animal welfare 
and costs

In the public, among protagonists of animal welfare and
scientists, there is much concern about the anticipated high
numbers of laboratory animals required for safety studies
under REACH. However, it must be stated that the main
reason for this apparently spectacular high number of ani-
mals needed has been congestion in producing toxicologi-
cal data for chemicals, which has been occurring for two
decades or more due to an insuYcient regulation of chemi-
cals in the EU. Furthermore, the perception and understand-
ing of the role of in vitro tests and other alternative methods
in the process of hazard identiWcation and risk assessment
of chemical substances is extremely diVerent between the
scientiWc community, stakeholders such as animal welfare

groups, politicians and the public. On one hand, the antici-
pations of animal welfare groups and other stakeholders
concerning the potential of alternative methods for hazard
identiWcation and risk assessment are often very high. On
the other hand, in the scientiWc community there is for the
most part only some cautious optimism regarding this
issue. Arguments from the industry concerning possible
cost reduction by avoiding in vivo tests support the position
of animal welfare groups although this is not necessarily
intended. The political discussion appears to primarily care
for animal welfare and cost reduction and to supplant con-
siderations on the adequacy of dispensing animal experi-
mentation for the protection of human health and
environment within the time frame of REACH. We are
concerned about this development. Similarly, the ScientiWc
Committee on Toxicity, Ecotoxicity and the Environment
of the EU Commission (CSTEE 2004) has recently
addressed this bias: “Toxicological testing aims to predict
possible adverse eVects in humans when exposed to chemi-
cals. Currently it is extensively based on animal testing to
identify hazards and the dose-response relationships of
chemicals. Ethical concerns have been raised by the use of
laboratory animals. However, independent of ethical con-
cerns, the primary objective of the risk assessment of chem-
ical exposures is the protection of human health, wildlife
and ecosystems”.

The primacy of health protection requires thorough
examination of novel toxicological methods. This does
not mean that animal experimentation according to OECD
guidelines is thought to be an everlasting gold standard,
which can never be overtaken by any novel approach of
hazard identiWcation and risk assessment. Rather, the
advantages and limitations of in vivo testing and alterna-
tive methods have to be compared impartially with
respect to the possible contribution of each of the methods
to the detection or elucidation of toxic eVects of a sub-
stance. One additional argument that has to be taken into
account with regard to risk assessment is that use of all in
vitro testing in the regulatory context requires even more
extrapolation and “unsafety factors” when introduced to
protect human health. Recently, we have discussed the
possible positive impact of REACH on toxicological sci-
ences. For instance, we have suggested that toxicological
data generated under REACH may oVer a unique chance
to develop and validate techniques and methods that pre-
dict toxicity faster and more precisely than the conven-
tional techniques and we have suggested strategies how
an integrated scientiWc research programme could allow
an enormous progress in toxicological sciences (Hengs-
tler et al. 2006). Furthermore we initiated and contributed
to a publication on the possible impact of (Q)SARs as
alternative methods on improving risk assessment
(Simon-Hettich et al. 2006).
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We recognise that there has been considerable progress
in the development of alternative methods for classiWcation
and labelling, e.g. for local toxicity and genotoxicity. How-
ever, modulation of a systemic toxic eVect by the interplay
of the complete organism cannot be exhaustively imitated
in vitro or in silico, at least before the availability of power-
ful systems biology. Accordingly, it appears questionable
whether acute toxicity testing can eventually do without in
vivo experimentation. In other complex areas of toxicology
such as repeated dose toxicity, reproductive toxicity and
carcinogenicity, the situation is even less promising in our
opinion. Certain features of long-term toxicity such as the
slow replacement of parenchyma cells by the connecting
tissue or the contribution of inXammation can at present
best be determined by exposure of the integral animal. In
addition, metabolites of the compound to be tested become
increasingly important in long-term toxicity. As discussed
above, the inclusion of metabolism in alternative methods
is at present not yet satisfactory.

The time scale aspect in the context of REACH

The time scale aspect of the introduction of alternative
methods is expected to be more critical the more complex
the toxicological issue is and the more heterogeneous the
tests contributing to an integrated test system are. It is
assumed that using a set of diVerent in vitro tests or other
alternative methods with diVerent reliability and relevance
of the tests will result in a higher complexity of the valida-
tion procedure. Are the current validation procedures suited
to cope with more complex demands? And if so, how much
time will be required to perform the validation of a set of
complementary in vitro tests, not to mention the validation
of a complete integrated testing system, and to achieve its
regulatory acceptance? Will the approach of Weight of Evi-
dence (WoE) validation assessment be an appropriate and
credible last resort? In the context of REACH and the sev-
enth amendment to the Cosmetics Guideline, there is a fun-
damental drawback with respect to the abandonment of
animal experimentation: Their time frame does not match
the time frame for the expected supply of alternative meth-
ods for complex endpoints. Substances that are produced or
imported in amounts of more than 100 tons per year require
data on subacute/subchronic toxicity and on reproductive
toxicity for their registration (see Table 2). In vivo tests
consume a very high number of test animals. However, the
time schedule of REACH assigns only 3–9 years for the
registration of these substances and for proposals and deci-
sions on additional testing in vivo. Therefore, it is foresee-
able that the development, validation, scientiWc and
regulatory acceptance of alternative methods will need too
much time to contribute signiWcantly to the reduction,
reWnement or replacement of in vivo tests. As has been

pointed out by Combes (2007), Annex XI, section 1.4
appears to cut the standards for acceptance of in vitro meth-
ods when making possible the use of results of tests that
have not yet been scientiWcally validated but are identiWed
as being “suitable”, i.e. meeting the ECVAM criteria for
entry of the method into the pre-validation process. The
phasing out date, March 2013, of the seventh amendment to
the Cosmetics Guideline 76/768/EEC for repeated dose
toxicity, reproductive toxicity and carcinogenicity appears
too optimistic for the same reasons and in a similar manner
as the REACH time frame. Hence, instead of trying to meet
these time frames, the strategy of the development of alter-
native methods should be more directed in the current stage
to the reWnement and the reduction of in vivo tests instead
of replacement as it has been pointed out by Prieto et al.
(2006).

The complete replacement of animal testing for safety
purposes including new and improved testing strategies that
meet future challenges of toxicological risk assessment can
be considered as a vision. For instance, the Committee on
Toxicity and Assessment of Environmental Agents on
behalf of the National Research Council has developed
such a vision and a strategy for ‘Toxicity Testing in the
Twenty-Wrst Century’ (NAS 2007). They consider their
vision and strategy as a long-term paradigm shift in toxico-
logical testing and conclude that implementing the vision
will require improvements and focused eVort over a period
of decades.

Conclusions

1. We are conWdent that during the REACH process large
quantities of data, which can be utilized for the
improvement of alternative methods, will be generated
provided that suitable measures are established to guar-
antee standardised data quality. We call for the rapid
implementation of high quality REACH databases
enabling access by scientists involved in work on alter-
native methods.

2. Complex toxicological endpoints such as acute, suba-
cute and chronic toxicity, sensitisation, carcinogenicity
and reproductive toxicology can at present not be cov-
ered by in vitro methods and it is questionable whether
this will be possible in the foreseeable future as such
endpoints need the interplay of a complete organism.
However, alternative testing and non-testing methods
have a potential to reduce the number of animals used
through their inclusion into integrated testing strate-
gies.

3. Considering the time frame of REACH (2012 for pro-
duction volumes of phase-in substances ¸1,000 tons
per year, 2016 for ¸100 tons per year, Table 1), the
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development of alternative methods will not be suY-
ciently rapid to markedly lower the use of animal
experiments for toxicological testing. We caution
against negotiating this obstacle by using premature
alternative testing tools (Annex XI, section 1.4 of
REACH). The integration of alternative testing meth-
ods into the toxicological assessment process requires
highly qualiWed expert judgement until fully developed
and validated methods are available for routine use and
beyond.

4. Registration under REACH as well as the improvement
of alternative methods, the development of validation
procedures for new and integrated testing strategies,
the expert judgement on the inclusion of alternative
methods in testing and the maintenance of REACH
data-bases require the broad availability of toxicologi-
cal expertise. We call for the preservation and expan-
sion of educational capacities for toxicologists in
academia, industry and authorities.
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