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Abstract

A growing number of environmental pollutants are known to adversely affect the thyroid hormone
system, and major gaps have been identified in the tools available for the identification, and the
hazard and risk assessment of these thyroid hormone disrupting chemicals. We provide an example
of how the adverse outcome pathway (AOP) framework and associated data generation can
address current testing challenges in the context of fish early-life stage tests, and fish tests in
general. We demonstrate how a suite of assays covering all the essential biological processes
involved in the underlying toxicological pathways can be implemented in a tiered screening and
testing approach for thyroid hormone disruption, using the levels of assessment of the OECD’s
Conceptual Framework for the Testing and Assessment of Endocrine Disrupting Chemicals as a
guide.
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1. Background

Screening and testing programs for the assessment of endocrine-active chemicals are being
implemented throughout the world (Matthiessen et al., 2017). Endocrine disruption by
chemicals is not restricted to the sex hormone and reproductive systems, but also includes
thyroid hormone disruption. Thyroid hormones (TH) play a crucial role in the regulation of
vertebrate development and homeostatic processes related to growth and energy metabolism,
and a growing number of high-profile environmental pollutants has been shown to adversely
affect the hypothalamic-pituitary-thyroid (HPT) axis (Crofton, 2008; Murk et al., 2013).
While there are many models and assays available for detecting chemicals that impact the
hypothalamic-pituitary-gonadal axis, such as estrogen and androgen receptor agonists and
antagonists, major gaps have been identified in the tools available for the hazard and risk
assessment of HPT-active substances (Bopp et al., 2017; Kortenkamp et al., 2017). The
scientific community is therefore challenged with developing new or improved testing
approaches to evaluate TH disruption. A substance is considered as having endocrine-
disrupting properties if (1) it shows an adverse effect, (2) it has an endocrine mode of action,
and (3) the adverse effect is a consequence of the endocrine mode of action (EFSA, 2013;
WHO/UNEP, 2013; OECD, 2018). A high level of uncertainty relative to the causal
relationship between mechanistic responses and apical, adverse outcomes is one of the main
limitations of the current test systems for the identification of endocrine-disrupting
chemicals and for evaluating endocrine hazard and risk (Coady et al., 2017). This is of
particular importance in the case of TH disruption since the adverse effects associated with
disruption of the HPT-axis are often associated with general biological processes (e.g.,
embryonic development, energy metabolism) that can be affected by many different
toxicological pathways, including mechanisms unrelated to the thyroid system. A second
limitation of current test methods is that they are costly, time-consuming, and animal
intensive (Burden et al., 2016). To address these various challenges, tiered testing
approaches for the assessment of endocrine-active chemicals have been developed by
different countries and international organisations, in which lower tier data (e.g., /n silico, in
vitro or short-term in vivo data) are used to decide whether more elaborate, resource-
intensive higher tier /n vivotests are needed to demonstrate adverse apical effects. The U.S.
Environmental Protection Agency’s (USEPA) Endocrine Disruptor Screening Program
(EDSP) and the Organisation for Economic Cooperation and Development (OECD)
Conceptual Framework (CF) for the Testing and Assessment of Endocrine Disrupting
Chemicals (OECD, 2012, 2018) are among the most important examples of well-established
tiered testing approaches (Browne et al., 2017; Coady et al., 2017).

The adverse outcome pathway (AOP) framework (Ankley et al., 2010; Ankley and Edwards,
2018) is, by design, well suited to directly support the development of tiered testing
approaches by providing evidence for the association between a toxicological pathway
perturbation and downstream responses (Coady et al., 2017). An AOP summarizes available
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empirical evidence demonstrating the mechanistic, causal linkages leading from a molecular
initiating event (e.g., inhibition of an enzyme involved in TH synthesis) to an adverse apical
outcome (e.g., reduced growth). The AOP framework can thus provide the critical scientific
support for the link between an endocrine-active mechanism detected using /n vitro or lower
tier /n vivo assays, and potential apical effects measured in higher tier /n vivotests (Coady et
al., 2017; Matthiessen et al., 2017). The present paper provides an example of how the AOP
framework and associated data generation can address current TH disruption testing
challenges in the context of fish early-life stage assays, and fish assays in general. Although
standardized and validated fish assays are routinely used in environmental hazard and risk
assessment, the current fish test guidelines lack endpoints that are informative of TH
disruption (OECD, 2018). Here, we build upon a recently developed AOP network linking
disruption of the HPT-axis in fish to impaired inflation of the swim bladder, leading to
reduced swimming performance and ultimately survival (Knapen et al., 2018; Villeneuve et
al., 2018). We demonstrate how different assays covering all the essential biological
processes along the continuum of the AOP network can be implemented in a tiered
screening and testing approach for TH disruption in fish. The levels of assessment as
established by the OECD CF are used as the primary guide for structuring our discussion.

2. Brief description of the AOP network

The AOP network used in this case example links TH disruption to impaired swim bladder
inflation in fish and is mainly based on experimental evidence from studies on zebrafish and
fathead minnow (Knapen et al., 2018; Villeneuve et al., 2018). The swim bladder is an
internal gas-filled organ found in many bony fish species and typically consists of two gas-
filled chambers. The posterior chamber inflates during early development and contributes to
the ability of fish to control their buoyancy, while the anterior chamber inflates during late
development and has an additional role as a resonating chamber to produce or receive sound
(Robertson et al., 2007). A large body of evidence is available demonstrating the role of THs
in swim bladder development and inflation. The AOP network describes how decreased
synthesis and/or decreased biological activation of THs leads to incomplete or improper
inflation of the swim bladder, leading to reduced swimming performance and ultimately to
reduced survival.

Specifically, the AOP network includes two distinct molecular initiating events,
corresponding to the inhibition of enzymes involved in the TH metabolism (Figure 1).
Thyroperoxidase (Tpo) is the main enzyme involved in TH synthesis in the thyroid gland,
and deiodinase (Dio) 1 and 2 are mainly involved in the activation of thyroxin (T4) to
triiodothyronine (T3), the most biologically active form of TH. Inhibition of Dio directly
results in reduced serum T3 levels, while inhibition of Tpo leads to decreased T4 levels and
thus to lower availability of T4 for activation to T3, also resulting in decreased serum T3
levels. As such, reduced T3 levels are a point in the AOP network where different TH
disrupting mechanisms converge (Knapen et al., 2018) and which is essential for the
progression to different adverse outcomes, depending on life-stage.

Indeed, specific parts of the AOP network are relevant to different life stages (see Figure 1).
The earliest life stages of teleost fish rely on maternally transferred THs to regulate certain
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developmental processes until embryonic TH synthesis is active (Power et al., 2001). As a
result, early developmental processes that are dependent on THSs, such as posterior swim
bladder chamber inflation, appear to be less sensitive to inhibition of TH synthesis. On the
other hand, when maternally derived THs are depleted during late development (larval
stage), endogenous TH synthesis becomes more important and inhibition of Tpo interferes
with proper inflation of the anterior swim bladder chamber (Stinckens et al. submitted;
Nelson et al., 2016; Stinckens et al., 2016; Godfrey et al., 2017). In all life stages however,
the conversion of T4 into T3 is essential. Inhibition of Dio therefore impacts swim bladder
inflation in both early and late developmental life stages (Stinckens et al. submitted; Jomaa
etal., 2014; Cavallin et al., 2017; Godfrey et al., 2017; Stinckens et al., 2018). The anterior
chamber develops by budding out of the posterior chamber and thus failure to properly
inflate the posterior chamber during early development directly impacts anterior chamber
inflation during late development. Impaired swim bladder inflation results in reduced
swimming performance (Stinckens et al. submitted; Hagenaars et al., 2014; Stinckens et al.,
2016; Stinckens et al., 2018), an adverse outcome that can affect feeding behavior and
predator avoidance, ultimately leading to lower survival probability and population
trajectory decline (Villeneuve et al., 2014).

3. Toward an AOP network-based tiered testing strategy

The OECD is an international organization promoting global cooperation to face modern
day challenges in various areas including human and environmental health. In 2002 (updated
in 2012 and 2018), the OECD released the Conceptual Framework (CF) for Testing and
Assessment of Endocrine Disrupters that organizes current methods for screening and
testing of endocrine-active substances into 5 levels (OECD, 2012). Level 1 of the CF relies
on existing data and quantitative structure—activity relationship (QSAR) or non-test
information to predict the endocrine-active potential of chemicals (Figure 2). Level 2 (in
vitro) and Level 3 (short-term /n vivo) assays directly inform whether or not a substance can
interact with endocrine pathways. These assays can be used to screen for possible endocrine
activity but are typically limited in their coverage of endocrine mechanisms and in the
observation of adverse apical effects. Level 4 is comprised of longer-term /in vivo assays that
provide data on endocrine-relevant adverse apical effects and are typically responsive to
more than one endocrine mode of action. Finally, Level 5 assays include full life-cycle tests
and multigenerational studies providing more comprehensive data on adverse effects over
more extensive parts of the life cycle. Level 4 and Level 5 assays are focused on observing
adverse effects and can be used for evaluating both the actual endocrine disrupting
properties of substances and their potential risk. It should be noted that within the context of
the CF, entering and exiting at all levels is possible and depends on the nature of existing
information and needs for testing and assessment (OECD, 2018). The USEPA EDSP uses a
two-tiered approach in which Tier 1 screening data, corresponding to CF Levels 1-3, are
used to identify substances that have the potential to interact with endocrine systems and
Tier 2 identifies and characterizes any adverse endocrine-related apical effects,
corresponding to CF Levels 4-5.

In 2018, the OECD published an updated version of Guidance Document 150, Standardised
Test Guidelines for Evaluating Chemicals for Endocrine Disruption (OECD, 2018). This
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document, originally published in 2012, is intended to provide guidance for evaluating
chemicals using standardised test guidelines within the context of the OECD CF. The
guidance document provides advice on how to use and interpret the outcome of individual
tests/assays and attempts to address the need for a causal linkage between likely mechanisms
of endocrine action and resulting apical effects. It also provides a list of assays, including
those for the assessment of TH disruption, that could be valuable additions to existing test
guidelines but for which currently no formal test guidelines are available. The AOP network
described here provides a mechanistic basis for adding a suite of TH disruption-specific
assays and relevant additional endpoints for a number of existing fish test guidelines (Figure
2).

3.1. Invitro assays for thyroid activity screening

There are currently no internationally validated test guidelines for /in vitro assays to screen
for thyroid-active substances at Level 2 of the CF (Figure 2). Several international efforts
have, however, assessed the availability and readiness of /n7 vitro screening assays for
thyroid-active chemicals (Murk et al., 2013; OECD, 2014). Important progress has recently
been made on the development of assays to evaluate reduced TH synthesis via inhibition of
Tpo activity (Paul Friedman et al., 2016) and iodide uptake (Wang et al., 2018), reduced TH
(in)activation by inhibition of deiodinase activity (Olker et al., 2019), and inhibition of
cellular TH uptake (Dong and Wade, 2017). Several of these assays have been applied to
large chemical libraries and are currently being added to the USEPA Toxicity Forecaster
(ToxCast™) program, a chemical prioritization effort that uses a suite of high-throughput
screening assays to rank and prioritize chemicals for future testing, thereby aiding in
efficient management and regulation of environmental contaminants. Recently, the extent to
which available high throughput screening assays cover the known molecular targets for TH
disruption across vertebrates was evaluated, and these molecular interactions were linked to
downstream events and adverse outcomes based on a cross-species TH disruption AOP
network (Noyes et al., 2019). In July 2017, the Joint Research Centre EU Reference
Laboratory for alternatives to animal testing (JRC EURL ECVVAM) launched a validation
study to assess a battery of 17 /n vitro screening methods covering a series of TH disrupting
modes of action. Consequently, the scope of assays available for Level 2 of the CF is
expected to continue to grow in the near future.

The AOP network links molecular interactions measured in 7n vitro Tpo and Dio inhibition
assays with altered TH levels and downstream adverse /n vivo effects in fish. Overall, the
level of confidence in the different linkages in the TH disruption AOP network is high
(https://aopwiki.org/aops/155-159), allowing it to be used in a tiered testing strategy to guide
the selection of suitable assays and endpoints for the evaluation of adverse /n vivo effects.
Specifically, a positive result in the /n vitro Tpo and/or the Dio inhibition assay could trigger
fish in vivotesting to confirm the occurrence of downstream events along the AOP network
including altered TH levels, impaired swim bladder inflation, and altered swimming
performance (see sections 3.2 and 3.3). An initial validation case study showed that adverse
swim bladder effects could be predicted along the AOP network based on /n vitro Dio
inhibition data (Stinckens et al., 2018). The further development of such predictive
approaches, including expanding the quantitative understanding of the relationships depicted
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in the AOPs where possible (Hassan et al., 2017), would significantly reduce the need for /n
vivotesting in the future.

In vivo assays for thyroid activity screening

Currently, the only non-mammalian /n vivo assays assessing thyroid-specific endpoints at
Level 3 of the CF use amphibians. The Amphibian Metamorphosis Assay (AMA, OECD TG
231, US EPA OPPTS 890.1100) is the most widely-used assay for detecting HPT-active
substances, but was recently complemented with the Xengpus Eleutheroembryonic Thyroid
Assay (XETA, TG 248). None of the current CF Level 3 fish assays include thyroid-specific
endpoints.

Fish and amphibian embryo assays have added value for screening purposes compared to /in
vitro assays due to the increased biological relevance gained from using a model organism
with an intact HPT axis and ongoing, complex development. In this context, the Fish
Embryo Acute Toxicity (FET) test (OECD TG 236) with the addition of TH measurements
as thyroid-specific endpoints could be a valuable Level 3 screening assay for TH activity.
Similarly, TH measurements could be carried out as part of the the “EASZY Assay”
(Detection of Endocrine Active Substance, acting through estrogen receptors, using
transgenic Zebrafish embrYos), for which an OECD test guideline was recently drafted. The
importance and relevance of determining altered TH levels as an indicator of endocrine
activity in /n vivo assays for TH disrupter screening and testing has already been
acknowledged (Kortenkamp et al., 2017; OECD, 2018). The AOP network further highlights
the critical nature of altered TH levels as a point of convergence for several TH disruption
mechanisms and essential step in the progression towards an adverse outcome. The ZETA
(Zebrafish Eleutheroembryo Thyroid Assay), which quantifies intrafollicular T4 content as
an indirect measurement of TH synthesis in 5 day old zebrafish embryos, is a first example
of a thyroid-specific fish test that has been proposed and is currently being explored as part
of the JRC EURL ECVAM validation effort (Thienpont et al., 2011; OECD, 2014). Viable
methods for directly measuring altered whole body TH levels (T4, T3) in fish embryos have
recently been developed (Stinckens et al. submitted; Nelson et al., 2016; Stinckens et al.,
2016; Cavallin et al., 2017). Today, the addition of TH measurements to the FET test, and
possibly the ZETA and EASZY Assay, for detecting TH disruption screening has therefore
become both sensible and achievable. An accurate assessment of posterior chamber inflation
and swimming performance however cannot be reliably carried out within the context of the
FET test, which has a duration of 96 hours, since the posterior chamber of zebrafish inflates
around 5 d post-fertilisation and many endocrine and non-endocrine mechanisms negatively
impact growth rate, thereby potentially further delaying posterior chamber inflation.
Therefore, we only suggest the addition of TH measurements, and not assessment of swim
bladder inflation, to existing fish embryo tests for TH activity screening.

Importantly, assays using fish or amphibian embryos are considered non-animal methods in
many parts of the world. For example, non-mammalian vertebrate embryos are not protected
until the stage of free-feeding under the current EU legislation on the use of laboratory
animals (EC, 2010). In a tiered testing approach, /n7 vitro and non-animal assays (e.g., fish
and amphibian embryo assays) could reduce the need for /n vivo testing. Naturally, the
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limitations that have been considered in the debate on the regulatory acceptance of the FET
test within the context of the REACH legislation should be taken into account, including the
presence of a chorion during the first few days of the test which may function as a barrier to
some chemicals, and the limited xenobiotic metabolism capacity compared to later life
stages (Sobanska et al., 2018).

3.3. Invivo assays for thyroid hormone disruption testing

There are two non-mammalian assays, one with an amphibian and one with an avian species,
at Levels 4 and 5 of the CF and Tier 2 of the EDSP that have thyroid-specific endpoints
(OECD TG 241, US EPA OCSPP 890.2100). Several fish assays with zebrafish and/or
fathead minnow early-life stages are also listed as Level 4 and 5 tests in the CF (Figure 2):
the Fish Early Life Stage Toxicity (FELS) Test (OECD TG 210, Level 4), Fish Sexual
Development Test (FSDT, OECD TG 234, Level 4), Zebrafish Extended One-Generation
Reproduction Test (ZEOGRT, draft OECD TG, Level 5), and Fish Life Cycle Toxicity Test
(FLCTT, US EPA OPPTS 850.1500, Level 5). These assays all assess endpoints that are
potentially sensitive to, but not necessarily diagnostic of TH disruption (i.e., general adverse
effects such as reduced growth that might respond to TH disruption but can also be affected
by other toxicological pathways). It has been suggested that new, specific endpoints could be
added to these existing test guidelines to increase their diagnostic value for the assessment of
TH disruption (Kortenkamp et al., 2017). Recently, addition of thyroid-related endpoints in
OECD fish test guidelines such as the FET and FSDT was included in the OECD’s Work
Plan for the Test Guidelines Programme (project 2.64).

Neither swim bladder inflation nor swimming performance are in themselves endpoints
specific to TH disruption since they can be affected through various mechanisms. The
strength of an AOP-based approach, however, lies in linking these adverse outcomes to an
endocrine mechanism. In the case of TH disruption in fish, the strong evidence for the
relationship between reduced TH levels and impaired swim bladder inflation is crucial in
this respect (Stinckens et al. submitted; Stinckens et al., 2016). Measurements of altered TH
levels thus increase the diagnostic value of general endpoints such as growth and swim
bladder inflation by placing these endpoints in a TH disruption context based on the causal
linkages in the AOP network. Specifically, the combination of whole-body TH
measurements (T4, T3) and the assessment of swim bladder inflation (both chambers) and
swimming performance could be included as an AOP-based suite of endpoints in any test
guideline using zebrafish or fathead minnow early-life stages. This includes the FELS test,
FSDT, ZEOGRT and FLCT. In the European Union, the FELS test is the most important
standard ecotoxicological data requirement for industrial chemicals (REACH), and active
substances in biocides (528/2012) and plant protection products (283/2013). Increasing the
diagnostic value of the FELS test for the detection of TH disrupters may therefore
significantly increase the efficiency of chemical safety evaluation in terms of cost and use of
animals. Future development of new AOPs linking TH disruption to adverse effects that are
already being assessed as a part of these test guidelines (e.g., growth) may further improve
the significance of these endpoints.
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4. Expanding the domain of applicability

The TH disruption AOP network to which the assays discussed in this case example are
aligned (Figure 2) is included in the OECD AOP development programme workplan as
Project 1.35 (7he AOP on thyroperoxidase and/or defodinase inhibition leading to impaired
swim bladder inflation in fish during early-life stages) and is mainly based on studies using
zebrafish and fathead minnow. A first logical step in expanding the applicability of the AOP
network is to assess its relevance to other species that are frequently used in existing fish test
guidelines, such as the Japanese rice fish (also known as the medaka), three-spined
stickleback and rainbow trout. Further, several other endpoints and biomarkers that have
been shown to respond to impaired thyroid function and/or altered TH levels are not yet
addressed as part of the OECD AOP workplan, including gene expression, eye development
(e.g., size, pigmentation, retina histology), skin pigmentation, thyroid histopathology, scale
development and impaired fin development (van der Ven et al., 2006; Walpita et al., 2009;
Baumann et al., 2016). The development of AOPs covering these adverse effects would
facilitate the assessment of their specificity and sensitivity in the context of TH disruption.
In addition, linking these AOPs to the existing AOP network would help expand the life
stage applicability from early-life stages to juveniles and reproductively active, adult fish for
a range of species. Such efforts would make the AOP network relevant to a number of
additional fish test guidelines, including the fish short-term reproduction assay (OECD TG
229), the 21-day fish assay (OECD TG 230), the androgenised female stickleback screen
(OECD GD 148), the juvenile medaka anti-androgen screening assay (draft OECD GD) and
the rapid androgen disruption adverse outcome reporter assay (draft OECD TG) at Level 3
of the CF, and the medaka extended one-generation reproduction test (OECD TG 240) at
Level 5.

Tiered testing strategies for the evaluation of TH disrupting properties are being developed
in parallel for human and environmental health (Murk et al., 2013; OECD, 2018). Evaluation
of the hazards and risks of chemicals derived from tests for human health effects and
environmental effects are largely separate processes, and sharing of data is uncommon.
While human toxicology and ecotoxicology have historically used different models,
terminologies and interpretation approaches, the AOP framework facilitates the application
of similar strategies for developing assays, and using them in a unified weight of evidence
analysis, effectively bridging the gap between these two disciplines (Perkins et al., 2013). A
relatively large number of AOPs related to TH disruption is currently being developed in the
AOP-Wiki (www.aopwiki.org), involving a variety of species and taxonomic groups. Based
on the fact that well-known targets along the HPT-axis are highly conserved among
vertebrate classes (Sachs and Buchholz, 2017; LaLone et al., 2018), a cross-species TH
disruption AOP network covering mammals, fish and amphibians is emerging from these
datasets (conceptually visualized in Figure 3) (Knapen et al., 2018; Noyes et al., 2019). The
underlying AOPs and their interrelationships were recently described in detail to support the
use of /n vitro assays for the evaluation of TH disruption (Noyes et al., 2019). Further
development and biological validation of this larger AOP network can form the basis of a
harmonized, integrated approach to testing and assessment of TH disrupters addressing both
human and environmental health. Finally, while we presently focus on TH disrupting activity
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and fish, tiered testing strategies for other modes of endocrine disruption can in principle
also be informed by emerging AOPs and AOP networks (Knapen et al., 2015).
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Figure 1.
Graphical overview of an adverse outcome pathway (AOPs) network linking

thyroperoxidase (TPO) inhibition and inhibition of deiodinase (DIO) 1/2 to reduced swim
bladder inflation in fish and subsequent impacts on young of year survival. The AOPs
relevant during different life stages are depicted above and below the dashed line (https://
aopwiki.org/aops/155-159).
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OECD Conceptual Framework Level

Level 1
Existing data and existing or new non-test information
(e.g. QSARs, in silico predictions)

Level 2
In vitro assays providing data about selected endocrine
mechanism(s)/ pathway(s)

Level 3
In vivo assays providing data about selected endocrine
mechanism(s)/ pathway(s)

Level 4
In vivo assays providing data
on adverse effects on endocrine-relevant endpoints

Level 5

In vivo assays providing more comprehensive data on
adverse effects on endocrine-relevant endpoints over
more extensive parts of the life cycle of the organism

Figure2.

Relevant test guidelines

No guidance written at present

* Fish Embryo Acute Toxicity Test (FET, OECD TG 236)

 Detection of Endocrine Active Substances using Zebrafish
embrYos (EASZY Assay)

* Zebrafish Eleutheroembryo Thyroid Assay (ZETA)

* Fish Early-Life Stage Toxicity Test (FELS, OECD TG 210)
* Fish Sexual Development Test (FSDT, OECD TG 234)

 Zebrafish Extended One Generation Reproduction Test
(ZEOGRT, under OECD validation)
* Fish Life cycle Toxicity Test (FLCTT, US EPA)
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AOP-based assays

* Thyroperoxidase inhibition

* Deiodinase 1 and 2 inhibition

* T4 levels

* T3 levels

* T4 levels

* T3 levels

* Posterior swim bladder inflation
* Anterior swim bladder inflation

* Embryonic swimming behaviour

« Larval/juvenile swimming behaviour

Overview of assays aligned with the thyroid hormone (TH) disruption AOP network and
how they could be used in a tiered testing strategy based on the Organisation for Economic
Cooperation and Development (OECD) Conceptual Framework (CF). Only test guidelines
that are directly relevant to zebrafish and/or fathead minnow early-life stages, on which the
current AOP network is based, are mentioned. Level 1 is mentioned for completeness.
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Figure 3.
Graphical representation of a cross-species AOP network, present in the AOP-Wiki, that

links molecular initiating events (green circles) through impacts on circulating thyroid
hormone levels, to adverse outcomes (red circles) in mammals, fish, and/or amphibians.
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