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Abstract—The need for alternative approaches to the use of vertebrate
animals for hazard assessment of chemicals and pollutants has become
of increasing importance. It is now the ﬁrst consideration when initiating
a vertebrate ecotoxicity test, to ensure that unnecessary use of vertebrate
organisms is minimized wherever possible. For some regulatory
purposes, the use of vertebrate organisms for environmental risk
assessments has been banned; in other situations, the number of
organisms tested has been dramatically reduced or the severity of the
procedure reﬁned. However, there is still a long way to go to achieve a
complete replacement of vertebrate organisms to generate environmental hazard data. The development of animal alternatives is based not just
on ethical considerations but also on reducing the cost of performing
vertebrate ecotoxicity tests and in some cases on providing better
information aimed at improving environmental risk assessments. The
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present Focus article provides an overview of the considerable advances
that have been made toward alternative approaches for ecotoxicity
assessments over the last few decades. Environ Toxicol Chem
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Introduction
The book on the principles of humane experimental
techniques by Russell and Burch [1] is now more than half
of a century old, and still it is considered the seminal writing
for alternative approaches to animal testing. This is where the
idea of the 3Rs (reduction, reﬁnement, and replacement) was
conceived: that any experimental technique should consider a
reduction in numbers of animals used; reﬁnement of any
procedures to minimize pain, suffering, and distress; and
replacement of the use of animals wherever possible. Yet the
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hazard assessment of chemicals and efﬂuents that have
limited toxicological information still relies heavily on animal
tests, and hundreds of thousands of animals are used
annually [2].
Although the concept of the 3Rs was initially focused on
animal tests with mammalian species for ethical reasons, there
has been signiﬁcant progress of the last 2 decades toward
developing alternative approaches for nonmammalian classes
of vertebrates used in ecotoxicity testing: ﬁsh, amphibians,
and birds. When ﬁsh were ﬁrst used for ecotoxicology
assessments, the most commonly used life stages were
juveniles or adults of species with relatively long life cycles.
Subsequently, increasing recognition of the importance of
assessing the acute lethality of chemicals as well as the
chronic, sublethal effects (survival, growth, fecundity) led to a
transition from using larger and older life stages of ﬁsh to
using earlier developmental stages and/or smaller species
with comparatively shorter life cycles [3].
To obtain international acceptance within the scientiﬁc and
regulatory communities, any new strategies and methods to
reduce, replace, and reﬁne animal tests should include
consideration of an additional “3Rs”—namely, their reproducibility/reliability, ecological relevance, and regulatory
acceptance. The variety of potential alternative approaches for
ecotoxicity assessments is very broad but, simply put,
includes new approaches of in silico, in vitro, and even in
vivo test methods [4]. Bringing all of these tools together
allows integrated test strategies to be developed with the
ultimate goal of a more thorough understanding of the

possible effects of chemicals on the environment. The present
Focus article provides a collective overview of the different
approaches that are now available for ecotoxicologists and
risk assessors to evaluate potentially hazardous chemicals and
minimize the use of vertebrates in ecotoxicity tests (summarized in Figure 1).

Regulatory Aspects of
Vertebrate Ecotoxicity and
the Need for Alternative
Approaches
Hazard assessments of chemicals require ecotoxicity studies
with vertebrate organisms such as ﬁsh. Fish tests are also
required in some countries to assess the toxicity of efﬂuents.
The use of ﬁsh for efﬂuent toxicity assessments likely
exceeds their use for chemical hazard assessments. Because
industrial efﬂuents can be inherently variable and episodic
in terms of ﬂow and chemical constituents, tests are often
required with a prescribed frequency to monitor the
potential for adverse responses and risk. Thus, the use of
ﬁsh in many countries is, for now at least, a permanent
ﬁxture and may even require constitutional laws to be
changed before ﬁsh are not required to test the toxicity of
efﬂuents. Addressing the need for alternatives to vertebrates
ranges from banning the use of ﬁsh in efﬂuent assessments,
to using ﬁsh embryo assays in place of later life stages for
acute testing and experimentally assessing whether embryo
assays can provide sufﬁcient sensitivity for chronic/
subchronic testing needs [5]. As treatment methods for

FIGURE 1: Overview of different areas of animal alternatives discussed in the present Focus article. ADME ¼ absorption, distribution, metabolism, and
excretion; FETAX ¼ frog embryo teratogenesis assay Xenopus; LAGDA ¼ larval amphibian growth and development assay; QSAR ¼ quantitative
structure–activity relationship; TTC ¼ threshold for toxicological concern.
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industrial and municipal wastewaters improve, acute
toxicity tests of efﬂuents may become redundant, and
more focus will be placed on chronic toxicity testing of
efﬂuents. Currently, it is recognized that the lack of rapid
tests that are capable of identifying possible chronic effects
of efﬂuents to ﬁsh is a shortcoming.
Legislation and data requirements for assessing the hazards
of chemicals to the environment vary depending on the
intended application of the substance (e.g., different
regulations for pharmaceuticals, industrial chemicals, agrochemicals, biocides, and feed additives). Also, testing
methods and data requirements differ among countries.
Because companies will often seek global marketing of their
products, this may mean that vertebrate tests are carried out to
meet local requirements speciﬁed in a minority of countries
or that additional species need to be tested for regional
requirements.
Some legislation (e.g., the European Union’s regulation on
the Registration, Evaluation, Authorisation and Restriction
of Chemicals [REACH]) stipulates that vertebrate tests
should be carried out only as a last resort [6]. The REACH
legislation also speciﬁes that registrants must prove that
they have considered alternative methods in their testing
proposals before initiating any vertebrate testing. A recent
report from the European Chemicals Agency showed that
testing proposals now include the use of quantitative
structure–activity relationship (QSAR) models to predict
both bioaccumulation and short- and long-term toxicity in
ﬁsh [7]. Furthermore, the US Environmental Protection
Agency (USEPA) has routinely utilized QSAR approaches
for new chemical registrations and other purposes since the
1980s [8]. A large application factor is assigned when
QSARs for hazard assessment are used, necessitating the
generation of in vivo data when volumes are large or
expected toxicity is high. Read-across approaches, such as
the use of data from analogous substances, are also being
utilized increasingly to predict potential toxicity and
bioaccumulation to omit additional testing proposals. The
reliability of these predictions or the extent to which readacross approaches reduce the number of in vivo studies is
unknown. Furthermore, a recent European Food Safety
Authority aquatic guidance document [9] outlines opportunities where nontesting methods may be considered to
address the information requirements for agrochemicals,
including those related to pesticide metabolites. An example
of a nontesting approach recognized in the European Food
Safety Authority guidance document is the use of QSAR
models for assessing the toxicity of cosmetic products, a
consequence of the banning of animal testing for the safety
testing of cosmetics in Europe (regulation 1223/2009 [10]).
These examples illustrate that alternative approaches to
animal testing are slowly being integrated into regulatory
test programs; but because of the complex nature of
these regulatory arenas, the extent to and speed with
which different regulatory bodies implement alternative
approaches still vary.

QSAR Models for Hazard
Evaluation of Chemicals
Quantitative structure–activity relationship models are nontesting methods based on the similarity principle (i.e.,
analogous substances have similar biological activities and
modes of action). These models assume that the physical,
chemical, and biological properties of a molecule are related
to its geometric or electronic properties (i.e., its structure).
Parameters such as the log octanol–water partition coefﬁcient
(KOW) or knowledge of the 2-dimensional or 3-dimensional
structure can be used to predict (eco)toxicological endpoints.
These models are constructed from databases of known
properties using biomathematical approaches and require
3 components: a high-quality data set of chemicals with
experimentally measured biological activities, a structurerelated property data set for the chemical structures, and
characterization of a relationship [11]. The models can be
either mechanistic (using a priori knowledge of the mechanism of the studied activity) or descriptive (utilizing
mathematical algorithms to select the most relevant descriptors to optimize predictions).
The quality of data sets used to train QSAR models is very
important; therefore, only the most reliable experimental
studies should be used for development of the model. The
QSAR models that have been developed without prior study
validation often suffer from poor predictive capacity. In
addition, systematic faults in data and random input errors can
lead to an apparently valid QSAR, but the resulting
predictions may deviate signiﬁcantly from experimental
data. Thus, poor-quality data points from the training set
used to develop the QSAR must be identiﬁed and omitted.
Tropsha [12] underlined the importance of data quality when
developing QSAR models, including chemical structure
curation, outlier detection, and data set balancing.
Over the last 20 yr, QSAR models have been applied in
many domains, such as rapid screening approaches, hazard
prediction, risk assessment, regulatory applications, and drug
discovery. Using QSAR models, new substances can be
screened initially as persistent, bioaccumulative, and toxic
(PBT), and/or as carcinogenic, mutagenic, or reproductively
toxic (CMR). Also, QSAR models may help a risk assessor
identify ﬂawed empirical study results or even aid in
providing more accurate results than routine laboratory
assays (e.g., for substances that are difﬁcult to test because
of low water solubility or other issues). In 2007, the
Organisation for Economic Co-operation and Development
(OECD) published 5 governing rules to ensure that QSAR
models are of acceptable quality and thus a valid alternative to
experimental data. These principles have also been integrated
into REACH, which requires that a QSAR model must have a
deﬁned endpoint, unambiguous algorithm, deﬁned domain of
applicability, appropriate measures of goodness of ﬁt,
robustness and predictivity, and mechanistic interpretation
wherever possible. In the future, high-accuracy QSAR models
capable of providing results sufﬁcient to replace empirical
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studies will be emphasized; but for this to occur, the modes of
action for each chemical structure tested must be well
understood.

Thresholds of Toxicological
Concern
The threshold for toxicological concern (TTC) concept is well
established for assessing the safety of indirect food-contact
substances to humans. This approach uses existing data to
determine threshold exposure levels below which there would
be no appreciable risk based on a de minimis value for toxicity
identiﬁed for many chemicals. The TTC relies on existing
information rather than requiring additional testing for
screening-level assessments. An extension of the human
safety TTC concept for application in environmental
situations, termed the “ecological TTC” or “eco-TTC,” has
been explored by several groups and further developed as a
multisector project by a Health and Environmental Sciences
Institute committee [13]. The eco-TTCs summarize the
wealth of ecotoxicological information as predicted noobserved effect concentrations on diverse chemical substances in the form of statistical (probability-based) distributions.
In addition, eco-TTCs can be developed that allow prediction
of untested chemicals based on structural attribute (category),
mode of action, or functional use. The approach may be useful
for assessing chemicals at early tiers of the risk-assessment
process, providing hazard perspective on chemicals that lack
QSAR models, guiding product development discussions, and
assisting read-across or category justiﬁcations. This approach
has the potential to reduce the need for vertebrate testing in
many situations.

Progress and Development of
In Vitro Assays for Predicting
the Acute Toxicity of Chemicals
in Fish
The primary interaction between chemicals and life-forms
begins at the cell surface or inside the cell. Thus, studies at the
cellular level are of key importance in ecotoxicology. The
availability of cell lines capable of being continuously
cultured began approximately 50 yr ago. More recently,
ﬁsh cell lines have been used to study the modes of action of
environmental contaminants (e.g., Bols et al. [14]). The
effects of chemicals on processes such as xenobiotic
metabolism, DNA damage, membrane transport, and oxidative stress, and on specialized functions such as phagocytosis
and the synthesis of speciﬁc proteins have all been evaluated
using ﬁsh cell lines. Fish cell lines have also been used for
toxicity testing, and cytotoxicity assays with ﬁsh cell lines
have provided reliable information in surveillance programs
that target environmental chemicals [15]. For example, a ﬁsh
gill cell line was able to distinguish efﬂuents from a paper mill
that were nontoxic to ﬁsh from those that were acutely
toxic [16]. Tanneberger et al. [17] demonstrated that a ﬁsh gill
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cytotoxicity assay showed a nearly 1:1 correlation to acute
ﬁsh toxicity data for a wide range of organic chemicals. The
use of the ﬁsh gill cell line assay has recently been subjected to
an international round-robin test, demonstrating its robustness
and interlaboratory reproducibility, and is currently being
evaluated as a potential new standard method within the
International Organization for Standardization.
Reﬁnements to the traditional monolayer growth of cells in
culture are proving useful in ecotoxicological studies. For
example, Baron et al. [18] developed a primary rainbow trout
hepatocyte spheroidal culture system that can be maintained
for over 1 mo and used for in vitro studies of chemical
metabolism by ﬁsh. Another example is a primary ﬁsh gill cell
culture model which allows active transport processes
through the gill epithelium to be examined [19]. Sophisticated
technologies, incorporating enhanced methodologies such as
ﬂuidic biochips with ﬁsh cell lines, are also being developed
for the rapid evaluation of water safety [20].

The Use of Fish Embryos as a
Surrogate Life Stage
Fish embryos increasingly have been used as a surrogate for
juvenile ﬁsh because they are considered in many jurisdictions to be a nonprotected life stage (i.e., not subject to the
same animal welfare considerations as juvenile and adult
ﬁsh). In Germany, for example, a test using ﬁsh embryos
(zebraﬁsh, exposure 48 h postfertilization [21]) has replaced
the ﬁsh test (golden ide, 48-h exposure [22]) for assessing the
acute toxicity of efﬂuents. The ﬁsh embryo acute toxicity test
for testing the acute toxicity of chemicals was adopted as a
new OECD test guideline (OECD 236 [23]) only after
substantial validation was performed [24]. It is a promising
alternative test to predict acute lethality with similar
sensitivity to the acute ﬁsh lethality test [25]. Nevertheless,
its broad regulatory acceptance to replace the ﬁsh acute
toxicity test is still not clear.
Most ﬁsh embryo toxicity tests have been conducted with
zebraﬁsh; however, Braunbeck et al. [26] demonstrated their
applicability to both fathead minnow and medaka embryos.
Using zebraﬁsh embryos offers some beneﬁts over the use of
fathead minnows, because the spawning behavior of zebraﬁsh
enables the collection of embryos to be synchronized, and
tests can commence with embryos at an earlier stage of
development (e.g., 4-cell stage zebraﬁsh embryos can be used
in contrast to fathead minnow embryos, which can be difﬁcult
to obtain before the 32-cell stage). Species differences in
stages of development and chorion permeability could play a
role in affecting the sensitivities of the different species of
embryos to contaminants and in the development of broad
guidelines covering a wide range of ﬁsh species. Böhler [27]
found that the chorion of fathead minnow embryos is thicker
and has narrower pores than that of the zebraﬁsh, suggesting
that the chorion of fathead minnow embryos is potentially less
permeable than the chorion of zebraﬁsh embryos. Scanning
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electron microscopy clearly shows visual differences in
chorion structure between ﬁsh species (Figure 2). It is
hypothesized that different species could exhibit different
toxicant sensitivities at different stages of embryogenesis, as
has been observed for other life stages of ﬁsh, although this
will be difﬁcult to distinguish from inherent differences in
species sensitivities to toxicants.
Concerns regarding the chorion as a barrier and the metabolic
capacity of embryos versus larval and juvenile ﬁshes have
been raised. Indeed, it is recognized that some very large
molecules, such as quaternary ammoniums, do not pass
through the chorion. For this reason, the ﬁsh embryo toxicity
test was extended in duration from 48 h to 96 h to encompass
the hatching process and to capture any effects of substances
which may not pass through the chorion. Differences in the
metabolic capacity of ﬁsh embryos could underestimate the
toxicity of certain substances, such as allyl alcohol.
Conversely, ﬁsh embryos may also be more sensitive to
certain substances than juvenile ﬁsh, so a balanced opinion
needs to be considered on the suitability of embryos as
alternatives to the ﬁsh acute toxicity test. Notably, Belanger
et al. [25] reviewed ﬁsh embryo toxicity and ﬁsh acute toxicity
data and found that the relationship between the tests had a
slope value near 1.0 with an intercept near the origin,
indicating that the results of the tests are closely related. This
correlation was similar to those between acute toxicity within
different species of ﬁsh.
In addition to its use in acute toxicity, the ﬁsh embryo toxicity
test may be a powerful tool in the development of adverse

outcome pathways (AOPs), because approximately 90% of
the genome is active during embryogenesis. Furthermore, its
use in mode-of-action assessments could also enhance
predictions of chronic ecotoxicological effects in ﬁsh.

Alternative Approaches to
Chronic Ecotoxicity Testing
Chronic toxicity tests, ranging from subchronic efﬂuent tests
to full–life cycle assays, use more ﬁsh than any other aquatic
test, including acute toxicity testing. Therefore, efforts to
reduce test frequency or replace chronic tests altogether are
welcomed. To date, alternative methods have focused on
replacing the use of whole ﬁsh in acute toxicity testing, which
is an appropriate priority; but now focus should be placed on
developing alternatives to chronic ecotoxicity tests. Both
embryos and newly hatched ﬁsh have been used for
subchronic and chronic testing because these life stages
have been shown to be quite sensitive. The ﬁsh early life stage
test (OECD 210 [28]) uses embryos and newly hatched ﬁsh
for assessing chronic toxicity effects. The early life stages of
ﬁsh have long been recognized as a robust model for
toxicological studies and have been shown to be predictive of
chemical effects in full–life cycle tests [3,29]. However,
methods for more predictive, shorter, and more reliable
testing have been pursued. Environment Canada [30] has a
test protocol using salmonids with 3 test options: embryo tests
for frequent or routine monitoring, an embryo/alevin test for
measuring effects on multiple phases of development, and an
embryo/alevin/fry test for deﬁnitive investigations.

FIGURE 2: Scanning electron micrographs of 4-h-postfertilization zebrafish (a–d) and fathead minnow embryos (e–g). Micrographs (b) and (c) show
the external surface of the zebrafish chorion, and (d) is the internal surface where pores are visible. Micrographs (f) and (g) are the external surface of
the fathead minnow chorion where pores are visible. Images by A. Lillicrap.
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Stadnicka-Michalak et al. [31] have recently shown that tests
using a ﬁsh cell line, combined with mechanism-based
computational models, could replace tests using juvenile ﬁsh.
This model predicts reduced ﬁsh growth based on inhibition
of ﬁsh cell growth and shows good agreement with measured
in vivo data for pesticides in 2 ﬁsh species. This promising
step toward ﬁsh cell lines and models as an alternative to using
whole ﬁsh for chronic toxicity testing is simple, inexpensive,
and rapid, requiring only in vitro data to calibrate the model.
Intelligent utilization of existing assays, prioritized and
rational testing, and the use of integrated decision schemes
may aid in reducing unnecessary tests.
Early attempts to develop alternatives to chronic toxicity
testing with ﬁsh were aimed at understanding the potential of
using existing assays to provide a perspective on chronic
toxicity. Extended ﬁsh embryo tests have been used in this
regard, using acute no-observed-effect concentration statistics
to extrapolate to ﬁsh early–life stage tests with some success,
although the precision of the relationship is not satisfactory. A
review of the ﬁsh early–life stage test guideline [28] identiﬁed
a fundamental problem in that the statistical power of the
assay was often insufﬁcient to provide robust conclusions [32]. This led to a revision of OECD test guideline
210, requiring more replication per concentration, which
unfortunately increases the number of ﬁsh used in the
procedure. If ﬁsh are to be used, judgments about hazard
should at least justify the use of animals; and in this case, the
power of the test was improved by using additional ﬁsh.

Animal Alternatives to Fish
Bioaccumulation Testing
Bioaccumulation of chemicals in aquatic organisms is
governed by the process of absorption, distribution, metabolism, and excretion. For ﬁsh, this can be conceptually
represented as a function of rate constants including dietary
uptake, fecal egestion, uptake and elimination through the
gills, metabolic transformation, and growth dilution (see
Figure 3). Each of these different processes can be quantiﬁed
to some degree, and each depends signiﬁcantly on the
physicochemical properties of a chemical. One such
physicochemical characteristic is the log KOW, which
indicates the potential of a chemical to partition into lipids.
This is a classic criterion for screening chemicals for their
potential to bioaccumulate; but because log KOW is not
predictive of any of the absorption, distribution, metabolism,
and excretion processes involved in bioaccumulation, reliance
on log KOW alone can result in overestimations of the
bioaccumulation potential of a substance.
There are also QSAR models available for predicting
bioaccumulation potential, which include simple models
based on the log KOW approach. In addition, Arnot and
Gobas [33] developed a bioaccumulation model that includes
biotransformation rate estimates for different trophic levels of
ﬁsh which may be considered to be more realistic than QSAR
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FIGURE 3: Alternative approaches for predicting bioaccumulation in
fish adapted from Lillicrap et al. [34] (based on the conceptual model
proposed by Arnot and Gobas [33]). The major routes of chemical
uptake and elimination in an aquatic organism are a function of the
following rate constants: dietary uptake (kD), gill uptake (k1), gill
elimination (k2), metabolic transformation (kM), fecal egestion (kE),
and growth dilution (kG). ADME ¼ absorption, distribution, metabolism, and excretion; BCF ¼ bioconcentration factor; KOW ¼ octanol–
water partitioning coefficient; QSAR ¼ quantitative structure–activity
relationship.

models based on log KOW alone. Similarly, molecular size
(and some molecular properties) can also be used as an
indicator for reduced bioaccumulation potential. In this case,
bioaccumulation potential is based on the assumption that
uptake of a chemical through biological membranes is
dependent on its molecular size. This is only relevant for
some chemicals as it does not take into account active uptake
and elimination processes or biotransformation of the
chemical to forms that can be eliminated more readily from
the body. Metabolism may be predicted using in vitro test
systems such as S9 fractions, ﬁsh hepatocyte cell cultures, or
3-dimensional spheroidal cultures.
Other more simplistic approaches have recently been
accepted at the OECD, including a minimized in vivo
approach for assessing the bioaccumulation of chemicals.
Ultimately, using all available data together in a weight-ofevidence approach is likely to aid bioaccumulation assessments without the need for full ﬁsh bioaccumulation tests.
Using tiered assessment strategies, such as the approach
suggested by Lillicrap et al. [34], may also further strengthen
bioaccumulation assessments in the future.

Alternative Methods and Study
Design Refinements for Wildlife
Toxicity Tests
Development of new and reﬁnement of existing procedures
for assessing effects of potentially toxic chemicals in wildlife
(i.e., through testing on amphibians, reptiles, birds, and
mammals, which is termed “wildlife toxicology”) have
received limited attention in comparison to procedures for
ﬁsh. During the past 20 yr, however, considerable effort has
been expended to protect diverse groups of wildlife by
developing scaling and extrapolation factors derived from
traditional avian and mammalian test species (e.g., scaling
factors and indices [35], species sensitivity distributions [36]).
While such methods are of value for extrapolating median
lethal dose estimates for avian and mammalian test species to
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predict potential toxicity of a chemical in other wildlife
species, there is considerable uncertainty for predictions that
entail large taxonomic differences, particularly for compounds with limited data and for endpoints other than
mortality. In some circumstances, it may be appropriate to test
more closely related species, particularly when assessing risk
for threatened or endangered wildlife.
From a regulatory perspective, some new procedures have
greatly reduced the number of individuals traditionally used
(n  40) in acute toxicity tests. For example, OECD test
guideline 223 avian acute oral test [37] can generate a limit
dose, a 50% lethal dose, and a slope (for a dose–response
curve) with as few as 14 animals. Application of the up-anddown procedure has been used to estimate the 50% lethal dose
with 95% conﬁdence intervals in reptiles using fewer than
15 test animals [38]. In addition to such new test procedures,
reanalysis of existing data suggests that avian acute testing of
formulated plant protection products is largely unnecessary if
data are already available for the active substance [39]. In a
research setting, computer simulations and creative designs
(e.g., use of a washout period or sequential dosing schemes)
have also been devised to generate data on desired endpoints
using fewer animals than in traditional toxicity studies.
The use of in vitro test systems to predict toxicity and risk of
contaminants to wildlife lags well behind methods currently
employed for aquatic and mammalian species. Cell culture
and molecular assay systems have been used to predict
interspecies differences in sensitivity to arylhydrocarbon
receptor–active compounds (e.g., Farmahin et al. [40]), but
the use of such methods for other groups of compounds has
yet to be conducted in wildlife. To the best of our knowledge,
in vitro methods to select starting doses for laboratory
mammalian toxicology studies have yet to be applied to
wildlife toxicity tests. While high-throughput mammalian
screening assay systems are being used to identify the activity
of thousands of chemicals, such efforts have yet to be
undertaken with proteins, cells, or embryos derived from
wildlife.

Amphibian Ecotoxicology and
Recent Advances
Ecotoxicity tests with amphibians generally use the species
Xenopus laevis. The ﬁrst amphibian test to be standardized
was a developmental toxicity test: the frog embryo
teratogenesis assay Xenopus test [41]. Because of the small
amount of compound required and the rapidity of the test
(96 h), the frog embryo teratogenesis assay Xenopus is well
suited as a screening assay. The test is conducted on fertilized
mid-blastula eggs whose development is followed through
organogenesis. The teratogenic potential of a compound is
determined after analysis of mortality and malformations. The
whole test is performed at embryonic, nonprotected stages of
development and is an alternative to the use of mammalian
species for the assessment of developmental toxicity.

In addition to the frog embryo teratogenesis assay Xenopus,
2 OECD test guidelines using tadpoles have been published
over the past 10 yr for the identiﬁcation of endocrine
disruptors. The amphibian metamorphosis assay [42] was
developed to screen substances that may interfere with the
normal functioning of the thyroid axis. The assay begins with
premetamorphic tadpoles, which are exposed for 21 d, by
which time metamorphosis should be complete. Measured
endpoints include developmental stage, snout–vent length,
hind limb length and weight, and histopathology of the
thyroid gland. Substances with prothyroid activity will
accelerate metamorphosis, and antithyroid compounds will
slow metamorphosis and alter thyroid gland structure. The
methods and the endpoints of the amphibian metamorphosis
assay formed the basis for a more complex and more
informative test: the larval amphibian growth and development assay [43]. This assay assesses early development,
metamorphosis, survival, growth, and partial reproductive
maturation. It also enables measurement of endpoints
designed to characterize speciﬁc endocrine toxicity modes
of actions targeting estrogen, androgen, or thyroid-mediated
physiological processes. The larval amphibian growth and
development assay serves as a higher-tier test with
amphibians for collecting more comprehensive concentration–response information on adverse effects than amphibian
metamorphosis assay and frog embryo teratogenesis assay
Xenopus data for use in hazard identiﬁcation and characterization as well as ecological risk assessment.

Transgenic Aquatic Models for
Ecotoxicological Assessment of
Endocrine Disruptors
Several transgenic models with ﬁsh and amphibians have
recently been developed for use in ecotoxicological testing
targeted at endocrine disruption. These tests use embryonic,
nonprotected stages of development. The ﬁrst example is a
transgenic medaka strain (ChgH-GFP) harboring the green
ﬂuorescence protein (GFP) gene, which enables the activity of
the estrogen axis to be visualized in vivo [44]. Recently, a
Spiggin-GFP medaka ﬁsh line was created to identify
disruption of the androgen axis [45]. The Spiggin-GFP
medaka embryo model has been shown to be a sensitive,
speciﬁc, and physiologically pertinent biosensor system for
analyzing environmental androgen activity.
Two tests based on aquatic transgenic models are currently
undergoing validation at the OECD. The EASZY assay
(detection of endocrine active substances, acting though the
estrogen receptor, using transgenic cyp19a1b-GFP zebraﬁsh
embryos) relies on transgenic embryos expressing GFP under
the control of the brain aromatase promoter. This model
presents a useful tool to identify compounds acting as
estrogen mimics either directly or following metabolic
activation within the zebraﬁsh embryo. In addition to this is
the Xenopus embryonic thyroid signaling assay, which uses
transgenic ThbZIP-GFP Xenopus embryos. In this model,
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GFP expression correlates with the level of expression of the
ThbZIP gene, a direct thyroid hormone response gene and a
well-characterized transcription factor involved in the control
of amphibian metamorphosis [46]. This is a new tool that
allows the identiﬁcation of potential thyroid active chemicals,
including those acting on nonreceptor targets or requiring
metabolic activation.

AOPs as a Unifying Framework
Conventional ﬁsh studies in ecotoxicology have traditionally
provided little mechanistic toxicity data as their main focus is
on the apical endpoints of survival, growth, and reproduction.
Because of these limitations, resource-efﬁcient alternatives
to conventional testing, including high-throughput in vitro
and in silico screening assays, have been proposed as key
components of a future testing paradigm for mechanism-based
regulatory toxicology and ecotoxicology [47]. However, the
predictive power of molecular or cellular perturbations
(modeled or detected in vitro) for apical endpoints relevant
to ecological risk assessment must be sufﬁciently high to
minimize uncertainties and provide meaningful data for
regulatory decision-making.
Adverse outcome pathways provide a conceptual framework
for summarizing knowledge about linkages between key
events at various levels of biological organization while

The concept of the traditional 3Rs (reduction, refinement, and replacement) form the backbone of animal
alternative approaches. However, the development
and use of new alternative approaches for hazard
assessments of chemicals and effluents will never be
adopted without considering the entire body of the
6Rs as a whole (reduction, replacement, refinement,
reproducibility, relevance and regulatory acceptance).
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providing an adverse outcome relevant to ecological risk
assessment [48]. Predictive linkages are implicitly deﬁned
when developing AOPs, providing a scientiﬁc framework
that represents key events at multiple levels of biological
levels of organization. The AOP paradigm guides ecotoxicologists through the process of generating linkages that will
support the development of new methods and models.
Adverse outcome pathways are expected to lead to
acceptance of alternative approaches as a credible basis for
risk assessment and management. Ultimately, it is envisioned
that such alternatives, supported by biologically based
extrapolation tools (e.g., toxicokinetic and toxicodynamic
models, concentration–duration–response models, species
extrapolation models) could gradually replace whole-animal
toxicity testing as the primary source of data generation to
support ecological risk assessment and environmental
decision-making. Funding for research on developing
AOPs for environmental science is far less than that received
for human safety systems biology (e.g., USEPA ToxCast
program). Research is required to enhance the development
of AOPs, and currently for regulatory purposes their
acceptance is certainly even further off. However, it is clear
that the AOP concept could provide signiﬁcant beneﬁts to
environmental risk assessments once they become more
commonplace and accepted.

Moving Toward a Future
Paradigm for Alternative
Approaches in Ecotoxicology
As indicated previously, the ﬁsh embryo toxicity test (OECD
236) is currently being considered by various regulatory
authorities, including the European Chemicals Agency, as an
alternative to ﬁsh acute toxicity studies, whereas industry has
broadly adopted its use with many contract laboratories now
performing the assay. Other potential alternative methods,
such as the use of ﬁsh gill cell lines for the prediction of ﬁsh
acute toxicity (e.g., RTgill-W1 [17]), are currently undergoing formal validation processes within the International
Organization for Standardization toward adoption as internationally recognized test standards. Before registrants and
regulators can have conﬁdence in any alternative approach,
however, evidence must be established around the reliability
and adequacy as well as the applicability domains and
constraints of the approach. Although it is recognized that
QSAR models need to be adequately validated, their
applicability domain for the test chemical also needs to be
veriﬁed. Furthermore, a profound understanding of the mode
of action of the chemical is essential to be certain that
the correct QSAR model is being used [49]. Along these
lines, perhaps one of the greatest beneﬁts of evaluating and
developing alternative approaches is that it has encouraged
ecotoxicologists to ﬁnd better ways to identify characteristics
such as modes of action, which can aid in deciding what types
of tests and species are required.
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In the interim, better harmonization and mutual acceptance of
data from the vertebrate-based studies that continue to be
carried out across different global regions could lead to a
substantial reduction in the number of animals used in
regulatory ecotoxicity testing. These include greater crosscountry acceptability of OECD test species and guidelines,
particularly in countries with newly developing chemical
safety regulations; a move toward extrapolating the toxicity of
ﬁnished products from active substance data [39]; and
reconsideration of key species choices [50]. The shortcomings as well as advantages of these and various other
methodologies still need to be critically discussed as
supplemental or alternative models to vertebrate testing.
Nonetheless, important steps forward are being made in
evaluating alternative approaches for basic and applied
research for future ecotoxicological tests. However, obtaining
regulatory acceptance of these new approaches remains a
major challenge. We suggest that scientists continue to
promote the advancement of the 6Rs (the traditional 3Rs in
combination with the additional 3Rs) through appropriate
stewardship and dialogue with regulators so that alternative
approaches for generating high-quality ecotoxicity data for
environmental risk assessments could become the norm rather
than just a possibility.
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