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1. SUMMARY 
 

The scientific community is challenged with developing new or improved testing approaches to 
evaluate thyroid hormone system disruption (THSD). 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. 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. The adverse outcome pathway (AOP) framework is, by design, well suited to directly 
support the development of screening and testing approaches by providing evidence for the 
association between a toxicological pathway perturbation and downstream responses. 

ERGO investigates a battery of draft in vitro assays and evaluates thyroid-responsive biomarkers and 
endpoints suitable for extrapolation of effects from fish and amphibian tests to humans and other 
mammals (and vice versa). The linkages in the AOPs provide the scientifically plausible and evidence-
based foundation for the measurement of endpoints using fish and amphibian assays, as well as in 
vitro or in chemico assays, to predict outcomes in mammals including humans. To facilitate cross-
species extrapolation, it is crucial that the taxonomic domain of applicability of the AOPs is described 
and the taxonomic coverage is maximized. If AOPs are applicable to fish, amphibians and mammals, 
this provides a basis to develop approaches for cross-species extrapolation.  

This deliverable presents the status of AOPs describing THSD with specific focus on the progress 
relative to development, availability in the AOP-Wiki and endorsement by the Working Party on 
Hazard Assessment - Working Group of the National Coordinators for the Test Guidelines Programme 
(WPHA-WNT). 

An AOP network linking THSD to impaired swim bladder inflation in fish was submitted for OECD 
review on Nov 26, 2020, subjected to external review by a team of 8 reviewers managed by NC3Rs, 
and to internal review by EAGMST and WNT/WPHA. It was finally endorsed by WNT/WPHA and 
published in the OECD Series on Adverse Outcome Pathways on Dec 15, 2022. The AOPs (#155-159) 
are available in the AOP-Wiki and on the OECD website.  

The AOP report “Thyroperoxidase Inhibition Leading to Altered Visual Function in Fish Via Altered 
Retinal Layer Structure” was published in Environmental Toxicology & Chemistry on Sep 30, 2022 (Gölz 
et al., 2022). Subsequently, the AOP was submitted for review by EAGMST at the level of the OECD. 
Comments have been received and are currently being addressed. The AOP (#363) is available in the 
AOP-Wiki. 

A strategy to integrate AOP-based assays in existing fish Test Guidelines (TGs) was detailed in Knapen 
et al. (2020). The use of the AOPs to support addition of THSD endpoints to existing TGs is facilitated 
by integration of the work on AOP and TG development at the level of the OECD. 

When assembling all available THSD AOPs a cross-species AOP network emerges. While, historically, 
human toxicological assessments of chemical safety have relied on mammalian assays and 
ecotoxicological assessments have relied on non-mammalian assays using fish and amphibian models, 
this cross-species AOP network may provide a scientifically plausible and evidence-based foundation 
for cross-species extrapolation and bridging the gap between human toxicology and ecotoxicology. A 
curated AOP network for THSD is available and downloadable from the AOP-Wiki. A publication on 
advancing the taxonomic domain of applicability of the THSD AOP network across vertebrates is in 
preparation. 
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2. ABBREVIATIONS 
 
AO: adverse outcome 
AOP: adverse outcome pathway 
DIO: iodothyronine deiodinase 
DUOX: dual oxidase 
FET: Fish Embryo Acute Toxicity 
HPT: hypothalamic-pituitary-thyroid 
IYD: iodotyrosine deiodinase 
KE: key event 
KER: key event relationship 
MIE: molecular initiating event 
NIS: sodium-iodide symporter 
OECD: Organisation for Economic Cooperation and Development 
PXR: Pregnane X receptor 
T3: 3,5,3′-triiodothyronine 
T4: thyroxine (3,5,3′,5′-tetraiodothyronine) 
TG: Test Guideline 
TH: thyroid hormone 
THR: thyroid hormone receptor 
THSD: thyroid hormone system disruption 
tDOA: taxonomic domain of applicability 
TPO: thyroperoxidase 
WPHA-WNT: Working Party on Hazard Assessment - Working Group of the National Coordinators for 

the Test Guidelines Programme 
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3. GLOSSARY 
 

 
Figure 1: General outline of an AOP including the molecular initiating event that triggers the downstream key events 
and eventually results in an adverse outcome, as well as the key event relationships (KERs). 

Adverse outcome pathway 
(AOP) 

An AOP is a conceptual framework for organizing existing knowledge 
concerning the predictive and/or causal linkages (termed key event 
relationships; KERs) between measureable/observable biological changes 
that are essential (termed key events; KEs) to the progression from a 
molecular initiating event (MIE) to an adverse outcome (AO) considered 
relevant to regulatory decision making. 

Key event (KE) • A measureable change in biological state that is essential, but not 
necessarily sufficient for the progression from a defined biological 
perturbation toward a specific AO. 

• Represented as nodes in an AOP diagram or AOP network. 

• Provide verifiability to an AOP description. 

Key event relationship (KER) • Defines a directed relationship between a pair of KEs, identifying one as 
upstream and the other as downstream. 

• Supported by biological plausibility and empirical evidence. 

• Represented as a directed edge (i.e., an arrow) in an AOP diagram or AOP 
network. 

• Unit of inference or extrapolation within an AOP. 

• The pair of KEs linked via a KER may either be  adjacent to one another 
in the sequence of KEs that  define a given AOP, or non-adjacent. 

Molecular initiating event (MIE) • A specialized type of KE. 

• Defined as the point where a chemical directly interacts with a 
biomolecule to create a perturbation — as such, by definition occurs at the 
molecular level. 

• Anchors the “upstream” end of an AOP. 

Adverse outcome (AO) • A specialized type of KE. 

• Measured at a level of organization that corresponds with an established 
protection goal and/or is functionally equivalent to an apical endpoint 
measured as part of an accepted guideline test. 

• Generally at the organ level or higher. 

• Anchors the “downstream” end of an AOP. 

Essentiality of KEs Essentiality implies that the KEs play a causal role in the pathway such that 
if the KE is prevented or fails to occur, progression to subsequent KEs in the 
pathway will not occur. KEs should by definition be essential. Evidence for 
KE essentiality is an important aspect in the Weight of Evidence evaluation. 

(Villeneuve et al., 2014b; OECD, 2016).  
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4. INTRODUCTION 

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 hypothalamic-pituitary-thyroid (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 THSD. 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 THSD 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 hormone (TH) system.  

ERGO aims to evaluate thyroid-responsive biomarkers and endpoints suitable for extrapolation of 
effects from fish and amphibian tests to humans and other mammals (and vice versa). The AOP 
framework (Ankley et al., 2010; Ankley and Edwards, 2018) is, by design, well suited to directly support 
the development of screening and testing approaches by providing evidence for the association 
between a toxicological pathway perturbation and downstream responses (Coady et al., 2017). An 
AOP summarizes available empirical evidence demonstrating the mechanistic, causal linkages leading 
from a molecular initiating event (MIE, e.g., inhibition of an enzyme involved in TH synthesis) to an 
adverse outcome (AO, e.g., increased mortality). The AOP framework can thus provide the critical 
scientific support for the link between an endocrine-active mechanism detected using in vitro or lower 
tier in vivo assays, and potential apical effects measured in higher tier in vivo tests (Coady et al., 2017; 
Matthiessen et al., 2017). ERGO uses the AOP framework and associated data generation to address 
current THSD testing challenges.  

Based on the fact that certain building blocks are shared among AOPs in different vertebrate classes, 
a cross-species THSD AOP network covering mammals, fish and amphibians is emerging from these 
datasets (Knapen et al., 2018; Noyes et al., 2019; Knapen et al., 2020). The AOP network can then be 
analysed based on its applicability to mammals, fish, and/or amphibians. To facilitate cross-species 
extrapolation, it is crucial that the taxonomic domain of applicability (tDOA) of the AOPs is described 
and the taxonomic coverage is maximized. If AOPs are applicable to fish, amphibians and mammals, 
this provides a basis to develop approaches for cross-species extrapolation. The linkages in the AOP 
network then provide the scientifically plausible and evidence-based foundation for the measurement 
of KEs and AOs using fish and amphibian assays, as well as in vitro or in chemico assays measuring the 
MIE, to predict outcomes in mammals including humans and vice versa. 

 

This deliverable presents the status of AOPs describing THSD with specific focus on the progress 
relative to development, availability in the AOP-Wiki and endorsement by the Working Party on 
Hazard Assessment - Working Group of the National Coordinators for the Test Guidelines Programme 
(WPHA-WNT). 
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5. AOP NETWORK LINKING THSD TO REDUCED SWIM BLADDER INFLATION 
 

This AOP network was submitted for OECD review on Nov 26, 2020, subjected to external review by a 
team of 8 reviewers managed by NC3Rs, and to internal review by EAGMST and WNT/WPHA. The 
review process was open and all documents including reviewer comments and author responses can 
be accessed via the discussion tab on the respective AOP pages in the AOP-Wiki. The AOPs were 
endorsed by WNT/WPHA and published in the OECD Series on Adverse Outcome Pathways on Dec 15, 
2022 (No. 22-26). The AOPs (#155-159) are available in the AOP-Wiki, on the OECD website and in 
Annexes 1-5 (Vergauwen et al., 2022a, b, c, d, e). 

 
The AOP network links THSD to reduced 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 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 increased mortality and decreased population growth rate. 
 
Specifically, the AOP network includes three distinct MIEs, corresponding to the inhibition of enzymes 
involved in the TH metabolism (Figure 2). 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 T4 
to T3, the most biologically active form of TH. Inhibition of DIO directly results in reduced 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 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 AOs, depending on life stage. 
 

 

Figure 2: Graphical overview of an adverse outcome pathway (AOP) network linking thyroperoxidase (TPO) 
inhibition and inhibition of deiodinase (DIO) 1 and 2 to reduced swim bladder inflation in fish and subsequent 
impacts on survival. The AOPs relevant during different life stages are depicted above and below the dashed line 
(https://aopwiki.org/aops/155-159). 

Indeed, specific parts of the AOP network are relevant to different life stages (Figure 2). 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, early developmental 
processes that are dependent on THs, 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.; 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 

https://aopwiki.org/aops/155-159
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early and late developmental life stages (Jomaa et al., 2014; Cavallin et al., 2017; Godfrey et al., 2017; 
Stinckens et al., 2018; Stinckens et al., 2020). Reduced swim bladder inflation results in reduced 
swimming performance (Hagenaars et al., 2014; Stinckens et al., 2016; Stinckens et al., 2018; Stinckens 
et al., 2020), an adverse outcome that can affect feeding behavior and predator avoidance, ultimately 
leading to lower survival probability and decreased population growth rate (Villeneuve et al., 2014a). 
 
The OECD publications of these AOPs (Table 1) can be found in the OECD Series on Adverse Outcome 
Pathways Nos. 22-26 and in Annexes 1-5 (Vergauwen et al., 2022a, b, c, d, e).  
 

Table 1: AOPs included in the AOP network leading to increased mortality via reduced swim bladder inflation 

ID Title Point of 
Contact 

OECD Status OECD 
Project 

Taxon 

155 Deiodinase 2 inhibition leading to 
increased mortality via reduced 
posterior swim bladder inflation 

Dries 
Knapen 

WPHA/WNT 
Endorsed 

1.35 zebrafish 
fathead 
minnow 

156 Deiodinase 2 inhibition leading to 
increased mortality via reduced 
anterior swim bladder inflation 

Dries 
Knapen 

WPHA/WNT 
Endorsed 

1.35 zebrafish 
fathead 
minnow 

157 Deiodinase 1 inhibition leading to 
increased mortality via reduced 
posterior swim bladder inflation 

Dries 
Knapen 

WPHA/WNT 
Endorsed 

1.35 zebrafish 
fathead 
minnow 

158 Deiodinase 1 inhibition leading to 
increased mortality via reduced 
anterior swim bladder inflation 

Dries 
Knapen 

WPHA/WNT 
Endorsed 

1.35 zebrafish 
fathead 
minnow 

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

Dries 
Knapen 

WPHA/WNT 
Endorsed 

1.35 zebrafish 
fathead 
minnow 

Links are active and will guide you to the respective page in the AOP-Wiki. 

 
6. AOP NETWORK LINKING THYROPEROXIDASE INHIBITION TO ALTERED VISUAL 

FUNCTION 
 

The AOP report “Thyroperoxidase Inhibition Leading to Altered Visual Function in Fish Via Altered 
Retinal Layer Structure” was published in Environmental Toxicology & Chemistry on Sep 30, 2022 (Gölz 
et al., 2022) (Annex 6). Subsequently, the AOP was submitted for review by EAGMST at the level of 
the OECD. Comments have been received and are currently being addressed. The AOP (#363) is 
available in the AOP-Wiki. AOPs linking thyroperoxidase to altered visual function via decreased eye 
size and altered photoreceptor patterning (#364-365) are under development and also available in the 
AOP-Wiki. 

 
Eye development is known to be regulated by TH across vertebrates. Since eye development occurs 
during the first few days of development in fish embryos, eye morphology and function could serve as 
a useful endpoint for detecting THSD in the Fish Embryo Acute Toxicity (FET) test (OECD, 2013). 
Impaired development and function of the visual system can affect behaviors like predator avoidance, 
reproduction and foraging and is therefore expected to impact survival in the wild. Since eye 
development is known to be impacted by THSD in mammals (Ng et al., 2009; Ng et al., 2010), fish 
(Reider and Connaughton, 2014) and amphibians (Williams, 2019), eye development in fish or 
amphibians could be a valuable endpoint for detecting THSD in humans as well.  
 

https://aopwiki.org/aops/155
https://aopwiki.org/aops/155
https://aopwiki.org/aops/155
https://aopwiki.org/aops/156
https://aopwiki.org/aops/156
https://aopwiki.org/aops/156
https://aopwiki.org/aops/157
https://aopwiki.org/aops/157
https://aopwiki.org/aops/157
https://aopwiki.org/aops/158
https://aopwiki.org/aops/158
https://aopwiki.org/aops/158
https://aopwiki.org/aops/159
https://aopwiki.org/aops/159
https://aopwiki.org/aops/159
https://aopwiki.org/aops/159
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Based on an extensive literature review covering the effects of modification of TH levels on eye 
development in different fish species and at different life stages, one AOP was prioritized for detailed 
development. Several KEs and KERs of the swim bladder AOPs were re-used and new KEs were added 
to link THSD to altered retinal layer structure and altered visual function eventually linking to increased 
mortality. Figure 3 shows AOP 363 with the overall levels of confidence assigned to the KERs based on 
a weight-of-evidence evaluation. The details on this AOP can be found in the AOP-Wiki (#363) and in 
the AOP report (Gölz et al., 2022) in Annex 6. 
 

 
Figure 3: Graphical representation of the adverse outcome pathway (AOP) leading from thyroperoxidase inhibition 
to altered visual function via altered retinal layer structure (AOP 363). Numbers preceded by # refer to AOP-Wiki 
IDs. Overall confidence levels resulting from the weight-of-evidence evaluation considering both the biological 
plausibility and the empirical evidence of the key event relationships have been included (see also Table 1). 

KER = key event relationship; MIE = molecular initiating event; TH = thyroid hormone; TPO = thyroperoxidase. 

Additionally, exposure to TH disrupting chemicals has been shown to impact morphology and function 
of the eyes (Reider and Connaughton, 2014; Baumann et al., 2016; Baumann et al., 2019). Based on 
this knowledge, a putative AOP network describing different processes involved in the interaction 
between THs and eye development in fish was conceived (Figure 4). The constituent AOP pages have 
been created (#364-365) and are available in the AOP-Wiki (Table 2). 
 

 
Figure 4: Graphical overview of an adverse outcome pathway (AOP) network linking thyroperoxidase (TPO) 
inhibition to altered visual function and subsequent impacts on mortality. 

Table 2: AOPs linking TPO inhibition to altered visual function have been added to the AOP-Wiki 

ID Title Point of 
Contact 

OECD Status OECD 
Project 

Taxon 

 TPO inhibition     

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

Lucia 
Vergauwen 

EAGMST 
Under review 

1.35 zebrafish 

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

Lucia 
Vergauwen 

Under 
development 

1.35 zebrafish 

365 Thyroperoxidase inhibition 
leading to altered visual function 
via altered photoreceptor 
patterning 

Lucia 
Vergauwen 

Under 
development 

1.35 zebrafish 

Links are active and will guide you to the respective page in the AOP-Wiki. 

 
  

https://aopwiki.org/aops?direction=asc&sort=id
https://aopwiki.org/aops?direction=desc&sort=title
https://aopwiki.org/aops?direction=asc&sort=corresponding_author
https://aopwiki.org/aops?direction=asc&sort=corresponding_author
https://aopwiki.org/aops?direction=asc&sort=oecd_status
https://aopwiki.org/aops?direction=asc&sort=oecd_project
https://aopwiki.org/aops?direction=asc&sort=oecd_project
https://aopwiki.org/aops/363
https://aopwiki.org/aops/363
https://aopwiki.org/aops/363
https://aopwiki.org/aops/364
https://aopwiki.org/aops/364
https://aopwiki.org/aops/364
https://aopwiki.org/aops/365
https://aopwiki.org/aops/365
https://aopwiki.org/aops/365
https://aopwiki.org/aops/365
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7. TOWARD AN AOP NETWORK-BASED THSD TESTING STRATEGY USING FISH 
 

A strategy to integrate AOP-based assays in existing fish Test Guidelines (TGs) was detailed in Knapen 
et al. (2020). The use of the AOPs to support addition of THSD endpoints to existing TGs is facilitated 
by integration of the work on AOP and TG development at the level of the OECD. 

 
In Knapen et al. (2020) we demonstrated how a suite of assays covering essential biological processes 
involved in the underlying toxicological pathways can be implemented in a tiered screening and testing 
approach for THSED, using the levels of assessment of the Organisation for Economic Cooperation and 
Development (OECD) Conceptual Framework for the Testing and Assessment of Endocrine Disrupting 
Chemicals as a guide (OECD, 2018). The AOP network described here provides a mechanistic basis for 
adding a suite of THSD-specific assays and relevant additional endpoints for a number of existing fish 
test guidelines (Figure 5). 
 

 
Figure 5: Overview of assays aligned with the THSD 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. 
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. 

The AOPs that have been developed here are part of project 1.35 on the OECD AOP development 
programme “An AOP network for thyroid hormone system disruption in fish”. This project is led by 
Belgium with participation of the US EPA, Denmark and Germany. Project 2.64 on the OECD Test 
Guidelines work plan “Inclusion of thyroid endpoints in OECD fish Test Guidelines” is led by Denmark 
with participation of Germany and Belgium. The AOPs developed in Project 1.35 support the addition 
of endpoints to fish test guidelines in project 2.64. Establishing close integration between OECD 
projects 1.35 and 2.64 will increase regulatory acceptance of new endpoints. So far, swim bladder 
inflation, eye development, thyroid hormone levels and thyroid histopathology have been prioritized 
as new endpoints to be added to existing fish test guidelines. The recent advances made with the 
development and endorsement of AOPs 155-159 and AOP 363 are important steps in this process. 
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8. CROSS-SPECIES AOP NETWORK DESCRIBING THSD 
 

A curated AOP network for THSD is available and downloadable from the AOP-Wiki. A publication on 
advancing the taxonomic domain of applicability of the THSD AOP network across vertebrates is in 
preparation. 

 
Thyroid hormone system disruption AOPs in the AOP-Wiki 

 
Table 3 lists all AOPs describing THSD available in the Wiki on Dec 14, 2022 with their respective OECD 
status. There are 32 AOPs describing THSD. 
 

Table 3: List of all AOPs available in the AOP-Wiki on Dec 14, 2022. 

ID Title Point of 
Contact 

OECD Status OECD 
project 

Taxon 

Endorsed AOPs     

 Iodothyronine deiodinase (DIO) 
inhibition 

    

155 Deiodinase 2 inhibition leading to 
increased mortality via reduced 
posterior swim bladder inflation 

Dries 
Knapen 

TFHA/WNT 
Endorsed 

1.35 zebrafish 
fathead 
minnow 

156 Deiodinase 2 inhibition leading to 
increased mortality via reduced 
anterior swim bladder inflation 

Dries 
Knapen 

TFHA/WNT 
Endorsed 

1.35 zebrafish 
fathead 
minnow 

157 Deiodinase 1 inhibition leading to 
increased mortality via reduced 
posterior swim bladder inflation 

Dries 
Knapen 

TFHA/WNT 
Endorsed 

1.35 zebrafish 
fathead 
minnow 

158 Deiodinase 1 inhibition leading to 
increased mortality via reduced 
anterior swim bladder inflation 

Dries 
Knapen 

TFHA/WNT 
Endorsed 

1.35 zebrafish 
fathead 
minnow 

 Thyroperoxidase (TPO) inhibition     

42 Inhibition of Thyroperoxidase and 
Subsequent Adverse 
Neurodevelopmental Outcomes in 
Mammals 

Kevin 
Crofton 

TFHA/WNT 
Endorsed 

1.10 Human, 
rat, 
mouse 

159 Thyroperoxidase inhibition leading 
to reduced young of year survival 
via anterior swim bladder inflation 

Dries 
Knapen 

TFHA/WNT 
Endorsed 

1.35 zebrafish 
fathead 
minnow 

 Na+/I- symporter (NIS) inhibition     

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

Anna Price TFHA/WNT 
Endorsed 

1.28 Human, 
rat 

AOPs under review     

 Thyroperoxidase (TPO) inhibition     

363  Thyroperoxidase inhibition leading 
to increased mortality via altered 
eye structure  

Lucia 
Vergauwen 

EAGMST 
Under Review 

1.35 zebrafish 

AOPs under development     

 Thyroperoxidase (TPO) inhibition     

271  Inhibition of thyroid peroxidase 
leading to impaired fertility in fish  

June-Woo 
Park 

Under 
Development 

1.59 fish 

https://aopwiki.org/aops/155
https://aopwiki.org/aops/155
https://aopwiki.org/aops/155
https://aopwiki.org/aops/156
https://aopwiki.org/aops/156
https://aopwiki.org/aops/156
https://aopwiki.org/aops/157
https://aopwiki.org/aops/157
https://aopwiki.org/aops/157
https://aopwiki.org/aops/158
https://aopwiki.org/aops/158
https://aopwiki.org/aops/158
https://aopwiki.org/aops/42
https://aopwiki.org/aops/42
https://aopwiki.org/aops/42
https://aopwiki.org/aops/42
https://aopwiki.org/aops/159
https://aopwiki.org/aops/159
https://aopwiki.org/aops/159
https://aopwiki.org/aops/54
https://aopwiki.org/aops/54
https://aopwiki.org/aops/54
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https://aopwiki.org/aops/363
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364  Thyroperoxidase inhibition leading 
to increased mortality via 
decreased eye size  

Lucia 
Vergauwen 

Under 
development 

1.35 - 

365 Thyroperoxidase inhibition leading 
to increased mortality via altered 
photoreceptor patterning 

Lucia 
Vergauwen 

Under 
development 

1.35 - 

 Thyroid receptor (TR) interaction     

300  Thyroid Receptor Antagonism and 
Subsequent Adverse 
Neurodevelopmental Outcomes in 
Mammals  

Kevin 
Crofton 

Under 
Development 

1.84 human, 
mouse 

 Hepatic nuclear receptor 
activation 

    

8  Upregulation of Thyroid Hormone 
Catabolism via Activation of 
Hepatic Nuclear Receptors, and 
Subsequent Adverse 
Neurodevelopmental Outcomes in 
Mammals  

Katie Paul 
Friedman 

Under 
Development 

1.9 rat 

 Thyroid hormone synthesis 
decreased 

    

128  Kidney dysfunction by decreased 
thyroid hormone  

Jung-Hwa 
Oh 

Under 
Development 

1.40 human, 
rat 

 Interference with transthyretin 
binding in serum 

    

152  Interference with thyroid serum 
binding protein transthyretin and 
subsequent adverse human 
neurodevelopmental toxicity  

Erik Janus Under 
Development 

1.41 rat 

AOPs without OECD status      

 Thyroperoxidase (TPO) inhibition     

119  Inhibition of thyroid peroxidase 
leading to follicular cell adenomas 
and carcinomas (in rat and mouse)  

Charles 
Wood 

- 1.29 rat, 
mouse 

175  Thyroperoxidase inhibition leading 
to altered amphibian 
metamorphosis  

Jonathan 
Haselman 

- 1.29 African 
clawed 
frog 

 Iodothyronine deiodinase (DIO) 
inhibition 

    

189  Type I iodothyronine deiodinase 
(DIO1) inhibition leading to altered 
amphibian metamorphosis  

Jonathan 
Haselman 

- 1.29 African 
clawed 
frog 

190  Type II iodothyronine deiodinase 
(DIO2) inhibition leading to altered 
amphibian metamorphosis  

Jonathan 
Haselman 

- 1.29 African 
clawed 
frog 

191  Type III iodotyrosine deiodinase 
(DIO3) inhibition leading to altered 
amphibian metamorphosis  

Jonathan 
Haselman 

- 1.29 African 
clawed 
frog 

 Na+/I- symporter (NIS) inhibition     

134  Sodium Iodide Symporter (NIS) 
Inhibition and Subsequent Adverse 

Mary 
Gilbert 

- 1.29 human, 
rat 

https://aopwiki.org/aops/364
https://aopwiki.org/aops/364
https://aopwiki.org/aops/364
https://aopwiki.org/aops/365
https://aopwiki.org/aops/365
https://aopwiki.org/aops/365
https://aopwiki.org/aops/300
https://aopwiki.org/aops/300
https://aopwiki.org/aops/300
https://aopwiki.org/aops/300
https://aopwiki.org/aops/8
https://aopwiki.org/aops/8
https://aopwiki.org/aops/8
https://aopwiki.org/aops/8
https://aopwiki.org/aops/8
https://aopwiki.org/aops/8
https://aopwiki.org/aops/128
https://aopwiki.org/aops/128
https://aopwiki.org/aops/152
https://aopwiki.org/aops/152
https://aopwiki.org/aops/152
https://aopwiki.org/aops/152
https://aopwiki.org/aops/119
https://aopwiki.org/aops/119
https://aopwiki.org/aops/119
https://aopwiki.org/aops/175
https://aopwiki.org/aops/175
https://aopwiki.org/aops/175
https://aopwiki.org/aops/189
https://aopwiki.org/aops/189
https://aopwiki.org/aops/189
https://aopwiki.org/aops/190
https://aopwiki.org/aops/190
https://aopwiki.org/aops/190
https://aopwiki.org/aops/191
https://aopwiki.org/aops/191
https://aopwiki.org/aops/191
https://aopwiki.org/aops/134
https://aopwiki.org/aops/134
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Neurodevelopmental Outcomes in 
Mammals  

176  Sodium Iodide Symporter (NIS) 
Inhibition leading to altered 
amphibian metamorphosis  

Jonathan 
Haselman 

- 1.29 African 
clawed 
frog 

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

Charles 
Wood 

- 1.29 rat, 
mouse 

 Pendrin inhibition      

192  Pendrin inhibition leading to 
altered amphibian metamorphosis 

Jonathan 
Haselman 

- 1.29 African 
clawed 
frog 

 Dual oxidase inhibition      

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

Jonathan 
Haselman 

- 1.29 African 
clawed 
frog 

 Iodotyrosine deiodinase (IYD) 
inhibition 

    

188  Iodotyrosine deiodinase (IYD) 
inhibition leading to altered 
amphibian metamorphosis  

Jonathan 
Haselman 

- 1.29 African 
clawed 
frog 

 Hepatic nuclear receptor 
activation 

    

162  Enhanced hepatic clearance of 
thyroid hormones leading to 
thyroid follicular cell adenomas 
and carcinomas in the rat and 
mouse  

Charles 
Wood 

- 1.29 rat, 
mouse 

194  Hepatic nuclear receptor activation 
leading to altered amphibian 
metamorphosis  

Jonathan 
Haselman 

- 1.29 African 
clawed 
frog 

 Interference with TH transport 
protein binding in serum 

    

366 Competitive binding to thyroid 
hormone carrier protein 
transthyretin (TTR) leading to altered 
amphibian metamorphosis 

Jonathan 
Haselman 

- - - 

367 Competitive binding to thyroid 
hormone carrier protein thyroid 
binding globulin (TBG) leading to 
altered amphibian metamorphosis 

Jonathan 
Haselman 

- - - 

Links are active and will guide you to the respective page in the AOP-Wiki. 

 
A cross-species AOP network 

 
The development of AOPs describing THSD is rapidly advancing for mammals as well as for fish and 
amphibians. When assembling all available THSD AOPs a cross-species AOP network emerges (Figure 
6). While, historically, human toxicological assessments of chemical safety have relied on mammalian 
assays and ecotoxicological assessments have relied on non-mammalian assays using fish and 
amphibian models, this cross-species AOP network may provide a scientifically plausible and evidence-
based foundation for cross-species extrapolation and bridging the gap between human toxicology and 

https://aopwiki.org/aops/134
https://aopwiki.org/aops/134
https://aopwiki.org/aops/176
https://aopwiki.org/aops/176
https://aopwiki.org/aops/176
https://aopwiki.org/aops/110
https://aopwiki.org/aops/110
https://aopwiki.org/aops/110
https://aopwiki.org/aops/192
https://aopwiki.org/aops/192
https://aopwiki.org/aops/193
https://aopwiki.org/aops/193
https://aopwiki.org/aops/193
https://aopwiki.org/aops/188
https://aopwiki.org/aops/188
https://aopwiki.org/aops/188
https://aopwiki.org/aops/162
https://aopwiki.org/aops/162
https://aopwiki.org/aops/162
https://aopwiki.org/aops/162
https://aopwiki.org/aops/162
https://aopwiki.org/aops/194
https://aopwiki.org/aops/194
https://aopwiki.org/aops/194
https://aopwiki.org/aops/366
https://aopwiki.org/aops/366
https://aopwiki.org/aops/366
https://aopwiki.org/aops/366
https://aopwiki.org/aops/367
https://aopwiki.org/aops/367
https://aopwiki.org/aops/367
https://aopwiki.org/aops/367
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ecotoxicology. Here, the aim is to advance the tDOA of the THSD AOP network to increase its 
usefulness for cross-species extrapolation. 
 

 
Figure 6: Graphical representation of a cross-species AOP network 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. i: inhibition, a: activation. DUOX: dual oxidase, NIS: sodium-iodide symporter, IYD: iodotyrosine 
deiodinase, PXR: pregnane X receptor, NR: nuclear receptor, TPO: thyroperoxidase, DIO: deiodinase. Source: 
(Knapen et al., 2020) 

Curated AOP network available in AOP-Wiki 
 
As a first step, the structure of the AOP network has been improved. Some AOPs were disconnected 
and further investigation showed that this was due to the duplication of key events. Several KEs with 
identical meaning but different names had been developed and used across the network. This reduced 
the number of connections in the network. This has been resolved in collaboration with Dan Villeneuve 
and Travis Karschnik (Great Lakes Toxicology and Ecology Division, U.S. Environmental Protection 
Agency) responsible for AOP-Wiki gardening.  
 
Second, several AOPs did initially not contain any information in the tDOA. In several cases, AOP pages 
have clearly been developed with a distinct taxonomic group in mind, and in some of these cases the 
tDOA of the AOP itself had been defined while the tDOA of the KE and KER pages had not been defined. 
In these cases, we added the taxonomic applicability information to the KE and KER pages. 
 
The curated AOP network is available and downloadable from the AOP-Wiki as of March 16, 2022. 
 
Evaluation of taxonomic domain of applicability of the AOP network 
 
The aim was to evaluate and expand the tDOA of the THSD AOP network to increase its usefulness for 
cross-species extrapolation. We first developed an approach to analyze the tDOA of the AOP network 
(i.e., the AOP network of March 16, 2022). Using an R script provided by Dr. Jason O’Brien 
(Environment and Climate Change Canada, National Wildlife Research Centre), for each KE and KER in 
the network, information on the tDOA was extracted and used as a starting point for the evaluation. 
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We coordinated our efforts with Task 6 “Guidance on domains of appIicability” of the Handbook, 
guidance, gardening, and internal review (HGGIR) Subgroup of the OECD Extended Advisory Group on 
Molecular Screening and Toxicogenomics (EAGMST), a Task led by Dr. Carlie LaLone (Great Lakes 
Toxicology and Ecology Division, U.S. Environmental Protection Agency). D. Knapen is a member of 
EAGMST and the HGGIR. 
 
We used an outside-in approach where we focused on the tDOA assessment of MIEs and AOs and 
evaluated whether they are plausibly and/or empirically applicable to different vertebrate taxa in the 
context of altered thyroid hormone levels, which are hub KEs in the network. 
 
For the MIEs, first, the US EPA Sequence Alignment to Predict Across Species Susceptibility (SeqAPASS; 
https://seqapass.epa.gov/seqapass/) tool was used to assess conservation of protein targets of THSD 
represented in the MIEs. SeqAPASS is used to evaluate the similarity of amino acid sequences across 
taxa. Lalone et al. (2018) used SeqAPASS to investigate to what extent mammalian-based high-
throughput screening assays can be used to predict hazard in both humans and wildlife. The study of 
Lalone et al. (2018) covered 9 THSD MIEs. This analysis has now been extended to all MIEs and species 
in the THSD AOP network and will be used as a basis to add information on the tDOA. Sequence 
conservation was used as evidence for the plausible tDOA and led to assignment of a low level of 
confidence. Second, an extensive literature review was performed to define the empirical tDOA of all 
MIEs and AOs. Pubmed was systematically searched using the Abstract sifter v 1.1 and the resulting 
publications were manually screened for in vitro and in vivo evidence on the induction of an MIE 
and/or a linkage between the MIE and altered TH levels. 
 
For the AOs, both the plausible and empirical tDOA were investigated based on a literature review. 
Again, Pubmed was systematically searched and the resulting publications were first used to derive 
the plausible tDOA through scientific reasoning and considering structural and functional conservation 
indicating that the AO can plausibly be measured. Second, the empirical tDOA was based on empirical 
evidence of the linkage between altered TH levels and a given AO. If some or multiple studies reported 
empirical evidence of such linkage, this led to the assignment of a moderate or high level of confidence 
respectively. Figure 6 shows the result of the tDOA evaluation.  
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Foreword 

This Adverse Outcome Pathway (AOP) on Deiodinase 2 inhibition leading to increased 
mortality via reduced posterior swim bladder inflation, has been developed under the 
auspices of the OECD AOP Development Programme, overseen by the Extended Advisory 
Group on Molecular Screening and Toxicogenomics (EAGMST), which is an advisory 
group under the Working Party of the National Coordinators for the Test Guidelines 
Programme (WNT) and the Working Party on Hazard Assessment (WPHA).  
The AOP has been reviewed for compliance with the AOP development principles following 
the EAGMST coaching approach. The scientific review was subsequently conducted by 
the UK National Centre for the 3Rs, following the OECD AOP review principles outlined in 
the Guidance Document on the scientific review of AOPs. This AOP was endorsed by the 
WNT and the WPHA on 3 August 2022.  
Through endorsement of this AOP, the WNT and the WPHA express confidence in the 
scientific review process that the AOP has undergone and accept the recommendation of 
the EAGMST that the AOP be disseminated publicly. Endorsement does not necessarily 
indicate that the AOP is now considered a tool for direct regulatory application. 
The OECD's Chemicals and Biotechnology Committee agreed to declassification of this 
AOP on 4 November 2022. 
This document is being published under the responsibility of the OECD's Chemicals and 
Biotechnology Committee. 
The outcome of the compliance check and of the scientific review are publicly available 
respectively in the AOP Wiki and the eAOP Portal of the AOP Knowledge Base at the 
following links: [internal review] [scientific review report. 

  

https://aopwiki.org/
http://aopkb.org/
https://aopwiki.org/aops/155/comments
file:///C:/Users/Delrue_n/Downloads/AOPs%20155-159%20Review%20report%20(1).pdf
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Abstract 

 

This AOP describes the sequence of events leading from deiodinase inhibition to increased mortality 
via reduced posterior swim bladder inflation. Disruption of the thyroid hormone system is increasingly 
being recognized as an important toxicity pathway that can cause many adverse outcomes, including 
developmental abnormalities. Three types of iodothyronine deiodinases (DIO1-3) have been described 
in vertebrates that activate or inactivate THs and are therefore important mediators of thyroid hormone 
(TH) action. Type II deiodinase (DIO2) has thyroxine (T4) as a preferred substrate and is mostly 
important for converting T4 to the more biologically active triiodothyronine (T3). Inhibition of DIO2 
therefore reduces T3 levels. As in amphibians, the transition between the different developmental 
phases in fish, including maturation and inflation of the swim bladder, is mediated by THs (Brown et al., 
1988; Liu and Chan, 2002). The swim bladder is a gas-filled organ that typically consists of two 
chambers (Robertson et al., 2007). The posterior chamber inflates during early development in the 
embryonic phase, while the anterior chamber inflates during late development in the larval phase. This 
AOP describes how DIO2 inhibition results in reduced T3 levels, which prohibit normal inflation of the 
posterior chamber of the swim bladder in the embryonic phase. The posterior chamber is important for 
regulating buoyancy and thus for swimming performance (Robertson et al., 2007). Reduced swimming 
performance reduces chances of survival due to a decreased ability to forage and avoid predators. The 
final adverse outcome is a decrease of the population growth rate. Since many AOPs eventually lead 
to this more general adverse outcome at the population level, the more specific and informative adverse 
outcome at the organismal level, increased mortality, is used in the AOP title. Support for this AOP is 
mainly based on chemical exposures in zebrafish and fathead minnows (Jomaa et al., 2014; Cavallin 
et al., 2017; Stinckens et al., 2018) and on knockdown/knockout and TH supplementation studies in 
zebrafish embryos where the DIO2 gene is inactivated (Walpita et al., 2009, 2010; Heijlen et al., 2014; 
Bagci et al., 2015; Houbrechts et al., 2016).  

This AOP is part of a larger AOP network describing 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, increased mortality and decreased population trajectory (Knapen et 
al., 2018; Knapen et al., 2020; Villeneuve et al., 2018).Other than the difference in deiodinase (DIO) 
isoform, the current AOP is identical to the corresponding AOP leading from DIO1 inhibition to increased 
mortality via posterior swim bladder inflation (https://aopwiki.org/aops/157). The overall importance of 
DIO1 versus DIO2 in fish is not exactly clear. DIO2 inhibitors are often also inhibitors of DIO1 (Stinckens 
et al. 2018). In the ToxCast DIO2 inhibition single concentration assay, 304 out of 1820 chemicals were 
positive and 177 of these were also positive for DIO1 inhibition (viewed on 5/7/2022). This complicates 
the distinction between the relative contribution of DIO1 and DIO2 inhibition to reduced swim bladder 
inflation. The current state of the art suggests that DIO2 is more important than DIO1 in regulating swim 
bladder inflation (Stinckens et al., 2018). Therefore the current AOP may be of higher biological 
relevance compared to AOP 157.  
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Background 

The larger AOP network describing the effect of deiodinase and thyroperoxidase inhibition on swim 
bladder inflation consists of 5 AOPs: 

• Deiodinase 2 inhibition leading to increased mortality via reduced posterior swim bladder inflation: 
https://aopwiki.org/aops/155 

• Deiodinase 2 inhibition leading to increased mortality via reduced anterior swim bladder inflation: 
https://aopwiki.org/aops/156  

• Deiodinase 1 inhibition leading to increased mortality via reduced posterior swim bladder 
inflation : https://aopwiki.org/aops/157 

• Deiodinase 1 inhibition leading to increased mortality via reduced anterior swim bladder inflation 
: https://aopwiki.org/aops/158  

• Thyroperoxidase inhibition leading to increased mortality via reduced anterior swim bladder 
inflation: https://aopwiki.org/aops/159 

The development of these AOPs was mainly based on a series of dedicated experiments (using a set 
of reference chemicals as prototypical stressors) in zebrafish and fathead minnow that form the core of 
the empirical evidence. Specific literature searches were used to add evidence from other studies, 
mainly in zebrafish and fathead minnow. No systematic review approach was applied. 

 

https://aopwiki.org/aops/155
https://aopwiki.org/aops/156
https://aopwiki.org/aops/157
https://aopwiki.org/aops/158
https://aopwiki.org/aops/159
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Graphical Representation 
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Summary of the AOP 

Events 

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

 
Seque

nce 
Typ

e 
Even
t ID 

Title Short name 

1 MIE 1002 Inhibition, Deiodinase 2 Inhibition, Deiodinase 2 

2 KE 1003 Decreased, Triiodothyronine (T3) Decreased, Triiodothyronine (T3) 

3 KE 1004 Reduced, Posterior swim bladder 
inflation 

Reduced, Posterior swim bladder 
inflation 

4 KE 1005 Reduced, Swimming performance Reduced, Swimming performance 

5 AO 351 Increased Mortality Increased Mortality 
6 AO 360 Decrease, Population growth rate Decrease, Population growth rate 

Key Event Relationships 

 
Title Relatio

nship 
Type 

Evid
ence 

Quantit
ative 

Underst
anding 

Inhibition, Deiodinase 2 leads to Decreased, 
Triiodothyronine (T3)  

adjacent Moderate Low 

Decreased, Triiodothyronine (T3) leads to Reduced, 
Posterior swim bladder inflation  

adjacent Moderate Low 

Reduced, Posterior swim bladder inflation leads to Reduced, 
Swimming performance  

adjacent Moderate Low 

Reduced, Swimming performance leads to Increased 
Mortality  

adjacent Moderate Low 

Increased Mortality leads to Decrease, Population growth 
rate  

adjacent Moderate Moderate 

Inhibition, Deiodinase 2 leads to Reduced, Posterior swim 
bladder inflation  

non-
adjacent Moderate Low 

Reduced, Posterior swim bladder inflation leads to Increased 
Mortality  

non-
adjacent High Low 

Stressors 

Name Evidence 

iopanoic acid  High 

Iopanoic acid is a well-known inhibitor of deiodinase 1, 2 and 3 and multiple studies have shown that 
exposure of fish early life stages to iopanoic acid results in reduced swim bladder inflation. 

https://aopwiki.org/events/1002
https://aopwiki.org/events/1003
https://aopwiki.org/events/1004
https://aopwiki.org/events/1004
https://aopwiki.org/events/1005
https://aopwiki.org/events/351
https://aopwiki.org/events/360
https://aopwiki.org/relationships/1026
https://aopwiki.org/relationships/1026
https://aopwiki.org/relationships/1027
https://aopwiki.org/relationships/1027
https://aopwiki.org/relationships/1028
https://aopwiki.org/relationships/1028
https://aopwiki.org/relationships/2212
https://aopwiki.org/relationships/2212
https://aopwiki.org/relationships/2013
https://aopwiki.org/relationships/2013
https://aopwiki.org/relationships/1042
https://aopwiki.org/relationships/1042
https://aopwiki.org/relationships/2213
https://aopwiki.org/relationships/2213
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Overall Assessment of the AOP  

The document in Annex 1 includes: 

• Support for biological plausibility of KERs  

• Support for essentiality of KEs 

• Empirical support for KERs 

• Dose and temporal concordance table covering the larger AOP network 

Overall, the weight of evidence for the sequence of key events laid out in the AOP is moderate to high. 
Nonetheless, the exact underlying mechanism of TH disruption leading to impaired swim bladder 
inflation is not exactly understood 

Domain of Applicability 

 
Life Stage Applicability  

Life Stage  Evidence 

Embryo  High 
 
Taxonomic Applicability 

Term       Scientific Term             Evidence  Links 

fathead minnow Pimephales promelas  High        NCBI 

zebrafish   Danio rerio            High      NCBI 

 
Sex Applicability 

Sex   Evidence 
Unspecific   Moderate 

 

Life stage: The current AOP is only applicable to early embryonic development, which is the period 
where the posterior swim bladder chamber inflates. In all life stages, the conversion of T4 into more 
biologically active T3 is essential. Inhibition of DIO2 therefore impacts swim bladder inflation in both 
early and late (https://aopwiki.org/aops/156) developmental life stages. 

 

Taxonomic: Organogenesis of the swim bladder begins with an evagination from the gut. In 
physostomous fish, a connection between the swim bladder and the gut is retained. In physoclystous 
fish, once initial inflation by gulping atmospheric air at the water surface has occurred, the swim bladder 
is closed off from the digestive tract and swim bladder volume is regulated by gas secretion into the 
swim bladder (Woolley and Qin, 2010). This AOP is currently mainly based on experimental evidence 
from studies on zebrafish and fathead minnows, physostomous fish with a two-chambered swim 
bladder. Knowledge could be expanded to physoclistous fish, such as the Japanese rice fish or medaka 
(Oryzias latipes) that has a single chambered swim bladder that inflates during early development. 

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=7955
https://aopwiki.org/aops/156
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Sex: All key events in this AOP are plausibly applicable to both sexes. Sex differences are not often 
investigated in tests using early life stages of fish. In medaka, sex can be morphologically distinguished 
as soon as 10 days post fertilization. Females appear more susceptible to thyroid‐induced swim bladder 
dysfunction compared with males (Godfrey et al., 2019). In zebrafish and fathead minnow, it is currently 
unclear whether sex-related differences are important in determining the magnitude of the changes of 
the sequence of events along this AOP. Sex differences are typically not investigated in tests using 
early life stages of fish and it is currently unclear whether sex-related differences are important in this 
AOP. Different fish species have different sex determination and differentiation strategies. Zebrafish do 
not have identifiable heteromorphic sex chromosomes and sex is determined by multiple genes and 
influenced by the environment (Nagabhushana and Mishra, 2016). 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. Since the posterior chamber inflates around 5 days post fertilization in 
zebrafish, when sex differentiation has not started yet, sex differences are expected to play a minor 
role in the current AOP. Fathead minnow gonad differentiation also occurs during larval development. 
Fathead minnows utilize a XY sex determination strategy and markers can be used to genotype sex in 
life stages where the sex is not yet clearly defined morphologically (Olmstead et al., 2011). Ovarian 
differentiation starts at 10 dph followed by rapid development (Van Aerle et al., 2004). At 25 dph germ 
cells of all stages up to the primary oocytes stage were present and at 120 dph, vitellogenic oocytes 
were present. The germ cells (spermatogonia) of the developing testes only entered meiosis around 
90–120 dph. Mature testes with spermatozoa are present around 150 dph. Since the posterior chamber 
inflates around 6 days post fertilization (1 dph) in fathead minnows, sex differences are expected to 
play a minor role in the current AOP. 

Essentiality of the Key Events 

Overall, the support for essentiality of the KEs is high since there is direct evidence from specifically 
designed experimental studies illustrating essentiality for several of the important KEs in the AOP. This 
includes ample evidence from knockdown studies in zebrafish that use targeted perturbation of key 
events and show downstream effects, and evidence from both chemical exposure with TH 
supplementation and knockdown with TH supplementation showing that blocking a KE prevents 
downstream KEs from occurring. 

Weight of Evidence Summary 

Biological plausibility: see Table. Overall, the weight of evidence for the biological plausibility of the 
KERs in the AOP is moderate since there is empirical support for an association between the sets of 
KEs and the KERs are plausible based on analogy to accepted biological relationships, but scientific 
understanding is not completely established. 

 

Empirical support: see Table. Overall, the empirical support for the KERs in the AOP is moderate since 
dependent changes in sets of KEs following exposure to several specific stressors has been 
demonstrated, with limited evidence for dose and temporal concordance and some uncertainties. 
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Quantitative Consideration 

Data to support the quantitative understanding of this AOP is currently lacking. 
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Considerations for Potential Applications of the AOP  

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. Villeneuve et al. (2014) discussed 
the relevance of swim bladder inflation as a potential key event and endpoint of interest in fish tests. 
Knapen et al. (2020) 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. While the AOP is only applicable to fish, some of the upstream KEs are 
relevant across vertebrates. The taxonomic domain of applicability call of the KEs can be found on the 
respective pages. 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 in fish, using the levels of assessment of the OECD’s Conceptual 
Framework for the Testing and Assessment of Endocrine Disrupting Chemicals as a guide. Specifically, 
for this AOP, deiodinase inhibition can be assessed using an in chemico assay, measurements of T3 
levels could be added to the Fish Embryo Acute Toxicity (FET) test (OECD TG 236), the Fish Early Life 
Stage Toxicity (FELS) Test (OECD TG210) and the Fish Sexual Development Test (FSDT) (OECD TG 
234), and assessments of posterior chamber inflation and swimming performance could be added to 
the FELS Test and FSDT.  

 

Thyroid hormone system disruption causes multiple unspecific effects. Addition of TH measurements 
could aid in increasing the diagnostic capacity of a battery of endpoints since they are specific to the 
TH system. A battery of endpoints would ideally include the MIE, the AO and TH levels as the causal 
link. It is also in this philosophy that TH measurements are currently being considered as one of the 
endpoints in project 2.64 of the OECD TG work plan, “Inclusion of thyroid endpoints in OECD fish Test 
Guidelines”. While T3 measurements showed low levels of variation and were highly predictive of 
downstream effects in dedicated experiments to support this AOP, more variability may be present in 
other studies. Because of the rapid development in fish, it is important to compare T3 levels within 
specific developmental stages. For example, clear changes in T3 levels have been observed in 
zebrafish at 14, 21 and 32 dpf (Stinckens et al., 2020) and in fathead minnows at 4, 6, 10, 14, 18 and 
21 dpf (Nelson et al., 2016; Cavallin et al., 2017) using liquid chromatography tandem mass 
spectrometry (LC−MS/MS). 
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Appendix 1 - MIE, KEs and AO 

List of MIEs in this AOP 

Event: 1002: Inhibition, Deiodinase 2 

 

Short Name: Inhibition, Deiodinase 2 

 Key Event Component 

Process Object Action 
 

catalytic activity type II iodothyronine deiodinase 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 

MolecularInitiatingEvent 

 

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

MolecularInitiatingEvent 

Aop:190 - Type II iodothyronine deiodinase (DIO2) inhibition leading to 
altered amphibian metamorphosis 

MolecularInitiatingEvent 

 

Stressors 

Name 
Iopanoic acid  

Perfluorooctanoic acid 

Biological Context: 

Level of Biological Organization 
Molecular 

  

https://aopwiki.org/aops/157
https://aopwiki.org/aops/157
https://aopwiki.org/aops/156
https://aopwiki.org/aops/156
https://aopwiki.org/aops/156
https://aopwiki.org/aops/190
https://aopwiki.org/aops/190
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Evidence for Perturbation by Stressor 

Overview for Molecular Initiating Event 

 

DIO2 inhibitors are often also inhibitors of DIO1 (Olker et al., 2019; Stinckens et al. 2018). In the 
ToxCast DIO2 inhibition single concentration assay, 304 out of 1820 chemicals were positive and 177 
of these were also positive for DIO1 inhibition (viewed on 5/7/2022). Olker et al. (2019) identified 20 
DIO2-specific inhibitors using a human recombinant DIO2 enzyme (e.g., tetramethrin, elzasonan). In 
fact, many compounds inhibit all three DIO isoforms. Olker et al. (2019) identified 93 compounds that 
inhibit DIOs 1, 2 and 3. 

 
• Iopanoic acid - A typical inhibitor of DIO2 (and DIO1 and 3) is iopanoic acid (IOP), which acts as a 

substrate of all three DIO isoforms (Renko et al., 2015) 

• Perfluorooctanoic acid - Perfluorooctanoic acid (PFOA) is an inhibitor of DIO2 and DIO1 (Stinckens 
et al., 2018) 

 

Domain of Applicability 

Taxonomic Applicability 
 

Term Scientific Term Evidence Link 

rat Rattus norvegicus Moderate NCBI  

human Homo sapiens High NCBI  

pigs Sus scrofa Moderate NCBI  

Oreochromis niloticus Oreochromis niloticus Moderate NCBI  

zebrafish Danio rerio Moderate NCBI  

fathead minnow Pimephales promelas Moderate NCBI  

African clawed frog Xenopus laevis  NCBI  

 
Life Stage Applicability  

Life Stage Evidence 

All life stages Moderate 

 

Sex Applicability 

Sex Evidence 

Unspecific Moderate 

 

Taxonomic: Deiodination by DIO enzymes is known to exist in a wide range of vertebrates and 
invertebrates. This KE is plausibly applicable across vertebrates. Reports of inhibition of DIO2 activity 
are relatively scarce compared to DIO1. Studies reporting DIO2 inhibition have used human 
recombinant DIO2 enzyme (Olker et al., 2019), primary human astrocytes (Roberts et al., 2015), rat 
pituitary (Li et al., 2012), pig liver (Stinckens et al., 2018), Nile tilapia (Oreochromis niloticus) liver 
(Walpita et al., 2007). Evidence for fish (e.g., zebrafish and fathead minnow) is mostly indirect since 

http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=10116
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=9606
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=9823
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=8128
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=8355
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DIO enzyme activity is usually not measured in chemical exposure experiments. Houbrechts et al. 
(2016) showed decreased DIO2 activity in a DIO1-DIO2 knockdown zebrafish at the ages of 3 and 7 
days post fertilization together with impaired swim bladder inflation, showing that the enzyme is present, 
the activity is measurable and impairing its activity has negative effects. Noyes confirmed decreased 
outer ring deiodination activity in fathead minnows exposed to decabromodiphenyl ether (BDE-209). 
Walpita et al. (2007) showed decreased DIO2 activity in the liver of Nile tilapia injected with 
dexamethasone. Stinckens et al. (2018) showed that chemicals with DIO inhibitory potential in pig liver 
impaired swim bladder inflation in zebrafish, a thyroid hormone regulated process. Six out of seven 
DIO1 inhibitors impaired posterior chamber inflation, but almost all of these compounds also inhibit 
DIO2. TCBPA, the only compound that inhibits DIO1 and not DIO2, had no effect on the posterior swim 
bladder. Based on these results, DIO2 seemed to be more important than DIO1.   

In mammals, DIO2 is thought to control the intracellular concentration of T3, while DIO1 is thought to 
be more important in determining systemic T3 levels. The cells that express DIO2 locally produce T3 
that can more rapidly access the thyroid receptors in the nucleus than T3 from plasma (Bianco et al., 
2002). For example, DIO2 is highly expressed in the mammalian brain. However, this hypothesis has 
been challenged. For example, Maia et al. (2005) determined that in a normal physiological situation in 
humans the contribution of DIO2 to plasma T3 levels is twice that of DIO1. Only in a hyperthyroid state 
was the contribution of DIO1 higher than that of DIO2. A DIO1 knockout mouse showed normal T3 
levels and a normal general phenotype and DIO1 was rather found to play a role in limiting the 
detrimental effects of conditions that alter normal thyroid function, including hyperthyroidism and iodine 
deficiency (Schneider et al., 2006). van der Spek et al. concluded that the primary role of DIO1 in vivo 
is to degrade inactivated TH (van der Spek et al., 2017). 

The presence of DIO1 in the liver of teleosts has been a controversial issue and DIO1 function in 
teleostean and amphibian T3 plasma regulation is unclear (Finnson et al., 1999; Kuiper et al., 2006). In 
teleosts, DIO2 has a markedly higher activity level compared to other vertebrates and it is expressed 
in liver (Orozco and Valverde, 2005), suggesting its importance in determining systemic thyroid 
hormone levels. This could explain why DIO2 inhibition seems to be more important than DIO1 inhibition 
in determining the adverse outcome in zebrafish (Stinckens et al., 2018).   

 

Life stage: Deiodinase activity is important for all vertebrate life stages. Already during early embryonic 
development, deiodinase activity is needed to regulate thyroid hormone concentrations and coordinate 
developmental processes. DIO2 shows more marked changes in expression around the time of the 
embryo-larval and larval-to-juvenile transition periods during zebrafish development, highlighting its 
importance for early life stages (Vergauwen et al., 2018). 

 

Sex: This KE is plausibly applicable to both sexes. Deiodinases are important for TH homeostasis and 
identical in both sexes. Therefore inhibition of deiodinases is not expected to be sex-specific. 

 

Key Event Description 

Disruption of the thyroid hormone system is increasingly being recognized as an important toxicity 
pathway, as it can cause many adverse outcomes. Thyroid hormones do not only play an important 
role in the adult individual, but they are also critical during embryonic development. Thyroid hormones 
(THs) play an important role in a wide range of biological processes in vertebrates including growth, 
development, reproduction, cardiac function, thermoregulation, response to injury, tissue repair and 
homeostasis. Numerous chemicals are known to disturb thyroid function, for example by inhibiting 
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thyroperoxidase (TPO) or deiodinase (DIO), upregulating excretion pathways or modifying gene 
expression. The two major thyroid hormones are triiodothyronine (T3) and thyroxine (T4), both iodinated 
derivatives of tyrosine. Most TH actions depend on the binding of T3 to its nuclear receptors. Active 
and inactive THs are tightly regulated by enzymes called iodothyronine deiodinases (DIO). The 
activation occurs via outer ring deiodination (ORD), i.e. removing iodine from the outer, phenolic ring of 
T4 to form T3, while inactivation occurs via inner ring deiodination (IRD), i.e. removing iodine from the 
inner tyrosol ring of T4 or T3. 

 

Three types of iodothyronine deiodinases (DIO1-3) have been described in vertebrates that activate or 
inactivate THs and are therefore important mediators of TH action. All deiodinases are integral 
membrane proteins of the thioredoxin superfamily that contain selenocysteine in their catalytic centre. 
Type I deiodinase is capable to convert T4 into T3, as well as to convert reverse T3 (rT3) to 3,3'-
Diiodothyronine (3,3’ T2), through outer ring deiodination. rT3, rather than T4, is the preferred substrate 
for DIO1. furthermore, DIO1 has a very high Km (µM range, compared to nM range for DIO2) (Darras 
and Van Herck, 2012). Type II deiodinase (DIO2) is only capable of ORD activity with T4 as a preferred 
substrate (i.e., activation of T4 to T3). DIO3 can inner ring deiodinate T4 and T3 to the inactive forms 
of THs,  rT3 and 3,3’-T2 respectively. DIO2 is a transmembrane protein anchored to the endoplasmic 
reticulum and the active site faces the perinuclear cytosol. The relative contribution of the DIOs to 
thyroid hormone levels varies amongst species, developmental stages and tissues. 

 

How it is Measured or Detected 

At this time, there are no approved OECD or EPA guideline protocols for measurement of DIO inhibition. 
Deiodination is the major pathway regulating T3 bioavailability in mammalian tissues. In vitro assays 
can be used to examine inhibition of deiodinase 2 (DIO2) activity upon exposure to thyroid disrupting 
compounds. 

 

Several methods for deiodinase activity measurements are available. A first in vitro assay measures 
deiodinase activities by quantifying the radioactive iodine release from iodine-labelled substrates, 
depending on the preferred substrates of the isoforms of deiodinases (Forhead et al., 2006; Pavelka, 
2010; Houbrechts et al., 2016; Stinckens et al., 2018). Each of these assays requires a source of 
deiodinase which can be obtained for example using unexposed pig liver tissue (available from 
slaughterhouses) or rat liver tissue. Olker et al. (2019) on the other hand used an adenovirus expression 
system to produce the DIO2 enzyme and developed an assay for nonradioactive measurement of iodide 
released using the Sandell-Kolthoff method, a photometric method based on Ce4+ reduction (Renko et 
al., 2012). This assay was then used to screen the ToxCast Phase 1 chemical library. The specific 
synthesis of DIO2 through the adenovirus expression system provides an important advantage over 
other methods where activity of the different deiodinase isoforms needs to be distinguished in other 
ways, such as based on differences in enzyme kinetics. 

 

Measurements of in vivo deiodinase activity in tissues collected from animal experiments are scarce. 
Noyes et al. (2011) showed decreased rate of outer ring deiodination (mediated by DIO1 and DIO2) in 
whole fish microsomes after exposure to BDE-209. After incubation with the substrate, thyroid hormone 
levels were measured using LC-MS/MS. Houbrechts et al. (2016) confirmed DIO2 deiodination activity 
in a DIO1-DIO2 knockdown zebrafish at the ages of 3 and 7 days post fertilization. Decreased T3 levels 
are often used as evidence of DIO inhibition, for example after exposure to iopanoic acid, in fish species 
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such as zebrafish (Stinckens et al., 2020) and fathead minnow (Cavallin et al., 2017). It should be noted 
that it is difficult to make the distinction between decreased T3 levels caused by outer ring deiodination 
mediated by DIO2 inhibition or DIO1 inhibition. 
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List of Key Events in the AOP 

Event: 1003: Decreased, Triiodothyronine (T3) 

Short Name: Decreased, Triiodothyronine (T3)Key Event Component  

Process Object Action 
 
decreased triiodothyronine level 3,3',5'-triiodothyronine  decreased 
 

AOPs Including This Key Event 

AOP ID and Name
 Ev
ent 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 
Aop:159 - Thyroperoxidase inhibition leading to increased mortality via reduced anterior swim 
bladder inflation 

KeyEvent 
 
 
KeyEvent 

Aop:189 - Type I iodothyronine deiodinase (DIO1) inhibition leading to altered amphibian 
metamorphosis 

KeyEvent 

Aop:363 - Thyroperoxidase inhibition leading to increased mortality via altered retinal layer 
structure 

KeyEvent 

Aop:364 - Thyroperoxidase inhibition leading to increased mortality via decreased eye size 
 

KeyEvent 

Aop:365 - Thyroperoxidase inhibition leading to increased mortality via altered photoreceptor 
patterning 

KeyEvent 

 

Biological Context: 

Level of Biological Organization 
Tissue 

 

Domain of Applicability 

 
Taxonomic Applicability 

 

Term Scientific Term Evidence Link 

zebrafish Danio rerio High NCBI  

fathead minnow Pimephales promelas High NCBI  

African clawed frog Xenopus laevis High NCBI  

https://aopwiki.org/aops/155
https://aopwiki.org/aops/155
https://aopwiki.org/aops/156
https://aopwiki.org/aops/156
https://aopwiki.org/aops/157
https://aopwiki.org/aops/157
https://aopwiki.org/aops/158
https://aopwiki.org/aops/158
https://aopwiki.org/aops/159
https://aopwiki.org/aops/159
https://aopwiki.org/aops/189
https://aopwiki.org/aops/189
https://aopwiki.org/aops/363
https://aopwiki.org/aops/363
https://aopwiki.org/aops/364
https://aopwiki.org/aops/365
https://aopwiki.org/aops/365
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=8355
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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 T3 and T4 that are mostly bound to transport proteins in blood as well as T3 
and T4 in tissues. 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 come from rat studies and have been measured mostly 
in serum.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, whereas 
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 decreased THs is still regarded as a measurable key event causatively linked to 
downstream adverse outcomes. 

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). Such measurements 
in fish early life stages are usually based on whole animal samples and do not allow for distinguishing 
between systemic and tissue TH alterations. 

THs are evolutionarily conserved molecules present in all vertebrate species (Hulbert, 2000; Yen, 
2001). Moreover, their crucial role in amphibian and lamprey 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 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: THs are essential in all life stages, but decreases of TH levels are not applicable to all 
developmental phases. 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. 
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Sex: The KE is plausibly applicable to both sexes. THs 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 TH 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 TH 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 

There are two biologically active thyroid hormones (THs), 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 and T3 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 
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 free 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 storage which ensures 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). Initially, 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) Four types of thyroid hormone 
signaling have been defined (Anyetei-Anum et al., 2018): type 1 is the canonical pathway in which 
liganded TR binds directly to DNA; type 2 describes liganded TR tethered to chromatin-associated 
proteins, but not bound to DNA directly; type 3 suggests that liganded TR can exert its function without 
recruitment to chromatin in either the nucleus or cytoplasm; and type 4 proposes that thyroid hormone 
acts at the plasma membrane or in the cytoplasm without binding TR, a mechanism of action that is 
emerging as a key component of thyroid hormone signaling. 

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 
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(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 
regulate the production of thyroid hormones. Less T3 (the biologically more active TH) than T4 is 
produced by the thyroid gland. 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 to date. The monocarboxylate transporters (Mct8, Mct10) and the anion-
transporting polypeptide (OATP1c1) show the highest degree of affinity towards TH (Jansen et al., 
2005) and mutations in these genes have pathophysiological effects in humans (Bernal et al., 2015). 
Unlike humans with an MCT8 deficiency, MCT8 knockout mice do not have neurological impairment. 
One explanation for this discrepancy could be differences in expression of the T4 transporter OATP1C1 
in the blood–brain barrier. This shows that cross-species differences in the importance of specific 
transporters may occur. 

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; 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 
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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 TTR to Thr117 in seabream TTR (Santos and Power, 
1999; Yamauchi et al., 1999; Eneqvist et al., 2004). In vitro binding experiments showed that TH system 
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 minnow 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) in serum, or in tissues. Free 
hormones 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 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 TH synthesis comes from measurements of 
whole-body TH levels and using LC-MS techniques (Hornung et al., 2015) are increasingly used to 
accurately quantify whole-body TH levels (Nelson et al., 2016; Stinckens et al., 2016, 2020).  
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Event: 1004: Reduced, Posterior swim bladder inflation 

Short Name: Reduced, Posterior swim bladder inflation  

Key Event Component 

Process Object Action 

swim bladder inflation posterior chamber swim bladder decreased 
 
AOPs Including This Key Event 

AOP Name Role of event in AOP 

DIO2i posterior swim bladder  KeyEvent 
DIO1i posterior swim bladder  KeyEvent 
 
Biological Context 

Level of Biological Organization 

Organ 
 
Organ term 

Organ term 

swim bladder 

Domain of Applicability 

 
Taxonomic Applicability 

 
Term Scientific Term Evidence Links 

zebrafish Danio rerio High NCBI  

fathead minnow Pimephales promelas High NCBI  

medaka Oryzias latipes Medium  

 

 
 

Life Stage Applicability  

Life Stage Evidence 

Embryo High 

 

Sex Applicability 

Sex Evidence 

Unspecific Moderate 

 

https://aopwiki.org/aops/155
https://aopwiki.org/aops/157
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
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Taxonomic: Teleost fish can be divided in two groups according to swim bladder morphology: 
physoclistous (e.g., yellow perch, sea bass, striped bass, medaka) and physostomous (e.g., zebrafish 
and fathead minnow). Physostomous fish retain a duct between the digestive tract and the swim bladder 
during adulthood allowing them to gulp air at the surface to fill the swim bladder. In contrast, in 
physoclistous fish, once initial inflation by gulping atmospheric air at the water surface has occurred, 
the swim bladder is closed off from the digestive tract and swim bladder volume is regulated by gas 
secretion into the swim bladder (Wooley and Qin, 2010). 

Much of the evidence for impaired posterior chamber of the swim bladder currently comes from work 
on zebrafish and fathead minnow (Stinckens et al., 2018; Cavallin et al., 2017; Wang et al., 2020). 
Increasing evidence is becoming available on defects of swim bladder inflation in medaka (Oryzias 

latipes), a species with only one swim bladder chamber (Gonzalez-doncel et al., 2003; Dong et al., 
2016; Kupsco et al., 2016; Mu et al., 2017; Pandelides et al., 2021). Exposure to T3, methimazole, 
heptafluorobutanoic acid (PFBA) and tris[1,3-dichloro-2-propyl] phosphate (TDCPP) inhibited inflation 
of the swim bladder in female medaka. Interestingly, for those females that developed a swim bladder, 
exposure to methimazole and all halogenated chemicals with the exception of PFBA, resulted in larger 
swim bladders (Godfrey et al., 2019). Horie et al. (2022) eludicated the timing of swim bladder inflation 
in medaka and compared effects on the swim bladder after exposure of zebrafish and medaka to PFBA 
and TDCPP. This KE is plausibly applicable across fish species with swim bladders, both physostomous 
and physoclistous. 

 

Life stage: The posterior chamber inflates during a specific developmental time frame. In zebrafish, 
the posterior chamber inflates around 96-120 hpf which is 2-3 dph. In the fathead minnow, the posterior 
chamber inflates around 6 dpf. In medaka, the swim bladder inflates around 2 hours post hatch 
(hatching occurs around 8 dpf) (Horie et al., 2022). Therefore this KE is only applicable to the embryonic 
life stage. 

 

Sex: This KE is plausibly applicable to both sexes. Sex differences are not often investigated in tests 
using early life stages of fish. In medaka, sex can be morphologically distinguished as soon as 10 days 
post fertilization. Females appear more susceptible to thyroid‐induced swim bladder dysfunction 
compared with males (Godfrey et al., 2019). In zebrafish and fathead minnow, it is currently unclear 
whether sex-related differences are important in determining the magnitude of the changes in this KE. 
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. Since the posterior chamber inflates around 5 days post 
fertilization in zebrafish, when sex differentiation has not started yet, sex differences are expected to 
play a minor role. Fathead minnow gonad differentiation also occurs during larval development. Fathead 
minnows utilize a XY sex determination strategy and markers can be used to genotype sex in life stages 
where the sex is not yet clearly defined morphologically (Olmstead et al., 2011). Ovarian differentiation 
starts at 10 dph followed by rapid development (Van Aerle et al., 2004). At 25 dph germ cells of all 
stages up to the primary oocytes stage were present and at 120 dph, vitellogenic oocytes were present. 
The germ cells (spermatogonia) of the developing testes only entered meiosis around 90–120 dph. 
Mature testes with spermatozoa are present around 150 dph. Since the posterior chamber inflates 
around 6 days post fertilization (1 dph) in fathead minnows, sex differences are expected to play a 
minor role in the current KE. 
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Key Event Description 

The teleost swim bladder is a gas-filled structure that consists of two chambers, the posterior and 
anterior chamber. In zebrafish, the posterior chamber inflates around 96-120 h post fertilization (hpf) 
which is 2-3 days post hatch, and the anterior chamber inflates around 21 dpf (days post fertilization). 
In fathead minnow, the posterior and anterior chamber inflate around 6 and 14 dpf respectively. 

The posterior chamber is formed from a bud originating from the foregut endoderm (Winata et al., 2009). 
The posterior chamber operates as a hydrostatic organ. The volume of gas in the adult swim bladder 
is continuously adjusted to regulate body density and buoyancy. 

Many amphibians and frogs go through an embryo-larval transition phase marking the switch from 
endogenous feeding (from the yolk) to exogenous feeding. In zebrafish, embryonic-to-larval transition 
takes place around 96 hours post fertilization (hpf). As in amphibians, the transition between the 
different developmental phases includes maturation and inflation of the swim bladder (Liu and Chan, 
2002). 

Reduced inflation of the posterior chamber may manifest itself as either a complete failure to inflate the 
chamber or a reduced size of the chamber. 

 

How it is Measured or Detected 

In several fish species, inflation of the posterior chamber can easily be observed using a 
stereomicroscope because the larvae are still transparent during those early developmental stages. 
This is for example true for zebrafish and fathead minnow. Posterior chamber size can then be 
measured based on photographs with a calibrator. 

When observing effects on swim bladder inflation, it is important to verify that reduced swim bladder 
inflation occurs at concentrations significantly lower than those causing mortality, since a wide variety 
of chemicals cause impaired posterior chamber inflation at exposure concentrations that also cause 
mortality (Stinckens et al., 2018). 
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Event: 1005: Reduced, Swimming performance 

Short Name: Reduced, Swimming performance 

 Key Event Component 

Process Object Action 

aquatic locomotion 
 

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  

Key Event 

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

Key Event 

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

Key Event 

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

Key Event 

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

Key Event 

Aop:242 - Inhibition of lysyl oxidase leading to enhanced chronic fish toxicity  Key Event 
Aop:334 - Glucocorticoid Receptor Agonism Leading to Impaired Fin Regeneration  Key Event 
 

Biological Context 

Level of Biological Organization 

Individual 

Domain of Applicability 

Taxonomic Applicability 

Term Scientific Term Evidence Links 

zebrafish Danio rerio High NCBI  

teleost fish teleost fish High NCBI  

fathead minnow Pimephales promelas High NCBI  

 

Life Stage Applicability 

Life Stage Evidence 

Larvae Moderate 
Juvenile Moderate 
Adult Moderate 
  

https://aopwiki.org/aops/155
https://aopwiki.org/aops/155
https://aopwiki.org/aops/156
https://aopwiki.org/aops/156
https://aopwiki.org/aops/157
https://aopwiki.org/aops/157
https://aopwiki.org/aops/158
https://aopwiki.org/aops/158
https://aopwiki.org/aops/159
https://aopwiki.org/aops/159
https://aopwiki.org/aops/242
https://aopwiki.org/aops/334
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=70862
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=90988
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Sex Applicability 

Sex Evidence 

Unspecific Moderate 

 

Taxonomic: Importance of swimming performance for natural behaviour is generally applicable to fish 
and tho other taxa that rely on swimming to support vital behaviours. 

Life stage: Importance of swimming performance for natural behaviour is generally applicable across 
all free-swimming life stages, i.e., post-embryonic life stages. 

Sex: Importance of swimming performance for natural behaviour is generally applicable across sexes. 

 

Key Event Description 

Adequate swimming performance in fish is essential for behaviour such as foraging, predator avoidance 
and reproduction. 

How it is Measured or Detected 

For fish larvae, automated observation and tracking systems are commercially available and 
increasingly used for measuring swimming performance including distance travelled, duration of 
movements, swimming speed, etc. This kind of measurements is often included in publications 
describing effects of chemicals in zebrafish larvae (Hagenaars et al., 2014; Stinckens et al., 2016; 
Vergauwen et al., 2015). 

For juvenile and adult fish, measurements of swim performance vary. However, in some circumstances, 
swim tunnels have been used to measure various data (Fu et al., 2013). 

Little and Finger (1990) discussed swimming behavior as an indicator of sublethal toxicity in fish. 
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List of Adverse Outcomes in this AOP 

Event: 351: Increased Mortality  

Short Name: Increased Mortality  

Key Event Component 

Process Object Action 

mortality 
 

increased 
 
 
AOPs Including This Key Event 

 
AOP ID and Name Event Type 

Aop:16 - Acetylcholinesterase inhibition leading to acute mortality  Adverse 
Outcome 

Aop:96 - Axonal sodium channel modulation leading to acute mortality  Adverse 
Outcome 

Aop:104 - Altered ion channel activity leading impaired heart function  Adverse 
Outcome 

Aop:113 - Glutamate-gated chloride channel activation leading to acute mortality  Adverse 
Outcome 

Aop:160 - Ionotropic gamma-aminobutyric acid receptor activation mediated 
neurotransmission inhibition leading to mortality  

Adverse 
Outcome 

Aop:161 - Glutamate-gated chloride channel activation leading to 
neurotransmission inhibition associated mortality  

Adverse 
Outcome 

Aop:138 - Organic anion transporter (OAT1) inhibition leading to renal failure and 
mortality  

Adverse 
Outcome 

Aop:177 - Cyclooxygenase 1 (COX1) inhibition leading to renal failure and 
mortality  

Adverse 
Outcome 

Aop:186 - unknown MIE leading to renal failure and mortality  Adverse 
Outcome 

Aop:312 - Acetylcholinesterase Inhibition leading to Acute Mortality via Impaired 
Coordination & Movement  

Adverse 
Outcome 

Aop:320 - Binding of viral S-glycoprotein to ACE2 receptor leading to acute 
respiratory distress associated mortality  

Adverse 
Outcome 

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

Adverse 
Outcome 

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

Adverse 
Outcome 

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

Adverse 
Outcome 

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

Adverse 
Outcome 

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

Adverse 
Outcome 

Aop:363 - Thyroperoxidase inhibition leading to increased mortality via altered 
retinal layer structure  

Adverse 
Outcome 

https://aopwiki.org/aops/16
https://aopwiki.org/aops/96
https://aopwiki.org/aops/104
https://aopwiki.org/aops/113
https://aopwiki.org/aops/160
https://aopwiki.org/aops/160
https://aopwiki.org/aops/161
https://aopwiki.org/aops/161
https://aopwiki.org/aops/138
https://aopwiki.org/aops/138
https://aopwiki.org/aops/177
https://aopwiki.org/aops/177
https://aopwiki.org/aops/186
https://aopwiki.org/aops/312
https://aopwiki.org/aops/312
https://aopwiki.org/aops/320
https://aopwiki.org/aops/320
https://aopwiki.org/aops/155
https://aopwiki.org/aops/155
https://aopwiki.org/aops/156
https://aopwiki.org/aops/156
https://aopwiki.org/aops/157
https://aopwiki.org/aops/157
https://aopwiki.org/aops/158
https://aopwiki.org/aops/158
https://aopwiki.org/aops/159
https://aopwiki.org/aops/159
https://aopwiki.org/aops/363
https://aopwiki.org/aops/363


       39 

  
 
 

AOP ID and Name Event Type 

Aop:377 - Dysregulated prolonged Toll Like Receptor 9 (TLR9) activation leading 
to Acute Respiratory Distress Syndrome (ARDS) and Multiple Organ Dysfunction 
(MOD)  

Adverse 
Outcome 

Aop:364 - Thyroperoxidase inhibition leading to increased mortality via 
decreased eye size  

Adverse 
Outcome 

Aop:365 - Thyroperoxidase inhibition leading to increased mortality via altered 
photoreceptor patterning  

Adverse 
Outcome 

Aop:399 - Inhibition of Fyna leading to increased mortality via decreased eye size 
(Microphthalmos)  

Adverse 
Outcome 

Aop:413 - Oxidation and antagonism of reduced glutathione leading to mortality 
via acute renal failure  

Adverse 
Outcome 

Aop:410 - Repression of Gbx2 expression leads to defects in developing inner 
ear and consequently to increased mortality  

Key Event 

 
Biological Context 

Level of Biological Organization 

Population 

Domain of Applicability 

Taxonomic Applicability 

Term Scientific Term Evidence Links 

all species all species High NCBI  

 

Life Stage Applicability 

Life Stage Evidence 

All life stages High 
 

Sex Applicability 

Sex Evidence 

Unspecific Moderate 
 

All living things are susceptible to mortality. 

 

Key Event Description 

Increased mortality refers to an increase in the number of individuals dying in an experimental replicate 
group or in a population over a specific period of time. 

 

How it is Measured or Detected 

Mortality of animals is generally observed as cessation of the heart beat, breathing (gill or lung 
movement) and locomotory movements. 

https://aopwiki.org/aops/377
https://aopwiki.org/aops/377
https://aopwiki.org/aops/377
https://aopwiki.org/aops/364
https://aopwiki.org/aops/364
https://aopwiki.org/aops/365
https://aopwiki.org/aops/365
https://aopwiki.org/aops/399
https://aopwiki.org/aops/399
https://aopwiki.org/aops/413
https://aopwiki.org/aops/413
https://aopwiki.org/aops/410
https://aopwiki.org/aops/410
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=0
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Mortality is typically measured by observation. Depending on the size of the organism, instruments 
such as microscopes may be used. The reported metric is mostly the mortality rate: the number of 
deaths in a given area or period, or from a particular cause. 

 

Depending on the species and the study setup, mortality can be measured: 

• in the lab by recording mortality during exposure experiments 
• in dedicated setups simulating a realistic situation such as mesocosms or drainable ponds for 

aquatic species 
• in the field, for example by determining age structure after one capture, or by capture-mark-

recapture efforts. The latter is a method 
• commonly used in ecology to estimate an animal population's size where it is impractical to 

count every individual. 
 

Regulatory Significance of the AO 

Increased mortality is one of the most common regulatory assessment endpoints, along with reduced 
growth and reduced reproduction. 

  



       41 

  
 
 

Event: 360: Decrease, Population growth rate 

Short Name: Decrease, Population growth rate 

Key Event Component 

Process Object Action 

population growth rate population of organisms decreased 
 
AOPs Including This Key Event 

AOP ID and Name Event Type 

Aop:23 - Androgen receptor agonism leading to reproductive dysfunction (in 
repeat-spawning fish)  

Adverse Outcome 

Aop:25 - Aromatase inhibition leading to reproductive dysfunction  Adverse Outcome 
Aop:29 - Estrogen receptor agonism leading to reproductive dysfunction  Adverse Outcome 
Aop:30 - Estrogen receptor antagonism leading to reproductive dysfunction  Adverse Outcome 
Aop:100 - Cyclooxygenase inhibition leading to reproductive dysfunction via 
inhibition of female spawning behavior  

Adverse Outcome 

Aop:122 - Prolyl hydroxylase inhibition leading to reproductive dysfunction via 
increased HIF1 heterodimer formation  

Adverse Outcome 

Aop:123 - Unknown MIE leading to reproductive dysfunction via increased HIF-
1alpha transcription  

Adverse Outcome 

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

Adverse Outcome 

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

Adverse Outcome 

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

Adverse Outcome 

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

Adverse Outcome 

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

Adverse Outcome 

Aop:101 - Cyclooxygenase inhibition leading to reproductive dysfunction via 
inhibition of pheromone release  

Adverse Outcome 

Aop:102 - Cyclooxygenase inhibition leading to reproductive dysfunction via 
interference with meiotic prophase I /metaphase I transition  

Adverse Outcome 

Aop:63 - Cyclooxygenase inhibition leading to reproductive dysfunction  Adverse Outcome 
Aop:103 - Cyclooxygenase inhibition leading to reproductive dysfunction via 
interference with spindle assembly checkpoint  

Adverse Outcome 

Aop:292 - Inhibition of tyrosinase leads to decreased population in fish  Adverse Outcome 
Aop:310 - Embryonic Activation of the AHR leading to Reproductive failure, via 
epigenetic down-regulation of GnRHR  

Adverse Outcome 

Aop:16 - Acetylcholinesterase inhibition leading to acute mortality  Adverse Outcome 
Aop:312 - Acetylcholinesterase Inhibition leading to Acute Mortality via Impaired 
Coordination & Movement  

Adverse Outcome 

Aop:334 - Glucocorticoid Receptor Agonism Leading to Impaired Fin 
Regeneration  

Adverse Outcome 

Aop:336 - DNA methyltransferase inhibition leading to population decline (1)  Adverse Outcome 
Aop:337 - DNA methyltransferase inhibition leading to population decline (2)  Adverse Outcome 

https://aopwiki.org/aops/23
https://aopwiki.org/aops/23
https://aopwiki.org/aops/25
https://aopwiki.org/aops/29
https://aopwiki.org/aops/30
https://aopwiki.org/aops/100
https://aopwiki.org/aops/100
https://aopwiki.org/aops/122
https://aopwiki.org/aops/122
https://aopwiki.org/aops/123
https://aopwiki.org/aops/123
https://aopwiki.org/aops/155
https://aopwiki.org/aops/155
https://aopwiki.org/aops/156
https://aopwiki.org/aops/156
https://aopwiki.org/aops/157
https://aopwiki.org/aops/157
https://aopwiki.org/aops/158
https://aopwiki.org/aops/158
https://aopwiki.org/aops/159
https://aopwiki.org/aops/159
https://aopwiki.org/aops/101
https://aopwiki.org/aops/101
https://aopwiki.org/aops/102
https://aopwiki.org/aops/102
https://aopwiki.org/aops/63
https://aopwiki.org/aops/103
https://aopwiki.org/aops/103
https://aopwiki.org/aops/292
https://aopwiki.org/aops/310
https://aopwiki.org/aops/310
https://aopwiki.org/aops/16
https://aopwiki.org/aops/312
https://aopwiki.org/aops/312
https://aopwiki.org/aops/334
https://aopwiki.org/aops/334
https://aopwiki.org/aops/336
https://aopwiki.org/aops/337
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AOP ID and Name Event Type 

Aop:338 - DNA methyltransferase inhibition leading to population decline (3)  Adverse Outcome 
Aop:339 - DNA methyltransferase inhibition leading to population decline (4)  Adverse Outcome 
Aop:340 - DNA methyltransferase inhibition leading to transgenerational effects 
(1) 

Adverse Outcome 

Aop:341 - DNA methyltransferase inhibition leading to transgenerational effects 
(2) 

Adverse Outcome 

Aop:289 - Inhibition of 5α-reductase leading to impaired fecundity in female fish  Adverse Outcome 
Aop:297 - Inhibition of retinaldehyde dehydrogenase leads to population decline  Adverse Outcome 
Aop:346 - Aromatase inhibition leads to male-biased sex ratio via impacts on 
gonad differentiation  

Adverse Outcome 

Aop:299 - Excessive reactive oxygen species production leading to population 
decline via reduced fatty acid beta-oxidation  

Adverse Outcome 

Aop:311 - Excessive reactive oxygen species production leading to population 
decline via mitochondrial dysfunction  

Adverse Outcome 

Aop:216 - Excessive reactive oxygen species production leading to population 
decline via follicular atresia  

Adverse Outcome 

Aop:238 - Excessive reactive oxygen species production leading to population 
decline via lipid peroxidation  

Adverse Outcome 

Aop:326 - Thermal stress leading to population decline (3)  Adverse Outcome 
Aop:325 - Thermal stress leading to population decline (2)  Adverse Outcome 
Aop:324 - Thermal stress leading to population decline (1)  Adverse Outcome 
Aop:363 - Thyroperoxidase inhibition leading to increased mortality via altered 
retinal layer structure  

Adverse Outcome 

Aop:349 - Inhibition of 11β-hydroxylase leading to decresed population 
trajectory  

Adverse Outcome 

Aop:348 - Inhibition of 11β-Hydroxysteroid Dehydrogenase leading to 
decreased population trajectory  

Adverse Outcome 

Aop:376 - Androgen receptor agonism leading to male-biased sex ratio  Adverse Outcome 
Aop:386 - Increased reactive oxygen species production leading to population 
decline via inhibition of photosynthesis  

Adverse Outcome 

Aop:387 - Increased reactive oxygen species production leading to population 
decline via mitochondrial dysfunction  

Adverse Outcome 

Aop:388 - DNA damage leading to population decline via programmed cell 
death  

Adverse Outcome 

Aop:389 - Oxygen-evolving complex damage leading to population decline via 
inhibition of photosynthesis  

Adverse Outcome 

Aop:364 - Thyroperoxidase inhibition leading to increased mortality via 
decreased eye size  

Adverse Outcome 

Aop:365 - Thyroperoxidase inhibition leading to increased mortality via altered 
photoreceptor patterning  

Adverse Outcome 

Aop:399 - Inhibition of Fyna leading to increased mortality via decreased eye 
size (Microphthalmos)  

Adverse Outcome 

 

Biological Context 

Level of Biological Organization 

Population 
  

  

https://aopwiki.org/aops/338
https://aopwiki.org/aops/339
https://aopwiki.org/aops/340
https://aopwiki.org/aops/340
https://aopwiki.org/aops/341
https://aopwiki.org/aops/341
https://aopwiki.org/aops/289
https://aopwiki.org/aops/297
https://aopwiki.org/aops/346
https://aopwiki.org/aops/346
https://aopwiki.org/aops/299
https://aopwiki.org/aops/299
https://aopwiki.org/aops/311
https://aopwiki.org/aops/311
https://aopwiki.org/aops/216
https://aopwiki.org/aops/216
https://aopwiki.org/aops/238
https://aopwiki.org/aops/238
https://aopwiki.org/aops/326
https://aopwiki.org/aops/325
https://aopwiki.org/aops/324
https://aopwiki.org/aops/363
https://aopwiki.org/aops/363
https://aopwiki.org/aops/349
https://aopwiki.org/aops/349
https://aopwiki.org/aops/348
https://aopwiki.org/aops/348
https://aopwiki.org/aops/376
https://aopwiki.org/aops/386
https://aopwiki.org/aops/386
https://aopwiki.org/aops/387
https://aopwiki.org/aops/387
https://aopwiki.org/aops/388
https://aopwiki.org/aops/388
https://aopwiki.org/aops/389
https://aopwiki.org/aops/389
https://aopwiki.org/aops/364
https://aopwiki.org/aops/364
https://aopwiki.org/aops/365
https://aopwiki.org/aops/365
https://aopwiki.org/aops/399
https://aopwiki.org/aops/399
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Domain of Applicability 

Taxonomic Applicability 

Term Scientific Term Evidence Links 

all species all species High NCBI  

 

Life Stage Applicability  

Life Stage Evidence 

All life stages Not Specified 

 

Sex Applicability 

Sex Evidence 

Unspecific Not Specified 

 

Consideration of population size and changes in population size over time is potentially relevant to all 
living organisms. 

 

Key Event Description 

Population ecology is the study of the sizes (and to some extent also the distribution) of plant and 
animal populations and of the processes, mainly biological in nature, that determine these sizes. As 
such, it provides an integrated measure of events occurring at lower levels of biological organization 
(biochemical, organismal, etc.). The population size in turn determines community and ecosystem 
structure. For fish, maintenance of sustainable fish and wildlife populations (i.e., adequate to ensure 
long-term delivery of valued ecosystem services) is an accepted regulatory goal upon which risk 
assessments and risk management decisions are based. 

 

How it is Measured or Detected 

Population trajectories, either hypothetical or site specific, can be estimated via population modeling 
based on measurements of vital rates or reasonable surrogates measured in laboratory studies. As an 
example, Miller and Ankley 2004 used measures of cumulative fecundity from laboratory studies with 
repeat spawning fish species to predict population-level consequences of continuous exposure. 

 

Regulatory Significance of the AO 

Maintenance of sustainable fish and wildlife populations (i.e., adequate to ensure long-term delivery of 
valued ecosystem services) is a widely accepted regulatory goal upon which risk assessments and risk 
management decisions are based. 

 

http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=0
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Appendix 2 - List of Key Event Relationships in the AOP 

List of Adjacent Key Event Relationships 

Relationship: 1026: Inhibition, Deiodinase 2 leads to Decreased, 

Triiodothyronine (T3) 

AOPs Referencing Relationship 

AOP Name Adjacency Weight 

of 

Evidence 

Quantitative 
Understanding 

Deiodinase 2 inhibition leading to increased 
mortality via reduced posterior swim bladder 
inflation 

 

 
adjacent 

 
Moderate 

Low 

Deiodinase 2 inhibition leading to increased 
mortality via reduced anterior swim bladder 
inflation 

 

 
adjacent 

 
Moderate 

 
Low 

 

Evidence Supporting Applicability of this Relationship 

 

Taxonomic Applicability 

Term Scientific Term Evidence Links 

zebrafish Danio rerio High NCBI  

fathead minnow Pimephales promelas High NCBI  

 

Life Stage Applicability  

Life Stage Evidence 

All life stages High 

 

Sex Applicability 

Sex Evidence 

Unspecific Moderate 

 

https://aopwiki.org/aops/155
https://aopwiki.org/aops/155
https://aopwiki.org/aops/155
https://aopwiki.org/aops/156
https://aopwiki.org/aops/156
https://aopwiki.org/aops/156
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
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Taxonomic: Deiodinases are important for the activation of T4 to T3 across vertebrates. Therefore, 
this KER is plausibly applicable across vertebrates. There appear to be differences among vertebrate 
classes relative to the role of the different deiodinase isoforms in regulating thyroid hormone levels. 
Maia et al. (2005) determined that in a normal physiological situation in humans the contribution of DIO2 
to plasma T3 levels is twice that of DIO1. A DIO2 knockout (KO) mouse however showed a very mild 
gross phenotype with only mild growth retardation in males (Schneider et al., 2001). It seemed that by 
blocking the negative feedback system, DIO2 KO resulted in increased levels of T4 and TSH and in 
normal rather than decreased T3 levels compared to WT. Potential differences in the role of the 
deiodinase isoforms in the negative feedback system and the final consequences for TH levels across 
vertebrates is currently not entirely clear. These differences make it difficult to exactly evaluate the 
importance of DIO2 in regulating serum/tissue T3 levels across vertebrates. Mol et al. (1998) concluded 
that deiodinases in teleosts were more similar to mammalian deiodinases than had been generally 
accepted, based on the similarities in susceptibility to inhibition and the agreement of the Km values. 

 

Life stage: Deiodinases are important for the activation of T4 to T3 across all life stages. 

 

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 Relationship Description 

The two major thyroid hormones are thyroxine (T4) and the more biologically active triiodothyronine 
(T3), both iodinated derivatives of tyrosine. Active and inactive THs are tightly regulated by enzymes 
called iodothyronine deiodinases (DIO). The activation occurs via outer ring deiodination (ORD), i.e. 
removing iodine from the outer, phenolic ring of T4 to form T3, while inactivation occurs via inner ring 
deiodination (IRD), i.e. removing iodine from the inner tyrosol ring of T4 or T3. 

 

Three types of iodothyronine deiodinases (DIO1-3) have been described in vertebrates that activate or 
inactivate THs and are therefore important mediators of TH action. All deiodinases are integral 
membrane proteins of the thioredoxin superfamily that contain selenocysteine in their catalytic centre. 
Type I deiodinase is capable of converting T4 into T3, as well as to convert rT3 to the inactive thyroid 
hormone 3,3’ T2, through outer ring deiodination. rT3, rather than T4, is the preferred substrate for 
DIO1. furthermore, DIO1 has a very high Km (µM range, compared to nM range for DIO2) (Darras and 
Van Herck, 2012). Type II deiodinase (DIO2) is only capable of ORD activity with T4 as a preferred 
substrate (i.e., activation of T4 tot T3). DIO3 can inner ring deiodinate T4 and T3 to the inactive forms 
of THs, reverse T3, (rT3) and 3,3’-T2 respectively. (Darras and Van Herck, 2012) DIO2 and DIO3 
expression customize the timing and intensity of TH signalling in an organ/tissue-specific way (Russo 
et al 2021). 
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Evidence Supporting this KER 

Inhibition of DIO2 activity is widely accepted to directly decrease T3 levels, since the conversion of T4 
to T3 is inhibited. The importance of DIO2 inhibition in altering serum and/or tissue T3 levels depends 
on the relative role of different deiodinases in regulating serum versus tissue T3 levels and in negative 
feedback within the HPT axis. Both aspects appear to vary among vertebrate taxa. 

 

Biological Plausibility 

Inhibition of DIO2 activity is widely accepted to directly decrease T3 levels, since the conversion of T4 
to T3 is inhibited. 

 

Empirical Evidence 

• Houbrechts et al. (2016) developed a zebrafish Dio2 knockout and confirmed both the absence 
of the full length Dio2 protein in the liver and the dramatical decrease of T4 activating enzyme 
activity in liver, brain and eyes. Finally, they found decreased levels of T3 in liver, brain and eyes. 

• Winata et al. (2009, 2010) reported reduced pigmentation, otic vesicle length and head-trunk 
angle in DIO1+2 and DIO2 knockdown zebrafish. These effects were rescued after T3 
supplementation but not by T4 supplementation, confirming that decreased T3 levels were at the 
basis of the observed effects. 

• In the study of Cavallin et al. (2017) fathead minnow larvae were exposed to IOP, a model 
iodothyronine deiodinase inhibitor that is assumed to inhibit all three deiodinase enzymes 
(DIO1,2,3). Transcriptional analysis showed that especially DIO2, but also DIO3 mRNA levels (in 
some treatments), were increased in 10 to 21 day old larvae exposed to IOP as of the age of 6 
days. This suggests that IOP effectively inhibited DIO2 and DIO3 in the larvae and that mRNA 
levels increased as a compensatory response. The authors also observed pronounced 
decreases of whole-body T3 concentrations and increases of whole-body T4 concentrations. 

• Stinckens et al. (2020) showed that IOP reduced whole-body T3 levels in zebrafish in 21 and 32 
day old larvae that had been exposed starting from fertilization. 

• While DIO1 has a high Km and rT3 is its preferred substrate, DIO2 has a low Km and T4 is its 
preferred substrate, indicating that DIO2 is more important than DIO1 in converting T4 to T3 in a 
physiological situation across species (Darras and Van Herck, 2012). 

 

Uncertainties and Inconsistencies 

Since in fish early life stages THs are typically measured on a whole-body level, it is currently uncertain 
whether T3 level changes occur at the serum and/or tissue level.  

The importance of DIO2 inhibition in altering serum or tissue T3 levels depends on the relative role of 
different deiodinases in regulating serum versus tissue T3 levels and in negative feedback within the 
HPT axis. Both aspects appear to vary among vertebrate taxa. The high level of DIO2 activity and its 
expression in the liver of teleosts are unique among vertebrates (Orozco and Valverde, 2005). It is 
thought that DIO2 is important for local T3 production in several tissues but also contributes to 
circulating T3, especially in fish and amphibians (Darras et al., 2015). 

Deiodinase 2 inhibition may not always directly lead to decreased T3 levels as there may be age-
specific, exposure window- specific, and exposure duration-specific effects that may deviate from that 
dynamic. Differences in feedback mechanisms may be an important contributor. In DIO2 knockout mice 
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it seemed that the negative feedback system was blocked resulting in increased levels of T4 and TSH 
and in normal rather than decreased T3 levels compared to WT. 

In the study of Cavallin et al. (2017) fathead minnow embryos were exposed to IOP, a model 
iodothyronine deiodinase inhibitor that is assumed to inhibit all three deiodinase enzymes (DIO1,2,3). 
The authors observed increased whole-body T3 concentrations in 4 and 6 day old embryos, while they 
observed decreased T3 concentrations in 10 to 21 day old larvae exposed to IOP as of the age of 6 
days. One possible explanation for the elevated T3 concentrations may be the potential impact of IOP 
exposure on DIO3. DIO3 is an inactivating enzyme that removes iodine from the inner ring of both T4 
and T3, resulting in reverse T3 (rT3) and 3,5-diiodo-L- thyronine (T2), respectively (Bianco and Kim, 
2006). Maternal sources of thyroid hormones are known to include both T4 and T3 (Power et al., 2001; 
Walpita et al., 2007). Consequently, reduced conversion of maternal T3 to inactive forms may be one 
plausible explanation for the increase. Another explanation may result from the role of deiodinases in 
the negative feedback system of the HPT axis. Inhibition of deiodinase (unclear which isoforms) may 
block the negative feedback system and result in increased release of T4. Increased levels of T4 were 
indeed observed by Cavallin et al. (2017). 

 

Quantitative Understanding of the Linkage 

Since in fish enzyme activity and thyroid hormone levels are rarely measured in the same study, 
quantitative understanding of this linkage is limited. 

 

Known Feedforward/Feedback loops influencing this KER 

Thyroid hormone levels are regulated via negative feedback, in part via regulation of the expression of 
all three DIO isoforms in response to deviating TH levels. This feedback mechanism influences this 
KER. Additionally, deiodinases regulate the activity of thyroid hormones, not only in serum and target 
organs, but also in the thyroid gland. On top of that, deiodinases themselves are mediators of the 
negative feedback system that results in increased TSH levels when the levels of T4 (and also T3) in 
serum are low (Schneider et al., 2001), resulting in an even more complicated impact on this KER. 
Increased TSH levels then stimulate increased T4 release from the thyroid gland, resulting in a 
compensatory increase of serum T4 levels. In DIO2 knockout mice it seemed that the negative feedback 
system was blocked resulting in increased levels of T4 and TSH and in normal rather than decreased 
T3 levels compared to WT. By inhibiting DIO1 using a PTU exposure, Schneider et al. (2001) showed 
that DIO2 played a role in the increased TSH levels in response to T3 or T4 injection in mice. 
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Relationship: 1027: Decreased, Triiodothyronine (T3) leads to Reduced, 

Posterior swim bladder inflation 

 
AOPs Referencing Relationship 
 

AOP Name Adjacency Weight 

of 

Evidence 

Quantitative 
Understanding 

Deiodinase 2 inhibition leading to increased 
mortality via reduced posterior swim bladder 
inflation 

Adjacent Moderate Low 

Deiodinase 1 inhibition leading to increased 
mortality via reduced posterior swim bladder 
inflation 

Adjacent Moderate Low 

 

Evidence Supporting Applicability of this Relationship 

 

Taxonomic Applicability 

Term Scientific Term Evidence Link 

zebrafish Danio rerio High NCBI  

fathead minnow Pimephales promelas Moderate NCBI  

 

Life Stage Applicability  

Life Stage Evidence 

Embryo High 

 

Sex Applicability 

Sex Evidence 

Unspecific Moderate 

 

Taxonomic: Teleost fish can be divided in two groups according to swim bladder morphology: 
physoclistous (e.g., yellow perch, sea bass, striped bass, medaka) and physostomous (e.g., zebrafish 
and fathead minnow). Physostomous fish retain a duct between the digestive tract and the swim bladder 
during adulthood allowing them to gulp air at the surface to fill the swim bladder. In contrast, in 
physoclistous fish, once initial inflation by gulping atmospheric air at the water surface has occurred, 
the swim bladder is closed off from the digestive tract and swim bladder volume is regulated by gas 
secretion into the swim bladder (Woolley and Qin, 2010). 

Much of the evidence for impaired posterior chamber of the swim bladder currently comes from work 
on zebrafish and fathead minnow (Stinckens et al., 2018; Cavallin et al., 2017; Wang et al., 2020). 
Increasing evidence is becoming available on defects of swim bladder inflation in medaka (Oryzias 

https://aopwiki.org/aops/155
https://aopwiki.org/aops/155
https://aopwiki.org/aops/155
https://aopwiki.org/aops/157
https://aopwiki.org/aops/157
https://aopwiki.org/aops/157
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


52        

  
 

latipes), a species with only one swim bladder chamber (Gonzalez-doncel et al., 2003; Dong et al., 
2016; Kupsco et al., 2016; Mu et al., 2017; Pandelides et al., 2021). Exposure to T3, methimazole, 
heptafluorobutanoic acid (PFBA) and tris[1,3-dichloro-2-propyl] phosphate (TDCPP) inhibited inflation 
of the swim bladder in female medaka. Interestingly, for those females that developed a swim bladder, 
exposure to methimazole and all halogenated chemicals with the exception of PFBA, resulted in larger 
swim bladders (Godfrey et al., 2019). Horie et al. (2022) eludicated the timing of swim bladder inflation 
in medaka and compared effects on the swim bladder after exposure of zebrafish and medaka to PFBA 
and TDCPP. This KER is plausibly applicable across fish species with swim bladders, both 
physostomous and physoclistous. 

Life stage: This KER is only applicable to early embryonic development, which is the period where the 
posterior swim bladder chamber inflates. The relationship between reduced T3 levels and reduced 
posterior chamber inflation is not applicable to older larvae that successfully inflated the posterior 
chamber but show impaired anterior chamber inflation after chronic exposure to low concentrations of 
thyroid hormone system disruptors. In 32 day old zebrafish exposed to methimazole, propylthiouracil, 
2- mercaptobenzothiazole or iopaonic acid (Stinckens et al., 2016, 2020) as well as in 14-21 day old 
fathead minnows exposed to iopaonic acid (Cavallin et al., 2017), a clear inverse relationship was 
found. With decreasing whole-body T3 concentrations, posterior chamber volume increased, 
suggesting a possible compensatory mechanism for the observed decrease in anterior chamber 
volume. As a result, the sum of both chamber surfaces, reflecting the total amount of gas, was equal to 
controls for most treatments (Stinckens et al., 2016; Stinckens et al., 2020). 

Sex: This KER is plausibly applicable to both sexes. Sex differences are not often investigated in tests 
using early life stages of fish. In medaka, sex can be morphologically distinguished as soon as 10 days 
post fertilization. Females appear more susceptible to thyroid‐induced swim bladder dysfunction 
compared with males (Godfrey et al., 2019). In zebrafish and fathead minnow, it is  currently unclear 
whether sex-related differences are important in determining the magnitude of the changes in this KER. 
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. Since the posterior chamber 
inflates around 5 days post fertilization in zebrafish, when sex differentiation has not started yet, sex 
differences are expected to play a minor role. Fathead minnow gonad differentiation also occurs during 
larval development. Fathead minnows utilize a XY sex determination strategy and markers can be used 
to genotype sex in life stages where the sex is not yet clearly defined morphologically (Olmstead et al., 
2011). Ovarian differentiation starts at 10 dph followed by rapid development (Van Aerle et al., 2004). 
At 25 dph germ cells of all stages up to the primary oocytes stage were present and at 120 dph, 
vitellogenic oocytes were present. The germ cells (spermatogonia) of the developing testes only 
entered meiosis around 90–120 dph. Mature testes with spermatozoa are present around 150 dph. 
Since the posterior chamber inflates around 6 days post fertilization (1 dph) in fathead minnows, sex 
differences are expected to play a minor role in this KER. 

 

Key Event Relationship Description 

Reduced T3 levels prohibit local TH action in the target tissues. The site of decreased T3 in this case 
is the swim bladder. Since swim bladder development and/or inflation is regulated by thyroid hormones, 
this results in impaired posterior chamber inflation. 
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Evidence Supporting this KER 

There is convincing evidence that decreased T3 levels result in impaired posterior chamber inflation, 
but the underlying mechanisms are not completely understood. The quantitative understanding is 
currently very limited because T3 levels and posterior inflation are seldom measured in the same study. 
Therefore the evidence supporting this KER can be considered moderate. 

 

Biological Plausibility 

Thyroid hormones are known to be involved in development, especially in metamorphosis in 
amphibians and in embryonic-to-larval transition (Liu and Chan, 2002) and larval-to-juvenile transition 
(Brown et al., 1997) in fish. Inflation of the posterior chamber is part of the embryonic-to-larval transition 
in fish, together with structural and functional maturation of the mouth and gastrointestinal tract, and 
resorption of the yolk sac (Liu and Chan, 2002). Marelli et al. (2016) showed that thyroid hormone 
receptor alpha and beta are both expressed in swim bladder tissue of zebrafish at 5 days post 
fertilization, corresponding to the timing of posterior inflation. This time point has additionally been 
shown to coincide with increased T3 and T4 levels (Chang et al., 2012), suggesting that posterior 
inflation is under thyroid hormone regulation. 

 

Empirical Evidence 

 

• Maternal injection of T3, resulting in increased T3 concentrations in the eggs of striped bass 
(Morone saxatilis) lead to significant increases in both swim bladder inflation and survival 
(Brown et al., 1988). 

• Dong et al. (2013) and Thisse et al. (2003) showed localized expression of DIO1 and DIO2 in 
the swim bladder tissue of 96 and 120 hpf zebrafish larvae, suggesting that local activation of 
thyroid hormones (i.e. conversion of T4 to T3) is required in swim bladder tissue around that 
time period. 

• Marelli et al. (2016) used morpholinos to block translation of thryoid hormone receptor alpha or 
beta in zebrafish. They found that thyroid hormone receptor alpha and beta knockdowns failed 
to inflate the posterior chamber of the swim bladder by 120 hpf, indicating that the action of T3 
is needed for proper inflation of the posterior chamber. High T3 doses partially rescued the 
negative impact in partially resistant mutants, further confirming the importance of T3 in this 
process. 

• Stinckens et al. (2018) showed that effects on posterior chamber inflation in zebrafish could be 
predicted based on in chemico DIO2 inhibition potential with only few false positives and false 
negatives. While T3 levels were not determined in this study, DIO2 inhibition is expected to 
result in decreased T3 levels. 

• Bagci et al. (2015) and Heijlen et al. (2013, 2014) reported that knockdown of DIO1+2 in 
zebrafish resulted in impairment of the inflation of the posterior chamber of the swim bladder. 
DIO1 and 2 knockdown is expected to result in reduced T3 levels. Indeed, Walpita et al. (2009, 
2010) showed that T3 supplementation effectively rescued the effects of DIO1 and 2 
knockdown, while T4 supplementation did not. 

• de Vrieze et al. (2014) found that knockdown of monocarboxylate transporter 8 (mct8) in 
zebrafish resulted in a dose- dependent impairment of posterior chamber inflation. Since this 
transporter is known to transport thyroid hormones across cell membranes, this supports the 
importance of thyroid hormones in regulating posterior chamber inflation. 
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• Shi et al. (2019) found that exposure of adult zebrafish to 6:2 chlorinated polyfluorinated ether 
sulfonate (F-53B), an alternative to perfluorooctanesulfonate (PFOS), decreased T3 levels in 
both male and female zebrafish. Additionally, F-53B was maternally transferred to the offspring. 
Decreased T3 levels together with impaired posterior chamber inflation was observed in the F1 
offspring. Although the assumed site of T3 decrease is in the swim bladder tissue itself, most 
fish early life stage studies only quantify whole-body T3 levels which does not allow for making 
the distinction between systemic and local T3 levels. 

• Wang et al. (2020) observed a decrease of whole-body T3 as well as impaired posterior 
chamber inflation in zebrafish exposed to perfluorooctanoic acid and perfluoropolyether 
carboxylic acids from fertilization until the age of 5 days. 

• Exogenous T3 or T4 supplementation partly rescued PFECA-induced posterior swim bladder 
malformation, confirming the causal relationship between reduced T3 levels and reduced 
posterior chamber inflation. 

• Molla et al. (2019) showed that T3 supplementation increased posterior chamber diameter in 
zebrafish larvae. This confirms that T3 plays an important role in posterior swim bladder 
inflation. 

 

Uncertainties and Inconsistencies 

The mechanism through which altered TH levels result in impaired posterior chamber inflation still 
needs to be elucidated. It is currently unclear which aspect of swim bladder development and inflation 
is affected by TH disruption. Based on the developmental stages of the posterior chamber, several 
hypotheses could explain effects on posterior chamber inflation due to disrupted TH levels. A first 
hypothesis includes effects on the budding of the posterior chamber inflation. Secondly, the effect on 
posterior chamber inflation could also be caused by disturbing the formation and growth of the three 
tissue layers of this organ. It has been reported that the Hedgehog signalling pathway plays an essential 
role in swim bladder development and is required for growth and differentiation of cells of the swim 
bladder. The Wnt/β-catenin signalling pathway is required for the organization and growth of all three 
tissue layers (Yin et al., 2011, 2012, Winata 2009, Kress et al., 2009). Both signalling pathways have 
been related to THs in amphibian and rodent species (Kress et al., 2009; Plateroti et al., 2006; Stolow 
and Shi, 1995). Molla et al. (2019) showed that insulin-like growth factor (IGF‐1) plays a role in swim 
bladder inflation/maturation in zebrafish. Reinwald et al. (2021) showed that T3 and propylthiouracil 
treatment of zebrafish embryos altered expression of genes involved in muscle contraction and 
functioning in an opposing fashion. The authors suggested impaired muscle function as an additional 
key event between decreased T3 levels and reduced swim bladder inflation. Several other hypotheses 
include effects on the successful initial inflation of the posterior chamber, effects on lactic acid 
production that is required for the maintenance of the swim bladder volume, or effects on the production 
of surfactant that is crucial to maintain the surface tension necessary for swim bladder inflation. 

Another uncertainty lies in the systemic versus local changes in T3 levels and the relative importance 
of the different T4 activating iodothyronine deiodinases (DIO1, DIO2) in regulating swim bladder 
inflation. Stinckens et al. (2018) showed that exposure of zebrafish embryos to seven strong DIO1 
inhibitors (measured using in chemico enzyme inhibition assays), six out of seven compounds impaired 
posterior chamber inflation, but almost all of these compounds also inhibit DIO2. Tetrachlorobisphenol 
A (TCBPA), the only compound that inhibits DIO1 and not DIO2, had no effect on the posterior swim 
bladder. Exposure to strong DIO2 inhibitors on the other hand affected posterior chamber inflation 
and/or surface area in all cases. These results suggest that DIO2 enzymes may play a more important 
role in swim bladder inflation compared to DIO1 enzymes. In the ToxCast DIO2 inhibition single 
concentration assay, 304 out of 1820 chemicals were positive and 177 of these were also positive for 
DIO1 inhibition (viewed on 5/7/2022). This complicates the distinction between the relative contribution 
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of DIO1 and DIO2 inhibition to reduced swim bladder inflation. It has been previously suggested that 
DIO2 is the major contributor to TH activation in developing zebrafish embryos (Darras et al., 2015; 
Walpita et al., 2010). It has been shown that a morpholino knockdown targeting DIO1 mRNA alone did 
not affect embryonic development in zebrafish, while knockdown of DIO2 delayed progression of otic 
vesicle length, head-trunk angle and pigmentation index (Houbrechts et al., 2016; Walpita et al., 2010, 
2009). DIO1 inhibition may only become essential in hypothyroidal circumstances, for example when 
DIO2 is inhibited or in case of iodine deficiency, in zebrafish (Walpita et al., 2010) and mice (Galton et 
al., 2009; Schneider et al., 2006). 

As reported by Bagci et al. (2015) and Heijlen et al. (2014), posterior chamber inflation was impaired in 
DIO3 knockdown zebrafish. Heijlen et al. (2014) additionally reported histologically abnormal tissue 
layers in the swim bladder of DIO3 knockdown zebrafish. DIO3 is a thyroid hormone inactivating 
enzyme, which would result in higher levels of T3. Wei et al. (2018) showed that exposure to bisphenol 
S in adult zebrafish decreased T4 levels and increased T3 levels, and these changes in thyroid hormone 
levels were transferred to the offspring, in which impaired swim bladder inflation was observed. This 
indicates that not only too low, but also too high T3 levels, impact posterior chamber inflation. The 
underlying mechanism is currently unknown. 

In the study of Cavallin et al. (2017) fathead minnow embryos were exposed to IOP, a model 
iodothyronine deiodinase inhibitor that is assumed to inhibit all three deiodinase enzymes (DIO1,2,3). 
The authors observed increased whole-body T3 concentrations in 4 and 6 day old embryos, together 
with impaired posterior chamber inflation. Transcript levels of DIO1, 2 and 3 remained unaltered and 
thus offered no proof of a compensatory mechanism that could explain these results. 

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, 
posterior swim bladder chamber inflation, which occurs early during development, appears to be less 
sensitive to inhibition of TH synthesis than to inhibition of the conversion of T4 to T3 (Stinckens et al., 
2016, 2018; Nelson et al., 2016). There have however been a few reports of reduced posterior inflation 
upon inhibition of TH synthesis (Liu and Chan, 2002). It must however be noted that these observations 
could reflect delayed inflation due to a general delay in development rather than a direct effect on the 
swim bladder. Longer observations would have to clarify this. 
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Relationship: 1028: Reduced, Posterior swim bladder inflation leads to 

Reduced, Swimming performance 

 
AOPs Referencing Relationship 

 
AOP Name Adjacency Weight 

of 

Evidence 

Quantitative 
Understanding 

Deiodinase 2 inhibition leading to increased 
mortality via reduced posterior swim bladder 
inflation 

adjacent Moderate Low 

Deiodinase 1 inhibition leading to increased 
mortality via reduced posterior swim bladder 
inflation 

adjacent Moderate Low 

 

Evidence Supporting Applicability of this Relationship 

 

Taxonomic Applicability 
Term Scientific Term Evidence Link 

zebrafish Danio rerio High NCBI  

fathead minnow Pimephales promelas Moderate NCBI  

bluefin tuna Thunnus thynnus Moderate NCBI  

Dicentrarchus labrax Dicentrarchus labrax Moderate NCBI  

Perca flavescens Perca flavescens Moderate NCBI  

Salmo salar Salmo salar Moderate NCBI  

 
Life Stage Applicability  

Life Stage Evidence 

Embryo High 

 

Sex Applicability 

Sex Evidence 

Unspecific Moderate 

 

Taxonomic: Importance of proper functioning of the swim bladder for supporting natural swimming 
behaviour can be plausibly assumed to be generally applicable to fish possessing a posterior chamber. 
Evidence exists for a wide variety of freshwater and marine fish species. 

 

https://aopwiki.org/aops/155
https://aopwiki.org/aops/155
https://aopwiki.org/aops/155
https://aopwiki.org/aops/157
https://aopwiki.org/aops/157
https://aopwiki.org/aops/157
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=8237
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=13489
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=8167
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=8030
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Life stage: This KER is only applicable to early embryonic development, which is the period where the 
posterior swim bladder chamber inflates. To what extent fish can survive and swim with partly inflated 
swim bladders during later life stages is unknown. 

 

Sex: This KE/KER is plausibly applicable to both sexes. Sex differences are not often investigated in 
tests using early life stages of fish. In Medaka, sex can be morphologically distinguished as soon as 10 
days post fertilization. Females appear more susceptible to thyroid‐induced swim bladder dysfunction 
compared with males (Godfrey et al., 2019). In zebrafish and fathead minnow, it is currently unclear 
whether sex-related differences are important in determining the magnitude of the changes in this 
KE/KER. 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. Since the posterior chamber inflates around 5 days post 
fertilization in zebrafish, when sex differentiation has not started yet, sex differences are expected to 
play a minor role. Fathead minnow gonad differentiation also occurs during larval development. Fathead 
minnows utilize a XY sex determination strategy and markers can be used to genotype sex in life stages 
where the sex is not yet clearly defined morphologically (Olmstead et al., 2011). Ovarian differentiation 
starts at 10 dph followed by rapid development (Van Aerle et al., 2004). At 25 dph germ cells of all 
stages up to the primary oocytes stage were present and at 120 dph, vitellogenic oocytes were present. 
The germ cells (spermatogonia) of the developing testes only entered meiosis around 90–120 dph. 
Mature testes with spermatozoa are present around 150 dph. Since the posterior chamber inflates 
around 6 days post fertilization (1 dph) in fathead minnows, sex differences are expected to play a 
minor role in the current AOP. 

 

Key Event Relationship Description 

Effects on swim bladder inflation can alter swimming performance and buoyancy of fish, which is 
essential for predator avoidance, energy sparing, migration, reproduction and feeding behaviour, 
resulting in increased mortality. 

 

Evidence Supporting this KER 

The weight of evidence supporting a direct linkage between these two KEs, i.e. reduced posterior swim 
bladder inflation and reduced swimming performance, is moderate. 

 

Biological Plausibility 

The posterior chamber of the swim bladder has a function in regulating the buoyancy of fish (Roberston 
et al., 2007). Fish rely on the lipid and gas content in their body to regulate their position within the 
water column, with the latter being more efficient at increasing body buoyancy. Therefore, fish with 
functional swim bladders have no problem supporting their body (Brix 2002), while it is highly likely that 
impaired inflation severely impacts swimming performance, as has been suggested previously (Bagci 
et al., 2015; Hagenaars et al., 2014). Fish without a functional swim bladder are severely 
disadvantaged, making the likelihood of surviving smaller. Stoyek et al. (2011) showed that the posterior 
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chamber volume is maintained at a stable level at varying pressures corresponding to varying depths 
through gas exchange with the anterior chamber. 

 

Empirical Evidence 

Buoyancy is one of the primary mechanisms of fish to regulate behaviour, swimming performance and 
energy expenditure. There is extensive evidence of a link between reduced posterior chamber inflation 
and reduced swimming performance: 

• Stewart and Gee (1981) showed that fathead minnows swimming from still water to a current 
resorbed gas to fill the swim bladder and tailor buoyancy precisely to the level were swimming 
is most efficient. 

• Lindsey et al., 2010 reported that zebrafish larvae that fail to inflate their swim bladder use 
additional energy to maintain buoyancy (Lindsey et al., 2010, Goodsell et al., 1996), possibly 
contributing to reduced swimming activity. Furthermore, they reported that the range of 
swimming depth varies with stages of swim bladder development. 

• Czesny et al., 2005 reported that yellow perch larvae without inflated swim bladders capture 
free-swimming prey poorly and expend more energy on feeding and maintaining their position 
within the water column, due to impacted swimming behaviour. Kurata et al., 2014 observed 
that Bluefin tuna larvae present at the bottom of a tank, incapable of swimming upwards, had 
significantly lower swim bladder inflation. 

• Chatain (1994) associated sea bass larvae with non-inflated swim bladders with numerous 
complications, such as spinal deformities and lordosis and reduced growth rates, adding to the 
impact on swimming behaviour. 

• An increasing incidence of swim bladder non-inflation has also been reported in Atlantic 
salmon. Affected fish had severely altered balance and buoyancy, observed through a specific 
swimming behaviour, as the affected fish were swimming upside down in an almost vertical 
position (Poppe et al., 1977). 

• Permanent DIO 2 deficiency in zebrafish was shown to result in reduced posterior chamber 
inflation and disturbed locomotor activity (Houbrechts et al., 2016). 

• Michiels et al. (2017) showed that both for controls and zebrafish embryos exposed to an 
environmental sample, the swimming distance was significantly lower in larvae that failed to 
inflate the posterior chamber compared to larvae from the same treatment that had inflated 
posterior chambers. 

• Exposure of zebrafish embryos to thyroid disrupting compounds resulted in an effect on 
posterior chamber inflation as well as on the swimming distance in the larval stage (Stinckens 
et al., unpublished). 

• All zebrafish larvae that failed to inflate the posterior chamber after exposure to 2 mg/L iopanoic 
acid (IOP), died by the age of 9 dpf (Stinckens et al., 2020). Since larvae from the same group 
that were able to inflate the posterior chamber survived, it is plausible to assume that uninflated 
posterior chambers limited the ability to swim and find food. 

• Hagenaars et al. (2014) showed that zebrafish embryos exposed to 4.28 mg/L PFOS had lower 
swimming speeds when the posterior chamber was not inflated. It should be noted that almost 
all larvae with a non-inflated swimbladder had a spinal curvature and it could therefore not 
statistically be determined whether the reduced swimming speed was due to a spinal curvature, 
a non-inflated swim bladder or the interaction of both. 
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• Knockdown of deiodinase 3 (expected to lead to hyperthyroidism) in zebrafish was shown to 
result in both impaired inflation of the posterior chamber and reduced swimming activity and 
escape response (Heijlen et al., 2014; Bagci et al., 2015). 

• Massei et al. (in preparation) showed that impaired swim bladder inflation and reduced 
swimming activity of 5 day old zebrafish larvae were correlated after exposure to narcotics. 

 

Uncertainties and Inconsistencies 

Robertson et al., (2007) reported that the swim bladder only becomes functional as a buoyancy 
regulator when it is fully developed into a double-chambered swim bladder. This implies that effects on 
posterior chamber inflation would not directly result in effects on swimming capacity. However, it was 
also reported that gas in the swim bladder increases the buoyancy of zebrafish larvae already just after 
initial inflation, while it would be actively controlled only after 28–30 d post hatch. Therefore, an effect 
on swimming capacity is still likely. 

Exposure of zebrafish embryos to 6-propylthiouracil (PTU) resulted in an effect on posterior chamber 
inflation, but did not result in a direct effect on the swimming distance in the larval stage (Stinckens et 
al., unpublished). Vergauwen et al. (2015) reported decreased swimming activity as well as impaired 
posterior chamber inflation after exposure to phenanthrene, a non-polar narcotic, but there was no 
significant difference between swimming activity of larvae with our without inflated posterior chamber 
within the same treatment. Possibly, the impact of baseline toxicity on respiration and energy 
metabolism was more important in decreasing swimming activity compared to impaired inflation of the 
posterior chamber. 

It has been difficult to unambiguously attribute reduced swimming activity to impaired inflation of the 
posterior chamber, since swimming activity can be altered via different modes of action including altered 
energy metabolism, altered brain development and thus swimming behaviour. For example, the 
swimming activity of zebrafish larvae was reduced after 5 days of exposure to 2- 
mercaptobenzothiazole (MBT), while they had inflated posterior chambers. 

 

Quantitative Understanding of the Linkage 

The quantitative understanding of the linkage between impaired posterior chamber inflation and effect 
on swimming behaviour is limited. 

 

Response-response relationship 

Relations between reduced swim bladder inflation and reduced swimming performance are currently 
based on a binary observation of swim bladder inflation. Several studies have shown that larvae with 
inflated swim bladders have higher swiming activity compared to larvae that failed to inflate the swim 
bladder. No direct relationship between swim bladder surface (quantitative measure of swim bladder 
inflation) and swimming performance has been reported yet. 

 

Time-scale 

The data of Michiels et al. (2017) and Stinckens et al. (unpublished) on swim bladder inflation and 
swimming activity have been collected on the same day. The process of posterior chamber inflation 
normally occurs during a specific developmental time frame, resulting in limited flexibility to explore 
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temporal concordance. Based on the biologically plausible direct importance of swim bladder 
functionality to swimming performance, no lag is expected.  
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Relationship: 2212: Reduced, Swimming performance leads to Increased 

Mortality 

AOPs Referencing Relationship 

 

AOP Name Adjacency Weight of 
evidence 

Quantitative 
Understanding 

Deiodinase 2 inhibition leading to 
increased mortality via reduced 
posterior swim bladder inflation 

adjacent Moderate Low 

Deiodinase 2 inhibition leading to 
increased mortality via reduced anterior 
swim bladder inflation 

adjacent Moderate Low 

Deiodinase 1 inhibition leading to 
increased mortality via reduced 
posterior swim bladder inflation 

adjacent Moderate Low 

Deiodinase 1 inhibition leading to 
increased mortality via reduced anterior 
swim bladder inflation 

adjacent Moderate Low 

Thyroperoxidase inhibition leading to 
increased mortality via reduced anterior 
swim bladder inflation 

adjacent Moderate Low 

 

Evidence Supporting Applicability of this Relationship 

Taxonomic Applicability 

 

Term Scientific Term Evidence Link 

zebrafish Danio rerio Moderate NCBI  

fathead minnow Pimephales promelas Moderate NCBI  

 

Life Stage Applicability  

Life Stage Evidence 

Adult Moderate 

Juvenile Moderate 

Larvae Moderate 

 

Sex Applicability 

Sex Evidence 

Unspecific Moderate 

 

https://aopwiki.org/aops/155
https://aopwiki.org/aops/155
https://aopwiki.org/aops/155
https://aopwiki.org/aops/156
https://aopwiki.org/aops/156
https://aopwiki.org/aops/156
https://aopwiki.org/aops/157
https://aopwiki.org/aops/157
https://aopwiki.org/aops/157
https://aopwiki.org/aops/158
https://aopwiki.org/aops/158
https://aopwiki.org/aops/158
https://aopwiki.org/aops/159
https://aopwiki.org/aops/159
https://aopwiki.org/aops/159
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
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Importance of swimming performance on survival is generally applicable to all hatched fish across life 
stages and sexes and to other taxa that rely on swimming to support vital behaviours. 

 

Key Event Relationship Description 

Reduced swimming performance is likely to affect essential endpoints such as predator avoidance, 
feeding behaviour and reproduction in taxa that rely on swimming to support these vital behaviours. 
These parameters are biologicaly plausible to affect survival, especially in a non-laboratory environment 
where food is scarce and predators are abundant. 

 

Evidence Supporting this KER 

A direct relationship between reduced swimming performance and reduced survival is difficult to 
establish. There is however a lot of indirect evidence linking reduced swim bladder inflation to reduced 
survival (https://aopwiki.org/relationships/2213), which can be plausibly assumed to be related to 
reduced swimming performance. 

For example, all zebrafish larvae that failed to inflate the posterior chamber after exposure to 2 mg/L 
iopanoic acid (IOP), died by the age of 9 dpf (Stinckens et al., 2020). Since larvae from the same group 
that were able to inflate the posterior chamber survived and the test was performed in the laboratory in 
optimal conditions, it is plausible to assume that the cause of death was the inability to swim and find 
food due to the failure to inflate the posterior swim bladder chamber. 

 

Biological Plausibility 

Reduced swimming performance is likely to affect essential endpoints such as predator avoidance, 
feeding behaviour and reproduction. These parameters are biologicaly plausible to affect survival, 
especially in a non-laboratory environment where food is scarce and predators are abundant. 

 

Empirical Evidence 

A direct relationship between reduced swimming performance and reduced survival is difficult to 
establish. There is however a lot of indirect evidence linking reduced swim bladder inflation to reduced 
survival (see non-adjacent KER 1041), which can be plausibly assumed to be related to reduced 
swimming performance. 

For example, all zebrafish larvae that failed to inflate the posterior chamber after exposure to 2 mg/L 
iopanoic acid (IOP), died by the age of 9 dpf (Stinckens et al., 2020). Since larvae from the same group 
that were able to inflate the posterior chamber survived and the test was performed in the laboratory in 
optimal conditions, it is plausible to assume that the cause of death was the inability to swim and find 
food due to the failure to inflate the posterior swim bladder chamber. 

 

Uncertainties and Inconsistencies 

A direct relationship between reduced swimming performance and reduced survival is difficult to 
establish in a laboratory environment where food is abundant and there are no predators. 

 

https://aopwiki.org/relationships/1041
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Quantitative Understanding of the Linkage 

Quantitative understanding of this linkage is currently limited. 

 

Time-scale 

Reduced swimming performance is not expected to immediately lead to mortality. Depending on the 
extent of the reduction in swimming performance and depending on the cause of death (e.g., starvation 
due to the inability to find food, being caught by a predator) the lag time may vary. 

As an example, Stinckens et al. (2020) found that zebrafish larvae that failed to inflate the swim bladder 
at 5 dpf and did not manage to inflate it during the days afterwards died by the age of 9 dpf. Since 
zebrafish initiate exogenous feeding around 5 dpf when the yolk is almost completely depleted, there 
was a lag period of around 4 days after which reduced feeding resulted in mortality. Obviously, in a 
laboratory setup there is no increased risk of being caught by a predator. 
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Relationship: 2013: Increased Mortality leads to Decrease, Population growth 

rate 

AOPs Referencing Relationship 

 

AOP Name Adjacency Weight of 
evidence 

Quantitative 
Understanding 

Acetylcholinesterase Inhibition leading 
to Acute Mortality via Impaired 
Coordination & Movement 

adjacent   

Acetylcholinesterase inhibition leading 
to acute mortality 

adjacent Moderate Moderate 

Deiodinase 2 inhibition leading to 
increased mortality via reduced 
posterior swim bladder inflation 

adjacent Moderate Moderate 

Deiodinase 2 inhibition leading to 
increased mortality via reduced anterior 
swim bladder inflation 

adjacent Moderate Moderate 

Deiodinase 1 inhibition leading to 
increased mortality via reduced 
posterior swim bladder inflation 

adjacent Moderate Moderate 

Deiodinase 1 inhibition leading to 
increased mortality via reduced anterior 
swim bladder inflation 

adjacent Moderate Moderate 

Thyroperoxidase inhibition leading to 
increased mortality via reduced anterior 
swim bladder inflation 

adjacent Moderate Moderate 

Thyroperoxidase inhibition leading to 
altered visual function via altered retinal 
layer structure 

adjacent Moderate Moderate 

Thyroperoxidase inhibition leading to 
altered visual function via decreased 
eye size 

adjacent   

Thyroperoxidase inhibition leading to 
altered visual function via altered 
photoreceptor patterning 

adjacent   

Inhibition of Fyna leading to increased 
mortality via decreased eye size 
(Microphthalmos) 

adjacent High High 

GSK3beta inactivation leading to 
increased mortality via defects in 
developing inner ear 

adjacent High High 

 

 Evidence Supporting Applicability of this Relationship 

Taxonomic Applicability 

 
Term Scientific Term Evidence Links 

zebrafish Danio rerio High NCBI 

https://aopwiki.org/aops/312
https://aopwiki.org/aops/312
https://aopwiki.org/aops/312
https://aopwiki.org/aops/16
https://aopwiki.org/aops/16
https://aopwiki.org/aops/155
https://aopwiki.org/aops/155
https://aopwiki.org/aops/155
https://aopwiki.org/aops/156
https://aopwiki.org/aops/156
https://aopwiki.org/aops/156
https://aopwiki.org/aops/157
https://aopwiki.org/aops/157
https://aopwiki.org/aops/157
https://aopwiki.org/aops/158
https://aopwiki.org/aops/158
https://aopwiki.org/aops/158
https://aopwiki.org/aops/159
https://aopwiki.org/aops/159
https://aopwiki.org/aops/159
https://aopwiki.org/aops/363
https://aopwiki.org/aops/363
https://aopwiki.org/aops/363
https://aopwiki.org/aops/364
https://aopwiki.org/aops/364
https://aopwiki.org/aops/364
https://aopwiki.org/aops/365
https://aopwiki.org/aops/365
https://aopwiki.org/aops/365
https://aopwiki.org/aops/399
https://aopwiki.org/aops/399
https://aopwiki.org/aops/399
https://aopwiki.org/aops/410
https://aopwiki.org/aops/410
https://aopwiki.org/aops/410
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=7955
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fathead 

minnow 

Pimephales 

promelas 

High NCBI 

 
Life Stage Applicability  

Life Stage Evidence 

All life stages High 

 

Sex Applicability 

Sex Evidence 

Unspecific Moderate 

 

Taxonomic: All organisms must survive to reproductive age in order to reproduce and sustain 
populations. The additional considerations related to survival made above are applicable to other fish 
species in addition to zebrafish and fathead minnows with the same reproductive strategy (r-strategist 
as described in the theory of MaxArthur and Wilson (1967). The impact of reduced survival on 
population size is even greater for k-strategists that invest more energy in a lower number of offspring. 

Life stage: Density dependent effects start to play a role in the larval stage of fish when free-feeding 
starts (Hazlerigg et al., 2014). 

Sex: This linkage is independent of sex. 

 

Key Event Relationship Description 

Increased mortality in the reproductive population may lead to a declining population. This depends on 
the excess mortality due to the applied stressor and the environmental parameters such as food 
availability and predation rate. Most fish species are r- strategist, meaning they produce a lot of offspring 
instead of investing in parental care. This results in natural high larval mortality causing only a small 
percentage of the larvae to survive to maturity. If the excess larval mortality due to a stressor is small, 
the population dynamics might result in constant population size. Should the larval excess be more 
significant, or last on the long-term, this will affect the population. To calculate the long-term persistence 
of the population, population dynamic models should be used. 

 

Evidence Supporting this KER 

Survival rate is an obvious determinant of population size and is therefore included in population 
modeling (e.g., Miller et al., 2020). 

 

Biological Plausibility 

Survival to reproductive maturity is a parameter of demographic significance. Assuming resource 
availability (i.e., food, habitat, etc.) is not limiting to the extant population, sufficient mortality in the 
reproductive population may ultimately lead to declining population trajectories. 

http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=90988
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Under some conditions, reduced larval survival may be compensated by reduced predation and 
increased food availability, and therefore not result in population decline (Stige et al., 2019). 

 

Empirical Evidence 

According to empirical data, combined with population dynamic models, feeding larvae are the crucial 
life stage in zebrafish (and other r-strategists) for the regulation of the population. (Schäfers et al., 1993) 

In fathead minnow, natural survival of early life stages has been found to be highly variable and 
influential on population growth (Miller and Ankley, 2004) 

Rearick et al. (2018) used linked data from behavioural assays to survival trials and applied a modelling 
approach to quantify changes in antipredator escape performance of larval fathead minnows in order 
to predict changes in population abundance. This work was done in the context of exposure to an 
environmental oestrogen. Expsoed fish had delayed response times and slower escape speeds, and 
were more susceptible to predation. Population modelling showed that his can result in population 
decline. 

In the context of fishing and fisheries, ample evidence of a link between increased mortality and a 
decrerase of population size has been given. Important insights can result from the investigation of 
optimum modes of fishing that allow for maintaining a population (Alekseeva and Rudenko, 2018). 
Jacobsen and Essington (2018) showed the impact of varying predation mortality on forage fish 
populations. 

Boreman (1997) reviewed methods for comparing the population-level effects of mortality in fish 
populations induced by pollution or fishing. 

 

Uncertainties and Inconsistencies 

The extent to which larval mortality affects population size could depend on the fraction of surplus 
mortality compared to a natural situation. 

There are scenarios in which individual mortality may not lead to declining population size. These 
include instances where populations are limited by the availability of habitat and food resources, which 
can be replenished through immigration. Effects of mortality in the larvae can be compensated by 
reduced competition for resources (Stige et al., 2019). 

The direct impact of pesticides on migration behavior can be difficult to track in the field, and 
documentation of mortality during migration is likely underestimated (Eng 2017).  
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List of Non Adjacent Key Event Relationships 

Relationship: 1042: Inhibition, Deiodinase 2 leads to Reduced, Posterior swim 

bladder inflation 

AOPs Referencing Relationship 

 
AOP Name Adjacency Weight of 

evidence 
Quantitative 
Understanding 

Deiodinase 2 inhibition leading to 
increased mortality via reduced 
posterior swim bladder inflation 

Non-
adjacent 

Moderate Low 

 

Evidence Supporting Applicability of this Relationship 

Taxonomic Applicability 

Term Scientific Term Evidence Link 

zebrafish Danio rerio High NCBI  

fathead minnow Pimephales promelas High NCBI  

 

Life Stage Applicability  

Life Stage Evidence 

Embryo High 

 

Sex Applicability 

Sex Evidence 

Unspecific Moderate 

 

Taxonomic: Teleost fish can be divided in two groups according to swim bladder morphology: 
physoclistous (e.g., yellow perch, sea bass, striped bass) and physostomous (e.g., zebrafish and 
fathead minnow). Physostomous fish retain a duct between the digestive tract and the swim bladder 
during adulthood allowing them to gulp air at the surface to fill the swim bladder. In contrast, in 
physoclistous fish, once initial inflation by gulping atmospheric air at the water surface has occurred, 
the swim bladder is closed off from the digestive tract and swim bladder volume is regulated by gas 
secretion into the swim bladder (Woolley and Qin, 2010). 

Much of the evidence for impaired posterior chamber of the swim bladder currently comes from work 
on zebrafish and fathead minnow (Stinckens et al., 2018; Cavallin et al., 2017; Wang et al., 2020), but 
this KE is plausibly applicable across fish species with swim bladders, both physostomous and 
physoclistous. 

 

https://aopwiki.org/aops/155
https://aopwiki.org/aops/155
https://aopwiki.org/aops/155
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
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Sex: This KE/KER is plausibly applicable to both sexes. Sex differences are not often investigated in 
tests using early life stages of fish. In Medaka, sex can be morphologically distinguished as soon as 10 
days post fertilization. Females appear more susceptible to thyroid‐induced swim bladder dysfunction 
compared with males (Godfrey et al., 2019). In zebrafish and fathead minnow, it is currently unclear 
whether sex-related differences are important in determining the magnitude of the changes in this 
KE/KER. 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. Since the posterior chamber inflates around 5 days post 
fertilization in zebrafish, when sex differentiation has not started yet, sex differences are expected to 
play a minor role. Fathead minnow gonad differentiation also occurs during larval development. Fathead 
minnows utilize a XY sex determination strategy and markers can be used to genotype sex in life stages 
where the sex is not yet clearly defined morphologically (Olmstead et al., 2011). Ovarian differentiation 
starts at 10 dph followed by rapid development (Van Aerle et al., 2004). At 25 dph germ cells of all 
stages up to the primary oocytes stage were present and at 120 dph, vitellogenic oocytes were present. 
The germ cells (spermatogonia) of the developing testes only entered meiosis around 90–120 dph. 
Mature testes with spermatozoa are present around 150 dph. Since the posterior chamber inflates 
around 6 days post fertilization (1 dph) in fathead minnows, sex differences are expected to play a 
minor role in the current AOP. 

 

Life stage: This KER is only applicable to early embryonic development, which is the period where the 
posterior swim bladder chamber inflates. 

 

Key Event Relationship Description 

The two major thyroid hormones are thyroxine (T4) and the more biologically active triiodothyronine 
(T3), both iodinated derivatives of tyrosine. Active and inactive THs are tightly regulated by enzymes 
called iodothyronine deiodinases (DIO). The activation occurs via outer ring deiodination (ORD), i.e. 
removing iodine from the outer, phenolic ring of T4 to form T3, while inactivation occurs via inner ring 
deiodination (IRD), i.e. removing iodine from the inner tyrosol ring of T4 or T3. 

Three types of iodothyronine deiodinases (DIO1-3) have been described in vertebrates that activate or 
inactivate THs and are therefore important mediators of TH action. All deiodinases are integral 
membrane proteins of the thioredoxin superfamily that contain selenocysteine in their catalytic centre. 
Type I deiodinase is capable of converting T4 into T3, as well as to convert rT3 to the inactive thyroid 
hormone 3,3’ T2, through outer ring deiodination. rT3, rather than T4, is the preferred substrate for 
DIO1. furthermore, DIO1 has a very high Km (µM range, compared to nM range for DIO2) (Darras and 
Van Herck, 2012). Type II deiodinase (DIO2) is only capable of ORD activity with T4 as a preferred 
substrate (i.e., activation of T4 tot T3). DIO3 can inner ring deiodinate T4 and T3 to the inactive forms 
of THs, reverse T3, (rT3) and 3,3’-T2 respectively. (Darras and Van Herck, 2012) 

Inhibition of DIO2 therefore results in decreased T3 levels. Since swim bladder development and/or 
inflation is regulated by thyroid hormones, this results in impaired posterior chamber inflation. 
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Evidence Supporting this KER 

There is convincing evidence that inhibition of DIO activity, either through specific knockdown or through 
chemical exposure, results in impaired posterior chamber inflation, but the underlying mechanisms are 
not completely understood, including the relative importance of DIO1 and DIO2. Based on current 
evidence, it seems that DIO2 is more important in regulating posterior chamber inflation. Due to the 
difficulty of measuring DIO activity in small fish embryos, quantitative linkages and temporal 
concordance have been difficult to establish. The quantitative understanding is currently based on a 
relationship between the classification of chemicals according to their in chemico DIO inhibitory 
potential (using a threshold and uncertainty zone) on the one hand, and occurence of in vivo effects on 
posterior chamber inflation on the other hand. Predictions based on this relationship have been proven 
highly successful. Therefore the evidence supporting this KER can be considered moderate. 

 

Biological Plausibility 

Inhibition of DIO 2 activity is widely accepted to reduce the conversion of T4 to the more biologically 
active T3. Thyroid hormones are known to be involved in development, especially in metamorphosis in 
amphibians and in embryonic-to-larval transition and larval-to-juvenile transition in fish. Inflation of the 
posterior swim bladder chamber is part of the embryonic-to-larval transition in fish, together with 
structural and functional maturation of the mouth and gastrointestinal tract, and resorption of the yolk 
sac. Together with empirical evidence, it is plausible to assume that posterior swim bladder inflation is 
under thyroid hormone regulation but scientific understanding is incomplete. It follows that disrupted 
conversion of T4 to T3 is likely to interfere with normal inflation of the posterior swim bladder chamber. 

 

Empirical Evidence 

Deiodinases are critical for normal development. Several defects have already been reported in cases 
where the TH hormone balance is disturbed. Winata et al. (2009, 2010) reported reduced pigmentation, 
otic vesicle length and head-trunk angle in DIO1+2 and DIO2 knockdown fish. These effects were 
rescued after T3 supplementation, indicating the importance of T4 to T3 conversion by deiodinases. 

Substantial evidence for the link between deiodinase inhibition and impaired posterior chamber inflation 
is available: 

• Chang et al., (2012) established a base-line for TH levels during zebrafish development and 
observed peaks in whole-body T3 content at 5 dpf when the posterior chamber of the swim 
bladder inflates. 

• Bagci et al. (2015) and Heijlen et al. (2013, 2014) reported that knockdown of DIO1+2 in zebrafish 
resulted in impairment of the inflation of the posterior chamber of the swim bladder. 

• Permanent DIO 2 deficiency in zebrafish was shown to result in reduced posterior chamber inflation 
(Houbrechts et al., 2016). DIO1 and DIO2 mRNA has also been shown to be present in zebrafish 
swim bladder tissue at 96 hpf using whole mount in situ hybridization (Heijlen et al., 2013; Dong 
et al., 2013), suggesting a tissue-specific role of T3 in the inflation process of the posterior 
chamber. 

• Propylthiouracil (PTU) decreased serum T3 levels in the rat (Frumess and Larsen, 1975) and 
resulted in effects on posterior chamber inflation in zebrafish (Jomaa et al., 2014; Stinckens et 
al., 2018). It should be noted that there are some uncertainties related to the species-specific 
susceptibility of DIO1 to inhibition by PTU, as teleostean DIO1 seems to be less sensitive to inhibition 
by PTU (Orozco and Valverde, 2005; Kuiper et al., 2006; Orozco et al., 2012). 

• Stinckens et al. (2018) showed that effects on posterior chamber inflation in zebrafish could be 
predicted based on in chemico DIO2 inhibition potential with only few false positives and false 
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negatives. 
• After exposure of fathead minnows (Pimephales promelas) to the non-specific deiodinase inhibitor 

IOP from 1-6 dpf, Incidence and length of inflated posterior swim bladders were significantly 
reduced (Cavallin et al., 2017). 

• While DIO1 has a high Km and rT3 is its preferred substrate, DIO2 has a low Km and T4 is its 
preferred substrate, indicating that DIO2 is more important than DIO1 in converting T4 to T3 in a 
physiological situation (Darras and Van Herck, 2012). It follows that DIO2 inhibition is likely more 
important than DIO1 inhibition in reducing posterior chamber inflation. 

 

Uncertainties and Inconsistencies 

The mechanism through which altered TH levels result in impaired posterior chamber inflation still 
needs to be elucidated. 

It is currently unclear which aspect of swim bladder development and inflation is affected by TH 
disruption. Based on the developmental stages of the posterior chamber, several hypotheses could 
explain effects on posterior chamber inflation due to disrupted TH levels. A first hypothesis includes 
effects on the budding of the posterior chamber inflation. Secondly, the effect on posterior chamber 
inflation could also be caused by disturbing the formation and growth of the three tissue layers of this 
organ. It has been reported that the Hedgehog signalling pathway plays an essential role in swim 
bladder development and is required for growth and differentiation of cells of the swim bladder. The 
Wnt/β-catenin signalling pathway is required for the organization and growth of all three tissue layers 
(Yin et al., 2011, 2012, Winata 2009, Kress et al., 2009). Both signalling pathways have been related 
to THs in amphibian and rodent species (Kress et al., 2009; Plateroti et al., 2006; Stolow and Shi, 1995). 
Several other hypotheses include effects on the successful initial inflation of the posterior chamber, 
effects on lactic acid production that is required for the maintenance of the swim bladder volume, or 
effects on the production of surfactant that is crucial to maintain the surface tension necessary for swim 
bladder inflation. 

Another uncertainty lies in the relative importance of the different T4 activating iodothyronine 
deiodinases (DIO1, DIO2) in regulating swim bladder inflation. Stinckens et al. (2018) showed that when 
exposing zebrafish embryos to seven strong DIO1 inhibitors (measured using in chemico enzyme 
inhibition assays), six out of seven compounds impaired posterior chamber inflation, but almost all of 
these compounds also inhibit DIO2. Tetrachlorobisphenol A (TCBPA), the only compound that inhibits 
DIO1 and not DIO2, had no effect on the posterior swim bladder. Exposure to strong DIO2 inhibitors on 
the other hand affected posterior chamber inflation and/or surface area in all cases. These results 
suggest that DIO2 enzymes may play a more important role in swim bladder inflation compared to DIO1 
enzymes. In the ToxCast DIO2 inhibition single concentration assay, 304 out of 1820 chemicals were 
positive and 177 of these were also positive for DIO1 inhibition (viewed on 5/7/2022). This complicates 
the distinction between the relative contribution of DIO1 and DIO2 inhibition to reduced swim bladder 
inflation. It has been previously suggested that DIO2 is the major contributor to TH activation in 
developing zebrafish embryos (Darras et al., 2015; Walpita et al., 2010). It has been shown that a 
morpholino knockdown targeting DIO1 mRNA alone did not affect embryonic development in zebrafish, 
while knockdown of DIO2 delayed progression of otic vesicle length, head-trunk angle and pigmentation 
index (Houbrechts et al., 2016; Walpita et al., 2010, 2009). DIO1 inhibition may only become essential 
in hypothyroidal circumstances, for example when DIO2 is inhibited or in case of iodine deficiency, in 
zebrafish (Walpita et al., 2010) and mice (Galton et al., 2009; Schneider et al., 2006). 

Heijlen et al. (2015) reported histologically abnormal tissue layers in the swim bladder of DIO3 
knockdown zebrafish. As reported in Bagci et al. (2015) and Heijlen et al. (2014), posterior chamber 
inflation was impaired in DIO3 knockdown zebrafish. DIO3 is a thyroid hormone inactivating enzyme, 
which would result in higher levels of T3. This indicates that not only too low, but also too high T3 levels, 
impact posterior chamber inflation. The underlying mechanism is currently unknown.  
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Relationship: 2213: Reduced, Posterior swim bladder inflation leads to 

Increased Mortality 

 

AOPs Referencing Relationship 

 

AOP Name Adjacency Weight of 
evidence 

Quantitative 
Understanding 

Deiodinase 2 inhibition leading to 
increased mortality via reduced posterior 
swim bladder inflation 

Non-
adjacent 

High Low 

Deiodinase 1 inhibition leading to 
increased mortality via reduced posterior 
swim bladder inflation 

Non-
adjacent 

High Low 

 

Evidence Supporting Applicability of this Relationship 

 
Taxonomic Applicability 

 

Term Scientific Term Evidence Link 

zebrafish Danio rerio High NCBI  

fathead minnow Pimephales promelas Moderate NCBI  

 

Life Stage Applicability  

Life Stage Evidence 

Embryo High 

Larvae High 

 

Sex Applicability 

Sex Evidence 

Unspecific Moderate 

 

Taxonomic: The literature provides strong support for the relevance of this KER for physoclistous fish 
(e.g., yellow perch, Japanese Medaka) whose inflation occurs at a critical time in development when 
the fish must gulp air to inflate its swim bladder before the pneumatic duct closes. The relevance to 
physostomes (such as zebrafish and fathead minnows) that maintain an open pneumatic duct into 
adulthood is less apparent. The latter likely have greater potential to inflate the swim bladder at some 
point in development, even if early larval inflation is impaired. However, it is plausible that structural 
damage that prevented inflation of the organ in a phystostome would be expected to cause similar 
effects. 

 

https://aopwiki.org/aops/155
https://aopwiki.org/aops/155
https://aopwiki.org/aops/155
https://aopwiki.org/aops/157
https://aopwiki.org/aops/157
https://aopwiki.org/aops/157
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
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Life stage: This KER is applicable to early embry-larval development, which is the period where the 
posterior swim bladder chamber inflates and larvae start to freely feed. To what extent fish can survive 
with partly inflated swim bladders during later life stages is unknown. 

 

Sex: This KER is probably not sex-dependent since both females and males rely on the posterior swim 
bladder chamber to regulate buyoancy. Furthermore, 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. Since the posterior chamber inflates around 5 days post fertilization, when sex 
differentiation has not started yet, sex differences are expected to play a minor role. 

 

Key Event Relationship Description 

Because of its roles in energy sparing and swimming performance, it is expected that failure to inflate 
the swim bladder would create increased oxygen and energy demands leading to decreased growth, 
which in turn leads to decreased probability of survival. 

 

Evidence Supporting this KER 

There is strong evidence for a link between reduced posterior chamber inflation and increased mortality 
across different fish species. 

 

Biological Plausibility 

The posterior chamber of the swim bladder has a function in regulating the buoyancy of fish (Roberston 
et al., 2007). Fish rely on the lipid and gas content in their body to regulate their position within the 
water column. Efficient regulation of buoyancy is energy sparing and allows for fish to expend less 
energy in maintaining and changing positions in the water column. Because of its roles in energy 
sparing and swimming performance, it is expected that failure to inflate the swim bladder would create 
increased oxygen and energy demands leading to decreased growth, which in turn leads to decreased 
probability of survival. In particular, these impacts would be expected in non-laboratory environments 
where fish must expend energy to capture food and avoid predators and where available food is limited. 
Additionally, fish without a functional swim bladder are severely disadvantaged in terms of foraging and 
avoiding predators, making the likelihood of surviving smaller. 

 

Empirical Evidence 

 

• Czesny et al. (2005) demonstrated that swim bladder non-inflation was associated with multiple 
phenotypic and behavioral outcomes that would be expected to adversely impact survival. 

o Yellow perch with non-inflated swim bladders grew more slowly than those with inflated 
swim bladders, both in the laboratory and in the field. 

o Yellow perch with non-inflated swim bladders always captured prey less efficiently than 
those with inflated swim bladders of the same size class. 

o Yellow perch with non-inflated swim bladders suffered from increased predation risk. 
o Yellow perch with non-inflated swim bladders experienced significantly increased mortality 
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and lower time to mortality in a foodless environment compared to those with inflated swim 
bladders, indicating greater energy expenditure. 

o Yellow perch with non-inflated swim bladders had significantly greater oxygen consumption 
than fish of the same size class with inflated swim bladders, again indicating greater energy 
expenditure. 

o The authors hypothesized that failed swim bladder inflation occurs frequently in natural 
systems, but these individuals rarely survive in a natural environment where food resources 
are limited. 

o Note: yellow perch are a physoclistous species in which initial inflation can only occur 
during a narrow window of development in which the pneumatic duct is still connected to 
the gut, allowing the fish to gulp air and inflate its swim bladder. Once the pneumatic duct 
closes, normal inflation is no longer possible. 

• In aquaculture systems, failure to inflate the swim bladder has been shown to reduce growth rates and 
cause high mortalities in a wide range of species (reviewed by Woolley and Qin, 2010). 

• Pond-cultured walleye with non-inflated swim bladders were found to be smaller (weight and length) 
than fish with inflated swim bladders. There was also association with deformities (e.g., lordosis) that 
were expected to impair survival (Kindschi and Barrows, 1993). 

• Review of failed swim bladder inflation in wild perch and 26 other physoclistous species showed that 
fish whose swim bladders failed to inflate had higher mortality, reduced growth, and increased 
incidence of spinal malformations stereotypical of persistent upward swimming (Egloff, 1996). 

• Chatain (1994) reported that sea bream (Sparus auratus) and sea bass (Dicentrarchus labrax) with 
non-inflated swim bladders were 20-30% less in weight than those with inflated swim bladders and 
more susceptible to stress-induced mortality  (e.g., associated with handling, hypoxia, etc.). It was 
suggested this was due to both increased energetic demands and decreased feeding efficiency. 

• Marty et al. 1995 measured increased oxygen consumption in Japanese medaka (Oryzias latipes) with 
non-inflated swim bladders compared to those whose swim bladders had inflated. 

• In zebrafish (Danio rerio) whose smim bladder inflation was prevented by holding in a closed chamber 
(preventing air gulping to inflate the swim bladder), larval survival was significantly less than that of 
fish held in open chambers whose swim bladders could inflate. There was also increased incidence of 
spinal curvature in the closed chamber fish whose swim bladders were prevented from inflating 
(Goolish and Oukutake, 1999). 

• Maternal injection of T3, resulting in increased T3 concentrations in the eggs of striped bass (Morone 
saxatilis) lead to significant increases in both swim bladder inflation and survival (Brown et al., 1988). 

• In striped bass, (Morone saxatilis) failure to inflate the swimbladder was reported to results in 
dysfunctional buoyancy control, deformities, and poor larval survival and growth (Martin-Robichaud 
and Peterson, 2008). 

• All zebrafish larvae that failed to inflate the posterior chamber after exposure to 2 mg/L iopanoic acid 
(IOP), died by the age of 9 dpf (Stinckens et al., 2020). Since larvae from the same group that were 
able to inflate the posterior chamber survived, it is plausible to assume that uninflated posterior 
chambers limited the ability to swim and find food. 

• MeHg and HgCl2 exposure in medaka caused failure to inflate the swim bladder among other 
malformations, and also caused increased mortality. (Dong et al., 2016) 

• Medaka embryos treated either with hypoxia or with a mixture of polyaromatic hydrocarbons showed 
higher occurrences of swim bladder non-inflation and decreased survival. (Mu et al., 2017) 

• Triphenyltin (TPT) exposure in zebrafish embryos induced a high percentage of uninflated swim 
bladders and all affected larvae died within 9 dph. (Horie et al., 2021) 
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Uncertainties and Inconsistencies 

Some studies showed an absence of increased mortality after impaied posterior chamber inflation but 
this is probably caused by the fact that observation was limited to short term effects (e.g., Wang et al., 
2020). Observations of absence of mortality often performed at 96/120 hpf in zebrafish, which is 
immediately after posterior chamber inflation. 
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Annex 1: Weight of evidence evaluation table 

 



AOP 155: Deiodinase 2 inhibition leading to increased mortality via posterior swim bladder 

inflation - Weight of evidence evaluation 

 

1 
 

  

 Defining 
Question  

 

High (Strong)  
 

Moderate  
 

Low (Weak)  
 

1. Support for 
Biological 
Plausibility of 
KERs  

 

Is there a 
mechanistic 
relationship 
between KEup and 
KEdown consistent 
with established 
biological 
knowledge?  

 

Extensive 
understanding of the 
KER based on 
extensive previous 
documentation and 
broad acceptance.  

 

KER is plausible 
based on analogy to 
accepted biological 
relationships, but 
scientific 
understanding is 
incomplete  

 

Empirical support 
for association 
between KEs , but 
the structural or 
functional 
relationship 
between them is 
not understood.  

 

Relationship 1026: 
Inhibition, Deiodinase 
2 (KE 1002) leads to 
Decreased, 
Triiodothyronine (T3) 
in serum (KE 1003) 

Moderate 
Inhibition of DIO2 activity is widely accepted to directly decrease T3 levels, since the conversion of T4 
to T3 is inhibited. Since in fish early life stages THs are typically measured on a whole body level, it is 
currently uncertain whether T3 level changes occur at the serum and/or tissue level. Pending more 
dedicated studies, whole body TH levels are considered a proxy for serum TH levels. The importance 
of DIO2 inhibition in altering serum T3 levels depends on the relative role of different deiodinases in 
regulating serum versus tissue T3 levels and in negative feedback within the HPT axis, where some 
uncertainties remain.  

Relationship 1027: 
Decreased, 
Triiodothyronine (T3) 
in serum (KE 1003) 
leads to Reduced, 
Posterior swim 
bladder inflation (KE 
1004) 

Moderate 
Thyroid hormones are known to be involved in development, especially in metamorphosis in 
amphibians and in embryonic-to-larval transition and larval-to-juvenile transition in fish. Inflation of 
the posterior swim bladder chamber is part of the embryonic-to-larval transition in fish, together with 
structural and functional maturation of the mouth and gastrointestinal tract, and resorption of the 
yolk sac. Together with empirical evidence, it is plausible to assume that posterior swim bladder 
inflation is under thyroid hormone regulation but scientific understanding is incomplete. 

Relationship 1028: 
Reduced, Posterior 
swim bladder inflation 
(KE 1004) leads to 
Reduced, Swimming 
performance (KE 
1005) 

Moderate 
The posterior chamber of the swim bladder has a function in regulating the buoyancy of fish. It is 
highly plausible that impaired inflation impacts swimming performance. There is a lot of evidence of 
such a relationship but it has been difficult to unambiguously attribute reduced swimming activity to 
impaired inflation of the posterior chamber, since swimming activity can be altered via different 
modes of action. 

Relationship 2212: 
Reduced, Swimming 
performance (KE 
1005) leads to 
Increaed mortality (KE 
351) 

Moderate 
Reduced swimming performance is likely to affect essential endpoints such as predator avoidance, 
feeding behaviour and reproduction. These parameters are biologically plausible to affect survival. 
Apart from some indirect evidence, it has been difficult to clearly establish this relationship in the 
laboratory. It may only become apparent in a non-laboratory environment where food is scarce and 
predators are abundant. 

Relationship 2013: 
Increased mortality 
(KE 351) leads to 
Decrease, Population 
trajectory (KE 360) 

High 
It is widely accepted that mortality increases, the population trajectory will eventually decrease. 

Non-adjacent 
relationship 1042: 
Inhibition, Deiodinase 
2 (KE 1002) leads to 
Reduced, Posterior 
swim bladder inflation 
(KE 1004) 

Moderate 
Inhibition of DIO 2 activity is widely accepted to reduce the conversion of T4 to the more biologically 
active T3. Thyroid hormones are known to be involved in development, especially in metamorphosis 
in amphibians and in embryonic-to-larval transition and larval-to-juvenile transition in fish. Inflation 
of the posterior swim bladder chamber is part of the embryonic-to-larval transition in fish, together 
with structural and functional maturation of the mouth and gastrointestinal tract, and resorption of 
the yolk sac. Together with empirical evidence, it is plausible to assume that posterior swim bladder 
inflation is under thyroid hormone regulation but scientific understanding is incomplete. It follows 
that disrupted conversion of T4 to T3 is likely to interfere with normal inflation of the posterior swim 
bladder chamber. 

Non-adjacent 
relationship 2213: 
Reduced, Posterior 
swim bladder inflation 
(KE 1004) leads to 
Increased mortality 
(KE 351) 

High 
The posterior chamber of the swim bladder has a function in regulating the buoyancy of fish. Fish rely 
on the lipid and gas content in their body to regulate their position within the water column. Efficient 
regulation of buoyancy is energy sparing and allows for fish to expend less energy in maintaining and 
changing positions in the water column. Because of its roles in energy sparing and swimming 
performance, it is expected that failure to inflate the swim bladder would create increased oxygen and 
energy demands leading to decreased growth, which in turn leads to decreased probability of survival. 
In particular, these impacts would be expected in non-laboratory environments where fish much 
expend energy to capture food and avoid predators and where available food is limited. Additionally, 
fish without a functional swim bladder are severely disadvantaged in terms of foraging and avoiding 
predators, making the likelihood of surviving smaller. There is ample evidence showing that impaired 
posterior chamber inflation reduces survival. 



AOP 155: Deiodinase 2 inhibition leading to increased mortality via posterior swim bladder 

inflation - Weight of evidence evaluation 

 

2 
 

2. Essentiality of KEs Defining question High (Strong)  
 

Moderate  
 

Low (Weak)  
 

 Are downstream KEs 
and/or the AO 
prevented if an 
upstream KE is 
blocked? 

Direct evidence from 
specifically designed 
experimental studies 
illustrating essentiality 
for at least one of the 
important KEs  

 

Indirect evidence that 
sufficient modification 
of an expected 
modulating factor 
attenuates or 
augments a KE  

 

No or contradictory 
experimental evidence 
of the essentiality of 
any of the KEs.  

 

KE 1002 (MIE): 
Inhibition, deiodinase 
2 

Bagci et al. (2015) and Heijlen et al. (2013, 2014) reported that knockdown of Dio1+2 in zebrafish 
resulted in impaired inflation of the posterior swim bladder chamber. Permanent Dio2 knockout also 
impaired swim bladder inflation and locomotor activity in zebrafish (Houbrechts et al., 2016). Walpita 
et al. (2009, 2010) reported reduced pigmentation, otic vesicle length and head-trunk angle in the 
same Dio1+2 and also Dio2 knockdown fish. This confirms that DIO2 is essential for causing 
downstream effects. These effects were rescued after T3 supplementation but not after T4 
supplementation, confirming the importance of T4 to T3 conversion by Dio2 and the essentiality of 
DIO2 inhibition for causing downstream effects (Walpita et al., 2009, 2010).  

KE 1003: Decreased 
triiodothyronine (T3) 
in serum 

There is ample evidence confirming the essentiality of decreased T3 levels for the occurrence of 
reduced posterior chamber inflation  
(1) from zebrafish knockdown/knockout studies: 
 Knockdown of deiodinase 1 and 2 (Bagci et al., 2015; Heijlen et al., 2013, 2014), knockdown of 

TH transporter MCT8 (de Vrieze et al., 2014), knockdown of thryoid hormone receptor alpha or 
beta (Marelli et al., 2016), and permanent knockout of deiodinase 2 (Houbrechts et al., 2016) in 
zebrafish resulted in impaired inflation of the posterior swim bladder chamber. Marelli et al. 
(2016) additionally showed that high T3 doses partially rescued the negative impact in mutants 
with partially resistant thyroid hormone receptors.  

 Walpita et al. (2009, 2010) reported reduced pigmentation, otic vesicle length and head-trunk 
angle in the same Dio1+2 and also Dio2 knockdown fish. These effects were rescued after T3 
supplementation, but not after T4 supplementation. While swim bladder inflation was not among 
the assessed endpoints in this study, this generally confirms the essentiality of decreased T3 in 
causing downstream effects upon disruption of DIO1 and 2 function (Walpita et al., 2009, 2010). 

(2) from chemical exposures: 
 Wang et al. (2020) observed a decrease of whole-body T3 as well as impaired posterior chamber 

inflation in zebrafish exposed to perfluorooctanoic acid and perfluoropolyether carboxylic acids 
and exogeneous T3 or T4 supplementation partly rescued this effect. 

 Maternal injection of T3, resulting in increased T3 concentrations in the eggs of striped bass lead 
to significant increases in posterior swim bladder inflation (Brown et al., 1988). Similarly, Molla 
et al. (2019) showed that T3 supplementation increased posterior chamber diameter in zebrafish 
larvae.  

KE 1004: Reduced, 
posterior swim 
bladder inflation 

Maternal injection of T3, resulting in increased T3 concentrations in the eggs of striped bass (Morone 
saxatilis) lead to significant increases in both swim bladder inflation and survival (Brown et al., 1988), 
confirming the essentiality of posterior swim bladder inflation for the occurrence of the downstream 
key event ‘reduced young of year survival’. 

KE 1005: Reduced, 
swimming 
performance 

Experimental blocking of this KE is difficult to achieve. 

KE 351: Increased 
mortality 

By definition, increased mortality reduces population size. 

AOP as a whole High 
Overall, the support for essentiality of the KEs is high since there is direct evidence from specifically 
designed experimental studies illustrating essentiality for several of the important KEs in the AOP. 
This includes ample evidence from knockdown studies in zebrafish that use targeted perturbation of 
key events and show downstream effects, and evidence from both chemical exposure with TH 
supplementation and knockdown with TH supplementation showing that blocking a KE prevents 
downstream KEs from occurring. 
 

 

  



AOP 155: Deiodinase 2 inhibition leading to increased mortality via posterior swim bladder 

inflation - Weight of evidence evaluation 

 

3 
 

 Defining 
Questions  

 

High (Strong)  
 

Moderate  
 

Low (Weak)  
 

3. Empirical Support 
for KERs  

 

Does empirical 
evidence 
support that a 
change in KEup 
leads to an 
appropriate 
change in 
KEdown? 
Does KEup 
occur at lower 
doses and 
earlier time 
points than KE 
down and is the 
incidence of 
KEup > than 
that for 
KEdown? 
Inconsistencies? 

 

if there is 
dependent change 
in both events 
following 
exposure to a 
wide 
range of specific 
stressors 
(extensive 
evidence for 
temporal, dose-
response and 
incidence 
concordance) and 
no or few data 
gaps or conflicting 
data 

 

if there is 
demonstrated 
dependent change 
in both events 
following 
exposure to a small 
number of specific 
stressors and some 
evidence 
inconsistent 
with the expected 
pattern that can be 
explained by factors 
such as 
experimental 
design, technical 
considerations, 
differences among 
laboratories, etc. 

 

if there are limited or 
no studies reporting 
dependent change in 
both events 
following exposure to 
a specific stressor 
(i.e., endpoints never 
measured in the 
same study or not at 
all), and/or lacking 
evidence of temporal 
or dose-response 
concordance, or 
identification of 
significant 
inconsistencies in 
empirical support 
across taxa and 
species that don’t 
align with the 
expected pattern for 
the 
hypothesised AOP 

 

Relationship 1026: 
Inhibition, Deiodinase 2 
(KE 1002) leads to 
Decreased, 
Triiodothyronine (T3) in 
serum (KE 1003) 

Low 
Although direct measurements of both KEs in the same organisms are not available in fish, several 
studies have shown that chemicals able to inhibit DIO2 in vitro, reduce T3 levels. The relative 
importance of DIO2 versus DIO1 is uncertain, but available evidence suggests that DIO2 is more 
important. 

Relationship 1027: 
Decreased, 
Triiodothyronine (T3) in 
serum (KE 1003) leads to 
Reduced, Posterior swim 
bladder inflation (KE 
1004) 

Moderate 
Many studies showed that chemicals reducing TH synthesis or activation inhibit proper posterior 
chamber inflation but studies reporting measurements of both endpoints are rare. Uncertainties 
mainly relate to the mechanism through which altered TH levels result in impaired posterior 
chamber inflation. Temporal concordance is difficult to establish since swim bladder inflation can 
only occur at a specific time point.  

Relationship 1028: 
Reduced, Posterior swim 
bladder inflation (KE 
1004) leads to Reduced, 
Swimming performance 
(KE 1005) 

Moderate 
There is ample evidence of a link between reduced posterior chamber inflation and reduced 
swimming performance. This link has been studied both from an aquaculture perspective as well as 
in chemical exposure experiments. Evidence of dose concordance is limited. Temporal concordance 
is difficult to establish since swim bladder inflation can only occur at a specific time point. 

Relationship 2212: 
Reduced, Swimming 
performance (KE 1005) 
leads to Increaed 
mortality (KE 351) 

Low 
A direct relationship between reduced swimming performance and increased mortality has been 
difficult to establish. There is however a lot of indirect evidence linking reduced swim bladder 
inflation to increased mortality (see non-adjacent KER 2213), which can be plausibly assumed to be 
related to reduced swimming performance. 

Relationship 2013: 
Increased mortality (KE 
351) leads to Decrease, 
Population trajectory (KE 
360) 

Moderate 
Survival rate is an obvious determinant of population size and is therefore included in population 
modeling. The extent to which increased mortality may impact population sizes in a realistic, 
environmental exposure scenario depends on the circumstances. Under some conditions, reduced 
larval survival may be compensated by reduced predation and increased food availability, and 
therefore not result in population decline. 

Non-adjacent 
relationship 1042: 
Inhibition, Deiodinase 2 
(KE 1002) leads to 
Reduced, Posterior swim 
bladder inflation (KE 
1004) 

Moderate 
Although direct measurements of both KEs in the same organisms are not available in fish, several 
studies have shown that chemicals able to inhibit DIO2 in vitro, reduce posterior chamber inflation. 
The relative importance of DIO1 versus DIO2 is uncertain, but available evidence suggests that DIO2 
is more important. The mechanism through which DIO2 inhibition results in impaired posterior 
chamber inflation is uncertain. 

Non-adjacent 
relationship 2213: 
Reduced, Posterior swim 
bladder inflation (KE 
1004) leads to Increased 
mortality (KE 351) 

Moderate 
There is a extensive evidence of a link between reduced posterior chamber inflation and increased 
mortality based on studies in freshwater and marine fish species. Uncertainties are related to the 
dependence of the linkage on the circumstances such as food availability and predation. 

 



dose and temporal concordance uncertainties, inconsistencies

reference species chemical expected MIE
exposure 
period

time 
point concentrations tested

TPO 
inhibition

DIO1 
inhibition

DIO2 
inhibition

TH synthesis 
decreased

T4 in serum 
decreased

T3 in serum 
decreased

posterior swim bladder 
chamber inflation reduced

anterior swim bladder 
chamber inflation reduced

swimming performance 
reduced increased mortality

decreased 
tpo mRNA

decreased 
dio1 mRNA serum T4 increased serum T3 increased

Cavallin et al. (2017) fathead minnow iopanoic acid DIO1 and 2 inhibition 0-6dpf 4 dpf 0.6, 1.9, 6.0 mg/L n/a n/a n/a n/a n/a -£
n/a n/a n/a - 0.6, 1.9, 6.0 mg/L£ 6 mg/L£

Cavallin et al. (2017) fathead minnow iopanoic acid DIO1 and 2 inhibition 0-6dpf 6 dpf 0.6, 1.9, 6.0 mg/L n/a -* -* n/a n/a -£
6 mg/L n/a n/a - -£ 1.9, 6.0 mg/L£

Cavallin et al. (2017) fathead minnow iopanoic acid DIO1 and 2 inhibition 6-21 dpf 10 dpf 0.6, 1.9, 6.0 mg/L n/a -* -* n/a n/a 0.6, 1.9, 6.0 mg/L£
n/a n/a n/a - 0.6, 1.9, 6.0 mg/L£ -£

Cavallin et al. (2017) fathead minnow iopanoic acid DIO1 and 2 inhibition 6-21 dpf 14 dpf 0.6, 1.9, 6.0 mg/L n/a -* 0.6, 1.9, 6.0 mg/L* n/a n/a 0.6, 1.9, 6.0 mg/L£
n/a 0.6, 1.9, 6.0 mg/L n/a - 1.9, 6.0 mg/L£ -£

Cavallin et al. (2017) fathead minnow iopanoic acid DIO1 and 2 inhibition 6-21 dpf 18 dpf 0.6, 1.9, 6.0 mg/L n/a -* 0.6, 1.9, 6.0 mg/L* n/a n/a 0.6, 1.9, 6.0 mg/L£
n/a 0.6, 1.9, 6.0 mg/L n/a - 0.6, 1.9, 6.0 mg/L£ -£

Cavallin et al. (2017) fathead minnow iopanoic acid DIO1 and 2 inhibition 6-21 dpf 21 dpf 0.6, 1.9, 6.0 mg/L n/a -* 0.6, 1.9, 6.0 mg/L* n/a n/a 0.6, 1.9, 6.0 mg/L£
n/a 0.6, 1.9, 6.0 mg/L n/a 6 mg/L 0.6, 1.9, 6.0 mg/L£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-168 hpf 120 hpf
0.1, 0.35, 0.56, 0.7, 
0.88, 1.75, 3.5, 7 mg/L n/a n/a n/a n/a 0.35, 0.7 mg/L£ (0.1 mg/L no change, other concentrations not tested)- - n/a 0.35, 0.56, 0.7, 0.88, 1.75, 3.5 mg/L3.5, 7 mg/L -£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-32 dpf 20 dpf 0.1, 0.35 mg/L n/a n/a n/a n/a n/a n/a n/a 0.35 mg/L n/a - -£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-32 dpf 21 dpf 0.1, 0.35 mg/L n/a n/a n/a n/a n/a n/a n/a 0.35 mg/L n/a - -£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-32 dpf 22 dpf 0.1, 0.35 mg/L n/a n/a n/a n/a n/a n/a n/a 0.35 mg/L n/a - -£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-32 dpf 23 dpf 0.1, 0.35 mg/L n/a n/a n/a n/a n/a n/a n/a 0.35 mg/L n/a - -£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-32 dpf 24 dpf 0.1, 0.35 mg/L n/a n/a n/a n/a n/a n/a n/a 0.35 mg/L n/a - -£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-32 dpf 25 dpf 0.1, 0.35 mg/L n/a n/a n/a n/a n/a n/a n/a 0.35 mg/L n/a - -£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-32 dpf 26 dpf 0.1, 0.35 mg/L n/a n/a n/a n/a n/a n/a n/a 0.35 mg/L 0.35 mg/L - -£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-32 dpf 27 dpf 0.1, 0.35 mg/L n/a n/a n/a n/a n/a n/a n/a 0.35 mg/L n/a - -£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-32 dpf 28 dpf 0.1, 0.35 mg/L n/a n/a n/a n/a n/a n/a n/a 0.35 mg/L n/a - -£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-32 dpf 29 dpf 0.1, 0.35 mg/L n/a n/a n/a n/a n/a n/a n/a 0.35 mg/L 0.35 mg/L - -£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-32 dpf 30 dpf 0.1, 0.35 mg/L n/a n/a n/a n/a n/a n/a n/a 0.35 mg/L 0.35 mg/L - -£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-32 dpf 31 dpf 0.1, 0.35 mg/L n/a n/a n/a n/a n/a n/a n/a 0.35 mg/L n/a - -£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-32 dpf 32 dpf 0.1, 0.35 mg/L n/a n/a n/a n/a 0.35 mg/L£ -£
n/a 0.35 mg/L n/a - -£ -£

Nelson et al. (2016) fathead minnow 2-mercaptobenzothiazole TPO inhibition 0-21 dpf 6 dpf 0.25, 0.5, 1 mg/L - n/a n/a n/a 1 mg/L£ -£
- n/a n/a - -£ -£

Nelson et al. (2016) fathead minnow 2-mercaptobenzothiazole TPO inhibition 0-21 dpf 14 dpf 0.25, 0.5, 1 mg/L 0.5, 1 mg/L* n/a n/a 0.5, 1 mg/L$
n/a 1 mg/L£

n/a 0.5, 1 mg/L n/a - n/a -£

Nelson et al. (2016) fathead minnow 2-mercaptobenzothiazole TPO inhibition 0-21 dpf 21 dpf 0.25, 0.5, 1 mg/L 1 mg/L* n/a n/a 0.5, 1 mg/L$ -£ -£
n/a 0.5, 1 mg/L n/a - 0.25, 0.5, 1 mg/L£ -£

Wei et al. (2018) zebrafish bisphenol S unknown adults F1 96 hpf 1, 10, 100 µg/L n/a n/a n/a n/a 1, 10, 100 µg/L£
1, 10, 100 µg/L n/a 1, 10, 100 µg/L - 1, 10, 100 µg/L£

Crane et al. (2005) fathead minnow ammonium perchlorate NIS inhibition 0-28 dpf 28 dpf 1, 10, 100 mg/L n/a n/a n/a 1, 10, 100 mg/L$ -£ -£
n/a n/a n/a - 100 mg/L -

Crane et al. (2006) fathead minnow methimazole TPO inhibition 0-84 dpf 28 dpf 32, 100, 320 µg/L n/a n/a n/a n/a 32, 100 µg/L£ 320 µg/L£
n/a n/a n/a 32, 100 µg/L -£ -£

Crane et al. (2006) fathead minnow methimazole TPO inhibition 0-84 dpf 56 dpf 32, 100, 320 µg/L n/a n/a n/a n/a -£ 100 µg/L£
n/a n/a n/a 32, 100 µg/L 320 µg/L£ -£

Crane et al. (2006) fathead minnow methimazole TPO inhibition 0-84 dpf 84 dpf 32, 100, 320 µg/L n/a n/a n/a n/a - - n/a n/a n/a 32, 100 µg/L - -

Stinckens et al. (2020) zebrafish methimazole TPO inhibition 0-32 dpf 21 dpf 50, 100 mg/L n/a n/a n/a n/a 50, 100 mg/L£ 50, 100 mg/L£
- 50, 100 mg/L n/a

Stinckens et al. (2020) zebrafish methimazole TPO inhibition 0-32 dpf 32 dpf 50, 100 mg/L n/a n/a n/a n/a 50, 100 mg/L£ 50, 100 mg/L£
- 50, 100 mg/L 100 mg/L

Stinckens et al. (2020) zebrafish propylthiouracil TPO inhibition 0-32 dpf 14 dpf 37, 111 mg/L n/a n/a n/a n/a 37, 111 mg/L£ 111 mg/L£
- n/a 111 mg/L

Stinckens et al. (2020) zebrafish propylthiouracil TPO inhibition 0-32 dpf 21 dpf 37, 111 mg/L n/a n/a n/a n/a 37, 111 mg/L£ 111 mg/L£
- 37, 111 mg/L 111 mg/L

Stinckens et al. (2020) zebrafish propylthiouracil TPO inhibition 0-32 dpf 32 dpf 37, 111 mg/L n/a n/a n/a n/a 37, 111 mg/L£ 37, 111 mg/L£
- 37, 111 mg/L -

Stinckens et al. (2020) zebrafish iopanoic acid DIO1 and 2 inhibition 0-32 dpf 9 dpf 2 mg/L n/a n/a n/a n/a n/a n/a 2 mg/L n/a n/a 2 mg/L

Stinckens et al. (2020) zebrafish iopanoic acid DIO1 and 2 inhibition 0-32 dpf 14 dpf 0.35, 1 mg/L n/a n/a n/a n/a -£ -£
- n/a 1, 2 mg/L

Stinckens et al. (2020) zebrafish iopanoic acid DIO1 and 2 inhibition 0-32 dpf 21 dpf 0.35, 1 mg/L n/a n/a n/a n/a -£ 0.35, 1 mg/L£
- 0.35, 1, 2 mg/L 0.35, 1, 2 mg/L

Stinckens et al. (2020) zebrafish iopanoic acid DIO1 and 2 inhibition 0-32 dpf 32 dpf 0.35, 1, 2 mg/L n/a n/a n/a n/a -£ 0.35, 1, 2 mg/L£
- 0.35, 1, 2 mg/L 0.35, 1, 2 mg/L

Wang et al. (2020) zebrafish perfluorooctanoic acid (PFOA) DIO1 and 2 inhibition 0-5 dpf 5 dpf

0, 50, 100, 150, 200, 
2502, 300, 350, 400, 
450, 500 mg/L -* - 125, 250, 500 mg/L* - 250, 500 mg/L£ 250, 500 mg/L£ 200, 250, 300, 350, 400, 450, 500 mg/Ln/a n/a 300, 400, 450, 500 mg/L - 500 mg/L -£ -£

Wang et al. (2020) zebrafish PFO3OA unknown 0-5 dpf 5 dpf

0, 400, 600, 800, 1000, 
1200, 1400, 1600, 1800, 
2000, 2200, 2400 mg/L 1200, 2200 mg/L* -* 600, 1200, 2200 mg/L* - 600, 1200, 2200 mg/L£ 1200, 2200 mg/L£ 800, 1000, 1200, 1400, 1600, 1800, 2000, 2200, 2400 mg/Ln/a n/a - - - -£ -£

Wang et al. (2020) zebrafish PFO4DA unknown 0-5 dpf 5 dpf
0, 30, 45, 60, 90, 120, 
150, 180, 210, 240 mg/L -* 240 mg/L* -* - 60, 120, 240 mg/L£ (lower concentrations were not tested)60, 120, 240 mg/L£  (lower concentrations were not tested)45, 60, 90, 120, 150, 180, 210, 240 mg/Ln/a n/a - - - -£ -£

Wang et al. (2020) zebrafish PFO5DoDA unknown 0-5 dpf 5 dpf
0, 5, 10, 15, 20, 25, 
30, 35, 40 mg/L -* -* 10, 20, 40 mg/L* - 10, 20, 40 mg/L£ 10, 20, 40 mg/L£ 20, 25, 30, 35, 40 mg/L§

n/a n/a - 10 mg/L - -£ -£

Rehberger et al. (2018) zebrafish propylthiouracil TPO inhibition 0-5 dpf 5 dpf 0, 2.5, 10, 25, 50 mg/L n/a n/a n/a 10, 25, 50 mg/L n/a n/a n/a n/a n/a n/a

Legend

n/a: not measured

* based on increased mRNA levels of the target as indirect measurement of MIE 

$ based on thyroid histopathology

£ based on whole body measurement

§ based on visual evaluation of graphs because no statistics have been reported
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Foreword 

This Adverse Outcome Pathway (AOP) on Deiodinase 2 inhibition leading to increased 
mortality via reduced anterior swim bladder inflation, has been developed under the 
auspices of the OECD AOP Development Programme, overseen by the Extended Advisory 
Group on Molecular Screening and Toxicogenomics (EAGMST), which is an advisory group 
under the Working Party of the National Coordinators for the Test Guidelines Programme 
(WNT) and the Working Party on Hazard Assessment (WPHA).  

The AOP has been reviewed for compliance with the AOP development principles following 
the EAGMST coaching approach. The scientific review was subsequently conducted by the 
UK National Centre for the 3Rs, following the OECD AOP review principles outlined in the 
Guidance Document on the scientific review of AOPs. This AOP was endorsed by the WNT 
and the WPHA on 3 August 2022.  

Through endorsement of this AOP, the WNT and the WPHA express confidence in the 
scientific review process that the AOP has undergone and accept the recommendation of 
the EAGMST that the AOP be disseminated publicly. Endorsement does not necessarily 
indicate that the AOP is now considered a tool for direct regulatory application. 

The OECD's Chemicals and Biotechnology Committee agreed to declassification of this 
AOP on 4 November 2022. 

This document is being published under the responsibility of the OECD's Chemicals and 
Biotechnology Committee. 

The outcome of the compliance check and of the scientific review are publicly available 
respectively in the AOP Wiki and the eAOP Portal of the AOP Knowledge Base at the 

following links: [internal review] [scientific review report. 

  

https://aopwiki.org/
http://aopkb.org/
https://aopwiki.org/aops/156/comments
file:///C:/Users/Delrue_n/Downloads/AOPs%20155-159%20Review%20report%20(1).pdf
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Abstract 

 

This AOP describes the sequence of events leading from deiodinase inhibition to increased mortality via 

reduced anterior swim bladder inflation. Disruption of the thyroid hormone system is increasingly being 

recognized as an important toxicity pathway that can cause many adverse outcomes, including disruption of 

developmental processes. Three types of iodothyronine deiodinases (DIO1-3) have been described in 

vertebrates that activate or inactivate THs and are therefore important mediators of TH action. Type II 

deiodinase (DIO2) has thyroxine (T4) as a preferred substrate and is mostly important for converting T4 to 

the more biologically active triiodothyronine (T3). Inhibition of DIO2 therefore reduces T3 levels. Thyroid 

hormones are critical in regulating developmental processes and thyroid hormone disruption can interfere 

with normal development. Swim bladder inflation is known to be under TH control (Brown et al., 1988; Liu 

and Chan, 2002). Many fish species have a swim bladder which is a gas-filled organ that typically consists 

of two chambers (Robertson et al., 2007). The posterior chamber inflates during early development in the 

embryonic phase, while the anterior chamber inflates during late development in the larval phase. Both the 

posterior and the anterior chamber have an important role in regulating buoyancy, and the anterior chamber 

has an additional role in hearing (Robertson et al., 2017). This AOP describes how inhibition of DIO2 reduces 

levels of T3, thereby prohibiting proper inflation of the anterior chamber. Due to its role in regulating 

buoyancy, this results in reduced swimming performance. Since reduced swimming performance results in 

a decreased ability to forage and avoid predators, this reduces chances of survival. The final adverse 

outcome is a decrease of the population growth rate. Since many AOPs eventually lead to this more general 

adverse outcome at the population level, the more specific and informative adverse outcome at the 

organismal level, increased mortality, is used in the AOP title. Support for this AOP is mainly based on 

chemical exposures in zebrafish and fathead minnows (Cavallin et al., 2017; Godfrey et al., 2017; Stinckens 

et al., 2020).  

This AOP is part of a larger AOP network describing 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, increased mortality and decreased population trajectory (Knapen et al., 2018; Knapen et al., 

2020; Villeneuve et al., 2018). Other than the difference in deiodinase (DIO) isoform, the current AOP is 

identical to the corresponding AOP leading from DIO1 inhibition to increased mortality via anterior swim 

bladder inflation (https://aopwiki.org/aops/158). The overall importance of DIO1 versus DIO2 in fish is not 

exactly clear. DIO2 inhibitors are often also inhibitors of DIO1 (Olker et al., 2019; Stinckens et al. 2018). In 

the ToxCast DIO2 inhibition single concentration assay, 304 out of 1820 chemicals were positive and 177 of 

these were also positive for DIO1 inhibition (viewed on 5/7/2022). This complicates the distinction between 

the relative contribution of DIO1 and DIO2 inhibition to reduced swim bladder inflation. The current state of 

the art suggests that DIO2 is more important than DIO1 in regulating swim bladder inflation. Six out of seven 

DIO1 inhibitors impaired posterior chamber inflation, but almost all of these compounds also inhibit DIO2 

(Stinckens et al., 2018)). Tetrachlorobisphenol A (TCBPA), the only compound that inhibits DIO1 and not 

DIO2, had no effect on the posterior swim bladder. Exposure to strong DIO2 inhibitors on the other hand 

affected posterior chamber inflation and/or surface area in all cases. Therefore the current AOP may be of 

higher biological relevance compared to AOP 158. Starting from reduced T3 levels, this AOP is identical to 

the AOP leading from thyroperoxidase inhibition leading to increased mortality via reduced anterior swim 

bladder inflation (https://aopwiki.org/aops/159). 
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Background 

The larger AOP network describing the effect of deiodinase and thyroperoxidase inhibition on swim bladder inflation 

consists of 5 AOPs: 

 

• Deiodinase 2 inhibition leading to increased mortality via reduced posterior swim bladder inflation: 

https://aopwiki.org/aops/155 

• Deiodinase 2 inhibition leading to increased mortality via reduced anterior swim bladder inflation: 

https://aopwiki.org/aops/156  

• Deiodinase 1 inhibition leading to increased mortality via reduced posterior swim bladder inflation 

: https://aopwiki.org/aops/157 

• Deiodinase 1 inhibition leading to increased mortality via reduced anterior swim bladder inflation : 

https://aopwiki.org/aops/158  

• Thyroperoxidase inhibition leading to increased mortality via reduced anterior swim bladder 

inflation: https://aopwiki.org/aops/159 

 
The development of these AOPs was mainly based on a series of dedicated experiments (using a set of reference 

chemicals as prototypical stressors) in zebrafish and fathead minnow that form the core of the empirical evidence. 

Specific literature searches were used to add evidence from other studies, mainly in zebrafish and fathead minnow. 

No systematic review approach was applied. 

 

https://aopwiki.org/aops/155
https://aopwiki.org/aops/156
https://aopwiki.org/aops/157
https://aopwiki.org/aops/158
https://aopwiki.org/aops/159
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Graphical Representation 
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Summary of the AOP 

Events 

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

nce 
T
y
p
e 

Even
t ID 

Title Short name 

1 M
IE 

1002 Inhibition, Deiodinase 2 Inhibition, Deiodinase 2 

2 K
E 

1003 Decreased, Triiodothyronine (T3) Decreased, Triiodothyronine (T3) 

3 K
E 

1007 Reduced, Anterior swim bladder inflation Reduced, Anterior swim bladder inflation 

4 K
E 

1005 Reduced, Swimming performance Reduced, Swimming performance 

5 A
O 

351 Increased Mortality Increased Mortality 

6 A
O 

360 Decrease, Population growth rate Decrease, Population growth rate 

 

Key Event Relationships 

Upstream Event Relationship 
Type 

Downstream 

Event
 

Evidence Quantitative 
Understanding 

Inhibition, Deiodinase 2
 adjacent Decreased, 

Triiodothyronine 
(T3)

 

Moderate Low 

Decreased, 
Triiodothyronine (T3) 

adjacent Reduced, Anterior 
swim bladder 
inflation

 

Moderate Moderate 

Reduced, Anterior 

swim bladder inflation 

adjacent Reduced, 
Swimming 

performance 
 

Moderate Low 

Reduced, Swimming 
performance 

adjacent Increased Mortality
 

Moderate Low 

Increased Mortality adjacent Decrease, 
Population growth 

rate
 

Moderate Moderate 

 

https://aopwiki.org/events/1002
https://aopwiki.org/events/1003
https://aopwiki.org/events/1007
https://aopwiki.org/events/1005
https://aopwiki.org/events/351
https://aopwiki.org/events/360
https://aopwiki.org/relationships/1026
https://aopwiki.org/relationships/1035
https://aopwiki.org/relationships/1035
https://aopwiki.org/relationships/1034
https://aopwiki.org/relationships/1034
https://aopwiki.org/relationships/2212
https://aopwiki.org/relationships/2212
https://aopwiki.org/relationships/2013
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Overall Assessment of the AOP  

The document in Annex 1 includes: 

• Support for biological plausibility of KERs  

• Support for essentiality of KEs 

• Empirical support for KERs 

• Dose and temporal concordance table covering the larger AOP network 

Overall, the weight of evidence for the sequence of key events laid out in the AOP is moderate to high. 

Nonetheless, the exact underlying mechanism of TH disruption leading to impaired swim bladder inflation is 

not exactly understood. 

Domain of Applicability 

Life Stage Applicability 

Life Stage Evidence 

Larvae High 

 

Taxonomic Applicability 

Term Scientific Term Evidence Links 

zebrafish Danio rerio High NCBI  

fathead minnow Pimephales promelas High NCBI  

 

Sex Applicability 

Sex Evidence 

Unspecific Moderate 

 

Taxonomic: Organogenesis of the swim bladder begins with an evagination from the gut. In physostomous 

fish, a connection between the swim bladder and the gut is retained. In physoclystous fish, once initial 

inflation by gulping atmospheric air at the water surface has occurred, the swim bladder is closed off from 

the digestive tract and swim bladder volume is regulated by gas secretion into the swim bladder (Woolley 

and Qin, 2010). This AOP is currently mainly based on experimental evidence from studies on zebrafish and 

fathead minnows, physostomous fish with a two-chambered swim bladder. This AOP is not applicable to fish 

that do not have a second swim bladder chamber that inflates during larval development, e.g., the Japanese 

rice fish or medaka (Oryzias latipes). 

Life stage: The current AOP is only applicable to larval development, which is the period where the anterior 

swim bladder chamber inflates. In all life stages, the conversion of T4 into more biologically active T3 is 

essential. Inhibition of DIO2 therefore impacts swim bladder inflation in both early 

(https://aopwiki.org/aops/155) and late developmental life stages. 

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
https://aopwiki.org/aops/155
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Sex: All key events in this AOP are plausibly applicable to both sexes. Sex differences are not often 

investigated in tests using early life stages of fish. For zebrafish and fathead minnow, it is currently unclear 

whether sex-related differences are important in determining the magnitude of the changes across the 

sequence of events in this AOP. Different fish species have different sex determination and differentiation 

strategies. Zebrafish do not have identifiable heteromorphic sex chromosomes and sex is determined by 

multiple genes and influenced by the environment (Nagabhushana and Mishra, 2016). 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. Since the anterior chamber inflates around 21 days post fertilization in zebrafish, 

sex differences are expected to play a minor role in the current AOP. Fathead minnow gonad differentiation 

also occurs during larval development. Fathead minnows utilize a XY sex determination strategy and 

markers can be used to genotype sex in life stages where the sex is not yet clearly defined morphologically 

(Olmstead et al., 2011). Ovarian differentiation starts at 10 dph followed by rapid development (Van Aerle et 

al., 2004). At 25 dph germ cells of all stages up to the primary oocytes stage were present and at 120 dph, 

vitellogenic oocytes were present. The germ cells (spermatogonia) of the developing testes only entered 

meiosis around 90–120 dph. Mature testes with spermatozoa are present around 150 dph. Since the anterior 

chamber inflates around 14 days post fertilization (9 dph) in fathead minnows, sex differences are expected 

to play a minor role in the current AOP. 

Essentiality of the Key Events 

Overall, the confidence in the supporting data for essentiality of KEs within the AOP is moderate. There is 

evidence from deiodinase knockdowns showing the link with reduced posterior chamber inflation and the 

essentiality for downstream effects, but anterior chamber inflation was not studied. There is additional 

indirect evidence that reduced thyroid hormone synthesis causes reduced anterior swim bladder inflation: 

Chopra et al. (2019) showed that knockdown of dual oxidase, important for thyroid hormone synthesis, 

reduced anterior swim bladder inflation. It should be noted that dual oxidase also plays a role in oxidative 

stress. There is also evidence that alleviation of the effect on anterior chamber inflation reduces the effect 

on swimming performance. 

Weight of Evidence Summary 

Biological plausibility: see Table. Overall, the weight of evidence for the biological plausibility of the KERs 

in the AOP is moderate since there is empirical support for an association between the sets of KEs and the 

KERs are plausible based on analogy to accepted biological relationships, but scientific understanding is not 

completely established. 

Empirical support: see Table. Overall, the empirical support for the KERs in the AOP is moderate since 

dependent changes in sets of KEs following exposure to several specific stressors has been demonstrated, 

with limited evidence for dose and temporal concordance and some uncertainties. 

Quantitative Consideration 

There is some level of quantitative understanding that can form the basis for development of a quantitative 

AOP. Quantitative relationships between reduced T3 and reduced anterior chamber inflation were 

established. The latter is particularly critical for linking impaired swim bladder inflation to TH disruption. 
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Considerations for Potential Applications of the AOP  

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. Villeneuve et al. (2014) discussed the relevance 

of swim bladder inflation as a potential key event and endpoint of interest in fish tests. Knapen et al. (2020) 

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. 

While the AOP is only applicable to fish, some of the upstream KEs are relevant across vertebrates. The 

taxonomic domain of applicability call of the KEs can be found on the respective pages. 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 in fish, using the 

levels of assessment of the OECD’s Conceptual Framework for the Testing and Assessment of Endocrine 

Disrupting Chemicals as a guide. Specifically, for this AOP, deiodinase inhibition can be assessed using an 

in chemico assay, measurements of T3 levels could be added to the Fish Embryo Acute Toxicity (FET) test 

(OECD TG 236), the Fish Early Life Stage Toxicity (FELS) Test (OECD TG210) and the Fish Sexual 

Development Test (FSDT) (OECD TG 234), and assessments of anterior chamber inflation and swimming 

performance could be added to the FELS Test and FSDT. 

Thyroid hormone system disruption causes multiple unspecific effects. Addition of TH measurements could 

aid in increasing the diagnostic capacity of a battery of endpoints since they are specific to the TH system. 

A battery of endpoints would ideally include the MIE, the AO and TH levels as the causal link. It is also in 

this philosophy that TH measurements are currently being considered as one of the endpoints in project 2.64 

of the OECD TG work plan, “Inclusion of thyroid endpoints in OECD fish Test Guidelines”. While T3 

measurements showed low levels of variation and were highly predictive of downstream effects in dedicated 

experiments to support this AOP, more variability may be present in other studies. Because of the rapid 

development in fish, it is important to compare T3 levels within specific developmental stages. For example, 

clear changes in T3 levels have been observed in zebrafish at 14, 21 and 32 dpf (Stinckens et al., 2020) and 

in fathead minnows at 4, 6, 10, 14, 18 and 21 dpf (Nelson et al., 2016; Cavallin et al., 2017) using liquid 

chromatography tandem mass spectrometry (LC−MS/MS). 
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Appendix 1 - MIE, KEs and AO 

List of MIEs in this AOP 

Event: 1002: Inhibition, Deiodinase 2 

Short Name: Inhibition, Deiodinase 2 

Key Event Component 

Process Object Action 

catalytic activity type II iodothyronine deiodinase 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  

Molecular Initiating 
Event 

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

Molecular Initiating 
Event 

Aop:190 - Type II iodothyronine deiodinase (DIO2) inhibition leading to altered 
amphibian metamorphosis  

Molecular Initiating 
Event 

 

Stressors 

Name 

iopanoic acid 

perfluorooctanoic acid 

 

Biological Context 

Level of Biological Organization 

Molecular 

Evidence for Perturbation by Stressor 

Overview for Molecular Initiating Event 

DIO2 inhibitors are often also inhibitors of DIO1 (Olker et al., 2019; Stinckens et al. 2018). In the ToxCast 

DIO2 inhibition single concentration assay, 304 out of 1820 chemicals were positive and 177 of these were 

also positive for DIO1 inhibition (viewed on 5/7/2022). Olker et al. (2019) identified 20 DIO2-specific inhibitors 

using a human recombinant DIO2 enzyme (e.g., tetramethrin, elzasonan). Another typical inhibitor of DIO2 

(and DIO1 and 3) is iopanoic acid (IOP), which acts as a substrate of all three DIO isoforms (Renko et al., 

2015). In fact, many compounds inhibit all three DIO isoforms. Olker et al. (2019) identified 93 compounds 

that inhibit DIOs 1, 2 and 3. 

  

https://aopwiki.org/events/1002
https://aopwiki.org/aops/155
https://aopwiki.org/aops/155
https://aopwiki.org/aops/156
https://aopwiki.org/aops/156
https://aopwiki.org/aops/190
https://aopwiki.org/aops/190
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iopanoic acid 

A typical inhibitor of DIO2 (and DIO1 and 3) is iopanoic acid (IOP), which acts as a substrate of all three DIO 

isoforms (Renko et al., 2015) 

perfluorooctanoic acid 

Perfluorooctanoic acid (PFOA) is an inhibitor of DIO2 and DIO1 (Stinckens et al., 2018) 

Domain of Applicability 

Taxonomic Applicability 

Term Scientific Term Evidence Links 

rat Rattus norvegicus Moderate NCBI  

human Homo sapiens High NCBI  

pigs Sus scrofa Moderate NCBI  

Oreochromis niloticus Oreochromis niloticus Moderate NCBI  

zebrafish Danio rerio Moderate NCBI  

fathead minnow Pimephales promelas Moderate NCBI  

African clawed frog Xenopus laevis 
 

NCBI  

 

Life Stage Applicability 

Life Stage Evidence 

All life stages Moderate 

 

Sex Applicability 

Sex Evidence 

Unspecific Moderate 

 

Taxonomic: Deiodination by DIO enzymes is known to exist in a wide range of vertebrates and invertebrates. 

This KE is plausibly applicable across vertebrates. Reports of inhibition of DIO2 activity are relatively scarce 

compared to DIO1. Studies reporting DIO2 inhibition have used human recombinant DIO2 enzyme (Olker et 

al., 2019), primary human astrocytes (Roberts et al., 2015), rat pituitary (Li et al., 2012), pig liver (Stinckens 

et al., 2018), Nile tilapia (Oreochromis niloticus) liver (Walpita et al., 2007). Evidence for fish (e.g., zebrafish 

and fathead minnow) is mostly indirect since DIO enzyme activity is usually not measured in chemical 

exposure experiments.   

Houbrechts et al. (2016) showed decreased DIO2 activity in a DIO1-DIO2 knockdown zebrafish at the ages 

of 3 and 7 days post fertilization together with impaired swim bladder inflation, showing that the enzyme is 

present, the activity is measurable and impairing its activity has negative effects. Noyes confirmed decreased 

outer ring deiodination activity in fathead minnows exposed to decabromodiphenyl ether (BDE-209). Walpita 

et al. (2007) showed decreased DIO2 activity in the liver of Nile tilapia injected with dexamethasone. 

Stinckens et al. (2018) showed that chemicals with DIO inhibitory potential in pig liver impaired swim bladder 

inflation in zebrafish, a thyroid hormone regulated process. Six out of seven DIO1 inhibitors impaired 

posterior chamber inflation, but almost all of these compounds also inhibit DIO2. Tetrachlorobisphenol A 

(TCBPA), the only compound that inhibits DIO1 and not DIO2, had no effect on the posterior swim bladder. 

Based on these results, DIO2 seemed to be more important than DIO1.In mammals, DIO2 is thought to 

http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=10116
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=9606
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=9823
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=8128
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=8355
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control the intracellular concentration of T3, while DIO1 is thought to be more important in determining 

systemic T3 levels. The cells that express DIO2 locally produce T3 that can more rapidly access the thyroid 

receptors in the nucleus than T3 from plasma (Bianco et al., 2002). For example, DIO2 is highly expressed 

in the mammalian brain. However, this hypothesis has been challenged. For example, Maia et al. (2005) 

determined that in a normal physiological situation in humans the contribution of DIO2 to plasma T3 levels 

is twice that of DIO1. Only in a hyperthyroid state was the contribution of DIO1 higher than that of DIO2. A 

DIO1 knockout mouse showed normal T3 levels and a normal general phenotype and DIO1 was rather found 

to play a role in limiting the detrimental effects of conditions that alter normal thyroid function, including 

hyperthyroidism and iodine deficiency (Schneider et al., 2006). van der Spek et al. concluded that the primary 

role of DIO1 in vivo is to degrade inactivated TH (van der Spek et al., 2017). 

The presence of DIO1 in the liver of teleosts has been a controversial issue and DIO1 function in teleostean 

and amphibian T3 plasma regulation is unclear (Finnson et al., 1999; Kuiper et al., 2006). In teleosts, DIO2 

has a markedly higher activity level compared to other vertebrates and it is expressed in liver (Orozco and 

Valverde, 2005), suggesting its importance in determining systemic thyroid hormone levels. This could 

explain why DIO2 inhibition seems to be more important than DIO1 inhibition in determining the adverse 

outcome in zebrafish (Stinckens et al., 2018). 

Life stage: Deiodinase activity is important for all vertebrate life stages. Already during early embryonic 

development, deiodinase activity is needed to regulate thyroid hormone concentrations and coordinate 

developmental processes. DIO2 shows more marked changes in expression around the time of the embryo-

larval and larval-to-juvenile transition periods during zebrafish development, highlighting its importance for 

early life stages (Vergauwen et al., 2018). 

Sex: This KE is plausibly applicable to both sexes. Deiodinases are important for TH homeostasis and 

identical in both sexes. Therefore inhibition of deiodinases is not expected to be sex-specific. 

Key Event Description 

Disruption of the thyroid hormone system is increasingly being recognized as an important toxicity pathway, 

as it can cause many adverse outcomes. Thyroid hormones do not only play an important role in the adult 

individual, but they are also critical during embryonic development. Thyroid hormones (THs) play an 

important role in a wide range of biological processes in vertebrates including growth, development, 

reproduction, cardiac function, thermoregulation, response to injury, tissue repair and homeostasis. 

Numerous chemicals are known to disturb thyroid function, for example by inhibiting thyroperoxidase (TPO) 

or deiodinase (DIO), upregulating excretion pathways or modifying gene expression. The two major thyroid 

hormones are triiodothyronine (T3) and thyroxine (T4), both iodinated derivatives of tyrosine. Most TH 

actions depend on the binding of T3 to its nuclear receptors. Active and inactive THs are tightly regulated by 

enzymes called iodothyronine deiodinases (DIO). The activation occurs via outer ring deiodination (ORD), 

i.e. removing iodine from the outer, phenolic ring of T4 to form T3, while inactivation occurs via inner ring 

deiodination (IRD), i.e. removing iodine from the inner tyrosol ring of T4 or T3. 

Three types of iodothyronine deiodinases (DIO1-3) have been described in vertebrates that activate or 

inactivate THs and are therefore important mediators of TH action. All deiodinases are integral membrane 

proteins of the thioredoxin superfamily that contain selenocysteine in their catalytic centre. Type I deiodinase 

is capable to convert T4 into T3, as well as to convert reverse T3 (rT3) to 3,3'-Diiodothyronine (3,3’ T2), 

through outer ring deiodination. rT3, rather than T4, is the preferred substrate for DIO1. furthermore, DIO1 

has a very high Km (µM range, compared to nM range for DIO2) (Darras and Van Herck, 2012). Type II 

deiodinase (DIO2) is only capable of ORD activity with T4 as a preferred substrate (i.e., activation of T4 to 

T3). DIO3 can inner ring deiodinate T4 and T3 to the inactive forms of THs, reverse T3, (rT3) and 3,3’-T2 

respectively. DIO2 is a transmembrane protein anchored to the endoplasmic reticulum and the active site 
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faces the perinuclear cytosol. The relative contribution of the DIOs to thyroid hormone levels varies amongst 

species, developmental stages and tissues. 

How it is Measured or Detected 

At this time, there are no approved OECD or EPA guideline protocols for measurement of DIO inhibition. 

Deiodination is the major pathway regulating T3 bioavailability in mammalian tissues. In vitro assays can be 

used to examine inhibition of deiodinase 2 (DIO2) activity upon exposure to thyroid disrupting compounds. 

Several methods for deiodinase activity measurements are available. A first in vitro assay measures 

deiodinase activities by quantifying the radioactive iodine release from iodine-labelled substrates, depending 

on the preferred substrates of the isoforms of deiodinases (Forhead et al., 2006; Pavelka, 2010; Houbrechts 

et al., 2016; Stinckens et al., 2018). Each of these assays requires a source of deiodinase which can be 

obtained for example using unexposed pig liver tissue (available from slaughterhouses) or rat liver tissue. 

Olker et al. (2019) on the other hand used an adenovirus expression system to produce the DIO2 enzyme 

and developed an assay for nonradioactive measurement of iodide released using the Sandell-Kolthoff 

method, a photometric method based on Ce4+ reduction (Renko et al., 2012) in a 96-well plate format. This 

assay was then used to screen the ToxCast Phase 1 chemical library. The specific synthesis of DIO2 through 

the adenovirus expression system provides an important advantage over other methods where activity of 

the different deiodinase isoforms needs to be distinguished in other ways, such as based on differences in 

enzyme kinetics. 

Measurements of in vivo deiodinase activity in tissues collected from animal experiments are scarce. Noyes 

et al. (2011) showed decreased rate of outer ring deiodination (mediated by DIO1 and DIO2) in whole fish 

microsomes after exposure to decabromodiphenyl ether (BDE-209). After incubation with the substrate, 

thyroid hormone levels were measured using LC-MS/MS. Houbrechts et al. (2016) confirmed DIO2 

deiodination activity in a DIO1-DIO2 knockdown zebrafish at the ages of 3 and 7 days post fertilization. 

Decreased T3 levels are often used as evidence of DIO inhibition, for example after exposure to iopanoic 

acid, in fish species such as zebrafish (Stinckens et al., 2020) and fathead minnow (Cavallin et al., 2017). It 

should be noted that it is difficult to make the distinction between decreased T3 levels caused by outer ring 

deiodination mediated by DIO2 inhibition or DIO1 inhibition. 
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List of Key Events in the AOP 

Event: 1003: Decreased, Triiodothyronine (T3) 

 

Short Name: Decreased, Triiodothyronine (T3)  

Key Event Component  

Process Object Action 

decreased triiodothyronine 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  

Key Event 

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

Key Event 

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

Key Event 

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

Key Event 

Aop:189 - Type I iodothyronine deiodinase (DIO1) inhibition leading to altered 
amphibian metamorphosis  

Key Event 

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

Key Event 

Aop:363 - Thyroperoxidase inhibition leading to increased mortality via altered retinal 
layer structure  

Key Event 

Aop:364 - Thyroperoxidase inhibition leading to increased mortality via decreased 
eye size  

Key Event 

Aop:365 - Thyroperoxidase inhibition leading to increased mortality via altered 
photoreceptor patterning  

Key Event 

 

Biological Context 

Level of Biological Organization 

Tissue 

 

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  

https://aopwiki.org/events/1003
https://aopwiki.org/aops/155
https://aopwiki.org/aops/155
https://aopwiki.org/aops/156
https://aopwiki.org/aops/156
https://aopwiki.org/aops/157
https://aopwiki.org/aops/157
https://aopwiki.org/aops/158
https://aopwiki.org/aops/158
https://aopwiki.org/aops/189
https://aopwiki.org/aops/189
https://aopwiki.org/aops/159
https://aopwiki.org/aops/159
https://aopwiki.org/aops/363
https://aopwiki.org/aops/363
https://aopwiki.org/aops/364
https://aopwiki.org/aops/364
https://aopwiki.org/aops/365
https://aopwiki.org/aops/365
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=8355
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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 T3 and T4 that are mostly bound to transport proteins in blood as well as T3 and T4 

in tissues. 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 come from rat studies and have been measured mostly in serum. 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 decreased THs is still regarded as a measurable 

key event causatively linked to downstream adverse outcomes. 

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). Such measurements in fish early life stages 

are usually based on whole animal samples and do not allow for distinguishing between systemic and tissue 

TH alterations.THs are evolutionarily conserved molecules present in all vertebrate species (Hulbert, 2000; 

Yen, 2001). Moreover, their crucial role in amphibian and lamprey 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 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: THs are essential in all life stages, but decreases of TH levels are not applicable to all 

developmental phases. 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. THs 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 TH levels and the magnitude of the response. In humans, females appear more 
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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 TH 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 

There are two biologically active thyroid hormones (THs), 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 and T3 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 

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 free 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 storage which ensures 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). Initially, 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). Four types of thyroid hormone signaling have been defined (Anyetei-Anum et 

al., 2018): type 1 is the canonical pathway in which liganded TR binds directly to DNA; type 2 describes 

liganded TR tethered to chromatin-associated proteins, but not bound to DNA directly; type 3 suggests that 

liganded TR can exert its function without recruitment to chromatin in either the nucleus or cytoplasm; and 

type 4 proposes that thyroid hormone acts at the plasma membrane or in the cytoplasm without binding TR, 

a mechanism of action that is emerging as a key component of thyroid hormone signaling. 

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). 
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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 regulate 

the production of thyroid hormones. Less T3 (the biologically more active TH) than T4 is produced by the 

thyroid gland. 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 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) and mutations in these genes have pathophysiological effects in 

humans (Bernal et al., 2015). Unlike humans with an MCT8 deficiency, MCT8 knockout mice do not have 

neurological impairment. One explanation for this discrepancy could be differences in expression of the T4 

transporter OATP1C1 in the blood–brain barrier. This shows that cross-species differences in the importance 

of specific transporters may occur. 

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; 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 

TTR to Thr117 in seabream TTR (Santos and Power, 1999; Yamauchi et al., 1999; Eneqvist et al., 2004). In 

vitro binding experiments showed that TH system 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 
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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) in serum, or in tissues. 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 TH synthesis comes from measurements of whole-

body TH levels and using LC-MS techniques (Hornung et al., 2015) are increasingly used to accurately 

quantify whole-body TH levels (Nelson et al., 2016; Stinckens et al., 2016, 2020). 
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Event: 1007: Reduced, Anterior swim bladder inflation 

Short Name: Reduced, Anterior swim bladder inflation  

Key Event Component 

Process Object Action 

swim bladder inflation anterior chamber swim bladder decreased 

 

AOPs Including This Key Event 

AOP ID and Name 
Event 
Type 

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

Key Event 

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

Key Event 

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

Key Event 

 

Biological Context 

Level of Biological Organization 

Organ 

 

Organ term 

Organ term 

swim bladder 

Domain of Applicability 

Taxonomic Applicability 

Term Scientific Term Evidence Links 

zebrafish Danio rerio High NCBI  

fathead minnow Pimephales promelas High NCBI  

 

Life Stage Applicability 

Life Stage Evidence 

Larvae High 

 

Sex Applicability 

Sex Evidence 

Unspecific Moderate 

 

https://aopwiki.org/events/1007
https://aopwiki.org/aops/156
https://aopwiki.org/aops/156
https://aopwiki.org/aops/158
https://aopwiki.org/aops/158
https://aopwiki.org/aops/159
https://aopwiki.org/aops/159
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
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Taxonomic: Teleost fish can be divided in two groups according to swim bladder morphology: physoclistous 

(e.g., yellow perch, sea bass, striped bass, medaka) and physostomous (e.g., zebrafish and fathead 

minnow). Physostomous fish retain a duct between the digestive tract and the swim bladder during adulthood 

allowing them to gulp air at the surface to fill the swim bladder. In contrast, in physoclistous fish, once initial 

inflation by gulping atmospheric air at the water surface has occurred, the swim bladder is closed off from 

the digestive tract and swim bladder volume is regulated by gas secretion into the swim bladder (Woolley 

and Qin, 2010). The evidence for impaired inflation of the anterior chamber of the swim bladder currently 

comes from work on zebrafish and fathead minnow (Stinckens et al., 2016; Nelson et al., 2016; Cavallin et 

al., 2017; Godfrey et al., 2017; Stinckens et al., 2020). While zebrafish and fathead minnows are 

physostomous fish with a two-chambered swim bladder, the Japanese rice fish or medaka (Oryzias latipes) 

is a physoclistous fish with a single chambered swim bladder that inflates during early development. The key 

event 'reduced anterior chamber inflation' is not applicable to such fish species. Therefore, the current key 

event is plausibly applicable to physostomous fish in general. 

 

Life stage: The anterior chamber inflates during a specific developmental time frame. In zebrafish, the 

anterior chamber inflates around 21 days post fertilization (dpf) which is during the larval stage. In the fathead 

minnow, the anterior chamber inflates around 14 dpf, also during the larval stage. Therefore this KE is only 

applicable to the larval life stage. 

 

Sex: This KE/KER plausibly applicable to both sexes. Sex differences are not often investigated in tests 

using early life stages of fish. For zebrafish and fathead minnow, it is currently unclear whether sex-related 

differences are important in determining the magnitude of the changes in this KE/KER. Different fish species 

have different sex determination and differentiation strategies. Zebrafish do not have identifiable 

heteromorphic sex chromosomes and sex is determined by multiple genes and influenced by the 

environment (Nagabhushana and Mishra, 2016). 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. Since the 

anterior chamber inflates around 21 days post fertilization in zebrafish, sex differences are expected to play 

a minor role. Fathead minnow gonad differentiation also occurs during larval development. Fathead minnows 

utilize a XY sex determination strategy and markers can be used to genotype sex in life stages where the 

sex is not yet clearly defined morphologically (Olmstead et al., 2011). Ovarian differentiation starts at 10 dph 

followed by rapid development (Van Aerle et al., 2004). At 25 dph germ cells of all stages up to the primary 

oocytes stage were present and at 120 dph, vitellogenic oocytes were present. The germ cells 

(spermatogonia) of the developing testes only entered meiosis around 90–120 dph. Mature testes with 

spermatozoa are present around 150 dph. Since the anterior chamber inflates around 14 days post 

fertilization (9 dph) in fathead minnows, sex differences are expected to play a minor role in the current AOP. 

 

Key Event Description 

The swim bladder of bony fish is evolutionary homologous to the lung (Zheng et al., 2011). The teleost swim 

bladder is a gas-filled structure that consists of two chambers, the posterior and anterior chamber. In 

zebrafish, the posterior chamber inflates around 96 h post fertilization (hpf) which is 2 days post hatch, and 

the anterior chamber inflates around 21 dpf. In fathead minnow, the posterior and anterior chamber inflate 

around 6 and 14 dpf respectively. Inflation of the anterior swim bladder chamber is part of the larval-to-

juvenile transition in fish, together with the development of adult fins and fin rays, ossification of the axial 
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skeleton, formation of an adult pigmentation pattern, scale formation, maturation and remodeling of organs 

including the lateral line, nervous system, gut and kidneys (McMenamin and Parichy, 2013). 

The anterior chamber is formed by evagination from the cranial end of the posterior chamber (Robertson et 

al., 2007). Dumbarton et al. (2010) showed that the anterior chamber of zebrafish has particularly closely 

packed and highly organized bundles of muscle fibres, suggesting that contraction of these muscles would 

reduce swim bladder volume. While it had previously been suggested that the posterior chamber had a more 

important role as a hydrostatic organ, this implies high importance of the anterior chamber for buoyancy. 

The anterior chamber has an additional role in hearing (Bang et al., 2002). Weberian ossicles (the Weberian 

apparatus) connect the anterior chamber to the inner ear resulting in an amplification of sound waves. 

Reduced inflation of the anterior chamber may manifest itself as either a complete failure to inflate the 

chamber or reduced size of the chamber. Reduced size is often associated with a deviating morphology. 

 

How it is Measured or Detected 

In several fish species, inflation of the anterior chamber can be observed using a stereomicroscope because 

the larvae are still transparent during the larval stage. This is for example true for zebrafish and fathead 

minnow. Anterior chamber size can then be measured based on photographs with a calibrator. 
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Event: 1005: Reduced, Swimming performance 

Short Name: Reduced, Swimming performance 

 Key Event Component 

Process Object Action 

aquatic locomotion 
 

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  

Key Event 

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

Key Event 

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

Key Event 

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

Key Event 

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

Key Event 

Aop:242 - Inhibition of lysyl oxidase leading to enhanced chronic fish toxicity  Key Event 

Aop:334 - Glucocorticoid Receptor Agonism Leading to Impaired Fin Regeneration  Key Event 

 

Biological Context 

Level of Biological Organization 

Individual 

Domain of Applicability 

Taxonomic Applicability 

Term Scientific Term Evidence Links 

zebrafish Danio rerio High NCBI  

teleost fish teleost fish High NCBI  

fathead minnow Pimephales promelas High NCBI  

 

Life Stage Applicability 

Life Stage Evidence 

Larvae Moderate 

Juvenile Moderate 

Adult Moderate 

 

  

https://aopwiki.org/aops/155
https://aopwiki.org/aops/155
https://aopwiki.org/aops/156
https://aopwiki.org/aops/156
https://aopwiki.org/aops/157
https://aopwiki.org/aops/157
https://aopwiki.org/aops/158
https://aopwiki.org/aops/158
https://aopwiki.org/aops/159
https://aopwiki.org/aops/159
https://aopwiki.org/aops/242
https://aopwiki.org/aops/334
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=70862
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=90988


  33 

  
      

Sex Applicability 

Sex Evidence 

Unspecific Moderate 

Taxonomic: Importance of swimming performance for natural behaviour is generally applicable to fish and 

tho other taxa that rely on swimming to support vital behaviours. 

Life stage: Importance of swimming performance for natural behaviour is generally applicable across all 

free-swimming life stages, i.e., post-embryonic life stages. 

Sex: Importance of swimming performance for natural behaviour is generally applicable across sexes. 

 

Key Event Description 

Adequate swimming performance in fish is essential for behaviour such as foraging, predator avoidance and 

reproduction. 

How it is Measured or Detected 

For fish larvae, automated observation and tracking systems are commercially available and increasingly 

used for measuring swimming performance including distance travelled, duration of movements, swimming 

speed, etc. This kind of measurements is often included in publications describing effects of chemicals in 

zebrafish larvae (Hagenaars et al., 2014; Stinckens et al., 2016; Vergauwen et al., 2015). 

For juvenile and adult fish, measurements of swim performance vary. However, in some circumstances, 

swim tunnels have been used to measure various data (Fu et al., 2013). 

Little and Finger (1990) discussed swimming behavior as an indicator of sublethal toxicity in fish. 
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List of Adverse Outcomes in this AOP 

Event: 351: Increased Mortality  

Short Name: Increased Mortality  

Key Event Component 

Process Object Action 

mortality 
 

increased 

 
AOPs Including This Key Event 

 

AOP ID and Name Event Type 

Aop:16 - Acetylcholinesterase inhibition leading to acute mortality  Adverse 
Outcome 

Aop:96 - Axonal sodium channel modulation leading to acute mortality  Adverse 
Outcome 

Aop:104 - Altered ion channel activity leading impaired heart function  Adverse 
Outcome 

Aop:113 - Glutamate-gated chloride channel activation leading to acute mortality  Adverse 
Outcome 

Aop:160 - Ionotropic gamma-aminobutyric acid receptor activation mediated 
neurotransmission inhibition leading to mortality  

Adverse 
Outcome 

Aop:161 - Glutamate-gated chloride channel activation leading to 
neurotransmission inhibition associated mortality  

Adverse 
Outcome 

Aop:138 - Organic anion transporter (OAT1) inhibition leading to renal failure and 
mortality  

Adverse 
Outcome 

Aop:177 - Cyclooxygenase 1 (COX1) inhibition leading to renal failure and 
mortality  

Adverse 
Outcome 

Aop:186 - unknown MIE leading to renal failure and mortality  Adverse 
Outcome 

Aop:312 - Acetylcholinesterase Inhibition leading to Acute Mortality via Impaired 
Coordination & Movement  

Adverse 
Outcome 

Aop:320 - Binding of viral S-glycoprotein to ACE2 receptor leading to acute 
respiratory distress associated mortality  

Adverse 
Outcome 

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

Adverse 
Outcome 

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

Adverse 
Outcome 

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

Adverse 
Outcome 

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

Adverse 
Outcome 

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

Adverse 
Outcome 

Aop:363 - Thyroperoxidase inhibition leading to increased mortality via altered 
retinal layer structure  

Adverse 
Outcome 

Aop:377 - Dysregulated prolonged Toll Like Receptor 9 (TLR9) activation leading Adverse 

https://aopwiki.org/aops/16
https://aopwiki.org/aops/96
https://aopwiki.org/aops/104
https://aopwiki.org/aops/113
https://aopwiki.org/aops/160
https://aopwiki.org/aops/160
https://aopwiki.org/aops/161
https://aopwiki.org/aops/161
https://aopwiki.org/aops/138
https://aopwiki.org/aops/138
https://aopwiki.org/aops/177
https://aopwiki.org/aops/177
https://aopwiki.org/aops/186
https://aopwiki.org/aops/312
https://aopwiki.org/aops/312
https://aopwiki.org/aops/320
https://aopwiki.org/aops/320
https://aopwiki.org/aops/155
https://aopwiki.org/aops/155
https://aopwiki.org/aops/156
https://aopwiki.org/aops/156
https://aopwiki.org/aops/157
https://aopwiki.org/aops/157
https://aopwiki.org/aops/158
https://aopwiki.org/aops/158
https://aopwiki.org/aops/159
https://aopwiki.org/aops/159
https://aopwiki.org/aops/363
https://aopwiki.org/aops/363
https://aopwiki.org/aops/377
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AOP ID and Name Event Type 

to Acute Respiratory Distress Syndrome (ARDS) and Multiple Organ Dysfunction 
(MOD)  

Outcome 

Aop:364 - Thyroperoxidase inhibition leading to increased mortality via 
decreased eye size  

Adverse 
Outcome 

Aop:365 - Thyroperoxidase inhibition leading to increased mortality via altered 
photoreceptor patterning  

Adverse 
Outcome 

Aop:399 - Inhibition of Fyna leading to increased mortality via decreased eye size 
(Microphthalmos)  

Adverse 
Outcome 

Aop:413 - Oxidation and antagonism of reduced glutathione leading to mortality 
via acute renal failure  

Adverse 
Outcome 

Aop:410 - Repression of Gbx2 expression leads to defects in developing inner 
ear and consequently to increased mortality  

Key Event 

 
Biological Context 

Level of Biological Organization 

Population 

Domain of Applicability 

Taxonomic Applicability 

Term Scientific Term Evidence Links 

all species all species High NCBI  

 

Life Stage Applicability 

Life Stage Evidence 

All life stages High 

 

Sex Applicability 

Sex Evidence 

Unspecific Moderate 

 

All living things are susceptible to mortality. 

Key Event Description 

Increased mortality refers to an increase in the number of individuals dying in an experimental replicate 

group or in a population over a specific period of time. 

 

How it is Measured or Detected 

Mortality of animals is generally observed as cessation of the heart beat, breathing (gill or lung movement) 

and locomotory movements. 

Mortality is typically measured by observation. Depending on the size of the organism, instruments such as 

microscopes may be used. The reported metric is mostly the mortality rate: the number of deaths in a given 

area or period, or from a particular cause. 

https://aopwiki.org/aops/377
https://aopwiki.org/aops/377
https://aopwiki.org/aops/364
https://aopwiki.org/aops/364
https://aopwiki.org/aops/365
https://aopwiki.org/aops/365
https://aopwiki.org/aops/399
https://aopwiki.org/aops/399
https://aopwiki.org/aops/413
https://aopwiki.org/aops/413
https://aopwiki.org/aops/410
https://aopwiki.org/aops/410
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=0
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Depending on the species and the study setup, mortality can be measured: 

• in the lab by recording mortality during exposure experiments 

• in dedicated setups simulating a realistic situation such as mesocosms or drainable ponds for 
aquatic species 

• in the field, for example by determining age structure after one capture, or by capture-mark-recapture 
efforts. The latter is a method 

• commonly used in ecology to estimate an animal population's size where it is impractical to count 
every individual. 

 

Regulatory Significance of the AO 

Increased mortality is one of the most common regulatory assessment endpoints, along with reduced growth 

and reduced reproduction. 
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Event: 360: Decrease, Population growth rate 

Short Name: Decrease, Population growth rate 

Key Event Component 

Process Object Action 

population growth rate population of organisms decreased 

 

AOPs Including This Key Event 

AOP ID and Name Event Type 

Aop:23 - Androgen receptor agonism leading to reproductive dysfunction (in 
repeat-spawning fish)  

Adverse Outcome 

Aop:25 - Aromatase inhibition leading to reproductive dysfunction  Adverse Outcome 

Aop:29 - Estrogen receptor agonism leading to reproductive dysfunction  Adverse Outcome 

Aop:30 - Estrogen receptor antagonism leading to reproductive dysfunction  Adverse Outcome 

Aop:100 - Cyclooxygenase inhibition leading to reproductive dysfunction via 
inhibition of female spawning behavior  

Adverse Outcome 

Aop:122 - Prolyl hydroxylase inhibition leading to reproductive dysfunction via 
increased HIF1 heterodimer formation  

Adverse Outcome 

Aop:123 - Unknown MIE leading to reproductive dysfunction via increased HIF-
1alpha transcription  

Adverse Outcome 

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

Adverse Outcome 

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

Adverse Outcome 

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

Adverse Outcome 

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

Adverse Outcome 

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

Adverse Outcome 

Aop:101 - Cyclooxygenase inhibition leading to reproductive dysfunction via 
inhibition of pheromone release  

Adverse Outcome 

Aop:102 - Cyclooxygenase inhibition leading to reproductive dysfunction via 
interference with meiotic prophase I /metaphase I transition  

Adverse Outcome 

Aop:63 - Cyclooxygenase inhibition leading to reproductive dysfunction  Adverse Outcome 

Aop:103 - Cyclooxygenase inhibition leading to reproductive dysfunction via 
interference with spindle assembly checkpoint  

Adverse Outcome 

Aop:292 - Inhibition of tyrosinase leads to decreased population in fish  Adverse Outcome 

Aop:310 - Embryonic Activation of the AHR leading to Reproductive failure, via 
epigenetic down-regulation of GnRHR  

Adverse Outcome 

Aop:16 - Acetylcholinesterase inhibition leading to acute mortality  Adverse Outcome 

Aop:312 - Acetylcholinesterase Inhibition leading to Acute Mortality via Impaired 
Coordination & Movement  

Adverse Outcome 

Aop:334 - Glucocorticoid Receptor Agonism Leading to Impaired Fin 
Regeneration  

Adverse Outcome 

Aop:336 - DNA methyltransferase inhibition leading to population decline (1)  Adverse Outcome 

Aop:337 - DNA methyltransferase inhibition leading to population decline (2)  Adverse Outcome 

https://aopwiki.org/aops/23
https://aopwiki.org/aops/23
https://aopwiki.org/aops/25
https://aopwiki.org/aops/29
https://aopwiki.org/aops/30
https://aopwiki.org/aops/100
https://aopwiki.org/aops/100
https://aopwiki.org/aops/122
https://aopwiki.org/aops/122
https://aopwiki.org/aops/123
https://aopwiki.org/aops/123
https://aopwiki.org/aops/155
https://aopwiki.org/aops/155
https://aopwiki.org/aops/156
https://aopwiki.org/aops/156
https://aopwiki.org/aops/157
https://aopwiki.org/aops/157
https://aopwiki.org/aops/158
https://aopwiki.org/aops/158
https://aopwiki.org/aops/159
https://aopwiki.org/aops/159
https://aopwiki.org/aops/101
https://aopwiki.org/aops/101
https://aopwiki.org/aops/102
https://aopwiki.org/aops/102
https://aopwiki.org/aops/63
https://aopwiki.org/aops/103
https://aopwiki.org/aops/103
https://aopwiki.org/aops/292
https://aopwiki.org/aops/310
https://aopwiki.org/aops/310
https://aopwiki.org/aops/16
https://aopwiki.org/aops/312
https://aopwiki.org/aops/312
https://aopwiki.org/aops/334
https://aopwiki.org/aops/334
https://aopwiki.org/aops/336
https://aopwiki.org/aops/337
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AOP ID and Name Event Type 

Aop:338 - DNA methyltransferase inhibition leading to population decline (3)  Adverse Outcome 

Aop:339 - DNA methyltransferase inhibition leading to population decline (4)  Adverse Outcome 

Aop:340 - DNA methyltransferase inhibition leading to transgenerational effects 
(1) 

Adverse Outcome 

Aop:341 - DNA methyltransferase inhibition leading to transgenerational effects 
(2) 

Adverse Outcome 

Aop:289 - Inhibition of 5α-reductase leading to impaired fecundity in female fish  Adverse Outcome 

Aop:297 - Inhibition of retinaldehyde dehydrogenase leads to population decline  Adverse Outcome 

Aop:346 - Aromatase inhibition leads to male-biased sex ratio via impacts on 
gonad differentiation  

Adverse Outcome 

Aop:299 - Excessive reactive oxygen species production leading to population 
decline via reduced fatty acid beta-oxidation  

Adverse Outcome 

Aop:311 - Excessive reactive oxygen species production leading to population 
decline via mitochondrial dysfunction  

Adverse Outcome 

Aop:216 - Excessive reactive oxygen species production leading to population 
decline via follicular atresia  

Adverse Outcome 

Aop:238 - Excessive reactive oxygen species production leading to population 
decline via lipid peroxidation 

Adverse Outcome 

Aop:326 - Thermal stress leading to population decline (3)  Adverse Outcome 

Aop:325 - Thermal stress leading to population decline (2)  Adverse Outcome 

Aop:324 - Thermal stress leading to population decline (1)  Adverse Outcome 

Aop:363 - Thyroperoxidase inhibition leading to increased mortality via altered 
retinal layer structure  

Adverse Outcome 

Aop:349 - Inhibition of 11β-hydroxylase leading to decresed population 
trajectory  

Adverse Outcome 

Aop:348 - Inhibition of 11β-Hydroxysteroid Dehydrogenase leading to 
decreased population trajectory  

Adverse Outcome 

Aop:376 - Androgen receptor agonism leading to male-biased sex ratio  Adverse Outcome 

Aop:386 - Increased reactive oxygen species production leading to population 
decline via inhibition of photosynthesis  

Adverse Outcome 

Aop:387 - Increased reactive oxygen species production leading to population 
decline via mitochondrial dysfunction  

Adverse Outcome 

Aop:388 - DNA damage leading to population decline via programmed cell 
death  

Adverse Outcome 

Aop:389 - Oxygen-evolving complex damage leading to population decline via 
inhibition of photosynthesis  

Adverse Outcome 

Aop:364 - Thyroperoxidase inhibition leading to increased mortality via 
decreased eye size  

Adverse Outcome 

Aop:365 - Thyroperoxidase inhibition leading to increased mortality via altered 
photoreceptor patterning  

Adverse Outcome 

Aop:399 - Inhibition of Fyna leading to increased mortality via decreased eye 
size (Microphthalmos)  

Adverse Outcome 

 

Biological Context 

Level of Biological Organization 

Population 

 

  

https://aopwiki.org/aops/338
https://aopwiki.org/aops/339
https://aopwiki.org/aops/340
https://aopwiki.org/aops/340
https://aopwiki.org/aops/341
https://aopwiki.org/aops/341
https://aopwiki.org/aops/289
https://aopwiki.org/aops/297
https://aopwiki.org/aops/346
https://aopwiki.org/aops/346
https://aopwiki.org/aops/299
https://aopwiki.org/aops/299
https://aopwiki.org/aops/311
https://aopwiki.org/aops/311
https://aopwiki.org/aops/216
https://aopwiki.org/aops/216
https://aopwiki.org/aops/238
https://aopwiki.org/aops/238
https://aopwiki.org/aops/326
https://aopwiki.org/aops/325
https://aopwiki.org/aops/324
https://aopwiki.org/aops/363
https://aopwiki.org/aops/363
https://aopwiki.org/aops/349
https://aopwiki.org/aops/349
https://aopwiki.org/aops/348
https://aopwiki.org/aops/348
https://aopwiki.org/aops/376
https://aopwiki.org/aops/386
https://aopwiki.org/aops/386
https://aopwiki.org/aops/387
https://aopwiki.org/aops/387
https://aopwiki.org/aops/388
https://aopwiki.org/aops/388
https://aopwiki.org/aops/389
https://aopwiki.org/aops/389
https://aopwiki.org/aops/364
https://aopwiki.org/aops/364
https://aopwiki.org/aops/365
https://aopwiki.org/aops/365
https://aopwiki.org/aops/399
https://aopwiki.org/aops/399
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 Domain of Applicability 

Taxonomic Applicability 

Term Scientific Term Evidence Links 

all species all species High NCBI  

 

Life Stage Applicability  

Life Stage Evidence 

All life stages Not Specified 

 
Sex Applicability 

Sex Evidence 

Unspecific Not Specified 

 

Consideration of population size and changes in population size over time is potentially relevant to all living 

organisms. 

 

Key Event Description 

Population ecology is the study of the sizes (and to some extent also the distribution) of plant and animal 

populations and of the processes, mainly biological in nature, that determine these sizes. As such, it provides 

an integrated measure of events occurring at lower levels of biological organization (biochemical, 

organismal, etc.). The population size in turn determines community and ecosystem structure. For fish, 

maintenance of sustainable fish and wildlife populations (i.e., adequate to ensure long-term delivery of 

valued ecosystem services) is an accepted regulatory goal upon which risk assessments and risk 

management decisions are based. 

 

How it is Measured or Detected 

Population trajectories, either hypothetical or site specific, can be estimated via population modeling based 

on measurements of vital rates or reasonable surrogates measured in laboratory studies. As an example, 

Miller and Ankley 2004 used measures of cumulative fecundity from laboratory studies with repeat spawning 

fish species to predict population-level consequences of continuous exposure. 

 

Regulatory Significance of the AO 

Maintenance of sustainable fish and wildlife populations (i.e., adequate to ensure long-term delivery of 

valued ecosystem services) is a widely accepted regulatory goal upon which risk assessments and risk 

management decisions are based. 

 

http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=0
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Appendix 2 - List of Key Event Relationships in the AOP 

List of Adjacent Key Event Relationships 

Relationship: 1026: Inhibition, Deiodinase 2 leads to Decreased, Triiodothyronine 

(T3) 

AOPs Referencing Relationship 

AOP Name Adjacency 
Weight of 
Evidence 

Quantitative 
Understanding 

Deiodinase 2 inhibition leading to 
increased mortality via reduced posterior 
swim bladder inflation  

adjacent Moderate Low 

Deiodinase 2 inhibition leading to 
increased mortality via reduced anterior 
swim bladder inflation  

adjacent Moderate Low 

Evidence Supporting Applicability of this Relationship 

Taxonomic Applicability 

Term Scientific Term Evidence Links 

zebrafish Danio rerio High NCBI  

fathead minnow Pimephales promelas High NCBI  

 

Life Stage Applicability 

Life Stage Evidence 

All life stages High 

 

Sex Applicability 

Sex Evidence 

Unspecific Moderate 

 

Taxonomic: Deiodinases are important for the activation of T4 to T3 across vertebrates. Therefore, this KER 

is plausibly applicable across vertebrates. There appear to be differences among vertebrate classes relative 

to the role of the different deiodinase isoforms in regulating thyroid hormone levels. Maia et al. (2005) 

determined that in a normal physiological situation in humans the contribution of DIO2 to plasma T3 levels 

is twice that of DIO1. A DIO2 knockout (KO) mouse however showed a very mild gross phenotype with only 

mild growth retardation in males (Schneider et al., 2001). It seemed that by blocking the negative feedback 

system, DIO2 KO resulted in increased levels of T4 and TSH and in normal rather than decreased T3 levels 

compared to WT. Potential differences in the role of the deiodinase isoforms in the negative feedback system 

and the final consequences for TH levels across vertebrates is currently not entirely clear. These differences 

make it difficult to exactly evaluate the importance of DIO2 in regulating serum/tissue T3 levels across 

vertebrates. Mol et al. (1998) concluded that deiodinases in teleosts were more similar to mammalian 

https://aopwiki.org/relationships/1026
https://aopwiki.org/relationships/1026
https://aopwiki.org/aops/155
https://aopwiki.org/aops/155
https://aopwiki.org/aops/155
https://aopwiki.org/aops/156
https://aopwiki.org/aops/156
https://aopwiki.org/aops/156
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
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deiodinases than had been generally accepted, based on the similarities in susceptibility to inhibition and 

the agreement of the Km values. 

Life stage: Deiodinases are important for the activation of T4 to T3 across all life stages. 

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 Relationship Description 

The two major thyroid hormones are thyroxine (T4) and the more biologically active triiodothyronine (T3), 

both iodinated derivatives of tyrosine. Active and inactive THs are tightly regulated by enzymes called 

iodothyronine deiodinases (DIO). The activation occurs via outer ring deiodination (ORD), i.e. removing 

iodine from the outer, phenolic ring of T4 to form T3, while inactivation occurs via inner ring deiodination 

(IRD), i.e. removing iodine from the inner tyrosol ring of T4 or T3. 

Three types of iodothyronine deiodinases (DIO1-3) have been described in vertebrates that activate or 

inactivate THs and are therefore important mediators of TH action. All deiodinases are integral membrane 

proteins of the thioredoxin superfamily that contain selenocysteine in their catalytic centre. Type I deiodinase 

is capable of converting T4 into T3, as well as to convert rT3 to the inactive thyroid hormone 3,3’ T2, through 

outer ring deiodination. rT3, rather than T4, is the preferred substrate for DIO1. furthermore, DIO1 has a very 

high Km (µM range, compared to nM range for DIO2) (Darras and Van Herck, 2012). Type II deiodinase 

(DIO2) is only capable of ORD activity with T4 as a preferred substrate (i.e., activation of T4 tot T3). DIO3 

can inner ring deiodinate T4 and T3 to the inactive forms of THs, reverse T3, (rT3) and 3,3’-T2 respectively. 

(Darras and Van Herck, 2012). DIO2 and DIO3 expression customize the timing and intensity of TH signalling 

in an organ/tissue-specific way (Russo et al 2021). 

 

Evidence Supporting this KER 

Inhibition of DIO2 activity is widely accepted to directly decrease T3 levels, since the conversion of T4 to T3 

is inhibited. The importance of DIO2 inhibition in altering serum and/or tissue T3 levels depends on the 

relative role of different deiodinases in regulating serum versus tissue T3 levels and in negative feedback 

within the HPT axis. Both aspects appear to vary among vertebrate taxa. 

Biological Plausibility 

Inhibition of DIO2 activity is widely accepted to directly decrease T3 levels, since the conversion of T4 to T3 

is inhibited. 
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Empirical Evidence 

• Houbrechts et al. (2016) developed a zebrafish Dio2 knockout and confirmed both the absence of 

the full length Dio2 protein in the liver and the dramatical decrease of T4 activating enzyme activity 

in liver, brain and eyes. Finally, they found decreased levels of T3 in liver, brain and eyes. 

• Winata et al. (2009, 2010) reported reduced pigmentation, otic vesicle length and head-trunk angle 

in DIO1+2 and DIO2 knockdown zebrafish. These effects were rescued after T3 supplementation 

but not by T4 supplementation, confirming that decreased T3 levels were at the basis of the observed 

effects. 

• In the study of Cavallin et al. (2017) fathead minnow larvae were exposed to IOP, a model 

iodothyronine deiodinase inhibitor that is assumed to inhibit all three deiodinase enzymes 

(DIO1,2,3). Transcriptional analysis showed that especially DIO2, but also DIO3 mRNA levels (in 

some treatments), were increased in 10 to 21 day old larvae exposed to IOP as of the age of 6 days. 

This suggests that IOP effectively inhibited DIO2 and DIO3 in the larvae and that mRNA levels 

increased as a compensatory response. The authors also observed pronounced decreases of 

whole-body T3 concentrations and increases of whole-body T4 concentrations. 

• Stinckens et al. (2020) showed that IOP reduced whole-body T3 levels in zebrafish in 21 and 32 day 

old larvae that had been exposed starting from fertilization. 

• While DIO1 has a high Km and rT3 is its preferred substrate, DIO2 has a low Km and T4 is its 

preferred substrate, indicating that DIO2 is more important than DIO1 in converting T4 to T3 in a 

physiological situation across species (Darras and Van Herck, 2012). 

Uncertainties and Inconsistencies 

Since in fish early life stages THs are typically measured on a whole-body level, it is currently uncertain 

whether T3 level changes occur at the serum and/or tissue level.  

The importance of DIO2 inhibition in altering serum or tissue T3 levels depends on the relative role of different 

deiodinases in regulating serum versus tissue T3 levels and in negative feedback within the HPT axis. Both 

aspects appear to vary among vertebrate taxa. The high level of DIO2 activity and its expression in the liver 

of teleosts are unique among vertebrates (Orozco and Valverde, 2005). It is thought that DIO2 is important 

for local T3 production in several tissues but also contributes to circulating T3, especially in fish and 

amphibians (Darras et al., 2015). 

Deiodinase 2 inhibition may not always directly lead to decreased T3 levels as there may be age-specific, 

exposure window-specific, and exposure duration-specific effects that may deviate from that dynamic. 

Differences in feedback mechanisms may be an important contributor. In DIO2 knockout mice it seemed that 

the negative feedback system was blocked resulting in increased levels of T4 and TSH and in normal rather 

than decreased T3 levels compared to WT. 

In the study of Cavallin et al. (2017) fathead minnow embryos were exposed to IOP, a model iodothyronine 

deiodinase inhibitor that is assumed to inhibit all three deiodinase enzymes (DIO1,2,3). The authors 

observed increased whole-body T3 concentrations in 4 and 6 day old embryos, while they observed 

decreased T3 concentrations in 10 to 21 day old larvae exposed to IOP as of the age of 6 days. One possible 

explanation for the elevated T3 concentrations may be the potential impact of IOP exposure on DIO3. DIO3 

is an inactivating enzyme that removes iodine from the inner ring of both T4 and T3, resulting in reverse T3 

(rT3) and 3,5-diiodo-L-thyronine (T2), respectively (Bianco and Kim, 2006). Maternal sources of thyroid 

hormones are known to include both T4 and T3 (Power et al., 2001; Walpita et al., 2007). Consequently, 

reduced conversion of maternal T3 to inactive forms may be one plausible explanation for the increase. 

Another explanation may result from the role of deiodinases in the negative feedback system of the HPT 

axis. Inhibition of deiodinase (unclear which isoforms) may block the negative feedback system and result 

in increased release of T4. Increased levels of T4 were indeed observed by Cavallin et al. (2017). 



44        

  
      

  

Quantitative Understanding of the Linkage 

Since in fish enzyme activity and thyroid hormone levels are rarely measured in the same study, quantitative 

understanding of this linkage is limited. 

Known Feedforward/Feedback loops influencing this KER 

Thyroid hormone levels are regulated via negative feedback, in part via regulation of the expression of all 

three DIO isoforms in response to deviating TH levels. This feedback mechanism influences this KER. 

Additionally, deiodinases regulate the activity of thyroid hormones, not only in serum and target organs, but 

also in the thyroid gland. On top of that, deiodinases themselves are mediators of the negative feedback 

system that results in increased TSH levels when the levels of T4 (and also T3) in serum are low (Schneider 

et al., 2001), resulting in an even more complicated impact on this KER. Increased TSH levels then stimulate 

increased T4 release from the thyroid gland, resulting in a compensatory increase of serum T4 levels. In 

DIO2 knockout mice it seemed that the negative feedback system was blocked resulting in increased levels 

of T4 and TSH and in normal rather than decreased T3 levels compared to WT. By inhibiting DIO1 using a 

PTU exposure, Schneider et al. (2001) showed that DIO2 played a role in the increased TSH levels in 

response to T3 or T4 injection in mice. 
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Relationship: 1035: Decreased, Triiodothyronine (T3) leads to Reduced, Anterior 

swim bladder inflation 

AOPs Referencing Relationship 

AOP Name Adjacency 
Weight of 
Evidence 

Quantitative 
Understanding 

Deiodinase 2 inhibition leading to 
increased mortality via reduced anterior 
swim bladder inflation  

adjacent Moderate Moderate 

Deiodinase 1 inhibition leading to 
increased mortality via reduced anterior 
swim bladder inflation  

adjacent Moderate Moderate 

Thyroperoxidase inhibition leading to 
increased mortality via reduced anterior 
swim bladder inflation  

adjacent Moderate Moderate 

Evidence Supporting Applicability of this Relationship 

Taxonomic Applicability 

Term Scientific Term Evidence Links 

zebrafish Danio rerio Moderate NCBI  

fathead minnow Pimephales promelas High NCBI  

 

Life Stage Applicability 

Life Stage Evidence 

Larvae High 

 

Sex Applicability 

Sex Evidence 

Unspecific Moderate 

 

Taxonomic: Teleost fish can be divided in two groups according to swim bladder morphology: physoclistous 

(e.g., yellow perch, sea bass, striped bass, medaka) and physostomous (e.g., zebrafish and fathead 

minnow). Physostomous fish retain a duct between the digestive tract and the swim bladder during adulthood 

allowing them to gulp air at the surface to fill the swim bladder. In contrast, in physoclistous fish, once initial 

inflation by gulping atmospheric air at the water surface has occurred, the swim bladder is closed off from 

the digestive tract and swim bladder volume is regulated by gas secretion into the swim bladder (Woolley 

and Qin, 2010). The evidence for impaired inflation of the anterior chamber of the swim bladder currently 

comes from work on zebrafish and fathead minnow (Stinckens et al., 2016; Nelson et al., 2016; Cavallin et 

al., 2017; Godfrey et al., 2017; Stinckens et al., 2020). While zebrafish and fathead minnows are 

physostomous fish with a two-chambered swim bladder, the Japanese rice fish or medaka (Oryzias latipes) 

is a physoclistous fish with a single chambered swim bladder that inflates during early development. This 

KER is not applicable to such fish species. Therefore, the current key event is plausibly applicable to 

physostomous fish in general. 

Life stage: The anterior chamber inflates during a specific developmental time frame. In zebrafish, the 

anterior chamber inflates around 21 days post fertilization (dpf) which is during the larval stage. In the fathead 

https://aopwiki.org/relationships/1035
https://aopwiki.org/relationships/1035
https://aopwiki.org/aops/156
https://aopwiki.org/aops/156
https://aopwiki.org/aops/156
https://aopwiki.org/aops/158
https://aopwiki.org/aops/158
https://aopwiki.org/aops/158
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minnow, the anterior chamber inflates around 14 dpf, also during the larval stage. Therefore this KER is only 

applicable to the larval life stage. 

Sex: This KER plausibly applicable to both sexes. Sex differences are not often investigated in tests using 

early life stages of fish. For zebrafish and fathead minnow, it is currently unclear whether sex-related 

differences are important in determining the magnitude of the changes in this KER. Different fish species 

have different sex determination and differentiation strategies. Zebrafish do not have identifiable 

heteromorphic sex chromosomes and sex is determined by multiple genes and influenced by the 

environment (Nagabhushana and Mishra, 2016). 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. Since the 

anterior chamber inflates around 21 days post fertilization in zebrafish, sex differences are expected to play 

a minor role. Fathead minnow gonad differentiation also occurs during larval development. Fathead minnows 

utilize a XY sex determination strategy and markers can be used to genotype sex in life stages where the 

sex is not yet clearly defined morphologically (Olmstead et al., 2011). Ovarian differentiation starts at 10 dph 

followed by rapid development (Van Aerle et al., 2004). At 25 dph germ cells of all stages up to the primary 

oocytes stage were present and at 120 dph, vitellogenic oocytes were present. The germ cells 

(spermatogonia) of the developing testes only entered meiosis around 90–120 dph. Mature testes with 

spermatozoa are present around 150 dph. Since the anterior chamber inflates around 14 days post 

fertilization (9 dph) in fathead minnows, sex differences are expected to play a minor role in the current KER. 

Key Event Relationship Description 

Thyroid hormones are known to be involved in development, especially in metamorphosis in amphibians and 

in embryonic-to-larval transition and larval-to-juvenile transition, including anterior chamber inflation in fish. 

Reduced T3 levels prohibit local TH action in the target tissues. Since swim bladder development and/or 

inflation is regulated by thyroid hormones, this results in impaired anterior chamber inflation. 

Evidence Supporting this KER 

There is convincing evidence that decreased T3 levels result in impaired anterior chamber inflation, but the 

underlying mechanisms are not completely understood. A very convincing linear quantitative relationship 

between reduced T3 levels and reduced anterior chamber volume was shown in zebrafish across exposure 

to a limited set of three compounds. Therefore the evidence supporting this KER can be considered 

moderate. 

Biological Plausibility 

Thyroid hormones are known to be involved in development, especially in metamorphosis in amphibians and 

in embryonic-to-larval transition (Liu and Chan, 2002) and larval-to-juvenile transition (Brown et al., 1997) in 

fish. Inflation of the anterior swim bladder chamber is part of the larval-to-juvenile transition in fish, together 

with the development of adult fins and fin rays, ossification of the axial skeleton, formation of an adult 

pigmentation pattern, scale formation, maturation and remodelling of organs including the lateral line, 

nervous system, gut and kidneys (Brown, 1997; Liu and Chan, 2002; McMenamin and Parichy, 2013). 

Empirical Evidence 

Dedicated studies with two different experimental setups have been conducted to investigate the link 

between reduced T3 levels and reduced anterior chamber inflation: 
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1. Studies applying larval exposures initiated after posterior chamber inflation 

• In a study in which larval fathead minnows (Pimephales promelas) were exposed to the thyroid 

peroxidase inhibitor 2-mercaptobenzothiazole (MBT), T3 concentrations measured at 14dpf were 

reduced at the same concentration (1 mg/L) that significantly reduced anterior swim bladder inflation 

at the same time-point (Nelson et al. 2016). 

• In the study of Cavallin et al. (2017) fathead minnow larvae were exposed to IOP, a model 

iodothyronine deiodinase inhibitor that is assumed to inhibit all three deiodinase enzymes 

(DIO1,2,3). The authors observed pronounced decreases of whole-body T3 concentrations and 

increases of whole-body T4 concentrations, together with impaired inflation of the anterior swim 

bladder chamber. More specifically, inflation was delayed and the size of the swim bladder chamber 

was reduced until the end of the exposure experiment. 

Since exposures were started after inflation of the posterior chamber, these studies show that DIO inhibition 

can directly affect anterior chamber inflation. 

2. Studies applying continuous exposure initiated immediately after fertilization and thus including both 

posterior and anterior chamber inflation 

• In the study of Stinckens et al. (2020) exposure concentrations were chosen where the posterior 

chamber inflates. A strong correlation between reduced T3 levels and reduced anterior chamber 

inflation was observed in zebrafish exposed to iopanoic acid, a deiodinase inhibitor, as well as 

methimazole and propylthiouracil, both thyroperoxidase inhibitors, from fertilization until the age of 

32 days. Anterior chamber inflation was delayed and a number of larvae did not manage to inflate 

the anterior chamber by the end of the 32 day exposure period. Additionally, exposed fish that had 

inflated the swim bladder had reduced anterior chamber sizes. 

Uncertainties and Inconsistencies 

• Since in fish early life stages THs are typically measured on a whole-body level, it is currently 

uncertain whether TH levels changes occur at the serum and/or tissue level.  

• The mechanism underlying the link between reduced T3 and reduced anterior chamber inflation 

remains unclear, but several hypotheses exist (Stinckens et al., 2020). For example, altered gas 

distribution between chambers could be the result of impaired development of smooth muscle fibers, 

delayed and/or impaired evagination of the anterior chamber, impaired anterior budding through 

altered Wnt and hedgehog signalling, etc. Reinwald et al. (2021) showed that T3 and propylthiouracil 

treatment of zebrafish embryos altered expression of genes involved in muscle contraction and 

functioning in an opposing fashion. The authors suggested impaired muscle function as an additional 

key event between decreased T3 levels and reduced swim bladder inflation. 

• Increased T3 levels also seem to result in reduced swim bladder inflation. For example, Li et al. 

(2011) reported impairment of swim bladder inflation in Chinese rare minnows (Gobiocypris rarus) 

exposed to exogenous T3. 
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Relationship: 1034: Reduced, Anterior swim bladder inflation leads to Reduced, 

Swimming performance 

AOPs Referencing Relationship 

AOP Name Adjacency 
Weight of 
Evidence 

Quantitative 
Understanding 

Deiodinase 2 inhibition leading to 
increased mortality via reduced anterior 
swim bladder inflation  

adjacent Moderate Low 

Deiodinase 1 inhibition leading to 
increased mortality via reduced anterior 
swim bladder inflation  

adjacent Moderate Low 

Thyroperoxidase inhibition leading to 
increased mortality via reduced anterior 
swim bladder inflation  

adjacent Moderate Low 

Evidence Supporting Applicability of this Relationship 

Taxonomic Applicability 

Term Scientific Term Evidence Links 

zebrafish Danio rerio High NCBI  

fathead minnow Pimephales promelas Low NCBI  

 

Life Stage Applicability 

Life Stage Evidence 

Larvae High 

 

Sex Applicability 

Sex Evidence 

Unspecific Moderate 

 

Taxonomic: Importance of proper functioning of the swim bladder for supporting natural swimming 

behaviour can be plausibly assumed to be generally applicable to fish possessing an anterior chamber. 

Evidence exists for the role of the posterior chamber in swimming performance comes from a wide variety 

of freshwater and marine fish species. Evidence for the specific role of the anterior chamber is however less 

abundant. 

Life stage: In zebrafish, the anterior chamber inflates around 21 days post fertilization (dpf) which is during 

the larval stage. In the fathead minnow, the anterior chamber inflates around 14 dpf, also during the larval 

stage. Therefore this KER is only applicable to the larval life stage. To what extent fish can survive and swim 

with partly inflated swim bladders during later life stages is unknown. 

Sex: This KER plausibly applicable to both sexes. Sex differences are not often investigated in tests using 

early life stages of fish. For zebrafish and fathead minnow, it is currently unclear whether sex-related 

differences are important in determining the magnitude of the changes in this KER. Different fish species 

have different sex determination and differentiation strategies. Zebrafish do not have identifiable 

https://aopwiki.org/relationships/1034
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heteromorphic sex chromosomes and sex is determined by multiple genes and influenced by the 

environment (Nagabhushana and Mishra, 2016). 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. Since the 

anterior chamber inflates around 21 days post fertilization in zebrafish, sex differences are expected to play 

a minor role. Fathead minnow gonad differentiation also occurs during larval development. Fathead minnows 

utilize a XY sex determination strategy and markers can be used to genotype sex in life stages where the 

sex is not yet clearly defined morphologically (Olmstead et al., 2011). Ovarian differentiation starts at 10 dph 

followed by rapid development (Van Aerle et al., 2004). At 25 dph germ cells of all stages up to the primary 

oocytes stage were present and at 120 dph, vitellogenic oocytes were present. The germ cells 

(spermatogonia) of the developing testes only entered meiosis around 90–120 dph. Mature testes with 

spermatozoa are present around 150 dph. Since the anterior chamber inflates around 14 days post 

fertilization (9 dph) in fathead minnows, sex differences are expected to play a minor role in the current KER. 

Key Event Relationship Description 

Effects on swim bladder inflation can alter swimming performance and buoyancy of fish, which is essential 

for predator avoidance, energy sparing, migration, reproduction and feeding behaviour, resulting in increased 

mortality. 

Evidence Supporting this KER 

The weight of evidence supporting a direct linkage between these two KEs, i.e. reduced anterior swim 

bladder inflation and reduced swimming performance, is weak. 

Biological Plausibility 

The anterior chamber of the swim bladder has a function in regulating the buoyancy of fish, by altering the 

volume of the swim bladder (Roberston et al., 2007). Fish rely on the lipid and gas content in their body to 

regulate their position within the water column, with the latter being more efficient at increasing body 

buoyancy. Therefore, fish with functional swim bladders have no problem supporting their body (Brix 2002), 

while it is highly likely that impaired inflation severely impacts swimming performance. Fish with no functional 

swim bladder can survive, but are severely disadvantaged, making the likelihood of surviving smaller. 

Several studies in zebrafish and fathead minnow showed that a smaller AC was associated with a larger 

posterior chamber (Nelson et al., 2016; Stinckens et al., 2016; Cavallin et al., 2017, Stinckens et al., 2020) 

suggesting a possible compensatory mechanism. As shown by Stoyek et al. (2011) however, the AC volume 

is highly dynamic under normal conditions due to a series of regular corrugations running along the chamber 

wall, and is in fact the main driver for adjusting buoyancy while the basic PC volume remains largely 

invariable. Therefore, it is plausible to assume that functionality of the swim bladder is affected when AC 

inflation is incomplete, even when the PC appears to fully compensate the gas volume of the swim bladder. 

Empirical Evidence 

• Lindsey et al. (2010) showed that zebrafish started swimming deeper down in the water column 

upon inflation of the anterior chamber, confirming a role of the anterior chamber in supporting 

swimming performance. 
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• After exposure to 2-mercaptobenzothiazole, a TPO inhibitor, from 0 to 32 days post fertilization (dpf) 

in zebrafish, the swimming activity of fish was impacted starting at 26 dpf if the inflation of the anterior 

chamber of the swim bladder was impaired or had no normal structure/size (Stinckens et al., 2016). 

• Methimazole (MMI) and propylthiouracil (PTU), two thyroperoxidase inhibitors, and  iopanoic acid 

(IOP), a deiodinase inhibitor, each reduced both anterior chamber inflation and swimming distance 

in zebrafish exposed from fertlization until the age of 32 days (Stinckens et al., 2020). Stinckens et 

al. (2020) showed a specific, direct link between reduced anterior chamber inflation and reduced 

swimming performance. 

o First, after 21 d of exposure to 111 mg/L propylthiouracil around 30% of anterior chambers 

were not inflated and swimming distance was reduced, while by 32 days post fertilization all 

larvae had inflated their anterior chamber (although chamber surface was still smaller) and 

the effect on swimming distance had disappeared. 

o The most direct way to assess the role of anterior chamber inflation in swimming 

performance, however, is to compare larvae with and without inflated anterior chamber at 

the same time point and within the same experimental treatment. Both in the propylthiouracil 

exposure at 21 days post fertilization and in the iopanoic acid exposure at 21 and 32 days 

post fertilization, swimming distance was clearly reduced in larvae lacking an inflated 

anterior chamber, while the swimming distance of larvae with inflated anterior chamber was 

equal to that of controls. 

o Exposure concentrations were selected where the posterior chamber inflates. Even though 

the posterior chamber was generally larger when anterior chamber inflation was reduced, 

this did not remove the effect on swimming performance, confirming a direct link between 

proper anterior chamber inflation and swimming performance. 

o No morphological effects were observed, but in some treatments reduced length and/or 

condition factor was observed. However, reduced swimming performance after 32 days of 

IOP exposure to medium concentrations was not accompanied by reduced length or 

condition factor. Therefore, at least in this study no evidence was found that the effect on 

swimming performance was an indirect consequence of effects other than reduced swim 

bladder inflation. 

• It has also been reported that larvae that fail to inflate their swim bladder use additional energy to 

maintain buoyancy (Lindsey et al., 2010, Goodsell et al. 1996), possibly contributing to reduced 

swimming activity.  

Uncertainties and Inconsistencies 

After exposure to 100 mg/L methimazole, 95% of the zebrafish larvae failed to inflate their anterior chamber 

at 32 dpf and swimming distance was reduced (Stinckens et al., 2020). On the other hand, there was no 

effect of impaired anterior chamber inflation on swimming distance in the methimazole exposure of 50 mg/L. 

Also, inflated but smaller anterior chambers did not result in a decreased swimming performance in this 

study. A similar result, where non-inflated anterior chambers did not consistently lead to reduced swimming 

performance, was previously found after exposure to 2-mercaptobenzothiazole (Stinckens et al., 2016). In 

summary, the precise relationship between these two KEs is not easy to determine and may be different for 

different chemicals. This is in part due to the complexity of the swim bladder system and the difficulty of 

distinguishing effects resulting from altered anterior chamber inflation from those resulting from altered 

posterior chamber inflation. Additionally, swimming capacity can be affected via other processes which may 

or may not depend on the HPT axis, such as general malformations, decreased cardiorespiratory function, 

energy metabolism and growth. 

As Robertson et al., (2007) reported, the swim bladder only starts regulating buoyancy actively from 32 dpf 

onward in zebrafish, possibly explaining the lack of effect on swimming capacity in some cases. 
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The anterior chamber is also important for producing and transducing sound through the Weberian 

Apparatus (Popper, 1974; Lechner and Ladich, 2008). It is highly plausible that impaired inflation or size of 

the anterior swim bladder could lead to increased mortality as hearing loss would affect their ability to 

respond to their surrounding environment, thus impacting ecological relevant endpoints such as predator 

avoidance or prey seeking (Wisenden et al., 2008; Fay, 2009). 
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Relationship: 2212: Reduced, Swimming performance leads to Increased Mortality 

AOPs Referencing Relationship 

 

AOP Name Adjacency Weight of 
evidence 

Quantitative 
Understanding 

Deiodinase 2 inhibition leading to increased 
mortality via reduced posterior swim 
bladder inflation 

adjacent Moderate Low 

Deiodinase 2 inhibition leading to increased 
mortality via reduced anterior swim bladder 
inflation 

adjacent Moderate Low 

Deiodinase 1 inhibition leading to increased 
mortality via reduced posterior swim 
bladder inflation 

adjacent Moderate Low 

Deiodinase 1 inhibition leading to increased 
mortality via reduced anterior swim bladder 
inflation 

adjacent Moderate Low 

Thyroperoxidase inhibition leading to 
increased mortality via reduced anterior 
swim bladder inflation 

adjacent Moderate Low 

 

Evidence Supporting Applicability of this Relationship 

Taxonomic Applicability 

Term Scientific Term Evidence Links 

zebrafish Danio rerio Moderate NCBI  

fathead minnow Pimephales promelas Moderate NCBI  

 

Life Stage Applicability  

Life Stage Evidence 

Adult Moderate 

Juvenile Moderate 

Larvae Moderate 

 
Sex Applicability 

Sex Evidence 

Unspecific Moderate 

 

Importance of swimming performance on survival is generally applicable to all hatched fish across life stages 

and sexes and to other taxa that rely on swimming to support vital behaviours. 

https://aopwiki.org/aops/155
https://aopwiki.org/aops/155
https://aopwiki.org/aops/155
https://aopwiki.org/aops/156
https://aopwiki.org/aops/156
https://aopwiki.org/aops/156
https://aopwiki.org/aops/157
https://aopwiki.org/aops/157
https://aopwiki.org/aops/157
https://aopwiki.org/aops/158
https://aopwiki.org/aops/158
https://aopwiki.org/aops/158
https://aopwiki.org/aops/159
https://aopwiki.org/aops/159
https://aopwiki.org/aops/159
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
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Key Event Relationship Description 

Reduced swimming performance is likely to affect essential endpoints such as predator avoidance, feeding 

behaviour and reproduction in taxa that rely on swimming to support these vital behaviours. These 

parameters are biologicaly plausible to affect survival, especially in a non-laboratory environment where food 

is scarce and predators are abundant. 

 

Evidence Supporting this KER 

A direct relationship between reduced swimming performance and reduced survival is difficult to establish. 

There is however a lot of indirect evidence linking reduced swim bladder inflation to reduced survival 

(https://aopwiki.org/relationships/2213), which can be plausibly assumed to be related to reduced swimming 

performance. 

For example, all zebrafish larvae that failed to inflate the posterior chamber after exposure to 2 mg/L iopanoic 

acid (IOP), died by the age of 9 dpf (Stinckens et al., 2020). Since larvae from the same group that were 

able to inflate the posterior chamber survived and the test was performed in the laboratory in optimal 

conditions, it is plausible to assume that the cause of death was the inability to swim and find food due to 

the failure to inflate the posterior swim bladder chamber. 

 
Biological Plausibility 

Reduced swimming performance is likely to affect essential endpoints such as predator avoidance, feeding 

behaviour and reproduction. These parameters are biologicaly plausible to affect survival, especially in a 

non-laboratory environment where food is scarce and predators are abundant. 

 

Empirical Evidence 

A direct relationship between reduced swimming performance and reduced survival is difficult to establish. 

There is however a lot of indirect evidence linking reduced swim bladder inflation to reduced survival (see 

non-adjacent KER 1041), which can be plausibly assumed to be related to reduced swimming performance. 

For example, all zebrafish larvae that failed to inflate the posterior chamber after exposure to 2 mg/L iopanoic 

acid (IOP), died by the age of 9 dpf (Stinckens et al., 2020). Since larvae from the same group that were 

able to inflate the posterior chamber survived and the test was performed in the laboratory in optimal 

conditions, it is plausible to assume that the cause of death was the inability to swim and find food due to 

the failure to inflate the posterior swim bladder chamber. 

 
Uncertainties and Inconsistencies 

A direct relationship between reduced swimming performance and reduced survival is difficult to establish in 

a laboratory environment where food is abundant and there are no predators. 

  

https://aopwiki.org/relationships/1041
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Quantitative Understanding of the Linkage 

Quantitative understanding of this linkage is currently limited. 

 

Time-scale 

Reduced swimming performance is not expected to immediately lead to mortality. Depending on the extent 

of the reduction in swimming performance and depending on the cause of death (e.g., starvation due to the 

inability to find food, being caught by a predator) the lag time may vary. 

As an example, Stinckens et al. (2020) found that zebrafish larvae that failed to inflate the swim bladder at 

5 dpf and did not manage to inflate it during the days afterwards died by the age of 9 dpf. Since zebrafish 

initiate exogenous feeding around 5 dpf when the yolk is almost completely depleted, there was a lag period 

of around 4 days after which reduced feeding resulted in mortality. Obviously, in a laboratory setup there is 

no increased risk of being caught by a predator. 

 

References 

Stinckens, E., Vergauwen, L., Blackwell, B.R., Anldey, G.T., Villeneuve, D.L., Knapen, D., 2020. Effect of 

Thyroperoxidase and Deiodinase Inhibition on Anterior Swim Bladder Inflation in the Zebrafish. 

Environmental Science & Technology 54, 6213-6223. 
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Relationship: 2013: Increased Mortality leads to Decrease, Population growth rate 

AOPs Referencing Relationship 

 

AOP Name Adjacency Weight of 
evidence 

Quantitative 
Understanding 

Acetylcholinesterase Inhibition leading to 
Acute Mortality via Impaired Coordination & 
Movement 

adjacent   

Acetylcholinesterase inhibition leading to 
acute mortality 

adjacent Moderate Moderate 

Deiodinase 2 inhibition leading to increased 
mortality via reduced posterior swim 
bladder inflation 

adjacent Moderate Moderate 

Deiodinase 2 inhibition leading to increased 
mortality via reduced anterior swim bladder 
inflation 

adjacent Moderate Moderate 

Deiodinase 1 inhibition leading to increased 
mortality via reduced posterior swim 
bladder inflation 

adjacent Moderate Moderate 

Deiodinase 1 inhibition leading to increased 
mortality via reduced anterior swim bladder 
inflation 

adjacent Moderate Moderate 

Thyroperoxidase inhibition leading to 
increased mortality via reduced anterior 
swim bladder inflation 

adjacent Moderate Moderate 

Thyroperoxidase inhibition leading to 
altered visual function via altered retinal 
layer structure 

adjacent Moderate Moderate 

Thyroperoxidase inhibition leading to 
altered visual function via decreased eye 
size 

adjacent   

Thyroperoxidase inhibition leading to 
altered visual function via altered 
photoreceptor patterning 

adjacent   

Inhibition of Fyna leading to increased 
mortality via decreased eye size 
(Microphthalmos) 

adjacent High High 

GSK3beta inactivation leading to increased 
mortality via defects in developing inner ear 

adjacent High High 

 

 Evidence Supporting Applicability of this Relationship 

Taxonomic Applicability 

Term Scientific Term Evidence Links 

zebrafish Danio rerio High NCBI  

fathead minnow Pimephales promelas High NCBI  

 
  

https://aopwiki.org/aops/312
https://aopwiki.org/aops/312
https://aopwiki.org/aops/312
https://aopwiki.org/aops/16
https://aopwiki.org/aops/16
https://aopwiki.org/aops/155
https://aopwiki.org/aops/155
https://aopwiki.org/aops/155
https://aopwiki.org/aops/156
https://aopwiki.org/aops/156
https://aopwiki.org/aops/156
https://aopwiki.org/aops/157
https://aopwiki.org/aops/157
https://aopwiki.org/aops/157
https://aopwiki.org/aops/158
https://aopwiki.org/aops/158
https://aopwiki.org/aops/158
https://aopwiki.org/aops/159
https://aopwiki.org/aops/159
https://aopwiki.org/aops/159
https://aopwiki.org/aops/363
https://aopwiki.org/aops/363
https://aopwiki.org/aops/363
https://aopwiki.org/aops/364
https://aopwiki.org/aops/364
https://aopwiki.org/aops/364
https://aopwiki.org/aops/365
https://aopwiki.org/aops/365
https://aopwiki.org/aops/365
https://aopwiki.org/aops/399
https://aopwiki.org/aops/399
https://aopwiki.org/aops/399
https://aopwiki.org/aops/410
https://aopwiki.org/aops/410
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
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Life Stage Applicability  

Life Stage Evidence 

All life stages High 

 

Sex Applicability 

Sex Evidence 

Unspecific Moderate 

 

Taxonomic: All organisms must survive to reproductive age in order to reproduce and sustain populations. 

The additional considerations related to survival made above are applicable to other fish species in addition 

to zebrafish and fathead minnows with the same reproductive strategy (r-strategist as described in the theory 

of MaxArthur and Wilson (1967). The impact of reduced survival on population size is even greater for k-

strategists that invest more energy in a lower number of offspring. 

Life stage: Density dependent effects start to play a role in the larval stage of fish when free-feeding starts 

(Hazlerigg et al., 2014). 

Sex: This linkage is independent of sex. 

 

Key Event Relationship Description 

Increased mortality in the reproductive population may lead to a declining population. This depends on the 

excess mortality due to the applied stressor and the environmental parameters such as food availability and 

predation rate. Most fish species are r- strategist, meaning they produce a lot of offspring instead of investing 

in parental care. This results in natural high larval mortality causing only a small percentage of the larvae to 

survive to maturity. If the excess larval mortality due to a stressor is small, the population dynamics might 

result in constant population size. Should the larval excess be more significant, or last on the long-term, this 

will affect the population. To calculate the long-term persistence of the population, population dynamic 

models should be used. 

 

Evidence Supporting this KER 

Survival rate is an obvious determinant of population size and is therefore included in population modeling 

(e.g., Miller et al., 2020). 

 

Biological Plausibility 

Survival to reproductive maturity is a parameter of demographic significance. Assuming resource availability 

(i.e., food, habitat, etc.) is not limiting to the extant population, sufficient mortality in the reproductive 

population may ultimately lead to declining population trajectories. 

Under some conditions, reduced larval survival may be compensated by reduced predation and increased 

food availability, and therefore not result in population decline (Stige et al., 2019). 
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Empirical Evidence 

According to empirical data, combined with population dynamic models, feeding larvae are the crucial life 

stage in zebrafish (and other r-strategists) for the regulation of the population. (Schäfers et al., 1993) 

In fathead minnow, natural survival of early life stages has been found to be highly variable and influential 

on population growth (Miller and Ankley, 2004) 

Rearick et al. (2018) used linked data from behavioural assays to survival trials and applied a modelling 

approach to quantify changes in antipredator escape performance of larval fathead minnows in order to 

predict changes in population abundance. This work was done in the context of exposure to an environmental 

oestrogen. Expsoed fish had delayed response times and slower escape speeds, and were more susceptible 

to predation. Population modelling showed that his can result in population decline. 

In the context of fishing and fisheries, ample evidence of a link between increased mortality and a decrerase 

of population size has been given. Important insights can result from the investigation of optimum modes of 

fishing that allow for maintaining a population (Alekseeva and Rudenko, 2018). Jacobsen and Essington 

(2018) showed the impact of varying predation mortality on forage fish populations. 

Boreman (1997) reviewed methods for comparing the population-level effects of mortality in fish populations 

induced by pollution or fishing. 

 

Uncertainties and Inconsistencies 

The extent to which larval mortality affects population size could depend on the fraction of surplus mortality 

compared to a natural situation. 

There are scenarios in which individual mortality may not lead to declining population size. These include 

instances where populations are limited by the availability of habitat and food resources, which can be 

replenished through immigration. Effects of mortality in the larvae can be compensated by reduced 

competition for resources (Stige et al., 2019). 

The direct impact of pesticides on migration behavior can be difficult to track in the field, and documentation 

of mortality during migration is likely underestimated (Eng 2017).  
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Annex 1: Weight of evidence evaluation table 

 



AOP 156: Deiodinase 2 inhibition leading to increased mortality via reduced anterior swim 

bladder inflation - Weight of evidence evaluation 

 

1 
 

 Defining 
Question  

 

High (Strong)  
 

Moderate  
 

Low (Weak)  
 

1. Support for 
Biological 
Plausibility of 
KERs  

 

Is there a 
mechanistic 
relationship 
between KEup and 
KEdown consistent 
with established 
biological 
knowledge?  

 

Extensive 
understanding of the 
KER based on 
extensive previous 
documentation and 
broad acceptance.  

 

KER is plausible 
based on analogy to 
accepted biological 
relationships, but 
scientific 
understanding is 
incomplete  

 

Empirical support 
for association 
between KEs , but 
the structural or 
functional 
relationship 
between them is 
not understood.  

 

Relationship 1026: 
Inhibition, Deiodinase 
2 (KE 1002) leads to 
Decreased, 
Triiodothyronine (T3) 
in serum (KE 1003) 

Moderate 
Inhibition of DIO2 activity is widely accepted to directly decrease T3 levels, since the conversion of T4 
to T3 is inhibited. Since in fish early life stages THs are typically measured on a whole body level, it is 
currently uncertain whether T3 level changes occur at the serum and/or tissue level. Pending more 
dedicated studies, whole body TH levels are considered a proxy for serum TH levels. The importance 
of DIO2 inhibition in altering serum T3 levels depends on the relative role of different deiodinases in 
regulating serum versus tissue T3 levels and in negative feedback within the HPT axis, where some 
uncertainties remain.  

Relationship 1035: 
Decreased, 
Triiodothyronine (T3) 
in serum (KE 1003) 
leads to Reduced, 
Anterior swim bladder 
inflation (KE 1007) 

Moderate 
Thyroid hormones, especially the more biologically active T3, are known to be involved in 
development, especially in metamorphosis in amphibians and in embryonic-to-larval transition and 
larval-to-juvenile transition in fish. Inflation of the anterior swim bladder chamber is part of the larval-
to-juvenile transition in fish, together with the development of adult fins and fin rays, ossification of 
the axial skeleton, formation of an adult pigmentation pattern, scale formation, maturation and 
remodeling of organs including the lateral line, nervous system, gut and kidneys. Together with 
empirical evidence, it is plausible to assume that anterior inflation is under thyroid hormone 
regulation but scientific understanding is incomplete. 

Relationship 1034: 
Reduced, Anterior 
swim bladder inflation 
(KE 1007) leads to 
Reduced, Swimming 
performance (KE 
1005) 

Moderate 
Next to a role in hearing, the anterior chamber of the swim bladder has a function in regulating the 
buoyancy of fish. Stoyek et al. (2011) showed that the anterior chamber volume is highly dynamic 
under normal conditions due to a series of regular corrugations running along the chamber wall, and is 
in fact the main driver for adjusting buoyancy while the basic posterior chamber volume remains 
largely invariable. Therefore, it is plausible to assume that functionality of the swim bladder is affected 
when anterior chamber inflation is incomplete, even when the posterior chamber appears to fully 
compensate the gas volume of the swim bladder. 

Relationship 2212: 
Reduced, Swimming 
performance (KE 
1005) leads to 
Increaed mortality (KE 
351) 

Moderate 
Reduced swimming performance is likely to affect essential endpoints such as predator avoidance, 
feeding behaviour and reproduction. These parameters are biologically plausible to affect survival. 
Apart from some indirect evidence, it has been difficult to clearly establish this relationship in the 
laboratory. It may only become apparent in a non-laboratory environment where food is scarce and 
predators are abundant. 

Relationship 2013: 
Increased mortality 
(KE 351) leads to 
Decrease, Population 
trajectory (KE 360) 

High 
It is widely accepted that mortality increases, the population trajectory will eventually decrease. 

 

  



AOP 156: Deiodinase 2 inhibition leading to increased mortality via reduced anterior swim 

bladder inflation - Weight of evidence evaluation 

 

2 
 

2. Essentiality of KEs Defining question High (Strong)  
 

Moderate  
 

Low (Weak)  
 

 Are downstream KEs 
and/or the AO 
prevented if an 
upstream KE is 
blocked? 

Direct evidence from 
specifically designed 
experimental studies 
illustrating essentiality 
for at least one of the 
important KEs  

 

Indirect evidence that 
sufficient modification 
of an expected 
modulating factor 
attenuates or 
augments a KE  

 

No or contradictory 
experimental evidence 
of the essentiality of 
any of the KEs.  

 

KE 1002 (MIE): 
Inhibition, deiodinase 
2 

Bagci et al. (2015) and Heijlen et al. (2013, 2014) reported that knockdown of Dio1+2 in zebrafish 
resulted in impaired inflation of the posterior swim bladder chamber. Permanent Dio2 knockout also 
impaired swim bladder inflation and locomotor activity in zebrafish (Houbrechts et al., 2016). Walpita 
et al. (2009, 2010) reported reduced pigmentation, otic vesicle length and head-trunk angle in the 
same Dio1+2 and also Dio2 knockdown fish. This confirms that DIO2 is essential for causing 
downstream effects. These effects were rescued after T3 supplementation but not after T4 
supplementation, confirming the importance of T4 to T3 conversion by Dio2 and the essentiality of 
DIO2 inhibition for causing downstream effects (Walpita et al., 2009, 2010).  

KE 1003: Decreased 
triiodothyronine (T3) 
in serum 

There is ample evidence confirming the essentiality of decreased T3 levels for the occurrence of 
reduced posterior chamber inflation, confirming a direct link between T3 levels and the swim bladder 
system in general. 
(1) from zebrafish knockdown/knockout studies: 
 Knockdown of deiodinase 1 and 2 (Bagci et al., 2015; Heijlen et al., 2013, 2014), knockdown of 

TH transporter MCT8 (de Vrieze et al., 2014), knockdown of thryoid hormone receptor alpha or 
beta (Marelli et al., 2016), and permanent knockout of deiodinase 2 (Houbrechts et al., 2016) in 
zebrafish resulted in impaired inflation of the posterior swim bladder chamber. Marelli et al. 
(2016) additionally showed that high T3 doses partially rescued the negative impact in mutants 
with partially resistant thyroid hormone receptors.  

 Walpita et al. (2009, 2010) reported reduced pigmentation, otic vesicle length and head-trunk 
angle in the same Dio1+2 and also Dio2 knockdown fish. These effects were rescued after T3 
supplementation, but not after T4 supplementation. While swim bladder inflation was not among 
the assessed endpoints in this study, this generally confirms the essentiality of decreased T3 in 
causing downstream effects upon disruption of DIO1 and 2 function (Walpita et al., 2009, 2010). 

(2) from chemical exposures: 
 Wang et al. (2020) observed a decrease of whole-body T3 as well as impaired posterior chamber 

inflation in zebrafish exposed to perfluorooctanoic acid and perfluoropolyether carboxylic acids 
and exogeneous T3 or T4 supplementation partly rescued this effect. 

 Maternal injection of T3, resulting in increased T3 concentrations in the eggs of striped bass lead 
to significant increases in posterior swim bladder inflation (Brown et al., 1988). Similarly, Molla 
et al. (2019) showed that T3 supplementation increased posterior chamber diameter in zebrafish 
larvae.  

Less information is available about the essentiality of reduced T3 levels for reduced anterior chamber 
inflation in particular.  
 Chopra et al. (2019) provided indirect evidence showing that knockdown of dual oxidase - 

expected to lead to reduced T4 and T3 levels since dual oxidase is important for thyroid hormone 
synthesis - reduced anterior swim bladder inflation. 

Proving essentiality of reduced T3 levels for reduced anterior chamber inflation is further 
complicated by the complexity of the swim bladder system and the difficulty of distinguishing effects 
resulting from altered anterior chamber inflation from those resulting from altered posterior 
chamber inflation. 

KE 1007: Reduced, 
anterior swim bladder 
inflation 

Stinckens et al. (2020) showed that at the time point where control zebrafish inflate the anterior 
chamber, larvae exposed to PTU have a lower frequency of inflated anterior chambers together with 
reduced swimming distance. Later during the exposure the frequency of non-inflated anterior 
chambers decreased and the effect on swimming distance disappeared confirming the essentiality of 
reduced anterior chamber inflation for the downstream effect on swimming performance. 

KE 1005: Reduced, 
swimming 
performance 

Experimental blocking of this KE is difficult to achieve. 

KE 351: Increased 
mortality 

By definition, increased mortality is essential for reduced population size. 

AOP as a whole Moderate 
Overall, the confidence in the supporting data for essentiality of KEs within the AOP is moderate. 
There is evidence from deiodinase knockdowns showing the link with reduced posterior chamber 
inflation and the essentiality for downstream effects, but anterior chamber inflation was not studied. 
There is additional indirect evidence that reduced thyroid hormone synthesis causes reduced anterior 
swim bladder inflation: Chopra et al. (2019) showed that knockdown of dual oxidase, important for 
thyroid hormone synthesis, reduced anterior swim bladder inflation. It should be noted that dual 
oxidase also plays a role in oxidative stress. There is also evidence that alleviation of the effect on 
anterior chamber inflation reduces the effect on swimming performance. 

 

  



AOP 156: Deiodinase 2 inhibition leading to increased mortality via reduced anterior swim 

bladder inflation - Weight of evidence evaluation 

 

3 
 

 Defining 
Questions  

 

High (Strong)  
 

Moderate  
 

Low (Weak)  
 

3. Empirical 
Support for KERs  

 

Does empirical 
evidence support 
that a change in 
KEup leads to an 
appropriate 
change in 
KEdown? 
Does KEup occur 
at lower doses and 
earlier time points 
than KE down and 
is the incidence of 
KEup > than that 
for KEdown? 
Inconsistencies? 

 

if there is dependent 
change in both 
events following 
exposure to a wide 
range of specific 
stressors (extensive 
evidence for 
temporal, dose-
response and 
incidence 
concordance) and no 
or few data gaps or 
conflicting data 

 

if there is 
demonstrated 
dependent change in 
both events 
following 
exposure to a small 
number of specific 
stressors and some 
evidence 
inconsistent 
with the expected 
pattern that can be 
explained by factors 
such as 
experimental 
design, technical 
considerations, 
differences among 
laboratories, etc. 

 

if there are limited 
or no studies 
reporting 
dependent change 
in both events 
following exposure 
to a specific 
stressor (i.e., 
endpoints never 
measured in the 
same study or not 
at all), and/or 
lacking evidence of 
temporal or dose-
response 
concordance, or 
identification of 
significant 
inconsistencies in 
empirical support 
across taxa and 
species that don’t 
align with the 
expected pattern 
for the 
hypothesised AOP 

 

Relationship 1026: 
Inhibition, Deiodinase 
2 (KE 1002) leads to 
Decreased, 
Triiodothyronine (T3) 
in serum (KE 1003) 

Low 
Although direct measurements of both KEs in the same organisms are not available in fish, several 
studies have shown that chemicals able to inhibit DIO2 in vitro, reduce T3 levels. The relative 
importance of DIO2 versus DIO1 is uncertain, but available evidence suggests that DIO2 is more 
important. 

Relationship 1035: 
Decreased, 
Triiodothyronine (T3) 
in serum (KE 1003) 
leads to Reduced, 
Anterior swim bladder 
inflation (KE 1007) 

Moderate 
Several studies showed both T3 decreases and reduced inflation of the anterior chamber with some 
evidence of dose concordance. Uncertainties mainly relate to the mechanism through which altered 
TH levels result in impaired posterior chamber inflation. Temporal concordance is difficult to establish 
since swim bladder inflation can only occur at a specific time point. 

Relationship 1034: 
Reduced, Anterior 
swim bladder inflation 
(KE 1007) leads to 
Reduced, Swimming 
performance (KE 
1005) 

Moderate 
There is extensive evidence of a link between reduced anterior chamber inflation and reduced 
swimming performance including some evidence of dose concordance. Temporal concordance is 
specifically supported by the study of Stinckens et al. (2020): First, after 21 d of exposure to 111 mg/L 
propylthiouracil around 30% of anterior chambers were not inflated and swimming distance was 
reduced, while by 32 days post fertilization all larvae had inflated their anterior chamber (although 
chamber surface was still smaller) and the effect on swimming distance had disappeared. 

Relationship 2212: 
Reduced, Swimming 
performance (KE 
1005) leads to 
Increaed mortality (KE 
351) 

Low 
A direct relationship between reduced swimming performance and increased mortality has been 
difficult to establish. There is however a lot of indirect evidence linking reduced swim bladder 
inflation to increased mortality (see non-adjacent KER 2213), which can be plausibly assumed to be 
related to reduced swimming performance. 

Relationship 2013: 
Increased mortality 
(KE 351) leads to 
Decrease, Population 
trajectory (KE 360) 

Moderate 
Survival rate is an obvious determinant of population size and is therefore included in population 
modeling. The extent to which increased mortality may impact population sizes in a realistic, 
environmental exposure scenario depends on the circumstances. Under some conditions, reduced 
larval survival may be compensated by reduced predation and increased food availability, and 
therefore not result in population decline. 

 



dose and temporal concordance uncertainties, inconsistencies

reference species chemical expected MIE
exposure 
period

time 
point concentrations tested

TPO 
inhibition

DIO1 
inhibition

DIO2 
inhibition

TH synthesis 
decreased

T4 in serum 
decreased

T3 in serum 
decreased

posterior swim bladder 
chamber inflation reduced

anterior swim bladder 
chamber inflation reduced

swimming performance 
reduced increased mortality

decreased 
tpo mRNA

decreased 
dio1 mRNA serum T4 increased serum T3 increased

Cavallin et al. (2017) fathead minnow iopanoic acid DIO1 and 2 inhibition 0-6dpf 4 dpf 0.6, 1.9, 6.0 mg/L n/a n/a n/a n/a n/a -£
n/a n/a n/a - 0.6, 1.9, 6.0 mg/L£ 6 mg/L£

Cavallin et al. (2017) fathead minnow iopanoic acid DIO1 and 2 inhibition 0-6dpf 6 dpf 0.6, 1.9, 6.0 mg/L n/a -* -* n/a n/a -£
6 mg/L n/a n/a - -£ 1.9, 6.0 mg/L£

Cavallin et al. (2017) fathead minnow iopanoic acid DIO1 and 2 inhibition 6-21 dpf 10 dpf 0.6, 1.9, 6.0 mg/L n/a -* -* n/a n/a 0.6, 1.9, 6.0 mg/L£
n/a n/a n/a - 0.6, 1.9, 6.0 mg/L£ -£

Cavallin et al. (2017) fathead minnow iopanoic acid DIO1 and 2 inhibition 6-21 dpf 14 dpf 0.6, 1.9, 6.0 mg/L n/a -* 0.6, 1.9, 6.0 mg/L* n/a n/a 0.6, 1.9, 6.0 mg/L£
n/a 0.6, 1.9, 6.0 mg/L n/a - 1.9, 6.0 mg/L£ -£

Cavallin et al. (2017) fathead minnow iopanoic acid DIO1 and 2 inhibition 6-21 dpf 18 dpf 0.6, 1.9, 6.0 mg/L n/a -* 0.6, 1.9, 6.0 mg/L* n/a n/a 0.6, 1.9, 6.0 mg/L£
n/a 0.6, 1.9, 6.0 mg/L n/a - 0.6, 1.9, 6.0 mg/L£ -£

Cavallin et al. (2017) fathead minnow iopanoic acid DIO1 and 2 inhibition 6-21 dpf 21 dpf 0.6, 1.9, 6.0 mg/L n/a -* 0.6, 1.9, 6.0 mg/L* n/a n/a 0.6, 1.9, 6.0 mg/L£
n/a 0.6, 1.9, 6.0 mg/L n/a 6 mg/L 0.6, 1.9, 6.0 mg/L£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-168 hpf 120 hpf
0.1, 0.35, 0.56, 0.7, 
0.88, 1.75, 3.5, 7 mg/L n/a n/a n/a n/a 0.35, 0.7 mg/L£ (0.1 mg/L no change, other concentrations not tested)- - n/a 0.35, 0.56, 0.7, 0.88, 1.75, 3.5 mg/L3.5, 7 mg/L -£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-32 dpf 20 dpf 0.1, 0.35 mg/L n/a n/a n/a n/a n/a n/a n/a 0.35 mg/L n/a - -£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-32 dpf 21 dpf 0.1, 0.35 mg/L n/a n/a n/a n/a n/a n/a n/a 0.35 mg/L n/a - -£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-32 dpf 22 dpf 0.1, 0.35 mg/L n/a n/a n/a n/a n/a n/a n/a 0.35 mg/L n/a - -£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-32 dpf 23 dpf 0.1, 0.35 mg/L n/a n/a n/a n/a n/a n/a n/a 0.35 mg/L n/a - -£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-32 dpf 24 dpf 0.1, 0.35 mg/L n/a n/a n/a n/a n/a n/a n/a 0.35 mg/L n/a - -£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-32 dpf 25 dpf 0.1, 0.35 mg/L n/a n/a n/a n/a n/a n/a n/a 0.35 mg/L n/a - -£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-32 dpf 26 dpf 0.1, 0.35 mg/L n/a n/a n/a n/a n/a n/a n/a 0.35 mg/L 0.35 mg/L - -£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-32 dpf 27 dpf 0.1, 0.35 mg/L n/a n/a n/a n/a n/a n/a n/a 0.35 mg/L n/a - -£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-32 dpf 28 dpf 0.1, 0.35 mg/L n/a n/a n/a n/a n/a n/a n/a 0.35 mg/L n/a - -£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-32 dpf 29 dpf 0.1, 0.35 mg/L n/a n/a n/a n/a n/a n/a n/a 0.35 mg/L 0.35 mg/L - -£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-32 dpf 30 dpf 0.1, 0.35 mg/L n/a n/a n/a n/a n/a n/a n/a 0.35 mg/L 0.35 mg/L - -£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-32 dpf 31 dpf 0.1, 0.35 mg/L n/a n/a n/a n/a n/a n/a n/a 0.35 mg/L n/a - -£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-32 dpf 32 dpf 0.1, 0.35 mg/L n/a n/a n/a n/a 0.35 mg/L£ -£
n/a 0.35 mg/L n/a - -£ -£

Nelson et al. (2016) fathead minnow 2-mercaptobenzothiazole TPO inhibition 0-21 dpf 6 dpf 0.25, 0.5, 1 mg/L - n/a n/a n/a 1 mg/L£ -£
- n/a n/a - -£ -£

Nelson et al. (2016) fathead minnow 2-mercaptobenzothiazole TPO inhibition 0-21 dpf 14 dpf 0.25, 0.5, 1 mg/L 0.5, 1 mg/L* n/a n/a 0.5, 1 mg/L$
n/a 1 mg/L£

n/a 0.5, 1 mg/L n/a - n/a -£

Nelson et al. (2016) fathead minnow 2-mercaptobenzothiazole TPO inhibition 0-21 dpf 21 dpf 0.25, 0.5, 1 mg/L 1 mg/L* n/a n/a 0.5, 1 mg/L$ -£ -£
n/a 0.5, 1 mg/L n/a - 0.25, 0.5, 1 mg/L£ -£

Wei et al. (2018) zebrafish bisphenol S unknown adults F1 96 hpf 1, 10, 100 µg/L n/a n/a n/a n/a 1, 10, 100 µg/L£
1, 10, 100 µg/L n/a 1, 10, 100 µg/L - 1, 10, 100 µg/L£

Crane et al. (2005) fathead minnow ammonium perchlorate NIS inhibition 0-28 dpf 28 dpf 1, 10, 100 mg/L n/a n/a n/a 1, 10, 100 mg/L$ -£ -£
n/a n/a n/a - 100 mg/L -

Crane et al. (2006) fathead minnow methimazole TPO inhibition 0-84 dpf 28 dpf 32, 100, 320 µg/L n/a n/a n/a n/a 32, 100 µg/L£ 320 µg/L£
n/a n/a n/a 32, 100 µg/L -£ -£

Crane et al. (2006) fathead minnow methimazole TPO inhibition 0-84 dpf 56 dpf 32, 100, 320 µg/L n/a n/a n/a n/a -£ 100 µg/L£
n/a n/a n/a 32, 100 µg/L 320 µg/L£ -£

Crane et al. (2006) fathead minnow methimazole TPO inhibition 0-84 dpf 84 dpf 32, 100, 320 µg/L n/a n/a n/a n/a - - n/a n/a n/a 32, 100 µg/L - -

Stinckens et al. (2020) zebrafish methimazole TPO inhibition 0-32 dpf 21 dpf 50, 100 mg/L n/a n/a n/a n/a 50, 100 mg/L£ 50, 100 mg/L£
- 50, 100 mg/L n/a

Stinckens et al. (2020) zebrafish methimazole TPO inhibition 0-32 dpf 32 dpf 50, 100 mg/L n/a n/a n/a n/a 50, 100 mg/L£ 50, 100 mg/L£
- 50, 100 mg/L 100 mg/L

Stinckens et al. (2020) zebrafish propylthiouracil TPO inhibition 0-32 dpf 14 dpf 37, 111 mg/L n/a n/a n/a n/a 37, 111 mg/L£ 111 mg/L£
- n/a 111 mg/L

Stinckens et al. (2020) zebrafish propylthiouracil TPO inhibition 0-32 dpf 21 dpf 37, 111 mg/L n/a n/a n/a n/a 37, 111 mg/L£ 111 mg/L£
- 37, 111 mg/L 111 mg/L

Stinckens et al. (2020) zebrafish propylthiouracil TPO inhibition 0-32 dpf 32 dpf 37, 111 mg/L n/a n/a n/a n/a 37, 111 mg/L£ 37, 111 mg/L£
- 37, 111 mg/L -

Stinckens et al. (2020) zebrafish iopanoic acid DIO1 and 2 inhibition 0-32 dpf 9 dpf 2 mg/L n/a n/a n/a n/a n/a n/a 2 mg/L n/a n/a 2 mg/L

Stinckens et al. (2020) zebrafish iopanoic acid DIO1 and 2 inhibition 0-32 dpf 14 dpf 0.35, 1 mg/L n/a n/a n/a n/a -£ -£
- n/a 1, 2 mg/L

Stinckens et al. (2020) zebrafish iopanoic acid DIO1 and 2 inhibition 0-32 dpf 21 dpf 0.35, 1 mg/L n/a n/a n/a n/a -£ 0.35, 1 mg/L£
- 0.35, 1, 2 mg/L 0.35, 1, 2 mg/L

Stinckens et al. (2020) zebrafish iopanoic acid DIO1 and 2 inhibition 0-32 dpf 32 dpf 0.35, 1, 2 mg/L n/a n/a n/a n/a -£ 0.35, 1, 2 mg/L£
- 0.35, 1, 2 mg/L 0.35, 1, 2 mg/L

Wang et al. (2020) zebrafish perfluorooctanoic acid (PFOA) DIO1 and 2 inhibition 0-5 dpf 5 dpf

0, 50, 100, 150, 200, 
2502, 300, 350, 400, 
450, 500 mg/L -* - 125, 250, 500 mg/L* - 250, 500 mg/L£ 250, 500 mg/L£ 200, 250, 300, 350, 400, 450, 500 mg/Ln/a n/a 300, 400, 450, 500 mg/L - 500 mg/L -£ -£

Wang et al. (2020) zebrafish PFO3OA unknown 0-5 dpf 5 dpf

0, 400, 600, 800, 1000, 
1200, 1400, 1600, 1800, 
2000, 2200, 2400 mg/L 1200, 2200 mg/L* -* 600, 1200, 2200 mg/L* - 600, 1200, 2200 mg/L£ 1200, 2200 mg/L£ 800, 1000, 1200, 1400, 1600, 1800, 2000, 2200, 2400 mg/Ln/a n/a - - - -£ -£

Wang et al. (2020) zebrafish PFO4DA unknown 0-5 dpf 5 dpf
0, 30, 45, 60, 90, 120, 
150, 180, 210, 240 mg/L -* 240 mg/L* -* - 60, 120, 240 mg/L£ (lower concentrations were not tested)60, 120, 240 mg/L£  (lower concentrations were not tested)45, 60, 90, 120, 150, 180, 210, 240 mg/Ln/a n/a - - - -£ -£

Wang et al. (2020) zebrafish PFO5DoDA unknown 0-5 dpf 5 dpf
0, 5, 10, 15, 20, 25, 
30, 35, 40 mg/L -* -* 10, 20, 40 mg/L* - 10, 20, 40 mg/L£ 10, 20, 40 mg/L£ 20, 25, 30, 35, 40 mg/L§

n/a n/a - 10 mg/L - -£ -£

Rehberger et al. (2018) zebrafish propylthiouracil TPO inhibition 0-5 dpf 5 dpf 0, 2.5, 10, 25, 50 mg/L n/a n/a n/a 10, 25, 50 mg/L n/a n/a n/a n/a n/a n/a

Legend

n/a: not measured

* based on increased mRNA levels of the target as indirect measurement of MIE 

$ based on thyroid histopathology

£ based on whole body measurement

§ based on visual evaluation of graphs because no statistics have been reported
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Foreword 

This Adverse Outcome Pathway (AOP) on Deiodinase 1 inhibition leading to increased mortality 
via reduced posterior swim bladder inflation, has been developed under the auspices of the 
OECD AOP Development Programme, overseen by the Extended Advisory Group on Molecular 
Screening and Toxicogenomics (EAGMST), which is an advisory group under the Working Party 
of the National Coordinators for the Test Guidelines Programme (WNT) and the Working Party 
on Hazard Assessment (WPHA).  

The AOP has been reviewed for compliance with the AOP development principles following the 
EAGMST coaching approach. The scientific review was subsequently conducted by the UK 
National Centre for the 3Rs, following the OECD AOP review principles outlined in the Guidance 
Document on the scientific review of AOPs. This AOP was endorsed by the WNT and the WPHA 
on 3 August 2022.  

Through endorsement of this AOP, the WNT and the WPHA express confidence in the scientific 
review process that the AOP has undergone and accept the recommendation of the EAGMST 
that the AOP be disseminated publicly. Endorsement does not necessarily indicate that the AOP 
is now considered a tool for direct regulatory application. 

The OECD's Chemicals and Biotechnology Committee agreed to declassification of this AOP 
on 4 November 2022. 

This document is being published under the responsibility of the OECD's Chemicals and 
Biotechnology Committee. 

The outcome of the compliance check and of the scientific review are publicly available 
respectively in the AOP Wiki and the eAOP Portal of the AOP Knowledge Base at the following 

links: [internal review] [scientific review report. 

  

https://aopwiki.org/
http://aopkb.org/
https://aopwiki.org/aops/157/comments
file:///C:/Users/Delrue_n/Downloads/AOPs%20155-159%20Review%20report%20(1).pdf


       3 

  
 

Authors:  

Lucia Vergauwen [1], [lucia.vergauwen@uantwerpen.be]  

Evelyn Stinckens [1], [evelyn.stinckens@uantwerpen.be]  

Dan Villeneuve [2], [villeneuve.dan@epa.gov]  

Dries Knapen [1], [dries.knapen@uantwerpen.be] [1] 

 

 

[1] Zebrafishlab, Veterinary Physiology and Biochemistry, Department of Veterinary Sciences, University of 

Antwerp, Universiteitsplein 1, 2610 Wilrijk, Belgium  

[2] United States Environmental Protection Agency, Mid-Continent Ecology Division, 6201 Congdon Blvd, 

Duluth, MN, USA   



4        

  
 
 
 
 

Abstract 

 

This AOP describes the sequence of events leading from deiodinase inhibition to increased mortality via reduced 

posterior swim bladder inflation. Thyroid hormones (THs) are critical during embryonic development and 

disruption of the TH system can interfere with normal development. Three types of iodothyronine deiodinases 

(DIO1-3) have been described in vertebrates that activate or inactivate THs and are therefore important mediators 

of TH action. While type II deiodinase (DIO2) has thyroxine (T4) as a preferred substrate and is mostly important 

for converting T4 to the more biologically active triiodothyronine (T3), type I deiodinase is capable of both 

converting T4 into T3 and converting rT3 to 3,3’ T2. Inhibition of DIO1 thus reduces T3 levels. However, partly 

because rT3, rather than T4, is the preferred substrate for DIO1, DIO1 inhibition is probably less important in 

causing reduced T3 levels when compared to DIO2 inhibition. As in amphibians, the transition between the 

different developmental phases in fish, including maturation and inflation of the swim bladder, is mediated by THs 

(Brown et al., 1988; Liu and Chan, 2002). The swim bladder is a gas-filled organ that typically consists of two 

chambers (Robertson et al., 2007). The posterior chamber inflates during early development in the embryonic 

phase, while the anterior chamber inflates during late development in the larval phase. This AOP describes how 

DIO1 inhibition results in reduced T3 levels, which prohibit normal inflation of the posterior chamber of the swim 

bladder in the embryonic phase. The posterior chamber is important for regulating buoyancy and thus for 

swimming performance (Robertson et al., 2007). Reduced swimming performance reduces chances of survival 

due to a decreased ability to forage and avoid predators. The final adverse outcome is a decrease of the 

population trajectory. Since many AOPs eventually lead to this more general adverse outcome at the population 

level, the more specific and informative adverse outcome at the organismal level, increased mortality, is used in 

the AOP title. Support for this AOP is mainly based on chemical exposures in zebrafish and fathead minnows 

(Jomaa et al., 2014; Cavallin et al., 2017; Stinckens et al., 2018) and on knockdown studies of combined 

inactivation of DIO1 and DIO2 in zebrafish embryos (Walpita et al., 2009, 2010; Heijlen et al., 2014; Bagci et al., 

2015).  

This AOP is part of a larger AOP network describing 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, increased mortality and decreased population trajectory (Knapen et al., 2018; Knapen et al., 2020; 

Villeneuve et al., 2018). Other than the difference in deiodinase (DIO) isoform, the current AOP is identical to the 

corresponding AOP leading from DIO2 inhibition to increased mortality via posterior swim bladder inflation 

(https://aopwiki.org/aops/155). The overall importance of DIO1 versus DIO2 in fish is not exactly clear. DIO1 

inhibitors are often also inhibitors of DIO2 (Olker et al., 2019; Stinckens et al. 2018). In the ToxCast DIO1 inhibition 

single concentration assay, 219 out of 1820 chemicals were positive and 177 of these were also positive for DIO2 

inhibition (viewed on 5/7/2022). This complicates the distinction between the relative contribution of DIO1 and 

DIO2 inhibition to reduced swim bladder inflation. The current state of the art suggests that DIO2 is more 

important than DIO1 in regulating swim bladder inflation. Therefore AOP 155 may be of higher biological 

relevance compared to the AOP that is described here. 
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Background 

The larger AOP network describing the effect of deiodinase and thyroperoxidase inhibition on swim bladder 

inflation consists of 5 AOPs: 

• Deiodinase 2 inhibition leading to increased mortality via reduced posterior swim bladder inflation: 

https://aopwiki.org/aops/155 

• Deiodinase 2 inhibition leading to increased mortality via reduced anterior swim bladder inflation: 

https://aopwiki.org/aops/156  

• Deiodinase 1 inhibition leading to increased mortality via reduced posterior swim bladder inflation : 

https://aopwiki.org/aops/157 

• Deiodinase 1 inhibition leading to increased mortality via reduced anterior swim bladder inflation : 

https://aopwiki.org/aops/158  

• Thyroperoxidase inhibition leading to increased mortality via reduced anterior swim bladder inflation: 

https://aopwiki.org/aops/159 

The development of these AOPs was mainly based on a series of dedicated experiments (using a set of reference 

chemicals as prototypical stressors) in zebrafish and fathead minnow that form the core of the empirical evidence. 

Specific literature searches were used to add evidence from other studies, mainly in zebrafish and fathead 

minnow. No systematic review approach was applied. 

 

https://aopwiki.org/aops/155
https://aopwiki.org/aops/156
https://aopwiki.org/aops/157
https://aopwiki.org/aops/158
https://aopwiki.org/aops/159
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Graphical Representation 
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Summary of the AOP 

Events 

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

 
Sequ
ence 

Typ
e 

Even
t ID 

Title Short name 

1 MIE 1009 Inhibition, Deiodinase 1 Inhibition, Deiodinase 1 

2 KE 1003 Decreased, Triiodothyronine (T3) Decreased, Triiodothyronine (T3) 

3 KE 1004 Reduced, Posterior swim bladder 
inflation 

Reduced, Posterior swim bladder inflation 

4 KE 1005 Reduced, Swimming performance Reduced, Swimming performance 

5 AO 351 Increased Mortality Increased Mortality 

6 AO 360 Decrease, Population growth rate Decrease, Population growth rate 

Key Event Relationships 

Upstream Event Relationship 
Type 

Downstream Event
 

Evidence Quantitative 
Understanding 

Inhibition, Deiodinase 1 adjacent Decreased, 
Triiodothyronine (T3) 

 Low Low 

Decreased, 
Triiodothyronine (T3) 

adjacent Reduced, Posterior swim 
bladder 

inflation
 

Moderate Low 

Reduced, Posterior 
swim bladder inflation 

adjacent Reduced, Swimming 
performance

 
Moderate Low 

Reduced, Swimming 
performance 

adjacent Increased Mortality
 Moderate Low 

Increased Mortality adjacent Decrease, Population 
growth rate

 
Moderate Moderate 

Inhibition, Deiodinase 
1 

Non-adjacent Reduced, Posterior swim 
bladder 

inflation
 

Moderate Low 

Reduced, Posterior 
swim bladder 

inflation 

Non-adjacent Increased Mortality
 

High Low 

https://aopwiki.org/events/1009
https://aopwiki.org/events/1003
https://aopwiki.org/events/1004
https://aopwiki.org/events/1004
https://aopwiki.org/events/1005
https://aopwiki.org/events/351
https://aopwiki.org/events/360
https://aopwiki.org/relationships/1037
https://aopwiki.org/relationships/1027
https://aopwiki.org/relationships/1027
https://aopwiki.org/relationships/1028
https://aopwiki.org/relationships/1028
https://aopwiki.org/relationships/2212
https://aopwiki.org/relationships/2212
https://aopwiki.org/relationships/2013
https://aopwiki.org/relationships/1044
https://aopwiki.org/relationships/1044
https://aopwiki.org/relationships/2213
https://aopwiki.org/relationships/2213
https://aopwiki.org/relationships/2213
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Overall Assessment of the AOP  

The document in Annex 1 includes: 

• Support for biological plausibility of KERs  

• Support for essentiality of KEs 

• Empirical support for KERs 

• Dose and temporal concordance table covering the larger AOP network 

Overall, the weight of evidence for the sequence of key events laid out in the AOP is moderate, and it should be 

noted that based on available evidence DIO2 seems to be more important than DIO1 in providing sufficient T3 

for swim bladder inflation. The exact underlying mechanism of TH disruption leading to impaired swim bladder 

inflation is not exactly understood. 

Domain of Applicability 

 
Life Stage Applicability  

Life Stage  Evidence 

Embryo  High 

 
Taxonomic Applicability 

Term Scientific Term Evidence Link 

zebrafish Danio rerio High NCBI  

fathead minnow Pimephales promelas High NCBI  

 

Sex Applicability 

Sex   Evidence 
Unspecific   Moderate 

 

Life stage: The current AOP is only applicable to early embryonic development, which is the period where the 

posterior swim bladder chamber inflates. In all life stages, the conversion of T4 into more biologically active T3 

by DIO1 is essential. Inhibition of DIO1 therefore impacts swim bladder inflation in both early and late 

(https://aopwiki.org/aops/158) developmental life stages. 

 

Taxonomic: Organogenesis of the swim bladder begins with an evagination from the gut. In physostomous fish, 

a connection between the swim bladder and the gut is retained. In physoclystous fish, once initial inflation by 

gulping atmospheric air at the water surface has occurred, the swim bladder is closed off from the digestive tract 

and swim bladder volume is regulated by gas secretion into the swim bladder (Woolley and Qin, 2010). This AOP 

is currently mainly based on experimental evidence from studies on zebrafish and fathead minnows, 

physostomous fish with a two-chambered swim bladder. Knowledge could be expanded to physoclistous fish, 

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
https://aopwiki.org/aops/158
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such as the Japanese rice fish or medaka (Oryzias latipes) that has a single chambered swim bladder that inflates 

during early development. 

 

Sex: All key events in this AOP are plausibly applicable to both sexes. Sex differences are not often investigated 

in tests using early life stages of fish. In medaka, sex can be morphologically distinguished as soon as 10 days 

post fertilization. Females appear more susceptible to thyroid‐induced swim bladder dysfunction compared with 

males (Godfrey et al., 2019). In zebrafish and fathead minnow, it is currently unclear whether sex-related 

differences are important in determining the magnitude of the changes of the sequence of events along this AOP. 

Different fish species have different sex determination and differentiation strategies. Zebrafish do not have 

identifiable heteromorphic sex chromosomes and sex is determined by multiple genes and influenced by the 

environment (Nagabhushana and Mishra, 2016). 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. 

Since the posterior chamber inflates around 5 days post fertilization in zebrafish, when sex differentiation has not 

started yet, sex differences are expected to play a minor role in the current AOP. Fathead minnow gonad 

differentiation also occurs during larval development. Fathead minnows utilize a XY sex determination strategy 

and markers can be used to genotype sex in life stages where the sex is not yet clearly defined morphologically 

(Olmstead et al., 2011). Ovarian differentiation starts at 10 dph followed by rapid development (Van Aerle et al., 

2004). At 25 dph germ cells of all stages up to the primary oocytes stage were present and at 120 dph, vitellogenic 

oocytes were present. The germ cells (spermatogonia) of the developing testes only entered meiosis around 90–

120 dph. Mature testes with spermatozoa are present around 150 dph. Since the posterior chamber inflates 

around 6 days post fertilization (1 dph) in fathead minnows, sex differences are expected to play a minor role in 

the current AOP. 

 

Essentiality of the Key Events 

Overall, the support for essentiality of the KEs is low. There is ample evidence from combined DIO1 and DIO2 

knockdown studies in zebrafish that shows downstream effects, and evidence from both chemical exposure with 

TH supplementation and knockdown with TH supplementation showing that blocking a KE prevents downstream 

KEs from occurring. There is no specific evidence for the essentiality of DIO1 inhibition independent of DIO2 

inhibition and DIO2 seems more important than DIO1 in providing sufficient T3 for proper swim bladder inflation. 

Therefore the overall evidence for essentiality is considered low. 

 

Weight of Evidence Summary 

Biological plausibility: see Table. Overall, the weight of evidence for the biological plausibility of the KERs in 

the AOP is moderate since there is empirical support for an association between the sets of KEs and the KERs 

are plausible based on analogy to accepted biological relationships, but scientific understanding is not completely 

established. 
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Empirical support: see Table. Overall, the empirical support for the KERs in the AOP is moderate since 

dependent changes in sets of KEs following exposure to several specific stressors has been demonstrated, with 

limited evidence for dose and temporal concordance and some uncertainties. 

Quantitative Consideration 

Quantitative understanding of this AOP is currently lacking. 
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Considerations for Potential Applications of the AOP 

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. Villeneuve et al. (2014) discussed the relevance of swim bladder 

inflation as a potential key event and endpoint of interest in fish tests. Knapen et al. (2020) 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. While the AOP is only 

applicable to fish, some of the upstream KEs are relevant across vertebrates. The taxonomic domain of 

applicability call of the KEs can be found on the respective pages. 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 in fish, using the levels of assessment of the OECD’s 

Conceptual Framework for the Testing and Assessment of Endocrine Disrupting Chemicals as a guide. 

Specifically, for this AOP, deiodinase inhibition can be assessed using an in chemico assay, measurements of 

T3 levels could be added to the Fish Embryo Acute Toxicity (FET) test (OECD TG 236), the Fish Early Life Stage 

Toxicity (FELS) Test (OECD TG210) and the Fish Sexual Development test (FSDT) (OECD TG 234), and 

assessments of posterior chamber inflation and swimming performance could be added to the FELS Test and 

FSDT. 

 

Thyroid hormone system disruption causes multiple unspecific effects. Addition of TH measurements could aid 

in increasing the diagnostic capacity of a battery of endpoints since they are specific to the TH system. A battery 

of endpoints would ideally include the MIE, the AO and TH levels as the causal link. It is also in this philosophy 

that TH measurements are currently being considered as one of the endpoints in project 2.64 of the OECD TG 

work plan, “Inclusion of thyroid endpoints in OECD fish Test Guidelines”. While T3 measurements showed low 

levels of variation and were highly predictive of downstream effects in dedicated experiments to support this AOP, 

more variability may be present in other studies. Because of the rapid development in fish, it is important to 

compare T3 levels within specific developmental stages. For example, clear changes in T3 levels have been 

observed in zebrafish at 14, 21 and 32 dpf (Stinckens et al., 2020) and in fathead minnows at 4, 6, 10, 14, 18 and 

21 dpf (Nelson et al., 2016; Cavallin et al., 2017) using liquid chromatography tandem mass spectrometry 

(LC−MS/MS). 

 

The overall importance of DIO1 versus DIO2 in fish is not exactly clear. The current state of the art suggests that 

DIO2 is more important than DIO1 in regulating swim bladder inflation. Therefore AOP 155 may be more relevant 

for applications compared to the AOP that is described here. 
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Appendix 1 - MIE, KEs and AO 

List of MIEs in this AOP 

Event: 1009: Inhibition, Deiodinase 1 

Short Name: Inhibition, Deiodinase 1 

 Key Event Component 

Process Object Action 
 

catalytic activity type I iodothyronine deiodinase decreased 
 

AOPs Including This Key Event 

AOP Name Role of event in AOP 

Aop:157 - Deiodinase 1 inhibition leading to increased mortality via 

reduced posterior swim bladder inflation  

MolecularInitiatingEvent 

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

MolecularInitiatingEvent 

Aop:189 - Type I iodothyronine deiodinase (DIO1) inhibition leading to 
altered amphibian metamorphosis  

MolecularInitiatingEvent 

 

Stressors 

Name  

Iopanoic acid  

Propylthiouracil 

 

Biological Context 

Level of Biological Organization 
Molecular 

 

Evidence for Perturbation by Stressor 

Overview for Molecular Initiating Event 

Propylthiouracil (PTU) is the prototypical DIO1 inhibitor in mammals, although teleostean and 

amphibian DIO1 enzymes are less sensitive to inhibition by PTU (Orozco et al., 2003; Kuiper et al., 

2006). DIO1 inhibitors are often also inhibitors of DIO2 (Olker et al., 2019; Stinckens et al. 2018). In the 

ToxCast DIO1 inhibition single concentration assay, 219 out of 1820 chemicals were positive and 177 

https://aopwiki.org/aops/157
https://aopwiki.org/aops/157
https://aopwiki.org/aops/158
https://aopwiki.org/aops/158
https://aopwiki.org/aops/189
https://aopwiki.org/aops/189
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of these were also positive for DIO2 inhibition (viewed on 5/7/2022). Olker et al. (2019) identified 22 

DIO1-specific inhibitors using a human recombinant DIO1 enzyme (e.g., genistein, 6-methyl-2-

thiouracil, sulfasalazine). Another well-known inhibitor of DIO1 (and DIO2 and 3) is iopanoic acid (IOP). 

Renko et al. (2003, 2015) pointed out that IOP is actually a substrate of DIO1 (and DIO2 and 3) which 

is in line with its action as a competitive inhibitor. In fact, many compounds inhibit all three DIO isoforms. 

Olker et al. (2019) identified 93 compounds that inhibit DIOs 1, 2 and 3. 

Domain of Applicability 

 
Taxonomic Applicability 

 

Term Scientific Term Evidence Links 

Rat  Rattus norvegicus High NCBI 

mouse Mus musculus Moderate NCBI 

Pigs  Sus scrofa Moderate NCBI 

Ovis orientalis aries Ovis aries Moderate NCBI 

fathead minnow  Pimephales promelas Moderate  NCBI 

killifish Fundulus heteroclitus Moderate NCBI 

Gilthead bream Sparus aurata Moderate NCBI 

African clawed frog Xenopus laevis Moderate NCBI 

Human Homo sapiens High NCBI 

Oreochromis 
niloticus 

Oreochromis niloticus Moderate NCBI 

Zebrafish  Danio rerio Moderate NCBI 

 

Life Stage Applicability  

Life Stage Evidence 

All life stages Moderate 

 

Sex Applicability 

Sex Evidence 

Unspecific Moderate 

 

Taxonomic: Deiodination by DIO enzymes is known to exist in a wide range of vertebrates and invertebrates. 

Therefore, this KE is plausibly applicable across vertebrates. Studies reporting DIO1 inhibition have used 

human liver (Kuiper et al., 2006), human recombinant DIO1 enzyme (Olker et al., 2019), rat (Rattus 

norvegicus) liver (Klaren et al., 2005; Freyberger and Ahr, 2006; Kuiper et al., 2006; Pavelka, 2010) and 

thyroid gland (Ferreira et al., 2002), mouse (Mus musculus) brain (hernandez et al., 2006), hog (Sus scrofa 

domesticus) liver (Stinckens et al., 2018), sheep (Ovis orientalis aries) fetal hepatic, renal and perirenal 

adipose tissue (Forhead et al., 2006), tadpole (Xenopus laevis) liver (Kuiper et al., 2006), fathead minnow 

(Pimephales promelas) whole fish (Noyes et al., 2011), Nile tilapia (Oreochromis niloticus) liver (Walpita 

et al., 2007), Gilthead Seabream (Sparus aurata) kidney (Klaren et al., 2005), and killifish (Fundulus 

http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=10116
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=10090
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=9823
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=9940
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=8078
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=8175
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=8355
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=9606
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=8128
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=7955
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heteroclitus) liver (Orozco et al., 2003) among others. The latter teleostean DIO1 enzymes as well as 

amphibian enzymes differ from other vertebrate DIO1 enzymes in their lower sensitivity to propylthiouracil 

(PTU), a typical DIO1 inhibitor in mammals. 

 
In mammals, DIO2 is thought to control the intracellular concentration of T3, while DIO1 is thought to be 

more important in determining systemic T3 levels. (Marsili et al., 2011), and the same appears to be true 

for  birds. However, this hypothesis has been challenged. For example, Maia et al. (2005) determined that 

in a normal physiological situation in humans the contribution of DIO2 to plasma T3 levels is twice that of 

DIO1. Only in a hyperthyroid state was the contribution of DIO1 higher than that of DIO2. A DIO1 knockout 

mouse showed normal T3 levels and a normal general phenotype and DIO1 was rather found to play a 

role in limiting the detrimental effects of conditions that alter normal thyroid function, including 

hyperthyroidism and iodine deficiency (Schneider et al., 2006). van der Spek et al. concluded that the 

primary role of DIO1 in vivo is to degrade inactivated TH (van der Spek et al., 2017). 

 

By contrast, DIO1 function in teleostean and amphibian T3 plasma regulation is less clear (Finnson et al. 

1999, Kuiper et al. 2006). The presence of DIO1 in the liver of teleosts has been a controversial issue, and 

both the high level of DIO2 activity and its expression in the liver of teleosts are unique among vertebrates 

(Orozco and Valverde, 2005). This could explain why DIO2 inhibition seems to be more important than 

DIO1 inhibition in determining the adverse outcome in zebrafish (Stinckens et al., 2018). 

 
Life stage: Deiodinase activity is important for all vertebrate life stages. Already during early embryonic 

development, deiodinase activity is needed to regulate thyroid hormone concentrations and coordinate 

developmental processes. However, the role of DIO1 and DIO2 seems to be distinct. The fact that DIO1 

knockdown during zebrafish development only causes developmental defects when combined with DIO2 

knockdown (Walpita et al., 2010), suggests that DIO1 is only important in cases of increased TH need 

during specific stages of development, as supported by increased expression during such stages (Vergauwen 

et al., 2018), and in cases of thyroid hormone depletion in fish. There can also be differences in 

sensitivity between sexes. There is evidence for sex- and age-differences of Dio1 expression in mice 

(Schomburg et al., 2007). 

 
Sex: This KE is plausibly applicable to both sexes. Deiodinases are important for TH homeostasis and identical 

in both sexes. There can however be differences in sensitivity between sexes. There is evidence for sex- and 

age-differences of Dio1 expression in mice (Schomburg et al., 2007).  

 

Key Event Description 

Disruption of the thyroid hormone system is increasingly being recognized as an important toxicity pathway, as it 

can cause many  adverse outcomes. Thyroid hormones do not only play an important role in the adult individual, 

but they are also critical during embryonic development. Thyroid hormones (THs) play an important role in a wide 

range of biological processes in vertebrates including growth, development, reproduction, cardiac function, 

thermoregulation, response to injury, tissue repair and homeostasis. Numerous chemicals are known to disturb 

thyroid function, for example by inhibiting thyroperoxidase (TPO) or deiodinase (DIO), upregulating excretion 

pathways or modifying gene expression. The two major thyroid hormones are triiodothyronine (T3) and thyroxine 

(T4), both iodinated derivatives of tyrosine. Most TH actions depend on the binding of T3 to its nuclear receptors. 

Active and inactive THs are tightly regulated by enzymes called iodothyronine deiodinases (DIO). The activation 

occurs via outer ring deiodination (ORD), i.e. removing iodine from the outer, phenolic ring of T4 to form T3, 

while inactivation occurs via inner ring deiodination (IRD), i.e. removing iodine from the inner tyrosol ring 

of T4 or T3. 

Three types of iodothyronine deiodinases (DIO1-3) have been described in vertebrates that activate or 

inactivate THs and are therefore important mediators of TH action. All deiodinases are integral membrane proteins 
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of the thioredoxin superfamily that contain selenocysteine in their catalytic centre. Type I deiodinase is capable 

of both ORD and IRD, including the conversion of T4 into T3, as well as the conversion of reverse T3 (rT3) to 

3,3'-Diiodothyronine (3,3’ T2). rT3, rather than T4, is the preferred substrate for DIO1. furthermore, DIO1 has 

a very high Km (µM range, compared to nM range for DIO2) (Darras and Van Herck, 2012). Type II 

deiodinase (DIO2) is only capable of ORD activity with T4 as a preferred substrate (i.e., activation of T4 to 

T3). DIO3 can inner ring deiodinate T4 and T3 to the inactive forms of THs, rT3 and 3,3’-T2 respectively. 

DIO1 is a plasma membrane protein with its catalytic domain facing the cytosol. The relative contribution 

of the DIOs to thyroid hormone levels varies amongst species, developmental stages and tissues. 

 

How it is Measured or Detected 

At this time, there are no approved OECD or EPA guideline protocols for measurement of DIO inhibition. 

Deiodination is the major pathway regulating T3 bioavailability in mammalian tissues. In vitro assays 

can be used to examine inhibition of deiodinase 1 (DIO1) activity upon exposure to thyroid disrupting 

compounds. 

Several methods for deiodinase activity measurements are available. A first in vitro assay measures 

deiodinase activities by quantifying the radioactive iodine release from iodine-labelled substrates, 

depending on the preferred substrates of the isoforms of deiodinases (Ferreira et al., 2002; Forhead et 

al., 2006; Freyberger and Ahr, 2006; Pavelka, 2010; Stinckens et al., 2018). Another assay uses a 

chromatography-based method coupled to mass spectroscopy to measure products of thyroxin 

resulting from deiodinase type-1 activity (Butt et al., 2011). A colorimetric method (Renko et al., 2012), 

the Sandell-Kolthoff method, that measures the release of iodine from T4 is also available. Each of 

these assays requires a source of deiodinase which can be obtained for example using unexposed pig 

liver tissue (available from slaughterhouses) or rat liver tissue. Renko et al. (2015), Hornung et al. 

(2018) and Olker et al. (2019) on the other hand used an adenovirus expression system to produce the 

DIO1 enzyme and developed an assay for nonradioactive measurement of iodide released using the 

Sandell-Kolthoff method, a photometric method based on Ce4+ reduction (Renko et al., 2012), in a 96-

well plate format. This assay was then used to screen the ToxCast Phase 1 chemical library. The 

specific synthesis of DIO1 through the adenovirus expression system provides an important advantage 

over other methods where activity of the different deiodinase isoforms needs to be distinguished in 

other ways, such as based on differences in enzyme kinetics. 

Measurements of in vivo deiodinase activity in tissues collected from animal experiments are scarce. 

Noyes et al. (2011) showed decreased rate of outer ring deiodination (mediated by DIO1 and DIO2) in 

whole fish microsomes after exposure to BDE-209. After incubation with the substrate, thyroid hormone 

levels were measured using LC-MS/MS. Houbrechts et al. (2016) confirmed decreased DIO1 activity 

in a DIO1-DIO2 knockdown zebrafish at the ages of 3 and 7 days post fertilization. Decreased T3 levels 

are often used as evidence of DIO inhibition, for example after exposure to iopanoic acid, in fish species 

such as zebrafish (Stinckens et al., 2020) and fathead minnow (Cavallin et al., 2017). It should be noted 

that it is difficult to make the distinction between decreased T3 levels caused by outer ring deiodination 

mediated by DIO2 inhibition or DIO1 inhibition. Renko et al. (2022) showed tissue-specific changes in 

DIO1 activity in hyper- and hypothyroid mice. 
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List of Key Events in the AOP 

Event: 1003: Decreased, Triiodothyronine (T3) 

Short Name: Decreased, Triiodothyronine (T3)  Key Event Component  

Process Object Action 
 
decreased triiodothyronine 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 

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

KeyEvent 

Aop:189 - Type I iodothyronine deiodinase (DIO1) inhibition leading to altered amphibian 
metamorphosis 

KeyEvent 

Aop:363 - Thyroperoxidase inhibition leading to increased mortality via altered retinal layer 
structure 

KeyEvent 

Aop:364 - Thyroperoxidase inhibition leading to increased mortality via decreased eye size 
 

KeyEvent 

Aop:365 - Thyroperoxidase inhibition leading to increased mortality via altered photoreceptor 
patterning 

KeyEvent 

 

Biological Context: 

Level of Biological Organization 
Tissue 
 

  

https://aopwiki.org/aops/155
https://aopwiki.org/aops/155
https://aopwiki.org/aops/156
https://aopwiki.org/aops/156
https://aopwiki.org/aops/157
https://aopwiki.org/aops/157
https://aopwiki.org/aops/158
https://aopwiki.org/aops/158
https://aopwiki.org/aops/159
https://aopwiki.org/aops/159
https://aopwiki.org/aops/189
https://aopwiki.org/aops/189
https://aopwiki.org/aops/363
https://aopwiki.org/aops/363
https://aopwiki.org/aops/364
https://aopwiki.org/aops/365
https://aopwiki.org/aops/365
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Domain of Applicability 

 
Taxonomic Applicability 

Term Scientific Term Evidence Link 

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 T3 and T4 that are mostly bound to transport proteins in blood as well as T3 

and T4 in tissues. 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 come from rat studies and have been measured mostly 

in serum 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, whereas 

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 decreased THs is still regarded as a measurable key event causatively linked to 

downstream adverse outcomes. 

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). Such measurements 

in fish early life stages are usually based on whole animal samples and do not allow for distinguishing 

between systemic and tissue TH alterations. 

THs are evolutionarily conserved molecules present in all vertebrate species (Hulbert, 2000; Yen, 

2001). Moreover, their crucial role in amphibian and lamprey 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 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 

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=8355


  25 

  
For Official Use 

(e.g., receptors or enzymes) that are related to TH function, and therefore extrapolation between 

species should be done with caution. 

 

Life stage: THs are essential in all life stages, but decreases of TH levels are not applicable to all 

developmental phases. 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. THs 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 TH 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 TH 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 

There are two biologically active thyroid hormones (THs), 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 and T3 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 

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 free 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 storage which ensures 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). Initially, 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 
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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). Four types of thyroid hormone 

signaling have been defined (Anyetei-Anum et al., 2018): type 1 is the canonical pathway in which 

liganded TR binds directly to DNA; type 2 describes liganded TR tethered to chromatin-associated 

proteins, but not bound to DNA directly; type 3 suggests that liganded TR can exert its function without 

recruitment to chromatin in either the nucleus or cytoplasm; and type 4 proposes that thyroid hormone 

acts at the plasma membrane or in the cytoplasm without binding TR, a mechanism of action that is 

emerging as a key component of thyroid hormone signaling. 

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 

regulate the production of thyroid hormones. Less T3 (the biologically more active TH) than T4 is 

produced by the thyroid gland. 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 to date. The monocarboxylate transporters (Mct8, Mct10) and the anion-

transporting polypeptide (OATP1c1) show the highest degree of affinity towards TH (Jansen et al., 

2005) and mutations in these genes have pathophysiological effects in humans (Bernal et al., 2015). 

Unlike humans with an MCT8 deficiency, MCT8 knockout mice do not have neurological impairment. 

One explanation for this discrepancy could be differences in expression of the T4 transporter OATP1C1 

in the blood–brain barrier. This shows that cross-species differences in the importance of specific 

transporters may occur. 

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 
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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; 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 TTR to 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) in serum, or in tissues. 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 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. 
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In fish early life stages most evidence for the ontogeny of TH synthesis comes from measurements of 

whole-body TH levels and using LC-MS techniques (Hornung et al., 2015) are increasingly used to 

accurately quantify whole-body TH (Nelson et al., 2016; Stinckens et al., 2016; Stinckens et al., 2020).  
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Event: 1004: Reduced, Posterior swim bladder inflation 

Short Name: Reduced, Posterior swim bladder inflation  

Key Event Component 

Process Object  Action 

 

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

KeyEvent 

 

Biological Context 

Level of Biological Organization 

Organ 

 

Organ term 

swim bladder 

 

Domain of Applicability 

 

Taxonomic Applicability 

 

Term Scientific Term Evidence Links 

zebrafish Danio rerio High NCBI  

fathead minnow Pimephales promelas High NCBI  

medaka Oryzias latipes Medium NCBI 

 

  

https://aopwiki.org/aops/155
https://aopwiki.org/aops/155
https://aopwiki.org/aops/157
https://aopwiki.org/aops/157
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=8090
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Life Stage Applicability  

Life Stage Evidence 

Embryo High 

 

Sex Applicability 

Sex Evidence 

Unspecific Moderate 

 

Taxonomic: Teleost fish can be divided in two groups according to swim bladder morphology: 

physoclistous (e.g., yellow perch, sea bass, striped bass, medaka) and physostomous (e.g., zebrafish 

and fathead minnow). Physostomous fish retain a duct between the digestive tract and the swim bladder 

during adulthood allowing them to gulp air at the surface to fill the swim bladder. In contrast, in 

physoclistous fish, once initial inflation by gulping atmospheric air at the water surface has occurred, 

the swim bladder is closed off from the digestive tract and swim bladder volume is regulated by gas 

secretion into the swim bladder (Wooley and Qin, 2010). 

Much of the evidence for impaired posterior chamber of the swim bladder currently comes from work 

on zebrafish and fathead minnow (Stinckens et al., 2018; Cavallin et al., 2017; Wang et al., 2020). 

Increasing evidence is becoming available on defects of swim bladder inflation in medaka (Oryzias 

latipes), a species with only one swim bladder chamber (Gonzalez-doncel et al., 2003; Dong et al., 

2016; Kupsco et al., 2016; Mu et al., 2018; Pandelides et al., 2021). Exposure to T3, methimazole, 

heptafluorobutanoic acid (PFBA) and tris[1,3-dichloro-2-propyl] phosphate (TDCPP) inhibited inflation 

of the swim bladder in female medaka. Interestingly, for those females that developed a swim bladder, 

exposure to methimazole and all halogenated chemicals with the exception of PFBA, resulted in larger 

swim bladders (Godfrey et al., 2019). Horie et al. (2022) eludicated the timing of swim bladder inflation 

in medaka and compared effects on the swim bladder after exposure of zebrafish and medaka to PFBA 

and TDCPP. This KE is plausibly applicable across fish species with swim bladders, both physostomous 

and physoclistous. 

 

Life stage: The posterior chamber inflates during a specific developmental time frame. In zebrafish, 

the posterior chamber inflates around 96-120 hpf which is 2-3 dph. In the fathead minnow, the posterior 

chamber inflates around 6 dpf. In medaka, the swim bladder inflates around 2 hours post hatch 

(hatching occurs around 8 dpf) (Horie et al., 2022). Therefore this KE is only applicable to the embryonic 

life stage. 

 

Sex: This KE is plausibly applicable to both sexes. Sex differences are not often investigated in tests 

using early life stages of fish. In medaka, sex can be morphologically distinguished as soon as 10 days 

post fertilization. Females appear more susceptible to thyroid‐induced swim bladder dysfunction 

compared with males (Godfrey et al., 2019). In zebrafish and fathead minnow, it is currently unclear 

whether sex-related differences are important in determining the magnitude of the changes in this KE. 

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 
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ovaries into testes. Final transformation into testes varies among male individuals, however finishes 

usually around 6 weeks post fertilization. Since the posterior chamber inflates around 5 days post 

fertilization in zebrafish, when sex differentiation has not started yet, sex differences are expected to 

play a minor role. Fathead minnow gonad differentiation also occurs during larval development. Fathead 

minnows utilize a XY sex determination strategy and markers can be used to genotype sex in life stages 

where the sex is not yet clearly defined morphologically (Olmstead et al., 2011). Ovarian differentiation 

starts at 10 dph followed by rapid development (Van Aerle et al., 2004). At 25 dph germ cells of all 

stages up to the primary oocytes stage were present and at 120 dph, vitellogenic oocytes were present. 

The germ cells (spermatogonia) of the developing testes only entered meiosis around 90–120 dph. 

Mature testes with spermatozoa are present around 150 dph. Since the posterior chamber inflates 

around 6 days post fertilization (1 dph) in fathead minnows, sex differences are expected to play a 

minor role in the current KE. 

 

Key Event Description 

The teleost swim bladder is a gas-filled structure that consists of two chambers, the posterior and 

anterior chamber. In zebrafish, the posterior chamber inflates around 96-120 h post fertilization (hpf) 

which is 2-3 days post hatch, and the anterior chamber inflates around 21 dpf (days post fertilization). 

In fathead minnow, the posterior and anterior chamber inflate around 6 and 14 dpf respectively. 

The posterior chamber is formed from a bud originating from the foregut endoderm (Winata et al., 2009). 

The posterior chamber operates as a hydrostatic organ. The volume of gas in the adult swim bladder 

is continuously adjusted to regulate body density and buoyancy. 

Many amphibians and frogs go through an embryo-larval transition phase marking the switch from 

endogenous feeding (from the yolk) to exogenous feeding. In zebrafish, embryonic-to-larval transition 

takes place around 96 hours post fertilization (hpf). As in amphibians, the transition between the 

different developmental phases includes maturation and inflation of the swim bladder (Liu and Chan, 

2002). 

Reduced inflation of the posterior chamber may manifest itself as either a complete failure to inflate the 

chamber or a reduced size of the chamber. 

 

How it is Measured or Detected 

In several fish species, inflation of the posterior chamber can easily be observed using a 

stereomicroscope because the larvae are still transparent during those early developmental stages. 

This is for example true for zebrafish and fathead minnow. Posterior chamber size can then be 

measured based on photographs with a calibrator. 

When observing effects on swim bladder inflation, it is important to verify that reduced swim bladder 

inflation occurs at concentrations significantly lower than those causing mortality, since a wide variety 

of chemicals cause impaired posterior chamber inflation at exposure concentrations that also cause 

mortality (Stinckens et al., 2018). 
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Event: 1005: Reduced, Swimming performance 

Short Name: Reduced, Swimming performance Key Event Component 

Process Object  Action 
 
aquatic locomotion   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 

Key Event 

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

Key Event 

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

Key Event 

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

Key Event 

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

Key Event 

Aop:242 - Inhibition of lysyl oxidase leading to enhanced chronic fish toxicity 
 

Key Event 

Aop:334 - Glucocorticoid Receptor Agonism Leading to Impaired Fin Regeneration Key Event 

 

Biological Context 

Level of Biological Organization 
Individual 

Domain of Applicability 

Taxonomic Applicability 

 

Term Scientific Term Evidence Links 

zebrafish Danio rerio High NCBI  

teleost fish teleost fish High NCBI  

fathead minnow Pimephales promelas High NCBI  

   

https://aopwiki.org/aops/155
https://aopwiki.org/aops/155
https://aopwiki.org/aops/156
https://aopwiki.org/aops/156
https://aopwiki.org/aops/157
https://aopwiki.org/aops/157
https://aopwiki.org/aops/158
https://aopwiki.org/aops/158
https://aopwiki.org/aops/159
https://aopwiki.org/aops/159
https://aopwiki.org/aops/242
https://aopwiki.org/aops/334
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=70862
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=90988
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Life Stage Applicability  

Life Stage Evidence 

Larvae Moderate 

Juvenile Moderate 

Adult Moderate 

 

Sex Applicability 

Sex Evidence 

Unspecific Moderate 

 

 

Taxonomic: Importance of swimming performance for natural behaviour is generally applicable to fish 

and tho other taxa that rely on swimming to support vital behaviours. 

 

Life stage: Importance of swimming performance for natural behaviour is generally applicable across 

all free-swimming life stages, i.e., post-embryonic life stages. 

 

Sex: Importance of swimming performance for natural behaviour is generally applicable across sexes. 

 

Key Event Description 

Adequate swimming performance in fish is essential for behaviour such as foraging, predator avoidance 

and reproduction. 

How it is Measured or Detected 

For fish larvae, automated observation and tracking systems are commercially available and 

increasingly used for measuring swimming performance including distance travelled, duration of 

movements, swimming speed, etc. This kind of measurements is often included in publications 

describing effects of chemicals in zebrafish larvae (Hagenaars et al., 2014; Stinckens et al., 2016; 

Vergauwen et al., 2015). 

For juvenile and adult fish, measurements of swim performance vary. However, in some circumstances, 

swim tunnels have been used to measure various data (Fu et al., 2013). 

Little and Finger (1990) discussed swimming behavior as an indicator of sublethal toxicity in fish. 

  



40        

  
For Official Use 

References 

Fu C, Cao ZD, Fu SJ. 2013. The effects of caudal fin loss and regeneration on the swimming 

performance of three cyprinid fish species with different swimming capactities. The Journal of 

Experimental Biology 216:3164-3174. doi:10.1242/jeb.084244 

Hagenaars, A., Stinckens, E., Vergauwen, L., Bervoets, L., Knapen, D., 2014. PFOS affects posterior 

swim bladder chamber inflation and swimming performanceof zebrafish larvae. Aquat. Toxicol. 157, 

225–235. 

Little EE, Finger SE. 1990. Swimming behavior as an indicator of sublethal toxicity in fish. 

Environmental Toxicology and Chemistry. 9(1):13-19. 

Stinckens, E., Vergauwen, L., Schroeder, A.L., Maho, W., Blackwell, B., Witter, H.,Blust, R., Ankley, 

G.T., Covaci, A., Villenueve, D.L., Knapen, D., 2016. Disruption of thyroid hormone balance after 2-

mercaptobenzothiazole exposure causes swim bladder inflation impairment—part II: zebrafish. Aquat. 

Toxicol. 173:204-17. 

Vergauwen, Lucia; Nørgaard Schmidt, Stine; Maho, Walid; Stickens, Evelyn; Hagenaars, An; Blust, 

Ronny; Mayer, Philipp; Covaci, Adrian; Knapen, Dries. 2014. A high throughput passive dosing format 

for the Fish Embryo Acute Toxicity test. Chemosphere. 139: 9-17. 

  



  41 

  
For Official Use 

List of Adverse Outcomes in this AOP 

Event: 351: Increased Mortality  

Short Name: Increased Mortality  

Key Event Component 

Process Object Action 

mortality 
 

increased 

 

AOPs Including This Key Event 

AOP ID and Name Event Type 

Aop:16 - Acetylcholinesterase inhibition leading to acute mortality  Adverse 
Outcome 

Aop:96 - Axonal sodium channel modulation leading to acute mortality  Adverse 
Outcome 

Aop:104 - Altered ion channel activity leading impaired heart function  Adverse 
Outcome 

Aop:113 - Glutamate-gated chloride channel activation leading to acute mortality  Adverse 
Outcome 

Aop:160 - Ionotropic gamma-aminobutyric acid receptor activation mediated 
neurotransmission inhibition leading to mortality  

Adverse 
Outcome 

Aop:161 - Glutamate-gated chloride channel activation leading to 
neurotransmission inhibition associated mortality  

Adverse 
Outcome 

Aop:138 - Organic anion transporter (OAT1) inhibition leading to renal failure and 
mortality  

Adverse 
Outcome 

Aop:177 - Cyclooxygenase 1 (COX1) inhibition leading to renal failure and 
mortality  

Adverse 
Outcome 

Aop:186 - unknown MIE leading to renal failure and mortality  Adverse 
Outcome 

Aop:312 - Acetylcholinesterase Inhibition leading to Acute Mortality via Impaired 
Coordination & Movement  

Adverse 
Outcome 

Aop:320 - Binding of viral S-glycoprotein to ACE2 receptor leading to acute 
respiratory distress associated mortality  

Adverse 
Outcome 

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

Adverse 
Outcome 

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

Adverse 
Outcome 

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

Adverse 
Outcome 

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

Adverse 
Outcome 

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

Adverse 
Outcome 

Aop:363 - Thyroperoxidase inhibition leading to increased mortality via altered 
retinal layer structure  

Adverse 
Outcome 

Aop:377 - Dysregulated prolonged Toll Like Receptor 9 (TLR9) activation leading Adverse 

https://aopwiki.org/aops/16
https://aopwiki.org/aops/96
https://aopwiki.org/aops/104
https://aopwiki.org/aops/113
https://aopwiki.org/aops/160
https://aopwiki.org/aops/160
https://aopwiki.org/aops/161
https://aopwiki.org/aops/161
https://aopwiki.org/aops/138
https://aopwiki.org/aops/138
https://aopwiki.org/aops/177
https://aopwiki.org/aops/177
https://aopwiki.org/aops/186
https://aopwiki.org/aops/312
https://aopwiki.org/aops/312
https://aopwiki.org/aops/320
https://aopwiki.org/aops/320
https://aopwiki.org/aops/155
https://aopwiki.org/aops/155
https://aopwiki.org/aops/156
https://aopwiki.org/aops/156
https://aopwiki.org/aops/157
https://aopwiki.org/aops/157
https://aopwiki.org/aops/158
https://aopwiki.org/aops/158
https://aopwiki.org/aops/159
https://aopwiki.org/aops/159
https://aopwiki.org/aops/363
https://aopwiki.org/aops/363
https://aopwiki.org/aops/377
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AOP ID and Name Event Type 

to Acute Respiratory Distress Syndrome (ARDS) and Multiple Organ Dysfunction 
(MOD)  

Outcome 

Aop:364 - Thyroperoxidase inhibition leading to increased mortality via 
decreased eye size  

Adverse 
Outcome 

Aop:365 - Thyroperoxidase inhibition leading to increased mortality via altered 
photoreceptor patterning  

Adverse 
Outcome 

Aop:399 - Inhibition of Fyna leading to increased mortality via decreased eye size 
(Microphthalmos)  

Adverse 
Outcome 

Aop:413 - Oxidation and antagonism of reduced glutathione leading to mortality 
via acute renal failure  

Adverse 
Outcome 

Aop:410 - Repression of Gbx2 expression leads to defects in developing inner 
ear and consequently to increased mortality  

Key Event 

 
Biological Context 

Level of Biological Organization 

Population 

Domain of Applicability 

Taxonomic Applicability 

Term Scientific Term Evidence Links 

all species all species High NCBI  

 

Life Stage Applicability 

Life Stage Evidence 

All life stages High 

 

Sex Applicability 

Sex Evidence 

Unspecific Moderate 

 

All living things are susceptible to mortality. 

 

Key Event Description 

Increased mortality refers to an increase in the number of individuals dying in an experimental replicate 

group or in a population over a specific period of time. 

 

How it is Measured or Detected 

Mortality of animals is generally observed as cessation of the heart beat, breathing (gill or lung 

movement) and locomotory movements. 

https://aopwiki.org/aops/377
https://aopwiki.org/aops/377
https://aopwiki.org/aops/364
https://aopwiki.org/aops/364
https://aopwiki.org/aops/365
https://aopwiki.org/aops/365
https://aopwiki.org/aops/399
https://aopwiki.org/aops/399
https://aopwiki.org/aops/413
https://aopwiki.org/aops/413
https://aopwiki.org/aops/410
https://aopwiki.org/aops/410
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=0
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Mortality is typically measured by observation. Depending on the size of the organism, instruments 

such as microscopes may be used. The reported metric is mostly the mortality rate: the number of 

deaths in a given area or period, or from a particular cause. 

 

Depending on the species and the study setup, mortality can be measured: 

• in the lab by recording mortality during exposure experiments 

• in dedicated setups simulating a realistic situation such as mesocosms or drainable ponds for 
aquatic species 

• in the field, for example by determining age structure after one capture, or by capture-mark-
recapture efforts. The latter is a method 

• commonly used in ecology to estimate an animal population's size where it is impractical to 
count every individual. 

 

Regulatory Significance of the AO 

Increased mortality is one of the most common regulatory assessment endpoints, along with reduced 

growth and reduced reproduction. 
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Event: 360: Decrease, Population growth rate 

Short Name: Decrease, Population growth rate 

Key Event Component 

Process Object Action 

population growth rate population of organisms decreased 

 

AOPs Including This Key Event 

AOP ID and Name Event Type 

Aop:23 - Androgen receptor agonism leading to reproductive dysfunction (in 
repeat-spawning fish)  

Adverse Outcome 

Aop:25 - Aromatase inhibition leading to reproductive dysfunction  Adverse Outcome 

Aop:29 - Estrogen receptor agonism leading to reproductive dysfunction  Adverse Outcome 

Aop:30 - Estrogen receptor antagonism leading to reproductive dysfunction  Adverse Outcome 

Aop:100 - Cyclooxygenase inhibition leading to reproductive dysfunction via 
inhibition of female spawning behavior  

Adverse Outcome 

Aop:122 - Prolyl hydroxylase inhibition leading to reproductive dysfunction via 
increased HIF1 heterodimer formation  

Adverse Outcome 

Aop:123 - Unknown MIE leading to reproductive dysfunction via increased HIF-
1alpha transcription  

Adverse Outcome 

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

Adverse Outcome 

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

Adverse Outcome 

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

Adverse Outcome 

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

Adverse Outcome 

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

Adverse Outcome 

Aop:101 - Cyclooxygenase inhibition leading to reproductive dysfunction via 
inhibition of pheromone release  

Adverse Outcome 

Aop:102 - Cyclooxygenase inhibition leading to reproductive dysfunction via 
interference with meiotic prophase I /metaphase I transition  

Adverse Outcome 

Aop:63 - Cyclooxygenase inhibition leading to reproductive dysfunction  Adverse Outcome 

Aop:103 - Cyclooxygenase inhibition leading to reproductive dysfunction via 
interference with spindle assembly checkpoint  

Adverse Outcome 

Aop:292 - Inhibition of tyrosinase leads to decreased population in fish  Adverse Outcome 

Aop:310 - Embryonic Activation of the AHR leading to Reproductive failure, via 
epigenetic down-regulation of GnRHR  

Adverse Outcome 

Aop:16 - Acetylcholinesterase inhibition leading to acute mortality  Adverse Outcome 

Aop:312 - Acetylcholinesterase Inhibition leading to Acute Mortality via Impaired 
Coordination & Movement  

Adverse Outcome 

Aop:334 - Glucocorticoid Receptor Agonism Leading to Impaired Fin 
Regeneration  

Adverse Outcome 

Aop:336 - DNA methyltransferase inhibition leading to population decline (1)  Adverse Outcome 

Aop:337 - DNA methyltransferase inhibition leading to population decline (2)  Adverse Outcome 

https://aopwiki.org/aops/23
https://aopwiki.org/aops/23
https://aopwiki.org/aops/25
https://aopwiki.org/aops/29
https://aopwiki.org/aops/30
https://aopwiki.org/aops/100
https://aopwiki.org/aops/100
https://aopwiki.org/aops/122
https://aopwiki.org/aops/122
https://aopwiki.org/aops/123
https://aopwiki.org/aops/123
https://aopwiki.org/aops/155
https://aopwiki.org/aops/155
https://aopwiki.org/aops/156
https://aopwiki.org/aops/156
https://aopwiki.org/aops/157
https://aopwiki.org/aops/157
https://aopwiki.org/aops/158
https://aopwiki.org/aops/158
https://aopwiki.org/aops/159
https://aopwiki.org/aops/159
https://aopwiki.org/aops/101
https://aopwiki.org/aops/101
https://aopwiki.org/aops/102
https://aopwiki.org/aops/102
https://aopwiki.org/aops/63
https://aopwiki.org/aops/103
https://aopwiki.org/aops/103
https://aopwiki.org/aops/292
https://aopwiki.org/aops/310
https://aopwiki.org/aops/310
https://aopwiki.org/aops/16
https://aopwiki.org/aops/312
https://aopwiki.org/aops/312
https://aopwiki.org/aops/334
https://aopwiki.org/aops/334
https://aopwiki.org/aops/336
https://aopwiki.org/aops/337
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AOP ID and Name Event Type 

Aop:338 - DNA methyltransferase inhibition leading to population decline (3)  Adverse Outcome 

Aop:339 - DNA methyltransferase inhibition leading to population decline (4)  Adverse Outcome 

Aop:340 - DNA methyltransferase inhibition leading to transgenerational effects 
(1) 

Adverse Outcome 

Aop:341 - DNA methyltransferase inhibition leading to transgenerational effects 
(2) 

Adverse Outcome 

Aop:289 - Inhibition of 5α-reductase leading to impaired fecundity in female fish  Adverse Outcome 

Aop:297 - Inhibition of retinaldehyde dehydrogenase leads to population decline  Adverse Outcome 

Aop:346 - Aromatase inhibition leads to male-biased sex ratio via impacts on 
gonad differentiation  

Adverse Outcome 

Aop:299 - Excessive reactive oxygen species production leading to population 
decline via reduced fatty acid beta-oxidation  

Adverse Outcome 

Aop:311 - Excessive reactive oxygen species production leading to population 
decline via mitochondrial dysfunction  

Adverse Outcome 

Aop:216 - Excessive reactive oxygen species production leading to population 
decline via follicular atresia  

Adverse Outcome 

Aop:238 - Excessive reactive oxygen species production leading to population 
decline via lipid peroxidation  

Adverse Outcome 

Aop:326 - Thermal stress leading to population decline (3)  Adverse Outcome 

Aop:325 - Thermal stress leading to population decline (2)  Adverse Outcome 

Aop:324 - Thermal stress leading to population decline (1)  Adverse Outcome 

Aop:363 - Thyroperoxidase inhibition leading to increased mortality via altered 
retinal layer structure  

Adverse Outcome 

Aop:349 - Inhibition of 11β-hydroxylase leading to decresed population 
trajectory  

Adverse Outcome 

Aop:348 - Inhibition of 11β-Hydroxysteroid Dehydrogenase leading to 
decreased population trajectory  

Adverse Outcome 

Aop:376 - Androgen receptor agonism leading to male-biased sex ratio  Adverse Outcome 

Aop:386 - Increased reactive oxygen species production leading to population 
decline via inhibition of photosynthesis  

Adverse Outcome 

Aop:387 - Increased reactive oxygen species production leading to population 
decline via mitochondrial dysfunction  

Adverse Outcome 

Aop:388 - DNA damage leading to population decline via programmed cell 
death  

Adverse Outcome 

Aop:389 - Oxygen-evolving complex damage leading to population decline via 
inhibition of photosynthesis  

Adverse Outcome 

Aop:364 - Thyroperoxidase inhibition leading to increased mortality via 
decreased eye size  

Adverse Outcome 

Aop:365 - Thyroperoxidase inhibition leading to increased mortality via altered 
photoreceptor patterning  

Adverse Outcome 

Aop:399 - Inhibition of Fyna leading to increased mortality via decreased eye 
size (Microphthalmos)  

Adverse Outcome 

 

Biological Context 

Level of Biological Organization 

Population 

 

https://aopwiki.org/aops/338
https://aopwiki.org/aops/339
https://aopwiki.org/aops/340
https://aopwiki.org/aops/340
https://aopwiki.org/aops/341
https://aopwiki.org/aops/341
https://aopwiki.org/aops/289
https://aopwiki.org/aops/297
https://aopwiki.org/aops/346
https://aopwiki.org/aops/346
https://aopwiki.org/aops/299
https://aopwiki.org/aops/299
https://aopwiki.org/aops/311
https://aopwiki.org/aops/311
https://aopwiki.org/aops/216
https://aopwiki.org/aops/216
https://aopwiki.org/aops/238
https://aopwiki.org/aops/238
https://aopwiki.org/aops/326
https://aopwiki.org/aops/325
https://aopwiki.org/aops/324
https://aopwiki.org/aops/363
https://aopwiki.org/aops/363
https://aopwiki.org/aops/349
https://aopwiki.org/aops/349
https://aopwiki.org/aops/348
https://aopwiki.org/aops/348
https://aopwiki.org/aops/376
https://aopwiki.org/aops/386
https://aopwiki.org/aops/386
https://aopwiki.org/aops/387
https://aopwiki.org/aops/387
https://aopwiki.org/aops/388
https://aopwiki.org/aops/388
https://aopwiki.org/aops/389
https://aopwiki.org/aops/389
https://aopwiki.org/aops/364
https://aopwiki.org/aops/364
https://aopwiki.org/aops/365
https://aopwiki.org/aops/365
https://aopwiki.org/aops/399
https://aopwiki.org/aops/399
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 Domain of Applicability 

Taxonomic Applicability 

Term Scientific Term Evidence Links 

all species all species High NCBI  

 

Life Stage Applicability  

Life Stage Evidence 

All life stages Not Specified 

 

Sex Applicability 

Sex Evidence 

Unspecific Not Specified 

Consideration of population size and changes in population size over time is potentially relevant to all 

living organisms. 

 

Key Event Description 

Population ecology is the study of the sizes (and to some extent also the distribution) of plant and 

animal populations and of the processes, mainly biological in nature, that determine these sizes. As 

such, it provides an integrated measure of events occurring at lower levels of biological organization 

(biochemical, organismal, etc.). The population size in turn determines community and ecosystem 

structure. For fish, maintenance of sustainable fish and wildlife populations (i.e., adequate to ensure 

long-term delivery of valued ecosystem services) is an accepted regulatory goal upon which risk 

assessments and risk management decisions are based. 

 

How it is Measured or Detected 

Population trajectories, either hypothetical or site specific, can be estimated via population modeling 

based on measurements of vital rates or reasonable surrogates measured in laboratory studies. As an 

example, Miller and Ankley 2004 used measures of cumulative fecundity from laboratory studies with 

repeat spawning fish species to predict population-level consequences of continuous exposure. 

 

Regulatory Significance of the AO 

Maintenance of sustainable fish and wildlife populations (i.e., adequate to ensure long-term delivery of 

valued ecosystem services) is a widely accepted regulatory goal upon which risk assessments and risk 

management decisions are based. 

 

http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=0
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Appendix 2 - List of Key Event Relationships in the AOP 

List of Adjacent Key Event Relationships 

Relationship: 1037: Inhibition, Deiodinase 1 leads to Decreased, 

Triiodothyronine (T3) 

AOPs Referencing Relationship 

AOP Name Adjacency Weight 

of 

Evidence 

Quantitative 
Understanding 

Deiodinase 1 inhibition leading to increased 
mortality via reduced posterior swim bladder 

inflation 

 
adjacent 

 
Low 

Low 

Deiodinase 1 inhibition leading to increased 
mortality via reduced anterior swim bladder 

inflation 

 
adjacent 

 
Low 

 
Low 

 

Evidence Supporting Applicability of this Relationship 

 
Taxonomic Applicability 

 

Term Scientific Term Evidence Links 

zebrafish Danio rerio Low NCBI  

fathead minnow Pimephales promelas Low NCBI  

 

Life Stage Applicability  

Life Stage Evidence 

All life stages High 

 

Sex Applicability 

Sex Evidence 

Unspecific Moderate 

 

Taxonomic: Deiodinases are important for the activation of T4 to T3 across vertebrates. Therefore, this KER 

is plausibly applicable across vertebrates. There appear to be differences among vertebrate classes relative 

to the role of the different deiodinase isoforms in regulating thyroid hormone levels. It is generally assumed 

that deiodinase 1 in liver is the main supplier of T3 to circulation in mammals (Leonard et al., 1986), and the 

https://aopwiki.org/aops/157
https://aopwiki.org/aops/157
https://aopwiki.org/aops/157
https://aopwiki.org/aops/158
https://aopwiki.org/aops/158
https://aopwiki.org/aops/158
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
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same appears to be true for birds (Freeman et al., 1991), while DIO2 is assumed to regulate intracellular 

concentrations of T3. In contrast to the general assumptions however, Maia et al. (2005) determined that in 

a normal physiological situation in humans the contribution of DIO2 to plasma T3 levels is twice that of DIO1. 

By contrast, DIO1 function in teleostean and amphibian T3 plasma regulation is less clear (Finnson et al. 

1999, Kuiper et al. 2006). 

The presence of DIO1 in the liver of teleosts has been a controversial issue, and both the high level of DIO2 

activity and its expression in the liver of teleosts are unique among vertebrates (Orozco and Valverde, 2005). 

These differences make it difficult to exactly evaluate the importance of DIO1 in regulating serum/tissue T3 

levels across vertebrates. Mol et al. (1998) concluded that deiodinases in teleosts were more similar to 

mammalian deiodinases than had been generally accepted, based on the similarities in susceptibility to 

inhibition and the agreement of the Km values. 

 

Life stage: Deiodinases are important for the activation of T4 to T3 across all life stages. 

 

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 Relationship Description 

The two major thyroid hormones are thyroxine (T4) and the more biologically active triiodothyronine (T3), both 

iodinated derivatives of tyrosine. Active and inactive THs are tightly regulated by enzymes called iodothyronine 

deiodinases (DIO). The activation occurs via outer ring deiodination (ORD), i.e. removing iodine from the outer, 

phenolic ring of T4 to form T3, while inactivation occurs via inner ring deiodination (IRD), i.e. removing iodine 

from the inner tyrosol ring of T4 or T3. 

Three types of iodothyronine deiodinases (DIO1-3) have been described in vertebrates that activate or 

inactivate THs and are therefore important mediators of TH action. All deiodinases are integral membrane 

proteins of the thioredoxin superfamily that contain selenocysteine in their catalytic centre. Type I deiodinase is 

capable of converting T4 into T3, as well as to convert rT3 to the inactive thyroid hormone 3,3’ T2, through 

outer ring deiodination. rT3, rather than T4, is the preferred substrate for DIO1. furthermore, DIO1 has a very 

high Km (µM range, compared to nM range for DIO2) (Darras and Van Herck, 2012). Type II deiodinase 

(DIO2) is only capable of ORD activity with T4 as a preferred substrate (i.e., activation of T4 tot T3). DIO3 

can inner ring deiodinate T4 and T3 to the inactive forms of THs, reverse T3, (rT3) and 3,3’-T2 respectively. 

(Darras and Van Herck, 2012) 

Because of the high Km and preference for rT3 as a substrate, the importance of DIO1 in activating T4 to T3 

in a physiological situation is likely limited. 
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Evidence Supporting this KER 

Inhibition of DIO1 activity is widely accepted to directly decrease T3 levels, since the conversion of T4 to T3 

is inhibited. The importance of DIO1 inhibition in altering serum and/or tissue T3 levels depends on the relative 

role of different deiodinases in regulating serum versus tissue T3 levels and in negative feedback within the 

HPT axis. Both aspects appear to differ to some extent among vertebrate taxa. 

 

Biological Plausibility 

Inhibition of DIO1 activity is widely accepted to directly decrease T3 levels, since the conversion of T4 to T3 is 

inhibited. 

 

Empirical Evidence 

 

• In the study of Cavallin et al. (2017) fathead minnow larvae were exposed to iopanoic acid, a model 

iodothyronine deiodinase inhibitor that is assumed to inhibit all three deiodinase enzymes (DIO1,2,3) 

and pronounced decreases of whole-body T3 concentrations were observed. 

• Stinckens et al. (2020) showed that iopanoic acid reduced whole-body T3 levels in zebrafish in 21 

and 32 day old larvae that had been exposed starting from fertilization. 

• Stinckens et al. (2018) showed that perfluorooctanoic acid (PFOA) is a DIO1 and DIO2 inhibitor, 

and Wang et al. (2020) showed that T3 levels were decreased in zebrafish exposed continuously 

until the age of 5 days 250 or 500 mg/L. They also showed a T4 decrease, which is unexpected upon 

exposure to a DIO inhibitor. This is possibly due to one or more additional thyroid hormone disruption 

mechanisms of PFOA. 

 

Uncertainties and Inconsistencies 

Since in fish early life stages THs are typically measured on a whole body level, it is currently uncertain 

whether T3 level changes occur at the serum and/or tissue level.  

The importance of DIO1 inhibition in altering serum or tissue T3 levels depends on the relative role of 

different deiodinases in regulating serum versus tissue T3 levels and in negative feedback within the 

HPT axis. Both aspects appear to differ to some extent among vertebrate taxa, but the details are not 

understood yet. 

Another uncertainty lies in the relative importance of the different T4 actvating iodothyronine 

deiodinases (DIO1, DIO2) in the conversion of T4 to T3. It has been previously suggested that DIO2 is 

the major contributor to TH activation in developing zebrafish embryos (Darras et al., 2015; Walpita et 

al., 2010). It has been shown that a morpholino knockdown targeting DIO1 mRNA alone did not affect 

embryonic development in zebrafish, while knockdown of DIO2 delayed progression of otic vesicle 

length, head-trunk angle and pigmentation index (Houbrechts et al., 2016; Walpita et al., 2010, 2009). 

DIO1 inhibition may only become essential in hypothyroidal circumstances, for example when DIO2 is 

inhibited or in case of iodine deficiency, in zebrafish (Walpita et al., 2010) and mice (Galton et al., 2009; 

Schneider et al., 2006). 

In the study of Cavallin et al. (2017) fathead minnow larvae were exposed to IOP, a model iodothyronine 

deiodinase inhibitor that is assumed to inhibit all three deiodinase enzymes (DIO1,2,3). Transcriptional 

analysis showed that especially DIO2, but also DIO3 mRNA levels (in some treatments), were 

increased in 10 to 21 day old larvae exposed to IOP as of the age of 6 days. This suggests that IOP 

effectively inhibited DIO2 and DIO3 in the larvae and that mRNA levels increased as a compensatory 

response. The authors also observed pronounced decreases of whole body T3 concentrations and 
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increases of whole body T4 concentrations. It is not clear whether inhibition of DIO1 also played a role 

in the decrease of T3 levels. 

 

Quantitative Understanding of the Linkage 

Since in fish enzyme activity and thyroid hormone levels are rarely measured in the same study, 

quantitative understanding of this linkage is limited. 

 

Known Feedforward/Feedback loops influencing this KER 

Thyroid hormone levels are regulated via negative feedback, in part via regulation of the expression of 

all three DIO isoforms in response to deviating TH levels. This feedback mechanism influences this 

KER. Additionally, deiodinases regulate the activity of thyroid hormones, not only in serum and target 

organs, but also in the thyroid gland. On top of that, deiodinases themselves are mediators of the 

negative feedback system that results in increased TSH levels when the levels of T4 (and also T3) in 

serum are low (Schneider et al., 2001), resulting in an even more complicated impact on this KER. 

Increased TSH levels then stimulate increased T4 release from the thyroid gland, resulting in a 

compensatory increase of serum T4 levels. In DIO2 knockout mice it seemed that the negative feedback 

system was blocked resulting in increased levels of T4 and TSH and in normal rather than decreased 

T3 levels compared to WT. By inhibiting DIO1 using a PTU exposure, Schneider et al. (2001) showed 

that DIO2 played a role in the increased TSH levels in response to T3 or T4 injection in mice. 
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Relationship: 1027: Decreased, Triiodothyronine (T3) leads to Reduced, 

Posterior swim bladder inflation 

 
AOPs Referencing Relationship 
 

AOP Name Adjacency Weight 

of 

Evidence 

Quantitative 
Understanding 

Deiodinase 2 inhibition leading to increased 

mortality via reduced posterior swim bladder 

inflation 

Adjacent Moderate Low 

Deiodinase 1 inhibition leading to increased 
mortality via reduced posterior swim bladder 
inflation 

Adjacent Moderate Low 

 

Evidence Supporting Applicability of this Relationship 

 

Taxonomic Applicability 

Term Scientific Term Evidence Link 

zebrafish Danio rerio High NCBI  

fathead minnow Pimephales promelas Moderate NCBI  

 

Life Stage Applicability  

Life Stage Evidence 

Embryo High 

 

Sex Applicability 

Sex Evidence 

Unspecific Moderate 

 

Taxonomic: Teleost fish can be divided in two groups according to swim bladder morphology: 

physoclistous (e.g., yellow perch, sea bass, striped bass, medaka) and physostomous (e.g., zebrafish 

and fathead minnow). Physostomous fish retain a duct between the digestive tract and the swim bladder 

during adulthood allowing them to gulp air at the surface to fill the swim bladder. In contrast, in 

physoclistous fish, once initial inflation by gulping atmospheric air at the water surface has occurred, 

the swim bladder is closed off from the digestive tract and swim bladder volume is regulated by gas 

secretion into the swim bladder (Woolley and Qin, 2010). 

Much of the evidence for impaired posterior chamber of the swim bladder currently comes from work 

on zebrafish and fathead minnow (Stinckens et al., 2018; Cavallin et al., 2017; Wang et al., 2020). 

Increasing evidence is becoming available on defects of swim bladder inflation in medaka (Oryzias 

https://aopwiki.org/aops/155
https://aopwiki.org/aops/155
https://aopwiki.org/aops/155
https://aopwiki.org/aops/157
https://aopwiki.org/aops/157
https://aopwiki.org/aops/157
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
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latipes), a species with only one swim bladder chamber (Gonzalez-doncel et al., 2003; Dong et al., 

2016; Kupsco et al., 2016; Mu et al., 2017; Pandelides et al., 2021). Exposure to T3, methimazole, 

heptafluorobutanoic acid (PFBA) and tris[1,3-dichloro-2-propyl] phosphate (TDCPP) inhibited inflation 

of the swim bladder in female medaka. Interestingly, for those females that developed a swim bladder, 

exposure to methimazole and all halogenated chemicals with the exception of PFBA, resulted in larger 

swim bladders (Godfrey et al., 2019). Horie et al. (2022) eludicated the timing of swim bladder inflation 

in medaka and compared effects on the swim bladder after exposure of zebrafish and medaka to PFBA 

and TDCPP. This KER is plausibly applicable across fish species with swim bladders, both 

physostomous and physoclistous. 

 

Life stage: This KER is only applicable to early embryonic development, which is the period where the 

posterior swim bladder chamber inflates. The relationship between reduced T3 levels and reduced 

posterior chamber inflation is not applicable to older larvae that successfully inflated the posterior 

chamber but show impaired anterior chamber inflation after chronic exposure to low concentrations of 

thyroid hormone system disruptors. In 32 day old zebrafish exposed to methimazole, propylthiouracil, 

2- mercaptobenzothiazole or iopaonic acid (Stinckens et al., 2016, 2020) as well as in 14-21 day old 

fathead minnows exposed to iopaonic acid (Cavallin et al., 2017), a clear inverse relationship was 

found. With decreasing whole body T3 concentrations, posterior chamber volume increased, 

suggesting a possible compensatory mechanism for the observed decrease in anterior chamber 

volume. As a result, the sum of both chamber surfaces, reflecting the total amount of gas, was equal to 

controls for most treatments (Stinckens et al., 2016; Stinckens et al., 2020). 

 

Sex: This KER is plausibly applicable to both sexes. Sex differences are not often investigated in tests 

using early life stages of fish. In medaka, sex can be morphologically distinguished as soon as 10 days 

post fertilization. Females appear more susceptible to thyroid‐induced swim bladder dysfunction 

compared with males (Godfrey et al., 2019). In zebrafish and fathead minnow, it is  currently unclear 

whether sex-related differences are important in determining the magnitude of the changes in this KER. 

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. Since the posterior chamber 

inflates around 5 days post fertilization in zebrafish, when sex differentiation has not started yet, sex 

differences are expected to play a minor role. Fathead minnow gonad differentiation also occurs during 

larval development. Fathead minnows utilize a XY sex determination strategy and markers can be used 

to genotype sex in life stages where the sex is not yet clearly defined morphologically (Olmstead et al., 

2011). Ovarian differentiation starts at 10 dph followed by rapid development (Van Aerle et al., 2004). 

At 25 dph germ cells of all stages up to the primary oocytes stage were present and at 120 dph, 

vitellogenic oocytes were present. The germ cells (spermatogonia) of the developing testes only 

entered meiosis around 90–120 dph. Mature testes with spermatozoa are present around 150 dph. 

Since the posterior chamber inflates around 6 days post fertilization (1 dph) in fathead minnows, sex 

differences are expected to play a minor role in this KER. 
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Key Event Relationship Description 

Reduced T3 levels prohibit local TH action in the target tissues. The site of decreased T3 in this case 

is the swim bladder. Since swim bladder development and/or inflation is regulated by thyroid hormones, 

this results in impaired posterior chamber inflation. 

 

Evidence Supporting this KER 

There is convincing evidence that decreased T3 levels result in impaired posterior chamber inflation, 

but the underlying mechanisms are not completely understood. The quantitative understanding is 

currently very limited because T3 levels and posterior inflation are seldom measured in the same study. 

Therefore the evidence supporting this KER can be considered moderate. 

 

Biological Plausibility 

Thyroid hormones are known to be involved in development, especially in metamorphosis in 

amphibians and in embryonic-to-larval transition (Liu and Chan, 2002) and larval-to-juvenile transition 

(Brown et al., 1997) in fish. Inflation of the posterior chamber is part of the embryonic-to-larval transition 

in fish, together with structural and functional maturation of the mouth and gastrointestinal tract, and 

resorption of the yolk sac (Liu and Chan, 2002). Marelli et al. (2016) showed that thyroid hormone 

receptor alpha and beta are both expressed in swim bladder tissue of zebrafish at 5 days post 

fertilization, corresponding to the timing of posterior inflation. This time point has additionally been 

shown to coincide with increased T3 and T4 levels (Chang et al., 2012), suggesting that posterior 

inflation is under thyroid hormone regulation. 

 

Empirical Evidence 

 

• Maternal injection of T3, resulting in increased T3 concentrations in the eggs of striped bass 

(Morone saxatilis) lead to significant increases in both swim bladder inflation and survival 

(Brown et al., 1988). 

• Dong et al. (2013) and Thisse et al. (2003) showed localized expression of DIO1 and DIO2 in 

the swim bladder tissue of 96 and 120 hpf zebrafish larvae, suggesting that local activation of 

thryoid hormones (i.e. conversion of T4 to T3) is requried in swim bladder tissue around that 

time period. 

• Marelli et al. (2016) used morpholinos to block translation of thryoid hormone receptor alpha or 

beta in zebrafish. They found that thyroid hormone receptor alpha and beta knockdowns failed 

to inflate the posterior chamber of the swim bladder by 120 hpf, indicating that the action of T3 

is needed for proper inflation of the posterior chamber. High T3 doses partially rescued the 

negative impact in partially resistant mutants, further confirming the importance of T3 in this 

process. 

• Stinckens et al. (2018) showed that effects on posterior chamber inflation in zebrafish could be 

predicted based on in chemico DIO2 inhibition potential with only few false positives and false 

negatives. While T3 levels were not determined in this study, DIO2 inhibition is expected to 

result in decreased T3 levels. 

• Bagci et al. (2015) and Heijlen et al. (2013, 2014) reported that knockdown of DIO1+2 in 

zebrafish resulted in impairment of the inflation of the posterior chamber of the swim bladder. 
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DIO1 and 2 knockdown is expected to result in reduced T3 levels. Indeed, Walpita et al. (2009, 

2010) showed that T3 supplementation effectively rescued the effects of DIO1 and 2 

knockdown, while T4 supplementation did not. 

• de Vrieze et al. (2014) found that knockdown of monocarboxylate transporter 8 (mct8) in 

zebrafish resulted in a dose- dependent impairment of posterior chamber inflation. Since this 

transporter is known to transport thyroid hormones across cell membranes, this supports the 

importance of thyroid hormones in regulating posterior chamber inflation. 

• Shi et al. (2019) found that exposure of adult zebrafish to 6:2 chlorinated polyfluorinated ether 

sulfonate (F-53B), an alternative to perfluorooctanesulfonate (PFOS), decreased T3 levels in 

both male and female zebrafish. Additionally, F-53B was maternally transferred to the offspring. 

Decreased T3 levels together with impaired posterior chamber inflation was observed in the F1 

offspring. Although the assumed site of T3 decrease is in the swim bladder tissue itself, most 

fish early life stage studies only quantify whole-body T3 levels which does not allow for making 

the distinction between systemic and local T3 levels. 

• Wang et al. (2020) observed a decrease of whole-body T3 as well as impaired posterior 

chamber inflation in zebrafish exposed to perfluorooctanoic acid and perfluoropolyether 

carboxylic acids from fertilization until the age of 5 days. 

• Exogenous T3 or T4 supplementation partly rescued PFECA-induced posterior swim bladder 

malformation, confirming the causal relationship between reduced T3 levels and reduced 

posterior chamber inflation. 

• Molla et al. (2019) showed that T3 supplementation increased posterior chamber diameter in 

zebrafish larvae. This confirms that T3 plays an important role in posterior swim bladder 

inflation. 

 

Uncertainties and Inconsistencies 

The mechanism through which altered TH levels result in impaired posterior chamber inflation still 

needs to be elucidated. It is currently unclear which aspect of swim bladder development and inflation 

is affected by TH disruption. Based on the developmental stages of the posterior chamber, several 

hypotheses could explain effects on posterior chamber inflation due to disrupted TH levels. A first 

hypothesis includes effects on the budding of the posterior chamber inflation. Secondly, the effect on 

posterior chamber inflation could also be caused by disturbing the formation and growth of the three 

tissue layers of this organ. It has been reported that the Hedgehog signalling pathway plays an essential 

role in swim bladder development and is required for growth and differentiation of cells of the swim 

bladder. The Wnt/β-catenin signalling pathway is required for the organization and growth of all three 

tissue layers (Yin et al., 2011, 2012, Winata 2009, Kress et al., 2009). Both signalling pathways have 

been related to THs in amphibian and rodent species (Kress et al., 2009; Plateroti et al., 2006; Stolow 

and Shi, 1995). Molla et al. (2019) showed that insulin-like growth factor (IGF‐1) plays a role in swim 

bladder inflation/maturation in zebrafish. Reinwald et al. (2021) showed that T3 and propylthiouracil 

treatment of zebrafish embryos altered expression of genes involved in muscle contraction and 

functioning in an opposing fashion. The authors suggested impaired muscle function as an additional 

key event between decreased T3 levels and reduced swim bladder inflation. Several other hypotheses 

include effects on the successful initial inflation of the posterior chamber, effects on lactic acid 

production that is required for the maintenance of the swim bladder volume, or effects on the production 

of surfactant that is crucial to maintain the surface tension necessary for swim bladder inflation. 

Another uncertainty lies in the systemic versus local changes in T3 levels and the relative importance 

of the different T4 activating iodothyronine deiodinases (DIO1, DIO2) in regulating swim bladder 

inflation. Stinckens et al. (2018) showed that exposure of zebrafish embryos to seven strong DIO1 
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inhibitors (measured using in chemico enzyme inhibition assays), six out of seven compounds impaired 

posterior chamber inflation, but almost all of these compounds also inhibit DIO2. Tetrachlorobisphenol 

A (TCBPA), the only compound that inhibits DIO1 and not DIO2, had no effect on the posterior swim 

bladder. Exposure to strong DIO2 inhibitors on the other hand affected posterior chamber inflation 

and/or surface area in all cases. These results suggest that DIO2 enzymes may play a more important 

role in swim bladder inflation compared to DIO1 enzymes. In the ToxCast DIO2 inhibition single 

concentration assay, 304 out of 1820 chemicals were positive and 177 of these were also positive for 

DIO1 inhibition (viewed on 5/7/2022). This complicates the distinction between the relative contribution 

of DIO1 and DIO2 inhibition to reduced swim bladder inflation. It has been previously suggested that 

DIO2 is the major contributor to TH activation in developing zebrafish embryos (Darras et al., 2015; 

Walpita et al., 2010). It has been shown that a morpholino knockdown targeting DIO1 mRNA alone did 

not affect embryonic development in zebrafish, while knockdown of DIO2 delayed progression of otic 

vesicle length, head-trunk angle and pigmentation index (Houbrechts et al., 2016; Walpita et al., 2010, 

2009). DIO1 inhibition may only become essential in hypothyroidal circumstances, for example when 

DIO2 is inhibited or in case of iodine deficiency, in zebrafish (Walpita et al., 2010) and mice (Galton et 

al., 2009; Schneider et al., 2006). 

As reported by Bagci et al. (2015) and Heijlen et al. (2014), posterior chamber inflation was impaired in 

DIO3 knockdown zebrafish. Heijlen et al. (2014) additionally reported histologically abnormal tissue 

layers in the swim bladder of DIO3 knockdown zebrafish. DIO3 is a thyroid hormone inactivating 

enzyme, which would result in higher levels of T3. Wei et al. (2018) showed that exposure to bisphenol 

S in adult zebrafish decreased T4 levels and increased T3 levels, and these changes in thyroid hormone 

levels were transferred to the offspring, in which impaired swim bladder inflation was observed. This 

indicates that not only too low, but also too high T3 levels, impact posterior chamber inflation. The 

underlying mechanism is currently unknown. 

In the study of Cavallin et al. (2017) fathead minnow embryos were exposed to IOP, a model 

iodothyronine deiodinase inhibitor that is assumed to inhibit all three deiodinase enzymes (DIO1,2,3). 

The authors observed increased whole-body T3 concentrations in 4 and 6 day old embryos, together 

with impaired posterior chamber inflation. Transcript levels of DIO1, 2 and 3 remained unaltered and 

thus offered no proof of a compensatory mechanism that could explain these results. 

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, 

posterior swim bladder chamber inflation, which occurs early during development, appears to be less 

sensitive to inhibition of TH synthesis than to inhibition of the conversion of T4 to T3 (Stinckens et al., 

2016, 2018; Nelson et al., 2016). There have however been a few reports of reduced posterior inflation 

upon inhibition of TH synthesis (Liu and Chan, 2002). It must however be noted that these observations 

could reflect delayed inflation due to a general delay in development rather than a direct effect on the 

swim bladder. Longer observations would have to clarify this. 
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Relationship: 1028: Reduced, Posterior swim bladder inflation leads to 

Reduced, Swimming performance 

 
AOPs Referencing Relationship 

 

AOP Name Adjacency Weight 

of 

Evidence 

Quantitative 
Understanding 

Deiodinase 2 inhibition leading to increased 

mortality via reduced posterior swim bladder 

inflation 

adjacent Moderate Low 

Deiodinase 1 inhibition leading to increased 

mortality via reduced posterior swim bladder 

inflation 

adjacent Moderate Low 

 

Evidence Supporting Applicability of this Relationship 

 
Taxonomic Applicability 
 

Term Scientific Term Evidence Links 

zebrafish Danio rerio High NCBI  

fathead minnow Pimephales promelas Moderate NCBI  

bluefin tuna Thunnus thynnus Moderate NCBI  

Dicentrarchus labrax Dicentrarchus labrax Moderate NCBI  

Perca flavescens Perca flavescens Moderate NCBI  

Salmo salar Salmo salar Moderate NCBI  

 

Life Stage Applicability  

Life Stage Evidence 

Embryo High 

 

Sex Applicability 

Sex Evidence 

Unspecific Moderate 

 

Taxonomic: Importance of proper functioning of the swim bladder for supporting natural swimming 

behaviour can be plausibly assumed to be generally applicable to fish possessing a posterior chamber. 

Evidence exists for a wide variety of freshwater and marine fish species. 

 

https://aopwiki.org/aops/155
https://aopwiki.org/aops/155
https://aopwiki.org/aops/155
https://aopwiki.org/aops/157
https://aopwiki.org/aops/157
https://aopwiki.org/aops/157
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=8237
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=13489
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=8167
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=8030
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Life stage: This KER is only applicable to early embryonic development, which is the period where the 

posterior swim bladder chamber inflates. To what extent fish can survive and swim with partly inflated 

swim bladders during later life stages is unknown. 

 

Sex: This KE/KER is plausibly applicable to both sexes. Sex differences are not often investigated in 

tests using early life stages of fish. In Medaka, sex can be morphologically distinguished as soon as 10 

days post fertilization. Females appear more susceptible to thyroid‐induced swim bladder dysfunction 

compared with males (Godfrey et al., 2019). In zebrafish and fathead minnow, it is currently unclear 

whether sex-related differences are important in determining the magnitude of the changes in this 

KE/KER. 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. Since the posterior chamber inflates around 5 days post 

fertilization in zebrafish, when sex differentiation has not started yet, sex differences are expected to 

play a minor role. Fathead minnow gonad differentiation also occurs during larval development. Fathead 

minnows utilize a XY sex determination strategy and markers can be used to genotype sex in life stages 

where the sex is not yet clearly defined morphologically (Olmstead et al., 2011). Ovarian differentiation 

starts at 10 dph followed by rapid development (Van Aerle et al., 2004). At 25 dph germ cells of all 

stages up to the primary oocytes stage were present and at 120 dph, vitellogenic oocytes were present. 

The germ cells (spermatogonia) of the developing testes only entered meiosis around 90–120 dph. 

Mature testes with spermatozoa are present around 150 dph. Since the posterior chamber inflates 

around 6 days post fertilization (1 dph) in fathead minnows, sex differences are expected to play a 

minor role in the current AOP. 

 

Key Event Relationship Description 

Effects on swim bladder inflation can alter swimming performance and buoyancy of fish, which is 

essential for predator avoidance, energy sparing, migration, reproduction and feeding behaviour, 

resulting in increased mortality. 

 

Evidence Supporting this KER 

The weight of evidence supporting a direct linkage between these two KEs, i.e. reduced posterior swim 

bladder inflation and reduced swimming performance, is moderate. 

 

Biological Plausibility 

The posterior chamber of the swim bladder has a function in regulating the buoyancy of fish (Roberston 

et al., 2007). Fish rely on the lipid and gas content in their body to regulate their position within the 

water column, with the latter being more efficient at increasing body buoyancy. Therefore, fish with 

functional swim bladders have no problem supporting their body (Brix 2002), while it is highly likely that 

impaired inflation severely impacts swimming performance, as has been suggested previously (Bagci 

et al., 2015; Hagenaars et al., 2014). Fish without a functional swim bladder are severely 

disadvantaged, making the likelihood of surviving smaller. Stoyek et al. (2011) showed that the posterior 
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chamber volume is maintained at a stable level at varying pressures corresponding to varying depths 

through gas exchange with the anterior chamber. 

 

Empirical Evidence 

Buoyancy is one of the primary mechanisms of fish to regulate behaviour, swimming performance and 

energy expenditure. There is extensive evidence of a link between reduced posterior chamber inflation 

and reduced swimming performance: 

• Stewart and Gee (1981) showed that fathead minnows swimming from still water to a current 

resorbed gas to fill the swim bladder and tailor buoyancy precisely to the level were swimming 

is most efficient. 

• Lindsey et al., 2010 reported that zebrafish larvae that fail to inflate their swim bladder use 

additional energy to maintain buoyancy (Lindsey et al., 2010, Goodsell et al., 1996), possibly 

contributing to reduced swimming activity. Furthermore, they reported that the range of 

swimming depth varies with stages of swim bladder development. 

• Czesny et al., 2005 reported that yellow perch larvae without inflated swim bladders capture 

free-swimming prey poorly and expend more energy on feeding and maintaining their position 

within the water column, due to impacted swimming behaviour. Kurata et al., 2014 observed 

that Bluefin tuna larvae present at the bottom of a tank, incapable of swimming upwards, had 

significantly lower swim bladder inflation. 

• Chatain (1994) associated sea bass larvae with non-inflated swim bladders with numerous 

complications, such as spinal deformities and lordosis and reduced growth rates, adding to the 

impact on swimming behaviour. 

• An increasing incidence of swim bladder non-inflation has also been reported in Atlantic 

salmon. Affected fish had severely altered balance and buoyancy, observed through a specific 

swimming behaviour, as the affected fish were swimming upside down in an almost vertical 

position (Poppe et al., 1977). 

• Permanent DIO 2 deficiency in zebrafish was shown to result in reduced posterior chamber 

inflation and disturbed locomotor activity (Houbrechts et al., 2016). 

• Michiels et al. (2017) showed that both for controls and zebrafish embryos exposed to an 

environmental sample, the swimming distance was significantly lower in larvae that failed to 

inflate the posterior chamber compared to larvae from the same treatment that had inflated 

posterior chambers. 

• Exposure of zebrafish embryos to thyroid disrupting compounds resulted in an effect on 

posterior chamber inflation as well as on the swimming distance in the larval stage (Stinckens 

et al., unpublished). 

• All zebrafish larvae that failed to inflate the posterior chamber after exposure to 2 mg/L iopanoic 

acid (IOP), died by the age of 9 dpf (Stinckens et al., 2020). Since larvae from the same group 

that were able to inflate the posterior chamber survived, it is plausible to assume that uninflated 

posterior chambers limited the ability to swim and find food. 

• Hagenaars et al. (2014) showed that zebrafish embryos exposed to 4.28 mg/L PFOS had lower 

swimming speeds when the posterior chamber was not inflated. It should be noted that almost 

all larvae with a non-inflated swimbladder had a spinal curvature and it could therefore not 

statistically be determined whether the reduced swimming speed was due to a spinal curvature, 

a non-inflated swim bladder or the interaction of both. 
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• Knockdown of deiodinase 3 (expected to lead to hyperthyroidism) in zebrafish was shown to 

result in both impaired inflation of the posterior chamber and reduced swimming activity and 

escape response (Heijlen et al., 2014; Bagci et al., 2015). 

• Massei et al. (in preparation) showed that impaired swim bladder inflation and reduced 

swimming activity of 5 day old zebrafish larvae were correlated after exposure to narcotics. 

 

Uncertainties and Inconsistencies 

Robertson et al., (2007) reported that the swim bladder only becomes functional as a buoyancy 

regulator when it is fully developed into a double-chambered swim bladder. This implies that effects on 

posterior chamber inflation would not directly result in effects on swimming capacity. However, it was 

also reported that gas in the swim bladder increases the buoyancy of zebrafish larvae already just after 

initial inflation, while it would be actively controlled only after 28–30 d post hatch. Therefore, an effect 

on swimming capacity is still likely. 

Exposure of zebrafish embryos to 6-propylthiouracil (PTU) resulted in an effect on posterior chamber 

inflation, but did not result in a direct effect on the swimming distance in the larval stage (Stinckens et 

al., unpublished). Vergauwen et al. (2015) reported decreased swimming activity as well as impaired 

posterior chamber inflation after exposure to phenanthrene, a non-polar narcotic, but there was no 

significant difference between swimming activity of larvae with our without inflated posterior chamber 

within the same treatment. Possibly, the impact of baseline toxicity on respiration and energy 

metabolism was more important in decreasing swimming activity compared to impaired inflation of the 

posterior chamber. 

It has been difficult to unambiguously attribute reduced swimming activity to impaired inflation of the 

posterior chamber, since swimming activity can be altered via different modes of action including altered 

energy metabolism, altered brain development and thus swimming behaviour. For example, the 

swimming activity of zebrafish larvae was reduced after 5 days of exposure to 2- 

mercaptobenzothiazole (MBT), while they had inflated posterior chambers. 

 

Quantitative Understanding of the Linkage 

The quantitative understanding of the linkage between impaired posterior chamber inflation and effect 

on swimming behaviour is limited. 

 

Response-response relationship 

Relations between reduced swim bladder inflation and reduced swimming performance are currently 

based on a binary observation of swim bladder inflation. Several studies have shown that larvae with 

inflated swim bladders have higher swiming activity compared to larvae that failed to inflate the swim 

bladder. No direct relationship between swim bladder surface (quantitative measure of swim bladder 

inflation) and swimming performance has been reported yet. 
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Time-scale 

The data of Michiels et al. (2017) and Stinckens et al. (unpublished) on swim bladder inflation and 

swimming activity have been collected on the same day. The process of posterior chamber inflation 

normally occurs during a specific developmental time frame, resulting in limited flexibility to explore 

temporal concordance. Based on the biologically plausible direct importance of swim bladder 

functionality to swimming performance, no lag is expected. 
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Relationship: 2212: Reduced, Swimming performance leads to Increased 

Mortality 

AOPs Referencing Relationship 

 

AOP Name Adjacency Weight of 
evidence 

Quantitative 
Understanding 

Deiodinase 2 inhibition leading to 
increased mortality via reduced 
posterior swim bladder inflation 

adjacent Moderate Low 

Deiodinase 2 inhibition leading to 
increased mortality via reduced anterior 
swim bladder inflation 

adjacent Moderate Low 

Deiodinase 1 inhibition leading to 
increased mortality via reduced 
posterior swim bladder inflation 

adjacent Moderate Low 

Deiodinase 1 inhibition leading to 
increased mortality via reduced anterior 
swim bladder inflation 

adjacent Moderate Low 

Thyroperoxidase inhibition leading to 
increased mortality via reduced anterior 
swim bladder inflation 

adjacent Moderate Low 

 

Evidence Supporting Applicability of this Relationship 

Taxonomic Applicability 

Term Scientific Term Evidence Link 

zebrafish Danio rerio Moderate NCBI  

fathead minnow Pimephales promelas Moderate NCBI  

 

Life Stage Applicability  

Life Stage Evidence 

Adult Moderate 

Juvenile Moderate 

Larvae Moderate 

 

Sex Applicability 

Sex Evidence 

Unspecific Moderate 

 

https://aopwiki.org/aops/155
https://aopwiki.org/aops/155
https://aopwiki.org/aops/155
https://aopwiki.org/aops/156
https://aopwiki.org/aops/156
https://aopwiki.org/aops/156
https://aopwiki.org/aops/157
https://aopwiki.org/aops/157
https://aopwiki.org/aops/157
https://aopwiki.org/aops/158
https://aopwiki.org/aops/158
https://aopwiki.org/aops/158
https://aopwiki.org/aops/159
https://aopwiki.org/aops/159
https://aopwiki.org/aops/159
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
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Importance of swimming performance on survival is generally applicable to all hatched fish across life 

stages and sexes and to other taxa that rely on swimming to support vital behaviours. 

 

Key Event Relationship Description 

Reduced swimming performance is likely to affect essential endpoints such as predator avoidance, 

feeding behaviour and reproduction in taxa that rely on swimming to support these vital behaviours. 

These parameters are biologicaly plausible to affect survival, especially in a non-laboratory environment 

where food is scarce and predators are abundant. 

 

Evidence Supporting this KER 

A direct relationship between reduced swimming performance and reduced survival is difficult to 

establish. There is however a lot of indirect evidence linking reduced swim bladder inflation to reduced 

survival (https://aopwiki.org/relationships/2213), which can be plausibly assumed to be related to 

reduced swimming performance. 

For example, all zebrafish larvae that failed to inflate the posterior chamber after exposure to 2 mg/L 

iopanoic acid (IOP), died by the age of 9 dpf (Stinckens et al., 2020). Since larvae from the same group 

that were able to inflate the posterior chamber survived and the test was performed in the laboratory in 

optimal conditions, it is plausible to assume that the cause of death was the inability to swim and find 

food due to the failure to inflate the posterior swim bladder chamber. 

 

Biological Plausibility 

Reduced swimming performance is likely to affect essential endpoints such as predator avoidance, 

feeding behaviour and reproduction. These parameters are biologicaly plausible to affect survival, 

especially in a non-laboratory environment where food is scarce and predators are abundant. 

 

Empirical Evidence 

A direct relationship between reduced swimming performance and reduced survival is difficult to 

establish. There is however a lot of indirect evidence linking reduced swim bladder inflation to reduced 

survival (see non-adjacent KER 1041), which can be plausibly assumed to be related to reduced 

swimming performance. 

For example, all zebrafish larvae that failed to inflate the posterior chamber after exposure to 2 mg/L 

iopanoic acid (IOP), died by the age of 9 dpf (Stinckens et al., 2020). Since larvae from the same group 

that were able to inflate the posterior chamber survived and the test was performed in the laboratory in 

optimal conditions, it is plausible to assume that the cause of death was the inability to swim and find 

food due to the failure to inflate the posterior swim bladder chamber. 

 

Uncertainties and Inconsistencies 

A direct relationship between reduced swimming performance and reduced survival is difficult to 

establish in a laboratory environment where food is abundant and there are no predators. 

 

https://aopwiki.org/relationships/1041
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Quantitative Understanding of the Linkage 

Quantitative understanding of this linkage is currently limited. 

 

Time-scale 

Reduced swimming performance is not expected to immediately lead to mortality. Depending on the 

extent of the reduction in swimming performance and depending on the cause of death (e.g., starvation 

due to the inability to find food, being caught by a predator) the lag time may vary. 

As an example, Stinckens et al. (2020) found that zebrafish larvae that failed to inflate the swim bladder 

at 5 dpf and did not manage to inflate it during the days afterwards died by the age of 9 dpf. Since 

zebrafish initiate exogenous feeding around 5 dpf when the yolk is almost completely depleted, there 

was a lag period of around 4 days after which reduced feeding resulted in mortality. Obviously, in a 

laboratory setup there is no increased risk of being caught by a predator. 

 

References 

Stinckens, E., Vergauwen, L., Blackwell, B.R., Anldey, G.T., Villeneuve, D.L., Knapen, D., 2020. Effect 

of Thyroperoxidase and Deiodinase Inhibition on Anterior Swim Bladder Inflation in the Zebrafish. 

Environmental Science & Technology 54, 6213-6223. 
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Relationship: 2013: Increased Mortality leads to Decrease, Population growth 

rate 

 

AOPs Referencing Relationship 

 

AOP Name Adjacency Weight of 
evidence 

Quantitative 
Understanding 

Acetylcholinesterase Inhibition leading 
to Acute Mortality via Impaired 
Coordination & Movement 

adjacent   

Acetylcholinesterase inhibition leading 
to acute mortality 

adjacent Moderate Moderate 

Deiodinase 2 inhibition leading to 
increased mortality via reduced 
posterior swim bladder inflation 

adjacent Moderate Moderate 

Deiodinase 2 inhibition leading to 
increased mortality via reduced anterior 
swim bladder inflation 

adjacent Moderate Moderate 

Deiodinase 1 inhibition leading to 
increased mortality via reduced 
posterior swim bladder inflation 

adjacent Moderate Moderate 

Deiodinase 1 inhibition leading to 
increased mortality via reduced anterior 
swim bladder inflation 

adjacent Moderate Moderate 

Thyroperoxidase inhibition leading to 
increased mortality via reduced anterior 
swim bladder inflation 

adjacent Moderate Moderate 

Thyroperoxidase inhibition leading to 
altered visual function via altered retinal 
layer structure 

adjacent Moderate Moderate 

Thyroperoxidase inhibition leading to 
altered visual function via decreased 
eye size 

adjacent   

Thyroperoxidase inhibition leading to 
altered visual function via altered 
photoreceptor patterning 

adjacent   

Inhibition of Fyna leading to increased 
mortality via decreased eye size 
(Microphthalmos) 

adjacent High High 

GSK3beta inactivation leading to 
increased mortality via defects in 
developing inner ear 

adjacent High High 

 
  

https://aopwiki.org/aops/312
https://aopwiki.org/aops/312
https://aopwiki.org/aops/312
https://aopwiki.org/aops/16
https://aopwiki.org/aops/16
https://aopwiki.org/aops/155
https://aopwiki.org/aops/155
https://aopwiki.org/aops/155
https://aopwiki.org/aops/156
https://aopwiki.org/aops/156
https://aopwiki.org/aops/156
https://aopwiki.org/aops/157
https://aopwiki.org/aops/157
https://aopwiki.org/aops/157
https://aopwiki.org/aops/158
https://aopwiki.org/aops/158
https://aopwiki.org/aops/158
https://aopwiki.org/aops/159
https://aopwiki.org/aops/159
https://aopwiki.org/aops/159
https://aopwiki.org/aops/363
https://aopwiki.org/aops/363
https://aopwiki.org/aops/363
https://aopwiki.org/aops/364
https://aopwiki.org/aops/364
https://aopwiki.org/aops/364
https://aopwiki.org/aops/365
https://aopwiki.org/aops/365
https://aopwiki.org/aops/365
https://aopwiki.org/aops/399
https://aopwiki.org/aops/399
https://aopwiki.org/aops/399
https://aopwiki.org/aops/410
https://aopwiki.org/aops/410
https://aopwiki.org/aops/410


  71 

  
For Official Use 

 Evidence Supporting Applicability of this Relationship 

Taxonomic Applicability 

 
Term Scientific Term Evidence Links 

zebrafish Danio rerio High NCBI 

fathead 

minnow 

Pimephales 

promelas 

High NCBI 

 

Life Stage Applicability  

Life Stage Evidence 

All life stages High 

 

Sex Applicability 

Sex Evidence 

Unspecific Moderate 

 

Taxonomic: All organisms must survive to reproductive age in order to reproduce and sustain 

populations. The additional considerations related to survival made above are applicable to other fish 

species in addition to zebrafish and fathead minnows with the same reproductive strategy (r-strategist 

as described in the theory of MaxArthur and Wilson (1967). The impact of reduced survival on 

population size is even greater for k-strategists that invest more energy in a lower number of offspring. 

Life stage: Density dependent effects start to play a role in the larval stage of fish when free-feeding 

starts (Hazlerigg et al., 2014). 

Sex: This linkage is independent of sex. 

 

Key Event Relationship Description 

Increased mortality in the reproductive population may lead to a declining population. This depends on 

the excess mortality due to the applied stressor and the environmental parameters such as food 

availability and predation rate. Most fish species are r- strategist, meaning they produce a lot of offspring 

instead of investing in parental care. This results in natural high larval mortality causing only a small 

percentage of the larvae to survive to maturity. If the excess larval mortality due to a stressor is small, 

the population dynamics might result in constant population size. Should the larval excess be more 

significant, or last on the long-term, this will affect the population. To calculate the long-term persistence 

of the population, population dynamic models should be used. 

 

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
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Evidence Supporting this KER 

Survival rate is an obvious determinant of population size and is therefore included in population 

modeling (e.g., Miller et al., 2020). 

 

Biological Plausibility 

Survival to reproductive maturity is a parameter of demographic significance. Assuming resource 

availability (i.e., food, habitat, etc.) is not limiting to the extant population, sufficient mortality in the 

reproductive population may ultimately lead to declining population trajectories. 

Under some conditions, reduced larval survival may be compensated by reduced predation and 

increased food availability, and therefore not result in population decline (Stige et al., 2019). 

 

Empirical Evidence 

According to empirical data, combined with population dynamic models, feeding larvae are the crucial 

life stage in zebrafish (and other r-strategists) for the regulation of the population. (Schäfers et al., 1993) 

In fathead minnow, natural survival of early life stages has been found to be highly variable and 

influential on population growth (Miller and Ankley, 2004) 

Rearick et al. (2018) used linked data from behavioural assays to survival trials and applied a modelling 

approach to quantify changes in antipredator escape performance of larval fathead minnows in order 

to predict changes in population abundance. This work was done in the context of exposure to an 

environmental oestrogen. Expsoed fish had delayed response times and slower escape speeds, and 

were more susceptible to predation. Population modelling showed that his can result in population 

decline. 

In the context of fishing and fisheries, ample evidence of a link between increased mortality and a 

decrerase of population size has been given. Important insights can result from the investigation of 

optimum modes of fishing that allow for maintaining a population (Alekseeva and Rudenko, 2018). 

Jacobsen and Essington (2018) showed the impact of varying predation mortality on forage fish 

populations. 

Boreman (1997) reviewed methods for comparing the population-level effects of mortality in fish 

populations induced by pollution or fishing. 

 

Uncertainties and Inconsistencies 

The extent to which larval mortality affects population size could depend on the fraction of surplus 

mortality compared to a natural situation. 

There are scenarios in which individual mortality may not lead to declining population size. These 

include instances where populations are limited by the availability of habitat and food resources, which 

can be replenished through immigration. Effects of mortality in the larvae can be compensated by 

reduced competition for resources (Stige et al., 2019). 

The direct impact of pesticides on migration behavior can be difficult to track in the field, and 

documentation of mortality during migration is likely underestimated (Eng 2017).  
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List of Non Adjacent Key Event Relationships 

Relationship: 1044: Inhibition, Deiodinase 1 leads to Reduced, Posterior swim 

bladder inflation 

 

AOPs Referencing Relationship 

 

AOP Name Adjacency Weight of 
evidence 

Quantitative 
Understanding 

Deiodinase 1 inhibition leading to 

increased mortality via reduced 

posterior swim bladder inflation 

Non-
adjacent 

Moderate Low 

 

Evidence Supporting Applicability of this Relationship 

Taxonomic Applicability 

 

Term Scientific Term Evidence Link 

zebrafish Danio rerio High NCBI  

fathead minnow Pimephales promelas High NCBI  

 

Life Stage Applicability  

Life Stage Evidence 

Embryo High 

 

Sex Applicability 

Sex Evidence 

Unspecific Moderate 

 

Taxonomic: Teleost fish can be divided in two groups according to swim bladder morphology: 

physoclistous (e.g., yellow perch, sea bass, striped bass) and physostomous (e.g., zebrafish and 

fathead minnow). Physostomous fish retain a duct between the digestive tract and the swim bladder 

during adulthood allowing them to gulp air at the surface to fill the swim bladder. In contrast, in 

physoclistous fish, once initial inflation by gulping atmospheric air at the water surface has occurred, 

the swim bladder is closed off from the digestive tract and swim bladder volume is regulated by gas 

secretion into the swim bladder (Woolley and Qin, 2010). 

Much of the evidence for impaired posterior chamber of the swim bladder currently comes from work 

on zebrafish and fathead minnow (Stinckens et al., 2018; Cavallin et al., 2017; Wang et al., 2020), but 

this KE is plausibly applicable across fish species with swim bladders, both physostomous and 

physoclistous. 

https://aopwiki.org/aops/157
https://aopwiki.org/aops/157
https://aopwiki.org/aops/157
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
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Sex: This KE/KER is plausibly applicable to both sexes. Sex differences are not often investigated in 

tests using early life stages of fish. In Medaka, sex can be morphologically distinguished as soon as 10 

days post fertilization. Females appear more susceptible to thyroid‐induced swim bladder dysfunction 

compared with males (Godfrey et al., 2019). In zebrafish and fathead minnow, it is currently unclear 

whether sex-related differences are important in determining the magnitude of the changes in this 

KE/KER. 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. Since the posterior chamber inflates around 5 days post 

fertilization in zebrafish, when sex differentiation has not started yet, sex differences are expected to 

play a minor role. Fathead minnow gonad differentiation also occurs during larval development. Fathead 

minnows utilize a XY sex determination strategy and markers can be used to genotype sex in life stages 

where the sex is not yet clearly defined morphologically (Olmstead et al., 2011). Ovarian differentiation 

starts at 10 dph followed by rapid development (Van Aerle et al., 2004). At 25 dph germ cells of all 

stages up to the primary oocytes stage were present and at 120 dph, vitellogenic oocytes were present. 

The germ cells (spermatogonia) of the developing testes only entered meiosis around 90–120 dph. 

Mature testes with spermatozoa are present around 150 dph. Since the posterior chamber inflates 

around 6 days post fertilization (1 dph) in fathead minnows, sex differences are expected to play a 

minor role in the current AOP. 

 

Life stage: This KER is only applicable to early embryonic development, which is the period where the 

posterior swim bladder chamber inflates. 

 

Key Event Relationship Description 

The two major thyroid hormones are thyroxine (T4) and the more biologically active triiodothyronine 
(T3), both iodinated derivatives of tyrosine. Active and inactive THs are tightly regulated by enzymes 
called iodothyronine deiodinases (DIO). The activation occurs via outer ring deiodination (ORD), i.e. 
removing iodine from the outer, phenolic ring of T4 to form T3, while inactivation occurs via inner ring 
deiodination (IRD), i.e. removing iodine from the inner tyrosol ring of T4 or T3. 
 
Three types of iodothyronine deiodinases (DIO1-3) have been described in vertebrates that activate or 
inactivate THs and are therefore important mediators of TH action. All deiodinases are integral 
membrane proteins of the thioredoxin superfamily that contain selenocysteine in their catalytic centre. 
Type I deiodinase is capable of converting T4 into T3, as well as to convert rT3 to the inactive thyroid 
hormone 3,3’ T2, through outer ring deiodination. rT3, rather than T4, is the preferred substrate for 
DIO1. furthermore, DIO1 has a very high Km (µM range, compared to nM range for DIO2) (Darras and 
Van Herck, 2012). Type II deiodinase (DIO2) is only capable of ORD activity with T4 as a preferred 
substrate (i.e., activation of T4 tot T3). DIO3 can inner ring deiodinate T4 and T3 to the inactive forms 
of THs, reverse T3, (rT3) and 3,3’-T2 respectively. (Darras and Van Herck, 2012) 
 
Since swim bladder development and/or inflation is regulated by thyroid hormones, decreased T3 levels 
are expected to result in impaired posterior chamber inflation. Because of the high Km and preference 
for rT3 as a substrate, the importance of DIO1 in activating T4 to T3 in a physiological situation is likely 
limited. The role of inhibition of DIO1 in decreasing T3 levels and impairing posterior chamber inflation 
may therefore be limited. 
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Evidence Supporting this KER 

There is convincing evidence that inhibition of DIO activity, either through specific knockdown or through 

chemical exposure, results in impaired posterior chamber inflation, but the underlying mechanisms are 

not completely understood, including the relative importance of DIO1 and DIO2. Based on current 

evidence, it seems that DIO2 is more important in regulating posterior chamber inflation. Due to the 

difficulty of measuring DIO activity in small fish embryos, quantitative linkages and temporal 

concordance have been difficult to establish. The quantitative understanding is currently based on a 

relationship between the classification of chemicals according to their in chemico DIO inhibitory 

potential (using a threshold and uncertainty zone) on the one hand, and occurence of in vivo effects on 

posterior chamber inflation on the other hand. Predictions based on this relationship have been proven 

highly successful. Therefore the evidence supporting this KER can be considered moderate. 

 

Biological Plausibility 

Inhibition of DIO 1 activity is widely accepted to reduce the conversion of T4 to the more biologically 

active T3. Thyroid hormones are known to be involved in development, especially in metamorphosis in 

amphibians and in embryonic-to-larval transition and larval-to-juvenile transition in fish. Inflation of the 

posterior swim bladder chamber is part of the embryonic-to-larval transition in fish, together with 

structural and functional maturation of the mouth and gastrointestinal tract, and resorption of the yolk 

sac. Together with empirical evidence, it is plausible to assume that posterior swim bladder inflation is 

under thyroid hormone regulation but scientific understanding is incomplete. It follows that disrupted 

conversion of T4 to T3 is likely to interfere with normal inflation of the posterior swim bladder chamber. 

 

Empirical Evidence 

Deiodinases are criticial for normal development. Several defects have already been reported in cases 

where the TH hormone balance is disturbed. Winata et al. (2009, 2010) reported reduced pigmentation, 

otic vesicle length and head-trunk angle in DIO1+2 and DIO2 knockdown fish. These effects were 

rescued after T3 supplementation, indicating the importance of T4 to T3 conversion by deiodinases. 

Substantial evidence for the link between deiodinase inhibition and impaired posterior chamber inflation 

is available: 

• Chang et al., (2012) established a base-line for TH levels during zebrafish development and observed 

peaks in whole-body T3 content at 5 dpf when the posterior chamber of the swim bladder 

inflates. 

• Bagci et al. (2015) and Heijlen et al. (2013, 2014) reported that knockdown of DIO1+2 in zebrafish 

resulted in impairment of the inflation of the posterior chamber of the swim bladder. 

• DIO1 and DIO2 mRNA has also been shown to be present in zebrafish swim bladder tissue at 96 

hpf using whole mount in situ hybridization (Heijlen et al., 2013; Dong et al., 2013), suggesting a 

tissue-specific role of T3 in the inflation process of the posterior chamber. 

• Exposure to propylthiouracil (PTU), a very potent DIO1 inhibitor, caused thyroid hypertrophy in X. leavis 

because of the inhibition of the peripheral conversion of T4 to T3 (Degitz et al., 2005), decreased 

serum T3 levels in the rat (Frumess and Larsen, 1975) and resulted in effects on posterior chamber 

inflation in zebrafish (Jomaa et al., 2014; Stinckens et al., 2018). After exposure of fathead minnows 

(Pimephales promelas) to the non-specific deiodinase inhibitor IOP from 1-6 dpf, Incidence and 

length of inflated posterior swim bladders were significantly reduced (Cavallin et al., 2017). 
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Uncertainties and Inconsistencies 

The mode of action through which reduced DIO1 inhibition results in impaired posterior chamber 

inflation still needs to be elucidated. 

Based on the developmental stages of the posterior chamber, several hypotheses could explain effects 

on posterior chamber inflation due to disrupted TH levels. A first hypothesis includes effects on the 

budding of the posterior chamber inflation. Secondly, the effect on posterior chamber inflation could 

also be caused by disturbing the formation and growth of the three tissue layers of this organ. It has 

been reported that the Hedgehog signalling pathwat plays an essential role in swim bladder 

development and is required for growth and differentiation of cells of the swim bladder. The Wnt/β-

catenin signalling pathway is required for the organization and growth of all three tissue layers (Yin et 

al., 2011, 2012, Winata 2009, Kress et al., 2009). Both signalling pathways have been related to THs 

in amphibian and rodent species (Kress et al., 2009; Plateroti et al., 2006; Stolow and Shi, 1995). 

Several other hypotheses include effects on the successful initial inflation of the posterior chamber, 

effects on lactic acid production that is required for the maintenance of the swim bladder volume, or 

effects on the production of surfactant that is crucial to maintain the surface tension necessary for swim 

bladder inflation. 

Another uncertainty lies in the relative importance of the different T4 actvating iodothyronine 

deiodinases (DIO1, DIO2) in regulating swim bladder inflation. Stinckens et al. (2018) showed that 

exposure of zebrafish embryos to seven strong DIO1 inhibitors (measured using in chemico enzyme 

inhibition assays), six out of seven compounds impaired posterior chamber inflation, but almost all of 

these compounds also inhibit DIO2. Tetrachlorobisphenol A (TCBPA), the only compound that inhibits 

DIO1 and not DIO2, had no effect on the posterior swim bladder.. Exposure to strong DIO2 inhibitors 

on the other hand affected posterior chamber inflation and/or surface area in all cases. These results 

suggest that DIO2 enzymes may play a more important role in swim bladder inflation compared to DIO1 

enzymes. In the ToxCast DIO2 inhibition single concentration assay, 304 out of 1820 chemicals were 

positive and 177 of these were also positive for DIO1 inhibition (viewed on 5/7/2022). This complicates 

the distinction between the relative contribution of DIO1 and DIO2 inhibition to reduced swim bladder 

inflation. It has been previously suggested that DIO2 is the major contributor to TH activation in 

developing zebrafish embryos (Darras et al., 2015; Walpita et al., 2010). It has been shown that a 

morpholino knockdown targeting DIO1 mRNA alone did not affect embryonic development in zebrafish, 

while knockdown of DIO2 delayed progression of otic vesicle length, head-trunk angle and pigmentation 

index (Houbrechts et al., 2016; Walpita et al., 2010, 2009). DIO1 inhibition may only become essential 

in hypothyroidal circumstances, for example when DIO2 is inhibited or in case of iodine deficiency, in 

zebrafish (Walpita et al., 2010) and mice (Galton et al., 2009; Schneider et al., 2006). 

Heijlen et al. (2015) reported histologically abnormal tissue layers in the swim bladder of DIO3 

knockdown zebrafish. As reported in Bagci et al. (2015) and Heijlen et al. (2014), posterior chamber 

inflation was impaired in DIO3 knockdown zebrafish. DIO3 is a thyroid hormone inactivating enzyme, 

which would result in higher levels of T3. This indicates that not only too low, but also too high T3 levels, 

impact posterior chamber inflation. The underlying mechanism is currently unknown. 
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Relationship: 2213: Reduced, Posterior swim bladder inflation leads to 

Increased Mortality 

 
AOPs Referencing Relationship 
 

AOP Name Adjacency Weight of 
evidence 

Quantitative 
Understanding 

Deiodinase 2 inhibition leading to 
increased mortality via reduced posterior 
swim bladder inflation 

Non-
adjacent 

High Low 

Deiodinase 1 inhibition leading to 
increased mortality via reduced posterior 
swim bladder inflation 

Non-
adjacent 

High Low 

 

Evidence Supporting Applicability of this Relationship 

 

Taxonomic Applicability 

Term Scientific Term Evidence Link 

zebrafish Danio rerio High NCBI  

fathead minnow Pimephales promelas Moderate NCBI  

 

Life Stage Applicability  

Life Stage Evidence 

Embryo High 

Larvae High 

 

Sex Applicability 

Sex Evidence 

Unspecific Moderate 

 

Taxonomic: The literature provides strong support for the relevance of this KER for physoclistous fish 

(e.g., yellow perch, Japanese Medaka) whose inflation occurs at a critical time in development when 

the fish must gulp air to inflate its swim bladder before the pneumatic duct closes. The relevance to 

physostomes (such as zebrafish and fathead minnows) that maintain an open pneumatic duct into 

adulthood is less apparent. The latter likely have greater potential to inflate the swim bladder at some 

point in development, even if early larval inflation is impaired. However, it is plausible that structural 

damage that prevented inflation of the organ in a phystostome would be expected to cause similar 

effects. 

 

https://aopwiki.org/aops/155
https://aopwiki.org/aops/155
https://aopwiki.org/aops/155
https://aopwiki.org/aops/157
https://aopwiki.org/aops/157
https://aopwiki.org/aops/157
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
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Life stage: This KER is applicable to early embry-larval development, which is the period where the 

posterior swim bladder chamber inflates and larvae start to freely feed. To what extent fish can survive 

with partly inflated swim bladders during later life stages is unknown. 

 

Sex: This KER is probably not sex-dependent since both females and males rely on the posterior swim 

bladder chamber to regulate buyoancy. Furthermore, 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. Since the posterior chamber inflates around 5 days post fertilization, when sex 

differentiation has not started yet, sex differences are expected to play a minor role. 

 

Key Event Relationship Description 

Because of its roles in energy sparing and swimming performance, it is expected that failure to inflate 

the swim bladder would create increased oxygen and energy demands leading to decreased growth, 

which in turn leads to decreased probability of survival. 

 

Evidence Supporting this KER 

There is strong evidence for a link between reduced posterior chamber inflation and increased mortality 

across different fish species. 

 

Biological Plausibility 

The posterior chamber of the swim bladder has a function in regulating the buoyancy of fish (Roberston 

et al., 2007). Fish rely on the lipid and gas content in their body to regulate their position within the 

water column. Efficient regulation of buoyancy is energy sparing and allows for fish to expend less 

energy in maintaining and changing positions in the water column. Because of its roles in energy 

sparing and swimming performance, it is expected that failure to inflate the swim bladder would create 

increased oxygen and energy demands leading to decreased growth, which in turn leads to decreased 

probability of survival. In particular, these impacts would be expected in non-laboratory environments 

where fish must expend energy to capture food and avoid predators and where available food is limited. 

Additionally, fish without a functional swim bladder are severely disadvantaged in terms of foraging and 

avoiding predators, making the likelihood of surviving smaller. 

 

Empirical Evidence 

 

• Czesny et al. (2005) demonstrated that swim bladder non-inflation was associated with multiple 

phenotypic and behavioral outcomes that would be expected to adversely impact survival. 

o Yellow perch with non-inflated swim bladders grew more slowly than those with inflated 

swim bladders, both in the laboratory and in the field. 

o Yellow perch with non-inflated swim bladders always captured prey less efficiently than 

those with inflated swim bladders of the same size class. 

o Yellow perch with non-inflated swim bladders suffered from increased predation risk. 

o Yellow perch with non-inflated swim bladders experienced significantly increased mortality 
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and lower time to mortality in a foodless environment compared to those with inflated swim 

bladders, indicating greater energy expenditure. 

o Yellow perch with non-inflated swim bladders had significantly greater oxygen consumption 

than fish of the same size class with inflated swim bladders, again indicating greater energy 

expenditure. 

o The authors hypothesized that failed swim bladder inflation occurs frequently in natural 

systems, but these individuals rarely survive in a natural environment where food resources 

are limited. 

o Note: yellow perch are a physoclistous species in which initial inflation can only occur 

during a narrow window of development in which the pneumatic duct is still connected to 

the gut, allowing the fish to gulp air and inflate its swim bladder. Once the pneumatic duct 

closes, normal inflation is no longer possible. 

• In aquaculture systems, failure to inflate the swim bladder has been shown to reduce growth rates and 

cause high mortalities in a wide range of species (reviewed by Woolley and Qin, 2010). 

• Pond-cultured walleye with non-inflated swim bladders were found to be smaller (weight and length) 

than fish with inflated swim bladders. There was also association with deformities (e.g., lordosis) that 

were expected to impair survival (Kindschi and Barrows, 1993). 

• Review of failed swim bladder inflation in wild perch and 26 other physoclistous species showed that 

fish whose swim bladders failed to inflate had higher mortality, reduced growth, and increased 

incidence of spinal malformations stereotypical of persistent upward swimming (Egloff, 1996). 

• Chatain (1994) reported that sea bream (Sparus auratus) and sea bass (Dicentrarchus labrax) with 

non-inflated swim bladders were 20-30% less in weight than those with inflated swim bladders and 

more susceptible to stress-induced mortality  (e.g., associated with handling, hypoxia, etc.). It was 

suggested this was due to both increased energetic demands and decreased feeding efficiency. 

• Marty et al. 1995 measured increased oxygen consumption in Japanese medaka (Oryzias latipes) with 

non-inflated swim bladders compared to those whose swim bladders had inflated. 

• In zebrafish (Danio rerio) whose smim bladder inflation was prevented by holding in a closed chamber 

(preventing air gulping to inflate the swim bladder), larval survival was significantly less than that of 

fish held in open chambers whose swim bladders could inflate. There was also increased incidence of 

spinal curvature in the closed chamber fish whose swim bladders were prevented from inflating 

(Goolish and Oukutake, 1999). 

• Maternal injection of T3, resulting in increased T3 concentrations in the eggs of striped bass (Morone 

saxatilis) lead to significant increases in both swim bladder inflation and survival (Brown et al., 1988). 

• In striped bass, (Morone saxatilis) failure to inflate the swimbladder was reported to results in 

dysfunctional buoyancy control, deformities, and poor larval survival and growth (Martin-Robichaud 

and Peterson, 2008). 

• All zebrafish larvae that failed to inflate the posterior chamber after exposure to 2 mg/L iopanoic acid 

(IOP), died by the age of 9 dpf (Stinckens et al., 2020). Since larvae from the same group that were 

able to inflate the posterior chamber survived, it is plausible to assume that uninflated posterior 

chambers limited the ability to swim and find food. 

• MeHg and HgCl2 exposure in medaka caused failure to inflate the swim bladder among other 

malformations, and also caused increased mortality. (Dong et al., 2016) 

• Medaka embryos treated either with hypoxia or with a mixture of polyaromatic hydrocarbons showed 

higher occurrences of swim bladder non-inflation and decreased survival. (Mu et al., 2017) 

• Triphenyltin (TPT) exposure in zebrafish embryos induced a high percentage of uninflated swim 

bladders and all affected larvae died within 9 dph. (Horie et al., 2021) 
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Uncertainties and Inconsistencies 

Some studies showed an absence of increased mortality after impaied posterior chamber inflation but 

this is probably caused by the fact that observation was limited to short term effects (e.g., Wang et al., 

2020). Observations of absence of mortality often performed at 96/120 hpf in zebrafish, which is 

immediately after posterior chamber inflation. 
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Annex 1: Weight of evidence evaluation table 

 



AOP 157: Deiodinase 1 inhibition leading to increased mortality via reduced posterior swim 

bladder inflation - Weight of evidence evaluation 

 

1 
 

 Defining 
Question  

 

High (Strong)  
 

Moderate  
 

Low (Weak)  
 

1. Support for 
Biological 
Plausibility of 
KERs  

 

Is there a 
mechanistic 
relationship 
between KEup and 
KEdown consistent 
with established 
biological 
knowledge?  

 

Extensive 
understanding of the 
KER based on 
extensive previous 
documentation and 
broad acceptance.  

 

KER is plausible 
based on analogy to 
accepted biological 
relationships, but 
scientific 
understanding is 
incomplete  

 

Empirical support 
for association 
between KEs , but 
the structural or 
functional 
relationship 
between them is 
not understood.  

 

Relationship 1037: 
Inhibition, Deiodinase 
1 (KE 1009) leads to 
Decreased, 
Triiodothyronine (T3) 
in serum (KE 1003) 

Low 
DIO1 is capable of converting T4 to the more biologically active T3, but its role in this process in a 
physiological situation is likely limited. The importance of DIO1 inhibition in altering serum T3 levels 
further depends on the relative role of different deiodinases in regulating serum versus tissue T3 
levels and in negative feedback within the HPT axis. Finally, since in fish early life stages THs are 
typically measured on a whole body level, it is currently uncertain whether T3 level changes occur at 
the serum and/or tissue level. Pending more dedicated studies, whole body TH levels are considered a 
proxy for serum TH levels. In summary, there is a plausible link but the physiological relevance 
remains uncertain. 

Relationship 1027: 
Decreased, 
Triiodothyronine (T3) 
in serum (KE 1003) 
leads to Reduced, 
Posterior swim 
bladder inflation (KE 
1004) 

Moderate 
Thyroid hormones are known to be involved in development, especially in metamorphosis in 
amphibians and in embryonic-to-larval transition and larval-to-juvenile transition in fish. Inflation of 
the posterior swim bladder chamber is part of the embryonic-to-larval transition in fish, together with 
structural and functional maturation of the mouth and gastrointestinal tract, and resorption of the 
yolk sac. Together with empirical evidence, it is plausible to assume that posterior swim bladder 
inflation is under thyroid hormone regulation but scientific understanding is incomplete. 

Relationship 1028: 
Reduced, Posterior 
swim bladder inflation 
(KE 1004) leads to 
Reduced, Swimming 
performance (KE 
1005) 

Moderate 
The posterior chamber of the swim bladder has a function in regulating the buoyancy of fish. It is 
highly plausible that impaired inflation impacts swimming performance. There is a lot of evidence of 
such a relationship but it has been difficult to unambiguously attribute reduced swimming activity to 
impaired inflation of the posterior chamber, since swimming activity can be altered via different 
modes of action. 

Relationship 2212: 
Reduced, Swimming 
performance (KE 
1005) leads to 
Increaed mortality (KE 
351) 

Moderate 
Reduced swimming performance is likely to affect essential endpoints such as predator avoidance, 
feeding behaviour and reproduction. These parameters are biologically plausible to affect survival. 
Apart from some indirect evidence, it has been difficult to clearly establish this relationship in the 
laboratory. It may only become apparent in a non-laboratory environment where food is scarce and 
predators are abundant. 

Relationship 2013: 
Increased mortality 
(KE 351) leads to 
Decrease, Population 
trajectory (KE 360) 

High 
It is widely accepted that mortality increases, the population trajectory will eventually decrease. 

Non-adjacent 
relationship 1044: 
Inhibition, Deiodinase 
1 leads to Reduced, 
Posterior swim 
bladder inflation 

Moderate 
Inhibition of DIO 1 activity is widely accepted to reduce the conversion of T4 to the more biologically 
active T3. Thyroid hormones are known to be involved in development, especially in metamorphosis 
in amphibians and in embryonic-to-larval transition and larval-to-juvenile transition in fish. Inflation 
of the posterior swim bladder chamber is part of the embryonic-to-larval transition in fish, together 
with structural and functional maturation of the mouth and gastrointestinal tract, and resorption of 
the yolk sac. Together with empirical evidence, it is plausible to assume that posterior swim bladder 
inflation is under thyroid hormone regulation but scientific understanding is incomplete. It follows 
that disrupted conversion of T4 to T3 is likely to interfere with normal inflation of the posterior swim 
bladder chamber. 

Non-adjacent 
relationship 2213: 
Reduced, Posterior 
swim bladder inflation 
(KE 1004) leads to 
Increased mortality 
(KE 351) 

High 
The posterior chamber of the swim bladder has a function in regulating the buoyancy of fish. Fish rely 
on the lipid and gas content in their body to regulate their position within the water column. Efficient 
regulation of buoyancy is energy sparing and allows for fish to expend less energy in maintaining and 
changing positions in the water column. Because of its roles in energy sparing and swimming 
performance, it is expected that failure to inflate the swim bladder would create increased oxygen and 
energy demands leading to decreased growth, which in turn leads to decreased probability of survival. 
In particular, these impacts would be expected in non-laboratory environments where fish much 
expend energy to capture food and avoid predators and where available food is limited. Additionally, 
fish without a functional swim bladder are severely disadvantaged in terms of foraging and avoiding 
predators, making the likelihood of surviving smaller. There is ample evidence showing that impaired 
posterior chamber inflation reduces survival. 

 

 



AOP 157: Deiodinase 1 inhibition leading to increased mortality via reduced posterior swim 

bladder inflation - Weight of evidence evaluation 

 

2 
 

2. Essentiality of KEs Defining question High (Strong)  
 

Moderate  
 

Low (Weak)  
 

 Are downstream KEs 
and/or the AO 
prevented if an 
upstream KE is 
blocked? 

Direct evidence from 
specifically designed 
experimental studies 
illustrating essentiality 
for at least one of the 
important KEs  

 

Indirect evidence that 
sufficient modification 
of an expected 
modulating factor 
attenuates or 
augments a KE  

 

No or contradictory 
experimental evidence 
of the essentiality of 
any of the KEs.  

 

KE 1009 (MIE): 
Inhibition, deiodinase 
1 

Bagci et al. (2015) and Heijlen et al. (2013, 2014) reported that knockdown of Dio1+2 in zebrafish 
resulted in impaired inflation of the posterior swim bladder chamber. Walpita et al. (2009, 2010) 
reported reduced pigmentation, otic vesicle length and head-trunk angle in the same Dio1+2 and also 
Dio2 knockdown fish. This suggests that DIO1 is less important than DIO2 in causing downstream 
effects. These effects were rescued after T3 supplementation but not after T4 supplementation, 
confirming the importance of T4 to T3 conversion by Dio2 and perhaps also Dio1 (Walpita et al., 2009, 
2010).  

KE 1003: Decreased 
triiodothyronine (T3) 
in serum 

There is ample evidence confirming the essentiality of decreased T3 levels for the occurrence of 
reduced posterior chamber inflation  
(1) from zebrafish knockdown/knockout studies: 
 Knockdown of deiodinase 1 and 2 (Bagci et al., 2015; Heijlen et al., 2013, 2014), knockdown of 

TH transporter MCT8 (de Vrieze et al., 2014), knockdown of thryoid hormone receptor alpha or 
beta (Marelli et al., 2016), and permanent knockout of deiodinase 2 (Houbrechts et al., 2016) in 
zebrafish resulted in impaired inflation of the posterior swim bladder chamber. Marelli et al. 
(2016) additionally showed that high T3 doses partially rescued the negative impact in mutants 
with partially resistant thyroid hormone receptors.  

 Walpita et al. (2009, 2010) reported reduced pigmentation, otic vesicle length and head-trunk 
angle in the same Dio1+2 and also Dio2 knockdown fish. These effects were rescued after T3 
supplementation, but not after T4 supplementation. While swim bladder inflation was not among 
the assessed endpoints in this study, this generally confirms the essentiality of decreased T3 in 
causing downstream effects upon disruption of DIO1 and 2 function (Walpita et al., 2009, 2010). 

(2) from chemical exposures: 
 Wang et al. (2020) observed a decrease of whole-body T3 as well as impaired posterior chamber 

inflation in zebrafish exposed to perfluorooctanoic acid and perfluoropolyether carboxylic acids 
and exogeneous T3 or T4 supplementation partly rescued this effect. 

 Maternal injection of T3, resulting in increased T3 concentrations in the eggs of striped bass lead 
to significant increases in posterior swim bladder inflation (Brown et al., 1988). Similarly, Molla 
et al. (2019) showed that T3 supplementation increased posterior chamber diameter in zebrafish 
larvae.  

KE 1004: Reduced, 
posterior swim 
bladder inflation 

Maternal injection of T3, resulting in increased T3 concentrations in the eggs of striped bass (Morone 
saxatilis) lead to significant increases in both swim bladder inflation and survival (Brown et al., 1988), 
confirming the essentiality of posterior swim bladder inflation for the occurrence of the downstream 
key event ‘reduced young of year survival’. 

KE 1005: Reduced, 
swimming 
performance 

Experimental blocking of this KE is difficult to achieve. 

KE 351: Increased 
mortality 

By definition, increased mortality reduces population size. 

AOP as a whole Low 
Overall, the support for essentiality of the KEs is low. There is ample evidence from combined DIO1 
and DIO2 knockdown studies in zebrafish that shows downstream effects, and evidence from both 
chemical exposure with TH supplementation and knockdown with TH supplementation showing that 
blocking a KE prevents downstream KEs from occurring. There is no specific evidence for the 
essentiality of DIO1 inhibition independent of DIO2 inhibition and DIO2 seems more important than 
DIO1 in providing sufficient T3 for proper swim bladder inflation. Therefore the overall evidence for 
essentiality is considered low. 

 

  



AOP 157: Deiodinase 1 inhibition leading to increased mortality via reduced posterior swim 

bladder inflation - Weight of evidence evaluation 

 

3 
 

 Defining 
Questions  

 

High (Strong)  
 

Moderate  
 

Low (Weak)  
 

3. Empirical Support 
for KERs  

 

Does empirical 
evidence 
support that a 
change in KEup 
leads to an 
appropriate 
change in 
KEdown? 
Does KEup 
occur at lower 
doses and 
earlier time 
points than KE 
down and is the 
incidence of 
KEup > than 
that for 
KEdown? 
Inconsistencies? 

 

if there is 
dependent change 
in both events 
following exposure 
to a wide 
range of specific 
stressors (extensive 
evidence for 
temporal, dose-
response and 
incidence 
concordance) and 
no or few data gaps 
or conflicting data 

 

if there is 
demonstrated 
dependent change 
in both events 
following 
exposure to a small 
number of specific 
stressors and some 
evidence 
inconsistent 
with the expected 
pattern that can be 
explained by 
factors such as 
experimental 
design, technical 
considerations, 
differences among 
laboratories, etc. 

 

if there are 
limited or no 
studies reporting 
dependent change 
in both events 
following 
exposure to a 
specific stressor 
(i.e., endpoints 
never measured 
in the 
same study or not 
at all), and/or 
lacking evidence 
of temporal or 
dose-response 
concordance, or 
identification of 
significant 
inconsistencies in 
empirical support 
across taxa and 
species that don’t 
align with the 
expected pattern 
for the 
hypothesised AOP 

 

Relationship 1037: 
Inhibition, Deiodinase 1 (KE 
1009) leads to Decreased, 
Triiodothyronine (T3) in 
serum (KE 1003) 

Low 
Although direct measurements of both KEs in the same organisms are not available in fish, 
several studies have shown that chemicals able to inhibit DIO1 in vitro, reduce T3 levels. The 
relative importance of DIO1 versus DIO2 is uncertain, and available evidence suggests that DIO2 
is more important. 

Relationship 1027: 
Decreased, 
Triiodothyronine (T3) in 
serum (KE 1003) leads to 
Reduced, Posterior swim 
bladder inflation (KE 1004) 

Moderate 
Many studies showed that chemicals reducing TH synthesis or activation inhibit proper posterior 
chamber inflation but studies reporting measurements of both endpoints are rare. Uncertainties 
mainly relate to the mechanism through which altered TH levels result in impaired posterior 
chamber inflation. Temporal concordance is difficult to establish since swim bladder inflation can 
only occur at a specific time point.  

Relationship 1028: 
Reduced, Posterior swim 
bladder inflation (KE 1004) 
leads to Reduced, 
Swimming performance 
(KE 1005) 

Moderate 
There is ample evidence of a link between reduced posterior chamber inflation and reduced 
swimming performance. This link has been studied both from an aquaculture perspective as well 
as in chemical exposure experiments. Evidence of dose concordance is limited. Temporal 
concordance is difficult to establish since swim bladder inflation can only occur at a specific time 
point. 

Relationship 2212: 
Reduced, Swimming 
performance (KE 1005) 
leads to Increaed mortality 
(KE 351) 

Low 
A direct relationship between reduced swimming performance and increased mortality has been 
difficult to establish. There is however a lot of indirect evidence linking reduced swim bladder 
inflation to increased mortality (see non-adjacent KER 2213), which can be plausibly assumed to 
be related to reduced swimming performance. 

Relationship 2013: 
Increased mortality (KE 
351) leads to Decrease, 
Population trajectory (KE 
360) 

Moderate 
Survival rate is an obvious determinant of population size and is therefore included in population 
modeling. The extent to which increased mortality may impact population sizes in a realistic, 
environmental exposure scenario depends on the circumstances. Under some conditions, 
reduced larval survival may be compensated by reduced predation and increased food 
availability, and therefore not result in population decline. 

Non-adjacent relationship 
1044: Inhibition, 
Deiodinase 1 leads to 
Reduced, Posterior swim 
bladder inflation 

Low 
Although direct measurements of both KEs in the same organisms are not available in fish, 
several studies have shown that chemicals able to inhibit DIO1 in vitro, reduce posterior chamber 
inflation. The relative importance of DIO1 versus DIO2 is uncertain, and available evidence 
suggests that DIO2 is more important. The mechanism through which DIO1 inhibition results in 
impaired posterior chamber inflation is also uncertain. 

Non-adjacent relationship 
2213: Reduced, Posterior 
swim bladder inflation (KE 
1004) leads to Increased 
mortality (KE 351) 

Moderate 
There is a extensive evidence of a link between reduced posterior chamber inflation and 
increased mortality based on studies in freshwater and marine fish species. Uncertainties are 
related to the dependence of the linkage on the circumstances such as food availability and 
predation. 

 



dose and temporal concordance uncertainties, inconsistencies

reference species chemical expected MIE
exposure 
period

time 
point concentrations tested

TPO 
inhibition

DIO1 
inhibition

DIO2 
inhibition

TH synthesis 
decreased

T4 in serum 
decreased

T3 in serum 
decreased

posterior swim bladder 
chamber inflation reduced

anterior swim bladder 
chamber inflation reduced

swimming performance 
reduced increased mortality

decreased 
tpo mRNA

decreased 
dio1 mRNA serum T4 increased serum T3 increased

Cavallin et al. (2017) fathead minnow iopanoic acid DIO1 and 2 inhibition 0-6dpf 4 dpf 0.6, 1.9, 6.0 mg/L n/a n/a n/a n/a n/a -£
n/a n/a n/a - 0.6, 1.9, 6.0 mg/L£ 6 mg/L£

Cavallin et al. (2017) fathead minnow iopanoic acid DIO1 and 2 inhibition 0-6dpf 6 dpf 0.6, 1.9, 6.0 mg/L n/a -* -* n/a n/a -£
6 mg/L n/a n/a - -£ 1.9, 6.0 mg/L£

Cavallin et al. (2017) fathead minnow iopanoic acid DIO1 and 2 inhibition 6-21 dpf 10 dpf 0.6, 1.9, 6.0 mg/L n/a -* -* n/a n/a 0.6, 1.9, 6.0 mg/L£
n/a n/a n/a - 0.6, 1.9, 6.0 mg/L£ -£

Cavallin et al. (2017) fathead minnow iopanoic acid DIO1 and 2 inhibition 6-21 dpf 14 dpf 0.6, 1.9, 6.0 mg/L n/a -* 0.6, 1.9, 6.0 mg/L* n/a n/a 0.6, 1.9, 6.0 mg/L£
n/a 0.6, 1.9, 6.0 mg/L n/a - 1.9, 6.0 mg/L£ -£

Cavallin et al. (2017) fathead minnow iopanoic acid DIO1 and 2 inhibition 6-21 dpf 18 dpf 0.6, 1.9, 6.0 mg/L n/a -* 0.6, 1.9, 6.0 mg/L* n/a n/a 0.6, 1.9, 6.0 mg/L£
n/a 0.6, 1.9, 6.0 mg/L n/a - 0.6, 1.9, 6.0 mg/L£ -£

Cavallin et al. (2017) fathead minnow iopanoic acid DIO1 and 2 inhibition 6-21 dpf 21 dpf 0.6, 1.9, 6.0 mg/L n/a -* 0.6, 1.9, 6.0 mg/L* n/a n/a 0.6, 1.9, 6.0 mg/L£
n/a 0.6, 1.9, 6.0 mg/L n/a 6 mg/L 0.6, 1.9, 6.0 mg/L£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-168 hpf 120 hpf
0.1, 0.35, 0.56, 0.7, 
0.88, 1.75, 3.5, 7 mg/L n/a n/a n/a n/a 0.35, 0.7 mg/L£ (0.1 mg/L no change, other concentrations not tested)- - n/a 0.35, 0.56, 0.7, 0.88, 1.75, 3.5 mg/L3.5, 7 mg/L -£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-32 dpf 20 dpf 0.1, 0.35 mg/L n/a n/a n/a n/a n/a n/a n/a 0.35 mg/L n/a - -£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-32 dpf 21 dpf 0.1, 0.35 mg/L n/a n/a n/a n/a n/a n/a n/a 0.35 mg/L n/a - -£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-32 dpf 22 dpf 0.1, 0.35 mg/L n/a n/a n/a n/a n/a n/a n/a 0.35 mg/L n/a - -£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-32 dpf 23 dpf 0.1, 0.35 mg/L n/a n/a n/a n/a n/a n/a n/a 0.35 mg/L n/a - -£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-32 dpf 24 dpf 0.1, 0.35 mg/L n/a n/a n/a n/a n/a n/a n/a 0.35 mg/L n/a - -£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-32 dpf 25 dpf 0.1, 0.35 mg/L n/a n/a n/a n/a n/a n/a n/a 0.35 mg/L n/a - -£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-32 dpf 26 dpf 0.1, 0.35 mg/L n/a n/a n/a n/a n/a n/a n/a 0.35 mg/L 0.35 mg/L - -£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-32 dpf 27 dpf 0.1, 0.35 mg/L n/a n/a n/a n/a n/a n/a n/a 0.35 mg/L n/a - -£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-32 dpf 28 dpf 0.1, 0.35 mg/L n/a n/a n/a n/a n/a n/a n/a 0.35 mg/L n/a - -£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-32 dpf 29 dpf 0.1, 0.35 mg/L n/a n/a n/a n/a n/a n/a n/a 0.35 mg/L 0.35 mg/L - -£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-32 dpf 30 dpf 0.1, 0.35 mg/L n/a n/a n/a n/a n/a n/a n/a 0.35 mg/L 0.35 mg/L - -£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-32 dpf 31 dpf 0.1, 0.35 mg/L n/a n/a n/a n/a n/a n/a n/a 0.35 mg/L n/a - -£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-32 dpf 32 dpf 0.1, 0.35 mg/L n/a n/a n/a n/a 0.35 mg/L£ -£
n/a 0.35 mg/L n/a - -£ -£

Nelson et al. (2016) fathead minnow 2-mercaptobenzothiazole TPO inhibition 0-21 dpf 6 dpf 0.25, 0.5, 1 mg/L - n/a n/a n/a 1 mg/L£ -£
- n/a n/a - -£ -£

Nelson et al. (2016) fathead minnow 2-mercaptobenzothiazole TPO inhibition 0-21 dpf 14 dpf 0.25, 0.5, 1 mg/L 0.5, 1 mg/L* n/a n/a 0.5, 1 mg/L$
n/a 1 mg/L£

n/a 0.5, 1 mg/L n/a - n/a -£

Nelson et al. (2016) fathead minnow 2-mercaptobenzothiazole TPO inhibition 0-21 dpf 21 dpf 0.25, 0.5, 1 mg/L 1 mg/L* n/a n/a 0.5, 1 mg/L$ -£ -£
n/a 0.5, 1 mg/L n/a - 0.25, 0.5, 1 mg/L£ -£

Wei et al. (2018) zebrafish bisphenol S unknown adults F1 96 hpf 1, 10, 100 µg/L n/a n/a n/a n/a 1, 10, 100 µg/L£
1, 10, 100 µg/L n/a 1, 10, 100 µg/L - 1, 10, 100 µg/L£

Crane et al. (2005) fathead minnow ammonium perchlorate NIS inhibition 0-28 dpf 28 dpf 1, 10, 100 mg/L n/a n/a n/a 1, 10, 100 mg/L$ -£ -£
n/a n/a n/a - 100 mg/L -

Crane et al. (2006) fathead minnow methimazole TPO inhibition 0-84 dpf 28 dpf 32, 100, 320 µg/L n/a n/a n/a n/a 32, 100 µg/L£ 320 µg/L£
n/a n/a n/a 32, 100 µg/L -£ -£

Crane et al. (2006) fathead minnow methimazole TPO inhibition 0-84 dpf 56 dpf 32, 100, 320 µg/L n/a n/a n/a n/a -£ 100 µg/L£
n/a n/a n/a 32, 100 µg/L 320 µg/L£ -£

Crane et al. (2006) fathead minnow methimazole TPO inhibition 0-84 dpf 84 dpf 32, 100, 320 µg/L n/a n/a n/a n/a - - n/a n/a n/a 32, 100 µg/L - -

Stinckens et al. (2020) zebrafish methimazole TPO inhibition 0-32 dpf 21 dpf 50, 100 mg/L n/a n/a n/a n/a 50, 100 mg/L£ 50, 100 mg/L£
- 50, 100 mg/L n/a

Stinckens et al. (2020) zebrafish methimazole TPO inhibition 0-32 dpf 32 dpf 50, 100 mg/L n/a n/a n/a n/a 50, 100 mg/L£ 50, 100 mg/L£
- 50, 100 mg/L 100 mg/L

Stinckens et al. (2020) zebrafish propylthiouracil TPO inhibition 0-32 dpf 14 dpf 37, 111 mg/L n/a n/a n/a n/a 37, 111 mg/L£ 111 mg/L£
- n/a 111 mg/L

Stinckens et al. (2020) zebrafish propylthiouracil TPO inhibition 0-32 dpf 21 dpf 37, 111 mg/L n/a n/a n/a n/a 37, 111 mg/L£ 111 mg/L£
- 37, 111 mg/L 111 mg/L

Stinckens et al. (2020) zebrafish propylthiouracil TPO inhibition 0-32 dpf 32 dpf 37, 111 mg/L n/a n/a n/a n/a 37, 111 mg/L£ 37, 111 mg/L£
- 37, 111 mg/L -

Stinckens et al. (2020) zebrafish iopanoic acid DIO1 and 2 inhibition 0-32 dpf 9 dpf 2 mg/L n/a n/a n/a n/a n/a n/a 2 mg/L n/a n/a 2 mg/L

Stinckens et al. (2020) zebrafish iopanoic acid DIO1 and 2 inhibition 0-32 dpf 14 dpf 0.35, 1 mg/L n/a n/a n/a n/a -£ -£
- n/a 1, 2 mg/L

Stinckens et al. (2020) zebrafish iopanoic acid DIO1 and 2 inhibition 0-32 dpf 21 dpf 0.35, 1 mg/L n/a n/a n/a n/a -£ 0.35, 1 mg/L£
- 0.35, 1, 2 mg/L 0.35, 1, 2 mg/L

Stinckens et al. (2020) zebrafish iopanoic acid DIO1 and 2 inhibition 0-32 dpf 32 dpf 0.35, 1, 2 mg/L n/a n/a n/a n/a -£ 0.35, 1, 2 mg/L£
- 0.35, 1, 2 mg/L 0.35, 1, 2 mg/L

Wang et al. (2020) zebrafish perfluorooctanoic acid (PFOA) DIO1 and 2 inhibition 0-5 dpf 5 dpf

0, 50, 100, 150, 200, 
2502, 300, 350, 400, 
450, 500 mg/L -* - 125, 250, 500 mg/L* - 250, 500 mg/L£ 250, 500 mg/L£ 200, 250, 300, 350, 400, 450, 500 mg/Ln/a n/a 300, 400, 450, 500 mg/L - 500 mg/L -£ -£

Wang et al. (2020) zebrafish PFO3OA unknown 0-5 dpf 5 dpf

0, 400, 600, 800, 1000, 
1200, 1400, 1600, 1800, 
2000, 2200, 2400 mg/L 1200, 2200 mg/L* -* 600, 1200, 2200 mg/L* - 600, 1200, 2200 mg/L£ 1200, 2200 mg/L£ 800, 1000, 1200, 1400, 1600, 1800, 2000, 2200, 2400 mg/Ln/a n/a - - - -£ -£

Wang et al. (2020) zebrafish PFO4DA unknown 0-5 dpf 5 dpf
0, 30, 45, 60, 90, 120, 
150, 180, 210, 240 mg/L -* 240 mg/L* -* - 60, 120, 240 mg/L£ (lower concentrations were not tested)60, 120, 240 mg/L£  (lower concentrations were not tested)45, 60, 90, 120, 150, 180, 210, 240 mg/Ln/a n/a - - - -£ -£

Wang et al. (2020) zebrafish PFO5DoDA unknown 0-5 dpf 5 dpf
0, 5, 10, 15, 20, 25, 
30, 35, 40 mg/L -* -* 10, 20, 40 mg/L* - 10, 20, 40 mg/L£ 10, 20, 40 mg/L£ 20, 25, 30, 35, 40 mg/L§

n/a n/a - 10 mg/L - -£ -£

Rehberger et al. (2018) zebrafish propylthiouracil TPO inhibition 0-5 dpf 5 dpf 0, 2.5, 10, 25, 50 mg/L n/a n/a n/a 10, 25, 50 mg/L n/a n/a n/a n/a n/a n/a

Legend

n/a: not measured

* based on increased mRNA levels of the target as indirect measurement of MIE 

$ based on thyroid histopathology

£ based on whole body measurement

§ based on visual evaluation of graphs because no statistics have been reported
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Foreword 

This Adverse Outcome Pathway (AOP) on Deiodinase 1 inhibition leading to increased 
mortality via reduced anterior swim bladder inflation, has been developed under the 
auspices of the OECD AOP Development Programme, overseen by the Extended Advisory 
Group on Molecular Screening and Toxicogenomics (EAGMST), which is an advisory group 
under the Working Party of the National Coordinators for the Test Guidelines Programme 
(WNT) and the Working Party on Hazard Assessment (WPHA).  

The AOP has been reviewed for compliance with the AOP development principles following 
the EAGMST coaching approach. The scientific review was subsequently conducted by the 
UK National Centre for the 3Rs, following the OECD AOP review principles outlined in the 
Guidance Document on the scientific review of AOPs. This AOP was endorsed by the WNT 
and the WPHA on 3 August 2022.  

Through endorsement of this AOP, the WNT and the WPHA express confidence in the 
scientific review process that the AOP has undergone and accept the recommendation of 
the EAGMST that the AOP be disseminated publicly. Endorsement does not necessarily 
indicate that the AOP is now considered a tool for direct regulatory application. 

The OECD's Chemicals and Biotechnology Committee agreed to declassification of this 
AOP on 4 November 2022. 

This document is being published under the responsibility of the OECD's Chemicals and 
Biotechnology Committee. 

The outcome of the compliance check and of the scientific review are publicly available 
respectively in the AOP Wiki and the eAOP Portal of the AOP Knowledge Base at the 

following links: [internal review] [scientific review report. 

  

https://aopwiki.org/
http://aopkb.org/
https://aopwiki.org/aops/158/comments
file:///C:/Users/Delrue_n/Downloads/AOPs%20155-159%20Review%20report%20(1).pdf
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Abstract 

 

This AOP describes the sequence of events leading from deiodinase inhibition to increased mortality via 

reduced anterior swim bladder inflation. Thyroid hormones (THs) are critical during development and 

disruption of the TH system can interfere with normal development. Three types of iodothyronine deiodinases 

(DIO1-3) have been described in vertebrates that activate or inactivate THs and are therefore important 

mediators of TH action. While type II deiodinase (DIO2) has thyroxine (T4) as a preferred substrate and is 

mostly important for converting T4 to the more biologically active triiodothyronine (T3), type I deiodinase is 

capable of both converting T4 into T3 and converting rT3 to the inactive thyroid hormone 3,3’ T2. Inhibition 

of DIO1 thus reduces T3 levels. 

However, partly because rT3, rather than T4, is the preferred substrate for DIO1, DIO1 inhibition is probably 

less important in causing reduced T3 levels when compared to DIO2 inhibition. Swim bladder inflation is 

known to be under TH control (Brown et al.,1988; Liu and Chan, 2002). Many fish species have a swim 

bladder which is a gas-filled organ that typically consists of two chambers (Robertson et al., 2007). The 

posterior chamber inflates during early development in the embryonic phase, while the anterior chamber 

inflates during late development in the larval phase. Both the posterior and the anterior chamber have an 

important role in regulating buoyancy, and the anterior chamber has an additional role in hearing (Robertson 

et al., 2017). This AOP describes how inhibition of DIO1 reduces levels of T3, thereby prohibiting proper 

inflation of the anterior chamber. Due to its role in regulating buoyancy, this results in reduced swimming 

performance. Since reduced swimming performance resuls in a decreased ability to forage and avoid 

predators, this reduces chances of survival. The final adverse outcome is a decrease of the population 

trajectory. Since many AOPs eventually lead to this more general adverse outcome at the population level, 

the more specific and informative adverse outcome at the organismal level, increased mortality, is used in 

the AOP title. Support for this AOP is mainly based on chemical exposures in zebrafish and fathead minnows 

(Cavallin et al., 2017; Godfrey et al., 2017; Stinckens et al., 2020).  

This AOP is part of a larger AOP network describing 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, increased mortality and decreased population trajectory (Knapen et al., 2018; Knapen et al., 

2020; Villeneuve et al., 2018). Other than the difference in deiodinase (DIO) isoform, the current AOP is 

identical to the corresponding AOP leading from DIO2 inhibition to increased mortality via anterior swim 

bladder inflation (https://aopwiki.org/aops/156). The overall importance of DIO1 versus DIO2 in fish is not 

exactly clear. DIO1 inhibitors are often also inhibitors of DIO2 (Olker et al., 2019; Stinckens et al. 2018). In 

the ToxCast DIO1 inhibition single concentration assay, 219 out of 1820 chemicals were positive and 177 of 

these were also positive for DIO2 inhibition (viewed on 5/7/2022). This complicates the distinction between 

the relative contribution of DIO1 and DIO2 inhibition to reduced swim bladder inflation. The current state of 

the art suggests that DIO2 is more important than DIO1 in regulating swim bladder inflation. Six out of seven 

DIO1 inhibitors impaired posterior chamber inflation, but almost all of these compounds also inhibit DIO2 

(Stinckens et al., 2018)). Tetrachlorobisphenol A (TCBPA), the only compound that inhibits DIO1 and not 

DIO2, had no effect on the posterior swim bladder. Exposure to strong DIO2 inhibitors on the other hand 

affected posterior chamber inflation and/or surface area in all cases. Therefore AOP 156 may be of higher 

biological relevance compared to the AOP that is described here. Starting from reduced serum T3 levels, 

this AOP is also identical to the AOP leading from thyroperoxidase inhibition leading to increased mortality 

via reduced anterior swim bladder inflation (https://aopwiki.org/aops/159).  
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Background 

The larger AOP network describing the effect of deiodinase and thyroperoxidase inhibition on swim bladder inflation 

consists of 5 AOPs: 

 

• Deiodinase 2 inhibition leading to increased mortality via reduced posterior swim bladder inflation: 

https://aopwiki.org/aops/155 

• Deiodinase 2 inhibition leading to increased mortality via reduced anterior swim bladder inflation: 

https://aopwiki.org/aops/156  

• Deiodinase 1 inhibition leading to increased mortality via reduced posterior swim bladder inflation :  

https://aopwiki.org/aops/157 

• Deiodinase 1 inhibition leading to increased mortality via reduced anterior swim bladder inflation : 

https://aopwiki.org/aops/158  

• Thyroperoxidase inhibition leading to increased mortality via reduced anterior swim bladder inflation:  

https://aopwiki.org/aops/159 

 
The development of these AOPs was mainly based on a series of dedicated experiments (using a set of reference 

chemicals as prototypical stressors) in zebrafish and fathead minnow that form the core of the empirical evidence. 

Specific literature searches were used to add evidence from other studies, mainly in zebrafish and fathead minnow. 

No systematic review approach was applied. 

 

https://aopwiki.org/aops/155
https://aopwiki.org/aops/156
https://aopwiki.org/aops/157
https://aopwiki.org/aops/158
https://aopwiki.org/aops/159


8        

  
 

Graphical Representation 
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Summary of the AOP 

Events 

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

Sequ
ence 

Ty
pe 

Event 
ID 

Title Short name 

1 MI
E 

1009 Inhibition, Deiodinase 1 Inhibition, Deiodinase 1 

2 KE 1003 Decreased, Triiodothyronine (T3) Decreased, Triiodothyronine (T3) 

3 KE 1007 Reduced, Anterior swim bladder inflation Reduced, Anterior swim bladder inflation 

4 KE 1005 Reduced, Swimming performance Reduced, Swimming performance 

5 A
O 

351 Increased Mortality Increased Mortality 

6 A
O 

360 Decrease, Population growth rate Decrease, Population growth rate 

 

Key Event Relationships 

Upstream Event Relationship 
Type 

Downstream 

Event
 

Evidence Quantitative 
Understanding 

Inhibition, Deiodinase 1
 adjacent Decreased, 

Triiodothyronine 
(T3)

 

Low Low 

Decreased, 
Triiodothyronine (T3) 

adjacent Reduced, Anterior 
swim bladder 
inflation

 

Moderate Moderate 

Reduced, Anterior 

swim bladder inflation 

adjacent Reduced, 
Swimming 

performance 
 

Moderate Low 

Reduced, Swimming 
performance 

adjacent Increased Mortality
 

Moderate Low 

Increased Mortality adjacent Decrease, 
Population growth 

rate
 

Moderate Moderate 

 

https://aopwiki.org/events/1009
https://aopwiki.org/events/1003
https://aopwiki.org/events/1007
https://aopwiki.org/events/1005
https://aopwiki.org/events/351
https://aopwiki.org/events/360
https://aopwiki.org/relationships/1037
https://aopwiki.org/relationships/1035
https://aopwiki.org/relationships/1035
https://aopwiki.org/relationships/1034
https://aopwiki.org/relationships/1034
https://aopwiki.org/relationships/2212
https://aopwiki.org/relationships/2212
https://aopwiki.org/relationships/2013
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Overall Assessment of the AOP  

The document in Annex 1 includes: 

• Support for biological plausibility of KERs  

• Support for essentiality of KEs 

• Empirical support for KERs 

• Dose and temporal concordance table covering the larger AOP network 

Overall, the weight of evidence for the sequence of key events laid out in the AOP is moderate, and it should 

be noted that based on available evidence DIO2 seems to be more important than DIO1 in providing 

sufficient T3 for swim bladder inflation. The exact underlying mechanism of TH disruption leading to impaired 

swim bladder inflation is not exactly understood. 

Domain of Applicability 

Life Stage Applicability 

Life stage Evidence 

Larvae High 

 

Taxonomic Applicability 

Term Scientific Term Evidence Link 

zebrafish Danio rerio High NCBI  

fathead minnow Pimephales promelas High NCBI  

 

Sex Applicability 

Sex Evidence 

Unspecific Moderate 

 

Taxonomic: Organogenesis of the swim bladder begins with an evagination from the gut. In physostomous 

fish, a connection between the swim bladder and the gut is retained. In physoclystous fish, once initial 

inflation by gulping atmospheric air at the water surface has occurred, the swim bladder is closed off from 

the digestive tract and swim bladder volume is regulated by gas secretion into the swim bladder (Woolley 

and Qin, 2010). This AOP is currently mainly based on experimental evidence from studies on zebrafish and 

fathead minnows, physostomous fish with a two-chambered swim bladder. This AOP is not applicable to fish 

that do not have a second swim bladder chamber that inflates during larval development, e.g., the Japanese 

rice fish or medaka (Oryzias latipes). 

Life stage: The current AOP is only applicable to larval development, which is the period where the anterior 

swim bladder chamber inflates. In all life stages, the conversion of T4 into more biologically active T3 is 

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
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essential. Inhibition of DIO1therefore impacts swim bladder inflation in both early 

(https://aopwiki.org/aops/157) and late developmental life stages. 

Sex: All key events in this AOP are plausibly applicable to both sexes. Sex differences are not often 

investigated in tests using early life stages of fish. For zebrafish and fathead minnow, it is currently unclear 

whether sex-related differences are important in determining the magnitude of the changes across the 

sequence of events in this AOP. Different fish species have different sex determination and differentiation 

strategies. Zebrafish do not have identifiable heteromorphic sex chromosomes and sex is determined by 

multiple genes and influenced by the environment (Nagabhushana and Mishra, 2016). 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. Since the anterior chamber inflates around 21 days post fertilization in zebrafish, 

sex differences are expected to play a minor role in the current AOP. Fathead minnow gonad differentiation 

also occurs during larval development. Fathead minnows utilize a XY sex determination strategy and 

markers can be used to genotype sex in life stages where the sex is not yet clearly defined morphologically 

(Olmstead et al., 2011). Ovarian differentiation starts at 10 dph followed by rapid development (Van Aerle et 

al., 2004). At 25 dph germ cells of all stages up to the primary oocytes stage were present and at 120 dph, 

vitellogenic oocytes were present. The germ cells (spermatogonia) of the developing testes only entered 

meiosis around 90–120 dph. Mature testes with spermatozoa are present around 150 dph. Since the anterior 

chamber inflates around 14 days post fertilization (9 dph) in fathead minnows, sex differences are expected 

to play a minor role in the current AOP. 

Essentiality of the Key Events 

Overall, the support for essentiality of the KEs is low since there is limited direct evidence from specifically 

designed experimental studies illustrating essentiality. This includes evidence from combined DIO1 and 

DIO2 knockdown studies in zebrafish showing the link with reduced posterior chamber inflation, but anterior 

chamber inflation was not studied. There is additional indirect evidence that reduced thyroid hormone 

synthesis causes reduced anterior swim bladder inflation: Chopra et al. (2019) showed that knockdown of 

dual oxidase, important for thyroid hormone synthesis, reduced anterior swim bladder inflation. It should be 

noted that dual oxidase also plays a role in oxidative stress. There is no specific evidence for the essentiality 

of DIO1 inhibition independent of DIO2 inhibition and DIO2 seems more important than DIO1 in providing 

sufficient T3 for proper swim bladder inflation. Therefore the overall evidence for essentiality is considered 

low. 

Evidence Assessment 

Biological plausibility: see Table. Overall, the weight of evidence for the biological plausibility of the KERs 

in the AOP is moderate since there is empirical support for an association between the sets of KEs and the 

KERs are plausible based on analogy to accepted biological relationships, but scientific understanding is not 

completely established. 

Empirical support: see Table. Overall, the empirical support for the KERs in the AOP is moderate since 

dependent changes in sets of KEs following exposure to several specific stressors has been demonstrated, 

with limited evidence for dose and temporal concordance and some uncertainties. 

https://aopwiki.org/aops/157
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Quantitative Understanding 

Quantitative understanding of this AOP is currently lacking. 
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Considerations for Potential Applications of the AOP  

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. Villeneuve et al. (2014) discussed the relevance 

of swim bladder inflation as a potential key event and endpoint of interest in fish tests. Knapen et al. (2020) 

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. 

While the AOP is only applicable to fish, some of the upstream KEs are relevant across vertebrates. The 

taxonomic domain of applicability call of the KEs can be found on the respective pages. 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 in fish, using the 

levels of assessment of the OECD’s Conceptual Framework for the Testing and Assessment of Endocrine 

Disrupting Chemicals as a guide. Specifically, for this AOP, deiodinase inhibition can be assessed using an 

in chemico assay, measurements of T3 levels could be added to the Fish Embryo Acute Toxicity (FET) test 

(OECD TG 236), the Fish Early Life Stage Toxicity (FELS) Test (OECD TG210) and the Fish Sexual 

Development Test (FSDT, OECD TG 234), and assessments of anterior chamber inflation and swimming 

performance could be added to the FELS Test and FSDT. 

Thyroid hormone system disruption causes multiple unspecific effects. Addition of TH measurements could 

aid in increasing the diagnostic capacity of a battery of endpoints since they are specific to the TH system. 

A battery of endpoints would ideally include the MIE, the AO and TH levels as the causal link. It is also in 

this philosophy that TH measurements are currently being considered as one of the endpoints in project 2.64 

of the OECD TG work plan, “Inclusion of thyroid endpoints in OECD fish Test Guidelines”. While T3 

measurements showed low levels of variation and were highly predictive of downstream effects in dedicated 

experiments to support this AOP, more variability may be present in other studies. Because of the rapid 

development in fish, it is important to compare T3 levels within specific developmental stages. For example, 

clear changes in T3 levels have been observed in zebrafish at 14, 21 and 32 dpf (Stinckens et al., 2020) and 

in fathead minnows at 4, 6, 10, 14, 18 and 21 dpf (Nelson et al., 2016; Cavallin et al., 2017) using liquid 

chromatography tandem mass spectrometry (LC−MS/MS). 

The overall importance of DIO1 versus DIO2 in fish is not exactly clear. The current state of the art suggests 

that DIO2 is more important than DIO1 in regulating swim bladder inflation. Therefore AOP 156 may be more 

relevant for applications compared to the AOP that is described here.   
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Appendix 1 - MIE, KEs and AO 

List of MIEs in this AOP 

Event: 1009: Inhibition, Deiodinase 1 

Short Name: Inhibition, Deiodinase 1 

 

Key Event Component 

Process Object Action 

catalytic activity type I iodothyronine deiodinase decreased 

 

AOPs Including This Key Event 

AOP ID and Name Event Type 

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

Molecular Initiating 
Event 

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

Molecular Initiating 
Event 

Aop:189 - Type I iodothyronine deiodinase (DIO1) inhibition leading to 
altered amphibian metamorphosis  

Molecular Initiating 
Event 

 

Stressors 

Name 

iopanoic acid 

Propylthiouracil 

 

Biological Context 

Level of Biological Organization 

Molecular 

Evidence for Perturbation by Stressor 

Overview for Molecular Initiating Event 

Propylthiouracil (PTU) is the prototypical DIO1 inhibitor in mammals, although teleostean and amphibian 

DIO1 enzymes are less sensitive to inhibition by PTU (Orozco et al., 2003; Kuiper et al., 2006). DIO1 

inhibitors are often also inhibitors of DIO2 (Olker et al., 2019; Stinckens et al. 2018). In the ToxCast DIO1 

inhibition single concentration assay, 219 out of 1820 chemicals were positive and 177 of these were also 

positive for DIO2 inhibition (viewed on 5/7/2022). Olker et al. (2019) identified 22 DIO1-specific inhibitors 

using a human recombinant DIO1 enzyme (e.g., genistein, 6-methyl-2-thiouracil, sulfasalazine). Another 

well-known inhibitor of DIO1 (and DIO2 and 3) is iopanoic acid (IOP). Renko et al. (2003, 2015) pointed out 

https://aopwiki.org/events/1009
https://aopwiki.org/aops/157
https://aopwiki.org/aops/157
https://aopwiki.org/aops/158
https://aopwiki.org/aops/158
https://aopwiki.org/aops/189
https://aopwiki.org/aops/189


16        

  
 

that IOP is actually a substrate of DIO1 (and DIO2 and 3) which is in line with its action as a competitive 

inhibotor. In fact, many compounds inhibit all three DIO isoforms. Olker et al. (2019) identified 93 compounds 

that inhibit DIOs 1, 2 and 3. 

Domain of Applicability 

Taxonomic Applicability 

Term Scientific Term Evidence Links 

rat Rattus norvegicus High NCBI  

mouse Mus musculus Moderate NCBI  

pigs Sus scrofa Moderate NCBI  

Ovis orientalis aries Ovis aries Moderate NCBI  

fathead minnow Pimephales promelas Moderate NCBI  

killifish Fundulus heteroclitus Moderate NCBI  

gilthead bream Sparus aurata Moderate NCBI  

African clawed frog Xenopus laevis Moderate NCBI  

human Homo sapiens High NCBI  

Oreochromis niloticus Oreochromis niloticus Moderate NCBI  

zebrafish Danio rerio Moderate NCBI  

 

Life Stage Applicability 

Life Stage Evidence 

All life stages Moderate 

 

Sex Applicability 

Sex Evidence 

Unspecific Moderate 

 

Taxonomic: Deiodination by DIO enzymes is known to exist in a wide range of vertebrates and invertebrates. 

Therefore, this KE is plausibly applicable across vertebrates. Studies reporting DIO1 inhibition have used 

human liver (Kuiper et al., 2006), human recombinant DIO1 enzyme (Olker et al., 2019), rat (Rattus 

norvegicus) liver (Klaren et al., 2005; Freyberger and Ahr, 2006; Kuiper et al., 2006; Pavelka, 2010) and 

thyroid gland (Ferreira et al., 2002), mouse (Mus musculus) brain (hernandez et al., 2006), hog (Sus scrofa 

domesticus) liver (Stinckens et al., 2018), sheep (Ovis orientalis aries) fetal hepatic, renal and perirenal 

adipose tissue (Forhead et al., 2006), tadpole (Xenopus laevis) liver (Kuiper et al., 2006), fathead minnow 

(Pimephales promelas) whole fish (Noyes et al., 2011), Nile tilapia (Oreochromis niloticus) liver (Walpita et 

al., 2007), Gilthead Seabream (Sparus aurata) kidney (Klaren et al., 2005), and killifish (Fundulus 

heteroclitus) liver (Orozco et al., 2003) among others. The latter teleostean DIO1 enzymes as well as 

amphibian enzymes differ from other vertebrate DIO1 enzymes in their lower sensitivity to propylthiouracil 

(PTU), a typical DIO1 inhibitor in mammals. 

In mammals, DIO2 is thought to control the intracellular concentration of T3, while DIO1 is thought to be 

more important in determining systemic T3 levels (Marsili et al., 2011), and the same appears to be true for 

birds. However, this hypothesis has been challenged. For example, Maia et al. (2005) determined that in a 

normal physiological situation in humans the contribution of DIO2 to plasma T3 levels is twice that of DIO1. 

http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=10116
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=10090
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=9823
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=9940
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=8078
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=8175
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=8355
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=9606
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=8128
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=7955
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Only in a hyperthyroid state was the contribution of DIO1 higher than that of DIO2. A DIO1 knockout mouse 

showed normal T3 levels and a normal general phenotype and DIO1 was rather found to play a role in limiting 

the detrimental effects of conditions that alter normal thyroid function, including hyperthyroidism and iodine 

deficiency (Schneider et al., 2006). van der Spek et al. concluded that the primary role of DIO1 in vivo is to 

degrade inactivated TH (van der Spek et al., 2017). 

By contrast, DIO1 function in teleostean and amphibian T3 plasma regulation is less clear (Finnson et al. 

1999, Kuiper et al. 2006). The presence of DIO1 in the liver of teleosts has been a controversial issue, and 

both the high level of DIO2 activity and its expression in the liver of teleosts are unique among vertebrates 

(Orozco and Valverde, 2005). This could explain why DIO2 inhibition seems to be more important than DIO1 

inhibition in determining the adverse outcome in zebrafish (Stinckens et al., 2018). 

Life stage: Deiodinase activity is important for all vertebrate life stages. Already during early embryonic 

development, deiodinase activity is needed to regulate thyroid hormone concentrations and coordinate 

developmental processes. However, the role of DIO1 and DIO2 seems to be distinct. The fact that DIO1 

knockdown during zebrafish development only causes developmental defects when combined with DIO2 

knockdown (Walpita et al., 2010), suggests that DIO1 is only important in cases of increased TH need during 

specific stages of development, as supported by increased expression during such stages (Vergauwen et 

al., 2018), and in cases of thyroid hormone depletion in fish. There can also be differences in sensitivity 

between sexes. There is evidence for sex- and age-differences of Dio1 expression in mice (Schomburg et 

al., 2007). 

Sex: This KE is plausibly applicable to both sexes. Deiodinases are important for TH homeostasis and 

identical in both sexes. There can however be differences in sensitivity between sexes. There is evidence 

for sex- and age-differences of Dio1 expression in mice (Schomburg et al., 2007). 

Key Event Description 

Disruption of the thyroid hormone system is increasingly being recognized as an important toxicity pathway, 

as it can cause many adverse outcomes. Thyroid hormones do not only play an important role in the adult 

individual, but they are also critical during embryonic development. Thyroid hormones (THs) play an 

important role in a wide range of biological processes in vertebrates including growth, development, 

reproduction, cardiac function, thermoregulation, response to injury, tissue repair and homeostasis. 

Numerous chemicals are known to disturb thyroid function, for example by inhibiting thyroperoxidase (TPO) 

or deiodinase (DIO), upregulating excretion pathways or modifying gene expression. The two major thyroid 

hormones are triiodothyronine (T3) and thyroxine (T4), both iodinated derivatives of tyrosine. Most TH 

actions depend on the binding of T3 to its nuclear receptors. Active and inactive THs are tightly regulated by 

enzymes called iodothyronine deiodinases (DIO). The activation occurs via outer ring deiodination (ORD), 

i.e. removing iodine from the outer, phenolic ring of T4 to form T3, while inactivation occurs via inner ring 

deiodination (IRD), i.e. removing iodine from the inner tyrosol ring of T4 or T3. 

Three types of iodothyronine deiodinases (DIO1-3) have been described in vertebrates that activate or 

inactivate THs and are therefore important mediators of TH action. All deiodinases are integral membrane 

proteins of the thioredoxin superfamily that contain selenocysteine in their catalytic centre. Type I deiodinase 

is capable of both ORD and IRD, including the conversion of T4 into T3, as well as the conversion of reverse 

T3 (rT3) to 3,3'-Diiodothyronine (3,3’ T2) rT3, rather than T4, is the preferred substrate for DIO1. furthermore, 

DIO1 has a very high Km (µM range, compared to nM range for DIO2) (Darras and Van Herck, 2012). Type 

II deiodinase (DIO2) is only capable of ORD activity with T4 as a preferred substrate (i.e., activation of T4 to 

T3). DIO3 can inner ring deiodinate T4 and T3 to the inactive forms of THs, rT3 and 3,3’-T2 respectively. 



18        

  
 

DIO1 is a plasma membrane protein with its catalytic domain facing the cytosol. The relative contribution of 

the DIOs to thyroid hormone levels varies amongst species, developmental stages and tissues. 

How it is Measured or Detected 

At this time, there are no approved OECD or EPA guideline protocols for measurement of DIO inhibition. 

Deiodination is the major pathway regulating T3 bioavailability in mammalian tissues. In vitro assays can be 

used to examine inhibition of deiodinase 1 (DIO1) activity upon exposure to thyroid disrupting compounds. 

Several methods for deiodinase activity measurements are available. A first in vitro assay measures 

deiodinase activities by quantifying the radioactive iodine release from iodine-labelled substrates, depending 

on the preferred substrates of the isoforms of deiodinases (Ferreira et al., 2002; Forhead et al., 2006; 

Freyberger and Ahr, 2006; Pavelka, 2010; Stinckens et al., 2018). Another assay uses a chromatography-

based method coupled to mass spectroscopy to measure products of thyroxin resulting from deiodinase 

type-1 activity (Butt et al., 2011). A colorimetric method (Renko et al., 2012), the Sandell-Kolthoff method, 

that measures the release of iodine from T4 is also available. Each of these assays requires a source of 

deiodinase which can be obtained for example using unexposed pig liver tissue (available from 

slaughterhouses) or rat liver tissue. Renko et al. (2015), Hornung et al. (2018) and Olker et al. (2019) on the 

other hand used an adenovirus expression system to produce the DIO1 enzyme and developed an assay 

for nonradioactive measurement of iodide released using the Sandell-Kolthoff method, a photometric method 

based on Ce4+ reduction (Renko et al., 2012),  in a 96-well plate format. This assay was then used to screen 

the ToxCast Phase 1 chemical library. The specific synthesis of DIO1 through the adenovirus expression 

system provides an important advantage over other methods where activity of the different deiodinase 

isoforms needs to be distinguished in other ways, such as based on differences in enzyme kinetics. 

Measurements of in vivo deiodinase activity in tissues collected from animal experiments are scarce. Noyes 

et al. (2011) showed decreased rate of outer ring deiodination (mediated by DIO1 and DIO2) in whole fish 

microsomes after exposure to BDE-209. After incubation with the substrate, thyroid hormone levels were 

measured using LC-MS/MS. Houbrechts et al. (2016) confirmed decreased DIO1 activity in a DIO1-DIO2 

knockdown zebrafish at the ages of 3 and 7 days post fertilization. Decreased T3 levels are often used as 

evidence of DIO inhibition, for example after exposure to iopanoic acid, in fish species such as zebrafish 

(Stinckens et al., 2020) and fathead minnow (Cavallin et al., 2017). It should be noted that it is difficult to 

make the distinction between decreased T3 levels caused by outer ring deiodination mediated by DIO2 

inhibition or DIO1 inhibition. Renko et al. (2022) showed tissue-specific changes in DIO1 activity in hyper- 

and hypothyroid mice. 
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List of Key Events in the AOP 

Event: 1003: Decreased, Triiodothyronine (T3) 

 

Short Name: Decreased, Triiodothyronine (T3)  

Key Event Component  

Process Object Action 

decreased triiodothyronine 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  

Key Event 

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

Key Event 

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

Key Event 

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

Key Event 

Aop:189 - Type I iodothyronine deiodinase (DIO1) inhibition leading to altered 
amphibian metamorphosis  

Key Event 

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

Key Event 

Aop:363 - Thyroperoxidase inhibition leading to increased mortality via altered retinal 
layer structure  

Key Event 

Aop:364 - Thyroperoxidase inhibition leading to increased mortality via decreased 
eye size  

Key Event 

Aop:365 - Thyroperoxidase inhibition leading to increased mortality via altered 
photoreceptor patterning  

Key Event 

 

Biological Context 

Level of Biological Organization 

Tissue 

 

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  

  

https://aopwiki.org/events/1003
https://aopwiki.org/aops/155
https://aopwiki.org/aops/155
https://aopwiki.org/aops/156
https://aopwiki.org/aops/156
https://aopwiki.org/aops/157
https://aopwiki.org/aops/157
https://aopwiki.org/aops/158
https://aopwiki.org/aops/158
https://aopwiki.org/aops/189
https://aopwiki.org/aops/189
https://aopwiki.org/aops/159
https://aopwiki.org/aops/159
https://aopwiki.org/aops/363
https://aopwiki.org/aops/363
https://aopwiki.org/aops/364
https://aopwiki.org/aops/364
https://aopwiki.org/aops/365
https://aopwiki.org/aops/365
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=8355
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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 T3 and T4 that are mostly bound to transport proteins in blood as well as T3 and T4 

in tissues. 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 come from rat studies and have been measured mostly in serum. 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, whereas 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 decreased THs is still regarded as a measurable 

key event causatively linked to downstream adverse outcomes. 

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). Such measurements in fish early life stages 

are usually based on whole animal samples and do not allow for distinguishing between systemic and tissue 

TH alterations. 

THs are evolutionarily conserved molecules present in all vertebrate species (Hulbert, 2000; Yen, 2001). 

Moreover, their crucial role in amphibian and lamprey 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 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: THs are essential in all life stages, but decreases of TH levels are not applicable to all 

developmental phases. 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. THs 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 TH levels and the magnitude of the response. In humans, females appear more 
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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 TH 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 

There are two biologically active thyroid hormones (THs), 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 and T3 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 free 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 storage which ensures 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). Initially, 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). Four types of thyroid hormone signaling have been defined (Anyetei-Anum et 

al., 2018): type 1 is the canonical pathway in which liganded TR binds directly to DNA; type 2 describes 

liganded TR tethered to chromatin-associated proteins, but not bound to DNA directly; type 3 suggests that 

liganded TR can exert its function without recruitment to chromatin in either the nucleus or cytoplasm; and 

type 4 proposes that thyroid hormone acts at the plasma membrane or in the cytoplasm without binding TR, 

a mechanism of action that is emerging as a key component of thyroid hormone signaling. 

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). 
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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 regulate 

the production of thyroid hormones. Less T3 (the biologically more active TH) than T4 is produced by the 

thyroid gland. 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 to date. The monocarboxylate 

transporters (Mct8, Mct10) and the anion-transporting polypeptide (OATP1c1) show the highest degree of 

affinity towards TH (Jansen et al., 2005) and mutations in these genes have pathophysiological effects in 

humans (Bernal et al., 2015). Unlike humans with an MCT8 deficiency, MCT8 knockout mice do not have 

neurological impairment. One explanation for this discrepancy could be differences in expression of the T4 

transporter OATP1C1 in the blood–brain barrier. This shows that cross-species differences in the importance 

of specific transporters may occur. 

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; 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 

TTR to 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 
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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) in serum, or in tissues. 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 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 TH synthesis comes from measurements of whole-

body TH levels and using LC-MS techniques (Hornung et al., 2015) are increasingly used to accurately 

quantify whole-body TH levels (Nelson et al., 2016; Stinckens et al., 2016; Stinckens et al., 2020). 
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Event: 1007: Reduced, Anterior swim bladder inflation 

Short Name: Reduced, Anterior swim bladder inflation  

Key Event Component 

Process Object Action 

swim bladder inflation anterior chamber swim bladder decreased 

 

AOPs Including This Key Event 

AOP ID and Name 
Event 
Type 

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

Key Event 

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

Key Event 

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

Key Event 

 

Biological Context 

Level of Biological Organization 

Organ 

Organ term 

Organ term 

swim bladder 

Domain of Applicability 

Taxonomic Applicability 

Term Scientific Term Evidence Links 

zebrafish Danio rerio High NCBI  

fathead minnow Pimephales promelas High NCBI  

 

Life Stage Applicability 

Life Stage Evidence 

Larvae High 

 

Sex Applicability 

Sex Evidence 

Unspecific Moderate 

 

Taxonomic: Teleost fish can be divided in two groups according to swim bladder morphology: physoclistous 

(e.g., yellow perch, sea bass, striped bass, medaka) and physostomous (e.g., zebrafish and fathead 

minnow). Physostomous fish retain a duct between the digestive tract and the swim bladder during adulthood 

https://aopwiki.org/events/1007
https://aopwiki.org/aops/156
https://aopwiki.org/aops/156
https://aopwiki.org/aops/158
https://aopwiki.org/aops/158
https://aopwiki.org/aops/159
https://aopwiki.org/aops/159
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
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allowing them to gulp air at the surface to fill the swim bladder. In contrast, in physoclistous fish, once initial 

inflation by gulping atmospheric air at the water surface has occurred, the swim bladder is closed off from 

the digestive tract and swim bladder volume is regulated by gas secretion into the swim bladder (Woolley 

and Qin, 2010). The evidence for impaired inflation of the anterior chamber of the swim bladder currently 

comes from work on zebrafish and fathead minnow (Stinckens et al., 2016; Nelson et al., 2016; Cavallin et 

al., 2017; Godfrey et al., 2017; Stinckens et al., 2020). While zebrafish and fathead minnows are 

physostomous fish with a two-chambered swim bladder, the Japanese rice fish or medaka (Oryzias latipes) 

is a physoclistous fish with a single chambered swim bladder that inflates during early development. The key 

event 'reduced anterior chamber inflation' is not applicable to such fish species. Therefore, the current key 

event is plausibly applicable to physostomous fish in general. 

 

Life stage: The anterior chamber inflates during a specific developmental time frame. In zebrafish, the 

anterior chamber inflates around 21 days post fertilization (dpf) which is during the larval stage. In the fathead 

minnow, the anterior chamber inflates around 14 dpf, also during the larval stage. Therefore this KE is only 

applicable to the larval life stage. 

 

Sex: This KE plausibly applicable to both sexes. Sex differences are not often investigated in tests using 

early life stages of fish. For zebrafish and fathead minnow, it is currently unclear whether sex-related 

differences are important in determining the magnitude of the changes in this KE. Different fish species have 

different sex determination and differentiation strategies. Zebrafish do not have identifiable heteromorphic 

sex chromosomes and sex is determined by multiple genes and influenced by the environment 

(Nagabhushana and Mishra, 2016). 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. Since the anterior chamber 

inflates around 21 days post fertilization in zebrafish, sex differences are expected to play a minor role. 

Fathead minnow gonad differentiation also occurs during larval development. Fathead minnows utilize a XY 

sex determination strategy and markers can be used to genotype sex in life stages where the sex is not yet 

clearly defined morphologically (Olmstead et al., 2011). Ovarian differentiation starts at 10 dph followed by 

rapid development (Van Aerle et al., 2004). At 25 dph germ cells of all stages up to the primary oocytes 

stage were present and at 120 dph, vitellogenic oocytes were present. The germ cells (spermatogonia) of 

the developing testes only entered meiosis around 90–120 dph. Mature testes with spermatozoa are present 

around 150 dph. Since the anterior chamber inflates around 14 days post fertilization (9 dph) in fathead 

minnows, sex differences are expected to play a minor role in the current KE. 

 

Key Event Description 

The swim bladder of bony fish is evolutionary homologous to the lung (Zheng et al., 2011). The teleost swim 

bladder is a gas-filled structure that consists of two chambers, the posterior and anterior chamber. In 

zebrafish, the posterior chamber inflates around 96 h post fertilization (hpf) which is 2 days post hatch, and 

the anterior chamber inflates around 21 dpf. In fathead minnow, the posterior and anterior chamber inflate 

around 6 and 14 dpf respectively. Inflation of the anterior swim bladder chamber is part of the larval-to-

juvenile transition in fish, together with the development of adult fins and fin rays, ossification of the axial 

skeleton, formation of an adult pigmentation pattern, scale formation, maturation and remodeling of organs 

including the lateral line, nervous system, gut and kidneys (McMenamin and Parichy, 2013). 
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The anterior chamber is formed by evagination from the cranial end of the posterior chamber (Robertson et 

al., 2007). Dumbarton et al. (2010) showed that the anterior chamber of zebrafish has particularly closely 

packed and highly organized bundles of muscle fibres, suggesting that contraction of these muscles would 

reduce swim bladder volume. While it had previously been suggested that the posterior chamber had a more 

important role as a hydrostatic organ, this implies high importance of the anterior chamber for buoyancy. 

The anterior chamber has an additional role in hearing (Bang et al., 2002). Weberian ossicles (the Weberian 

apparatus) connect the anterior chamber to the inner ear resulting in an amplification of sound waves. 

Reduced inflation of the anterior chamber may manifest itself as either a complete failure to inflate the 

chamber or reduced size of the chamber. Reduced size is often associated with a deviating morphology. 

 

How it is Measured or Detected 

In several fish species, inflation of the anterior chamber can be observed using a stereomicroscope because 

the larvae are still transparent during the larval stage. This is for example true for zebrafish and fathead 

minnow. Anterior chamber size can then be measured based on photographs with a calibrator. 
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Event: 1005: Reduced, Swimming performance 

Short Name: Reduced, Swimming performance 

 Key Event Component 

Process Object Action 

aquatic locomotion 
 

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  

Key Event 

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

Key Event 

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

Key Event 

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

Key Event 

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

Key Event 

Aop:242 - Inhibition of lysyl oxidase leading to enhanced chronic fish toxicity  Key Event 

Aop:334 - Glucocorticoid Receptor Agonism Leading to Impaired Fin Regeneration  Key Event 

 

Biological Context 

Level of Biological Organization 

Individual 

 

Domain of Applicability 

Taxonomic Applicability 

Term Scientific Term Evidence Links 

zebrafish Danio rerio High NCBI  

teleost fish teleost fish High NCBI  

fathead minnow Pimephales promelas High NCBI  

 

Life Stage Applicability 

Life Stage Evidence 

Larvae Moderate 

Juvenile Moderate 

Adult Moderate 

  

https://aopwiki.org/aops/155
https://aopwiki.org/aops/155
https://aopwiki.org/aops/156
https://aopwiki.org/aops/156
https://aopwiki.org/aops/157
https://aopwiki.org/aops/157
https://aopwiki.org/aops/158
https://aopwiki.org/aops/158
https://aopwiki.org/aops/159
https://aopwiki.org/aops/159
https://aopwiki.org/aops/242
https://aopwiki.org/aops/334
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=70862
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=90988
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Sex Applicability 

Sex Evidence 

Unspecific Moderate 

Taxonomic: Importance of swimming performance for natural behaviour is generally applicable to fish and 

tho other taxa that rely on swimming to support vital behaviours. 

Life stage: Importance of swimming performance for natural behaviour is generally applicable across all 

free-swimming life stages, i.e., post-embryonic life stages. 

Sex: Importance of swimming performance for natural behaviour is generally applicable across sexes. 

 

Key Event Description 

Adequate swimming performance in fish is essential for behaviour such as foraging, predator avoidance and 

reproduction. 

 

How it is Measured or Detected 

For fish larvae, automated observation and tracking systems are commercially available and increasingly 

used for measuring swimming performance including distance travelled, duration of movements, swimming 

speed, etc. This kind of measurements is often included in publications describing effects of chemicals in 

zebrafish larvae (Hagenaars et al., 2014; Stinckens et al., 2016; Vergauwen et al., 2015). 

For juvenile and adult fish, measurements of swim performance vary. However, in some circumstances, 

swim tunnels have been used to measure various data (Fu et al., 2013). 

Little and Finger (1990) discussed swimming behavior as an indicator of sublethal toxicity in fish. 
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List of Adverse Outcomes in this AOP 

Event: 351: Increased Mortality  

Short Name: Increased Mortality  

Key Event Component 

Process Object Action 

mortality 
 

increased 

 

AOPs Including This Key Event 

AOP ID and Name Event Type 

Aop:16 - Acetylcholinesterase inhibition leading to acute mortality  Adverse 
Outcome 

Aop:96 - Axonal sodium channel modulation leading to acute mortality  Adverse 
Outcome 

Aop:104 - Altered ion channel activity leading impaired heart function  Adverse 
Outcome 

Aop:113 - Glutamate-gated chloride channel activation leading to acute mortality  Adverse 
Outcome 

Aop:160 - Ionotropic gamma-aminobutyric acid receptor activation mediated 
neurotransmission inhibition leading to mortality  

Adverse 
Outcome 

Aop:161 - Glutamate-gated chloride channel activation leading to 
neurotransmission inhibition associated mortality  

Adverse 
Outcome 

Aop:138 - Organic anion transporter (OAT1) inhibition leading to renal failure and 
mortality  

Adverse 
Outcome 

Aop:177 - Cyclooxygenase 1 (COX1) inhibition leading to renal failure and 
mortality  

Adverse 
Outcome 

Aop:186 - unknown MIE leading to renal failure and mortality  Adverse 
Outcome 

Aop:312 - Acetylcholinesterase Inhibition leading to Acute Mortality via Impaired 
Coordination & Movement  

Adverse 
Outcome 

Aop:320 - Binding of viral S-glycoprotein to ACE2 receptor leading to acute 
respiratory distress associated mortality  

Adverse 
Outcome 

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

Adverse 
Outcome 

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

Adverse 
Outcome 

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

Adverse 
Outcome 

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

Adverse 
Outcome 

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

Adverse 
Outcome 

Aop:363 - Thyroperoxidase inhibition leading to increased mortality via altered 
retinal layer structure  

Adverse 
Outcome 

Aop:377 - Dysregulated prolonged Toll Like Receptor 9 (TLR9) activation leading Adverse 

https://aopwiki.org/aops/16
https://aopwiki.org/aops/96
https://aopwiki.org/aops/104
https://aopwiki.org/aops/113
https://aopwiki.org/aops/160
https://aopwiki.org/aops/160
https://aopwiki.org/aops/161
https://aopwiki.org/aops/161
https://aopwiki.org/aops/138
https://aopwiki.org/aops/138
https://aopwiki.org/aops/177
https://aopwiki.org/aops/177
https://aopwiki.org/aops/186
https://aopwiki.org/aops/312
https://aopwiki.org/aops/312
https://aopwiki.org/aops/320
https://aopwiki.org/aops/320
https://aopwiki.org/aops/155
https://aopwiki.org/aops/155
https://aopwiki.org/aops/156
https://aopwiki.org/aops/156
https://aopwiki.org/aops/157
https://aopwiki.org/aops/157
https://aopwiki.org/aops/158
https://aopwiki.org/aops/158
https://aopwiki.org/aops/159
https://aopwiki.org/aops/159
https://aopwiki.org/aops/363
https://aopwiki.org/aops/363
https://aopwiki.org/aops/377
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AOP ID and Name Event Type 

to Acute Respiratory Distress Syndrome (ARDS) and Multiple Organ Dysfunction 
(MOD)  

Outcome 

Aop:364 - Thyroperoxidase inhibition leading to increased mortality via 
decreased eye size  

Adverse 
Outcome 

Aop:365 - Thyroperoxidase inhibition leading to increased mortality via altered 
photoreceptor patterning  

Adverse 
Outcome 

Aop:399 - Inhibition of Fyna leading to increased mortality via decreased eye size 
(Microphthalmos)  

Adverse 
Outcome 

Aop:413 - Oxidation and antagonism of reduced glutathione leading to mortality 
via acute renal failure  

Adverse 
Outcome 

Aop:410 - Repression of Gbx2 expression leads to defects in developing inner 
ear and consequently to increased mortality  

Key Event 

 
Biological Context 

Level of Biological Organization 

Population 

Domain of Applicability 

Taxonomic Applicability 

Term Scientific Term Evidence Links 

all species all species High NCBI  

 

Life Stage Applicability 

Life Stage Evidence 

All life stages High 

 

Sex Applicability 

Sex Evidence 

Unspecific Moderate 

 

All living things are susceptible to mortality. 

Key Event Description 

Increased mortality refers to an increase in the number of individuals dying in an experimental replicate 

group or in a population over a specific period of time. 

 

How it is Measured or Detected 

Mortality of animals is generally observed as cessation of the heart beat, breathing (gill or lung movement) 

and locomotory movements. 

Mortality is typically measured by observation. Depending on the size of the organism, instruments such as 

microscopes may be used. The reported metric is mostly the mortality rate: the number of deaths in a given 

area or period, or from a particular cause. 

https://aopwiki.org/aops/377
https://aopwiki.org/aops/377
https://aopwiki.org/aops/364
https://aopwiki.org/aops/364
https://aopwiki.org/aops/365
https://aopwiki.org/aops/365
https://aopwiki.org/aops/399
https://aopwiki.org/aops/399
https://aopwiki.org/aops/413
https://aopwiki.org/aops/413
https://aopwiki.org/aops/410
https://aopwiki.org/aops/410
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=0
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Depending on the species and the study setup, mortality can be measured: 

• in the lab by recording mortality during exposure experiments 

• in dedicated setups simulating a realistic situation such as mesocosms or drainable ponds for 
aquatic species 

• in the field, for example by determining age structure after one capture, or by capture-mark-recapture 
efforts. The latter is a method 

• commonly used in ecology to estimate an animal population's size where it is impractical to count 
every individual. 

 

Regulatory Significance of the AO 

Increased mortality is one of the most common regulatory assessment endpoints, along with reduced growth 

and reduced reproduction. 
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Event: 360: Decrease, Population growth rate 

Short Name: Decrease, Population growth rate 

Key Event Component 

Process Object Action 

population growth rate population of organisms decreased 

 

AOPs Including This Key Event 

AOP ID and Name Event Type 

Aop:23 - Androgen receptor agonism leading to reproductive dysfunction (in 
repeat-spawning fish)  

Adverse Outcome 

Aop:25 - Aromatase inhibition leading to reproductive dysfunction  Adverse Outcome 

Aop:29 - Estrogen receptor agonism leading to reproductive dysfunction  Adverse Outcome 

Aop:30 - Estrogen receptor antagonism leading to reproductive dysfunction  Adverse Outcome 

Aop:100 - Cyclooxygenase inhibition leading to reproductive dysfunction via 
inhibition of female spawning behavior  

Adverse Outcome 

Aop:122 - Prolyl hydroxylase inhibition leading to reproductive dysfunction via 
increased HIF1 heterodimer formation  

Adverse Outcome 

Aop:123 - Unknown MIE leading to reproductive dysfunction via increased HIF-
1alpha transcription  

Adverse Outcome 

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

Adverse Outcome 

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

Adverse Outcome 

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

Adverse Outcome 

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

Adverse Outcome 

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

Adverse Outcome 

Aop:101 - Cyclooxygenase inhibition leading to reproductive dysfunction via 
inhibition of pheromone release  

Adverse Outcome 

Aop:102 - Cyclooxygenase inhibition leading to reproductive dysfunction via 
interference with meiotic prophase I /metaphase I transition  

Adverse Outcome 

Aop:63 - Cyclooxygenase inhibition leading to reproductive dysfunction  Adverse Outcome 

Aop:103 - Cyclooxygenase inhibition leading to reproductive dysfunction via 
interference with spindle assembly checkpoint  

Adverse Outcome 

Aop:292 - Inhibition of tyrosinase leads to decreased population in fish  Adverse Outcome 

Aop:310 - Embryonic Activation of the AHR leading to Reproductive failure, via 
epigenetic down-regulation of GnRHR  

Adverse Outcome 

Aop:16 - Acetylcholinesterase inhibition leading to acute mortality  Adverse Outcome 

Aop:312 - Acetylcholinesterase Inhibition leading to Acute Mortality via Impaired 
Coordination & Movement  

Adverse Outcome 

Aop:334 - Glucocorticoid Receptor Agonism Leading to Impaired Fin 
Regeneration  

Adverse Outcome 

Aop:336 - DNA methyltransferase inhibition leading to population decline (1)  Adverse Outcome 

Aop:337 - DNA methyltransferase inhibition leading to population decline (2)  Adverse Outcome 

https://aopwiki.org/aops/23
https://aopwiki.org/aops/23
https://aopwiki.org/aops/25
https://aopwiki.org/aops/29
https://aopwiki.org/aops/30
https://aopwiki.org/aops/100
https://aopwiki.org/aops/100
https://aopwiki.org/aops/122
https://aopwiki.org/aops/122
https://aopwiki.org/aops/123
https://aopwiki.org/aops/123
https://aopwiki.org/aops/155
https://aopwiki.org/aops/155
https://aopwiki.org/aops/156
https://aopwiki.org/aops/156
https://aopwiki.org/aops/157
https://aopwiki.org/aops/157
https://aopwiki.org/aops/158
https://aopwiki.org/aops/158
https://aopwiki.org/aops/159
https://aopwiki.org/aops/159
https://aopwiki.org/aops/101
https://aopwiki.org/aops/101
https://aopwiki.org/aops/102
https://aopwiki.org/aops/102
https://aopwiki.org/aops/63
https://aopwiki.org/aops/103
https://aopwiki.org/aops/103
https://aopwiki.org/aops/292
https://aopwiki.org/aops/310
https://aopwiki.org/aops/310
https://aopwiki.org/aops/16
https://aopwiki.org/aops/312
https://aopwiki.org/aops/312
https://aopwiki.org/aops/334
https://aopwiki.org/aops/334
https://aopwiki.org/aops/336
https://aopwiki.org/aops/337
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AOP ID and Name Event Type 

Aop:338 - DNA methyltransferase inhibition leading to population decline (3)  Adverse Outcome 

Aop:339 - DNA methyltransferase inhibition leading to population decline (4)  Adverse Outcome 

Aop:340 - DNA methyltransferase inhibition leading to transgenerational effects 
(1) 

Adverse Outcome 

Aop:341 - DNA methyltransferase inhibition leading to transgenerational effects 
(2) 

Adverse Outcome 

Aop:289 - Inhibition of 5α-reductase leading to impaired fecundity in female fish  Adverse Outcome 

Aop:297 - Inhibition of retinaldehyde dehydrogenase leads to population decline  Adverse Outcome 

Aop:346 - Aromatase inhibition leads to male-biased sex ratio via impacts on 
gonad differentiation  

Adverse Outcome 

Aop:299 - Excessive reactive oxygen species production leading to population 
decline via reduced fatty acid beta-oxidation  

Adverse Outcome 

Aop:311 - Excessive reactive oxygen species production leading to population 
decline via mitochondrial dysfunction  

Adverse Outcome 

Aop:216 - Excessive reactive oxygen species production leading to population 
decline via follicular atresia  

Adverse Outcome 

Aop:238 - Excessive reactive oxygen species production leading to population 
decline via lipid peroxidation 

Adverse Outcome 

Aop:326 - Thermal stress leading to population decline (3)  Adverse Outcome 

Aop:325 - Thermal stress leading to population decline (2)  Adverse Outcome 

Aop:324 - Thermal stress leading to population decline (1)  Adverse Outcome 

Aop:363 - Thyroperoxidase inhibition leading to increased mortality via altered 
retinal layer structure  

Adverse Outcome 

Aop:349 - Inhibition of 11β-hydroxylase leading to decresed population 
trajectory  

Adverse Outcome 

Aop:348 - Inhibition of 11β-Hydroxysteroid Dehydrogenase leading to 
decreased population trajectory  

Adverse Outcome 

Aop:376 - Androgen receptor agonism leading to male-biased sex ratio  Adverse Outcome 

Aop:386 - Increased reactive oxygen species production leading to population 
decline via inhibition of photosynthesis  

Adverse Outcome 

Aop:387 - Increased reactive oxygen species production leading to population 
decline via mitochondrial dysfunction  

Adverse Outcome 

Aop:388 - DNA damage leading to population decline via programmed cell 
death  

Adverse Outcome 

Aop:389 - Oxygen-evolving complex damage leading to population decline via 
inhibition of photosynthesis  

Adverse Outcome 

Aop:364 - Thyroperoxidase inhibition leading to increased mortality via 
decreased eye size  

Adverse Outcome 

Aop:365 - Thyroperoxidase inhibition leading to increased mortality via altered 
photoreceptor patterning  

Adverse Outcome 

Aop:399 - Inhibition of Fyna leading to increased mortality via decreased eye 
size (Microphthalmos)  

Adverse Outcome 

 

 

Biological Context 

Level of Biological Organization 

Population 

  

https://aopwiki.org/aops/338
https://aopwiki.org/aops/339
https://aopwiki.org/aops/340
https://aopwiki.org/aops/340
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 Domain of Applicability 

Taxonomic Applicability 

Term Scientific Term Evidence Links 

all species all species High NCBI  

 

Life Stage Applicability  

Life Stage Evidence 

All life stages Not Specified 

 

Sex Applicability 

Sex Evidence 

Unspecific Not Specified 

 

Consideration of population size and changes in population size over time is potentially relevant to all living 

organisms. 

 

Key Event Description 

Population ecology is the study of the sizes (and to some extent also the distribution) of plant and animal 

populations and of the processes, mainly biological in nature, that determine these sizes. As such, it provides 

an integrated measure of events occurring at lower levels of biological organization (biochemical, 

organismal, etc.). The population size in turn determines community and ecosystem structure. For fish, 

maintenance of sustainable fish and wildlife populations (i.e., adequate to ensure long-term delivery of 

valued ecosystem services) is an accepted regulatory goal upon which risk assessments and risk 

management decisions are based. 

 

How it is Measured or Detected 

Population trajectories, either hypothetical or site specific, can be estimated via population modeling based 

on measurements of vital rates or reasonable surrogates measured in laboratory studies. As an example, 

Miller and Ankley 2004 used measures of cumulative fecundity from laboratory studies with repeat spawning 

fish species to predict population-level consequences of continuous exposure. 

 

Regulatory Significance of the AO 

Maintenance of sustainable fish and wildlife populations (i.e., adequate to ensure long-term delivery of 

valued ecosystem services) is a widely accepted regulatory goal upon which risk assessments and risk 

management decisions are based. 

http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=0
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Appendix 2 - List of Key Event Relationships in the AOP 

List of Adjacent Key Event Relationships 

Relationship: 1037: Inhibition, Deiodinase 1 leads to Decreased, Triiodothyronine 

(T3) 

AOPs Referencing Relationship 

AOP Name Adjacency 
Weight of 
Evidence 

Quantitative 
Understanding 

Deiodinase 1 inhibition leading to 
increased mortality via reduced posterior 
swim bladder inflation  

adjacent Low Low 

Deiodinase 1 inhibition leading to 
increased mortality via reduced anterior 
swim bladder inflation  

adjacent Low Low 

Evidence Supporting Applicability of this Relationship 

Taxonomic Applicability 

Term Scientific Term Evidence Links 

zebrafish Danio rerio Low NCBI  

fathead minnow Pimephales promelas Low NCBI  

 

Life Stage Applicability 

Life Stage Evidence 

All life stages High 

 

Sex Applicability 

Sex Evidence 

Unspecific Moderate 

 

Taxonomic: Deiodinases are important for the activation of T4 to T3 across vertebrates. Therefore, this KER 

is plausibly applicable across vertebrates. There appear to be differences among vertebrate classes relative 

to the role of the different deiodinase isoforms in regulating thyroid hormone levels. It is generally assumed 

that deiodinase 1 in liver is the main supplier of T3 to circulation in mammals (Leonard et al., 1986), and the 

same appears to be true for birds (Freeman et al., 1991), while DIO2 is assumed to regulate intracellular 

concentrations of T3. In contrast to the general assumptions however, Maia et al. (2005) determined that in 

a normal physiological situation in humans the contribution of DIO2 to plasma T3 levels is twice that of DIO1. 

By contrast, DIO1 function in teleostean and amphibian T3 plasma regulation is less clear (Finnson et al. 

1999, Kuiper et al. 2006). The presence of DIO1 in the liver of teleosts has been a controversial issue, and 

both the high level of DIO2 activity and its expression in the liver of teleosts are unique among vertebrates 

(Orozco and Valverde, 2005). These differences make it difficult to exactly evaluate the importance of DIO1 

https://aopwiki.org/relationships/1037
https://aopwiki.org/relationships/1037
https://aopwiki.org/aops/157
https://aopwiki.org/aops/157
https://aopwiki.org/aops/157
https://aopwiki.org/aops/158
https://aopwiki.org/aops/158
https://aopwiki.org/aops/158
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
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in regulating serum/tissue T3 levels across vertebrates. Mol et al. (1998) concluded that deiodinases in 

teleosts were more similar to mammalian deiodinases than had been generally accepted, based on the 

similarities in susceptibility to inhibition and the agreement of the Km values. 

Life stage: Deiodinases are important for the activation of T4 to T3 across all life stages. 

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 Relationship Description 

The two major thyroid hormones are thyroxine (T4) and the more biologically active triiodothyronine (T3), 

both iodinated derivatives of tyrosine. Active and inactive THs are tightly regulated by enzymes called 

iodothyronine deiodinases (DIO). The activation occurs via outer ring deiodination (ORD), i.e. removing 

iodine from the outer, phenolic ring of T4 to form T3, while inactivation occurs via inner ring deiodination 

(IRD), i.e. removing iodine from the inner tyrosol ring of T4 or T3. 

Three types of iodothyronine deiodinases (DIO1-3) have been described in vertebrates that activate or 

inactivate THs and are therefore important mediators of TH action. All deiodinases are integral membrane 

proteins of the thioredoxin superfamily that contain selenocysteine in their catalytic centre. Type I deiodinase 

is capable of converting T4 into T3, as well as to convert rT3 to the inactive thyroid hormone 3,3’ T2, through 

outer ring deiodination. rT3, rather than T4, is the preferred substrate for DIO1. furthermore, DIO1 has a very 

high Km (µM range, compared to nM range for DIO2) (Darras and Van Herck, 2012). Type II deiodinase 

(DIO2) is only capable of ORD activity with T4 as a preferred substrate (i.e., activation of T4 tot T3). DIO3 

can inner ring deiodinate T4 and T3 to the inactive forms of THs, reverse T3, (rT3) and 3,3’-T2 respectively. 

(Darras and Van Herck, 2012) 

Because of the high Km and preference for rT3 as a substrate, the importance of DIO1 in activating T4 to 

T3 in a physiological situation is likely limited. 

 

Evidence Supporting this KER 

Inhibition of DIO1 activity is widely accepted to directly decrease T3 levels, since the conversion of T4 to T3 

is inhibited. The importance of DIO1 inhibition in altering serum and/or tissue T3 levels depends on the 

relative role of different deiodinases in regulating serum versus tissue T3 levels and in negative feedback 

within the HPT axis. Both aspects appear to differ to some extent among vertebrate taxa. 

Biological Plausibility 
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Inhibition of DIO1 activity is widely accepted to directly decrease T3 levels, since the conversion of T4 to T3 

is inhibited. 

Empirical Evidence 

• In the study of Cavallin et al. (2017) fathead minnow larvae were exposed to iopanoic acid, a model 

iodothyronine deiodinase inhibitor that is assumed to inhibit all three deiodinase enzymes (DIO1,2,3) 

and pronounced decreases of whole body T3 concentrations were observed. 

• Stinckens et al. (2020) showed that iopanoic acid reduced whole-body T3 levels in zebrafish in 21 

and 32 day old larvae that had been exposed starting from fertilization. 

• Stinckens et al. (2018) showed that perfluorooctanoic acid (PFOA) is a DIO1 and DIO2 inhibitor, and 

Wang et al. (2020) showed that T3 levels were decreased in zebrafish exposed continuously until 

the age of 5 days 250 or 500 mg/L. They also showed a T4 decrease, which is unexpected upon 

exposure to a DIO inhibitor. This is possibly due to one or more additional thyroid hormone disruption 

mechanisms of PFOA. 

Uncertainties and Inconsistencies 

Since in fish early life stages THs are typically measured on a whole body level, it is currently uncertain 

whether T3 level changes occur at the serum and/or tissue level.  

The importance of DIO1 inhibition in altering serum or tissue T3 levels depends on the relative role of different 

deiodinases in regulating serum versus tissue T3 levels and in negative feedback within the HPT axis. Both 

aspects appear to differ to some extent among vertebrate taxa, but the details are not understood yet. 

Another uncertainty lies in the relative importance of the different T4 actvating iodothyronine deiodinases 

(DIO1, DIO2) in the conversion of T4 to T3. It has been previously suggested that DIO2 is the major 

contributor to TH activation in developing zebrafish embryos (Darras et al., 2015; Walpita et al., 2010). It has 

been shown that a morpholino knockdown targeting DIO1 mRNA alone did not affect embryonic 

development in zebrafish, while knockdown of DIO2 delayed progression of otic vesicle length, head-trunk 

angle and pigmentation index (Houbrechts et al., 2016; Walpita et al., 2010, 2009). DIO1 inhibition may only 

become essential in hypothyroidal circumstances, for example when DIO2 is inhibited or in case of iodine 

deficiency, in zebrafish (Walpita et al., 2010) and mice (Galton et al., 2009; Schneider et al., 2006). 

In the study of Cavallin et al. (2017) fathead minnow larvae were exposed to IOP, a model iodothyronine 

deiodinase inhibitor that is assumed to inhibit all three deiodinase enzymes (DIO1,2,3). Transcriptional 

analysis showed that especially DIO2, but also DIO3 mRNA levels (in some treatments), were increased in 

10 to 21 day old larvae exposed to IOP as of the age of 6 days. This suggests that IOP effectively inhibited 

DIO2 and DIO3 in the larvae and that mRNA levels increased as a compensatory response. The authors 

also observed pronounced decreases of whole body T3 concentrations and increases of whole body T4 

concentrations. It is not clear whether inhibition of DIO1 also played a role in the decrease of T3 levels. 

Quantitative Understanding of the Linkage 

Since in fish enzyme activity and thyroid hormone levels are rarely measured in the same study, quantitative 

understanding of this linkage is limited. 

Known Feedforward/Feedback loops influencing this KER 

Thyroid hormone levels are regulated via negative feedback, in part via regulation of the expression of all 

three DIO isoforms in response to deviating TH levels. This feedback mechanism influences this KER. 

Additionally, deiodinases regulate the activity of thyroid hormones, not only in serum and target organs, but 

also in the thyroid gland. On top of that, deiodinases themselves are known to be involved in the negative 
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feedback system that results in increased TSH levels when the levels of T4 (and also T3) in serum are low 

(Schneider et al., 2001), resulting in an even more complicated impact on this KER. Increased TSH levels 

then stimulate increased T4 release from the thyroid gland, resulting in a compensatory increase of serum 

T4 levels. In DIO2 knockout mice it seemed that the negative feedback system was blocked resulting in 

increased levels of T4 and TSH and in normal rather than decreased T3 levels compared to WT. By inhibiting 

DIO1 using a PTU exposure, Schneider et al. (2001) showed that DIO2 played a role in the increased TSH 

levels in response to T3 or T4 injection in mice. 
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Relationship: 1035: Decreased, Triiodothyronine (T3) leads to Reduced, Anterior 

swim bladder inflation 

AOPs Referencing Relationship 

AOP Name Adjacency 
Weight of 
Evidence 

Quantitative 
Understanding 

Deiodinase 2 inhibition leading to 
increased mortality via reduced anterior 
swim bladder inflation  

adjacent Moderate Moderate 

Deiodinase 1 inhibition leading to 
increased mortality via reduced anterior 
swim bladder inflation  

adjacent Moderate Moderate 

Thyroperoxidase inhibition leading to 
increased mortality via reduced anterior 
swim bladder inflation  

adjacent Moderate Moderate 

 

Evidence Supporting Applicability of this Relationship 

Taxonomic Applicability 

Term Scientific Term Evidence Links 

zebrafish Danio rerio Moderate NCBI  

fathead minnow Pimephales promelas High NCBI  

 

Life Stage Applicability 

Life Stage Evidence 

Larvae High 

 

Sex Applicability 

Sex Evidence 

Unspecific Moderate 

 

Taxonomic: Teleost fish can be divided in two groups according to swim bladder morphology: physoclistous 

(e.g., yellow perch, sea bass, striped bass, medaka) and physostomous (e.g., zebrafish and fathead 

minnow). Physostomous fish retain a duct between the digestive tract and the swim bladder during adulthood 

allowing them to gulp air at the surface to fill the swim bladder. In contrast, in physoclistous fish, once initial 

inflation by gulping atmospheric air at the water surface has occurred, the swim bladder is closed off from 

the digestive tract and swim bladder volume is regulated by gas secretion into the swim bladder (Woolley 

and Qin, 2010). The evidence for impaired inflation of the anterior chamber of the swim bladder currently 

comes from work on zebrafish and fathead minnow (Stinckens et al., 2016; Nelson et al., 2016; Cavallin et 

al., 2017; Godfrey et al., 2017; Stinckens et al., 2020). While zebrafish and fathead minnows are 

physostomous fish with a two-chambered swim bladder, the Japanese rice fish or medaka (Oryzias latipes) 

is a physoclistous fish with a single chambered swim bladder that inflates during early development. This 

KER is not applicable to such fish species. Therefore, the current key event is plausibly applicable to 

physostomous fish in general. 

https://aopwiki.org/relationships/1035
https://aopwiki.org/relationships/1035
https://aopwiki.org/aops/156
https://aopwiki.org/aops/156
https://aopwiki.org/aops/156
https://aopwiki.org/aops/158
https://aopwiki.org/aops/158
https://aopwiki.org/aops/158
https://aopwiki.org/aops/159
https://aopwiki.org/aops/159
https://aopwiki.org/aops/159
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
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Life stage: The anterior chamber inflates during a specific developmental time frame. In zebrafish, the 

anterior chamber inflates around 21 days post fertilization (dpf) which is during the larval stage. In the fathead 

minnow, the anterior chamber inflates around 14 dpf, also during the larval stage. Therefore this KER is only 

applicable to the larval life stage. 

Sex: This KER plausibly applicable to both sexes. Sex differences are not often investigated in tests using 

early life stages of fish. For zebrafish and fathead minnow, it is currently unclear whether sex-related 

differences are important in determining the magnitude of the changes in this KER. Different fish species 

have different sex determination and differentiation strategies. Zebrafish do not have identifiable 

heteromorphic sex chromosomes and sex is determined by multiple genes and influenced by the 

environment (Nagabhushana and Mishra, 2016). 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. Since the 

anterior chamber inflates around 21 days post fertilization in zebrafish, sex differences are expected to play 

a minor role. Fathead minnow gonad differentiation also occurs during larval development. Fathead minnows 

utilize a XY sex determination strategy and markers can be used to genotype sex in life stages where the 

sex is not yet clearly defined morphologically (Olmstead et al., 2011). Ovarian differentiation starts at 10 dph 

followed by rapid development (Van Aerle et al., 2004). At 25 dph germ cells of all stages up to the primary 

oocytes stage were present and at 120 dph, vitellogenic oocytes were present. The germ cells 

(spermatogonia) of the developing testes only entered meiosis around 90–120 dph. Mature testes with 

spermatozoa are present around 150 dph. Since the anterior chamber inflates around 14 days post 

fertilization (9 dph) in fathead minnows, sex differences are expected to play a minor role in the current KER. 

 

Key Event Relationship Description 

Thyroid hormones are known to be involved in development, especially in metamorphosis in amphibians and 

in embryonic-to-larval transition and larval-to-juvenile transition, including anterior chamber inflation in fish. 

Reduced T3 levels prohibit local TH action in the target tissues. Since swim bladder development and/or 

inflation is regulated by thyroid hormones, this results in impaired anterior chamber inflation. 

 

Evidence Supporting this KER 

There is convincing evidence that decreased T3 levels result in impaired anterior chamber inflation, but the 

underlying mechanisms are not completely understood. A very convincing linear quantitative relationship 

between reduced T3 levels and reduced anterior chamber volume was shown in zebrafish across exposure 

to a limited set of three compounds. Therefore the evidence supporting this KER can be considered 

moderate. 

Biological Plausibility 

Thyroid hormones are known to be involved in development, especially in metamorphosis in amphibians and 

in embryonic-to-larval transition (Liu and Chan, 2002) and larval-to-juvenile transition (Brown et al., 1997) in 

fish. Inflation of the anterior swim bladder chamber is part of the larval-to-juvenile transition in fish, together 

with the development of adult fins and fin rays, ossification of the axial skeleton, formation of an adult 
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pigmentation pattern, scale formation, maturation and remodelling of organs including the lateral line, 

nervous system, gut and kidneys (Brown, 1997; Liu and Chan, 2002; McMenamin and Parichy, 2013). 

Empirical Evidence 

Dedicated studies with two different experimental setups have been conducted to investigate the link 

between reduced T3 levels and reduced anterior chamber inflation: 

1. Studies applying larval exposures initiated after posterior chamber inflation 

• In a study in which larval fathead minnows (Pimephales promelas) were exposed to the thyroid 

peroxidase inhibitor 2-mercaptobenzothiazole (MBT), T3 concentrations measured at 14dpf were 

reduced at the same concentration (1 mg/L) that significantly reduced anterior swim bladder inflation 

at the same time-point (Nelson et al. 2016). 

• In the study of Cavallin et al. (2017) fathead minnow larvae were exposed to IOP, a model 

iodothyronine deiodinase inhibitor that is assumed to inhibit all three deiodinase enzymes 

(DIO1,2,3). The authors observed pronounced decreases of whole body T3 concentrations and 

increases of whole body T4 concentrations, together with impaired inflation of the anterior swim 

bladder chamber. More specifically, inflation was delayed and the size of the swim bladder chamber 

was reduced until the end of the exposure experiment. 

Since exposures were started after inflation of the posterior chamber, these studies show that DIO inhibition 

can directly affect anterior chamber inflation. 

2. Studies applying continuous exposure initiated immediately after fertilization and thus including both 

posterior and anterior chamber inflation 

• In the study of Stinckens et al. (2020) exposure concentrations were chosen where the posterior 

chamber inflates. A strong correlation between reduced T3 levels and reduced anterior chamber 

inflation was observed in zebrafish exposed to iopanoic acid, a deiodinase inhibitor, as well as 

methimazole and propylthiouracil, both thyroperoxidase inhibitors, from fertilization until the age of 

32 days. Anterior chamber inflation was delayed and a number of larvae did not manage to inflate 

the anterior chamber by the end of the 32 day exposure period. Additionally, exposed fish that had 

inflated the swim bladder had reduced anterior chamber sizes. 

Uncertainties and Inconsistencies 

• Since in fish early life stages THs are typically measured on a whole-body level, it is currently 

uncertain whether TH levels changes occur at the serum and/or tissue level.  

• The mechanism underlying the link between reduced T3 and reduced anterior chamber inflation 

remains unclear, but several hypotheses exist (Stinckens et al., 2020). For example, altered gas 

distribution between chambers could be the result of impaired development of smooth muscle fibers, 

delayed and/or impaired evagination of the anterior chamber, impaired anterior budding through 

altered Wnt and hedgehog signalling, etc. Reinwald et al. (2021) showed that T3 and propylthiouracil 

treatment of zebrafish embryos altered expression of genes involved in muscle contraction and 

functioning in an opposing fashion. The authors suggested impaired muscle function as an additional 

key event between decreased T3 levels and reduced swim bladder inflation. 

• Increased T3 levels also seem to result in reduced swim bladder inflation. For example, Li et al. 

(2011) reported impairment of swim bladder inflation in Chinese rare minnows (Gobiocypris rarus) 

exposed to exogenous T3.  
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Relationship: 1034: Reduced, Anterior swim bladder inflation leads to Reduced, 

Swimming performance 

AOPs Referencing Relationship 

AOP Name Adjacency 
Weight of 
Evidence 

Quantitative 
Understanding 

Deiodinase 2 inhibition leading to 
increased mortality via reduced anterior 
swim bladder inflation  

adjacent Moderate Low 

Deiodinase 1 inhibition leading to 
increased mortality via reduced anterior 
swim bladder inflation  

adjacent Moderate Low 

Thyroperoxidase inhibition leading to 
increased mortality via reduced anterior 
swim bladder inflation  

adjacent Moderate Low 

 

Evidence Supporting Applicability of this Relationship 

Taxonomic Applicability 

Term Scientific Term Evidence Links 

zebrafish Danio rerio High NCBI  

fathead minnow Pimephales promelas Low NCBI  

 

Life Stage Applicability 

Life Stage Evidence 

Larvae High 

 

Sex Applicability 

Sex Evidence 

Unspecific Moderate 

 

Taxonomic: Importance of proper functioning of the swim bladder for supporting natural swimming 

behaviour can be plausibly assumed to be generally applicable to fish possessing an anterior chamber. 

Evidence exists for the role of the posterior chamber in swimming performance comes from a wide variety 

of freshwater and marine fish species. Evidence for the specific role of the anterior chamber is however less 

abundant. 

Life stage: In zebrafish, the anterior chamber inflates around 21 days post fertilization (dpf) which is during 

the larval stage. In the fathead minnow, the anterior chamber inflates around 14 dpf, also during the larval 

stage. Therefore this KER is only applicable to the larval life stage. To what extent fish can survive and swim 

with partly inflated swim bladders during later life stages is unknown. 

Sex: This KER plausibly applicable to both sexes. Sex differences are not often investigated in tests using 

early life stages of fish. For zebrafish and fathead minnow, it is currently unclear whether sex-related 

differences are important in determining the magnitude of the changes in this KER. Different fish species 

have different sex determination and differentiation strategies. Zebrafish do not have identifiable 

https://aopwiki.org/relationships/1034
https://aopwiki.org/relationships/1034
https://aopwiki.org/aops/156
https://aopwiki.org/aops/156
https://aopwiki.org/aops/156
https://aopwiki.org/aops/158
https://aopwiki.org/aops/158
https://aopwiki.org/aops/158
https://aopwiki.org/aops/159
https://aopwiki.org/aops/159
https://aopwiki.org/aops/159
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
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heteromorphic sex chromosomes and sex is determined by multiple genes and influenced by the 

environment (Nagabhushana and Mishra, 2016). 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. Since the 

anterior chamber inflates around 21 days post fertilization in zebrafish, sex differences are expected to play 

a minor role. Fathead minnow gonad differentiation also occurs during larval development. Fathead minnows 

utilize a XY sex determination strategy and markers can be used to genotype sex in life stages where the 

sex is not yet clearly defined morphologically (Olmstead et al., 2011). Ovarian differentiation starts at 10 dph 

followed by rapid development (Van Aerle et al., 2004). At 25 dph germ cells of all stages up to the primary 

oocytes stage were present and at 120 dph, vitellogenic oocytes were present. The germ cells 

(spermatogonia) of the developing testes only entered meiosis around 90–120 dph. Mature testes with 

spermatozoa are present around 150 dph. Since the anterior chamber inflates around 14 days post 

fertilization (9 dph) in fathead minnows, sex differences are expected to play a minor role in the current KER. 

 

Key Event Relationship Description 

Effects on swim bladder inflation can alter swimming performance and buoyancy of fish, which is essential 

for predator avoidance, energy sparing, migration, reproduction and feeding behaviour, resulting in increased 

mortality. 

 

Evidence Supporting this KER 

The weight of evidence supporting a direct linkage between these two KEs, i.e. reduced anterior swim 

bladder inflation and reduced swimming performance, is weak. 

Biological Plausibility 

The anterior chamber of the swim bladder has a function in regulating the buoyancy of fish, by altering the 

volume of the swim bladder (Roberston et al., 2007). Fish rely on the lipid and gas content in their body to 

regulate their position within the water column, with the latter being more efficient at increasing body 

buoyancy. Therefore, fish with functional swim bladders have no problem supporting their body (Brix 2002), 

while it is highly likely that impaired inflation severely impacts swimming performance. Fish with no functional 

swim bladder can survive, but are severely disadvantaged, making the likelihood of surviving smaller. 

Several studies in zebrafish and fathead minnow showed that a smaller AC was associated with a larger 

posterior chamber (Nelson et al., 2016; Stinckens et al., 2016; Cavallin et al., 2017, Stinckens et al., 2020) 

suggesting a possible compensatory mechanism. As shown by Stoyek et al. (2011) however, the AC volume 

is highly dynamic under normal conditions due to a series of regular corrugations running along the chamber 

wall, and is in fact the main driver for adjusting buoyancy while the basic PC volume remains largely 

invariable. Therefore, it is plausible to assume that functionality of the swim bladder is affected when AC 

inflation is incomplete, even when the PC appears to fully compensate the gas volume of the swim bladder. 
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Empirical Evidence 

• Lindsey et al. (2010) showed that zebrafish started swimming deeper down in the water column 

upon inflation of the anterior chamber, confirming a role of the anterior chamber in supporting 

swimming performance. 

• After exposure to 2-mercaptobenzothiazole, a TPO inhibitor, from 0 to 32 days post fertilization (dpf) 

in zebrafish, the swimming activity of fish was impacted starting at 26 dpf if the inflation of the anterior 

chamber of the swim bladder was impaired or had no normal structure/size (Stinckens et al., 2016). 

• Methimazole (MMI) and propylthiouracil (PTU), two thyroperoxidase inhibitors, and  iopanoic acid 

(IOP), a deiodinase inhibitor, each reduced both anterior chamber inflation and swimming distance 

in zebrafish exposed from fertlization until the age of 32 days (Stinckens et al., 2020). Stinckens et 

al. (2020) showed a specific, direct link between reduced anterior chamber inflation and reduced 

swimming performance. 

o First, after 21 d of exposure to 111 mg/L propylthiouracil around 30% of anterior chambers 

were not inflated and swimming distance was reduced, while by 32 days post fertilization all 

larvae had inflated their anterior chamber (although chamber surface was still smaller) and 

the effect on swimming distance had disappeared. 

o The most direct way to assess the role of anterior chamber inflation in swimming 

performance, however, is to compare larvae with and without inflated anterior chamber at 

the same time point and within the same experimental treatment. Both in the propylthiouracil 

exposure at 21 days post fertilization and in the iopanoic acid exposure at 21 and 32 days 

post fertilization, swimming distance was clearly reduced in larvae lacking an inflated 

anterior chamber, while the swimming distance of larvae with inflated anterior chamber was 

equal to that of controls. 

o Exposure concentrations were selected where the posterior chamber inflates. Even though 

the posterior chamber was generally larger when anterior chamber inflation was reduced, 

this did not remove the effect on swimming performance, confirming a direct link between 

proper anterior chamber inflation and swimming performance. 

o No morphological effects were observed, but in some treatments reduced length and/or 

condition factor was observed. However, reduced swimming performance after 32 days of 

IOP exposure to medium concentrations was not accompanied by reduced length or 

condition factor. Therefore, at least in this study no evidence was found that the effect on 

swimming performance was an indirect consequence of effects other than reduced swim 

bladder inflation. 

• It has also been reported that larvae that fail to inflate their swim bladder use additional energy to 

maintain buoyancy (Lindsey et al., 2010, Goodsell et al. 1996), possibly contributing to reduced 

swimming activity.  

Uncertainties and Inconsistencies 

After exposure to 100 mg/L methimazole, 95% of the zebrafish larvae failed to inflate their anterior chamber 

at 32 dpf and swimming distance was reduced (Stinckens et al., 2020). On the other hand, there was no 

effect of impaired anterior chamber inflation on swimming distance in the methimazole exposure of 50 mg/L. 

Also, inflated but smaller anterior chambers did not result in a decreased swimming performance in this 

study. A similar result, where non-inflated anterior chambers did not consistently lead to reduced swimming 

performance, was previously found after exposure to 2-mercaptobenzothiazole (Stinckens et al., 2016). In 

summary, the precise relationship between these two KEs is not easy to determine and may be different for 

different chemicals. This is in part due to the complexity of the swim bladder system and the difficulty of 

distinguishing effects resulting from altered anterior chamber inflation from those resulting from altered 

posterior chamber inflation. Additionally, swimming capacity can be affected via other processes which may 
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or may not depend on the HPT axis, such as general malformations, decreased cardiorespiratory function, 

energy metabolism and growth. 

As Robertson et al., (2007) reported, the swim bladder only starts regulating buoyancy actively from 32 dpf 

onward in zebrafish, possibly explaining the lack of effect on swimming capacity in some cases. 

The anterior chamber is also important for producing and transducing sound through the Weberian 

Apparatus (Popper, 1974; Lechner and Ladich, 2008). It is highly plausible that impaired inflation or size of 

the anterior swim bladder could lead to increased mortality as hearing loss would affect their ability to 

respond to their surrounding environment, thus impacting ecological relevant endpoints such as predator 

avoidance or prey seeking (Wisenden et al., 2008; Fay, 2009). 
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Relationship: 2212: Reduced, Swimming performance leads to Increased Mortality 

AOPs Referencing Relationship 

 

AOP Name Adjacency Weight of 
evidence 

Quantitative 
Understanding 

Deiodinase 2 inhibition leading to increased 
mortality via reduced posterior swim 
bladder inflation 

adjacent Moderate Low 

Deiodinase 2 inhibition leading to increased 
mortality via reduced anterior swim bladder 
inflation 

adjacent Moderate Low 

Deiodinase 1 inhibition leading to increased 
mortality via reduced posterior swim 
bladder inflation 

adjacent Moderate Low 

Deiodinase 1 inhibition leading to increased 
mortality via reduced anterior swim bladder 
inflation 

adjacent Moderate Low 

Thyroperoxidase inhibition leading to 
increased mortality via reduced anterior 
swim bladder inflation 

adjacent Moderate Low 

 

Evidence Supporting Applicability of this Relationship 

Taxonomic Applicability 

Term Scientific Term Evidence Links 

zebrafish Danio rerio Moderate NCBI  

fathead minnow Pimephales promelas Moderate NCBI  

 

Life Stage Applicability  

Life Stage Evidence 

Adult Moderate 

Juvenile Moderate 

Larvae Moderate 

 
Sex Applicability 

Sex Evidence 

Unspecific Moderate 

 

Importance of swimming performance on survival is generally applicable to all hatched fish across life stages 

and sexes and to other taxa that rely on swimming to support vital behaviours. 
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https://aopwiki.org/aops/155
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https://aopwiki.org/aops/158
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Key Event Relationship Description 

Reduced swimming performance is likely to affect essential endpoints such as predator avoidance, feeding 

behaviour and reproduction in taxa that rely on swimming to support these vital behaviours. These 

parameters are biologically plausible to affect survival, especially in a non-laboratory environment where 

food is scarce and predators are abundant. 

 

Evidence Supporting this KER 

A direct relationship between reduced swimming performance and reduced survival is difficult to establish. 

There is however a lot of indirect evidence linking reduced swim bladder inflation to reduced survival 

(https://aopwiki.org/relationships/2213), which can be plausibly assumed to be related to reduced swimming 

performance. 

For example, all zebrafish larvae that failed to inflate the posterior chamber after exposure to 2 mg/L iopanoic 

acid (IOP), died by the age of 9 dpf (Stinckens et al., 2020). Since larvae from the same group that were 

able to inflate the posterior chamber survived and the test was performed in the laboratory in optimal 

conditions, it is plausible to assume that the cause of death was the inability to swim and find food due to 

the failure to inflate the posterior swim bladder chamber. 

 
Biological Plausibility 

Reduced swimming performance is likely to affect essential endpoints such as predator avoidance, feeding 

behaviour and reproduction. These parameters are biologically plausible to affect survival, especially in a 

non-laboratory environment where food is scarce and predators are abundant. 

 

Empirical Evidence 

A direct relationship between reduced swimming performance and reduced survival is difficult to establish. 

There is however a lot of indirect evidence linking reduced swim bladder inflation to reduced survival (see 

non-adjacent KER 1041), which can be plausibly assumed to be related to reduced swimming performance. 

For example, all zebrafish larvae that failed to inflate the posterior chamber after exposure to 2 mg/L iopanoic 

acid (IOP), died by the age of 9 dpf (Stinckens et al., 2020). Since larvae from the same group that were 

able to inflate the posterior chamber survived and the test was performed in the laboratory in optimal 

conditions, it is plausible to assume that the cause of death was the inability to swim and find food due to 

the failure to inflate the posterior swim bladder chamber. 

 
Uncertainties and Inconsistencies 

A direct relationship between reduced swimming performance and reduced survival is difficult to establish in 

a laboratory environment where food is abundant and there are no predators. 

  

https://aopwiki.org/relationships/1041
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Quantitative Understanding of the Linkage 

Quantitative understanding of this linkage is currently limited. 

 

Time-scale 

Reduced swimming performance is not expected to immediately lead to mortality. Depending on the extent 

of the reduction in swimming performance and depending on the cause of death (e.g., starvation due to the 

inability to find food, being caught by a predator) the lag time may vary. 

As an example, Stinckens et al. (2020) found that zebrafish larvae that failed to inflate the swim bladder at 

5 dpf and did not manage to inflate it during the days afterwards died by the age of 9 dpf. Since zebrafish 

initiate exogenous feeding around 5 dpf when the yolk is almost completely depleted, there was a lag period 

of around 4 days after which reduced feeding resulted in mortality. Obviously, in a laboratory setup there is 

no increased risk of being caught by a predator. 
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Relationship: 2013: Increased Mortality leads to Decrease, Population growth rate 

AOPs Referencing Relationship 

 

AOP Name Adjacency Weight of 
evidence 

Quantitative 
Understanding 

Acetylcholinesterase Inhibition leading to 
Acute Mortality via Impaired Coordination & 
Movement 

adjacent   

Acetylcholinesterase inhibition leading to 
acute mortality 

adjacent Moderate Moderate 

Deiodinase 2 inhibition leading to increased 
mortality via reduced posterior swim 
bladder inflation 

adjacent Moderate Moderate 

Deiodinase 2 inhibition leading to increased 
mortality via reduced anterior swim bladder 
inflation 

adjacent Moderate Moderate 

Deiodinase 1 inhibition leading to increased 
mortality via reduced posterior swim 
bladder inflation 

adjacent Moderate Moderate 

Deiodinase 1 inhibition leading to increased 
mortality via reduced anterior swim bladder 
inflation 

adjacent Moderate Moderate 

Thyroperoxidase inhibition leading to 
increased mortality via reduced anterior 
swim bladder inflation 

adjacent Moderate Moderate 

Thyroperoxidase inhibition leading to 
altered visual function via altered retinal 
layer structure 

adjacent Moderate Moderate 

Thyroperoxidase inhibition leading to 
altered visual function via decreased eye 
size 

adjacent   

Thyroperoxidase inhibition leading to 
altered visual function via altered 
photoreceptor patterning 

adjacent   

Inhibition of Fyna leading to increased 
mortality via decreased eye size 
(Microphthalmos) 

adjacent High High 

GSK3beta inactivation leading to increased 
mortality via defects in developing inner ear 

adjacent High High 

 

 Evidence Supporting Applicability of this Relationship 

Taxonomic Applicability 

Term Scientific Term Evidence Links 

zebrafish Danio rerio High NCBI  

fathead minnow Pimephales promelas High NCBI  

 

https://aopwiki.org/aops/312
https://aopwiki.org/aops/312
https://aopwiki.org/aops/312
https://aopwiki.org/aops/16
https://aopwiki.org/aops/16
https://aopwiki.org/aops/155
https://aopwiki.org/aops/155
https://aopwiki.org/aops/155
https://aopwiki.org/aops/156
https://aopwiki.org/aops/156
https://aopwiki.org/aops/156
https://aopwiki.org/aops/157
https://aopwiki.org/aops/157
https://aopwiki.org/aops/157
https://aopwiki.org/aops/158
https://aopwiki.org/aops/158
https://aopwiki.org/aops/158
https://aopwiki.org/aops/159
https://aopwiki.org/aops/159
https://aopwiki.org/aops/159
https://aopwiki.org/aops/363
https://aopwiki.org/aops/363
https://aopwiki.org/aops/363
https://aopwiki.org/aops/364
https://aopwiki.org/aops/364
https://aopwiki.org/aops/364
https://aopwiki.org/aops/365
https://aopwiki.org/aops/365
https://aopwiki.org/aops/365
https://aopwiki.org/aops/399
https://aopwiki.org/aops/399
https://aopwiki.org/aops/399
https://aopwiki.org/aops/410
https://aopwiki.org/aops/410
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
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Life Stage Applicability  

Life Stage Evidence 

All life stages High 

 

Sex Applicability 

Sex Evidence 

Unspecific Moderate 

 

Taxonomic: All organisms must survive to reproductive age in order to reproduce and sustain populations. 

The additional considerations related to survival made above are applicable to other fish species in addition 

to zebrafish and fathead minnows with the same reproductive strategy (r-strategist as described in the theory 

of MaxArthur and Wilson (1967). The impact of reduced survival on population size is even greater for k-

strategists that invest more energy in a lower number of offspring. 

Life stage: Density dependent effects start to play a role in the larval stage of fish when free-feeding starts 

(Hazlerigg et al., 2014). 

Sex: This linkage is independent of sex. 

 

Key Event Relationship Description 

Increased mortality in the reproductive population may lead to a declining population. This depends on the 

excess mortality due to the applied stressor and the environmental parameters such as food availability and 

predation rate. Most fish species are r- strategist, meaning they produce a lot of offspring instead of investing 

in parental care. This results in natural high larval mortality causing only a small percentage of the larvae to 

survive to maturity. If the excess larval mortality due to a stressor is small, the population dynamics might 

result in constant population size. Should the larval excess be more significant, or last on the long-term, this 

will affect the population. To calculate the long-term persistence of the population, population dynamic 

models should be used. 

 

Evidence Supporting this KER 

Survival rate is an obvious determinant of population size and is therefore included in population modeling 

(e.g., Miller et al., 2020). 

 

Biological Plausibility 

Survival to reproductive maturity is a parameter of demographic significance. Assuming resource availability 

(i.e., food, habitat, etc.) is not limiting to the extant population, sufficient mortality in the reproductive 

population may ultimately lead to declining population trajectories. 

Under some conditions, reduced larval survival may be compensated by reduced predation and increased 

food availability, and therefore not result in population decline (Stige et al., 2019).   
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Empirical Evidence 

According to empirical data, combined with population dynamic models, feeding larvae are the crucial life 

stage in zebrafish (and other r-strategists) for the regulation of the population. (Schäfers et al., 1993) 

In fathead minnow, natural survival of early life stages has been found to be highly variable and influential 

on population growth (Miller and Ankley, 2004) 

Rearick et al. (2018) used linked data from behavioural assays to survival trials and applied a modelling 

approach to quantify changes in antipredator escape performance of larval fathead minnows in order to 

predict changes in population abundance. This work was done in the context of exposure to an environmental 

oestrogen. Expsoed fish had delayed response times and slower escape speeds, and were more susceptible 

to predation. Population modelling showed that his can result in population decline. 

In the context of fishing and fisheries, ample evidence of a link between increased mortality and a decrerase 

of population size has been given. Important insights can result from the investigation of optimum modes of 

fishing that allow for maintaining a population (Alekseeva and Rudenko, 2018). Jacobsen and Essington 

(2018) showed the impact of varying predation mortality on forage fish populations. 

Boreman (1997) reviewed methods for comparing the population-level effects of mortality in fish populations 

induced by pollution or fishing. 

 

Uncertainties and Inconsistencies 

The extent to which larval mortality affects population size could depend on the fraction of surplus mortality 

compared to a natural situation. 

There are scenarios in which individual mortality may not lead to declining population size. These include 

instances where populations are limited by the availability of habitat and food resources, which can be 

replenished through immigration. Effects of mortality in the larvae can be compensated by reduced 

competition for resources (Stige et al., 2019). 

The direct impact of pesticides on migration behavior can be difficult to track in the field, and documentation 

of mortality during migration is likely underestimated (Eng 2017).  
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Annex 1: Weight of evidence evaluation table 

 



AOP 158: Deiodinase 1 inhibition leading to increased mortality via reduced anterior swim 

bladder inflation - Weight of evidence evaluation 

 

1 
 

 Defining 
Question  

 

High (Strong)  
 

Moderate  
 

Low (Weak)  
 

1. Support for 
Biological 
Plausibility of 
KERs  

 

Is there a 
mechanistic 
relationship 
between KEup and 
KEdown consistent 
with established 
biological 
knowledge?  

 

Extensive 
understanding of the 
KER based on 
extensive previous 
documentation and 
broad acceptance.  

 

KER is plausible 
based on analogy to 
accepted biological 
relationships, but 
scientific 
understanding is 
incomplete  

 

Empirical support 
for association 
between KEs , but 
the structural or 
functional 
relationship 
between them is 
not understood.  

 

Relationship 1037: 
Inhibition, Deiodinase 
1 (KE 1009) leads to 
Decreased, 
Triiodothyronine (T3) 
in serum (KE 1003) 

Low 
DIO1 is capable of converting T4 to the more biologically active T3, but its role in this process in a 
physiological situation is likely limited. The importance of DIO1 inhibition in altering serum T3 levels 
further depends on the relative role of different deiodinases in regulating serum versus tissue T3 
levels and in negative feedback within the HPT axis. Finally, since in fish early life stages THs are 
typically measured on a whole body level, it is currently uncertain whether T3 level changes occur at 
the serum and/or tissue level. Pending more dedicated studies, whole body TH levels are considered a 
proxy for serum TH levels. In summary, there is a plausible link but the physiological relevance 
remains uncertain. 

Relationship 1035: 
Decreased, 
Triiodothyronine (T3) 
in serum (KE 1003) 
leads to Reduced, 
Anterior swim bladder 
inflation (KE 1007) 

Moderate 
Thyroid hormones, especially the more biologically active T3, are known to be involved in 
development, especially in metamorphosis in amphibians and in embryonic-to-larval transition and 
larval-to-juvenile transition in fish. Inflation of the anterior swim bladder chamber is part of the larval-
to-juvenile transition in fish, together with the development of adult fins and fin rays, ossification of 
the axial skeleton, formation of an adult pigmentation pattern, scale formation, maturation and 
remodeling of organs including the lateral line, nervous system, gut and kidneys. Together with 
empirical evidence, it is plausible to assume that anterior inflation is under thyroid hormone 
regulation but scientific understanding is incomplete. 

Relationship 1034: 
Reduced, Anterior 
swim bladder inflation 
(KE 1007) leads to 
Reduced, Swimming 
performance (KE 
1005) 

Moderate 
Next to a role in hearing, the anterior chamber of the swim bladder has a function in regulating the 
buoyancy of fish. Stoyek et al. (2011) showed that the anterior chamber volume is highly dynamic 
under normal conditions due to a series of regular corrugations running along the chamber wall, and is 
in fact the main driver for adjusting buoyancy while the basic posterior chamber volume remains 
largely invariable. Therefore, it is plausible to assume that functionality of the swim bladder is affected 
when anterior chamber inflation is incomplete, even when the posterior chamber appears to fully 
compensate the gas volume of the swim bladder. 

Relationship 2212: 
Reduced, Swimming 
performance (KE 
1005) leads to 
Increaed mortality (KE 
351) 

Moderate 
Reduced swimming performance is likely to affect essential endpoints such as predator avoidance, 
feeding behaviour and reproduction. These parameters are biologically plausible to affect survival. 
Apart from some indirect evidence, it has been difficult to clearly establish this relationship in the 
laboratory. It may only become apparent in a non-laboratory environment where food is scarce and 
predators are abundant. 

Relationship 2013: 
Increased mortality 
(KE 351) leads to 
Decrease, Population 
trajectory (KE 360) 

High 
It is widely accepted that mortality increases, the population trajectory will eventually decrease. 

 

  



AOP 158: Deiodinase 1 inhibition leading to increased mortality via reduced anterior swim 

bladder inflation - Weight of evidence evaluation 

 

2 
 

2. Essentiality of KEs Defining question High (Strong)  
 

Moderate  
 

Low (Weak)  
 

 Are downstream KEs 
and/or the AO 
prevented if an 
upstream KE is 
blocked? 

Direct evidence from 
specifically designed 
experimental studies 
illustrating essentiality 
for at least one of the 
important KEs  

 

Indirect evidence that 
sufficient modification 
of an expected 
modulating factor 
attenuates or 
augments a KE  

 

No or contradictory 
experimental evidence 
of the essentiality of 
any of the KEs.  

 

KE 1009 (MIE): 
Inhibition, deiodinase 
1 

Bagci et al. (2015) and Heijlen et al. (2013, 2014) reported that knockdown of Dio1+2 in zebrafish 
resulted in impaired inflation of the posterior swim bladder chamber. Walpita et al. (2009, 2010) 
reported reduced pigmentation, otic vesicle length and head-trunk angle in the same Dio1+2 and also 
Dio2 knockdown fish. This suggests that DIO1 is less important than DIO2 in causing downstream 
effects. These effects were rescued after T3 supplementation but not after T4 supplementation, 
confirming the importance of T4 to T3 conversion by Dio2 and perhaps also Dio1 (Walpita et al., 2009, 
2010).  

KE 1003: Decreased 
triiodothyronine (T3) 
in serum 

There is ample evidence confirming the essentiality of decreased T3 levels for the occurrence of 
reduced posterior chamber inflation, confirming a direct link between T3 levels and the swim bladder 
system in general. 
(1) from zebrafish knockdown/knockout studies: 
 Knockdown of deiodinase 1 and 2 (Bagci et al., 2015; Heijlen et al., 2013, 2014), knockdown of 

TH transporter MCT8 (de Vrieze et al., 2014), knockdown of thryoid hormone receptor alpha or 
beta (Marelli et al., 2016), and permanent knockout of deiodinase 2 (Houbrechts et al., 2016) in 
zebrafish resulted in impaired inflation of the posterior swim bladder chamber. Marelli et al. 
(2016) additionally showed that high T3 doses partially rescued the negative impact in mutants 
with partially resistant thyroid hormone receptors.  

 Walpita et al. (2009, 2010) reported reduced pigmentation, otic vesicle length and head-trunk 
angle in the same Dio1+2 and also Dio2 knockdown fish. These effects were rescued after T3 
supplementation, but not after T4 supplementation. While swim bladder inflation was not among 
the assessed endpoints in this study, this generally confirms the essentiality of decreased T3 in 
causing downstream effects upon disruption of DIO1 and 2 function (Walpita et al., 2009, 2010). 

(2) from chemical exposures: 
 Wang et al. (2020) observed a decrease of whole-body T3 as well as impaired posterior chamber 

inflation in zebrafish exposed to perfluorooctanoic acid and perfluoropolyether carboxylic acids 
and exogeneous T3 or T4 supplementation partly rescued this effect. 

 Maternal injection of T3, resulting in increased T3 concentrations in the eggs of striped bass lead 
to significant increases in posterior swim bladder inflation (Brown et al., 1988). Similarly, Molla 
et al. (2019) showed that T3 supplementation increased posterior chamber diameter in zebrafish 
larvae.  

Less information is available about the essentiality of reduced T3 levels for reduced anterior chamber 
inflation.  
 Chopra et al. (2019) provided indirect evidence showing that knockdown of dual oxidase - 

expected to lead to reduced T4 and T3 levels since dual oxidase is important for thyroid hormone 
synthesis - reduced anterior swim bladder inflation. 

Proving essentiality of reduced T3 levels for reduced anterior chamber inflation is further 
complicated by the complexity of the swim bladder system and the difficulty of distinguishing effects 
resulting from altered anterior chamber inflation from those resulting from altered posterior 
chamber inflation. 

KE 1007: Reduced, 
anterior swim bladder 
inflation 

Stinckens et al. (2020) showed that at the time point where control zebrafish inflate the anterior 
chamber, larvae exposed to PTU have a lower frequency of inflated anterior chambers together with 
reduced swimming distance. Later during the exposure the frequency of non-inflated anterior 
chambers decreased and the effect on swimming distance disappeared confirming the essentiality of 
reduced anterior chamber inflation for the downstream effect on swimming performance. 

KE 1005: Reduced, 
swimming 
performance 

Experimental blocking of this KE is difficult to achieve. 

KE 351: Increased 
mortality 

By definition, increased mortality is essential for reduced population size. 

AOP as a whole Low 
Overall, the support for essentiality of the KEs is low since there is limited direct evidence from 
specifically designed experimental studies illustrating essentiality. This includes evidence from 
combined DIO1 and DIO2 knockdown studies in zebrafish showing the link with reduced posterior 
chamber inflation, but anterior chamber inflation was not studied. There is additional indirect 
evidence that reduced thyroid hormone synthesis causes reduced anterior swim bladder inflation: 
Chopra et al. (2019) showed that knockdown of dual oxidase, important for thyroid hormone 
synthesis, reduced anterior swim bladder inflation. It should be noted that dual oxidase also plays a 
role in oxidative stress. There is no specific evidence for the essentiality of DIO1 inhibition 
independent of DIO2 inhibition and DIO2 seems more important than DIO1 in providing sufficient T3 
for proper swim bladder inflation. Therefore the overall evidence for essentiality is considered low.  

 

  



AOP 158: Deiodinase 1 inhibition leading to increased mortality via reduced anterior swim 

bladder inflation - Weight of evidence evaluation 

 

3 
 

 Defining 
Questions  

 

High (Strong)  
 

Moderate  
 

Low (Weak)  
 

3. Empirical 
Support for KERs  

 

Does empirical 
evidence support 
that a change in 
KEup leads to an 
appropriate 
change in 
KEdown? 
Does KEup occur 
at lower doses and 
earlier time points 
than KE down and 
is the incidence of 
KEup > than that 
for KEdown? 
Inconsistencies? 

 

if there is dependent 
change in both 
events following 
exposure to a wide 
range of specific 
stressors (extensive 
evidence for 
temporal, dose-
response and 
incidence 
concordance) and no 
or few data gaps or 
conflicting data 

 

if there is 
demonstrated 
dependent change in 
both events 
following 
exposure to a small 
number of specific 
stressors and some 
evidence 
inconsistent 
with the expected 
pattern that can be 
explained by factors 
such as 
experimental 
design, technical 
considerations, 
differences among 
laboratories, etc. 

 

if there are limited 
or no studies 
reporting 
dependent change 
in both events 
following exposure 
to a specific 
stressor (i.e., 
endpoints never 
measured in the 
same study or not 
at all), and/or 
lacking evidence of 
temporal or dose-
response 
concordance, or 
identification of 
significant 
inconsistencies in 
empirical support 
across taxa and 
species that don’t 
align with the 
expected pattern 
for the 
hypothesised AOP 

 

Relationship 1037: 
Inhibition, Deiodinase 
1 (KE 1009) leads to 
Decreased, 
Triiodothyronine (T3) 
in serum (KE 1003) 

Low 
Although direct measurements of both KEs in the same organisms are not available in fish, several 
studies have shown that chemicals able to inhibit DIO1 in vitro, reduce T3 levels. The relative 
importance of DIO1 versus DIO2 is uncertain, and available evidence suggests that DIO2 is more 
important. 

Relationship 1035: 
Decreased, 
Triiodothyronine (T3) 
in serum (KE 1003) 
leads to Reduced, 
Anterior swim bladder 
inflation (KE 1007) 

Moderate 
Several studies showed both T3 decreases and reduced inflation of the anterior chamber with some 
evidence of dose concordance. Uncertainties mainly relate to the mechanism through which altered 
TH levels result in impaired posterior chamber inflation. Temporal concordance is difficult to establish 
since swim bladder inflation can only occur at a specific time point. 

Relationship 1034: 
Reduced, Anterior 
swim bladder inflation 
(KE 1007) leads to 
Reduced, Swimming 
performance (KE 
1005) 

Moderate 
There is extensive evidence of a link between reduced anterior chamber inflation and reduced 
swimming performance including some evidence of dose concordance. Temporal concordance is 
specifically supported by the study of Stinckens et al. (2020): First, after 21 d of exposure to 111 mg/L 
propylthiouracil around 30% of anterior chambers were not inflated and swimming distance was 
reduced, while by 32 days post fertilization all larvae had inflated their anterior chamber (although 
chamber surface was still smaller) and the effect on swimming distance had disappeared. 

Relationship 2212: 
Reduced, Swimming 
performance (KE 
1005) leads to 
Increaed mortality (KE 
351) 

Low 
A direct relationship between reduced swimming performance and increased mortality has been 
difficult to establish. There is however a lot of indirect evidence linking reduced swim bladder 
inflation to increased mortality (see non-adjacent KER 2213), which can be plausibly assumed to be 
related to reduced swimming performance. 

Relationship 2013: 
Increased mortality 
(KE 351) leads to 
Decrease, Population 
trajectory (KE 360) 

Moderate 
Survival rate is an obvious determinant of population size and is therefore included in population 
modeling. The extent to which increased mortality may impact population sizes in a realistic, 
environmental exposure scenario depends on the circumstances. Under some conditions, reduced 
larval survival may be compensated by reduced predation and increased food availability, and 
therefore not result in population decline. 

 



dose and temporal concordance uncertainties, inconsistencies

reference species chemical expected MIE
exposure 
period

time 
point concentrations tested

TPO 
inhibition

DIO1 
inhibition

DIO2 
inhibition

TH synthesis 
decreased

T4 in serum 
decreased

T3 in serum 
decreased

posterior swim bladder 
chamber inflation reduced

anterior swim bladder 
chamber inflation reduced

swimming performance 
reduced increased mortality

decreased 
tpo mRNA

decreased 
dio1 mRNA serum T4 increased serum T3 increased

Cavallin et al. (2017) fathead minnow iopanoic acid DIO1 and 2 inhibition 0-6dpf 4 dpf 0.6, 1.9, 6.0 mg/L n/a n/a n/a n/a n/a -£
n/a n/a n/a - 0.6, 1.9, 6.0 mg/L£ 6 mg/L£

Cavallin et al. (2017) fathead minnow iopanoic acid DIO1 and 2 inhibition 0-6dpf 6 dpf 0.6, 1.9, 6.0 mg/L n/a -* -* n/a n/a -£
6 mg/L n/a n/a - -£ 1.9, 6.0 mg/L£

Cavallin et al. (2017) fathead minnow iopanoic acid DIO1 and 2 inhibition 6-21 dpf 10 dpf 0.6, 1.9, 6.0 mg/L n/a -* -* n/a n/a 0.6, 1.9, 6.0 mg/L£
n/a n/a n/a - 0.6, 1.9, 6.0 mg/L£ -£

Cavallin et al. (2017) fathead minnow iopanoic acid DIO1 and 2 inhibition 6-21 dpf 14 dpf 0.6, 1.9, 6.0 mg/L n/a -* 0.6, 1.9, 6.0 mg/L* n/a n/a 0.6, 1.9, 6.0 mg/L£
n/a 0.6, 1.9, 6.0 mg/L n/a - 1.9, 6.0 mg/L£ -£

Cavallin et al. (2017) fathead minnow iopanoic acid DIO1 and 2 inhibition 6-21 dpf 18 dpf 0.6, 1.9, 6.0 mg/L n/a -* 0.6, 1.9, 6.0 mg/L* n/a n/a 0.6, 1.9, 6.0 mg/L£
n/a 0.6, 1.9, 6.0 mg/L n/a - 0.6, 1.9, 6.0 mg/L£ -£

Cavallin et al. (2017) fathead minnow iopanoic acid DIO1 and 2 inhibition 6-21 dpf 21 dpf 0.6, 1.9, 6.0 mg/L n/a -* 0.6, 1.9, 6.0 mg/L* n/a n/a 0.6, 1.9, 6.0 mg/L£
n/a 0.6, 1.9, 6.0 mg/L n/a 6 mg/L 0.6, 1.9, 6.0 mg/L£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-168 hpf 120 hpf
0.1, 0.35, 0.56, 0.7, 
0.88, 1.75, 3.5, 7 mg/L n/a n/a n/a n/a 0.35, 0.7 mg/L£ (0.1 mg/L no change, other concentrations not tested)- - n/a 0.35, 0.56, 0.7, 0.88, 1.75, 3.5 mg/L3.5, 7 mg/L -£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-32 dpf 20 dpf 0.1, 0.35 mg/L n/a n/a n/a n/a n/a n/a n/a 0.35 mg/L n/a - -£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-32 dpf 21 dpf 0.1, 0.35 mg/L n/a n/a n/a n/a n/a n/a n/a 0.35 mg/L n/a - -£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-32 dpf 22 dpf 0.1, 0.35 mg/L n/a n/a n/a n/a n/a n/a n/a 0.35 mg/L n/a - -£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-32 dpf 23 dpf 0.1, 0.35 mg/L n/a n/a n/a n/a n/a n/a n/a 0.35 mg/L n/a - -£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-32 dpf 24 dpf 0.1, 0.35 mg/L n/a n/a n/a n/a n/a n/a n/a 0.35 mg/L n/a - -£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-32 dpf 25 dpf 0.1, 0.35 mg/L n/a n/a n/a n/a n/a n/a n/a 0.35 mg/L n/a - -£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-32 dpf 26 dpf 0.1, 0.35 mg/L n/a n/a n/a n/a n/a n/a n/a 0.35 mg/L 0.35 mg/L - -£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-32 dpf 27 dpf 0.1, 0.35 mg/L n/a n/a n/a n/a n/a n/a n/a 0.35 mg/L n/a - -£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-32 dpf 28 dpf 0.1, 0.35 mg/L n/a n/a n/a n/a n/a n/a n/a 0.35 mg/L n/a - -£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-32 dpf 29 dpf 0.1, 0.35 mg/L n/a n/a n/a n/a n/a n/a n/a 0.35 mg/L 0.35 mg/L - -£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-32 dpf 30 dpf 0.1, 0.35 mg/L n/a n/a n/a n/a n/a n/a n/a 0.35 mg/L 0.35 mg/L - -£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-32 dpf 31 dpf 0.1, 0.35 mg/L n/a n/a n/a n/a n/a n/a n/a 0.35 mg/L n/a - -£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-32 dpf 32 dpf 0.1, 0.35 mg/L n/a n/a n/a n/a 0.35 mg/L£ -£
n/a 0.35 mg/L n/a - -£ -£

Nelson et al. (2016) fathead minnow 2-mercaptobenzothiazole TPO inhibition 0-21 dpf 6 dpf 0.25, 0.5, 1 mg/L - n/a n/a n/a 1 mg/L£ -£
- n/a n/a - -£ -£

Nelson et al. (2016) fathead minnow 2-mercaptobenzothiazole TPO inhibition 0-21 dpf 14 dpf 0.25, 0.5, 1 mg/L 0.5, 1 mg/L* n/a n/a 0.5, 1 mg/L$
n/a 1 mg/L£

n/a 0.5, 1 mg/L n/a - n/a -£

Nelson et al. (2016) fathead minnow 2-mercaptobenzothiazole TPO inhibition 0-21 dpf 21 dpf 0.25, 0.5, 1 mg/L 1 mg/L* n/a n/a 0.5, 1 mg/L$ -£ -£
n/a 0.5, 1 mg/L n/a - 0.25, 0.5, 1 mg/L£ -£

Wei et al. (2018) zebrafish bisphenol S unknown adults F1 96 hpf 1, 10, 100 µg/L n/a n/a n/a n/a 1, 10, 100 µg/L£
1, 10, 100 µg/L n/a 1, 10, 100 µg/L - 1, 10, 100 µg/L£

Crane et al. (2005) fathead minnow ammonium perchlorate NIS inhibition 0-28 dpf 28 dpf 1, 10, 100 mg/L n/a n/a n/a 1, 10, 100 mg/L$ -£ -£
n/a n/a n/a - 100 mg/L -

Crane et al. (2006) fathead minnow methimazole TPO inhibition 0-84 dpf 28 dpf 32, 100, 320 µg/L n/a n/a n/a n/a 32, 100 µg/L£ 320 µg/L£
n/a n/a n/a 32, 100 µg/L -£ -£

Crane et al. (2006) fathead minnow methimazole TPO inhibition 0-84 dpf 56 dpf 32, 100, 320 µg/L n/a n/a n/a n/a -£ 100 µg/L£
n/a n/a n/a 32, 100 µg/L 320 µg/L£ -£

Crane et al. (2006) fathead minnow methimazole TPO inhibition 0-84 dpf 84 dpf 32, 100, 320 µg/L n/a n/a n/a n/a - - n/a n/a n/a 32, 100 µg/L - -

Stinckens et al. (2020) zebrafish methimazole TPO inhibition 0-32 dpf 21 dpf 50, 100 mg/L n/a n/a n/a n/a 50, 100 mg/L£ 50, 100 mg/L£
- 50, 100 mg/L n/a

Stinckens et al. (2020) zebrafish methimazole TPO inhibition 0-32 dpf 32 dpf 50, 100 mg/L n/a n/a n/a n/a 50, 100 mg/L£ 50, 100 mg/L£
- 50, 100 mg/L 100 mg/L

Stinckens et al. (2020) zebrafish propylthiouracil TPO inhibition 0-32 dpf 14 dpf 37, 111 mg/L n/a n/a n/a n/a 37, 111 mg/L£ 111 mg/L£
- n/a 111 mg/L

Stinckens et al. (2020) zebrafish propylthiouracil TPO inhibition 0-32 dpf 21 dpf 37, 111 mg/L n/a n/a n/a n/a 37, 111 mg/L£ 111 mg/L£
- 37, 111 mg/L 111 mg/L

Stinckens et al. (2020) zebrafish propylthiouracil TPO inhibition 0-32 dpf 32 dpf 37, 111 mg/L n/a n/a n/a n/a 37, 111 mg/L£ 37, 111 mg/L£
- 37, 111 mg/L -

Stinckens et al. (2020) zebrafish iopanoic acid DIO1 and 2 inhibition 0-32 dpf 9 dpf 2 mg/L n/a n/a n/a n/a n/a n/a 2 mg/L n/a n/a 2 mg/L

Stinckens et al. (2020) zebrafish iopanoic acid DIO1 and 2 inhibition 0-32 dpf 14 dpf 0.35, 1 mg/L n/a n/a n/a n/a -£ -£
- n/a 1, 2 mg/L

Stinckens et al. (2020) zebrafish iopanoic acid DIO1 and 2 inhibition 0-32 dpf 21 dpf 0.35, 1 mg/L n/a n/a n/a n/a -£ 0.35, 1 mg/L£
- 0.35, 1, 2 mg/L 0.35, 1, 2 mg/L

Stinckens et al. (2020) zebrafish iopanoic acid DIO1 and 2 inhibition 0-32 dpf 32 dpf 0.35, 1, 2 mg/L n/a n/a n/a n/a -£ 0.35, 1, 2 mg/L£
- 0.35, 1, 2 mg/L 0.35, 1, 2 mg/L

Wang et al. (2020) zebrafish perfluorooctanoic acid (PFOA) DIO1 and 2 inhibition 0-5 dpf 5 dpf

0, 50, 100, 150, 200, 
2502, 300, 350, 400, 
450, 500 mg/L -* - 125, 250, 500 mg/L* - 250, 500 mg/L£ 250, 500 mg/L£ 200, 250, 300, 350, 400, 450, 500 mg/Ln/a n/a 300, 400, 450, 500 mg/L - 500 mg/L -£ -£

Wang et al. (2020) zebrafish PFO3OA unknown 0-5 dpf 5 dpf

0, 400, 600, 800, 1000, 
1200, 1400, 1600, 1800, 
2000, 2200, 2400 mg/L 1200, 2200 mg/L* -* 600, 1200, 2200 mg/L* - 600, 1200, 2200 mg/L£ 1200, 2200 mg/L£ 800, 1000, 1200, 1400, 1600, 1800, 2000, 2200, 2400 mg/Ln/a n/a - - - -£ -£

Wang et al. (2020) zebrafish PFO4DA unknown 0-5 dpf 5 dpf
0, 30, 45, 60, 90, 120, 
150, 180, 210, 240 mg/L -* 240 mg/L* -* - 60, 120, 240 mg/L£ (lower concentrations were not tested)60, 120, 240 mg/L£  (lower concentrations were not tested)45, 60, 90, 120, 150, 180, 210, 240 mg/Ln/a n/a - - - -£ -£

Wang et al. (2020) zebrafish PFO5DoDA unknown 0-5 dpf 5 dpf
0, 5, 10, 15, 20, 25, 
30, 35, 40 mg/L -* -* 10, 20, 40 mg/L* - 10, 20, 40 mg/L£ 10, 20, 40 mg/L£ 20, 25, 30, 35, 40 mg/L§

n/a n/a - 10 mg/L - -£ -£

Rehberger et al. (2018) zebrafish propylthiouracil TPO inhibition 0-5 dpf 5 dpf 0, 2.5, 10, 25, 50 mg/L n/a n/a n/a 10, 25, 50 mg/L n/a n/a n/a n/a n/a n/a

Legend

n/a: not measured

* based on increased mRNA levels of the target as indirect measurement of MIE 

$ based on thyroid histopathology

£ based on whole body measurement

§ based on visual evaluation of graphs because no statistics have been reported

References

Stinckens, E., Vergauwen, L., Schroeder, A., Maho, W., Blackwell, B., Witters, H., Blust, R., Ankley, G., Covaci, A., Villeneuve, D., Knapen, D., 2016. 
Impaired anterior swim bladder inflation following exposure to the thyroid peroxidase inhibitor 2-mercaptobenzothiazole part II: Zebrafish. Aquatic Toxicology 173, 204-217.

Wang, J.X., Shi, G.H., Yao, J.Z., Sheng, N., Cui, R.N., Su, Z.B., Guo, Y., Dai, J.Y., 2020. Perfluoropolyether carboxylic acids (novel alternatives to PFOA) impair zebrafish posterior swim bladder 
development via thyroid hormone disruption. Environment International 134.

Wei, P.H., Zhao, F., Zhang, X.N., Liu, W.M., Jiang, G.B., Wang, H.F., Ru, S.G., 2018. Transgenerational thyroid endocrine disruption induced by bisphenol S 
affects the early development of zebrafish offspring. Environmental Pollution 243, 800-808.

Cavallin, J.E., Ankley, G.T., Blackwell, B.R., Blanksma, C.A., Fay, K.A., Jensen, K.M., Kahl, M.D., Knapen, D., Kosian, P.A., Poole, S.T., Randolph, E.C., Schroeder, A.L., Vergauwen, L., Villeneuve, D.L., 2017. 
Impaired swim bladder inflation in early life stage fathead minnows exposed to a deiodinase inhibitor, iopanoic acid. Environmental Toxicology and Chemistry 36, 2942-2952.

Crane, H.M., Pickford, D.B., Hutchinson, T.H., Brown, J.A., 2005. Effects of ammonium perchlorate on thyroid function in developing fathead minnows, Pimephales promelas. Environmental Health Perspectives 113, 396-401.

Crane, H.M., Pickford, D.B., Hutchinson, T.H., Brown, J.A., 2006. The effects of methimazole on development of the fathead minnow, pimephales promelas, from embryo to adult. Toxicological Sciences 93, 278-285.

Nelson, K., Schroeder, A., Ankley, G., Blackwell, B., Blanksma, C., Degitz, S., Flynn, K., Jensen, K., Johnson, R., Kahl, M., Knapen, D., Kosian, P., Milsk, R., Randolph, E., Saari, T., Stinckens, E., Vergauwen, L., Villeneuve, D., 2016. 
Impaired anterior swim bladder inflation following exposure to the thyroid peroxidase inhibitor 2-mercaptobenzothiazole part I: Fathead minnow. Aquatic Toxicology 173, 192-203.

Rehberger, K., Baumann, L., Hecker, M., Braunbeck, T., 2018. Intrafollicular thyroid hormone staining in whole-mount zebrafish (Danio rerio) embryos for the detection of thyroid hormone synthesis disruption. 
Fish Physiology and Biochemistry 44, 997-1010.

Stinckens, E., Vergauwen, L., Blackwell, B.R., Anldey, G.T., Villeneuve, D.L., Knapen, D., 2020. Effect of Thyroperoxidase and Deiodinase Inhibition on Anterior Swim Bladder Inflation in the Zebrafish. 
Environmental Science & Technology 54, 6213-6223.



D3.3 Entry of AOP network into AOP-Wiki and submission for OECD review  

ANNEX 5: OECD publication of AOP 159: Thyroperoxidase inhibition leading 

to increased mortality via reduced anterior swim bladder inflation 



OECD Series on Adverse Outcome Pathways No. 26

Thyroperoxidase inhibition
leading to increased
mortality via reduced

anterior swim bladder
inflation

Lucia Vergauwen,
Evelyn Stinckens,

Daniel L. Villeneuve,
Dries Knapen

https://dx.doi.org/10.1787/447c5cba-en

https://dx.doi.org/10.1787/447c5cba-en


       1 

  
 

Thyroperoxidase inhibition 

leading to increased mortality via 

reduced anterior swim bladder 

inflation 

Series on Adverse Outcome Pathways No. 26 

AOP No. 159 in the AOP-Wiki platform   

https://aopwiki.org/


2        

  
      

Foreword 

This Adverse Outcome Pathway (AOP) on Thyroperoxidase inhibition leading to increased 
mortality via reduced anterior swim bladder inflation, has been developed under the 
auspices of the OECD AOP Development Programme, overseen by the Extended Advisory 
Group on Molecular Screening and Toxicogenomics (EAGMST), which is an advisory group 
under the Working Party of the National Coordinators for the Test Guidelines Programme 
(WNT) and the Working Party on Hazard Assessment (WPHA).  

The AOP has been reviewed for compliance with the AOP development principles following 
the EAGMST coaching approach. The scientific review was subsequently conducted by the 
UK National Centre for the 3Rs, following the OECD AOP review principles outlined in the 
Guidance Document on the scientific review of AOPs. This AOP was endorsed by the WNT 
and the WPHA on 3 August 2022.  

Through endorsement of this AOP, the WNT and the WPHA express confidence in the 
scientific review process that the AOP has undergone and accept the recommendation of 
the EAGMST that the AOP be disseminated publicly. Endorsement does not necessarily 
indicate that the AOP is now considered a tool for direct regulatory application. 

The OECD's Chemicals and Biotechnology Committee agreed to declassification of this 
AOP on 4 November 2022. 

This document is being published under the responsibility of the OECD's Chemicals and 
Biotechnology Committee. 

The outcome of the compliance check and of the scientific review are publicly available 
respectively in the AOP Wiki and the eAOP Portal of the AOP Knowledge Base at the 

following links: [internal review] [scientific review report. 

  

https://aopwiki.org/
http://aopkb.org/
https://aopwiki.org/aops/159/comments
file:///C:/Users/Delrue_n/Downloads/AOPs%20155-159%20Review%20report%20(1).pdf
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Abstract 

 

This AOP describes the sequence of events leading from thyroperoxidase inhibition to increased mortality 

via reduced anterior swim bladder inflation. The enzyme thyroperoxidase (TPO) is essential for the synthesis 

of thyroxine (T4) and triiodothyronine (T3) in the thyroid follicles. Inhibition of TPO reduces thyroid hormone 

(TH) levels. Thyroid hormones are critical in regulating developmental processes and thyroid hormone 

disruption can interfere with normal development. Swim bladder inflation is known to be under TH control 

(Brown et al., 1988; Liu and Chan, 2002). Many fish species have a swim bladder which is a gas-filled organ 

that typically consists of two chambers (Robertson et al., 2007). The posterior chamber inflates during early 

development in the embryonic phase, while the anterior chamber inflates during late development in the 

larval phase. Both the posterior and the anterior chamber have an important role in regulating buoyancy, 

and the anterior chamber has an additional role in hearing (Robertson et al., 2007). 

This AOP describes how inhibition of TPO results in decreased synthesis of THs in the thyroid follicles. This 

reduces the availability of T4 for conversion to the more biologically active T3. Reduced T3 levels prohibit 

normal inflation of the anterior swim bladder chamber. Due to its role in regulating buoyancy, this results in 

reduced swimming performance. Since reduced swimming performance results in a decreased ability to 

forage and avoid predators, this reduces chances of survival. The final adverse outcome is a decrease of 

the population growth rate. Since many AOPs eventually lead to this more general adverse outcome at the 

population level, the more specific and informative adverse outcome at the organismal level, increased 

mortality, is used in the AOP title. Support for this AOP is mainly based on chemical exposures in zebrafish 

and fathead minnows (Nelson et al., 2016; Godfrey et al., 2017; Stinckens et al., 2016, 2020). Additional 

evidence of a link between reduced TH synthesis and reduced anterior chamber inflation is available from a 

study where a mutation was inserted in the gene coding for dual oxidase, another enzyme that is important 

for TH synthesis since it provides hydrogen peroxide for iodide oxidation (Chopra et al., 2019).  

This AOP is part of a larger AOP network describing 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, increased mortality and decreased population trajectory (Knapen et al., 2018; Knapen et al., 

2020; Villeneuve et al., 2018). Apart from the upstream part, the current AOP is identical to the corresponding 

AOPs leading from DIO1 and DIO2 inhibition to increased mortality via anterior swim bladder inflation 

(https://aopwiki.org/aops/156, https://aopwiki.org/aops/158). 

 

  

https://aopwiki.org/aops/156
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Background 

The larger AOP network describing the effect of deiodinase and thyroperoxidase inhibition on swim bladder 

inflation consists of 5 AOPs: 

• Deiodinase 2 inhibition leading to increased mortality via reduced posterior swim bladder inflation: 

https://aopwiki.org/aops/155 

• Deiodinase 2 inhibition leading to increased mortality via reduced anterior swim bladder inflation: 

https://aopwiki.org/aops/156  

• Deiodinase 1 inhibition leading to increased mortality via reduced posterior swim bladder inflation : 

https://aopwiki.org/aops/157 

• Deiodinase 1 inhibition leading to increased mortality via reduced anterior swim bladder inflation : 

https://aopwiki.org/aops/158  

• Thyroperoxidase inhibition leading to increased mortality via reduced anterior swim bladder 

inflation: https://aopwiki.org/aops/159 

The development of these AOPs was mainly based on a series of dedicated experiments (using a set of 

reference chemicals as prototypical stressors) in zebrafish and fathead minnow that form the core of the 

empirical evidence. Specific literature searches were used to add evidence from other studies, mainly in 

zebrafish and fathead minnow. No systematic review approach was applied. 

 

https://aopwiki.org/aops/155
https://aopwiki.org/aops/156
https://aopwiki.org/aops/157
https://aopwiki.org/aops/158
https://aopwiki.org/aops/159
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Graphical Representation 
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Summary of the AOP 

Events 

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

 
Seque

nce 
Typ

e 
Event 

ID 
Title Short name 

1 MIE 279 Thyroperoxidase, Inhibition Thyroperoxidase, Inhibition 

2 KE 277 Thyroid hormone synthesis, Decreased TH synthesis, Decreased 

3 KE 281 Thyroxine (T4) in serum, Decreased T4 in serum, Decreased 

4 KE 1003 Decreased, Triiodothyronine (T3)  Decreased, Triiodothyronine (T3)  

5 KE 1007 Reduced, Anterior swim bladder inflation Reduced, Anterior swim bladder 
inflation 

6 KE 1005 Reduced, Swimming performance Reduced, Swimming performance 

7 AO 351 Increased Mortality Increased Mortality 

8 AO 360 Decrease, Population growth rate Decrease, Population growth rate 

Key Event Relationships 

Upstream Event Relationship 
Type 

Downstream 

Event
 

Evidence Quantitative 
Understanding 

Thyroperoxidase, 
Inhibition 

adjacent Thyroid hormone 
synthesis, 
Decreased

 

High Low 

Thyroid hormone 
synthesis, Decreased 

adjacent Thyroxine (T4) in 
serum, 
Decreased

 

Moderate Low 

Thyroxine (T4) in serum, 
Decreased 

adjacent  Decreased, 
Triiodothyronine 
(T3) 

Moderate Moderate 

Decreased, 
Triiodothyronine (T3) 

adjacent Reduced, 
Anterior swim 
bladder 
inflation 

Moderate Moderate 

Reduced, Anterior swim 
bladder inflation 

adjacent Reduced, 
Swimming 
performance 

Moderate Low 

Reduced, Swimming 
performance 

adjacent Increased 
Mortality

 
Moderate Low 

Increased Mortality adjacent Decrease, 
Population 
growth rate

 

Moderate Moderate 

Thyroperoxidase, Non-adjacent 
 

Thyroxine (T4) in High Low 

https://aopwiki.org/events/1005
https://aopwiki.org/events/351
https://aopwiki.org/events/360
https://aopwiki.org/relationships/305
https://aopwiki.org/relationships/305
https://aopwiki.org/relationships/2038
https://aopwiki.org/relationships/2038
https://aopwiki.org/relationships/1035
https://aopwiki.org/relationships/1035
https://aopwiki.org/relationships/1034
https://aopwiki.org/relationships/1034
https://aopwiki.org/relationships/2212
https://aopwiki.org/relationships/2212
https://aopwiki.org/relationships/2013
https://aopwiki.org/relationships/366
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Inhibition serum, 
Decreased 

Thyroxine (T4) in serum, 
Decreased 

Non-adjacent 
 

Reduced, 
Anterior swim 

bladder inflation
 

Moderate Moderate 

 

 

Stressors 

Name    Evidence 
Methimazole   High 
Mercaptobenzothiazole  High 
Propylthiouracil   High 

https://aopwiki.org/relationships/366
https://aopwiki.org/relationships/1039
https://aopwiki.org/relationships/1039
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Overall Assessment of the AOP  

The document in Annex 1 includes: 

• Support for biological plausibility of KERs  

• Support for essentiality of KEs 

• Empirical support for KERs 

• Dose and temporal concordance table covering the larger AOP network 

Overall, the weight of evidence for the sequence of key events laid out in the AOP is moderate to high. 

Nonetheless, the exact underlying mechanism of TH disruption leading to impaired swim bladder inflation is 

not understood. 

Domain of Applicability 

 
Life Stage Applicability  

Life Stage Evidence 

Larvae High 

 

Taxonomic Applicability 

Term Scientific Term Evidence Links 

zebrafish Danio rerio High NCBI  

fathead minnow Pimephales promelas High NCBI  

 

Sex Applicability 

Sex Evidence 

Unspecific Moderate 

Life stage: The current AOP is applicable to the larval life stage, the period in which the anterior chamber 

of the swim bladder inflates (21 days post fertilization in zebrafish). 

 

Taxonomic: Organogenesis of the swim bladder begins with an evagination from the gut. In physostomous 

fish, a connection between the swim bladder and the gut is retained. In physoclystous fish, once initial 

inflation by gulping atmospheric air at the water surface has occurred, the swim bladder is closed off from 

the digestive tract and swim bladder volume is regulated by gas secretion into the swim bladder (Woolley 

and Qin, 2010). This AOP is currently mainly based on experimental evidence from studies on zebrafish and 

fathead minnows, physostomous fish with a two-chambered swim bladder. This AOP is not applicable to fish 

that do not have a second swim bladder chamber that inflates during larval development, e.g., the Japanese 

rice fish or medaka (Oryzias latipes). 

 

Sex: All key events in this AOP are plausibly applicable to both sexes. Sex differences are not often 

investigated in tests using early life stages of fish. For zebrafish and fathead minnow, it is currently unclear 

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
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whether sex-related differences are important in determining the magnitude of the changes across the 

sequence of events in this AOP. Different fish species have different sex determination and differentiation 

strategies. Zebrafish do not have identifiable heteromorphic sex chromosomes and sex is determined by 

multiple genes and influenced by the environment (Nagabhushana and Mishra, 2016). 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. Since the anterior chamber inflates around 21 days post fertilization in zebrafish, 

sex differences are expected to play a minor role in the current AOP. Fathead minnow gonad differentiation 

also occurs during larval development. Fathead minnows utilize a XY sex determination strategy and 

markers can be used to genotype sex in life stages where the sex is not yet clearly defined morphologically 

(Olmstead et al., 2011). Ovarian differentiation starts at 10 dph followed by rapid development (Van Aerle et 

al., 2004). At 25 dph germ cells of all stages up to the primary oocytes stage were present and at 120 dph, 

vitellogenic oocytes were present. The germ cells (spermatogonia) of the developing testes only entered 

meiosis around 90–120 dph. Mature testes with spermatozoa are present around 150 dph. Since the anterior 

chamber inflates around 14 days post fertilization (9 dph) in fathead minnows, sex differences are expected 

to play a minor role in the current AOP. 

Essentiality of the Key Events 

Overall, the confidence in the supporting data for essentiality of KEs within the AOP is moderate. There is 

indirect evidence that reduced thyroid hormone synthesis causes reduced anterior swim bladder inflation 

from a study where a similar MIE was targeted: Chopra et al. (2019) showed that knockdown of dual oxidase, 

another enzyme that is important for TH synthesis since it provides hydrogen peroxide for iodide oxidation, 

reduced anterior swim bladder inflation. It should be noted that dual oxidase also plays a role in oxidative 

stress. Additionally, there is indirect evidence from deiodinase knockdowns supporting the downstream part 

of the AOP linking decreased T3 levels to reduced swim bladder inflation (targeted at posterior chamber 

inflation, not specifically at anterior chamber inflation, see AOPs 155-158). There is also evidence that 

alleviation of the effect on anterior chamber inflation reduces the effect on swimming performance. 

Weight of Evidence Summary 

Biological plausibility: see Table. Overall, the weight of evidence for the biological plausibility of the KERs 

in the AOP is moderate since there is empirical support for an association between the sets of KEs and the 

KERs are plausible based on analogy to accepted biological relationships, but scientific understanding is not 

completely established. 

Empirical support: see Table. Overall, the empirical support for the KERs in the AOP is moderate since 

dependent changes in sets of KEs following exposure to several specific stressors has been demonstrated, 

with limited evidence for dose and temporal concordance and some uncertainties. 

Quantitative Consideration 

There is some level of quantitative understanding that can form the basis for development of a quantitative 

AOP. Quantitative relationships between reduced T4 and reduced T3, and between reduced T3 and reduced 

anterior chamber inflation were established. The latter is particularly critical for linking impaired swim bladder 

inflation to TH disruption. 



14        

  
      

Considerations for Potential Applications of the AOP 

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. Villeneuve et al. (2014) discussed the relevance 

of swim bladder inflation as a potential key event and endpoint of interest in fish tests. Knapen et al. (2020) 

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. 

While the AOP is only applicable to fish, some of the upstream KEs are relevant across vertebrates. The 

taxonomic domain of applicability call of the KEs can be found on the respective pages. 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 in fish, using the 

levels of assessment of the OECD’s Conceptual Framework for the Testing and Assessment of Endocrine 

Disrupting Chemicals as a guide. Specifically, for this AOP, thyroperoxidase inhibition can be assessed using 

an in chemico assay, measurements of T4 and T3 levels could be added to the Fish Embryo Acute Toxicity 

(FET) test (OECD TG 236), the Fish Early Life Stage Toxicity (FELS) Test (OECD TG210) and the Fish 

Sexual Development Test (FSDT), and assessments of anterior chamber inflation and swimming 

performance could be added to the FELS Test and FSDT. 

Thyroid hormone system disruption causes multiple unspecific effects. Addition of TH measurements could 

aid in increasing the diagnostic capacity of a battery of endpoints since they are specific to the TH system. 

A battery of endpoints would ideally include the MIE, the AO and TH levels as the causal link. It is also in 

this philosophy that TH measurements are currently being considered as one of the endpoints in project 2.64 

of the OECD TG work plan, “Inclusion of thyroid endpoints in OECD fish Test Guidelines”. While thyroid 

hormone measurements showed low levels of variation and were highly predictive of downstream effects in 

dedicated experiments to support this AOP, more variability may be present in other studies. Because of the 

rapid development in fish, it is important to compare thyroid hormone levels within specific developmental 

stages. For example, clear changes in thyroid hormone levels have been observed in zebrafish at 5, 14, 21 

and 32 dpf (Stinckens et al., 2016; Stinckens et al., 2020) and in fathead minnows at 4, 6, 10, 14, 18 and 21 

dpf (Nelson et al., 2016; Cavallin et al., 2017) using liquid chromatography tandem mass spectrometry 

(LC−MS/MS). 

   



       15 

  
 

References 

 
Brown, C.L., Doroshov, S.I., Nunez, J.M., Hadley, C., Vaneenennaam, J., Nishioka, R.S., Bern, H.A., 1988. 

MATERNAL TRIIODOTHYRONINE INJECTIONS CAUSE INCREASES IN SWIMBLADDER INFLATION 

AND SURVIVAL RATES IN LARVAL STRIPED BASS, MORONE-SAXATILIS. Journal of Experimental 

Zoology 248, 168-176. 

Chopra, K., Ishibashi, S., Amaya, E., 2019. Zebrafish duox mutations provide a model for human congenital 

hypothyroidism. Biology Open 8. 

Flores MV, Crawford KC, Pullin LM, Hall CJ, Crosier KE, Crosier PS. 2010. Dual oxidase in the intestinal 

epithelium of zebrafish larvae has anti-bacterial properties. Biochemical and Biophysical Research 

Communications. 400(1):164-168. 

Godfrey, A., Hooser, B., Abdelmoneim, A., Horzmann, K.A., Freemanc, J.L., Sepulveda, M.S., 2017. Thyroid 

disrupting effects of halogenated and next generation chemicals on the swim bladder development of 

zebrafish. Aquatic Toxicology 193, 228-235. 

Knapen, D., Angrish, M.M., Fortin, M.C., Katsiadaki, I., Leonard, M., Margiotta-Casaluci, L., Munn, S., 

O'Brien, J.M., Pollesch, N., Smith, L.C., Zhang, X.W., Villeneuve, D.L., 2018. Adverse outcome pathway 

networks I: Development and applications. Environmental Toxicology and Chemistry 37, 1723-1733. 

Knapen, D., Stinckens, E., Cavallin, J.E., Ankley, G.T., Holbech, H., Villeneuve, D.L., Vergauwen, L., 2020. 

Toward an AOP Network-Based Tiered Testing Strategy for the Assessment of Thyroid Hormone Disruption. 

Environmental Science & Technology 54, 8491-8499. 

Liu, Y.W., Chan, W.K., 2002. Thyroid hormones are important for embryonic to larval transitory phase in 

zebrafish. Differentiation 70, 36-45. 

Maack, G., Segner, H., 2003. Morphological development of the gonads in zebrafish. Journal of Fish Biology 

62, 895-906. 

Nagabhushana A, Mishra RK. 2016. Finding clues to the riddle of sex determination in zebrafish. Journal of 

Biosciences. 41(1):145-155. 

Nelson, K., Schroeder, A., Ankley, G., Blackwell, B., Blanksma, C., Degitz, S., Flynn, K., Jensen, K., 

Johnson, R., Kahl, M., Knapen, D., Kosian, P., Milsk, R., Randolph, E., Saari, T., Stinckens, E., Vergauwen, 

L., Villeneuve, D., 2016. Impaired anterior swim bladder inflation following exposure to the thyroid peroxidase 

inhibitor 2-mercaptobenzothiazole part I: Fathead minnow. Aquatic Toxicology 173, 192-203. 

Niethammer P, Grabher C, Look AT, Mitchison TJ. 2009. A tissue-scale gradient of hydrogen peroxide 

mediates rapid wound detection in zebrafish. Nature. 459(7249):996-U123. 

Olmstead AW, Villeneuve DL, Ankley GT, Cavallin JE, Lindberg-Livingston A, Wehmas LC, Degitz SJ. 2011. 

A method for the determination of genetic sex in the fathead minnow, pimephales promelas, to support 

testing of endocrine-active chemicals. Environmental Science & Technology. 45(7):3090-3095. 

Robertson, G.N., McGee, C.A.S., Dumbarton, T.C., Croll, R.P., Smith, F.M., 2007. Development of the 

swimbladder and its innervation in the zebrafish, Danio rerio. Journal of Morphology 268, 967-985. 

Stinckens, E., Vergauwen, L., Blackwell, B.R., Anldey, G.T., Villeneuve, D.L., Knapen, D., 2020. Effect of 

Thyroperoxidase and Deiodinase Inhibition on Anterior Swim Bladder Inflation in the Zebrafish. 

Environmental Science & Technology 54, 6213-6223. 



16        

  
      

Stinckens, E., Vergauwen, L., Schroeder, A., Maho, W., Blackwell, B., Witters, H., Blust, R., Ankley, G., 

Covaci, A., Villeneuve, D., Knapen, D., 2016. Impaired anterior swim bladder inflation following exposure to 

the thyroid peroxidase inhibitor 2-mercaptobenzothiazole part II: Zebrafish. Aquatic Toxicology 173, 204-

217. 

van Aerle R, Runnalls TJ, Tyler CR. 2004. Ontogeny of gonadal sex development relative to growth in 

fathead minnow. Journal of Fish Biology. 64(2):355-369. 

Villeneuve, D., Angrish, M., Fortin, M., Katsiadaki, I., Leonard, M., Margiotta-Casaluci, L., Munn, S., O'Brien, 

J., Pollesch, N., Smith, L., Zhang, X., Knapen, D., 2018. Adverse Outcome Pathway Networks II: Network 

Analytics. Environ Toxicol Chem doi: 10.1002/etc.4124. 

Villeneuve, D., Volz, D.C., Embry, M.R., Ankley, G.T., Belanger, S.E., Leonard, M., Schirmer, K., Tanguay, 

R., Truong, L., Wehmas, L., 2014. Investigating alternatives to the fish early-life stage test: a strategy for 

discovering and annotating adverse outcome pathways for early fish development. Environmental 

Toxicology and Chemistry 33, 158-169. 

Woolley, L.D., Qin, J.G., 2010. Swimbladder inflation and its implication to the culture of marine finfish larvae. 

Reviews in Aquaculture 2, 181-190. 

Xu JP, Zhang RT, Zhang T, Zhao G, Huang Y, Wang HL, Liu JX. 2017. Copper impairs zebrafish 

swimbladder development by down-regulating wnt signaling. Aquatic Toxicology. 192:155-164. 

Zhou XY, Zhang T, Ren L, Wu JJ, Wang WM, Liu JX. 2016. Copper elevated embryonic hemoglobin through 

reactive oxygen species during zebrafish erythrogenesis. Aquatic Toxicology. 175:1-11.   



       17 

  
 

Appendix 1 - MIE, KEs and AO 

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 Name Role of event in AOP 

TPO Inhibition and Altered Neurodevelopment  Molecular Initiating Event 

Thyroid peroxidase- follicular adenoma/carcinoma  Molecular Initiating Event 

TPOi anterior swim bladder  Molecular Initiating Event 

TPO inhib alters metamorphosis  Molecular Initiating Event 

TPO inhibition and impaired fertility  Molecular Initiating Event 

TPOi retinal layer structure  Molecular Initiating Event 

TPOi eye size  MolecularInitiatingEvent 

TPOi photoreceptor patterning  MolecularInitiatingEvent 

 

Stressors 

Name 

2(3H)-Benzothiazolethione 

2-mercaptobenzothiazole 

Ethylene thiourea 

Mercaptobenzothiazole 

Methimazole 

Propylthiouracil 

Resorcinol 

Thiouracil 

Ethylenethiourea 

Amitrole 

131-55-5 

2,2',4,4'-Tetrahydroxybenzophenone 

Daidzein 

https://aopwiki.org/aops/42
https://aopwiki.org/aops/119
https://aopwiki.org/aops/159
https://aopwiki.org/aops/175
https://aopwiki.org/aops/271
https://aopwiki.org/aops/363
https://aopwiki.org/aops/364
https://aopwiki.org/aops/365
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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 methimazole (MMI) and 6-

propylthiouracil (PTU, also a deiodinase inhibitor), 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 Link 

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  

zebrafish Danio rerio High NCBI  

fathead minnow Pimephales promelas High NCBI  

mouse Mus musculus 
 

NCBI  

 

Life Stage Applicability  

Life Stage Evidence 

All life stages High 

http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=10116
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=9606
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=9823
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=8355
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=9031
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
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Sex Applicability 

Term 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 monoiodotyrosine (MIT) and diiodotyrosine (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 
deiodinases is not expected to be sex-specific. 
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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). 

Ususally just the first step of this series of events is covered by assays that measure TPO inhibition. 

Therefore, in the context of this AOP we are using TPO inhibition 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). 

 

 

 

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 

(isoflavones such as genistein) 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 11th to 12th 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 

5th 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 
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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 mRNA 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). Recombinant sources of TPO have also been used (e.g. 

Schmutzler et al., 2007; Dong et al., 2020) 

HPLC has been used to measure the activity of TPO via formation of the precursors monoiodotyrosine (MIT), 

diiodotyrosine (DIT), 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, 
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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 Event Type 

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

Key Event 

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

Key Event 

Aop:128 - Kidney dysfunction by decreased thyroid hormone  Molecular Initiating 
Event 

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

Key Event 

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

Key Event 

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

Key Event 

Aop:175 - Thyroperoxidase inhibition leading to altered amphibian metamorphosis  Key Event 

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

Key Event 

Aop:188 - Iodotyrosine deiodinase (IYD) inhibition leading to altered amphibian 
metamorphosis  

Key Event 

Aop:192 - Pendrin inhibition leading to altered amphibian metamorphosis  Key Event 

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

Key Event 

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

Aop:363 - Thyroperoxidase inhibition leading to increased mortality via altered 
retinal layer structure  

Key Event 

Aop:364 - Thyroperoxidase inhibition leading to increased mortality via decreased 
eye size  

Key Event 

Aop:365 - Thyroperoxidase inhibition leading to increased mortality via altered 
photoreceptor patterning  

Key Event 

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

Key Event 

https://aopwiki.org/aops/42
https://aopwiki.org/aops/42
https://aopwiki.org/aops/65
https://aopwiki.org/aops/65
https://aopwiki.org/aops/128
https://aopwiki.org/aops/134
https://aopwiki.org/aops/134
https://aopwiki.org/aops/54
https://aopwiki.org/aops/54
https://aopwiki.org/aops/159
https://aopwiki.org/aops/159
https://aopwiki.org/aops/175
https://aopwiki.org/aops/176
https://aopwiki.org/aops/176
https://aopwiki.org/aops/188
https://aopwiki.org/aops/188
https://aopwiki.org/aops/192
https://aopwiki.org/aops/193
https://aopwiki.org/aops/193
https://aopwiki.org/aops/271
https://aopwiki.org/aops/363
https://aopwiki.org/aops/363
https://aopwiki.org/aops/364
https://aopwiki.org/aops/364
https://aopwiki.org/aops/365
https://aopwiki.org/aops/365
https://aopwiki.org/aops/119
https://aopwiki.org/aops/119


       27 

  
 

AOP ID and Name Event Type 

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

Key Event 

Stressors 

Name 

Propylthiouracil 

Methimazole 

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 

 

  

https://aopwiki.org/aops/110
https://aopwiki.org/aops/110
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=10116
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=9606
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=8355
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=9823
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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 Graves’ disease using propylthiouracil 

and methimazole, known to decrease TH synthesis, indicates strong medical evidence for chemical inhibition 

of TPO (Zoeller and Crofton, 2005). 

 

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 the transport protein 

pendrin are also necessary for iodothyronine production (Zoeller et al., 2007). 
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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). Due to the maternal factor, the life stage specific impact of TPO inhibition after exposure to 

environmental chemicals is complex (Ramhoj et al., 2022). 

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). 

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. 
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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 Piña (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). 
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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  

Key Event 

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

Key Event 

Aop:8 - Upregulation of Thyroid Hormone Catabolism via Activation of Hepatic 
Nuclear Receptors, and Subsequent Adverse Neurodevelopmental Outcomes in 
Mammals  

Key Event 

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

Key Event 

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

Key Event 

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

Key Event 

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

Key Event 

Aop:175 - Thyroperoxidase inhibition leading to altered amphibian metamorphosis  Key Event 

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

Key Event 

Aop:194 - Hepatic nuclear receptor activation leading to altered amphibian 
metamorphosis  

Key Event 

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

Key Event 

Aop:367 - Competitive binding to thyroid hormone carrier protein thyroid binding 
globulin (TBG) leading to altered amphibian metamorphosis  

Key Event 

Aop:363 - Thyroperoxidase inhibition leading to increased mortality via altered 
retinal layer structure  

Key Event 

Aop:364 - Thyroperoxidase inhibition leading to increased mortality via decreased 
eye size  

Key Event 

Aop:365 - Thyroperoxidase inhibition leading to increased mortality via altered 
photoreceptor patterning  

Key Event 

Aop:119 - Inhibition of thyroid peroxidase leading to follicular cell adenomas and Key Event 

https://aopwiki.org/events/281
https://aopwiki.org/aops/42
https://aopwiki.org/aops/42
https://aopwiki.org/aops/54
https://aopwiki.org/aops/54
https://aopwiki.org/aops/8
https://aopwiki.org/aops/8
https://aopwiki.org/aops/8
https://aopwiki.org/aops/65
https://aopwiki.org/aops/65
https://aopwiki.org/aops/134
https://aopwiki.org/aops/134
https://aopwiki.org/aops/152
https://aopwiki.org/aops/152
https://aopwiki.org/aops/159
https://aopwiki.org/aops/159
https://aopwiki.org/aops/175
https://aopwiki.org/aops/176
https://aopwiki.org/aops/176
https://aopwiki.org/aops/194
https://aopwiki.org/aops/194
https://aopwiki.org/aops/366
https://aopwiki.org/aops/366
https://aopwiki.org/aops/367
https://aopwiki.org/aops/367
https://aopwiki.org/aops/363
https://aopwiki.org/aops/363
https://aopwiki.org/aops/364
https://aopwiki.org/aops/364
https://aopwiki.org/aops/365
https://aopwiki.org/aops/365
https://aopwiki.org/aops/119
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AOP ID and Name Event Type 

carcinomas (in rat and mouse)  

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

Key Event 

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

Key Event 

 

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. 

Perchlorate: 
Perchlorate ion (ClO− 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  

https://aopwiki.org/aops/119
https://aopwiki.org/aops/110
https://aopwiki.org/aops/110
https://aopwiki.org/aops/162
https://aopwiki.org/aops/162
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=9606
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=10116
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=10090
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=9031
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=8355
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Term Scientific Term Evidence Links 

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 

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=9823
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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 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, reverse T3 (rT3),  and 3,3'-Diiodothyronine (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 Patiño, 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 
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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 µg/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) which 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, Döhler 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. 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) 

 

Short Name: Decreased, Triiodothyronine (T3)  

Key Event Component  

Process Object Action 

decreased triiodothyronine 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  

Key Event 

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

Key Event 

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

Key Event 

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

Key Event 

Aop:189 - Type I iodothyronine deiodinase (DIO1) inhibition leading to altered 
amphibian metamorphosis  

Key Event 

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

Key Event 

Aop:363 - Thyroperoxidase inhibition leading to increased mortality via altered retinal 
layer structure  

Key Event 

Aop:364 - Thyroperoxidase inhibition leading to increased mortality via decreased 
eye size  

Key Event 

Aop:365 - Thyroperoxidase inhibition leading to increased mortality via altered 
photoreceptor patterning  

Key Event 

 

Biological Context 

Level of Biological Organization 

Tissue 

 

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  

 

  

https://aopwiki.org/events/1003
https://aopwiki.org/aops/155
https://aopwiki.org/aops/155
https://aopwiki.org/aops/156
https://aopwiki.org/aops/156
https://aopwiki.org/aops/157
https://aopwiki.org/aops/157
https://aopwiki.org/aops/158
https://aopwiki.org/aops/158
https://aopwiki.org/aops/189
https://aopwiki.org/aops/189
https://aopwiki.org/aops/159
https://aopwiki.org/aops/159
https://aopwiki.org/aops/363
https://aopwiki.org/aops/363
https://aopwiki.org/aops/364
https://aopwiki.org/aops/364
https://aopwiki.org/aops/365
https://aopwiki.org/aops/365
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=8355
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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 T3 and T4 that are mostly bound to transport proteins in blood as well as T3 and T4 

in tissues. 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 come from rat studies and have been measured mostly in serum. 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 decreased THs is still regarded as a measurable 

key event causatively linked to downstream adverse outcomes. 

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). Such measurements in fish early life stages 

are usually based on whole animal samples and do not allow for distinguishing between systemic and tissue 

TH alterations. 

THs are evolutionarily conserved molecules present in all vertebrate species (Hulbert, 2000; Yen, 2001). 

Moreover, their crucial role in amphibian and lamprey 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 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: THs are essential in all life stages, but decreases of TH levels are not applicable to all 

developmental phases. 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. THs 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 TH levels and the magnitude of the response. In humans, females appear more 

susceptible to hypothyroidism compared to males when exposed to certain halogenated chemicals 
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(Hernandez‐Mariano et al., 2017; Webster et al., 2014). In adult zebrafish, Liu et al. (2019) showed sex-

dependent changes in TH 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 

There are two biologically active thyroid hormones (THs), 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 and T3 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 free 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 storage which ensures 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). Initially, 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). Four types of thyroid hormone signaling have been defined (Anyetei-Anum et 

al., 2018): type 1 is the canonical pathway in which liganded TR binds directly to DNA; type 2 describes 

liganded TR tethered to chromatin-associated proteins, but not bound to DNA directly; type 3 suggests that 

liganded TR can exert its function without recruitment to chromatin in either the nucleus or cytoplasm; and 

type 4 proposes that thyroid hormone acts at the plasma membrane or in the cytoplasm without binding TR, 

a mechanism of action that is emerging as a key component of thyroid hormone signaling. 

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). 
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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 regulate 

the production of thyroid hormones. Less T3 (the biologically more active TH) than T4 is produced by the 

thyroid gland. 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 to date. The monocarboxylate 

transporters (Mct8, Mct10) and the anion-transporting polypeptide (OATP1c1) show the highest degree of 

affinity towards TH (Jansen et al., 2005) and mutations in these genes have pathophysiological effects in 

humans (Bernal et al., 2015). Unlike humans with an MCT8 deficiency, MCT8 knockout mice do not have 

neurological impairment. One explanation for this discrepancy could be differences in expression of the T4 

transporter OATP1C1 in the blood–brain barrier. This shows that cross-species differences in the importance 

of specific transporters may occur. 

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; 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 

TTR to 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 
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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) in serum, or in tissues. 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 TH synthesis comes from measurements of whole-

body TH levels and using LC-MS techniques (Hornung et al., 2015) are increasingly used to accurately 

quantify whole-body TH levels (Nelson et al., 2016; Stinckens et al., 2016; Stinckens et al., 2020). 
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Event: 1007: Reduced, Anterior swim bladder inflation 

Short Name: Reduced, Anterior swim bladder inflation  

Key Event Component 

Process Object Action 

swim bladder inflation anterior chamber swim bladder decreased 

 

AOPs Including This Key Event 

AOP ID and Name 
Event 
Type 

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

Key Event 

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

Key Event 

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

Key Event 

 

Biological Context 

Level of Biological Organization 

Organ 

Organ term 

Organ term 

swim bladder 

 

Domain of Applicability 

Taxonomic Applicability 

Term Scientific Term Evidence Links 

zebrafish Danio rerio High NCBI  

fathead minnow Pimephales promelas High NCBI  

 

Life Stage Applicability 

Life Stage Evidence 

Larvae High 

 

Sex Applicability 

Sex Evidence 

Unspecific Moderate 

 

https://aopwiki.org/events/1007
https://aopwiki.org/aops/156
https://aopwiki.org/aops/156
https://aopwiki.org/aops/158
https://aopwiki.org/aops/158
https://aopwiki.org/aops/159
https://aopwiki.org/aops/159
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
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Taxonomic: Teleost fish can be divided in two groups according to swim bladder morphology: physoclistous 

(e.g., yellow perch, sea bass, striped bass) and physostomous (e.g., zebrafish and fathead minnow). 

Physostomous fish retain a duct between the digestive tract and the swim bladder during adulthood allowing 

them to gulp air at the surface to fill the swim bladder. In contrast, in physoclistous fish, once initial inflation 

by gulping atmospheric air at the water surface has occurred, the swim bladder is closed off from the 

digestive tract and swim bladder volume is regulated by gas secretion into the swim bladder (Woolley and 

Qin, 2010). The evidence for impaired inflation of the anterior chamber of the swim bladder currently comes 

from work on zebrafish and fathead minnow (Stinckens et al., 2016; Nelson et al., 2016; Cavallin et al., 2017; 

Godfrey et al., 2017; Stinckens et al., 2020). While zebrafish and fathead minnows are physostomous fish 

with a two-chambered swim bladder, the Japanese rice fish or medaka (Oryzias latipes) is a physoclistous 

fish with a single chambered swim bladder that inflates during early development. The key event 'reduced 

anterior chamber inflation' is not applicable to such fish species. Therefore, the current key event is plausibly 

applicable to physostomous fish in general. 

 

Life stage: The anterior chamber inflates during a specific developmental time frame. In zebrafish, the 

anterior chamber inflates around 21 days post fertilization (dpf) which is during the larval stage. In the fathead 

minnow, the anterior chamber inflates around 14 dpf, also during the larval stage. Therefore this KE is only 

applicable to the larval life stage. 

 

Sex: This KE plausibly applicable to both sexes. Sex differences are not often investigated in tests using 

early life stages of fish. For zebrafish and fathead minnow, it is currently unclear whether sex-related 

differences are important in determining the magnitude of the changes in this KE. Different fish species have 

different sex determination and differentiation strategies. Zebrafish do not have identifiable heteromorphic 

sex chromosomes and sex is determined by multiple genes and influenced by the environment 

(Nagabhushana and Mishra, 2016). 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. Since the anterior chamber 

inflates around 21 days post fertilization in zebrafish, sex differences are expected to play a minor role. 

Fathead minnow gonad differentiation also occurs during larval development. Fathead minnows utilize a XY 

sex determination strategy and markers can be used to genotype sex in life stages where the sex is not yet 

clearly defined morphologically (Olmstead et al., 2011). Ovarian differentiation starts at 10 dph followed by 

rapid development (Van Aerle et al., 2004). At 25 dph germ cells of all stages up to the primary oocytes 

stage were present and at 120 dph, vitellogenic oocytes were present. The germ cells (spermatogonia) of 

the developing testes only entered meiosis around 90–120 dph. Mature testes with spermatozoa are present 

around 150 dph. Since the anterior chamber inflates around 14 days post fertilization (9 dph) in fathead 

minnows, sex differences are expected to play a minor role in the current KE. 

 

Key Event Description 

The swim bladder of bony fish is evolutionary homologous to the lung (Zheng et al., 2011). The teleost swim 

bladder is a gas-filled structure that consists of two chambers, the posterior and anterior chamber. In 

zebrafish, the posterior chamber inflates around 96 h post fertilization (hpf) which is 2 days post hatch, and 

the anterior chamber inflates around 21 dpf. In fathead minnow, the posterior and anterior chamber inflate 

around 6 and 14 dpf respectively. Inflation of the anterior swim bladder chamber is part of the larval-to-

juvenile transition in fish, together with the development of adult fins and fin rays, ossification of the axial 
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skeleton, formation of an adult pigmentation pattern, scale formation, maturation and remodeling of organs 

including the lateral line, nervous system, gut and kidneys (McMenamin and Parichy, 2013). 

The anterior chamber is formed by evagination from the cranial end of the posterior chamber (Robertson et 

al., 2007). Dumbarton et al. (2010) showed that the anterior chamber of zebrafish has particularly closely 

packed and highly organized bundles of muscle fibres, suggesting that contraction of these muscles would 

reduce swim bladder volume. While it had previously been suggested that the posterior chamber had a more 

important role as a hydrostatic organ, this implies high importance of the anterior chamber for buoyancy. 

The anterior chamber has an additional role in hearing (Bang et al., 2002). Weberian ossicles (the Weberian 

apparatus) connect the anterior chamber to the inner ear resulting in an amplification of sound waves. 

Reduced inflation of the anterior chamber may manifest itself as either a complete failure to inflate the 

chamber or reduced size of the chamber. Reduced size is often associated with a deviating morphology. 

 

How it is Measured or Detected 

In several fish species, inflation of the anterior chamber can be observed using a stereomicroscope because 

the larvae are still transparent during the larval stage. This is for example true for zebrafish and fathead 

minnow. Anterior chamber size can then be measured based on photographs with a calibrator. 
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Event: 1005: Reduced, Swimming performance 

Short Name: Reduced, Swimming performance 

 Key Event Component 

Process Object Action 

aquatic locomotion 
 

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  

Key Event 

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

Key Event 

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

Key Event 

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

Key Event 

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

Key Event 

Aop:242 - Inhibition of lysyl oxidase leading to enhanced chronic fish toxicity  Key Event 

Aop:334 - Glucocorticoid Receptor Agonism Leading to Impaired Fin Regeneration  Key Event 

 

Biological Context 

Level of Biological Organization 

Individual 

Domain of Applicability 

Taxonomic Applicability 

Term Scientific Term Evidence Links 

zebrafish Danio rerio High NCBI  

teleost fish teleost fish High NCBI  

fathead minnow Pimephales promelas High NCBI  

Life Stage Applicability 

Life Stage Evidence 

Larvae Moderate 

Juvenile Moderate 

Adult Moderate 

  

https://aopwiki.org/aops/155
https://aopwiki.org/aops/155
https://aopwiki.org/aops/156
https://aopwiki.org/aops/156
https://aopwiki.org/aops/157
https://aopwiki.org/aops/157
https://aopwiki.org/aops/158
https://aopwiki.org/aops/158
https://aopwiki.org/aops/159
https://aopwiki.org/aops/159
https://aopwiki.org/aops/242
https://aopwiki.org/aops/334
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=70862
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=90988
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Sex Applicability 

Sex Evidence 

Unspecific Moderate 

Taxonomic: Importance of swimming performance for natural behaviour is generally applicable to fish and 

tho other taxa that rely on swimming to support vital behaviours. 

Life stage: Importance of swimming performance for natural behaviour is generally applicable across all 

free-swimming life stages, i.e., post-embryonic life stages. 

Sex: Importance of swimming performance for natural behaviour is generally applicable across sexes. 

 

Key Event Description 

Adequate swimming performance in fish is essential for behaviour such as foraging, predator avoidance and 

reproduction. 

 

How it is Measured or Detected 

For fish larvae, automated observation and tracking systems are commercially available and increasingly 

used for measuring swimming performance including distance travelled, duration of movements, swimming 

speed, etc. This kind of measurements is often included in publications describing effects of chemicals in 

zebrafish larvae (Hagenaars et al., 2014; Stinckens et al., 2016; Vergauwen et al., 2015). 

For juvenile and adult fish, measurements of swim performance vary. However, in some circumstances, 

swim tunnels have been used to measure various data (Fu et al., 2013). 

Little and Finger (1990) discussed swimming behavior as an indicator of sublethal toxicity in fish. 

  



58        

  
      

References 

Fu C, Cao ZD, Fu SJ. 2013. The effects of caudal fin loss and regeneration on the swimming performance 

of three cyprinid fish species with different swimming capactities. The Journal of Experimental Biology 

216:3164-3174. doi:10.1242/jeb.084244 

Hagenaars, A., Stinckens, E., Vergauwen, L., Bervoets, L., Knapen, D., 2014. PFOS affects posterior swim 

bladder chamber inflation and swimming performanceof zebrafish larvae. Aquat. Toxicol. 157, 225–235. 

Little EE, Finger SE. 1990. Swimming behavior as an indicator of sublethal toxicity in fish. Environmental 

Toxicology and Chemistry. 9(1):13-19. 

Stinckens, E., Vergauwen, L., Schroeder, A.L., Maho, W., Blackwell, B., Witter, H.,Blust, R., Ankley, G.T., 

Covaci, A., Villenueve, D.L., Knapen, D., 2016. Disruption of thyroid hormone balance after 2-

mercaptobenzothiazole exposure causes swim bladder inflation impairment—part II: zebrafish. Aquat. 

Toxicol. 173:204-17. 

Vergauwen, Lucia; Nørgaard Schmidt, Stine; Maho, Walid; Stickens, Evelyn; Hagenaars, An; Blust, Ronny; 

Mayer, Philipp; Covaci, Adrian; Knapen, Dries. 2014. A high throughput passive dosing format for the Fish 

Embryo Acute Toxicity test. Chemosphere. 139: 9-17. 

  



       59 

  
 

List of Adverse Outcomes in this AOP 

Event: 351: Increased Mortality  

Short Name: Increased Mortality  

Key Event Component 

Process Object Action 

mortality 
 

increased 

 
AOPs Including This Key Event 

 

AOP ID and Name Event Type 

Aop:16 - Acetylcholinesterase inhibition leading to acute mortality  Adverse 
Outcome 

Aop:96 - Axonal sodium channel modulation leading to acute mortality  Adverse 
Outcome 

Aop:104 - Altered ion channel activity leading impaired heart function  Adverse 
Outcome 

Aop:113 - Glutamate-gated chloride channel activation leading to acute mortality  Adverse 
Outcome 

Aop:160 - Ionotropic gamma-aminobutyric acid receptor activation mediated 
neurotransmission inhibition leading to mortality  

Adverse 
Outcome 

Aop:161 - Glutamate-gated chloride channel activation leading to 
neurotransmission inhibition associated mortality  

Adverse 
Outcome 

Aop:138 - Organic anion transporter (OAT1) inhibition leading to renal failure and 
mortality  

Adverse 
Outcome 

Aop:177 - Cyclooxygenase 1 (COX1) inhibition leading to renal failure and 
mortality  

Adverse 
Outcome 

Aop:186 - unknown MIE leading to renal failure and mortality  Adverse 
Outcome 

Aop:312 - Acetylcholinesterase Inhibition leading to Acute Mortality via Impaired 
Coordination & Movement  

Adverse 
Outcome 

Aop:320 - Binding of viral S-glycoprotein to ACE2 receptor leading to acute 
respiratory distress associated mortality  

Adverse 
Outcome 

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

Adverse 
Outcome 

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

Adverse 
Outcome 

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

Adverse 
Outcome 

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

Adverse 
Outcome 

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

Adverse 
Outcome 

Aop:363 - Thyroperoxidase inhibition leading to increased mortality via altered 
retinal layer structure  

Adverse 
Outcome 

Aop:377 - Dysregulated prolonged Toll Like Receptor 9 (TLR9) activation leading Adverse 

https://aopwiki.org/aops/16
https://aopwiki.org/aops/96
https://aopwiki.org/aops/104
https://aopwiki.org/aops/113
https://aopwiki.org/aops/160
https://aopwiki.org/aops/160
https://aopwiki.org/aops/161
https://aopwiki.org/aops/161
https://aopwiki.org/aops/138
https://aopwiki.org/aops/138
https://aopwiki.org/aops/177
https://aopwiki.org/aops/177
https://aopwiki.org/aops/186
https://aopwiki.org/aops/312
https://aopwiki.org/aops/312
https://aopwiki.org/aops/320
https://aopwiki.org/aops/320
https://aopwiki.org/aops/155
https://aopwiki.org/aops/155
https://aopwiki.org/aops/156
https://aopwiki.org/aops/156
https://aopwiki.org/aops/157
https://aopwiki.org/aops/157
https://aopwiki.org/aops/158
https://aopwiki.org/aops/158
https://aopwiki.org/aops/159
https://aopwiki.org/aops/159
https://aopwiki.org/aops/363
https://aopwiki.org/aops/363
https://aopwiki.org/aops/377
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AOP ID and Name Event Type 

to Acute Respiratory Distress Syndrome (ARDS) and Multiple Organ Dysfunction 
(MOD)  

Outcome 

Aop:364 - Thyroperoxidase inhibition leading to increased mortality via 
decreased eye size  

Adverse 
Outcome 

Aop:365 - Thyroperoxidase inhibition leading to increased mortality via altered 
photoreceptor patterning  

Adverse 
Outcome 

Aop:399 - Inhibition of Fyna leading to increased mortality via decreased eye size 
(Microphthalmos)  

Adverse 
Outcome 

Aop:413 - Oxidation and antagonism of reduced glutathione leading to mortality 
via acute renal failure  

Adverse 
Outcome 

Aop:410 - Repression of Gbx2 expression leads to defects in developing inner 
ear and consequently to increased mortality  

Key Event 

 
Biological Context 

Level of Biological Organization 

Population 

Domain of Applicability 

Taxonomic Applicability 

Term Scientific Term Evidence Links 

all species all species High NCBI  

 

Life Stage Applicability 

Life Stage Evidence 

All life stages High 

 

Sex Applicability 

Sex Evidence 

Unspecific Moderate 

 

All living things are susceptible to mortality. 

Key Event Description 

Increased mortality refers to an increase in the number of individuals dying in an experimental replicate 

group or in a population over a specific period of time. 

 

How it is Measured or Detected 

Mortality of animals is generally observed as cessation of the heart beat, breathing (gill or lung movement) 

and locomotory movements. 

Mortality is typically measured by observation. Depending on the size of the organism, instruments such as 

microscopes may be used. The reported metric is mostly the mortality rate: the number of deaths in a given 

area or period, or from a particular cause. 

https://aopwiki.org/aops/377
https://aopwiki.org/aops/377
https://aopwiki.org/aops/364
https://aopwiki.org/aops/364
https://aopwiki.org/aops/365
https://aopwiki.org/aops/365
https://aopwiki.org/aops/399
https://aopwiki.org/aops/399
https://aopwiki.org/aops/413
https://aopwiki.org/aops/413
https://aopwiki.org/aops/410
https://aopwiki.org/aops/410
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=0
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Depending on the species and the study setup, mortality can be measured: 

• in the lab by recording mortality during exposure experiments 

• in dedicated setups simulating a realistic situation such as mesocosms or drainable ponds for 
aquatic species 

• in the field, for example by determining age structure after one capture, or by capture-mark-recapture 
efforts. The latter is a method 

• commonly used in ecology to estimate an animal population's size where it is impractical to count 
every individual. 

 

Regulatory Significance of the AO 

Increased mortality is one of the most common regulatory assessment endpoints, along with reduced growth 

and reduced reproduction. 
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Event: 360: Decrease, Population growth rate 

Short Name: Decrease, Population growth rate 

Key Event Component 

Process Object Action 

population growth rate population of organisms decreased 

 

AOPs Including This Key Event 

AOP ID and Name Event Type 

Aop:23 - Androgen receptor agonism leading to reproductive dysfunction (in 
repeat-spawning fish)  

Adverse Outcome 

Aop:25 - Aromatase inhibition leading to reproductive dysfunction  Adverse Outcome 

Aop:29 - Estrogen receptor agonism leading to reproductive dysfunction  Adverse Outcome 

Aop:30 - Estrogen receptor antagonism leading to reproductive dysfunction  Adverse Outcome 

Aop:100 - Cyclooxygenase inhibition leading to reproductive dysfunction via 
inhibition of female spawning behavior  

Adverse Outcome 

Aop:122 - Prolyl hydroxylase inhibition leading to reproductive dysfunction via 
increased HIF1 heterodimer formation  

Adverse Outcome 

Aop:123 - Unknown MIE leading to reproductive dysfunction via increased HIF-
1alpha transcription  

Adverse Outcome 

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

Adverse Outcome 

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

Adverse Outcome 

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

Adverse Outcome 

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

Adverse Outcome 

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

Adverse Outcome 

Aop:101 - Cyclooxygenase inhibition leading to reproductive dysfunction via 
inhibition of pheromone release  

Adverse Outcome 

Aop:102 - Cyclooxygenase inhibition leading to reproductive dysfunction via 
interference with meiotic prophase I /metaphase I transition  

Adverse Outcome 

Aop:63 - Cyclooxygenase inhibition leading to reproductive dysfunction  Adverse Outcome 

Aop:103 - Cyclooxygenase inhibition leading to reproductive dysfunction via 
interference with spindle assembly checkpoint  

Adverse Outcome 

Aop:292 - Inhibition of tyrosinase leads to decreased population in fish  Adverse Outcome 

Aop:310 - Embryonic Activation of the AHR leading to Reproductive failure, via 
epigenetic down-regulation of GnRHR  

Adverse Outcome 

Aop:16 - Acetylcholinesterase inhibition leading to acute mortality  Adverse Outcome 

Aop:312 - Acetylcholinesterase Inhibition leading to Acute Mortality via Impaired 
Coordination & Movement  

Adverse Outcome 

Aop:334 - Glucocorticoid Receptor Agonism Leading to Impaired Fin 
Regeneration  

Adverse Outcome 

Aop:336 - DNA methyltransferase inhibition leading to population decline (1)  Adverse Outcome 

Aop:337 - DNA methyltransferase inhibition leading to population decline (2)  Adverse Outcome 

https://aopwiki.org/aops/23
https://aopwiki.org/aops/23
https://aopwiki.org/aops/25
https://aopwiki.org/aops/29
https://aopwiki.org/aops/30
https://aopwiki.org/aops/100
https://aopwiki.org/aops/100
https://aopwiki.org/aops/122
https://aopwiki.org/aops/122
https://aopwiki.org/aops/123
https://aopwiki.org/aops/123
https://aopwiki.org/aops/155
https://aopwiki.org/aops/155
https://aopwiki.org/aops/156
https://aopwiki.org/aops/156
https://aopwiki.org/aops/157
https://aopwiki.org/aops/157
https://aopwiki.org/aops/158
https://aopwiki.org/aops/158
https://aopwiki.org/aops/159
https://aopwiki.org/aops/159
https://aopwiki.org/aops/101
https://aopwiki.org/aops/101
https://aopwiki.org/aops/102
https://aopwiki.org/aops/102
https://aopwiki.org/aops/63
https://aopwiki.org/aops/103
https://aopwiki.org/aops/103
https://aopwiki.org/aops/292
https://aopwiki.org/aops/310
https://aopwiki.org/aops/310
https://aopwiki.org/aops/16
https://aopwiki.org/aops/312
https://aopwiki.org/aops/312
https://aopwiki.org/aops/334
https://aopwiki.org/aops/334
https://aopwiki.org/aops/336
https://aopwiki.org/aops/337
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AOP ID and Name Event Type 

Aop:338 - DNA methyltransferase inhibition leading to population decline (3)  Adverse Outcome 

Aop:339 - DNA methyltransferase inhibition leading to population decline (4)  Adverse Outcome 

Aop:340 - DNA methyltransferase inhibition leading to transgenerational effects 
(1) 

Adverse Outcome 

Aop:341 - DNA methyltransferase inhibition leading to transgenerational effects 
(2) 

Adverse Outcome 

Aop:289 - Inhibition of 5α-reductase leading to impaired fecundity in female fish  Adverse Outcome 

Aop:297 - Inhibition of retinaldehyde dehydrogenase leads to population decline  Adverse Outcome 

Aop:346 - Aromatase inhibition leads to male-biased sex ratio via impacts on 
gonad differentiation  

Adverse Outcome 

Aop:299 - Excessive reactive oxygen species production leading to population 
decline via reduced fatty acid beta-oxidation  

Adverse Outcome 

Aop:311 - Excessive reactive oxygen species production leading to population 
decline via mitochondrial dysfunction  

Adverse Outcome 

Aop:216 - Excessive reactive oxygen species production leading to population 
decline via follicular atresia  

Adverse Outcome 

Aop:238 - Excessive reactive oxygen species production leading to population 
decline via lipid peroxidation  

Adverse Outcome 

Aop:326 - Thermal stress leading to population decline (3)  Adverse Outcome 

Aop:325 - Thermal stress leading to population decline (2)  Adverse Outcome 

Aop:324 - Thermal stress leading to population decline (1)  Adverse Outcome 

Aop:363 - Thyroperoxidase inhibition leading to increased mortality via altered 
retinal layer structure  

Adverse Outcome 

Aop:349 - Inhibition of 11β-hydroxylase leading to decresed population 
trajectory  

Adverse Outcome 

Aop:348 - Inhibition of 11β-Hydroxysteroid Dehydrogenase leading to 
decreased population trajectory  

Adverse Outcome 

Aop:376 - Androgen receptor agonism leading to male-biased sex ratio  Adverse Outcome 

Aop:386 - Increased reactive oxygen species production leading to population 
decline via inhibition of photosynthesis  

Adverse Outcome 

Aop:387 - Increased reactive oxygen species production leading to population 
decline via mitochondrial dysfunction  

Adverse Outcome 

Aop:388 - DNA damage leading to population decline via programmed cell 
death  

Adverse Outcome 

Aop:389 - Oxygen-evolving complex damage leading to population decline via 
inhibition of photosynthesis  

Adverse Outcome 

Aop:364 - Thyroperoxidase inhibition leading to increased mortality via 
decreased eye size  

Adverse Outcome 

Aop:365 - Thyroperoxidase inhibition leading to increased mortality via altered 
photoreceptor patterning  

Adverse Outcome 

Aop:399 - Inhibition of Fyna leading to increased mortality via decreased eye 
size (Microphthalmos)  

Adverse Outcome 

 

Biological Context 

Level of Biological Organization 

Population 

 

https://aopwiki.org/aops/338
https://aopwiki.org/aops/339
https://aopwiki.org/aops/340
https://aopwiki.org/aops/340
https://aopwiki.org/aops/341
https://aopwiki.org/aops/341
https://aopwiki.org/aops/289
https://aopwiki.org/aops/297
https://aopwiki.org/aops/346
https://aopwiki.org/aops/346
https://aopwiki.org/aops/299
https://aopwiki.org/aops/299
https://aopwiki.org/aops/311
https://aopwiki.org/aops/311
https://aopwiki.org/aops/216
https://aopwiki.org/aops/216
https://aopwiki.org/aops/238
https://aopwiki.org/aops/238
https://aopwiki.org/aops/326
https://aopwiki.org/aops/325
https://aopwiki.org/aops/324
https://aopwiki.org/aops/363
https://aopwiki.org/aops/363
https://aopwiki.org/aops/349
https://aopwiki.org/aops/349
https://aopwiki.org/aops/348
https://aopwiki.org/aops/348
https://aopwiki.org/aops/376
https://aopwiki.org/aops/386
https://aopwiki.org/aops/386
https://aopwiki.org/aops/387
https://aopwiki.org/aops/387
https://aopwiki.org/aops/388
https://aopwiki.org/aops/388
https://aopwiki.org/aops/389
https://aopwiki.org/aops/389
https://aopwiki.org/aops/364
https://aopwiki.org/aops/364
https://aopwiki.org/aops/365
https://aopwiki.org/aops/365
https://aopwiki.org/aops/399
https://aopwiki.org/aops/399


64        

  
      

 Domain of Applicability 

Taxonomic Applicability 

Term Scientific Term Evidence Links 

all species all species High NCBI  

 

Life Stage Applicability  

Life Stage Evidence 

All life stages Not Specified 

 

Sex Applicability 

Sex Evidence 

Unspecific Not Specified 

 

Consideration of population size and changes in population size over time is potentially relevant to all living 

organisms. 

 

Key Event Description 

Population ecology is the study of the sizes (and to some extent also the distribution) of plant and animal 

populations and of the processes, mainly biological in nature, that determine these sizes. As such, it provides 

an integrated measure of events occurring at lower levels of biological organization (biochemical, 

organismal, etc.). The population size in turn determines community and ecosystem structure. For fish, 

maintenance of sustainable fish and wildlife populations (i.e., adequate to ensure long-term delivery of 

valued ecosystem services) is an accepted regulatory goal upon which risk assessments and risk 

management decisions are based. 

 

How it is Measured or Detected 

Population trajectories, either hypothetical or site specific, can be estimated via population modeling based 

on measurements of vital rates or reasonable surrogates measured in laboratory studies. As an example, 

Miller and Ankley 2004 used measures of cumulative fecundity from laboratory studies with repeat spawning 

fish species to predict population-level consequences of continuous exposure. 

 

Regulatory Significance of the AO 

Maintenance of sustainable fish and wildlife populations (i.e., adequate to ensure long-term delivery of 

valued ecosystem services) is a widely accepted regulatory goal upon which risk assessments and risk 

management decisions are based. 

  

http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=0
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Appendix 2 - List of Key Event Relationships in the AOP 

List of Adjacent Key Event Relationships 

Relationship: 309: Thyroperoxidase, Inhibition leads to TH synthesis, Decreased 

AOPs Referencing Relationship 

AOP Name Adjacency 
Weight of 
Evidence 

Quantitative 
Understanding 

Inhibition of Thyroperoxidase and 
Subsequent Adverse Neurodevelopmental 
Outcomes in Mammals  

adjacent High Low 

Thyroperoxidase inhibition leading to 
increased mortality via reduced anterior 
swim bladder inflation  

adjacent High Low 

Inhibition of thyroid peroxidase leading to 
impaired fertility in fish  

adjacent High High 

Thyroperoxidase inhibition leading to 
altered amphibian metamorphosis  

adjacent High Moderate 

Thyroperoxidase inhibition leading to 
increased mortality via altered retinal layer 
structure 

adjacent High Low 

Thyroperoxidase inhibition leading to 
increased mortality via decreased eye size  

adjacent 
  

Thyroperoxidase inhibition leading to 
increased mortality via altered 
photoreceptor patterning  

adjacent 
  

Inhibition of thyroid peroxidase leading to 
follicular cell adenomas and carcinomas (in 
rat and mouse)  

adjacent 
  

Evidence Supporting Applicability of this Relationship 

Taxonomic Applicability 

Term Scientific Term Evidence Links 

human Homo sapiens High NCBI  

rat Rattus norvegicus High NCBI  

Xenopus laevis Xenopus laevis High NCBI  

zebrafish Danio rerio High NCBI  

fathead minnow Pimephales promelas Low NCBI  

Life Stage Applicability 

Life Stage Evidence 

All life stages High 

  

https://aopwiki.org/aops/42
https://aopwiki.org/aops/42
https://aopwiki.org/aops/42
https://aopwiki.org/aops/159
https://aopwiki.org/aops/159
https://aopwiki.org/aops/159
https://aopwiki.org/aops/271
https://aopwiki.org/aops/271
https://aopwiki.org/aops/175
https://aopwiki.org/aops/175
https://aopwiki.org/aops/363
https://aopwiki.org/aops/363
https://aopwiki.org/aops/363
https://aopwiki.org/aops/364
https://aopwiki.org/aops/364
https://aopwiki.org/aops/365
https://aopwiki.org/aops/365
https://aopwiki.org/aops/365
https://aopwiki.org/aops/119
https://aopwiki.org/aops/119
https://aopwiki.org/aops/119
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=9606
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=10116
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=8355
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
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Sex Applicability 

Sex Evidence 

Male High 

Female High 

Taxonomic: This KER is plausibly applicable across vertebrates. Inhibition of TPO activity is widely accepted 

to directly impact TH synthesis. This is true for both rats and humans, as well as some fishes, frogs and 

birds. Most of the data supporting a causative relationship between TPO inhibition and altered TH synthesis 

is derived from animal studies, in vitro thyroid microsomes from rats or pigs, and a limited number of human 

ex vivo (Nagasaka and Hidaka, 1976; Vickers et al., 2012) and clinical studies. There are data to support 

that gene mutations in TPO result in congenital hypothyroidism, underscoring the essential role of TPO in 

human thyroid hormone synthesis. 

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 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 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 Relationship 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 (Taurog, 2005) across 

vertebrates. Two commonly used reference chemicals, propylthiouracil (PTU) and methimazole (MMI), are 

drugs that inhibit the ability of TPO to: a) activate iodine and transfer it to thyroglobulin (Tg) (Davidson et al., 

1978); and, b) couple thyroglobulin (Tg)-bound iodotyrosyls to produce Tg-bound thyroxine (T4) and 

triiodothyronine (T3) (Taurog, 2005). 

Evidence Supporting this KER 

The weight of evidence supporting a direct linkage 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 

(Cooper et al., 1982; Cooper et al.,1983; Divi and Doerge, 1994). 
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Biological Plausibility 

The biological plausibility for this KER is rated Strong. TPO is the only enzyme capable of de novo systhesis 

of TH. TPO catalyzes several reactions, including the oxidation of iodide, nonspecific iodination of tyrosyl 

residues of thyroglobulin (Tg) to form monoiodotyrosyl (MIT) or diiodotyrosyl (DIT) residues, and the coupling 

of these Tg-bound iodotyrosyls to produce Tg-bound T3 and T4 (Divi and Doerge, 1994; Kessler et al., 2008; 

Ruf et al., 2006; Taurog et al., 1996, 2005). Therefore, inhibition of TPO activity is widely accepted to directly 

impact TH synthesis. 

 

Empirical Evidence 

Empirical support for this KER is strong. There are several papers that have measured alterations in TPO 

and subsequent effects on TH synthesis across vertebrates. Taurog et al. (1996) showed decreased guicaol 

activity, decreased bound I125, and subsequent decreases in newly formed T3 and T4 per molecule of Tg, 

following exposure to PTU, MMI and some antibiotics.  There is important evidence in mammals. Following 

in vivo exposure to PTU in rats (Cooper et al., 1982; 1983), there are concentration and time-dependent 

decreases in thyroid protein bound iodine and serum T4 and T3 that recovered one month after cessation of 

PTU exposure.  In addition, measures of thyroidal iodine content were highly correlated with intra-thyroidal 

PTU concentration. Vickers et al. (2012) demonstrated dose- and time- dependent inhibition of TPO activity 

in both human and rat thyroid homogenates exposed to MMI.  

Tietge et al (2010) showed decreases in thyroidal T4 following MMI exposure in Xenopus.  Also in Xenopus, 

Haselman et al (2020) showed decreases in thyroidal iodotyrosines (MIT/DIT) and iodothyronines (T4/T3) 

following exposure to MMI. Doerge et al (1998) showed that a tryphenylmethane dye, malachite green, 

inhibited TPO and lowered thyroxine production. A recent paper used a series of benzothiazoles and showed 

TPO inhibition (guicaol assay) and inhibition of TSH stimulated thyroxine release from Xenopus thyroid gland 

explant cultures (Hornung et al., 2015).  

Additionally, evidence is available from studies investigating responses to TPO inhibitors 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. Several other 

studies have also shown that chemically induced Inhibition of TPO results in reduced TH synthesis in 

zebrafish (Van der Ven et al., 2006; Raldua and Babin, 2009; Liu et al., 2011; Thienpont et al., 2011; 

Rehberger et al., 2018). 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 µg/L methimazole. 

Temporal Evidence: In mammals, the temporal nature of this KER is applicable to all life stages, including 

development (Seed et al., 2005). The impact of decreased TPO activity on thyroidal hormone synthesis is 

similar across all ages in mammals. Good evidence for the temporal relationship of the KER comes from 

thyroid system modeling (e.g., Degon et al., 2008; Fisher et al., 2013) using data from studies of iodine 

deficiency and chemicals that inhibit NIS. In addition, there is ample evidence of the temporal impacts of 

TPO inhibition on TH synthesis, using ex vivo and in vitro measures that demonstrate the time course of 

inhibition following chemical exposures, including some data from human thyroid microsomes and ex vivo 

thyroid slices (Vickers et al., 2012). Future work is needed that measures both TPO inhibition and TH 

production during development.  
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In oviparous fish such as zebrafish and fathead minnow, the nature of this KER depends on the life stage 

since the earliest stages of embryonic development rely on maternal thyroid hormones transferred to the 

eggs. Embryonic thyroid hormone synthesis is activated later during embryo-larval development. (See 

Domain of applicability) 

Dose-Response Evidence: Dose-response data is available from a number of studies in mammals that 

correlate TPO inhibition with decreased TH production measured using a variety of endpoints including 

iodine organification (e.g., Taurog et al., 1996), inhibition of guicaol oxidation in thyroid microsomes (e.g., 

Doerge and Chang, 2002), and direct measure of thyroid gland T4 concentrations (e.g., Hornung et al., 

2015). However, there is a lack of dose-response data from developmental studies showing direct linkages 

from TPO inhibition to thyroidal TH synthesis. 

 

Uncertainties and Inconsistencies 

While it is clear that TPO inhibition will lead to altered hormone synthesis, there is a need for data that will 

inform quantitative modeling of the relationship between TPO inhibition and the magnitude of effects on 

thyroid hormone synthesis. 

Data from studies on genistein highlight this uncertainty. Doerge and colleagues have demonstrated that for 

this compound up to 80% TPO inhibition did not result in decreased serum T4 in rats (Doerge and Chang, 

2002). This is not consistent with other prototypical TPO inhibitors (e.g., PTU, MMI). Genistein is however a 

well-known phytoestrogen and the observed inconsistency may be the result of feedback mechanisms 

resulting from its estrogenic effect. 

 

Quantitative Understanding of the Linkage 

In Xenopus laevis, Haselman et al.(2020) demonstrated temporal profiles of thyroidal iodotyrosines 

(MIT/DIT) and iodothyronines (T4/T3), the products of TPO activity, following exposure to three different 

model TPO inhibitors (MMI, PTU, MBT) at multiple concentrations. This study established that, in Xenopus, 

measurable decreases in the products of TPO activity can occur as early as 2 days of exposure during pro-

metamorphosis. However, despite consistent profiles of some iodo-species across chemicals, other iodo-

species showed inconsistent profiles across chemicals. This highlights the multiple mechanisms of TPO 

(iodination and coupling) and differential susceptiblity to inhibition of those mechanisms depending on the 

chemical's type of interaction with TPO. The most consistent concentration-response relationship across 

chemicals and over time was demonstrated by thyroidal T4, which is the most relevant product to subsequent 

key events. At the highest concentrations tested for each chemcial, thyroidal T4 was below detection by 

7 days of exposure across all three TPO inhibitors. Keeping in mind that the thyroid gland has follicular lumen 

space where thyroglobulin/T4 is stored until proteolysis and release to the blood, full inhibition of TPO would 

result in a delayed measureable response due to the time it takes to deplete stored hormone. Regardless of 

the delay, the results from this study imply full inhibition of TPO by each of these three chemicals at the 

highest test concentrations, but would require chemical residue analysis and/or toxicokinetic modeling to 

relate cellular/tissue concentrations at the site of TPO catalysis to levels of inhibition via Michaelis-Menten 

kinetic descriptions. 

Profiles of thyroidal iodinated species demonstrated by Haselman et al. (2020) across three different TPO 

inhibitors suggests that a high level of TPO inhibition must occur in order to elicit responses in subsequent 

key events. Although the level of TPO inhibition is not directly quantifiable from this study, these data suggest 

that at least 90-100% inhibition was occurring since circulating T4 was not detectable at 10 days of exposure 

to the highest concentrations of MMI and MBT. However, additional efforts would be necessary to determine 

the minimum level of TPO inhibition that leads to a measurable decrease in thyroidal T4 and subsequently 

circulating T4. 
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Response-response relationship 

There are only a limited number of studies where both TPO inhibition and iodine organification have been 

measured in vivo, and there are not enough data available to make any definitive quantitative 

correlations. One in vivo study in rats exposed to the TPO inhibitor genistein found no in vivo impact on 

serum thyroid hormone concentrations, even when TPO was inhibited up to 80% (Chang and Doerge, 

2000). Genistein is however a well-known phytoestrogen and the observed inconsistency may be the result 

of feedback mechanisms resulting from its estrogenic effect. 

Given that this is an MIE to KE relationship, there is only one response to evaluate in the relationship. 

Decreased TH synthesis, as measured by responses of iodinated species in the thyroid gland, is the result 

of TPO inhibition, which cannot be measured directly in vivo. 

Time-scale 

In vivo, evaluations of TPO inhibition are limited to evaluation of the iodinated species, or products of TPO 

activity, present in the thyroid gland at a particular time. However, as stated previously, any measurable 

response in these iodinated species is not a discreet assessment of TPO activity given that the gland 

maintains storage of hormone in the follicular lumen space and any alteration of TPO activity would be 

detected once the stores begin to be depleted. In Xenopus laevis, Haselman et al. (2020) showed a decrease 

in thyroidal iodinated species after only 2 days of exposure to potent TPO inhibitor MMI during thyroid-

mediated metamorphosis and within 4 days for PTU and MBT, both model TPO inhibitors. In zebrafish, 

Walter et al. (2019) reported a similar time frame, namely a decrease in T4 levels at 72 hpf after starting the 

exposure to PTU at 0-2 hpf. It should be noted that the time-scale is probably depending on the 

developmental stage and whether the embryo is capable of thyroid hormone synthesis, rather than on the 

exposure duration. 

Known modulating factors 

Iodine availability will impact the ability of TPO to iodinate tyrosine residues on thyroglobulin. Iodine 

availability to TPO can be impacted a number of ways. First, environmental availability of iodine can vary 

greatly depending on whether and how much iodine exists in surface waters for aquatic organisms (gill 

respirators) and in the diets of both terrestrial and aquatic organisms. Second, somewhat regardless of iodine 

availability through environmental uptake (i.e., barring extremely high iodine exposure), iodine is actively 

transported into the thyroid follicular cell from the blood via sodium-iodide symporter (NIS), which has been 

shown to be susceptible to inhibition by, for example, perchlorate. As such, iodine availability to TPO is 

mediated by functional NIS. Finally, iodine is not fully available to TPO on the apical surface of the thyroid 

follicular cell until it is transported through the apical membrane by pendrin, an anion exchange protein - 

mutations or inhibition of pendrin could affect iodine availability to TPO. 

Hydrogen peroxide is also needed by TPO to mediate the oxidation of iodide, which is produced locally by 

dual oxidase (DUOX). A mutation or inhibition of DUOX will impact local production of H2O2 leading to lower 

oxidizing potential of TPO and less organification of iodide.   

Known Feedforward/Feedback loops influencing this KER 

Thyroid stimulating hormone (TSH) released from the pituitary positively regulates the synthesis and release 

of thyroid hormones from the thyroid gland. As such, when TPO is inhibited and thyroid hormone synthesis 

is decreased, lower systemic levels of hormone cause feedback from the pituitary via TSH to upregulate a 

number of processes in the thyroid gland as a means of compensation, including (but not limited 

to) enhanced gene expression of NIS and thyrocyte cell proliferation (Tietge et al., 2010; Haselman et al., 

2020).   
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Relationship: 305: TH synthesis, Decreased leads to T4 in serum, Decreased 

AOPs Referencing Relationship 

AOP Name Adjacency 
Weight of 
Evidence 

Quantitative 
Understanding 

Inhibition of Thyroperoxidase and 
Subsequent Adverse Neurodevelopmental 
Outcomes in Mammals  

adjacent High Moderate 

XX Inhibition of Sodium Iodide Symporter 
and Subsequent Adverse 
Neurodevelopmental Outcomes in 
Mammals  

adjacent High Moderate 

Sodium Iodide Symporter (NIS) Inhibition 
and Subsequent Adverse 
Neurodevelopmental Outcomes in 
Mammals  

adjacent High High 

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

adjacent High Moderate 

Thyroperoxidase inhibition leading to 
increased mortality via reduced anterior 
swim bladder inflation  

adjacent Moderate Low 

Thyroperoxidase inhibition leading to altered 
amphibian metamorphosis  

adjacent High Moderate 

Sodium Iodide Symporter (NIS) Inhibition 
leading to altered amphibian metamorphosis  

adjacent High High 

Thyroperoxidase inhibition leading to 
increased mortality via altered retinal layer 
structure 

adjacent Moderate Low 

Thyroperoxidase inhibition leading to 
increased mortality via decreased eye size  

adjacent 
  

Thyroperoxidase inhibition leading to 
increased mortality via altered 
photoreceptor patterning  

adjacent 
  

Inhibition of thyroid peroxidase leading to 
follicular cell adenomas and carcinomas (in 
rat and mouse)  

adjacent 
  

Inhibition of iodide pump activity leading to 
follicular cell adenomas and carcinomas (in 
rat and mouse)  

adjacent 
  

Evidence Supporting Applicability of this Relationship 

Taxonomic Applicability 

Term Scientific Term Evidence Links 

human Homo sapiens High NCBI  

rat Rattus norvegicus High NCBI  

mouse Mus musculus High NCBI  

Xenopus laevis Xenopus laevis High NCBI  

zebrafish Danio rerio Low NCBI  

fathead minnow Pimephales promelas Low NCBI  

https://aopwiki.org/relationships/305
https://aopwiki.org/aops/42
https://aopwiki.org/aops/42
https://aopwiki.org/aops/42
https://aopwiki.org/aops/65
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https://aopwiki.org/aops/65
https://aopwiki.org/aops/65
https://aopwiki.org/aops/134
https://aopwiki.org/aops/134
https://aopwiki.org/aops/134
https://aopwiki.org/aops/134
https://aopwiki.org/aops/54
https://aopwiki.org/aops/54
https://aopwiki.org/aops/159
https://aopwiki.org/aops/159
https://aopwiki.org/aops/159
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https://aopwiki.org/aops/110
https://aopwiki.org/aops/110
https://aopwiki.org/aops/110
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=9606
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=10116
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Life Stage Applicability 

Life Stage Evidence 

All life stages High 

 

Sex Applicability 

Sex Evidence 

Male High 

Female High 

 

Taxonomic: This KER is plausibly applicable across vertebrates. While 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).  The following are 

samples from a large literature that supports this concept: 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). 

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 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 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 Relationship Description 

Thyroid hormones (THs), thyroxine (T4) and triiodothyronine (T3) are synthesized by NIS and TPO in the 

thyroid gland as iodinated thyroglobulin (Tg) and stored in the colloid of thyroid follicles across vertebrates. 

Secretion from the follicle into serum is a multi-step process. The first involves thyroid stimulating hormone 

(TSH) stimulation of the separation of the peptide linkage between Tg and TH. The next steps involve 

endocytosis of colloid, fusion of the endosome with the basolateral membrane of the thyrocyte, and finally 
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release of TH into blood. More detailed descriptions of this process can be found in reviews by Braverman 

and Utiger (2012) and Zoeller et al. (2007). 

Evidence Supporting this KER 

The weight of evidence linking these two KEs of decreased TH synthesis and decreased T4 in serum is 

strong. It is commonly accepted dogma that decreased synthesis in the thyroid gland will result in decreased 

circulating TH (serum T4). 

Biological Plausibility 

The biological relationship between two KEs in this KER is well understood and documented fact within the 

scientific community. 

Empirical Evidence 

It is widely accepted that TPO inhibition leads to declines in serum T4 levels in adult mammals. This is due 

to the fact that the sole source for circulating T4 derives from hormone synthesis in the thyroid gland. Indeed, 

it has been known for decades that insufficient dietary iodine will lead to decreased serum TH concentrations 

due to inadequate synthesis. 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).  There is more limited evidence supporting the relationship between 

decreased TH synthesis and lowered circulating hormone levels during development.  Lu and Anderson 

(1994) followed the time course of TH synthesis, measured as thyroxine secretion rate, in non-treated 

pregnant rats and correlated it with serum T4 levels More recently, modeling of TH in the rat fetus 

demonstrates the quantitative relationship between TH synthesis and serum T4 concentrations (Hassan et 

al., 2017). Furthermore, a wide variety of drugs and chemicals that inhibit TPO are known to result in 

decreased release of TH from the thyroid gland, as well as decreased circulating TH concentrations. This is 

evidenced by a very large number of studies that employed a wide variety of techniques, including thyroid 

gland explant cultures, tracing organification of 131-I and in vivo treatment of a variety of animal species with 

known TPO inhibitors (King and May,1984; Atterwill et al., 1990; Brown et al., 1986; Brucker-Davis, 1998; 

Haselman et al., 2020; Hornung et al., 2010; Hurley et al., 1998; Kohrle, 2008; Tietge et al., 2010). 

Additionally, evidence is available from studies investigating responses to TPO inhibitors 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. Several other 

studies have also shown that chemically induced Inhibition of TPO results in reduced TH synthesis in 

zebrafish (Van der Ven et al., 2006; Raldua and Babin, 2009; Liu et al., 2011; Thienpont et al., 2011; 

Rehberger et al., 2018). 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 µg/L methimazole. 

Temporal Evidence: In mammals, the temporal nature of this KER is applicable to all life stages, including 

development (Seed et al., 2005).  There are currently no studies that measured both TPO synthesis and TH 

production during development. However, the impact of decreased TH synthesis on serum hormones is 

similar across all ages in mammals. Good evidence for the temporal relationship comes from thyroid system 
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modeling of the impacts of iodine deficiency and NIS inhibition (e.g., Degon et al., 2008; Fisher et al., 2013). 

In addition, recovery experiments have demonstrated that serum thyroid hormones recovered in athyroid 

mice following grafting of in-vitro derived follicles (Antonica et al., 2012).  

In Xenopus, it has been shown that depression of TH synthesis in the thyroid gland precedes depression of 

circulating TH within 7 days of exposure during pro-metamorphosis (Haselman et al., 2020).    

In oviparous fish such as zebrafish and fathead minnow, the nature of this KER depends on the life stage 

since the earliest stages of embryonic development rely on maternal thyroid hormones transferred to the 

eggs. Embryonic thyroid hormone synthesis is activated later during embryo-larval development. (See 

Domain of applicability) 

Dose-response Evidence: Dose-response data is lacking from studies that include concurrent measures of 

both TH synthesis and serum TH concentrations. However, data is available demonstrating correlations 

between thyroidal TH and serum TH concentrations during gestation and lactation during development 

(Gilbert et al., 2013). This data was used to develop a rat quantitative biologically-based dose-response 

model for iodine deficiency (Fisher et al., 2013). In Xenopus, dose-responses were demonstrated in both 

thyroidal T4 and circulating T4 following exposure to three TPO inhibitors (Haselman et al., 2020). 

Uncertainties and Inconsistencies 

There are no inconsistencies in this KER, but there are some uncertainties. The first uncertainty stems from 

the paucity of data for quantitative modeling of the relationship between the degree of synthesis decrease 

and resulting changes in circulating T4 concentrations. In addition, most of the data supporting this KER 

comes from inhibition of TPO, and there are a number of other processes (e.g., endocytosis, lysosomal 

fusion, basolateral fusion and release) that are not as well studied. 

Quantitative Understanding of the Linkage 

In rats, Hassan et al. (2020) demonstrated in vitro:ex vivo correlations of TPO inhibition using PTU and MMI 

and constructed a quantitative model relating level of TPO inhibition with changes in circulating T4 levels. 

They determined that 30% inhibition of TPO was sufficient to decrease circulating T4 levels by 20%. 

In Xenopus, Haselman et al. (2020) collected temporal and dose-response data for both thyroidal 

and circulating T4 which showed strong qualitative concordance of the response-response relationship. 

A quantitative relationship exists therein, but is yet to be demonstrated mathematically in this species.  

Response-response relationship 

Fisher et al. (2013) published a quantitative biologically-based dose-response model for iodine deficiency in 

the rat. This model provides quantitative relationships for thyroidal T4 synthesis (iodine organification) and 

predictions of serum T4 concentrations in developing rats. There are other computational models that include 

thyroid hormone synthesis. Ekerot et al. (2012) modeled TPO, T3, T4 and TSH in dogs and humans based 

on exposure to myeloperoxidase inhibitors that also inhibit TPO.  This model was recently adapted for rat 

(Leonard et al., 2016) and Hassan et al (2017) have extended it to include the pregnant rat dam in response 

to TPO inhibition induced by PTU. While the original model predicted serum TH and TSH levels as a function 

of oral dose, it was not used to explicitly predict the relationship between serum hormones and TPO 

inhibition, or thyroidal hormone synthesis. Leonard et al. (2016) recently incorporated TPO inhibition into the 

model. Degon et al (2008) developed a human thyroid model that includes TPO, but does not make 

quantitative prediction of organification changes due to inhibition of the TPO enzyme. Further empirical 

support for the response-response relationship has been demonstrated in the amphibian model, Xenopus 

laevis, exposed to TPO inhibitors during pro-metamorphosis (Haselman et al., 2020) wherein temporal 

profiles were measured for both thyroidal and circulating T4. 
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Time-scale 

Given that the thyroid gland contains follicular lumen space filled with stored thyroglobulin/T4, complete 

inhibition of thyroid hormone synthesis at a given point in time will not result in an instantaneous decrease 

in circulating T4. The system will be capable of maintaining sufficient circulating T4 levels until the gland 

stores are depleted. The time it takes to deplete stored hormone will greatly depend on species, 

developmental status and numerous other factors. 

In Xenopus, Haselman et al. (2020) demonstrated an approximately 5 day difference between a significant 

decrease in thyroidal T4 preceding a significant decrease in circulating T4 while exposed to a potent TPO 

inhibitor (MMI) continuously during pro-metamorphosis.    

Known modulating factors 

During Xenopus metamorphosis, circulating T4 steadily increases to peak levels at metamorphic climax. 

Therefore, during Xenopus metamorphosis, this KER is operable at an increased rate as compared to a 

system that is maintaining steady circulating T4 levels through homeostatic control. In this case, 

developmental status is a modulating factor for the rates and trajectories of these KEs.  

Known Feedforward/Feedback loops influencing this KER 

This KER is entirely influenced by the feedback loop between circulating T4 originating from the thyroid gland 

and circulating TSH originating from the pituitary. Intermediate biochemical processes exist within the 

hypothalamus to affirm feedback and coordinately release TSH from the pituitary. However, quantitative 

representations of these feedback processes are limited to models discussed previously. 

In Xenopus, circulating levels of T4 increase through pro-metamorphosis indicating a "release" of feedback 

to allow circulating levels of T4 to increase and drive metamorphic changes (Sternberg et al., 2011). This 

provides evidence that homeostatic control of feedback can be developmentally dependent, and likely 

species dependent.   
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Relationship: 2038: T4 in serum, Decreased leads to Decreased, Triiodothyronine 

(T3) 

AOPs Referencing Relationship 

AOP Name Adjacency 
Weight of 
Evidence 

Quantitative 
Understanding 

Thyroperoxidase inhibition leading to 
increased mortality via reduced anterior 
swim bladder inflation  

adjacent Moderate Moderate 

Thyroperoxidase inhibition leading to 
increased mortality via altered retinal layer 
structure 

adjacent Moderate Moderate 

Thyroperoxidase inhibition leading to 
increased mortality via decreased eye size  

adjacent 
  

Thyroperoxidase inhibition leading to 
increased mortality via altered 
photoreceptor patterning  

adjacent 
  

Evidence Supporting Applicability of this Relationship 

Taxonomic Applicability 

Term Scientific Term Evidence Links 

zebrafish Danio rerio High NCBI  

fathead minnow Pimephales promelas Moderate NCBI  

 

Life Stage Applicability 

Life Stage Evidence 

Juvenile Moderate 

Larvae Moderate 

 

Sex Applicability 

Sex Evidence 

Unspecific Moderate 

 

Taxonomic: Thyroid follicles mainly produce T4 and to a lesser extent T3 across vertebrates. When serum 

T4 levels are decreased, less T4 is available for conversion to the more biologically active T3. This key event 

relationship is not always evident. This could be due to feedback/compensatory mechanisms that in some 

cases seem to be able to maintain T3 levels even though T4 levels are reduced, for example through 

increased conversion of T4 to T3 by deiodinases. These feedback mechanisms can also differ across 

species. Therefore, although this KER is plausibly applicable across vertebrates, variation can be expected. 

In zebrafish and fathead minnow, several studies reported evidence for a relationship between circulating 

T4 and T3 levels (Nelson et al., 2016; Stinckens et al., 2020, Wang et al., 2020). 

Life stage: This key event relationship is applicable to late larvae and juveniles rather than to embryos, 

because of the presence of maternal TH in embryos. 

Uncertainties during embryonic lifestage: 

https://aopwiki.org/relationships/2038
https://aopwiki.org/relationships/2038
https://aopwiki.org/aops/159
https://aopwiki.org/aops/159
https://aopwiki.org/aops/159
https://aopwiki.org/aops/363
https://aopwiki.org/aops/363
https://aopwiki.org/aops/363
https://aopwiki.org/aops/364
https://aopwiki.org/aops/364
https://aopwiki.org/aops/365
https://aopwiki.org/aops/365
https://aopwiki.org/aops/365
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
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• A decrease in T4 was observed in fathead minnows exposed to 1 mg/L 2-mercaptobenzothiazole 

(MBT), a thyroperoxidase inhibitor, through 6 dpf (Nelson et al., 2016). In contrast, there was no 

observed effect on T3 in fathead minnows exposed to MBT through 6 dpf. Comparably, zebrafish 

exposed to 0.4 or 0.7 mg/L MBT through 120 hpf showed decreased T4 but not T3 (Stinckens et al., 

2016). During this early larval life stage, T3 may have been derived from maternal T4. In addition, it 

could be produced from further depletion of any T4 still produced by the thyroid gland (as 

thyroperoxidase may not have been fully inhibited at the tested exposure concentrations). 

• Since exposure to PFAS did result in decreased whole-body T4 and T3 in 5 day old zebrafish, the 

life-stage specificity possibly depends on the mechanism that lies at the basis of the TH changes 

(Wang et al., 2020). The exact mechanisms by which PFAS disrupt the thyroid hormone system 

remain uncertain. Compounds that directly reduce T3 levels (e.g., deiodinase inhibitors) in addition 

to reducing T4 levels via another mechanism can be expected to result in decreased T4 and T3 

levels. 

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 Relationship Description 

When serum thyroxine (T4) levels are decreased, less T4 is available for conversion to the more biologically 

active triiodothyronine (T3). While some thyroid hormone (TH) disrupting mechanisms can immediately affect 

T3 levels, including deiodinase inhibition, other mechanisms reduce T4 levels, for example through inhibition 

of TH synthesis, leading to decreased T3 levels. 

Since in fish early life stages TH are typically measured on a whole-body level, it is currently uncertain 

whether TH levels changes occur at the serum and/or tissue level. Pending more dedicated studies, whole-

body TH levels are considered a proxy for serum TH levels. 

This key event relationship is not always evident. This could be due to feedback/compensatory mechanisms 

that in some cases seem to be able to maintain T3 levels even though T4 levels are reduced, for example 

through increased conversion of T4 to T3 by deiodinases. 

Evidence Supporting this KER 

Biological Plausibility 

When serum thyroxine (T4) levels are decreased, less T4 is available for conversion to the more biologically 

active triiodothyronine (T3). It is plausible to assume that while some thyroid hormone (TH) disrupting 

mechanisms can immediately affect T3 levels, including deiodinase inhibition, other mechanisms reduce T4 

levels, for example through inhibition of TH synthesis, leading to decreased T3 levels. 

Empirical Evidence 

• A decrease in whole-body T4 and T3 was observed in zebrafish exposed to methimazole from 

fertilization until the age of 21 and 32 days and to propylthiouracil until the age of 14, 21 and 32 days 
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(Stinckens et al., 2020). Additionally, a strong correlation was observed between T4 and T3 levels. 

Both compounds are thyroperoxidase inhibitors expected to inhibit thyroid hormone synthesis. 

• A dose-dependent decrease in whole-body T4 and T3 was observed in zebrafish exposed to 

perfluorooctanoic acid and perfluoropolyether carboxylic acids from fertilization until the age of 5 

days (Wang et al., 2020). The exact mechanisms by which PFAS disrupt the thyroid hormone system 

remain uncertain. 

• While T4 measurements could not be acquired in fathead minnows exposed to 1 mg/L 2-

mercaptobenzothiazole, a thyroperoxidase inhibitor, for 14 days, a significant decrease in T3 was 

observed (Nelson et al., 2016). The decreased T3 levels were likely the result of reduced T4 

synthesis. 

Uncertainties and Inconsistencies 

• Since in fish early life stages THs are typically measured on a whole body level, it is currently 

uncertain whether TH level changes occur at the serum and/or tissue level. Pending more dedicated 

studies, whole body TH levels are considered a proxy for serum TH levels. 

• This key event relationship is not always evident. This could be due to feedback/compensatory 

mechanisms that in some cases seem to be able to maintain T3 levels even though T4 levels are 

reduced, for example through increased conversion of T4 to T3 by deiodinases. Examples of studies 

showing reduced T4 levels in the absence of reduced T3 levels: 

o Zebrafish exposed to 0.35 mg/L 2-mercaptobenzothiazole, a thyroperoxidase inhibitor, 

through 32 dpf showed decreased whole-body T4, but T3 levels showed particularly large 

variation and overall were not significantly decreased (Stinckens et al., 2016). 

o Although T4 content of 28 dpf larval fathead minnows exposed to 32 or 100 µg/l 

methimazole, a thyroperoxidase inhibitor, was reduced, these fish showed no change in 

whole body T3 content (Crane et al., 2006). Significantly higher T3/T4 ratios in fish held in 

100 µg/l methimazole suggest an increased conversion of T4 to T3 or reduced degradation 

and conjugation during continued exposure to methimazole 

Quantitative Understanding of the Linkage 

Stinckens et al. (2020, supplementary information) showed a significant linear relationship between whole 

body T3 and T4 concentrations at 21 and 32 days post fertilization after continuous exposure of zebrafish to 

methimazole and propylthiouracil, two inhibitors of TH synthesis. 

Known Feedforward/Feedback loops influencing this KER 

This key event relationship is not always evident. This could be due to feedback/compensatory mechanisms 

that in some cases seem to be able to maintain T3 levels even though T4 levels are reduced, for example 

through increased conversion of T4 to T3 by deiodinases. Examples of studies showing reduced T4 levels 

in the absence of reduced T3 levels: 

• Zebrafish exposed to 0.35 mg/L 2-mercaptobenzothiazole, a thyroperoxidase inhibitor, through 32 

dpf showed decreased whole-body T4, but T3 levels showed particularly large variation and overall 

were not significantly decreased (Stinckens et al., 2016). 

• Although T4 content of 28 dpf larval fathead minnows exposed to 32 or 100 µg/l methimazole, a 

thyroperoxidase inhibitor, was reduced, these fish showed no change in whole body T3 content 

(Crane et al., 2006). Significantly higher T3/T4 ratios in fish held in 100 µg/l methimazole suggest 

an increased conversion of T4 to T3 or reduced degradation and conjugation during continued 

exposure to methimazole 
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This relationship depends on the MIE that is causing the decrease in T3. For example, deiodinase inhibition 

results in reduced activation of T4 to T3 and thus in reduced T3 levels; increased T4 levels have been 

observed, probably as a compensatory mechanism in response to the lower T3 levels. For example, Cavallin 

et al. (2017) exposed fathead minnows to iopanoic acid, a deiodinase inhibitor, and observed T4 increases 

together with T3 decreases. 
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Relationship: 1035: Decreased, Triiodothyronine (T3) leads to Reduced, Anterior 

swim bladder inflation 

AOPs Referencing Relationship 

AOP Name Adjacency 
Weight of 
Evidence 

Quantitative 
Understanding 

Deiodinase 2 inhibition leading to 
increased mortality via reduced anterior 
swim bladder inflation  

adjacent Moderate Moderate 

Deiodinase 1 inhibition leading to 
increased mortality via reduced anterior 
swim bladder inflation  

adjacent Moderate Moderate 

Thyroperoxidase inhibition leading to 
increased mortality via reduced anterior 
swim bladder inflation  

adjacent Moderate Moderate 

Evidence Supporting Applicability of this Relationship 

Taxonomic Applicability 

Term Scientific Term Evidence Links 

zebrafish Danio rerio Moderate NCBI  

fathead minnow Pimephales promelas High NCBI  

 

Life Stage Applicability 

Life Stage Evidence 

Larvae High 

 

Sex Applicability 

Sex Evidence 

Unspecific Moderate 

 

Taxonomic: Teleost fish can be divided in two groups according to swim bladder morphology: physoclistous 

(e.g., yellow perch, sea bass, striped bass, medaka) and physostomous (e.g., zebrafish and fathead 

minnow). Physostomous fish retain a duct between the digestive tract and the swim bladder during adulthood 

allowing them to gulp air at the surface to fill the swim bladder. In contrast, in physoclistous fish, once initial 

inflation by gulping atmospheric air at the water surface has occurred, the swim bladder is closed off from 

the digestive tract and swim bladder volume is regulated by gas secretion into the swim bladder (Woolley 

and Qin, 2010). The evidence for impaired inflation of the anterior chamber of the swim bladder currently 

comes from work on zebrafish and fathead minnow (Stinckens et al., 2016; Nelson et al., 2016; Cavallin et 

al., 2017; Godfrey et al., 2017; Stinckens et al., 2020). While zebrafish and fathead minnows are 

physostomous fish with a two-chambered swim bladder, the Japanese rice fish or medaka (Oryzias latipes) 

is a physoclistous fish with a single chambered swim bladder that inflates during early development. This 

KER is not applicable to such fish species. Therefore, the current key event is plausibly applicable to 

physostomous fish in general. 

https://aopwiki.org/relationships/1035
https://aopwiki.org/relationships/1035
https://aopwiki.org/aops/156
https://aopwiki.org/aops/156
https://aopwiki.org/aops/156
https://aopwiki.org/aops/158
https://aopwiki.org/aops/158
https://aopwiki.org/aops/158
https://aopwiki.org/aops/159
https://aopwiki.org/aops/159
https://aopwiki.org/aops/159
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
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Life stage: The anterior chamber inflates during a specific developmental time frame. In zebrafish, the 

anterior chamber inflates around 21 days post fertilization (dpf) which is during the larval stage. In the fathead 

minnow, the anterior chamber inflates around 14 dpf, also during the larval stage. Therefore this KER is only 

applicable to the larval life stage. 

Sex: This KER plausibly applicable to both sexes. Sex differences are not often investigated in tests using 

early life stages of fish. For zebrafish and fathead minnow, it is currently unclear whether sex-related 

differences are important in determining the magnitude of the changes in this KER. Different fish species 

have different sex determination and differentiation strategies. Zebrafish do not have identifiable 

heteromorphic sex chromosomes and sex is determined by multiple genes and influenced by the 

environment (Nagabhushana and Mishra, 2016). 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. Since the 

anterior chamber inflates around 21 days post fertilization in zebrafish, sex differences are expected to play 

a minor role. Fathead minnow gonad differentiation also occurs during larval development. Fathead minnows 

utilize a XY sex determination strategy and markers can be used to genotype sex in life stages where the 

sex is not yet clearly defined morphologically (Olmstead et al., 2011). Ovarian differentiation starts at 10 dph 

followed by rapid development (Van Aerle et al., 2004). At 25 dph germ cells of all stages up to the primary 

oocytes stage were present and at 120 dph, vitellogenic oocytes were present. The germ cells 

(spermatogonia) of the developing testes only entered meiosis around 90–120 dph. Mature testes with 

spermatozoa are present around 150 dph. Since the anterior chamber inflates around 14 days post 

fertilization (9 dph) in fathead minnows, sex differences are expected to play a minor role in the current KER. 

Key Event Relationship Description 

Thyroid hormones are known to be involved in development, especially in metamorphosis in amphibians and 

in embryonic-to-larval transition and larval-to-juvenile transition, including anterior chamber inflation in fish. 

Reduced T3 levels prohibit local TH action in the target tissues. Since swim bladder development and/or 

inflation is regulated by thyroid hormones, this results in impaired anterior chamber inflation. 

Evidence Supporting this KER 

There is convincing evidence that decreased T3 levels result in impaired anterior chamber inflation, but the 

underlying mechanisms are not completely understood. A very convincing linear quantitative relationship 

between reduced T3 levels and reduced anterior chamber volume was shown in zebrafish across exposure 

to a limited set of three compounds. Therefore the evidence supporting this KER can be considered 

moderate. 

Biological Plausibility 

Thyroid hormones are known to be involved in development, especially in metamorphosis in amphibians and 

in embryonic-to-larval transition (Liu and Chan, 2002) and larval-to-juvenile transition (Brown et al., 1997) in 

fish. Inflation of the anterior swim bladder chamber is part of the larval-to-juvenile transition in fish, together 

with the development of adult fins and fin rays, ossification of the axial skeleton, formation of an adult 

pigmentation pattern, scale formation, maturation and remodeling of organs including the lateral line, nervous 

system, gut and kidneys (Brown, 1997; Liu and Chan, 2002; McMenamin and Parichy, 2013). 
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Empirical Evidence 

Dedicated studies with two different experimental setups have been conducted to investigate the link 

between reduced T3 levels and reduced anterior chamber inflation: 

1. Studies applying larval exposures initiated after posterior chamber inflation 

• In a study in which larval fathead minnows (Pimephales promelas) were exposed to the thyroid 

peroxidase inhibitor 2-mercaptobenzothiazole (MBT), T3 concentrations measured at 14dpf were 

reduced at the same concentration (1 mg/L) that significantly reduced anterior swim bladder inflation 

at the same time-point (Nelson et al. 2016). 

• In the study of Cavallin et al. (2017) fathead minnow larvae were exposed to IOP, a model 

iodothyronine deiodinase inhibitor that is assumed to inhibit all three deiodinase enzymes 

(DIO1,2,3). The authors observed pronounced decreases of whole body T3 concentrations and 

increases of whole body T4 concentrations, together with impaired inflation of the anterior swim 

bladder chamber. More specifically, inflation was delayed and the size of the swim bladder chamber 

was reduced until the end of the exposure experiment. 

Since exposures were started after inflation of the posterior chamber, these studies show that DIO inhibition 

can directly affect anterior chamber inflation. 

2. Studies applying continuous exposure initiated immediately after fertilization and thus including both 

posterior and anterior chamber inflation 

• In the study of Stinckens et al. (2020) exposure concentrations were chosen where the posterior 

chamber inflates. A strong correlation between reduced T3 levels and reduced anterior chamber 

inflation was observed in zebrafish exposed to iopanoic acid, a deiodinase inhibitor, as well as 

methimazole and propylthiouracil, both thyroperoxidase inhibitors, from fertilization until the age of 

32 days. Anterior chamber inflation was delayed and a number of larvae did not manage to inflate 

the anterior chamber by the end of the 32 day exposure period. Additionally, exposed fish that had 

inflated the swim bladder had reduced anterior chamber sizes. 

Uncertainties and Inconsistencies 

• Since in fish early life stages THs are typically measured on a whole-body level, it is currently 

uncertain whether TH levels changes occur at the serum and/or tissue level.  

• The mechanism underlying the link between reduced T3 and reduced anterior chamber inflation 

remains unclear, but several hypotheses exist (Stinckens et al., 2020). For example, altered gas 

distribution between chambers could be the result of impaired development of smooth muscle fibers, 

delayed and/or impaired evagination of the anterior chamber, impaired anterior budding through 

altered Wnt and hedgehog signalling, etc. Reinwald et al. (2021) showed that T3 and propylthiouracil 

treatment of zebrafish embryos altered expression of genes involved in muscle contraction and 

functioning in an opposing fashion. The authors suggested impaired muscle function as an additional 

key event between decreased T3 levels and reduced swim bladder inflation. 

• Increased T3 levels also seem to result in reduced swim bladder inflation. For example, Li et al. 

(2011) reported impairment of swim bladder inflation in Chinese rare minnows (Gobiocypris rarus) 

exposed to exogenous T3. 
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Relationship: 1034: Reduced, Anterior swim bladder inflation leads to Reduced, 

Swimming performance 

AOPs Referencing Relationship 

AOP Name Adjacency 
Weight of 
Evidence 

Quantitative 
Understanding 

Deiodinase 2 inhibition leading to 
increased mortality via reduced anterior 
swim bladder inflation  

adjacent Moderate Low 

Deiodinase 1 inhibition leading to 
increased mortality via reduced anterior 
swim bladder inflation  

adjacent Moderate Low 

Thyroperoxidase inhibition leading to 
increased mortality via reduced anterior 
swim bladder inflation  

adjacent Moderate Low 

Evidence Supporting Applicability of this Relationship 

Taxonomic Applicability 

Term Scientific Term Evidence Links 

zebrafish Danio rerio High NCBI  

fathead minnow Pimephales promelas Low NCBI  

 

Life Stage Applicability 

Life Stage Evidence 

Larvae High 

 

Sex Applicability 

Sex Evidence 

Unspecific Moderate 

 

Taxonomic: Importance of proper functioning of the swim bladder for supporting natural swimming 

behaviour can be plausibly assumed to be generally applicable to fish possessing an anterior chamber. 

Evidence exists for the role of the posterior chamber in swimming performance comes from a wide variety 

of freshwater and marine fish species. Evidence for the specific role of the anterior chamber is however less 

abundant. 

Life stage: In zebrafish, the anterior chamber inflates around 21 days post fertilization (dpf) which is during 

the larval stage. In the fathead minnow, the anterior chamber inflates around 14 dpf, also during the larval 

stage. Therefore this KER is only applicable to the larval life stage. To what extent fish can survive and swim 

with partly inflated swim bladders during later life stages is unknown. 

https://aopwiki.org/relationships/1034
https://aopwiki.org/relationships/1034
https://aopwiki.org/aops/156
https://aopwiki.org/aops/156
https://aopwiki.org/aops/156
https://aopwiki.org/aops/158
https://aopwiki.org/aops/158
https://aopwiki.org/aops/158
https://aopwiki.org/aops/159
https://aopwiki.org/aops/159
https://aopwiki.org/aops/159
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
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Sex: This KER plausibly applicable to both sexes. Sex differences are not often investigated in tests using 

early life stages of fish. For zebrafish and fathead minnow, it is currently unclear whether sex-related 

differences are important in determining the magnitude of the changes in this KER. Different fish species 

have different sex determination and differentiation strategies. Zebrafish do not have identifiable 

heteromorphic sex chromosomes and sex is determined by multiple genes and influenced by the 

environment (Nagabhushana and Mishra, 2016). 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. Since the 

anterior chamber inflates around 21 days post fertilization in zebrafish, sex differences are expected to play 

a minor role. Fathead minnow gonad differentiation also occurs during larval development. Fathead minnows 

utilize a XY sex determination strategy and markers can be used to genotype sex in life stages where the 

sex is not yet clearly defined morphologically (Olmstead et al., 2011). Ovarian differentiation starts at 10 dph 

followed by rapid development (Van Aerle et al., 2004). At 25 dph germ cells of all stages up to the primary 

oocytes stage were present and at 120 dph, vitellogenic oocytes were present. The germ cells 

(spermatogonia) of the developing testes only entered meiosis around 90–120 dph. Mature testes with 

spermatozoa are present around 150 dph. Since the anterior chamber inflates around 14 days post 

fertilization (9 dph) in fathead minnows, sex differences are expected to play a minor role in the current KER. 

Key Event Relationship Description 

Effects on swim bladder inflation can alter swimming performance and buoyancy of fish, which is essential 

for predator avoidance, energy sparing, migration, reproduction and feeding behaviour, resulting in increased 

mortality. 

Evidence Supporting this KER 

The weight of evidence supporting a direct linkage between these two KEs, i.e. reduced anterior swim 

bladder inflation and reduced swimming performance, is weak. 

Biological Plausibility 

The anterior chamber of the swim bladder has a function in regulating the buoyancy of fish, by altering the 

volume of the swim bladder (Roberston et al., 2007). Fish rely on the lipid and gas content in their body to 

regulate their position within the water column, with the latter being more efficient at increasing body 

buoyancy. Therefore, fish with functional swim bladders have no problem supporting their body (Brix 2002), 

while it is highly likely that impaired inflation severely impacts swimming performance. Fish with no functional 

swim bladder can survive, but are severely disadvantaged, making the likelihood of surviving smaller. 

Several studies in zebrafish and fathead minnow showed that a smaller AC was associated with a larger 

posterior chamber (Nelson et al., 2016; Stinckens et al., 2016; Cavallin et al., 2017, Stinckens et al., 2020) 

suggesting a possible compensatory mechanism. As shown by Stoyek et al. (2011) however, the AC volume 

is highly dynamic under normal conditions due to a series of regular corrugations running along the chamber 

wall, and is in fact the main driver for adjusting buoyancy while the basic PC volume remains largely 

invariable. Therefore, it is plausible to assume that functionality of the swim bladder is affected when AC 

inflation is incomplete, even when the PC appears to fully compensate the gas volume of the swim bladder. 
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Empirical Evidence 

• Lindsey et al. (2010) showed that zebrafish started swimming deeper down in the water column 

upon inflation of the anterior chamber, confirming a role of the anterior chamber in supporting 

swimming performance. 

• After exposure to 2-mercaptobenzothiazole, a TPO inhibitor, from 0 to 32 days post fertilization (dpf) 

in zebrafish, the swimming activity of fish was impacted starting at 26 dpf if the inflation of the anterior 

chamber of the swim bladder was impaired or had no normal structure/size (Stinckens et al., 2016). 

• Methimazole (MMI) and propylthiouracil (PTU), two thyroperoxidase inhibitors, and  iopanoic acid 

(IOP), a deiodinase inhibitor, each reduced both anterior chamber inflation and swimming distance 

in zebrafish exposed from fertlization until the age of 32 days (Stinckens et al., 2020). Stinckens et 

al. (2020) showed a specific, direct link between reduced anterior chamber inflation and reduced 

swimming performance. 

o First, after 21 d of exposure to 111 mg/L propylthiouracil around 30% of anterior chambers 

were not inflated and swimming distance was reduced, while by 32 days post fertilization all 

larvae had inflated their anterior chamber (although chamber surface was still smaller) and 

the effect on swimming distance had disappeared. 

o The most direct way to assess the role of anterior chamber inflation in swimming 

performance, however, is to compare larvae with and without inflated anterior chamber at 

the same time point and within the same experimental treatment. Both in the propylthiouracil 

exposure at 21 days post fertilization and in the iopanoic acid exposure at 21 and 32 days 

post fertilization, swimming distance was clearly reduced in larvae lacking an inflated 

anterior chamber, while the swimming distance of larvae with inflated anterior chamber was 

equal to that of controls. 

o Exposure concentrations were selected where the posterior chamber inflates. Even though 

the posterior chamber was generally larger when anterior chamber inflation was reduced, 

this did not remove the effect on swimming performance, confirming a direct link between 

proper anterior chamber inflation and swimming performance. 

o No morphological effects were observed, but in some treatments reduced length and/or 

condition factor was observed. However, reduced swimming performance after 32 days of 

IOP exposure to medium concentrations was not accompanied by reduced length or 

condition factor. Therefore, at least in this study no evidence was found that the effect on 

swimming performance was an indirect consequence of effects other than reduced swim 

bladder inflation. 

• It has also been reported that larvae that fail to inflate their swim bladder use additional energy to 

maintain buoyancy (Lindsey et al., 2010, Goodsell et al. 1996), possibly contributing to reduced 

swimming activity.  

Uncertainties and Inconsistencies 

After exposure to 100 mg/L methimazole, 95% of the zebrafish larvae failed to inflate their anterior chamber 

at 32 dpf and swimming distance was reduced (Stinckens et al., 2020). On the other hand, there was no 

effect of impaired anterior chamber inflation on swimming distance in the methimazole exposure of 50 mg/L. 

Also, inflated but smaller anterior chambers did not result in a decreased swimming performance in this 

study. A similar result, where non-inflated anterior chambers did not consistently lead to reduced swimming 

performance, was previously found after exposure to 2-mercaptobenzothiazole (Stinckens et al., 2016). In 

summary, the precise relationship between these two KEs is not easy to determine and may be different for 

different chemicals. This is in part due to the complexity of the swim bladder system and the difficulty of 

distinguishing effects resulting from altered anterior chamber inflation from those resulting from altered 

posterior chamber inflation. Additionally, swimming capacity can be affected via other processes which may 
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or may not depend on the HPT axis, such as general malformations, decreased cardiorespiratory function, 

energy metabolism and growth. 

As Robertson et al., (2007) reported, the swim bladder only starts regulating buoyancy actively from 32 dpf 

onward in zebrafish, possibly explaining the lack of effect on swimming capacity in some cases. 

The anterior chamber is also important for producing and transducing sound through the Weberian 

Apparatus (Popper, 1974; Lechner and Ladich, 2008). It is highly plausible that impaired inflation or size of 

the anterior swim bladder could lead to increased mortality as hearing loss would affect their ability to 

respond to their surrounding environment, thus impacting ecological relevant endpoints such as predator 

avoidance or prey seeking (Wisenden et al., 2008; Fay, 2009). 
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Relationship: 2212: Reduced, Swimming performance leads to Increased Mortality 

AOPs Referencing Relationship 

 

AOP Name Adjacency Weight of 
evidence 

Quantitative 
Understanding 

Deiodinase 2 inhibition leading to increased 
mortality via reduced posterior swim 
bladder inflation 

adjacent Moderate Low 

Deiodinase 2 inhibition leading to increased 
mortality via reduced anterior swim bladder 
inflation 

adjacent Moderate Low 

Deiodinase 1 inhibition leading to increased 
mortality via reduced posterior swim 
bladder inflation 

adjacent Moderate Low 

Deiodinase 1 inhibition leading to increased 
mortality via reduced anterior swim bladder 
inflation 

adjacent Moderate Low 

Thyroperoxidase inhibition leading to 
increased mortality via reduced anterior 
swim bladder inflation 

adjacent Moderate Low 

 

Evidence Supporting Applicability of this Relationship 

Taxonomic Applicability 

Term Scientific Term Evidence Links 

zebrafish Danio rerio Moderate NCBI  

fathead minnow Pimephales promelas Moderate NCBI  

 

Life Stage Applicability  

Life Stage Evidence 

Adult Moderate 

Juvenile Moderate 

Larvae Moderate 

 
Sex Applicability 

Sex Evidence 

Unspecific Moderate 

 

Importance of swimming performance on survival is generally applicable to all hatched fish across life stages 

and sexes and to other taxa that rely on swimming to support vital behaviours. 

https://aopwiki.org/aops/155
https://aopwiki.org/aops/155
https://aopwiki.org/aops/155
https://aopwiki.org/aops/156
https://aopwiki.org/aops/156
https://aopwiki.org/aops/156
https://aopwiki.org/aops/157
https://aopwiki.org/aops/157
https://aopwiki.org/aops/157
https://aopwiki.org/aops/158
https://aopwiki.org/aops/158
https://aopwiki.org/aops/158
https://aopwiki.org/aops/159
https://aopwiki.org/aops/159
https://aopwiki.org/aops/159
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
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Key Event Relationship Description 

Reduced swimming performance is likely to affect essential endpoints such as predator avoidance, feeding 

behaviour and reproduction in taxa that rely on swimming to support these vital behaviours. These 

parameters are biologicaly plausible to affect survival, especially in a non-laboratory environment where food 

is scarce and predators are abundant. 

 

Evidence Supporting this KER 

A direct relationship between reduced swimming performance and reduced survival is difficult to establish. 

There is however a lot of indirect evidence linking reduced swim bladder inflation to reduced survival 

(https://aopwiki.org/relationships/2213), which can be plausibly assumed to be related to reduced swimming 

performance. 

For example, all zebrafish larvae that failed to inflate the posterior chamber after exposure to 2 mg/L iopanoic 

acid (IOP), died by the age of 9 dpf (Stinckens et al., 2020). Since larvae from the same group that were 

able to inflate the posterior chamber survived and the test was performed in the laboratory in optimal 

conditions, it is plausible to assume that the cause of death was the inability to swim and find food due to 

the failure to inflate the posterior swim bladder chamber. 

 
Biological Plausibility 

Reduced swimming performance is likely to affect essential endpoints such as predator avoidance, feeding 

behaviour and reproduction. These parameters are biologicaly plausible to affect survival, especially in a 

non-laboratory environment where food is scarce and predators are abundant. 

 

Empirical Evidence 

A direct relationship between reduced swimming performance and reduced survival is difficult to establish. 

There is however a lot of indirect evidence linking reduced swim bladder inflation to reduced survival (see 

non-adjacent KER 1041), which can be plausibly assumed to be related to reduced swimming performance. 

For example, all zebrafish larvae that failed to inflate the posterior chamber after exposure to 2 mg/L iopanoic 

acid (IOP), died by the age of 9 dpf (Stinckens et al., 2020). Since larvae from the same group that were 

able to inflate the posterior chamber survived and the test was performed in the laboratory in optimal 

conditions, it is plausible to assume that the cause of death was the inability to swim and find food due to 

the failure to inflate the posterior swim bladder chamber. 

 
Uncertainties and Inconsistencies 

A direct relationship between reduced swimming performance and reduced survival is difficult to establish in 

a laboratory environment where food is abundant and there are no predators. 

  

https://aopwiki.org/relationships/1041
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Quantitative Understanding of the Linkage 

Quantitative understanding of this linkage is currently limited. 

 

Time-scale 

Reduced swimming performance is not expected to immediately lead to mortality. Depending on the extent 

of the reduction in swimming performance and depending on the cause of death (e.g., starvation due to the 

inability to find food, being caught by a predator) the lag time may vary. 

As an example, Stinckens et al. (2020) found that zebrafish larvae that failed to inflate the swim bladder at 

5 dpf and did not manage to inflate it during the days afterwards died by the age of 9 dpf. Since zebrafish 

initiate exogenous feeding around 5 dpf when the yolk is almost completely depleted, there was a lag period 

of around 4 days after which reduced feeding resulted in mortality. Obviously, in a laboratory setup there is 

no increased risk of being caught by a predator. 
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Relationship: 2013: Increased Mortality leads to Decrease, Population growth rate 

AOPs Referencing Relationship 

 

AOP Name Adjacency Weight of 
evidence 

Quantitative 
Understanding 

Acetylcholinesterase Inhibition leading to 
Acute Mortality via Impaired Coordination & 
Movement 

adjacent   

Acetylcholinesterase inhibition leading to 
acute mortality 

adjacent Moderate Moderate 

Deiodinase 2 inhibition leading to increased 
mortality via reduced posterior swim 
bladder inflation 

adjacent Moderate Moderate 

Deiodinase 2 inhibition leading to increased 
mortality via reduced anterior swim bladder 
inflation 

adjacent Moderate Moderate 

Deiodinase 1 inhibition leading to increased 
mortality via reduced posterior swim 
bladder inflation 

adjacent Moderate Moderate 

Deiodinase 1 inhibition leading to increased 
mortality via reduced anterior swim bladder 
inflation 

adjacent Moderate Moderate 

Thyroperoxidase inhibition leading to 
increased mortality via reduced anterior 
swim bladder inflation 

adjacent Moderate Moderate 

Thyroperoxidase inhibition leading to 
altered visual function via altered retinal 
layer structure 

adjacent Moderate Moderate 

Thyroperoxidase inhibition leading to 
altered visual function via decreased eye 
size 

adjacent   

Thyroperoxidase inhibition leading to 
altered visual function via altered 
photoreceptor patterning 

adjacent   

Inhibition of Fyna leading to increased 
mortality via decreased eye size 
(Microphthalmos) 

adjacent High High 

GSK3beta inactivation leading to increased 
mortality via defects in developing inner ear 

adjacent High High 

 

 Evidence Supporting Applicability of this Relationship 

Taxonomic Applicability 

Term Scientific Term Evidence Links 

zebrafish Danio rerio High NCBI  

fathead minnow Pimephales promelas High NCBI  

 

https://aopwiki.org/aops/312
https://aopwiki.org/aops/312
https://aopwiki.org/aops/312
https://aopwiki.org/aops/16
https://aopwiki.org/aops/16
https://aopwiki.org/aops/155
https://aopwiki.org/aops/155
https://aopwiki.org/aops/155
https://aopwiki.org/aops/156
https://aopwiki.org/aops/156
https://aopwiki.org/aops/156
https://aopwiki.org/aops/157
https://aopwiki.org/aops/157
https://aopwiki.org/aops/157
https://aopwiki.org/aops/158
https://aopwiki.org/aops/158
https://aopwiki.org/aops/158
https://aopwiki.org/aops/159
https://aopwiki.org/aops/159
https://aopwiki.org/aops/159
https://aopwiki.org/aops/363
https://aopwiki.org/aops/363
https://aopwiki.org/aops/363
https://aopwiki.org/aops/364
https://aopwiki.org/aops/364
https://aopwiki.org/aops/364
https://aopwiki.org/aops/365
https://aopwiki.org/aops/365
https://aopwiki.org/aops/365
https://aopwiki.org/aops/399
https://aopwiki.org/aops/399
https://aopwiki.org/aops/399
https://aopwiki.org/aops/410
https://aopwiki.org/aops/410
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
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Life Stage Applicability  

Life Stage Evidence 

All life stages High 

 

Sex Applicability 

Sex Evidence 

Unspecific Moderate 

 

Taxonomic: All organisms must survive to reproductive age in order to reproduce and sustain populations. 

The additional considerations related to survival made above are applicable to other fish species in addition 

to zebrafish and fathead minnows with the same reproductive strategy (r-strategist as described in the theory 

of MaxArthur and Wilson (1967). The impact of reduced survival on population size is even greater for k-

strategists that invest more energy in a lower number of offspring. 

Life stage: Density dependent effects start to play a role in the larval stage of fish when free-feeding starts 

(Hazlerigg et al., 2014). 

Sex: This linkage is independent of sex. 

 

Key Event Relationship Description 

Increased mortality in the reproductive population may lead to a declining population. This depends on the 

excess mortality due to the applied stressor and the environmental parameters such as food availability and 

predation rate. Most fish species are r- strategist, meaning they produce a lot of offspring instead of investing 

in parental care. This results in natural high larval mortality causing only a small percentage of the larvae to 

survive to maturity. If the excess larval mortality due to a stressor is small, the population dynamics might 

result in constant population size. Should the larval excess be more significant, or last on the long-term, this 

will affect the population. To calculate the long-term persistence of the population, population dynamic 

models should be used. 

 

Evidence Supporting this KER 

Survival rate is an obvious determinant of population size and is therefore included in population modeling 

(e.g., Miller et al., 2020). 

 

Biological Plausibility 

Survival to reproductive maturity is a parameter of demographic significance. Assuming resource availability 

(i.e., food, habitat, etc.) is not limiting to the extant population, sufficient mortality in the reproductive 

population may ultimately lead to declining population trajectories. 

Under some conditions, reduced larval survival may be compensated by reduced predation and increased 

food availability, and therefore not result in population decline (Stige et al., 2019). 
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Empirical Evidence 

According to empirical data, combined with population dynamic models, feeding larvae are the crucial life 

stage in zebrafish (and other r-strategists) for the regulation of the population. (Schäfers et al., 1993) 

In fathead minnow, natural survival of early life stages has been found to be highly variable and influential 

on population growth (Miller and Ankley, 2004) 

Rearick et al. (2018) used linked data from behavioural assays to survival trials and applied a modelling 

approach to quantify changes in antipredator escape performance of larval fathead minnows in order to 

predict changes in population abundance. This work was done in the context of exposure to an environmental 

oestrogen. Expsoed fish had delayed response times and slower escape speeds, and were more susceptible 

to predation. Population modelling showed that his can result in population decline. 

In the context of fishing and fisheries, ample evidence of a link between increased mortality and a decrerase 

of population size has been given. Important insights can result from the investigation of optimum modes of 

fishing that allow for maintaining a population (Alekseeva and Rudenko, 2018). Jacobsen and Essington 

(2018) showed the impact of varying predation mortality on forage fish populations. 

Boreman (1997) reviewed methods for comparing the population-level effects of mortality in fish populations 

induced by pollution or fishing. 

 

Uncertainties and Inconsistencies 

The extent to which larval mortality affects population size could depend on the fraction of surplus mortality 

compared to a natural situation. 

There are scenarios in which individual mortality may not lead to declining population size. These include 

instances where populations are limited by the availability of habitat and food resources, which can be 

replenished through immigration. Effects of mortality in the larvae can be compensated by reduced 

competition for resources (Stige et al., 2019). 

The direct impact of pesticides on migration behavior can be difficult to track in the field, and documentation 

of mortality during migration is likely underestimated (Eng 2017).  
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List of Non Adjacent Key Event Relationships 

Relationship: 366: Thyroperoxidase, Inhibition leads to T4 in serum, Decreased 

AOPs Referencing Relationship 

AOP Name Adjacency 
Weight of 
Evidence 

Quantitative 
Understanding 

Inhibition of Thyroperoxidase and 
Subsequent Adverse Neurodevelopmental 
Outcomes in Mammals  

non-
adjacent 

High Moderate 

Thyroperoxidase inhibition leading to 
increased mortality via reduced anterior 
swim bladder inflation  

non-
adjacent 

High Low 

Thyroperoxidase inhibition leading to 
altered amphibian metamorphosis  

non-
adjacent 

High High 

Thyroperoxidase inhibition leading to 
increased mortality via altered retinal layer 
structure 

non-
adjacent 

High Low 

Evidence Supporting Applicability of this Relationship 

Taxonomic Applicability 

Term Scientific Term Evidence Links 

Xenopus laevis Xenopus laevis High NCBI  

rat Rattus norvegicus High NCBI  

chicken Gallus gallus Moderate NCBI  

human Homo sapiens High NCBI  

zebrafish Danio rerio High NCBI  

fathead minnow Pimephales promelas Moderate NCBI  

 

Life Stage Applicability 

Life Stage Evidence 

All life stages High 

 

Sex Applicability 

Sex Evidence 

Male High 

Female High 

 

Taxonomic: Use of TPO inhibitors as anti-hyperthyroidism drugs in humans and pets (Emiliano et al., 2010; 

Trepanier, 2006) and effects of these drugs on serum TH concentrations in rats (US EPA, 2005), amphibian, 

fish and avian species (Coady et al., 2010; Grommen et al., 2011; Nelson et al., 2016; Rosebrough et al., 

2006; Stinckens et al.; 2020; Tietge et al., 2012), strongly supports a causative linkage between inhibition of 

https://aopwiki.org/relationships/366
https://aopwiki.org/aops/42
https://aopwiki.org/aops/42
https://aopwiki.org/aops/42
https://aopwiki.org/aops/159
https://aopwiki.org/aops/159
https://aopwiki.org/aops/159
https://aopwiki.org/aops/175
https://aopwiki.org/aops/175
https://aopwiki.org/aops/363
https://aopwiki.org/aops/363
https://aopwiki.org/aops/363
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=8355
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=10116
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=9031
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=9606
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
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TPO and decreased serum T4 across species. Therefore, this KER is plausibly applicable across vertebrate 

species. Therefore, this KER is plausibly applicable across vertebrates. 

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 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). 

Therefore, iIt 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 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 Relationship Description 

Thyroperoxidase (TPO) is the enzyme that catalyzes iodine organification of thyroglobulin to produce 

thyroglobulin (Tg)-bound T3 and T4 in the lumen of thyroid follicles. Tg-bound THs are endocytosed across 

the apical lumen-follicular cell membrane, undergo thyroglobulin proteolysis, followed by hormone section 

into the blood stream (see Taurog, 2005 for review). This indirect KER describes the relationship of TPO 

inhibition to reduced circulating levels of thyroid hormone (TH) in the serum. 

Evidence Supporting this KER 

The weight of evidence linking thyroperoxidase inhibition to reductions in circulating serum TH is strong. 

Many studies support this basic linkage. There is no inconsistent data. 

Biological Plausibility 

It is a well-accepted fact that inhibition of the only enzyme capable of synthesizing THs, TPO, results in 

subsequent decrease in serum TH concentrations.  A large amount of evidence from clinical and animal 

studies clearly support the commonly accepted dogma that inhibition of TPO leads to decreased serum THs.  

Empirical Evidence 

The majority of research in support of this KER involve exposure to known TPO inhibitors and measurement 

of serum hormones. There are many in vivo studies that link decreases in serum TH concentrations with 

exposure to xenobiotics that inhibit thyroperoxidase (TPO) in mammals (Brucker-Davis, 1998; Hurley, 1998; 

Boas et al., 2006; Crofton, 2008; Kohrle, 2008; Pearce and Braverman, 2009; Murk et al., 2013).  



104        

  
      

While these studies support the connection between exposure to a known TPO inhibitor and decreased TH, 

many of these studies do not empirically measure TPO inhibition or decreased TH synthesis. Thus, many 

studies support the indirect linkage between TPO inhibition (for chemicals identified as TPO inhibitors in in 

vivo or ex vivo studies) and decreased TH, with the well accepted theory that these proceed via decreased 

TH synthesis. That exposure to TPO inhibitors leads to decreased serum TH concentrations, via decreased 

TH synthesis is strongly supported by decades of mechanistic research in a variety of species. 

This indirect relationship is also evidenced by the use of clinically-relevant anti-hyperthyroidism drugs, MMI 

and PTU (Laurberg & Anderson, 2014; Sundaresh et al., 2013). These drugs are both recognized TPO 

inhibitors and are part of a standard drug-based regimen of care for clinically hyperthyroid patients including 

those with Grave's disease. Serum THs are measured as the bioindicator of successful treatment with anti-

hyperthyroidism drugs; the actual decrease in TH synthesis in the thyroid gland is implied in the efficacious 

use of these drugs (Trepanier, 2006). 

In rats, MMI and PTU are often used as control chemicals to decrease serum THs to study biological 

phenomena related to disruption of TH homeostasis (many examples, including Zoeller and Crofton, 2005; 

Morreale de Escobar et al, 2004; Schwartz et al., 1997; Herwig et al., 2014; Wu et al., 2013; Pathak et al., 

2011). Further, MMI is recommended as a positive control for use in the Amphibian Metamorphosis (Frog) 

Assay within Tier 1 of the U.S. EPA Endocrine Disruptor Screening Program (US EPA, 2009; Coady et al., 

2010), an assay used to evaluate the potential for chemicals to disrupt TH homeostasis. PTU has been 

suggested as positive control chemical in the guidance for the Comparative Developmental Thyroid Assay 

(US EPA, 2005), a non-guideline assay used to evaluate the potential for chemicals to disrupt TH 

homeostasis during gestation and early neonatal development. 

Additionally, evidence is available from studies investigating responses to TPO inhibitors 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 µg/L methimazole. 

Thus, an indirect key event relationship between TPO inhibition and decreased serum THs is strongly 

supported by a large database of clinical medicine and investigative research with whole animals (with a 

great deal of supporting evidence in rats and frogs). 

Temporal Evidence: In mammals, the temporal nature of this KER is applicable to all life stages, including 

development (Seed et al., 2005). The qualitative impact of thyroperoxidase inhibition on serum hormones is 

similar across all ages in mammals. The temporal nature of the impact on serum THs by TPO inhibitors in 

developmental exposure studies is evidenced by the duration of exposure and developmental age (Goldey 

et al., 1995; Ahmed et al., 2010; Tietge et al., 2010), as well as recovery after cessation of exposure (Cooke 

et al., 1993; Goldey et al., 1995; Sawin et al., 1998; Axelstad et al., 2008; Shibutani et al., 2009; Lasley and 

Gilbert, 2011). The temporal relationship between TPO inhibitor exposure duration and serum hormone 

decreases in adult organisms has been widely demonstrated (e.g., Hood et al., 1999; Mannisto et al., 1979). 
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In addition, MMI and PTU induced decreases in serum T4 are alleviated by thyroid hormone replacement in 

both fetal and postnatal age rats (Calvo et al., 1990; Sack et al., 1995; Goldey and Crofton, 1998). 

Computational modeling of the thyroid also provides evidence for the indirect temporal relationship between 

these two KEs (e.g., Degon et al., 2008; Fisher et a., 2013). 

In oviparous fish such as zebrafish and fathead minnow, the nature of this KER depends on the life stage 

since the earliest stages of embryonic development rely on maternal thyroid hormones transferred to the 

eggs. Embryonic thyroid hormone synthesis is activated later during embryo-larval development. (See 

Domain of applicability) 

Dose-Response Evidence: Empirical data is available from enough studies in animals treated with TPO 

inhibitors during development to make it readily accepted dogma that a dose-response relationship exists 

between TPO inhibition and serum TH concentrations.  Again, these studies do not empirically measure 

TPO inhibition or decreased TH synthesis, but rely on the strong support of decades of mechanistic research 

in a variety of species of the causative relationship between these KEs.  Examples of dose-responsive 

changes in TH concentrations following developmental exposure to TPO inhibitors include studies a variety 

of species, including: rodents (Blake and Henning, 1985; Goldey et al., 1995; Sawin et al., 1998); frogs 

(Tietge et al., 2013); fish tissue levels (Elsalini and Rohr, 2003.); and, chickens (Wishe et al., 1979). 

Computational modeling of the thyroid also provides evidence for the indirect dose-response relationship 

between these two KEs (e.g., Leonard et al., 2016; Fisher et a., 2013). 

Uncertainties and Inconsistencies 

There are no inconsistencies in this KER, but there are some uncertainties. The predominant uncertainty 

regarding the indirect key event relationship between inhibition of TPO activity and decreased serum T4 is 

the quantitative nature of this relationship, i.e., to what degree must TPO be inhibited in order to decrease 

serum T4 by a certain magnitude. Many animal (rat) studies typically employ relatively high exposures of 

TPO-inhibiting chemicals that result in hypothyroidism (severe decrements in T4 and T3). Thus, a dose-

response relationship between TPO inhibition and decreased serum T4 is not typically defined. However, 

there are numerous publications demonstrating clear dose- and duration- dependent relationships between 

TPO inhibitors dose and reduced serum T3 and T4 in rodent models (see for example: Cooper et al., 1983; 

Hood et al., 1999; Goldey et al., 2005; Gilbert, 2011). The relationship between maternal and fetal levels of 

hormone following chemically-induced TPO inhibiton has not been well characterized and may differ based 

on kinetics. Reductions in serum TH in the fetus, in rat and human is derived a chemical’s effect on the 

maternal thyroid gland as well as the fetal thyroid gland. 

Quantitative Understanding of the Linkage 

Response-response relationship 

The indirect linkage between exposure to known TPO inhibitors and decreased serum TH has not been 

defined quantitatively. The two key event relationships that mediate this relationship (TPO inhibition leading 

to decreased TH synthesis, and decreased TH synthesis leading to decreased serum TH) have been 

incorporated into some quantitative models. A quantitative biologically-based dose-response model for 

iodine deficiency in the rat includes relationships between thyroidal T4 synthesis and serum T4 

concentrations in developing rats Fisher et al. (2013). Ekerot et al. (2012) modeled TPO, T3, T4 and TSH in 

dogs and humans based on exposure to myeloperoxidase inhibitors that also inhibit TPO and was has 

recently adapted for rat (Leonard et al., 2016). While the original model predicted serum TH and TSH levels 

as a function of oral dose, it was not used to explicitly predict the relationship between serum hormones and 

TPO inhibition, or thyroidal hormone synthesis. Leonard et al. (2016) recently incorporated TPO inhibition 
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into the model. Degon et al (2008) developed a human thyroid model that includes TPO but does not make 

quantitative prediction of organification changes due to inhibition of the TPO enzyme. 
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Relationship: 1039: T4 in serum, Decreased leads to Reduced, Anterior swim 

bladder inflation 

AOPs Referencing Relationship 

AOP Name Adjacency 
Weight of 
Evidence 

Quantitative 
Understanding 

Thyroperoxidase inhibition leading to 
increased mortality via reduced anterior 
swim bladder inflation  

non-
adjacent 

Moderate Moderate 

Evidence Supporting Applicability of this Relationship 

Taxonomic Applicability 

Term Scientific Term Evidence Links 

zebrafish Danio rerio 
 

NCBI  

fathead minnow Pimephales promelas 
 

NCBI  

 

Life Stage Applicability 

Life Stage Evidence 

Larvae High 

 

Sex Applicability 

Sex Evidence 

Unspecific Moderate 

Taxonomic: Teleost fish can be divided in two groups according to swim bladder morphology: physoclistous 

(e.g., yellow perch, sea bass, striped bass) and physostomus (e.g., zebrafish and fathead minnow). 

Physostomus fish retain a duct between the digestive tract and the swim bladder during adulthood allowing 

them to gulp air at the surface to fill the swim bladder. In contrast, in physoclistous fish, once initial inflation 

by gulping atmospheric air at the water surface has occurred, the swim bladder is closed off from the 

digestive tract and swim bladder volume is regulated by gas secretion into the swim bladder (Woolley and 

Qin, 2010). The evidence for impaired inflation of the anterior chamber of the swim bladder currently comes 

from work on zebrafish and fathead minnow (Stinckens et al., 2016; Nelson et al., 2016; Cavallin et al., 2017; 

Godfrey et al., 2017; Stinckens et al., 2020). While zebrafish and fathead minnows are physostomous fish 

with a two-chambered swim bladder, the Japanese rice fish (Oryzias latipes) is a physoclistous fish with a 

single chambered swim bladder that inflates during early development. This KER is not applicable to such 

fish species. Therefore, the current key event is plausibly applicable to physostomous fish in general. 

Life stage: The anterior chamber inflates during a specific developmental time frame. In zebrafish, the 

anterior chamber inflates around 21 days post fertilization (dpf) which is during the larval stage. In the fathead 

minnow, the anterior chamber inflates around 14 dpf, also during the larval stage. Therefore this KER is only 

applicable to the larval life stage. 

Sex: This KE/KER plausibly applicable to both sexes. Sex differences are not often investigated in tests 

using early life stages of fish. For zebrafish and fathead minnow, it is currently unclear whether sex-related 

differences are important in determining the magnitude of the changes in this KE/KER. Different fish species 

have different sex determination and differentiation strategies. Zebrafish do not have identifiable 

https://aopwiki.org/relationships/1039
https://aopwiki.org/relationships/1039
https://aopwiki.org/aops/159
https://aopwiki.org/aops/159
https://aopwiki.org/aops/159
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
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heteromorphic sex chromosomes and sex is determined by multiple genes and influenced by the 

environment (Nagabhushana and Mishra, 2016). 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. Since the 

anterior chamber inflates around 21 days post fertilization in zebrafish, sex differences are expected to play 

a minor role. Fathead minnow gonad differentiation also occurs during larval development. Fathead minnows 

utilize a XY sex determination strategy and markers can be used to genotype sex in life stages where the 

sex is not yet clearly defined morphologically (Olmstead et al., 2011). Ovarian differentiation starts at 10 dph 

followed by rapid development (Van Aerle et al., 2004). At 25 dph germ cells of all stages up to the primary 

oocytes stage were present and at 120 dph, vitellogenic oocytes were present. The germ cells 

(spermatogonia) of the developing testes only entered meiosis around 90–120 dph. Mature testes with 

spermatozoa are present around 150 dph. Since the anterior chamber inflates around 14 days post 

fertilization (9 dph) in fathead minnows, sex differences are expected to play a minor role in the current AOP. 

Key Event Relationship Description 

Reduced T4 levels in serum prohibit local production of active T3 hormone by deiodinases expressed in the 

target tissues. There is evidence suggesting that anterior swim bladder inflation relies on increased thyroid 

hormone levels at this specific developmental time point. 

Evidence Supporting this KER 

There is convincing evidence that decreased T4 levels result in impaired anterior chamber inflation, but the 

underlying mechanisms are not completely understood. A convincing linear quantitative relationship between 

reduced T4 levels and reduced anterior chamber volume was shown in zebrafish across exposure to a 

limited set of three compounds. Therefore the evidence supporting this KER can be considered moderate. 

Biological Plausibility 

Thyroid hormones are known to be involved in development, especially in metamorphosis in amphibians and 

in embryonic-to-larval transition (Liu and Chan, 2002) and larval-to-juvenile transition (Brown et al., 1997) in 

fish. The formation of the anterior chamber coincides with the second transition phase (Winata et al., 2009) 

and with a peak in T4 synthesis (Chang et al., 2012) suggesting that anterior inflation is under thyroid 

hormone regulation. Since most of the more biologically active T3 originates from the conversion of T4, 

decreased circulatory T4 levels are plausibly linked to reduced anterior chamber inflation. 

Empirical Evidence 

• Chang et al. (2012) observed an increase of whole body T4 concentrations in zebrafish larvae at 21 

days post fertilization, corresponding to the timing of anterior swim bladder inflation. 

• Nelson et al. (2016) showed reduced whole body T4 levels at 6 days post fertilization and delayed 

anterior inflation (lower proportion of inflation at 14 dpf compared to controls) after exposure of 

fathead minnow embryos to 2-mercaptobenzothiazole. All anterior chambers eventually inflated but 

their size was reduced and morphology deviated. 

• Stinckens et al. (2016) showed reduced whole body T4 levels both at 5 (before anterior inflation) 

and 32 days post fertilization (after anterior inflation) when zebrafish were exposed to 2-

mercaptobenzothiazole (a thyroperoxidase inhibitor) from 0 to 32 days post fertilization. A large 

percentage of MBT-exposed fish had an uninflated anterior swim bladder, although some recovery 

was observed over time. 
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• Stinckens et al. (2016) further showed a significant correlation between whole body T4 levels and 

anterior chamber volume, with reduced T4 levels leading to smaller anterior chambers. 

• Stinckens et al. (2020) established a significant correlation between reduced whole body T4 levels 

and reduced anterior chamber volume in 32 day old zebrafish across two compound exposures. 

This includes methimazole and propylthiouracil, two inhibitors of TH synthesis. Godfrey et al. (2017) 

also observed impaored anterior chamber inflation after exposure of zebrafish to Methimazole. 

Stinckens et al. (2020) continued the follow-up until 32 dpf and observed no recovery. 

• Chopra et al. (2019) found that a nonsense mutation of the duox gene, coding for the enzyme dual 

oxidase, another enzyme that is important for TH synthesis since it provides hydrogen peroxide for 

iodide oxidation, resulted in decreased intrafollicular T4 levels and impaired anterior chamber 

inflation until at least 54 dpf in zebrafish. It should be noted that dual oxidase is not only involved in 

thyroid hormone synthesis, but also in the production of reactive oxygen species (ROS) (Flores et 

al. 2010; Niethammer et al. 2009). In zebrafish, ROS can also be induced e.g. by copper (Zhou et 

al. 2016), which has also been shown to impair swim bladder development (Xu et al. 2017). Impaired 

production of ROS after dual oxidase knockdown may contribute to an impairment of swim bladder 

development. 

Uncertainties and Inconsistencies 

Reduced anterior chamber inflation upon disruption of the thyroid hormone system is in most cases, but not 

always, accompanied by reduced whole body T3 levels. Stinckens et al. (2016) found a consistent 

relationship between reduced whole body T4 levels, but not T3 levels, and reduced anterior chamber inflation 

after exposure to 2-mercaptobenzothiazole (MBT). Possibly, local T4 levels in the swim bladder tissue were 

too low to allow for enough local activation to T3. This relates to the general uncertainty on serum versus 

tissue TH levels. Alternatively, differences in timing between T3/T4 measurements (at 120hpf and 32dpf), 

the moment when there is a need for T3 to inflate the swim bladder (unknown but probably in between 

120hpf and 32dpf) and the observation of the phenotype (32dpf), could lead to the hypothesis that T3 

concentration was reduced in between the two measurements. There is also a possibility that the effect of 

MBT on anterior chamber inflation is not directly caused by decreased thyroid hormone levels, but rather by 

another mechanism such as oxidative stress. MBT is known to elevate the production of reactive oxygen 

species (ROS) levels in fish cells (Zeng et al., 2016). In general, chemicals may have multiple modes of 

action and effects on autophagy, ROS, cardiac function may impact swim bladder inflation. 

The mechanism through which reduced T4 hormone concentrations in serum result in anterior chamber 

inflation impairment is not yet understood. The anterior chamber is formed by evagination from the cranial 

end of the posterior chamber (Robertson et al., 2007, Winata et al., 2009). Several hypotheses could explain 

effects on anterior chamber inflation due to reduced T4 levels: 

• Evagination from the posterior chamber could be impaired. Villeneuve et al. (unpublished results) 

showed that although the anterior bud was present after exposure to a deiodinase 2 inhibitor, the 

anterior chamber did not inflate. 

• The formation of the tissue layers of the anterior swim bladder could be affected, although Villeneuve 

et al. (unpublished results) observed intact tissue layers of the anterior swim bladder after exposure 

to a deiodinase 2 inhibitor. 

• The anterior chamber is inflated with gas from the posterior chamber through the communicating 

duct. Impaired gas exchange between the two chambers could be at the basis of impaired anterior 

inflation. Both Nelson et al. (2016) and Stinckens et al. (2016) found that posterior chambers were 

larger when anterior chambers were smaller or not inflated at all. The sum of the areas of the 

posterior and anterior chambers remained constant independent of inflation of the anterior chamber 

(Stinkens et al., 2016). These results suggest retention of the gas in the posterior chamber. 
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• Since gas exchange relies on a functional communicating duct between the posterior and anterior 

chamber, and the communicating duct is known to progressively narrow and eventually close during 

development, a dysfunctional communicating duct or a closure prior to anterior inflation could inhibit 

inflation. However, Villeneuve et al. (unpublished results) showed that the communicating duct was 

anatomically intact and open after exposure to iopanoic acid (a deiodinase 2 inhibitor), still leading 

to impaired anterior inflation. 

• Lactic acid production which is essential for producing gas to fill the swim bladder could be affected, 

although the observation that the total amount of gas in both chambers is not affected when anterior 

inflation is impaired seems to contradict this (Stinckens et al., 2016). 

• Possibly there is an effect on the production of surfactant, which is crucial to maintain the surface 

tension necessary for swim bladder inflation. 

• Reinwald et al. (2021) showed that T3 and propylthiouracil treatment of zebrafish embryos altered 

expression of genes involved in muscle contraction and functioning in an opposing fashion. The 

authors suggested impaired muscle function as an additional key event between decreased T3 

levels and reduced swim bladder inflation. 

In some cases indirect effects may play a role in the impact of chemical exposure or genetic 

knockdown/knockout on swim bladder inflation. For example, dual oxidase also plays a role in oxidative 

stress. 

Quantitative Understanding of the Linkage 

Stinckens et al. (2016) showed a significant linear quantitative relationship between whole body T4 levels 

and anterior chamber volume (measured as surface in 2D images) in 32 day old juvenile zebrafish, with 

reduced T4 levels leading to smaller anterior chambers after continuous exposure to 2-

mercaptobenzothiazole, a thyroid hormone synthesis inhibitor. 

Stinckens et al. (2020, supplementary information) established a significant linear quantitative relationship 

between reduced T4 levels and reduced anterior chamber volume (measured as surface in 2D images) in 

32 day old juvenile zebrafish across two compound exposures. This includes methimazole and 

propylthiouracil, two inhibitors of TH synthesis. 

Known Feedforward/Feedback loops influencing this KER 

Reduced anterior chamber inflation upon disruption of the thyroid hormone system is consistently 

accompanied by reduced whole body T4 levels when fish are exposed to thyroid hormone synthesis 

inhibitors. however, when fish are exposed to deiodinase inhibitors, in the absence of feedback processes, 

stable T4 levels would be expected. Stable T4 levels were indeed observed in 14, 21 and 32 day old 

zebrafish exposed to iopanoic acid, a deiodinase inhibitor. While Cavallin et al. (2017) found a consistent 

relationship between reduced whole body T3 levels, and reduced anterior chamber inflation after exposure 

of fathead minnows to iopanoic acid, they observed increased T4 levels. Possibly, the inhibition of the 

conversion of T4 to T3 resulted in a compensatory mechanism that increased T4 levels. This was 

accompanied by increases of deiodinase 2 and 3 mRNA levels, which also indicate a compensatory 

response to deiodinase inhibition. 
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Annex 1: Weight of evidence evaluation table 

 



AOP 159: Thyroperoxidase inhibition leading to increased mortality via anterior swim bladder 

inflation - Weight of evidence evaluation 

 

1 
 

 Defining Question  
 

High (Strong)  
 

Moderate  
 

Low (Weak)  
 

1. Support for 
Biological 
Plausibility of 
KERs  

 

Is there a mechanistic 
relationship between 
KEup and KEdown 

consistent with 
established biological 
knowledge?  

 

Extensive 
understanding of the 
KER based on 
extensive previous 
documentation and 
broad acceptance.  

 

KER is plausible 
based on analogy to 
accepted biological 
relationships, but 
scientific 
understanding is 
incomplete  

 

Empirical support 
for association 
between KEs , but 
the structural or 
functional 
relationship 
between them is 
not understood.  

 

Relationship: 
309  

Thyroperoxidase, 
Inhibition (KE 
279) leads to TH 
synthesis, 
Decreased (KE 
277) 

 

High 
The role and importance of thyroperoxidase (TPO) in thyroid hormone synthesis across vertebrates is 
well established. TPO is the only enzyme capable of de novo synthesis of TH. Therefore, inhibition of TPO 
activity is widely accepted to directly impact TH synthesis. 

Relationship: 305 
TH synthesis, 
Decreased (KE 
277) leads to T4 in 
serum, Decreased 
(KE 281) 

High 
It is commonly accepted that decreased thyroid hormone synthesis leads to decreased serum T4 levels. 

Non-adjacent 
relationship: 366 
Thyroperoxidase, 
Inhibition (KE 279) 
leads to T4 in 
serum, Decreased 
(KE 281) 

High 
The role of thyroperoxidase in the synthesis of thyroid hormones that are then released to the blood is 
well established. 

Relationship 2038: 
T4 in serum, 
Decreased (KE 
281) leads to 
Decreased, 
Triiodothyronine 
(T3) in serum (KE 
1003) 

Moderate 
When serum thyroxine (T4) levels are decreased, less T4 is available for conversion to the more 
biologically active triiodothyronine (T3). Since in fish early life stages THs are typically measured on a 
whole body level, it is currently uncertain whether T3 level changes occur at the serum and/or tissue 
level. Pending more dedicated studies, whole body TH levels are considered a proxy for serum TH levels. 
While there is empirical support for the association between decreased serum T4 and decreased serum 
T3 levels in fish, the key event relationship is not always evident. This could be due to 
feedback/compensatory mechanisms that in some cases seem to be able to maintain T3 levels even 
though T4 levels are reduced, for example through increased conversion of T4 to T3 by deiodinases. The 
role of taxonomic differences in this relationship is currently unclear. 

Relationship 1035: 
Decreased, 
Triiodothyronine 
(T3) in serum (KE 
1003) leads to 
Reduced, Anterior 
swim bladder 
inflation (KE 1007) 

Moderate 
Thyroid hormones, especially the more biologically active T3, are known to be involved in development, 
especially in metamorphosis in amphibians and in embryonic-to-larval transition and larval-to-juvenile 
transition in fish. Inflation of the anterior swim bladder chamber is part of the larval-to-juvenile transition 
in fish, together with the development of adult fins and fin rays, ossification of the axial skeleton, 
formation of an adult pigmentation pattern, scale formation, maturation and remodeling of organs 
including the lateral line, nervous system, gut and kidneys. Together with empirical evidence, it is 
plausible to assume that anterior inflation is under thyroid hormone regulation but scientific 
understanding is incomplete. 

Relationship 1034: 
Reduced, Anterior 
swim bladder 
inflation (KE 1007) 
leads to Reduced, 
Swimming 
performance (KE 
1005) 

Moderate 
Next to a role in hearing, the anterior chamber of the swim bladder has a function in regulating the 
buoyancy of fish. Stoyek et al. (2011) showed that the anterior chamber volume is highly dynamic under 
normal conditions due to a series of regular corrugations running along the chamber wall, and is in fact 
the main driver for adjusting buoyancy while the basic posterior chamber volume remains largely 
invariable. Therefore, it is plausible to assume that functionality of the swim bladder is affected when 
anterior chamber inflation is incomplete, even when the posterior chamber appears to fully compensate 
the gas volume of the swim bladder. 

Relationship 2212: 
Reduced, 
Swimming 
performance (KE 
1005) leads to 
Increaed mortality 
(KE 351) 

Moderate 
Reduced swimming performance is likely to affect essential endpoints such as predator avoidance, feeding 
behaviour and reproduction. These parameters are biologically plausible to affect survival. Apart from 
some indirect evidence, it has been difficult to clearly establish this relationship in the laboratory. It may 
only become apparent in a non-laboratory environment where food is scarce and predators are abundant. 

Relationship 2013: 
Increased 
mortality (KE 351) 
leads to Decrease, 
Population 
trajectory (KE 360) 

High 
It is widely accepted that mortality increases, the population trajectory will eventually decrease. 

Non-adjacent 
relationship 1039: 

Moderate 
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T4 in serum, 
Decreased  (KE 
281), leads to 
Reduced, Anterior 
swim bladder 
inflation (KE 1007) 

Thyroid hormones are known to be involved in development, especially in metamorphosis in amphibians 
and in embryonic-to-larval transition and larval-to-juvenile transition in fish. Inflation of the anterior 
swim bladder chamber is part of the larval-to-juvenile transition in fish, together with the development of 
adult fins and fin rays, ossification of the axial skeleton, formation of an adult pigmentation pattern, scale 
formation, maturation and remodeling of organs including the lateral line, nervous system, gut and 
kidneys. Together with empirical evidence, it is plausible to assume that anterior inflation is under 
thyroid hormone regulation but scientific understanding is incomplete. Since most of the more 
biologically active T3 originates from the conversion of T4, decreased circulatory T4 levels are plausibly 
linked to reduced anterior chamber inflation. 
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2. Essentiality of KEs Defining question High (Strong)  
 

Moderate  
 

Low (Weak)  
 

 Are downstream KEs 
and/or the AO 
prevented if an 
upstream KE is 
blocked? 

Direct evidence from 
specifically designed 
experimental studies 
illustrating essentiality 
for at least one of the 
important KEs  

 

Indirect evidence that 
sufficient modification 
of an expected 
modulating factor 
attenuates or 
augments a KE  

 

No or contradictory 
experimental evidence 
of the essentiality of 
any of the KEs.  

 

KE 279 (MIE): 
Thyroperoxidase, 
inhibition 

There is evidence of recovery of serum T4 levels after cessation of exposure to a TPO inhibitor in rats 
(Cooper et al., 1982; 1983; AOP 42), but not in fish. 

KE 277: Thyroid 
hormone synthesis, 
decreased 

There is evidence of recovery of serum T4 levels in athyroid mice following grafting of in-vitro derived 
follicles (Antonica et al., 2012; AOP 42). Chopra et al. (2019) showed that knockdown of dual oxidase, 
important for thyroid hormone synthesis, reduced anterior swim bladder inflation. 

KE 281: Thyroxine 
(T4) in serum, 
decreased 

There is ample evidence of recovery of phenotypes after cessation of exposure to TPO inhibitors and 
subsequent T4 recovery in mammals (Cooke et al., 1993; Goldey et al., 1995; Sawin et al., 1998; 
Axelstad et al., 2008; Shibutani et al., 2009; Lasley and Gilbert, 2011; AOP 42), but not in fish. 

KE 1003: Decreased 
triiodothyronine (T3) 
in serum 

There is ample evidence confirming the essentiality of decreased T3 levels for the occurrence of 
reduced posterior chamber inflation, confirming a direct link between T3 levels and the swim bladder 
system in general. 
(1) from zebrafish knockdown/knockout studies: 
 Knockdown of deiodinase 1 and 2 (Bagci et al., 2015; Heijlen et al., 2013, 2014), knockdown of 

TH transporter MCT8 (de Vrieze et al., 2014), knockdown of thryoid hormone receptor alpha or 
beta (Marelli et al., 2016), and permanent knockout of deiodinase 2 (Houbrechts et al., 2016) in 
zebrafish resulted in impaired inflation of the posterior swim bladder chamber. Marelli et al. 
(2016) additionally showed that high T3 doses partially rescued the negative impact in mutants 
with partially resistant thyroid hormone receptors.  

 Walpita et al. (2009, 2010) reported reduced pigmentation, otic vesicle length and head-trunk 
angle in the same Dio1+2 and also Dio2 knockdown fish. These effects were rescued after T3 
supplementation, but not after T4 supplementation. While swim bladder inflation was not among 
the assessed endpoints in this study, this generally confirms the essentiality of decreased T3 in 
causing downstream effects upon disruption of DIO1 and 2 function (Walpita et al., 2009, 2010). 

(2) from chemical exposures: 
 Wang et al. (2020) observed a decrease of whole-body T3 as well as impaired posterior chamber 

inflation in zebrafish exposed to perfluorooctanoic acid and perfluoropolyether carboxylic acids 
and exogeneous T3 or T4 supplementation partly rescued this effect. 

 Maternal injection of T3, resulting in increased T3 concentrations in the eggs of striped bass lead 
to significant increases in posterior swim bladder inflation (Brown et al., 1988). Similarly, Molla 
et al. (2019) showed that T3 supplementation increased posterior chamber diameter in zebrafish 
larvae.  

Less information is available about the essentiality of reduced T3 levels for reduced anterior chamber 
inflation.  
 Chopra et al. (2019) provided indirect evidence showing that knockdown of dual oxidase - 

expected to lead to reduced T4 and T3 levels since dual oxidase is important for thyroid hormone 
synthesis - reduced anterior swim bladder inflation. It should be noted that dual oxidase also 
plays a role in oxidative stress. 

Proving essentiality of reduced T3 levels for reduced anterior chamber inflation is further 
complicated by the complexity of the swim bladder system and the difficulty of distinguishing effects 
resulting from altered anterior chamber inflation from those resulting from altered posterior 
chamber inflation. 

KE 1007: Reduced, 
anterior swim bladder 
inflation 

Stinckens et al. (2020) showed that at the time point where control zebrafish inflate the anterior 
chamber, larvae exposed to PTU have a lower frequency of inflated anterior chambers together with 
reduced swimming distance. Later during the exposure the frequency of non-inflated anterior 
chambers decreased and the effect on swimming distance disappeared confirming the essentiality of 
reduced anterior chamber inflation for the downstream effect on swimming performance. 

KE 1005: Reduced, 
swimming 
performance 

Experimental blocking of this KE is difficult to achieve. 

KE 351: Increased 
mortality 

By definition, increased mortality is essential for reduced population size. 

AOP as a whole Moderate 
Overall, the confidence in the supporting data for essentiality of KEs within the AOP is moderate. 
There is indirect evidence that reduced thyroid hormone synthesis causes reduced anterior swim 
bladder inflation from a study where a similar MIE was targeted: Chopra et al. (2019) showed that 
knockdown of dual oxidase, important for thyroid hormone synthesis, reduced anterior swim bladder 
inflation. Additionally, there is indirect evidence from deiodinase knockdowns supporting the 
downstream part of the AOP linking decreased T3 levels to reduced swim bladder inflation (targeted 
at posterior chamber inflation, not specifically at anterior chamber inflation). There is also evidence 
that alleviation of the effect on anterior chamber inflation reduces the effect on swimming 
performance. 
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It should be noted that dual oxidase is not only involved in thyroid hormone synthesis, but also in the 
production of reactive oxygen species (ROS) (Flores et al. 2010; Niethammer et al. 2009). In zebrafish, 
ROS can also be induced e.g. by copper (Zhou et al. 2016), which has also been shown to impair swim 
bladder development (Xu et al. 2017). Impaired production of ROS after dual oxidase knockdown may 
contribute to an impairment of swim bladder development. 
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 Defining 
Questions  

 

High (Strong)  
 

Moderate  
 

Low (Weak)  
 

3. Empirical Support 
for KERs  

 

Does empirical 
evidence 
support that a 
change in KEup 
leads to an 
appropriate 
change in 
KEdown? 
Does KEup 
occur at lower 
doses and 
earlier time 
points than KE 
down and is the 
incidence of 
KEup > than 
that for 
KEdown? 
Inconsistencies? 

 

if there is dependent 
change in both 
events following 
exposure to a wide 
range of specific 
stressors (extensive 
evidence for 
temporal, dose-
response and 
incidence 
concordance) and no 
or few data gaps or 
conflicting data 

 

if there is 
demonstrated 
dependent change in 
both events 
following 
exposure to a small 
number of specific 
stressors and some 
evidence 
inconsistent 
with the expected 
pattern that can be 
explained by factors 
such as 
experimental 
design, technical 
considerations, 
differences among 
laboratories, etc. 

 

if there are limited 
or no studies 
reporting 
dependent change 
in both events 
following exposure 
to a specific 
stressor (i.e., 
endpoints never 
measured in the 
same study or not 
at all), and/or 
lacking evidence of 
temporal or dose-
response 
concordance, or 
identification of 
significant 
inconsistencies in 
empirical support 
across taxa and 
species that don’t 
align with the 
expected pattern 
for the 
hypothesised AOP 

 

Relationship: 309  
Thyroperoxidase, 
Inhibition (KE 279) 
leads to TH synthesis, 
Decreased (KE 277) 

 

Low 
Direct measurements of both KEs in the same study are not available in fish, but studies have shown 
that known TPO inhibitors reduce TH synthesis in the thyroid follicles and alter thyroid follicle 
histology in fish.  
 

Relationship: 305 
TH synthesis, Decreased 
(KE 277) leads to T4 in 
serum, Decreased (KE 
281) 

Low 
Direct measurements of both KEs in the same study are not available in fish, but separate studies 
have shown that known TPO inhibitors reduce TH synthesis in the thyroid follicles, alter thyroid 
follicle histology and reduce T4 in fish. 

Non-adjacent 
relationship: 366 
Thyroperoxidase, 
Inhibition (KE 279) leads 
to T4 in serum, 
Decreased (KE 281) 

Moderate 
Although direct measurements of both KEs in the same organisms are not available in fish, several 
studies have shown that chemicals able to inhibit TPO in vitro, reduce T4 levels. In rare cases, 
increased T4 levels have been observed after longer exposures to TPO inhibitors, which is probably 
due to compensatory feedback mechanisms. 

Relationship 2038: T4 in 
serum, Decreased (KE 
281) leads to Decreased, 
Triiodothyronine (T3) in 
serum (KE 1003) 

Moderate 
Several studies have shown both T4 and T3 decreases upon exposure to chemicals that inhibit TH 
synthesis including a strong correlation between T4 and T3 levels and evidence of time and dose 
concordance. In some cases T4 and T3 levels do not change in the same direction. This can mostly 
be explained by feedback mechanisms. This relationship depends on the MIE that is causing the 
decrease in T3. For example, deiodinase inhibition results in reduced activation of T4 to T3 and thus 
in reduced T3 levels; increased T4 levels have been observed, probably as a compensatory 
mechanism in response to the lower T3 levels. 

Relationship 1035: 
Decreased, 
Triiodothyronine (T3) in 
serum (KE 1003) leads to 
Reduced, Anterior swim 
bladder inflation (KE 
1007) 

Moderate 
Several studies showed both T3 decreases and reduced inflation of the anterior chamber with some 
evidence of dose concordance. Uncertainties mainly relate to the mechanism through which altered 
TH levels result in impaired posterior chamber inflation. Temporal concordance is difficult to 
establish since swim bladder inflation can only occur at a specific time point. 

Relationship 1034: 
Reduced, Anterior swim 
bladder inflation (KE 
1007) leads to Reduced, 
Swimming performance 
(KE 1005) 

Moderate 
There is extensive evidence of a link between reduced anterior chamber inflation and reduced 
swimming performance including some evidence of dose concordance. Temporal concordance is 
specifically supported by the study of Stinckens et al. (2020): First, after 21 d of exposure to 111 
mg/L propylthiouracil around 30% of anterior chambers were not inflated and swimming distance 
was reduced, while by 32 days post fertilization all larvae had inflated their anterior chamber 
(although chamber surface was still smaller) and the effect on swimming distance had disappeared. 

Relationship 2212: 
Reduced, Swimming 
performance (KE 1005) 
leads to Increaed 
mortality (KE 351) 

Low 
A direct relationship between reduced swimming performance and increased mortality has been 
difficult to establish. There is however a lot of indirect evidence linking reduced swim bladder 
inflation to increased mortality (see non-adjacent KER 2213), which can be plausibly assumed to be 
related to reduced swimming performance. 
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Relationship 2013: 
Increased mortality (KE 
351) leads to Decrease, 
Population trajectory (KE 
360) 

Moderate 
Survival rate is an obvious determinant of population size and is therefore included in population 
modeling. The extent to which increased mortality may impact population sizes in a realistic, 
environmental exposure scenario depends on the circumstances. Under some conditions, reduced 
larval survival may be compensated by reduced predation and increased food availability, and 
therefore not result in population decline. 

Non-adjacent 
relationship 1039: T4 in 
serum, Decreased  (KE 
281), leads to Reduced, 
Anterior swim bladder 
inflation (KE 1007) 

Moderate 
Several studies show both T4 decrease and reduced anterior chamber inflation including significant 
linear relationships between T4 levels and anterior chamber surface and some support for dose 
concordance.  

 



dose and temporal concordance uncertainties, inconsistencies

reference species chemical expected MIE
exposure 
period

time 
point concentrations tested

TPO 
inhibition

DIO1 
inhibition

DIO2 
inhibition

TH synthesis 
decreased

T4 in serum 
decreased

T3 in serum 
decreased

posterior swim bladder 
chamber inflation reduced

anterior swim bladder 
chamber inflation reduced

swimming performance 
reduced increased mortality

decreased 
tpo mRNA

decreased 
dio1 mRNA serum T4 increased serum T3 increased

Cavallin et al. (2017) fathead minnow iopanoic acid DIO1 and 2 inhibition 0-6dpf 4 dpf 0.6, 1.9, 6.0 mg/L n/a n/a n/a n/a n/a -£
n/a n/a n/a - 0.6, 1.9, 6.0 mg/L£ 6 mg/L£

Cavallin et al. (2017) fathead minnow iopanoic acid DIO1 and 2 inhibition 0-6dpf 6 dpf 0.6, 1.9, 6.0 mg/L n/a -* -* n/a n/a -£
6 mg/L n/a n/a - -£ 1.9, 6.0 mg/L£

Cavallin et al. (2017) fathead minnow iopanoic acid DIO1 and 2 inhibition 6-21 dpf 10 dpf 0.6, 1.9, 6.0 mg/L n/a -* -* n/a n/a 0.6, 1.9, 6.0 mg/L£
n/a n/a n/a - 0.6, 1.9, 6.0 mg/L£ -£

Cavallin et al. (2017) fathead minnow iopanoic acid DIO1 and 2 inhibition 6-21 dpf 14 dpf 0.6, 1.9, 6.0 mg/L n/a -* 0.6, 1.9, 6.0 mg/L* n/a n/a 0.6, 1.9, 6.0 mg/L£
n/a 0.6, 1.9, 6.0 mg/L n/a - 1.9, 6.0 mg/L£ -£

Cavallin et al. (2017) fathead minnow iopanoic acid DIO1 and 2 inhibition 6-21 dpf 18 dpf 0.6, 1.9, 6.0 mg/L n/a -* 0.6, 1.9, 6.0 mg/L* n/a n/a 0.6, 1.9, 6.0 mg/L£
n/a 0.6, 1.9, 6.0 mg/L n/a - 0.6, 1.9, 6.0 mg/L£ -£

Cavallin et al. (2017) fathead minnow iopanoic acid DIO1 and 2 inhibition 6-21 dpf 21 dpf 0.6, 1.9, 6.0 mg/L n/a -* 0.6, 1.9, 6.0 mg/L* n/a n/a 0.6, 1.9, 6.0 mg/L£
n/a 0.6, 1.9, 6.0 mg/L n/a 6 mg/L 0.6, 1.9, 6.0 mg/L£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-168 hpf 120 hpf
0.1, 0.35, 0.56, 0.7, 
0.88, 1.75, 3.5, 7 mg/L n/a n/a n/a n/a 0.35, 0.7 mg/L£ (0.1 mg/L no change, other concentrations not tested)- - n/a 0.35, 0.56, 0.7, 0.88, 1.75, 3.5 mg/L3.5, 7 mg/L -£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-32 dpf 20 dpf 0.1, 0.35 mg/L n/a n/a n/a n/a n/a n/a n/a 0.35 mg/L n/a - -£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-32 dpf 21 dpf 0.1, 0.35 mg/L n/a n/a n/a n/a n/a n/a n/a 0.35 mg/L n/a - -£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-32 dpf 22 dpf 0.1, 0.35 mg/L n/a n/a n/a n/a n/a n/a n/a 0.35 mg/L n/a - -£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-32 dpf 23 dpf 0.1, 0.35 mg/L n/a n/a n/a n/a n/a n/a n/a 0.35 mg/L n/a - -£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-32 dpf 24 dpf 0.1, 0.35 mg/L n/a n/a n/a n/a n/a n/a n/a 0.35 mg/L n/a - -£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-32 dpf 25 dpf 0.1, 0.35 mg/L n/a n/a n/a n/a n/a n/a n/a 0.35 mg/L n/a - -£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-32 dpf 26 dpf 0.1, 0.35 mg/L n/a n/a n/a n/a n/a n/a n/a 0.35 mg/L 0.35 mg/L - -£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-32 dpf 27 dpf 0.1, 0.35 mg/L n/a n/a n/a n/a n/a n/a n/a 0.35 mg/L n/a - -£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-32 dpf 28 dpf 0.1, 0.35 mg/L n/a n/a n/a n/a n/a n/a n/a 0.35 mg/L n/a - -£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-32 dpf 29 dpf 0.1, 0.35 mg/L n/a n/a n/a n/a n/a n/a n/a 0.35 mg/L 0.35 mg/L - -£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-32 dpf 30 dpf 0.1, 0.35 mg/L n/a n/a n/a n/a n/a n/a n/a 0.35 mg/L 0.35 mg/L - -£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-32 dpf 31 dpf 0.1, 0.35 mg/L n/a n/a n/a n/a n/a n/a n/a 0.35 mg/L n/a - -£ -£

Stinckens et al. (2016) zebrafish 2-mercaptobenzothiazole TPO inhibition 0-32 dpf 32 dpf 0.1, 0.35 mg/L n/a n/a n/a n/a 0.35 mg/L£ -£
n/a 0.35 mg/L n/a - -£ -£

Nelson et al. (2016) fathead minnow 2-mercaptobenzothiazole TPO inhibition 0-21 dpf 6 dpf 0.25, 0.5, 1 mg/L - n/a n/a n/a 1 mg/L£ -£
- n/a n/a - -£ -£

Nelson et al. (2016) fathead minnow 2-mercaptobenzothiazole TPO inhibition 0-21 dpf 14 dpf 0.25, 0.5, 1 mg/L 0.5, 1 mg/L* n/a n/a 0.5, 1 mg/L$
n/a 1 mg/L£

n/a 0.5, 1 mg/L n/a - n/a -£

Nelson et al. (2016) fathead minnow 2-mercaptobenzothiazole TPO inhibition 0-21 dpf 21 dpf 0.25, 0.5, 1 mg/L 1 mg/L* n/a n/a 0.5, 1 mg/L$ -£ -£
n/a 0.5, 1 mg/L n/a - 0.25, 0.5, 1 mg/L£ -£

Wei et al. (2018) zebrafish bisphenol S unknown adults F1 96 hpf 1, 10, 100 µg/L n/a n/a n/a n/a 1, 10, 100 µg/L£
1, 10, 100 µg/L n/a 1, 10, 100 µg/L - 1, 10, 100 µg/L£

Crane et al. (2005) fathead minnow ammonium perchlorate NIS inhibition 0-28 dpf 28 dpf 1, 10, 100 mg/L n/a n/a n/a 1, 10, 100 mg/L$ -£ -£
n/a n/a n/a - 100 mg/L -

Crane et al. (2006) fathead minnow methimazole TPO inhibition 0-84 dpf 28 dpf 32, 100, 320 µg/L n/a n/a n/a n/a 32, 100 µg/L£ 320 µg/L£
n/a n/a n/a 32, 100 µg/L -£ -£

Crane et al. (2006) fathead minnow methimazole TPO inhibition 0-84 dpf 56 dpf 32, 100, 320 µg/L n/a n/a n/a n/a -£ 100 µg/L£
n/a n/a n/a 32, 100 µg/L 320 µg/L£ -£

Crane et al. (2006) fathead minnow methimazole TPO inhibition 0-84 dpf 84 dpf 32, 100, 320 µg/L n/a n/a n/a n/a - - n/a n/a n/a 32, 100 µg/L - -

Stinckens et al. (2020) zebrafish methimazole TPO inhibition 0-32 dpf 21 dpf 50, 100 mg/L n/a n/a n/a n/a 50, 100 mg/L£ 50, 100 mg/L£
- 50, 100 mg/L n/a

Stinckens et al. (2020) zebrafish methimazole TPO inhibition 0-32 dpf 32 dpf 50, 100 mg/L n/a n/a n/a n/a 50, 100 mg/L£ 50, 100 mg/L£
- 50, 100 mg/L 100 mg/L

Stinckens et al. (2020) zebrafish propylthiouracil TPO inhibition 0-32 dpf 14 dpf 37, 111 mg/L n/a n/a n/a n/a 37, 111 mg/L£ 111 mg/L£
- n/a 111 mg/L

Stinckens et al. (2020) zebrafish propylthiouracil TPO inhibition 0-32 dpf 21 dpf 37, 111 mg/L n/a n/a n/a n/a 37, 111 mg/L£ 111 mg/L£
- 37, 111 mg/L 111 mg/L

Stinckens et al. (2020) zebrafish propylthiouracil TPO inhibition 0-32 dpf 32 dpf 37, 111 mg/L n/a n/a n/a n/a 37, 111 mg/L£ 37, 111 mg/L£
- 37, 111 mg/L -

Stinckens et al. (2020) zebrafish iopanoic acid DIO1 and 2 inhibition 0-32 dpf 9 dpf 2 mg/L n/a n/a n/a n/a n/a n/a 2 mg/L n/a n/a 2 mg/L

Stinckens et al. (2020) zebrafish iopanoic acid DIO1 and 2 inhibition 0-32 dpf 14 dpf 0.35, 1 mg/L n/a n/a n/a n/a -£ -£
- n/a 1, 2 mg/L

Stinckens et al. (2020) zebrafish iopanoic acid DIO1 and 2 inhibition 0-32 dpf 21 dpf 0.35, 1 mg/L n/a n/a n/a n/a -£ 0.35, 1 mg/L£
- 0.35, 1, 2 mg/L 0.35, 1, 2 mg/L

Stinckens et al. (2020) zebrafish iopanoic acid DIO1 and 2 inhibition 0-32 dpf 32 dpf 0.35, 1, 2 mg/L n/a n/a n/a n/a -£ 0.35, 1, 2 mg/L£
- 0.35, 1, 2 mg/L 0.35, 1, 2 mg/L

Wang et al. (2020) zebrafish perfluorooctanoic acid (PFOA) DIO1 and 2 inhibition 0-5 dpf 5 dpf

0, 50, 100, 150, 200, 
2502, 300, 350, 400, 
450, 500 mg/L -* - 125, 250, 500 mg/L* - 250, 500 mg/L£ 250, 500 mg/L£ 200, 250, 300, 350, 400, 450, 500 mg/Ln/a n/a 300, 400, 450, 500 mg/L - 500 mg/L -£ -£

Wang et al. (2020) zebrafish PFO3OA unknown 0-5 dpf 5 dpf

0, 400, 600, 800, 1000, 
1200, 1400, 1600, 1800, 
2000, 2200, 2400 mg/L 1200, 2200 mg/L* -* 600, 1200, 2200 mg/L* - 600, 1200, 2200 mg/L£ 1200, 2200 mg/L£ 800, 1000, 1200, 1400, 1600, 1800, 2000, 2200, 2400 mg/Ln/a n/a - - - -£ -£

Wang et al. (2020) zebrafish PFO4DA unknown 0-5 dpf 5 dpf
0, 30, 45, 60, 90, 120, 
150, 180, 210, 240 mg/L -* 240 mg/L* -* - 60, 120, 240 mg/L£ (lower concentrations were not tested)60, 120, 240 mg/L£  (lower concentrations were not tested)45, 60, 90, 120, 150, 180, 210, 240 mg/Ln/a n/a - - - -£ -£

Wang et al. (2020) zebrafish PFO5DoDA unknown 0-5 dpf 5 dpf
0, 5, 10, 15, 20, 25, 
30, 35, 40 mg/L -* -* 10, 20, 40 mg/L* - 10, 20, 40 mg/L£ 10, 20, 40 mg/L£ 20, 25, 30, 35, 40 mg/L§

n/a n/a - 10 mg/L - -£ -£

Rehberger et al. (2018) zebrafish propylthiouracil TPO inhibition 0-5 dpf 5 dpf 0, 2.5, 10, 25, 50 mg/L n/a n/a n/a 10, 25, 50 mg/L n/a n/a n/a n/a n/a n/a

Legend

n/a: not measured

* based on increased mRNA levels of the target as indirect measurement of MIE 

$ based on thyroid histopathology

£ based on whole body measurement

§ based on visual evaluation of graphs because no statistics have been reported
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PATHWAYS AND PREDICTIONS
Pathways and Predictions articles are summaries of multi‐process biological responses to
chemicals described by extensive datasets. Adverse outcome pathways (AOPs) are one
example of this where comprehensive compilations of concepts and evidence comprising a
given AOP can be obtained from an open‐source AOP Wiki (aopwiki.org).

AOP Report: Thyroperoxidase Inhibition Leading to
Altered Visual Function in Fish Via Altered Retinal
Layer Structure

Lisa Gölz,a Lisa Baumann,a Pauline Pannetier,a Thomas Braunbeck,a Dries Knapen,b and Lucia Vergauwenb,*
aAquatic Ecology and Toxicology Research Group, Centre for Organismal Studies, University of Heidelberg, Heidelberg, Germany
bZebrafishlab, Veterinary Physiology and Biochemistry, Department of Veterinary Sciences, University of Antwerp, Wilrijk, Belgium

ABSTRACT:

Thyroid hormones (THs) are involved in the regulation of many important physiological and developmental processes,
including vertebrate eye development. Thyroid hormone system–disrupting chemicals (THSDCs) may have severe con-
sequences, because proper functioning of the visual system is a key factor for survival in wildlife. However, the sequence of
events leading from TH system disruption (THSD) to altered eye development in fish has not yet been fully described. The
development of this adverse outcome pathway (AOP) was based on an intensive literature review of studies that focused on
THSD and impacts on eye development, mainly in fish. In total, approximately 120 studies (up to the end of 2021) were used
in the development of this AOP linking inhibition of the key enzyme for TH synthesis, thyroperoxidase (TPO), to effects on
retinal layer structure and visual function in fish (AOP‐Wiki, AOP 363). In a weight‐of‐evidence evaluation, the confidence
levels were overall moderate, with ample studies showing the link between reduced TH levels and altered retinal layer
structure. However, some uncertainties about the underlying mechanism(s) remain. Although the current weight‐of‐evidence
evaluation is based on fish, the AOP is plausibly applicable to other vertebrate classes. Through the re‐use of several building
blocks, this AOP is connected to the AOPs leading from TPO and deiodinase inhibition to impaired swim bladder inflation in
fish (AOPs 155–159), together forming an AOP network describing THSD in fish. This AOP network addresses the lack of
thyroid‐related endpoints in existing fish test guidelines for the evaluation of THSDCs. Environ Toxicol Chem
2022;41:2632–2648. © 2022 SETAC

Keywords: Adverse outcome pathway; ecotoxicology; endocrine‐disrupting compounds; eye development; thyroid
hormones; zebrafish

INTRODUCTION AND BACKGROUND
To a large extent, the thyroid hormone (TH) system is con-

served across vertebrates including mammals, amphibians, and

fish. The molecular machinery required for TH synthesis, as well
as distribution of the hormones to various tissues and action
on nuclear receptors, is largely consistent in all vertebrates
(LaLone et al., 2018; Zoeller et al., 2007). It should be noted,
however, that there are also some differences in these proteins
and their functions across vertebrates, as well as differences in
the metabolizing enzymes that activate or inactivate particular
toxicants, and comparative research across taxa is necessary to
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fully understand these differences (McArdle et al., 2020; Walter
et al., 2019). It is well known that THs are essential for the
regulation of diverse developmental processes such
as neurodevelopment and metamorphosis in vertebrates
(Campinho, 2019; Darras et al., 2015), and consequently, dis-
turbances of this system are highly relevant for organismal
health and fitness. Field studies, epidemiological studies, and
laboratory experiments provide ample evidence that altered
TH synthesis, metabolism, and transport are associated with
exposure to environmental pollutants in fish, amphibians (Carr
& Patiño, 2011), birds (Brouwer et al., 1998), and mammals
including humans (Patrick, 2009).

We present an adverse outcome pathway (AOP) linking re-
duced TH synthesis to altered retinal layer structure and con-
sequently to altered visual function and increased mortality in
fish. The structures of the vertebrate eye and retina are well
characterized and known to be also highly conserved among
taxa. Thyroid hormones are essential for normal eye and retinal
development (Lamb et al., 2007; McNerney and John-
ston, 2021; Raine & Hawryshyn, 2009). The retina consists of
three distinct nuclear layers separated by two plexiform layers
(Figure 1). Each of these layers has a specific function in the
visual system (Bilotta & Saszik, 2001; Stenkamp, 2015). For
color vision, photoreceptors with different wavelength sensi-
tivities develop from retinal progenitor cells (Deveau
et al., 2020). The rods mediate vision at low light intensity, and
the cones mediate daylight and color vision (Takechi & Kawa-
mura, 2005). Consequently, the photoreceptor layer represents
the essential structure of the retina, in which the light signal is
received and communicated to the brain. With a variety of
embryological, genetic, and imaging tools, the zebrafish (Danio
rerio) is an important model organism for studying vertebrate

eye development. In zebrafish, eye development begins
at approximately 12 h post fertilization (hpf; Houbrechts
et al., 2016). By 72 hpf, the retinal layers can be distinguished
(Malicki et al., 2016), but differentiation and maturation con-
tinue beyond 72 hpf. Functional vision is established at ap-
proximately 4–5 days post fertilization (dpf; Brockerhoff, 2006;
Chhetri et al., 2014). In adult zebrafish, the cone photo-
receptors, together with a type of rod photoreceptor ex-
pressing rhodopsin (Ebrey & Koutalos, 2001), are arranged in a
mosaic pattern with alternating rows of UV/blue‐sensitive single
cones and red/green‐sensitive double cones (Fadool, 2003;
Li et al., 2009; Viets et al., 2016).

Thyroid hormones are required for neuronal and neuro-
sensory development, including retinal development in fish
(Cohen et al., 2022), mice (Ng et al., 2001), chicken (Trimarchi
et al., 2008), and humans (Eldred et al., 2018). Although the exact
mechanisms need further investigation, THs have been shown to
regulate retinal neurogenesis and are required for neuronal
maturation and cell fate of cones (Harpavat & Cepko, 2003;
Roberts et al., 2006). Among others, Harpavat and Cepko (2003)
concluded that binding of THs to TH receptor β (TRβ) determines
the correct expression of cone opsins in both zebrafish (Suzuki
et al., 2013; Volkov et al., 2020) and rodents (Roberts
et al., 2006). The role of THs in eye development is further
supported by the fact that TRs, iodothyronine deiodinase (DIO)
enzymes, and thyroperoxidase (TPO) are expressed in vertebrate
eyes (Bagci et al., 2015; Deveau et al., 2020; Heijlen et al., 2014;
Houbrechts et al., 2016; Marelli et al., 2016; Suzuki et al., 2013).
In particular, TRβ2 and DIOs appear to be key regulators of cone
photoreceptor development in the retina (Deveau et al., 2020;
Ng et al., 2010; Suzuki et al., 2013) and are needed, for example,
for the expression of cone opsins (Suzuki et al., 2013). It should
be noted that TRs can also mediate downstream effects in the
absence of a ligand, and, thus, the sole presence of TRs does not
prove that THs are required. Because retinal development,
photoreceptor differentiation and color vision are directly regu-
lated by THs, they can be disrupted by TH system–disrupting
chemicals (THSDCs) in vertebrates (Deveau et al., 2019; Raine &
Hawryshyn, 2009; Suliman & Novales Flamarique, 2014; Suzuki
et al., 2013; Wester et al., 1990). Apart from THs, estrogen sig-
naling is also crucial for proper eye development and function
(Cohen et al., 2022). Consequently, developmental exposure to
endocrine‐disrupting chemicals (EDCs) that interfere with ar-
omatase activity or estrogen receptors can also impair eye de-
velopment (Cascio et al., 2015; Cohen et al., 2022; Gould
et al., 2017; Hamad et al., 2007). The present AOP is focused on
the role of THs in eye development, but a link with estrogen‐
related AOPs could be envisioned in the future.

The structure and organization of the retina in fish has been
shown to be affected after exposure to various THSDCs. Po-
tential effects on retinal layer structure include alterations of
cell size and shape, cell layer structure, organization, and
number of photoreceptors or pigmentation. In this respect, it is
important to note that the studies evaluated in our review used
model substances only at exposure concentrations far below
lethal concentration (LC) values, to avoid nonspecific toxic ef-
fects, which is required for the unequivocal identification of

FIGURE 1: Histological section of a healthy embryonic zebrafish (Danio
rerio) retina at 5 dpf. GCL= ganglion cell layer; INL= inner nuclear
layer; IPL= inner plexiform layer; ON= optic nerve; OPL= outer
plexiform layer; PRL= photoreceptor layer; RPE= retinal pigment
epithelium.
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endocrine‐specific effects (Wheeler et al., 2013). Lethal con-
centration (LC50) values of typical THSDCs, including the TPO
inhibitors we discuss, are given in Stinckens et al. (2018), and
most studies analyzed for our review provide a statement that
chosen concentration ranges were based on preliminary tests
or previous studies to ensure sublethal ranges as well as the
absence of obvious systemic toxicity. For example, treatment
with propylthiouracil (PTU; LC50 556mg/L) reduced pigmen-
tation in zebrafish eyes at 30 hpf (170mg/L PTU; Macaulay
et al., 2015) and retinal pigment epithelial (RPE) layer diameter
in the eye of 5‐dpf zebrafish larvae (250mg/L PTU; Baumann
et al., 2016). The chemical PTU is a model TPO inhibitor. The
additional DIO inhibitory potential of PTU in fish is uncertain,
but exposure of zebrafish embryos to 37 or 111mg/L PTU re-
sulted in decreased thyroxine (T4) and triiodothyronine (T3)
levels and decreased the T4 to T3 ratio at 32 dpf, suggesting
that PTU may act primarily as a TPO inhibitor in zebrafish
(Stinckens et al., 2020). In our own ongoing work (Gölz et al.
2022, in preparation), we found that various THSDCs such as
perchlorate (PCL) and iopanoic acid (IOP) altered the photo-
receptor layer and inner plexiform layer (Figure 2) in zebrafish
at sublethal concentrations. The chemical PCL is an inhibitor of
the Na+/I−‐symporter (NIS), which is responsible for the uptake
of iodine into the thyrocytes, and thus leads to reduced TH
synthesis similar to TPO inhibition (Schmidt et al., 2012). The
chemical IOP inhibits all three DIO isoforms and additionally is
a relatively weak TPO inhibitor (Paul et al., 2014; Renko
et al., 2012; Stinckens et al., 2018). Consistent with the general
thought that the inhibition of the conversion of T4 to T3 by
DIO1 and DIO2 is the most important mechanism, IOP ex-
posure resulted in reduced T3 levels, whereas T4 levels re-
mained unaltered in 32‐day‐old zebrafish (0.35 or 1mg/L IOP;
Stinckens et al., 2020). Chen et al. (2013) as well as Xu et al.
(2015) also confirmed that different THSDCs altered the size of

the inner plexiform and nuclear layer, reduced the density of
ganglion cells, and induced a disrupted photoreceptor struc-
ture in the zebrafish retina. Different studies have demon-
strated that such morphological changes translate into altered
vision‐related physiology and behavior in fish after exposure to
different THSDCs (Bagci et al., 2015; Heijlen et al., 2014;
Huang et al., 2013; Li et al., 2021; Reider & Con-
naughton, 2014, 2015). For example, PTU‐exposed 5‐dpf ze-
brafish showed a concentration‐dependent impairment of their
optokinetic response (OKR; i.e., a compensatory ocular motor
reflex triggered by moving black stripes on a white background
surrounding the embryos; Baumann et al., 2016). Moreover,
DIO deficiency induced by knocking down the DIO genes
resulted in impaired eye development and function, as
well as impaired light sensitivity at a physiological level
(Houbrechts et al., 2016). Together, these results show that
reductions in TH levels caused by TPO inhibition as well as by
other THSD modes of action lead to altered retinal layer
structure and subsequent higher level adverse effects.

BRIEF AOP DESCRIPTION
The present AOP (Figure 3 and Textbox 1) links THSD to

altered visual function in fish. Specifically, the AOP is initiated by
inhibition of TPO (the molecular initiating event [MIE], Event
#279), an enzyme that is located in the thyroid follicles and is
essential for TH synthesis across vertebrates. Inhibition of TPO
therefore results in decreased TH synthesis (key event [KE] 1,
Event #277). This results in decreased release of TH, mainly
thyroxine (T4), from the thyroid follicles to the serum, leading to
decreased T4 levels in the serum (KE2, Event #281) and reduced
availability of T4 for conversion to the more biologically active
triiodothyronine (T3). Although reduced TH synthesis can also
directly decrease T3 levels, we re‐used this upstream path from

FIGURE 2: Histological sections of the zebrafish (Danio rerio) retina after exposure to different thyroid hormone system disrupting chemicals until
5 dpf; H&E‐stained paraffin sections. (A) Control. (B) Exposure to 1.5mg/L perchlorate (PCL), altered photoreceptor (PR) layer: increased ratio of size
of outer segment (OS) of PRs (i.e., bright area) compared with size of darker inner segment. (C) Exposure to 2mg/L iopanoic acid (IOP), malfor-
mations of the inner plexiform layer (IPL). (D) Exposure to 250mg/L propylthiouracil (PTU) reduced eye size and pigmentation of the retinal pigment
epithelium (RPE). PTU: modified from Baumann et al. (2016); PCL and iopanoic acid (IOP): unpublished data from Gölz et al. 2022, in preparation.

2634 Environmental Toxicology and Chemistry, 2022;41:2632–2648—Gölz et al.
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AOP 159, which has previously gone through the OECD's AOP
review process (further indicated as “previously reviewed”). This
does not exclude the potential contribution by other upstream
paths. Because eye development is under TH regulation, de-
creased T3 levels (KE3, Event #1003) during early development
interfere with the normal formation of the retina. Alterations in
retinal layer structure (KE4, Event #1877) often include changes
in the diameter, density, and morphology of the retinal cell
layers as well as altered pigmentation level of the RPE. Alter-
ations in the retinal layer structure subsequently affect normal
functioning of the eye, causing alterations in visual function (KE5,

Event #1643). Vision is essential to support behavioral patterns
such as foraging and predator avoidance, both of which are vital
to survival. Therefore, altered visual function is linked to in-
creased mortality (AO1, Event #351) and eventually to de-
creased population growth rate (AO2, Event #360).

We chose to specify the central KE as “retinal layer structure
altered,” separating it from other effects on the eyes such as
reduced eye size and altered photoreceptor patterning, be-
cause distinct methods are available to measure these different
events. In the future, we envision the development of a network
of AOPs initiated by multiple THSD‐related MIEs, linking to
different effects on the eyes and converging in altered visual
function. In the present AOP we describe the first AOP in this
network focusing on altered retinal layer structure as the in-
termediate KE linking reduced TH levels to altered visual
function in fish. The present AOP builds further on and re‐uses
parts of a previously reviewed AOP network linking reduced TH
levels to impaired swim bladder inflation in fish (AOPs 155–159;
Knapen et al., 2020) as well as previously reviewed AOPs
linking reduced TH synthesis to developmental neurotoxicity in
mammals (AOPs 42, 54; Crofton, 2008; Rolaki et al., 2019).
Specifically, Events #279, #277, #281, #1003, #351, and #360
are re‐used, as well as the key event relationships (KERs) con-
necting them. The new information in the present AOP in-
cludes the link between reduced T3 levels and altered retinal
layer structure and the subsequent linkages to altered visual
function and increased mortality (Figure 3).

The development of the present AOP was primarily based on
experimental data with fish and draws first parallels to other
vertebrate taxa. This AOP is the first pathway describing the
relationship between THSD and eye development and may form
the basis for applicability to other vertebrate classes in the fu-
ture. In the context of the research project Horizon 2020 En-
docRine Guideline Optimization (ERGO; Holbech et al., 2020),
one aim is to improve the risk assessment of EDCs for the pro-
tection of human health and the environment by breaking down
the currently existing wall between those two areas. In other
words, evidence of endocrine disruption observed in a fish or
amphibian model may raise concern for an adverse effect in
mammals including humans, and vice versa. The present AOP
represents an important step forward by describing a toxico-
logical mechanism that is likely applicable across vertebrates.

FIGURE 3: Graphical representation of the adverse outcome pathway (AOP) leading from thyroperoxidase inhibition to altered visual function via
altered retinal layer structure (AOP 363). Numbers preceded by # refer to AOP‐Wiki IDs. Overall confidence levels resulting from the weight‐of‐
evidence evaluation considering both the biological plausibility and the empirical evidence of the key event relationships have been included (see
also Table 1). KER= key event relationship; MIE=molecular initiating event; TH= thyroid hormone; TPO= thyroperoxidase.

TEXTBOX 1: Adverse outcome pathway
(AOP) ID

• Formal AOP title: Thyroperoxidase inhibition leading
to altered visual function via altered retinal layer
structure

• AOP authors: Lisa Gölz, Lisa Baumann, Pauline Pan-
netier, Lucia Vergauwen

• AOP contributors: Lisa Gölz, Lucia Vergauwen
• AOP number: 363
• Development status: Open for citation & comment in
the AOP‐Wiki. https://aopwiki.org/aops/363.

• Organisation for Economic Co‐operation and Devel-
opment (OECD) work plan project number: 1.35

• List of key events (KEs):
○ Molecular initiating event (MIE): Thyroperoxidase,

inhibition (Event #279)
○ KE1: Thyroid hormone synthesis, decreased

(Event #277)
○ KE2: Thyroxine (T4) in serum, decreased

(Event #281)
○ KE3: Decreased, triiodothyronine (T3; Event #1003)
○ KE4: Altered, retinal layer structure (Event #1877)
○ KE5: Altered, visual function (Event #1643)
○ AO1: Increased mortality (Event #351)
○ AO2: Decrease, population growth rate (Event #360)

AOP leading from TPO inhibition to altered fish visual function—Environmental Toxicology and Chemistry, 2022;41:2632–2648 2635
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OVERVIEW OF AOP DEVELOPMENT
APPROACH

The present AOP was developed based on data obtained
from several comprehensive literature searches. Overall, the
data search was based on a “middle‐out” approach that fo-
cused on finding evidence for MIEs and adverse outcomes
linked to changes in eye development that we found in the
literature and in our own experiments with THSDCs. A first
structured literature search was performed online on Pubmed,
Sciencedirect/Scopus, and Web of Science. The search terms
used were “fish,” “eye development,” “retina,” “thyroid/en-
docrine disruptors,” “visual behavio(u)r,” “photoreceptors,”
and combinations thereof. The resulting literature was analyzed
in terms of data collected at different levels of biological or-
ganization, including gene expression, hormone levels, and
cellular and organ level effects, as well as physiology and be-
havior. In total, this search yielded over 100 articles from the
years 1994 to 2021. Apart from research articles on chemical
exposure of different animals, more fundamental studies were
included that used other methods for induction of THSD, such
as transgenic or mutant fish, microinjection, morpholino oli-
gonucleotides, chemical thyroid ablation, and so on. Based on
this literature analysis, a set of KEs describing the reported
effects on eye development due to THSD was defined. An AOP
network linking reduced T3 levels to altered visual function via
altered retinal layer structure, reduced eye size, and altered
photoreceptor patterning was developed, and more specific
literature was collected to develop preliminary KE and KER
descriptions. The AOP 363, which is focused on altered retinal
layer structure, was selected for detailed development based
on the level of support available from literature and our own
datasets. As the first MIE to work on, TPO was selected, be-
cause most evidence of the impact of THSD on visual function
is coming from studies using TPO inhibitors. An intensive,
specific final literature search was done to collect evidence for
this AOP. More specific search terms related to the KERs were
used to find evidence for those specific KERs. In addition,
highly relevant reviews were used for identifying additional
important publications. The AOP is further supported by data
from our own ongoing research that is currently being pre-
pared for publication (referred to as “in preparation”). The
majority of literature used fish, mainly zebrafish (85%), as the
research model, and the prime focus of this AOP is on fish, but
the AOP is plausibly applicable to other vertebrate species.

SUMMARY OF SCIENTIFIC EVIDENCE
ASSESSMENT

The criteria for assessing the weight of evidence were taken
from the User's Handbook Supplement to the Guidance
Document for Developing and Assessing AOPs (Organisation
for Economic Co‐operation and Development [OECD], 2018a)
according to the further developed Bradford–Hill consid-
erations (Becker et al., 2015). The biological plausibility was
rated high for the upstream KERs #309, #305, and #366, re-
flecting the widely accepted importance of TPO for de novo

synthesis of TH. The biological plausibility was also rated high
for the downstream KERs #2374, #2375, and #2013, because a
healthy retina is key for normal visual function and survival
(Table 1). For the intermediate KERs #2038 and #2373, the
biological plausibility was described as moderate, because
there are still some knowledge gaps concerning the mecha-
nisms. The empirical evidence for most KERs was classified as
moderate, because ample studies support the linkages, but a
combination of studies is often needed to support dose‐ and
time‐concordance. The overall weight‐of‐evidence assessment
of the KERs was performed by taking into account the bio-
logical plausibility and the empirical evidence, with biological
plausibility being the most influential (OECD, 2018a; Figure 1).
The overall essentiality of KEs was rated high, with the most
evidence found for essentiality of reduced T3 levels for
downstream effects, which is highly supportive of this AOP.

Biological plausibility of KERs
The crucial enzyme for TH synthesis in the thyroid follicles is

TPO, and inhibition of the enzyme is known to result in de-
creased TH synthesis across vertebrates. Thyroid follicles
mainly secrete T4 and, to a lesser extent, also T3 to the blood.
Thyroxine is then activated to T3 by DIOs in the liver as well as
multiple target tissues. When less T4 is available for activation
to T3, this is known to result in decreased T3 levels. The latter
relationship depends on the extent of the inhibition, because 1)
in some cases feedback/compensatory mechanisms limit the
impact on T3 levels, possibly through increased DIO activity,
and 2) TH distributor proteins such as transthyretin, thyroxin‐
binding globulin, and albumin determine the fraction of T4 that
is available for conversion to T3 and can therefore to some
extent buffer the consequences of T4 decreases.

The importance of THs for the development of the eye, and
more specifically the retina, across vertebrates is widely ac-
cepted (Viets et al., 2016). Both T3 and T4 are present in the
developing retina (Roberts et al., 2006), and key components
of the TH system such as DIOs (Heijlen et al., 2013; sum-
marized by Viets et al., 2016), TR (Gan & Novales Flamar-
ique, 2010), and even TPO (Li et al., 2012) are expressed in
the vertebrate retina during retinal development. Multiple
animal models with deficiencies in the TH system support the
importance of THs for retinal structure development (Gam-
borino et al., 2001; Houbrechts et al., 2016; Ng et al., 2010;
Roberts et al., 2006).

The photoreceptors in the retina are responsible for de-
tecting light of various wavelengths and converting these visual
stimuli to neural signals that are transferred to the brain via the
optic nerve. The retina consists of different layers, which are
interdependent and have specific functions in supporting this
phototransduction process. If the retinal layer structure is al-
tered, for example through disruption of the TH system, this
is linked to altered visual function (Baumann et al., 2016;
Houbrechts et al., 2016).

Proper visual function is essential to support physiological
and behavioral patterns that are vital to survival. The most
evident examples are foraging, for which accurate vision is

2636 Environmental Toxicology and Chemistry, 2022;41:2632–2648—Gölz et al.
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needed to locate and catch prey, and predator avoidance, for
which timely perception and localization of an approaching
predator is key. Altered visual function interferes with these
types of behaviors and results in increased mortality (Besson
et al., 2020). Finally, if individual mortality in a population is
increased, in the long term this will lead to a decreasing pop-
ulation growth. However, the relation between mortality and
population size is the subject of population modeling and is
complicated by various factors in the environment. For ex-
ample, reduced larval survival due to toxicant exposure may
increase the chances of the remaining larvae to find food (Stige
et al., 2019).

Empirical evidence of KERs
The upstream KERs linking TPO inhibition to decreased T3

levels are re‐used from previously reviewed and endorsed
AOPs leading to developmental neurotoxicity in mammals
(AOPs 42 and 54; Crofton et al., 2019; Rolaki et al., 2019) and
to increased mortality via reduced swim bladder inflation in fish
(AOPs 155–159; Knapen et al., 2020). The evidence for these
KERs, indicated as “previously reviewed,” is briefly summarized
in the next paragraphs for completeness, and more focus is on
the new KERs in the present AOP linking decreased T3 levels to
increased mortality via altered retinal layer structure and
altered visual function.

Empirical evidence for KER #309, “TPO, inhibition leads to TH
synthesis, decreased” (previously reviewed), is considered low in
fish, because evidence for this explicit relationship is limited. In-
hibition of TPO is usually measured in in vitro assays using
mammalian source materials (Friedman et al., 2016). Never-
theless, a number of studies have directly quantified T4 present
in the thyroid follicles to show that model TPO inhibitors such as
the pharmaceuticals PTU and methimazole (a model TPO in-
hibitor) reduce TH synthesis in zebrafish (Raldúa & Babin, 2009;
Rehberger et al., 2018; Thienpont et al., 2011). Studies in rats
(Cooper et al., 1983, 1984) and African clawed frog (Tietge
et al., 2010) further support the presence of this relationship
across vertebrates. Nelson et al. (2016) reported increased TPO
mRNA levels as indirect measurements of TPO inhibition as well
as altered thyroid histopathology probably reflecting a com-
pensatory response to the decrease in TH synthesis on exposure
of fathead minnows to 2‐mercaptobenzothiazole (MBT), an en-
vironmentally relevant TPO inhibitor (Friedman et al., 2016).
Although indirect, this provides evidence of time‐ and
dose‐concordance (Supporting Information, Table S1).

Evidence for KER #305, “TH synthesis, decreased leads to
T4 in serum, decreased” (previously reviewed), is considered
low, because studies comparing follicular and serum TH levels
are not available in fish, whereas they are available in mammals
(Cooper et al., 1983, 1984). In fish early life stages, whole‐body
TH level measurements are often used as a proxy for serum TH
levels, because obtaining serum is practically not feasible.
Time‐, dose‐, and incidence‐concordance can be derived from
the combined studies of Rehberger et al. (2018) and Thienpont
et al. (2011) showing reduced TH synthesis after treatment with
PTU and methimazole, as well as Stinckens et al. (2020),TA
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confirming reduced T4 as well as T3 levels in whole‐body
samples at similar exposure concentration with the same
agents, both in zebrafish (Supporting Information, Table S1).

In fish, several studies provide evidence for the nonadjacent
KER #366, “TPO, inhibition leads to T4 in serum, decreased,”
skipping KE #277 (TH synthesis decreased), resulting in mod-
erate empirical evidence for this KER. Stinckens et al. (2020)
showed reduced T4 levels in 14‐, 21‐, and 32‐day‐old zebrafish
exposed to PTU and methimazole starting immediately after
fertilization (Stinckens et al., 2020). Schmidt and Braunbeck
(2011) also reported reduced T4 levels in 5‐week‐old zebrafish
exposed to PTU. These sampling points correspond to the
larval–juvenile transition period. In addition, Walter et al. (2019)
reported reduced T4 levels after exposure of 3‐ and 5‐day‐old
zebrafish embryos to PTU. Zebrafish exposed to MBT from im-
mediately after fertilization until the age of 5 and 32 days had
reduced T4 levels (Stinckens et al., 2020). Zebrafish were con-
tinuously exposed in each of these studies, and exposures were
started shortly after fertilization. Exposure to methimazole also
resulted in reduced T4 levels in fathead minnows (Crane
et al., 2006). Nelson et al. (2016) showed reduced T4 levels in 6‐
day‐old fathead minnows exposed to 1mg/L MBT, whereas in-
creased T4 levels were observed after exposure to 0.25, 0.5, and
1mg/L MBT until 21 days. This may be due to compensatory
feedback mechanisms that regulate TH synthesis. Evidence of
time‐ and dose‐concordance is provided by Baumann et al.
(2016) showing increasedmRNA levels coding for TPO, reflecting
TPO inhibition in zebrafish exposed to PTU on the one hand, and
decreased T4 levels in the same exposure concentration range
on the other hand (Stinckens et al., 2020; Supporting In-
formation, Table S1). Nelson et al. (2016) similarly showed dose‐
concordance in fathead minnows exposed to MBT.

The empirical evidence for KER #2038, “T4 in serum, de-
creased leads to decreased, T3” (previously reviewed), is
considered moderate in fish. Decreases of T4 and T3 as well as
a strong correlation between T4 and T3 levels were shown in
zebrafish larvae and juveniles exposed to methimazole or PTU
(Stinckens et al., 2020). Decreased T3 levels were also shown in
21‐dpf fathead minnows exposed to MBT (Nelson et al., 2016).
Wang et al. (2020) showed decreased T4 and T3 levels in ze-
brafish embryos exposed to perfluorinated chemicals. There
are some uncertainties associated with this KER. The TH‐level
data after exposure to TPO inhibitors and at the earlier ages
that are most relevant to this AOP are scarce. In addition, re-
duced T4 levels do not always result in reduced T3 levels, and
this is probably the result of feedback mechanisms that in some
cases are able to maintain T3 levels, when T4 levels are re-
duced. One potential mechanism is the induction of de-
iodinases responsible for converting T4 to T3. In zebrafish
continuously exposed to MBT up to 32 days of age, T3 levels
were not significantly altered, whereas T4 levels were reduced
(Stinckens et al., 2016). Similarly, fathead minnows exposed to
methimazole until the age of 28 days had reduced T4 levels,
but T3 levels remained unaltered (Crane et al., 2006). Even in
the absence of whole‐body T3 changes, there may be more
subtle local T3 level changes. In fish early life stages, TH levels
are mostly measured on a whole‐body level, and the exact

nature of the T3 decrease, systemic or local in specific tissues,
is currently an area of uncertainty. Time‐, dose‐, and incidence‐
concordance is supported by studies in fish early life stages
exposed to PTU, methimazole (Stinckens et al., 2020), MBT
(Nelson et al., 2016), and perfluorinated chemicals (Wang
et al., 2020), with minor inconsistencies for incidence‐
concordance (Supporting Information, Table S1).

Evidence for KER #2373, “Decreased, T3 leads to altered,
retinal layer structure,” is considered moderate based on
convincing evidence from studies applying a variety of techni-
ques to reduce TH levels. There is some evidence directly
linking reduced T3 levels to altered retinal layer structure.
Tetrabromobisphenol A (TBBPA) reduced T3 levels (Yu
et al., 2021; Zhu et al., 2018) and reduced retinal pigmentation
in zebrafish embryos (Baumann et al., 2016). In addition, ge-
netic knockdown and knockout studies provide highly specific
evidence of this relationship. Houbrechts et al. (2016) applied
morpholino knockdowns of specific DIO isoforms in zebrafish
embryos. Combined knockdown of DIO 1 and 2 required for
activation of T4 to T3, and thus expected to result in reduced
levels of T3, resulted in a wider ganglion cell layer with reduced
density. Marelli et al. (2016) showed that high doses of T3 can
partially reverse the dominant negative effect of mutant TRs on
eye development in zebrafish.

Although T3‐level data are scarce at these early ages, T3 is
the most biologically active TH, and it is plausible to assume
that reduced T4 levels resulting from TPO inhibition lead to
reduced T3 levels at the target site and that the latter is pre-
dominantly causing the biological effects. Exposure of zebra-
fish embryos to PTU from fertilization until the age of 5 days,
covering the most important processes in retinal development,
reduced the diameter and pigmentation of the RPE (Baumann
et al., 2016). Results of our own recent studies show that ze-
brafish offspring with exposed parents have altered retinal
layers at both larval and juvenile stages after 28 and 60 days of
exposure to PTU (Pannetier et al. 2022, in preparation; Gölz
et al. 2022, in preparation). The TH levels in the eyes of these
juvenile zebrafish were found to be altered after exposure to
PTU (Pannetier et al. 2022, in preparation). In salmonids, PTU
also repressed the opsin switch from UV to blue opsin ex-
pression during the early larval stage (Gan & Novales Flamar-
ique, 2010). Treatment of metamorphosing convict surgeonfish
with NH3, a THR antagonist, decreased bipolar cell density
(Besson et al., 2020). Because T3 is the main ligand of the THR,
this finding supports the causal link in this KER. In zebrafish,
knockout of TH receptor THRβ altered cone differentiation
(Duval & Allison, 2018), and in mice disabling THRb2 altered
the number of specific cone types in the retina to the extent
that M opsins did not appear at all (Ng et al., 2010). Gamborino
et al. (2001) applied chemical–surgical thyroid ablation as a rat
model for hypothyroidism and observed reduced thickness of
the photoreceptor and ganglion cell layer, delayed morpho-
genesis of the photoreceptor outer segment, and reduced
ganglion cell nuclear volumes and nuclear pore density. Al-
though it is widely accepted that THs regulate normal eye
development and several studies have shown altered ex-
pression of many genes related to eye development due to

2638 Environmental Toxicology and Chemistry, 2022;41:2632–2648—Gölz et al.
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hypothyroidism (Bagci et al., 2015; Baumann et al., 2019;
Houbrechts et al., 2016), several effects on the eyes are typi-
cally observed simultaneously (altered retinal layer structure,
altered photoreceptor patterning, and reduced eye size among
others), complicating the identification of the pathways re-
sponsible for the observed changes in retinal layer structure.
Therefore, uncertainties and inconsistencies in this KER are
mainly related to the exact underlying mechanisms and timing.
For example, Reider and Connaughton (2014) exposed zebra-
fish embryos to methimazole until 66 hpf and raised them fur-
ther in clean water until 72 hpf. In these embryos, ganglion cell
layer thickness was reduced. In contrast, embryos exposed until
70 or 72 hpf had increased and normal ganglion cell layer
thickness, respectively, which cannot be explained at this point.
Second, although the assumed site of decreased T3 is the
retina, the available studies only report whole‐body T3 levels.
Another uncertainty lies in the observation that increases of T3
levels also have an impact on retinal layer structure (Besson
et al., 2020; Bhumika & Darras, 2014; Ng et al., 2010). The TH
system is tightly regulated, and both hypothyroidism as well as
hyperthyroidism typically have an impact on TH‐regulated
processes, but the margins of normal physiology have not been
determined yet. There is evidence of dose‐concordance from
studies exposing zebrafish to PTU or methimazole and showing
reduced T3 levels (Stinckens et al., 2020) as well as altered
retinal layer structure (Baumann et al., 2016; Reider &
Connaughton, 2014; Supporting Information, Table S1).
Evidence of time‐concordance is missing in these studies,
because effects on retinal layer structure were observed at
5 dpf, whereas TH levels were measured at 14–32 dpf. Besson
et al. (2020) provided evidence of dose‐, time‐, and incidence‐
concordance in surgeonfish exposed to chlorpyrifos or
increased temperature (Supporting Information, Table S1).

Evidence for KER #2374, “Altered, retinal layer structure
leads to altered, visual function,” is considered moderate, be-
cause convincing evidence comes from multiple studies using
different stressors and various endpoints informing on visual
function. Zebrafish embryos exposed to PTU or TBBPA showed
both alterations in retinal layer structure and altered visual
function as well as vision‐related behavior (Baumann
et al., 2016). Specifically, the OKR was reduced. In the treated
embryos, there was a dose‐dependent decrease in the velocity
of eye movements across OKR tests with different contrasts,
angular velocities, and spatial frequencies of the moving
stripes. Embryos treated with PTU additionally had a higher
preference for light over dark, potentially due to decreased
light sensitivity. Transiently‐hypothyroid DIO 1 and 2 knock-
down zebrafish embryos had altered retinal layer structure at 3
days together with altered response to light at 4 days (Hou-
brechts et al., 2016). Whereas control embryos showed in-
creased swim speed up on a light stimulus after a period in the
dark, the DIO 1 and 2 knockdown embryos showed no sig-
nificant increase in swim speed. By the age of 7 days, both the
retinal structure and the light response had recovered, sup-
porting temporal concordance. Novales Flamarique (2013)
showed that TH treatment reduced the numbers of UV cones in
the retina, and this decreased the ability of young rainbow trout

to locate prey. Foraging on Daphnia magna, a natural zoo-
plankton prey of rainbow trout, was assessed with the method
of silhouette video photography. This revealed that, under the
full light spectrum, control fish (UV, M/L trichromats) located
prey at greater distances and angles than TH‐treated fish (S, M/
L trichromats; Novales Flamarique, 2013). Correspondingly,
Walter et al. (2019) applied TH treatment in zebrafish embryos
and observed altered photomotor behavior. Treatment with
both T3 and T4 altered the swimming response on a transition
from light to dark at 3, 4, and 5 dpf. Avallone et al. (2015)
reported altered structure of the retina as well as increased
light sensitivity (increased avoidance of bright light) after ex-
posure of adult zebrafish to cadmium. Evidence of time‐ and
dose‐concordance comes from a study by Besson et al. (2020),
who investigated the effects of T3 and NH3 on surgeonfish, and
a study by Baumann et al. (2016), who exposed zebrafish to
PTU (Supporting Information, Table S1).

Evidence for KER #2375, “Altered, visual function leads to
increased mortality,” is considered moderate. Besson et al.
(2020) provided convincing evidence in metamorphosing
convict surgeonfish exposed to NH3, resulting in altered retinal
layer structure, altered visual function, and reduced survival.
Specifically, NH3‐treated fish did not avoid chemical or visual
predator cues, and survival in a predation test was decreased
by 30%. Treatment with chlorpyrifos reduced T4 and T3 levels,
reduced the density of bipolar cells, and reduced survival in the
predation test (Besson et al., 2020). It should be noted that
chlorpyrifos is also an acetylcholinesterase inhibitor, which may
influence performance in the predation test via neurotoxicity.
Fuiman et al. (2006) showed the relation between visual func-
tion and predator escape using an experimental setup without
toxicant exposure. They specifically investigated the im-
portance of several putative survival skills for escaping a
predator on an individual basis in Sciaenops ocellatus larvae.
First, the authors found that, if larvae responded to a predator
attack, they were almost 100% effective at escaping. Second,
visual responsiveness was the only survival skill that was sig-
nificantly correlated to escape potential, whereas parameters
such as acoustic responsiveness did not significantly con-
tribute. Moreover, when comparing poorly responding larvae
and better responders, the only parameter that significantly
differed was visual responsiveness, again clearly showing the
importance of visual function for survival. Dehnert et al. (2019)
performed a detailed study to investigate the relation between
impaired vision and reduced survival after exposure to
2,4‐dichlorophenoxyacetic acid (2,4‐D), the active ingredient in
a commercial herbicide formulation DMA4®IVM (DMA4). The
ability to capture paramecia was reduced after exposure of
zebrafish and yellow perch to 8 ppm 2,4‐D in DMA4. More
detailed studies in zebrafish revealed that this treatment re-
duced prey capture maneuvers in the presence of live para-
mecia. Furthermore, exposure concentrations leading to
reduced prey capture had no effect on general locomotion in
the absence of prey, whereas they did affect the ability of
larvae to navigate to a light source (i.e., phototaxis) as well as
the activity of neurons in the optic tectum, indicating that the
reduced ability to catch prey was likely due to reduced visual

AOP leading from TPO inhibition to altered fish visual function—Environmental Toxicology and Chemistry, 2022;41:2632–2648 2639
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function rather than generally reduced motility of the larvae.
Exposing zebrafish larvae during development of the visual
system and not during the prey capture trial showed that the
underlying cause of the effects was impaired visual system
development. The authors also used adult zebrafish as preda-
tors to determine predator avoidance ability of zebrafish larvae
and showed 20% reduction in predator avoidance in the same
treatment group. More detailed studies revealed that the
larvae were in fact capable of responding to acoustic stimuli
with the required escape responses, again indicating that the
effects are due to impaired vision and not to locomotor ca-
pacity. Whereas most studies observe survival under ideal
laboratory conditions (i.e., with ample food available and in the
absence of predators or competitors), both Besson et al. (2020)
and Dehnert et al. (2019) convincingly show that behaviors vital
to survival in a realistic scenario are affected after impaired
development of the visual system and showed dose‐
concordance (Supporting Information, Table S1). Knockdown
of DIO 3 in zebrafish embryos as well as TH treatment also
impacts eye development, and these treatments were shown to
perturb the escape response (Heijlen et al., 2014) and the
ability to catch prey (Noval Flamarique, 2013), both likely to
reduce survival in the wild. Besson et al. (2020) confirmed
dose‐, time‐, and incidence‐concordance by showing predator
cues and survival rates after T3 and NH3 exposure, and Dehnert
et al. (2019) showed clear dose‐ and incidence‐concordance by
reporting that with increasing concentration of pure 2,4‐D as
well as 2,4‐D in formulation (DMA4), phototaxis is progressively
reduced and prey capture also becomes impaired with
increasing exposure concentration (Supporting Information,
Table S1).

The final KER is #2013, “Increased mortality leads to de-
crease, population growth rate” (previously reviewed). Em-
pirical evidence for this KER is considered moderate. The
survival of early life stages has been shown to be a crucial
determinant of population size in fish (McKim, 1977; Miller &
Ankley, 2004; Rearick et al., 2018). Important evidence also
comes from fisheries (Alekseeva & Rudenko, 2018; Jacobsen &
Essington, 2018). Although survival data are the obvious basis
for population modeling, the exact relation in a real‐life tox-
icant exposure scenario is complicated by the specific context
including food availability and predation pressure (Stige
et al., 2019).

Essentiality of KEs
Evidence of essentiality shows that a stressor can activate an

AOP and its various KEs, and that cessation of that stressor can
prevent that activation or lead to recovery of the adverse ef-
fects. Evidence of the essentiality of KEs for the present AOP is
provided by chemical exposure and gene knockdown or
knockout experiments with subsequent recovery. There is di-
rect evidence of essentiality of the MIE (Event #279, TPO in-
hibition) based on studies showing that T4 levels recover after
cessation of exposure to a TPO inhibitor in mammals (Cooper
et al., 1983, 1984; Paul et al., 2013; Taurog, 1999; Vickers
et al., 2012; AOP 42). There is direct evidence of essentiality of

KE1 (Event #277, TH synthesis, decreased) and KE2 (Event
#281, Serum T4, decreased) from stop/recovery experiments
showing recovery of serum thyroxine concentrations following
cessation of developmental exposure to chemical stressors that
inhibit TH synthesis (Paul et al., 2013; Taurog, 1999; Vickers
et al., 2012). Similar evidence in fish is missing. There is direct
evidence of essentiality of KE3 (Event #1003, Decreased, T3)
from several rescue and knockout experiments showing that
retinal layers recover after KE3 is blocked (Bhumika &
Darras, 2014; Duval & Allison, 2018; Houbrechts et al., 2016;
Marelli et al., 2016; Roberts et al., 2006). The study by
Houbrechts et al. (2016) provided direct evidence for the es-
sentiality of KE4 (Event #1877, Altered, retinal layer structure).
The authors observed a corresponding recovery of the re-
sponse to light after blocking this KE. We did not find studies
that block KE5 (Event #1643, Altered, visual function) and show
that this leads to reduced mortality. In summary, the essen-
tiality of this AOP can be classified as high, because there is
convincing direct evidence from multiple specifically designed
experimental studies, especially for the core of the AOP,
namely, the essentiality of decreased T3 levels for downstream
effects on the retina.

Quantitative understanding
Quantitative understanding describes whether the magni-

tude or probability of a key downstream event can be pre-
dicted mathematically by the magnitude or probability of a key
upstream event with known uncertainties (OECD, 2018a). The
levels of confidence for quantitative understanding are in-
dicated in Table 1. Quantitative data on KERs #309, #305, and
#366 linking TPO inhibition to decreased T4 levels via de-
creased TH synthesis was reported by Hassan et al.,
(2020, 2017) and Handa et al. (2021). They quantified the in-
hibition of TH synthesis by PTU and methimazole in an in vitro
TPO inhibition study to predict the level of THs in rat serum. A
quantitative model was constructed by comparing in vitro and
ex vivo (in tissues from exposed rats) TPO inhibition and in vivo
time‐course and dose–response analyses. Furthermore, Fisher
et al. (2013) modeled the link between TPO inhibition and
serum TH concentrations during early development in rats.
Likewise, in Xenopus laevis, Haselman et al. (2020) demon-
strated temporal profiles of thyroidal iodotyrosines and iodo-
thyronines (T4/T3), the products of TPO activity, following
exposure to three different model TPO inhibitors (methimazole,
PTU, and MBT) at multiple concentrations.

A quantitative relation between T4 and T3 levels in fish has
been shown by Stinckens et al. (2020). Further analysis of the
data from Baumann et al. (2016) provides a quantitative rela-
tionship between the MIE and altered retinal layer structure in
zebrafish embryos (Figure 4). The relative gene expression of
TPO and the effect on the thickness of the RPE are strongly
correlated. Exposure to the TPO inhibitor PTU resulted in an
increase in TPO messenger (m)RNA expression that was more
than seven times higher compared with the negative control
and increased with increasing PTU concentrations. This could
be interpreted as a compensatory response and thus an

2640 Environmental Toxicology and Chemistry, 2022;41:2632–2648—Gölz et al.
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indirect measurement of TPO inhibition. The measured
thickness of the RPE shows a concentration‐dependent
decrease by up to 30% in the highest exposure concentration
of 250mg/L PTU.

The fact that both decreased and increased levels of T3
influence the development of the eye structure complicates the
collection of quantitative data for KER #2373 linking reduced
T3 to altered retinal layer structure. In D3bMO zebrafish larvae
(knockdown of DIO 3b, resulting in increased T3 levels), there
was a marked disorganization across all layers of the retina with
reductions in the numbers of cones (Houbrechts et al., 2016);
Ng et al. (2010) found severely reduced numbers of cones in 2‐
month‐old DIO 3 knockout mice and showed that cones were
generated and then lost by cell death. This confirms that eye
development is under tight control of balanced TH levels.
Another complicating factor is the fact that altered retinal layer
structure is often observed using a semiquantitative grading
system rather than quantitative measurements.

Nevertheless, a semiquantitative relationship between thy-
roid follicle TH content and visual behavior can be derived by
combining two studies: Rehberger et al. (2018) performed a
quantitative visualization of intrafollicular T3 and T4 in PTU‐
treated zebrafish embryos using fluorescence antibody
staining. At 2.5mg/L PTU, 93% of the T4 content was still
present, whereas at 50mg/L, only 50% of the T4 content re-
mained compared with the control. A similar trend could be
observed for T3 contents, which decreased with increasing PTU
concentrations. At 2.5mg/L PTU, the fluorescence signal (in-
tegrated density) had decreased to 70% compared with the
negative control, whereas at 50mg/L only 0.4% remained.
These data can be compared with the data from Baumann et al.
(2016), because the protocols for rearing and handling the
embryos (of the same strain) were very similar. The concen-
tration range used in the Baumann et al. (2016) study was
50–250mg/L PTU, at which strong effects on eye development
were observed. The morphological changes resulted in im-
paired visual performance of the larvae: The OKR was

significantly and concentration‐dependently decreased in both
treatments, together with a significant increase in light prefer-
ence of PTU‐treated larvae. A decreased OKR response of less
than 30% could already be observed at 50mg/L PTU, which
further decreased with increasing exposure concentration. The
trend of both studies suggests a correlation, but further studies
in the same concentration range would be needed to draw
clear conclusions.

Domain of applicability
For the development of the present AOP, the focus was on

fish as the taxonomic domain of applicability. Within fish, ze-
brafish are the most studied model organism, and therefore
most evidence supporting this AOP comes from zebrafish
(Baumann et al., 2016; Dehnert et al., 2019;
Houbrechts et al., 2016; Komoike et al., 2013; Reider &
Connaughton, 2014), with some evidence from other fish
species such as surgeonfish (Besson et al., 2020) and salmonids
(Gan & Novales Flamarique, 2010). However, caution is needed
when extrapolating effects to “fish” in general, because current
data may not account for the many fish species that are
adapted to different ecological niches. Nevertheless, the term
“fish” is used, because it is plausible to assume that the se-
quence of events is applicable to most fish species. This facil-
itates the extension of the AOP to other fish species in the
future as more research is conducted. LaLone et al. (2018) used
the US Environmental Protection Agency Sequence Alignment
to Predict Across Species Susceptibility (SeqAPASS) tool to
show that TPO is conserved across vertebrates in terms of both
the nucleic acid sequence and the protein sequence of the
functional domain. Likewise, the HPT axis as a whole, and the
retinal structure, are highly conserved in vertebrates, and it is
well known that THs are essential for retinal development
across vertebrate classes (Ng et al., 2010; Trimarchi et al., 2008;
Viets et al., 2016). For example, impaired retinal development
and altered retinal electrophysiology have also been observed
in mice (Gamborino et al., 2001), and TH insufficiency in hu-
mans has been linked to visual deficits (Eldred et al., 2018;
Klein & Mitchell, 1999; Klein et al., 2001). Therefore, even
though the current weight‐of‐evidence evaluation is based on
fish, the AOP is plausibly applicable to other vertebrate classes,
and we envision that the taxonomic domain of applicability can
be expanded in the future.

In terms of life stage applicability, most of the data come
from developing fish and, subsequently, in this AOP the focus
is on effects of THSDCs on the development of the retina
during the embryonic period. Although the retina is known to
remain sensitive to THSD in juveniles as well (Mackin et al.,
2019), there are knowledge gaps relative to how THSDCs affect
the eyes of developed organisms and whether they have sim-
ilarly strong effects on the retinal layers. Regardless of the
timing of retinal lastructure disruption, it is plausible to assume
that such effects impose consequences at a population‐
relevant level, because visual perception is essential for for-
aging success, survival, and reproduction throughout all life
stages (Cohen et al., 2022).

FIGURE 4: Meta‐analysis of molecular initiating event (MIE)‐KE4
response–response relationship. Correlation analysis of data from
Baumann et al. (2016). Zebrafish embryos were treated with 50, 100, or
250mg/L propylthiouracil. The thyroperoxidase (TPO) gene expression
(measured as fold change compared with control, which was set to 1)
was plotted against retinal pigment epithelial (RPE) thickness. The co-
efficient of determination (R2= 0.9391) shows a clear correlation.
KE= key event.

AOP leading from TPO inhibition to altered fish visual function—Environmental Toxicology and Chemistry, 2022;41:2632–2648 2641
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Most evidence of the impact of TPO inhibition on fish retinal
development comes from exposures of zebrafish embryos from
immediately after fertilization until day 5, when eleutheroem-
bryos start to freely feed and enter the larval life stage. To
evaluate the life stage specificity of the present AOP, the on-
togeny of the downstream event (i.e., altered retinal layer struc-
ture) should be investigated as a function of the ontogeny of the
HPT axis and the activation of TH synthesis by TPO in particular
(the MIE). In zebrafish, the first thyroid follicles appear at ap-
proximately 55 hpf (Alt et al., 2006), and active endogenous TH
synthesis indicating that active thyroidal TPO has been detected
at approximately 72 hpf (Walter et al., 2019). Before active em-
bryonic TH synthesis, the embryo relies on maternally transferred
THs to regulate the earliest TH‐dependent developmental
processes (Power et al., 2001). This leads to the hypothesis that
TPO inhibition has a limited impact on processes occurring be-
fore 72 hpf and is thought to be the reason for the absence of
effects on the inflation of the posterior chamber of the swim
bladder after TPO inhibition (Stinckens et al., 2016). We therefore
hypothesize that the effects on the retina are triggered between
activation of TH synthesis (~72 hpf) and 5 dpf. Although the ret-
inal layers can be distinguished at 72 hpf, the process of differ-
entiation and maturation of the retinal layers leading to a
functional retina continues until well after the onset of thyroidal
TH synthesis. This is illustrated by the maturation of UV cones
and the first proper OKR occurring at approximately 4 dpf
(Cohen et al., 2022). In summary, we distinguish between early
(less than 72 hpf) and late (more than 72hpf) embryonic proc-
esses; the early processes may not be (highly) sensitive to TPO
inhibition specifically, whereas they can be sensitive to other
mechanisms of THSD such as deiodinase inhibition, because
deiodinases are required to activate maternal T4 (Stinckens
et al., 2016). Most evidence of effects on retinal layer structure
detailed in the Summary of scientific evidence assessment sec-
tion is in line with this hypothesis, whereas some studies lead to
uncertainties. For example, Reider and Connaughton (2014) ex-
posed zebrafish embryos to methimazole until 66 hpf and raised
them further in clean water until 72 hpf. In these embryos, gan-
glion cell layer thickness was reduced. There is still uncertainty
about the exact onset of TH synthesis. Potential TH level in-
creases between 48 and 72 hpf have not been studied. Because
in zebrafish mRNA, coding for TPO and NIS is maternally trans-
ferred, expression of thyroglobulin increases before the ap-
pearance of the thyroid anlage at 32–35 hpf (Vergauwen
et al., 2018), and the first follicle appears at approximately 55 hpf;
this leaves a 17‐h window for potential TH synthesis and thus
potential sensitivity to TPO inhibition between 55 and 72 hpf.

There are other potential mechanisms that may contribute to
altered retinal layer structure and that are not the subject of the
present AOP report. For example, local expression of TPO
mRNA has been reported in the mouse retina (Li et al., 2012),
suggesting an additional target for TPO inhibition locally in the
eyes, possibly even before the onset of TH synthesis in the thy-
roid follicles. Further studies are needed to establish whether
local TH synthesis in the eye is biologically plausible. It is not
clear to what extent essential components of the TH‐synthesizing
machinery that are present in the thyroid gland are also present

in the eyes. This includes the presence of the TPO protein as well
as thyroglobulin, iodide uptake, a source of hydrogen peroxide,
and so on. Moreover, it is not clear whether (perhaps less effi-
cient) TH synthesis is possible without the presence of a follicular
epithelial structure. Furthermore, there are TH‐independent
mechanisms that could contribute to altered retinal layer struc-
ture. Komoike et al. (2013) already observed effects of TPO in-
hibition (induced by methimazole) on the retinal structure at 48
and 72 hpf and suggested that this was due to TH‐independent
apoptosis. Li et al. (2012) hypothesized that the development of
the extracellular matrix was disrupted by general peroxidase in-
hibition after exposure to phenylthiourea, a bleaching agent that
is a TPO inhibitor. In addition, THSDCs often act via multiple
mechanisms, and these mechanisms could simultaneously act on
retinal layer development (e.g., combined TPO and DIO in-
hibition by PTU).

With respect to sex applicability, the present AOP considers
the impact of reduced TH synthesis on the development of the
retina, which starts during embryonic development and con-
tinues during the larval life stage. At this point, the present AOP
does not consider potential effects of THSD on the already
developed retina during later life stages. At the time when ze-
brafish early life stages are typically sampled for observation of
retinal structure (at or before 5 dpf), sex has not yet been de-
termined and gonad differentiation has not started (Maack &
Segner, 2003). Effects of THSD on the development of the ret-
inal structure are therefore generally assumed to be in-
dependent of sex.

Known stressors triggering the AOP
For the development of the present AOP, data on pharma-

ceuticals that are generally accepted as model TPO inhibitors
were mainly found and used: PTU (also a deiodinase inhibitor)
and methimazole. Both pharmaceuticals are solely applied to
treat hyperthyroidism, which is a disease that affects only ap-
proximately 1% of the population in western countries (Bahn
et al., 2011). Consequently, environmental concentrations are
very low, if present at all. Inhibition of TPO has received a lot of
attention as one mechanism of THSD that may cause adverse
effects to humans and the environment, and important efforts
have been made to develop a high‐throughput screening ap-
proach to identify TPO inhibitors (Paul Friedman et al., 2016;
Paul et al., 2013; Paul et al., 2014; Stinckens et al., 2020). Several
chemicals of the ToxCast libraries were found to inhibit TPO
(Paul Friedman et al., 2016). Examples include MBT and eth-
ylene thiourea (both used in the rubber industry), resorcinol
(used to treat skin disorders), and benzophenone (UV filter;
Doerge & Takazawa, 1990; Lynch et al., 2002; Schmutzler
et al., 2007; Tietge et al., 2013). For the crucial KER in the AOP
linking reduced T3 levels to altered retinal layer structure (KER
#2373), data from exposures to additional model compounds
with mechanisms other than TPO inhibition were included: io-
panoic acid (DIO inhibitor resulting in decreased T3 levels) and
perchlorate (inhibitor of sodium‐iodide symporter leading to
reduced uptake of iodide and reduced TH synthesis), both of
which have an impact on the eye development of fish (see
Bhumika et al., 2015).

2642 Environmental Toxicology and Chemistry, 2022;41:2632–2648—Gölz et al.
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POTENTIAL APPLICATIONS
Risk assessment of EDCs specifically targeting the TH system

has recently been receiving a lot of attention from both a regu-
latory and scientific perspective, because there is an urgent need
to establish meaningful endpoints for standard test systems.
Based on the present AOP, we suggest fish eye development,
with a focus on morphological and structural alterations, as an
apical endpoint for inclusion into fish endocrine‐disruption test
guidelines for THSD. Thyroid hormones contribute to the regu-
lation of proper eye development in all vertebrates, and, con-
sequently, environmental pollutants that target the TH system
can disrupt this crucial developmental process. This, in turn,
has severe consequences for survival of wildlife, because visual
detection of prey and predators is vital.

Different criteria have been set to identify EDCs as part of
chemical safety evaluation. Specifically, evidence of an endo-
crine mechanism, an adverse health effect, and a causal link
between these two elements is required (European Commis-
sion, 2017, 2018). The definition of an AOP aligns perfectly with
these criteria, and therefore AOPs can aid in assembling the
necessary evidence to identify EDCs such as THSDCs. The lack
of thyroid‐related endpoints has recently been recognized as a
major gap in existing fish test guidelines for EDC assessment at
two European Union (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 2019, “Inclusion of thy-
roid endpoints in OECD fish Test Guidelines” was adopted as
Project 2.64 in the OECD Work Plan for the Test Guidelines
Programme. The present AOP will significantly contribute to
these activities by providing the scientific evidence to establish
fish eye development as a thyroid‐sensitive endpoint. This will
not only broaden the set of endocrine‐disruption‐sensitive
endpoints in fish in general, but will also support ethical
considerations in the context of EDC testing.

First, a major part of the proposed endpoints in zebrafish
can already be assessed in embryonic “nonprotected” life
stages, which are usually considered alternatives to animal
testing. This contributes to the development of new approach
methodologies. Second, endpoints assessing eye develop-
ment can easily be added to existing fish test guidelines, re-
ducing the need for additional testing. Third, the establishment

of thyroid‐related endpoints in fish could reduce or even re-
place amphibian testing, which is mainly applied due to the TH‐
regulated metamorphosis of amphibians. This would sig-
nificantly contribute to the application of the 3R Principle for
testing of EDCs. An overview of assays associated with the
present AOP is given in Table 2.

Currently, THSD‐specific test systems with fish are not yet
established at the OECD level. However, over the last years,
the zebrafish has been the predominant nonmammalian model
employed in studies assessing thyroid system function and
disruption (Couderq et al., 2020). In the last 5 years, out of
108 nonmammalian (eco)toxicology studies, 78 used fish,
29 used amphibians, and 6 used birds. Of the 78 fish studies,
61 used zebrafish. Almost all OECD test guidelines using ze-
brafish for EDC testing appear suitable for inclusion of THSD‐
related endpoints, that is, test guideline 210 (Fish, Early‐life
Stage Toxicity Test; OECD, 2013), test guideline 229 (Fish
Short Term Reproduction Assay; OECD, 2018b), test guideline
234 (Fish Sexual Development Test; OECD, 2011), test guide-
line 250 (EASZY assay—Detection of Endocrine Active Sub-
stances, acting through estrogen receptors, using transgenic
tg(cyp19a1b:GFP) Zebrafish embryos; OECD, 2021a) and test
guideline 236 (Fish Embryo Acute Toxicity [FET] test;
OECD, 2018c). In addition, test guideline 240 (Medaka Ex-
tended One Generation Reproduction Test; OECD, 2015)
usingOryzias latipes also covers sensitive life stages responsive
to THSD. A similar test with zebrafish (ZEOGRT) is currently
under validation. Moreover, there are current attempts to
merge test guidelines 229 and 234 and to add thyroid‐related
endpoints, as well as to use transgenic zebrafish for analyses of
thyroid follicles in a modified FET test. Our literature review
and resulting AOP show that eye development endpoints,
particularly retinal layer structure and pigmentation, are af-
fected by THSDs and could thus be promising thyroid‐related
endpoints for inclusion in OECD test guidelines with fish. Fur-
thermore, the TH‐specificity of the eye development endpoints
should be examined, because other signaling pathways, such
as the retinoid, insulin‐like growth factor 1, and aryl hydro-
carbon receptor pathways, may also affect eye development
(Chen et al., 2020; Molla et al., 2019). Consequently, the as-
sessment of TH levels or thyroid histopathology are required to
confirm the TH‐specificity of the observed effects.

TABLE 2: Overview of assays associated with the adverse outcome pathway

Event Applicable assays to assess effects
Test guidelines in which OECD

assays could be included

TPO inhibition (Event #279) In chemico enzyme activity assay (e.g., Paul et al., 2014) —

TH synthesis decreased (Event #277) Thyroxine‐immunofluorescence quantitative disruption
test (Thienpont et al., 2011)

210, 229, 230, 234, 236, 240, 250

T4 in serum and T3 decreased
(Events #281 and #1003)

ELISA, LC/MS (reviewed by Martin et al., 2020) 210, 229, 230, 234, 236, 240, 250

Retinal layer structure altered
(Event #1877)

(Immuno‐)Histology (e.g., Baumann et al., 2016; Novales
Flamarique et al., 2019; Heijlen et al., 2014))

210, 234, 236, 240, 250

Visual function altered (Event #1643) OKR, electroretinogram, photomotor response (e.g.,
Baumann et al., 2016; Houbrechts et al., 2016).

210, 234, 236, 240, 250

AOP= adverse outcome pathway; ELISA= enzyme‐linked immunosorbent assay; LC/MS= liquid chromatography/mass spectrometry; OECD=Organisation for Eco-
nomic Co‐operation and Development; OKR= optokinetic response; TH= thyroid hormone; TPO= thyroperoxidase.
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Against this background, the EU is currently funding dif-
ferent research projects focusing on THSD in fish, such as the
Horizon 2020 project ERGO, which was launched in 2019 and
aims to improve existing test guidelines for EDCs. The specific
objective of ERGO is “to break down the walls between dif-
ferent research fields (non‐mammalian vertebrates and mam-
malian vertebrates) and to improve the hazard assessment of
EDCs for human health and the environment.” The integration
of information from different animal models across vertebrate
classes (amphibians, fish, mammals) should provide a con-
clusive assessment of adverse effects of EDCs and result not
only in a standardization of tests, but also a reduction in ani-
mals used for testing. A special focus is set on THSD effects,
with the purpose of integrating suitable endpoints into already
existing OECD test guidelines (Holbech et al., 2020).

Supporting Information—The Supporting Information is avail-
able on the Wiley Online Library at https:/10.1002/etc.5452.
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