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Abstract

Visual function is particularly important for survival, especially of developing life stages. Some chemicals, including thyroid hormone
system disrupting chemicals (THSDCs), can impair eye development. The chain of events, from the molecular interaction of thyroid
hormone system disruption (THSD) to the consequences at the level of vision, is not yet fully understood. The development of this
AOP aims to contribute to filling these gaps and investigates how inhibition of thyroperoxidase and resulting changes in hormone
levels can lead to effects on the retinal layers and subsequently at the population level.

The focus of this AOP is on fish, as the largest amount of data is available for this taxonomic group. Data obtained with a variety of
different techniques to induce or mimick TH synthesis disruption have been included (addressing KE 227: "Decreased thyroid
hormone synthesis"), for example, exposure to THSDCs, generation of transgenic or mutant fish, microinjection, morpholino
knockdown, thyroid ablation, etc. The resulting changes in hormone levels have been studied (KE 281: "Decreased thyroxine (T4)
in serum" , KE 1003: "Decreased triiodothyronine (T3) in serum"), as well as changes in the retinal layers (KE 1877: "Altered retinal
layer structure"). These include e.g. cell size, cell layer structure, organisation and number of photoreceptors, pigmentation and
information on morphological changes (e.g. cell shapes). At a higher level of biological organization, physiological and behavioural
changes were investigated (AO 1643: "Altered visual function"), including e.g. optokinetic response, optomotor reponse, light
response, etc. The present AOP is closely linked to AOPs 155-159 on THSD leading to impaired swim bladder inflation in fish, as
well as AOP 297 on retinoic acid effects on eyes.

Background

This AOP is based on data derived from several extensive literature searches. First, data was collected on different biological
levels: Results at the molecular level, data on hormone levels, data on the tissue level and on the behavioural/physiological level. In
a next step, KEs and KERs were identified and defined and a more detailed search was initiated. While initially an AOP network
including several different effects on eye developemnt was considered, in a next step AOP 363 was selected and further refined,
and again an intensive and very detailed final literature search was conducted. The search for bibliographic data was conducted

online in "pubmed", "sciencedirect/Scopus" and "Web of Science". The initial search terms were: "fish", "eye development", "retina",
"thyroid/hormone disorders", "visual behaviour", "photoreceptors" and combinations of these terms. A very detailed manual search
followed for the various KEs and KERs. Not only articles on chemical exposure of different animals were considered, but also more
basic studies using other THSD induction techniques such as transgenic or mutant fish, microinjection, morpholino oligonucleotides,
thyroidectomy, etc. The range of data that was assessed is wide, from gene expression and hormone levels to physiological and
behavioural changes in different animals. In total, around 120 articles from these structured studies were analysed in terms of
experimental design and information on different biological levels. Most of the data is on fish, especially zebrafish (85%), which is

why this AOP focuses on fish, but it can probably be applied to other vertebrate species as well.
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Summary of the AOP

Events

Molecular Initiating Events (MIE), Key Events (KE), Adverse Outcomes (AO)

Sequence Type EventID

Title

Thyroperoxidase, Inhibition

Short name

Thyroperoxidase, Inhibition

Thyroid hormone synthesis, Decreased

Thyroxine (T4) in serum, Decreased

Decreased, Triiodothyronine (T3) in serum

TH synthesis, Decreased

T4 in serum, Decreased

Decreased, Triiodothyronine (T3) in serum

MIE 279
KE 277
KE 281
KE 1003
KE 1877
KE 1643
AO 351
AO 360

Altered, retinal layer structure

Altered, Visual function

Increased Mortality
Decrease, Population trajectory

Altered, retinal layer structure

Altered, Visual function

Increased Mortality

Decrease, Population trajectory

Key Event Relationships
Upstream Event
Thyroperoxidase. Inhibition

Thyroid hormone synthesis,
Decreased

Thyroxine (T4) in serum,
Decreased

Decreased. Triiodothyronine (T3) in

serum

Altered, retinal layer structure

Altered, Visual function

Increased Mortality

Thyroperoxidase, Inhibition

Stressors

Name Evidence
Propylthiouracil High

Methimazole High

FOIELRIG) Downstream Event Evidence Quantltatl\{e
Type Understanding

adjacent Thyroid hormone synthesis, High Moderate
Decreased

adjacent LGOS () i S Moderate Moderate
Decreased

adjacent Decreased, Triiodothyronine (T3) in Moderate Moderate
serum

adjacent Altered, retinal layer structure Moderate Low

adjacent Altered, Visual function High Low

adjacent Increased Mortality Moderate Low

adjacent Decrease, Population trajectory Moderate Moderate

non-adjacent UIAPTRSING (1) T SET, High Moderate

Overall Assessment of the AOP

Domain of Applicability
Life Stage Applicability
Life Stage Evidence
Embryo High

Larvae High

Decreased
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Taxonomic Applicability

Term Scientific Term Evidence Links

zebrafish Danio rerio High NCBI
Sex Applicability
Sex Evidence

Unspecific Moderate

Taxonomic applicability: The weight of evidence supporting the first linkage of this AOP between the MIE, TPO inhibition, and the
KE of decreased TH synthesis, is strong and supported by more than three decades of research in animals including humans.
Several papers have measured alterations in TPO and subsequent effects on TH synthesis (Cooper et al., 1982; Cooper et
al.,1983; Divi and Doerge, 1994).

Also for the next KER, it is widely accepted that TPO inhibition leads to declines in serum T4 levels in adult mammals. Strong
qualitative and quantitative relationships exist between reduced TH synthesis and reduced serum T4 (Ekerot et al., 2013; Degon et
al., 2008; Cooper et al., 1982; 1983; Leonard et al., 2016; Zoeller and Tan, 2007). Nevertheless, a majority of the empirical
evidence comes from work with laboratory rodents, there is a large amount of supporting data from humans (with anti-
hyperthyroidism drugs including propylthiouracil and methimazole), some amphibian species (e.g., frog), fish species (e.g.,
zebrafish and fathead minnow), and some avian species (e.g, chicken) (Cooper et al. (1982; 1983); Hornung et al. (2010); Van
Herck et al. (2013); Paul et al. (2013); Nelson et al. (2016); Alexander et al. (2017); Stinckens et al. (2020)).

Although the following KER (T4 in serum decreased leads to Triiodothyronine (T3) in serum decreased) is plausibly applicable
across vertebrates, too, variation can be expecteddue to feedback/compensatory mechanisms that can also differ across
species. In zebrafish and fathead minnow, several studies reported the evidence for a relationship between circulating T4 and T3
levels (Nelson et al., 2016; Stinckens et al., 2020, Wang et al., 2020).

The linkage between the MIE, decreased T3 in serum, and the KE of altered retinal layer structure, is evidental in the different
vertebrate classes. There is ample evidence that THs have an influence on the development of the retinal layer structure. Although
there are some differences in eye structure between species, it is known that the retina follows the typical organisation of
vertebrates. Within vertebrates, it consists of several layers of RPE, photoreceptors, neurons and choroid. It is plausible to assume
that TH levels are important for healthy eye development in all vertebrates.

Thyroid hormone receptors have a general function in different cell types of the vertebrate retina, they mediate specific events in
retinal and photoreceptor development. The decrease of TH levels can lead to disturbances of the retinal layers, as shown

by studies in various vertebrates such as fish species, rats, mice and humans (Baumann (2016), Komoike et al. (2013), Besson et
al. (2020), Gamborino (2000), Houbrechts (2016), (Li et al. 2021)). In humans, hypothyroidism is also linked to impaired color vision
(Racheva et al., 2020).

Life stage applicability: This AOP considers effects of TPO inhibitors on the development of the retina during the embryolarval life
stage. In order to more specifically evaluate the life stage applicability of the impact on thyroperoxidase inhibition on retinal layer
structure and visual function leading to increased mortality, the timing of the ontogeny of the target organ needs to be matched to
the timing of the ontogeny of the HPT-axis. Fish, amphibians and birds develop externally and rely on maternally transferred THs
and TH machinery during the earliest stages of embryonic development.

In zebrafish, effects on retinal layer structure are typically observed at 96 or 120 hpf. By 60 hpf, the different layers of the retina can
be distinguished (Morris and Fadool 2005; Schmitt and Dowling 1999) but differentiation and maturation continues until well beyond
84 hpf (Raymond and others 1995). The first thyroid follicle appears around 55 hpf and endogenous T4 production has been
observed at 72 hpf (Walter and others 2019). Since thyroperoxidase is principally located in the thyroid follicles and responsible for
the synthesis of TH which are released to circulation, important impacts on thyroidal TH synthesis due to thyroperoxidase inhibition
are not expected before 72 hpf. This hypothesis is in line with the observation that inflation of the posterior chamber of the swim
bladder appears to be unaffected by thyroperoxidase inhibition in zebrafish and fathead minnow (Nelson and others 2016;
Stinckens and others 2016). Thyroperoxidase expression has however additionally been observed locally in the eyes of mice (Li
and others 2012), suggesting a potential role of local TH synthesis in eye development before the thyroid follicles become active.

In summary, in zebrafish the formation of the retinal layers occurs before the activation of thyroidal TH synthesis but further
differentiation and maturation continues until well after the onset of thyroidal TH synthesis. There is ample evidence of the impact of
thyroperoxidase inhibition on retinal layer structure at the age of 5 dpf, and there is some evidence showing early effects at 48, 66
and 72 hpf (Komoike and others 2013; Reider and Connaughton 2014) suggesting the importance of local TH synthesis in the eyes.
Additional mechanisms (e.g., deiodinase inhibition) could also play a role. Currently there is insufficient evidence to clearly evaluate
the importance of inhibition of local TPO in the eyes versus thyroidal TPO for the development of proper retinal layer structure.

Mammals on the other hand continuously receive maternal THs via the placenta. Therefore, exposure to inhibitors of TH synthesis
is expected to have an effect on the earliest phases of embryonic development by inhibiting maternal TH synthesis (REF).

Taken together, there is strong support for applicability of the current AOP to embryolarval/embryofoetal stages
of vertebrates. Since the term 'eleutheroembryo’ (stage starting at hatching and ending with free-feeding fish) is not available, the
terms 'embryo’ and 'larvae’ were selected to reflect this.
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Sex applicability: Fish species have different patterns of gonadal differentiation. Many species are undifferentiated
gonochorists[LB1] (e.g., zebrafish, fathead minnows), in which an indifferent gonad first develops into an ovary-like gonad which
then further differentiates into either a mature ovary or a testis (Maack and Segner, 2003). Other fish species such as medaka are
differentiated gonochorists where the indifferent gonad develops directly into an ovary or a testis. In both cases, in the early life
stages where the eyes develop, the gonads have not yet started to differentiate. For example, in zebrafish the eyes develop in the
first 5 days of development and the gonads differentiate in the period around 20-50 dpf. In species such as zebrafish, even sex
determination has not occurred by the time the eyes develop, since it is dependent on environmental factors. This means that in the
life stages of interest for this AOP (embryo-larval), sex has not been established yet nor has gonad differentiation started.
Therefore, sex is not assumed to be an important factor in determining the effect of TPO inhibitors on retinal structure development.

This does however not preclude the occurrence of sex dependent changes in eye structure during later life after gonadal
differentiation. For example, Chen et al. (2018) exposed marine medaka to perfluorobutane sulfonate (PFBS) for an entire life cycle
and this resulted in sex dependent changes in eye water content and neurotransmitter levels in the eyes.

Essentiality of the Key Events

Essentiality means that a stressor can activate an AOP and its various KEs, and that cessation of this stressor can prevent this
activation or lead to a recovery of the adverse effects. Certain studies, such as gene knockdown, recovery or knockout
experiments, have been reviewed to evaluate this. Evidence for essentiality in this AOP can be classified as high. Direct evidence
from specifically designed experimental studies illustrating essentiality is available for several KEs in the AOP. Especially the
evidence of essentiality of decreased T3 levels for effects on the eyes is very important and strongly supports this AOP.

Weight of Evidence Summary

1. Biological plausibility:

Most of the KERs (309, 305, 366, 2374, 2375, 2013) were found to be highly biologically plausible. For example, TPO is
known to be a key enzyme of the TH system and plays an important role in controlling important functions such as neuronal
development, including eye development. Similarly, the thyroid hormone T4 is known to be activated to T3 by DIOs in the liver
and other organs. Both T3 and T4 are present during retinal development (Roberts and others 2006), and key components
such as DIOs (Heijlen and others 2013; summarized by Viets and others 2016), TH receptors (Gan and Flamarique 2010),
and TPO (Li and others 2012) are also expressed in the vertebrate retina during retinal development. However, there are
compensatory mechanisms that limit the impact on T3 levels, possibly through increased deiodinase activity or other feedback
or compensatory mechanisms, as well as some gaps in knowledge. Therefore, the biological plausibility of KER 2038 and
2373 was determined to be moderate.

2. Empirical support is moderate for most KERs in the AOP and low for the most upstream KERs.

3. Overall WoE ranges from moderate to high. As prescribed by the User's handbook, biological plausibility was given slightly
more weight in this decision compared to empirical evidence.

Quantitative Consideration

The difficulties in generating quantitative data for this AOP may be due to the fact that both decreased and increased T3 levels
affect the development of retinal structure, confirming that this process is under strict control of balanced TH levels, but also making
it difficult to describe the quantitative relationship between T3 levels and altered retinal structure (Stinckens et al.

(2020)). Furthermore, disrupted retinal layers are often observed using a semi-quantitative classification system rather than
quantitative measurements.

However, the combinations of some studies show some correlations:

For example, the study by Rehberger et al. (2018) shows a tendency for T3 and T4 to decrease with increasing PTU concentration,
Baumann et al. (2016) found both a disturbed retina and behavioural abnormalities due to impaired visual performance in larvae at
these concentrations (and at much higher concentrations). Baumann et al. (2016) also shows a correlation between increased TPO
expression (measured as a fold change) and decreased RPE diameter with increasing PTU exposure.

There are quantitative data on KER1 (TPO, inhibition (KE 279) results in TH synthesis, reduced (KE 277), also. For example,
Hassan et al (2017) quantified TH synthesis blocked by PTU and MMI in an in vitro TPO inhibition study to predict TH concentration
in rat serum. Similarly, Fisher et al. (2013) modelled the effect of TPO inhibition on serum TH concentrations during early
development in rats, Haselman et al. (2020), in Xenopus laevis, demonstrated the temporal profiles of thyroid iodotyrosines
(MIT/DIT) and iodothyronines (T4/T3), the products of TPO activity, after exposure to three different model TPO inhibitors (MMI,
PTU, MBT) at different concentrations.
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Considerations for Potential Applications of the AOP (optional)

THSDCs are increasingly recognized as a serious environmental problem for aquatic species, as well as for humans. Especially the
THSD effects on (neuro-)developmental processes pose a risk to different vertebrate species. The current framework for
assessment of THSD effects is separated between human and environmental health, and in the latter, it is restricted to amphibians.
The implementation of thyroid-related endpoints into test guidelines using fish is urgently needed and is currently being addressed
in different EU-funded research projects (Holbech et al. 2020) and in project 2.64 of the OECD TG work plan, “Inclusion of thyroid
endpoints in OECD fish Test Guidelines”. Moreover, this testing gap has been recognized by OECD VMG-Eco in 2016 at two EU
workshops, “Setting Priorities for Further Development and Validation of Test Methods and Testing Approaches” and “Supporting
the Organization of a Workshop on Thyroid Disruption” in 2017.

The present AOP provides strong evidence that eye development represents a very promising endpoint that could be implemented
into existing OECD test guidelines that cover developmental phases of fish, such as the Fish Embryo Acute Toxicity (FET) test
(OECD TG 236), the Fish Early Life Stage Toxicity (FELS) Test (OECD TG 210) and the Fish Sexual Development Test (FSDT,
OECD TG 234). Especially the FET seems to be well suited for implementation of histopathological analyses of retinal structures for
the detection of cellular changes that will ultimately result in decreased visual capacities and fitness impairment of exposed larvae.
Combined with mechanistic analyses, such as gene expression or TH level measurements, a modified FET for detection of THSD in
fish seems very promising for future THSD testing with fish. A major advantage is that a large part of the proposed endpoints in
zebrafish can be assessed in embryonic life stages, which are considered “non-protected” alternatives to animal testing.

Consequently, based on AOP 363, together with other AOPs linking THSD to visual function that are under development (AOP 364,
365), we provide evidence that fish eye development, with focus on morphological and structural alterations, can be included as
apical endpoint into fish endocrine disruption test guidelines for THSD. However, the TH-specificity of eye-related endpoints should
be examined, since other signaling pathways, such as the estrogenic, retinoid, IGF-1 and aryl hydrocarbon receptor, can also affect
eye development (Molla et al., 2019; Chen et al., 2020). Consequently, measurement of TH levels or performance of thyroid
histopathology are required to support the causal link between the THSD mechanism and the observed effects.
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Appendix 1

List of MIEs in this AOP
Event: 279: Thyroperoxidase, Inhibition

Short Name: Thyroperoxidase, Inhibition
Key Event Component

Process Object Action

iodide peroxidase activity thyroid peroxidase decreased
AOPs Including This Key Event

AOP ID and Name Event Type

Aop:42 - Inhibition of Thyroperoxidase and Subsequent Adverse Neurodevelopmental Qutcomes in

MolecularinitiatingEvent
Mammals

Aop:119 - Inhibition of thyroid peroxidase leading to follicular cell adenomas and carcinomas (in rat and

mouse

Aop:159 - Thyroperoxidase inhibition leading to increased mortality via reduced anterior swim bladder
inflation

MolecularinitiatingEvent

MolecularinitiatingEvent

Aop:175 - Thyroperoxidase inhibition leading to altered amphibian metamorphosis MolecularinitiatingEvent
Aop:271 - Inhibition of thyroid peroxidase leading to impaired fertility in fish MolecularinitiatingEvent

Aop:363 - Thyroperoxidase inhibition leading to altered visual function via altered retinal layer structure  MolecularlnitiatingEvent

Aop:364 - Thyroperoxidase inhibition leading to altered visual function via decreased eye size MolecularinitiatingEvent

Aop:365 - Thyroperoxidase inhibition leading to altered visual function via altered photoreceptor

. MolecularinitiatingEvent
patterning

Stressors

Name
2(3H)-Benzothiazolethione

2-mercaptobenzothiazole
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MorcaptobenzoitBic
Methimazole
Propylthiouracil
Resorcinol

Thiouracil
Ethylenethiourea
Amitrole

131-55-5
2,2',4,4'-Tetrahydroxybenzophenone
Daidzein

Genistein
4-Nonylphenol
4-propoxyphenol

Sulfamethazine
Biological Context

Level of Biological Organization

Molecular
Cell term

Cell term

thyroid follicular cell
Organ term

Organ term

thyroid follicle

Evidence for Perturbation by Stressor

Overview for Molecular Initiating Event

There is a wealth of information on the inhibition of TPO by drugs such as MMI and PTU, as well as environmental xenobiotics. In
the landmark paper on thyroid disruption by environmental chemicals, Brucker-Davis (1998) identified environmental chemicals that
depressed TH synthesis by inhibiting TPO. Hurley (1998) listed TPO as a major target for thyroid tumor inducing pesticides. More

recent work has tested over 1000 chemicals using a high-throughput screening assay (Paul-Friedman et al., 2016).

Domain of Applicability

Taxonomic Applicability

Term Scientific Term Evidence Links
rat Rattus norvegicus High NCBI
humans Homo sapiens High NCBI
pigs Sus scrofa High NCBI
Xenopus laevis Xenopus laevis High NCBI
chicken Gallus gallus High NCBI
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zebrafighy Dagigftific Term  Eldbence Links

fathead minnow Pimephales promelas High NCBI

mouse Mus musculus NCBI
Life Stage Applicability

Life Stage Evidence

All life stages High
Sex Applicability
Sex Evidence

Female High
Male High

Taxonomic: This KE is plausibly applicable across vertebrates. TPO inhibition is a MIE conserved across taxa, with supporting data
from experimental models and human clinical testing. This conservation is likely a function of the high degree of protein sequence
similarity in the catalytic domain of mammalian peroxidases (Taurog, 1999). Ample data available for human, rat, and porcine TPO
inhibition demonstrate qualitative concordance across these species (Schmultzer et al., 2007; Paul et al., 2013; Hornung et al.,
2010). A comparison of rat TPO and pig TPO, bovine lactoperoxidase, and human TPO inhibition by genistein demonstrated good
qualitative and quantitative (40-66%) inhibition across species, as indicated by quantification of MIT and DIT production (Doerge
and Chang, 2002). Ealey et al. (1984) demonstrated peroxidase activity in guinea pig thyroid tissue using 3,3'-diaminobenzidine
tetrahydrochloride (DAB) as a substrate that is oxidized by the peroxidase to form a brown insoluble reaction product. Formation of
this reaction product was inhibited by 3-amino-1,2,4-triazole and the TPO inhibitor, methimazole (MMI). A comparative analysis of
this action of MMI between rat- and human-derived TPO indicates concordance of qualitative response. Data also suggest an
increased quantitative sensitivity to MMI in rat compared to human (Vickers et al., 2012). Paul et al. (2013) tested 12 chemicals
using the guaiacol assay using both porcine and rat thyroid microsomes. The authors concluded that there was an excellent
qualitative concordance between rat and porcine TPO inhibition, as all chemicals that inhibited TPO in porcine thyroid microsomes
also inhibited TPO in rat thyroid microsomes when tested within the same concentration range. In addition, these authors noted a
qualitative concordance that ranged from 1.5 to 50-fold differences estimated by relative potency. Similary, Takayama et al. (1986)
found a very large species difference in potency for sulfamonomethoxine between cynomologus monkeys and rats.

Life stage: Applicability to certain life stages may depend on the species and their dependence on maternally transferred thyroid
hormones during the earliest phases of development. The earliest life stages of teleost fish rely on maternally transferred THs to
regulate certain developmental processes until embryonic TH synthesis is active (Power et al., 2001). As a result, TPO inhibition is
not expected to decrease TH synthesis during these earliest stages of development. In zebrafish, Opitz et al. (2011) showed the
formation of a first thyroid follicle at 55 hours post fertilization (hpf), Chang et al. (2012) showed a first significant TH increase at 120
hpf and Walter et al. (2019) showed clear TH production already at 72 hpf and not at 24 hpf but did not analyse time points
between 24 and 72 hpf. In fathead minnows, a significant increase of whole body thyroid hormone levels was already observed
between 1 and 2 dpf, which corresponds to the appearance of the thyroid anlage at 35 hpf prior to the first observation of thyroid
follicles at 58 hpf (Wabuke-Bunoti and Firling, 1983). It is still uncertain when exactly embryonic TH synthesis is activated and how
this determines sensitivity to TPO inhibition.

Sex: This KE is plausibly applicable to both sexes. The molecular components responsible for thyroid hormone synthesis, including
thyroperoxidase, are identical in both sexes. Therefore inhibition of thyroperoxidase is not expected to be sex-specific.

Key Event Description

Thyroperoxidase (TPO) is a heme-containing apical membrane protein within the follicular lumen of thyrocytes that acts as the
enzymatic catalyst for thyroid hormone (TH) synthesis. TPO catalyzes several reactions in the thyroid gland, including: the oxidation
of iodide; nonspecific iodination of tyrosyl residues of thyroglobulin (Tg); and, the coupling of iodotyrosyls to produce Tg-bound
monoiodotyrosine (MIT) and diiodotyrosine (DIT) (Divi et al., 1997; Kessler et al., 2008; Ruf et al., 2006; Taurog et al., 1996). The
outcome of TPO inhibition is decreased synthesis of thyroxine (T4) and triiodothyronine (T3), a decrease in release of these
hormones from the gland into circulation, and unless compensated, a consequent decrease in systemic concentrations of T4, and
possibly T3. The primary product of TPO-catalyzed TH synthesis is T4 (Taurog et al., 1996; Zoeller et al., 2007) that would be
peripherally or centrally deiodinated to T3.

It is important to note that TPO is a complex enzyme and that has two catalytic cycles and is capable of iodinating multiple species
(Divi et al., 1997). Alterations in all of these events are not covered by some of the commonly used assays that measure “TPO
inhibition” (e.g., guaiacol and AmplexUltraRed, see below). Therefore, in the context of this AOP we are using TPO inhibiton not in
the classical sense, but instead to refer to the empirical data derived from the assays commonly used to investigate environmental
chemicals.

Figure 1 below illustrates the enzymatic and nonenzymatic reactions mediated by TPO that result in the synthesis of thyroxine (T4) .

8/71


http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=7955
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=90988
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=10090

AOP363

Figure 1. Synthesis of thyroxine (T4) by thryoperoxidase showing the iodination of tyrosyl
residues and subsequent coupling of iodotyrosyls to form T4,

Thyoperavidase

I, W0, 0

Todination of tyresy] residwes Coupling of isdotyrosyls

Inhibition of TPO can be reversible, with transient interaction between the enzyme and the chemical, or irreversible, whereby
suicide substrates permanently inactivate the enzyme. Reversible and irreversible TPO inhibition may be determined by the
chemical structure, may be concentration dependent, or may be influenced by other conditions, including the availability of iodine
(Doerge and Chang, 2002).

The ontogeny of TPO has been determined using both direct and indirect evidence in mammals. Available evidence suggests the

11t 10 12 fetal week as the beginning of functional TPO in humans. In rodents, TPO function begins late in the second fetal week,
with the first evidence of T4 secretion on gestational day 17 (Remy et al., 1980). Thyroid-specific genes appear in the thyroid gland
according to a specific temporal pattern; thyroglobulin (Tg), TPO (Tpo), and TSH receptor (Tshr) genes are expressed by
gestational day 14 in rats, and the sodium iodide symporter, NIS (Nis), is expressed by gestational day 16 in rats. Maturation to
adult function is thought to occur within a few weeks after parturition in rats and mice, and within the first few months in neonatal
humans (Santisteban and Bernal, 2005). Tg is first detected in human fetuses starting at 5t week of gestation and rises
throughout gestation (Thorpe-Beeston et al., 1992), but iodine trapping and T4 production does not occur until around 10-12
weeks. Also, the dimerization of Tg, a characteristic of adult TH storage, is not found until much later in human gestation (Pintar,
2000). In rats, Tg immunoreactivity does not appear until day 15 of gestation (Fukiishi et al., 1982; Brown et al., 2000). The vast
majority of research and knowledge on Tg is from mammals, although genomic orthologs are known for a variety of other species
(Holzer et al., 2016). It is important to note that prior to the onset of fetal thyroid function, TH are still required by the developing
fetus which until that time relies solely on maternal sources. Chemical-induced TPO inhibition can affect synthesis in the maternal
gland and in the fetal gland.

The components of the TH system responsible for TH synthesis are highly conserved across vertebrates. In fish and amphibians
TPO and NIS inhibition result in an expected decrease of TH synthesis (Hornung et al., 2010; Tietge et al., 2013; Nelson et al.,
2016; Stinckens et al., 2016; Stinckens et al., 2020) like in mammals. Although the thyroid hormone system is highly conserved
across vertebrates, there are some taxon-specific considerations.

Zebrafish and fathead minnows are oviparous fish species in which maternal thyroid hormones are transferred to the eggs and
regulate early embryonic developmental processes during external (versus intra-uterine in mammals) development (Power et al.,
2001; Campinho et al., 2014; Ruuskanen and Hsu, 2018) until embryonic thyroid hormone synthesis is initiated. Maternal transfer of
thyroid hormones to the eggs has been demonstrated in zebrafish (Walpita et al., 2007; Chang et al., 2012) and fathead minnows
(Crane et al., 2004; Nelson et al., 2016).

Inhibition of thyroperoxidase can only occur after activation of embryonic TH synthesis mediated by thyroperoxidase. Endogenous
transcription profiles of thyroid-related genes in zebrafish and fathead minnow showed that mMRNA coding for thyroid peroxidase is
maternally transferred in relatively high amounts with subsequent mRNA degradation followed by initiation of embryonic
transcription around hatching (Vergauwen et al., 2018).

How it is Measured or Detected

There are no approved OECD or EPA guideline study protocols for measurement of TPO inhibition. However, there is an OECD
scoping document on identification of chemicals that modulate TH signaling that provides details on a TPO assay (OECD, 2017).

From the early 1960's, microsomal fractions prepared from porcine thyroid glands and isolated porcine follicles were used as a
source of TPO for inhibition experiments (Taurog, 2005). Microsomes from human goiter samples (Vickers et al., 2012) and rat
thyroid glands (Paul et al., 2013; 2014; Paul-Friedman et al., 2016) have also been used as a source of TPO.

TPO activity has been measured for decades via indirect assessment by kinetic measurement of the oxidation of guaiacol (Chang &
Doerge 2000; Hornung et al., 2010; Schmutzler et al., 2007). This method is a low-throughput assay due to the very rapid kinetics
of the guaiacol oxidation reaction. More recently, higher-throughput methods using commercial fluorescent and luminescent
substrates with rodent, porcine, and human microsomal TPO have been developed (Vickers et al., 2012; Paul et al., 2013; 2014;
Kaczur et al., 1997). This assay substitutes a pre-fluorescent substrate (Amplex UltraRed) for guaiacol, that when incubated with a
source of peroxidase and excess hydrogen peroxidase, results in a stable fluorescent product proportional to TPO activity (Vickers
et al., 2012). The stability of the fluorescent reaction product allows this assay to be used in a higher throughput format (Paul-
Friedman et al., 2016). This approach is appropriate for high-throughput screening but does not elucidate the specific mechanism
by which a chemical may inhibit TPO (Paul-Friedman et al., 2016), and as with most in vitro assays, is subject to various sources of
assay interference (Thorne et al., 2010).

HPLC has been used to measure the activity of TPO via formation of the precursors monoiodotyrosine (MIT), diiodotyrosine (DIT),
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and both T3 and T4, in a reaction mixture containing TPO, or a surrogate enzyme such as lactoperoxidase (Divi & Doerge 1994).
The tools and reagents for this method are all available. However, HPLC or other analytical chemistry techniques make this a low
throughput assay, depending on the level of automation. A primary advantage of this in vitro method is that it directly informs
hypotheses regarding the specific mechanism by which a chemical may impact thyroid hormone synthesis in vitro.

In fish, increases of TPO mRNA levels are often used as indirect evidence of TPO inhibition in in vivo experiments (Baumann et al.,
2016; Nelson et al., 2016; Wang et al., 2020).
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List of Key Events in the AOP
Event: 277: Thyroid hormone synthesis, Decreased

Short Name: TH synthesis, Decreased
Key Event Component

Process Object Action

thyroid hormone generation thyroid hormone decreased
AOPs Including This Key Event

AOP ID and Name

Aop:42 - Inhibition of Thyroperoxidase and Subsequent Adverse Neurodevelopmental Outcomes in
Mammals

Aop:65 - XX Inhibition of Sodium lodide Symporter and Subsequent Adverse Neurodevelopmental
Outcomes in Mammals

Aop:128 - Kidney dysfunction by decreased thyroid hormone

Aop:134 - Sodium lodide Symporter (NIS) Inhibition and Subsequent Adverse Neurodevelopmental
Outcomes in Mammals

Aop:54 - Inhibition of Na+/I- symporter (NIS) leads to learning and memory impairment

Aop:159 - Thyroperoxidase inhibition leading to increased mortality via reduced anterior swim bladder
inflation

Aop:175 - Thyroperoxidase inhibition leading to altered amphibian metamorphosis

Aop:176 - Sodium lodide Symporter (NIS) Inhibition leading to altered amphibian metamorphosis

Aop:188 - lodotyrosine deiodinase (YD) inhibition leading to altered amphibian metamorphosis

Aop:192 - Pendrin inhibition leading to altered amphibian metamorphosis

Aop:193 - Dual oxidase (DUOX) inhibition leading to altered amphibian metamorphosis

Aop:271 - Inhibition of thyroid peroxidase leading to impaired fertility in fish

Aop:363 - Thyroperoxidase inhibition leading to altered visual function via altered retinal layer structure

Aop:364 - Thyroperoxidase inhibition leading to altered visual function via decreased eye size

Aop:365 - Thyroperoxidase inhibition leading to altered visual function via altered photoreceptor
patterning

Aop:119 - Inhibition of thyroid peroxidase leading to follicular cell adenomas and carcinomas (in rat and

mouse)

Aop:110 - Inhibition of iodide pump activity leading to follicular cell adenomas and carcinomas (in rat

and mouse)

Stressors

Name

Propylthiouracil

Event Type

KeyEvent

KeyEvent
Molecularlnitiating
KeyEvent
KeyEvent
KeyEvent

KeyEvent
KeyEvent
KeyEvent
KeyEvent
KeyEvent
KeyEvent
KeyEvent
KeyEvent

KeyEvent

KeyEvent

KeyEvent

Event
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https://aopwiki.org/aops/54
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https://aopwiki.org/aops/176
https://aopwiki.org/aops/188
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https://aopwiki.org/aops/193
https://aopwiki.org/aops/271
https://aopwiki.org/aops/363
https://aopwiki.org/aops/364
https://aopwiki.org/aops/365
https://aopwiki.org/aops/119
https://aopwiki.org/aops/110
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Methiaatole
Biological Context

Level of Biological Organization

Cellular
Cell term

Cell term

thyroid follicular cell
Organ term

Organ term

thyroid gland

Evidence for Perturbation by Stressor
Propylthiouracil
6-n-proylthiouracil is a common positive control for inhibition of TPO
Methimazole

Methimazole is a very common positve control for inhibition of TPO
Domain of Applicability

Taxonomic Applicability

Term Scientific Term Evidence Links
rat Rattus norvegicus High NCBI
human Homo sapiens High NCBI
Xenopus laevis  Xenopus laevis Moderate NCBI
zebrafish Danio rerio High NCBI

fathead minnow Pimephales promelas Moderate NCBI

Sus scrofa Sus scrofa High NCBI
Life Stage Applicability
Life Stage Evidence

All life stages High
Sex Applicability

Sex Evidence
Male High

Female High

Taxonomic: This KE is plausibly applicable across vertebrates. Decreased TH synthesis resulting from TPO or NIS inhibition is
conserved across vertebrate taxa, with in vivo evidence from humans, rats, amphibians, some fish specis, and birds, and in vitro
evidence from rat and porcine microsomes. Indeed, TPO and NIS mutations result in congenital hypothyroidism in humans (Bakker
et al., 2000; Spitzweg and Morris, 2010), demonstrating the essentiality of TPO and NIS function toward maintaining euthyroid
status. Though decreased serum T4 is used as a surrogate measure to indicate chemical-mediated decreases in TH synthesis,
clinical and veterinary management of hyperthyroidism and Grave's disease using propylthiouracil and methimazole, known to
decrease TH synthesis, indicates strong medical evidence for chemical inhibition of TPO (Zoeller and Crofton, 2005).
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Life stage: Applicability to certain life stages may depend on the species and their dependence on maternally transferred thyroid
hormones during the earliest phases of development. The earliest life stages of teleost fish (e.g., fathead minnow, zebrafish) rely on
maternally transferred THs to regulate certain developmental processes until embryonic TH synthesis is active (Power et al., 2001).
In externally developing fish species, decreases in TH synthesis can only occur after initiation of embryonic TH synthesis. In
zebrafish, Opitz et al. (2011) showed the formation of a first thyroid follicle at 55 hours post fertilization (hpf), Chang et al. (2012)
showed a first significant TH increase at 120 hpf and Walter et al. (2019) showed clear TH production already at 72 hpf but did not
analyse time points between 24 and 72 hpf. Therefore, it is still uncertain when exactly embryonic TH synthesis is activated and
thus when exactly this process becomes sensitive to disruption. In fathead minnows, a significant increase of whole body thyroid
hormone levels was already observed between 1 and 2 dpf, which corresponds to the appearance of the thyroid anlage at 35 hpf
prior to the first observation of thyroid follicles at 58 hpf (Wabuke-Bunoti and Firling, 1983). It currently remains unclear when
exactly embryonic thyroid hormone production is initiated in zebrafish.

Sex: The KE is plausibly applicable to both sexes. Thyroid hormones are essential in both sexes and the components of the HPT-
axis are identical in both sexes. There can however be sex-dependent differences in the sensitivity to the disruption of thyroid
hormone levels and the magnitude of the response. In humans, females appear more susceptible to hypothyroidism compared to
males when exposed to certain halogenated chemicals (Hernandez-Mariano et al., 2017; Webster et al., 2014). In adult zebrafish,
Liu et al. (2019) showed sex-dependent changes in thyroid hormone levels and mRNA expression of regulatory genes including
corticotropin releasing hormone (crh), thyroid stimulating hormone (tsh) and deiodinase 2 after exposure to organophosphate flame
retardants. The underlying mechanism of any sex-related differences remains unclear.

Key Event Description

The thyroid hormones (TH), triiodothyronine (T3) and thyroxine (T4) are thyrosine based hormones. Synthesis of TH is regulated
by thyroid-stimulating hormone (TSH) binding to its receptor and thyroidal availability of iodine via the sodium iodide symporter
(NIS). Other proteins contributing to TH production in the thyroid gland, including thyroperoxidase (TPO), dual oxidase enzymes
(DUOX), and pendrin are also necessary for iodothyronine production (Zoeller et al., 2007).

The production of THs in the thyroid gland and resulting serum concentrations are controlled by a negatively regulated feedback
mechanism. Decreased T4 and T3 serum concentrations activates the hypothalamus-pituitary-thyroid (HPT) axis which
upregulates thyroid-stimulating hormone (TSH) that acts to increase production of additional THs (Zoeller and Tan, 2007). This
regulatory system includes: 1) the hypothalamic secretion of the thyrotropin-releasing hormone (TRH); 2) the thyroid-stimulating
hormone (TSH) secretion from the anterior pituitary; 3) hormonal transport by the plasma binding proteins; 4) cellular uptake
mechanisms at the tissue level; 5) intracellular control of TH concentration by deiodinating mechanisms; 6) transcriptional function
of the nuclear TH receptor; and 7) in the fetus, the transplacental passage of T4 and T3 (Zoeller et al., 2007).

TRH and the TSH primarily regulate the production of T4, often considered a “pro-hormone,” and to a lesser extent of T3, the
transcriptionally active TH. Most of the hormone released from the thyroid gland into circulation is in the form of T4, while peripheral
deiodination of T4 is responsible for the majority of circulating T3. Outer ring deiodination of T4 to T3 is catalyzed by the
deiodinases 1 and 2 (DIO1 and DIO2), with DIO1 expressed mainly in liver and kidney, and DIO2 expressed in several tissues
including the brain (Bianco et al., 2006). Conversion of T4 to T3 takes place mainly in liver and kidney, but also in other target
organs such as in the brain, the anterior pituitary, brown adipose tissue, thyroid and skeletal muscle (Gereben et al., 2008; Larsen,
2009).

In mammals, most evidence for the ontogeny of TH synthesis comes from measurements of serum hormone concentrations. And,
importantly, the impact of xenobiotics on fetal hormones must include the influence of the maternal compartment since a majority of
fetal THs are derived from maternal blood early in fetal life, with a transition during mid-late gestation to fetal production of THs that
is still supplemented by maternal THs. In humans, THs can be found in the fetus as early as gestational weeks 10-12, and
concentations rise continuously until birth. At term, fetal T4 is similar to maternal levels, but T3 remains 2-3 fold lower than maternal
levels. In rats, THs can be detected in the fetus as early as the second gestational week, but fetal synthesis does not start until
gestational day 17 with birth at gestational day 22-23. Maternal THs continue to supplement fetal production until parturition. (see
Howdeshell, 2002; Santisteban and Bernal, 2005 for review). The ontogeny of TPO inhibition during development by environmental
chemicals is a data gap.

Decreased TH synthesis in the thyroid gland may result from several possible molecular-initiating events (MIEs) including: 1)
Disruption of key catalytic enzymes or cofactors needed for TH synthesis, including TPO, NIS, or dietary iodine insufficiency.
Theoretically, decreased synthesis of Tg could also affect TH production (Kessler et al., 2008; Yi et al., 1997). Mutations in genes
that encode requisite proteins in the thyroid may also lead to impaired TH synthesis, including mutations in pendrin associated with
Pendred Syndrome (Dossena et al., 2011), mutations in TPO and Tg (Huang and Jap 2015), and mutations in NIS (Spitzweg and
Morris, 2010). 2) Decreased TH synthesis in cases of clinical hypothyroidism may be due to Hashimoto's thyroiditis or other forms
of thyroiditis, or physical destruction of the thyroid gland as in radioablation or surgical treatment of thyroid lymphoma. 3) It is
possible that TH synthesis may also be reduced subsequent to disruption of the negative feedback mechanism governing TH
homeostasis, e.g. pituitary gland dysfunction may result in a decreased TSH signal with concomitant T3 and T4 decreases. 4) More
rarely, hypothalamic dysfunction can result in decreased TH synthesis.

Increased fetal thyroid levels are also possible. Maternal Graves disease, which results in fetal thyrotoxicosis (hyperthyroidism and
increased serum T4 levels), has been successfully treated by maternal administration of TPO inhibitors (c.f., Sato et al., 2014).
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It should be noted that different species and different lifestages store different amounts of TH precursor and iodine within the
thyroid gland. Thus, decreased TH synthesis via transient iodine insufficiency or inhibition of TPO may not affect TH release from
the thyroid gland until depletion of stored iodinated Tg. Adult humans may store sufficient Tg-DIT residues to serve for several
months to a year of TH demand (Greer et al., 2002; Zoeller, 2004). Neonates and infants have a much more limited supply of less
than a week.

While the thyroid hormone system is highly conserved across vertebrates, there are some taxon-specific considerations.

Zebrafish and fathead minnows are oviparous fish species in which maternal thyroid hormones are transferred to the eggs and
regulate early embryonic developmental processes during external (versus intra-uterine in mammals) development (Power et al.,
2001; Campinho et al., 2014; Ruuskanen and Hsu, 2018) until embryonic thyroid hormone synthesis is initiated. Maternal transfer of
thyroid hormones to the eggs has been demonstrated in zebrafish (Walpita et al., 2007; Chang et al., 2012) and fathead minnows
(Crane et al., 2004; Nelson et al., 2016).

Decreases in TH synthesis can only occur after initiation of embryonic TH synthesis. The components of the TH system responsible
for TH synthesis are highly conserved across vertebrates and therefore interference with the same molecular targets compared to
mammals can lead to decreased TH synthesis (TPO, NIS, etc.) in fish. Endogenous transcription profiles of thyroid-related genes in
zebrafish and fathead minnow showed that mRNA coding for these genes is also maternally transferred and increasing expression
of most transcripts during hatching and embryo-larval transition indicates a fully functional HPT axis in larvae (Vergauwen et al.,
2018). Although the HPT axis is highly conserved, there are some differences between fish and mammals (Blanton and Specker,
2007; Deal and Volkoff, 2020). For example, in fish, corticotropin releasing hormone (CRH) often plays a more important role in
regulating thyrotropin (TSH) secretion by the pituitary and thus thyroid hormone synthesis compared to TSH-releasing hormone
(TRH). Also, in most fish species thyroid follicles are more diffusely located in the pharyngeal region rather than encapsulated in a
gland.

How it is Measured or Detected

Decreased TH synthesis is often implied by measurement of TPO and NIS inhibition measured clinically and in laboratory models as
these enzymes are essential for TH synthesis. Rarely is decreased TH synthesis measured directly, but rather the impact of
chemicals on the quantity of T4 produced in the thyroid gland, or the amount of T4 present in serum is used as a marker of
decreased T4 release from the thyroid gland (e.g., Romaldini et al., 1988). Methods used to assess TH synthesis include,
incorporation of radiolabel tracer compounds, radioimmunoassay, ELISA, and analytical detection.

Recently, amphibian thyroid explant cultures have been used to demonstrate direct effects of chemicals on TH synthesis, as this
model contains all necessary synthesis enzymes including TPO and NIS (Hornung et al., 2010). For this work THs was measured
by HPLC/ICP-mass spectometry. Decreased TH synthesis and release, using T4 release as the endpoint, has been shown for
thiouracil antihyperthyroidism drugs including MMI, PTU, and the NIS inhibitor perchlorate (Hornung et al., 2010).

Techniques for in vivo analysis of thyroid hormone system disruption among other drug-related effects in fish were reviewed by
Raldua and Pifia (2014). TIQDT (Thyroxine-immunofluorescence quantitative disruption test) is a method that provides an
immunofluorescent based estimate of thyroxine in the gland of zebrafish (Raldua and Babin, 2009; Thienpont et al., 2011; Jomaa et
al., 2014; Rehberger et al., 2018). Thienpont used this method with ~25 xenobiotics (e.g., amitrole, perchlorate, methimazole, PTU,
DDT, PCBs). The method detected changes for all chemicals known to directly impact TH synthesis in the thyroid gland (e.g., NIS
and TPO inbibitors), but not those that upregulate hepatic catabolism of T4. Rehberger et al. (2018) updated the method to enable
simultaneous semi-quantitative visualization of intrafollicular T3 and T4 levels. Most often, whole body thyroid hormone level
measurements in fish early life stages are used as indirect evidence of decreased thyroid hormone synthesis (Nelson et al., 2016;
Stinckens et al., 2016; Stinckens et al., 2020). Analytical determination of thyroid hormone levels by LC-MS is becoming
increasingly available (Hornung et al., 2015).

More recently, transgenic zebrafish with fluorescent thyroid follicles are being used to visualize the compensatory proliferation of the
thyroid follicles following inhibition of thyroid hormone synthesis (Opitz et al., 2012).
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Event: 281: Thyroxine (T4) in serum, Decreased

Short Name: T4 in serum, Decreased

Key Event Component

Process Object Action

abnormal circulating thyroxine level thyroxine decreased

AOPs Including This Key Event

AOP ID and Name Event
Type
Aop:42 - Inhibition of Thyroperoxidase and Subsequent Adverse Neurodevelopmental Outcomes in Mammals KeyEvent
Aop:54 - Inhibition of Na+/I- symporter (NIS) leads to learning and memory impairment KeyEvent
Aop:8 - Uprequlation of Thyroid Hormone Catabolism via Activation of Hepatic Nuclear Receptors, and Subsequent
: KeyEvent
Adverse Neurodevelopmental Outcomes in Mammals
Aop:65 - XX Inhibition of Sodium lodide Symporter and Subsequent Adverse Neurodevelopmental Outcomes in KeyEvent

Mammals

Aop:134 - Sodium lodide Symporter (NIS) Inhibition and Subsequent Adverse Neurodevelopmental Outcomes in
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Mammals

AOP ID and Name

Aop:152 - Interference with thyroid serum binding protein transthyretin and subsequent adverse human

neurodevelopmental toxicity

Aop:159 - Thyroperoxidase inhibition leading to increased mortality via reduced anterior swim bladder inflation

Aop:175 - Thyroperoxidase inhibition leading to altered amphibian metamorphosis
Aop:176 - Sodium lodide Symporter (NIS) Inhibition leading to altered amphibian metamorphosis
Aop:194 - Hepatic nuclear receptor activation leading to altered amphibian metamorphosis

Aop:366 - Competitive binding to thyroid hormone carrier protein transthyretin (TTR) leading to altered amphibian

metamorphosis

Aop:367 - Competitive binding to thyroid hormone carrier protein thyroid bindin

amphibian metamorphosis

Aop:363 - Thyroperoxidase inhibition leading to altered visual function via altered retinal layer structure

Aop:364 - Thyroperoxidase inhibition leading to altered visual function via decreased eye size

Aop:365 - Thyroperoxidase inhibition leading to altered visual function via altered photoreceptor patterning
Aop:119 - Inhibition of thyroid peroxidase leading to follicular cell adenomas and carcinomas (in rat and mouse)

Aop:110 - Inhibition of iodide pump activity leading to follicular cell adenomas and carcinomas (in rat and mouse

Aop:162 - Enhanced hepatic clearance of thyroid hormones leading to thyroid follicular cell adenomas and carcinomas

in the rat and mouse

Aop:128 - Kidney dysfunction by decreased thyroid hormone

Aop:188 - lodotyrosine deiodinase (YD) inhibition leading to altered amphibian metamorphosis

Aop:192 - Pendrin inhibition leading to altered amphibian metamorphosis

Aop:193 - Dual oxidase (DUOX) inhibition leading to altered amphibian metamorphosis

Stressors

Name
Propylthiouracil
Methimazole

Perchlorate
Biological Context

Level of Biological Organization

Tissue
Organ term

Organ term

serum

Evidence for Perturbation by Stressor
Propylthiouracil

6-n-propylthouracil is a classic positive control for inhibition of TPO
Methimazole

Methimazole is a classic positive control for inhibition of TPO.

KexRent
Type
Keyg\)/ent

KeyEvent
KeyEvent
KeyEvent
KeyEvent

KeyEvent

KeyEvent

KeyEvent
KeyEvent
KeyEvent
KeyEvent
KeyEvent

KeyEvent

KeyEvent
KeyEvent
KeyEvent
KeyEvent
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Perchlorate
Perchlorate ion (CIO- 4) is a classic positive control for inhibition of NIS
Domain of Applicability

Taxonomic Applicability

Term Scientific Term Evidence Links
human Homo sapiens High NCBI
rat Rattus norvegicus High NCBI
mouse Mus musculus High NCBI
chicken Gallus gallus Moderate NCBI
Xenopus laevis Xenopus laevis Moderate NCBI
zebrafish Danio rerio High NCBI
fathead minnow Pimephales promelas High NCBI
Sus scrofa Sus scrofa High NCBI

Life Stage Applicability

Life Stage Evidence

All life stages High
Sex Applicability

Sex Evidence
Female High
Male High

Taxonomic: This KE is plausibly applicable across vertebrates and the overall evidence supporting taxonomic applicability is
strong. THs are evolutionarily conserved molecules present in all vertebrate species (Hulbert, 2000; Yen, 2001). Moreover, their
crucial role in zebrafish development, embryo-to-larval transition and larval-to-juvenile transition (Thienpont et al., 2011; Liu and
Chan, 2002), and amphibian and lamprey metamorphoses is well established (Manzon and Youson, 1997; Yaoita and Brown, 1990;
Furlow and Neff, 2006). Their existence and importance has also been described in many different animal and plant kingdoms
(Eales, 1997; Heyland and Moroz, 2005), while their role as environmental messenger via exogenous routes in echinoderms
confirms the hypothesis that these molecules are widely distributed among the living organisms (Heyland and Hodin, 2004).
However, the role of TH in the different species depends on the expression and function of specific proteins (e.g receptors or
enzymes) under TH control and may vary across species and tissues. As such extrapolation regarding TH action across species
and developmental stages should be done with caution.

With few exceptions, vertebrate species have circulating T4 (and T3) that are bound to transport proteins in blood. Clear species
differences exist in serum transport proteins (Dohler et al., 1979; Yamauchi and Isihara, 2009). There are three major transport
proteins in mammals; thyroid binding globulin (TBG), transthyretin (TTR), and albumin. In adult humans, the percent bound to these
proteins is about 75, 15 and 10 percent, respectively (Schussler 2000). In contrast, in adult rats the majority of THs are bound to
TTR. Thyroid binding proteins are developmentally regulated in rats. TBG is expressed in rats until approximately postnatal day
(PND) 60, with peak expression occurring during weaning (Savu et al., 1989). However, low levels of TBG persist into adult ages in
rats and can be experimentally induced by hypothyroidism, malnutrition, or caloric restriction (Rouaze-Romet et al., 1992). While
these species differences impact TH half-life (Capen, 1997) and possibly regulatory feedback mechanisms, there is little information
on quantitative dose-response relationships of binding proteins and serum hormones during development across different species.
Serum THs are still regarded as the most robust measurable key event causally linked to downstream adverse outcomes.

Life stage: The earliest life stages of teleost fish rely on maternally transferred THs to regulate certain developmental processes
until embryonic TH synthesis is active (Power et al., 2001). As a result, T4 levels are not expected to decrease in response to
exposure to inhibitors of TH synthesis during these earliest stages of development. In zebrafish, Opitz et al. (2011) showed the
formation of a first thyroid follicle at 55 hours post fertilization (hpf), Chang et al. (2012) showed a first significant TH increase at 120
hpf and Walter et al. (2019) showed clear TH production already at 72 hpf but did not analyse time points between 24 and 72 hpf.
In fathead minnows, a significant increase of whole body thyroid hormone levels was already observed between 1 and 2 dpf, which
corresponds to the appearance of the thyroid anlage at 35 hpf prior to the first observation of thyroid follicles at 58 hpf (Wabuke-
Bunoti and Firling, 1983). It is still uncertain when exactly embryonic TH synthesis is activated and how this determines sensitivity to
TH disruptors.

Sex: The KE is plausibly applicable to both sexes. Thyroid hormones are essential in both sexes and the components of the HPT-
axis are identical in both sexes. There can however be sex-dependent differences in the sensitivity to the disruption of thyroid
hormone levels and the magnitude of the response. In humans, females appear more susceptible to hypothyroidism compared to
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males when exposed to certain halogenated chemicals (Hernandez-Mariano et al., 2017; Webster et al., 2014). In adult zebrafish,
Liu et al. (2019) showed sex-dependent changes in thyroid hormone levels and mRNA expression of regulatory genes including
corticotropin releasing hormone (crh), thyroid stimulating hormone (tsh) and deiodinase 2 after exposure to organophosphate flame
retardants. The underlying mechanism of any sex-related differences remains unclear.

Key Event Description

All iodothyronines are derived from the modification of tyrosine molecules (Taurog, 2000). There are two biologically active thyroid
hormones (THs) in serum, triiodothyronine (T3) and T4, and a few less active iodothyronines (rT3, 3,5-T2). T4 is the predominant
TH in circulation, comprising approximately 80% of the TH excreted from the thyroid gland in mammals and is the pool from which
the majority of T3 in serum is generated (Zoeller et al., 2007). As such, serum T4 changes usually precede changes in other serum
THs. Decreased thyroxine (T4) in serum results from one or more MIEs upstream and is considered a key biomarker of altered TH
homeostasis (DeVito et al., 1999).

Serum T4 is used as a biomarker of TH status because the circulatory system serves as the major transport and delivery system for
TH delivery to tissues. The majority of THs in the blood are bound to transport proteins (Bartalena and Robbins, 1993). In serum, it
is the unbound, or ‘free’ form of the hormone that is thought to be available for transport into tissues. Free hormones are
approximately 0.03 and 0.3 percent for T4 and T3, respectively. There are major species differences in the predominant binding
proteins and their affinities for THs (see below). However, there is broad agreement that changes in serum concentrations of THs is
diagnostic of thyroid disease or chemical-induced disruption of thyroid homeostasis across vertebrates (DeVito et al., 1999; Miller et
al., 2009; Zoeller et al., 2007; Carr and Patifio, 2011).

Normal serum T4 reference ranges can be species and lifestage specific. In rodents, serum THs are low in the fetal circulation,
increasing as the fetal thyroid gland becomes functional on gestational day 17, just a few days prior to birth. After birth serum
hormones increase steadily, peaking at two weeks, and falling slightly to adult levels by postnatal day 21 (Walker et al., 1980; Harris
et al., 1978; Goldey et al., 1995; Lau et al., 2003). Similarly, in humans, adult reference ranges for THs do not reflect the normal
ranges for children at different developmental stages, with TH concentrations highest in infants, still increased in childhood, prior to
a decline to adult levels coincident with pubertal development (Corcoran et al. 1977; Kapelari et al., 2008).

In some frog species, there is an analogous peak in thyroid hormones in tadpoles that starts around embryonic NF stage 56, peaks
at Stage 62 and the declines to lower levels by Stage 56 (Sternberg et al., 2011; Leloup and Buscaglia, 1977).

Additionally, ample evidence is available from studies investigating responses to inhibitors of thyroid hormone synthesis in fish. For
example, Stinckens et al. (2020) showed reduced whole body T4 concentrations in zebrafish larvae exposed to 50 or 100 mg/L
methimazole, a potent TPO inhibitor, from immediately after fertilization until 21 or 32 days of age. Exposure to 37 or 111 mg/L
propylthiouracil also reduced T4 levels after exposure up to 14, 21 and 32 days in the same study. Walter et al. (2019) showed that
propylthiouracil had no effect on T4 levels in 24h old zebrafish, but decreased T4 levels of 72h old zebrafish. This difference is
probably due to the onset of embryonic TH production between the age of 24 and 72 hours (Opitz et al., 2011). Stinckens et al.
(2016) showed that exposure to 2-mercaptobenzothiazole (MBT), an environmentally relevant TPO inhibitor, decreased whole body
T4 levels in continuously exposed 5 and 32 day old zebrafish larvae. A high concentration of MBT also decreased whole body T4
levels in 6 day old fathead minnows, but recovery was observed at the age of 21 days although the fish were kept in the exposure
medium (Nelson et al., 2016). Crane et al. (2006) showed decreased T4 levels in 28 day old fathead minnows continuously
exposed to 32 or 100 pg/L methimazole.

How it is Measured or Detected

Serum T3 and T4 can be measured as free (unbound) or total (bound + unbound). Free hormone concentrations are clinically
considered more direct indicators of T4 and T3 activities in the body, but in animal studies, total T3 and T4 are typically measured.
Historically, the most widely used method in toxicology is the radioimmunoassay (RIA). The method is routinely used in rodent
endocrine and toxicity studies. The ELISA method is commonly used as a human clinical test method. Analytical determination of
iodothyronines (T3, T4, rT3, T2) and their conjugates, through methods employing HPLC, liquid chromatography, immuno
luminescence, and mass spectrometry are less common, but are becoming increasingly available (Hornung et al., 2015; DeVito et
al., 1999; Baret and Fert, 1989; Spencer, 2013; Samanidou V.F et al., 2000; Rathmann D. et al., 2015 ). In fish early life stages
most evidence for the ontogeny of thyroid hormone synthesis comes from measurements of whole body thyroid hormone levels
using LC-MS techniques (Hornung et al., 2015) are increasingly used to accurately quantify whole body thyroid hormone levels as a
proxy for serum thyroid hormone levels (Nelson et al., 2016; Stinckens et al., 2016; Stinckens et al., 2020). It is important to note
that thyroid hormones concentrations can be influenced by a number of intrinsic and extrinsic factors (e.g., circadian rhythms,
stress, food intake, housing, noise) (see for example, Déhler et al., 1979).

Any of these measurements should be evaluated for the relationship to the actual endpoint of interest, repeatability, reproducibility,
and lower limits of quantification using a fit-for-purpose approach (i.e., different regulatory needs will require different levels of
confidence in the AOP). This is of particular significance when assessing the very low levels of TH present in fetal serum. Detection
limits of the assay must be compatible with the levels in the biological sample. All three of the methods summarized above would
be fit-for-purpose, depending on the number of samples to be evaluated and the associated costs of each method. Both RIA and
ELISA measure THs by an indirect methodology, whereas analytical determination is the most direct measurement available. All
these methods, particularly RIA, are repeatable and reproducible.
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Event: 1003: Decreased, Triiodothyronine (T3) in serum
Short Name: Decreased, Triiodothyronine (T3) in serum
Key Event Component

Process Object Action

abnormal circulating hormone level 3,3',5'-triiodothyronine decreased
AOPs Including This Key Event

AOP ID and Name Event Type

Aop:155 - Deiodinase 2 inhibition leading to increased mortality via reduced posterior swim bladder inflation KeyEvent

Aop:156 - Deiodinase 2 inhibition leading to increased mortality via reduced anterior swim bladder inflation KeyEvent

Aop:157 - Deiodinase 1 inhibition leading to increased mortality via reduced posterior swim bladder inflation KeyEvent

Aop:158 - Deiodinase 1 inhibition leading to increased mortality via reduced anterior swim bladder inflation KeyEvent

KeyEvent

Aop:159 - Thyroperoxidase inhibition leading to increased mortality via reduced anterior swim bladder inflation KeyEvent

Aop:363 - Thyroperoxidase inhibition leading to altered visual function via altered retinal layer structure KeyEvent
Aop:364 - Thyroperoxidase inhibition leading to altered visual function via decreased eye size KeyEvent
Aop:365 - Thyroperoxidase inhibition leading to altered visual function via altered photoreceptor patterning KeyEvent
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AOP363
Biological Context

Level of Biological Organization

Tissue

Organ term

Organ term

serum

Domain of Applicability

Taxonomic Applicability

Term Scientific Term Evidence Links
zebrafish Danio rerio High NCBI
fathead minnow Pimephales promelas High NCBI
African clawed frog Xenopus laevis High NCBI

Life Stage Applicability

Life Stage Evidence

All life stages High
Sex Applicability
Sex Evidence

Unspecific Moderate

Taxonomic: The overall evidence supporting taxonomic applicability is strong. With few exceptions vertebrate species have
circulating T3 and T4 that are bound to transport proteins in blood. Therefore, the current key event is plausibly applicable to
vertebrates in general. Clear species differences exist in transport proteins (Yamauchi and Isihara, 2009). Specifically, the majority
of supporting data for TH decreases in serum come from rat studies, and the predominant iodothyronine binding protein in rat
serum is transthyretin (TTR). TTR demonstrates a reduced binding affinity for T4 when compared with thyroxine binding globulin
(TBG), the predominant serum binding protein for T4 in humans. This difference in serum binding protein affinity for THs is thought
to modulate serum half-life for T4; the half-life of T4 in rats is 12-24 hr, wherease the half-life in humans is 5-9 days (Capen, 1997).
While these species differences impact hormone half-life, possibly regulatory feedback mechanisms, and quantitative dose-
response relationships, measurement of serum THs is still regarded as a measurable key event causatively linked to downstream
adverse outcomes.

THs are evolutionarily conserved molecules present in all vertebrate species (Hulbert, 2000; Yen, 2001). Moreover, their crucial role
in amphibian and larbean metamorphoses (Manzon and Youson, 1997; Yaoita and Brown, 1990) as well as fish development,
embryo-to-larval transition and larval-to-juvenile transition (Thienpont et al., 2011; Liu and Chan, 2002) is well established. Their
existence and importance has been also described in many differrent animal and plant kingdoms (Eales, 1997; Heyland and Moroz,
2005), while their role as environmental messenger via exogenous routes in echinoderms confirms the hypothesis that these
molecules are widely distributed among the living organisms (Heyland and Hodin, 2004). However, the role of TH in the different
species may differ depending on the expression or function of specific proteins (e.g receptors or enzymes) that are related to TH
function, and therefore extrapolation between species should be done with caution.

Life stage: Thyroid hormones are essential in all life stages, but decreases of circulating levels are associated with specific
developmental events. The earliest life stages of teleost fish rely on maternally transferred THs to regulate certain developmental
processes until embryonic TH synthesis is active (Power et al., 2001). As a result, T4 levels are not expected to decrease in
response to exposure to inhibitors of TH synthesis during these earliest stages of development. However, T3 levels are expected to
decrease upon exposure to deiodinase inhibitors in any life stage, since maternal T4 needs to be activated to T3 by deiodinases
similar to embryonically synthesized T4.

Sex: The KE is plausibly applicable to both sexes. Thyroid hormones are essential in both sexes and the components of the HPT-
axis are identical in both sexes. There can however be sex-dependent differences in the sensitivity to the disruption of thyroid
hormone levels and the magnitude of the response. In humans, females appear more susceptible to hypothyroidism compared to
males when exposed to certain halogenated chemicals (Hernandez-Mariano et al., 2017; Webster et al., 2014). In adult zebrafish,
Liu et al. (2019) showed sex-dependent changes in thyroid hormone levels and mRNA expression of regulatory genes including
corticotropin releasing hormone (crh), thyroid stimulating hormone (tsh) and deiodinase 2 after exposure to organophosphate flame
retardants. The underlying mechanism of any sex-related differences remains unclear.
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Key Event Description

There are two biologically active thyroid hormones (THSs), triiodothyronine (T3) and thyroxine (T4), and a few less active
iodothyronines (rT3, 3,5-T2), which are all derived from the modification of tyrosine molecules (Hulbert, 2000). However, the
plasma concentrations of the other iodothyronines are significantly lower than those of T3 and T4. The different iodothyronines are
formed by the sequential outer or inner ring monodeiodination of T4 by the deiodinating enzymes, Dio1, Dio2, and Dio3 (Gereben
et al., 2008). Deiodinase structure is considered to be unique, as THs are the only molecules in the body that incorporate iodide.

The circulatory system serves as the major transport and delivery system for THs from synthesis in the gland to delivery to tissues.
The majority of THs in the blood are bound to transport proteins (Bartalena and Robbins, 1993). In humans, the major transport
proteins are TBG (thyroxine binding globulin), TTR (transthyretin) and albumin. The percent bound to these proteins in adult
humans is about 75, 15 and 10 percent, respectively (Schussler 2000). Unbound (free) hormones are approximately 0.03 and 0.3
percent for T4 and T3, respectively. In serum, it is the free form of the hormone that is active.

There are major species differences in the predominant binding proteins and their affinities for THs (see section below on
Taxonomic applicability). However, there is broad agreement that changes in serum concentrations of THs is diagnostic of thyroid
disease or chemical-induced disruption of thyroid homeostasis (Zoeller et al., 2007).

It is notable that the changes measured in the TH concentration reflect mainly the changes in the serum transport proteins rather
than changes in the thyroid status. These thyroid-binding proteins serve as hormonal store which ensure their even and constant
distribution in the different tissues, while they protect the most sensitive ones in the case of severe changes in thyroid availability,
like in thyroidectomies (Obregon et al., 1981). Until recently, it was believed that all of the effects of TH were mediated by the
binding of T3 to the thyroid nuclear receptors (TRa and TRb), a notion which is now questionable due to the increasing evidence
that support the non-genomic action of TH (Davis et al., 2010, Moeller et al., 2006). Many non-nuclear TH binding sites have been
identified to date and they usually lead to rapid cellular response in TH-effects (Bassett et al., 2003), but the specific pathways that
are activated in this regard need to be elucidated.

The production of THs in the thyroid gland and the circulation levels in the bloodstream are self-controlled by an efficiently regulated
feedback mechanism across the Hypothalamus-Pituitary-Thyroid (HPT) axis. TH levels are regulated, not only in the plasma level,
but also in the individual cell level, to maintain homeostasis. This is succeeded by the efficient regulatory mechanism of the thyroid
hormone axis which consists of the following: (1) the hypothalamic secretion of the thyrotropin-releasing hormone (TRH), (2) the
thyroid-stimulating hormone (TSH) secretion from the anterior pituitary, (3) hormonal transport by the plasma binding proteins, (4)
cellular uptake mechanisms in the cell level, (5) intracellular control of TH concentration by the deiodinating mechanism (6)
transcriptional function of the nuclear thyroid hormone receptor and (7) in the fetus, the transplacental passage of T4 and T3
(Cheng et al., 2010).

In regards to the brain, the TH concentration involves also an additional level of regulation, namely the hormonal transport through
the Blood Brain Barrier (BBB) (Williams, 2008). The TRH and the TSH are actually regulating the production of pro-hormone T4 and
in a lesser extent of T3, which is the biologically active TH. The rest of the required amount of T3 is produced by outer ring
deiodination of T4 by the deiodinating enzymes D1 and D2 (Bianco et al., 2006), a process which takes place mainly in liver and
kidneys but also in other target organs such as in the brain, the anterior pituitary, brown adipose tissue, thyroid and skeletal muscle
(Gereben et al., 2008; Larsen, 2009). Both hormones exert their action in almost all tissues of mammals and they are acting
intracellularly, and thus the uptake of T3 and T4 by the target cells is a crucial step of the overall pathway. The trans-membrane
transport of TH is performed mainly through transporters that differ depending on the cell type (Hennemann et al., 2001; Friesema
et al., 2005; Visser et al., 2008). Many transporter proteins have been identified up to date but the monocarboxylate transporters
(Mct8, Mct10) and the anion-transporting polypeptide (OATP1c1) show the highest degree of affinity towards TH (Jansen et al.,
2005).

T3 and T4 have significant effects on normal development, neural differentiation, growth rate and metabolism (Yen, 2001; Brent,
2012; Williams, 2008), with the most prominent ones to occur during the fetal development and early childhood. The clinical
features of hypothyroidism and hyperthyroidism emphasize the pleiotropic effects of these hormones on many different pathways
and target organs. The thyroidal actions though are not only restricted to mammals, as their high significance has been identified
also for other vertebrates, with the most well-studied to be the amphibian metamorphosis (Furlow and Neff, 2006). The importance
of the thyroid-regulated pathways becomes more apparent in iodine deficient areas of the world, where a higher rate of cretinism
and growth retardation has been observed and linked to decreased TH levels (Gilbert et al., 2012). Another very common cause of
severe hypothyroidism in human is the congenital hypothyroidism, but the manifestation of these effects is only detectable in the
lack of adequate treatment and is mainly related to neurological impairment and growth retardation (Glinoer, 2001), emphasizing
the role of TH in neurodevelopment in all above cases. In adults, the thyroid-related effects are mainly linked to metabolic activities,
such as deficiencies in oxygen consumption, and in the metabolism of the vitamin, proteins, lipids and carbohydrates, but these
defects are subtle and reversible (Oetting and Yen, 2007). Blood tests to detect the amount of thyroid hormone (T4) and thyroid
stimulating hormone (TSH) are routinely done for newborn babies for the diagnosis of congenital hypothyroidism at the earliest
stage possible.

Although the components of the thyroid hormone system as well as thyroid hormone synthesis and action are highly conserved
across vertebrates, there are some taxon-specific considerations.

Although the HPT axis is highly conserved, there are some differences between fish and mammals (Blanton and Specker, 2007;

25/71



AOP363

Deal and Volkoff, 2020). For example, in fish, corticotropin releasing hormone (CRH) often plays a more important role in
regulating thyrotropin (TSH) secretion by the pituitary and thus thyroid hormone synthesis compared to TSH-releasing hormone
(TRH). TTRs from fish have low sequence identity with human TTR, for example seabream TTR has 54% sequence identity with
human TTR but the only amino acid difference within the thyroxine-binding site is the conservative substitution of Ser117 in human
TTRto Thr117 in seabream TTR (Santos and Power, 1999; Yamauchi et al., 1999; Eneqvist et al., 2004). In vitro binding
experiments showed that TH disrupting chemicals bind with equal or weaker affinity to seabream TTR than to the human TTR with
polar TH disrupting chemicals, in particular, showing a more than 500-fold lower affinity for seabream TTR compared to human
TTR (Zhang et al., 2018).

Zebrafish and fathead minnows are oviparous fish species in which maternal thyroid hormones are transferred to the eggs and
regulate early embryonic developmental processes during external (versus intra-uterine in mammals) development (Power et al.,
2001; Campinho et al., 2014; Ruuskanen and Hsu, 2018) until embryonic thyroid hormone synthesis is initiated. Maternal transfer of
thyroid hormones, both T4 and T3, to the eggs has been demonstrated in zebrafish (Walpita et al., 2007; Chang et al., 2012) and
fathead minnows (Crane et al., 2004; Nelson et al., 2016).

Several studies have reported evidence of T3 decreases after exposure to TPO inhibitors and deiodinase inhibitors in early life
stages of zebrafish (Stinckens et al., 2016; Stinckens et al., 2020; Wang et al., 2020) and fathead minnow (Nelson et al., 2016;
Cavallin et al., 2017).

How it is Measured or Detected

T3 and T4 can be measured as free (unbound) or total (bound + unbound). Free hormone are considered more direct indicators of
T4 and T3 activities in the body. The majority of T3 and T4 measurements are made using either RIA or ELISA kits. In animal
studies, total T3 and T4 are typically measured as the concentrations of free hormone are very low and difficult to detect.
Historically, the most widely used method in toxicology is RIA. The method is routinely used in rodent endocrine and toxicity studies.
The ELISA method has become more routine in rodent studies. The ELISA method is a commonly used as a human clinical test
method.

Recently, analytical determination of iodothyronines (T3, T4, rT3, T2) and their conjugates through methods employing HPLC and
mass spectrometry have become more common (DeVito et al., 1999; Miller et al., 2009; Hornung et al., 2015; Nelson et al., 2016;
Stinckens et al., 2016).

Any of these measurements should be evaluated for fit-for-purpose, relationship to the actual endpoint of interest, repeatability, and
reproducibility. All three of the methods summarized above would be fit-for-purpose, depending on the number of samples to be
evaluated and the associated costs of each method. Both RIA and ELISA measure THs by a an indirect methodology, whereas
analytical determination is the most direct measurement available. All of these methods, particularly RIA, are repeatable and
reproducible.

In fish early life stages most evidence for the ontogeny of thyroid hormone synthesis comes from measurements of whole body
thyroid hormone levels and using LC-MS techniques (Hornung et al., 2015) are increasingly used to accurately quantify whole body
thyroid hormone levels as a proxy for serum thyroid hormone levels (Nelson et al., 2016; Stinckens et al., 2016; Stinckens et al.,
2020).
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Process Object Action

retina layer formation retina  morphological change

AOPs Including This Key Event

AOP ID and Name

Event Type

Aop:363 - Thyroperoxidase inhibition leading to altered visual function via altered retinal layer structure KeyEvent

Stressors

Name
Propylthiouracil
Methimazole

Perchlorate
Biological Context

Level of Biological Organization

Tissue
Organ term

Organ term

eye
Evidence for Perturbation by Stressor
Propylthiouracil

6-n-propylthouracil is a classic positive control for inhibition of TPO.
Methimazole

Methimazole is a classic positive control for inhibition of TPO.
Perchlorate

Perchlorate ion (CIO- 4) is a classic positive control for inhibition of NIS.

Domain of Applicability

Taxonomic Applicability
Term  Scientific Term Evidence Links
zebrafish Danio rerio High NCBI
Life Stage Applicability
Life Stage Evidence
Embryo High

Larvae High
Sex Applicability
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Sex Evidence
Unspecific Moderate

Taxonomic applicability: In general, the eye structure is very conserved among vertebrates, but some differences exist with
regard to shape and expression of the different retinal layers. Fig. 1 (from Richardson 2012) demonstrates the histology of the
human vs the zebrafish eye. As in humans, the mature zebrafish retina consists of three nuclear layers separated by two plexiform
layers. The photoreceptor rod and cone nuclei are located in the outer nuclear layer; the amacrine, horizontal, and Muller glial cell
bodies are found in the inner nuclear layer and the ganglion cell bodies are placed in the ganglion cell layer. The plexiform layers
connect these layers. In contrast to zebrafish, the human retina lacks UV-sensitive cones.

Other structural differences between species are mostly related to their lifestyle (e.g. nocturnal vs diurnal) (Bibliowicz 2011) and
cannot be generalized for specific vertebrate classes.

Human

Is
PR
os]
- ®- POy e el e8] RPE
A é * Choroid

Figure 1 Cross-sectional histology of the human and zebrafish retina demonstrating similarities in the arrangement of cells and
structural features that define the distinct retinal layers. RPE, pigmented epithelium; IS, inner segment; OS, outer segment; PR,
photoreceptor; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; GCL, ganglion cell layer; and NFL, nerve
fibre layer.

Life-stage applicability: Eye structure differs between life stages, as the different retinal layers do not develop at the same time
and the eye itself grows with the organism. Eye development in zebrafish closely resembles the one in humans and other
vertebrates. The eye develops from three different embryological tissues that form the specific structures of the eye, starting with
the optic vesicle at 16 hpf, which further develops into the two-layered optic cup composed of the retinal neuroepithelium and
pigmented epithelium until 20 hpf. Lens development begins as a lens placode that forms a solid lens mass by 22 hpf. Afterwards,
the neuroectodermal layers of the optic vesicle invaginate ventrally by 24 hpf. By 48 hpf, zebrafish eye morphogenesis is almost
complete with only retinal neurogenesis continuing. Retinal pigment epithelium flattening and final differentiation occurs around 27
hpf (Moreno-Marmol and others 2018). By 60 hpf, the different layers of the retina can be distinguished (Morris and Fadool 2005;
Schmitt and Dowling 1999). Thereafter, further differentiation and maturation of the layers and cell types continues (Raymond and
others 1995). For example, rods continue to mature until around 20 dpf (Morris and Fadool 2005). Impacts on retinal layer structure
have been reported at 48, 66, 72, 96 and 120 hpf during zebrafish embryo-eleutheroembryo development (Baumann and others
2016; Komoike and others 2013; Reider and Connaughton 2014). Since the term 'eleutheroembryo' (stage starting at hatching and
ending with free-feeding) is not available, the terms 'embryo’ and 'larvae' were selected to reflect this.

Sex applicability: Zebrafish are undifferentiated gonochorists since both sexes initially develop an immature ovary (Maack and
Segner, 2003). Immature ovary development progresses until approximately the onset of the third week. Later, in female fish
immature ovaries continue to develop further, while male fish undergo transformation of ovaries into testes. Final transformation
into testes varies among male individuals, however finishes usually around 6 weeks post fertilization. Effects on retinal layers during
early development are therefore expected to be independent of sex.

At later life stages, however, sex dependency cannot be excluded. Sexual dimorphism of eye sclera surface exposure has been
recently discovered (Danel et al. 2018; Danel et al., 2020). Danel et al. (2020) also found that women have rounder eye fissures
and brighter irises compared to men. Maekawa et al. (2010) observed eye abnormalities such as microphthalmia and cataract in
female mice but not in male mice when the fatty acid composition of the diet was changed during gestation. The authors
hypothesized that this was due to differences in lipid metabolism. This suggests that effects of other factors on eye structure could
also be sex dependent in vertebrates.

Evidence for perturbation by stressor: Multiple studies demonstrate that eye development and its resulting structure can be
disrupted by different stressors (reviewed for example by Chen 2020).

Key Event Description

The anatomy and histology of the eye are highly conserved among vertebrates. The cornea and lens refract and focus light onto
the posterior chamber of the eye, the vitreous cavity, which is covered by the retina. The retina consists of three specialised layers
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of cells, the outermost of which is formed by photoreceptors that absorb light and transmit the subsequent neural signal to the
innermost layers, which consist of neurons specialised in processing and transmitting this neural signal (Wéassle and Riemann,
1978; Cameron and Carney, 2000 ; Rockhill et al, 2000; Fadool, 2003). The neurons of the innermost layer converge to form the
optic nerve, which transmits visual information to the brain (Gestri et al., 2012). The retina has different types of photoreceptors, the
cones, which are responsible for colour vision, and the rods, which enable vision in the dark or in very low light conditions. In adults,
cones are distributed in the retina in a precise and very regular arrangement, forming a photoreceptor mosaic. The precise
spatiotemporal pattern of maturation of cones may affect the organization of this mosaic, and THs appear to play a role in the
coordination of this maturation process (Suzuki et al., 2013). In the fish retina, this arrangement is most evident in the outer nuclear
layer where the position of each cone subtype is precisely arranged relative to the others (Fadool, 2003; Robinson et al.,

1993) resulting in a highly ordered crystalline-like mosaic.

The retinal pigment epithelium (RPE) is important to maintain a healthy and functional retina (Strauss 2005). The strong connection
between the RPE cells with the tight junction, creates a blood-retinal barrier to mediate the directional transport of ions, water and
nutrients while removing waste products. Another key function of the RPE is to absorb excess light energy to protect the neural
retina from phototoxicity (Plafker 2012). Phagocytosis of spilled photoreceptor outer segments (Lister 2002) is another function of
the RPE to maintain balanced photoreceptor growth, which is important for function.

Studies that detect and measure altered retinal layer structure after exposure to thyroid hormones or endocrine disruptors show, for
example, altered cone cell number (Allison et al., 2006; Houbrechts et al., 2016; Vancamp et al., 2019), altered retinal cell number
(Dong et al., 2014), or a general alteration of retinal morphology (Gamborino et al., 2001; Houbrechts et al., 2016; Komoike et al.,
2013; Li et al., 2012; Reider & Connaughton, 2014), alteration of the pigment epithelium (Baumann et al., 2016), abnormal cone
differentiation (Duval & Allison, 2018; Suzuki et al., 2013; Viets et al., 2016) or prevention of the opsin switch (Gan & Flamarique,
2010; Raine & Hawryshyn, 2009).

How it is Measured or Detected

For assessment of eye structure and layers, mostly simple morphometric analyses based on histological sections are sufficient.
This can either be electron microscopy for subcellular changes, or normal light microscopy for cellular changes. Specific antibody
staining might help to identify the different retinal layers, but usually, they are easily distinguishable by normal histological staining
(e.g. HE staining).

Measurement of cell layer diameter is the most popular and simple method to assess changes in eye structure and layers.
Moreover, measurement of the pigmentation grade of the retinal pigment epithelium can be used to assess structural changes.

(reviewed in Chen 2020)
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