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and the Asia and Pacific region, as well as the European Commission, meet to co-ordinate and 

harmonise policies, discuss issues of mutual concern, and work together to respond to international 

problems. Most of the OECD’s work is carried out by more than 200 specialised committees and working 

groups composed of member country delegates. Observers from several countries with special status 
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This publication was developed in the IOMC context. The contents do not necessarily reflect the 

views or stated policies of individual IOMC Participating Organizations. 

The Inter-Organisation Programme for the Sound Management of Chemicals (IOMC) was 

established in 1995 following recommendations made by the 1992 UN Conference on Environment 

and Development to strengthen co-operation and increase international co-ordination in the field of 

chemical safety. The Participating Organisations are FAO, ILO, UNDP, UNEP, UNIDO, UNITAR, 

WHO, World Bank and OECD. The purpose of the IOMC is to promote co-ordination of the policies 
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Foreword 

This document contains the Detailed Review Paper (DRP) on the thyroid hormone 
system in fish and identification of potential thyroid hormone system related endpoints 
for inclusion in existing OECD fish test guidelines.  
This DRP is the result of project 2.64 of the Test Guidelines Programme (TGP), led by 
Denmark, Belgium and Germany, which was included in the TGP workplan in 2019.  
the Validation Management Group on Ecotoxicity testing (VMG-Eco) discussed this 
project in the 2020 VMG-Eco meeting, with subsequent discussion during the AG-
EDTA meeting in May 2021 and the 2021 VMG-Eco meeting. Initial commenting by the 
AG-EDTA and VMG-Eco took place in April-May 2022 and an amended document was 
further discussed at the 17th VMG-Eco meeting in November 2022, where the VMG-
Eco concluded that the draft DRP could be forwarded to the WNT-review stage.  
The WNT review and commenting round took place from November – December 2022, 
and the document was subsequently approved by the WNT at its 35th meeting in April 
2023. The Chemicals and Biotechnology Committee agreed to its declassification on 
20 June 2023. 
 
This document is published under the responsibility of the Chemicals and 
Biotechnology Committee. 
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Abbreviations 

AC  Adenylate cyclase  
ACTH   Adrenocorticotropin  
AMA  Amphibian metamorphosis assay 
AOP(s)  Adverse outcome pathway(s) 
ATP  Adenosine triphosphate 
BDE  Brominated diphenyl ether 
BDE-47 2,2′,4,4′-Tetrabromodiphenyl ether 
BDE-99 2,2′,4,4′,5-Pentabromodiphenyl ether 
BDE-209 2,2′,3,3′,4,4′,5,5′,6,6′-Decabromodiphenyl ether 
BPA  Bisphenol A 
BPF  Bisphenol F 
BPS  Bisphenol S  
CaMK   Calmodulin-dependent protein kinase 
cAMP  Cyclic 3’,5’-adenosine monophosphate  
Cas  CRISPR associated sequence 
CRH  Corticotropin releasing hormone 
CRISPR Clustered regularly interspaced short palindromic repeats 
DAG  Diacylglycerol 
DE-71  A mixture of polybrominated diphenyl ethers 
DEHP  Di-(2-ethylhexyl) phthalate 
DIO(s)  Deiodinase(s) 
DIO1  Type 1 deiodinase 
DIO2  Type 2 deiodinase 
DIO3  Type 3 deiodinase 
DIT  Diiodotyrosine 
DOPO  9,10-Dihydro-9-oxa-10-phosphaphenanthrene-10-oxdie 
Dpf   Days post fertilisation 
Dph  Days post hatch 
DRP  Detailed review paper 
EAS  Estrogen, androgen, steroidogenesis 
EC50  Median effective concentration 
EDTA   Advisory group on endocrine disrupters testing and assessment 
ELISA  Enzyme-linked immunosorbent assay 
ER  Endoplasmic reticulum 
EU  European Union 
F-53B  6:2 Chlorinated polyfluorinated ether sulfonate 
FELS  Fish early life stage  
FET  Fish embryo acute toxicity 
FSH  Follicle stimulating hormone 
GCL  Ganglion cell layer 
Hpf  Hours post fertilisation 
HPG  Hypothalamic-pituitary-gonadal 
HPT  Hypothalamic-pituitary-thyroid 
IGF-I  Insulin-like growth factor I 
INL  Inner nuclear layer 
IPL  Inner plexiform layer 
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IPS  Inositol 1,4,5-triphosphate 
KE(s)   Key event(s) 
LAGDA Larval amphibian growth and development assay 
LC-MS/MS Liquid chromatography - tandem mass spectrometry 
LH  Luteinising hormone 
LOEC  Lowest observed effect concentration 
MCT(s) Monocarboxylate transporter(s) 
MEHP  Mono-(2-ethylhexyl) phthalate 
MEOGRT Medaka extended one generation reproduction test 
MIE(s)  Molecular initiating event(s) 
MIT   Monoiodotyrosine 
MO  Morpholino 
MOA   Mode(s) of action 
NIS   Sodium iodide symporter 
NOEC  No observed effect concentration 
OECD  Organisation for Economic Cooperation and Development 
OKR  Optokinetic response 
OMR  Optomotor response  
ONL  Outer nuclear layer 
o,p’-DDT 1,1-Trichloro-2-(p-chlorophenyl)-2-(o-chlorophenyl) ethane 
OPL  Outer plexiform layer 
PBDE  Polybrominated diphenyl ether 
PBDE-47 2,2′,4,4′-Tetrabromodiphenyl ether 
PFBA   Perfluorobutyric acid 
PFDoA Perfluorododecanoic acid 
PFECA Perfluoropolyether carboxylic acid 
PFNA  Perfluorononanoate 
PFO3OA Perfluoro (3,5,7-trioxaoctanoic) acid 
PFO4DA Perfluoro (3,5,7,9-tetraoxadecanoic) acid 
PFO5DoDA Perfluoro (3,5,7,9,11-pentaoxadodecanoic) acid 
PFOA  Perfluorooctanoic acid 
PFOS  Perfluorooctane sulfonate 
PIP2  Phosphatidylinositol 4,5-bisphosphate 
PKA  Protein kinase A 
PLC   Phospholipase C 
p,p’-DDE 1,1-Dichloro-2,2-bis (p-chlorophenyl)-ethylene 
PTU     Propylthiouracil 
qRT-PCR Quantitative real-time polymerase chain reaction 
RIA  Radioimmunoassay 
RPE  Retinal pigment epithelium 
rT3  Reverse T3 
RXR(s) Retinoid X receptor(s) 
T2  3,3’-Diiodothyronine 
T3  3,3’,5-Triiodo-L-thyronine 
T4  Thyroxine or 3,3’,5,5’-tetraiodo-L-thyronine 
TBBPA  Tetrabromobisphenol A  
TBG  Thyroxine-binding globulin 
TBP  2,4,6-Tribromophenol 
TDCPP Tris(1,3-dichloro-2-propyl)phosphate 
Tg  Thyroglobulin 
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TG(s)  Test guideline(s) 
TH(s)  Thyroid hormone(s) 
THS  Thyroid hormone system 
TPO  Thyroperoxidase or thyroid peroxidase 
TR(s)  Thyroid hormone receptor(s) 
TRE(s) Thyroid hormone response element(s) 
TSH  Thyroid stimulating hormone or thyrotropin 
TSHβ   Thyroid stimulating hormone subunit β 
TSHR  Thyroid stimulating hormone receptor 
TTR  Transthyretin 
UGT   UDP-glucuronosyltransferase  
VMG-Eco Validation management group for ecotoxicology 
Wpf  Weeks post fertilisation 
XETA  Xenopus eleutheroembryonic thyroid assay 
ZEOGRT Zebrafish extended one generation reproduction test 
ZFN  Zinc-finger nucleases 
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International standardised test guidelines (TGs) with sensitive endpoints form the basis for hazard 

identification and characterisation and risk assessment used in the regulation of chemicals. In 1997, at 

the request of member countries and the international industry, the Organisation for Economic 

Cooperation and Development (OECD) initiated the Special Activity on Endocrine Disrupters Testing 

and Assessment (EDTA) with the aim of providing a suite of standardised and internationally accepted 

test guidelines (TGs) and assessment strategies for regulatory application (OECD, 2001). Under the 

supervision of the EDTA Advisory Group (EDTA AG), Validation Management Groups for mammalian 

(VMG-mammalian), ecotoxicity (VMG-eco) and non-animal (VMG-non-animal) testing were established 

in 1999, 2001 and 2002, respectively. Overseen by the Working Group of National Coordinators of the 

Test Guidelines Programme (WNT), these groups have continuously managed the development of TGs 

for the evaluation of endocrine disrupters. OECD TGs are covered by the Mutual Acceptance of Data 

(MAD) system in which the OECD member countries and other full adherents have agreed that the 

results of testing performed in accordance with OECD TGs and principles of Good Laboratory Practice 

(or their equivalents) in one country must be accepted by other countries.  

The EDTA AG has developed the OECD Conceptual Framework for the Testing and Assessment of 

Endocrine Disrupters (Table 1). The Conceptual Framework ranks, into five levels of increasing 

biological organisation, the OECD TGs and standardised test methods available, under development or 

proposed that can be used to evaluate chemicals for endocrine disruption. The Conceptual Framework 

helps to evaluate the overall strength of the evidence that a chemical may be acting as an endocrine 

disrupter and to determine additional testing demands. 

The Conceptual Framework includes several OECD fish TGs at different levels. However, these TGs 

do not include THS related endpoints. 

  

1.  OECD fish test guidelines for 

endocrine disrupting chemicals 



16  ENV/CBC/MONO(2023)17 

  
Unclassified 

 

 

Given the crucial role that the thyroid hormones (THs) play in normal development of vertebrate species, 

the identification of chemicals disrupting the thyroid hormone system (THS) is warranted.  

Lack of knowledge of chemicals affecting thyroid specific endpoints and thereby lack of identification of 

THS disrupting chemicals could potentially cause negative impacts on the environment and human 

health.  

A detailed understanding of mechanisms causing THS disruption is key for reliable prediction of results 

across species and classes (Holbech et al., 2020; Knapen et al., 2020). Wherever possible, the same 

chemical should only be tested in different species where a low degree of conservation of TH signalling 

in the respective species has been found. 

Currently, rodents, dogs and rabbits are the main test organisms for assessing hazard and risks of 

chemicals to human health with respect to thyroidal modalities, while amphibians represent the main 

 

 OECD TG 248   

 OECD TG 250 

OECD TG 

251)   

Table 1. The OECD Conceptual Framework for Testing and Assessment of Endocrine Disrupting 
Chemicals (updated from OECD, 2018) 
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test organism used for that purpose in the context of environmental hazard and risk assessment. 

However, existing amphibian-based TGs may not cover all potential THS disrupting molecular initiating 

events (MIEs, see section 4.1) and life stages that might be affected. The TG 231 (Amphibian 

Metamorphosis Assay, AMA; OECD, 2009) is a Level 3 test covering 3 weeks of the metamorphic phase 

of the life cycle from developmental stage 51, according to Nieuwkoop and Faber (NF) (≤17 days post 

fertilisation (dpf)). The scientific basis of TG 231 can be found in the detailed review paper on amphibian 

metamorphosis assay for the detection of thyroid active substances (OECD, 2004), in which endpoints 

are described to reflect thyroid dysfunction and their sensitivity to thyroid stimulation and inhibition. The 

TG 248 (Xenopus Eleutheroembryonic Thyroid Assay, XETA; OECD, 2019) is a Level 3 screening test 

in which tadpoles are exposed to the test chemical at NF stage 45 for a duration of 72 h. The current 

version of TG 248 covers TR (ant)agonism, TH clearance, TH metabolism and potentially modulation of 

TH transport via interaction with TH plasma binding proteins and inhibition of TH transmembrane 

transporters but it does not cover NIS inhibition and TPO inhibition. The TG 241 (Larval Amphibian 

Growth and Development Assay, LAGDA; OECD, 2015b) is a Level 4 test covering 16 weeks of the 

metamorphic phase and juvenile development and it provides data on adverse effects on endocrine-

relevant endpoints. The LAGDA includes the period of the AMA and is, therefore, expected to respond 

to chemicals affecting the endpoints in the AMA. Although benzophenone-2, which is a putative TPO 

inhibitor, was tested in a single laboratory during the validation (Haselman et al., 2016), the LAGDA has 

not been validated using a suite of model thyroid active chemicals with known MIEs (NIS-, TPO- and 

deiodinase (DIO-)inhibition, and interaction with TH binding). It is, therefore, not yet validated if the 

LAGDA reveals adverse population-relevant effects of all MIEs of THS disruption.  

Even though fish represent the most used non-mammalian vertebrate test organisms for other endocrine 

modalities (i.e. estrogen, androgen, steroidogenesis (EAS)), until now, testing approaches for THS 

disruption do not include fish.  

The rationale behind inclusion of THS relevant endpoint in fish TGs is to reduce parallel testing in fish 

and amphibians; and it is envisioned to include endpoints appropriate to reveal all main THS disrupting 

MIEs in the fish TG(s) covering more lifestages. 

Unlike investigation of effects on the THS in wildlife, which is mostly based on amphibian models, 

investigation of effects on the sex hormone system in wildlife is mostly based on fish models. However, 

some chemicals may be suspected to interfere with either the THS or the sex hormone system. In these 

cases, it is currently necessary to test the chemical in both fish and amphibians to clarify the concerns 

for endocrine disruption, since none of the existing fish TGs include endpoints specific for THS disruption 

(and the amphibian models are not well validated for investigation of effects on the sex hormone 

system). If fish TGs were refined to also - and with the same sensitivity - detect THS disrupters it would 

probably in many cases make testing of endocrine disrupting chemicals more efficient and potentially 

lead to resource savings.  

Addition of THS related endpoints to fish studies is intended to reduce parallel testing in amphibians 

and fish and may reduce the number of animals used for testing of chemicals. The goal is to identify 

and select unambiguous THS related endpoints which can be evaluated preferably without increasing 

the complexity of experimental protocols of fish TGs or the number of fish used. However, power 

analyses should be performed to ensure adequate power for those endpoints, and it cannot be ruled out 

that there could be a need to increase the number of fish used within existing tests (as well as other 

resources and time) to be able to conduct the additional THS related assessments. Furthermore, for 

some chemicals, it could potentially be difficult to establish concentration spacing in a single study that 

would reliably capture the metric of interest (e.g. NOEC and LOEC) for each endpoint of interest; though 

this may not be a problem if the aim is to capture the most sensitive endpoints rather than to understand 

effects more fully on individual endpoints. Finally, it should be noted that certain chemicals raising 

specific concerns for amphibian populations should still be tested in amphibians for protection of this 

vertebrate class.  
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Reduction of vertebrate testing is coherent with the 3R principles advocating replacement, reduction 

and refinement of animal testing. However, the complexity of the THS has been considered to preclude 

the sole use of in vitro systems for reliable detection of THS disrupting chemicals (Zoeller and Tan, 

2007). All though there is increased activity in the development of in vitro methods (Noyes et al., 2019), 

due to the complexity of the THS, the use of in vitro data for purposes beyond screening is challenging, 

and replacement of in vivo testing in this field represents major challenges. Hence, apart from ongoing 

efforts to develop, expand, and refine in vitro assays to measure chemical interactions that lead to a 

perturbation of the TH pathway, the possibilities for reduction and refinement of in vivo testing 

procedures offer great advantages. 

The lack of thyroid endpoints in fish tests was raised as a point of concern by the OECD VMG-Eco in 

2016 and Denmark suggested to initiate the evaluation of thyroid endpoints for inclusion in existing 

OECD fish TGs.  

The lack of thyroid endpoints was likewise recognised as a serious gap in existing fish TGs at two EU 

workshops, “Setting Priorities for Further Development and Validation of Test Methods and Testing 

Approaches” and “Supporting the Organization of a Workshop on Thyroid Disruption” in 2017.  

In 2019, “Inclusion of thyroid endpoints in OECD fish Test Guidelines” was adopted as Project 2.64 in 

the OECD Work Plan for the Test Guidelines Programme with Denmark as lead country. In 2021 

Belgium and Germany entered project 2.64 as co-lead countries. The purpose of this project is to include 

endpoints for THS disrupting chemicals in existing OECD fish TGs - with OECD TG 234 (Fish Sexual 

Development Test) as the main test model. It is recognised that several OECD TGs are relevant and 

especially OECD TG 210 also covering the developmental stages and OECD TG 236 as an embryonic 

alternative should be explored for possible inclusion of THS related endpoints. 

1.1. Fish model species for identification of THS disruption 

While anuran amphibians (particularly Xenopus laevis) have historically been the preferred non-

mammalian models in THS research, in the latest two decades fish (particularly zebrafish, Danio rerio) 

have been widely used as models. 

The anuran amphibians and the zebrafish share common advantages: the ability to easily produce large 

numbers of free-living embryos, their accessibility during key stages of development, and the absence 

of continuous maternal hormonal influence on embryo and larvae development (Couderq et al., 2020).  

During a five year period from 2014-2019, the zebrafish was the predominant non-mammalian model 

employed in scientific papers assessing THS disruption in vivo or discussing regulatory issues on the 

topic (Couderq et al., 2020). Out of 108 non-mammalian (eco)toxicology studies, 78 used fish, 29 used 

amphibians and 6 used birds. Of the 78 fish studies, 61 used zebrafish, 2 used medaka and 9 used 

various other species. 

Zebrafish represent multiple advantages as experimental animals, including a well characterised 

development (Kimmel et al., 1995). Further experimental advantages are cost-efficiency and ease of 

culture and breeding, large number of offspring, short generation time, visibility of organ development 

due to transparency of embryos and larvae, and access to the fully sequenced zebrafish genome (Howe 

et al., 2013; McArdle et al., 2020). One female zebrafish can produce over 200 eggs per mating 

(Chakraborty et al., 2009); and the zebrafish reach maturity at about 2-3 months of age (Lawrence et 

al., 2012; Nasiadka and Clark, 2012). Amenability to various forms of genetic manipulation like 1) 

morpholino (MO) based gene knockdown technique, 2) targeted gene knockout technology using zinc-

finger nucleases (ZFN), transcription activator-like effector nucleases (TALEN) or clustered regularly 

interspaced short palindromic repeats/CRISPR associated sequence (CRISPR/Cas) and 3) generation 
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of transgenic zebrafish lines with fluorescent reporter genes further increases the value of zebrafish as 

model species (Marelli and Persani, 2017; Liu et al., 2019a). 

Zebrafish are widely used as a model species in many different research fields including basic 

developmental biology, neurobiology, immunology, human diseases, biomedical research and toxicity 

testing of chemicals (Key and Devine, 2003; Hill et al., 2005; Chakraborty et al., 2009; Sipes et al., 2011; 

Marelli and Persani, 2017; Korzh et al., 2018; García-Moreno et al., 2019; Teame et al., 2019). The high 

level of conservation of endocrine systems that exists between zebrafish and higher vertebrates 

(McGonnell and Fowkes, 2006) has likewise promoted the use of zebrafish in endocrine disruption 

research. The THS is highly conserved between vertebrates (Heijlen et al., 2013). Most components of 

the zebrafish THS have been characterised and their structure and function have been shown to 

resemble those of higher vertebrates. This has made zebrafish a frequently used model species in 

vertebrate developmental biology and THS disruption research, with relevance to both human health 

and (eco)toxicology studies (Heijlen et al. 2013; Couderq et al., 2020).  

The zebrafish is unique with respect to the level of available knowledge and technology (Scholz et al., 

2008; Porazzi et al., 2009; Heijlen et al., 2013; Marelli and Persani, 2017). Although the other small fish 

species traditionally employed in OECD TGs, i.e. Japanese medaka (Oryzias latipes) and fathead 

minnow (Pimephales promelas) may be equally suited test species for development of THS related 

endpoints, the availability of detailed information on the functioning of the zebrafish THS, together with 

the above-mentioned advantages, make zebrafish a promising valuable laboratory model species for 

development of THS related endpoints. Thus, the current DRP focuses primarily on the zebrafish as the 

model species. However, other fish species may offer other advantages compared to the zebrafish (sex 

determination, size, flatfish metamorphosis from symmetric pelagic larvae to asymmetric benthic 

juveniles etc.) and relevant information from other species has been included. The effects of THS 

disrupting chemicals on zebrafish should be compared to other species in the future.  

Furthermore, although the zebrafish is a good model for identifying the effects of chemicals on the THS, 

the effects in mammals could be different and should also be examined. 

1.2. OECD fish TGs suitable for inclusion of THS related endpoints 

Multiple OECD TGs using fish for assessment of the endocrine disrupting potential of chemicals could 

be suitable for inclusion of TH related endpoints, i.e. TG 210 (Fish Early Life Stage Toxicity test (OECD, 

2013a)), TG 229 (Fish Short Term Reproduction Assay (OECD, 2012)) and TG 234 (Fish Sexual 

Development Test (OECD, 2011)). Extension of TG 236 (Fish Embryo Acute Toxicity (FET) test (OECD, 

2013b)) with THS related endpoints could further potentially provide a valuable test for THS disruption. 

TG 240 (Medaka Extended One Generation Reproduction Test (OECD, 2015a)) using Japanese 

medaka and the draft Zebrafish Extended One Generation Reproduction Test also covers sensitive life 

stages responsive to THS disruption. Finally, although it is not officially under validation, the proposed 

combination of TG 229 and TG 234 into the integrated Fish Endocrine Disruptor Test (iFEDT, EU tender 

project No. 07.0203/2018/794670/ETU/ENV.B.2) could be a valuable test for THS disruption in the 

future. 

An enhancement of the current TGs by adding specific THS related endpoints could potentially increase 

the diagnostic value of the tests. 

1.2.1. TG 234 (Fish Sexual Development Test) 

TG 234 (OECD, 2011) was adopted by OECD in 2011 as the first fish test guideline with specific 

endpoints investigating adverse effects of endocrine disrupting chemicals on the sex hormone system. 

The test has been fully validated for zebrafish, three-spined stickleback (Gasterosteus aculeatus) and 
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Japanese medaka, and partially validated for fathead minnow. In the test, fish are exposed from newly 

fertilised eggs until the completion of sexual differentiation (60 days post hatch (dph) for zebrafish, 

stickleback and medaka; up to 120 dph for fathead minnow) to at least three concentrations of the test 

chemical. A biological sample (blood plasma, liver or head/tail homogenate) is collected for vitellogenin 

analysis from each fish and the remaining part is fixed for histological evaluation of the gonads to 

determine the phenotypic sex; optionally, histopathology (e.g. staging of gonads, severity of intersex) 

can be performed. In addition, body length and weight should be measured and survival, hatching 

success, abnormal behaviour and morphological abnormalities should be recorded. 

An effect on sex ratio demonstrates that the test chemical causes an adverse apical effect relevant at 

the population level; and the measurement of vitellogenin can show the endocrine activity of the 

chemical (estrogenic, anti-estrogenic, steroidogenesis related or possibly androgenic activity). The 

combined analysis of vitellogenin and sex ratio provides information on the endocrine mode of action 

(MOA).  

The test method is applicable for use as a Level 4 assay as described in the OECD Conceptual 

Framework for the Testing and Assessment of Endocrine Disrupting Chemicals (Table 1).  

TG 234 is used in combination with other lines of evidence for identification and assessment of 

endocrine disrupting chemicals affecting the hypothalamic-pituitary-gonadal (HPG) axis in fish 

especially with respect to estrogen, androgen and steroidogenesis (EAS) modalities.  

The inclusion of THS related endpoints in the TG 234 and other relevant fish TGs (section 1.2.2-1.2.7) 

would improve the possibilities for simultaneous identification of endocrine disrupting chemicals 

affecting the hypothalamic-pituitary-thyroid (HPT) axis by covering also thyroidal modalities.  

1.2.2. TG 210 (Fish Early Life Stage Toxicity Test) 

TG 210 (OECD, 2013a) investigates the lethal and sub-lethal effects of chemicals on fish early life 

stages (FELS). Validated species are zebrafish, medaka, fathead minnow, sheepshead minnow 

(Cyprinodon variegatus), rainbow trout (Onchorhynchus mykiss) and silverside (Menidia spp). Fertilised 

eggs are placed in test chambers and exposed to the test chemical for a species specific time period 

that is necessary for the control fish to reach a juvenile life stage (⁓30 dph for zebrafish). The main 

endpoints include mortality, time to hatching, hatching success, growth, morphological abnormalities 

and abnormal behaviour.  

Although not being designed to give evidence of endocrine effects, TG 210 gives information on 

parameters that may be susceptible to endocrine disruption (such as hatchability and development) and 

is included at Level 4 in the OECD Conceptual Framework (Table 1).  

TG 210 is an extensively used bioassay for standard (sub)chronic fish toxicity testing. In Europe, it is a 

standard data requirement for plant protection products (Regulation EC1107/2009) supporting aquatic 

ecotoxicological risk assessments and chemical management. 

Since the TG 210 covers the thyroid-relevant life stage of larval-to-juvenile metamorphosis, it offers the 

possibility for evaluating THS related developmental events occurring during this transition. 

Developmental effects observed in the TG 210 test may support the case that a chemical is a possible 

THS disrupter but cannot on their own be used to reach such a conclusion (OECD, 2018). Furthermore, 

since the test does not cover the full juvenile stage and does not include EAS-mediated parameters 

either, other fish TGs may be more obvious candidates for inclusion of THS related endpoints. 

1.2.3. TG 229 (Fish Short Term Reproduction Assay) 

The TG 229 (OECD, 2012) is an in vivo screening assay in which sexually mature male and spawning 

female fish are held together and exposed to a chemical during a limited part of their life cycle (21 days). 
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At termination of the 21-day exposure period, two biomarker endpoints that may be associated 

specifically with endocrine signalling are measured in males and females as indicators of endocrine 

activity of the test chemical: vitellogenin and secondary sexual characteristics. Vitellogenin is measured 

in zebrafish, Japanese medaka and fathead minnow, and secondary sex characteristics are additionally 

measured in Japanese medaka and fathead minnow. Furthermore, quantitative fecundity is monitored 

daily throughout the test. Moreover, gonad histopathology may be evaluated to add to the weight of 

evidence of other endpoints.  

The TG 229 serves as an in vivo screening assay for endocrine disruption activity and reproductive 

effects. However, reproductive effects, like most apical effects except sex ratio changes below systemic 

toxicity levels, may be caused by non-endocrine mechanisms. 

TG 229 is a Level 3 test according to the OECD Conceptual Framework for the Testing and Assessment 

of Endocrine Disrupting Chemicals (Table 1). 

The TG 229 is widely used to identify compounds that have potential to interfere with the hypothalamic-

pituitary-gonadal axis, and/or endocrine active chemicals and others toxic to the process of reproduction 

itself.  

1.2.4. TG 236 (Fish Embryo Acute Toxicity (FET) test) 

TG 236 (OECD, 2013b) is a validated test to assess acute toxicity of compounds in zebrafish embryos. 

Newly fertilised zebrafish eggs are exposed to different doses of the test chemical for a period of 96 h. 

Every 24 h, up to four apical observations are recorded as indicators of lethal toxicity of the test chemical: 

1) coagulation of fertilised eggs, 2) lack of somite formation, 3) lack of detachment of the tail-bud from 

the yolk-sac and 4) lack of heartbeat. At the end of the exposure period, acute fish early-life 

developmental toxicity of the compound is determined based on the dose-response relationships of the 

apical observations, and the LC50 is calculated.  

TG 236 is used in combination with other information to quickly and reproducibly assess acute fish 

toxicity of chemicals for regulatory purposes. 

TG 236 is currently limited to observations of lethal endpoints. However, research has shown that a 

suite of exposure related sublethal endpoints can be included in an extended test (Braunbeck et al., 

2015; von Hellfeld et al., 2020). Extension of the TG with THS related endpoints could potentially provide 

a valuable test for THS disruption. The use of TG 236 would be in accordance with the EU 3R principles, 

because zebrafish embryos are not regarded as protected stages until the onset of independent feeding 

(EU, 2010) i.e. up to 120 h post fertilisation (hpf) (Strähle et al., 2012). 

1.2.5. TG 240 (Medaka Extended One Generation Reproduction Test (MEOGRT)) 

TG 240 (OECD, 2015a) is started by exposing sexually mature Japanese medaka males and females 

(at least 12 weeks post fertilisation (wpf)) in breeding pairs for 3 weeks. As near as possible to the first 

day of the fourth week, eggs are collected to start the F1 generation. During rearing of the F1 generation 

(a total of 15 weeks), hatchability and survival are assessed. In addition, fish are sampled at 9-10 wpf 

for developmental endpoints and spawning is assessed for three weeks from 12 through 14 wpf. An F2 

generation is started after the third week of the reproduction assessment and reared until completion of 

hatching. 

TG 240 measures several biological endpoints. Primary emphasis is given to potential adverse effects 

on population-relevant parameters including survival, gross development, growth and reproduction. 

Secondarily, to provide mechanistic information, where there is a posteriori evidence for a chemical 

having potential endocrine disrupter activity then other useful information is obtained by measuring 
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vitellogenin, phenotypic secondary sex characteristics as related to genetic sex, and evaluating 

histopathology (OECD, 2015a).  

The test can be used to evaluate the potential chronic effects of chemicals, including potential endocrine 

disrupting chemicals, on fish. The data can be used at Level 5 of the OECD Conceptual Framework 

(Table 1). 

The TG 240 can be used at any stage in the hazard assessment process. However, the most likely use 

scenario is when there are already some data available to suggest possible endocrine disrupting 

properties. In these cases, the TG 240 can be used to investigate whether such potential properties 

result in adverse apical effects on development, growth or reproduction over an entire life cycle (OECD, 

2018).  

1.2.6. Draft TG on Zebrafish Extended One Generation Reproduction Test (ZEOGRT) 

Since TG 240 was designed and validated for the medaka as a single test species there has been an 

initiative from Germany to further develop an analogous test protocol with zebrafish as a test species. 

The development of a Zebrafish Extended One Generation Reproduction Test (ZEOGRT) was adopted 

as project 2.59 on the OECD Work Plan for the Test Guidelines Programme in 2016 and is currently in 

validation by the OECD.  

Like the MEOGRT, the ZEOGRT is a comprehensive test using fish exposed continuously from the adult 

stage of the first generation (F0) to the newly hatched stage of the third generation (F2) (OECD, 2018). 

The ZEOGRT differs from the MEOGRT in that zebrafish can be group spawners, whereas medaka are 

pair spawners. In the ZEOGRT, spawning groups of 5 female and 5 male sexually mature F0 zebrafish 

(approximately 15 wpf) are allowed to reproduce for 3 weeks, their F1 offspring are brought to sexual 

maturity, the F1 adults are allowed to breed, and finally their offspring (F2) are followed to hatching (up 

to 14 dpf) (OECD, 2018).  

The main emphasis of the ZEOGRT concerns population-relevant apical endpoints (e.g. survival, 

development, growth, sex ratio and reproduction). However, to obtain mechanistic information, 

additional endpoints include measurements of vitellogenin and histopathology (OECD, 2018). Unlike the 

MEOGRT, the test may be able to detect relatively small changes in the sex ratio of the F1 generation 

since it includes a large number of F1 fish (36 per replicate) (OECD, 2018). On the other hand, it does 

not have a genetic sex endpoint, which may diminish the power to measure changes in sex ratio (OECD, 

2018).  

If successfully validated, the ZEOGRT could contribute useful evidence regarding the probable causality 

of apical effects, which is a key issue in the definition of endocrine disrupting chemicals (OECD, 2018). 

With the inclusion of thyroid specific endpoints, the ZEOGRT could potentially provide a valuable 

alternative to the MEOGRT as a Level 5 test for THS disruption. The choice between the two TGs should 

be made based on available data on the chemicals being tested, and on the endpoint and species 

sensitivities (ECHA/EFSA/JRC, 2018; OECD, 2018).  

 

1.2.7. Proposed integrated Fish Endocrine Disruptor Test (iFEDT) 

EU tender project No. 07.0203/2018/794670/ETU/ENV.B.2 suggests merging OECD TGs 229 and 234 

and adding THS related endpoints for fish. Merging these two tests into the “integrated Fish Endocrine 

Disruptor Test” (iFEDT) allows the development of a mid-tier OECD test (partial life cycle) that covers 

reproduction, early development and sexual differentiation and that will provide information about 

potential endocrine disrupting effects for regulatory purposes. Additionally, since the iFEDT will cover 

multiple life stages and endocrine disrupting mechanisms, this approach will contribute to the 3R 

principle by reducing fish testing in general, as several aspects can be investigated in a single test. 
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1.2.8. Considerations on the various OECD fish TGs  

The OECD fish TGs cover various life stages offering different advantages and disadvantages in relation 

to informing about mechanistic and/or adverse effects of endocrine active chemicals. 

TG 236 includes the embryonic-to-larval transition (see section 3.2), which may be a developmental 

window particularly susceptible to disruption of the THS. TG 236 could for 3R reasons be a valuable 

screen for identification of THS activity of chemicals. 

TGs including later life stages, i.e. TG 210, TG 234, TG 240 and the ZEOGRT, could be used for more 

definitive adverse effect determination.  

TG 210 is systematically conducted for regulatory risk assessment, which could make it a valuable 

candidate TG for inclusion of THS relevant endpoints. TG 210 covers the relevant life stage of larval-to-

juvenile metamorphosis and thus offers the possibility for evaluating important developmental events 

occurring during this transition. The larval-to-juvenile transition in zebrafish includes inflation of the 

anterior swim bladder chamber, formation of the adult pigmentation pattern, development of adult fins 

and fin rays and scale formation (McMenamin and Parichy, 2013). However, TG 210 does not cover the 

full juvenile stage and will, therefore, not be able to reveal potential THS disrupting MOA affecting 

specifically the later part of this potentially sensitive window. In addition, TG 210, although being the 

standard chronic test in many cases, does not include EAS-mediated parameters either.  

Since TG 234 is already known to be informative for endocrine disruption and since it is a more 

integrative test covering more life stages and potentially offering additional applicable endpoints, TG 

234 could be considered to hold stronger promise for assessment of THS disrupting chemicals than TG 

210. However, effects on THS related endpoints induced in the fish early life stages may not persist to 

the sexually differentiated juvenile stage if the chronic exposure induces compensatory mechanisms in 

the THS (Crane et al., 2006). 

Finally, it should be noted that neither TG 236, TG 210 or TG 234 cover the reproductive phase. Thus, 

endpoints related to this life cycle phase could be examined in TG 229, the ZEOGRT (when validated) 

and the MEOGRT when the Japanese medaka has been evaluated for THS relevant endpoints. 

However, as many reproductive effects may be caused by non-endocrine mechanisms, the added 

benefits of conducting these tests should be carefully evaluated. 

1.2.9. Applicability of transgenic fish lines 

The zebrafish is the fish species most employed as transgenic model, those that carry exogenously 

derived DNA intentionally inserted into their genome (Lee et al., 2015). Transgenic zebrafish have been 

commonly employed in studies of developmental biology, in pharmaceutical research and recently as 

biosensors in ecotoxicology. Transgenic zebrafish lines offering specific tools for identifying THS 

disrupting chemicals have also been generated. For example, zebrafish with fluorescent reporter gene 

proteins under the control of thyroid stimulating hormone subunit β (TSHβ) (Ji et al., 2012) and 

thyroglobulin (Tg) (Opitz et al., 2012; Fetter et al., 2015; Jarque et al., 2018) gene regulatory elements 

are available. In the transgenic zebrafish embryos, THS disruption is readily detectable by assessment 

of fluorescence using microscopy or plate readers. However, transgenic zebrafish lines are not available 

for all modes of THS disruptive action. It may be useful with time, to generate reporter systems on 

multiple genes susceptible to THS related disruption and combine these systems in the same transgenic 

fish line, thereby permitting the detection of THS disrupting compounds acting through various MIEs 

simultaneously. If transgenic fish are to be used in OECD fish TGs, the fish should be bred from a 

homozygous parental generation to ensure that all offspring are transgenic. 
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THs influence most physiological processes in fish. Like in other vertebrates, the normal functioning of 

the THS is essential for the control of early development/differentiation, growth, metabolism and 

reproduction. However, the detailed mechanisms through which THs control these activities are not 

known. The actions of THs may be direct, as well as permissive by facilitation or augmentation of other 

signal transduction pathways including the growth hormone/insulin-like growth factor I (GH/IGF-I) axis 

(Orozco and Valverde, 2005; Brent, 2012; Molla et al., 2019; Deal and Volkoff, 2020).  

The THS is highly conserved throughout all vertebrate classes (McArdle et al., 2020). Similarly to 

mammals, birds, reptiles and amphibians, the fish THS comprises three principal components: 1) a 

central HPT axis regulating the biosynthesis, storage and secretion of mainly the TH, L-thyroxine (T4), 

2) peripheral deiodinases regulating the tissue levels of by far the most biologically active TH, 3,3’,5-

triiodo-L-thyronine (T3) and 3) thyroid hormone receptors (TRs) mediating effects of THs on 

physiological processes (Eales and Brown, 1993; Eales et al. 1999, Blanton and Specker, 2007). 

THS functioning is dependent on 1) thyroid stimulating hormone (TSH) receptor (TSHR) activation, 2) 

iodine uptake, 3) TH synthesis and secretion, 4) TH distribution, 5) tissue-specific T4 deiodination and 

synthesis of T3, 6) binding of THs to TH nuclear receptors (TRs), 7) TH metabolism and 8) TH feedback 

mechanisms as illustrated in Fig. 1. 

2.  The fish thyroid hormone system 
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Fig. 1. Simplified outline of the HPT axis, peripheral deiodination and hormonal action in fish. The 

release of TSH from the pituitary is regulated by various TSH releasing factors from especially the 

hypothalamus. TSH regulates the synthesis of THs, primarily T4, in the thyroid follicles. T4 is converted 

to T3 by most, if not all, tissues. T3 binds to TR (in various receptor complexes) and induces gene 

transcription. Circulating THs feed back on the hypothalamus and the pituitary to maintain 
TH homeostasis. (Based on Eales et al., 1999 and Blanton and Specker, 2007). 

2.1. Hypothalamic and pituitary control of TH levels 

Endocrine systems are generally influenced by the hypothalamic-pituitary axis. Within this axis, the 

hypothalamus conveys specific signals to the pituitary gland, which in turn releases hormones directed 

towards target tissues. Pituitary hormones are secreted by different hormone-producing cell types: 1) 

thyrotropes producing thyroid stimulating hormone (thyrotropin, TSH); 2) corticotropes producing 

adrenocorticotropin (ACTH); 3) somatotropes producing growth hormone (GH); 4) melanotropes 

producing melanocyte stimulating hormone; 5) gonadotropes producing follicle stimulating hormone 

(FSH) and luteinising hormone (LH) and 6) lactotropes producing prolactin (Pogoda and 
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Hammerschmidt, 2007). The pituitary hormones affect various target tissues including the thyroid tissue, 

interrenal tissue, liver and gonads. These tissues release additional hormones which control key 

physiological processes like growth, metabolism, reproduction and stress (Blanco et al. 2020).  

The hypothalamic-pituitary axis plays an important role in the control of TH synthesis in vertebrates by 

responding to various environmental or internal stimuli (reviewed in Norris and Carr, 2013). TSH 

releasing factors act on the thyrotropic cells in the pituitary stimulating the synthesis and secretion of  

TSH which in turn stimulates the thyroid follicles to synthesise and secrete THs (Norris and Carr, 2013).  

In mammals, thyrotropin-releasing hormone (TRH) from the hypothalamus is considered the key 

regulator of pituitary TSH release. However, this is not always the case for non-mammalian vertebrates 

(Gorbman and Hyder, 1973; Larsen et al., 1998; De Groef et al., 2006; Galas et al., 2009). In teleosts, 

the present data indicates that the TSH releasing factor is species-dependent and may include TRH, 

corticotropin releasing hormone (CRH) or other hypothalamic or non-hypothalamic endocrine factors 

(Larsen et al., 1998; Chowdhury et al., 2004; De Groef et al., 2006; Galas et al., 2009; Watanabe et al., 

2016; Campinho, 2019; Deal and Volkoff, 2020). Furthermore, some studies have indicated, that TSH 

secretion in fish is regulated mainly through inhibitory hypothalamic control (Peter and McKeown, 1975; 

Larsen et al., 1998; Chowdhury et al., 2004; MacKenzie et al., 2009). 

TSH is a glycoprotein composed of an α- and a β-subunit (MacKenzie et al., 2009). The α-subunit of 

TSH is nearly identical to that of FSH and LH. The β-subunit is structurally distinct and thus defines the 

functional specificity of the hormone (Pierce and Parsons, 1981; Maugars et al., 2014).  

TSH released by the pituitary is the key physiological regulator of thyroid function, stimulating TH 

biosynthesis (Norris and Carr, 2013).  

2.2. TH synthesis in the thyroid 

The thyroid activity is under the combined regulation of TSH from the pituitary gland and availability of 

iodine originating from external sources. 

The functional unit of the thyroid tissue in all vertebrates is the thyroid follicle, which entails a monolayer 

of polarised follicular epithelial cells (thyrocytes) with the apical surface facing the follicular lumen and 

the basolateral membrane facing the bloodstream. 

2.2.1. TSH receptor (TSHR) activation and signalling pathways 

Regulation of thyroid function by TSH is mediated via binding to G protein coupled TSHRs located at 

the basolateral membrane of the thyroid follicular epithelial cells. TSHR activation results in intracellular 

signalling via different G protein subtypes activating several second messenger systems. In humans, 

mainly the Gs and Gq subtypes are activated by TSHR activation (Allgeier et al., 1994; Kleinau et al., 

2017; Tuncel, 2017). Gs activates the adenylate cyclase/cyclic 3’,5’-adenosine monophosphate 

(AC/cAMP) pathway which leads to activation of the transcription of genes involved in TH synthesis: 

slc5a5 (nis), tg (thyroglobulin) and tpo (Van Heuverswyn et al., 1985; Chazenbalk et al., 1987; Riedel et 

al., 2001). Gq activates the phospholipase C/Ca2+ (PLC/Ca2+) pathway which regulates iodide apical 

efflux, H2O2 production and thyroglobulin (Tg) iodination (Corvilain et al., 1994; Van Sande et al., 2006; 

Pereira et al., 2020).  

The intracellular pathways activated by TSH have been shown to differ among mammals (Song et al., 

2010). E.g. in dogs, TSH activates only the cAMP cascade but not the PLC cascade. These differences 

may imply different toxicological consequences in different species. 

 
 



ENV/CBC/MONO(2023)17  27 

  
Unclassified 

 

Fig. 2. Signalling pathways activated by TSH in human thyroid follicular epithelial cells. TSH binds to the 

TSHR, activating Gs and Gq which activate two different regulatory pathways: AC/cAMP and PLC/Ca2+ 

pathways, respectively.  

AC/cAMP pathway: Gs activates AC, which converts adenosine triphosphate (ATP) to cAMP, which 

activates protein kinase A (PKA), which activates transcription of genes involved in TH production: 

slc5a5 (nis), tg and tpo.  

PLC pathway: Gq activation stimulates PLC that hydrolyses phosphatidylinositol 4,5-bisphosphate 

(PIP2) into diacylglycerol (DAG) and inositol 1,4,5-triphosphate (IP3). IP3 binds to its endoplasmic 

reticulum (ER) receptors releasing Ca2+.  Increased intracellular Ca2+ is followed by an increase of 

Ca2+ from the extracellular medium and calmodulin-dependent protein kinases (CaMK) activation. DAG 

activates the protein kinase C (PKC). CaMK and PKC activation regulate the iodide apical efflux, 

H2O2 generation and Tg iodination. (Based on Pereira et al., 2020). 

 

Compared to mammals, less information is available concerning the TSHR in fish. However, studies 

have shown that TSHR primary structure, functional properties and aspects of signalling are conserved 

between fish and mammals (Kumar et al, 2000; Oba et al., 2001; Farid and Szkudlinski, 2004; 

MacKenzie et al., 2009; Ponce et al., 2010; Opitz et al., 2011; Raldúa et al., 2012; Gao et al., 2016). 

2.2.2. Iodine uptake 

Biosynthesis of THs in the thyroid follicles requires the presence of adequate amounts of iodine (I) 

originating from external sources. Terrestrial vertebrates obtain almost all their iodine from the diet via 

efficient absorption of iodide (I-) to the bloodstream from the gastrointestinal tract (where all iodine is 

converted to iodide). In mammals, dietary iodide absorption is mediated by the NIS in the small intestine 

(Nicola et al., 2009). However, the primary source of iodine in fish is debated and probably differs 

between species. Dietary iodine enrichment studies suggest that fish, like terrestrial vertebrates, 

accumulate iodine from the diet via the gastrointestinal tract (Ribeiro et al., 2011). Additionally, marine 

fish drink seawater, which is a rich source of iodine potentially capable of ensuring adequate 

gastrointestinal iodide supplies. In situ hybridisation experiments have demonstrated slc5a5 (nis) 

expression in the gastrointestinal tract of zebrafish, further supporting this as a key site of iodine 
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transport into the general circulation (Holloway et al., 2021). Furthermore, studies suggest that fish may 

take up iodine from the ambient water across the gills (Hunn and Fromm, 1966). However, specific 

iodine transport mechanisms in the gills have not been established and little evidence has been found 

for slc5a5 (nis) expression in gills (Li et al., 2011c).  

Absorbed iodide is transported in the plasma to the thyroid tissue. Plasma iodide concentrations vary 

between fish species but are generally considerably higher in fish than in mammals (Eales and Brown, 

1993).  

2.2.3. TH biosynthesis and secretion 

The synthesis of THs takes place in the thyroid follicles, which are made up of a monolayer of epithelial 

cells surrounding an extracellular lumen filled with proteinaceous colloid (Fig. 3). 

TH synthesis requires two precursors: iodide and Tg (Pereira et al., 2020) and further involves TPO and 

H2O2 (Citterio et al., 2019). 

A first step in TH biosynthesis is the active uptake of circulating iodide in the thyroid tissue by NIS. The 

iodide is further transported into the colloid in the thyroid follicular lumen.  

The glycoprotein Tg is the substrate upon which THs are synthesised. It is expressed exclusively in the 

thyroid follicular epithelial cells and is the predominant protein produced in the thyroid follicles (Marino 

et al., 2000; Citterio et al., 2019). The overall structure of Tg is conserved in all vertebrates (Citterio et 

al., 2019). Within the thyroid follicular epithelial cells, newly synthesised Tg is packaged as dimers in 

secretory vesicles and excreted into the colloid by exocytosis.  

In the presence of H2O2 provided by the dual-function oxidase (DUOX) system, TPO oxidises iodide, 

and subsequently iodinates the phenolic ring of specific hormonogenic tyrosine residues in Tg (Citterio 

et al., 2019). This results in the formation of diiodotyrosine (DIT) and monoiodotyrosine (MIT), which are 

subsequently coupled by TPO resulting in the generation of mainly T4 (derived from two DITs) and to a 

lesser extent T3 (derived from one DIT and one MIT) on Tg (Citterio et al., 2019; Marinò et al., 2000). 

After endocytosis of Tg into the thyroid follicular epithelial cells, T4 and T3 are cleaved from the Tg 

backbone. The THs are secreted into the bloodstream via transporters such as monocarboxylate 

transporters (MCTs) at the basolateral plasma membrane (Citterio et al., 2019). The I- contained within 

uncoupled MIT and DIT is recycled by iodotyrosine dehalogenase 1 (Citterio et al., 2019).  
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Fig. 3. T4 synthesis. (Based on Barrett, 2003; Raldúa et al., 2012; Mondal et al., 2016). 

2.3. TH distribution  

After release to the bloodstream, THs, which are lipophilic, readily binds to TH distributor proteins. The 

function of these proteins is to keep THs in the circulatory system to ensure consistent distribution of 

TH to the target tissues by counteracting the tendency of THs to partition non-specifically into cell 

membranes. Less than 1% of the THs have been estimated to appear in the free (non-protein bound) 

form in the blood of both fish and mammals (Eales and Shostak, 1985; Rabah et al., 2019). The rest of 

the THs are reversibly bound to TH distributor proteins.  

Three major TH distributor proteins have been identified in the blood of vertebrates: albumin, 

transthyretin (TTR), and thyroxine-binding globulin (TBG). However, not all three proteins are found in 

all vertebrate classes.  

All adult vertebrates studied have albumin as a TH distributor protein in their blood (Richardson et al., 

1994; reviewed in Richardson, 2002). For some groups of adult vertebrates (in general: fish, amphibians, 

reptiles, monotremes and some polyprotodont marsupials), albumin is the only TH distributor protein. 

Other groups of adult vertebrates (in general: birds, diprotodont marsupials and some eutherians) 

possess both albumin and TTR in the blood. Some eutherians, including humans, have all three TH 

distributor proteins in the blood. 

During specific stages of development, some groups of vertebrates have an additional TH distributor 

protein present in their blood which is not present in the blood of adults. In some fish, amphibians, 

reptiles and polyprotodont marsupials, where albumin is the only TH distributor protein in adults, TTR 

has been shown to be additionally present during specific stages of development (Yamauchi et al., 1998; 
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1999; Prapunpoj et al., 2000; Richardson et al., 2005). In a diprotodont marsupial, TBG has been 

detected during development in addition to the albumin and TTR present in adults (Richardson et al., 

2005). 

The additional TH distributor proteins increase the TH distribution capacity, and their appearance seems 

to coincide with the transient surges of elevated TH levels in the blood that all vertebrates experience 

at specific stages during development (Hulbert, 2000; Richardson et al., 2005). In fish and amphibians, 

the rise in TH levels is often related to a metamorphic event (Hulbert, 2000; Yamauchi and Ishihara, 

2009), and the appearance of the additional TH distributor proteins may be associated with the capacity 

to meet increased TH requirements to support TH-dependent tissue transformations during 

metamorphosis. 

The relative contribution of each of the TH distributor proteins to the total TH distribution capacity differs 

between species. In humans, albumin is the most abundant TH distributor protein but binds THs with 

the lowest affinity, TTR appears at intermediate quantities and binds with intermediate affinity, and TBG 

is present in the lowest concentration but has the highest affinity for THs (reviewed in Rabah et al., 

2019). 

Both albumin and TBG have a higher affinity for T4 than for T3 in all studied species. Likewise, TTR 

binds T4 with a higher affinity than T3 in mammals. Conversely, TTR has a higher affinity for T3 than 

for T4 in birds, reptiles, amphibians and fish (reviewed in Power et al., 2000 and Rabah et al., 2019). 

Some studies suggest that in fish, T4 is distributed by albumin and T3 is distributed by TTR, based on 

the affinity of the proteins for T4 and T3 (Yamauchi et al., 1999; Power et al., 2000). 

The TH distributor proteins provide a buffering like system for maintaining the blood levels of 

physiologically relevant free THs that can enter cells (Hulbert, 2000; Rabah et al, 2019). Studies in 

different mammalian species have shown that the half-life of both T3 and T4 depends on the abundance 

of the high or low affinity transport proteins (Lewandowski et al., 2004). Perturbations of the thyroid axis 

are expected to be more likely to happen, the shorter the half-life of the TH is. 

2.4. Peripheral TH uptake and deiodination 

In the peripheral organs, the local concentrations of the THs are regulated relatively independent of the 

TH levels in the circulation by means of transmembrane transporters that facilitate the uptake and efflux 

of THs, and the intracellular DIO enzymes. 

Free TH from the circulation enters cells facilitated by specific transmembrane TH transporter proteins, 

including the monocarboxylate transporter 8 (MCT8), the monocarboxylate transporter 10 (MCT10) and 

the organic anion transporting polypeptide 1C1 (OATP1C1) (Arjona et al., 2011; Heijlen et al., 2013; 

Vatine et al., 2013; Zada et al., 2013; Campinho et al., 2014; de Vrieze et al., 2014; Silva et al., 2017; 

Zada et al., 2017; Groeneweg et al., 2019; Vancamp et al., 2019; Walter et al., 2019a; 2019b; 2019c; 

Admati et al., 2020). In medaka, studies have shown that the TH status influences the expression of 

mct8, mct10 and several OATP genes including oatp1c1 (Muzzio et al., 2014).  

Intracellular TH levels are regulated by specific deiodination processes which either activate or inactivate 

THs (Fig. 4). Three types of selenoprotein iodothyronine DIOs are expressed in zebrafish (Dong et al., 

2013).  

T4 is regarded as a comparatively inactive prohormone for T3 in genomic actions of THs. T3 is usually 

more potent than T4 in binding to the TR and regulating gene transcription. T3 is synthesised from 

circulating T4 in most peripheral tissues via the action of DIOs (Orozco and Valverde-R, 2005). DIO2 is 

considered to be the major TH activating DIO enzyme, catalysing the conversion of T4 to T3 via outer-

ring deiodination. DIO3 on the other hand performs inner-ring deiodination thereby converting T4 to TR 
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inactive reverse T3 (rT3) or T3 to inactive 3,3’-diiodothyronine (T2). DIO1 can perform both reactions, 

although it prefers rT3 over T4 and T3 as a substrate (Sanders et al., 1997). While DIO1 and DIO3 are 

plasma membrane proteins, DIO2 is an endoplasmic reticulum (ER) resident protein (Bianco and 

Larsen, 2005). 

 

Fig. 4. Overview of the major pathways of TH deiodination. The font size indicates the substrate 

preferences of the three different deiodinase isoforms, DIO1, DIO2 and DIO3. Green arrow indicates 

activation, while red arrows indicate inactivation. (Based on Darras and Van Herck, 2012). 

 

The expressions and activities of the different deiodinases may vary among species and among tissues 

and are major determinants of the plasma TH levels and of the availability of active hormones for TR 

binding (Orozco and Valverde, 2005; Gereben et al., 2015).  

DIOs are responsive to TH concentrations. DIO2 and DIO3 expression and activity respond to thyroidal 

status in an opposite way. In general, high levels of THs promote decreases in dio2 expression and 

DIO2 enzyme activity, while the contrary is the case for DIO3. Low levels of THs induce the opposite 

effect (Jarque and Piña, 2014). The mechanism through which thyroidal status regulates DIO activity is 

not known, although experiments suggest that the regulation occurs at a pre-translational level (Orozco 

and Valverde, 2005). 

The response of DIO1 to TH levels is variable, especially in fish (Darras and Van Herck, 2012). DIO1 is 

very inefficient in converting T4 into T3 when compared to DIO2 (Darras and Van Herck, 2012). Studies 

suggest that DIO1 has a subordinate role compared to DIO2 in zebrafish embryonic development under 

normal (euthyroid) conditions, since knockdown of dio1 alone does not have apparent effects on 

development prior to hatching (Walpita et al., 2010). By contrast, both DIO2 as well as DIO3 gene 

knockdown/knockout affect zebrafish development (Heijlen et al., 2014; Bagci et al, 2015; Houbrechts 

et al, 2016a; 2016b). While DIO2 is essential for the local generation of sufficient levels of T3 available 

for tissue differentiation, DIO3 has the proposed functions of protecting tissues from excessive T3 levels 

and favouring cell proliferation (Galton, 2005; Bouzaffour et al., 2010; Dentice and Salvatore, 2011; 

Heijlen et al., 2014).  
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2.5. TH binding to TRs 

The major pathway of initiation of biological actions of T3 is via binding to nuclear TRs in target cells. 

To exert genomic effects, cytoplasmic T3 enters the nucleus and binds to nuclear TRs with high affinity 

and specificity.  

Most vertebrates only have two nuclear TR genes, encoding TRα (thra (or thrα or trα)) and TRβ (thrb 

(or thrβ or trβ)), respectively. However, as a result of ancestral teleost specific genome duplication, the 

zebrafish genome contains two TRα genes (thraa and thrab), together with a single TRβ gene (thrb) 

(García-Cegarra et al., 2013). The thraa gene encodes at least two receptor isoforms (TRα1S (or 

TRαA1) and TRα1L (or TR αA1-2)) and thrab encodes a single receptor (TRαB) with possibly limited 

transactivation activity (Takayama et al., 2008; Darras et al., 2011; Marelli et al., 2016; Marelli and 

Persani, 2018). The thrb gene encodes three isoforms (TRβ1S, TRβ1L and TRβ2) (Marelli et al., 2016; 

Marelli and Persani, 2018).  

TRs function as hormone-activated transcription factors that upon activation by TH control the 

expression of a broad range of genes. The specific genomic actions of TRs are influenced by the local 

availability of T3, by the relative presence of the TR isoforms and nuclear receptor corepressors and 

coactivators, and by the sequence and location of the TH response element (TRE) (Brent, 2012). 

TRs form various receptor complexes (monomers, homodimers and heterodimers (e.g. with retinoid X 

receptors (RXRs)). However, their specific roles may vary depending upon the ligand availability and 

gene context (Singh et al., 2018).  

A high level of sequence homology between mammalian and fish TRs indicates that they probably bind 

THs, undergo dimerisation and regulate gene transcription in a similar mode (Porazzi et al., 2009).  

In the classical model of TR action, unliganded TR binds to RXR to form a heterodimer which binds to 

a TRE and then to a corepressor, repressing gene expression. T3 binding to the ligand-binding domain 

results in release of the corepressor and promotion of coactivator binding which initiates gene 

transcription (Brent, 2012; Yen, 2015; Mendoza and Hollenberg, 2017).  

Furthermore, TH can negatively regulate some target genes, although the molecular mechanism is 

uncertain (Menzoza and Hollenberg, 2017).  

In addition to TH actions involving direct regulation of transcription by TR, non-genomic actions initiated 

by THs at receptors in the plasma membrane, at cytoplasmic hormone binding proteins, or in 

mitochondria have been identified (Davis et al., 2018).  

2.6. TH metabolism 

The main classical pathways of TH metabolism are deiodination, sulfation and glucuronidation (van der 

Spek et al., 2017). 

DIO3 is regarded as the major TH inactivating deiodinase catalysing inner-ring deiodination of T3 and 

T4, resulting in T2 and rT3 (Fig. 4).  

DIO3 is the main deiodinase expressed during embryonic life (Parsons et al., 2020), and its activity is 

usually much higher than that detected in adult tissues (Orozco et al., 2012). DIO3 is assumed to protect 

tissues from an overload of THs during ontogeny and favour cell proliferation (Galton, 2005; Bouzaffour 

et al., 2010; Dentice and Salvatore, 2011; Heijlen et al., 2014).   

In adult animals, the brain is usually the tissue with the highest DIO3 activity (Sutija and Joss, 2006), 

whereas hepatic expression of DIO3 is limited to embryonic life in most vertebrates (Orozco et al., 2012). 



ENV/CBC/MONO(2023)17  33 

  
Unclassified 

A second main pathway in TH metabolism is sulfation of the phenolic hydroxyl group; a reaction 

catalysed by phenol sulfotransferase (SULT). Sulfate conjugation of THs primarily occurs in the liver 

(van der Spek et al., 2017). Sulfation facilitates deiodination of T4 to inactive rT3 by DIO1, while sulfation 

of T4 blocks the outer ring deiodination by DIO1 and thereby the conversion to T3 (Moreno et al., 1994; 

Wu et al., 2005).  

Although DIO1 can deiodinate both the inner- and the outer-ring of T4 and T3, it prefers rT3, sulfated 

T3 and sulfated T4 over T3 and T4 as substrates (Moreno et al., 1994). Consequently, the main role of 

DIO1 is to degrade biologically inactivated TH (van der Spek et al., 2017). 

Another main pathway in TH metabolism is glucuronidation in which a glucuronic group is conjugated 

to the phenolic hydroxyl group in THs. This coupling reaction is catalysed by uridinediphosphate-

glucuronosyltransferase (UGT) with UDP-glucoronic acid as a cofactor. Glucoronidation takes place in 

the liver and kidneys, and increases the water solubility of THs, which facilitates the excretion through 

the bile and urine (van der Spek et al., 2017). 

Relatively minor pathways in TH metabolism include ether-link cleavage and oxidative deamination or 

decarboxylation of the alanine side chain of THs (van der Spek et al., 2017). 

2.7. TH homeostasis 

The thyroid cascade has a substantial capacity to compensate for disturbances that would otherwise 

disrupt TH homeostasis, which in the present context implies the maintenance of TH levels suitable for 

a given physiological state.  

In mammals, both T3 and T4 levels are regulated via negative feedback by both T3 and T4 on the HPT 

axis. Circulating TH feeds back on the hypothalamus and the pituitary to inhibit the release of TRH and 

TSH, respectively (Chiamolera and Wondisford, 2009).  

The relative significance of the HPT axis and the peripheral deiodination activity in maintaining TH 

homeostasis in fish is debated. It has been proposed that the HPT axis mainly controls T4 homeostasis, 

while T3 homeostasis in both plasma and tissues is mainly controlled by regulation of peripheral T4 

deiodination (Eales et al., 1999). Other studies examining the regulation of TSH expression in fish have 

supported a role for both T3 and T4 in central negative feedback (MacKenzie et al., 2009). Both T3 and 

T4 appear to modify the transcription of the β unit of TSH in the pituitary gland, which regulates the 

release of TSH and thereby the maintenance of stable TH concentrations in the circulation (Pradet-

Balade et al., 1997; 1999; Yoshiura et al., 1999).  
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Zebrafish development proceeds from fertilisation of the egg through embryo, larva and juvenile stages 

to adulthood (Parichy et al., 2009). The THS has been shown (e.g. via MO knockdown) to play an 

essential role in different stages of zebrafish development, although the exact molecular role of THs 

during development has not been fully characterised (Bohnsack and Kahana, 2013). Furthermore, other 

signalling pathways, e.g. retinoic acid and IGF-1, may also interact with the THS in the regulation of the 

development (Bohnsack and Kahana, 2013;  Molla et al., 2019). 

3.1. The THS during embryonic development 

The period of embryonic development includes a pre-hatching stage and an eleutheroembryo stage, 

i.e., the stage between hatching and onset of exogenous feeding (Verbueken et al., 2018). 

Until embryonic TH synthesis is active, the earliest stages of teleost fish are dependent on maternally 

provided THs stored in the yolk sac (Porazzi et al, 2009). T4 and T3 concentrations of around 11 and 6 

ng/g, respectively, have been measured in the yolk of chum salmon (Oncorhynchus keta) at the time of 

hatching (Tagawa and Hirano, 1989). However, in zebrafish, both tpo, ttr, dio1, dio2, dio3a, dio3b, thra 

and thrb are expressed very early in pre-hatch embryos prior to thyroid development, suggesting that 

not all TH present prior to the appearance of thyroid follicles is derived from maternal sources (Walpita 

et al., 2007; Vergauwen et al., 2018). 

The zebrafish thyroid tissue originates from the pharyngeal endoderm (Zada et al., 2017). The onset of 

thyroid development in fish resembles that of higher vertebrates, with the key transcription factors for 

thyroid differentiation, hhex (hematopoietically expressed homeobox), nkx2.1a/nkx2.4b (NK2 class 

homeobox) and pax2a (paired box 2.1), appearing at around 24 hpf (Rohr and Concha, 2000; Elsalini 

et al., 2003; Porazzi et al., 2009). In addition, from about 28 hpf, pax8 (paired box 8) is expressed in the 

thyroid precursor cells of zebrafish (Wendl et al., 2002). Thyroid development begins at 32 hpf, when 

evagination from the pharyngeal epithelium is completed to form the thyroid primordium (Rehberger et 

al., 2018). The first thyroid follicle differentiates at around 55 hpf (Alt et al., 2006) and is positive for T4 

by 60 hpf (Wendl et al., 2007). During subsequent development, an increasing number of follicles appear 

further posterior along the ventral aorta (Wendl et al., 2002; Elsalini et al., 2003; Alt et al., 2006).  

Zebrafish usually hatch around 48-72 hpf at a temperature of 28.5°C (Kimmel et al., 1995) and findings 

suggest an inhibitory role of THs in hatching (Reddy and Lam, 1991). The observed decline in T4 

contents of zebrafish eggs from 48-72 hpf (Chang et al., 2012) possibly facilitates hatching.  

Sustained endogenous T4 production in the thyroid follicles by 72 hpf is able to compensate for the 

diminishing pool of maternally derived T4 (Porazzi et al., 2009). In the zebrafish pituitary thyrotropes, 

tshβ and dio2 are coexpressed by 48 hpf and TH-driven negative feedback regulation of tshβ 

transcription occurs in the thyroid axis by 96 hpf (Tonyushkina et al., 2014). 

3.  The role of the thyroid hormone 

system in zebrafish development 
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3.2. Role of THs in embryonic-to-larval transition 

At around 3-7 dpf (Liu and Chan, 2002; Verbueken et al., 2018; Vergauwen et al., 2018), depending on 

rearing conditions (Wilson, 2012), zebrafish undergo an embryonic-to-larval transition. Major 

developmental transformations are required to prepare for active locomotion and exogenous feeding. 

These include cartilagination of the pectoral fins and finfolds for active swimming, inflation of the 

posterior swim bladder for buoyancy control, resorption of the yolk sac, and structural and functional 

maturation of the mouth and gastrointestinal tract to cope with live prey (Liu and Chan, 2002). 

The embryonic-to-larval transition depends on TH signalling (Liu and Chan, 2002; Chang et al, 2012; 

Walter et al., 2019c). A rapid increase in zebrafish whole-body T4 content is observed from 3-5 dpf, 

which is presumably related to the embryonic-to-larval transition (Chang et al., 2012). Expression levels 

of slc5a5 (nis), tpo, tg, ttr, dio1, dio2, dio3a, thra and thrb in zebrafish increase throughout the transition 

period, further reflecting the importance of the THS in this developmental event (Vergauwen et al., 

2018).  

3.3. Role of THs in larval-to-juvenile transition (metamorphosis) 

The larval-to-juvenile transition occurs around 14-33 dpf in zebrafish (Brown, 1997; Liu and Chan, 2002; 

Parichy and Turner, 2003; Vergauwen et al., 2018). It is a gradual process with no fixed borders since 

it depends on rearing conditions and on the morphological endpoint analysed (Alfonso et al., 2020). 

Major changes occurring during the larval-to-juvenile transition include the development of the adult 

pigmentation pattern, the formation of scales, the development of adult fin morphology, the ossification 

of the axial skeleton and the inflation of the anterior swim bladder chamber (Brown, 1997; Liu and Chan, 

2002). 

THs are viewed to be essential in the larval-to-juvenile transition of fish as reviewed by Campinho 

(2019). A rapid increase in whole-body T4 levels from 14 to 21 dpf has been observed in zebrafish 

(Chang et al., 2012), which indicates that T4 is correlated with the transition. Furthermore, increases in 

whole-body dio1 and dio2 expression levels and concomitant decrease in dio3 expression levels have 

been observed in zebrafish during the larval-to-juvenile transition phase, suggesting an increased 

demand for activation of T4 to T3 (Vergauwen et al., 2018). Although the increase in TH levels during 

metamorphosis correlates with tissue-specific genetic responses, the detailed molecular and cellular 

events mediating each metamorphic event are not clear (Campino, 2019). 

Juvenile morphology closely resembles adult morphology; however, the fish are not considered adults 

until they become sexually mature at around 2-3 months of age (Parichy et al., 2009; Lawrence et al., 

2012; Nasiadka and Clark, 2012; Singleman and Holtzman, 2014).  
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4.1. THS disruption  

The normal functioning of the THS is essential for the control of early development, growth, metabolism 

and reproduction in all vertebrates.  

Due to the complexity of the THS, chemicals with THS related MOA may exert impact on several points 

in the thyroid cascade. These include 1) interferences with T4 synthesis (TSH, NIS, Tg, TPO), 2) TH 

distribution, 3) peripheral uptake (e.g. MCT8) and activation to T3 (DIO), 4) interaction with TR, 5) TH 

metabolism (liver conjugating enzymes) and 6) feedback mechanisms. Thus, key MIEs (molecular 

initiating events) for THS disruption include 1) NIS inhibition, 2) TPO inhibition, 3) DIO inhibition and 4) 

interaction with TRs, TH distributor proteins and cell membrane transporters (e.g. MCT8). 

In some mammals, induction of liver conjugating enzymes has been shown to lead to THS disruption, 

and phenobarbital, β-naphthoflavone and clofibric acid have been used as model compounds for this 

mechanism (Runge-Morris et al., 1998; Viollon-Abadie et al., 2000; Cunha and van Ravenzwaay, 2005; 

Noyes et al., 2019). However, it largely remains to be explored whether the THS of fish is affected when 

exposed to chemicals acting through this mechanism. Only two studies were found examining the effects 

of one of the three mammalian model compounds on the THS of fish. In one study, β-naphthoflavone 

significantly decreased plasma T4 levels in European eels (Anguilla anguilla), whereas T3 and TSH 

levels remained constant (Teles et al., 2005). In another study, T4 and T3 levels decreased, whereas 

TSH levels increased in Indian major carp (Cirrhinus mrigala) after exposure to clofibric acid (Saravanan 

et al., 2014).  

Since endocrine disrupters are defined by both endocrine activity and a population-relevant adverse 

effect, with a (plausible) link between the two (WHO/IPCS, 2002; EFSA Scientific Committee,  2013; 

Munn and Goumenou, 2013), it is crucial to determine which endpoints can be considered population-

relevant. Generally, survival, development, growth and reproduction are considered population-relevant 

endpoints (Weltje et al., 2013; Marty et al., 2017; OECD, 2018). However, while potentially of concern 

from the viewpoint of environmental hazard identification/characterisation, effects on survival or growth 

could be non-specific consequences of other toxic effects and, thus, may not be linked to an endocrine 

modality and would not on its own lead to the conclusion that the chemical is an endocrine disrupter in 

fish (OECD, 2018). Behavioural changes could in some cases be population-relevant, i.e. changes in 

sexual, feeding or fear response behaviour, but are not yet validated and with the currently available 

techniques difficult to quantify and relate to adversity. 

Adverse outcome pathways (AOPs) connect MIEs to adverse outcomes in organisms via a series of 

intermediate cellular, organ and organism level key events (KEs) linked by KE relationships (OECD, 

2017). MIEs and/or KEs may be shared by multiple AOPs, generating AOP networks, which add to the 

complexity of THS disruption. 

4.  Thyroid hormone system related 

endpoints 
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The ideal endpoint for inclusion in fish TGs would be an easily assessed, reliable, robust, sensitive and 

specific KE covering all THS disrupting MIEs and linked to population-relevant adverse outcomes. 

4.2. Identification of THS related effects from model compound studies  

Several studies on potential THS related endpoints have been published during the recent years. The 

potential THS related endpoints have largely been identified through examination of typical effect 

patterns of model compounds disrupting the THS through different MIEs. In general, the various MIEs 

leading to THS disruption can be divided in those leading to effects on TH levels and those leading to 

effects on TH binding. Especially the effects of compounds influencing TH levels by inhibiting the 

enzymes involved in TH synthesis have been examined. The NIS inhibitor perchlorate and the TPO 

inhibitor (and possibly DIO inhibitor) propylthiouracil (PTU) are among the most used chemicals to 

determine the effects of inhibited thyroidal TH synthesis, while the DIO inhibitor iopanoic acid has been 

used to examine the effects of disrupted peripheral T3 regulation. These model compounds have been 

selected in this DRP as case studies representative of effects of disrupted TH levels on potential 

endpoints. Furthermore, tetrabromobisphenol A (TBBPA) has been selected as a case study 

representative of effects of disrupted TH binding on potential endpoints, based on the well-documented 

interaction of TBBPA with TRs and TTR (Meerts et al., 2000; Kitamura et al., 2002; Hamers et al., 2006).  

4.2.1. Perchlorate: NIS inhibition 

Perchlorate is a naturally occurring and manufactured oxidising agent applied in e.g. rocket fuels, 

explosives, fireworks and air bag inflators (Nizinski et al., 2021). 

Perchlorate competitively inhibits iodide uptake by NIS in the thyroid follicles, thereby lowering the 

synthesis of THs. 

Table 2 summarises the THS related effects of perchlorate observed in fish and is followed by a more 

detailed description of effects of perchlorate on potential THS related endpoints. 
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Table 2. Summarised THS related effects of perchlorate in fish 

Endpoint Species Effect NOEC LOEC Reference 

Thyroid 
histopathology 

Zebrafish 
(juveniles) 

↑ Thyrocyte height 
↓ Colloid 
↑ Follicle number 
↑ Thyrocyte hyperplasia 

0.25 mg/L 
0.125 mg/L 
0.25 mg/L 
0.25 mg/L 

0.5 mg/L 
0.25 mg/L 
0.5 mg/L 
0.5 mg/L 

Schmidt et al., 2012 
 

Zebrafish 
(juveniles) 

↑ Thyrocyte height 
↓ Colloid 

- 
- 

10 mg/L 
10 mg/L 

Mukhi and Patiño, 
2007 

Zebrafish 
(juveniles) 

↑ Thyrocyte height 
↓ Colloid 

- 
- 

100 mg/L 
100 mg/L 

Mukhi et al., 2007 
 

Zebrafish 
(juveniles) 

↑ Thyrocyte height 0.5 mg/L 5 mg/L Schmidt et al., 2017 
 

Zebrafish 
(juveniles) 

↑ Thyrocyte height - 100 mg/L Sharma and Patiño, 
2013 

Zebrafish 
(adults) 

↑ Thyrocyte height 
↓ Colloid 
↑ Follicle area 
↑ Thyrocyte hyperplasia 

- 
- 
- 
- 

10 mg/L 
10 mg/L 
10 mg/L 
10 mg/L 

Liu et al., 2006,  
 

Zebrafish 
(adults) 

↑ Thyrocyte height 
↓ Colloid 

0.09 mg/L 
0.011 mg/L 

1.13 mg/L 
0.09 mg/L 

Mukhi et al., 2005 
 

Zebrafish 
(adults) 

↑ Thyrocyte nuclear size 
↓ Colloid 
↑ Thyrocyte hyperplasia 

- 
- 
- 

18 mg/L 
18 mg/L 
18 mg/L 

Patiño et al., 2003a 

Fathead 
minnow 
(larvae/juvenile
s) 

↑ Thyrocyte height 
↓ Colloid 
↑ Thyrocyte hyperplasia 

- 
- 
- 

1 mg/L 
1 mg/L 
1 mg/L 

Crane et al., 2005 
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Endpoint Species Effect NOEC LOEC Reference 

Threespine 
stickleback 
(subadults and 
adults) 

↑ Thyrocyte height (subadults only) 
↓ Colloid 
↓ Follicle area (adults only) 
↑ Follicle number 

- 
- 
- 
- 

10 mg/L 
10 mg/L 
10 mg/L 
10 mg/L 

Gardell et al., 2017 
 

Threespine 
stickleback 
(larvae, 
juveniles, 
adults) 

↑ Follicle number (larvae, juveniles, adults) 
↓ Follicle size (adults) 
↓ Thyrocyte number (adults) 
↑ Thyrocyte height (juveniles) 
↓ Thyrocyte height (adults) 

- 
- 
- 
- 
- 

100 mg/L 
100 mg/L 
100 mg/L 
100 mg/L 
100 mg/L 

Petersen et al., 
2015 
 

Threespine 
stickleback 
(adults) 

↑ Follicle number 
↓ Follicle size  
↑ Thyrocyte height 

- 
- 
30 mg/L 

30 mg/L 
30 mg/L 
100 mg/L 

Furin et al., 2015b 

 

Eastern 
mosquitofish 
(adults) 

↑ Thyrocyte height 
↑ Colloid 
↑ Thyrocyte hyperplasia 

- 
- 
- 

0.1 mg/L 
0.1 mg/L 
0.1 mg/L 

Bradford et al., 
2005 
 

Rainbow trout 
(immature,  
5 months old) 

↑ Thyrocyte height 
↑ Number of thyroid follicles 

- 
- 

300 mg/L 
300 mg/L 

van Putten et al., 
1983 
 

 

     

     

     

 T    
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Endpoint Species Effect NOEC LOEC Reference 

     

T4, T3 and TSH 
levels 

Zebrafish 
(juveniles) 

↓ Whole-body T4 0.5 mg/L 5 mg/L Schmidt et al., 2012 
 

Zebrafish 
(adults) 

↓ Whole-body T4 
↔ Whole-body T3 

- 
10 mg/L 

10 mg/L  
- 

Mukhi and Patiño, 
2007 

Zebrafish 
(adults) 

↔ Whole-body T4 11.48 mg/L - Mukhi et al., 2005 
 

Medaka 
(adults) 

↓ Blood T4 
↔ Blood T3 

- 
100 mg/L 

100 mg/L  
- 

Lee et al., 2014 
 

Fathead 
minnow 
(larvae/juvenile
s) 

↑ Whole-body T4 
↔ Whole-body T3 
↓ T3/T4 ratio 

10 mg/L 
100 mg/L 
10 mg/L 

100 mg/L 
- 
100 mg/L 

Crane et al., 2005 
 

Threespine 
stickleback 
(adults) 

↔ Whole-body T4 
↔ Whole-body T3 

30 mg/L 
30 mg/L 

- 
- 

Furin et al., 2015b 

 

Threespine 
stickleback 
(adults) 

↔ Whole-body T4 
↔ Whole-body T3 

100 mg/L 
100 mg/L 

- 
- 

Gardell et al., 2015 
 

Threespine 
stickleback 
(subadults, 
adults) 

↔ Whole-body T4 
↔ Whole-body T3 

100 mg/L 
100mg/L 

- 
- 

Gardell et al., 2017 
 

Threespine 
stickleback 
(larvae, 
juveniles, 

↔ Whole-body T4  
↔ Whole-body T3 (except at lowest conc.) 

10 mg/L 
- 

- 
10 mg/L 

Petersen et al., 
2015 
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Endpoint Species Effect NOEC LOEC Reference 

adults) 

Chinese rare 
minnow  
(adults) 

↔ Plasma T4 (males and females) 
↓ Plasma T3 (males) 
↔ Plasma T3 (females) 

0.005 mg/L  
- 
0.005 mg/L 

- 
0.05 mg/L 
- 

Li et al., 2011b 
 
 

Eastern 
mosquitofish 
(adults) 

↓ Whole-body T4 - 0.1 mg/L Bradford et al., 
2005 
 

Catfish 
(adults) 

↑ Pituitary TSH  - 5 mg/fish Singh et al., 1977 
 

Zebrafish 
(embryos) 

↓ T4 in thyroid follicles - 274  mg/L Raldúa and Babin, 
2009 

Zebrafish 
(embryos) 

↓ T4 in thyroid follicles - 0.4 mg/L Thienpont et al., 
2011 

Zebrafish 
(embryos) 

↓ T4 in thyroid follicles - 2000 mg/L Li et al., 2012 

Zebrafish 
(embryos) 

↓ T4 in thyroid follicles - 250 mg/L Alt et al., 2006 

Zebrafish 
(adults) 

↓ Intensity of colloidal T4 ring in follicles - 0.011 mg/L Mukhi et al., 2005 
 

Gene expression 
 

Medaka 
(adults) 
 

↓ thra 
↓ thrb 
↑ dio2 

- 
- 
- 

100 mg/L 
100 mg/L 
100 mg/L 

Lee et al., 2014 
 

Chinese rare 
minnow  
(larvae, adults) 

↓↑↔ slc5a5 (depends on age and exp. 
time) 
↓↔ dio1 (depends on exposure time) 

- 
- 
- 

0.05 mg/L 
0.05 mg/L 
0.005 mg/L 

Li et al., 2011b 
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Endpoint Species Effect NOEC LOEC Reference 

↓↑↔ dio2 (depends on age and exposure 
time) 
↓↔ dio3 (depends on exposure time) 

- 0.005 mg/L 

Skin pigmentation 

Zebrafish 
(juveniles) 

↓ Pigmentation - 100 mg/L Mukhi et al., 2007 
 

Zebrafish 
(juveniles) 

↓ Pigmentation - 250 mg/L Brown, 1997c 

Fathead 
minnow 
(larvae/juvenile
s) 

↓ Pigmentation 1 mg/L 10 mg/L Crane et al., 2005 
 

Threespine 
stickleback 
(adults) 

↓ Pigmentation 12 mg/L 30 mg/L Bernhardt et al., 
2011d 

 

Chinese rare 
minnow 
(larvae) 

↔ Pigmentation 0.05 mg/L - Li et al., 2011b 
 

Swim bladder 

Zebrafish 
(embryos) 

↓ Inflation - 200 mg/L Jomaa et al., 2014  

Chinese rare 
minnow  
(larvae) 

↓ Inflation - 0.05 mg/L Li et al., 2011b 
 

Craniofacial 
development 

Zebrafish 
(F1 embryos) 

↓ Jaw development - 100 mg/L Mukhi and Patiño, 
2007 

Fins 
Zebrafish 
(juveniles) 

↓ Differentiation and growth of pectoral fins 
↓ Differentiation and growth of pelvic fins 

- 
- 

250 mg/L 
250 mg/L 

Brown, 1997c 
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Endpoint Species Effect NOEC LOEC Reference 

Threespine 
stickleback 
(adults) 

↓ Length of pectoral fins 30 mg/L 60 mg/L Bernhardt and von 
Hippel, 2008d 

Scales 

Zebrafish 
(juveniles) 

↓ Development - 250 mg/L Brown, 1997c 

 

Fathead 
minnow 
(larvae/juvenile
s) 

↓ Development 1 mg/L 10 mg/L Crane et al., 2005 
 

Eye 
Zebrafish 
(embryos) 

↔ Eye size 2000 mg/L - Li et al., 2012 
 

Behaviour 
Threespine 
stickleback 
(adults) 

↓ Swimming performance 
↓ Nest building 
↓ Courtship behaviour 

- 
- 
- 

30 mg/L 
30 mg/L 
30 mg/L 

Bernhardt and von 
Hippel, 2008d 

 

a Mortality in the 18 mg/L group was reported as random and rare throughout the experimental period. However, signs of general toxicity and some acute 

mortality was observed in the 677 mg/L group. 

b Greater mortality of females was observed in the 100 mg/L treatment. 

c 500 mg/L was toxic to zebrafish. 

d Threespine sticklebacks treated with ≥30 mg/L suffered higher mortality rates than the negative control fish. 
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4.2.1.1. Thyroid histopathology 

Histopathological effects of perchlorate exposure have been examined in adult zebrafish (Liu et al., 

2006; Mukhi et al., 2005; Patiño et al. 2003); in juvenile zebrafish exposed from 0-35 dpf (Schmidt et 

al., 2012), from 3-33 dpf (Mukhi et al., 2007), from 4-33 dpf (Sharma and Patiño, 2013), for 5 weeks 

(Schmidt et al., 2017) or  for 10 weeks (Mukhi and Patiño, 2007); in fathead minnow larvae exposed 

from 0-28 dpf (Crane et al., 2005); in threespine sticklebacks exposed from fertilisation through to 

adulthood (Furin et al., 2015; Petersen et al., 2015; Gardell et al., 2017); in adult eastern mosquitofish 

(Bradford et al., 2005); and in immature rainbow trout (van Putten et al., 1983). 

Exposure to perchlorate caused various changes in thyroid histology in fish. Increased follicular epithelial 

cell height was observed in all the fish species and stages (juveniles and adults) examined for thyroid 

histopathological effects of perchlorate, except for one study where follicular epithelial cell height 

decreased in adult sticklebacks although it was increased in juveniles (Petersen et al., 2015). Further 

frequently observed effects of perchlorate exposure included increased number of thyroid follicles and 

follicular epithelial cell hyperplasia. Moreover, perchlorate caused various degrees of depletion of colloid 

content in the thyroid follicles of zebrafish, fathead minnow and threespine stickleback but induced 

colloid in eastern mosquitofish. The sensitivity of the various histopathological endpoints differed 

between the studies. 

4.2.1.2. TH levels 

No significant effects of ammonium perchlorate on whole-body T4 concentrations in adult zebrafish were 

observed after 12 weeks of exposure to 11 mg/L (Mukhi et al., 2005). However, exposure to 10 or 100 

mg/L perchlorate for 16 weeks greatly suppressed whole-body T4 concentrations in adult zebrafish 

(Mukhi and Patiño, 2007). Likewise, T4 content was decreased while T3 content was unchanged in 

embryos derived from the exposed parents. Significantly reduced T4 levels were also observed in 

zebrafish after exposure to perchlorate from 0-35 dpf (Schmidt et al., 2012). In adult medaka, T4 

concentrations were significantly decreased, while T3 levels remained constant following exposure to 

perchlorate for 7 days (Lee et al., 2014). 

Whole-body T4 content in fathead minnows exposed to perchlorate until 28 dpf was significantly 

elevated, but T3 content was not significantly affected (Crane et al., 2005). Consequently T3/T4 ratios 

were significantly decreased in fathead minnows exposed to perchlorate. 

Whole-body T3 and T4 concentrations were not significantly affected by perchlorate exposure in 

threespine sticklebacks exposed as adults to 100 ppm (Gardell et al., 2015) or from fertilisation until 336 

dpf to 10, 30 or 100 ppm (Gardell et al., 2017). Likewise, T4 and T3 concentrations in larval, juvenile 

and adult whole threespine stickleback chronically exposed to 10, 30 or 100 ppm perchlorate were not 

significantly different from controls, except for T3 at the lowest perchlorate concentration indicating a 

non-monotonic dose response curve (Petersen et al., 2015). 

No significant effects on plasma T4 were observed in adult Chinese rare minnows (Gobiocypris rarus) 

exposed to perchlorate for 21 days (Li et al., 2011b). However, the plasma T3 level in males decreased 

significantly after perchlorate treatment. 

Perchlorate reduced whole-body T4 concentrations in adult eastern mosquitofish exposed for 30 days, 

but clear dose-response relationships were less evident for T4 than for histopathological endpoints 

(Bradford et al., 2005). 

Administration of perchlorate once a week for 8 weeks significantly elevated the TSH level in the pituitary 

gland of catfish (Singh et al., 1977). 
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An accumulation of T4 immunoreactivity at the interphase between the follicular epithelium and the 

colloid lumen has been observed. This colloidal T4 ring may reflect the accumulation of T4 at its site of 

synthesis, and thus represent the level of TH synthetic activity in the thyroid follicles (Mukhi et al., 2005; 

Mukhi and Patiño, 2007).  

Perchlorate caused a decrease in the colloidal T4 ring intensity (optical density) of adult zebrafish thyroid 

follicles at 2 and 12 weeks of exposure (Mukhi et al., 2005). Colloidal ring intensity was the most 

sensitive of the evaluated endpoints, which also included thyroid histology and T4 concentrations. The 

intensity of the colloidal T4 ring was still reduced after 12 weeks of recovery of the fish.  

Furthermore, perchlorate suppressed T4 immunoreactivity in thyroid follicles in an immunofluorescence 

quantitative test with zebrafish eleutheroembryos from 2-5 dpf (Raldúa and Babin, 2009; Thienpont et 

al., 2011) and in zebrafish embryos treated from 1-4 dpf (Li et al., 2012) or 0-5 dpf (Alt et al., 2006).  

4.2.1.3. Gene expression 

The expression of slc5a5 (nis) was significantly downregulated after exposure for 7 days, significantly 

upregulated after exposure for 14 days, but showed no significant variation after exposure for 21 days 

to perchlorate in Chinese rare minnow larvae (Li et al., 2011b).  In the livers of adult fish, the expression 

of sls5a5 was significantly downregulated after exposure for 7 or 14 days and significantly upregulated 

after exposure for 21 days. The expression of slc5a5 was generally upregulated in the brains of the adult 

fish. 

Significant downregulation of thra and thrb transcripts and upregulation of dio2 transcripts were 

observed in adult medaka exposed to perchlorate for 7 days (Lee et al., 2014). In livers of adult Chinese 

rare minnows, dio3 expression levels were downregulated at 7-day exposure, while no significant effects 

were observed for dio1 or dio2 (Li et al., 2011b). After 14-day exposure, an upregulation of dio2 

expression and a downregulation of dio1 and dio3 expressions were observed. No significant changes 

in the expression of dio1, dio2 or dio3 in the livers were observed after exposure for 21 days. In the 

brains of the adult male fish, a general upregulation of dio2 expression was observed after exposure for 

7 or 14 days, while dio2 expression was significantly downregulated after 21-day exposure. In the brains 

of the adult females, a general downregulation of dio2 and dio3 expression was observed. In larvae, 

dio2 mRNA levels were downregulated after exposure to perchlorate for 7 days and upregulated after 

exposure to perchlorate for 14 or 21 days.  

4.2.1.4. Skin pigmentation 

Perchlorate reduced the development of skin pigmentation in zebrafish exposed from 3-33 dpf (Mukhi 

et al., 2007) or from 14-65 dpf (Brown, 1997); in fathead minnows exposed from 0-28 dpf (Crane et al., 

2005); and in threespine sticklebacks spawned and raised to sexual maturity in perchlorate treated water 

(Bernhardt et al., 2011). However, no significant effects of perchlorate exposure on the skin pigmentation 

were observed 21 dph in Chinese rare minnows (Li et al., 2011b). 

4.2.1.5. Swim bladder 

Upon exposure to sodium perchlorate from 0-5 dpf, deflated swim bladders were observed in 12% of 

zebrafish embryos (Jomaa et al., 2014). Likewise, retarded swim bladder development was observed in 

larval Chinese rare minnow after perchlorate treatment for 21 days (Li et al., 2011b).  
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4.2.1.6. Craniofacial development 

In zebrafish, offspring from parents exposed to perchlorate showed a significantly reduced forward 

protrusion of the Meckel’s cartilage (which forms the lower jaw) and the ceratohyal cartilage (which 

supports the lower jaw) at 4 dpf (Mukhi and Patiño, 2007). 

4.2.1.7. Fins 

Perchlorate inhibited differentiation and growth of pectoral and pelvic fins in zebrafish exposed from 14-

65 dpf (Brown, 1997), and likewise decreased the length of pectoral fins in threespine sticklebacks 

exposed throughout development (Bernhardt and von Hippel, 2008). 

4.2.1.8. Scales 

The development of scales was delayed in zebrafish (Brown, 1997) and fathead minnow (Crane et al., 

2005) exposed to perchlorate.  

4.2.1.9. Eye 

Potassium perchlorate did not significantly affect eye size in zebrafish larvae 3-5 dpf (Li et al., 2012). 

4.2.1.10. Behaviour 

While no significant behavioural effects were observed in a stickleback parent generation exposed to 

perchlorate as adults, poor swimming ability, and inhibition of nest construction and courtship behaviour 

were observed in their offspring exposed for one year throughout development (Bernhardt and von 

Hippel, 2008). 

4.2.1.11. General conclusions on perchlorate 

Several general conclusions can be drawn from the literature survey on the effects of perchlorate on 

THS related endpoints in fish.   

Increased follicular epithelial cell height was observed as an effect of perchlorate exposure in all the 10 

studies, counting 5 different fish species, examining this histopathological endpoint. Further frequently 

observed effects of perchlorate exposure included increased number of thyroid follicles and follicular 

epithelial cell hyperplasia. Moreover, perchlorate caused various degrees of depletion of colloid content 

in the follicular lumen in zebrafish (6 studies), fathead minnow and threespine stickleback; but induced 

colloid in the single study in eastern mosquitofish. 

In general, no effects were observed on whole-body T3 levels. Perchlorate either had no effect or 

decreased whole-body T4 levels, except from fathead minnows where increased T4 levels were 

observed.   

Decreased swim bladder inflation, scale development and fin growth were observed in all the studies 

examining these endpoints. Moreover, skin pigmentation was decreased in 4 out of 5 studies. 

Conversely, no effect was observed on eye size in the single study examining this endpoint.   

4.2.2. Propylthiouracil (PTU): TPO inhibition (and possible DIO inhibition)  

PTU is a well-studied anti-thyroidal compound which inhibits the ability of TPO to incorporate iodine into 

tyrosyl residues of Tg. In addition, PTU is generally considered a DIO1 inhibitor in mammals. However, 

fish DIO1 appears to be less susceptible to inhibition by PTU (Sanders et al., 1997; Orozco et al., 2003; 

Orozco and Valverde, 2005; Orozco et al., 2012). 
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Table 3 summarises the THS related effects of PTU observed in fish and is followed by a more detailed 

description of effects of PTU on potential THS related endpoints.  
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Table 3. Summarised THS related effects of PTU in fish 

Endpoint Species Effect NOEC LOEC Reference 

Thyroid 
histopathology 

Zebrafish 
(juveniles) 

↑ Thyrocyte height 
↑ Follicle number 
↑ Thyrocyte hyperplasia 

2.5 mg/L 
- 
- 

10 mg/L 
2.5 mg/L 
2.5 mg/L 

Schmidt and 
Braunbeck, 2011 

Zebrafish 
(juveniles) 

↑ Thyrocyte height 2.5 mg/L 10 mg/L Schmidt et al., 
2017 

Zebrafish 
(adults and  

F1 juveniles) 

↑ Thyrocyte height 
↓ Colloid 
↑ Thyrocyte hyperplasia 

1 mg/L 
1 mg/L 
1 mg/L 

10 mg/L 
10 mg/L 
10 mg/L 

van der Ven et al., 
2006 

Zebrafish 
(adults) 

↓ Thyrocyte height 
↔ Follicle area 
↔ Follicle number 

- 
5 mg/kg fish 
5 mg/kg fish 

5 mg/kg fish 
- 
- 

Pinto et al., 2013 

Rainbow trout 
(juveniles) 

↑ Thyrocyte height 
 

- 5 mg/g food Quesada-Garcia 
et al., 2016 

 

     

     

TH levels 

Zebrafish 
(embryos) 

↓ Whole-body T4 
↔ Whole-body T3 
↓ Whole-body rT3 

- 
100 mg/L 
- 

100 mg/L 
- 
100 mg/L  

Walter et al., 
2019c 

Zebrafish 
(larvae/juveniles) 

↓ Whole-body T4 
↓ Whole-body T3 

- 
- 

37 mg/L 
37 mg/L 

Stinckens et al., 
2020 

Zebrafish 
(juveniles) 

↓ Whole-body T4 
 

25 mg/L 50 mg/L Schmidt and 
Braunbeck, 2011 
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Endpoint Species Effect NOEC LOEC Reference 

Zebrafish 
(adults) 

↓ Plasma T4 
↓ Plasma T3 

1 mg/L  
10 mg/L 

10 mg/L  
100 mg/L 

van der Ven et al., 
2006 

Zebrafish 
(adults) 

↓ Plasma T4 
↓ Plasma T3 

- 
- 

100 mg/L 
100 mg/L 

Liu et al., 2011a 

Tilapia 
(larvae) 

↓ Whole-body T4 
↔ Whole-body T3 

- 
50 mg/L 

50 mg/L 
- 

Okimoto et al., 
1993 

Tilapia 
(adults) 

↑ Plasma T4 (low doses) 
↓ Plasma T4 (high dose) 
↔ Plasma T3 (low doses) 
↓ Plasma T3 (high dose) 

- 
- 
5 mg/kg fish 
- 

5 mg/kg fish 
10 mg/kg fish  
- 
10 mg/kg fish 

Peter and Peter, 
2009 

Sea bream 
(juveniles) 

↔ Plasma T4 
↔ Plasma T3 

0.05 mg/kg 

fish 

0.05 mg/kg 

fish 

- 
- 

Morgado et al., 
2009 

Sea bream 
(immature) 

↔ Plasma T4 
↔ Plasma T3 

1 mg/kg fish 
1 mg/kg fish 

- 
- 

Campinho et al., 
2012 

Zebrafish 
(embryos) 

↓ T4 in thyroid follicles 10 mg/L 31 mg/L Raldúa and Babin, 
2009 

Zebrafish 
(embryos) 

↓ Fluorescence of intrafollicular T3 
↓ Fluorescence of intrafollicular T4 

2.5 mg/L 
25 mg/L 

10 mg/L 
50 mg/L 

Rehberger et al., 
2018 

TH distributor 
proteins 

Sea bream 
(juveniles) 

↑ Plasma TTR 
 

- 0.05 mg/kg fish Morgado et al., 
2009 

Sea bream 
(immature) 

↓ Plasma TTR - 1 mg/kg fish 
 

Campinho et al., 
2012 
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Endpoint Species Effect NOEC LOEC Reference 

Gene expression 

Zebrafish 
(embryos) 

↔ tsh  
↑ tpo 
↔ dio1 
↑ dio2 
↓ dio3 
↓ thra 
↓ thrb 

50 mg/L 
- 
50 mg/L 
- 
- 
- 
100 mg/L 

- 
50 mg/L 
- 
50 mg/L 
50 mg/L 
50 mg/L 
250 mg/L 

Baumann et al., 
2016 

Zebrafish 
(embryos) 

↑ slc5a5 (nis)  
↑ tg  

- 
- 

100 mg/L 
100 mg/L 

Liu et al., 2013 

Zebrafish 
(larvae) 

↑ tshb - 111 mg/L Tonyushkina et al., 
2017 

Zebrafish 
(adults) 

↔ slc5a5 (nis) 
↔ tg 
↑ tsh 
↔ tpo 

5 mg/kg fish 
5 mg/kg fish 
- 
5 mg/kg fish 

- 
- 
5 mg/kg fish 
- 

Pinto et al., 2013 

Zebrafish 
(embryos) 

↓ Green opsin transcripts in eye 
↓ UV opsin transcripts in eye 
↓ Arrestin transcripts in eye 

- 
- 
- 

350 mg/L 
350 mg/L 
350 mg/L 

Baumann et al., 
2019 

Coho salmon 
(embryos) 

↓ Blue opsin transcripts in cones of 
eye 
↑ UV opsin transcripts in cones of 
eye 

- 
- 

35 mg/L 
35 mg/L 

Gan and 
Flamarique, 2010 

Sea bream 
(juveniles) 

↓ tsh in brain 
↓ dio2 in brain 
↓ dio3 in brain 
↓ tsh in pituitary 
↔ dio2 in pituitary 
↓ thrb in pituitary 

- 
- 
- 
- 
0.05 mg/kg 
fish 

0.05 mg/kg fish 
0.05 mg/kg fish 
0.05 mg/kg fish 
0.05 mg/kg fish 
- 
0.05 mg/kg fish 

Morgado et al., 
2009 
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↑ dio2 in liver 
↑ ttr in liver 

- 
- 
- 

0.05 mg/kg fish 
0.05 mg/kg fish 

Sea bream 
(immature) 

↔ tshβ in pituitary 
↔ thrb in pituitary 
↔ dio1 in liver 
↔ dio2 in liver 
↔ ttr in liver 
↔ dio1 in kidney 

1 mg/kg fish 
1 mg/kg fish 
1 mg/kg fish 
1 mg/kg fish 
1 mg/kg fish 
1 mg/kg fish 

- 
- 
- 
- 
- 
- 

Campinho et al., 
2012 

Skin pigmentation 
Zebrafish 
(F1 juveniles) 

↓ Pigmentation 1 mg/L 10 mg/L van der Ven et al., 
2006 

Swim bladder 

Zebrafish 
(embryos) 

↓ Inflation of posterior swim bladder  
↓ Posterior chamber surface area 

- 
226.9 mg/L 

EC50: 259 
mg/L 
259 mg/L 

Stinckens et al., 
2018 

Zebrafish 
(larvae/juveniles) 

↓ Inflation of anterior swim bladder  
↓ Anterior chamber surface area 
↑ Posterior chamber surface area 

- 
- 
- 

37 mg/L 
37 mg/L 
37 mg/L  

Stinckens et al., 
2020 

Scales 
Zebrafish 
(juveniles) 

↓ Scale thickness - 1 mg/L van der Ven et al., 
2006 

Eye 

Zebrafish 
(embryos) 

↓ Pigmentation 
↓ RPE cell diameter 
↓ Size 
↓ Optokinetic response 

100 mg/L 
50 mg/L 
50 mg/L 
100 mg/L 

250 mg/L 
100 mg/L 
100 mg/L 
250 mg/L 

Baumann et al., 
2016 

Zebrafish 
(embryos)  

↓ Pigmentation 
 

- 170 mg/L Macaulay et al., 
2015 

Behaviour 
Zebrafish 
(embryos) 

↑ Preference for light over dark 
↓ Swimming activity 

100 mg/L 
50 mg/L 

250 mg/L 
100 mg/L 

Baumann et al., 
2016 
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Endpoint Species Effect NOEC LOEC Reference 

Zebrafish 
(embryos) 

↓ Swimming activity - 10 mg/L Walter et al., 
2019b 
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4.2.2.1. Thyroid histopathology 

Exposure of zebrafish to PTU for 35 days, beginning 3 dpf, resulted in increased numbers of thyroid 

follicles, and follicular epithelial cell hyperplasia and hypertrophy (Schmidt and Braunbeck, 2011; 

Schmidt et al. 2017). Likewise, exposure of adult zebrafish to PTU for 21 days and following exposure 

of the F1 generation caused hypertrophy of the follicular epithelial cells and depletion of colloid in both 

adults and F1 juveniles. However, the thyroid pathology appeared less sensitive in adults (van der Ven 

et al., 2006). 

In rainbow trout, follicular epithelial cell height was significantly increased in PTU treated fish compared 

to controls (Quesada-Garcia et al., 2016).  

In contrast to the other studies, follicular epithelial cell height was significantly lower in adult zebrafish 

exposed to low concentrations of PTU compared to controls (Pinto et al., 2013). Follicle area and follicle 

number were not significantly affected by the PTU exposure. 

4.2.2.2. TH levels 

In general, decreased T4 and T3 levels were observed in zebrafish exposed to PTU (van der Ven et al., 

2006; Raldúa and Babin, 2009; Liu et al., 2011a; Schmidt and Braunbeck, 2011; Rehberger et al. 2018; 

Walter et al., 2019c; Stinckens et al., 2020). In tilapia larvae, whole-body T4 levels decreased upon 

exposure to PTU, while T3 levels were not significantly affected (Okimoto et al., 1993). In adult tilapia, 

plasma TH levels increased or decreased depending on the exposure dose of PTU (Peter and Peter, 

2009). In sea bream (Sparus auratus), plasma T4 and T3 levels were not significantly affected by 

exposure to PTU (Campinho et al., 2012; Morgado et al., 2009). 

Exposure of zebrafish embryos to PTU for 0-5 dpf resulted in a significant decrease in the number of 

follicles that stained for T3, whereas a trend for increase in follicles that stained for T4 was observed 

after exposure from 2-5 dpf (Rehberger et al., 2018). However, the intrafollicular content of both T3 and 

T4 decreased significantly in zebrafish eleutheroembryos at 5 dpf after exposure to PTU (Raldúa and 

Babin, 2009; Thienpont et al., 2011; Rehberger et al., 2018). 

4.2.2.3. TH distributor proteins 

In sea bream, 0.05 mg PTU/kg fish significantly increased (Morgado et al., 2009) while 1 mg PTU/kg 

fish significantly decreased (Campinho et al., 2012) plasma levels of TTR. 

4.2.2.4. Gene expression 

PTU exposure in zebrafish upregulated the expression of tsh in adults (Pinto et al., 2013) and larvae 

(Tonyushkina et al., 2017), whereas tsh expression was unaffected in embryos exposed from 2 hpf to 5 

dpf (Baumann et al., 2016). In sea bream, tsh expression in the brain and pituitary was significantly 

downregulated by PTU treatment (Morgado et al., 2009) while tshβ expression in the pituitary was 

unaffected in another study (Campinho et al., 2012). 

Exposure to PTU significantly increased mRNA expression of slc5a5 (nis) and tg in zebrafish (Liu et al., 

2013). However, Pinto et al. (2013) found no significant effects on the expression of these genes in 

zebrafish. 

The expression of tpo was significantly upregulated in zebrafish 5 dpf upon PTU treatment (Baumann 

et al., 2016); whereas Pinto et al. (2013) found no significant effect of PTU exposure on tpo expression. 

In sea bream, ttr expression in the liver was either significantly upregulated (Morgado et al., 2009) or 

unaffected (Campinho et al., 2012) by PTU treatment. 
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PTU treatment significantly upregulated dio2 expression, significantly downregulated dio3 expression 

but caused no significant effects on dio1 expression in zebrafish 5 dpf (Baumann et al., 2016). In sea 

bream, dio2 and dio3 expressions were significantly downregulated in the brain, dio2 expression was 

significantly upregulated in the liver, while no significant effect was observed on dio2 expression in the 

pituitary after PTU exposure (Morgado et al., 2009). Another study with sea bream showed no significant 

effects of PTU exposure on dio expression in liver or kidney (Campinho et al., 2012).  

PTU treatment either had no significant effect on thrb expression (Campinho et al., 2012) or significantly 

downregulated (Morgado et al., 2009) thrb expression in the pituitary of sea bream. In zebrafish whole-

bodies, PTU treatment significantly downregulated the expression of thra and thrb (Baumann et al. 

2016). No significant effects were observed on the expression of thra or thrb in the eyes, whereas opsin, 

crystalline and peripherin gene transcripts were mainly downregulated in the eyes of PTU exposed 

zebrafish 5 dpf (Baumann et al. 2019). In coho salmon, blue opsin transcripts were downregulated, while 

UV opsin transcripts were upregulated in the in cones of the eye (Gan and Flamarique, 2010). 

4.2.2.5. Skin pigmentation 

PTU reduced skin pigmentation in 28 dph juvenile F1 zebrafish (van der Ven et al., 2006).   

4.2.2.6. Swim bladder 

Exposure to PTU resulted in impaired posterior chamber inflation (EC50: 259 mg/L) and significantly 

decreased surface area at 259 mg/L in 5 dpf zebrafish in a FET test based on TG 236 (OECD, 2013b; 

Stinckens et al., 2018). In a FELS test based on OECD TG 210 (OECD, 2013a), exposure to 37 and 

111 mg/L of PTU resulted in increased percentages of the zebrafish larvae having non-inflated anterior 

swim bladder chambers at 20 dpf (Stinckens et al., 2020). PTU also affected the surface area of both 

the anterior chamber and the posterior chamber, with the anterior chamber surface area being 

significantly smaller compared to control larvae, and posterior chamber surface increasing with 

decreasing anterior chamber surface. 

4.2.2.7. Scales 

A concentration-dependent decrease in scale thickness was observed after exposure to PTU in juvenile 

zebrafish 42 dph (van der Ven et al., 2006). Scale development appeared to be more sensitive to PTU 

treatment than circulating TH levels and thyroid histology. 

4.2.2.8. Eye 

PTU significantly reduced the eye size in zebrafish larvae at 5 dpf (Baumann et al., 2016) and caused 

significantly reduced pigmentation of the eyes of zebrafish at 30 hpf (Macaulay et al., 2015) or 5 dpf 

(Baumann et al., 2016). PTU treatment further significantly decreased the diameter of the retinal pigment 

epithelium (RPE) cells in the eye of zebrafish larvae (Baumann et al., 2016). Moreover, PTU exposed 

zebrafish showed concentration-dependent impairment of their optokinetic response (OKR) at 5 dpf 

(Baumann et al. 2016). 

4.2.2.9. Behaviour 

At 5 dpf, PTU exposed zebrafish showed significant suppression of their phototactic swimming activity, 

while their preference for light over dark increased significantly (Baumann et al. 2016). Additionally, PTU 

exposure significantly decreased the swimming activity during dark periods in visual-motor response 

tests with zebrafish at 4 and 5 dpf (Walter et al., 2019b). 
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4.2.2.10. General conclusions on PTU 

In general, changes in thyroid histopathology were more sensitive indicators of THS disruptive effects 

of PTU than were TH levels, gene expression and behavioural endpoints. 

In early life stage tests, exposure of zebrafish to PTU caused increased follicular epithelial cell height. 

However, in a single study using low exposure concentrations of PTU follicular epithelial cell height was 

significantly lower in PTU exposed adult zebrafish compared to controls. Follicle area and follicle number 

were not consistently affected by PTU exposure. 

In general, T3 levels, T4 levels, swim bladder inflation, eye pigmentation, skin pigmentation, scale 

thickness, optokinetic response and swimming activity were reduced by PTU. 

4.2.3. Iopanoic acid: DIO inhibition 

The iodinated radiographic contrast dye, iopanoic acid, is a model competitive inhibitor of all three DIO 

types (St. Germain, 1988; Sharifi and St. Germain, 1992; Braga and Cooper, 2001; Renko et al., 2015). 

Table 4 summarises the THS related effects of iopanoic acid observed in fish and is followed by a more 

detailed description of effects of iopanoic acid on potential THS related endpoints.  
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Table 4. Summarised THS related effects of iopanoic acid in fish 1 

Endpoint Species Effect NOEC LOEC Reference 

Thyroid 
histopathology 

Fathead 
minnow 
(larvae) 

↔ Thyrocyte hyperplasia 
↔ Thyrocyte hypertrophy 
↔ Colloid quality 

6 mg/L 
6 mg/L 
6 mg/L 

- 
- 
- 

Cavallin et 
al., 2017 

TH levels 

Zebrafish 
(larvae/juveniles) 

 

↔ Whole-body T4 (14, 21 and 32 dpf) 
↑ Whole-body T3 (21 and 32 dpf)  
↔ Whole-body T3 (14 dpf) 

0.35 mg/L 
- 
0.35 mg/L 

- 
0.35 mg/L 
-  

Stinckens et 
al., 2020 

Fathead 
minnow 
(embryos, larvae) 

↑ Whole-body T4 (4, 10, 14, 18 and 21 dpf) 
↔ Whole-body T4 (6 dpf) 
↑ Whole-body T3 (4 and 6 dpf) 
↓ Whole-body T3 (10, 14, 18 and 21 dpf) 

- 
0.6 mg/L 
0.6 mg/L 
0.6 mg/L 

0.6 mg/L 
- 
1.9 mg/L 
1.9 mg/L 

Cavallin et 
al., 2017 

Gene 
expression 

Fathead 
minnow 
(embryos, larvae) 

↔ dio1 
↑ dio2 
↑ dio3 (10 and 18 dpf) 
↓ tpo (6, 10, 14 and 18 dpf) 
↔ tpo (21 dpf) 

0.6 mg/L 
0.6 mg/L 
0.6 mg/L 
- 
0.6 mg/L 

- 
1.9 mg/L 
1.9 mg/L 
0.6 mg/L 
- 

Cavallin et 
al., 2017 

Swim bladder 

Zebrafish 
(embryos) 

↓ Inflation of posterior swim bladder  
 

- 
 

EC50:  
2.79 mg/L 
 

Stinckens et 
al., 2018 

Zebrafish 
(larvae/juveniles) 

 

↓ Inflation of anterior swim bladder  
↓ Anterior chamber surface area 
↑ Posterior chamber surface area 

- 
- 
- 

0.35 mg/L 
0.35 mg/L 
0.35 mg/L 

Stinckens et 
al., 2020 

Fathead 
minnow 
(embryos, larvae) 

↓ Inflation of posterior swim bladder (6 and 14 
dpf) 
↔ Inflation of posterior swim bladder (18 dpf) 
↓ Length of posterior swim bladder (6 dpf) 
↑ Length of posterior swim bladder (14 and 18 
dpf) 
↓ Inflation of anterior swim bladder (14 dpf) 

1.9 mg/L 
0.6 mg/L 
1.9 mg/L 
- 
- 
0.6 mg/L 
- 

6 mg/L 
- 
6 mg/L 
0.6 mg/L 
0.6 mg/L 
- 
0.6 mg/L 

Cavallin et 
al., 2017 
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↔ Inflation of anterior swim bladder (18 dpf) 
↓ Length of anterior swim bladder (14, 18 and 21 
dpf) 

Eye 
Zebrafish 
(embryos) 

↓ Pigmentation 
 

- 3 mg/L Macaulay et 
al., 2015 

2 
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4.2.3.1. Thyroid histopathology 

Histological assessment revealed no thyroid follicle pathology related to iopanoic acid exposure in 

fathead minnows (Cavallin et al., 2017). No effects like epithelial cell hyperplasia, hypertrophy, or 

changes in gland size or colloid quality were observed in the thyroid follicles of the larvae. 

4.2.3.2. TH levels 

Exposure of zebrafish embryos to iopanoic acid from 1 hpf until 32 dpf in a FELS test based on OECD 

TG 210 (OECD, 2013a) resulted in decreased whole-body T3 (at 21 and 32 dpf, but not at 14 dpf), but 

unaffected whole-body T4 levels (Stinckens et al., 2020). Whole-body T3 concentrations significantly 

decreased and whole-body T4 concentrations increased in fathead minnow larvae upon exposure to 

iopanoic acid from 6-21 dpf (Cavallin et al., 2017). In a fathead minnow embryo study, T4 was 

significantly increased at 4 dpf; however, by 6 dpf, there were no significant differences in T4 

concentrations. Whole-body T3 concentrations were significantly increased at both 4 and 6 dpf (Cavallin 

et al., 2017). 

4.2.3.3. Gene expression 

Dio2 and dio3 expression showed an increase in fathead minnows exposed to iopanoic acid up to 21 

dpf; with expression of dio2 as the most impacted. Dio1 mRNA expression was unaffected by iopanoic 

acid exposure (Cavallin et al., 2017).  

Expression of tpo was significantly downregulated by exposure to iopanoic acid in an embryo study at 

6 dpf and in a larval study at 10, 14 and 18 dpf. By 21 dpf, there were no longer any statistically significant 

differences between the treatments and controls (Cavallin et al., 2017).  

4.2.3.4. Swim bladder 

Exposure to iopanoic acid resulted in impaired posterior chamber inflation in zebrafish at 5 dpf in a FET 

test based on TG 236 (OECD, 2013b) with an EC50 of 2.79 mg/L (Stinckens et al., 2018). In a 32-day 

FELS test based on OECD TG 210 (OECD, 2013a), exposure to 0.35, 1 and 2 mg/L iopanoic acid 

resulted in 35, 43 and 61%, respectively, of the zebrafish larvae having non-inflated anterior swim 

bladder chambers at 21 dpf; and at the end of the experiment, around 25% of the iopanoic acid exposed 

larvae still had impaired anterior chamber inflation (Stinckens et al., 2020). Iopanoic acid also affected 

the surface area of both the anterior chamber and the posterior chamber. In all cases where the anterior 

chamber was inflated, its surface area was significantly smaller compared to control larvae, and the 

posterior chamber surface increased with decreasing anterior chamber surface. Furthermore, incidence 

and length of inflated posterior swim bladders were significantly reduced in fathead minnows 6 dpf upon 

iopanoic acid treatment (Cavallin et al., 2017). 

4.2.3.5. Eye 

Iopanoic acid caused significantly reduced pigmentation of the eyes of zebrafish 30 hpf (Macaulay et 

al., 2015). 

4.2.3.6. General conclusions on iopanoic acid 

Histological assessment revealed no thyroid follicle pathology related to iopanoic acid exposure in the 

single study examining this endpoint. Still, reduced eye pigmentation was observed in the single study 

examining this endpoint. Furthermore, decreased swim bladder inflation was observed in the three 

studies examining this endpoint.  
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4.2.4. Tetrabromobisphenol A (TBBPA): interaction with TH binding 

TBBPA is a brominated flame retardant, which has THS disrupting properties by interacting with TH 

binding to TRs (Kitamura et al., 2002) and the TH distributor protein TTR (Meerts et al., 2000; Hamers 

et al., 2006; Iakovleva et al., 2016).  

Table 5 summarises the THS related effects of TBBPA observed in fish and is followed by a more 

detailed description of effects of TBBPA on potential THS related endpoints.  
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Table 5. Summarised THS related effects of TBBPA in fish 

Endpoint Species Effect NOEC LOEC Reference 

Thyroid 
histopathology 

Zebrafish 
(juveniles, 
adults) 

No signs of altered thyroid activity  
↔ Estimated follicle number 

816 g/L 
816 µg/L 

- 
- 

Kuiper et al., 
2007b 

European 
flounder 
(juveniles) 

No signs of altered thyroid activity 435 µg/L - Kuiper et al., 
2007a  

TH levels 

Zebrafish 
(embryos) 

↑ Whole-body T4 (1 and 3 dpf) 
↓ Whole-body T4 (5 dpf) 
↓ Whole-body T4 (6 dpf) 
↑ Whole-body T3 (1 dpf) 
↔ Whole-body T3 (3 and 5 dpf) 
↓ Whole-body T3 (6 dpf) 

- 

100 g/L 
- 
- 

500 g/L 

100 g/L 

100 g/L 

500 g/L 

100 g/L  

100 g/L 
- 

500 g/L 

Pang et al., 2020 

Zebrafish 
(6 dpf) 

↑ Whole-body T4 
↓ Whole-body T3 

100 g/L 

100 g/L 

200 g/L 

200 g/L 

Zhu et al., 2018 

European 
flounder 
(juveniles) 

↑ Plasma T4 
↔ Plasma T3 

1.4 g/L  

193 g/L 

11 g/L  
- 

Kuiper et al., 
2007a 

Gene 
expression 

Zebrafish 
(embryos) 

↔ tsh 
↓ tpo 
↔ dio1 
↔ dio2 
↔ dio3 
↑ thra 
↔ thrb 

100 g/L 
- 

100 g/L 

100 g/L 

100 g/L 
- 

100 g/L 

- 

100 g/L 
- 
- 
- 

100 g/L 
- 

Baumann et al., 
2016 

Zebrafish 
(embryos) 

↑↔ ttr (depends on age) 
↑↔ dio1 (depends on age and exposure 
conc.) 

98 g/L 

22 g/L 
- 

250 g/L 

98 g/L 

22 g/L 

Parsons et al., 
2019 
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Endpoint Species Effect NOEC LOEC Reference 

↓↔ dio3b (depends on age) 
↔ thraa 
↔ thrb 

22 g/L 

22 g/L 

- 
- 

Zebrafish 
(embryos) 

↓ thra - 2.67 g/L Liu et al., 2018a 

Zebrafish 
(embryos) 

↔ thraa 
↑ thrab 
↔ thrb 

1000 g/L 
- 

1000 g/L 

- 

1000 g/L 
- 

Pang et al., 2020 

Zebrafish 
(embryos) 

↔ thra in eye 
↔ thrb in eye 
↑ Opsin transcripts in eye 

200 g/L 

200 g/L 
- 

- 
- 

200 g/L 

Baumann et al., 
2019 

Zebrafish 
(embryos 
and larvae) 

↑ tshβ (larvae) 
↓ tshβ (embryos) 
↔ tg 
↔ slc5a5 (nis) 
↔ tpo 
↑ ttr (larvae) 
↔ ttr (embryos) 
↑ thra 
↔ thrb 

- 
- 

530 g/L 

530 g/L 

530 g/L 

110 g/L 

110 g/L 

110 g/L 

530 g/L 

110 g/L 

530 g/L 
- 
- 
- 
- 

3950 g/L 

3950 g/L 
- 

Chan and Chan, 
2012 

Zebrafish 
(larvae) 

↑ tshβ 
↑ tg 
↓ ttr 
↓ thrb 

50 g/L 

50 g/L 

100 g/L 

100 g/L 

100 g/L 

100 g/L 

200 g/L 

200 g/L 

Zhu et al., 2018 

Zebrafish 
(larvae) 

↔ tshβ 
↔ tpo 
↔ thra 

13 g/L  

13 g/L  

13 g/L  

- 
- 
- 

Godfrey et al., 
2017 
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Endpoint Species Effect NOEC LOEC Reference 

↔ thrb 13 g/L  - 

Swim bladder 
Zebrafish 
(embryos) 

↔ Posterior swim bladder inflation 
 

35 x 103 g/L - Noyes et al., 
2015 

Craniofacial 
development 

Zebrafish 
(embryos) 

↑ Jaw malformation 
↑ Snout malformation 

35 g/L 

35 x 102 g/L 

348  g/L 

35 x 103 g/L 

Noyes et al., 
2015 

Fins 
Zebrafish 
(embryos) 

↑ Caudal fin malformation 
↔ Pectoral fins malformation 

348 g/L 

35 x 103   g/L 

35 x 102 g/L 
- 

Noyes et al., 
2015 

Neuro-
development 

Zebrafish 
(embryos) 

↓ Motor neuron development - 27 x 102 g/L Chen et al., 
2016a 

Eye 

Zebrafish 
(embryos) 

↓ Pigmentation 
↔ RPE diameter 
↓ Size 
↓ Optokinetic response 

- 

200 g/L 
- 

200 g/L 

200 g/L 
- 

200 g/L 

300 g/L 

Baumann et al., 
2016 

Behaviour 

Zebrafish 
(embryos) 

↑↓ Swimming activity (depends on exposure 
conc.) 
↔ Preference for light over dark 

200 g/L 

100 g/L 

300 g/L 
- 

Baumann et al., 
2016 

Zebrafish 
(embryos) 

↓ Average activity 
↓ Average speed of movement 

- 
- 

27 x 102  g/L 

27 x 102  g/L 

Chen et al., 
2016a 
 

Zebrafish 
(embryos) 

↑ Average swimming speed 
↑ Aggression (males) 

- 

2.7 g/L 
2.7 g/L  

27 g/L  

Chen et al., 
2016b 

Zebrafish 
(embryos) 

↔ Locomotor activity 16 x 102 µg/L - Alzualde et al., 
2018 

Zebrafish 
(larvae) 

↓ Locomotor activity  
↓ Average swimming speed 

100 g/L 

50 g/L 

200 g/L 

100 g/L 

Zhu et al., 2018 
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4.2.4.1. Thyroid histopathology 

No indications of altered thyroid activity were revealed by histological examinations in European flounder 

(Kuiper et al., 2007a) or zebrafish (Kuiper et al., 2007b) after exposure to TBBPA. In both juveniles and 

adults, thyroid tissue appeared similar in all groups, displaying variably sized colloid containing follicles 

lined by cubic cells, interpreted as moderately active (Kuiper et al., 2007b). There was no difference in the 

estimated number of follicles throughout the groups. 

4.2.4.2. TH levels 

TBBPA affected TH levels in a developmental stage-dependent manner in zebrafish embryos (Pang et al., 

2020). At 1 dpf, before the onset of TH synthesis when low TH levels are present (due to maternal transfer), 

exposure to 100 or 500 µg/L TBBPA induced a significant increase in T4 and T3 levels. This effect was 

still observed for T4 at 3 dpf, while T3 levels were not significantly affected by TBBPA exposure. At 5 dpf, 

after the onset of TH synthesis when TH levels are high, exposure to 500 µg/L TBBPA significantly 

decreased T4 levels, while T3 levels were not significantly affected. At 6 dpf both T4 and T3 levels were 

significantly decreased by exposure to 500 µg/L TBBPA, while only T4 levels were significantly decreased 

by exposure to 100 µg/L TBBPA. 

However, TBBPA exposure significantly increased T4 levels and significantly decreased T3 levels in 

zebrafish exposed to 200 or 400 µg/L TBBPA from 2 hpf to 6 dpf (Zhu et al., 2018). Furthermore, T4 

increased with internal concentrations of TBBPA in European flounder after exposure for 105 days, while 

T3 levels were not affected (Kuiper et al., 2007a). 

4.2.4.3. Gene expression 

Expression of tshβ was significantly upregulated in zebrafish exposed to 100-400 µg/L TBBPA from 2 hpf 

to 6 dpf (Zhu et al., 2018). Furthermore, 530-3950 µg/L TBBPA significantly induced the transcription of 

tshβ in zebrafish exposed from 4-8 dpf (Chan & Chan, 2012). However, in zebrafish exposed to 820 µg/L 

TBBPA from 0-4 dpf, tshβ expression was significantly downregulated (Chan and Chan, 2012), whereas 

no significant effects on tsh expression levels were seen in zebrafish exposed to 100-400 µg/L TBBPA 

from 0-5 dpf (Baumann et al., 2016) or to 13 µg/L TBBPA from 0-6 dpf (Godfrey et al., 2017).  

Expression of tg was significantly upregulated in zebrafish exposed to 100-400 µg/L TBBPA from 2 hpf to 

6 dpf (Zhu et al., 2018). However, no significant effect was observed on tg expression in embryos and 

larvae after exposure to 110-820 µg/L TBBPA from 0-4 dpf or 530-3950 µg/L TBBPA from 4-8 dpf, 

respectively (Chan and Chan, 2012). 

No significant effects were observed on slc5a5 (nis) or tpo expression in embryos and larvae after exposure 

to 110-820 µg/L TBBPA from 0-4 dpf or to 530-3950 µg/L TBBPA from 4-8 dpf, respectively (Chan and 

Chan,  2012). Likewise, no significant effects were observed on tpo expression after exposure to 13 µg/L 

TBBPA from 0-6 dpf (Godfrey et al., 2017). However, tpo expression was significantly downregulated after 

exposure to 100-400 µg/L TBBPA from 0-5 dpf (Baumann et al., 2016). 

Exposure of zebrafish to 200 or 400 µg/L TBBPA from 2 hpf to 6 dpf significantly decreased the 

transcription of ttr (Zhu et al., 2018). Conversely, exposure of zebrafish to 250 µg/L TBBPA resulted in 

significantly higher levels of ttr at 2 dpf; however, no effects were observed at 4 or 5 dpf (Parsons et al., 

2019). Furthermore, no significant effects were observed on ttr expression in zebrafish embryos after 

exposure from 0-4 dpf to 111-820 µg/L TBBPA, whereas significantly induced transcription of ttr in 

zebrafish larvae was observed after exposure from 4-8 dpf to 3950 µg/L TBBPA (Chan and Chan, 2012). 

Exposure of zebrafish to 100 µg/L TBBPA resulted in significantly higher levels of dio1 transcripts at 4 dpf; 

however, no significant effects were observed at 20 or 250 µg/L or at 2 dpf or 5 dpf (Parsons et al., 2019). 
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Significantly lower levels of dio3b expression were observed at 4 dpf after exposure to 20-250 µg/L TBBPA 

compared to controls; however, no significant effects were observed at 2 or 5 dpf (Parsons et al., 2019). 

Furthermore, no significant effects were observed on dio1, dio2 and dio3 expression in zebrafish after 

exposure to 100-400 µg/L TBBPA from 0-5 dpf (Baumann et al., 2016). 

In zebrafish, TBBPA exposure significantly downregulated the expression of thra after exposure to 160-

650 µg/L from 2-122 hpf (Liu et al., 2018a) and of thrb after exposure to 200 or 400 µg/L TBBPA from 2 

hpf to 6 dpf (Zhu et al., 2018). TBBPA significantly induced the expression of thra but not thrb in zebrafish 

exposed to 820 µg/L from 0-4 dpf (Chan and Chan, 2012), to 100-200 µg/L from 0-5 dpf (Baumann et al., 

2016), or to 3950 µg/L from 4-8 dpf (Chan and Chan, 2012). 1000 μg/L TBBPA significantly upregulated 

the transcriptional level of thrab by 58% at 26 hpf, while transcription levels of thraa and thrb were not 

significantly affected (Pang et al., 2020).  

TBBPA did not cause significant changes in the expression of neither thra nor thrb in whole-body 

homogenates of zebrafish exposed to 13 µg/L from 0-6 dpf (Godfrey et al., 2017) or to 20-250 µg/L from 

fertilisation to 2, 4 or 5 dpf (Parsons et al., 2019). However, whole-mount in situ hybridisation analyses 

showed tissue-specific alterations in both thraa and thrb expression in zebrafish embryo-larvae following 

exposure to TBBPA. Expression of  thraa was higher in the brain and branchial arches of exposed 2 dpf 

embryos compared to controls, while thrb expression was enhanced in the liver, brain, jaw cartilage, otic 

vesicle and swim bladder of 96 hpf larvae (Parsons et al., 2019). No significant effects were observed on 

the expression of thra or thrb in the eyes, whereas opsin gene transcripts were mainly upregulated in the 

eyes of TBBPA exposed zebrafish 5 dpf (Baumann et al., 2019). 

4.2.4.4. Neurodevelopment 

TBBPA significantly inhibited motor neuron development in zebrafish exposed from 8-48 hpf (Chen et al., 

2016a).  

4.2.4.5. Eye 

Zebrafish eye development was affected by exposure to TBBPA from 0-5 dpf (Baumann et al., 2016). 

TBBPA treatment resulted in pathological alterations of the eyes including reduced size and pigmentation. 

Visual impairments in zebrafish after TBBPA exposure were further demonstrated by significantly and 

concentration-dependent decreased OKR 5 dpf. 

4.2.4.6. Behaviour 

Phototactic swimming activity was significantly affected in TBBPA exposed zebrafish at 5 dpf (Baumann 

et al., 2016). The effect of TBBPA on swimming activity was stimulating at 300 µg/L and strongly inhibiting 

at 400 µg/L. No significant effects on the preference of the zebrafish for light or dark backgrounds were 

observed.  

In zebrafish exposed to 100-400 µg/L TBBPA from 2 hpf to 6 dpf, decreases in visual-motor response and 

average swimming speed were observed (Zhu et al., 2018). Likewise, behavioural assays conducted at 5 

dpf after exposure to 5 µM TBBPA from 8-48 hpf showed that the exposed zebrafish had significantly lower 

average activity (Chen et al., 2016a). However, no significant effects were observed on locomotor activity 

in zebrafish after exposure to 0.1-3 µM TBBPA from 3-5 dpf (Alzualde et al., 2018).  

Higher average speed was observed in a photomotor response assay with adult zebrafish at 9 months 

post fertilisation after chronic exposure to 5 nM TBBPA from 1-120 dpf (Chen et al., 2016b).  Furthermore, 

exposed males showed significantly heightened aggression in a mirror attack test.  
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4.2.4.7. General conclusions on TBBPA 

TBBPA exposure increased T4 levels, inhibited motor neuron development, eye development and visual 

performance, and caused behavioural effects. Conversely, no significant effects were observed on thyroid 

histopathology. 

4.3. Assessment of THS related endpoints  

The case studies of model compounds acting through different MIEs reveal several endpoint as potential 

candidates for inclusion in fish tests, including thyroid histopathology, TH levels, gene expression, 

pigmentation, behaviour, and development of swim bladders, fins, scales and eyes. Table 6 summarises 

which endpoints were affected by the compounds. 

 
Table 6. Summary of THS related endpoints affected by model compounds in fish 

 Perchlorate PTU Iopanoic 
acid 

TBBPA 

Thyroid histopathology ✔ ✔   

TH levels ✔ ✔ ✔ ✔ 

Gene expression ✔ ✔ ✔ ✔ 

Skin pigmentation  ✔ ✔   

Swim bladder ✔ ✔ ✔  

Scales ✔ ✔   

Eye   ✔ ✔ ✔ 

Behaviour  ✔  ✔ 

 

The various endpoints are further reviewed in sections 4.3.1- 4.3.12. 

4.3.1. Thyroid histopathology 

In contrast to higher vertebrates like mammals and amphibians having compact, encapsulated thyroid 

glands, the fish thyroid tissue shows a more variable arrangement (Blanton and Specker, 2007). Thyroid 

tissue in most teleosts, including the zebrafish, is scattered diffusely as vascularised follicles in the 

basibranchial region ventral to the pharyngeal midline predominantly along the ventral aorta. In zebrafish, 

thyroid follicles begin to form around 55 hpf (Alt et al., 2006). The first follicle formed remains the most 

anterior follicle and new follicles are added caudally (Alt et al., 2006). The thyroid follicles are lined with a 

single layer of epithelial cells, and the lumens of the follicles are filled with extracellular proteinaceous 

colloid consisting mainly of Tg. In the unstimulated thyroid tissue, the follicular epithelial cells are squamous 

or cuboidal in appearance, and the colloid in the lumen is usually homogeneous (Leatherland, 1994). 

Thyroid tissue is readily examined histologically, and follicle morphology presents several indicators of 

thyroid activity (Eales and Brown, 1993).  

Histological changes in the thyroid are often observed as compensatory feedback responses to disruptions 

of T4 synthesis and secretion which might otherwise decrease plasma T4 levels (Brown et al., 2004). Fish 

(and other vertebrates) can compensate for disturbances in the THS, e.g. by proliferation leading to 

hyperplasia of the thyroid tissue to increase the TH concentrations in the body (DeVito et al., 1999; Carr 

and Patiño, 2011).  
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Sustained stimulation by TSH due to feedback mechanisms may also cause structural changes in the 

thyroid epithelial cells that are related to TH synthesis and release. TSH can cause the commonly 

squamous follicular epithelial cells to hypertrophy and assume a columnar shape, leading to observable 

thickening of the follicular epithelium (Fig. 5). The enlargement of the follicular epithelial cells is to a great 

extent owing to an increase in rough endoplasmic reticulum (ER) and Golgi apparatus for Tg synthesis 

(Norris and Carr, 2013).  

 

            

Fig. 5. Histological sections of thyroid follicles from (A) control zebrafish and  (B) zebrafish treated with a 

potential THS disrupting chemical. The treated fish shows follicular epithelial cell hypertrophy (arrow) 

(Kinnberg et al., as yet unpublished). 

 

In zebrafish, histological endpoints in the thyroid tissue following exposure to model THS disrupting 

chemicals include follicular epithelial cell hypertrophy (perchlorate and PTU) and hyperplasia (perchlorate 

and PTU), colloid depletion (perchlorate and PTU), increased follicle number (perchlorate and PTU) and 

altered follicle size (perchlorate).  

4.3.1.1. NIS inhibition 

As described in section 4.2.1.1, the model NIS inhibitor, perchlorate, generally increased follicular epithelial 

cell height, thyroid follicular epithelium hyperplasia and follicle number in zebrafish juveniles and adults, 

and in fathead minnows, threespine sticklebacks, eastern mosquitofish and rainbow trout. Furthermore, 

various degrees of depletion of follicular colloid content were observed in fish exposed to perchlorate. The 

sensitivity of the various histopathological endpoints differed between the studies. 

4.3.1.2. TPO inhibition 

As described in section 4.2.2.1, the model TPO inhibitor, PTU, generally increased follicular epithelial cell 

hyperplasia and hypertrophy, and caused depletion of colloid in the follicles. Likewise, the related TPO 

inhibitor, phenylthiourea, induced thyroid follicular epithelial cell hyperplasia and hypertrophy in zebrafish 

exposed from 52 hpf to 100 hpf, 6 dpf or 11 dpf (Trubiroha et al., 2018; Giusti et al., 2020). Similar results 

were observed after exposure to another model TPO inhibitor, 2-mercaptobenzothiazole. Histopathological 

examination identified a significantly greater prevalence of both thyroid follicular epithelial cell hypertrophy 

and hyperplasia, and a decrease in lumen area and depletion of colloid in fathead minnows exposed to 2-

mercaptobenzothiazole for 14 or 21 days (with more pronounced effects 14 dpf) (Nelson et al., 2016).  

Follicle number was not consistently affected by TPO inhibition. PTU exposure had no effect on the number 

of thyroid follicles in adult zebrafish (Pinto et al., 2013), whereas increased follicle number was observed 

in an early life stage test (Schmidt and Braunbeck, 2011). Conversely, a reduction in the number of thyroid 

follicles was observed in zebrafish embryos after exposure to yet another TPO inhibitor, methimazole, from 

0-120 or 48-120 hpf (Jomaa et al., 2014).  

In general, the thyroid pathology appeared less sensitive in adults than in juveniles.  

A B 
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4.3.1.3. DIO inhibition 

As described in section 4.2.3.1, histological assessment revealed no thyroid follicle pathology related to 

iopanoic acid exposure in fathead minnows (Cavallin et al., 2017). No effects like epithelial cell hyperplasia, 

hypertrophy, or changes in gland size or colloid quality were observed in the thyroid follicles of the larvae.  

4.3.1.4. Interaction with TH binding 

As described in section 4.2.4.1, no indications of altered thyroid activity were revealed by histological 

examinations in zebrafish (Kuiper et al., 2007b) or European flounder (Kuiper et al., 2007a) after exposure 

to TBBPA. 

4.3.1.5. Undetermined or mixed MIEs 

One- or three-months exposure to β-hexachlorocyclohexane of medaka eggs from fertilisation or of young 

fish from one-month post hatching showed hypertrophy of thyroid follicular epithelial cells and diminished 

colloid content in the follicles (Wester et al., 1986).  

Hypertrophy and hyperplasia of the follicular epithelial cells concomitant with a reduction in the cross-

sectional area of the colloid were observed in zebrafish exposed to perfluorononanoate (PFNA) (Liu et al., 

2011c). 

4.3.1.6. General discussion and conclusions on thyroid histopathology as an 

endpoint for THS related disruption 

Histopathology of the thyroid gland is considered as an endpoint very specific to THS disruptive MOA and 

is used as such in TG 231 with Xenopus laevis (OECD, 2009; Coady et al., 2010; 2014).  

Thyroid histopathology may be valuable as an endpoint specific to thyroid disruption via NIS- and TPO 

inhibition. Particularly, increased follicular epithelial cell height, thyroid follicular epithelium hyperplasia, 

and depletion of follicular colloid content seem to be useful parameters in both juvenile and adult zebrafish, 

with varied relative sensitivity between studies. 

No responses or changes in thyroid histopathology were observed in the single study examining effects of 

DIO inhibition. However, only one chemical (iopanoic acid) was examined, and it is not known whether 

higher test concentrations or other DIO inhibiting chemicals would induce effects. However, in the case of 

DIO inhibition, an excess of T4 is available, therefore, the fish do not need to compensate via increased 

follicular epithelial cell height or thyroid follicular epithelium hyperplasia; and colloid depletion does not 

occur. Likewise, interaction with TH binding will plausibly not lead to increased T4 production reflected in 

the thyroid histology. 

Considering the high natural variability between individual zebrafish in follicular dimensions and numbers 

(Rehberger et al., 2018) and their possible dependence on the sectioning plane, the follicle size and 

number may not be as reliable parameters as follicle cell dimensions for assessing TH related disruption. 

Care should be taken to minimise potential sources of variability for the histological assessments (Wolf et 

al., 2021), e.g. by means of computer-assisted morphometry procedures (Pickford, 2010). 

4.3.2. TH levels 

Many of the MIEs for THS related disruption (see section 4.1) will lead to changes in TH levels, with follow-

on effects on TSH levels.  
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4.3.2.1. Plasma and whole-body levels 

Plasma T4 level is probably the most used index of thyroidal status in vertebrates.  

Only the free portion of THs, i.e. THs that are not bound to distributer proteins, are responsible for biological 

action. Thus, free TH levels provide a biologically more meaningful measure of thyroid function than total 

TH levels. However, since less than 1% of the THs have been estimated to appear in the free form in the 

blood of both fish and mammals (Eales and Shostak, 1985; Rabah et al., 2019), large sample volumes are 

required for determinations of free THs.  

Another challenge concerns the methodological limitations in the measurement of free TH levels. 

Separation of free and protein bound THs can be achieved by using equilibrium dialysis or ultrafiltration. 

However, the separation methods imply technical and theoretical efforts and uncertainties (Holm et al., 

2004) and many laboratories use direct measurement of free THs without prior separation from the protein 

bound THs (Welsh and Soldin, 2016). Free THs can be quantified by analytical chemistry methods 

employing chromatography separation and mass spectrometry (e.g. liquid chromatography tandem mass 

spectrometry (LC-MS/MS)) or by biochemical analysis methods employing immunodetection (e.g. enzyme-

linked immunosorbent assay (ELISA) or radioimmunoassay (RIA)) (van Deventer and Soldin, 2013; Welsh 

and Soldin, 2016; Martin et al., 2020). Chromatography may be the most sensitive method to measure 

THs and has the advantage that several hormones can be measured at the same time (Martin et al., 2020). 

However, measurement by LC-MS/MS has higher costs than measurement by immunoassays performed 

on automated platforms (Welsh and Soldin, 2016). Furthermore, more specialised equipment and 

expertise are required for LC-MS/MS analysis, which are not available in all laboratories (Martin et al., 

2020). Thus, free THs are often measured by immunoassays. However, direct free TH measurement by 

immunoassays may be subject to interferences from TH distributer proteins (Welsh and Soldin, 2016) and 

thus may not be fully reliable.  

Presumably because of the mentioned challenges regarding sample volume, methodological efforts and 

reliability of the results, total TH levels are usually measured instead of free TH levels in studies of THS 

disruption in fish.  

The fish blood plasma volumes required to measure THs by RIA, ELISA and chemical methods have been 

estimated to 10, 100 and 50 µL, respectively (Martin et al., 2020); while typical plasma volumes available 

from individual mature zebrafish and fathead minnows amounts 5-15 and 5-60 µL, respectively (Wheeler 

et al., 2021).   

Due to the small size of zebrafish, TH levels are usually quantified in whole-body homogenates. However, 

whole-body homogenates do not reflect TH depletion in specific tissues caused, for example, by 

interferences with membrane transporters. In addition, the analyses still require the pooling of several 

larvae to obtain enough homogenate for measurement of THs. For example, Stinckens et al. (2016) pooled 

70-80 zebrafish larvae 5 dpf or 3-5 larvae 32 dpf for LC-MS/MS analysis of THs; Wang et al. (2014) pooled 

200 zebrafish larvae 6 dpf for ELISA analysis of THs; and Mukhi et al. (2005) pooled 5 adult zebrafish for 

RIA analysis of THs. 

4.3.2.2. NIS inhibition 

As described in section 4.2.1.2, perchlorate exerted contrasting effects on the TH levels of fish.  

4.3.2.3. TPO inhibition 

As described in section 4.2.2.2, PTU generally decreased T4 and T3 levels in zebrafish. Likewise, 2-

mercaptobenzothiazole exposure decreased T4 in zebrafish 5 dpf and 32 dpf (Stinckens et al., 2016) and 

in fathead minnows 6 dpf (Nelson et al., 2016). In contrast, there was no observed effect of 2-

mercaptobenzothiazole on T3 in zebrafish 5 dpf or 32 dpf (Stinckens et al., 2016) or in fathead minnows 6 
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or 21 dpf, although T3 levels were significantly reduced at 14 dpf (Nelson et al., 2016). Similarly, exposure 

to methimazole for 10 days depressed plasma levels of T4 in both sexes of adult fathead minnows; while 

no effects were observed on T3 (Lema et al., 2009). 

4.3.2.4. DIO inhibition 

As described in section 4.2.3.2, no consistent trends were observed on TH levels after exposure to iopanoic 

acid. 

4.3.2.5. Interaction with TH binding 

As described in section 4.2.4.2, TBBPA exposure increased T4 levels, whereas decreased or unaffected 

T3 levels were observed. Conversely, T4 levels were significantly decreased, while T3 concentrations were 

significantly increased after exposure to TDCPP in zebrafish 6 dpf (Wang et al., 2013). In adult zebrafish, 

TDCPP exposure for 14 days decreased T4 and T3 levels in males, and increased T4 and T3 levels in 

females (Liu et al., 2019b).  

4.3.2.6. Undetermined or mixed MIEs 

In general, brominated flame retardants decreased T4 levels. Reduced T4 levels were observed in 

zebrafish 14 dpf after exposure to DE-71 (Yu et al., 2010). Likewise, exposure to 2,2′,4,4′-

tetrabromodiphenyl ether (BDE-47) (Lema et al., 2008) for 21 days depressed plasma levels of T4 in both 

sexes of adult fathead minnows, while no effects were observed on T3. Furthermore, T4 levels were 

significantly decreased, while T3 concentrations were significantly increased in zebrafish 14 dpf after 

exposure to 2,2′,3,3′,4,4′,5,5′,6,6′-decabromodiphenyl ether (BDE-209), with concentration-dependent 

increases in the T3/T4 ratio (Chen et al., 2012b). However, T4 levels were increased in zebrafish 6 dpf 

upon exposure to TBP (Fu et al., 2020) and 7 dpf upon exposure to BDE-209 (Wang et al., 2014), while 

no significant difference was observed for T3.  

Whole-body T4 and T3 levels at 5 dpf decreased in a dose-dependent manner after PFOA and PFECA 

exposure in zebrafish (Wang et al., 2020). Likewise, whole-body T3 and T4 levels decreased in zebrafish 

upon exposure to PFDoA until 4 dpf (Zhang et al., 2018a). Conversely, PFOS exposure significantly 

increased T3 levels in zebrafish at 15 dpf, whereas T4 content remained unchanged (Shi et al., 2009). 

Likewise, the related chemical, PFNA, significantly elevated plasma T3 levels in both F0 and F1 adult 

zebrafish (Liu et al., 2011c). Furthermore, the PFOS alternative, F-53B, increased T4 levels in both sexes 

of adult zebrafish, whereas T3 levels showed a decreasing trend after F-53B exposure in both sexes (Shi 

et al., 2019). For F1 embryos, parental exposure resulted in an increase in T4 levels, whereas T3 levels 

decreased. Another study reported increased T4 levels in zebrafish exposed to F-53B for 0-5 dpf, whereas 

no significant effects on T3 levels were found (Deng et al., 2018).  

T4 levels were significantly decreased, while T3 concentrations were significantly increased after exposure 

to MEHP in zebrafish 7 dpf (Zhai et al., 2014). However, exposure to DEHP (Jia et al., 2016) increased 

both T4 and T3 concentrations in zebrafish larvae 7 dpf, with no significant change in T3/T4 ratio. 

Bisphenol F (BPF) exposure from 0-5 dpf significantly increased T4 levels in zebrafish, while T3 levels 

were not affected (Lee et al., 2019). Conversely, significant decreased T4 contents and  significant 

increased T3 and TSH contents, as well as T3/T4 ratios, were observed in BPF treated zebrafish 6 dpf 

(Huang et al., 2016). Bisphenol A (BPA) and bisphenol S (BPS) significantly increased T3 levels, while T4 

levels were not affected. However, T4 and T3 levels were both significantly decreased in zebrafish exposed 

to BPS until 7 dpf (Zhang et al., 2017), while TSH concentrations were significantly increased by BPS 

exposure. Furthermore, bisphenol AP significantly decreased T4 levels but did not significantly affect T3 

and TSHβ levels in 5 dpf zebrafish (Lee et al., 2020). 
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Zebrafish exposed to o,p’-DDT from 0-7 dpf showed significantly increased whole-body T4 and T3 levels, 

whereas the p,p’-DDE exposure group showed significantly decreased whole-body total T4 and T3 levels 

(Wu et al., 2019). The T3/T4 ratio was significantly reduced in both exposure groups. 

T4 levels were significantly decreased, while T3 concentrations were significantly increased after exposure 

to hexaconazole and tebuconazole in zebrafish 5 dpf (Yu et al., 2013). Difenoconazole exposure 

significantly decreased T4 levels in zebrafish exposed from 0-5 dpf, while T3 concentrations were not 

affected (Liang et al., 2015). Triadimefon exposure increased T4 and reduced T3 levels in zebrafish 5 dpf 

(Liu et al., 2011b). Similarly, T4 levels were increased in zebrafish embryos 5 dpf upon exposure to 

triclocarban, however, no significant difference was observed for T3 (Dong et al, 2018). Exposure to 

pentachlorophenol significantly decreased T4 and TSH levels but significantly increased T3 levels in 

zebrafish exposed from 0-6 dpf (Lei et al., 2020). 

Similarly, significantly increased T3 content and T3/T4 ratio, and significantly reduced TSH was observed 

in zebrafish exposed to oxytetracycline from 2-5 dpf (Yu et al., 2020). Exposure to CoFe2O4 nanoparticles 

increased both T4 and T3 concentrations in zebrafish larvae 7 dpf (Ahmad et al., 2015). 

In a transgenerational study with parental exposure of zebrafish to tebuconazole for 60 days, T4 and T3 

were significantly reduced in F0 females and F1 larvae at 10 dpf, while unchanged T3 levels and 

significantly diminished T4 levels were observed in F0 males and F1 embryos at 1.5 and 5 dpf (Li et al., 

2019). 

4.3.2.7. General discussion and conclusions on plasma and whole-body TH levels as 

endpoint for THS related disruption 

Whole-body or plasma levels of THs have been commonly employed as indicators of THS disruption in 

fish. TPO inhibitors generally decreased the T4 levels of fish, while T3 levels were decreased or unaffected. 

Contrasting effects, i.e. increased, decreased or unaffected T4 and T3 concentrations, were observed 

following exposure to chemicals acting via other MIEs. These diverse patterns in TH levels may be owing 

to different exposure scenarios (e.g. fish age and exposure duration). However, no clear trends can be 

deduced from the relatively sparse number of comparable exposure scenarios.  

The TH levels are a function of the momentary synthesis and degradation rates, and the cause of the 

varying observations may be connected to the degree of (over-)compensation in the THS. The efficient 

feedback control of T4 on the hypothalamus and pituitary works toward compensatory restoration of 

plasma TH concentrations following exposure to THS disrupting chemicals. The TH levels measured at a 

given time may depend on the MIE, chemical exposure concentration, timing and duration, and species 

sensitivities. Additionally, in fish natural diurnal, seasonal and developmental stage fluctuations in TH 

levels occur, which require special consideration of the optimum timing of sampling during experimentation 

(Blanton and Specker, 2007; Martin et al., 2020; Wheeler et al., 2021). Furthermore, the TH levels alone 

do not provide information on the rate of TH turnover (Eales and Brown, 1993). 

Moreover, it should be noted that whole-body or plasma measurements of THs do not necessarily reflect 

tissue levels of hormonally active T3 and may not reveal effects that occur in specific tissues such as 

disruption of TH metabolism or TR-mediated effects in peripheral tissues. Conversely, changes in whole-

body or plasma TH levels may occur even though T3 levels and function remain the same in peripheral 

tissues (Noyes et al., 2019). 

Additionally, the small sample volume available for TH measurements in small fish species like zebrafish 

and medaka could be a concern (Martin et al., 2020; Wheeler et al., 2021). Especially for embryos and 

larvae, pooling of several fish samples for TH analysis is required, which may mask individual differences. 

It may further require a larger number of fish used in the fish early life stage TGs. To determine the required 

number of fish for detecting changes in TH levels, power analyses, taking into account the sensitivity of 

the detection method, should be conducted (Martin et al., 2020; Wheeler et al., 2021).  
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The above-mentioned aspects may reduce the suitability of TH concentrations as endpoints for THS 

disruption (particularly in early life stage TGs). It is unlikely that measurement of TH levels alone will offer 

adequate information to assess THS related disruption.  

4.3.2.8. Intrafollicular T4 and T3 content 

Intrafollicular T4 and T3 content can be evaluated by means of fluorescence-labelled antibodies in whole-

mounts of zebrafish embryos and larvae (Alt et al., 2006; Thienpont et al., 2011; Raldúa et al., 2012; Jomaa 

et al., 2014; Rehberger et al., 2018).  

In the Zebrafish Eleutheroembryo Thyroid Assay (Thienpont et al., 2011; Raldúa et al., 2012), 

immunofluorescence analysis of T4 concentrations in the thyroid follicles is performed in whole-mount 5 

dpf zebrafish following chemical exposure. Perchlorate, PTU, methimazole, amiodarone, pyrazole, 

sulfamethoxazole, resorcinol, benzophenone-2, mancozeb, genistein and NaBr significantly reduced the 

T4 immunofluorescence signal in this assay (Raldúa and Babin, 2009; Thienpont et al., 2011).  

Exposure of zebrafish embryos to PTU resulted in a significant decrease in the number of follicles that 

stained for T3, whereas a trend for increase in follicles that stained for T4 was observed. In contrast, the 

intensity of the fluorescence decreased significantly for both THs after exposure to PTU (Rehberger et al., 

2018). Furthermore, while in control fish the areas staining for intrafollicular hormones appeared spherical 

with distinct boundaries, the follicular shape progressively changed to more irregular and tube-like forms 

with increasing concentrations of PTU, which might be explained by peripheral vacuolation, a phenomenon 

indicative of activated follicles (Rehberger et al., 2018).  

The related TPO inhibitor, phenylthiourea, caused a strong reduction of the follicular T4 

immunofluorescence staining of 5 dpf zebrafish (Elsalini and Rohr, 2003; Giusti et al., 2020). Moreover, 

methimazole exposure resulted in both lower T4 signal intensity and lower number of staining follicles in 

zebrafish at 5 dpf (Jomaa et al., 2014).  

Exposure to potassium perchlorate, methimazole or phenylthiourea decreased T4 immunostaining in the 

thyroid follicles of zebrafish larvae 5 dpf (Alt et al., 2006). 

An accumulation of T4 immunoreactivity has been observed at the interphase between the follicular 

epithelium and the colloid lumen. This colloidal T4 ring may reflect the accumulation of T4 at its site of 

synthesis, and thus represent the level of TH synthetic activity in the thyroid follicles (Mukhi et al., 2005; 

Mukhi and Patiño, 2007).  

Perchlorate caused a decrease in the colloidal T4 ring intensity (optical density) of adult zebrafish thyroid 

follicles at 2 and 12 weeks of exposure (Mukhi et al., 2005). Colloidal ring intensity was the most sensitive 

of the evaluated endpoints, which also included thyroid histology and T4 concentrations. Furthermore, the 

intensity of the colloidal T4 ring was still reduced after 12 weeks of recovery of the fish, whereas follicular 

epithelial cell height changes were no longer detectable. 

4.3.2.9. General discussion and conclusions on intrafollicular TH content as an endpoint for 

THS related disruption 

Follicular T4 and T3 may be a useful endpoint to detect THS disrupting chemicals acting through various 

MIEs in zebrafish (eleuthero)embryos. However, this endpoint has not been assessed in juveniles or 

adults. 

Colloidal T4 ring intensity appears to be a sensitive endpoint for NIS disruption in adult zebrafish. However, 

to fully assess this endpoint further work is required regarding the effects of other MIEs for THS related 

disruption. 
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4.3.3. Gene expression 

The widespread actions of THs can be ascribed to the multiple genes that are regulated, positively and/or 

negatively, by THs. The expression profiles of several genes known to participate in thyroid development 

and TH synthesis, distribution, action, feedback, and metabolism in fish have been used as indicators for 

THS disrupting effects of various compounds. 

Key genes include those coding for: 1) CRH (crh, expressed in the hypothalamus) and TSHβ (tshβ, 

expressed in the pituitary) which are both involved in HPT axis mediated feedback regulation of TH levels, 

2) thyroid transcription factors (hhex, nkx2.1a/nkx2.4b, pax2a and pax8) expressed in the thyroid, 3) NIS 

(slc5a5 (nis)), Tg (tg) and TPO (tpo) which are all expressed in the thyroid follicles and are involved in TH 

synthesis, 4) TTR (ttr) which is expressed in the liver and functions as a TH distributor protein in the plasma, 

5) DIOs (dio1, dio2 and dio3) which are expressed in peripheral tissues and which are involved in activation 

and inactivation of THs, 6) TRs (thra and thrb) expressed in essentially all tissues and responsible for 

initiating TH action and 7) UGT (ugt1ab) which is expressed in metabolic tissues and plays a role in the 

metabolism of THs.  

Gene expression in zebrafish is typically quantified by real-time polymerase chain reaction (qRT-PCR) 

measuring mRNA in whole-body samples. The method potentially provides a sensitive screen for potential 

THS disrupters.  

4.3.3.1. crh 

In non-mammalian vertebrates, including fish, CRH released from the hypothalamus appears to stimulate 

TSH secretion (De Groef et al., 2006).  

In general, chemical exposure has been shown to upregulate the transcription levels of crh. 

The transcription of crh was significantly induced in zebrafish 4 dpf upon exposure to PFDoA (Zhang et 

al., 2018a), 5 dpf upon exposure to BPS (Lee et al., 2019), hexaconazole (Yu et al., 2013), tebuconazole 

(Yu et al., 2013), difenoconazole (Liang et al., 2015), or perfluoropolyether carboxylic acids, PFOA, 

PFO3OA and PFO5DoDA (Wang et al., 2020), 7 dpf after exposure to DEHP (Jia et al., 2016), BPS (Zhang 

et al., 2017), o,p’-DDT or p,p’-DDE (Wu et al., 2019), and 14 dpf after exposure to DE-71 (Yu et al., 2010) 

or BDE-209 (Chen et al., 2012b). The upregulation of crh observed in the embryo/larval studies may be 

ascribed to reduced negative feedback on the hypothalamus due to decreased levels of circulating T4. 

However, crh expression was significantly decreased in zebrafish 6 dpf upon exposure to TBP (Fu et al., 

2020), and was not significantly affected by BPA or BPF exposure from 0-5 dpf (Lee et al., 2019). 

In F0 female zebrafish, F-53 exposure for 180 days significantly upregulated the transcription level of crh, 

whereas the transcription level of crh remained unchanged in F0 male brain and F1 males, and decreased 

significantly in F1 female brains (Shi et al., 2019).  

4.3.3.2. tshβ  

The pituitary gland regulates TH synthesis via the secretion of TSH which stimulates the transcription of 

genes involved in TH synthesis: slc5a5 (nis), tg and tpo (see Fig. 2) (Van Heuverswyn et al., 1985; 

Chazenbalk et al., 1987; Riedel et al., 2001). TSH secretion is stimulated by fluctuations in the 

concentrations of circulating THs via feedback mechanisms. 

TSH is composed of an α- and a β-subunit (MacKenzie et al., 2009). The α-subunit of TSH is nearly 

identical to that of FSH and LH. The β-subunits are structurally distinct and thus defines the functional 

specificity of the hormone (Pierce and Parsons, 1981; Maugars et al., 2014). 

Chemical exposure has been shown to generally upregulate the transcription levels of tshβ. 
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The transcription of tshβ was significantly upregulated in zebrafish 80 hpf after treatment with 

phenylthiourea (Opitz et al., 2011), 5 dpf upon exposure to triadimefon (Liu et al., 2011b), PFOA (Wang et 

al., 2020), difenoconazole (Liang et al., 2015), phenylthiourea (Opitz et al., 2011), or hexaconazole or 

tebuconazole (Yu et al., 2013), 6 dpf upon exposure to TDCPP (Wang et al., 2013) or PFOA (Godfrey et 

al., 2017), 7 dpf after exposure to DEHP (Jia et al., 2016), MEHP (Zhai et al., 2014), o,p’-DDT or p,p’-DDE 

(Wu et al., 2019), and 14 dpf upon exposure to DE-71 (Yu et al., 2010) or BDE-209 (Chen et al., 2012b). 

The upregulation of tshβ observed after exposure to various compounds may be ascribed to reduced 

negative feedback on the pituitary due to decreased levels of circulating T4. 

PTU exposure in zebrafish likewise significantly upregulated the expression of tsh in larvae (Tonyushkina 

et al., 2017) and adults (Pinto et al., 2013), whereas tsh expression was unaffected in embryos exposed 

from 0-5 dpf (Baumann et al., 2016). BDE-47 exposure significantly decreased the expression of tshβ, 

whereas BPA significantly induced the transcription of tshβ in zebrafish exposed from 4-8 dpf (Chan and 

Chan, 2012). However, tshβ expression was not affected in zebrafish exposed form 0-4 dpf to BDE-47, 

BDE-209 or 2,2′,4,4′,5-pentabromodiphenyl ether (BDE-99) (Zezza et al., 2019), or from 0-5 dpf to BPA or 

BPF, whereas BPS increased the expression of tshβ (Lee et al., 2019).  

Expression of tshβ was also significantly upregulated in zebrafish exposed to 100-400 µg/L TBBPA from 

2 hpf to 6 dpf (Zhu et al., 2018) or to 530-3950 µg/L TBBPA from 4-8 dpf (Chan and Chan, 2012). However, 

in zebrafish exposed to 820 µg/L TBBPA from 0-4 dpf, tshβ expression was significantly downregulated 

(Chan and Chan, 2012), whereas no significant effects on tsh expression levels were seen in zebrafish 

exposed to 100-400 µg/L TBBPA from 0-5 dpf (Baumann et al., 2016) or to 13 µg/L TBBPA from 0-6 dpf 

(Godfrey et al., 2017).  

Significantly reduced tshβ expression was observed in zebrafish after exposure to PFDoA from 0-4 dpf 

(Zhang et al., 2018a), TBP from 0-6 days (Fu et al., 2020), the antifouling biocide tralopyril from 0-5 dpf 

(Chen et al., 2020) or PFOS from 0-15 dpf (Shi et al., 2009). Furthermore, significant decreases in tshβ 

mRNA were observed in the F1 larvae of zebrafish exposed to tebuconazole from 60-120 dpf (Li et al., 

2019). 

Sex-specific differences in tshβ expression responses have been observed. Exposure to PFOA caused an 

increase in tshβ mRNA expression in 10 dpf Japanese medaka females but not in males (Godfrey et al., 

2019). Conversely, tshβ expression was significantly reduced in the brain of zebrafish F0 males, whereas 

no significant effects were observed on the transcription level of tshβ in F0 female fish after treatment 

with F-53B (Shi et al., 2019). In F1 female brains, the transcriptional level of tshβ was significantly reduced 

after parental exposure to F-53B, which was likely a negative feedback reaction to elevated T4 levels. 

Furthermore, the expression of tshβ was significantly increased in both female and male livers of zebrafish 

exposed to tebuconazole for 60 days (Li et al., 2019).  

Tissue-specific expressions have been examined in fathead minnows and sea bream. Elevated tshβ 

mRNA abundance in the pituitary glands of adult fathead minnows were observed upon exposure to 

methimazole for 10 days (Lema et al., 2009) or BDE-47 for 21 days (Lema et al., 2008). In sea bream, tsh 

expression in the brain and pituitary was significantly downregulated by PTU exposure (Morgado et al., 

2009) while tshβ expression in the pituitary was unaffected in another study (Campinho et al., 2012). 

4.3.3.3. hhex, nkx2.1a/nkx2.4b and pax8    

The thyroid transcription factors are involved in the development of the thyroid primordium (Porazzi et al., 

2009; Wendl et al., 2002) and regulate the transcription of slc5a5 and tg (Zoeller et al., 2007). Zebrafish 

thyroid precursor cell markers hhex, nkx2.1a/nkx2.4b and pax2a can be detected as soon as 24 hpf (Rohr 

and Concha, 2000; Wendl et al., 2002; Opitz et al., 2013), while pax8 is expressed from about 28 hpf 

(Wendl et al., 2002). 
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In general, chemical exposure has been shown to upregulate the transcription levels of thyroid transcription 

factor genes. 

Treatment with TDCPP significantly increased the transcription of hhex, nkx2.1a (RefSeq NM_131589.1; 

also named nkx2.4b (Manoli and Driever, 2014)) and pax8 in zebrafish 6 dpf (Wang et al., 2013). Likewise, 

nkx2.1a (nkx2.4b) and pax8 were significantly upregulated in zebrafish 7 dpf upon exposure to MEHP 

(Zhai et al., 2014), o,p’-DDT or p,p’-DDE (Wu et al., 2019), and 14 dpf upon exposure to DE-71 (Yu et al., 

2010) or BDE-209 (Chen et al., 2012b). Benzophenone-4 significantly increased the expression of hhex 

and pax8 in zebrafish exposed for approximately 5 days from 2-4 hpf (Zucchi et al., 2011). BPS exposure 

from 0-7 dpf also significantly increased pax8 expression (Zhang et al., 2017). However, exposure to BPS, 

BPA or BPF in zebrafish until 5 dpf caused no significant effects on the expression of pax8, while the 

treatments significantly increased the expression of hhex (Lee et al., 2019). The transcripts of nkx2.1 

(nkx2.4b) were significantly increased after DEHP exposure of zebrafish from 2 hpf to 7 dpf, whereas 

expression of pax8 showed no significant change (Jia et al., 2016). Likewise, the expression levels of pax8 

were not affected by exposure to TBP in zebrafish 6 dpf (Fu et al., 2020). Chen et al. (2020) found that the 

pax8 expression response in zebrafish 5 dpf depended on the exposure concentrations of tralopyril. While 

3 µg/L significantly increased the expression, 1 µg/L significantly decreased the expression, while no 

effects were observed at 2 µg/L. Du et al. (2013a; 2013b) found that exposure to PFOA and PFOS resulted 

in significantly higher expression levels of hhex and pax8 in a short-term zebrafish assay from 0-5 dpf. 

Likewise, PFOS increased the expression levels of hhex and pax8 in zebrafish exposed from 0-5.5 dpf 

(Shi et al., 2008).  

4.3.3.4. slc5a5 (nis) 

Slc5a5 is expressed in the thyroid (Alt et al., 2006) and its product, the sodium/iodide symporter (NIS), is 

responsible for the iodine uptake from the blood to the thyroid follicles (Zoeller et al., 2007). The 

transcription of slc5a5 is regulated by thyroid transcription factors stimulated by TSH (Zoeller et al., 2007). 

Chemical exposure has been shown to generally upregulate the transcription levels of slc5a5 in 

embryos/larvae. 

The transcript levels of slc5a5 were significantly upregulated in zebrafish embryos 80 hpf after treatment 

with phenylthiourea (Opitz et al., 2011), 4 dpf following exposure to BDE-47 (Chan and Chan, 2012), 5 dpf 

after triclocarban (Dong et al., 2018), hexaconazole (Yu et al., 2013), tebuconazole (Yu et al., 2013) or 

phenylthiourea (Opitz et al., 2011) treatment, 6 dpf upon treatment with TDCPP (Wang et al., 2013), 7 dpf 

upon exposure to MEHP (Zhai et al., 2014), BPS (Zhang et al., 2017), o,p’-DDT or p,p’-DDE (Wu et al., 

2019), 14 dpf upon DE-71 (Yu et al., 2010) or BDE-209 exposure (Chen et al., 2012b) and 15 dpf upon 

PFOS exposure (Shi et al., 2009). Furthermore, triclosan caused a significant upregulation of slc5a5 in 

adult zebrafish exposed for 21 days (Pinto et al., 2013). The upregulation of slc5a5 mRNA levels observed 

in zebrafish after exposure to various compounds may reflect feedback mechanisms in the HPT axis to 

keep TH homeostasis. 

Exposure to PTU also significantly increased mRNA expression of slc5a5 in zebrafish from 0-5 dpf (Liu et 

al., 2013), whereas Pinto et al. (2013) found no significant effects in adult zebrafish. Likewise, no significant 

effects were observed on slc5a5 expression in embryos or larvae after exposure to TBBPA from 0-4 dpf 

or from 4-8 dpf (Chan and Chan,  2012). Similarly, the transcripts of slc5a5 showed no significant changes 

after DEHP exposure of zebrafish from 2 hpf to 7 dpf (Jia et al., 2016). Furthermore, exposure to 

difenoconazole from 0-5 dpf caused no significant changes in slc5a5 expression in zebrafish (Liang et al., 

2015). PFDoA on the other hand significantly decreased the levels of slc5a5 in a concentration-dependent 

manner after exposure of zebrafish from 0-4 dpf (Zhang et al., 2018a). 

A study in Chinese rare minnow showed time- and tissue-dependent effects of exposure to perchlorate on 

slc5a5 expression (Li et al., 2011b). In larvae, the expression of slc5a5 was significantly downregulated 

after 7-day exposure, significantly upregulated after 14-day exposure and showed no significant difference 
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after 21-day exposure to perchlorate. The expression of slc5a5 was generally upregulated in the brains of 

the adult fish. However, in the livers of adult fish the expression of slc5a5 was significantly downregulated 

after 7- or 14-day exposure and significantly upregulated after 21-day exposure.  

4.3.3.5. tg 

Tg is the substrate upon which THs are synthesised (Zoeller et al., 2007), and Tg synthesis is regulated 

by thyroid transcription factors.  

Generally, tg expression is upregulated in fish following exposure to THS disrupting chemicals. 

The transcription of tg was significantly increased in zebrafish 5 dpf upon phenylthiourea (Opitz et al., 

2011) or BPA exposure (Lee et al., 2019), 6 dpf upon treatment with TDCPP (Wang et al., 2013), 7 dpf 

upon exposure to DEHP (Jia et al., 2016), MEHP (Zhai et al., 2014), BPS (Zhang et al., 2017), o,p’-DDT 

or p,p’-DDE (Wu et al., 2019), and 14 dpf upon exposure to DE-71 (Yu et al., 2010) or BDE-209 (Chen et 

al., 2012b). Furthermore, BDE-47 significantly induced tg expression in zebrafish exposed from 4-8 dpf 

(Chan and Chan, 2012). Moreover, mRNA levels of tg were significantly increased in F1 larvae following 

parental exposure to F-53B (Shi et al., 2019).  

Expression of tg was significantly upregulated in zebrafish exposed to 100-400 µg/L TBBPA from 2 hpf to 

6 dpf (Zhu et al., 2018), whereas no significant effect was observed on tg expression in embryos and larvae 

after exposure to 110-820 µg/L TBBPA from 0-4 dpf or to 530-3950 µg/L TBBPA from 4-8 dpf (Chan and 

Chan, 2012). Likewise, the expression levels of tg in zebrafish were not significantly affected by exposure 

from 0-5 dpf to BPS (Lee et al., 2019) or difenoconazole (Liang et al., 2015), or to TBP from 0-6 dpf (Fu et 

al., 2020). 

Exposure to PTU from 0-5 dpf significantly increased mRNA expression of tg in zebrafish (Liu et al., 2013). 

However, Pinto et al. (2013) found no significant effects of PTU on the expression of tg in adult zebrafish. 

Likewise, triclosan exposure of adult zebrafish for 21 days did not significantly modify the expression of tg 

(Pinto et al., 2013). Furthermore, exposure to hexaconazole or tebuconazole did not significantly affect the 

transcription of tg in zebrafish 5 dpf (Yu et al., 2013). In zebrafish exposed from 60-120 dpf, tg transcripts 

were significantly increased in the livers of females, while no significant effects were observed on the 

expression of tg in the livers of males or in the F1 generation (Li et al, 2019). 

Finally, tg expression was significantly downregulated in zebrafish 15 dpf upon PFOS exposure (Shi et al., 

2009) and 4 dpf upon exposure to PFDoA (Zhang et al., 2018a). 

4.3.3.6. tpo 

The TPO enzyme catalyses the oxidation of iodide ions and the addition of these onto tyrosine residues 

on Tg to produce T4 (Zoeller et al., 2007). 

Various effects of chemical exposure on the expression of tpo have been observed. 

The expression of tpo was significantly upregulated in zebrafish 5 dpf upon PTU (Baumann et al., 2016), 

phenylthiourea (Opitz et al., 2011) or BPS (Lee et al., 2019) exposure, 7 dpf after exposure to o,p’-DDT or 

p,p’-DDE (Wu et al., 2019), 6 and 28 dpf after exposure to TDCPP, PFOA, PFBA and DOPO (Godfrey et 

al., 2017), or following exposure to BDE-47 from 4-8 dpf (Chan and Chan, 2012); and in fathead minnows 

14, 21 and 22 dpf upon exposure to 2-mercaptobenzothiazole (Nelson et al., 2016). The increased 

expression levels may be part of a compensatory feedback response to TPO inhibition caused by the 

chemical exposure.  

However, no significant effects were observed upon exposure to BPA or BPF in zebrafish from 0-5 dpf 

(Lee et al., 2019). Pinto et al. (2013) likewise found no significant effect of PTU exposure on tpo expression 
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in adults. Furthermore, no significant effect on tpo expression was observed in fathead minnows 2 or 6 dpf 

upon exposure to 2-mercaptobenzothiazole (Nelson et al., 2016). 

Additionally, no significant effects were observed on tpo expression in zebrafish embryos and larvae after 

exposure to 110-820 µg/L TBBPA from 0-4 dpf or to 530-3950 µg/L TBBPA from 4-8 dpf (Chan and Chan,  

2012), or to 13 µg/L TBBPA from 0-6 dpf (Godfrey et al., 2017). However, tpo expression was significantly 

downregulated in zebrafish after exposure to 100-400 µg/L TBBPA from 0-5 dpf (Baumann et al., 2016). 

Furthermore, exposure to methimazole decreased the expression of tpo in zebrafish 28 dpf (Godfrey et 

al., 2017). The transcription level of tpo was also decreased in F1 and F2 zebrafish after F0 exposure to 

F-53B (Shi et al., 2019). Moreover, expression of tpo was significantly downregulated in fathead minnows 

by exposure to iopanoic acid in an embryo study at 6 dpf and in a larval study at 10, 14 and 18 dpf. 

However, by 21 dpf there were no longer any statistically significant differences between the treatments 

and controls (Cavallin et al., 2017). Finally, tpo expression was downregulated in zebrafish 5 dpf after 

exposure to triclocarban (Dong et al., 2018), whereas triclosan exposure of adult zebrafish for 21 days did 

not modify the expression of tpo (Pinto et al., 2013). 

4.3.3.7. ttr 

TTR is a key TH distributor protein in fish plasma (McLean et al., 2017; Power et al., 2000).  

Effects of chemical exposure on the expression of ttr have been examined in numerous studies.   

The transcription of ttr was significantly induced in zebrafish upon exposure to PFOA (Wang et al., 2020), 

BPA or BPS (Lee et al., 2019), difenoconazole (Liang et al., 2015), or hexaconazole or tebuconazole (Yu 

et al., 2013) until 5 dpf, to TBP until 6 dpf (Fu et al., 2020), and to DEHP from 2 hpf to 7 dpf (Jia et al., 

2016). Likewise, BDE-47 induced the transcription of ttr in zebrafish exposed from 4-8 dpf (Chan and Chan, 

2012). Furthermore, the abundance of ttr transcripts was induced in F0 adult male zebrafish exposed to 

PFNA, and in their offspring (Liu et al., 2011c). 

Exposure of zebrafish to 250 µg/L TBBPA resulted in significantly higher levels of ttr at 2 dpf; however, no 

effects were observed at 4 or 5 dpf (Parsons et al., 2019). Furthermore, no effects were observed on ttr 

expression in zebrafish embryos after exposure from 0-4 dpf to 111-820 µg/L TBBPA, whereas induced 

transcription of ttr in zebrafish larvae was observed after exposure from 4-8 dpf to 3950 µg/L TBBPA (Chan 

and Chan, 2012).  

Exposure of zebrafish to 200 or 400 µg/L TBBPA from 2 hpf to 6 dpf decreased the transcription of ttr (Zhu 

et al., 2018). Likewise, ttr expression was downregulated in zebrafish 5 dpf after exposure to tralopyril 

(Chen et al., 2020), 7 dpf after exposure to MEHP (Zhai et al., 2014) or BPS (Zhang et al., 2017), 14 dpf 

upon exposure to DE-71 (Yu et al., 2010) or BDE-209 (Chen et al., 2012b) and 15 dpf upon exposure to 

PFOS (Shi et al., 2009). However, ttr expression was not affected in zebrafish exposed form 0-4 dpf to 

BDE-47, BDE-209 or BDE-99 (Zezza et al., 2019). 

The transcription of ttr showed different expression pattern in female and male zebrafish upon exposure 

to microcystin-LR (Cheng et al., 2017). However, the transcriptional levels of ttr were increased in both 

sexes of zebrafish after F-53B exposure (Shi et al., 2019). 

In sea bream, ttr expression in the liver was either upregulated (Morgado et al., 2009) or unaffected 

(Campinho et al., 2012) by PTU exposure in spite of similar exposure scenarios. 

4.3.3.8. dio1, dio2 and dio3 

Fish express three isotypes of deiodinases: DIO1, DIO2 and DIO3, which are responsible for the peripheral 

regulation of concentrations of active and inactive THs (see Fig. 4) (Orozco and Valverde, 2005; Darras 

and Van Herck, 2012). These enzymes are expressed in a tissue- and developmental-specific manner and 
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thus, at the precise time and site, tightly regulate the concentrations of active and inactive THs (Orozco 

and Valverde, 2005).  

All vertebrates have a single gene for each of the DIO1 and DIO2 enzymes. However, due to a whole-

genome duplication, fish have two paralog genes, dio3a and dio3b, coding for different isoforms of DIO3; 

with DIO3b seemingly having a predominant role over DIO3a in zebrafish (Guo et al., 2014; Heijlen et al., 

2014). 

While being similar to mammalian DIOs in their molecular and functional properties, fish DIOs show 

distinctive characteristics, including the relative insensitivity of teleostean DIO1 to PTU inhibition (Orozco 

and Valverde, 2005). 

Numerous chemicals have been shown to affect the expression of DIO genes in different fish species, life 

stages and tissues.  

 

dio1 

The expression of dio1 was significantly upregulated in zebrafish 5 dpf upon exposure to PFO4DA (Wang 

et al., 2020), BPA (Lee et al., 2019), hexaconazole (Yu et al., 2013), difenoconazole (Liang et al., 2015), 

or triclocarban (Dong et al., 2018), 6 dpf upon TDCCP exposure (Wang et al., 2013), 7 dpf upon exposure 

to MEHP (Zhai et al., 2014), BPS (Zhang et al., 2017), o,p’-DDT or p,p’-DDE (Wu et al., 2019), 14 dpf upon 

exposure to DE-71 (Yu et al., 2010) or BDE-209 (Chen et al., 2012b), and 15 dpf upon PFOS exposure 

(Shi et al., 2009).  

Although dio2 expression was significantly increased, no significant effects on dio1 expression were 

observed in zebrafish exposed until 5 dpf to PTU (Baumann et al., 2016), PFO3OA or PFO5DoDA (Wang 

et al., 2020), to DEHP from 2 hpf to 7 dpf (Jia et al., 2016), or to F-53B as adults (Shi et al, 2019). Likewise, 

dio2 and dio3 expression showed an increase in fathead minnows exposed to iopanoic acid up to 21 dpf, 

while dio1 expression was unaffected (Cavallin et al., 2017). Furthermore, no effects were observed on 

dio1 expression in zebrafish exposed to PBDE/OH-BDE 12, 23 or 45 dpf (Macaulay et al., 2017). Likewise, 

dio1 expression was not significantly affected in zebrafish exposed form 0-4 dpf to BDE-47, BDE-209 or 

BDE-99 (Zezza et al., 2019).  

On the other hand, dio1 expression was significantly decreased in zebrafish 5 dpf after triadimefon 

exposure, while the levels of dio2 transcripts were not affected (Liu et al., 2011b). The expression of dio1 

was furthermore significantly decreased in zebrafish by exposure to tralopyril from 0-5 dpf (Chen et al., 

2020) and to TBP from 0-6 dpf (Fu et al., 2020).  

 

dio2 

The expression of dio2 was significantly upregulated in zebrafish exposed to PFDoA from 0-4 dpf  (Zhang 

et al., 2018a), to PTU (Baumann et al., 2016), hexaconazole (Yu et al., 2013), difenoconazole (Liang et 

al., 2015), PFOA, PFO3OA or PFO5DoDA (Wang et al., 2020) or to the herbicide metabolite metolachlor 

ethanesulfonic acid (Rozmánková et al., 2020) until 5 dpf, to MEHP (Zhai et al., 2014), DEHP (Jia et al., 

2016) or BPS (Zhang et al., 2017) until 7 dpf, and to DE-71 (Yu et al., 2010) or BDE-209 (Chen et al., 

2012b) until 14 dpf. Additionally, upregulation of dio2 transcripts was observed in adult medaka exposed 

to perchlorate for 7 days (Lee et al., 2014). In fathead minnow, dio2 and dio3 expression showed an 

increase after exposure to iopanoic acid up to 21 dpf; with expression of dio2 as the most impacted 

(Cavallin et al., 2017). p,p’-DDE exposure significantly downregulated the expression of dio2 in zebrafish 

exposed from 0-7 dpf (Wu et al., 2019).   

Although dio1 expression was significantly increased, no significant effects on dio2 expression were 

observed in zebrafish exposed until 5 dpf to PFO4DA (Wang et al, 2020), BPA (Lee et al., 2019), or 
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triclocarban (Dong et al., 2018), to TDCCP until 6 dpf (Wang et al., 2013), or to PFOS until 15 dpf (Shi et 

al., 2009). Triadimefon exposure did not significantly affect the levels of dio2 transcripts in zebrafish 5 dpf 

even though dio1 expression was significantly decreased (Liu et al., 2011b). Furthermore, no significant 

effects were observed on dio1 or dio2 expression in zebrafish exposed to PBDE/OH-BDE 12, 23 or 45 dpf 

(Macaulay et al., 2017). 

 

dio3 

Iopanoic acid increased dio3 expression in fathead minnows 21 dpf (Cavallin et al., 2017). p,p’-DDE 

likewise upregulated dio3a and dio3b expression in zebrafish exposed from 0-7 dpf; whereas o,p’-DDT 

downregulated dio3a and dio3b expression (Wu et al., 2019). PTU treatment also significantly 

downregulated dio3 expression in zebrafish 5 dpf (Baumann et al., 2016). Likewise, TBP exposure 

significantly decreased dio3a and dio3b expression in zebrafish 6 dpf (Fu et al., 2020). However, the 

expression of dio3 was not significantly affected by exposure to BPS from 0-7 dpf (Zhang et al., 2017). 

 

Time-, tissue- and sex-specific responses in dio expression 

In Chinese rare minnow larvae, dio2 mRNA levels were downregulated by perchlorate exposure at 7 dph 

and upregulated at 14 or 21 dph (Li et al., 2011b). Dio1 expression was not detected until 21 dph, whereas 

dio3 mRNA was not detected at high levels in larvae even by 21 dph. In adults, at 7-day exposure only 

dio3 was downregulated in the liver. However, after 14-day exposure, an upregulation of dio2 and a 

downregulation of dio1 and dio3 were observed. No significant changes in the expression of dio1, dio2 or 

dio3 in the livers were observed after 21-day exposure. In the brains of the adult male fish, a general 

upregulation of dio2 expression was observed after 7- and 14-day exposure, while dio2 expression was 

downregulated after 21-day exposure. In the brains of the adult females, a general downregulation of dio2 

and dio3 expression was observed. Expression of dio1 was not detected at high levels in the brains of rare 

minnow. 

In juvenile sea bream, dio2 expression was significantly upregulated in the liver, dio2 and dio3 expression 

was significantly downregulated in the brain, while no significant effect was observed on dio2 expression 

in the pituitary after PTU treatment for 21 days (Morgado et al., 2009). Another study with sea bream using 

a similar treatment scenario showed no significant effects of PTU exposure on dio expression in the liver 

or kidney (Campinho et al., 2012). 

In zebrafish, a significant decrease in dio1 mRNA and a significant increase in dio2 expression was 

observed in the livers of females exposed to tebuconazole for 60 days, (Li, 2019). However, no significant 

effects on dio1 or dio2 expression were observed in the male livers, while the expression levels of dio1 

and dio2 were decreased in F1 larvae. Furthermore, the transcription of dio2 was increased in both sexes 

of F0 zebrafish exposed to F-53B, and in F1 larvae from the exposed parents (Shi et al., 2019). 

In general, dio1 and dio2 expression was increased after exposure to chemicals. However, dio3 expression 

showed more variable effects in the relatively few studies examining this endpoint. The overall changes in 

deiodinase expression activity may serve as a compensatory response mechanism to sustain the 

homeostasis of T3. 

4.3.3.9. thra and thrb 

TRs function as ligand-induced transcription factors that bind T3 (and with a lower affinity T4) and 

stimulates the transcription of genes containing TREs (Darras et al., 2011). Zebrafish express various 

isoforms of TRs encoded by two thra gene variants (thraa and thrab) and a single thrb gene with differing 

tissue distribution (Marelli and Persani, 2018).  
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Numerous chemicals have been shown to affect the expression of thra and thrb. 

TBBPA significantly induced the expression of thra but not thrb in zebrafish exposed to 820 µg/L from 0-4 

dpf (Chan and Chan, 2012), to 100-200 µg/L from 0-5 dpf (Baumann et al., 2016) or to 3950 µg/L from 4-

8 dpf (Chan and Chan, 2012). Conversely, TBBPA exposure significantly downregulated the expression 

of thra after exposure to 160-650 µg/L from 2-122 hpf (Liu et al., 2018a) and of thrb after exposure to 200 

or 400 µg/L TBBPA from 2 hpf to 6 dpf (Zhu et al., 2018). TBBPA did not cause significant changes in the 

expression of neither thra nor thrb in zebrafish exposed to 13 µg/L from 0-6 dpf (Godfrey et al., 2017) or 

to 20-250 µg/L from fertilisation to 2, 4 or 5 dpf (Parsons et al., 2019). Likewise, no significant effects were 

observed on the expression of thra or thrb in the eyes of TBBPA exposed zebrafish 5 dpf (Baumann et al., 

2019). Similarly, the expression of thra and thrb was not significantly affected by exposure to BPF or BPS 

from 0-5 dpf (Lee et al, 2019) or BPS from 0-7 dpf (Zhang et al., 2017). However, BPA significantly 

increased the expression of thra in zebrafish exposed from 0-5 dpf, while thrb expression was unaffected 

(Lee et al., 2019). TBP exposure significantly decreased both thra and thrb expression in zebrafish 6 dpf 

(Fu et al., 2020).  

PFOA upregulated the expression of thra, while no significant effects were observed on thrb in zebrafish 

6 dpf (Godfrey et al., 2017). PFOS significantly downregulated the expression of thra but significantly 

upregulated thrb expression in zebrafish larvae 15 dpf (Shi et al., 2009). PFDoA exposure of zebrafish until 

4 dpf significantly downregulated both thra and thrb expression (Zhang et al., 2018a). DOPO exposure 

caused a significant upregulation of the expression of thrb with no significant effect on thra in zebrafish 6 

dpf (Godfrey et al., 2017).  

The triazole fungicides hexaconazole and tebuconazole also significantly upregulated the transcription of 

thrb in larval zebrafish 5 dpf; and hexaconazole further significantly upregulated the transcription of thra 

(Yu et al., 2013). However, the expression of thrb was not significantly affected by difenoconazole exposure 

in zebrafish from 0-5 dph (Liang et al., 2015). The S-metolachlor metabolites metolachlor oxanilic acid and 

metolachlor ethanesulfonic acid increased the expression levels of thrb; and metolachlor oxanilic acid 

furthermore increased the expression levels of thraa in zebrafish exposed from 3-4 hpf (Rozmánkowá et 

al., 2020).  

BDE-47 significantly induced the expression of thra and reduced thrb expression in zebrafish exposed 

from 4-8 dpf (Chan and Chan, 2012). Expression of thra was also significantly increased at 12 dpf in 

zebrafish exposed to a PBDE/OH-BDE mixture, however, with no significant effects at 23 or 45 dpf 

(Macaulay et al., 2017). An increase in thrb expression was observed at 45 dpf in zebrafish exposed to 6-

OH-BDE-47, with no significant effects at 12 or 23 dpf (Macaulay et al., 2017).  

The levels of thrb mRNA were significantly downregulated in zebrafish 5 dpf after exposure to triadimefon, 

while no significant changes were observed in the mRNA expression of thra (Liu et al., 2011b). Both thra 

and thrb expression were significantly downregulated in zebrafish exposed until 5 dpf to PTU (Baumann 

et al., 2016) or to tralopyril (Chen et al., 2020). 

Expression levels of thra and thrb remained unchanged in zebrafish exposed to DEHP from 2 hpf to 7 dpf 

(Jia et al., 2016) or DE-71 from 0-14 dpf (Yu et al., 2010). 

Sex-specific expression of thr has been examined in Japanese medaka, fathead minnow and zebrafish. 

Exposure to PFOA caused a significant increase in thrb mRNA expression in medaka females 10 dpf but 

not in males (Godfrey et al., 2019). TCCPP significantly upregulated thra expression in males, whereas 

thra expression was unaffected in females. In fathead minnows, BDE-47 significantly decreased the thrb 

mRNA levels in the brain of both sexes and elevated transcripts for thra in the brain of females (Lema et 

al., 2008). Conversely, in F0 zebrafish thrb increased significantly in males in the lowest exposure group, 

whereas the transcription of thra was unchanged in male brains but was significantly increased in female 

brains after 180 days of exposure to F-53B (Shi et al., 2019). The transcriptional profiles of thr in the liver 

were different to those observed in the brain. In the male liver, the transcriptional level of thrb was 
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significantly downregulated after F-53B exposure, whereas no significant change was found in thra 

expression. In the female liver, the transcription of thrb was significantly increased in the lowest exposure 

group. In the brains and livers of F1 females and in F2 larvae, the transcriptional level of thra decreased 

significantly after F0 exposure to F-53B, whereas thrb showed no significant change. Transcripts of thra 

and thrb were significantly downregulated in the liver of female zebrafish exposed to tebuconazole, while 

in male zebrafish livers tebuconazole significantly upregulated mRNA expression of thrb but caused no 

significant effects on thra expression (Li et al., 2019). Furthermore, transcripts of thra and thrb were 

significantly downregulated in the F1 larvae. 

Tissue-specific expression of thr has been further examined in adult fathead minnows. Neither thra nor 

thrb were significantly affected in the brain, liver or gonads of adult fathead minnows by treatment with 

methimazole for 10 days (Lema et al., 2009). Likewise, dietary intake of BDE-47 did not significantly affect 

the thr transcript levels in the liver of fathead minnows (Lema et al., 2008).  

4.3.3.10. ugt1ab 

UGT plays a role in the metabolism of THs (Hood and Klaassen, 2000). Among UGT family proteins, 

UGT1AB participates in the glucuronidation of THs (Shi et al., 2019).  

Various compounds have been shown to affect the transcription of ugt1ab in zebrafish. 

The transcription of ugt1ab was significantly induced in zebrafish 5 dpf upon exposure to perfluoropolyether 

carboxylic acids (Wang et al., 2020), BPA, BPS or BPF (Lee et al., 2019), difenoconazole (Liang et al., 

2015), or hexaconazole or tebuconazole (Yu et al., 2013), 6 dpf upon exposure to TDCPP (Wang et al., 

2013), 7 dpf upon exposure to MEHP (Zhai et al., 2014) or BPS (Zhang et al., 2017), and 14 dpf upon 

exposure to DE-71 (Yu et al., 2010). Likewise, significantly increased expression of ugt1ab was observed 

in both the F0 (liver) and F1 generation after parental exposure of zebrafish to tebuconazole for 60 days 

(Li et al., 2019). 

Conversely, ugt1ab was transcriptionally significantly downregulated in zebrafish 4 dpf after exposure to 

PFDoA (Zhang et al., 2018a), 5 dpf upon exposure to tralopyril (Chen et al., 2020), 7 dpf upon exposure 

to DEHP (Jia et al., 2016), p,p’-DDE or o,p’-DDT (Wu et al., 2019), and 14 dpf upon exposure to BDE-209 

(Chen et al., 2012b). However, the expression levels of ugt1ab were not significantly affected by exposure 

to TBP in zebrafish 6 dpf (Fu et al., 2020). 

The transcription of ugt1ab showed different expression pattern in female and male zebrafish upon 

exposure to microcystin-LR (Cheng et al., 2017). However, exposure to F-53B significantly increased the 

transcription of ugt1ab in both sexes of F0 adult fish, whereas transcriptional levels of ugt1ab significantly 

decreased in the F1 female liver (Shi et al., 2019).  

4.3.3.11. General discussion and conclusions on gene expression levels as endpoint for 

THS related disruption 

Various effects of exposure to chemicals on THS related gene expression in fish have been observed. 

Table 7 provides a summary of the effects in zebrafish embryos/larvae.  

 

Table 7. Summary of effects of chemical exposure on whole-body expression of THS 
related genes in zebrafish embryos/larvae 

Gene crh tshβ hhex nkx2 pax8 
slc5a

5 
tg tpo ttr dio1 dio2 dio3 thra thrb 

ugt1a
b 

Effec
t 

↑ 
(↓↔) 

↑ 
(↓↔) 

↑ 
 

↑ 
 

↑ 
(↓↔) 

↑ 
(↓↔) 

↑ 
(↓↔) 

↑↓↔ 
 

↑↓↔ 
 

↑ 
(↓↔) 

↑ 
(↓↔) 

↑↓ 
(↔) 

↑↔ 
(↓) 

↑↓↔ 
 

↑ 
(↓ ↔) 
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↑: upregulation and ↓: downregulation and ↔: no effect. The predominant effects are indicated without 

parentheses, while less prevalent effects are indicated in parentheses. 

 

The effects on gene expression integrates different MIEs of THS related disruption, which probably explain 

much of the divergent effects on gene expression seen for most genes in the THS upon exposure to various 

chemicals (Table 7). Although much of the variation in gene expression may be due to the differences in 

MIEs between chemicals, variations in gene response patterns are also observed for the same chemical. 

For several compounds, both up- and downregulation is observed for the same gene. In these cases, clear 

exposure concentration dependence patterns cannot always be established. This suggests that the 

expression response may also be dependent on the timing of exposure to the chemicals. Indeed, Jarque 

et al. (2019) have shown that, at least, some THS related genes show different expression responses 

depending on the exposure window. Furthermore, expression patterns of key genes in the THS may vary 

across species, sexes and (for some genes) tissues. However, particularly in embryos of small fish species 

the genes are measured in (pools of) whole animals, which precludes information on tissue-specific 

expression and may decrease the sensitivity of the endpoint because significant local effects may be 

masked or diluted (Dong et al., 2013). Inclusion of gene expression analyses in fish TGs may require a 

larger number of fish used, especially in early life stage tests, which should be clarified by the conduction 

of power analyses.  

The most consistent expression pattern after exposure to chemicals was observed for hhex and 

nkx2.1a/nkx2.4b, each members of the homeodomain family (Fernandez et al., 2015). However, their 

expression was primarily examined in studies with embryos, in which hhex and nkx2.1a/nkx2.4b are known 

to function as thyroid transcription factors involved in the development of the thyroid primordium. Yet, the 

role of the thyroid transcription factors in the differentiated thyroid is less well known, and hhex and 

nkx2.1a/nkx2.4b is also expressed in other tissues than the thyroid (Fernandez et al., 2015; Villasenor et 

al., 2020). This calls in to question the applicability of expression patterns of these genes as thyroid specific 

endpoints in whole-body homogenates.  

Although the gene response pattern varies to different degrees for the other genes, in general an 

upregulation of genes leading to increased T4 (crh, tshβ, pax8, slc5a5 and tg (yet not tpo)) and T3 (dio2 

(and dio1)) levels is observed. The observed upregulation of expression of these genes may be interpreted 

as a compensatory response due to decreased TH levels caused by the chemical exposure.  

Less specific response patterns were observed for tpo, ttr, dio3, thra and thrb, whereas ugt1ab expression 

was mostly upregulated.  

Although gene expression levels can provide valuable information by themselves, the complexity of gene 

response patterns in the THS renders it difficult to pinpoint specific genes as endpoints for THS disruption. 

The term ‘gene expression’ is often used synonymously with mRNA measurements (Buccitelli and 

Selbach, 2020). However, changes in gene expression can be studied at the level of both the mRNAs and 

their products, proteins, which are the effectors of essentially all biological functions and thus more relevant 

functionally. Yet it has been common practice to use mRNA levels as indicators for the levels and activities 

of the corresponding proteins, thus assuming that mRNA levels are the main determinant of protein levels 

(Vogel and Marcotte, 2012). However, mRNA level changes are not always directly related to protein level 

changes due to regulatory mechanisms that control mRNA half-life, translational efficiency, post-

translational modification and protein half-life (Schwanhäusser et al., 2011; Vogel and Marcotte, 2012; 

Buccitelli and Selbach, 2020). Assessing actual protein levels, rather than mRNA levels could, thus, be 

considered to provide more relevant information to characterise the effects of THS disrupters. Yet relatively 

few of the studies on THS disruption in fish examine levels of proteins involved in the THS. These studies 

employ Western blotting, mostly for the analysis of TTR or TG protein expression (Chen et al., 2012b; 

Deng et al., 2018; Chen et al., 2020; Fu et al., 2020). Plausible explanations for the less common use of 
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protein assessment, compared to mRNA assessment, may be the added experimental complexity and 

limited sensitivity since, unlike mRNAs, proteins cannot be amplified. Compared to qRT-PCR, Western 

blotting is more time consuming, requires more initial biological material and is not considered a particularly 

accurate quantitative procedure (Mahmood and Yang, 2012; Rocha-Martins et al., 2012; Butler et al, 2019; 

Pillai-Kastoori et al., 2020). However, the Western blot procedure is continually being refined to overcome 

these weaknesses (e.g. Butler et al., 2019; Pillai-Kastoori et al., 2020). Besides the refinement of 

conventional methods for protein analysis, considerable progress has been made in the development of 

new proteomics technologies (Aslam et al., 2016; Timp and Timp, 2020), which may open novel 

perspectives for the discovery and development of applicable protein endpoints for THS related disruption. 

4.3.4. Skin pigmentation 

Skin pigmentation in fish is a complex process that involves a series of cellular, genetic and physiological 

factors that influence the external appearance of a fish at a given developmental stage (Colihueque, 2010). 

Pigment cell types in zebrafish include melanophores (black), xanthophores (yellowish) and iridophores 

(silvery) (Kelsh et al., 1996; Lister et al., 2002; Hirata et al., 2003).  

In zebrafish, pigmentation of the skin begins at approximately 24 hpf in the melanophores located 

dorsolaterally (Kimmel et al., 1995). The pigment cells quickly expand, and within a few hours they 

constitute a prominent characteristic of the embryo (Kimmel et al., 1995). By around 4 dpf, an 

embryonic/early larval pattern has formed with melanophore stripes and widespread xanthophores 

(McMenamin et al., 2014). Between 3 and 5 weeks of age, the pattern starts changing into that of the adult 

with dark stripes, containing black melanophores and silvery iridophores, and light inter-stripes containing 

xanthophores and iridophores (McClure, 1999; McMenamin et al., 2014).  

 

 

Fig. 6. Adult zebrafish 

 

Development of pigmentation appears to be partly regulated by THs, which coordinate the development of 

various pigment cell types and regulate the transcriptional activity of genes responsible for pigment 

synthesis (Walpita et al., 2009; McMenamin et al., 2014; Guillot et al., 2016; Saunders et al., 2019; 

Prazdnikov, 2020). For example, in zebrafish TH drives melanophores into a terminally differentiated state 

(Saunders et al., 2019) and possibly regulates mRNA expression of tyrosinase, the key enzyme in melanin 

synthesis (Korner and Pawelek, 1982; Camp and Lardelli, 2001; Walpita et al., 2009; Guillot et al., 2016). 

The effects of T3 treatment of zebrafish melanogenesis appear to vary with age. While T3 causes 

increased melanisation at early life stages (Walpita et al., 2007), it induces skin paling in adult zebrafish 

(Guillot et al., 2016). Furthermore, THs have been shown to regulate zebrafish melanogenesis in a gender-

specific manner (Guillot et al., 2016).  



ENV/CBC/MONO(2023)17  83 

  
Unclassified 

Melanophore skin pigmentation is an easily observable trait, which can be assessed by image analysis in 

all life stages. 

Exposure to THS disrupting chemicals has been shown to generally reduce melanophore skin 

pigmentation in fish.  

4.3.4.1. NIS inhibition 

As described in section 4.2.1.4, perchlorate reduced the development of skin pigmentation in juvenile 

zebrafish exposed from 3-33 dpf (Mukhi et al., 2007) or from 14-65 dpf (Brown, 1997); in fathead minnows 

exposed from 0-28 dpf (Crane et al., 2005); and in threespine sticklebacks spawned and raised to sexual 

maturity in perchlorate treated water (Bernhardt et al., 2011). However, no effects on the skin pigmentation 

were observed in larval Chinese rare minnows (Li et al., 2011b) exposed to perchlorate from 3-24 dpf. 

4.3.4.2. TPO inhibition 

PTU reduced skin pigmentation in 28 dph juvenile F1 zebrafish (van der Ven et al., 2006). Likewise, 2-

mercaptobenzothiazole inhibited the skin pigmentation of zebrafish embryos at 35 and 55 hpf (Choi et al., 

2007) and 5 dpf (Stinckens et al., 2016). Furthermore, phenylthiourea reduced pigmentation in zebrafish 

embryos at 35 and 55 hpf (Choi et al., 2007) and 3 dpf (Li et al., 2012). The action of phenylthiourea on 

skin pigmentation in early life stages of zebrafish has been proposed to be due to its ability of tyrosinase 

inhibition (Choi et al., 2007; Li et al., 2012).  

4.3.4.3. Interaction with TH binding  

Exposure to 6-OH-BDE-47 reduced pigmentation in 30 hpf and 6 dpf zebrafish (Macaulay et al., 2015). 

However, exposure at a later stage, from 9-23 dpf, to 6-OH-BDE-47 did not significantly affect skin 

pigmentation (Macaulay et al., 2017).  

4.3.4.4. Undetermined or mixed MIEs 

BPF exposure caused a strong reduction in pigmentation in zebrafish at 2 dpf, while exposure to BPA, 

BPS and bisphenol AF did not have significant effects on pigmentation (Mu et al., 2018). However, parental 

BPS exposure significantly reduced lateral stripe melanocyte pigmentation in F1 zebrafish at 4 dpf (Wei et 

al., 2018).  

4.3.4.5. General discussion and conclusions on skin pigmentation as endpoint for THS 

related disruption 

Skin pigmentation functions in kin recognition, shoaling, mate choice, UV radiation protection and 

camouflage (Engeszer et al., 2008; Mueller and Neuhauss, 2014; Singh and Nüsslein-Volhard, 2015), and 

disturbed skin pigmentation may thus cause population-relevant adverse effects. 

Skin pigmentation appears to be a responsive THS related endpoint in zebrafish. Reduced pigmentation 

was observed by exposure to chemicals acting through NIS inhibition, TPO inhibition and interaction with 

TH binding in zebrafish. However, skin pigmentation showed differing responses to exposure to 

bisphenols.  

Though skin pigmentation may be responsive to THS disruption, it may not be specific to THS disruption. 

Other signalling systems, such as those of insulin, melanocyte-stimulating hormone and melanin-

concentrating hormone (Kawauchi and Baker, 2004; Logan et al., 2006; Zhang et al., 2018b; Patterson 

and Parichy, 2019), as well as many non-endocrine factors (Fujii, 2000; Vissio et al., 2021), have also 

been shown to affect skin pigmentation in fish. 
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4.3.5. Swim bladder development and inflation 

At around 3-7 dpf (Liu and Chan, 2002; Verbueken et al., 2018; Vergauwen et al., 2018), depending on 

rearing conditions (Wilson, 2012), zebrafish undergo an embryonic-to-larval transition. In zebrafish, this 

transition includes inflation of the posterior swim bladder chamber. The transition depends on TH activity 

(Liu and Chan, 2002; Chang et al, 2012), and may be particularly vulnerable to THS disrupting chemicals 

(Walter et al., 2019c). 

The swim bladder is a flexible gas-filled sac which in most fish species, including the zebrafish, is divided 

into two connected chambers, a posterior chamber and an anterior chamber. In zebrafish, the posterior 

chamber is inflated 4-5 dpf and the anterior chamber is developed around 20-21 dpf as an evagination 

from the posterior chamber (Robertson et al., 2007; Winata et al., 2009; Stinckens et al., 2020). Active 

control of the swim bladder in zebrafish occurs at around 30 dpf (Robertson et al., 2007). Both chambers 

are responsible for buoyancy; and in ostariophysians (including zebrafish) the anterior chamber 

furthermore functions as a resonance chamber thus playing a role in sound detection. Vibrations from the 

swim bladder are transmitted to the inner ear, through a chain of bones (the Weberian ossicles) acting as 

an amplifier of sound waves and thus enhancing hearing (Bird et al., 2020). By regulating the volume of 

gas in the swim bladder, fish can attain neutral buoyancy at any depth, thereby minimising the swimming 

effort expended to keep the vertical position in the water (Lindsey et al., 2010). Impaired swim bladder 

inflation is, therefore, likely to affect swimming performance and hearing, which may influence 

reproduction, feeding and predator avoidance, consequently reducing survival (Czesny et al., 2005; 

Stinckens et al., 2020).  

The inflation of the swim bladder in fish is controlled by THs. Disruption of TH levels during embryonic 

development by combined knockdown of dio1 and dio2 or knockdown of dio3b in zebrafish interfered with 

normal inflation of the posterior swim bladder chamber in embryonic zebrafish 4 dpf (Bagci et al., 2015). 

Furthermore, in both zebrafish and fathead minnow, a peak was observed in the expression levels of dio1, 

and in zebrafish a peak of dio2 and dio3 expression was additionally observed, at the time of posterior 

swim bladder inflation (Vergauwen et al., 2018). Reports of expression of dio2 (Dong et al., 2013), thraa 

and thrb (Marelli et al., 2016) specifically in the zebrafish swim bladder tissue around the time of posterior 

chamber inflation further corroborate the role of THs in swim bladder inflation.  

The swim bladder is relatively easy to observe in the semi-transparent fish larvae, and the size of the swim 

bladder can be derived from photographs of live fish using digital image analysis. In zebrafish, this has 

been done up to 32 dpf (Stinckens et al., 2020). However, in fathead minnows at 21 dpf the musculature 

is developed to an extent at which it is no longer possible to examine the swim bladders externally (Cavallin 

et al., 2017). Therefore, swim bladder size may be derived from digital image analysis of histological 

sections in juvenile and adult fish, although ruptures during histological processing may complicate this. 

Alternatively, an early non-lethal subsampling in which the fish are digitally photographed and put back 

into the exposure tanks may be employed in the chronic tests.  
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Fig. 7. Transverse section of zebrafish showing the anterior and posterior swim bladder chambers 

 

 

4.3.5.1. Posterior swim bladder 

In zebrafish, the posterior swim bladder is inflated 4-5 dpf and has a key function in the earliest coordinated 

behaviours of larvae (Lindsey et al, 2010). 

Various chemicals have been shown to affect the development and inflation of posterior swim bladders in 

fish.   

 

Embryo tests 

Effects on the posterior chamber in short-term embryo tests are dependent on the underlying MIEs of THS 

disruption, probably because of the presence of maternally derived T4.  

4.3.5.2. NIS inhibition 

Upon exposure to sodium perchlorate from 0-5 dpf, deflated swim bladders were observed in 12% of 

zebrafish embryos (Jomaa et al., 2014).  

4.3.5.3. TPO inhibition 

The TPO inhibitor methimazole did not significantly affect the surface area of the posterior swim bladder 

chamber in zebrafish at 5 dpf (Liu and Chan, 2002; Stinckens et al., 2020), at 6 dpf (Godfrey et al., 2017) 

or at 7 dpf (Stinckens et al., 2018). Likewise, exposure to 2-mercaptobenzothiazole did not impair posterior 

chamber inflation in zebrafish 5 dpf (Stinckens et al., 2016; 2020) or in fathead minnow at 6 dpf (Nelson et 

al., 2016). These results indicate that embryonic TPO activity may not be required for inflation of the 

posterior chamber of the swim bladder. This is probably owing to the presence of sufficient maternally 

derived T4 during early development.  

At 5 dpf, the posterior swim bladder chamber surface area was not affected after exposure to 37 or 111 

mg/L PTU (Stinckens et al., 2020). However, exposure to PTU resulted in impaired posterior chamber 

inflation (EC50: 259 mg/L) and significantly decreased surface area at 259 mg/L in zebrafish in a FET test 

based on TG 236 (OECD, 2013b; Stinckens et al., 2018). These results may indicate that the combined 

inhibitory effects of PTU on TPO and DIO are strong enough to cause effects on the posterior swim bladder 

at this concentration. 
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Fetter et al. (2015) observed non-inflated swim bladders in zebrafish exposed to methimazole or 

phenylthiourea from 2-5 dpf. However, the malformations were observed relatively close to concentrations 

causing lethality and hence may also represent secondary effects caused by an unspecific toxicity.  

4.3.5.4. DIO inhibition 

Exposure to iopanoic acid, 2,4,6-tribromophenol, or salicylic acid resulted in impaired posterior chamber 

inflation in zebrafish 5 dpf in a FET test based on TG 236 (OECD, 2013b; Stinckens et al., 2018). If posterior 

chambers were inflated, the surface area was smaller when exposed to 2,4,6-tribromophenol, or salicylic 

acid (Stinckens et al., 2018). Likewise, the relative posterior chamber surface area was significantly 

reduced in zebrafish exposed to iopanoic acid from 0-5 dpf (Stinckens et al., 2020). Although 8-anilino-1-

naphthalene sulfonic acid, a DIO inhibitor, did not completely prevent the posterior chamber to inflate, it 

likewise significantly reduced the posterior chamber surface area (Stinckens et al., 2018).  

In fathead minnow, iopanoic acid treatment caused significant reductions in both incidence and length of 

inflated posterior swim bladders at 6 dpf (Cavallin et al., 2017).  

4.3.5.5. Interaction with TH binding  

A significant decrease in the surface area of the posterior swim bladder chamber was observed after 

exposure of zebrafish to T3, TDCPP or PFOA from 0-6 dpf (Godfrey et al., 2017).  

4.3.5.6. Undetermined or mixed MIEs 

Amiodarone hydrochloride led to deflated swim bladders in 35% of zebrafish embryos exposed from 0-5 

dpf (Jomaa et al., 2014). Similarly, exposure to S-metolachlor from 0-5 dpf significantly caused non-inflated 

swim bladders in a zebrafish embryo test (Rozmánková et al., 2020). Likewise, zebrafish exposed to 

triadimefon from 0-5 days exhibited non-inflated swim bladders (Liu et al., 2011b). Additionally, zebrafish 

exposed to the flame-retardant tris(2,3-dibromopropyl)isocyanurate significantly showed non-inflated 

posterior swim bladder chambers 7 dpf (Li et al., 2011a). Moreover, exposure to triclocarban delayed swim 

bladder development in 90% of zebrafish 5 dpf (Dong et al., 2018).  

Non-inflated posterior swim bladder chambers were also observed in several studies following exposure 

to PFOS for different time periods (up to 7 dpf) during zebrafish embryonic development (Shi et al., 2008; 

Huang et al., 2010; Hagenaars et al., 2011; 2014; Chen et al., 2014; Sant et al., 2017). Likewise, the 

percentages of embryos with non-inflated swim bladders significantly increased in zebrafish at 5 dpf after 

exposure to PFOA, PFO3OA, PFO4DA and PFO5DoDA (Wang et al., 2020). Furthermore, exposure to 

PFOA or BPA resulted in impaired posterior chamber inflation in zebrafish at 7 dpf (Stinckens et al., 2018). 

If posterior chambers were inflated, the surface area was smaller. Likewise, a significant decrease in the 

surface area of the posterior swim bladder chamber was observed after exposure of zebrafish to PFBA 

from 0-6 dpf (Godfrey et al., 2017).  

Peng et al. (2020) showed that embryonic exposure to the emerging flame retardant pentabromobenzene 

in various exposure windows up to 4.5 dpf significantly inhibited the inflation of posterior swim bladders in 

zebrafish. The underlying mechanisms among thyroid and adrenocortical (glucocorticoid) disruptions as 

well as the prolactin pathway were examined. Reduced T3 levels were found in pentabromobenzene 

exposed zebrafish larvae at 5 dpf. The mRNA levels of crh, which in fish appears to stimulate TSH 

secretion (De Groef et al., 2006), were upregulated, indicating a feedback regulation by reduced T3 levels. 

However, the transcriptional profile of other genes involved in the synthesis (tsh), biological conversion 

(ugt1ab, dio2) and function (thra, thrb) of THs showed no significant changes (Peng et al., 2020). Pikulkaew 

et al. (2011) showed that the glucocorticoid pathway may play a role in swim bladder inflation, since the 

knockdown of maternal glucocorticoid receptor mRNA significantly increased the number of zebrafish 

progeny lacking an inflated gas bladder at 5 dpf. This is supported by the observation of reduced swim 
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bladder inflation in zebrafish embryos treated with a glucocorticoid receptor antagonist (RU486) (Wilson et 

al., 2013). However, the transcription of the glucocorticoid receptor gene showed no significant changes 

in the study by Peng et al. (2020), indicating that glucocorticoid and its receptor was not involved in 

pentabromobenzene induced inhibition of swim bladder inflation. Conversely, the results suggested that 

pentabromobenzene exposure significantly changed the expression of genes involved in prolactin receptor 

pathway and in ion transport, indicating a role of these pathways in pentabromobenzene induced posterior 

bladder deflation in zebrafish. Supporting this, knockout of the prolactin gene caused failure in swim 

bladder inflation and changes of ion transporter expression in zebrafish larvae; with recovery of both 

phenotypes by prolactin mRNA injection (Shu et al., 2016). These findings could indicate that the effects 

of pentabromobenzene on the swim bladder may not be primarily THS related.  

 

Long-term tests 

Whereas the size of the posterior swim bladder was generally reduced by chemical exposure in embryos, 

the size of the posterior swim bladder is generally increased in long-term tests. For example, the lengths 

of the posterior swim bladders were significantly increased in zebrafish 32 dpf after treatment with 2-

mercaptobenzothiazole (Stinckens et al., 2016), and in fathead minnows 14 and 18 dpf after iopanoic acid 

treatment (Cavallin et al., 2017); or 14, 18 or 22 dpf after 2-mercaptobenzothiazole treatment (Nelson et 

al., 2016). A plausible explanation of the increased posterior swim bladder length is disrupted evagination 

of the anterior swim bladder from the posterior swim bladder (Cavallin et al., 2017). This theory is supported 

by the results from a FELS test based on OECD TG 210 (OECD, 2013a), which showed increasing surface 

area of the posterior chamber with decreasing anterior chamber surface in zebrafish exposed to 

methimazole, iopanoic acid or PTU (Stinckens et al., 2020). This suggests a possible compensatory 

mechanism, and the sum of both swim bladder surfaces was found to be equal to controls for most 

treatments. However, when the anterior chamber remained non-inflated, the total surface of both chambers 

did, for most treatments, not reach control levels, although the posterior chamber surface area increased 

significantly. Further studies are needed to confirm the association between posterior and anterior swim 

bladder chamber size, ascertain causality and elucidate the underlying mechanisms. 

 

Transgenerational effects 

Shi et al. (2019) examined transgenerational effects of F-53B, an alternative to PFOS, on the swim 

bladders of zebrafish. Parental exposure to F-53B for 180 days caused an increase in the occurrence of 

non-inflated posterior swim bladders in F1 larvae at 5 dpf. Although no significant change was found in TH 

levels, the percentage of non-inflated posterior swim bladders was also significantly increased in F2 larvae. 

Furthermore, the percentage of F1 zebrafish with fully inflated swim bladders at 4 dpf significantly 

decreased after parental exposure to BPS from 2 hpf to 120 dpf (Wei et al., 2018). 

4.3.5.7. Anterior swim bladder 

In zebrafish, the anterior swim bladder is developed around 20-21 dpf as an evagination from the posterior 

chamber. 

Various chemicals have been shown to affect the development and inflation of anterior swim bladders in 

fish.   

4.3.5.8. NIS inhibition 

Retarded swim bladder inflation was observed in larval Chinese rare minnow after perchlorate treatment 

for 21 days (Li et al., 2011b). 
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4.3.5.9. TPO inhibition 

The effects of PTU, methimazole and 2-mercaptobenzothiazole on the inflation of the anterior swim bladder 

in zebrafish have been examined in FELS tests based on OECD TG 210 (OECD, 2013a). 

Exposure to PTU resulted in significantly increased percentages (approximately 25-50%) of the zebrafish 

larvae having non-inflated anterior swim bladder chambers at 18 dpf (Stinckens et al., 2020). However, at 

the end of the experiment at 32 dpf, the percentages of fish with inflated anterior swim bladders were not 

significantly different between the control and treated fish.  PTU furthermore significantly decreased the 

surface area of the anterior chambers. This effect persisted throughout the experiment. 

Exposure to methimazole resulted in none of the zebrafish larvae having inflated anterior swim bladder 

chambers at 23 dpf compared to 100% of the control larvae having inflated anterior swim bladders 

(Stinckens et al., 2020). At the end of the experiment at 32 dpf, over 80% of the methimazole exposed 

larvae still had non-inflated anterior chambers. Methimazole also significantly decreased the surface area 

of the anterior chambers at 30 and 32 dpf. In another experiment, exposure to methimazole from 0-28 dpf, 

resulted in approximately 60% of the zebrafish not developing anterior swim bladder chambers (Godfrey 

et al., 2017).   

Exposure to 2-mercaptobenzothiazole, resulted in significantly impaired anterior swim bladder inflation in 

zebrafish 20-32 dpf (Stinckens et al., 2016). At 21 dpf, 91% of the control larvae had an inflated anterior 

swim bladder, while only 34% of the larvae exposed to 0.35 mg/L 2-mercaptobenzothiazole had inflated 

anterior swim bladders. At 32 dpf, 22% of the larvae in this exposure group had non-inflated anterior swim 

bladders. Anterior swim bladder inflation in zebrafish was affected at lower 2-mercaptobenzothiazole 

concentrations than those required to impact anterior inflation in fathead minnows, where exposure to 0.5 

mg/L 2-mercaptobenzothiazole did not significantly affect anterior swim bladder inflation at 6, 14 or 21 dpf 

(Nelson et al., 2016). By contrast, approximately 50% of the fish exposed to 1 mg/L 2-

mercaptobenzothiazole did not have an inflated anterior swim bladder at 14 dpf. Yet at 21 dpf, all fish had 

inflated anterior swim bladders. However, even though inflation could occur, exposure to 2-

mercaptobenzothiazole consistently reduced relative anterior chamber size throughout the experiments 

with both zebrafish and fathead minnows. Thus, it appears that although compensation may cause the 

fathead minnows to ultimately inflate their anterior swim bladders, these do not develop as normal. 

4.3.5.10. DIO inhibition 

In a 32-day FELS test based on OECD TG 210 (OECD, 2013a), exposure to 0.35, 1 and 2 mg/L iopanoic 

acid resulted in 35, 43 and 61%, respectively, of the zebrafish larvae having non-inflated anterior swim 

bladder chambers at 21 dpf, and at the end of the experiment approximately 25% of the larvae in each 

iopanoic acid exposure group still had impaired anterior chamber inflation (Stinckens et al., 2020). Iopanoic 

acid also affected the surface area of both the anterior chamber and the posterior chamber. In all cases 

where the anterior chamber was inflated, its surface area was significantly smaller compared to control 

larvae, and the posterior chamber surface increased with decreasing anterior chamber surface. 

Both incidence of inflation and length of anterior swim bladder were significantly reduced in fathead 

minnows at 14 dpf after exposure to iopanoic acid, but inflation recovered by 18 dpf (Cavallin et al., 2017). 

However, anterior swim bladder length was still significantly decreased in the exposed fish at 18 and 21 

dpf. Inflation of the anterior chamber was at least 10 times more sensitive to iopanoic acid than inflation of 

the posterior chamber (Cavallin et al., 2017).  

4.3.5.11. Interaction with TH binding  

After exposure from 0-28 dpf, approximately 30-50% of the zebrafish exposed to TDCPP, PFOA or PFBA 

did not develop anterior swim bladder chambers (Godfrey et al., 2017). However, the surface areas of the 

anterior swim bladders that did develop in exposed zebrafish were similar to controls. 
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Furthermore, a significant reduction in swim bladder score (based on the presence of one or two chambers) 

was observed 23 dpf for zebrafish treated with the TR agonist 6-OH-BDE-47 (Macaulay et al., 2017). 

4.3.5.12. Single swim bladder in medaka 

The swim bladder of the medaka is a single chamber, that begins to develop at 3 dpf (Godfrey et al., 2019). 

Sex-specific effects on the swim bladder were observed after exposure to T3, methimazole, TDCPP, PFOA 

and PFBA (Godfrey et al., 2019). T3, methimazole, TDCPP and PFBA resulted in an increase 

(approximately 30-50%) in females failing to inflate a swim bladder at 10 dpf, whereas all control and PFOA 

exposed females developed a swim bladder. For those females that developed a swim bladder, exposure 

to methimazole, TDCPP and PFOA caused a significantly increased surface area of the swim bladders, 

whereas T3 caused a significant decrease in the surface area of the swim bladders. Like in females, all 

control males developed swim bladders. However, exposure to all the tested chemicals, i.e. T3, 

methimazole, TDCPP, PFOA and PFBA, resulted in an increase in the percentage of fish (10-60%) that 

did not inflate a swim bladder. In contrast to females, none of the chemicals significantly affected the 

surface areas of the swim bladders in males. Thus, in medaka females appear more susceptible to THS 

related swim bladder disruption than males. 

4.3.5.13. Genes related to swim bladder inflation 

Proteins that prevent the swim bladder from deflating by lowering the surface tension include surfactant 

protein a (sp-a) also known as lectin mannose binding 2 (lman2), surfactant protein b (sp-b) also known 

as prosaposin (psap) and surfactant protein C (sp-C) also known as tendomodulin (tnmd) (Godfrey et al., 

2017). A few studies have examined the effects of chemicals on expression of surfactant protein genes. 

However, no clear response patterns to THS disrupters can be deduced from these studies. 

In zebrafish 6 dpf, the expression of sp-a was significantly upregulated after exposure to TDCPP, PFOA, 

PFBA, or DOPO, while no significant effect on sp-a expression were observed for methimazole or TBBPA 

(Godfrey et al., 2017). Similarly, the expression of sp-c was significantly upregulated after exposure to 

TDCPP, PFOA or PFBA, while no significant effects were observed on sp-c expression for the other 

chemicals. A significant downregulation of the expression of sp-b was observed after exposure to DOPO, 

while no significant effects on sp-b expression were observed for the other chemicals. Similar effects on 

the expression of sp-b were observed at 28 dpf. The expression of sp-a was still significantly upregulated 

at 28 dpf after exposure to PFOA or DOPO, while it was significantly downregulated by exposure to 

methimazole, and no significant effects were observed after exposure to the other chemicals. Like at 6 dpf, 

the expression of sp-c was still significantly upregulated after exposure to TDCPP or PFOA at 28 dpf, while 

no significant effects were observed on sp-c expression for the other chemicals. The authors suggested 

that the observed general upregulation of the surfactant genes in the swim bladders was a compensatory 

response to the non-inflated swim bladders observed in the exposed fish. 

Additionally, changes in the expression of genes encoding surfactant proteins were observed in F1 

zebrafish larvae derived from parents exposed to BPS from 2 hpf to 120 dpf (Wei et al., 2018). Expression 

levels of sp-a and sp-c were significantly decreased in F1 larvae at 4 dpf, while those of sp-b were not 

significantly affected. 

4.3.5.14. Swim bladder histopathology 

Examination of the epithelium of the swim bladder did not reveal any significant pathology in fathead 

minnows exposed to 2- mercaptobenzothiazole for 14 or 21 days (Nelson et al., 2016). 

Likewise, no pathologies were detected in the structure and organisation of the cellular layers of the swim 

bladder in fathead minnows exposed to iopanoic acid (Cavallin et al., 2017).  
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4.3.5.15. Adverse outcome pathways (AOPs) linking THS disruption to impaired swim 

bladder inflation 

An adverse outcome pathway (AOP) is a conceptual construct that describes existing scientific information 

linking a direct MIE and an adverse effect at the individual level (for human health) or population level (for 
ecological health) via one or more biological KE(s) (Ankley et al., 2010; OECD, 2018). The AOP Wiki 

serves as the primary repository of qualitative information for the international AOP development effort 

coordinated by the OECD (http://aopwiki.org/). AOPs under development are continuously included and 

updated in the AOP Wiki, which already includes a number of  proposals of AOPs linking THS disrupting 

MIEs to adverse outcomes. For fish, especially AOPs linking THS disrupting MIEs to impaired swim bladder 

inflation are well described and their further development has been included in the OECD Work Plan (AOP 

ID 155–159, http://aopwiki.org/aops). The AOPs include MIEs (e.g. DIO or TPO inhibition), main 

intermediate KEs (reduced TH levels and swim bladder inflation) and reduced swimming performance as 

the adverse outcome (Knapen et al., 2020). The individual AOPs can be combined into an AOP network 

that links the different MIEs to a common population-relevant adverse outcome through shared KEs as 

shown in Fig. 8.  

 

 

 

Fig. 8. AOP network related to swim bladder inflation in fish (Knapen et al., 2020) 

 

 

4.3.5.16. General discussion and conclusions on swim bladder development and inflation as 

endpoint for THS related disruption 

The effects of THS disrupting chemicals on swim bladder development depends on the underlying MIEs. 

TPO inhibition appears relevant only during late swim bladder development, after depletion of maternally 

derived T4. Thus, usually no effects are observed of TPO inhibition on the development of the posterior 

chamber in embryos, while the development of the larval anterior chamber is impaired by TPO inhibition. 

In contrast, DIO inhibition already impairs posterior chamber inflation during early development (since 
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conversion of T4 to T3 would still be required although maternally derived T4 is present), and consequently, 

additionally prevents anterior chamber inflation at later life stage. Furthermore, the NIS inhibitor, 

perchlorate, as well as chemicals suggested to interfere with TH binding also reduce anterior swim bladder 

inflation. Thus, anterior swim bladder inflation is affected by the four key MIEs NIS inhibition, TPO inhibition, 

DIO inhibition and interaction with TH binding, and could, therefore, be a promising endpoint for detection 

of THS disruption in fish. However, various degrees of recovery of the incidence of inflation of the anterior 

swim bladder are seen during 32-days FELS tests with zebrafish. This could reduce the applicability of this 

endpoint in OECD TG 234 which runs for 60 days. On the other hand, the size of the anterior swim bladder 

was still reduced at 32 dpf in the FELS tests, which could hold promise for the applicability of this endpoint 

in OECD TG 234. However, it remains to be examined if the effects on this endpoint persist beyond 32 

dpf.   

A potential drawback in the use of swim bladder inflation as an endpoint for THS disruption is that other 

chemical MOAs as well as biological perturbations may also affect swim bladder inflation (Trotter et al., 

2003a; 2003b; Woolley and Qin, 2010; Villeneuve et al., 2014; Price et al., 2020). Studies suggest that 

effects on swim bladder inflation may occur through additional regulators, including the glucocorticoid 

receptor pathway (Pikulkaew et al., 2011; Wilson et al., 2013), the growth hormone and prolactin 

superfamily (Shu et al., 2016; Peng et al., 2020), and the IGF-1 signalling pathway (Molla et al., 2019). 

Moreover, effects on swim bladder inflation may result from general toxicity, secondary to heart failure 

(Yue et al., 2015) or from mechanical pressure from the yolk due to embryonic malabsorption syndrome 

with very little yolk consumption (Raldúa et al., 2008). Swim bladder inflation may thus not be a thyroid 

specific endpoint. Considering the influence of other types of toxicity on swim bladder inflation, dose level 

selection and the potency of the chemical to cause toxic effects other than THS disruption may confound 

the outcome and affect reliability of the results. However, swim bladder inflation could be used as an 

indicator of potential THS disruption and may be used in combination with other endpoints to assess THS 

disrupting chemicals. In this context, AOP networks potentially present a valuable tool.  

4.3.6. Skeletal development 

The zebrafish skeleton consists of an exoskeleton (dermal skeleton) and an endoskeleton. Scales and fin 

rays are part of the exoskeleton, while the endoskeleton consists of cranial, axial and appendicular skeletal 

elements (Tonelli et al., 2020). The appendicular skeleton includes the pectoral and pelvic girdles and the 

endoskeleton of the fins (Johanson, 2010). The axial skeleton includes the vertebral column and median 

fins skeleton (Bird and Mabee, 2003). The four most anterior vertebrae form part of the Weberian apparatus 

(Bird and Mabee, 2003).  

THs are essential for normal skeletal development and regulates proper morphogenesis and ossification 

in most zebrafish bones. Numerous skeletal structures have been shown to be affected in hyperthyroid 

and particularly in hypothyroid fish compared to wildtypes (Keer et al., 2019). THs have been shown to 

influence the development of craniofacial structures, some elements of the Weberian apparatus, fins and 

scales.  

Tight regulation of TH levels during embryogenesis is critical for proper craniofacial development since TH 

regulates the expression of genes important in the development of craniofacial structures (Bohnsack and 

Kahana, 2013).  

THS disrupting chemicals have been shown to cause craniofacial malformations in fish. Zebrafish larvae 

derived from parents exposed to perchlorate showed significantly affected craniofacial development at 4 

dpf (Mukhi and Patiño, 2007). Craniofacial malformations were also observed in zebrafish exposed from 

2-5 dpf to methimazole or phenylthiourea (Fetter et al., 2015). Likewise, significant effects on craniofacial 

development were observed in 5 dpf zebrafish co-treated with methimazole and amiodarone (Liu and 

Chan, 2002). Furthermore, both TBBPA and BDE-47 exposure caused craniofacial deformities at 4 dpf 

(Parsons et al., 2019). Moreover, significant craniofacial abnormalities were observed in 6 dpf zebrafish 
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following 6-OH-BDE-47 treatment (Macaulay et al., 2015). Craniofacial abnormalities may lead to impaired 

foraging efficiency which could limit growth and survival during critical life stages.   

However, craniofacial malformations are not specific to THS disruption but could also be caused by other 

MOA. THs have been reported to work alongside retinoic acid to regulate cranial neural crest development, 

which is critical for craniofacial development (Bohnsack and Kahana, 2013). Furthermore, T3 and T4 

treatment improved, but did not completely rescue the craniofacial defects induced by phenylthiourea, 

suggesting that the effects may be only partly due to THS disruption (Bohnsack et al., 2011). Craniofacial 

malformations may additionally arise from unspecific toxicity and non-endocrine MOA (Raterman et al., 

2020). 

The Weberian apparatus includes the four most anterior vertebrae with their modified elements, i.e. the 

Weberian ossicles and the skeletal elements supporting them (Kapitanova and Shkil, 2014; Keer et al., 

2019). The Weberian apparatus connects the swim bladder to the inner ear in otophysan fish, including 

zebrafish, thus transmitting sound/vibration and enhancing hearing (Bird et al., 2020). In zebrafish, the 

initial formation of the Weberian ossicles is seen histologically in the early larval stages (Bird et al., 2020), 

while ossification of the Weberian ossicles occurs about 22 dpf (Grande and Young, 2004). 

The size, shape and ossification of the Weberian ossicles and other elements of the Weberian apparatus 

have been shown to be highly sensitive to abnormal developmental TH levels (Kapitanova and Shkil, 2014; 

Keer et al., 2019).  

Since the size of the ossicles (and swim bladders) have been proposed to influence hearing ability (Lechner 

and Ladich, 2008), THS disruption may lead to hearing impairment in fish, which may leave them 

vulnerable to predators and thus reduce their survival. 

Effect on the development of fins and scales are discussed separately in section 4.3.7 and section 4.3.8, 

respectively. 

4.3.7. Fin development 

Zebrafish have two paired fin types (pectoral and pelvic) and three median fin types (caudal, anal and 

dorsal). During zebrafish embryogenesis, a fin fold develops at approximately 22 hpf (van Eeden et al., 

1996), and pectoral fin buds appear at approximately 28 hpf (Murata et al., 2010). While the pectoral fins 

are maintained throughout development, the fin fold disappears and is replaced by three distinct median 

fins, the caudal, anal and dorsal fins, during the larval-to-juvenile transition (van Eeden et al., 1996; Monnot 

et al., 1999). Among the median fins, the caudal fin develops first, followed by the anal and lastly the dorsal 

fin (Bird and Mabee, 2003). In addition, the paired pelvic fin buds begin to develop during the third wpf 

(Grandel and Schulte-Merker, 1998; Monnot et al., 1999; Shkil et al., 2010). The development of the fins 

is completed by the formation of multi-segmented fin rays, which define the adult fin shape (Goldsmith et 

al., 2006; Singleman and Holtzman, 2014). 

Fin development and growth are at least partially dependent on THs (Brown, 1997; Shkil et al., 2012; 

Sharma et al., 2016), and have been shown to be affected by THS disrupting chemicals in larval and 

juvenile fish. 

Compromised fin development may lead to decreased swimming performance and prey capture, along 

with increased risk of predation and mortality. 

The analysis of fin development can be made from digital photos taken of anesthetised or preserved fish, 

whole-mounts, or histological sections using microscopy. Samples can be stained with alcian blue which 

stains cartilage and alizarin red which stains bone. 
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4.3.7.1. Caudal fin 

The caudal fin is the first of the unpaired median fins to develop in zebrafish (Bird and Mabee, 2003). The 

development of the caudal fin begins at approximately 2 wpf and continues through the larval-to-adult 

transition (Goldsmith et al., 2006). The caudal fin begins development as a rounded paddle with no defined 

fin rays (Singleman and Holtzman, 2014). As the fin rays develop, the shape of the caudal fin transforms 

to a forked, bi-lobed shape, resulting from shorter fin rays in the cleft and longer fin rays in the dorsal and 

ventral lobes (Goldsmith et al., 2006; Singleman and Holtzman, 2014). The individual fin rays begin to 

bifurcate at the larval-to-juvenile transition (Singleman and Holtzman, 2014). As the fish grows to 

adulthood, the caudal fin rays bifurcate once more as they continue to lengthen (Singleman and Holtzman, 

2014). The zebrafish caudal fin has 18-24 (Singleman and Holtzman, 2014) segmented primary fin rays in 

which segment length decreases from the proximal to the distal positions (Iovine and Johnson, 2000; 

Christou et al., 2018). A series of short, unsegmented and unbranched procurrent rays flank the primary 

rays on the dorsal and ventral edges of the caudal fin. The zebrafish usually develop 6 dorsal procurrent 

rays and 5 ventral procurrent rays in the caudal fin (Bird and Mabee, 2003). 

The development of the caudal fin in zebrafish is affected by changes in TH levels. T3 exposure was shown 

to cause a reduction in primary and procurrent fin ray numbers in zebrafish and the large hexaploid African 

barb (Labeobarbus intermedicus) (Shkil et al., 2012). In studies with euthyroid, hyperthyroid and 

hypothyroid zebrafish, both the number of procurrent rays and the procurrent ray density appeared to scale 

inversely with developmental TH level; i.e. hyperthyroid fish appeared to have fewer procurrent rays, while 

the procurrent rays in hypothyroid fish appeared to be more numerous and more robust (Hu et al., 2020). 

TH was furthermore proposed to regulate fin morphology in zebrafish by modulating the position of fin ray 

branching and the fin ray segment length (Hu et al., 2020). The total ray length at the primary bifurcation 

and the ratio of distal segment length to proximal segment length were decreased in hyperthyroid and 

increased in hypothyroid compared to euthyroid fish. However, the study used different zebrafish lines for 

the euthyroid, hypothyroid and hyperthyroid condition, and it remains to be examined if similar results can 

be obtained by exposure to THs and THS disrupting chemicals using a single zebrafish line. 

Exposure to 6-OH-BDE-47 from 9-23 dpf significantly reduced caudal fin area (by 26-38%) in zebrafish 

(Macaulay et al., 2017). In addition, 15% of the zebrafish evaluated for morphology after exposure to a 

6PBDE/OH-BDE mixture from 9-23 dpf followed by a 22-day depuration period exhibited vastly stunted 

caudal fin ray development at 45 dpf. This phenotype appeared to be specific to the caudal fin, as no 

malformations were noted in the anal, dorsal, pectoral or pelvic fins. 

4.3.7.2. Anal fin 

The anal fin is an unpaired median fin positioned on the ventral surface of the body, posterior to the anus 

(Bird and Mabee, 2003). Anal fin development begins with anal fin condensation followed by anal fin ray 

appearance (Parichy et al., 2009). As the fish grows, the anal fin lengthens, and the fin rays thicken and 

bifurcate at the larval-to-juvenile transition (Singleman and Holtzman, 2014). A second anal fin ray 

bifurcation occurs as the fish grows to adulthood. The zebrafish has 12-14 anal fin rays (Singleman and 

Holtzman, 2014). 

After T3 treatment of zebrafish from 0-25 dpf, the total number of rays in the anal fin was reduced from 13 

to 11 in some of the fish (Shkil et al., 2019). Conversely, T4 treatment from 3 dpf stimulated the 

differentiation of anal fins and the formation of anal fin rays in goldfish (Carassius auratus) (Reddy and 

Lam, 1992). After 8 days of treatment, the anal fins were differentiated from the fin fold in all the treated 

fish, whereas in the control group the fin fold remained continuous without any differentiation of fins in the 

majority of the fish. After 15 days of treatment, the number of anal fin rays was significantly higher in all T4 

treated groups compared to the controls. Furthermore, fin rays in the anal fin of the large African barb 

(Barbus intermedius sensu) appeared earlier in T3 exposed fish than in controls (Shkil et al., 2010). T3 
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exposure further resulted in drastic curving and sometimes distal fusion of anal fin rays in the large 

haxaploid African barb at 53 dpf (Shkil et al., 2012). In contrast, no pronounced abnormalities were found 

in the anal fins of fish exposed to thiourea. 

4.3.7.3. Dorsal fin 

The dorsal fin is an unpaired median fin positioned on the dorsal surface of the body (Bird and Mabee, 

2003). In zebrafish, the dorsal fin develops slightly later than the anal fin, first evident by dorsal fin 

condensation within the dorsal fin fold and followed by dorsal fin ray appearance (Parichy et al., 2009). 

Juveniles show single bifurcations of some of the dorsal fin rays, while second bifurcations appear as the 

fish grow to adulthood (Singleman and Holtzman, 2014). The zebrafish has 8-10 dorsal fin rays (Singleman 

and Holtzman, 2014). 

T4 treatment from 3 dpf stimulated the differentiation of dorsal fins and the formation of dorsal fin rays in 

goldfish (Carassius auratus) (Reddy and Lam, 1992). After 8 days of treatment, the dorsal fins were 

differentiated from the fin fold in all the treated fish, whereas in the control group the fin fold remained 

continuous without any differentiation of fins in the majority of the fish. After 15 days of treatment, the 

number of dorsal fin rays was significantly higher (⁓15-17) in all T4 treated groups compared to the controls 

(⁓12). 

The dorsal fin of African barbs responded to T3 exposure by earlier appearance of fin rays (Shkil et al., 

2010; 2012), accelerated growth resulting in curving of fin rays and deformations of the fins as a whole 

(Shkil et al., 2010; 2012), occasional fusion of fin rays in their distal part (Shkil et al., 2012) and occasional 

reduction in the number of fin rays (Shkil et al., 2010; 2012). In contrast, exposure to thiourea did not cause 

abnormalities in the development and adult morphology of the dorsal fin. 

4.3.7.4. Pectoral fins 

In zebrafish, the paired pectoral fins develop in two phases (Grandel and Schulte-Merker, 1998). Vertical 

larval pectoral fins develop at 2-3 dpf. During the third wpf, the transition to the adult fin structure begins 

and pectoral fins gradually rotate into a near horizontal position. 

In barbs, which have a pectoral fin development pattern similar to zebrafish, high TH levels were shown to 

cause premature transition of pectoral fins from the larval to the adult state resulting in decreased numbers 

of fin rays (Shkil and Smirnov, 2015).  

Likewise, exposure to THS disrupting chemicals have been shown to affect pectoral fin development. 

Inhibited differentiation and growth of pectoral fins was observed in zebrafish exposed to perchlorate from 

14-65 dpf or to methimazole from 4-33 dpf (Brown, 1997). Similarly, significant reductions in the lengths of 

pectoral fins were observed in both female and male zebrafish upon exposure to methimazole from 3-33 

dpf (Sharma et al., 2016). Furthermore, while no sex-linked differences in pectoral fin length were observed 

in the control fish, males had significantly longer fins than females in the methimazole and T4 groups. On 

average, pectoral fins were ∼7-10% longer in males relative to females of these two groups. 

Perchlorate furthermore decreased the length of pectoral fins in threespine sticklebacks exposed 

throughout development (Bernhardt and von Hippel, 2008). 

4.3.7.5. Pelvic fins 

Unlike pectoral fins, the zebrafish paired pelvic fins develop to adult state without an intermediate larval 

stage (Grandel and Schulte-Merker, 1998). The pelvic fin buds begin to develop around 18 dpf and the fin 

skeleton has formed by around 29 dpf (Grandel and Schulte-Merker, 1998). 
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The development of the pelvic fin and girdle in zebrafish has been shown to be affected by increased TH 

levels (Shkil et al., 2019). Entire absence of pelvic fins was observed in T3 treated zebrafish.  

Likewise, exposure to THS disrupting chemicals have been shown to affect pelvic fin development. 

Inhibited differentiation and growth of the pelvic fins were observed in zebrafish exposed to perchlorate  

from 14-65 dpf or to methimazole from 4-33 dpf (Brown, 1997). In addition, alterations in the position of 

pelvic fins were observed in zebrafish upon exposure to methimazole from 3-33 dpf (Sharma et al., 2016). 

Furthermore, pupfish (Cyprinodon diabolis) treated with perchlorate or methimazole from 15-68 dpf 

showed significantly inhibited development of pelvic fins (Lema and Nevitt, 2006). 

4.3.7.6. General discussion and conclusions on fin development as endpoint for THS 

related disruption 

TH appears to have a regulatory role in the morphogenesis of all median and paired fins. In general THS 

disrupting chemicals appear to reduce fin development and growth. However, studies of effect of THS 

disrupting chemicals on fin development in fish are scarce, and more studies need to be performed to 

explore the sensitivity of fin development as an endpoint for THS related disruption. The endpoint seems 

to be non-specific to THS related disruption, since blocking retinoic acid signalling has also been shown to 

inhibit fin development in zebrafish (Gibert et al., 2006). 

4.3.8. Scale development 

In zebrafish, at approximately 30 dpf, scales start to develop from fibroblasts (Sire et al., 1997; Sire and 

Aakimenko, 2004). Zebrafish possess scales of the elasmoid type, which are thin, lamellar, collagenous 

plates located within the upper region of the dermis (Sire and Aakimenko, 2004). Scales emerge first in 

the posterior region of the body, near the lateral line, and the squamation subsequently expands anteriorly 

(Sire and Akimenko, 2004). In adult zebrafish, the body is covered by several hundreds of scales, arranged 

in longitudinal and vertical rows (Sire and Aakimenko, 2004).  

The assessment of scale development can be made by morphometric quantification from photos taken of 

live fish, from external examination of preserved fish under a stereo microscope, or from histological 

sections. 

Studies suggest, that THs are directly or indirectly involved in fish scale development (Smirnov et al., 2006; 

Levin, 2010; 2011; Levin et al., 2012). TH treatment induces accelerated squamation, which leads to 

increased scale sizes and reduced numbers of scales (Smirnov et al., 2006; Levin, 2010; Shkil et al., 2010). 

On the contrary, THS disrupters can delay squamation, which leads to decreased scale sizes and 

increased numbers of scales (Smirnov et al., 2006; Levin, 2010).   

4.3.8.1. NIS inhibition 

The development of scales was delayed by exposure to perchlorate from 14-65 dpf in zebrafish (Brown, 

1997) and from 0-28 dpf in fathead minnow (Crane et al., 2005).  

4.3.8.2. TPO inhibition 

A concentration-dependent decrease in the scale thickness was observed after exposure to PTU in juvenile 

zebrafish 42 dph (van der Ven et al., 2006). In that study, scale development appeared to be more sensitive 

to PTU treatment than circulating TH levels and thyroid histology. 

Furthermore, scale development was delayed in zebrafish exposed to methimazole from 4-33 dpf (Brown, 

1997). 
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Thiourea reduced the size of the scales and increased the number of scales in the lateral line of the African 

barbel (Barbus intermedicus) (Smirnov et al., 2006). Likewise, thiourea treatment significantly increased 

the number of scales in the lateral line of roach (Rutilus rutilus) (Levin, 2010) and bream (Abramis brama) 

(Levin et al., 2012). 

4.3.8.3. General discussion and conclusions on scale development as endpoint for THS 

related disruption 

Scales serve for physical protection against potential predatory injury, which may be critical for survival. 

The level of THs has been considered the most influential factor on the number of scales in fish (Levin, 

2010; 2011; Levin et al., 2012), and external environmental factors (temperature and salinity) probably 

indirectly alter scale development via alteration of TH status (Levin et al., 2011). Furthermore, estrogen 

may be involved in the regulation of scale mineral contents (Armour et al.,1997). 

Scale development appears to be a sensitive endpoint for THS disruption in fish. In general THS disrupting 

chemicals appear to delay scale development, decrease the size of the scales and increase the number 

of scales. However, only few studies have assessed the effects of THS disrupting chemicals on scale 

development. This is probably due to the late appearance of scales in fish ontogeny, which means that 

this endpoint cannot be assessed in zebrafish early life stage tests. Furthermore, it should be noted that 

scale development and morphology may be influenced by other types of toxicity (Sultana et al., 2017). 

4.3.9. Neurodevelopment 

In zebrafish, the development of the nervous system begins at a very early developmental stage, during 

gastrulation at 6-10 hpf (Woo and Fraser, 1995). Neurodevelopment proceeds rapidly in zebrafish and 

most of the adult neuronal cell types and circuits are formed and functional around the time of hatching at 

3 dpf and continue to develop at further larval stages and into adulthood (Kaslin and Ganz, 2020). 

THs regulate numerous neurodevelopmental processes in vertebrates (Gothie et al., 2017). For example, 

blocking of TH uptake by knockdown of MCT8 in zebrafish causes disrupted neuron development and 

myelination and following disrupted development of the brain and spinal cord (Vatine et al., 2013; 

Campinho et al., 2014; de Vrieze et al., 2014). Time-lapse imaging of single axons and synapses in ZFN 

mediated MCT8 mutant zebrafish further revealed reduced axon branching in sensory neurons and 

decreased synaptic density of motor neurons (Zada et al., 2014). In addition, altered expressions of myelin 

related genes were observed, i.e. downregulation of myelin basic protein (mbp) and myelin protein zero 

(p0), and upregulation of oligodendrocyte lineage transcription factor 2 (olig2). Moreover, reduced baseline 

locomotor activity and altered behavioural response to light/dark transitions were observed in MCT8 

deficient fish (Campinho et al., 2014; de Vrieze et al., 2014; Zada et al., 2014). 

Neurodevelopmental processes may also be affected by THS disrupting chemicals.  

TBBPA significantly inhibited motor neuron development in zebrafish exposed from 8 hpf to 2 dpf (Chen 

et al., 2016a). Behavioural assays conducted at 5 dpf showed that the exposed larvae had lower average 

activity. Similarly, significantly downregulated transcription of genes related to the central nervous system 

development (e.g. mbp, α1-tubulin and shha), and reduced locomotor activity and swimming speed were 

observed in zebrafish exposed to TBBPA from 2-6 dpf (Zhu et al., 2018). The studies further demonstrated 

that treatment with T3 could reverse or eliminate the TBBPA-induced effects on neurodevelopmental 

parameters, which indicates that these effects were caused by TH related disruption. 

BDE-47 was also found to significantly affect motor neuron growth and swimming behaviour in zebrafish 

(Chen et al., 2012c). Furthermore, mRNA and protein expression of factors associated with neuronal 

development (e.g. mbp, α1-tubulin and synapsin IIa) were significantly downregulated in F1 offspring of 

zebrafish exposed to TDCPP for 3 months, as were the levels of the neurotransmitters dopamine, 

serotonin, gamma amino butyric acid, and histamine (Wang et al., 2015). In addition, larval locomotion was 
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significantly decreased in the progeny of exposed fish. Likewise, mbp, α1-tubulin and synapsin IIa 

expressions were significantly reduced in larvae of zebrafish exposed to DE-71 for 150 days, as were 

protein levels of α1-tubulin and synapsin IIa and locomotion activity (Chen et al., 2012a). Finally, 

expression of mRNA associated with neuronal development (mbp, α1-tubulin, synapsin IIa and gap43) 

was significantly downregulated in F1 larvae after parental exposure to tebuconazole (Li et al., 2019).  

In addition to locomotor abilities, neurodevelopmental effects may affect cognitive abilities and social 

behaviours, which may have adverse effects on reproduction and survival.  

While it is well documented that THs and THS disrupters influence neurodevelopment in fish, it needs to 

be clarified to what extent other endocrine and non-endocrine factors may affect this endpoint.  

4.3.10. Development of sensory systems 

The sensory systems form the coupling between the environment and the brain (Roth, 2013). The sensory 

organs of fish comprise photoreceptors (visual system), chemoreceptors (olfactory and gustatory systems), 

mechanoreceptors (auditory system, vestibular system, lateral line and somatosensory system), and, in 

some fish, electroreceptors (electrosensory system). The development of various sensory structures is 

influenced by TH (Besson et al., 2020). Several studies have documented the role of TH in the visual 

system and retinal development, which is discussed separately in section 4.3.11. However, fewer studies 

have examined the role of THs in the development of other sensory systems, including olfactory and 

mechanosensory systems. 

In fish, the olfactory organ is a chamber containing ciliated olfactory receptors in the sensory epithelium, 

which forms a rosette comprised of several folds, i.e. lamellae (Besson et al, 2020).  

Studies indicate that THs are implicated in the development of the olfactory organ and in olfactory 

processes related to homing migrations of salmons. TH promotes the development of olfactory organ 

lamellae, thereby increasing the sensory surface area, in surgeonfish (Acanthurus triostegus) (Besson et 

al., 2020). In addition, fluctuations in TH levels are reflected in changes in cell proliferation in the olfactory 

epithelium of salmons, which is suggested to facilitate olfactory imprinting (Nevitt et al., 1994; Dittman and 

Quinn, 1996; Lema and Nevitt, 2004). 

Sound detection in zebrafish involves the inner ear, the Weberian apparatus and the swim bladder. The 

adult zebrafish inner ear is a closed epithelial organ with three semicircular canals and three otoliths, one 

associated with each of the hair cell patches (maculae) in the utricle, saccule and lagena (Haddon and 

Lewis, 1996; Popper and Lu, 2000). In the embryo, the utricular and saccular otoliths are formed initially, 

while the lagenar otolith develops around 12 dpf (Roberts et al., 2017). Patches of sensory epithelium, 

consisting of mechanosensory hair cell and supporting cells, provide the basis of all ear functions. The 

sensory patches associated with the semicircular canals detect rotational accelerations, while the sensory 

patches of the otolith organs have both vestibular and auditory functions and respond to linear acceleration, 

gravity and sound (Popper and Fay, 1993; Haddon and Lewis, 1996; Popper and Lu, 2000; Stooke-

Vaughan et al., 2012). The presence of otoliths formed by deposition of calcium carbonate overlying the 

sensory patches in the three otolith organs enable the detection of linear acceleration and gravity through 

the weight of the otolith, and sound waves through vibrational movements (Haldon and Lewis, 1996). In 

otophysan fish, the Weberian apparatus further enhances sound detection by conveying sound related 

vibrations from the swim bladder to the otolith organs. 

THs have been shown to influence the development of the auditory and vestibular systems at multiple 

sites. THs mediate growth of the otoliths (Shiao and Hwang, 2004; Shiao et al., 2008; Schreiber at al., 

2010; Coffin et al., 2012; Marelli et al., 2016). In addition, incomplete development of the semicircular 

canals were observed in thrb morphant zebrafish (Marelli et al., 2016). Furthermore, as previously 

discussed, THs influence the development of the Weberian apparatus (section 4.3.6) and the swim bladder 

(section 4.3.5). 
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The mechanosensory lateral line system allows detection of unsteady water flows, thus mediating prey 

detection, predator avoidance, navigation and communication (Webb, 2014a). The lateral line is composed 

of neuromasts distributed in specific patterns on the head, trunk and tail of fish (Webb and Shirey, 2003; 

Hu et al., 2019). Neuromasts are small epithelial receptor organs consisting of mechanosensory hair cells 

and non-sensory support cells (Webb and Shirey, 2003; Webb, 2014b). In adult fish, neuromasts are either 

superficial neuromasts located on the surface of the fish or canal neuromasts associated with fluid-filled 

canals and separated by canal pores (Webb, 2014a; 2014b). 

Studies indicate that TH inhibits proliferation of neuromasts on the head (Hu et al., 2019) but promotes 

expansion of neuromasts on the trunk of zebrafish (Hu et al., 2019). In surgeonfish, T3 treatment induced 

an increased density of trunk canal pores, which also indicates neuromast proliferation on the trunk 

(Besson et al., 2020).  

In embryonic and larval zebrafish, mechanoreceptive Rohon-Beard neurons play an important role in the 

sense of touch in the somatosensory system (Katz et al., 2020); and studies suggest that TH is required 

for the normal development of the Rohon-Beard mediated touch response 2 dpf (Yonkers and Ribera, 

2008). 

Disrupted development of the sensory systems could have damaging effects on behavioural activities 

which play a crucial role in fish growth, reproduction and survival (section 4.3.12). 

Although it is clear, that THs influence the development of the olfactory, auditory, vestibular and lateral line 

systems, examinations are needed to clarify to what extent THS disrupting chemicals affect these 

endpoints. On the other hand, several studies have documented the influence of THS disrupting chemicals 

on the development of the visual system, which is discussed separately in section 4.3.11. 

4.3.11. Eye development and functioning 

In zebrafish, eye development begins around 12 hpf (Houbrechts et al., 2016b) and at 72 hpf, the retinal 

stratification is well developed (Malicki et al., 2016). Functional sight is established around 4-5 dpf 

(Brockerhoff, 2006; Chhetri et al., 2014).  

To achieve colour vision, cone photoreceptors with different wavelength sensitivities develop from retinal 

progenitor cells (Deveau et al., 2020). The cone types are defined by the opsin protein expressed (Mackin 

et al., 2019). The zebrafish retina possess four different cone photoreceptor types with two of the types 

arranged in pairs and with each cone type expressing different opsins: short single cones, which express 

UV opsin (short-wavelength sensitive 1, SWS1); long single cones, which express blue opsin (short-

wavelength sensitive 2, SWS2); and double cone pairs, in which one cone expresses red opsin (long-

wavelength sensitive, LWS) and the other cone expresses green opsin (rhodopsin-like, RH2) (Viets et al., 

2016). In adult zebrafish, the cone photoreceptors, together with one type of rod photoreceptors, which 

express rhodopsin (Ebrey and Koutalos, 2001), are arranged in a mosaic pattern with interchanging rows 

of UV/blue sensitive single cones and red/green sensitive double cones (Fadool, 2003; Li et al., 2009; 

Viets et al., 2016). The rods mediate dim-light vision, and the cones mediate daylight and colour vision 

(Takechi and Kawamura, 2005).  

The photoreceptor cell bodies are located in the outer nuclear layer (ONL) of the retina (Fig.9). The retina 

is composed of three distinct nuclear layers separated by two plexiform layers (Bilotta and Saszik, 2001; 

Stenkamp, 2015). The inner nuclear layer (INL) contains the cell bodies of the horizontal, bipolar and 

amacrine cells, and the ganglion cell layer (GCL) contains the ganglion cell bodies. The outer plexiform 

layer (OPL) consists of the connections among photoreceptors, horizontal and bipolar cells; and the inner 

plexiform layer (IPL) consists of the connections among bipolar, amacrine and ganglion cells. 
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Fig. 9. The zebrafish retina. RPE: retinal pigmented epithelium; PR-OS: photoreceptor outer segments; 

PR-IS: photoreceptor inner segments; ONL: outer nuclear layer; OPL: outer plexiform layer; INL: inner 

nuclear layer; IPL: inner plexiform layer; GCL: ganglion cell layer 

 

Eye development and visual performance is influenced by THs as demonstrated in thrb and dio knockdown 

and knockout zebrafish (Suzuki et al., 2013; Heijlen et al. 2014; Bagci et al., 2015; Houbrechts et al., 

2016b; Marelli et al. 2016; Deveau et al., 2020). Specifically, TRβ2 and DIOs appear to be key regulators 

of cone photoreceptor development in the retina (Ng et al., 2010; Suzuki et al., 2013; Deveau et al., 2019; 

2020).  

Proper differentiation of the cones, and subsequent proper colour perception, relies on specific 

transcription factors (Deveau et al., 2020). One of these is the TRβ2, an isoform encoded by thrb, which is 

expressed in the retina, and has been shown to play an important role in the structural development of the 

cone layer. Specifically, TRβ is essential for the development of red cones in zebrafish (Suzuki et al., 2013; 

Deveau et al., 2020), which become red colour blind when TRβ2 is lost by genome editing (Deveau et al., 

2019; 2020). TRβ determines the fate of red cone precursors, which in the absence of TRβ 

transdifferentiate into UV cones and horizontal cells (Volkov et al., 2020). Conversely, transgenic 

overexpression of TRβ2 leads to an increase in red cones and a decrease in UV cones (Suzuki et al., 

2013). These observations may indicate a negative regulation of UV cones by TRβ2.  

Moreover, knockdown or knockout of the activating as well as the inactivating DIO genes in zebrafish 

reduces cone photoreceptor number (Heijlen et al., 2014; Bagci et al., 2015; Houbrechts et al., 2016b), 

which further substantiates the significance of proper TH signalling in eye development.  

In addition to the cones, TRβ2 is also expressed in cells that give rise to horizontal cells (Suzuki et al., 

2013).  

Disruption of photoreceptor and horizontal cell development during zebrafish development may result in 

aberrant retinal layer organisation and reduced eye size. 

TH signalling plays a crucial role in several aspects of visual functioning in zebrafish, particularly in 

photoreceptors. The first step of light signal reception in the photoreceptors occurs in the light-sensitive 

visual pigment, which is comprised of an opsin protein and a covalently bound vitamin A-derived 

chromophore, either 11-cis retinal or 11-cis 3,4-dehydroretinal (vitamin A1 or A2 aldehyde, respectively) 

(Takechi and Kawamura, 2005; Isken et al., 2007; Ward et al, 2018; Volkow et al., 2020). In the retina, 

TRβ2 is required for the expression of long-wavelength sensitive (LWS) opsin in red cone photoreceptors, 
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while in the retinal pigment epithelium (RPE), TH regulates the expression of a cytochrome P450 enzyme, 

cyp27c1, which converts the chromophore 11-cis retinal into the red-shifted chromophore 11-cis 3,4-

dehydroretinal (Volkov et al., 2020). TH has been shown to act through all three zebrafish nuclear TRs 

(encoded by thraa, thrab, and thrb) in the regulation of cyp27c1 expression (Volkov et al., 2020).  

Moreover, TRβ2 has been suggested to be required for the expression of arrestin (arr3) (Deveau et al, 

2019; 2020), which is expressed in zebrafish double cones, and which quenches the activated state of 

opsins (Renninger et al, 2011). 

T3 may further mediate the spatiotemporal changes in the expression pattern of red and green opsin 

subtypes observed over the zebrafish lifespan (Takechi and Kawamura, 2005; Mackin et al., 2019). 

The significance of TRβ2 in visual performance has been demonstrated in mutant zebrafish lines created 

by use of CRISPR/Cas9 technology targeted at the TRβ2 isoform expressed by thrb (Deveau et al., 2020). 

Two visual performance responses were tested in the thrb mutants, the optomotor response (OMR) and 

the optokinetic response (OKR). The OMR is a reflex tendency to swim with perceived motion (Orger et 

al., 2000), and the OKR is a reflex where the eyes track rotating patterns and then snap back to reset 

(Deveau et al., 2020). The thrb mutants did not show an OMR to red and black striped stimulus, which 

indicated that they were unable to perceive red light, thus eliminating their ability to discern red from black. 

Furthermore, the thrb mutants showed a significantly lower OKR with red/black stimulus and green/black 

stimulus. The effect on the perception of green light might be a consequence of arrestin deficit (Deveau et 

al., 2020). 

Since retinal development and functioning relies extensively on THs, several aspects of eye structure and 

functioning may be affected by THS related disruption, including expression of vision related genes, 

number of specific photoreceptor cells, retinal layer structure and organisation, retinal pigmentation, eye 

size and vision related behaviours of fish.  

4.3.11.1. Genes related to vision 

Exposure to THS disrupting chemicals can disrupt the expression of vision related genes. Particularly the 

expressions of the phototransduction related photoreceptor opsins and arrestin, which are under the 

influence of THs, have been shown to be responsive to chemicals, resulting in up- or downregulation. 

Disruption of the expression of phototransduction related genes may result in disrupted development of 

the photoreceptors in the retina.  

4.3.11.2. TPO inhibition 

Green opsin, UV opsin and arrestin gene transcript levels were downregulated in the eyes of PTU exposed 

zebrafish 5 dpf (Baumann et al., 2019). In coho salmon, blue opsin transcripts were downregulated, while 

UV opsin transcripts were upregulated in the in cones of the eyes of PTU treated embryos (Gan and 

Flamarique, 2010). 

4.3.11.3. Interaction with TH binding  

Red opsin gene transcript levels were upregulated, while arrestin gene transcript levels were 

downregulated in the eyes of TBBPA exposed zebrafish 5 dpf (Baumann et al., 2019). 

4.3.11.4. Undetermined or mixed MIEs 

Blue opsin, UV opsin and rhodopsin gene transcript levels were downregulated, while red opsin gene 

transcript levels were upregulated in zebrafish exposed to BDE-47 until 6 dpf (Xu et al., 2015; 2017).  
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Exposure of zebrafish to DE-71 significantly upregulated the expression of all five opsin genes at 5 dpf (Xu 

et al., 2013). However, at 15 dpf only green opsin and rhodopsin gene transcription were significantly 

increased, while red, blue and UV opsin gene transcriptions were not significantly affected (Chen et al., 

2013).  

BPS exposure significantly increased the transcriptional levels of red opsin, green opsin, UV opsin and 

rhodopsin in male zebrafish exposed until 120 dpf, while blue opsin gene transcription was not significantly 

affected (Liu et al., 2018b). 

4.3.11.5. Retinal histology 

Histological and morphometric analyses have revealed interruption of retinal development after exposure 

to various THS disrupting chemicals. 

4.3.11.6. TPO inhibition 

PTU exposure significantly decreased the size and pigmentation of the RPE layer but had no significant 

effects on the other retinal layers in the eyes of zebrafish 5 dpf (Baumann et al., 2016). However, the PTU-

related compound, phenylthiourea, caused a general reduction in lens size and dorsal retinal size as a 

result of tighter packaging of the retinal cells of zebrafish at 3-5 dpf (Li et al., 2012).  

A significant decrease in the thickness of the GCL was observed at 66 hpf, while a significant increase in 

the GCL thickness was observed at 70 hpf and a temperature-dependent decrease in the INL thickness 

was observed at 72 hpf as a response to methimazole exposure in zebrafish (Reider and Connaughton, 

2014). 

4.3.11.7. Interaction with TH binding  

Histological analysis of the eyes of zebrafish embryos at 22 hpf revealed that exposure to 6-OH-BDE-47, 

but not BDE-47, was associated with a diminished proliferation of cells in the outer layers of the developing 

retina (Dong et al., 2014). In addition, the 6-OH-BDE-47 exposed fish revealed abundant signs of cell 

alteration including swelling and more numerous apoptotic cells in the developing retina, and spaces 

between the ONL and the RPE were observed. Furthermore, decreased numbers of cells in the lens were 

observed. MO gene knockdown and overexpression of TRβ mRNA suggested that the effects of 6-OH-

BDE-47 on the eyes may be mediated by downregulation of TRβ.  

4.3.11.8. Undetermined or mixed MIEs 

In 6 dpf zebrafish, exposure to BDE-47 caused disordered photoreceptor arrangement and thickened INL 

in the retina (Xu et al., 2015). 

Likewise, exposure to DE-71 caused disorganised retinal histology characterised by significantly increased 

area of the INL, significantly decreased area of the IPL and significantly decreased density of ganglion 

cells in zebrafish 15 dpf (Chen et al., 2013).  

Structural defects were also observed in the retinas of zebrafish exposed to BPS until 120 dpf (Liu et al., 

2018b). Effects included significantly decreased thickness of the GCL, IPL and total retina, as well as an 

irregular arrangement of photoreceptors in the ONL. 

4.3.11.9. Pigmentation of the retinal pigment epithelium (RPE) 

The RPE is a monolayer of pigmented cells located just outside the retina and forming part of the blood-

retina barrier (Istrate et al., 2020; Lakkaraju et al., 2020). A common characteristic of the RPE cells is the 

presence of melanin pigment granules (melanosomes), which absorb light that passes the photoreceptors, 
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thus protecting the photoreceptors from scattered light (Boulton et al., 2001). Furthermore, RPE melanin 

has antioxidant properties and may thus contribute to cellular protection against oxidative damage (Sarna, 

1992). 

The pigmentation of the RPE can be assessed using microscopy, and quantification can be performed by 

measuring the grey values from images (Baumann et al., 2016) 

In zebrafish, pigment begins to develop in the retina approximately 24 hpf (Kimmel et al., 1995). The 

development of pigmentation in the RPE appears to be mediated by TRβ (Kawakami et al., 2008) possibly 

by regulation of mRNA expression of tyrosinase, the key enzyme in melanin synthesis (Korner and 

Pawelek, 1982; Camp and Lardelli, 2001; Walpita et al., 2009). RPE pigmentation has been shown to be 

affected by several THS disrupting chemicals. 

4.3.11.10. TPO inhibition 

PTU exposure caused adverse effects on the development of the RPE layer in the eyes of zebrafish 5 dpf 

(Baumann et al., 2016). Histological analyses with measuring of grey values revealed a significant 

concentration-dependent decrease in the size and pigmentation of the RPE in PTU treated fish. Likewise, 

PTU caused significantly reduced pigmentation of the eye of zebrafish 30 hpf (Macaulay et al., 2015). 

Furthermore, both phenylthiourea and 2-mercaptobenzothiazole inhibited the RPE pigmentation of 

zebrafish at 35 and 55 hpf (Choi et al., 2007). Likewise, 2-mercaptobenzothiazole reduced eye 

pigmentation of zebrafish at 3 dpf (Li et al., 2012) and at 5 dpf (Stinckens et al., 2016). Moreover, 

methimazole exposure led to retardation of RPE pigmentation 3 dph in Pacific bluefin tuna (Thunnus 

orientalis) (Kawakami et al., 2008). 

4.3.11.11. DIO inhibition 

Exposure to iopanoic acid reduced eye pigmentation by 51% in zebrafish 30 hpf (Macaulay et al., 2015). 

4.3.11.12. Interaction with TH binding  

Histological examinations showed that TBBPA significantly reduced eye pigmentation in zebrafish 5 dpf 

as confirmed by measuring of grey values (Baumann et al., 2016). Furthermore, a decrease in eye 

pigmentation was observed in zebrafish at 30 hpf (42% reduction), 4 dpf and 6 dpf following exposure to 

6-OH-BDE-47 (Macaulay et al., 2015). Similarly, 6-OH-BDE-47 (but not BDE-47) significantly reduced eye 

pigmentation in zebrafish 22 hpf (Dong et al., 2014). The pigment layers in the exposed embryos were 

thinner and showed non-connected pigment patterns.  

4.3.11.13. Undetermined or mixed MIEs 

The pigmentation of the eyes of zebrafish exposed to BPF was significantly reduced at 2 dpf (Mu et al., 

2018; 2019), whereas the eyes were normally pigmented at 3 and 4 dpf (Mu et al., 2019). No significant 

effects on eye pigmentation in zebrafish 2-4 dpf were observed following exposure to 0.5-5 mg/L BPA or 

2.5-25 mg/L BPS (Mu et al., 2018). However, exposure to 1-1000 µg/L BPS induced empty areas in the 

RPE in a dose-dependent manner in zebrafish at 5 dpf (Liu et al., 2018b). In contrast, exposure to 200 

µg/L BPA significantly increased eye pigmentation in the Japanese medaka at 4 dpf, but not at 2 or 3 dpf 

(Inagaki et al., 2016).  

4.3.11.14. Eye size 

The eye size can be measured externally using a stereomicroscope; or from histological slides, which can 

also provide information on the underlying cause of any changes in eye size. 

Exposure to various THS disrupting chemicals has been shown to cause reduced eye size in fish larvae.  
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4.3.11.15. NIS inhibition 

Potassium perchlorate or potassium thiocyanate did not significantly affect eye size in zebrafish larvae 3-

5 dpf (Li et al., 2012). 

4.3.11.16. TPO inhibition 

PTU (Baumann et al., 2016), phenylthiourea (Li et al., 2012), methimazole (Li et al., 2012; Fetter et al., 

2015; Reider and Connaughton, 2014), 3-dihydroxypyridine (Li et al., 2012), resorcinol (Li et al., 2012) or 

2-mercaptobenzothiazole (Li et al., 2012; Stinckens et al., 2016) reduced eye size in zebrafish larvae at 3-

5 dpf.  

4.3.11.17. Interaction with TH binding  

TBBPA significantly reduced eye size in a concentration-dependent manner in zebrafish 5 dpf (Baumann 

et al., 2016). 

4.3.11.18. Undetermined or mixed MIEs 

The eye size was significantly decreased in zebrafish 5 dpf after exposure to BPF but not in zebrafish 

exposed to BPA, BPS or bisphenol Z (Lee et al., 2019). Furthermore, Senegalese sole (Solea 

senegalensis) larvae exposed to malathion displayed a significant reduction of the eye size in terms of 

longest eye diameter at 20 and 30 dph (Ortiz-Delgado et al., 2019). 

4.3.11.19. Visual performance 

As described above, THS disrupters may cause multiple disruptions in the eyes, which may consequently 

impair visual performance.   

Visual performance can be assessed by testing the optokinetic response (OKR) which is a reflex where 

the eyes track rotating patterns and then snap back to reset (Deveau et al., 2020). In the OKR test, the 

fish are immobilised leaving only the eyes movable to track a rotating pattern. In the other visual behaviour 

tests, fish swim freely in response to ambient stimuli (motion, light or colour). Therefore, the OKR is 

regarded to be more specific to visual performance than the other behavioural responses, which may also 

result from a compromised locomotor capability (Chen, 2020). Results from OKR tests are discussed in 

this section, while result from the other visual behaviour tests are discussed in section 4.3.12. 

Various THS disrupting chemicals have been documented to affect the OKR in zebrafish. 

4.3.11.20. TPO inhibition 

PTU exposed zebrafish showed concentration-dependent impairment of their OKR at 5 dpf (Baumann et 

al. 2016).  While fish exposed to 50 and 100 mg/L PTU only showed little deficiency in their OKR, fish from 

the highest concentration (250 mg/L) were significantly impaired. 

4.3.11.21. Interaction with TH binding  

Visual impairments in zebrafish after TBBPA exposure were demonstrated by concentration-dependent 

decreased OKR 5 dpf (Baumann et al., 2016). While fish exposed to the lowest concentration of TBBPA 

(100 μg/L) showed no significant impairment of response to different contrast stimuli, those at 300 and 400 

μg/L were clearly not able to follow the visual signals with their eyes, which was statistically significant. 
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4.3.11.22. Undetermined or mixed MIEs 

BDE-47 exposure significantly reduced the OKR under blue light stimuli in zebrafish 6 dpf (Xu et al., 2017). 

BPS exposure until 120 dpf also significantly decreased the tracking capability of male zebrafish in OKR 

tests (Liu et al., 2018b). However, increased OKR was observed in zebrafish larvae exposed to DE-71 

until 15 dpf (Chen et al., 2013). 

4.3.11.23. General discussion and conclusions on eye development 

as endpoint for THS related disruption 

THS disrupters affect multiple aspects of eye development in fish. As is the case for the other sensory 

systems (section 4.3.10), this may have detrimental effects on fish growth, reproduction and survival. 

No clear trends can be deduced in the expression of opsin genes or retinal histology as response to 

exposure to THS disrupting chemicals. The differing trends in responses may be caused by compensatory 

mechanisms. 

Retinal pigmentation in zebrafish showed a decrease in response to known TPO inhibitors, DIO inhibitors 

and chemicals interacting with TH binding. This indicates that retinal pigmentation could serve as a 

promising THS related endpoint in TGs using zebrafish. However, as for skin pigmentation, retinal 

pigmentation showed differing responses to exposure to bisphenols.  

The eye size was reduced by exposure to TPO inhibitors and by interaction with TH binding, whereas no 

effects on eye size were observed following exposure to NIS inhibitors.  

The OKR was decreased by PTU, TBBPA and BDE-47 at embryonic stages. However, OKR was increased 

by DE-71 at the larval stage. Since the OKR is regarded to be more specific to visual performance than 

the other behavioural responses, which may also be affected by a compromised locomotor capability, the 

OKR may be the most promising endpoint for THS related disruption of visual performance in fish. 

However, no studies were found on the effects of NIS inhibitors or DIO inhibitors on this endpoint.  

The studies show that eye development endpoints, particularly retinal pigmentation, are affected by THS 

disrupting chemicals and thus could be promising THS related endpoints for inclusion in OECD TGs with 

fish. Due to the early onset of eye development, this endpoint can be analysed from early embryo stages. 

However, it remains to be examined if the effects on eye development persist into juvenile and adult stages. 

Furthermore, the thyroid specificity of the eye development endpoints should be examined, since other 

signalling pathways, such as the estrogen, retinoid, IGF-1 and aryl hydrocarbon receptor, as well as non-

endocrine MOA, may also affect eye development (Hamad et al., 2007; Fu et al., 2017; Molla et al., 2019; 

Chen et al., 2020).  

4.3.12. Behaviour 

Behavioural changes may be employed as adverse outcomes integrating effects on multiple of the 

discussed endpoints, including development of the swim bladder, craniofacial features, fins, nervous 

system, olfactory system, acoustic system (including the Weberian apparatus), vestibular system, lateral 

line and eyes.  

Behavioural endpoints in fish varies with life stage from fundamental behaviours such as spontaneous 

locomotor activity to more complex behaviours such as foraging (Mora-Zamorano et al., 2018). Disrupted 

behavioural activities such as prey localisation, navigation, habitat selection, migration, social interactions 

and predator avoidance may have crucial effects on fish growth, reproduction and survival. 

Various behavioural assays have been designed to target specific modes of alteration in fish (Mora-

Zamorano et al., 2018). Especially a large battery of visual behaviour tests exists, in which different visual 

properties like motion, light and colour detection and discrimination are assessed (Schuster et al., 2011). 
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The visual behaviour tests include the OKR (section 4.3.11.19), OMR (a reflex tendency to swim with 

perceived motion), visual-motor response (swimming activity in response to sudden changes between light 

and dark conditions), phototactic swimming activity (from dark to light areas), short- and long-term 

habituation to visual stimuli and prey capture (Emran et al., 2008; Roberts et al., 2013; Chen, 2020; Oldfield 

et al., 2020). Behavioural response to acoustic stimuli can be measured by the acoustic startle response, 

which is muscular activity produced reflexively in response to a sudden loud noise (Liu et al., 2018c). 

Prepulse inhibition tests assess effects on the reduction of the startle response when a weak non-startling 

stimulus is presented shortly before the startling stimulus (Banono and Esguerra, 2020). Olfaction 

behavioural tests include attraction to food extract odorants or avoidance of predatory odorants like 

taurocholic acid (Tierney et al., 2010). Behaviours involving other or multi-modal sensory stimuli include 

social preference, shoaling, novel tank diving, thigmotaxis in open field tests, Y-maze memory 

performance, sleep behaviour and swimming endurance performance in swim tunnel (Egan et al., 2009; 

Marit and Weber, 2011; Ahmad and Richardson, 2013; Roberts et al., 2013; Li et al., 2017; Dreosti et al., 

2018, Cleal et al., 2021; Fontana et al., 2021). However, tests that rely on swimming activity may also be 

sensitive to morphological effects, including swim bladder and fin malformations. Likewise, foraging 

efficiency assays may be affected by both neurological, sensory and morphological alterations, including 

craniofacial features associated with gape (Wirt et al., 2018).   

Exposure to THS disrupting chemicals has been shown to cause effects in multiple visual behaviour tests. 

However, studies examining the effect of THS disrupting chemicals on behavioural tests directed towards 

effects on other sensory systems are lacking.  

4.3.12.1. TPO inhibition 

PTU exposed zebrafish 5 dpf showed concentration-dependent impairment of their OKR and suppression 

of their phototactic swimming activity, while their preference for light over dark increased significantly 

(Baumann et al. 2016). Additionally, PTU exposure significantly decreased the swimming activity during 

dark periods in visual-motor response tests with zebrafish at 4 and 5 dpf (Walter et al., 2019b). 

4.3.12.2. Interaction with TH binding  

Visual impairments in zebrafish after TBBPA exposure were demonstrated by significantly and 

concentration-dependent decreased OKR 5 dpf (Baumann et al., 2016). Furthermore, phototactic 

swimming activity was significantly affected in the TBBPA exposed larvae. The effect of TBBPA on 

swimming activity was stimulating at 300 µg/L and strongly inhibiting at 400 µg/L. No significant effects on 

the preference of the zebrafish for light or dark backgrounds were observed.  

In zebrafish exposed to 100-400 µg/L TBBPA from 2 hpf to 6 dpf, decreased visual-motor response and 

average swimming speed was observed (Zhu et al., 2018). Likewise, behavioural assays conducted at 120 

hpf indicated that zebrafish exposed to TBBPA from 8-48 hpf had lower average activity (Chen et al., 

2016a). However, no significant effects were observed on locomotor activity in zebrafish after exposure to 

0.1-3 µM TBBPA from 3-5 dpf (Alzualde et al., 2018).  

Chronic exposure to 5 nM TBBPA from 1-120 dpf, lead to higher average speed in a photomotor response 

assay at 9 months post fertilisation (Chen et al., 2016b).  Furthermore, exposed males showed significantly 

heightened aggression in a mirror attack test. 

4.3.12.3. Undetermined or mixed MIEs 

BDE-47 exposure significantly reduced the OKR under blue light stimuli in zebrafish 6 dpf (Xu et al., 2017) 

and significantly affected spontaneous movement, decreased touch response and free-swimming speed, 

and altered swimming behaviour in response to light stimulation in developing zebrafish (Chen et al., 

2012c).  
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In addition, average speed was significantly decreased in the progeny of TDCPP (Wang et al., 2015) and 

DE-71 (Chen et al., 2012a) exposed zebrafish.  

However, increased OKR and phototactic swimming activity was observed in larval zebrafish exposed to 

DE-71 until 15 dpf (Chen et al., 2013). 

4.3.12.4. General discussion and conclusions on behaviour as 

endpoint for THS related disruption 

Visual behavioural parameters have been shown to be sensitive to THS disrupters. However, behavioural 

changes are not specific to THS disruption as they may also arise from disruption of other endocrine and 

non-endocrine factors, including unspecific toxicity.  

4.3.13. Growth, sexual development and reproduction 

In addition to the described developmental parameters, growth, sexual development and reproduction 

parameters are population-relevant endpoints, which have also been shown to be responsive to chemicals 

interfering with the THS in fish (Mukhi and Patiño, 2007; Mukhi et al., 2007; Carr and Patiño, 2011; Sharma 

and Patiño, 2013; Tovo-Neto et al., 2018; Houbrechts et al., 2019). These endpoints are already included 

in OECD fish TGs. Growth parameters are measured in TGs 236 (OECD, 2011), 210 (OECD, 2013a) and 

240 (OECD, 2015a), sexual development is assessed in TG 234 (OECD, 2011) and optionally in TG 240 

(OECD, 2015a), while fecundity is included in TG 229 (OECD, 2012) and 240 (OECD, 2015a). In fish, THs 

regulate various aspects of growth, sexual development and reproduction (Melamed et al., 1995; Mukhi 

and Patiño, 2007; Deal and Volkoff, 2020). However, growth, sexual development and reproduction are 

heavily influenced by other endocrine axes, i.e. GH/IGF-1 and HPG, and complex interactions between 

the THS and these axes exist (Cyr and Eales, 1996; Duarte-Guterman, 2014; Yu et al., 2015; Deal and 

Volkoff, 2020). Furthermore, growth and reproduction may be influenced by generalised non-endocrine 

toxicity. These factors make growth, sexual development and reproduction non-specific endpoints for THS 

disruption. Since growth, sexual development and reproduction are already included in OECD fish TGs - 

and since it is an aim to increase the diagnostic value of the existing OECD fish TGs by adding new 

endpoints more specifically related to THS disruption - growth, sexual development and reproduction are 

not further discussed in this DRP.   
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Several potential endpoints for THS disruption in fish have been described in the scientific literature. The 

endpoints include thyroid histopathology, TH levels, gene expression, swim bladder development and 

inflation, skin pigmentation, skeletal development including fin and scale development, neurodevelopment, 

development of sensory systems particularly eye development, and behaviour. 

Varying amounts of data exist for the different endpoints, which complicates the attempt to make a 

comprehensive assessment on the applicability of the various endpoints.  

The effort is further complicated by the lack of standardised methods, which may lead to seeming 

discrepancies in the sensitivity of the endpoints to THS disrupting chemicals. Non-monotonic dose-

response curves, often U-shaped or inverted U-shaped due to overcompensations in response to 

disruptions in homeostasis (Calabrese and Baldwin, 2001), are frequently observed after chemical 

exposure. This may explain some of the seeming discrepancies observed between studies using different 

exposure concentrations and may complicate comparison of the sensitivity of the different endpoints.  

The sensitivity of the various endpoints may also vary depending on the MIEs caused by the THS disrupting 

chemical; and an endpoint may not be responsive to all MIEs (Table 8). Because chemicals can disrupt 

TH signalling through several MIEs other than receptor activation, evaluation of THS disrupting chemicals 

may require a more comprehensive multi-endpoint approach, compared to other endocrine pathways.  

 

Table 8. Summary of the responsiveness of the various endpoints to disruption via 
the various THS relevant MIEs, the consistency in response directionality 
(increase/decrease) and the endpoints specificity to THS disruptive MOA (based on 
the available information in this DRP). 

Endpoint Responsive via MIE Consistent 
in response 
directionalit

y 

Specific to 
THS 

disruptive 
MOA 

NIS 
inhibition 

TPO 
inhibition 

DIO 
inhibition 

TH 
binding 

interaction 

Thyroid histopathology ✔ ✔ ✘ ✘ ✔ ✔ 

TH levels ✔ ✔ ✔ ✔ ✘ ✔ 

Expression of specific genes ✔ ✔ ✔ ✔ ✘ ✔ 

Skin pigmentation ✔ ✔ ❓ ✔ ✔ ✘ 

Posterior swim bladder 
inflation 

✔ ✘ ✔ ✔ ✔ ✘ 

Anterior swim bladder 
inflation 

✔ ✔ ✔ ✔ ✔ ✘ 

Fin development ✔a ✔a ❓ ✔b ✔ ✘ 

Scale development ✔ ✔ ❓ ❓ ✔ ✘ 

Retinal histology ❓ ✔ ❓ ✔ ✘ ✘ 

Retinal pigmentation ❓ ✔ ✔ ✔ ✔ ✘ 

5.  Concluding remarks 
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Eye size ✘ ✔ ❓ ✔ ✔ ✘ 

✔: Endpoint responsive/consistent in response directionality/specific 

✘: Endpoint not responsive/not consistent in response directionality/not specific 

❓: No studies 

a Pectoral and pelvic fins 

b Caudal fin 

 

As for frogs (Fort et al., 2008), the potentially useful THS related endpoints can be divided into four main 

classes: 1) thyroid histopathology endpoints, 2) biochemical endpoints (THs), 3) molecular endpoints (gene 

expression) and 4) morphological endpoints. 

The biochemical and molecular endpoints have the potential to render the tests more mechanistically 

informative, by providing useful information on MOA and aiding to distinguish between thyroid and non-

thyroid mediated responses. The endpoints are responsive to disruption via all THS relevant MIEs. 

However, since the HPT axis strives to maintain TH homeostasis through compensatory mechanisms in 

response to THS disruption, a snapshot of the TH levels may show inconsistency in response directionality 

(up- or downregulation) between studies, which may reduce the applicability of TH levels as an endpoint. 

Additionally, the differences between TH blood and tissue concentrations that may prevail due to the 

activity of (compensatory) deiodases and transmembrane transporters could contribute to a reduced 

applicability of TH plasma levels as an endpoint. Studies suggest that alterations of THS related gene 

transcriptions are more sensitive than TH levels (Morgado et al., 2009; Zhu et al., 2018; Shi et al., 2019). 

However, the complexity of gene response patterns in the THS, i.e. once again the inconsistency in 

response directionality (up- or downregulation), as well as non-genomic interactions initiated by THs, 

renders it difficult to pinpoint specific genes as endpoints for THS disruption.  

Like biochemical and molecular endpoints, histological analysis of the thyroid confers specificity to the 

tests. Histological analyses of thyroid follicle structures have been suggested to be more sensitive to NIS 

inhibition than TH levels (Mukhi et al., 2005). However, thyroid histopathology does not appear to be 

responsive to DIO inhibition and interaction with TH binding and can thus not stand alone as an endpoint 

for THS disruption.  

Several potential population-relevant morphological endpoints for THS related disruption in fish have been 

proposed, including the development of skin pigmentation, swim bladders, fins, scales and eyes. Based 

on the available information, it is currently not possible to decisively rank these endpoints in terms of their 

usefulness considering sensitivity and specificity.  

Swim bladder inflation may be the most well studied morphological endpoint. While the anterior swim 

bladder inflation has been shown to be affected by each of the four key MIEs, NIS inhibition, TPO inhibition, 

DIO inhibition and interaction with TH binding, the development of the posterior swim bladder chamber is 

not responsive to TPO inhibition. 

Among the sensory systems, eye development is by far the most studied regarding effects of THS related 

disruption. Particularly retinal pigmentation appears to be sensitive to THS disrupting chemicals in 

zebrafish early life stages. Likewise, skin pigmentation appears to be responsive to THS related disruption 

in zebrafish, although with a seemingly lower sensitivity than the other morphological endpoints. 

Skeletal development - including fin and scale development -, neurodevelopment and behaviour are further 

potential endpoints, which are affected by THs. However, studies of effect of THS disrupting chemicals on 

these endpoints are scarce, and more studies need to be performed to explore the sensitivity and specificity 
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of these endpoints. Still, from the few available studies scale and fin development appear to be sensitive 

morphological THS related endpoints in juvenile zebrafish. 

Although the morphological endpoints are responsive to THS related disruption, they may not be 

mechanistically specific to THS disruption, since most THS related morphological endpoints can be altered 

by other endocrine modalities, signalling pathways or general toxicity. 

From the data compiled in this DRP it appears that no single endpoint covers all demands to assess 

potential THS disrupting chemicals in fish. This was also concluded in a literature study of the effects of 25 

THS disrupters on zebrafish embryos up to 7 dpf (Spaan et al., 2019). An integrated AOP-based approach 

including both morphological endpoint(s) and mechanistically specific endpoint(s) seems to offer the most 

useful approach to detect THS disrupting chemicals in OECD fish TGs, which can be used in combination 

with other data in a weight of evidence approach. However, when revising currently existing in vivo test 

methods, potentially increasing the complexity of the experiments, the overall practicability of performance 

of the experiments for regulatory purposes should be considered. 

The applicability of the various endpoints for inclusion in the different OECD fish TGs depends on the life 

stages covered by the TGs. Endpoints occurring at the larval-to-juvenile transition can be assessed in 

OECD TGs 240, 234 and 210 but not in OECD TG 236 (Fig.10). 

 

 

Fig. 10. Timeline showing the approximate onset time of development of various THS related endpoints in 

zebrafish. The embryonic-to-larval and larval-to-juvenile transition periods in zebrafish as well as the 

durations of OECD fish TGs are indicated in boxes. Note that the timeline is not drawn to scale. 

 

 

Based on the available data, inflation of the anterior swim bladder may be a suitable endpoint for identifying 

THS disrupting chemicals in OECD TGs 234 and 210. The anterior swim bladder inflation has been shown 

to be affected by each of the four key MIEs, NIS inhibition, TPO inhibition, DIO inhibition and interaction 

with TH binding, which may make this endpoint superior to the other studied endpoints. The assessment 

of swim bladder inflation may though require an additional early non-lethal subsampling in which the fish 

are digitally photographed and put back into the exposure tanks. The anterior swim bladder cannot be 

assessed in embryo tests. In addition, the inflation of the posterior swim bladder is not affected by TPO 

inhibition. For OECD TG 236, eye development, particularly pigmentation of the RPE, may, therefore, be 

a more suitable endpoint than swim bladder inflation. 

Effects on the morphological endpoints are indicative of, but may not be specific to, thyroid modality and 

they should, therefore, be combined with evaluation of an endpoint providing additional evidence of a THS 

related MOA of the chemical. Thyroid histopathology is considered as an endpoint very specific to THS 

disruptive MOA (OECD, 2009; Coady et al., 2010; 2014), and may thus be valuable as an endpoint for 

THS disruption via NIS inhibition and TPO inhibition. Thyroid histopathology seems more informative than 
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TH and gene analysis due to the profound inconsistency in response directionality of the latter endpoints 

(upregulation, downregulation or no effect). Particularly, increased follicular epithelial cell height, thyroid 

follicular epithelium hyperplasia, and depletion of follicular colloid content seem to be useful parameters in 

juvenile zebrafish. However, DIO inhibition and interaction with TH binding may not be reflected in thyroid 

histopathology. Thus, TH analysis and/or specific gene expression analyses could further be included as 

supporting evidence to increase the plausibility that observed effects are caused by a thyroid mediated 

MOA. This may, however, require a larger number of fish used in the fish early life stage TGs. 

Although histology in general is a laborious procedure, histological sections of the gonads are already 

being made in the OECD TG 234 and 240, and it can be assumed that inclusion of histological analyses 

of the thyroid tissue, and possibly the eyes as well, in these TGs will require limited additional effort, even 

if it may require additional sectioning since the organs have differing optimal sectioning levels (Menke et 

al., 2011). Standardised training of personnel may also be needed to ensure the accuracy of 

histopathological analyses of new endpoints. Regarding OECD TG 236 and TG 210, the inclusion of 

histopathology will conceivably make these tests significantly more time-consuming compared to the 

existing protocols. However, as thyroid histopathology (unlike anterior swim bladder inflation) is not 

sensitive to all thyroid related MIEs, it could be used as a tiered endpoint, and only investigated when 

triggered.  For example, if there is an effort to non-destructively sample fish during the OECD 210 to collect 

images for analysis of the anterior swim bladder during larval-to-juvenile transition, and significant effects 

on swim bladder inflation are noted relative to controls, then thyroid histopathology could also be targeted 

at study termination. The additional measurement of thyroid histopathology in these cases would help to 

inform if the swim bladder effects are specific to the thyroid hormone pathway.  If no effects are noted on 

the anterior swim bladder inflation, it is possible that it would not be necessary to extend the effort to assess 

the thyroid histopathology endpoint.  

Much ongoing research focuses on these THS related endpoints, and (pre-)validation using standardised 

OECD fish test procedures should be the next step to explore the robustness of these endpoints in relation 

to sensitivity, specificity, variability, reversibility, species differences etc. Focus should be on the endpoints, 

fish TGs and species that are, at this time, considered to be most useful.  

Since most studies concerning histological effects of THS disrupting chemicals in fish, as well as ongoing 

work with many of the described THS related endpoints (eye development, swim bladder inflation etc.), 

are made with zebrafish, this would be the preferred species example for the (pre-)validation studies. If 

some of the suggested endpoints go further into validation more species, like the fathead minnow and 

Japanese medaka, should be included.  

It has recently been decided by the lead countries of Project 2.64 in the OECD Work Plan for the Test 

Guidelines Programme and supported by OECD VMG-Eco to start the (pre-)validation procedures with 

focus on two OECD fish TGs - TG 236 representing embryonic (alternative to vertebrate) testing and TG 

210 representing developmental in vivo testing. From the data compiled in this DRP, histology appears to 

have the potential of providing valuable endpoints for THS disruption. New histological endpoints, like 

thyroid, eyes and scales could be added to already existing histological endpoints in fish TGs.  (Pre-

)validation studies should proceed with at least the thyroid histology, eye histology and swim bladder 

inflation endpoints to better characterise the sensitivity and specificity of these endpoints in response to 

THS activity in fish. The potential endpoints should be validated with several chemicals representing all 

key MIEs for THS disruption as well as negative control chemicals.  



ENV/CBC/MONO(2023)17  111 

  
Unclassified 

Admati, I., Wasserman-Bartov, T., Tovin, A., Rozenblat, R., Blitz, E., Zada, D., Lerer-
Goldshtein, T. and Appelbaum, L. (2020). Neural alterations and hyperactivity of the 
hypothalamic-pituitary-thyroid axis in oatp1c1 deficiency. Thyroid 30, 161-174. 
 
Ahmad, F., Liu, X., Zhou, Y. and Yao, H. (2015). An in vivo evaluation of acute toxicity of 
cobalt ferrite (CoFe2O4) nanoparticles in larval-embryo zebrafish (Danio rerio). Aquatic 
Toxicology 166, 21-28. 
 
Ahmad, F. and Richardson, M.K. (2013). Exploratory behaviour in the open field test adapted 
for larval zebrafish: impact of environmental complexity. Behavioural Processes 92, 88-98. 
 
Alfonso, S., Peyrafort, M., Cousin, X. and Begout, M.-L. (2020). Zebrafish Danio rerio shows 
behavioural cross-context consistency at larval and juvenile stages but no consistency 
between stages. Journal of Fish Biology 96, 1411-1421. 
 
Allgeier, A., Offermanns, S., Van Sande, J., Spicher, K., Schultz, G. and Dumont, J.E. (1994). 
The human thyrotropin receptor activates G-proteins G(S) and G(Q/11). Journal of Biological 
Chemistry 269, 13733-13735. 
 
Alt, B., Reibe, S., Feitosa, N.M., Elsalini, O.A., Wendl, T. and Rohr, K.B. (2006). Analysis of 
origin and growth of the thyroid gland in zebrafish. Developmental Dynamics 235, 1872-
1883. 
 
Alzualde, A., Behl, M., Sipes, N.S., Hsieh, J.H., Alday, A., Tice, R.R., Paules, R.S., Muriana, 
A. and Quevedo, C. (2018). Toxicity profiling of flame retardants in zebrafish embryos using 
a battery of assays for developmental toxicity, neurotoxicity, cardiotoxicity and hepatotoxicity 
toward human relevance. Neurotoxicology and Teratology 70, 40-50. 
 
Ankley, G.T., Bennett, R.S., Erickson, R.J., Hoff, D.J., Hornung, M.W., Johnson, R.D., Mount, 
D.R., Nichols, J.W., Russom, C.L., Schmieder, P.K., Serrrano, J.A., Tietge, J.E. and 
Villeneuve, D.L. (2010). Adverse outcome pathways: a conceptual framework to support 
ecotoxicology research and risk assessment. Environmental Toxicology and Chemistry 29, 
730-741. 
 
Arjona, F.J., de Vrieze, E., Visser, T.J., Flik, G. and Klaren, P.H.M. (2011). Identification and 
functional characterization of zebrafish solute carrier Slc16a2 (Mct8) as a thyroid hormone 
membrane transporter. Endocrinology 152, 5065-5073. 
 
Armour, K. J., Lehane, D. B., Pakdel, F., Valotaire, Y., Russel, R., Graham, G. and 
Henderson, I. W. (1997). Estrogen receptor mRNA in mineralized tissues of rainbow trout: 
calcium mobilization by estrogen. FEBS Letters 411, 145-148. 

6.  References 



112  ENV/CBC/MONO(2023)17 

  
Unclassified 

 
Aslam, B., Basit, M., Nisar, M.A., Khurshid, M. and Rasool, M.H. (2017). Proteomics: 
technologies and their applications. Journal of Chromatographic Science 55, 182–196. 
 
Bagci, E., Heijlen, M., Vergauwen, L., Hagenaars, A., Houbrechts, A.M., Esguerra, C.V., 
Blust, R., Darras, V.M. and Knapen, D. (2015). Deiodinase knockdown during early zebrafish 
development affects growth, development, energy metabolism, motility and 
phototransduction. PLOS ONE 10, e0123285. 
 
Banono, N.S., Esguerra, C.V. (2020) Pharmacological validation of the prepulse inhibition of 
startle response in larval zebrafish using a commercial automated system and software. 
Journal of Visualized Experiments 161, e61423. 
 
Barrett, E.J. (2003). The thyroid gland. In: Boron, W.F. and Boulpaep E.L. (eds.), Medical 
Physiology: A Cellular and Molecular Approach. Elsevier/Saunders, Philadelphia, 
Pennsylvania, USA, 1035-1048. 
 
Baumann, L., Ros, A., Rehberger, K., Neuhauss, S.C.F. and Segner, H. (2016). Thyroid 
disruption in zebrafish (Danio rerio) larvae: different molecular response patterns lead to 
impaired eye development and visual functions. Aquatic Toxicology 172, 44-55. 
 
Baumann, L., Segner, H., Ros, A., Knapen, D. and Vergauwen, L. (2019). Thyroid hormone 
disruptors interfere with molecular pathways of eye development and function in zebrafish. 
International Journal of Molecular Sciences 20, 1543. 
 
Bernhardt, R.R. and von Hippel, F.A. (2008). Chronic perchlorate exposure impairs 
stickleback reproductive behaviour and swimming performance. Behaviour 145, 537-559. 
 
Bernhardt, R.R., von Hippel, F.A. and O'Hara, T.M. (2011). Chronic perchlorate exposure 
causes morphological abnormalities in developing stickleback. Environmental Toxicology 
and Chemistry 30, 1468-1478. 
 
Besson, M., Feeney, W.E., Moniz, I., Francois, L., Brooker, R.M., Holzer, G., Metian, M., 
Roux, N., Laudet, V. and Lecchini, D. (2020). Anthropogenic stressors impact fish sensory 
development and survival via thyroid disruption. Nature Communications 11, 3614. 
 
Bianco, A.C. and Larsen, P.R. (2005). Cellular and structural biology of the deiodinases. 
Thyroid 15, 777-786. 
 
Bilotta, J. and Saszik, S. (2001). The zebrafish as a model visual system. International 
Journal of Developmental Neuroscience 19, 621-629. 
 
Bird, N.C. and Mabee, P.M. (2003). Developmental morphology of the axial skeleton of the 
zebrafish, Danio rerio (Ostariophysi: Cyprinidae). Developmental Dynamics 228, 337-357. 
 
Bird, N.C., Richardson, S.S. and Abels, J.R. (2020). Histological development and integration 
of the zebrafish Weberian apparatus. Developmental Dynamics 249, 998-1017. 
 
Blanco, A.M. (2020). Hypothalamic- and pituitary-derived growth and reproductive hormones 
and the control of energy balance in fish. General and Comparative Endocrinology 287, 



ENV/CBC/MONO(2023)17  113 

  
Unclassified 

113322. 
 
Blanton, M.L. and Specker, J.L. (2007). The hypothalamic-pituitary-thyroid (HPT) axis in fish 
and its role in fish development and reproduction. Critical Reviews in Toxicology 37, 97-115. 
 
Bohnsack, B.L., Gallina, D. and Kahana, A. (2011). Phenothiourea sensitizes zebrafish 
cranial neural crest and extraocular muscle development to changes in retinoic acid and IGF 
signaling. PLOS ONE 6, e22991. 
 
Bohnsack, B.L. and Kahana, A. (2013). Thyroid hormone and retinoic acid interact to regulate 
zebrafish craniofacial neural crest development. Developmental Biology 373, 300-309. 
 
Boulton, M., Rozanowska, M. and Rozanowski, B. (2001). Retinal photodamage. Journal of 
Photochemistry and Photobiology B: Biology 64, 144-161. 
 
Bouzaffour, M., Rampon, C., Ramauge, M., Courtin, F. and Vriz, S. (2010). Implication of 
type 3 deiodinase induction in zebrafish fin regeneration. General and Comparative 
Endocrinology 168, 88-94. 
 
Bradford, C.M., Rinchard, J., Carr, J.A. and Theodorakis, C. (2005). Perchlorate affects 
thyroid function in eastern mosquitofish (Gambusia holbrooki) at environmentally relevant 
concentrations. Environmental Science & Technology 39, 5190-5195. 
 
Braga, M. and Cooper, D.S. (2001). Oral cholecystographic agents and the thyroid. Journal 
of Clinical Endocrinology & Metabolism 86, 1853-1860. 
 
Braunbeck, T., Kais, B., Lammer, E., Otte, J., Schneider, K., Stengel, D. and Strecker, R. 
(2015). The fish embryo test (FET): origin, applications, and future. Environmental Science 
and Pollution Research 22, 16247-16261. 
 
Brent, G.A. (2012). Mechanisms of thyroid hormone action. Journal of Clinical Investigation 
122, 3035-3043. 
 
Brockerhoff, S.E. (2006). Measuring the optokinetic response of zebrafish larvae. Nature 
Protocols 1, 2448-2451. 
 
Brown, D.D. (1997). The role of thyroid hormone in zebrafish and axolotl development. 
Proceedings of the National Academy of Sciences of the United States of America 94, 13011-
13016. 
 
Buccitelli, C. and Selbach, M. (2020). mRNAs, proteins and the emerging principles of gene 
expression control. Nature 21, 630-644. 
 
Butler, T.A.J., Paul, J.W., Chan, E.-C., Smith, R. and Tolosa, J.M. (2019). Misleading 
Westerns: common quantification mistakes in Western blot densitometry and proposed 
corrective measures. BioMed Research International 2019, 5214821. 
 
Calabrese, E.J. and Baldwin, L.A. (2001). Hormesis: U-shaped dose responses and their 
centrality in toxicology. Trends in Pharmacological Sciences 22, 285-291. 
 



114  ENV/CBC/MONO(2023)17 

  
Unclassified 

Camp, E. and Lardelli, M. (2001). Tyrosinase gene expression in zebrafish embryos. 
Development Genes and Evolution 211, 150-153. 
 
Campinho, M.A. (2019). Teleost metamorphosis: the role of thyroid hormone. Frontiers in 
Endocrinology 10, 383. 
 
Campinho, M.A., Morgado, I., Pinto, P.I.S., Silva, N. and Power, D.M. (2012). The goitrogenic 
efficiency of thioamides in a marine teleost, sea bream (Sparus auratus). General and 
Comparative Endocrinology 179, 369-375. 
 
Campinho, M.A., Saraiva, J., Florindo, C. and Power, D.M. (2014). Maternal thyroid 
hormones are essential for neural development in zebrafish. Molecular Endocrinology 28, 
1136-1149. 
 
Carr, J.A. and Patiño, R. (2011). The hypothalamus-pituitary-thyroid axis in teleosts and 
amphibians: endocrine disruption and its consequences to natural populations. General and 
Comparative Endocrinology 170, 299-312. 
 
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. and 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. 
 
Chakraborty, C., Hsu, C.H., Wen, Z.H., Lin, C.S. and Agoramoorthy, G. (2009). Zebrafish: a 
complete animal model for in vivo drug discovery and development. Current Drug 
Metabolism 10, 116-124. 
 
Chan, W.K. and Chan, K.M. (2012). Disruption of the hypothalamic-pituitary-thyroid axis in 
zebrafish embryo-larvae following waterborne exposure to BDE-47, TBBPA and BPA. 
Aquatic Toxicology 108, 106-111. 
 
Chang, J., Wang, M., Gui, W., Zhao, Y., Yu, L. and Zhu, G. (2012). Changes in thyroid 
hormone levels during zebrafish development. Zoological Science 29, 181-184. 
 
Chazenbalk, G., Magnusson, R.P. and Rapoport, B. (1987). Thyrotropin stimulation of 
cultured thyroid-cells increases steady-state levels of the messenger ribonucleic-acid for 
thyroid peroxidase. Molecular Endocrinology 1, 913-917. 
 
Chen, J., Tanguay, R.L., Tal, T.L., Gai, Z., Ma, X., Bai, C., Tilton, S.C., Jin, D., Yang, D., 
Huang, C. and Dong, Q. (2014). Early life perfluorooctanesulphonic acid (PFOS) exposure 
impairs zebrafish organogenesis. Aquatic Toxicology 150, 124-132. 
 
Chen, J., Tanguay, R.L., Xiao, Y., Haggard, D.E., Ge, X., Jia, Y., Zheng, Y., Dong, Q., Huang, 
C. and Lin, K. (2016a). TBBPA exposure during a sensitive developmental window produces 
neurobehavioral changes in larval zebrafish. Environmental Pollution 216, 53-63. 
 
Chen, J. Tanguay, R.L., Simonich, M., Nie, S.F., Zhao, Y., Li, L.L., Bai, C.L., Dong, Q., 
Huang, C.J. and Lin, K.F. (2016b). TBBPA chronic exposure produces sex-specific 
neurobehavioral and social interaction changes in adult zebrafish. Neurotoxicology and 



ENV/CBC/MONO(2023)17  115 

  
Unclassified 

Teratology 56, 9-15. 
 
Chen, L. (2020). Visual system: an understudied target of aquatic toxicology. Aquatic 
Toxicology 225, 105542. 
 
Chen, L., Huang, Y., Huang, C., Hu, B., Hu, C. and Zhou, B. (2013). Acute exposure to DE-
71 causes alterations in visual behavior in zebrafish larvae. Environmental Toxicology and 
Chemistry 32, 1370-1375. 
 
Chen, L., Yu, K., Huang, C., Yu, L., Zhu, B., Lam, P.K.S., Lam, J.C.W. and Zhou, B. (2012a). 
Prenatal transfer of Polybrominated Diphenyl Ethers (PBDEs) results in developmental 
neurotoxicity in zebrafish larvae. Environmental Science & Technology 46, 9727-9734. 
 
Chen, Q., Yu, L., Yang, L. and Zhou, B. (2012b). Bioconcentration and metabolism of 
decabromodiphenyl ether (BDE-209) result in thyroid endocrine disruption in zebrafish 
larvae. Aquatic Toxicology 110, 141-148. 
 
Chen, X., Huang, C., Wang, X., Chen, J., Bai, C., Chen, Y., Chen, X., Dong, Q. and Yang, 
D. (2012c). BDE-47 disrupts axonal growth and motor behavior in developing zebrafish. 
Aquatic Toxicology 120, 35-44. 
 
Chen, X., Teng, M., Zhang, J., Qian, L., Duan, M., Cheng, Y., Zhao, F., Zheng, J. and Wang, 
C. (2020). Tralopyril induces developmental toxicity in zebrafish embryo (Danio rerio) by 
disrupting the thyroid system and metabolism. Science of the Total Environment 746, 
141860. 
 
Cheng, H., Yan, W., Wu, Q., Liu, C., Gong, X., Hung, T.-C. and Li, G. (2017). Parental 
exposure to microcystin-LR induced thyroid endocrine disruption in zebrafish offspring, a 
transgenerational toxicity. Environmental Pollution 230, 981-988. 
 
Chhetri, J., Jacobson, G. and Gueven, N. (2014). Zebrafish - on the move towards 
ophthalmological research. Eye 28, 367-380. 
 
Choi, T.-Y., Kim, J.-H., Ko, D.H., Kim, C.-H., Hwang, J.-S., Ahn, S., Kim, S.Y., Kim, C.-D., 
Lee, J.-H. and Yoon, T.-J. (2007). Zebrafish as a new model for phenotype-based screening 
of melanogenic regulatory compounds. Pigment Cell Research 20, 120-127. 
 
Chowdhury, I., Chien, J.T., Chatterjee, A. and Yu, J.Y.L. (2004). In vitro effects of mammalian 
leptin, neuropeptide-Y, beta-endorphin and galanin on transcript levels of thyrotropin beta 
and common alpha subunit mRNAs in the pituitary of bighead carp (Aristichthys nobilis). 
Comparative Biochemistry and Physiology B: Biochemistry & Molecular Biology 139, 87-98. 
 
Christou, M., Iliopoulou, M., Witten, P.E. and Koumoundouros, G. (2018). Segmentation 
pattern of zebrafish caudal fin is affected by developmental temperature and defined by 
multiple fusions between segments. Journal of Experimental Zoology Part B: Molecular and 
Developmental Evolution 330, 330-340. 
 
Citterio, C.E., Targovnik, H.M. and Arvan, P. (2019). The role of thyroglobulin in thyroid 
hormonogenesis. Nature Reviews Endocrinology 15, 323-338. 
 



116  ENV/CBC/MONO(2023)17 

  
Unclassified 

Cleal, M., Fontana, B.D., Ranson, D.C., McBride, S.D., Swinny, J.D., Redhead, E.S. and 
Parker, M.O. (2021). The free-movement pattern Y-maze: a cross-species measure of 
working memory and executive function. Behavior Research Methods 53, 536–557. 
 
Coady, K., Marino, T., Thomas, J., Currie, R., Hancock, G., Crofoot, J., McNalley, L., 
McFadden, L., Geter, D. and Klecka, G. (2010). Evaluation of the amphibian metamorphosis 
assay: exposure to the goitrogen methimazole and the endogenous thyroid hormone l-
thyroxine. Environmental Toxicology and Chemistry 29, 869-880. 
 
Coady, K.K., Lehman, C.M., Currie, R.J. and Marino, T.A. (2014). Challenges and 
approaches to conducting and interpreting the amphibian metamorphosis assay and the fish 
short-term reproduction assay. Birth Defects Research Part B: Developmental and 
Reproductive Toxicology 101, 80-89. 
 
Coffin, A.B., Raine, J.C. and Hawryshyn, C.W. (2012). Exposure to thyroid hormone in ovo 
affects otolith crystallization in rainbow trout Oncorhynchus mykiss. Environmental Biology 
of Fishes 95, 347-354. 
 
Corvilain, B., Laurent, E., Lecomte, M., Vansande, J. and Dumont, J.E. (1994). Role of the 
cyclic adenosine-3',5'-monophosphate and the phosphatidylinositol Ca2+ cascades in 
mediating the effects of thyrotropin and iodide on hormone synthesis and secretion in human 
thyroid slices. Journal of Clinical Endocrinology & Metabolism 79, 152-159. 
 
Couderq, S., Leemans, M. and Fini, J.-B. (2020). Testing for thyroid hormone disruptors, a 
review of non-mammalian in vivo models. Molecular and Cellular Endocrinology 508, 
110779. 
 
Crane, H.M., Pickford, D.B., Hutchinson, T.H. and 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. and 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. 
 
Cunha, G.C.-P. and Ravenzwaay, B. (2005). Evaluation of mechanisms inducing thyroid 
toxicity and the ability of the enhanced OECD test guideline 407 to detect these changes. 
Archives of Toxicology 79, 390-405. 
 
Cyr, D.G. and Eales, J.G. (1996). Interrelationships between thyroidal and reproductive 
endocrine systems in fish. Reviews in Fish Biology and Fisheries 6, 165-200. 
 
Czesny, S.J., Graeb, B.D.S. and Dettmers, J.M. (2005). Ecological consequences of swim 
bladder noninflation for larval yellow perch. Transactions of the American Fisheries Society 
134, 1011-1020. 
 
Darras, V.M. and Van Herck, S.L.J. (2012). Iodothyronine deiodinase structure and function: 
from ascidians to humans. Journal of Endocrinology 215, 189-206. 
 
Darras, V.M., Van Herck, S.L.J., Heijlen, M., De Groef, B. (2011). Thyroid hormone receptors 



ENV/CBC/MONO(2023)17  117 

  
Unclassified 

in two model species for vertebrate embryonic development: chicken and zebrafish. Journal 
of Thyroid Research 2011, 402320. 
 
Davis, P.J., Leonard, J.L., Lin, H.-Y., Leinung, M. and Mousa, S.A. (2018). Molecular basis 
of nongenomic actions of thyroid hormone. In: G. Litwack (ed.). Thyroid Hormone, 67-96. 
 
De Groef, B., Van der Geyten, S., Darras, V.M. and Kuhn, E.R. (2006). Role of corticotropin-
releasing hormone as a thyrotropin-releasing factor in non-mammalian vertebrates. General 
and Comparative Endocrinology 146, 62-68. 
 
de Vrieze, E., van de Wiel, S.M.W., Zethof, J., Flik, G., Klaren, P.H.M. and Arjona, F.J. 
(2014). Knockdown of monocarboxylate transporter 8 (mct8) disturbs brain development and 
locomotion in zebrafish. Endocrinology 155, 2320-2330. 
 
Deal, C.K. and Volkoff, H. (2020). The role of the thyroid axis in fish. Frontiers in 
Endocrinology 11, 596585. 
 
Deng, M., Wu, Y., Xu, C., Jin, Y., He, X., Wan, J., Yu, X., Rao, H. and Tu, W. (2018). Multiple 
approaches to assess the effects of F-53B, a Chinese PFOS alternative, on thyroid endocrine 
disruption at environmentally relevant concentrations. Science of the Total Environment 624, 
215-224. 
 
Dentice, M. and Salvatore, D. (2011). Local impact of thyroid hormone inactivation. Journal 
of Endocrinology 209, 273-282. 
 
Deveau, C., Jiao, X., Suzuki, S.C., Krishnakumar, A., Yoshimatsu, T., Hejtmancik, J.F. and 
Nelson, R.F. (2020). Thyroid hormone receptor beta mutations alter photoreceptor 
development and function in Danio rerio (zebrafish). PLOS Genetics 16, e1008869. 
 
Deveau, C., Krishnakumar, A., Jiao, X., Suzuki, S., Yoshimatsu, T., Hejtmancik, J.F., Wong, 
R.O. and Nelson, R.F. (2019). Thyroid hormone receptor beta mutations alter or eliminate 
the signals of long-wavelength cones in zebrafish retina. Investigative Ophthalmology & 
Visual Science 60, 561. 
 
DeVito, M., Biegel, L., Brouwer, A., Brown, S., Brucker-Davis, F., Cheek, A.O., Christensen, 
R., Colborn, T., Cooke, P., Crissman, J., Crofton, K., Doerge, D., Gray, E., Hauser, P., 
Hurley, P., Kohn, M., Lazar, J., McMaster, S., McClain, M., McConnell, E., Meier, C., Miller, 
R., Tietge, J. and Tyl, R. (1999). Screening methods for thyroid hormone disruptors. 
Environmental Health Perspectives 107, 407-415. 
 
Dittman, A.H. and Quinn, T.P. (1996). Homing in Pacific salmon: mechanisms and ecological 
basis. Journal of Experimental Biology 199, 83-91. 
 
Dong, W., Macaulay, L.J., Kwok, K.W., Hinton, D.E., Ferguson, P.L. and Stapleton, H.M. 
(2014). The PBDE metabolite 6-OH-BDE 47 affects melanin pigmentation and THRβ mRNA 
expression in the eye of zebrafish embryos. Endocrine Disruptors (Austin, Tex.) 2, e969072. 
 
Dong, W., Macaulay, L.J., Kwok, K.W.H., Hinton, D.E. and Stapleton, H.M. (2013). Using 
whole mount in situ hybridization to examine thyroid hormone deiodinase expression in 
embryonic and larval zebrafish: a tool for examining OH-BDE toxicity to early life stages. 



118  ENV/CBC/MONO(2023)17 

  
Unclassified 

Aquatic Toxicology 132, 190-199. 
 
Dong, X., Xu, H., Wu, X. and Yang, L. (2018). Multiple bioanalytical method to reveal 
developmental biological responses in zebrafish embryos exposed to triclocarban. 
Chemosphere 193, 251-258. 
 
Dreosti, E., Lopes, G., Kampff, A.R. and Wilson, S.W (2015). Development of social behavior 
in young zebrafish. Frontiers in Neural Circuits 9, 39. 
 
Du, G., Hu, J., Huang, H., Qin, Y., Han, X., Wu, D., Song, L., Xia, Y. and Wang, X. (2013a). 
Perfluorooctane sulfonate (PFOS) affects hormone receptor activity, steroidogenesis, and 
expression of endocrine-related genes in vitro and in vivo. Environmental Toxicology and 
Chemistry 32, 353-360. 
 
Du, G., Huang, H., Hu, J., Qin, Y., Wu, D., Song, L., Xia, Y. and Wang, X. (2013b). Endocrine-
related effects of perfluorooctanoic acid (PFOA) in zebrafish, H295R steroidogenesis and 
receptor reporter gene assays. Chemosphere 91, 1099-1106. 
 
Duarte-Guterman, P., Navarro-Martin, L. and Trudeau, V.L. (2014). Mechanisms of crosstalk 
between endocrine systems: regulation of sex steroid hormone synthesis and action by 
thyroid hormones. General and Comparative Endocrinology 203, 69-85. 
 
Eales, J.G. and Brown, S.B. (1993). Measurement and regulation of thyroidal status in teleost 
fish. Reviews in Fish Biology and Fisheries 3, 299-347. 
 
Eales, J.G., Brown, S.B., Cyr, D.G., Adams, B.A. and Finnson, K.R. (1999). Deiodination as 
an index of chemical disruption of thyroid hormone homeostasis and thyroidal status in fish. 
In: D.S. Henshel, M.C. Black, M.C. Harrass (eds.), Environmental Toxicology and Risk 
Assessment: Standardization of Biomarkers for Endocrine Disruption and Environmental 
Assessment 8. ASTM, West Conshohocken, Pennsylvania, USA, 136-164. 
 
Eales, J.G. and Shostak, S. (1985). Free T4 and T3 in relation to total hormone, free hormone 
indexes, and protein in plasma of rainbow-trout and Arctic charr. General and Comparative 
Endocrinology 58, 291-302. 
 
Ebrey, T. and Koutalos, Y. (2001). Vertebrate photoreceptors. Progress in Retinal and Eye 
Research 20, 49-94. 
 
ECHA/EFSA/JRC (2018). Guidance for the identification of endocrine disruptors in the 
context of Regulations (EU) No 528/2012 and (EC) No 1107/2009. EFSA Journal 16, 5311, 
135 pp. 
 
EFSA Scientific Committee (2013). Scientific Opinion on the hazard assessment of 
endocrine disruptors: scientific criteria for identification of endocrine disruptors and 
appropriateness of existing test methods for assessing effects mediated by these substances 
on human health and the environment. EFSA Journal 11, 3132, 84 pp. 
 
Egan, R.J., Bergner, C.L., Hart, P.C., Cachat, J.M., Canavello, P.R., Elegante, M.F., 
Elkhayat, S.I.,  Bartels, B.K., Tien, A.K., Tien, D.H., Mohnot, S., Beeson, E., Glasgow, E., 
Amri, H., Zukowska, Z. and Kalueff, A.V. (2009). Understanding behavioral and physiological 



ENV/CBC/MONO(2023)17  119 

  
Unclassified 

phenotypes of stress and anxiety in zebrafish. Behavioural Brain Research 205, 38-44. 
 
Elsalini, O.A. and Rohr, K.B. (2003). Phenylthiourea disrupts thyroid function in developing 
zebrafish. Development Genes and Evolution 212, 593-598. 
 
Elsalini, O.A., von Gartzen, J., Cramer, M. and Rohr, K.B. (2003). Zebrafish hhex, nk2.1a, 
and pax2.1 regulate thyroid growth and differentiation downstream of Nodal-dependent 
transcription factors. Developmental Biology 263, 67-80. 
 
Emran, F., Rihel, J. and Dowling, J.E. (2008). A behavioral assay to measure responsiveness 
of zebrafish to changes in light intensities. Journal of Visualized Experiments 20, e923. 
 
Engeszer, R.E, Wang, G., Ryan, M.J. and Parichy, D.M. (2008). Sex-specific perceptual 
spaces for a vertebrate basal social aggregative behavior. Proceedings of the National 
Academy of Sciences of the United States of America. 105, 929-933. 
 
Fadool, J.M. (2003). Development of a rod photoreceptor mosaic revealed in transgenic 
zebrafish. Developmental Biology 258, 277-290. 
 
Farid, N.R. and Szkudlinski, M.W. (2004). Minireview: structural and functional evolution of 
the thyrotropin receptor. Endocrinology 145, 4048-4057. 
 
Fernandez, L.P., Lopez-Marquez, A. and Santisteban, P. (2015). Thyroid transcription 
factors in development, differentiation and disease. Nature Reviews Endocrinology 11, 29-
42. 
 
Fetter, E., Baldauf, L., Da Fonte, D.F., Ortmann, J. and Scholz, S. (2015). Comparative 
analysis of goitrogenic effects of phenylthiourea and methimazole in zebrafish embryos. 
Reproductive Toxicology 57, 10-20. 
 
Fontana, B.D., Gibbon, A.J., Cleal, M., Sudwarts, A., Pritchett, D., Petrazzini, M.E.M., 
Brennan, C.H. and Parker, M.O. (2020). Moderate early life stress improves adult zebrafish 
(Danio rerio) working memory but does not affect social and anxiety-like responses. 
Developmental Psychobiology 63, 54–64. 
 
Fort, D.J, Degitz, S., Tietge, J. and Touart, L.W. (2007). The Hypothalamic-Pituitary-Thyroid 
(HPT) axis in frogs and its role in frog development and reproduction. Critical Reviews in 
Toxicology 37, 117-161. 
 
Fu, J., Guo, Y., Wang, M., Yang, L., Han, J., Lee, J.-S. and Zhou, B. (2020). Bioconcentration 
of 2,4,6-tribromophenol (TBP) and thyroid endocrine disruption in zebrafish larvae. 
Ecotoxicology and Environmental Safety 206, 111207. 
 
Fu, J., Jiao, J., Weng, K., Yu, D., Li, R. (2017). Zebrafish methanol exposure causes 
patterning defects and suppressive cell proliferation in retina. American Journal of 
Translational Research 9, 2975-2983. 
 
Fujii, R. (2000). The regulation of motile activity in fish chromatophores. Pigment Cell 
Research 13, 300–319. 
 



120  ENV/CBC/MONO(2023)17 

  
Unclassified 

Furin, C.G., von Hippel, F.A., Postlethwait, J.H., Buck, C.L., Cresko, W.A. and O'Hara, T.M. 
(2015). Developmental timing of sodium perchlorate exposure alters angiogenesis, thyroid 
follicle proliferation and sexual maturation in stickleback. General and Comparative 
Endocrinology 219, 24-35. 
 
Galas, L., Raoult, E., Tonon, M.-C., Okada, R., Jenks, B.G., Castano, J.P., Kikuyama, S., 
Malagon, M., Roubos, E.W. and Vaudry, H. (2009). TRH acts as a multifunctional 
hypophysiotropic factor in vertebrates. General and Comparative Endocrinology 164, 40-50. 
 
Galton, V.A. (2005). The roles of the iodothyronine deiodinases in mammalian development. 
Thyroid 15, 823-834. 
 
Gan, K.J. and Flamarique, I.N. (2010). Thyroid hormone accelerates opsin expression during 
early photoreceptor differentiation and induces opsin switching in differentiated TR alpha-
expressing cones of the salmonid retina. Developmental Dynamics 239, 2700-2713. 
 
Gao, Y.L., Song, W., Jiang, L.L., Mao, M.X., Wang, C.L., Ge, C.T. and Qian, G.Y. (2016). 
Cloning, characterization, expression, and feeding response of thyrotropin receptor in 
largemouth bass (Micropterus salmoides). Genetics and Molecular Research 15, 15038658. 
 
García-Cegarra, A., Merlo, M.A., Ponce, M., Portela-Bens, S., Cross, I., Manchado, M. and 
Rebordinos, L. (2013). A preliminary genetic map in Solea senegalensis (Pleuronectiformes, 
Soleidae) using BAC-FISH and next-generation sequencing. Cytogenetic and Genome 
Research 141, 227-240. 
 
Gardell, A.M., Dillon, D.M., Smayda, L.C., von Hippel, F.A., Cresko, W.A., Postlethwait, J.H. 
and Buck, C.L. (2015). Perchlorate exposure does not modulate temporal variation of whole-
body thyroid and androgen hormone content in threespine stickleback. General and 
Comparative Endocrinology 219, 45-52. 
 
Gardell, A.M., von Hippel, F.A., Adams, E.M., Dillon, D.M., Petersen, A.M., Postlethwait, J.H., 
Cresko, W.A. and Buck, C.L. (2017). Exogenous iodide ameliorates perchlorate-induced 
thyroid phenotypes in threespine stickleback. General and Comparative Endocrinology 243, 
60-69. 
 
Gereben, B., McAninch, E.A., Ribeiro, M.O. and Bianco, A.C. (2015). Scope and limitations 
of iodothyronine deiodinases in hypothyroidism. Nature Reviews Endocrinology 11, 642-652. 
 
Gibert, Y., Gajewski, A., Meyer, A. and Begemann, G. (2006). Induction and prepatterning 
of the zebrafish pectoral fin bud requires axial retinoic acid signaling. Development 133 2649-
2659., 
 
Giusti, N., Gillotay, P., Trubiroha, A., Opitz, R., Dumont, J.-E, Costagliola, S. and De Deken, 
X. (2020). Inhibition of the thyroid hormonogenic H2O2 production by Duox/DuoxA in 
zebrafish reveals VAS2870 as a new goitrogenic compound. Molecular and Cellular 
Endocrinology 500, 110635. 
 
Godfrey, A., Hooser, B., Abdelmoneim, A., Horzmann, K.A., Freemanc, J.L. and 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. 



ENV/CBC/MONO(2023)17  121 

  
Unclassified 

 
Godfrey, A., Hooser, B., Abdelmoneim, A. and Sepulveda, M.S. (2019). Sex-specific 
endocrine-disrupting effects of three halogenated chemicals in Japanese medaka. Journal 
of Applied Toxicology 39, 1215-1223. 
 
Goldsmith, M.I., Iovine, M.K., O'Reilly-Pol, T. and Johnson, S.L. (2006). A developmental 
transition in growth control during zebrafish caudal fin development. Developmental Biology 
296, 450-457. 
 
Gorbman, A. and Hyder, M. (1973). Failure of mammalian TRH to stimulate thyroid-function 
in lungfish. General and Comparative Endocrinology 20, 588-589. 
 
Gothie, J.-D., Demeneix, B. and Remaud, S. (2017). Comparative approaches to 
understanding thyroid hormone regulation of neurogenesis. Molecular and Cellular 
Endocrinology 459, 104-115. 
 
Grande, T. and Young, B. (2004). The ontogeny and homology of the Weberian apparatus 
in the zebrafish Danio rerio (Ostariophysi: Cypriniformes). Zoological Journal of the Linnean 
Society 140, 241–254. 
 
Grandel, H. and Schulte-Merker, S. (1998). The development of the paired fins in the 
zebrafish (Danio rerio). Mechanisms of Development 79, 99-120. 
 
Groeneweg, S., Kersseboom, S., van den Berge, A., Dolcetta-Capuzzo, A., van Geest, F.S., 
van Heerebeek, R.E.A., Arjona, F.J., Meima, M.E., Peeters, R.P., Visser, W.E. and Visser, 
T.J. (2019). In vitro characterization of human, mouse, and zebrafish MCT8 orthologues. 
Thyroid 29, 1499-1510. 
 
Guillot, R., Muriach, B., Rocha, A., Rotllant, J., Kelsh, R.N. and Cerda-Reverter, J.M. (2016). 
Thyroid hormones regulate zebrafish melanogenesis in a gender-specific manner. PLOS 
ONE 11, e0166152. 
 
Guo, C., Chen, X., Song, H., Maynard, M.A., Zhou, Y., Lobanov, A.V., Gladyshev, V.N., 
Ganis, J.J., Wiley, D., Jugo, R.H., Lee, N.Y., Castroneves, L.A., Zon, L.I., Scanlan, T.S., 
Feldman, H.A. and Huang, S.A. (2014). Intrinsic expression of a multiexon type 3 deiodinase 
gene controls zebrafish embryo size. Endocrinology 155, 4069-4080. 
 
Haddon, C. and Lewis, J. (1996). Early ear development in the embryo of the zebrafish, 
Danio rerio. Journal of Comparative Neurology 365, 113-128. 
 
Hagenaars, A., Stinckens, E., Vergauwen, L., Bervoets, L. and Knapen, D. (2014). PFOS 
affects posterior swim bladder chamber inflation and swimming performance of zebrafish 
larvae. Aquatic Toxicology 157, 225-235. 
 
Hagenaars, A., Vergauwen, L., De Coen, W. and Knapen, D. (2011). Structure-activity 
relationship assessment of four perfluorinated chemicals using a prolonged zebrafish early 
life stage test. Chemosphere 82, 764-772. 
 
Hamad, A., Kluk, M., Fox, J., Park, M., and Turner, J. E. (2007). The effects of aromatase 
inhibitors and selective estrogen receptor modulators on eye development in the zebrafish 



122  ENV/CBC/MONO(2023)17 

  
Unclassified 

(Danio rerio). Current Eye Research 32, 819–827. 
 
Hamers, T., Kamstra, J.H., Sonneveld, E., Murk, A.J., Kester, M.H.A., Andersson, P.L., 
Legler, J. and Brouwer, A. (2006). In vitro profiling of the endocrine-disrupting potency of 
brominated flame retardants. Toxicological Sciences 92, 157-173. 
 
Haselman, J.T., Sakurai, M., Watanabe, N., Goto, Y., Onishi, Y., Ito, Y., Onoda, Y., Kosian, 
P.A., Korte, J.J., Johnson, R.D., Iguchi, T., Degitz, S.J. (2016). Development of the Larval 
Amphibian Growth and Development Assay: effects of benzophenone-2 exposure in 
Xenopus laevis from embryo to juvenile. Journal of Applied Toxicology 36, 1651-1661. 
 
Heijlen, M., Houbrechts, A.M., Bagci, E., Van Herck, S.L.J., Kersseboom, S., Esguerra, C.V., 
Blust, R., Visser, T.J., Knapen, D. and Darras, V.M. (2014). Knockdown of type 3 
iodothyronine deiodinase severely perturbs both embryonic and early larval development in 
zebrafish. Endocrinology 155, 1547-1559. 
 
Heijlen, M., Houbrechts, A.M. and Darras, V.M. (2013). Zebrafish as a model to study 
peripheral thyroid hormone metabolism in vertebrate development. General and 
Comparative Endocrinology 188, 289-296. 
 
Hirata, M., Nakamura, K., Kanemaru, T., Shibata, Y. and Kondo, S. (2003). Pigment cell 
organization in the hypodermis of zebrafish. Developmental Dynamics 227, 497-503. 
 
Holbech, H., Matthiessen, P., Hansen, M., Schüürmann, G., Knapen, D., Reuver, M., 
Flamant, F.,  Sachs, L., Kloas, W., Hilscherova, K., Leonard, M., Arning, J., Strauss, V., 
Iguchi, T. and Baumann, L. (2020). ERGO: breaking down the wall between human health 
and environmental testing of endocrine disrupters. International Journal of Molecular 
Sciences 21, 2954. 
 
Holloway, N., Riley, B. and MacKenzie, D.S. (2021). Expression of the sodium iodide 
symporter (NIS) in reproductive and neural tissues of teleost fish. General and Comparative 
Endocrinology 300, 113632-113632. 
 
Holm, S.S., Hansen, S.H., Faber, J. and Staun-Olsen, P. (2004). Reference methods for the 
measurement of free thyroid hormones in blood evaluation of potential reference methods 
for free thyroxine. Clinical Biochemistry 37, 85-93. 
 
Hood, A. and Klaassen, C.D. (2000). Differential effects of microsomal enzyme inducers on 
in vitro thyroxine (T-4) and triiodothyronine (T-3) glucuronidation. Toxicological Sciences 55, 
78-84. 
 
Houbrechts, A.M., Delarue, J., Gabriels, I.J., Sourbron, J. and Darras, V.M. (2016a). 
Permanent deiodinase type 2 deficiency strongly perturbs zebrafish development, growth, 
and fertility. Endocrinology 157, 3668-3681. 
 
Houbrechts, A.M., Van houche, J. and Darras, V.M. (2019). Disruption of deiodinase type 2 
in zebrafish disturbs male and female reproduction. Journal of Endocrinology 241, 111-123. 
 
Houbrechts, A.M., Vergauwen, L., Bagci, E., Van houcke, J., Heijlen, M., Kulemeka, B., 
Hyde, D.R., Knapen, D. and Darras, V.M. (2016b). Deiodinase knockdown affects zebrafish 



ENV/CBC/MONO(2023)17  123 

  
Unclassified 

eye development at the level of gene expression, morphology and function. Molecular and 
Cellular Endocrinology 424, 81-93. 
 
Howe, K., Clark, M.D., Torroja, C.F., Torrance, J., Berthelot, C., Muffato, M., Collins, J.E., 
Humphray, S., McLaren, K., Matthews, L., McLaren, S., Sealy, I., Caccamo, M., Churcher, 
C., Scott, C., Barrett, J.C., Koch, R., Rauch, G.-J., White, S., Chow, W., Kilian, B., Quintais, 
L.T., Guerra-Assuncao, J.A., Zhou, Y., Gu, Y., Yen, J., Vogel, J.-H., Eyre, T., Redmond, S., 
Banerjee, R., Chi, J., Fu, B., Langley, E., Maguire, S.F., Laird, G.K., Lloyd, D., Kenyon, E., 
Donaldson, S., Sehra, H., Almeida-King, J., Loveland, J., Trevanion, S., Jones, M., Quail, 
M., Willey, D., Hunt, A., Burton, J., Sims, S., McLay, K., Plumb, B., Davis, J., Clee, C., Oliver, 
K., Clark, R., Riddle, C., Eliott, D., Threadgold, G., Harden, G., Ware, D., Mortimer, B., Kerry, 
G., Heath, P., Phillimore, B., Tracey, A., Corby, N., Dunn, M., Johnson, C., Wood, J., Clark, 
S., Pelan, S., Griffiths, G., Smith, M., Glithero, R., Howden, P., Barker, N., Stevens, C., 
Harley, J., Holt, K., Panagiotidis, G., Lovell, J., Beasley, H., Henderson, C., Gordon, D., 
Auger, K., Wright, D., Collins, J., Raisen, C., Dyer, L., Leung, K., Robertson, L., Ambridge, 
K., Leongamornlert, D., McGuire, S., Gilderthorp, R., Griffiths, C., Manthravadi, D., Nichol, 
S., Barker, G., Whitehead, S., Kay, M., Brown, J., Murnane, C., Gray, E., Humphries, M., 
Sycamore, N., Barker, D., Saunders, D., Wallis, J., Babbage, A., Hammond, S., Mashreghi-
Mohammadi, M., Barr, L., Martin, S., Wray, P., Ellington, A., Matthews, N., Ellwood, M., 
Woodmansey, R., Clark, G., Cooper, J., Tromans, A., Grafham, D., Skuce, C., Pandian, R., 
Andrews, R., Harrison, E., Kimberley, A., Garnett, J., Fosker, N., Hall, R., Garner, P., Kelly, 
D., Bird, C., Palmer, S., Gehring, I., Berger, A., Dooley, C.M., Ersan-Ueruen, Z., Eser, C., 
Geiger, H., Geisler, M., Karotki, L., Kirn, A., Konantz, J., Konantz, M., Oberlaender, M., 
Rudolph-Geiger, S., Teucke, M., Osoegawa, K., Zhu, B., Rapp, A., Widaa, S., Langford, C., 
Yang, F., Carter, N.P., Harrow, J., Ning, Z., Herrero, J., Searle, S.M.J., Enright, A., Geisler, 
R., Plasterk, R.H.A., Lee, C., Westerfield, M., de Jong, P.J., Zon, L.I., Postlethwait, J.H., 
Nuesslein-Volhard, C., Hubbard, T.J.P., Roest Crollius, H., Rogers, J. and Stemple, D.L. 
(2013). The zebrafish reference genome sequence and its relationship to the human 
genome. Nature 496, 498-503. 
 
Hu, Y., Harper, M., Donahue, J., Acosta, B. and McMenamin, S. (2020). Thyroid hormone 
mediates proximal-distal patterning in zebrafish fin skeleton. Integrative and Comparative 
Biology 60, E107-E107. 
 
Hu, Y., Mauri, A., Donahue, J., Singh, R., Acosta, B. and McMenamin, S. (2019). Thyroid 
hormone coordinates developmental trajectories but does not underlie developmental 
truncation in danionins. Developmental Dynamics 248, 1144-1154. 
 
Huang, G.-M., Tian, X.-F., Fang, X.-D., Ji, F.-J. (2016). Waterborne exposure to bisphenol F 
causes thyroid endocrine disruption in zebrafish larvae. Chemosphere 147, 188–194. 
 
Huang, H., Huang, C., Wang, L., Ye, X., Bai, C., Simonich, M.T., Tanguay, R.L. and Dong, 
Q. (2010). Toxicity, uptake kinetics and behavior assessment in zebrafish embryos following 
exposure to perfluorooctanesulphonicacid (PFOS). Aquatic Toxicology 98, 139-147. 
 
Hulbert, A.J. (2000). Thyroid hormones and their effects: a new perspective. Biological 
Reviews 75, 519-631. 
 
Hunn, J.B. and Fromm, P.O. (1966). In vivo uptake of radioiodide by rainbow trout. Journal 
Water Pollution Control Federation 38, 1981-1985. 



124  ENV/CBC/MONO(2023)17 

  
Unclassified 

 
Iakovleva, I., Begum, A., Brannstrom, K., Wijsekera, A., Nilsson, L., Zhang, J., Andersson, 
P.L., Sauer-Eriksson, A.E. and Olofsson, A. (2016). Tetrabromobisphenol A is an efficient 
stabilizer of the transthyretin tetramer. PLOS ONE 11, e0153529. 
 
Inagaki, T., Smith, N., Lee, E.K. and Ramakrishnan, S. (2016). Low dose exposure to 
bisphenol A alters development of gonadotropin-releasing hormone 3 neurons and larval 
locomotor behavior in Japanese medaka. Neurotoxicology 52, 188-197. 
 
Iovine, M.K. and Johnson, S.L. (2000). Genetic analysis of isometric growth control 
mechanisms in the zebrafish caudal fin. Genetics 155, 1321-1329. 
 
Isken, A., Holzschuh, J., Lampert, J.M., Fischer, L., Oberhauser, V., Palczewski, K. and von 
Lintig, J. (2007). Sequestration of retinyl esters is essential for retinoid signaling in the 
zebrafish embryo. Journal of Biological Chemistry 282, 1144-1151. 
 
Istrate, M., Vlaicu, B., Poenaru, M., Hasbei-Popa, M., Salavat, M.C. and Iliescu, D.A. (2020). 
Photoprotection role of melanin in the human retinal pigment epithelium. Imaging techniques 
for retinal melanin. Romanian Journal of Ophthalmology 64, 100-104. 
 
Jarque, S., Fetter, E., Veneman, W.J., Spaink, H.P., Peravali, R., Straehle, U. and Scholz, 
S. (2018). An automated screening method for detecting compounds with goitrogenic activity 
using transgenic zebrafish embryos. PLOS ONE 13, e0203087. 
 
Jarque, S., Ibarra, J., Rubio-Brotons, M., Garcia-Fernandez, J. and Terriente, J. (2019). 
Multiplex analysis platform for endocrine disruption prediction using zebrafish. International 
Journal of Molecular Sciences 20, 1739. 
 
Jarque, S. and Piña, B. (2014). Deiodinases and thyroid metabolism disruption in teleost fish. 
Environmental Research 135, 361-375. 
 
Jia, P.-P., Ma, Y.-B., Lu, C.-J., Mirza, Z., Zhang, W., Jia, Y.-F., Li, W.-G. and Pei, D.-S. 
(2016). The effects of disturbance on Hypothalamus-Pituitary-Thyroid (HPT) axis in zebrafish 
larvae after exposure to DEHP. PLOS ONE 11, e0155762. 
 
Johanson, Z. (2010). Evolution of paired fins and the lateral somitic frontier. Journal of 
Experimental Zoology Part B: Molecular and Developmental Evolution 314B, 347-352. 
 
Jomaa, B., Hermsen, S.A.B., Kessels, M.Y., van den Berg, J.H.J., Peijnenburg, A.A.C.M., 
Aarts, J.M.M.J.G., Piersma, A.H. and Rietjens, I.M.C.M. (2014). Developmental toxicity of 
thyroid-active compounds in a zebrafish embryotoxicity test. Altex-Alternatives to Animal 
Experimentation 31, 303-317. 
 
Kapitanova, D.V. and Shkil, F.N. (2014). Effects of thyroid hormone level alterations on the 
Weberian apparatus ontogeny of cyprinids (Cyprinidae; Teleostei). Russian Journal of 
Developmental Biology 45, 313-323. 
 
Kaslin, J. and Ganz, J. (2020). Zebrafish nervous systems. In: S. Cartner, J,S. Eisen, S.F. 
Farmer, K.J. Guillemin, M.L. Kent, G.E. Sanders (eds.), The Zebrafish in Biomedical 
Research: Biology, Husbandry, Diseases, and Research Applications. Academic Press, 



ENV/CBC/MONO(2023)17  125 

  
Unclassified 

London, United Kingdom, 181-189. 
 
Katz, H.R., Menelaou, E and Hale, M.E. (2021). Morphological and physiological properties 
of Rohon-Beard neurons along the zebrafish spinal cord. Journal of Comparative Neurology 
529: 1499–1515.  
 
Kawakami, Y., Yokoi, K., Kumai, H. and Ohta, H. (2008). The role of thyroid hormones during 
the development of eye pigmentation in the Pacific bluefin tuna (Thunnus orientalis). 
Comparative Biochemistry and Physiology B: Biochemistry & Molecular Biology 150, 112-
116. 
 
Kawauchi, H. and Baker, B.I. (2004). Melanin-concentrating hormone signaling systems in 
fish. Peptides 25, 1577-1584. 
 
Keer, S., Cohen, K., May, C., Hu, Y., McMenamin, S. and Hernandez, L.P. (2019). 
Anatomical assessment of the adult skeleton of zebrafish reared under different thyroid 
hormone profiles. The Anatomical Record: Advances in Integrative Anatomy and 
Evolutionary Biology 302, 1754-1769. 
 
Kelsh, R.N., Brand, M., Jiang, Y.J., Heisenberg, C.P., Lin, S., Haffter, P., Odenthal, J., 
Mullins, M.C., van Eeden, F.J.M., Furutani-Seiki, M., Granato, M., Hammerschmidt, M., 
Kane, D.A., Warga, R.M., Beuchle, D., Vogelsang, L. and Nusslein-Volhard, C. (1996). 
Zebrafish pigmentation mutations and the processes of neural crest development. 
Development 123, 369-389. 
 
Key, B. and Devine, C.A. (2003). Zebrafish as an experimental model: strategies for 
developmental and molecular neurobiology studies. Methods in Cell Science 25, 1-6. 
 
Kimmel, C.B., Ballard, W.W., Kimmel, S.R., Ullmann, B. and Schilling, T.F. (1995). Stages 
of embryonic development of the zebrafish. Developmental Dynamics 203, 253-310. 
 
Kitamura, S., Jinno, N., Ohta, S., Kuroki, H. and Fujimoto, N. (2002). Thyroid hormonal 
activity of the flame retardants tetrabromobisphenol A and tetrachlorobisphenol A. 
Biochemical and Biophysical Research Communications 293, 554-559. 
 
Kleinau, G., Worth, C.L., Kreuchwig, A., Biebermann, H., Marcinkowski, P., Scheerer, P. and 
Krause, G. (2017). Structural-functional features of the thyrotropin receptor: a class A G-
protein-coupled receptor at work. Frontiers in Endocrinology 8, 86. 
 
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. and 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. and 
Vergauwen, L. (2020). Toward an AOP network-based tiered testing strategy for the 
assessment of thyroid hormone disruption. Environmental Science & Technology 54, 8491-
8499. 
 
Korner, A. and Pawelek, J. (1982). Mammalian tyrosinase catalyzes 3 reactions in the 



126  ENV/CBC/MONO(2023)17 

  
Unclassified 

biosynthesis of melanin. Science 217, 1163-1165. 
 
Korzh, V., Kondrychyn, I. and Winata, C. (2018). The zebrafish as a new model system for 
experimental biology. Cytology and Genetics 52, 406-415. 
 
Kuiper, R.V., Canton, R.F., Leonards, P.E.G., Jenssen, B.M., Dubbeldam, M., Wester, P.W., 
van den Berg, M., Vos, J.G. and Vethaak, A.D. (2007a). Long-term exposure of European 
flounder (Platichthys flesus) to the flame-retardants tetrabromobisphenol A (TBBPA) and 
hexabromocyclododecane (HBCD). Ecotoxicology and Environmental Safety 67, 349-360. 
 
Kuiper, R.V., van den Brandhof, E.J., Leonards, P.E.G., van der Ven, L.T.M., Wester, P.W. 
and Vos, J.G. (2007b). Toxicity of tetrabromobisphenol A (TBBPA) in zebrafish (Danio rerio) 
in a partial life-cycle test. Archives of Toxicology 81, 1-9. 
 
Kumar, R.S., Ijiri, S., Kight, K., Swanson, P., Dittman, A., Alok, D., Zohar, Y. and Trant, J.M. 
(2000). Cloning and functional expression of a thyrotropin receptor from the gonads of a 
vertebrate (bony fish): potential thyroid-independent role for thyrotropin in reproduction. 
Molecular and Cellular Endocrinology 167, 1-9. 
 
Lakkaraju, A., Umapathy, A., Tan, L.X., Daniele, L., Philp, N.J., Boesze-Battaglia, K. and 
Williams, D.S. (2020). The cell biology of the retinal pigment epithelium. Progress in Retinal 
and Eye Research 78, 100846. 
 
Larsen, D.A., Swanson, P., Dickey, J.T., Rivier, J. and Dickhoff, W.W. (1998). In vitro 
thyrotropin-releasing activity of corticotropin-releasing hormone-family peptides in coho 
salmon, Oncorhynchus kisutch. General and Comparative Endocrinology 109, 276-285. 
 
Lawrence, C., Adatto, I., Best, J., James, A. and Maloney, K. (2012). Generation time of 
zebrafish (Danio rerio) and medakas (Oryzias latipes) housed in the same aquaculture 
facility. Lab Animal 41, 158–165. 
 
Leatherland, J.F. (1994). Reflections on the thyroidology of fishes: from molecules to 
humankind. Guelph Ichthyology Reviews 2, 1-67. 
 
Lechner, W. and Ladich, F. (2008). Size matters: diversity in swimbladders and Weberian 
ossicles affects hearing in catfishes. Journal of Experimental Biology 211, 1681-1689. 
 
Lee, O., Green, J.M., Tyler, C.R. (2015). Transgenic fish systems and their application in 
ecotoxicology. Critical Reviews in Toxicology 45, 124-141. 
 
Lee, S., Eghan, K., Lee, J., Yoo, D., Yoon, S. and Kim, W.-K. (2020). Zebrafish embryonic 
exposure to BPAP and its relatively weak thyroid hormone-disrupting effects. Toxics 8, 103. 
 
Lee, S., Ji, K. and Choi, K. (2014). Effects of water temperature on perchlorate toxicity to the 
thyroid and reproductive system of Oryzias latipes. Ecotoxicology and Environmental Safety 
108, 311-317. 
 
Lee, S., Kim, C., Shin, H., Kho, Y. and Choi, K. (2019). Comparison of thyroid hormone 
disruption potentials by bisphenols A, S, F, and Z in embryo-larval zebrafish. Chemosphere 
221, 115-123. 



ENV/CBC/MONO(2023)17  127 

  
Unclassified 

 
Lei, L., Qiao, K., Guo, Y., Han, J., and Zhou, B. (2020). Titanium dioxide nanoparticles 
enhanced thyroid endocrine disruption of pentachlorophenol rather than neurobehavioral 
defects in zebrafish larvae. Chemosphere 249, 126536. 
 
Lema, S.C., Dickey, J.T., Schultz, I.R. and Swanson, P. (2008). Dietary exposure to 2,2 ',4,4 
'-tetrabromodiphenyl ether (PBDE-47) alters thyroid status and thyroid hormone-regulated 
gene transcription in the pituitary and brain. Environmental Health Perspectives 116, 1694-
1699. 
 
Lema, S.C., Dickey, J.T., Schultz, I.R. and Swanson, P. (2009). Thyroid hormone regulation 
of mRNAs encoding thyrotropin beta-subunit, glycoprotein alpha-subunit, and thyroid 
hormone receptors alpha and beta in brain, pituitary gland, liver, and gonads of an adult 
teleost, Pimephales promelas. Journal of Endocrinology 202, 43-54. 
 
Lema, S.C. and Nevitt, G.A. (2004). Evidence that thyroid hormone induces olfactory cellular 
proliferation in salmon during a sensitive period for imprinting. Journal of Experimental 
Biology 207, 3317-3327. 
 
Lema, S.C. and Nevitt, G.A. (2006). Testing an ecophysiological mechanism of 
morphological plasticity in pupfish and its relevance to conservation efforts for endangered 
Devils Hole pupfish. Journal of Experimental Biology 209, 3499-3509. 
 
Levin, B.A. (2010). Drastic shift in the number of lateral line scales in the common roach 
Rutilus rutilus as a result of heterochronies: experimental data. Journal of Applied 
Ichthyology 26, 303-306. 
 
Levin, B.A. (2011). Ontogenetic causes and mechanisms for formation of differences in 
number of fish scales. Russian Journal of Developmental Biology 42, 186-191. 
 
Levin, B.A., Bolotovskiy, A.A. and Levina, M.A. (2012). Body size determines the number of 
scales in cyprinid fishes as inferred from hormonal manipulation of developmental rate. 
Journal of Applied Ichthyology 28, 393-397. 
 
Lewandowski, T.A., Seeley, M.R. and Beck, B.D. (2004). Interspecies differences in 
susceptibility to perturbation of thyroid homeostasis: a case study with perchlorate. 
Regulatory Toxicology and Pharmacology 39, 348-362. 
 
Li, J., Liang, Y., Zhang, X., Lu, J., Zhang, J., Ruan, T., Zhou, Q. and Jiang, G. (2011a). 
Impaired gas bladder inflation in zebrafish exposed to a novel heterocyclic brominated flame 
retardant tris(2,3-dibromopropyl) isocyanurate. Environmental Science & Technology 45, 
9750-9757. 
 
Li, S., Wu, Q., Sun, Q., Coffin, S., Gui, W. and Zhu, G. (2019). Parental exposure to 
tebuconazole causes thyroid endocrine disruption in zebrafish and developmental toxicity in 
offspring. Aquatic Toxicology 211, 116-123. 
 
Li, W., Zha, J., Yang, L., Li, Z. and Wang, Z. (2011b). Regulation of iodothyronine 
deiodinases and sodium iodide symporter mRNA expression by perchlorate in larvae and 
adult Chinese rare minnow (Gobiocypris rarus). Marine Pollution Bulletin 63, 350-355. 



128  ENV/CBC/MONO(2023)17 

  
Unclassified 

 
Li, W., Zha, J., Yang, L., Li, Z. and Wang, Z. (2011c). Regulation of thyroid hormone related 
genes mRNA expression by exogenous T-3 in larvae and adult Chinese rare minnow 
(Gobiocypris rarus). Environmental Toxicology and Pharmacology 31, 189-197. 
 
Li, X., Zhang, Y., Li, X., Feng, DF., Zhang, SH., Zhao, X., Chen, DY.,  Zhang, ZX. and Feng, 
XZ. (2017). Comparative analysis of biological effect of corannulene and graphene on 
developmental and sleep/wake profile of zebrafish larvae. Acta Biomaterialia 55, 271-282. 
 
Li, Y.N., Matsui, J.I. and Dowling, J.E. (2009). Specificity of the horizontal cell-photoreceptor 
connections in the zebrafish (Danio rerio) retina. Journal of Comparative Neurology 516, 
442-453. 
 
Li, Z., Ptak, D., Zhang, L., Walls, E.K., Zhong, W. and Leung, Y.F. (2012). Phenylthiourea 
specifically reduces zebrafish eye size. PLOS ONE 7, e40132. 
 
Liang, X., Yu, L., Gui, W. and Zhu, G. (2015). Exposure to difenoconazole causes changes 
of thyroid hormone and gene expression levels in zebrafish larvae. Environmental Toxicology 
and Pharmacology 40, 983-987. 
 
Lindsey, B.W., Smith, F.M. and Croll, R.P. (2010). From inflation to flotation: contribution of 
the swimbladder to whole-body density and swimming depth during development of the 
zebrafish (Danio rerio). Zebrafish 7, 85-96. 
 
Lister, J.A. (2002). Development of pigment cells in the zebrafish embryo. Microscopy 
Research and Technique 58, 435-441. 
 
Liu, C., Yu, H. and Zhang, X. (2013). Zebrafish embryos/larvae for rapid determination of 
effects on hypothalamic-pituitary-thyroid (HPT) and hypothalamic-pituitary-interrenal (HPI) 
axis: mRNA expression. Chemosphere 93, 2327-2332. 
 
Liu, C., Zhang, X., Deng, J., Hecker, M., Al-Khedhairy, A., Giesy, J.P. and Zhou, B. (2011a). 
Effects of prochloraz or propylthiouracil on the cross-talk between the HPG, HPA, and HPT 
axes in zebrafish. Environmental Science & Technology 45, 769-775. 
 
Liu, F.-J., Jia-Sheng, W. and Theodorakis, C.W. (2006). Thyrotoxicity of sodium arsenate, 
sodium perchlorate, and their mixture in zebrafish Danio rerio. Environmental Science & 
Technology 40, 3429-3436. 
 
Liu, H., Ma, Z., Zhang, T., Yu, N., Su, G., Giesy, J.P. and Yu, H. (2018a). Pharmacokinetics 
and effects of tetrabromobisphenol a (TBBPA) to early life stages of zebrafish (Danio rerio). 
Chemosphere 190, 243-252. 
 
Liu, K., Petree, C., Requena, T., Varshney, P. and Varshney, G.K. (2019a). Expanding the 
CRISPR toolbox in zebrafish for studying development and disease. Frontiers in Cell and 
Developmental Biology 7, 13. 
 
Liu, S., Chang, J., Zhao, Y. and Zhu, G. (2011b). Changes of thyroid hormone levels and 
related gene expression in zebrafish on early life stage exposure to triadimefon. 
Environmental Toxicology and Pharmacology 31, 472-477. 



ENV/CBC/MONO(2023)17  129 

  
Unclassified 

 
Liu, W., Zhang, X., Wei, P., Tian, H., Wang, W. and Ru, S. (2018b). Long-term exposure to 
bisphenol S damages the visual system and reduces the tracking capability of male zebrafish 
(Danio rerio). Journal of Applied Toxicology 38, 248-258. 
 
Liu, X., Cai, Y., Wang, Y., Xu, S., Ji, K. and Choi, K. (2019b). Effects of tris(1,3-dichloro-2-
propyl) phosphate (TDCPP) and triphenyl phosphate (TPP) on sex-dependent alterations of 
thyroid hormones in adult zebrafish. Ecotoxicology and Environmental Safety 170, 25-32. 
 
Liu, X., Lin, J., Zhang, Y., Guo, N. and Li, Q. (2018c). Sound shock response in larval 
zebrafish: a convenient and high-throughput assessment of auditory function. 
Neurotoxicology and Teratology 66, 1-7. 
 
Liu, Y., Wang, J., Fang, X., Zhang, H. and Dai, J (2011c). The thyroid-disrupting effects of 
long-term perfluorononanoate exposure on zebrafish (Danio rerio). Ecotoxicology 20, 47-55. 
 
Liu, Y.W. and Chan, W.K. (2002). Thyroid hormones are important for embryonic to larval 
transitory phase in zebrafish. Differentiation 70, 36-45. 
 
Logan, D.W., Burn, S.F. and Jackson, I.J. (2006). Regulation of pigmentation in zebrafish 
melanophores. Pigment Cell Research 19, 206–213. 
 
Macaulay, L.J., Chen, A., Rock, K.D., Dishaw, L.V., Dong, W., Hinton, D.E. and Stapleton, 
H.M. (2015). Developmental toxicity of the PBDE metabolite 6-OH-BDE-47 in zebrafish and 
the potential role of thyroid receptor beta. Aquatic Toxicology 168, 38-47. 
 
Macaulay, L.J., Chernick, M., Chen, A., Hinton, D.E., Bailey, J.M., Kullman, S.W., Levin, E.D. 
and Stapleton, H.M. (2017). Exposure to a PBDE/OH-BDE mixture alters juvenile zebrafish 
(Danio rerio) development. Environmental Toxicology and Chemistry 36, 36-48. 
 
MacKenzie, D.S., Jones, R.A. and Miller, T.C. (2009). Thyrotropin in teleost fish. General 
and Comparative Endocrinology 161, 83-89. 
 
Mackin, R.D., Frey, R.A., Gutierrez, C., Farre, A.A., Kawamura, S., Mitchell, D.M. and 
Stenkamp, D.L. (2019). Endocrine regulation of multichromatic color vision. Proceedings of 
the National Academy of Sciences of the United States of America 116, 16882-16891. 
 
Mahmood, T. and Yang, P.-C. (2012). Western blot: technique, theory, and trouble shooting. 
North American Journal of Medical Sciences 4, 429–434.  
 
Malicki, J., Pooranachandran, N., Nikolaev, A., Fang, X. and Avanesov, A. (2016). Analysis 
of the retina in the zebrafish model. In: H.W. Detrich, M. Westerfield, L.I. Zon (eds.), 
Zebrafish: Cellular and Developmental Biology, Part B: Developmental Biology. Academic 
Press, Cambridge, Massachusetts, USA, 257-334. 
 
Marelli, F., Carra, S., Agostini, M., Cotelli, F., Peeters, R., Chatterjee, K. and Persani, L. 
(2016). Patterns of thyroid hormone receptor expression in zebrafish and generation of a 
novel model of resistance to thyroid hormone action. Molecular and Cellular Endocrinology 
424, 102-117. 
 



130  ENV/CBC/MONO(2023)17 

  
Unclassified 

Marelli, F. and Persani, L. (2017). How zebrafish research has helped in understanding 
thyroid diseases. F1000Research 6, 2137-2137. 
 
Marelli, F. and Persani, L. (2018). Role of TRs in zebrafish development. In: Plateroti, M., 
Samarut, J. (eds), Thyroid Hormone Nuclear Receptor: Methods and Protocols. Methods in 
Molecular Biology 1801. Springer, New York, USA, 287-298. 
 
Marino, M. and McCluskey, R.T. (2000). Role of thyroglobulin endocytic pathways in the 
control of thyroid hormone release. American Journal of Physiology-Cell Physiology 279, 
C1295-C1306. 
 
Marit, J.S. and Weber, L.P. (2011). Acute exposure to 2,4-dinitrophenol alters zebrafish 
swimming performance and whole body triglyceride levels. Comparative Biochemistry and 
Physiology C: Toxicology & Pharmacology 154, 14-18. 
 
Martin, O., Ermler, S., McPhie, J., Scholze, M. and Baynes A. (2020). Data collection in 
support of the Endocrine Disruption (ED) assessment for non-target vertebrates. EFSA 
Supporting Publication 2020, EN-1849, 131 pp. https://doi:10.2903/sp.efsa.2020.EN-1849 
 
Marty, M.S., Blankinship, A., Chambers, J., Constantine, L., Kloas, W., Kumar, A., Lagadic, 
L., Meador, J., Pickford, D., Schwarz, T. and Verslycke, T. (2017). Population‐relevant 
endpoints in the evaluation of endocrine‐active substances (EAS) for ecotoxicological hazard 
and risk assessment. Integrated Environmental Assessment and Management 13, 317-330. 
 
Manoli, M. and Driever, W. (2014). nkx2.1 and nkx2.4 genes function partially redundant 
during development of the zebrafish hypothalamus, preoptic region, and pallidum. Frontiers 
in Neuroanatomy 8, 145. 
 
Maugars, G., Dufour, S., Cohen-Tannoudji, J. and Querat, B. (2014). Multiple thyrotropin 
beta-subunit and thyrotropin receptor-related genes arose during vertebrate evolution. PLOS 
ONE 9, e111361. 
 
McArdle, M.E., Freeman, E.L., Staveley, J.P., Ortego, L.S., Coady, K.K., Weltje, L., Weyers, 
A., Wheeler, J.R. and Bone, A.J. (2020). Critical review of read-across potential in testing for 
endocrine-related effects in vertebrate ecological receptors. Environmental Toxicology and 
Chemistry 39, 739-753. 
 
McClure, M. (1999). Development and evolution of melanophore patterns in fishes of the 
genus Danio (Teleostei: Cyprinidae). Journal of Morphology 241, 83–105. 
 
McGonnell, I.M. and Fowkes, R.C. (2006). Fishing for gene function - endocrine modelling 
in the zebrafish. Journal of Endocrinology 189, 425-439. 
 
McLean, T.R., Rank, M.M., Smooker, P.M. and Richardson, S.J. (2017). Evolution of thyroid 
hormone distributor proteins. Molecular and Cellular Endocrinology 459, 43-52. 
 
McMenamin, S.K., Bain, E.J., McCann, A.E., Patterson, L.B., Eom, D.S., Waller, Z.P., Hamill, 
J.C., Kuhlman, J.A., Eisen, J.S. and Parichy, D.M. (2014). Thyroid hormone-dependent adult 
pigment cell lineage and pattern in zebrafish. Science 345, 1358-1361. 
 



ENV/CBC/MONO(2023)17  131 

  
Unclassified 

McMenamin, S.K. and Parichy, D.M. (2013). Metamorphosis in Teleosts. In: Y.B. Shi (ed.), 
Animal Metamorphosis. Academic Press, San Diego, California, USA, 127-165. 
 
Meerts, I., van Zanden, J.J., Luijks, E.A.C., van Leeuwen-Bol, I., Marsh, G., Jakobsson, E., 
Bergman, A. and Brouwer, A. (2000). Potent competitive interactions of some brominated 
flame retardants and related compounds with human transthyretin in vitro. Toxicological 
Sciences 56, 95-104. 
 
Melamed, P., Eliahu, N., Levavi-Sivan, B., Ofir, M., Farchi-Pisanty, O., Rentier-Delrue, F., 
Smal, J., Yaron, Z. and Naor, Z. (1995). Hypothalamic and thyroidal regulation of growth 
hormone in tilapia. Critical Reviews in Toxicology 97, 13-30. 
 
Mendoza, A. and Hollenberg, A.N. (2017). New insights into thyroid hormone action. 
Pharmacology & Therapeutics 173, 135-145. 
 
Menke, A.L., Spitsbergen, J.M., Wolterbeek, A.P.M. and Woutersen, R.A. (2011). Normal 
anatomy and histology of the adult zebrafish. Toxicologic Pathology 39, 759-775. 
 
Molla, M.H.R., Hasan, M.T., Jang, W.J., Diaz, C.D.S., Appenteng, P., Marufchoni, H., Jahan, 
B. and Brown, C.L. (2019). Thyroid hormone-induced swim bladder and eye maturation are 
transduced by IGF-1 in zebrafish embryos. Aquaculture Research 50, 3462-3470. 
 
Mondal, S., Raja, K., Schweizer, U. and Mugesh, G. (2016). Chemistry and biology in the 
biosynthesis and action of thyroid hormones. Angewandte Chemie International Edition 55, 
7606-7630. 
 
Monnot, M.J., Babin, P.J., Pole, G., Andre, M., Laforest, L., Ballagny, C. and Akimenko, M.A. 
(1999). Epidermal expression of apolipoprotein E gene during fin and scale development and 
fin regeneration in zebrafish. Developmental Dynamics 214, 207-215. 
 
Mora-Zamorano, F.X., Larson, J.K. and Carvan, M.J. (2018). Neurobehavioral analysis 
methods for adverse outcome pathway (AOP) models and risk assessment. In: Garcia-
Reyero, N., Murphy, C. (eds.), A Systems Biology Approach to Advancing Adverse 
Outcome Pathways for Risk Assessment. Springer, Cham, Switzerland, 149–175. 
 
Moreno, M., Berry, M.J., Horst, C., Thoma, R., Goglia, F., Harney, J.W., Larsen, P.R. and 
Visser, T.J. (1994). Activation and inactivation of thyroid-hormone by type-I iodothyronine 
deiodinase. FEBS Letters 344, 143-146. 
 
Morgado, I., Campinho, M.A., Costa, R., Jacinto, R. and Power, D.M. (2009). Disruption of 
the thyroid system by diethylstilbestrol and ioxynil in the sea bream (Sparus aurata). Aquatic 
Toxicology 92, 271-280. 
 
Mu, X., Huang, Y., Li, X., Lei, Y., Teng, M., Li, X., Wang, C. and Li, Y. (2018). Developmental 
effects and estrogenicity of bisphenol A alternatives in a zebrafish embryo model. 
Environmental Science & Technology 52, 3222-3231. 
 
Mu, X., Liu, J., Yuan, L., Yang, K., Huang, Y., Wang, C., Yang, W., Shen, G. and Li, Y. 
(2019). The mechanisms underlying the developmental effects of bisphenol F on zebrafish. 
Science of the Total Environment 687, 877-884. 



132  ENV/CBC/MONO(2023)17 

  
Unclassified 

 
Mueller, K.P. and Neuhauss, S.C.F. (2014). Sunscreen for fish: co-option of UV light 
protection for camouflage. PLOS ONE 9, e87372. 
 
Mukhi, S., Carr, J.A., Anderson, T.A. and Patiño, R. (2005). Novel biomarkers of perchlorate 
exposure in zebrafish. Environmental Toxicology and Chemistry 24, 1107-1115. 
 
Mukhi, S. and Patiño, R. (2007). Effects of prolonged exposure to perchlorate on thyroid and 
reproductive function in zebrafish. Toxicological Sciences 96, 246-254. 
 
Mukhi, S., Torres, L. and Patiño, R. (2007). Effects of larval-juvenile treatment with 
perchlorate and co-treatment with thyroxine on zebrafish sex ratios. General and 
Comparative Endocrinology 150, 486-494. 
 
Munn S. and Goumenou, M. (2013). Key scientific issues relevant to the identification and 
characterisation of endocrine disrupting substances - Report of the Endocrine Disrupters 
Expert Advisory Group. JRC Scientific and Policy Report EUR 25919. Publications Office of 
the European Union, Luxembourg.  
 
Murata, Y., Tamura, M., Aita, Y., Fujimura, K., Murakami, Y., Okabe, M., Okada, N. and 
Tanaka, M. (2010). Allometric growth of the trunk leads to the rostral shift of the pelvic fin in 
teleost fishes. Developmental Biology 347, 236-245. 
 
Muzzio, A.M., Noyes, P.D., Stapleton, H.M. and Lema, S.C. (2014). Tissue distribution and 
thyroid hormone effects on mRNA abundance for membrane transporters Mct8, Mct10, and 
organic anion-transporting polypeptides (Oatps) in a teleost fish. Comparative Biochemistry 
and Physiology A: Molecular & Integrative Physiology 167, 77-89. 
 
Nasiadka, A. and Clark, M.D. (2012). Zebrafish breeding in the laboratory environment. Ilar 
Journal 53, 161-168. 
 
Nelson, K.R., Schroeder, A.L., Ankley, G.T., Blackwell, B.R., Blanksma, C., Degitz, S.J., 
Flynn, K.M., Jensen, K.M., Johnson, R.D., Kahl, M.D., Knapen, D., Kosian, P.A., Milsk, R.Y., 
Randolph, E.C., Saari, T., Stinckens, E., Vergauwen, L. and Villeneuve, D.L. (2016). 
Impaired anterior swim bladder inflation following exposure to the thyroid peroxidase inhibitor 
2-mercaptobenzothiazole part I: fathead minnow. Aquatic Toxicology 173, 192-203. 
 
Nevitt, G.A., Dittman, A.H., Quinn, T.P. and Moody, W.J. (1994). Evidence for a peripheral 
olfactory memory in imprinted salmon. Proceedings of the National Academy of Sciences of 
the United States of America 91, 4288-4292. 
 
Ng, L., Lyubarsky, A., Nikonov, S.S., Ma, M., Srinivas, M., Kefas, B., St Germain, D.L., 
Hernandez, A., Pugh, E.N., Jr. and Forrest, D. (2010). Type 3 deiodinase, a thyroid-hormone-
inactivating enzyme, controls survival and maturation of cone photoreceptors. Journal of 
Neuroscience 30, 3347-3357. 
 
Nicola, J.P., Basquin, C., Portulano, C., Reyna-Neyra, A., Paroder, M. and Carrasco, N. 
(2009). The Na+/I- symporter mediates active iodide uptake in the intestine. American 
Journal of Physiology-Cell Physiology 296, C654-C662. 
 



ENV/CBC/MONO(2023)17  133 

  
Unclassified 

Nizinski, P., Blazewicz, A., Konczyk, J. and Michalski, R. (2021). Perchlorate - properties, 
toxicity and human health effects: an updated review. Reviews on Environmental Health 36, 
199-222. 
 
Norris, D. and Carr, J. (2013). Vertebrate Endocrinology. Academic Press, London, United 
Kingdom; Waltham, Massachusetts, USA; San Diego, California, USA . 
 
Noyes, P.D., Haggard, D.E., Gonnerman, G.D. and Tanguay, R.L. (2015). Advanced 
morphological - behavioral test platform reveals neurodevelopmental defects in embryonic 
zebrafish exposed to comprehensive suite of halogenated and organophosphate flame 
retardants. Toxicological Sciences 145, 177-195. 
 
Noyes, P.D., Friedman, K.P., Browne, P., Haselman, J.T., Gilbert, M.E., Hornung, M.W., 
Barone, Jr. S., Crofton, K.M., Laws, S.C., Stoker, T.E., Simmons, S.O., Tietge, J.E. and 
Degitz, S.J. (2019). Evaluating chemicals for thyroid disruption: opportunities and challenges 
with in vitro testing and adverse outcome pathway approaches. Environmental Health 
Perspectives 127, 095001. 
 
Oba, Y., Hirai, T., Yoshiura, Y., Kobayashi, T. and Nagahama, Y. (2001). Fish gonadotropin 
and thyrotropin receptors: the evolution of glycoprotein hormone receptors in vertebrates. 
Comparative Biochemistry and Physiology B: Biochemistry & Molecular Biology 129, 441-
448. 
 
OECD (2001). Initiatives to share the burden of the testing and assessment of endocrine 
disrupting chemicals. Environment Directorate, OECD, Paris. 
 
OECD (2009). Test No. 231: The Amphibian Metamorphosis Assay. OECD Guidelines for 
the Testing of Chemicals, Section 2. OECD Publishing, Paris. 
https://doi.org/10.1787/9789264076242-en  
 
OECD (2004). Detailed review paper on amphibian metamorphosis assay for the detection 
of thyroid active substances. OECD Publishing, Paris. 
https://doi.org/10.1787/9789264079144-en  
 
OECD (2011). Test No. 234: Fish Sexual Development Test. OECD Guidelines for the 
Testing of Chemicals, Section 2. OECD Publishing, 
Paris. https://doi.org/10.1787/9789264122369-en  
 
OECD (2012). Test No. 229: Fish Short Term Reproduction Assay. OECD Guidelines for the 
Testing of Chemicals, Section 2. OECD Publishing, 
Paris. https://doi.org/10.1787/9789264185265-en 
 
OECD (2013a). Test No. 210: Fish, Early-life Stage Toxicity Test. OECD Guidelines for the 
Testing of Chemicals, Section 2. OECD Publishing, 
Paris. https://doi.org/10.1787/9789264203785-en 
 
OECD (2013b). Test No. 236: Fish Embryo Acute Toxicity (FET) Test. OECD Guidelines for 
the Testing of Chemicals, Section 2. OECD Publishing, 
Paris. https://doi.org/10.1787/9789264203709-en 
 

https://doi.org/10.1787/9789264076242-en
https://doi.org/10.1787/9789264079144-en
https://doi.org/10.1787/9789264122369-en
https://doi.org/10.1787/9789264185265-en
https://doi.org/10.1787/9789264203785-en


134  ENV/CBC/MONO(2023)17 

  
Unclassified 

OECD (2015a). Test No. 240: Medaka Extended One Generation Reproduction Test 
(MEOGRT), OECD Guidelines for the Testing of Chemicals, Section 2, OECD Publishing, 
Paris. https://doi.org/10.1787/9789264242258-en 
 
OECD (2015b). Test No. 241: The Larval Amphibian Growth and Development Assay 
(LAGDA). OECD Guidelines for the Testing of Chemicals, Section 2. OECD Publishing, 
Paris. https://doi.org/10.1787/9789264242340-en 

 
OEDC (2017). Revised Guidance Document on Developing and Assessing Adverse Outcome 

Pathways. OECD Series on Testing and Assessment No. 184. Environment Directorate OECD, 
Paris.  
 
OECD (2018). Revised Guidance Document 150 on Standardised Test Guidelines for 
Evaluating Chemicals for Endocrine Disruption. OECD Series on Testing and Assessment. 
OECD Publishing, Paris. https://doi.org/10.1787/9789264304741-en 
 
OECD (2019). Test No. 248: Xenopus Eleutheroembryonic Thyroid Assay (XETA). OECD 
Guidelines for the Testing of Chemicals, Section 2. OECD Publishing, 
Paris. https://doi.org/10.1787/a13f80ee-en 
 
Okimoto, D.K., Weber, G.M. and Grau, E.G. (1993). The effects of thyroxine and 
propylthiouracil treatment on changes in body form associated with a possible developmental 
thyroxine surge during posthatching development of the tilapia, Oreochromis mossambicus. 
Zoological Science 10, 803-811. 
 
Oldfield, C.S, Grossrubatscher, I., Chávez, M., Hoagland, A., Huth, A.R, Carroll, E.C., 
Prendergast, A., Qu, T. and Gallant, J.L. (2020). Experience, circuit dynamics, and forebrain 
recruitment in larval zebrafish prey capture. eLife 9, e56619. 
 
Opitz, R., Antonica, F. and Costagliola, S. (2013). New model systems to illuminate thyroid 
organogenesis. Part I: an update on the zebrafish toolbox. European Thyroid Journal 2, 229-
242. 
 
Opitz, R., Maquet, E., Huisken, J., Antonica, F., Trubiroha, A., Pottier, G., Janssens, V. and 
Costagliola, S. (2012). Transgenic zebrafish illuminate the dynamics of thyroid 
morphogenesis and its relationship to cardiovascular development. Developmental Biology 
372, 203-216. 
 
Opitz, R., Maquet, E., Zoenen, M., Dadhich, R. and Costagliola, S. (2011). TSH receptor 
function is required for normal thyroid differentiation in zebrafish. Molecular Endocrinology 
25, 1579-1599. 
 
Orger, M.B., Smear, M.C., Anstis, S.M. and Baier, H. (2000). Perception of Fourier and non-
Fourier motion by larval zebrafish. Nature Neuroscience 3, 1128-1133. 
 
Orozco, A. and Valverde-R, C. (2005). Thyroid hormone deiodination in fish. Thyroid 15, 799-
813. 
 
Orozco, A., Valverde-R, C., Olvera, A. and Garcia-G, C. (2012). Iodothyronine deiodinases: 
a functional and evolutionary perspective. Journal of Endocrinology 215, 207-219. 

https://doi.org/10.1787/9789264242340-en
https://doi.org/10.1787/9789264304741-en
https://doi.org/10.1787/a13f80ee-en


ENV/CBC/MONO(2023)17  135 

  
Unclassified 

 
Orozco, A., Villalobos, P., Jeziorski, M.C. and Valverde, C. (2003). The liver of Fundulus 
heteroclitus expresses deiodinase type 1 mRNA. General and Comparative Endocrinology 
130, 84-91. 
 
Ortiz-Delgado, J.B., Funes, V. and Sarasquete, C. (2019). The organophosphate pesticide -
OP- malathion inducing thyroidal disruptions and failures in the metamorphosis of the 
Senegalese sole, Solea senegalensis. BMC Veterinary Research 15, 57. 
 
Parichy, D.M., Elizondo, M.R., Mills, M.G., Gordon, T.N. and Engeszer, R.E. (2009). Normal 
table of postembryonic zebrafish development: staging by externally visible anatomy of the 
living fish. Developmental Dynamics 238, 2975-3015. 
 
Parichy, D.M. and Turner, J.M. (2003). Zebrafish puma mutant decouples pigment pattern 
and somatic metamorphosis. Developmental Biology 256, 242-257. 
 
Parsons, A.E., Lange, A., Hutchinson, T.H., Miyagawa, S., Iguchi, T., Kudoh, T. and Tyler, 
C.R. (2020). Expression dynamics of genes in the hypothalamic-pituitary-thyroid (HPT) 
cascade and their responses to 3,3 ',5-triiodo-L-thyronine (T3) highlights potential 
vulnerability to thyroid-disrupting chemicals in zebrafish (Danio rerio) embryo-larvae. Aquatic 
Toxicology 225, 105547. 
 
Parsons, A., Lange, A., Hutchinson, T.H., Miyagawa, S., Iguchi, T., Kudoh, T. and Tyler, C.R. 
(2019). Molecular mechanisms and tissue targets of brominated flame retardants, BDE-47 
and TBBPA, in embryo-larval life stages of zebrafish (Danio rerio). Aquatic Toxicology 209, 
99-112. 
 
Patiño, R., Wainscott, M.R., Cruz-Li, E.I., Balakrishnan, S., McMurry, C., Blazer, V.S. and 
Anderson, T.A. (2003). Effects of ammonium perchlorate on the reproductive performance 
and thyroid follicle histology of zebrafish. Environmental Toxicology and Chemistry 22, 1115-
1121. 
 
Patterson, L.B. and Parichy, D.M. (2019). Zebrafish pigment pattern formation: Insights into 
the development and evolution of adult form. Annual Review of Genetics 53, 505-530. 
 
Peng, W., Liu, S., Guo, Y., Yang, L. and Zhou, B. (2020). Embryonic exposure to 
pentabromobenzene inhibited the inflation of posterior swim bladder in zebrafish larvae. 
Environmental Pollution 259, 113923. 
 
Pereira S.S., Lobato C.B. and Monteiro M.P. (2020). Cell signaling within endocrine 
glands: thyroid, parathyroids and adrenal glands. In: Silva J., Freitas M., Fardilha M. 
(eds.), Tissue-specific cell signaling. Springer, Cham, Switzerland, 63-91.  
 
Peter, M.C.S. and Peter, V.S. (2009). Action of thyroid inhibitor propyl thiouracil on thyroid 
and interrenal axes in the freshwater tilapia Oreochromis mossambicus Peters. Journal of 
Endocrinology and Reproduction 13, 37-44. 
 
Peter, R.E. and McKeown, B.A. (1975). Hypothalamic control of prolactin and thyrotropin 
secretion in teleosts, with special reference to recent studies on goldfish. General and 
Comparative Endocrinology 25, 153-165. 



136  ENV/CBC/MONO(2023)17 

  
Unclassified 

 
Petersen, A.M., Dillon, D., Bernhardt, R.R., Torunsky, R., Postlethwait, J.H., von Hippel, F.A., 
Buck, C.L. and Cresko, W.A. (2015). Perchlorate disrupts embryonic androgen synthesis 
and reproductive development in threespine stickleback without changing whole-body levels 
of thyroid hormone. General and Comparative Endocrinology 210, 130-144. 
 
Pickford, D.B. (2010). Screening chemicals for thyroid-disrupting activity: a critical 
comparison of mammalian and amphibian models. Critical Reviews in Toxicology 40, 845-
892. 
 
Pierce, J.G. and Parsons, T.F. (1981). Glycoprotein hormones - structure and function. 
Annual Review of Biochemistry 50, 465-495. 
 
Pikulkaew, S., Benato, F., Celeghin, A., Zucal, C., Skobo, T., Colombo, L. and Dalla Valle, 
L. (2011). The knockdown of maternal glucocorticoid receptor mRNA alters embryo 
development in zebrafish. Developmental Dynamics 240, 874-889. 
 
Pillai-Kastoori, L., Schutz-Geschwender, A.R. and Harford, J.A. (2020). A systematic 
approach to quantitative Western blot analysis. Analytical Biochemistry 593, 113608. 
 
Pinto, P.I.S., Guerreiro, E.M. and Power D.M. (2013). Triclosan interferes with the thyroid 
axis in the zebrafish (Danio rerio). Toxicology Research 2, 60-69. 
 
Pogoda, H.-M. and Hammerschmidt, M. (2007). Molecular genetics of pituitary development 
in zebrafish. Seminars in Cell & Developmental Biology 18, 543-558. 
 
Ponce, M., Infante, C. and Manchado, M. (2010). Molecular characterization and gene 
expression of thyrotropin receptor (TSHR) and a truncated TSHR-like in Senegalese sole. 
General and Comparative Endocrinology 168, 431-439. 
 
Popper, A.N. and Fay, R.R. (1993). Sound detection and processing by fish - critical-review 
and major research questions. Brain Behavior and Evolution 41, 14-38. 
 
Popper, A.N. and Lu, Z.M. (2000). Structure-function relationships in fish otolith organs. 
Fisheries Research 46, 15-25. 
 
Porazzi, P., Calebiro, D., Benato, F., Tiso, N. and Persani, L. (2009). Thyroid gland 
development and function in the zebrafish model. Molecular and Cellular Endocrinology 312, 
14-23. 
 
Power, D.M., Elias, N.P., Richardson, S.J., Mendes, J., Soares, C.M. and Santos, C.R.A. 
(2000). Evolution of the thyroid hormone-binding protein, transthyretin. General and 
Comparative Endocrinology 119, 241-255. 
 
Pradet-Balade, B., Burel, C., Dufour, S., Boujard, T., Kaushik, S.J., Querat, B. and Boeuf, G. 
(1999). Thyroid hormones down-regulate thyrotropin beta mRNA level in vivo in the turbot 
(Psetta maxima). Fish Physiology and Biochemistry 20, 193-199. 
 
Pradet-Balade, B., Schmitz, M., Salmon, C., Dufour, S. and Querat, B. (1997). Down-
regulation of TSH subunit mRNA levels by thyroid hormones in the European eel. General 



ENV/CBC/MONO(2023)17  137 

  
Unclassified 

and Comparative Endocrinology 108, 191-198. 
 
Prapunpoj, P., Yamauchi, K., Nishiyama, N., Richardson, S.J. and Schreiber, G. (2000). 
Evolution of structure, ontogeny of gene expression, and function of Xenopus laevis 
transthyretin. American Journal of Physiology-Regulatory Integrative and Comparative 
Physiology 279, R2026-R2041. 
 
Prazdnikov, D.V. (2020). Effect of thyroid hormones on the development of asymmetric 
pigment patterns in teleost fish: experimental data on the example of Amatitlania 
nigrofasciata (Cichlidae) and Poecilia wingei (Poeciliidae). Biology Bulletin 47, 198-204. 
 
Price, E.R. and Mager, E.M. (2020). The effects of exposure to crude oil or PAHs on fish 
swim bladder development and function. Comparative Biochemistry and Physiology C: 
Toxicology & Pharmacology 238, 108853. 
 
Quesada-Garcia, A., Encinas, P., Valdehita, A., Baumann, L., Segner, H., Coll, J.M. and 
Navas, J.M. (2016). Thyroid active agents T3 and PTU differentially affect immune gene 
transcripts in the head kidney of rainbow trout (Oncorynchus mykiss). Aquatic Toxicology 
174, 159-168. 
 
Rabah, S.A., Gowan, I.L., Pagnin, M., Osman, N. and Richardson, S.J. (2019). Thyroid 
hormone distributor proteins during development in vertebrates. Frontiers in Endocrinology 
10, 506. 
 
Raldúa, D., André, M. and Babin, P.J. (2008). Clofibrate and gemfibrozil induce an embryonic 
malabsorption syndrome in zebrafish. Toxicology and Applied Pharmacology 228, 301–314. 
 
Raldúa, D. and Babin, P.J. (2009). Simple, rapid zebrafish larva bioassay for assessing the 
potential of chemical pollutants and drugs to disrupt thyroid gland function. Environmental 
Science & Technology 43, 6844-6850. 
 
Raldúa, D., Thienpont, B. and Babin, P.J. (2012). Zebrafish eleutheroembryos as an 
alternative system for screening chemicals disrupting the mammalian thyroid gland 
morphogenesis and function. Reproductive Toxicology 33, 188-197. 
 
Raterman, S.T., Metz, J.R., Wagener, F.A.D.T.G and Von den Hoff, J.W. (2020). Zebrafish 
models of craniofacial malformations: interactions of environmental factors. Frontiers in Cell 
and Developmental Biology 16, 600926. 
 
Reddy, P.K. and Lam, T.J. (1991). Effect of thyroid-hormones on hatching in the tilapia, 
Oreochromis mossambicus. General and Comparative Endocrinology 81, 484-491. 
 
Reddy, P.K. and Lam, T.J. (1992). Effect of thyroid-hormones on morphogenesis and growth 
of larvae and fry of telescopic-eye black goldfish, Carassius-auratus. Aquaculture 107, 383-
394. 
 
Rehberger, K., Baumann, L., Hecker, M. and 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. 
 



138  ENV/CBC/MONO(2023)17 

  
Unclassified 

Reider, M. and Connaughton, V.P. (2014). Effects of low-dose embryonic thyroid disruption 
and rearing temperature on the development of the eye and retina in zebrafish. Birth Defects 
Research Part B: Developmental and Reproductive Toxicology 101, 347-354. 
 
Renko, K., Schaeche, S., Hoefig, C.S., Welsink, T., Schwiebert, C., Braun, D., Becker, N.-
P., Koehrle, J. and Schomburg, L. (2015). An improved nonradioactive screening method 
identifies genistein and xanthohumol as potent inhibitors of iodothyronine deiodinases. 
Thyroid 25, 962-968. 
 
Renninger, S.L., Gesemann, M. and Neuhauss, S.C.F. (2011). Cone arrestin confers cone 
vision of high temporal resolution in zebrafish larvae. European Journal of Neuroscience 33, 
658-667. 
 
Ribeiro, A.R.A., Ribeiro, L., Saele, O., Hamre, K., Dinis, M.T. and Moren, M. (2011). Iodine-
enriched rotifers and Artemia prevent goitre in Senegalese sole (Solea senegalensis) larvae 
reared in a recirculation system. Aquaculture Nutrition 17, 248-257. 
 
Richardson, S.J. (2002). The evolution of transthyretin synthesis in vertebrate liver, in 
primitive eukaryotes and in bacteria. Clinical Chemistry and Laboratory Medicine 40, 1191-
1199. 
 
Richardson, S.J., Bradley, A.J., Duan, W., Wettenhall, R.E.H., Harms, P.J., Babon, J.J., 
Southwell, B.R., Nicol, S., Donnellan, S.C. and Schreiber, G. (1994). Evolution of marsupial 
and other vertebrate thyroxine-binding plasma-proteins. American Journal of Physiology-

Regulatory Integrative and Comparative Physiology 266, R1359-R1370. 
 
Richardson, S.J., Monk, J.A., Shepherdley, C.A., Ebbesson, L.O.E., Sin, F., Power, D.M., 
Frappell, P.B., Kohrle, J. and Renfree, M.B. (2005). Developmentally regulated thyroid 
hormone distributor proteins in marsupials, a reptile, and fish. American Journal of 
Physiology-Regulatory Integrative and Comparative Physiology 288, R1264-R1272. 
 
Riedel, C., Levy, O. and Carrasco, N. (2001). Post-transcriptional regulation of the 
sodium/iodide symporter by thyrotropin. Journal of Biological Chemistry 276, 21458-21463. 
 
Roberts, A.C., Bill, B.R. Glanzman, D.L. (2013). Learning and memory in zebrafish larvae. 
Frontiers in Neural Circuits 7, 126. 
 
Roberts, R., Elsner, J. and Bagnall, M.W. (2017). Delayed otolith development does not 
impair vestibular circuit formation in zebrafish. Journal of the Association for Research in 
Otolaryngology. 18, 415-425.  
 
Robertson, G.N., McGee, C.A.S., Dumbarton, T.C., Croll, R.P. and Smith, F.M. (2007). 
Development of the swimbladder and its innervation in the zebrafish, Danio rerio. Journal of 
Morphology 268, 967-985. 
 
Rocha-Martins, M., Njaine, B. and Silveira, M.S. (2012). Avoiding pitfalls of internal controls: 
validation of reference genes for analysis by qRT-PCR and Western blot throughout rat 
retinal development. PLOS ONE 7, e43028. 
 
Rohr, K.B. and Concha, M.L. (2000). Expression of nk2.1a during early development of the 



ENV/CBC/MONO(2023)17  139 

  
Unclassified 

thyroid gland in zebrafish. Mechanisms of Development 95, 267-270. 
 
Roth, G. (2013). Sensory systems: The coupling between brain and environment. In: The 
Long Evolution of Brains and Minds. Springer, Dordrecht, Netherlands. 
https://doi.org/10.1007/978-94-007-6259-6_11 
 
Rozmánková, E., Pipal, M., Blahova, L., Chandran, N.N., Morin, B., Gonzalez, P. and Blaha, 
L. (2020). Environmentally relevant mixture of S-metolachlor and its two metabolites affects 
thyroid metabolism in zebrafish embryos. Aquatic Toxicology 221, 105444. 
 
Runge-Morris, M., Rose, K. and Falany C.N. (1998). Differential regulation of individual 
sulfotransferase isoforms by phenobarbital in male rat liver. Drug Metabolism and Disposition 
26, 795–801. 
 
Sanders, J.P., Van der Geyten, S., Kaptein, E., Darras, V.M., Kuhn, E.R., Leonard, J.L. and 
Visser, T.J. (1997). Characterization of a propylthiouracil-insensitive type I iodothyronine 
deiodinase. Endocrinology 138, 5153-5160. 
 
Sant, K.E., Jacobs, H.M., Borofski, K.A., Moss, J.B. and Timme-Laragy, A.R. (2017). 
Embryonic exposures to perfluorooctanesulfonic acid (PFOS) disrupt pancreatic 
organogenesis in the zebrafish, Danio rerio. Environmental Pollution 220, 807-817. 
 
Saravanan, M., Hur, J.H., Arul, N. and Ramesh, M. (2014). Toxicological effects of clofibric 
acid and diclofenac on plasma thyroid hormones of an Indian major carp, Cirrhinus mrigala 
during short and long-term exposures. Environmental Toxicology and Pharmacology 38, 
948-958. 
 
Sarna, T. (1992). Properties and function of the ocular melanin - a photobiophysical view. 
Journal of Photochemistry and Photobiology B-Biology 12, 215-258. 
 
Saunders, L.M., Mishra, A.K., Aman, A.J., Lewis, V.M., Toomey, M.B., Packer, J.S., Qiu, X., 
McFaline-Figueroa, J.L., Corbo, J.C., Trapnell, C. and Parichy, D.M. (2019). Thyroid 
hormone regulates distinct paths to maturation in pigment cell lineages. eLife 8, e45181. 
 
Schmidt, F. and Braunbeck, T. (2011). Alterations along the hypothalamic-pituitary-thyroid 
axis of the zebrafish (Danio rerio) after Exposure to Propylthiouracil. Journal of Thyroid 
Research 2011, 376243-376243. 
 
Schmidt, F., Schnurr, S., Wolf, R. and Braunbeck, T. (2012). Effects of the anti-thyroidal 
compound potassium-perchlorate on the thyroid system of the zebrafish. Aquatic Toxicology 
109, 47-58. 
 
Schmidt, F., Wolf, R., Baumann, L. and Braunbeck, T. (2017). Ultrastructural alterations in 
thyrocytes of zebrafish (Danio rerio) after exposure to propylthiouracil and perchlorate. 
Toxicologic Pathology 45, 649-662. 
 
Scholz, S., Fischer, S., Guendel, U., Kuester, E., Luckenbach, T. and Voelker, D. (2008). 
The zebrafish embryo model in environmental risk assessment - applications beyond acute 
toxicity testing. Environmental Science and Pollution Research 15, 394-404. 
 

https://doi.org/10.1007/978-94-007-6259-6_11


140  ENV/CBC/MONO(2023)17 

  
Unclassified 

Schreiber, A.M., Wang, X., Tan, Y., Sievers, Q., Sievers, B., Lee, M. and Burrall, K. (2010). 
Thyroid hormone mediates otolith growth and development during flatfish metamorphosis. 
General and Comparative Endocrinology 169, 130-137. 
 
Schuster, S., Machnik, P., and Schulze, W. (2011). Behavioral assessment of the visual 
capabilities of fish. In: Farrell A.P., (ed.). Encyclopedia of Fish Physiology: From Genome to 
Environment. Academic Press, London, United Kingdom; Waltham, Massachusetts, USA; 
San Diego, California, USA, 143–149. 
 
Schwanhäusser, B., Busse, D., Li, N., Dittmar, G., Schuchhardt, J., Wolf, J., Chen, W. and 
Selbach, M. (2011). Global quantification of mammalian gene expression control. Nature  
473, 337–342. 
 
Sharifi, J. and St. Germain, D.L. (1992). The cDNA for the type-I iodothyronine 5'-deiodinase 
encodes an enzyme manifesting both high Km and low Km activity - evidence that rat-liver 
and kidney contain a single enzyme which converts thyroxine to 3,5,3'-triiodothyronine. 
Journal of Biological Chemistry 267, 12539-12544. 
 
Sharma, P., Grabowski, T.B. and Patiño, R. (2016). Thyroid endocrine disruption and 
external body morphology of zebrafish. General and Comparative Endocrinology 226, 42-
49. 
 
Sharma, P. and Patiño, R. (2013). Regulation of gonadal sex ratios and pubertal 
development by the thyroid endocrine system in zebrafish (Danio rerio). General and 
Comparative Endocrinology 184, 111-119. 
 
Shi, G., Wang, J., Guo, H., Sheng, N., Cui, Q., Pan, Y., Guo, Y., Sun, Y. and Dai, J. (2019). 
Parental exposure to 6:2 chlorinated polyfluorinated ether sulfonate (F-53B) induced 
transgenerational thyroid hormone disruption in zebrafish. Science of the Total Environment 
665, 855-863. 
 
Shi, X., Du, Y., Lam, P.K.S., Wu, R.S.S. and Zhou, B. (2008). Developmental toxicity and 
alteration of gene expression in zebrafish embryos exposed to PFOS. Toxicology and 
Applied Pharmacology 230, 23-32. 
 
Shi, X., Liu, C., Wu, G. and Zhou, B. (2009). Waterborne exposure to PFOS causes 
disruption of the hypothalamus-pituitary-thyroid axis in zebrafish larvae. Chemosphere 77, 
1010-1018. 
 
Shiao, J.-C. and Hwang, P.-P. (2004). Thyroid hormones are necessary for teleostean otolith 
growth. Marine Ecology Progress Series 278, 271-278. 
 
Shiao, J.-C., Wu, S.-M., Hwang, Y.-P., Wu, D.-P. and Hwang, P.-P. (2008). Evaluation of 
thyroid-mediated otolith growth of larval and juvenile tilapia. Journal of Experimental Biology 
211, 1919-1926. 
 
Shkil, F., Siomava, N., Voronezhskaya, E. and Diogo, R. (2019). Effects of hyperthyroidism 
in the development of the appendicular skeleton and muscles of zebrafish, with notes on 
evolutionary developmental pathology (Evo- Devo-Path). Scientific Reports 9, 5413. 
 



ENV/CBC/MONO(2023)17  141 

  
Unclassified 

Shkil, F.N., Borisov, V.B., Abdissa, B. and Smirnov, S.V. (2010). Role of thyroid hormone in 
the ontogeny and morphological diversification of Barbus intermedius sensu Banister, 1973 
of Lake Tana in Ethiopia. Russian Journal of Developmental Biology 41, 369-380. 
 
Shkil, F.N., Kapitanova, D.V., Borisov, V.B., Abdissa, B. and Smirnov, S.V. (2012). Thyroid 
hormone in skeletal development of cyprinids: effects and morphological consequences. 
Journal of Applied Ichthyology 28, 398-405. 
 
Shkil, F.N. and Smirnov, S.V. (2015). Experimental approach to the hypotheses of 
heterochronic evolution in lower vertebrates. Paleontological Journal 49, 1624-1634. 
 
Shu, Y., Lou, Q., Dai, Z., Dai, X., He, J., Hu, W. and Yin, Z. (2016). The basal function of 
teleost prolactin as a key regulator on ion uptake identified with zebrafish knockout models. 
Scientific Reports 6, 18597. 
 
Silva, N., Louro, B., Trindade, M., Power, D.M. and Campinho, M.A. (2017). Transcriptomics 
reveal an integrative role for maternal thyroid hormones during zebrafish embryogenesis. 
Scientific Reports 7, 16657. 
 
Singh, A.P. and Nüsslein-Volhard, C. (2015). Zebrafish stripes as a model for vertebrate 
colour pattern formation. Current Biology 25, R81-R92. 
 
Singh, B.K., Sinha, R.A. and Yen, P.M. (2018). Novel transcriptional mechanisms for 
regulating metabolism by thyroid hormone. International Journal of Molecular Sciences 19, 
3284. 
 
Singh, R., Raizada, R.B. and Singh, T.P. (1977). Effects of some antithyroid drugs on 
pituitary-thyroid-gonad axis in a freshwater catfish, Heteropneustes fossilis (Bloch). General 
and Comparative Endocrinology 31, 451-456. 
 
Singleman, C. and Holtzman, N.G. (2014). Growth and maturation in the zebrafish, Danio 
Rerio: a staging tool for teaching and research. Zebrafish 11, 396-406. 
 
Sipes, N.S., Padilla, S. and Knudsen, T.B. (2011). Zebrafish-As an integrative model for 
twenty-first century toxicity testing. Birth Defects Research Part C: Embryo Today-Reviews 
93, 256-267. 
 
Sire, J.Y. and Akimenko, M.A. (2004). Scale development in fish: a review, with description 
of sonic hedgehog (shh) expression in the zebrafish (Danio rerio). International Journal of 
Developmental Biology 48, 233-247. 
 
Sire, J.Y., Allizard, F., Babiar, O., Bourguignon, J. and Quilhac, A. (1997). Scale development 
in zebrafish (Danio rerio). Journal of Anatomy 190, 545-561. 
 
Smirnov, S.V., Dzerzhinskii, K.F. and Levin, B.A. (2006). On the relationship between the 
number of scales in the lateral line in the African barb Barbus intermedius (Cyprinidae) for 
the ontogenesis rate (an experimental study). Voprosy Ikhtiologii 46, 134-138. 
 
Song, Y., Massart, C., Chico-Galdo, V., Jin, L., De Maertelaer, V., Decoster, C., Dumont, 
J.E. and Van Sande, J. (2010). Species specific thyroid signal transduction: conserved 



142  ENV/CBC/MONO(2023)17 

  
Unclassified 

physiology, divergent mechanisms. Molecular and Cellular Endocrinology 319, 56-62. 
 
Spaan, K., Haigis, A.-C., Weiss, J. and Legradi, J. (2019). Effects of 25 thyroid hormone 
disruptors on zebrafish embryos: a literature review of potential biomarkers. Science of the 
Total Environment 656, 1238-1249. 
 
Stenkamp, D.L. (2015). Development of the vertebrate eye and retina. In: J.F. Hejtmancik, 
J.M. Nickerson (eds.), Molecular Biology of Eye Disease. Academic Press, Waltham, 
Massachusetts, USA; San Diego, California, USA; London, United Kingdom; Oxford, United 
Kingdom, 397-414. 
 
St. Germain, D.L. (1988). The effects and interactions of substrates, inhibitors, and the 
cellular thiol-disulfide balance on the regulation of type-II iodothyronine 5'-deiodinase. 
Endocrinology 122, 1860-1868. 
 
Stinckens, E., Vergauwen, L., Ankley, G.T., Blust, R., Darras, V.M., Villeneuve, D.L., Witters, 
H., Volz, D.C. and Knapen, D. (2018). An AOP-based alternative testing strategy to predict 
the impact of thyroid hormone disruption on swim bladder inflation in zebrafish. Aquatic 
Toxicology 200, 1-12. 
 
Stinckens, E., Vergauwen, L., Blackwell, B.R., Ankley, G.T., Villeneuve, D.L. and Knapen, 
D. (2020). Effect of thyroperoxidase and deiodinase inhibition on anterior swim bladder 
inflation in the zebrafish. Environmental Science & Technology 54, 6213-6223. 
 
Stinckens, E., Vergauwen, L., Schroeder, A.L., Maho, W., Blackwell, B.R., Witters, H., Blust, 
R., Ankley, G.T., Covaci, A., Villeneuve, D.L. and 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. 
 
Stooke-Vaughan, G.A., Huang, P., Hammond, K.L., Schier, A.F. and Whitfield, T.T. (2012). 
The role of hair cells, cilia and ciliary motility in otolith formation in the zebrafish otic vesicle. 
Development 139, 1777-1787. 
 
Strähle, U., Scholz, S., Geisler, R., Greiner, P., Hollert, H., Rastegar, S., Schumacher, A., 
Selderslaghs, I., Weiss, C., Witters, H. and Braunbeck, T. (2012). Zebrafish embryos as an 
alternative to animal experiments-A commentary on the definition of the onset of protected 
life stages in animal welfare regulations. Reproductive Toxicology 33, 128-132. 
 
Sultana, T., Siddique, A., Sultana, S., Mahboob, S., Al-Ghanim, K., Ahmed, Z. (2017). Fish 
scales as a non-lethal tool of the toxicity of wastewater from the River Chenab. 
Environmental Science and Pollution Research 24, 2464-2475. 
 
Sutija, M. and Joss, J.M.P. (2006). Thyroid hormone deiodinases revisited: insights from 
lungfish: a review. Journal of Comparative Physiology B: Biochemical Systems and 
Environmental Physiology 176, 87-92. 
 
Suzuki, S.C., Bleckert, A., Williams, P.R., Takechi, M., Kawamura, S. and Wong, R.O.L. 
(2013). Cone photoreceptor types in zebrafish are generated by symmetric terminal divisions 
of dedicated precursors. Proceedings of the National Academy of Sciences of the United 
States of America 110, 15109-15114. 



ENV/CBC/MONO(2023)17  143 

  
Unclassified 

 
Tagawa, M. and Hirano, T. (1989). Changes in tissue and blood concentrations of thyroid 
hormones in developing chum salmon. Endocrinology 76, 437-443. 
 
Takayama, S., Hostick, U., Haendel, M., Eisen, J. and Darimont, B. (2008). An F-domain 
introduced by alternative splicing regulates activity of the zebrafish thyroid hormone receptor. 
General and Comparative Endocrinology 155, 176-189. 
 
Takechi, M. and Kawamura, S. (2005). Temporal and spatial changes in the expression 
pattern of multiple red and green subtype opsin genes during zebrafish development. Journal 
of Experimental Biology 208, 1337-1345. 
 
Teame, T., Zhang, Z., Ran, C., Zhang, H., Yang, Y., Ding, Q., Xie, M., Goo, C., Ye, Y., Duan, 
M. and Zhou, Z. (2019). The use of zebrafish (Danio rerio) as biomedical models. Animal 
Frontiers 9, 68-77. 
 
Teles, M., Oliveira, M., Pacheco, M. and Santos, M.A. (2005). Endocrine and metabolic 
changes in Anguilla anguilla L. following exposure to β-naphthoflavone - a microsomal 
enzyme inducer. Environment International 31, 99-104. 
 
Thienpont, B., Tingaud-Sequeira, A., Prats, E., Barata, C., Babin, P.J. and Raldúa, D. (2011). 
Zebrafish eleutheroembryos provide a suitable vertebrate model for screening chemicals that 
impair thyroid hormone synthesis. Environmental Science & Technology 45: 7525-7532. 
 
Tierney, K.B., Baldwin, D.H., Hara, T.J., Ross, P.S., Scholz, N.L. and Kennedy, C.J. (2010). 
Olfactory toxicity in fishes. Aquatic Toxicology 96, 2-26. 
 
Timp, W. and Timp, G. (2020). Beyond mass spectrometry, the next step in proteomics. 
Science Advances 6, eaax8978. 
 
Tonelli, F., Bek, J.W., Besio, R., De Clercq, A., Leoni, L., Salmon, P., Coucke, P.J., Willaert, 
A. and Forlino, A. (2020). Zebrafish: a resourceful vertebrate model to investigate skeletal 
disorders. Frontiers in Endocrinology 11, 489. 
 
Tonyushkina, K.N., Krug, S., Ortiz-Toro, T., Mascari, T. and Karlstrom, R.O. (2017). Low 
thyroid hormone levels disrupt thyrotrope development. Endocrinology 158, 2774-2782. 
 
Tonyushkina, K.N., Shen, M.-C., Ortiz-Toro, T. and Karlstrom, R.O. (2014). Embryonic 
exposure to excess thyroid hormone causes thyrotrope cell death. Journal of Clinical 
Investigation 124, 321-327. 
 
Tovo-Neto, A., Rodrigues, M.S., Habibi, H.R. and Nóbrega, R.H. (2018). Thyroid hormone 
actions on male reproductive system of teleost fish. General and Comparative Endocrinology 
265, 230-236. 
 
Trotter, A.J., Battaglene, S.C. and Pankhurst, P.M. (2003a). Effects of photoperiod and light 
intensity on initial swim bladder inflation, growth and post-inflation viability in cultured striped 
trumpeter (Latris lineata) larvae. Aquaculture 224, 141-158. 
 
Trotter, A.J., Pankhurst, P.M., Morehead, D.T. and Battaglene, S.C. (2003b). Effects of 



144  ENV/CBC/MONO(2023)17 

  
Unclassified 

temperature on initial swim bladder inflation and related development in cultured striped 
trumpeter (Latris lineata) larvae. Aquaculture 221, 141-156. 
 
Trubiroha A., Gillotay, P., Giusti, N., Gacquer, D., Libert, F., Lefort, A., Haerlingen, B., De 
Deken, X, Opitz, R., and Costagliola, S. (2018). A rapid CRISPR/Cas-based mutagenesis 
assay in zebrafish for identification of genes involved in thyroid morphogenesis and function. 
Scientific Reports 8, 5647. 
 
Tuncel, M. (2017). Thyroid stimulating hormone receptor. Molecular Imaging and 
Radionuclide Therapy 26, 87-91. 
 
van der Spek, A.H., Fliers, E. and Boelen, A. (2017). The classic pathways of thyroid 
hormone metabolism. Molecular and Cellular Endocrinology 458, 29-38. 
 
van der Ven, L.T.M., van den Brandhof, E.J., Vos, J.H., Power, D.M. and Wester, P.W. 
(2006). Effects of the antithyroid agent propylthiouracil in a partial life cycle assay with 
zebrafish. Environmental Science & Technology 40, 74-81. 
 
van Deventer, H.E. and Soldin, S.J. (2013). The expanding role of tandem mass 
spectrometry in optimizing diagnosis and treatment of thyroid disease. Advances in Clinical 
Chemistry 61, 127-152. 
 
van Eeden, F.J.M., Granato, M., Schach, U., Brand, M., Furutani-Seiki, M., Haffter, P., 
Hammerschmidt, M., Heisenberg, C.P., Jiang, Y.J., Kane, D.A., Kelsh, R.N., Mullins, M.C., 
Odenthal, J., Warga, R.M. and Nusslein-Volhard, C. (1996). Genetic analysis of fin formation 
in the zebrafish, Danio rerio. Development 123, 255-262. 
 
Van Heuverswyn, B., Leriche, A., Vansande, J., Dumont, J.E. and Vassart, G. (1985). 
Transcriptional control of thyroglobulin gene-expression by cyclic-AMP. FEBS Letters 188, 
192-196. 
 
van Putten, L.J.A., van Oordt, P., Terlou, M. and Peute, J. (1983). Histophysiological and 
immunocytochemical study on the nature of the thyrotrops in the pituitary of immature 
rainbow trout, Salmo gairdneri. Cell and Tissue Research 231, 185-198. 
 
Van Sande, J., Dequanter, D., Lothaire, P., Massart, C., Dumont, J.E. and Erneux, C. (2006). 
Thyrotropin stimulates the generation of inositol 1,4,5-trisphosphate in human thyroid cells. 
Journal of Clinical Endocrinology & Metabolism 91, 1099-1107. 
 
Vancamp, P., Houbrechts, A.M. and Darras, V.M. (2019). Insights from zebrafish deficiency 
models to understand the impact of local thyroid hormone regulator action on early 
development. General and Comparative Endocrinology 279, 45-52. 
 
Vatine, G.D., Zada, D., Lerer-Goldshtein, T., Tovin, A., Malkinson, G., Yaniv, K. and 
Appelbaum, L. (2013). Zebrafish as a model for monocarboxyl transporter 8-deficiency. 
Journal of Biological Chemistry 288, 169-180. 
 
Verbueken, E., Bars, C., Ball, J.S., Periz-Stanacev, J., Marei, W.F.A., Tochwin, A., Gabriëls, 
I.J., Michiels, E.D.G., Stinckens, E., Vergauwen, L., Knapen, D., Van Ginneken, C.J., Van 
Cruchten, S.J. (2018). From mRNA expression of drug disposition genes to in vivo 



ENV/CBC/MONO(2023)17  145 

  
Unclassified 

assessment of CYP-mediated biotransformation during zebrafish embryonic and larval 
development. International Journal of Molecular Sciences 19, 3976. 
 
Vergauwen, L., Cavallin, J.E., Ankley, G.T., Bars, C., Gabriels, I.J., Michiels, E.D.G., 
Fitzpatrick, K.R., Periz-Stanacev, J., Randolph, E.C., Robinson, S.L., Saari, T.W., 
Schroeder, A.L., Stinckens, E., Swintek, J., Van Cruchten, S.J., Verbueken, E., Villeneuve, 
D.L. and Knapen, D. (2018). Gene transcription ontogeny of hypothalamic-pituitary-thyroid 
axis development in early-life stage fathead minnow and zebrafish. General and 
Comparative Endocrinology 266, 87-100. 
 
Viets, K., Eldred, K.C. and Johnston, R.J., Jr. (2016). Mechanisms of photoreceptor 
patterning in vertebrates and invertebrates. Trends in Genetics 32, 638-659. 
 
Villasenor, A., Gauvrit, S., Collins, M.M., Maischein, H.M., and Stainier, D. (2020). Hhex 
regulates the specification and growth of the hepatopancreatic ductal system. 
Developmental Biology 458, 228-236. 
 
Villeneuve, D., Volz, D.C., Embry, M.R., Ankley, G.T., Belanger, S.E., Leonard, M., Schirmer, 
K., Tanguay, R., Truong, L. and 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. 
 
Viollon-Abadie, C., Bigot-Lasserre, D., Nicod, L., Carmichael, N. and Richert, L. (2000) 
Effects of model inducers on thyroxine UDP-glucuronosyl-transferase activity in vitro in rat 
and mouse hepatocyte cultures. Toxicology in Vitro 14, 505–512. 
 
Vissio, P.G., Darias, M.J., Di Yorio, M.P., Pérez Sirkin, D.I., Delgadin, T.H. (2021). Fish skin 
pigmentation in aquaculture: the infuence of rearing conditions and its neuroendocrine 
regulation. General and Comparative Endocrinology 301, 113662. 
 
Vogel, C. and Marcotte, E.M. (2012). Insights into the regulation of protein abundance from 
proteomic and transcriptomic analyses. Nature Reviews Genetics 13, 227-232. 
 
Volkov, L.I., Kim-Han, J.S., Saunders, L.M., Poria, D., Hughes, A.E.O., Kefalov, V.J., 
Parichy, D.M. and Corbo, J.C. (2020). Thyroid hormone receptors mediate two distinct 
mechanisms of long-wavelength vision. Proceedings of the National Academy of Sciences 
of the United States of America 117, 15262-15269. 
 
von Hellfeld, R., Brotzmann, K., Baumann, L., Strecker, R. and Braunbeck, T. (2020). 
Adverse effects in the fish embryo acute toxicity (FET) test: a catalogue of unspecific 
morphological changes versus more specific effects in zebrafish (Danio rerio) embryos. 
Environmental Sciences Europe 32, 122. 
 
Walpita, C.N., Crawford, A.D. and Darras, V.M. (2010). Combined antisense knockdown of 
type 1 and type 2 iodothyronine deiodinases disrupts embryonic development in zebrafish 
(Danio rerio). General and Comparative Endocrinology 166, 134-141. 
 
Walpita, C.N., Crawford, A.D., Janssens, E.D.R., Van der Geyten, S. and Darras, V.M. 
(2009). Type 2 iodothyronine deiodinase is essential for thyroid hormone-dependent 
embryonic development and pigmentation in zebrafish. Endocrinology 150, 530-539. 



146  ENV/CBC/MONO(2023)17 

  
Unclassified 

 
Walpita, C.N., Van der Geyten, S., Rurangwa, E. and Darras, V.M. (2007). The effect of 
3,5,3'-triiodothyronine supplementation on zebrafish (Danio rerio) embryonic development 
and expression of iodothyronine deiodinases and thyroid hormone receptors. General and 
Comparative Endocrinology 152, 206-214. 
 
Walter, K.M., Dach, K., Hayakawa, K., Giersiefer, S., Heuer, H., Lein, P.J. and Fritsche, E. 
(2019a). Ontogenetic expression of thyroid hormone signaling genes: an in vitro and in vivo 
species comparison. PLOS ONE 14, e0221230. 
 
Walter, K.M., Miller, G.W., Chen, X., Harvey, D.J., Puschner, B. and Lein, P.J. (2019b). 
Changes in thyroid hormone activity disrupt photomotor behavior of larval zebrafish. 
Neurotoxicology 74, 47-57. 
 
Walter, K.M., Miller, G.W., Chen, X., Yaghoobi, B., Puschner, B. and Lein, P.J. (2019c). 
Effects of thyroid hormone disruption on the ontogenetic expression of thyroid hormone 
signaling genes in developing zebrafish (Danio rerio). General and Comparative 
Endocrinology 272, 20-32. 
 
Wang, J., Shi, G., Yao, J., Sheng, N., Cui, R., Su, Z., Guo, Y. and Dai, J. (2020). 
Perfluoropolyether carboxylic acids (novel alternatives to PFOA) impair zebrafish posterior 
swim bladder development via thyroid hormone disruption. Environment International 134, 
105317. 
 
Wang, Q., Chen, Q., Zhou, P., Li, W., Wang, J., Huang, C., Wang, X., Lin, K. and Zhou, B. 
(2014). Bioconcentration and metabolism of BDE-209 in the presence of titanium dioxide 
nanoparticles and impact on the thyroid endocrine system and neuronal development in 
zebrafish larvae. Nanotoxicology 8, 196-207. 
 
Wang, Q., Lai, N.L.-S., Wang, X., Guo, Y., Lam, P.K.-S., Lam, J.C.-W. and Zhou, B. (2015). 
Bioconcentration and transfer of the organophorous flame retardant 1,3-dichloro-2-propyl 
phosphate causes thyroid endocrine disruption and developmental neurotoxicity in zebrafish 
larvae. Environmental Science & Technology 49, 5123-5132. 
 
Wang, Q., Liang, K., Liu, J., Yang, L., Guo, Y., Liu, C. and Zhou, B. (2013). Exposure of 
zebrafish embryos/larvae to TDCPP alters concentrations of thyroid hormones and 
transcriptions of genes involved in the hypothalamic-pituitary-thyroid axis. Aquatic 
Toxicology 126, 207-213. 
 
Ward, R., Sundaramurthi, H., Di Giacomo, V. and Kennedy, B.N. (2018). Enhancing 
understanding of the visual cycle by applying CRISPR/Cas9 gene editing in zebrafish. 
Frontiers in Cell and Developmental Biology 6, 37. 
 
Watanabe, Y., Grommen, S.V.H. and De Groef, B. (2016). Corticotropin-releasing hormone: 
mediator of vertebrate life stage transitions? General and Comparative Endocrinology 228, 
60-68. 
 
Webb, J.F. (2014a). Lateral line morphology and development and implications for the 
ontogeny of flow sensing in fishes. In: Bleckmann, H., Mogdans, J., Coombs, S. (eds.), 
Flow Sensing in Air and Water. Springer, Berlin, Heidelberg, Germany, 247–270.  



ENV/CBC/MONO(2023)17  147 

  
Unclassified 

 
Webb, J.F. (2014b). Morphological diversity, development, and evolution of the 
mechanosensory lateral line system. In: Coombs, S., Bleckmann, H., Fay, R.R., Popper, A.N. 
(eds.), The Lateral Line System. Springer, New York, USA, 17-72. 
 
Webb, J.F. and Shirey, J.E. (2003). Postembryonic development of the cranial lateral line 
canals and neuromasts in zebrafish. Developmental Dynamics 228, 370-385. 
 
Wei, P., Zhao, F., Zhang, X., Liu, W., Jiang, G., Wang, H. and Ru, S. (2018). 
Transgenerational thyroid endocrine disruption induced by bisphenol S affects the early 
development of zebrafish offspring. Environmental Pollution 243, 800-808. 
 
Welsh, K.J. and Soldin, S.J. (2016). How reliable are free thyroid and total T3 hormone 
assays? European Journal of Endocrinology 175, R255-R263. 
 
Weltje, L., Wheeler, J.R., Weyers, A. and Galay-Burgos, M. (2013). Refinement of the 
ECETOC approach to identify endocrine disrupting properties of chemicals in ecotoxicology. 
Toxicology Letters 223, 291-294. 
 
Wendl, T., Adzic, D., Schoenebeck, J.J., Scholpp, S., Brand, M., Yelon, D. and Rohr, K.B. 
(2007). Early developmental specification of the thyroid gland depends on han-expressing 
surrounding tissue and on FGF signals. Development 134, 2871-2879. 
 
Wendl, T., Lun, K., Mione, M., Favor, J., Brand, M., Wilson, S.W. and Rohr, K.B. (2002). 
pax2.1 is required for the development of thyroid follicles in zebrafish. Development 129, 
3751-3760. 
 
Wheeler, J.R., Gao, Z., Lagadic, L., Salinas E.R., Weltje L., Burden, N. (2021). Hormone 
data collection in support of endocrine disruption (ED) assessment for aquatic vertebrates: 
pragmatic and animal welfare considerations. Environment International 146, 106287. 
 
WHO/IPCS (World Health Organization/International Programme on Chemical Safety) 
(2002). Global assessment of the state-of-the-science of endocrine disruptors. Damstra, T., 
Barlow, S., Bergman, A., Kavlock, R. and Van Der Kraak, G. (eds.). World Health 
Organisation, Geneva, Switzerland. 
 
Wilson, C. (2012). Aspects of larval rearing. Institute for Laboratory Animal Research Journal 
53, 169-178. 
 
Wilson, K.S., Matrone, G., Livingstone, D.E.W., Al-Dujaili, E.A.S., Mullins, J.J., Tucker, C.S., 
Hadoke, P.W.F., Kenyon, C.J. and Denvir, M.A. (2013). Physiological roles of glucocorticoids 
during early embryonic development of the zebrafish (Danio rerio). Journal of Physiology-
London 591, 6209-6220. 
 
Winata, C.L., Korzh, S., Kondrychyn, I., Zheng, W., Korzh, V. and Gong, Z. (2009). 
Development of zebrafish swimbladder: the requirement of Hedgehog signaling in 
specification and organization of the three tissue layers. Developmental Biology 331, 222-
236. 
 
Wirt, H., Botka, R., Perez, K.E. and King-Heiden, T. (2018). Embryonic exposure to 



148  ENV/CBC/MONO(2023)17 

  
Unclassified 

environmentally relevant concentrations of triclosan impairs foraging efficiency in zebrafish 
larvae. Environmental Toxicology and Chemistry 37, 3124-3133. 
 
Wolf, J.C., Bejarano, A.C., Fort, D.J. and Wheeler, J.R. (2021). An examination of historical 
control histopathology metadata from 51 Amphibian Metamorphosis Assays. Critical 
Reviews in Toxicology 51, 729–739. 
 
Woo, K. and Fraser, S.E. (1995). Order and coherence in the fate map of the zebrafish 
nervous system. Development 121, 2595-2609. 
 
Woolley, L.D. and Qin, J.G. (2010). Swimbladder inflation and its implication to the culture of 
marine finfish larvae. Reviews in Aquaculture 2, 181-190. 
 
Wu, L., Ru, H., Ni, Z., Zhang, X., Xie, H., Yao, F., Zhang, H., Li, Y. and Zhong, L. (2019). 
Comparative thyroid disruption by o,p'-DDT and p,p'-DDE in zebrafish embryos/larvae. 
Aquatic Toxicology 216, 105280. 
 
Wu, S.Y., Green, W.L., Huang, W.S., Hays, M.T. and Chopra, I.J. (2005). Alternate pathways 
of thyroid hormone metabolism. Thyroid 15, 943-958. 
 
Xu, T., Chen, L., Hu, C. and Zhou, B. (2013). Effects of acute exposure to polybrominated 
diphenyl ethers on retinoid signaling in zebrafish larvae. Environmental Toxicology and 
Pharmacology 35, 13-20. 
 
Xu, T., Liu, Y., Pan, R., Zhang, B., Yin, D., Zhao, J. and Zhao, Q. (2017). Vision, color vision, 
and visually guided behavior: the novel toxicological targets of 2,2 ',4,4 '-tetrabromodiphenyl 
ether (BDE-47). Environmental Science & Technology Letters 4, 132-136. 
 
Xu, T., Zhao, J., Yin, D., Zhao, Q. and Dong, B. (2015). High-throughput RNA sequencing 
reveals the effects of 2,2',4,4'-tetrabromodiphenyl ether on retina and bone development of 
zebrafish larvae. BMC Genomics 16, 23. 
 
Yamauchi, K. and Ishihara, A. (2009). Evolutionary changes to transthyretin: 
developmentally regulated and tissue-specific gene expression. FEBS Journal 276, 5357-
5366. 
 
Yamauchi, K., Nakajima, J., Hayashi, H. and Hara, A. (1999). Purification and 
characterization of thyroid-hormone-binding protein from masu salmon serum - A homolog 
of higher-vertebrate transthyretin. European Journal of Biochemistry 265, 944-949. 
 
Yamauchi, K., Takeuchi, H., Overall, M., Dziadek, M., Munro, S.L.A. and Schreiber, G. 
(1998). Structural characteristics of bullfrog (Rana catesbeiana) transthyretin and its cDNA - 
Comparison of its pattern of expression during metamorphosis with that of lipocalin. 
European Journal of Biochemistry 256, 287-296. 
 
Yen, P.M. (2015). Classical nuclear hormone receptor activity as a mediator of complex 
biological responses: a look at health and disease. Best Practice & Research: Clinical 
Endocrinology & Metabolism 29, 517-528. 
 
Yonkers, M.A. and Ribera, A.B. (2008). Sensory neuron sodium current requires nongenomic 



ENV/CBC/MONO(2023)17  149 

  
Unclassified 

actions of thyroid hormone during development. Journal of Neurophysiology 100, 2719-2725. 
 
Yoshiura, Y., Sohn, Y.C., Munakata, A., Kobayashi, M. and Aida, K. (1999). Molecular 
cloning of the cDNA encoding the beta subunit of thyrotropin and regulation of its gene 
expression by thyroid hormones in the goldfish, Carassius auratus. Fish Physiology and 
Biochemistry 21, 201-210. 
 
Yu, K., Li, X., Qiu, Y., Zeng, X., Yu, X., Wang, W., Yi, X. and Huang, L. (2020). Low-dose 
effects on thyroid disruption in zebrafish by long-term exposure to oxytetracycline. Aquatic 
Toxicology 227, 105608. 
 
Yu, L., Chen, M., Liu, Y., Gui, W. and Zhu, G. (2013). Thyroid endocrine disruption in 
zebrafish larvae following exposure to hexaconazole and tebuconazole. Aquatic Toxicology 
138, 35-42. 
 
Yu, L., Deng, J., Shi, X., Liu, C., Yu, K. and Zhou, B. (2010). Exposure to DE-71 alters thyroid 
hormone levels and gene transcription in the hypothalamic-pituitary-thyroid axis of zebrafish 
larvae. Aquatic Toxicology 97, 226-233. 
 
Yu, L., Han, Z. and Liu, C. (2015). A review on the effects of PBDEs on thyroid and 
reproduction systems in fish. General and Comparative Endocrinology 219, 64-73. 
 
Yue, M.S., Peterson, R.E. and Heideman, W. (2015). Dioxin inhibition of swim bladder 
development in zebrafish: is it secondary to heart failure? Aquatic Toxicology 162, 10–17. 
 
Zada, D., Blitz, E. and Appelbaum, L. (2017). Zebrafish - An emerging model to explore 
thyroid hormone transporters and psychomotor retardation. Molecular and Cellular 
Endocrinology 459, 53-58. 
 
Zada, D., Tovin, A., Lerer-Goldshtein, T., Vatine, G.D. and Appelbaum, L. (2014). Altered 
behavioral performance and live imaging of circuit-specific neural deficiencies in a zebrafish 
model for psychomotor retardation. PLOS Genetics 10, 1004615. 
 
Zada, D., Vatine, G., Lerer, T., Tovin, A. and Appelbaum, L. (2013). Zebrafish as a model for 
monocarboxyl transporter 8-deficiency. Journal of Molecular Neuroscience 51, S132-S132. 
 
Zezza, D., Tait, S., Delle, S.L., Amorena, M., Merola, C. and Perugini, M. (2019). 
Toxicological, gene expression and histopathological evaluations of environmentally realistic 
concentrations of polybrominated diphenyl ethers PBDE-47, PBDE-99 and PBDE-209 on 
zebrafish embryos. Ecotoxicology and Environmental Safety 183, 109566. 
 
Zhai, W., Huang, Z., Chen, L., Feng, C., Li, B. and Li, T. (2014). Thyroid endocrine disruption 
in zebrafish larvae after exposure to mono-(2-ethylhexyl) phthalate (MEHP). PLOS ONE 9, 
e92465. 
 
Zhang, D.-h., Zhou, E.-x. and Yang, Z.-l. (2017). Waterborne exposure to BPS causes thyroid 
endocrine disruption in zebrafish larvae. PLOS ONE 12, e0176927. 
 
Zhang, S., Guo, X., Lu, S., Sang, N., Li, G., Xie, P., Liu, C., Zhang, L. and Xing, Y. (2018a). 
Exposure to PFDoA causes disruption of the hypothalamus-pituitary-thyroid axis in zebrafish 



150  ENV/CBC/MONO(2023)17 

  
Unclassified 

larvae. Environmental Pollution 235, 974-982. 
 
Zhang, Y.M., Zimmer, M.A., Guardia, T., Callahan, S.J., Mondal, C., Di Martino, J., Takagi, 
T., Fennell, M., Garippa, R., Campbell, N.R., Bravo-Cordero, J.J. and White, R.M. (2018b). 
Distant insulin signaling regulates vertebrate pigmentation through the sheddase bace2. 
Developmental Cell 45, 580-594. 
 
Zhu, B., Zhao, G., Yang, L. and Zhou, B. (2018). Tetrabromobisphenol A caused 
neurodevelopmental toxicity via disrupting thyroid hormones in zebrafish larvae. 
Chemosphere 197, 353-361. 
 
Zoeller, R.T. and Tan, S.W. (2007). Implications of research on assays to characterize 
thyroid toxicants. Critical Reviews in Toxicology 37, 195-210. 
 
Zoeller, R.T., Tan, S.W. and Tyl, R.W. (2007). General background on the hypothalamic-
pituitary-thyroid (HPT) axis. Critical Reviews in Toxicology 37, 11-53. 
 
Zucchi, S., Bluthgen, N., Ieronimo, A. and Fent, K. (2011). The UV-absorber benzophenone-
4 alters transcripts of genes involved in hormonal pathways in zebrafish (Danio rerio) 
eleuthero-embryos and adult males. Toxicology and Applied Pharmacology 250, 137-146. 

 

 


	Detailed review paper (DRP) on the thyroid hormone system in fish and identification of potential thyroid hormone system related endpoints for inclusion in existing OECD fish test guidelines
	Foreword
	Abbreviations
	Table of contents

	1.  OECD fish test guidelines for endocrine disrupting chemicals
	1.1. Fish model species for identification of THS disruption
	1.2. OECD fish TGs suitable for inclusion of THS related endpoints
	1.2.1. TG 234 (Fish Sexual Development Test)
	1.2.2. TG 210 (Fish Early Life Stage Toxicity Test)
	1.2.3. TG 229 (Fish Short Term Reproduction Assay)
	1.2.4. TG 236 (Fish Embryo Acute Toxicity (FET) test)
	1.2.5. TG 240 (Medaka Extended One Generation Reproduction Test (MEOGRT))
	1.2.6. Draft TG on Zebrafish Extended One Generation Reproduction Test (ZEOGRT)
	1.2.7. Proposed integrated Fish Endocrine Disruptor Test (iFEDT)
	1.2.8. Considerations on the various OECD fish TGs
	1.2.9. Applicability of transgenic fish lines


	2.  The fish thyroid hormone system
	2.1. Hypothalamic and pituitary control of TH levels
	2.2. TH synthesis in the thyroid
	2.2.1. TSH receptor (TSHR) activation and signalling pathways
	2.2.2. Iodine uptake
	2.2.3. TH biosynthesis and secretion

	2.3. TH distribution
	2.4. Peripheral TH uptake and deiodination
	2.5. TH binding to TRs
	2.6. TH metabolism
	2.7. TH homeostasis

	3.  The role of the thyroid hormone system in zebrafish development
	3.1. The THS during embryonic development
	3.2. Role of THs in embryonic-to-larval transition
	3.3. Role of THs in larval-to-juvenile transition (metamorphosis)

	4.  Thyroid hormone system related endpoints
	4.1. THS disruption
	4.2. Identification of THS related effects from model compound studies
	4.2.1. Perchlorate: NIS inhibition
	4.2.1.1. Thyroid histopathology
	4.2.1.2. TH levels
	4.2.1.3. Gene expression
	4.2.1.4. Skin pigmentation
	4.2.1.5. Swim bladder
	4.2.1.6. Craniofacial development
	4.2.1.7. Fins
	4.2.1.8. Scales
	4.2.1.9. Eye
	4.2.1.10. Behaviour
	4.2.1.11. General conclusions on perchlorate

	4.2.2. Propylthiouracil (PTU): TPO inhibition (and possible DIO inhibition)
	4.2.2.1. Thyroid histopathology
	4.2.2.2. TH levels
	4.2.2.3. TH distributor proteins
	4.2.2.4. Gene expression
	4.2.2.5. Skin pigmentation
	4.2.2.6. Swim bladder
	4.2.2.7. Scales
	4.2.2.8. Eye
	4.2.2.9. Behaviour
	4.2.2.10. General conclusions on PTU

	4.2.3. Iopanoic acid: DIO inhibition
	4.2.3.1. Thyroid histopathology
	4.2.3.2. TH levels
	4.2.3.3. Gene expression
	4.2.3.4. Swim bladder
	4.2.3.5. Eye
	4.2.3.6. General conclusions on iopanoic acid

	4.2.4. Tetrabromobisphenol A (TBBPA): interaction with TH binding
	4.2.4.1. Thyroid histopathology
	4.2.4.2. TH levels
	4.2.4.3. Gene expression
	4.2.4.4. Neurodevelopment
	4.2.4.5. Eye
	4.2.4.6. Behaviour
	4.2.4.7. General conclusions on TBBPA


	4.3. Assessment of THS related endpoints
	4.3.1. Thyroid histopathology
	4.3.1.1. NIS inhibition
	4.3.1.2. TPO inhibition
	4.3.1.3. DIO inhibition
	4.3.1.4. Interaction with TH binding
	4.3.1.5. Undetermined or mixed MIEs
	4.3.1.6. General discussion and conclusions on thyroid histopathology as an endpoint for THS related disruption

	4.3.2. TH levels
	4.3.2.1. Plasma and whole-body levels
	4.3.2.2. NIS inhibition
	4.3.2.3. TPO inhibition
	4.3.2.4. DIO inhibition
	4.3.2.5. Interaction with TH binding
	4.3.2.6. Undetermined or mixed MIEs
	4.3.2.7. General discussion and conclusions on plasma and whole-body TH levels as endpoint for THS related disruption
	4.3.2.8. Intrafollicular T4 and T3 content
	4.3.2.9. General discussion and conclusions on intrafollicular TH content as an endpoint for THS related disruption

	4.3.3. Gene expression
	4.3.3.1. crh
	4.3.3.2. tshβ
	4.3.3.3. hhex, nkx2.1a/nkx2.4b and pax8
	4.3.3.4. slc5a5 (nis)
	4.3.3.5. tg
	4.3.3.6. tpo
	4.3.3.7. ttr
	4.3.3.8. dio1, dio2 and dio3
	4.3.3.9. thra and thrb
	4.3.3.10. ugt1ab
	4.3.3.11. General discussion and conclusions on gene expression levels as endpoint for THS related disruption

	4.3.4. Skin pigmentation
	4.3.4.1. NIS inhibition
	4.3.4.2. TPO inhibition
	4.3.4.3. Interaction with TH binding
	4.3.4.4. Undetermined or mixed MIEs
	4.3.4.5. General discussion and conclusions on skin pigmentation as endpoint for THS related disruption

	4.3.5. Swim bladder development and inflation
	4.3.5.1. Posterior swim bladder
	4.3.5.2. NIS inhibition
	4.3.5.3. TPO inhibition
	4.3.5.4. DIO inhibition
	4.3.5.5. Interaction with TH binding
	4.3.5.6. Undetermined or mixed MIEs
	4.3.5.7. Anterior swim bladder
	4.3.5.8. NIS inhibition
	4.3.5.9. TPO inhibition
	4.3.5.10. DIO inhibition
	4.3.5.11. Interaction with TH binding
	4.3.5.12. Single swim bladder in medaka
	4.3.5.13. Genes related to swim bladder inflation
	4.3.5.14. Swim bladder histopathology
	4.3.5.15. Adverse outcome pathways (AOPs) linking THS disruption to impaired swim bladder inflation
	4.3.5.16. General discussion and conclusions on swim bladder development and inflation as endpoint for THS related disruption

	4.3.6. Skeletal development
	4.3.7. Fin development
	4.3.7.1. Caudal fin
	4.3.7.2. Anal fin
	4.3.7.3. Dorsal fin
	4.3.7.4. Pectoral fins
	4.3.7.5. Pelvic fins
	4.3.7.6. General discussion and conclusions on fin development as endpoint for THS related disruption

	4.3.8. Scale development
	4.3.8.1. NIS inhibition
	4.3.8.2. TPO inhibition
	4.3.8.3. General discussion and conclusions on scale development as endpoint for THS related disruption

	4.3.9. Neurodevelopment
	4.3.10. Development of sensory systems
	4.3.11. Eye development and functioning
	4.3.11.1. Genes related to vision
	4.3.11.2. TPO inhibition
	4.3.11.3. Interaction with TH binding
	4.3.11.4. Undetermined or mixed MIEs
	4.3.11.5. Retinal histology
	4.3.11.6. TPO inhibition
	4.3.11.7. Interaction with TH binding
	4.3.11.8. Undetermined or mixed MIEs
	4.3.11.9. Pigmentation of the retinal pigment epithelium (RPE)
	4.3.11.10. TPO inhibition
	4.3.11.11. DIO inhibition
	4.3.11.12. Interaction with TH binding
	4.3.11.13. Undetermined or mixed MIEs
	4.3.11.14. Eye size
	4.3.11.15. NIS inhibition
	4.3.11.16. TPO inhibition
	4.3.11.17. Interaction with TH binding
	4.3.11.18. Undetermined or mixed MIEs
	4.3.11.19. Visual performance
	4.3.11.20. TPO inhibition
	4.3.11.21. Interaction with TH binding
	4.3.11.22. Undetermined or mixed MIEs
	4.3.11.23. General discussion and conclusions on eye development as endpoint for THS related disruption

	4.3.12. Behaviour
	4.3.12.1. TPO inhibition
	4.3.12.2. Interaction with TH binding
	4.3.12.3. Undetermined or mixed MIEs
	4.3.12.4. General discussion and conclusions on behaviour as endpoint for THS related disruption

	4.3.13. Growth, sexual development and reproduction


	5.  Concluding remarks
	6.   References

