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BACKGROUND  1 
 2 

In the 1990’s there was an increasing concern that environmental chemicals could adversely impact 3 
human health and ecosystems by disrupting hormone systems. Since then increasing amounts of 4 
information have accumulated that suggest a wide-variety of environmental contaminants have 5 
endocrine disruption activity. The OECD initiated a high-priority activity in 1998 to revise existing 6 
and to develop new Test Guidelines (TG) for the screening and testing of endocrine disrupting 7 
chemicals. A number of potential assays have been developed into Test Guidelines and others are in 8 
development. The screens and tests are contained within the “OECD Conceptual Framework for the 9 
Screening and Testing of Endocrine Disrupting Chemicals” (CF) which was modified and updated by 10 
the Endocrine Disruptor Testing and Assessment (EDTA) Advisory Group (AG) in 2011 (see Annex 11 
1). While the initial focus was on chemicals that altered estrogen and androgen receptor binding, 12 
research has expanded to include estrogenic and androgenic signalling pathways, steroidal 13 
metabolism, as well as the multiple pathways involved in thyroid hormone homeostasis and 14 
signalling.   15 

The OECD’s Validation Management Group for Non-Animal Testing (VMG-NA) discussed, in their 16 
annual meeting in December 2010, the need for review of existing in vitro and ex vivo assays for 17 
identification of modulators of thyroid hormone signalling (referred to as thyroid assays in the 18 
document) that could be further developed and/or validated for use by member countries in screening 19 
chemicals.  In 2006 a Thyroid Detailed Review Paper (DRP) was developed by OECD (document No. 20 
57) as a joint effort between the three Validation Management Groups (Eco, Mammalian and Non-21 
Animal).  It was determined at the time that there were no in vitro thyroid assays recommended for 22 
validation.  In December 2010, it was proposed that a thyroid scoping effort group be established, 23 
gathering a subgroup of the VMG NA, the Amphibian expert group of the VMG-Eco and the 24 
Molecular Screening Group’s in vitro Thyroid subgroup, and work together to determine the state of 25 
in vitro thyroid assays since the 2006 Thyroid DRP.  26 

The overall goal of the scoping effort is to bring relevant in vitro thyroid assays to the attention of 27 
OECD member countries and provide recommendations for their development/use. Relevant assays 28 
should include in vitro or ex vivo assays which provide screening level (or higher if possible) 29 
information on whether a chemical has the potential to modulate thyroid hormone signalling. Ideally 30 
the recommendations provided through this scoping effort would assist member countries in 31 
determining whether thyroid assays exist that should be supported for 32 
development/optimization/inter-laboratory validation.  33 

In addition to identifying if there are in vitro (and ex vivo) thyroid assays that are ready for validation 34 
in the short term (i.e., assays that could be useful from a regulatory stand point and which could be 35 
recommended for validation), the objectives of the scoping effort are also (i) to identify in vitro 36 
thyroid assays that could be developed for potential validation in the longer term (i.e. assays that 37 
would provide useful information or fill a gap(s) but would require research and significant 38 
optimization in order to determine if they would be suitable for validation) and (ii) to recognize 39 
“holes” that are not identified by any existing thyroid assays (i.e. mode of actions within the thyroid 40 
system that are not identified by any assay) and the possible reasons for why this endpoint is not 41 
covered.  42 

To help in the process the Secretariat developed an initial draft working document that was updated 43 

by contribution of an expert group (the Leads) of the Thyroid Scoping Effort Group (TSEG). The 44 

current document provides background information on the biological substrates these candidate assays 45 

were designed to probe and an analysis of their utility for testing purposes (Part 1). Part 2 of the 46 

document provides a more detailed technical description and evaluation of each assay evaluated in 47 

Part 1. 48 

  49 
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PART ONE: 5 

EVALUATION OF THE LEVEL OF READINESS OF THE 6 

IN VITRO & EX VIVO THYROID ASSAYS FOR 7 

FURTHER DEVELOPMENT, VALIDATION & 8 

INCLUSION IN THE TEST GUIDELINES WORKPLAN 9 

 10 
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 1 

Introduction 2 

Current knowledge on thyroid disruption shows that it may occur through multiple and complex 3 
pathways.  Therefore, it makes sense that more than one type of assay will be required to adequately 4 
screen chemicals for thyroid disrupting activity.  5 

In vitro screening tests may be combined with other test results in a battery of assays to detect thyroid 6 
disruption and results evaluated in a weight of evidence approach. Assays can be considered in the 7 
context of the Conceptual Framework (Annex 1). Although the Conceptual Framework is not a testing 8 
strategy, in cases where little or no information is available (i.e. for new chemicals), it can provide 9 
guidance about where to begin. 10 

In vitro methods described in this document probe several key biological mechanisms of thyroid 11 
system disruption. The key features of thyroid hormone physiology and signalling are depicted in 12 
Figure 1.  13 

14 
 Figure 1. A number of targets exist where chemicals may interact to interfere with thyroid hormone 15 
signalling. These can be at the level of central regulation in the hypothalamus, at the pituitary gland, 16 
or in the thyroid gland itself. Serum levels of thyroid hormone are maintained within strict 17 
physiological ranges through feedback mechanisms. Binding proteins in the blood limit the 18 
availability of active hormone to tissues. Metabolism of hormones in the liver and through peripheral 19 
and tissue-specific deiodination pathways also modulate the action of thyroid hormones. Assays 20 
specifically designed to probe different aspects of these signalling pathways are described below. 21 

While not explicitly depicted in this figure, it should be noted that all of these steps are intimately 22 
integrated and homeostatically regulated by thyroid hormone feedback. All in vitro assays concerning 23 
TH function will be placed into context of the Adverse Outcome Pathway (AOP) project on 24 
‘Alterations in Thyroid Signalling Systems’ that is under development by the US as part of the OECD 25 
AOP development programme.  In addition to the current work, results of the AOP project will 26 
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provide the necessary theoretical framework to guide further method development, integration and 1 
validation.  2 

Consistent with the AOP framework, consideration of chemical mode of action (MOA) can be 3 
informative by identifying MOA most frequently influenced and those that result in the most severe 4 
outcomes.  An evaluation of the published toxicology literature can identify model substances for use 5 
in probing the specificity and sensitivity of any assay selected for TG validation.  An excellent 6 
resource for identifying thyroid toxicants and their MOAs is the data-rich pesticide dossier data 7 
(EFSA 2013). Examination of this database reveals that the most common priority indicators of 8 
thyroid disruption induced by pesticides include altered serum T4 and/or T3 levels; serum TSH;  and 9 
iodide uptake. In the open published literature, TPO inhibition, regulation by NIS, and metabolic 10 
activation are the most common MOAs reported, followed by interference with serum binding 11 
proteins and deiodinases. 12 

It is important to consider the mode of action (MOA) of substances known to impair thyroid function 13 
to assist in identifying MOA most frequently influenced and those that cause the most severe 14 
outcomes. In addition, a review of thyroid toxicants and their MOAs will help identify model 15 
substances for use in probing the specificity and sensitivity of any assay for TG validation. An 16 
excellent resource for identifying thyroid toxicants and their MOAs is the data-rich pesticide dossier 17 
data. The review of these date (EFSA 2013) show that the most common priority indicators are 18 
modulation of T3 and or T4 levels, then modulation of TSH followed by modulation of iodide uptake. 19 

In the general literature, TPO, NIS and metabolic activation are the most important followed by 20 
interference with serum binding and deiodinase. 21 

In November 2012, experts within the Thyroid Scoping Effort Group (TSEG) identified and 22 
categorized the existing in vitro and ex vivo assays probing known or potential MOA targets relevant 23 
for thyroid endocrine disruption in order to determine which assays would be good candidates for 24 
possible inclusion in the Test Guidelines  (TG) work plan (ENV/JM/TG/EDTA/M(2012)1). 25 

The experts group considered the assays described in Part 2 of this document and agreed on a 26 
categorisation of the assays based on Murk et al., 2013. The categorisation includes 8 blocks covering 27 
all known targets of thyroid disruption except epigenetic changes. The 8 blocks of assay targets are: 28 

1. Central regulation 29 

2. TH synthesis 30 

3. Secretion and transport 31 

4. Metabolism and excretion 32 

5. Local cellular concentrations 33 

6. Cellular responses 34 

7. Relevant short term assays integrating multiple MOAs 35 

8. Integrative cellular assays 36 

The expert group also agreed that within the 8 blocks, the assays can be further categorised into 3 37 

levels depending on their current potential for inclusion in the Test Guidelines work plan: 38 

Level A - in vitro/ex vivo assays that are ready for validation in the short term, i.e. could be proposed 39 

for OECD Test Guideline development, 40 
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Level B - in vitro/ex vivo assays that could be developed for potential validation in the long term, i.e. 1 

after an optimization step. In addition, assays which meet criteria for Level A but which screen for 2 

modalities of thyroid disruption that can be indirectly detected through other, high priority assays, 3 

should be treated as B level of readiness. 4 

Level C - assay gaps (no in vitro/ex vivo assays identified to cover a specific mode of action or 5 

disrupting pathways) 6 

In order to provide a framework for prioritizing TH assays for further development in the context of 7 
the Test Guidelines Programme, a set of ranking parameters was proposed by the OECD Secretariat 8 
and presented at the meeting of the Thyroid Scoping Effort Group (TSEG) in June 2012. The final set 9 
of 17 Ranking Parameters as outlined in this document is based on adopted consideration from 10 
Crofton et al., Developmental Neurotoxicity Testing: Recommendations for Developing  Alternative 11 
Methods for the Screening and Prioritization of Chemicals, in Altex, 2011, 28(1): 9-15).   12 

 Table 1.1 – Ranking Parameters for evaluation of the readiness of assays for inclusion in the 13 
TG work plan  14 

CATEGORY 1 

Initial High Priority Considerations 

CATEGORY 2 

High Priority Assay Performance Considerations 

1. Biological Plausibility 

2. Extrapolation to humans, or broadly applicable 

across vertebrates/phyla  

3. Availability of Resources 

4. Reference Chemicals 

5. Within-laboratory reproducibility 

6. Between-laboratory reproducibility 

7. Assay Variability 

8. Accuracy 

9. Assay Specificity 

10. Assay sensitivity 

CATEGORY 3 

Technical Capabilities 

CATEGORY 4 

Other Practical Considerations 

11. Dynamic Range 

12. Concentration test range 

13. Detection/Adjustment of confounding factor 

and/or incorrect/ inconclusive measurements and/or 

other bias 

14. Response Characterization: 

15.  Technological Transferability/Proprietary 

elements 

16.  Transparency of the method 

17.  Documentation: 

 15 

Other possible parameters 16 

During 2012 TSEG considered two other parameters (i) the suitability of the assay for High-17 

Throughput screening (HTS) and (ii) the ‘intra-variability’ of the assay. However no final conclusion 18 

about inclusion of these parameters in the analysis could be reached ENV/JM/TG/EDTA/M(2012)1. 19 

It was agreed by the TSEG that four main considerations apply to the initial set of the parameters: 20 

i. Those parameters are not intended to be used as validation parameters even if some of 21 
them match with validation parameters, 22 

ii. The parameters are used for each test as a decision tool, 23 
iii. The parameters provide a guidance on how to select an assay for further development in 24 

the OECD Test Guidelines Programme, 25 
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TSEG further discussed the need to determine the weight of each parameter, and therefore whether or 1 
not some parameters should be considered as more important than others and agreed on a ranking of 2 
the parameters into four categories: 3 

Category 1:  Initial High Priority Considerations 4 

The parameters in this category are considered of highest priority. In addition, each parameter 5 
within this category is considered to have equal weight and all are essential for an acceptable 6 
assay, i.e. a poor rating on any one is considered to severely impair the validation or regulatory 7 
acceptance of the assay.  8 

Category 2:  High Priority Assay Performance Considerations  9 

These parameters relate to the reliability and efficacy of the assay itself. Generally, these 10 
parameters would have high priority in considerations of the potential for development of a 11 
protocol for a candidate assay into a Test Guideline. However, given the early stage of 12 
development of even the best characterized among the assays being considered, that robust 13 
information will not likely be available to evaluate these parameters. Consequently, in the present 14 
analysis these parameters would not be considered to play a critical role in the selection of our 15 
priority assay(s). All six parameters within this category are considered to have equal weight. 16 

Category 3:  Technical Capabilities 17 

The parameters in this category also relate to assay performance so the same limitations described 18 
for Category 2 parameters apply.  However the particular performance issues considered under 19 
this category of parameters were identified to be of lesser significance compared to the Category 20 
2 performance issues. 21 

Category 4:  Other Practical Considerations 22 

This category lists parameters which may present some challenges to validation or broad 23 
acceptance of the protocol as a Test Guideline but are not insurmountable.  Consequently, these 24 
were identified as being of lowest priority.  All of the parameters in this list are of equal 25 
importance. 26 

Table 1.2 – Specific considerations regarding the analysis of individual parameters  27 

1. Biological Plausibility The assay should investigate effects on a molecular or biological process or 

pathway that can be clearly related to a key initiating event within a mode of 

action (MOA) or adverse outcome pathway (AOP). 

2. Extrapolation to 

humans, or broadly 

applicable across 

vertebrates/phyla 

The assay should use a model system where the response is relevant to those 

observed in the human system that is being modelled, and to a broad spectrum 

of ecologically-important species. 

3. Availability of 

Resources 

The expertise and technology required for the performance of the assay should 

be easily acquired or widely available. Ideally, the assay should not be based 

on complex, highly expensive, technically challenging platforms. 

4. Reference Chemicals To determine the relevance for screening the assay validation requires a range 

of reference chemicals with relevant activity on the molecular mechanism 

being probed. These should vary in potency and cover structurally diverse 

substances and appropriate range of structural diversity. Active chemicals 

should be well characterized and easily available, especially chemicals that are 

positive in the assay. Ideally, known positives should include non-purpose 
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designed substances, especially commercial or industrial chemicals.   

5. Within-laboratory 

reproducibility 

This parameter  reports the consistency of results of the assay when conducted 

several times within the same laboratory 

6. Between-laboratory 

reproducibility 

This parameter reports the consistency of assay outcomes between separate 

laboratories using same protocol and testing the same chemicals. 

7. Assay Variability This parameter assess if the variability in the assay response readout is 

excessively high (e.g. 75 %< CV or variation/biologically-relevant response = 

100%) 

8. Accuracy This parameter is about assessing if a high level of concordance exists 

between the results from the assay method and the expected results for the 

accepted reference chemicals.  

9. Assay Specificity Specificity should be as high as possible. Therefore this parameter assesses if 

there is a high rate of true negative results and low rate of false positive results 

when testing the accepted reference chemicals. 

10. Assay sensitivity Sensitivity should be as high as possible. Therefore this parameter assesses if 

there is high rate of true positive results and a low rate of false negative when 

testing the accepted reference chemicals. 

11. Dynamic Range This parameter considers the degree of change of the response readout from 

the assay. It should be sufficiently robust to allow sensitive detection of 

increasing dosage of active substances. 

12. Concentration test 

range 

This parameter assesses the degree to which features, inherent in the model 

system, may limit the dose range of substance that can be tested (i.e.  need for 

water solubility, low tolerance for common vehicles, etc.) 

13. Detection/Adjustment 

of confounding factor 

and/or incorrect/ 

inconclusive 

measurements and/or 

other bias 

Attributes of the assay that minimize or detect the presence of confounding 

factors, and/or reduce the occurrence of inconclusive or incorrect 

measurements and other bias, e.g. cell toxicity shall be assessed in order to 

reliably demonstrate an antagonistic activity and avoid confusion due to 

increase cell toxicity, chemical luminescence or fluorescence that interferes 

with response signals. 

14. Response 

Characterization 

The readout of the assay should generate a statistically significant change 

when an effective concentration of active substance is tested. 

15. Technological 

Transferability/Proprietar

y elements 

This assesses the degree to which features of the assay model —or associated 

technology— are very high concentrations (high µM to low mM), 

concentrations difficult to acquire, or subject to a monopoly patent, especially 

if holder of the patent does not support assay development. MTA limitations 

that might hinder the ability to acquire the assay components should be 

assessed; 

16. Transparency of the 

method 
Data from a validation exercise should exist and be available. 

17. Documentation The assay method and optimization process should be described in sufficient 

detail to allow effective replication. 

 1 

The following sections include the work of the experts group of the Thyroid Scoping Effort Group 2 

(TSEG) agreed to at the meeting in November 2012 (ENV/JM/TG/EDTA/M(2012)1). The experts 3 
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group assessed the readiness of the assays described in Part 2 for inclusion in the TG work plan based 1 

on the 17 ranking parameters described above. The table below summarises the findings of the 2 

evaluation. 3 

Table 1.2. Summary of the in vitro and ex vivo thyroid assays and the level of their readiness for 4 

inclusion in the Test Guidelines (TG) work plan. 5 

Block of Assays Readiness Level 

[1] Central Regulation (HPT) 

       TRH production (Hypothalamus) C 

       TRH receptor activation (Pituitary) B 

       TSH receptor activation (Thyroid) B 

[2] Thyroid Hormone Synthesis 

       TPO Inhibition B to A 

       NIS activation C to B 

       Stem cell derived thyrocytes not analysed  

[3] Secretion and Transport 

       TTR Binding A 

       TBG Binding A 

       Transport over placenta & BBB not analysed  

[4] Metabolism and Excretion 

       Deiodination Inhibition C 

       Deiodination up-regulation C 

       Glucuronidation inhibition Not analysed 

       Glucuronidation & Sulfation upregulations Not analysed 

       Sulfation inhibition Not analysed 

[5] Local Cellular Concentrations  

      TH Membrane Transporters A but low priority assays 

      Peripheral Deiodination C 

[6] Cellular Responses 

       Binding to TR LBD C to B 

       Effects of TR Transactivation B to A 

       Co Regulator Interaction Not analysed 

       Activation dimerization partners TR (RXR) Covered in DRP 178 , DRP 97 

       Non-Nuclear TR mediated responses Not analysed 

[7] Relevant Short-Term Assays Integrating Multiple MOAs 

      Zebra fish embryo B 

      Sea Urchin Metamorphosis assay not analysed 

      GFP-Xenopus Embryo TG under development 

      Short term Xenopus Metamorphosis assay not analysed 

       Thyroid gland explant culture B 

[8] Integrative Cellular Assays 

      T-Screen (TR induced proliferation assay B 

      Human neural progenitor cell C 

      TSH induced proliferation assay not analysed 

 6 

7 
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EVALUATION OF BLOCK #1 ASSAYS - CENTRAL REGULATION (HPT) 1 
 2 

This block concerns effects directly on the synthesis/release of hypothalamic thyroid releasing 3 

hormone (TRH), its delivery and action on pituitary thyrotrophs, and the  synthesis/release of thyroid 4 

stimulating hormone (TSH) (see Figure). 5 

Despite the fact that the master regulator of 6 

the HPT axis, TRH is an easily assayed tri-7 

peptide, setting up a biologically relevant 8 

in vitro system to assess effects of potential 9 

disruptors of T3 regulation of Trh 10 

transcription and TRH production is far 11 

from straightforward. The main problem is 12 

obtaining an in vitro system that replays a) 13 

the TR specific transcriptional repression of Trh transcription , b) the complex enzymatic processing 14 

of the preprohormone to active TRH,  and c) the controlled process of active TRH secretion at the 15 

neuronal terminals in close association with the glial cells. Similar arguments apply to TRH receptor 16 

activation. Notably, TRH activation of the TRHR1 on thyrotropes activates first the release of ready 17 

available TSH and then the synthesis of the two subunits, the α subunit common to all glycoproteins 18 

of the pituitary (αGSU) and the TSH specific β subunit, βTSH. TRHR-1 activation in thyrotropes 19 

leads to activation of three second messenger pathways, phospholipase C, Ca++ mobilisation and 20 

PKC activation. Finding a cell line that faithfully reproduces these three lines of action has not been 21 

satisfactorily demonstrated. The TSH receptor activation assay is further advanced.  In addition to the 22 

lack of an appropriate in vitro model, validation of any assay based on these MOAs would be 23 

hindered by the lack of substances known to impair either TRH or TSH release. 24 

Conclusion: The block of assays described in Part 2 targeting central HPT regulation assessment is 25 

determined as being at a low level of readiness (level C and B) for inclusion in the TG programme. 26 

The analysis (below) indicates aspects for further development of the assays. 27 

 28 

TRH production 

(Hypothalamus) 

TRH receptor activation 

(Pituitary) 

TSH receptor activation 

(Thyroid) 

C B B 

 29 

  30 

Figure 2: Hypothalamus and Pituitary Gland 
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Hypothalamic Thyrotropin-Releasing Hormone (TRH) Production/Release  1 

Overview: Thyroid hormone levels are kept within physiological ranges through hypothalamo-2 

pituitary neuro-endocrine feedback loops (Silva 1995). Increased T3 represses transcription of 3 

hypothalamic thyrotropin-releasing hormone (TRH), the master regulator of the hypothalamo-4 

pituitary/thyroid (HPT) axis (Lezoualch et al. 1992). In turn, decreased T3 output reduces metabolism 5 

and energy usage (Fekete and Lechan 2007). 6 

Hypothalamic TRH neurons integrate numerous metabolic, endocrine and neuronal signals 7 

(Hollenberg 2008). T3-responsive TRH neurons in the paraventricular nucleus (PVN) of the 8 

hypothalamus express all the functional thyroid hormone nuclear receptors (TRs) and a key 9 

membrane receptor involved in energy homeostasis, the melanocortin receptor Mc4r, a membrane 10 

receptor integral to central leptin/melanocortin signalling (Wikberg and Mutulis 2008). Leptin is a 11 

major satiety hormone and regulates energy homeostasis through food intake, energy partition and 12 

thermogenesis (Wikberg and Mutulis 2008).  13 

Transcriptional regulation of TRH is highly cell specific. Brain regions other than the PVN  express 14 

TRH (Decherf et al.2010),  and in the periphery some cells also express the preprothyrotropin gene 15 

and produce the tripeptide TRH (i.e.,  pancreatic  cells). However, only in the PVN neurons is the 16 

preprothyrotropin gene and TRH production are specifically down regulated by T3. This negative 17 

regulation requires a TRβ isoform (Guissouma. 1998) and presence of co-modulator factors, such as 18 

N-CoR (Cohen et al. 1998). 19 

Although no validated in vitro assay replicates this complex neuron-specific regulation, 20 

transcriptional regulation has been observed in a monkey kidney cell line, CV-1 cells, (Cohen et al. 21 

1998; Hollenberg et al. 1995), a human placental cell line (Flynn et al. 1994), and in primary cultures 22 

of chick hypothalamic neurons (Lezoualch et al. 1992). 23 

Pituitary - Thyrotropin-releasing hormone (TRH) receptor activation assay 24 

Overview: Thyrotropin-releasing hormone (TRH) is secreted from the terminals of TRH containing 25 

neurons and released into the mediance eminence from whence it reaches the pituitary gland. 26 

Thyrotrophs in the anterior pituitary express the TRH receptor, TRHR1. TRHR1 function is well 27 

characterised, notably rapidly desensitizing (Hinkle et al.2012), a fact that should be taken into 28 

account in all assay development. Thyrotrophs produce thyrotropin or thyroid stimulating hormone 29 

(TSH). TRH stimulation of TRHR1 leads to activation of phospholipase C, Ca++ mobilization and 30 

activation of PKC (Abe et al. 2004). TRH activates not only the secretion of TSH but also the 31 

transcription of TSHβ and α-glycoprotein (αGSU) subunit genes. TSHβ subunit expression is 32 

maintained by two transcription factors, Pit1 and GATA2, and is negatively regulated by thyroid 33 

hormone (T3) (Ohba et al.2011). A well characterised anterior pituitary cell line exists that expresses 34 

TRHR1 is the GH3 cell line (Hinkle et al. 1980), though, as their name suggests, most of the GH3 35 

cells lines are derived from prolactin or growth hormone secreting tumours. 36 

TSH receptor activation assay 37 

Overview: The TSH receptor is expressed on the basal membrane of thyroid follicle cells. Three 38 

assays have followed disruption of TSH-R action or its modification by pharmaceutical agents. In all 39 

cases the assays used TSH-R transfected into cell lines. The first one was Santini et al who used 40 

Chinese hamster ovary cells (CHO) and tested the effects of a limited number of pesticides on TSH 41 
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induced cAMP production (Santiniet al.2003). One of the first groups to use this sort of cell line was a 1 

Swedish group who compared stable transfection of the TSH-R in the CHO line and the NIH-TS-R 2 

line. The CHO line had the advantage of not showing desensitization to a second TSH stimulation 3 

(Heldin et al.1994). Another group used the same cell line (and two other cell lines) to assess the 4 

effects of the pesticide, DDT on TSH-R internalization (Picchietti et al. 2009). Later Gershengorn’s 5 

group used HEK-EM 293 cells stably expressing wild-type TSHRs (Neumann et al. 2010) to evaluate 6 

actions of potential synthetic TSH antagonists, again using TSH-dependent cAMP production as a 7 

readout.  8 

RANKING PARAMETER ANALYSIS - CENTRAL REGULATION (HPT) ASSAYS 9 

ASSAYS - CENTRAL REGULATION (HPT) 
1. Biological Plausibility Moderate: Although the mechanisms that might be assessed are critically 

important for thyroid hormone physiology and signalling not only are there no 

assay models available, there are not model substances that influence this 

pathway 

2. Extrapolation to 

humans, or broadly 

applicable across 

vertebrates/phyla 

Strong – similar physiology across the vertebrates 

3. Availability of 

Resources 
Weak – none available 

4. Reference Chemicals Weak – none available 

5. Within-lab 

reproducibility 
Weak – No assays 

6. Between-lab 

reproducibility 
Weak – No assays 

7. Assay Variability Weak – No assays 

8. Assay Accuracy Weak – No assays 

9. Assay Specificity Weak – No assays 

10. Assay sensitivity Weak – No assays 

11. Dynamic Range Weak – No assays 

12. Concentration test 

range 

Weak – No assays 

13. Detection/Adjustment 

of confounding factor; 

incorrect/ inconclusive 

measurements; other bias 

Weak – No assays 

14. Response 

Characterization 

Weak – No assays 

15. Technological 

Transferability 

/Proprietary elements 

Weak – No assays 

16. Transparency of the 

method 

Weak – No assays 

17. Documentation Weak – No assays 

  10 
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EVALUATION OF BLOCK #2 ASSAYS - THYROID HORMONE SYNTHESIS 1 
 2 

The block of assays targeting assessment of thyroid hormone synthesis encompasses three types of 3 

assays to evaluate thyroperoxidase activity (TPO), activation of the sodium iodide symporter (NIS), 4 

and functional assessment of stem cell-5 

derived thyrocytes. Several TPO and NIS 6 

assays are described. Stem cell-derived 7 

thyrocytes function assays have not yet 8 

been analysed. The analysis of the TPO 9 

assays indicates that one of them is at an 10 

intermediate level (B/A) of readiness for 11 

inclusion in the TG programme. The 12 

analysis of the NIS assays indicates that 13 

they are at level C or B of readiness for 14 

further development. 15 

 16 

.TPO inhibition NIS activation Stem cell-derived 

thyrocytes 

B to A C to B  Not analysed 

 17 

  18 



15 

 

Thyroperoxidase (TPO) function assays 1 

Overview: Thyroperoxidase (TPO) is a heme-containing apical membrane protein within the 2 

follicular lumen of thyrocytes that acts as the enzymatic catalyst for thyroid hormone synthesis.  TPO 3 

catalyses several reactions, including the oxidation of iodide, nonspecific iodination of tyrosyl 4 

residues of thyroglobuling (Tg), and the coupling of iodotyrosyls to produce Tg-bound 5 

triiodothyronine (T3) and  tetraiodothyronine (T4)  (Divi et al., 1994; Kessler et al., 2008; Ruf et al., 6 

2006; Taurog et al., 1996). From a clinical perspective, TPO represents a predominant autoantigen in 7 

autoimmune thyroid diseases (Czarnocka, 2011; Kaufman et al., 1989; McLachlan et al., 2007). From 8 

a toxicological perspective, chemical inhibition of TPO enzymatic activity is a well-documented 9 

molecular-initiating event in an adverse outcome pathway for thyroid hormone disruption in rodent 10 

models (Crofton, 2008; DeVito et al., 1999; Doerge et al., 2002a; Flippin et al., 2009; Hurley, 1998; 11 

Murk et al., 2013; Zoeller et al., 2005).  Treatment of hyperthyroidism with medications including 12 

methimazole (MMI) and 6-propylthiouracil has solidified a causative relationship between TPO 13 

inhibition, decreased thyroid hormone synthesis, and subsequently decreased systemic thyroid 14 

hormone concentrations in humans and animals (Cooper, 2005; Emiliano et al., 2010; Hosoya, 1963; 15 

Sugawara et al., 1999; Trepanier, 2006).  Importantly, the critical function of TPO is conserved across 16 

taxonomic class, as chemicals may inhibit TPO activity and result in decreased serum and/or tissue 17 

thyroid hormone concentrations in mammalian, amphibian, and avian species (Coady et al., 2010; 18 

Grommen et al., 2011; Rosebrough et al., 2006; Tietge et al., 2012).  The strong understanding of 19 

TPO as a necessary enzymatic component of thyroid hormone synthesis across species underscores 20 

the saliency of developing screening assays to detect TPO-inhibiting compounds, and ultimately for 21 

the development of a system biology predictive tool for thyroid disruption. 22 

Myriad chemicals across structural classes are known to inhibit TPO.  The list of TPO-inhibitors 23 

includes: methimazole, potassium cyanide, sodium azide, 3-amino-1,2,4-triazole (amitrole), 24 

thiouracil, 6-propylthiouracil, p-aminobenzoate, potassium thiocyanate, potassium perchlorate, 25 

sodium fluoride, thiourea, daidzein, genistein, ethylene thiourea, N,N,N’,N’-tetramethylthiourea, 26 

resorcinols, sulfamethazine, leucomalachite green, benzophenone-2, 2-mercaptobenzothiazole, 4-27 

propoxyphenol, 4-nonylphenol, along with others (Capen, 1998; Chang et al., 2000; Divi et al., 1997; 28 

Divi et al., 1994; Doerge et al., 2002a; Doerge et al., 1998; Doerge et al., 1994; Doerge et al., 2002b; 29 

Freyberger & Ahr., 2006; Hosoya, 1963).  These chemical-inhibitors of TPO-catalyzed TH synthesis 30 

have largely been identified with models that have relied on upon two primary assertions: that TPO 31 

activity is conserved across species. 32 

Porcine TPO (pTPO), derived from thyroid follicles, microsomes, or partially-purified protein 33 

fractions has been used frequently in either the guaiacol or iodide oxidation assays or the tyrosine 34 

iodination assay(Divi et al., 1997; Divi et al., 1994; Doerge et al., 2002b; Sugawara et al., 1999; 35 

Freyberger & Ahr, 2006).  A common substitute for pTPO has been bovine lactoperoxidase (Divi et 36 

al., 1994; Doerge et al., 1989; Taurog et al., 1996; Freyberger & Ahr, 2006); due to high conservation 37 

of residues within the catalytic domain of the superfamily of animal peroxidases and the homology of 38 

myeloperoxidase, lactoperoxidase (LPO) and thyroperoxidase in particular (Furtmuller et al., 2006), 39 

substitutions for TPO have produced plausible results in peroxidation assays. However, there no 40 

systematic investigations demonstrating comparable sensitivity of LPO to inhibition by known 41 

chemical classes of TPO inhibitors.  42 

The other assumption, that TPO activity would be concordant across species, appears plausible based 43 

on the results obtained with pTPO and bLPO; however, few studies have evaluated qualitative and 44 

quantitative differences in TPO activity across species. Takayama et al. (1986) compared the 45 
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sensitivity of monkey and rat TPO in the guaiacal assay and reported a 51-times and >455-times 1 

higher sensitivity of rat TPO for PTU and the sulfonamide sulfamonomethoxin. A recently submitted 2 

study evaluated pTPO and rat TPO using the guaiacol oxidation assay, and demonstrated 100% 3 

qualitative concordance across species for a 12 chemical training set, with some minor variability in 4 

the quantitative results between species likely not due to a biological difference between species (Paul 5 

et al., 2013).  Porcine TPO has also been used to accurately model inhibition of TPO activity by 2-6 

mercaptobenzothiazole observed in a whole animal Xenopus laevis model (Tietge et al., 2012).  A 7 

recent report suggested that rat TPO may be more responsive than human TPO to xenobiotic 8 

inhibitors for methimazole and 6-propylthiouracil (Vickers et al., 2012), but assessment with a larger 9 

chemical set would be necessary to evaluate this hypothesis. 10 

One potentially related endpoint that has not been considered for medium- or high-throughput assay 11 

development is dependence of TPO activity on the co-localized membrane partner and catalytic 12 

generator of H2O2, dual oxidase 2 (DUOX2) (Fortunato et al., 2010).  A separate consideration of 13 

DUOX2 and potential inhibitors would be needed in order to understand if it would be appropriate to 14 

develop screening assays for DUOX2 inhibition, or if inclusion of DUOX2 with TPO in a 15 

downstream test with greater biological complexity would be sufficient. 16 

Conclusion: The development of screening assays for inhibition of TPO is clearly necessary in order 17 

to assess a relevant target of a diverse set of environmentally-relevant thyroid-disrupting chemicals. 18 

There is an available assay, the AUR-TPO inhibition assay, which may already be suitable for a 19 

medium- or high-throughput screening application.  Development of additional orthogonal assays or 20 

assays that do not use animal tissue may be important for increasing the chemical space that can be 21 

tested with this assay technology and confidence in the assay results.   22 

  23 
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RANKING PARAMETER ANALYSIS FOR TPO ASSAYS 1 

AMPLEX ULTRARED® THYROPEROXIDASE INHIBITION ASSAY - AUR-TPO 
1. Biological Plausibility Strong.  TPO catalytic activity is essential for thyroid hormone synthesis.  

2. Extrapolation to 

humans, or broadly 

applicable across 

vertebrates/phyla 

Strong.  Complete qualitative concordance, and similar quantitative results, 

for rat and porcine TPO.  Previous work with pTPO and LPO has been 

confirmed with whole animal rat and amphibian models.   

3. Availability of Resources 

Moderate.  Source of TPO or similar enzyme may be a barrier. Thyroid glands 

as TPO source can be difficult to obtain by commercial or necropsy methods. 

Hog thyroids are large and more readily accessible.   

4. Reference Chemicals 
Strong. Many TPO-inhibiting chemicals available to include in assay training 

sets. These include pharmaceuticals, to pesticides, to industrial-use chemicals.   

5. Within-laboratory 

reproducibility 
Strong. Highly reproducible within the one lab it has been established  

6. Between-laboratory 

reproducibility 
Weak. Not Established. 

7. Assay Variability Moderate-Strong. CV < 20%  

8. Accuracy 

Strong. Assay evaluated with training set of 12 positive and 9 negative test 

chemicals selected on basis of traditional TPO assays using guaiacol oxidation 

or tyrosine iodination.  Good agreement among assay results. 

9. Assay Specificity Strong. 

10. Assay Sensitivity Strong.  

11. Dynamic Range 

Strong. Dynamic range appears adequate to distinguish signal from 

background, with an average dynamic range of approximately 11-fold vehicle 

control in the automated 384-well format. 

12. Concentration test 

range 
Strong. Cell-free assay, cytotoxicity is not limiting. 

13. Detection/Adjustment 

of confounding factor 

and/or incorrect/ 

inconclusive measurements 

and/or other bias 

Moderate. Chemicals that are nonspecific protein inhibitors (e.g. detergents) 

may interfere with this biochemical assay.  Chemicals with a similar 

fluorescence emission could introduce testing bias.   

14. Response 

Characterization 
Strong. 

15. Technological 

Transferability/ 

Proprietary elements 

Strong. Easily transferrable, but the source of the enzyme remains a barrier.  

16. Transparency of the 

method 
Strong. Published manuscript 

17. Documentation Moderate-Strong. Published manuscript 

 2 

  3 
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 1 

GUAIACOL/IODIDE/TYROSINE OXIDATION THYROPEROXIDASE INHIBITION 

ASSAYS 

1. Biological Plausibility 

Strong.  TPO catalytic activity is essential for thyroid hormone synthesis. 

Iodide is the physiological substrate for TPO-catalysed iodination. These  

assays reflects key events in iodination, i.e., the oxidation of iodide and the 

iodination of tyrosine. 

2. Extrapolation to 

humans, or broadly 

applicable across 

vertebrates/phyla 

Strong.  These assays have been successfully applied to rat, monkey, porcine, 

and in some cases human recombinant and human goiter TPO. In the future, 

assay systems could be used with recombinant human with LPO.  

3. Availability of Resources 

Moderate.  Source of TPO or similar enzyme may be a barrier. Thyroid glands 

as TPO source can be difficult to obtain by commercial or necropsy methods. 

Hog thyroids are large and more readily accessible.  If chromatography is used  

an HPLC is necessary. 

4. Reference Chemicals 
Strong. Many TPO-inhibiting chemicals available to include in assay training 

sets. These include pharmaceuticals, to pesticides, to industrial-use chemicals.   

5. Within-laboratory 

reproducibility 
Weak. Generally not established. There is limited data from Paul et al. (2013)  

6. Between-laboratory 

reproducibility 
Weak. Not established. 

7. Assay Variability Weak. Not established. 

8. Accuracy Weak. Not established. 

9. Assay Specificity Weak. Not established. 

10. Assay sensitivity Weak. Not established. 

11. Dynamic Range Weak. Not established. 

12. Concentration test 

range 

Moderate-Strong. Is limited by solubility and sensitivity to given solvents. 

Since this is cell-free assay, cytotoxicity is not limiting 

13. Detection/Adjustment 

of confounding factor 

and/or incorrect/ 

inconclusive measurements 

and/or other bias 

Moderate-Strong. Chemicals that are nonspecific protein inhibitors (e.g. 

detergents) may interfere with this biochemical assay. Compounds known to 

readily react with quinones such as thiols may trap the assay oxidation product 

and mask peroxidase activity. Possible that coloured chemicals could interfere 

with the accurate quantification of colour formation.  

14. Response 

Characterization 
Weak. Not established. 

15. Technological 

Transferability/Proprietar

y elements 

Strong. All chemicals needed are readily available.. 

16. Transparency of the 

method 
Strong. Several protocols with different assay conditions have been published  

17. Documentation 
Moderate-Strong. Several protocols with different assay conditions have been 

published. 

 2 
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Sodium Iodide Symporter (NIS) Activation Assays 1 

Overview: Active uptake of iodide by thyroid follicular cell in the thyroid gland is essential for TH 2 

synthesis. This is accomplished by the sodium-iodide symportor (NIS). Competitive inhibition of 3 

NIS-mediated iodide uptake by specific anions blocks not only thyroidal iodide uptake and impairs 4 

TH synthesis (Wolff, 1998). In humans, mutations in the NIS protein are associated with congenital 5 

iodide transport defect, a condition characterized by low iodide uptake, hypothyroidism and goitre 6 

(Bizhanova and Kopp, 2009). The classic assay to test the ability of a chemical to interfere with NIS-7 

mediated iodide uptake is based on the measurement of radioiodine (
125

I) uptake in NIS-expressing 8 

thyroid (FRTL5) cells (Atterwill and Fowler, 1990; Schmutz ler et al., 2007b).  9 

A fully automate d radioiodine uptake assay was developed d for rapid and quantitative screening of 10 

test chemicals in a 96-well format using HEK293 cells transfected with human NIS (Lecat-Guillet et 11 

al., 2007, 2008; Lindenthal et al., 2009 ). This method has been used to screen a chemical library of 12 

17,020 structures (Lecat-Guillet et al., 2008). A nonradioactive iodide uptake assay was recently 13 

developed using FRLT5 cells (Waltz et al., 2010 ). A fluorescent assay for cellular iodide uptake was 14 

also recently developed. 15 

Conclusion: The development of screening assays for NIS inhibition is clearly necessary in order to 16 

assess a relevant target of environmentally-relevant thyroid-disrupting chemicals.  Both radioactive 17 

and fluorescence based thyroid and transiently transfected cell based assays are available and have 18 

been used to screen environmental chemicals.  Analysis of the group of NIS assays indicates that they 19 

are at an intermediate level (level C-B) of readiness for validation in the short term and could be 20 

proposed for OECD TG development. 21 
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RANKING PARAMETER ANALYSIS FOR NIS ASSAYS 1 

SODIUM/IODIDE UPTAKE ASSAY:  RADIOACTIVE IODIDE IN TRANSIENTLY 

TRANSFECTED FRTL-5 CELLS 

1. Biological Plausibility Strong.  Iodine is essential for thyroid hormone synthesis. The sodium-iodide 

symporter (NIS) transports iodine into the thyroid gland.  

2. Extrapolation to 

humans, or broadly 

applicable across 

vertebrates/phyla 

Moderate. 

3. Availability of Resources Strong 

4. Reference Chemicals Weak.  No endocrine disrupting chemicals tested 

5. Within-lab 

reproducibility 
Strong. 

6. Between-lab 

reproducibility 
Weak. Not established 

7. Assay Variability Low. High variability 

8. Assay Accuracy Strong. 

9. Assay Specificity Strong. 

10. Assay sensitivity Strong. Nanomolar concentrations of test substance assessed 

11. Dynamic Range Moderate. 

12. Concentration test 

range 
Strong.  

13. Detection/Adjustment 

of confounding factor; 

incorrect/ inconclusive 

measurements; bias 

Weak. Not established. No endocrine disrupting chemicals assessed. Needs 

adaptation from research setting.  

14. Response 

Characterization 
Strong. 

15. Technological 

Transferability/ 

Proprietary elements 

Moderate. Transfer of technology is possible 

16. Transparency of the 

method 

Strong. Published literature - Atterwill and Fowler, 1990; Schmutz ler et al., 

2007 

17. Documentation Weak. 

 2 
  3 
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SODIUM/IODIDE UPTAKE INHIBITION ASSAY- TRANSIENT TRANSFECTION IN HUMAN 

EMBRYONIC KIDNEY 293-DERIVED CELLS: RADIOACTIVE/ COLORIMETRIC READOUTS. 

1. Biological Plausibility Strong.  Iodine is essential for thyroid hormone synthesis. The sodium-iodide 

symporter (NIS) transports iodine into the thyroid gland. 

2. Extrapolation to 

humans, or broadly 

applicable across 

vertebrates/phyla 

Strong. Human cells used with endogenous NIS 

3. Availability of Resources Strong. For colorimetric method, weaker for radioactivity method 

4. Reference Chemicals Moderate. Radioactivity method has been used to screen a chemical library of 

17,020 structures 

5. Within-lab 

reproducibility 
Strong. 

6. Between-lab 

reproducibility 
Weak. Not established 

7. Assay Variability Strong. 

8. Assay Accuracy Strong.  

9. Assay Specificity Strong.  

10. Assay sensitivity Strong. Nanomolar concentrations of test substance detectable 

11. Dynamic Range Moderate. 

12. Concentration test 

range 
Strong. Nanomolar – micromolar concentrations assessed 

13. Detection/Adjustment 

of confounding factor; 

incorrect/ inconclusive 

measurements; other bias 

Moderate. Any cell-based NIS assay subject to bias induced quenching of 

radioactive signal by some chemicals;  isotopic dilution due to free iodide in 

the samples; alteration in the membrane status; cell toxicity 

14. Response 

Characterization 
Strong.  

15. Technological 

Transferability 

/Proprietary elements 

Moderate-Strong. Transfer of technology is possible  

16. Transparency of the 

method 

Strong. Published literature - Lecat-Guillet et al., 2007, 2008; Lindenthal et 

al., 2009  

17. Documentation Strong.  Published literature - Lecat-Guillet et al., 2007, 2008; Lindenthal et 

al., 2009 

 1 

  2 
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NON RADIOACTIVE SODIUM/IODIDE UPTAKE ASSAY BASED ON SANDELL-KOLTHOFF 

REACTION AND USING FRTL5 CELLS  

1. Biological Plausibility Strong.  Iodine is essential for thyroid hormone synthesis. The sodium-iodide 

symporter (NIS) transports iodine into the thyroid gland. 

2. Extrapolation to 

humans, or broadly 

applicable across 

vertebrates/phyla 

Moderate.  Rat NIS are used.  . 

3. Availability of Resources Strong 

4. Reference Chemicals Strong 

5. Within-lab 

reproducibility 
Strong.  

6. Between-lab 

reproducibility 
Weak.  Not established. Only run in one lab 

7. Assay Variability Strong 

8. Assay Accuracy Strong. Perchlorate + 10 other chemicals identified out of more than 100 

9. Assay Specificity Strong 

10. Assay sensitivity Strong  Picomolar concentrations  of test substance detected. Sensitivity 

similar to radioactivity-based method 

11. Dynamic Range Strong 

12. Concentration test 

range 
Strong. Picomolar to micromolar concentrations tested 

13. Detection/Adjustment 

of confounding factor; 

incorrect/ inconclusive 

measurements; bias 

Strong. 

14. Response 

Characterization 
Strong  

15. Technological 

Transferability 

/Proprietary elements 

Strong. Currently tested in 96 well plate format 

16. Transparency of the 

method 
Strong. Published literature (Waltz F. et al., 2010). 

17. Documentation Strong. Published literature (Waltz F. et al., 2010). 

 1 

  2 
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EVALUATION OF BLOCK #3 ASSAYS – BINDING AND TRANSPORT IN SERUM 1 
 2 
The block of assays targeting assessment of thyroid hormone secretion and transport in serum 3 
encompasses three types of assays, those evaluating T3 and T4 bounding to thyroxin-binding globulin 4 

(TBG) and transthyretin (TTR) (Figure 4), and 5 
assays evaluating transport of thyroid hormone 6 
across the placenta.  Several TBG and TTR 7 
assays are described in Part 2. No details are 8 
available at present for assays examining 9 
transport of thyroid hormone across the 10 
placenta.  11 
Analysis of the group of TBG and TTR assays 12 
indicates that they are at a high level (level A) 13 

of readiness for validation in the short term and could be proposed for OECD TG development. 14 
 15 

TTR binding TBG binding Transport over placenta & BBB 

A A Not Yet Analysed 

 16 

  17 
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Thyroid Hormone Binding Proteins (TTR and TBG) 1 

Overview:  In the blood, most of the thyroid hormone (T3 and T4) is bound to proteins. One of the 2 

primary functions of thyroid hormone serum binding proteins is to safeguard the body from the effects 3 

of abrupt fluctuations in hormonal secretion. The second is to efficiently recycle the body’s supply of 4 

iodine by creating large macromolecules that limit iodine loss by preventing rapid metabolism of 5 

iodothyronine molecules and excretion of iodine-containing metabolites and iodine. In humans, the 6 

protein with lowest concentration in the serum but the highest affinity for thyroid hormone binding is 7 

thyroxin-binding globulin (TBG) followed by transthyretin (TTR). Albumin is the most abundant but 8 

least effective binding protein in serum, due to its nonspecificity and low affinity for thyroid hormone. 9 

TBG carries the majority of T4 in the blood despite its low concentration. Serum binding proteins are 10 

responsible for the maintenance of a large extrathyroidal pool of thyroid hormone of which only the 11 

minute fraction of free hormone (<0.5%) is immediately available to tissues.  12 

Thyroid disrupting chemicals can impact circulating levels of free and bound thyroid hormones 13 

through their ability to interfere with serum binding proteins. Some PCBs, flame retardants, phthalates 14 

and phenols bind to TTR and in their bound form they may alter circulating levels of thyroid hormone 15 

by displacing T4 from TTR (Brouwer et al., 1998; Chauhan et al., 2000). The effects of xenobiotics 16 

on serum protein binding are not known to produce adverse effects. Although xenobiotics may 17 

interfere with binding of T4 to serum binding proteins and cause a reduction in circulating levels of 18 

total T4, this often does not cause a reduction in serum free T4. The implications of this xenobiotic 19 

action is unclear as the relationship of free or total serum hormone to tissue levels of thyroid hormone 20 

remains poorly understood. Although TTR carries only a minor part of the T4 pool in plasma in 21 

humans, it is the major T4 binding protein in some wildlife species (e.g., birds, amphibians, fish, and 22 

rodents). TBG is the primary binding protein in humans. Xenobiotics that interfere with TTR binding 23 

of T4 may have greater negative effects in wildlife species than in humans. However, TTR in humans 24 

is important for maternal to foetal transport of thyroid hormones and for delivery of T4 across the 25 

blood-brain-barrier.  As such, xenobiotics bound to TTR or TBG may also be transported to normally 26 

inaccessible sites of action, including the foetal brain with a resultant decrease in foetal brain T4 27 

levels. It has also been suggested that TTR binding is predictive of interactions with other proteins 28 

involved in the T4 pathway (Brouwer, 1991; Zoeller and Tan, 2007).  29 

Several TH binding protein assays have been developed and published. They fall into 3 main types 30 

that differ primarily in their method of detection – displacement of radioactive T4; non-radioactive 31 

fluorescence displacement of T4; surface plasmon resonance biosensing.  32 

Conclusion: The incorporation of screening assays for serum binding proteins is justified by the 33 

potential for this mechanism to disrupt hormone availability especially in the foetal brain, the 34 

potential for these assays to identify T4-like toxicants, the susceptibility of hormone binding 35 

displacement by a diverse suite of chemicals, and the existence of high throughput assays already 36 

available for this endpoint. Based on the state of science for serum binding proteins the assays for this 37 

modality falls into Level A  with the caveat that some but not all of the protocols involve the use of 38 

radioisotopes. 39 

  40 
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RANKING PARAMETER ANALYSIS 1 

TTR AND TBG BINDING ASSAYS 

 

1. Biological Plausibility 

Strong. Displacement of thyroid hormone from binding sites on TTR or TBG 

represents a plausible biological process that has been documented for a 

number of chemicals. 

2. Extrapolation to 

humans, or broadly 

applicable across 

vertebrates/phyla 

Strong. The assay uses human TTR and TBG and has also been performed 

with source material from other species 

 

3. Availability of Resources 

Strong. Technically, the assays can be readily mastered and materials for 

some forms at least are widely available. Some forms of the assay do require 

expensive and technically challenging platforms. Some forms involve 

radioactive isotopes. 

4. Reference Chemicals Strong There are well characterized and readily available chemicals to use as 

positive controls and which have been evaluated in several versions of the 

assay. 

5. Within-laboratory 

reproducibility 
Strong 

6. Between-laboratory 

reproducibility 
Strong 

7. Assay Variability Strong . Some forms of the assay are more variable than others, but generally 

ranking is high for this parameter. 

8. Accuracy Strong  

9. Assay Specificity Strong  

10. Assay sensitivity Strong  

11. Dynamic Range Strong  

12. Concentration test 

range 

Strong. Some solvents used as vehicle may induce interference with 

fluorescence-based assays 

13. Detection/Adjustment 

of confounding factor; 

incorrect/ inconclusive 

measurements; bias 

Strong . 

14. Response 

Characterization 
Strong  

15. Technological 

Transferability/Proprietar

y elements 

Strong 

16. Transparency of the 

method 
Strong  

17. Documentation Strong  

 2 

  3 
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EVALUATION OF BLOCK #4 ASSAYS - METABOLISM AND EXCRETION 1 
 2 

The block of assays targeting assessment of thyroid hormone metabolism and excretion encompasses 3 

three types of assays, those evaluating effects on the enzymatic systems involved in deiodination, 4 

glucuronidation and sulfation of thyroid hormones 5 

(Figure 5). Several of each type of the assays are 6 

described in Part 2.  7 

Three groups of deiodonation assays were considered: 8 

radioactive, HPLC based and colorimetric methods. The 9 

analysis concludes that the radioactivity based assays are 10 

still the best balance between specificity and heavy 11 

material needs. HPLC is also a very sensitive method 12 

and offers a less biased approach because of the 13 

detection of all thyroid hormones metabolites. The 14 

colorimetric method is a promising alternative to the 15 

radioactive methods but is still limited in sensitivity and 16 

restricted to rich sources of enzymatic activity. 17 

Overall, the analysis concludes that the deiodination activity assays are still at a low to medium level 18 

of readiness for inclusion in the test guideline program for different reasons including technical and 19 

sensitivity issues. In addition, it is recommended that a high throughput mRNA-based method for 20 

assessment of deiodinase activation could be developed to complement the activity assays.  21 

Glucuronidation and sulfation assays were not analysed, but are important  thyroid metabolism 22 

mechanisms, as .glucuronidation of TH often precedes biliary fecal excretion of TH and in rats, 23 

stimulation of glucuronidation by various drugs and toxins may lead to lower T(4) and T(3) levels, a 24 

compensatory increase in thyrotropin (TSH) secretion, and goiter. 25 

Deiodination is the major pathway regulating T3 bioavailability in mammalian tissues. 26 

Sulfation also plays a role in iodothyronine metabolism, sulfation of T4 and T3 accelerates 27 

deiodination to their inactive metabolites, reverse triiodothyronine (rT3) and T2, respectively. 28 

Sulfoconjugation is important for foetal development, as it regulates the supply of T(3), via sulfation 29 

followed by deiodination, and facilitates the maternal-foetal exchange of sulfated iodothyronines, 30 

which is important for normal foetal development in the last trimester.  31 

In humans glucuronidates and sulfated iodothyronines can be hydrolysed to their precursors in 32 

gastrointestinal tract and various tissues. Thus, these conjugates can serve as a reservoir for 33 

biologically active iodothyronines (e.g., T(4), T(3), or T(2)). 34 

Further discussion more generally, on metabolism for EAS and T assays, can be found in DRP 97 35 

(OECD 2008, and Jacobs et al 2008) and with case study examples (Jacobs et al 2013).  36 

 37 

Deiodination 
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Deiodination 

up-regulation 

Glucuronidation 

inhibition 

Glucuronidation  
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Sulfation 

Inhibition 
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Figure 5: TH metabolism 
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Deiodination Inhibition and Upregulation 1 

Overview: Work over the last decades consisted primarily of determining presence and activity of 2 

two different enzymes involved into T4 to T3 conversion. Based on kinetic analyses and patterns of 3 

inhibition by compounds such as Propylthiouracyl (PTU), two separate enzymes possessing Outer 4 

Ring Deiodination (ORD) activity were identified in mammalian tissues and designated as type 1 and 5 

type 2 deiodinases (D1 and D2). In 1974, Chopra demonstrated that rT3 resulted from T4 deiodination 6 

and a third deiodinase, the type 3 (D3), was identified (Roti et al., 1981; Kaplan et al., 1983). This 7 

enzyme catalyses the Inner Ring Deiodination (IRD) of T4 to rT3 and T3 to T2; rT3 and T2 thought 8 

to have minimal activity. This makes D3 an inactivating deiodinase. All the three deiodinases are 9 

selencysteine containing proteins 10 

Type I deiodinase (D1) is an integral membrane protein expressed mainly in liver, kidney, and 11 

thyroid. Sub cellular localization is either the plasma membrane or endoplastic reticulum. Among the 12 

nonsulfated conjugates, rT3 is the preferred substrate with a faster ORD than the deiodination of any 13 

other iodothyronine (Hennemann G, Visser TJ 1997). Although it catalyses the conversion of T4 to 14 

T3 much less effectively, D1 is considered to be the major source of circulating T3 (Visser TJ 1988,  15 

Kohrle J, Hesch RD, Leonard JL 1991, Larsen PR, Berry MJ 1995). The conjugated compounds T4 16 

sulfate and T3 sulfate are preferred substrates for inner ring deiodination (IRD) (St Germain DL, 17 

Galton VA). D1 is reduced in hypothyroidism, stimulated in hyperthyroidism and probably provides 18 

most of the circulating T3 in the adult rat.  19 

Type II 5'-deiodinase (5'D-II) is an obligate ORD, the preferred substrate of which is T4. D2 activity 20 

is found in pituitary, brain, brown adipose tissue but also thyroid gland and skeletal muscle (Crantz 21 

FR et al., 1982; Salvatore D et al., 1996a, b). D2 is localized in the cell at the endoplastic reticulum  22 

and its role is in local T3 production and is particularly important in the brain especially in glial cells 23 

(astrocytes, tanycytes), where it produces more than 75% of the nuclear T3 in the cerebral cortex in 24 

the rat (Guadano-Ferraz et al., 1997, Rodriguez et al., 2010, Mohaacsik et al 2011). Type II 5'-25 

deiodinase (5'D-II) activity is increased by thyroidectomy, is not inhibited by PTU and provides 50-26 

80% of the intracellular T3 in these two tissues. D2 mRNA was detected in human heart but no 27 

activity was found (Salvatore et al., 1996). However, in a recent paper D2 mRNA as well as D2 28 

activity were reported to be present in mouse and rat heart with an increase in D2 mRNA expression 29 

and/or activity in hypothyroidism. 30 

Type III deiodinase (D3) is an obligate IRD with T3 as the preferred substrate. It is the major T3 and 31 

T4 inactivating deiodinase, catalysing their conversion to 3,3’-T2 and to rT3, respectively. D3 is 32 

expressed in placenta, uterus during gestation, brain, human embryonic liver (Santini F, et al. 1999; 33 

Galton VA, Martinez E, Hernandez A, St Germainet al,, 1989; Bernal J 2002;  Richard et al., 1998 ). 34 

D3 is mainly at the plasma membrane localization (with active centre facing extracellular space) and 35 

its supposed main function in thyroid hormone homeostasis is to limit tissue exposure to excess active 36 

hormone. Regulation of D3 is less obvious than the others deiodinases whereas T3 positively 37 

regulates D3 activity at the transcriptional level in brain, no regulation was observed in placenta. This 38 

indicates that this gene is differently responsive to T3 in different tissues (Bianco AC, et al., 2002; 39 

Mori et al. 1995; Roti et al., 1982). 40 

Enzymes can be assessed for either changes in the expression levels of their mRNA which could 41 

indicate a change in protein levels, or they can be assessed directly for activity which is the more 42 

physiological as many controls of activity are done post translationally. Using both approaches 43 

endocrine disruptors effects could be assessed. 44 
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In vitro mRNA level measurement assays may utilize cell line that either expresses the gene of 1 

interest or a cell line which is transfected to express the gene of the enzyme of interest in response to 2 

xenobiotics. Alternatively a reporter construct could be used as an indicator when the response 3 

elements for that gene are activated. In general, these reporter gene assays are amenable to high-4 

throughput screening. As all mRNA of the three deiodinases were cloned in mammals, mRNA levels 5 

change based assays are possible. Xenobiotics effects assessment also. No such assays are developed 6 

or under development. 7 

In vitro deiodination activity is classically determined by incubating cells or homogenates with high 8 

amounts of 
125

I,
 
Iodine-labelled thyroxine (T4) and required cosubstrates. Historically D1 was first 9 

isolated from liver and kidney microsomes (Goswani and Rosenberg, 1984; Chopra et al., 1978; 10 

Chiraseveenupranund et al., 1978). Later tests were performed on cells using primary culture of foetal 11 

rat brain (Leonard and Larsen, 1985). In this article authors showed potency to use these cells to 12 

decipher activity of all the three deiodinases, not only D1. Using a specific deiodinase 1 inhibitor such 13 

as PTU, D2 and D1 or D3 and D1 activities should be discriminated. As a measure of deiodination, 14 

the production of radioactive iodine and other physiological metabolites, in particular T3 (ORD 15 

activity) or reverse T3 (IRD activity), are determined and expressed e.g. as fmol/mg protein/minute. 16 

All the assays of this type are described below grouped under the name of “radioactivity -based 17 

deiodinase activity assays”. 18 

The radioactive methods monitor the amount of radioactive iodine released from a labelled substance. 19 

Most of the time D1 activity is determined in tissue or cells extracts usually using a microsomal 20 

preparation and reaction buffers containing DTT as artificial co-substrate (Leonard and Rosenberg 21 

1978). Enzymatic activity per time and milligram of protein is calculated by the amount of released 22 

radioactivity after separating the liberated 
125

I tracer from the reaction mixture. Using a specific 23 

deiodinase type-1 inhibitor such as PTU, D2 or D1 activities can be discriminated. For example the 24 

study performed by Freyberger et al., 2006 aims to assess the inhibition of type-1 deiodinase (D1). It 25 

has a good reproducibility and provides quantitative assessment of the deiodinase type-1 activity. Its 26 

design allows comparison of the ability of test chemicals to inhibit either enzyme, and if inhibition 27 

occurs, to determine the half maximal inhibitory concentration (IC50). However, this design cannot 28 

discriminate between ORD and IRD activities. 29 

Recently, several methods of separating and quantifying iodothyronines using chromatography 30 

coupled to mass spectroscopy have been described. One such method using liquid chromatography – 31 

mass spectroscopy (LC-MS) to quantify the reaction products of human deiodinase type-1 activity in 32 

human microsomes (Butt et al., 2010). This analysis is more time consuming than the radioactivity 33 

method described above, and requires technical expertise in analytical chemistry and highly-34 

specialized chromatography equipment.  However, the method has the advantage of measuring not 35 

only *I but also all iodothyronines and, therefore, also provides information on T4 IRD.  The latter 36 

study investigated the influence of various halogenated commodity chemicals, such as TBBPA, 37 

triclosan, BDE 47 on the formation of T3 from T4. By evaluating effects of each substance across a 38 

broad range of doses, IC50 values could be calculated for inhibitory substances.  This assay is 39 

described below under the heading “Chromatography-based deiodinase activity assay”. 40 

More recently Renko et al., (2012) developed a non-radioactive using a colorimetric method based on 41 

Sandell-Kolhoff reaction (see reaction below) which offers double advantage of combining the 42 

classical deiodination assay with an easily accessible photometric measuring iodide release. In brief, 43 

iodine works as a catalyst within this redox reaction between Ce(IV) and As(III) leading to an 44 
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reduction of the intensity of colour of the Ce(IV) substrate. Furthermore, the protocol was adapted to 1 

minimize handling effort and reduce the time required. 2 

  3 

 4 

 5 

The reaction between As(III) and Ce(IV) is catalysed by iodide (I-). Thus; the more iodide present the 6 

faster the loss of yellow colour (from Waltz et al., 2010). 7 

 8 

Xenobiotic effects on deiodinase activities 9 

When the effect of xenobiotic on enzyme activity is the desired endpoint, use of the three approaches 10 

using purified or semi purified enzymes could be used. Generally, a model substrate needs to be 11 

available for assessing the activity of the enzyme, and the enzyme activity can be altered by the co-12 

incubation with a chemical of interest. 13 

Most of the information currently available comes from numerous studies using radioactive based 14 

approach. However, the chromatography-based detection method published by Butt et al, was used to 15 

test effects of halogenated contaminants, such as TBBPA, Triclosan, BDE 47. However, we have to 16 

bear in mind that deiodination assays listed above would detect the effects of a xenobiotic on the 17 

activity of the enzyme but will not provide information on alternative mechanisms of action that can 18 

affect the level of deiodinase enzyme activity within a target tissue. Enzyme activity could be altered 19 

by:  20 

a) An indirect effect of the xenobiotic to induce a state of general stress/toxicity that in turn alters 21 

deiodinase expression.  22 

b) direct effects on the liver or the deiodinases enzymes themselves. 23 

The potential exists for determining the direct effects of xenobiotics on the liver by perfusing the liver 24 

(Brett et al. 1998) with a physiological solution containing the xenobiotic or by adding the xenobiotic 25 

to a primary suspension of hepatocytes isolated from collagenase-perfused livers (Sweeting and Eales, 26 

1992c) or to tissue slices (Brett and Leatherland 1998). This technique is not amenable to high 27 

throughput. 28 

Conclusions: Currently 3 main types of deiodinase assays are available: Methods for assessing 29 

deiodinases activities by monitoring radioactive iodine release from labelled T4, chromatography-30 

based method for quantifying deiodinase products of thyroxin and colorimetric method for estimating 31 

the release of iodine from T4. The challenge for all assay methods is to find sufficient quantity of 32 

human type-2 deiodinase activity to provide a model to test.  Type-1 deiodinase is more easily 33 

acquired as it is present in liver microsomes.  Given that there are well established differences 34 

inhibitory effects of PTU on these activities, it is plausible that other substances may show similar 35 

differences in effect.  36 
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Among the assays dealing with deiodinase activity, radioactivity based assays are still the best balance 1 

between specificity and heavy material needs. HPLC is also a very sensitive method and offers a less 2 

biased approach because of the detection of all thyroid hormones metabolites. As a non-radioactive 3 

based method, the colorimetric method is one promising alternative but is still limited in sensitivity 4 

and restricted to rich sources of enzymatic activity. 5 

 6 

  7 
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RANKING PARAMETER ANALYSIS FOR DEIODINATION ASSAYS 1 

RADIOACTIVE METHODS FOR ASSESSING DEIODINASES ACTIVITIES 

1. Biological Plausibility 
Strong.  Outer ring deiodination converts the prohormone T4 to the active 

form of thyroid hormone T3 in in peripheral tissues.  

2. Extrapolation to 

humans, or broadly 

applicable across 

vertebrates/phyla 

Yes 

3. Availability of 

Resources 
Strong.  But uses radioactivity 

4. Reference Chemicals  

5. Within-laboratory 

reproducibility 

Strong. It has a good reproducibility and provides quantitative assessment of 

the deiodinase type-1 activity. 

6. Between-laboratory 

reproducibility 
Strong. Different laboratories used this assay and results were comparable.  

7. Assay Variability Weak.  

8. Accuracy Strong.  The ease of use allows testing of replicates across a broad range of 

doses of test substance allowing precise assessment of IC50.   
9. Assay Specificity Strong. 

10. Assay sensitivity Sensitivity for low endogenous DIO activities can be improved by reduction 

of non-radioactive substrate in relation to the radioactive tracer. 

11. Dynamic Range NA 

12. Concentration test 

range 
NA 

13. Detection/Adjustment 

of confounding factor; 

incorrect/ inconclusive 

measurements; bias 

Need for radioactivity authorization, the choice of substrates is limited by the 

availability of isotope labelled molecules. 

14. Response 

Characterization 

D1 activity is determined in tissue or cells extracts usually using a microsomal 

preparation and reaction buffers containing DTT as artificial cosubstrate. 

Enzymatic activity per time and milligram of protein is calculated by the 

amount of released radioactivity after separating the liberated 125I tracer from 

the reaction mixture. 

15. Technological 

Transferability/Proprietar

y elements 

None 

16. Transparency of the 

method 
High 

17. Documentation High 

 2 
  3 



32 

 

CHROMATOGRAPHY-BASED METHOD FOR ASSESSING DEIODINASE 

ACTIVITY 

1. Biological Plausibility 

Strong. This assay investigates test substance effects on  Outer Ring 

Deiodination (ORD) conversion by deiodinase activity which is an essential 

conversion for activation of the prohormonal T4 to the active thyroid hormone 

T3. Microsomal fractions from mice liver are dissected and Dio1 activity is 

measured by iodine quantification in the media fraction.  

2. Extrapolation to 

humans, or broadly 

applicable across 

vertebrates/phyla 

YES.  

3. Availability of 

Resources 

YES, radioactivity agreement is not necessary. Method requires highly 

specialize equipment and technical expertise in analytical chemistry. High 

maintenance, high cost and time consuming. 

4. Reference Chemicals  

5. Within-laboratory 

reproducibility 

Little information but should be acceptable with appropriate QC/QA 

procedures.. 

6. Between-laboratory 

reproducibility 
No Information 

7. Assay Variability Low 

8. Accuracy Not clear: .  

9. Assay Specificity High (simultaneous detection of substrates, intermediates, product). 

10. Assay sensitivity High 

11. Dynamic Range The dynamic range reported by Butt et al for formation of T3 from T4 was 

roughly 5 to 10 times greater than the standard deviation.  

12. Concentration test 

range 

In Butt et al., the authors report testing substances up to concentrations 10 fold 

excess  the limit of aqueous solubility 

13. Detection/Adjustment 

of confounding factor 

and/or incorrect/ 

inconclusive 

measurements and/or 

other bias 

 

14. Response 

Characterization 

Measurement of reaction products by Liquid chromatography – tandem mass 

spectrometry . 

15. Technological 

Transferability/Proprietar

y elements 

This is key assay limitations: high degree of technical expertise and expensive 

instrumentation required. 

16. Transparency of the 

method 
High 

17. Documentation  moderate 

 1 

  2 
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 1 

COLORIMETRIC METHOD FOR ASSESSING DEIODINASE ACTIVITY 

1. Biological Plausibility 

Strong. This assay investigates test substance effects on  Outer Ring 

Deiodination (ORD) conversion by deiodinase activity which is an essential 

conversion for activation of the prohormonal T4 to the active thyroid hormone 

T3. Microsomal fractions from mice liver are dissected and Dio1 activity is 

measured by iodine quantification in the media fraction. 

2. Extrapolation to 

humans, or broadly 

applicable across 

vertebrates/phyla 

YES. The reaction being analysed is common to all vertebrates. 

3. Availability of 

Resources 

YES. The technology required for the performance of the assay is easily 

acquired. No radioactivity certificate is needed. No specialized instruments are 

required. 

4. Reference Chemicals 

Yes. The authors described effects of methimazole (MMI), PTU and T4. The 

described a very significant effect of t4, MMI and PTU ( IC50=1.3µM for the 

PTU). They wanted to use iopanoic acid which is known to inhibit deiodinase 

activity.  

5. Within-laboratory 

reproducibility 
Yes: Samples assayed across two consecutive days yielded a CV<15% . 

6. Between-laboratory 

reproducibility 
No data available on this point 

7. Assay Variability NA 

8. Accuracy Yes.  T4, rT3, MMI and PTU treatments revealed results  

9. Assay Specificity 
Problems might be encountered with iodine containing compounds (iopanoic 

acid for example). 

10. Assay sensitivity 

In general the assay is limited in sensitivity. In the radioactive assay, 

sensitivity for low endogenous DIO activities can be improved by reduction of 

non-radioactive substrate in relation to the radioactive tracer. This is not 

possible with the nonradioactive assay. 

11. Dynamic Range NA 

12. Concentration test 

range 
Micromolar range 

13. Detection/Adjustment 

of confounding factor 

and/or incorrect/ 

inconclusive 

measurements and/or 

other bias 

The use of arsenic could be problematic due to its toxicity. 

14. Response 

Characterization 
Colorimetric 

15. Technological 

Transferability/Proprietar

y elements 

In development 

16. Transparency of the 

method 
High 

17. Documentation Low 

 2 

  3 
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Figure 5: Intracellular levels of the active hormone 

T3 are regulated by the action of transmembrane 

transporters (e.g. MCT8) and the conversion of 

prohormone T4 to T3 by DIO2.  Thyroid receptors 

located bound to DNA are activated by T3 resulting 

in changes to rates of transcription of THR-

responsive genes. 

EVALUATION OF BLOCK #5 ASSAYS - LOCAL CELLULAR CONCENTRATIONS 1 

The block of assays targeting assessment of local concentrations of thyroid hormone encompasses two 2 

types of assays, those evaluating effects on the thyroid hormones membrane transporters and the 3 

deiodinase activity in the peripheral tissues (Figure 5). The analysis of the deiodinase activity assays, 4 

which are applicable in this block as well, is 5 

outlined in the section above.  6 

Several TH membrane transporters assays are 7 

described in Part 2. The analysis of the assays with 8 

the view of their further development for inclusion 9 

in the test guidelines program concludes that the 10 

assays are at the highest level of readiness (Level 11 

A) or “in vitro/ex vivo assays that are ready for 12 

validation in the short term”. However, the use 13 

of radioisotopes in the currently available assays is 14 

recognised as a significant limitation of these 15 

assays. In addition, given that the activation of TH 16 

receptors, which is a function of the local TH 17 

concentrations, can easily and rapidly be assayed 18 

without the use of radioactive isotopes.  It may be 19 

feasible to develop thyroid receptor transactivation 20 

assays that can probe substances for both 21 

modalities (i.e. inhibition of transmembrane 22 

transporters and inhibition/activation of receptor 23 

transactivation) 24 

 25 

TH membrane transporters Peripheral deidonation 

A* C** 

  * lower priority Level A assays 26 

  ** based on the analysis of deiodination assays in the previous section 27 

  28 
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Transmembrane Thyroid Hormone Transporter assays 1 

Overview: Movement of thyroid hormones into and out of cells is achieved, physiologically, via 2 

active transport primarily through any of several highly-specific transporter molecules.  The identity 3 

of these and evidence for their role in thyroid physiology and pathophysiology are subjects of much 4 

ongoing research and several excellent reviews (Hennemann et al., 2001;  Heuer and Visser, 2009;  5 

Visser et al., 2011). At least four transporters - Monocarboxylase Transporter 8 (MCT8), 6 

MCT10,Organic Anion Transporter Protein 1C1 (OATP1C1) and OATP3A1 - have been identified 7 

through in vitro pharmacological studies as being high affinity, high specificity transporters of thyroid 8 

hormones and other iodothyronines.  A large number of other molecules are also able to transport 9 

thyroid hormones although these have lower specificity and there is very little evidence that any of 10 

these low specificity molecules play any role in in vivo thyroid physiology (see Table 1 in (Visser, et 11 

al., 2011)).  In contrast, there is strong evidence that the action of MCT8 plays a significant role in 12 

transporting T3 into target cells.  Genetic defects that result in loss of function of MCT8 are 13 

associated with a congenital syndrome characterized by severe neurological defects, poor muscle 14 

development and altered circulating thyroid hormones (Dumitrescu et al., 2004;  Friesema et al., 15 

2004).  The severity of deviation of circulating thyroid hormone levels from normal varies from case 16 

to case but elevated T3 and a tendency for reduced T4 and rT3 is consistent across cases (Schwartz et 17 

al., 2005). In addition, in mouse models in which MCT8 coding gene (Slc16a2) has been knocked out 18 

show a very similar pattern of altered circulating thyroid hormones as observed in human cases with 19 

reduced T4 and reverse T3 and increased serum T3 and TSH (Dumitrescu et al., 2006). Interestingly, 20 

that none of the MCT8 KO mice showed any marked neurodevelopmental impairments suggesting 21 

that thyroid hormone transport into developing brain tissue was not impaired suggesting redundancy 22 

of transporters in rodents but not humans.  These studies and, in particular, the severe impact of 23 

impaired MCT8 activity in humans suggests that the activity this molecule is critical for normal 24 

human development.   25 

Thyroid transporters in general and MCT8 in particular can also be inhibited by exogenous chemicals 26 

supporting their inclusion in a list of potential targets for thyroid toxicants.  There have been many 27 

published studies showing that a number of pharmaceuticals can inhibit T3 uptake into a variety of 28 

cell types.  Certain anti-inflammatory drugs (Lim et al., 1996;  Topliss et al., 1989), benzodiazepines 29 

(Kragie and Doyle, 1992) calcium channel blockers (Powell et al., 2000;  Scholz et al., 1997) and 30 

tyrosine kinase inhibitors (Braun et al., 2012) among other substances (Yan and Hinkle, 1993) can 31 

influence T3 uptake into cultured cells in vitro.  Thyroxin uptake into liver cells is impaired by a furan 32 

fatty acid derivative (3-carboxy-4-methyl-5-propyl-2-furanpropanoic acid) and indoxyl sulfate which 33 

are found in the serum of uremic patients (Lim et al., 1993). Notably, neither of these substances 34 

impaired cellular T3 uptake in this latter study suggesting that the transporters for T4 and T3 are 35 

independent or at least have distinct sensitivities for inhibition.   None of the above studies determined 36 

which transporter molecules were inhibited.  More recently Braun and colleagues reported that MCT8 37 

was specifically inhibited by clinically-relevant concentrations of a number of structurally similar 38 

tyrosine kinase inhibitor drugs (Braun, et al., 2012).  These authors suggest that this mechanism could 39 

explain the observed hypothyroidism and other thyroid-related pathologies in patients administered 40 

these drugs.  Thyroxin transport into HEK293 cells stably transfected to express the human OATP1c1 41 

transporter was inhibited by a variety of substances (Westholm et al., 2009) including several 42 

fenamate non-steroidal anti-inflammatory drugs previously shown to inhibit T3 uptake into hepatic 43 

cell lines (Topliss, et al., 1989).  Studies testing the effects of these on the activity of MCT8 could not 44 

be found.  It should be noted that, for each of these drugs, there was prior evidence that impaired 45 

thyroid hormone physiology was a clinical side effect of drug therapy which further argues for the 46 

relevance of this mechanism for screening substances for thyroid disrupting action.  Thus, there is 47 
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ample evidence that transfer of both T3 and T4 across target cell membranes is vulnerable to 1 

inhibition by xenobiotics suggesting that these molecules could be targets for anti-thyroid toxicants.  2 

Consequently, screening assays to examine the effects of substances on MCT8 and, possibly, MCT10, 3 

OATP1c1 and or OATP3a1 activites could be seen as a priority for assay development. 4 

Several assays have been developed to measure transport of T3, T4 or other iodothyronines into 5 

cultured cells.  Each of these involves measuring the accumulation of 
125

I-labeled hormone in target 6 

cells.  Assessing the action of specific transporter molecules has been performed using cell lines 7 

stably transfected with the human gene for either the thyroxin transporter (OATP1c1 (Westholm, et 8 

al., 2009)) or the major T3 transporter (MCT8: (Braun, et al., 2012)).  These models could be 9 

enhanced by further transfecting with the gene encoding the cytosolic thyroid hormone binding 10 

protein µ-crystallin, as previously described  (Friesema et al., 2008) which reduces the rate of thyroid 11 

hormone efflux and increase the measurable tracer in the cell.  It should be noted, however, that all 12 

cell types that respond to thyroid hormone must also express functional transmembrane transporters.  13 

Consequently, all assays that assess transcriptional transactivation of thyroid hormone receptors alpha 14 

or beta will also indirectly assess the action of thyroid hormone transporters.  Substances shown to 15 

block transmembrane transport of thyroid hormones also block nuclear uptake of thyroid hormone 16 

which is a prerequisite for thyroid hormone action through nuclear receptors.  This suggests that 17 

development of THR transcriptional transactivation assays should involve the characterization of 18 

transporter molecules expressed in the cell model used in these assays.  A significant chemical-19 

induced inhibition of THR transactivation in the absence of cytotoxicity by could be interpreted as an 20 

inhibition movement of T3 into the cell or of T3 interaction with the receptor or of receptor 21 

transactivation.   22 

Conclusion: The development of screening assays for inhibition of thyroid hormone transmembrane 23 

transporters, particularly MCT8, is justified by the potential for this mechanism to impair thyroid 24 

physiology, the susceptibility of these to inhibition by diverse chemicals, the availability of rapid 25 

methods adaptable for moderate throughput assays.  Based on the state of science for transmembrane 26 

transporters one could argue that the assay for this modality falls into Level A or “in vitro/ex vivo 27 

assays that are ready for validation in the short term” with the caveat that the protocol would 28 

involve the use of radioisotopes.   However, the priority for developing such assays should be 29 

considered secondary as this modality will be screened by assays of effects on transcriptional 30 

transactivation of the THR will also assess this modality and the validation of these latter assays must 31 

involve a characterization of the transporter molecules active in the cell models used for these assays.  32 

The value of a standardized assay to determine T3 uptake into the cell will be in following up such a 33 

finding to clarify the mechanism(s) by which this inhibition is induced. 34 

  35 
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RANKING PARAMETER ANALYSIS 1 

THYROID TRANSMEMBRANE TRANSPORTERS ASSAYS 

1. Biological Plausibility 
Strong: Functional transporter molecules are essential for thyroid hormone 

signalling . 

2. Extrapolation to 

humans, or broadly 

applicable across 

vertebrates/phyla 

Moderate:  Non-functional mutant MCT8 causes severe developmental 

deficiencies in humans while the lack of impaired brain development in any of 

the MCT8 knock-out mice suggests that this role is not necessarily conserved 

across the mammals.  It is clear that impairing this mechanism alters thyroid 

signalling across most vertebrates but it is not clear if the consequences are 

equally severe in non-primates. 

3. Availability of 

Resources 

Strong:  Stably transfected cells expressing the human MCT8 or OATP1c1 

transporter have been reported but are not commercially available.  However, 

most cells that express MCT8 or MCT10 and can transport T3 and T4 across 

their membranes.  For assays that measure uptake of radio-labelled tracer, 

high purity  
125

I – labelled T3 (and T4, for OATP1c1 assays) is available. 

4. Reference Chemicals 

Moderate:  There are several substances that are structurally distinct that have 

been reported to impair T3 uptake into cells.  These include several classes of 

drugs none of which were purpose designed to impair T3 or T4 uptake or 

physiology.  In addition, there is one phytochemical (phloretin) reported to act 

on this mechanism.  Among anthropogenic substances observed to inhibit TH 

uptake, however, there are no non-pharmaceuticals or clinical substances.  

However, very few substances have been tested so this issue has yet to 

broadly investigated. 
5. Within-laboratory 

reproducibility 

Strong:  A number of labs have published multiple papers reporting data from 

this assay 
6. Between-laboratory 

reproducibility 

Strong:  Multiple labs report comparable data for this assay labs have 

published multiple papers reporting data from this assay 
7. Assay Variability Strong: CV routinely <20%  

8. Accuracy 

Strong: Multiple chemicals are reported to be effective across different labs 

and models.  Substances with in vivo action suggesting impaired thyroid 

hormone transport into target cells are positive in assay. 

9. Assay Specificity 
Moderate: Some negative substances have been identified but there has been 

no attempt to characterize this with known negative substances. 
10. Assay sensitivity Strong: Can distinguish strong vs weak vs inactive substances. 

11. Dynamic Range 
Strong: Data on MCT8 inhibition by tyrosine kinase inhibitors revealed that 

the dynamic range of the assay is about 15 times the average cv. 
12. Concentration test 

range 

Strong: Only limited by test substance solubility and potential cytotoxicity of 

test substance or vehicle. 
13. Detection/Adjustment 

of confounding factor 

and/or incorrect/ 

inconclusive 

measurements and/or 

other bias 

Moderate:.  There is the potential for some other MOA to interfere with the 

assay as the activity of the transporters is theoretically sensitive to effects on 

cellular energetics, ATP generation and binding, and probably membrane 

potential, among other attributes.  

14. Response 

Characterization 

Strong:  Quantification of cellular radioactivity after short term incubation 

with test substances and 
125

 I – labelled T3 

15. Technological 

Transferability/Proprietar

y elements 

Strong:  The technology required for the assay is simple and widely available.  

Quantification of  
125

 I – labelled T3 in cells requires a gamma counter.  The 

need for a relatively large number of cells to ensure sufficiently measurable 

amounts of 
125

I-hormone to accumulate may limit the degree to which this 

assay can be scaled up for HTP.   
16. Transparency of the 

method 

Strong: The method is described in many papers from multiple labs using 

very similar methodology. 

17. Documentation 

Moderate:  There are many publications reporting data from the method.  

Many of these report effects of the same substances tested in similar systems 

with similar results.  However, there has been no formal ring test or inter-lab 

comparison. 
  2 
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EVALUATION OF BLOCK #6 ASSAYS - CELLULAR RESPONSES 1 

The block of assays targeting assessment of effects of xenobiotics on cellular processes affected by 2 

the activation of the TH nuclear receptors encompasses 5 types of assays. The assays monitor: (a) 3 

interactions with the ligand binding domain of the receptor; (b) effects on the activity of TR regulated 4 

genes; (c) interactions with TR co-regulators and (d) interaction with other receptors, such as RXRs; 5 

and (e) non-nuclear mediated responses. 6 

The analysis of the assays that monitor interactions with the ligand binding domain of the receptors is 7 

indicates moderate to low level (B to C) of readiness for these assays. 8 

The analysis of the assays that monitor effects on the activity of TR regulated genes focuses on 10 9 

individual assays (representative assays are described in more technical detail in section 6.2 of Part 10 

2)and ranks them relative to each other for their readiness for inclusion in the TG work plan (Table 11 

1.3). In addition to the 17 parameters for assessment described in Part 1, this analysis takes into 12 

account specific aspects of the assays, such as: 1) stable and/or constitutive expression; 2) full-length 13 

receptor DNA; 3) single thyroid hormone receptor isoform; 4) mammalian cell line; 5) commercial kit 14 

availability and 6) luciferase reporter gene activity.  15 

Seven of these assays could be ranked at Level A, and 3 at Level B of readiness.   16 

The assays that monitor TR interaction with co-regulators have not been analysed. 17 

Assays for monitoring interactions of TR with other receptors and non-nuclear mediated responses 18 

have not been described in Part 2 and are not analysed at present. 19 

 20 

Binding to TR 

LBD 

Effects of TR 

transactivation 

Co-Regulator 

interaction 

Activation 

dimerization 

partners TR 

(RXR) 

Non-Nuclear TR 

mediated 

responses 

 C to B Detailed ranking 

in table below 

Not analysed Covered in DRP 

178 , DRP 97 
Not analysed 

 21 

  22 
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 1 

Table 1.3 . Relative ranking of selected Thyroid Hormone In Vitro Transactivation Assays 2 

Level Assay 
Source/ 

Reference 
Advantages Disadvantages 

A GH3
 

Freitas et al. 

Toxicol In Vitro 

225:257-266 

(2011) 

Rat cells 

Full TRα and TRβ 

Constitutive, stable 

expression 

Picomolar range 

Simple 

Rapid 

In Tox21 10K Screen 

Not receptor-specific 

 

A PC12
 

Jugan et al. 

Toxicol In Vitro 

21:1197-1205 

(2007) 

Mammalian cells 

Full TRα1 

Stable expression 

In vitro HTS potential 

30 pM T3 sensitivity 

Avian TRα1 

 

Aa TRα 
 Indigo 

Biosciences 

Mammalian cells 

Human TRα 

Stable expression 

96-well plate format 

Commercially available 

Cost $1000 

Proprietary 

A TRβ 
 Indigo 

Biosciences 

Mammalian cells 

Human TRβ 

Stable expression
 

96-well plate format 

Commercially available 

Cost $1000 

Proprietary 

A TRβ 
 

Invitrogen 

HEK293T 

Human TRβ 

Stable expression
 

384-well plate format 

Commercially available 

Cost $1018 

Proprietary; ToxCast-

poor correlation with 

very limited 

EDSP/OECD Ref. 

Chem; Tox21-not 

selected for 10K screen 

A X. laevis
 

Sugiyama et al. 

Toxicol Sci 

88:367-374 

(2005) 

Full TR 

Stable expression 

High TH response
 

High sensitivity Rapid 

High reproducibility 

Useful for HTS 

X. laevis T3-response 

elements 

A YAC
 

Shiizaki et al. 

Toxicol In Vitro 

24:638-644 

(2010). 

Full human TRα or 

TRβ cDNA 

Stable expression 

96-well plate format 

Cost-effective 

Technically easier 

β-galactosidase 

reporter activity 

Only 4 reference 

compounds evaluated 

B 
HumHep

G2 

Hofmann et al. 

Toxicol Sci 

110:125-137 

(2009) 

HepG2 cell line 

Full Human TRα and 

TRβ 

96-well plate format 

Metabolism: poesses 

some residual P450 

activity and can be 

transfected with 

various CYPs 

Novel 

Sensitive 

Convenient 

Transient transfection 

B 
RatPituit

MtTE-2 
 

Matsubara et al. 

Toxicol Lett 

208:30-35 

(2012). 

Rat cells 

Full TRα or TRβ 

Serum-free medium 

Highly sensitive (10
-11

 

M) 

Transient transfection 

B CV-1 
 

Schriks et al. 

Environ Toxicol 

Pharmacol 

23:302-307 

(2007) 

Monkey cells. 

Metabolism: 

possesses 17 alpha 

oxidase and 5 alpha 

reductase. 

 

Xenopus TR and  

Transient transfection 

Limited compounds 

tested 

B Vero  

Sun et al. J Appl 

Tox 32:635-641 

(2012) 

Monkey cells 

TRβ 

 

 

Transient transfection 

Very limited data 

Limited technical 

information 

 3 
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Binding to TR LBD 1 

 2 

Overview:  3 

Thyroid signalling endpoint is the regulation of transcription of target genes in the nucleus. 4 

Transcription could be activated (positive TRE) or repressed (negative TRE) by the triïodothyronine, 5 

T3, depending on the cellular or tissue environment. This transactivation is due to the binding of T3 to 6 

its nuclear receptor. There are two different TR isotypes TR alpha and TR beta each of it giving two 7 

isoforms (in the one hand TR alpha 1 and alpha 2 (not able to bind T3) and in the other hand beta 1 8 

and beta2). Thyroid receptors (TRs) are constituted as all nuclear receptors of five main regions 9 

whose one is dedicated to the ligand binding. Numerous ligands (apart from T3 and T4) are capable of 10 

binding to TRs. Several classes of environmental chemicals possess a high degree of structural 11 

similarity to THs, and can interfere with the binding of THs to TRs (Zoeller, 2005). For example, 12 

polychlorinated biphenyls bind to TRα and TRβ as antagonists and disrupt TR-mediated transcription. 13 

In addition, polybrominated and polychlorinated diphenylethers, 3,3’,5-trichlorobisphenol A; 3,3’,5-14 

tribromobisphenol A; and 3,3’-dibromobisphenol A have been reported to have antagonistic activity 15 

to TRs (Kitamura et al. 2005; Kudo and Yamauchi, 2005).  16 

Many systems were developed to assess binding capacities of different ligands such as natural 17 

hormones, (T3) synthetic compounds (agonists GC1, GC24 antagonists NH-3) or chemical 18 

substances. These methods are either dealing with whole thyroid hormone receptor (see thereafter) or 19 

with only the ligand binding domain (LBD) of thyroid hormone receptors (TRs) (see just below). 20 

Different categories of TR-LBD assays exist. The first category is close to what is developed with 21 

entire TR ie transfections in cells (mammalian cells, yeast, bacteria). It allows dose response studies 22 

and is usually using reporter gene and quantification of its transactivation. Second category is based 23 

on affinity columns on which LBD is stacked or cell free systems. Third category is using in silico 24 

approach. Most of the assays belonging to the second and third categories are not allowing for the 25 

moment the dose response issue. They will not be developed here except TR alpha/beta partner in cell 26 

free system. 27 

The following assays are developed below:  28 

 Competitive binding assay for thyroid hormone receptor in MtT/E-2 cells 29 
 TR alpha/beta activity using transient transfection in human cells 30 
 TR alpha/beta partner  in cell free system 31 
 Bacterial biosensors for screening isoform-selective ligands for human thyroid receptors α-1 32 

and β-1. 33 
 Effects of TR Ligands on Hormone Dissociation Rates 34 

 35 

These assays represent promising tools for the high-throughput in vitro screening of thyroid hormone 36 

receptor agonists and antagonists.  37 

 38 

Conclusion:  Several TR LBD assays have been developed in different cell or cell free systems. The 39 

levels of sensitivity and reproducibility in these systems depend on the nature of transfection. 40 

Concentrations used are often higher than those environmentally found. However these kinds of 41 
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assays could be really useful in a first approach or chemicals/TR interactions bearing in mind that 1 

only a part of the endocrine axis is studied. 2 

  3 
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RANKING PARAMETER ANALYSIS 1 

Competitive binding assay for thyroid hormone receptor in MtT/E-2 cells 

1. Biological Plausibility 

Moderate. Binding to the ligand binding domain to Thyroid hormone 

receptor and transactivation gives significant input about the ability of 

different chemicals to enter the pocket. However TR pocket is really 

specific and using only LBD could modify general conformation. 

2. Extrapolation to 

humans, or broadly 

applicable across 

vertebrates/phyla 

Strong. Comparison between LBDs from different species is easy to 

do. 

3. Availability of 

Resources 
Low radioactivity needed  

4. Reference Chemicals Strong T3, T4, TBBPA, TCBPA, TMBPA, BPA 

5. Within-laboratory 

reproducibility 
Strong.  

6. Between-laboratory 

reproducibility 
N/A 

7. Assay Variability Moderate to Strong. CV < 20% . 

8. Accuracy Strong.  

9. Assay Specificity Strong.  

10. Assay sensitivity Strong  Concentrations found to activate are at nanomolar range 

11. Dynamic Range Moderate to Strong.  

12. Concentration test 

range 
Strong nanomolar range 

13. 

Detection/Adjustment 

of confounding factor 

and/or incorrect/ 

inconclusive 

measurements and/or 

other bias 

Strong. Until 384 well plates  

14. Response 

Characterization 
Strong  

15. Technological 

Transferability/Propriet

ary elements 

Strong. No patent  

16. Transparency of the 

method 
Strong 

17. Documentation Kitamura et al., 2005 

 2 

  3 
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 1 

TR alpha/beta activity using transient transfection in human cells 

1. Biological Plausibility 

Moderate.  Binding to the ligand binding domain to Thyroid hormone 

receptor and transactivation gives significant input about the ability of 

different chemicals to enter the pocket. However TR pocket is really 

specific and using only LBD could modify general conformation. 

2. Extrapolation to 

humans, or broadly 

applicable across 

vertebrates/phyla 

Strong. Comparison between LBDs from different species is easy to 

do. 

3. Availability of 

Resources 
Strong All cells and constructs could be easily  

4. Reference Chemicals Strong 

5. Within-laboratory 

reproducibility 
Strong.  

6. Between-laboratory 

reproducibility 
Strong 

7. Assay Variability Strong. CV < 10% . 

8. Accuracy 

Strong. Assay detects agonists T3, T4, TRIAC, TETRAC, GC1 

(TRbeta preferential) , GC24 (TRbeta preferential), CO23 (TRalpha 

preferential) and antagonists NH-3.  

9. Assay Specificity Strong.  

10. Assay sensitivity Strong  Concentrations found to activate are at nanomolar range 

11. Dynamic Range Moderate to Strong.  

12. Concentration test 

range 
Strong.. 

13. 

Detection/Adjustment 

of confounding factor 

and/or incorrect/ 

inconclusive 

measurements and/or 

other bias 

Strong. Until 384 well plates  

14. Response 

Characterization 
Strong  

15. Technological 

Transferability/Propriet

ary elements 

Strong. No patent  

16. Transparency of the 

method 
Strong 

17. Documentation Fini et al.,2012; Sun et al. ,2008 

 2 

  3 
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 1 

TR alpha/beta partner  in cell free system 

1. Biological Plausibility 

Moderate. Binding to the ligand binding domain to Thyroid hormone 

receptor and transactivation gives significant input about the ability of 

different chemicals to enter the pocket. However TR pocket is really 

specific and using only LBD could modify general conformation. 

2. Extrapolation to 

humans, or broadly 

applicable across 

vertebrates/phyla 

Strong. Comparison between LBDs from different species is easy to 

do. 

3. Availability of 

Resources 
Strong All cells and constructs could be easily  

4. Reference Chemicals Strong 

5. Within-laboratory 

reproducibility 
Strong.  

6. Between-laboratory 

reproducibility 
Low 

7. Assay Variability Moderate CV < 20% . 

8. Accuracy Strong. Assay detects agonists T3, TRIAC, TBBPA  

9. Assay Specificity Strong.  

10. Assay sensitivity Strong  Concentrations found to activate are at nanomolar range 

11. Dynamic Range Moderate to Strong.  

12. Concentration test 

range 
Strong.. 

13. 

Detection/Adjustment 

of confounding factor 

and/or incorrect/ 

inconclusive 

measurements and/or 

other bias 

Strong. Until 384 well plates  

14. Response 

Characterization 
Strong  

15. Technological 

Transferability/Propriet

ary elements 

Strong. No patent  

16. Transparency of the 

method 
Strong 

17. Documentation Lévy-Bimbot et al, 2012 

 2 

  3 
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 1 

Bacterial biosensors for screening isoform-selective ligands for human thyroid receptors α-1 

and β-1. 

1. Biological Plausibility 

Moderate.  Binding to the ligand binding domain to Thyroid hormone 

receptor and transactivation gives significant input about the ability of 

different chemicals to enter the pocket. However TR pocket is really 

specific and using only LBD could modify general conformation. 

2. Extrapolation to 

humans, or broadly 

applicable across 

vertebrates/phyla 

Strong. Comparison between LBDs from different species is easy to 

do. 

3. Availability of 

Resources 
Strong All cells and constructs could be easily  

4. Reference Chemicals Strong 

5. Within-laboratory 

reproducibility 
Strong.  

6. Between-laboratory 

reproducibility 
Low 

7. Assay Variability Moderate CV < 20% . 

8. Accuracy Strong. Assay detects agonists T3, TRIAC, TBBPA  

9. Assay Specificity Strong.  

10. Assay sensitivity Strong  Concentrations found to activate are at nanomolar range 

11. Dynamic Range Moderate to Strong.  

12. Concentration test 

range 
Strong.. 

13. 

Detection/Adjustment 

of confounding factor 

and/or incorrect/ 

inconclusive 

measurements and/or 

other bias 

Strong. Until 384 well plates  

14. Response 

Characterization 
Strong  

15. Technological 

Transferability/Propriet

ary elements 

Strong. No patent  

16. Transparency of the 

method 
Strong 

17. Documentation Gierach et al, 2012 

 2 

  3 
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 1 

Effects of TR Ligands on Hormone Dissociation Rates 

1. Biological Plausibility 

Moderate.  Binding to the ligand binding domain to Thyroid hormone 

receptor and transactivation gives significant input about the ability of 

different chemicals to enter the pocket. However TR pocket is really 

specific and using only LBD could modify general conformation. 

2. Extrapolation to 

humans, or broadly 

applicable across 

vertebrates/phyla 

Strong.  

3. Availability of 

Resources 
Low need of radioactivity  

4. Reference Chemicals Strong 

5. Within-laboratory 

reproducibility 
Strong.  

6. Between-laboratory 

reproducibility 
Low 

7. Assay Variability Moderate 

8. Accuracy Strong. Assay detects agonists GC24, GC1, NH-3 

9. Assay Specificity Strong.  

10. Assay sensitivity Low  

11. Dynamic Range Low.  

12. Concentration test 

range 
Micromolar range 

13. 

Detection/Adjustment 

of confounding factor 

and/or incorrect/ 

inconclusive 

measurements and/or 

other bias 

Strong. Until 384 well plates  

14. Response 

Characterization 
Strong  

15. Technological 

Transferability/Propriet

ary elements 

Strong. No patent  

16. Transparency of the 

method 
Strong 

17. Documentation  

 2 

  3 
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Effects of TR transactivation 1 

Overview: It is well established that the thyroid hormones (THs), thyroxin (T4) and triiodothyronine 2 

(T3), critically regulate: (1) energy homeostasis; (2) numerous metabolic pathways; and (3) the 3 

growth and differentiation of numerous organs (ref). T4 is the predominant form of THs in the blood 4 

and is converted to T3 by deiodonases in cells. The majority of biological activities of THs are due to 5 

T3 due to its 10 to 15-fold higher binding affinity for thyroid hormone nuclear receptors (TRs) than 6 

T4 (Togashi et al. 2005). TRs are members of a superfamily of ligand-dependent transcription factors 7 

that include steroid, retinoic acid, and vitamin D receptors (Aranda and Pascual, 2001). The ligand-8 

bound TRs preferentially heterodimerize with retinoid X receptor α (RXRα) then bind directly to the 9 

DNA on TH response elements (TREs) (Lazar and Chin, 1990). RXR is also a heterodimerisation 10 

partner for further nuclear receptors such as PXR, CAR and the PPARs. 11 

TREs are hexanucleotide motifs generally located upstream of the promoter region of target genes. 12 

For a detailed review see Yen, 2001. Briefly, TRs recognize consensus AGGTCA sequences that are 13 

organized in direct repeats (DR4), palindromes, or inverted palindromes. The unliganded TRs recruit 14 

co-repressors that function to repress transcription. The binding of T3 to TRs induces co-repressor 15 

release and co-activator recruitment that results in transcriptional activation. The two major TR 16 

isoforms are encoded by different genes, TRα and TRβ. Both TR isoforms bind to T3 and mediate 17 

TH-regulated gene expression.  18 

Numerous ligands (apart from T3 and T4) are capable of binding to TRs. Several classes of 19 

environmental chemicals possess a high degree of structural similarity to THs, and can interfere with 20 

the binding of THs to TRs (Zoeller, 2005). For example, polychlorinated biphenyls bind to TRα and 21 

TRβ as antagonists and disrupt TR-mediated transcription. In addition, polybrominated and 22 

polychlorinated diphenylethers, 3,3’,5-trichlorobisphenol A; 3,3’,5-tribromobisphenol A; and 3,3’-23 

dibromobisphenol A have been reported to have antagonistic activity to TRs (Kitamura et al. 2005; 24 

Kudo and Yamauchi, 2005).  25 

Several in vitro bioassays (i.e., stable and transient) have been developed for the screening of TR 26 

ligands. These bioassays have traditionally been based on the quantification of a reporter enzyme 27 

indirectly measuring nuclear receptor activation in mammalian cells or yeasts (Zoeller, 2005; Jugan et 28 

al. 2007; Moriyama et al. 2002). These assays are fast and relatively simple. Historically, yeast based 29 

assays are more cost effective and technically easier than mammalian in vitro assays. However, yeast 30 

assays primarily utilize only the ligand binding domain of TRs. Shiizaki et al. 2010 recently described 31 

the development of a novel reporter yeast assay system utilizing full-length human TRs and co-32 

activators.  33 

Additional bioassays utilizing frog (Xenopus laevis) and fish (Oryzias latipes) recombinant cell lines 34 

for screening thyroid system disrupting chemicals have also been described (Sugiyama et al. 2005; 35 

Oka et al. 2012). 36 

The recent advent and use of stably transfected luciferase reporter gene assays to study interference 37 

with either TRα and/or TRβ-mediated signalling pathways by chemicals has conferred a greater level 38 

of specificity and sensitivity. These assays represent promising tools for the high-throughput in vitro 39 

screening of thyroid hormone receptor agonists and antagonists.  40 

Conclusion: Several TR specific reporter gene assays have been developed, optimized, and verified 41 

using TH analogues of known potencies. The availability and use of stable in vitro assays, as opposed 42 

to transient assays, confers a greater level of sensitivity and reproducibility in examining the 43 
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agonistic/antagonistic properties of suspected endocrine disrupting compounds. Therefore, based upon 1 

the current state of the science for TRs, several in vitro TR reporter gene assays may be designated as 2 

modality Level A.  3 

RXR specific assays are not discussed here, and are generally discussed in DRP 178 (OECD 2012). 4 

  5 
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RANKING PARAMETER ANALYSIS 1 

RAT PITUITARY TUMOUR CELL REPORTER GENE ASSAY 

1. Biological Plausibility 

Yes. This luciferase reporter gene assay targets TR-mediated activity of both 

T3 and T4 hormones, structural analogues, and environmentally relevant 

chemicals. Total cellular metabolic activity was determined using a cell 

viability assay. 

2. Extrapolation to 

humans, or broadly 

applicable across 

vertebrates/phyla 

Yes. The GH3 is a rat pituitary tumour cell line. The cell line has previously 

been used study the interference of compounds with thyroid hormone action. 

3. Availability of 

Resources 

Yes. Basic cell culture protocols and materials are used and widely available. 

The assay is not complex and can be conducted in any laboratory with 

standard cell culture facilities. 

4. Reference Chemicals 
Yes. Several model toxic compounds that structurally resemble thyroid 

hormones were evaluated.  

5. Within-laboratory 

reproducibility 

Results were representative of three independent experiments. The average 

coefficient of variation of triplicate measurements was 5%.  

6. Between-laboratory 

reproducibility 
Not available 

7. Assay Variability 

The maximal induction factor obtained with the newly developed GH3.TRE-

Luc cells (23-fold at 10 nM) with an average CV of 5% provides a good 

dynamic range to detect agonists, antagonists, and potentiators.  

8. Accuracy 

Yes, to a degree. The relative potency of natural thyroid hormones and acetic 

acid derivatives of T3 and T4 for inducing luciferase activity was highly 

consistent with previous reports. The thyroid disrupting activities of hydroxyl 

metabolites of PCBs and BDEs in the GHE.TRE-Luc assay were in the same 

order of magnitude as previously reported for other assays.  

9. Assay Specificity 

Assay validated by quantification of agonistic and antagonistic effects of 

natural hormones, acetic acid derivatives of T3 and T4, and environmental 

contaminants. 

10. Assay sensitivity 
Assay optimized for detection of T3 and T4 concentrations in picomolar 

range after 24h exposure. 

11. Dynamic Range Yes.  

12. Concentration test 

range 

Yes. Visible cytotoxicity was observed for TCBPA and TBBPA at 

concentrations above 10 μM.  

13. Detection/Adjustment 

of confounding factor 

and/or incorrect/ 

inconclusive 

measurements and/or 

other bias 

Cell viability in each well was determined by measuring total cellular 

metabolic activity using the reduction of resazurine to the fluorescent 

resorufin.  

14. Response 

Characterization 

Yes, to a degree. Some minor discrepancies noted. Relative importance of a 

receptor-specific assay was demonstrated. 

15. Technological 

Transferability/Proprietar

y elements 

The existence of monopoly patents for the assay technology are currently 

unknown, although not likely. It is a standard reporter gene-based assay. It is 

considered that the assay components (e.g., reporter gene constructs, GH3 

cells) could be easily acquired.  

16. Transparency of the 

method 
Not available 

17. Documentation 

Yes. Freitas J, Cano P, Craig-Veit C, Goodson ML, Furlow JD, Murk AJ. 

Detection of thyroid hormone receptors by a novel stable in vitro reporter 

gene assay. Toxicology In Vitro 2011;25:257-266. 
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 1 

RAT PHEOCHROMOCYTOMA CELL REPORTER GENE ASSAY 

1. Biological Plausibility 
Yes. This reporter gene-based, whole cell assay specifically targets the TRα-1 

isoform within the T3 signalling pathway.  

2. Extrapolation to 

humans, or broadly 

applicable across 

vertebrates/phyla 

Yes. PC12 is a mammalian cell line. The original rat pheochromocytoma 

PC12 cell line has been extensively used as a model for the induction of 

neuronal differentiation by nerve growth factor. 

3. Availability of 

Resources 

Yes. Basic cell culture protocols and materials are used and widely available. 

The assay is not complex and can be conducted in any laboratory with 

standard cell culture facilities.  

4. Reference Chemicals 
Yes. Several TH analogues of known potencies (e.g., 3,3,5,5’-

tetrabromobisphenol, pentachlorophenol, 2,4,6-triiodophenol) were evaluated. 

5. Within-laboratory 

reproducibility 

In the course of this study, the assay was repeated independently 22 times 

with different frozen batches of cells at different passage numbers (up to 30). 

The mean (±SEM) fold-induction by 3 nM T3 was 15.5 (±0.9), and the mean 

(±SEM) EC50 value was 0.18 (±0.02) nM.  

6. Between-laboratory 

reproducibility 
Not available 

7. Assay Variability 

The PC-DR-LUC cells showed small intra-and inter-assay variations (<5%) 

and a T3 concentration as low as 30 pM gave a luciferase response statistically 

different from the control (p<0.01).  

8. Accuracy 

Firstly, the relative abilities of various iodothyronines to induce transcriptional 

responses (T3 > Triac> D-T3 > T4 > rT3) matched their binding specificities 

as previously reported in the literature (Schueler et al. 1990; Sugiyama et al. 

2005). Validated against TH analogues of known potencies.  

9. Assay Specificity Specific for compounds acting on the T3 signalling pathway. 

10. Assay sensitivity Highly sensitive (30 pM T3) and reproducible. 

11. Dynamic Range 

Yes, to a degree. At the highest concentrations of TBBPA used, the amount of 

luciferase produced may no longer be related to the transcription rate, due to 

inhibition of post-transcriptional event (e.g., protein synthesis).  

12. Concentration test 

range 

T3 induced luciferase activity in PC-DR-LUC cells at concentrations ranging 

from 30 pM to 10 nM. TBBPA was analysed at concentrations from 0 to 100 

μM.  

13. Detection/Adjustment 

of confounding factor 

and/or incorrect/ 

inconclusive 

measurements and/or 

other bias 

Analysis of cell viability using a MTT assay is recommended. No significant 

effect of the chemicals on cell viability was observed during the studies. 

Assay optimized for multi-well microplates. 

14. Response 

Characterization 

Yes, with the compounds tested. The assay can be used to discriminate 

between full agonists, partial agonists, and antagonists of TR that exert thyroid 

disrupting activity. 

15. Technological 

Transferability/Proprietar

y elements 

The existence of monopoly patents for the assay technology are currently 

unknown, although not likely. It is a standard reporter gene-based, whole cell 

assay. It is considered that the assay components (e.g., plasmid constructs, 

TRα1-expressing PC12 cells) could be easily acquired.  

16. Transparency of the 

method 
Not available 

17. Documentation 

Yes, acceptable documents available. 

Jugan ML, Levy-Bimbot M, Pomerance M, Tamisier-Karolak S, Blondeau JP, 

Levi Y. A new bioluminescent cellular assay to measure the transcriptional 

effects of chemicals that modulate the alpha-1 thyroid hormone receptor. 

Toxicology In Vitro 2007;21:1197-1205. 

 2 
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 1 

HUMAN THYROID HORMONE RECEPTOR ALPHA REPORTER GENE ASSAY 

SYSTEM: INDIGO BIOSCIENCES 

1. Biological Plausibility 
Yes. This TRα Reporter Assay System kit assesses both agonist and 

antagonist functional activity. 

2. Extrapolation to 

humans, or broadly 

applicable across 

vertebrates/phyla 

Yes. GM cell system utilized has constitutive full-length human TRα coupled 

with a responsive luciferase reporter gene. 

3. Availability of 

Resources 

Yes. Sold as a kit that can be run in a 96-well plate format. Reagents are 

configured so that each group will comprise 32 assays. If desired, however, 

reagents may be combined to perform either 64 or 96 assays. 

4. Reference Chemicals 
Yes. All materials provided in the kit, including positive and negative 

controls. Other chemicals widely available for purchase. 

5. Within-laboratory 

reproducibility 
Not available 

6. Between-laboratory 

reproducibility 
Not available 

7. Assay Variability Not available 

8. Accuracy See assay specificity. 

9. Assay Specificity 

TRα reporter cells treated with 900 nM L-triiodothyronine (T3) yielded an 

S/B = 9,600 and a corresponding Z’= 0.94. Similarly treated mock reporter 

cells demonstrate no significant background luminescence (£ 0.05% that of 

the reporter cells at ECMax). Thus, luminescence results strictly through 

ligand-activation of the human TRα expressed in these reporter cells.  

10. Assay sensitivity Not available 

11. Dynamic Range 
Yes. 33 nM L-triiodothyronine typically corresponds to ~EC65 in this reporter 

assay. 

12. Concentration test 

range 

The following assay concentration range provides a suitable dose response: 

900, 300, 100, 33.3, 11.1, 3.70, 1.23, and 0 nM (nM; 10
-9

 M). 

13. Detection/Adjustment 

of confounding factor 

and/or incorrect/ 

inconclusive 

measurements and/or 

other bias 

Not available 

14. Response 

Characterization 

 
15. Technological 

Transferability/Proprietar

y elements 

Kit available for purchase with all necessary reagents. 

16. Transparency of the 

method 
No validation data provided.  

17. Documentation 
Yes, technical manual and protocol provided. 

http://indigobiosciences.com/tr%CE%B1-nr1a1 

 2 

  3 
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HUMAN THYROID HORMONE RECEPTOR BETA REPORTER GENE ASSAY 

SYSTEM: INDIGO BIOSCIENCES 

1. Biological Plausibility 
Yes. This TRβ Reporter Assay System kit assesses both agonist and 

antagonist functional activity. 

2. Extrapolation to 

humans, or broadly 

applicable across 

vertebrates/phyla 

Yes. GM cell system utilized has constitutive TRβ coupled with a responsive 

luciferase reporter gene. 

3. Availability of 

Resources 

Yes. Sold as a kit that can be run in a 96-well plate format. Reagents are 

configured so that each group will comprise 32 assays. If desired, however, 

reagents may be combined to perform either 64 or 96 assays. 

4. Reference Chemicals 
Yes. All materials provided in the kit, including positive and negative 

controls. Other chemicals widely available for purchase. 

5. Within-laboratory 

reproducibility 
Not available. 

6. Between-laboratory 

reproducibility 
Not available. 

7. Assay Variability Not available. 

8. Accuracy See assay specificity. 

9. Assay Specificity 

TRβ reporter cells treated with 10 μM L-triiodothyronine (T3) yielded an S/B 

~ 7,000 and a corresponding Z’= 0.80. Similarly treated mock reporter cells 

demonstrate no significant background luminescence (£ 0.05% that of the 

reporter cells at ECMax). Thus, luminescence results strictly through ligand-

activation of the human TRβ expressed in these reporter cells. 

10. Assay sensitivity N/A 

11. Dynamic Range 
Yes. 3.3 μM L-triiodothyronine typically corresponds to ~EC80 in this 

reporter assay. 

12. Concentration test 

range 

The following assay concentration range provides a suitable dose response: 

30, 10, 3.33, 1.11, 0.370, 0.123, 0.0412 and 0 μM (μM; 10
-6

 M) 

13. Detection/Adjustment 

of confounding factor 

and/or incorrect/ 

inconclusive 

measurements and/or 

other bias 

Not available. 

14. Response 

Characterization 

 
15. Technological 

Transferability/Proprietar

y elements 

Kit available for purchase with all necessary reagents. 

16. Transparency of the 

method 
No validation data provided. 

17. Documentation 
Yes, technical manual and protocol provided. 

http://indigobiosciences.com/trbeta-nr1a2 

http://indigobiosciences.com/trbeta-nr1a2


53 

 

 1 

GENEBLAZER® TR BETA DA ASSAY KIT INVITROGEN INC SYSTEM 

1. Biological Plausibility 
Yes. This TRβ Reporter Assay System kit assesses both agonist and 

antagonist functional activity. 

2. Extrapolation to 

humans, or broadly 

applicable across 

vertebrates/phyla 

Yes. GM HEK293T cell system stably transfected with the ligand-binding 

domain of human TRβ coupled with a β-lactamase reporter gene. 

3. Availability of 

Resources 

Yes. Sold as a kit that can be run in a 384-well plate format or in bulk to be 

run in 10 384-well plate assay.  

4. Reference Chemicals Yes. All materials provided in the kit.   

5. Within-laboratory 

reproducibility 
Not available. 

6. Between-laboratory 

reproducibility 
Not available. 

7. Assay Variability 

TRβ-UAS-bla HEK293T cells have been tested for assay performance with 

acceptable results under variable conditions, including DMSO concentration, 

cell number, stimulation time, and substrate loading time. 

8. Accuracy Not available. 

9. Assay Specificity Not available. 

10. Assay sensitivity Not available. 

11. Dynamic Range Not available. 

12. Concentration test 

range 
Not available. 

13. Detection/Adjustment 

of confounding factor 

and/or incorrect/ 

inconclusive 

measurements and/or 

other bias 

Not available. 

14. Response 

Characterization 

 
15. Technological 

Transferability/Proprietar

y elements 

Kit available for purchase with all necessary reagents. 

 

16. Transparency of the 

method 

Brief validation and assay performance summary provided. 

 

17. Documentation 

Yes, technical manual and protocol provided. 

http://products.invitrogen.com/ivgn/product/K1389 
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XENOPUS LAEVIS CELL LINE REPORTER GENE ASSAY XL58-TRE-LUC TR 

1. Biological Plausibility 

Xenopus laevis widely used as a laboratory animal; development and 

expression of its gene are well characterized. X. laevis has been approved as 

an experimental model for evaluating the effects of endocrine-disrupting 

chemical (EDCs) in amphibians by OECD. 

2. Extrapolation to 

humans, or broadly 

applicable across 

vertebrates/phyla 

The transgene of the LV system can be introduced into organisms as well as 

cell lines – vector system can be used for expanded host species, especially 

cold-blooded lower vertebrates 

3. Availability of 

Resources 

Yes, basic cell culture protocol and materials are used and widely available. 

The assay is not complex and can be conducted in any laboratory with 

standard cell culture facilities   

4. Reference Chemicals Yes - Positive and negative pure chemicals are widely available 

5. Within-laboratory 

reproducibility 
Not available. 

6. Between-laboratory 

reproducibility 
Not available. 

7. Assay Variability 
Experiment with each chemical were repeated 2x; assay variability very low 

<5%  

8. Accuracy 

T3> Triac>D-T3>T4>rT3 or 17β –estradiol – this specificity is in agreement 

with the binding specificity of amphibian and mammalian TRs [T3 

(Triiodothyronine); T4 (L-thyroxine); Triac (3,3’ 5-L-triiodo-thyroacetic 

acid); D-T3 (3,3’ 5-D-triiodothyronine); R-T3 (3,3’ 5-L-triiodothyronine)] 

9. Assay Specificity 
Two concentrations (2 and 20 nM) tested; dose response evident except at 

very active (T3) or non-active compounds (rT3 and E2)  

10. Assay sensitivity 
The minimum effective concentration of T3 that significantly induced the 

luciferase gene expression was 10
-11 

M 

11. Dynamic Range 
Selected phthalates tested in range of 0 to 50 uM; Detection sensitivity across 

0.8 to 50 uM range 

12. Concentration test 

range 
No effects observed with vehicle toxicity 

13. Detection/Adjustment 

of confounding factor 

and/or incorrect/ 

inconclusive 

measurements and/or 

other bias 

No decrease in cell viability observed 

14. Response 

Characterization 
Yes, within the data set presented 

15. Technological 

Transferability/Proprietar

y elements 

The existence of monopoly patents for the assay technology are currently 

unknown, although not likely. It is a standard reporter gene-based, whole cell 

assay. It is considered that the assay components could be easily acquired. 

16. Transparency of the 

method 
Not available. 

17. Documentation 

Documentation acceptable. 

Sugiyama S, Miyoshi H, Yamauchi K. Characteristics of a thyroid hormone 

response reporter gene transduced into a Xenopus laevis cell line using 

lentivirus vector. General and Comparative Endocrinology 2005; 144:270-

279. 

Sugiyama S, Shimada N, Miyoshi H, Yamauchi K. Detection of thyroid 

system-disrupting chemicals using in vitro and in vivo screening assay. 

Toxicological Sciences 2005; 88(2):367-374. 
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YEAST REPORTER ASSAY SYSTEMS FOR THYROID HORMONE RECEPTORS Α/Β 

1. Biological Plausibility 
Yes. The assay targets both TRα and TRβ ligands and examines responses to 

endogenous THs and other chemicals. 

2. Extrapolation to 

humans, or broadly 

applicable across 

vertebrates/phyla 

Yes. Although conducted in yeast, the reporter assay utilizes intact human 

TRs cDNA and coactivator. 

3. Availability of 

Resources 

Yes. Basic cell culture protocols and materials are used and widely available. 

The assay is not complex and can be conducted in any laboratory with 

standard cell culture facilities. 

4. Reference Chemicals 
Yes. Four model toxic compounds suspected to have thyroid-disrupting 

activity were evaluated.  

5. Within-laboratory 

reproducibility 
Data represent mean ± SD of triplicate experiments.  

6. Between-laboratory 

reproducibility 
Not available. 

7. Assay Variability The variability was not excessively high.  

8. Accuracy 

Yes, to a degree. All chemicals tested showed agonist activity with both TRα 

and TRβ assay yeasts. In contrast to endogenous TR ligands, the activities 

were observed only in high doses (>10
-6

M) of the test chemicals. Three 

chemicals were more potent in the TRβ than the TRα assay yeasts. All four 

chemicals repressed T3-induced expression at high doses when tested 

simultaneously with T3 (i.e., antagonistic activity). Responses to endogenous 

ligands correlated well with mammalian cells.  

9. Assay Specificity Yes. 

10. Assay sensitivity 

The reporter assay is not as sensitive compared to the in vivo assay using 

Xenopus laevis. This may be due to the reporter gene and its substrates. Β-

galactosidase was utilized as activity of this enzyme can detect without 

complex extraction procedure. If higher sensitivity of reporter assays is 

required, it could be accomplished using other substrates.  

11. Dynamic Range Yes.  

12. Concentration test 

range 
See assay sensitivity. 

13. Detection/Adjustment 

of confounding factor 

and/or incorrect/ 

inconclusive 

measurements and/or 

other bias 

None stated 

14. Response 

Characterization 
Yes, to a degree. 

15. Technological 

Transferability/Proprietar

y elements 

The existence of monopoly patents for the assay technology are currently 

unknown, although not likely. It is a reporter gene-based assay. It is 

considered that the assay components (e.g., reporter gene constructs, yeast 

cells) could be easily acquired.  

16. Transparency of the 

method 
Not available. 

17. Documentation 

Yes. 

Shiizaki K, Asai S, Ebata S, Kawanishi M, Yagi T. Establishment of yeast 

reporter assay systems to detect ligands of thyroid hormone receptors α and β. 

Toxicol In Vitro 2010;24:638-644. 
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HUMAN HEPG2 CELL REPORTER GENE ASSAY 

1. Biological Plausibility 

Yes, 4 cell lines tested; HepG2 with the strongest T3 response; liver a major 

target organ of T3 metabolism and action. 

Performed activation and competition assays (i.e., cells exposed to a range of 

test compound concentrations with and without T3). 

2. Extrapolation to 

humans, or broadly 

applicable across 

vertebrates/phyla 

Compared the reporter assay results to changes in the expression of 

endogenous target genes - analysed 11 potential T3-target genes. Selected 

enzyme D101 as well established endpoint of T3 action in vivo as indicated by 

studies in different animal models (mouse, rat) and under hyperthyroid 

conditions in humans. Results indicated that the effects of T3, GC-1 and NH-3 

on D101 expression were similar to their corresponding effects in the reporter 

assay; however, sensitivity of the report assay was greater. 

3. Availability of 

Resources 
Cell line – no technically challenging platforms 

4. Reference Chemicals Yes – Positive and negative pure chemicals are widely available. 

5. Within-laboratory 

reproducibility 

Assay performed in quadruplicate culture wells and repeated in three 

independent experiments; assay variability <5%. 

6. Between-laboratory 

reproducibility 
Not available. 

7. Assay Variability 
Assay performed in quadruplicate culture wells and repeated in three 

independent experiments; assay variability <5%. 

8. Accuracy 

Synthetic TR agonist GC-1, the antagonists NH-3, and ED compounds (UV-

absorber OMC and 4NP) already known to exert thyroid disrupting effects in 

vivo behaved as excepted. 

9. Assay Specificity 

Assay may overestimate the concentration actually required in vivo for the 

interference with TR-controlled gene transcription, potential for false 

positives. 

10. Assay sensitivity 

Co-transfection with TR expression plasmids, especially TRα1, enhanced the 

T3 response of HepG2 cells when compared with single transfections with the 

T3 reporter gene construct alone so was routinely employed to increase the 

dynamic range and maximal induction. The results were over 100-fold 

induction efficiencies that allowed the detection of potential moderate effects 

even from weak ED. 

Compared the reporter assay results to changes in the expression of 

endogenous target genes - analysed 11 potential T3-target genes. Selected 

enzyme D101 as well established endpoint of T3 action in vivo as indicated by 

studies in different animal models (mouse, rat) and under hyperthyroid 

conditions in humans. Results indicated that the effects of T3, GC-1 and NH-3 

on D101 expression were similar to their corresponding effects in the reporter 

assay; however, sensitivity of the report assay was greater. 

11. Dynamic Range High sensitivity across dynamic range 

12. Concentration test 

range 
No effects observed with vehicle toxicity. 

13. Detection/Adjustment 

of confounding factor 

and/or incorrect/ 

inconclusive 

measurements and/or 

other bias 

In these studies, ED concentrations were limited to a maximum concentration 

of 10uM to distinguish cytotoxic from endocrine disrupting effects. 

14. Response 

Characterization 

Yes, can be used to distinguish between agonists, partial agonists and 

antagonists of TR. 

15. Technological 

Transferability/Proprietar

y elements 

Monopoly patents for the technology unknown and not likely. It is considered 

that the assay components could be easily acquired. 

16. Transparency of the 

method 
Not available. 

17. Documentation 
Acceptable. Hofmann PJ, Schomburg L, Kohrle J. Interference of endocrine 

disrupters with thyroid hormone receptor-dependent transactivation. 
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Toxicological Sciences 2009; 110(1): 125-137. 
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RAT PITUITARY CELL LINE MTT/E-2 LUCIFERASE REPORTER GENE ASSAY 

1. Biological Plausibility 
Yes, the assay measures the growth of  rat pituitary cells which proliferates in 

response to T3 or T4. 

2. Extrapolation to 

humans, or broadly 

applicable across 

vertebrates/phyla 

Yes, as a mammalian cell line 

3. Availability of 

Resources 

Yes, basic cell culture protocol and materials are used and widely available. 

The assay is not complex and can be conducted in any laboratory with 

standard cell culture facilities. 

4. Reference Chemicals 

Yes. T3, T4, dexamethasone, 17β–estradiol, progesterone, and 

dihydrotestosterone purchased. Bithionol, closantel and rafoxanide were 

obtained from collaborators.  

5. Within-laboratory 

reproducibility 
Assay variability low (<5%) 

6. Between-laboratory 

reproducibility 
Not available. 

7. Assay Variability Assay variability low (<5%) 

8. Accuracy 

Yes. Compounds structurally related to T3 (amiodorone, bithionol, closantel 

and rafoxanide) were all found to exhibit thyroid-hormone like activity at a 

range of 10
-6

 to 10
-7 

M. 

9. Assay Specificity 

Yes. MtT/E-2 cells were transfected with pGL4-TRE2 and pSG5-rTRα1 or 

pSG5-rTRβ were incubated with dexamethasone, 17β–estradiol, progesterone 

and dihydrotestosterone. No responses were detected to these steroid 

hormones at concentrations up to 10
-7 

M. 

10. Assay sensitivity 

Detects T3 activity at 10
-11 

M; can detect compounds with weak thyroid 

hormone activity 

In MtT/E-2 with pSG5-rTRα1 or pSG5-rTRβ, 10
-10 

M of T3 was able to 

produce significant luciferase activity 

Minimum concentrations for a significant T3 response was improved from 10
-

10 
M to 10

-11 
M when MtT/E-2 cells were incubated in serum free medium. 

11. Dynamic Range Yes, from 10
-11 

to 10
-8 

M 

12. Concentration test 

range 
Not available. 

13. Detection/Adjustment 

of confounding factor 

and/or incorrect/ 

inconclusive 

measurements and/or 

other bias 

No data presented; only stated that previous cell lines used were cytotoxic for 

the tested chemicals 

14. Response 

Characterization 
Yes, within the data set presented 

15. Technological 

Transferability/Proprietar

y elements 

No patents on technology identified 

16. Transparency of the 

method 
Not available. 

17. Documentation 

Yes. Acceptable documentation available.  

Matsubara K, Sanoh S, Ohta S, Kitamura S, Sugihara K, Fujimoto N. An 

improved thyroid hormone reporter assay to determine the thyroid hormone-

like activity of amiodarone, bithionol, closantel and rafoxanide. Toxicology 

Letters 2012; 208:30-35. 
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MONKEY KIDNEY FIBROBLAST REPORTER GENE ASSAYS 

1. Biological Plausibility 
Yes. This reporter gene assay targets the TRα and TRβ isoforms within the T3 

signaling pathway. 

2. Extrapolation to 

humans, or broadly 

applicable across 

vertebrates/phyla 

Yes. CV-1 is a monkey kidney fibroblast cell line. CV-1 cells were used since 

they have previously been applied widely to examine regulation of gene 

expression by T3 and do not express endogenous TRs.  

3. Availability of 

Resources 

Yes. Basic cell culture protocols and materials are used and widely available. 

The assay is not complex and can be conducted in any laboratory with 

standard cell culture facilities.  

4. Reference Chemicals 

Yes. Three model potentiating compounds of known potencies were 

evaluated. Only hexabromocyclododecane (HBCD) did not shown any TRα or 

TRβ activation.  

5. Within-laboratory 

reproducibility 
The acceptance level was set at p ≤ 0.05.  

6. Between-laboratory 

reproducibility 
Not available. 

7. Assay Variability 

The effects of compounds on T3-induced TRα or TRβ activation in the assay 

were expressed relative to the EC50 of T3 which was set at 100% (average ± 

S.D.).  

8. Accuracy 
Yes, to a degree. HBCD did not affect T3- induced TRα or TRβ activation in 

the present study. 

9. Assay Specificity Not available. 

10. Assay sensitivity Not available. 

11. Dynamic Range Yes, acceptable. 

12. Concentration test 

range 
Yes, although limited in its test range. 

13. Detection/Adjustment 

of confounding factor 

and/or incorrect/ 

inconclusive 

measurements and/or 

other bias 

CV-1 cells are devoid of endogenous ERs and lack CYP1A1 activity. No 

cytotoxicity information provided. 

14. Response 

Characterization 

No. The response for HBCD produced dissimilarities that require further 

characterization. 

15. Technological 

Transferability/Proprietar

y elements 

The existence of monopoly patents for the assay technology are currently 

unknown, although not likely. It is a standard reporter gene-based assay. It is 

considered that the assay components (e.g., reporter gene constructs, GH3 

cells) could be easily acquired.  

16. Transparency of the 

method 
Not available. 

17. Documentation 

Yes, but limited. 

Schriks M, Roessig JM, Murk AJ, Furlow JD. Thyroid hormone receptor 

isoform selectivity of thyroid hormone disrupting compounds quantified with 

an in vitro reporter gene assay. Environ Toxicol Pharmacol 2007;23:302-307. 
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VERO CELL THYROID HORMONE REPORTER BETA REPORTER GENE ASSAY 

1. Biological Plausibility 
Yes. The Vero cell reporter system showed an appropriate response to the 

natural TR ligand T3.  

2. Extrapolation to 

humans, or broadly 

applicable across 

vertebrates/phyla 

Yes. Vero cell line is an African green monkey kidney cell line. It does not 

contain endogenous receptors. 

3. Availability of 

Resources 

Yes, basic cell culture protocols and materials are used and widely available. 

The assay is not complex and can be conducted in any laboratory with 

standard cell culture facilities.  

4. Reference Chemicals Yes.  

5. Within-laboratory 

reproducibility 
Not available. 

6. Between-laboratory 

reproducibility 
Not available. 

7. Assay Variability Not available. 

8. Accuracy 

T3 induced luciferase activity in a concentration dependent manner in the 

concentration range assessed. Based on the response curve, the maximum 

induction was 33.1 times that of the vehicle control at a concentration of 0.1 

mgl
-1

.  

9. Assay Specificity 

Very limited data. None of the tested chemicals exhibited TR agonistic 

activity in the assay. BPA and DEHP had weak antagonist activity. Neither of 

these chemicals could reach the RIC20 in the tested concentration range. 

10. Assay sensitivity See assay specificity. 

11. Dynamic Range Not available. 

12. Concentration test 

range 

The concentration of chemicals or mixtures were from 0.1 to 100-fold their 

maximum contamination level in drinking water.  

13. Detection/Adjustment 

of confounding factor 

and/or incorrect/ 

inconclusive 

measurements and/or 

other bias 

The cytotoxic concentrations of tested chemicals were determined by MTT 

assay. Compounds did not affect the viability or proliferation of Vero cells, 

with or without T3. No cytotoxic effects were observed by microscopic 

examination throughout the assay. Chemical cytotoxicity also assessed by 

Renilla luciferase. Tested compounds had no cytotoxic effects at the tested 

concentrations. 

14. Response 

Characterization 

No. Tested compounds could not activate or suppress TR at the concentration 

of their maximum contamination level in drinking water.  

15. Technological 

Transferability/Proprietar

y elements 

The existence of monopoly patents for the assay technology are currently 

unknown, although not likely. It is a standard reporter gene-based assay. It is 

considered that the assay components (e.g., reporter gene constructs, Vero 

cells) could be easily acquired.  

16. Transparency of the 

method 
Not available. 

17. Documentation 

Very limited. 

Sun H, Si C, Bian Q, Chen Q, Chen X, Chen L, Wang X. Developing in vitro 

reporter gene assays to assess the hormone receptor activities of chemicals 

frequently detected in drinking water. J Appl Tox 2012;32:635-641. 
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EVALUATION OF BLOCK #7 ASSAYS - RELEVANT SHORT-TERM ASSAYS 1 
INTEGRATING MULTIPLE MOAS 2 

 3 

This block of assays targets assessment of effects of xenobiotics on various MOAs leading to 4 
disruption thyroid function using zebrafish, sea urchin, and xenopus embryo, or organ explants 5 
cultures. Some of these assays have been used for a long time (xenopus metamorphosis) or sufficient 6 
data has become available for their validation and development of test guidelines (GFP-Xenopus 7 
laevis embryo assay, TG under development in Project 2.39). 8 
In this section a zebrafish embryo assay and a thyroid gland explant culture from Xenopus laevis 9 

assay are analysed for their readiness for inclusion in the test guideline program and were found to be 10 

at a medium (level B) of readiness. The sea urchin assay and short-term xenopus metamorphosis were 11 

not analysed at this time. 12 

 13 

Zebrafish 

Embryo 

Sea Urchin 

Methamorphosis 

Assay 

GFP-Xenopus 

Embryo 

Short Term 

Xenopus 

Metamorphosis 

Assay 

Thyroid 

Gland 

Explant 

Culture 

B Not analysed 
TG under 

development 
Not analysed B 

 14 

 15 

  16 
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Zebrafish Eleutheroembryo Thyroid Assay 1 

Overview: All vertebrates, including teleost fish, share several features of thyroid development and 2 

physiology.  The study of zebrafish thyroid development and function has been facilitated by the 3 

transparent nature and rapid development of the embryo, allowing the ready application of mutagenic 4 

screens, cell linage tracing and fate mapping, whole mount in situ and immunohistochemical analysis 5 

of orthologous (relative to mammalian) gene expression and gene array studies.   6 

The endpoint measured in this assay is T4 concentration in thyroid follicles of 5 dpf zebrafish 7 

following 3 days of exposure to a water-borne chemical. On day 5 pf, larvae are fixed, hybridized in 8 

whole-mount to a polyclonal rabbit anti-T4 antibody followed by detection with a fluorescent-labeled 9 

secondary antibody.  Total T4 immunofluorescence in follicular cells is then quantified via image 10 

analysis and compared with untreated or vehicle-treated controls. 11 

The assay was developed using methimazole (MMI), 6-n-proplyl-2-thiouracil (PTU), potassium 12 

perchlorate (KClO4), amiodaron, and exogenous T3 (Raldua and Babin, 2009).  The assay was then 13 

used to screen the thyroid-disrupting effect of several chemicals exposed at the Maximum Tolerated 14 

Concentrations (MTC): 2,4-Dichlorophenoxyacetic acid (2,4-D), 1,1-bis(4-chlorophenyl)-2,2,2-15 

trichloroethane (DDT), 4-nonylphenol (4-NP), methylmercury (MeHg) and fenoxicarb and atrazine as 16 

negative controls. A subsequent study screened MMI, KClO4, DDT and 22 additional chemicals 17 

(Thienpont et al. 2011).  A positive was defined as a statistically significant difference in fluorescent 18 

signal between treated and vehicle control animals. In the second study, verification of thyroid effects 19 

was carried out by comparing concentration-response (EC50) of T4 signal with lethality (LC50) to 20 

determine a Thyroid Disrupting Index (LC50/EC50).   21 

Conclusion: This assay has strong potential for identifying water soluble chemicals that directly 22 

affect thyroid function, and may be more generally applicable (e.g. to chemicals that have indirect 23 

function).  Based on strong conservation of mechanism, this assay has the potential to be relevant to 24 

vertebrates in general if species differences in metabolism are taken into account. Downsides of the 25 

assay include the labour-intensive and potentially subjective nature of manual image capture, as well 26 

as the requirement of proximity to a fish breeding facility. Next steps in assay development would 27 

include development of a standardized protocol, measurement of in situ chemical concentrations, and 28 

repeat experiments designed to evaluate the sensitivity, reproducibility and transferability of the 29 

assay. 30 

  31 
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RANKING PARAMETER ANALYSIS 1 

ZEBRAFISH ELEUTHEROEMBRYO THYROID ASSAY 

1. Biological Plausibility 

Strong. Synthesis of T4 in in the thyroid follicle is a well-established and 

highly conserved key event in thyroid signalling.  Although not directly 

assessing T4 synthesis, the endpoint (T4 in the thyroid) is the affected by 

several documented initiating events.  

2. Extrapolation to 

humans, or broadly 

applicable across 

vertebrates/phyla 

Strong to Moderate. Main elements of thyroid development and function are 

conserved between fish and mammals including humans.  However, there are 

some differences in structure and feedback mechanisms that may affect 

translatability of results. In addition, metabolic capacity of the zebrafish larva 

will need to be considered.  

3. Availability of Resources 

Moderate. The assay itself is not complex but requires histological techniques 

and  high resolution fluorescent microscopy. The assay requires access to a 

zebrafish breeding facility. 

4. Reference Chemicals 

Moderate. Well characterized positive chemicals that include 

pharmaceuticals, industrial chemicals and pesticides; thus far approximately 

25 chemicals have been tested (Thienpont et al. 2011). 

5. Within-laboratory 

reproducibility 

Weak.  Limited information. Consistent results from two reported studies for 2 

chemicals, perchlorate and MMI. Inconsistent report for DDT (Raluda and 

Babin, 2009; Thienpont et al 2011).  

6. Between-laboratory 

reproducibility 
Weak. Not established.  

7. Assay Variability 

Weak. Not well established. Variability estimates of  20 – 30% (Raldua and 

Babin, 2009),  reduced to  10% in subsequent publication (Thienpont et al. 

2011).  

8. Accuracy 

Weak-Moderate.  Limited data. Good concordance with mammalian and in 

vitro results for chemicals that have a direct effect on thyroid, but a poor 

concordance for chemicals that have an indirect effect on thyroid activity. 

Indirect acting chemicals tested were not water soluble (logKow > 6) and 

therefore aqueous exposure may not be appropriate for these chemicals. 

9. Assay Specificity 

Weak. Insufficient evidence. for direct acting chemicals, there was a 0/1 false 

positive rate and a 1/1 true negative rate compared with mammals, and a 0/2 

false positive and 2/2 true negative rate compared with in vitro results.   

10. Assay Sensitivity 

Moderate.  Compared with mammalian results, there was a 1/15 false negative 

(14/15 true positive) rate for direct acting chemicals and a 3/3 false positive 

(0/3 true positive) rate for indirect acting chemicals.  

11. Dynamic Range 

Weak. Not established. Systematic study of sensitivity has not been 

performed. Screening performed at maximal tolerated concentrations with 

some follow-up with dose-response.  Only nominal concentrations in test 

solution reported. 

12. Concentration test 

range 

Weak. Only chemicals that are soluble in water/DMSO (or perhaps 

water/ethanol) are testable.  

13. Detection/Adjustment 

of confounding factor; 

incorrect/ inconclusive 

measurements; bias 

Weak-Moderate. Thyroid Disrupting Index (LC50/EC50) provided that 

corrects for non-specific effects of general toxicity at concentrations 

approaching those that cause lethality. 

14. Response 

Characterization 
Weak. Not established. 

15. Technological 

Transferability/Proprietar

y elements 

Moderate-Strong. All components of the assay are widely available; but assay 

requires fish breeding capacity. Quantification process requires manual 

manipulation of the embryos and determination of focal plane for image 

capture – labour intensive and susceptible to user error and/or subjectivity.  

16. Transparency of the 

method 

Weak. The assay has been developed in one lab, a standardized protocol does 

not exist, and findings for only a few chemicals are available. 

17. Documentation Weak.  A standard protocol has not been reported.  

   2 
 3 
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Thyroid Gland Explant Culture  1 

Overview: The thyroid gland explant cultures provide an assay system in which the ability of 2 

chemicals to affect thyroid hormone synthesis and release can be assessed at the level of the whole 3 

gland.  The  assay uses thyroid glands dissected from pro-metamorphic Xenopus laevis tadpoles to 4 

determine the potential for xenobiotic chemicals to act directly on the thyroid to inhibit T4 release 5 

(Hornung et al. 2012). It measures the release of hormone as an apical endpoint of thyroid gland 6 

function and may reflect the effects on any number of molecular initiating events in the thyroid gland 7 

that lead to reduced T4 release.  The model chemicals used to develop this ex vivo assay targeted two 8 

separate cellular functions necessary for thyroid synthesis; namely thyroid peroxidase activity and 9 

iodide uptake. A list of other potential molecular targets that could lead to decreased glandular T4 10 

synthesis and/or release could be evaluated, including inhibition of proper TSH signalling and cellular 11 

processing events that modulate T4 release.  So although the assay may reflect the potential for a 12 

chemical to alter the ability of the thyroid gland to release T4, the specific mechanism(s) by which 13 

this is produced are not identified.  14 

To perform the assay, tadpole thyroid glands are cultured in 96-well plates in media containing TSH 15 

to stimulate synthesis and release of T4 that is measured by RIA. This assay can be used in 16 

conjunction with other in vitro assays in which chemicals are tested for their potential to inhibit 17 

thyroid hormone synthesis. For example, chemicals that are found to inhibit TPO activity in vitro 18 

should also inhibit T4 synthesis and subsequent release in the cultured thyroid glands.  Thus the 19 

explant culture system could be used to verify that the effect of a chemical on a specific molecular 20 

initiating event (e.g. TPO  inhibition) in vitro is translated to a higher level of biological organization.  21 

One concern with this assay is it time requirement owing in part to variability in responses due to 22 

differences in endogenous levels of thyroid hormone in the glands from different animals. To detect 23 

the decreased T4 release from the glands, stimulation by TSH over several days is required to 24 

decrease the level of stored thyroid hormone. Because T4 released from the X. laevis thyroid gland is 25 

presumably a combination of newly synthesized hormone and stored hormone, the amount of stored 26 

T4 contributing to the total amount released must be decreased to permit detection of a change in 27 

newly synthesized T4. Thus this assay is a relatively low throughput assay in which the glands are 28 

cultured over 8-d and the T4 released over the final 48h in culture. 29 

An additional concern is the reliance on an inhibition endpoint, is that reduced T4 release could also 30 

be associated with general stress in the cultured glands. For chemicals that are very potent TH 31 

synthesis inhibitors and show no overt toxicity to the gland, the assay works well as a tool to verify 32 

the activity of the chemical in vitro.  For chemicals that inhibit T4 release but also produce toxicity in 33 

the glands, it may be difficult to confirm that the inhibition of thyroid hormone release is due to 34 

specific inhibition of the thyroid hormone synthesis and release pathway and not due to toxicity. 35 

Integrating measures of cytotoxicity with this assay to separate specific thyroid hormone inhibition 36 

from general toxicity is currently under investigation. 37 

Conclusion: The thyroid explant cultures may provide value in the future as a tool to investigate 38 

thyroid-specific signalling events in a low throughput mode. As currently described the assay could be 39 

used as a pre-screen for chemicals that could impair the TSH-stimulated T4 release from the thyroid 40 

glands without regard to mechanism.  However, it is not sufficiently developed to be used alone as a 41 

diagnostic screening tool for thyroid hormone synthesis inhibitors, iodide uptake inhibitors, or 42 

chemicals acting via other specific molecular initiating events. 43 
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RANKING PARAMETER ANALYSIS 1 

THYROID GLAND EXPLANT CULTURE ASSAY 

1. Biological Plausibility 

Moderate.  This assay measures the release of hormone which is an apical 

endpoint of thyroid gland function. As such this endpoint can reflect the 

effects on any number of molecular initiating events in the thyroid gland that 

would lead to reduced T4 release.   

2. Extrapolation to 

humans, or broadly 

applicable across 

vertebrates/phyla 

Strong. The conserved nature of pathways for thyroid hormone synthesis and 

release would indicate that the responses within the isolated thyroid gland 

culture could be readily extrapolated across other vertebrates.   

3. Availability of Resources 

Moderate.  Assay can be performed readily where X. laevis cultures are 

available.  Detection of the T4 released by the glands is done via 

commercially available canine T4 RIA kit using radioactive 125-I labelled T4.   

4. Reference Chemicals 

Moderate-Strong. The assay was developed using three model thyroid 

synthesis inhibitors, MMI, PTU, perchlorate that act by either inhibiting TPO 

or inhibiting iodide uptake into the gland.  This assay has also detected 

inhibition of release by industrial chemicals (unpublished).  

5. Within-laboratory 

reproducibility 

Moderate. MMI  used as a positive control  and gives a response curve that 

spans the range starting near 5 µM to full inhibition of T4 release at 50 µM.   

6. Between-laboratory 

reproducibility 
Weak.  Not established. Only run in one lab to date.  

7. Assay Variability 

Weak-Moderate.  Variability in the responses can be high.  The CV for any 

given test concentration can be 50%, but routinely ranges from 20-30%. 

Variability largely attributable to differences in responses among individual 

glands. To date, normalizing procedures have not reduced this variability. 

8. Accuracy 
Moderate-Strong. Reproducible inhibition of T4 release with 3 model 

compounds assessed. 

9. Assay Specificity Weak.  Not established. Insufficient numbers of  chemicals evaluated 

10. Assay sensitivity Weak.  Not established. Insufficient numbers of  chemicals evaluated  

11. Dynamic Range 

Weak. Optimized to detect T4 in the culture media within the range of the 

commercial RIA assay (3 – 300 ng/ml). Due to high variability in the 

responses among glands, a decrease in T4 release of ~ 30-40% is required for 

statistical reliability.  

12. Concentration test 

range 

Moderate-Strong. No known limitations to the chemicals that can be tested in 

this assay that are outside of those parameters for other in vitro cell- or tissue-

based assays. 

13. Detection/Adjustment 

of confounding factor 

and/or incorrect/ 

inconclusive measurements 

and/or bias 

Weak-Moderate.  Efforts are underway to integrate cytotoxicity endpoints 

into this assay to separate non-specific effects on T4 reduction from those that 

are the result of thyroid hormone specific pathways. 

14. Response 

Characterization 

Moderate-Strong. MMI positive control that is run in parallel with test 

chemicals will give an inhibition of T4 release compared to controls that is 

consistent with historical values. 10 µM MMI reduces release ~50%,  30 µM 

MMI produces ~ 80% inhibition of T4 release compared to controls.  A full 

dose response curve to achieve full inhibition of T4 release can be 

reproducibly generated. 

15. Technological 

Transferability/Proprietar

y elements 

Weak-Moderate. A potential limitation is that endpoints  are measured using 

commercially available RIA  kits so use radioactivity. ELISA methods are 

available which obviate the need for using radioisotopes, but there are 

concerns about their reliability. Non-proprietary reagents & methods could be 

developed. Analytical  detection methods (HPLC-ICP/MS) could be used but 

are more expensive and technically demanding. 

16. Transparency of the 

method 
Weak. Not established. 

17. Documentation Weak.  No standardized protocol currently available.   

 2 
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EVALUATION OF BLOCK #8 ASSAYS - INTEGRATIVE CELLULAR ASSAYS 1 
 2 

The block encompasses assays that target assessment of the effects of xenobiotics on cellular 3 
proliferation and differentiation that is regulated by the activation of the TH nuclear receptors. The 4 
block encompasses 3 assay types. T-screen assays that evaluate cell proliferation of rat pituitary 5 
tumour-cell line (GH3) were analysed. Assays probing migration and differentiation of human neural 6 
progenitor cells (hNPC) in response to TH nuclear receptor activation were also assessed. Both were 7 
found to be at medium and low level of readiness for inclusion in the test guideline program. Analysis 8 
of TSH-responsive cell proliferation assay was not possible due to the lack of publicly available 9 
information. 10 
 11 

T-Screen (TR induced 

proliferation assay 

Human neural 

progenitor cell 

TSH induced 

proliferation assay 

B C Not analysed 

 12 

  13 



67 

 

T-Screen - TR Induced Proliferation Assay 1 

Overview: The T-screen assay is a proliferation assay based on the growth of rat pituitary GH3 cells, 2 

which is a rat pituitary tumour cell line. The cell growth is dependent on the T3 and the cells have a 3 

high expression of thyroid hormone receptors (TRs). The growth stimulatory effect of T3 is mediated 4 

by well characterized specific, high-affinity TRs that upon binding of thyroid hormone (TH) bind to 5 

thyroid hormone responsive elements (TREs) in the cell nucleus ultimately leading to gene 6 

expression.  The T-Screen assay can be used for the detection of agonistic and antagonistic properties 7 

of compounds at the level of the thyroid receptor (TR).  8 

Conclusion: The T-screen could be applied as a valuable method for screening of compounds for TR-9 

mediated effects. However, the endpoint is a non-specific. Alterations in cell proliferation may arise 10 

from any one of a number of mechanisms and as such the assay may be expected to give rise to a 11 

number of false positive compounds – i.e., compounds that may interfere with cell proliferation of 12 

pituitary cells but through a TH-independent mechanism. There has not been sufficient testing 13 

performed to estimate the degree of false positives that may result from this assay.  It also has a major 14 

drawback, as most thyroid EAS/EDs do not interact with the receptor but interfere with the transport 15 

or synthesis of  T3 and T4 (Jacobs et al 2013). Furthermore, if the T-Screen assay is to be validated 16 

with the aim of becoming a Test Guideline method, the assay method would have to undergo 17 

alignment and optimization. 18 

 19 

  20 
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RANKING PARAMETER ANALYSIS 1 

T – SCREEN ASSAYS 

1. Biological Plausibility 

Moderate-Strong. Thyroid hormone induces cell proliferation by activating 

thyroid hormone receptors (TR). This assay detects agonistic and antagonistic 

properties of compounds on proliferation.  

2. Extrapolation to 

humans, or broadly 

applicable across 

vertebrates/phyla 

Strong. Assay used to effects at the level of the TR. As the TRs are highly 

conserved between various vertebrate species, the assay is expected to be 

broadly applicable across species including humans. 

3. Availability of Resources 
Strong. Expertise and technology required for the performance of the assay is 

easily acquired. 

4. Reference Chemicals 

Moderate. T3 is used as a positive control.  Various industrial and commercial 

compounds tested include PCBs, phthalates, brominated diphenylethers, and 

pesticides. 

5. Within-laboratory 

reproducibility 

Strong. The results of the assay when conducted several times within the same 

laboratory seem to be very reproducible. Examples from the literature include 

an average intra CV and inter CV of 4.9% and 8.3%, respectively, when 

compounds were alone , and an average intra CV and inter CV of 3.9% and 

14.6% when compounds were tested in combination with T3 at EC50 (Long et 

al. 2012).  

6. Between-laboratory 

reproducibility 

Weak-Moderate. Reproducibility between different laboratories using the 

same protocol and testing the same chemicals is currently not available. Of the 

limited available information, there appears to be concordance of results.  

7. Assay Variability 

Weak-Moderate. Not much data exist. Of limited available information CV of 

the solvent controls < 5% and an inter-CV of the response to T3 at EC50 and 

T3 at EC100 < 15% (Ghisari and Bonefeld-Jorgensen  2009).  

8. Accuracy Weak. Not established except for T3.  

9. Assay Specificity 

Weak. The assay is not specific as the endpoint is growth of pituitary cells, 

and cell proliferation may also be induced by MOA that is not TR mediated. 

Limited data from reference chemicals  available.  

10. Assay sensitivity Weak? Look up info on concentrations needed to activate  

11. Dynamic Range 

Moderate. Degree of change of the readout is sufficiently robust to allow 

sensitive detection of increasing dosage of active substances. T3 

dose-dependently increases cell proliferation at 10
−10

M (LOEC) and 

maximally at 10
−8

M (MOEC) to approximately 750% of the solvent control 

(Ghisari and Bonefeld-Jorgensen, 2005) 

12. Concentration test 

range 

Moderate. Very high concentrations of test compound or vehicle may result in 

cytotoxicity.  

13. Detection/Adjustment 

of confounding factor; 

incorrect/ inconclusive 

measurements; bias 

Moderate. Cell toxicity should always be assessed.  Read-out of proliferation 

is often measured by fluorescence so important to determine if test substances 

exhibit auto-fluorescence. Also must determine test substance interference 

with luciferase activation/ inhibition.  

14. Response 

Characterization 

Moderate. The readout of the assay consistently generates a significant change 

when an effective concentration of active substance is tested. 

15. Technological 

Transferability/Proprietar

y elements 

Strong. There are no features of the assay model, associated technology, 

patents or MTA limitations.    

16. Transparency of the 

method 

Weak-Moderate. A standardized protocol does not exist, and findings for only 

a few chemicals are available in the published literature. 

17. Documentation 

Moderate. Protocols are available that allow for effective replication, but 

several protocol versions exist, that could give rise to variations in results. 

Assay requires  alignment and optimization if to be used in TG 

 2 

  3 

http://www.sciencedirect.com/science/article/pii/S0378427409002537#bib24
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Human Neural Progenitor Cell Proliferation/Differentiation/Migration 1 

 2 

Overview:  One of the primary concerns for thyroid hormone disruption is the effect that either too 3 

much or too little hormone will negatively impact brain development. A three-dimensional cell 4 

aggregate system known as a ‘neurosphere’ has been proposed as a screening tool to identify 5 

developmental neurotoxicants. This assay encompasses growth of normal human neural progenitor 6 

cells (hNPC) cultured as free-floating neurospheres in proliferation medium and plating onto a poly-7 

D-lysine/laminin matrix. Assessment of cell viability, proliferation, migration, and differentiation is 8 

conducted following a 1-2-week preincubation period with test compounds. NPCs grown as 9 

neurospheres appear to mimic the fundamental processes of brain development including two thyroid-10 

dependent processes, cell migration and oligodentrocyte differentiation.  Individual spheres in single 11 

wells of a 96-well plate proliferate over time and exhibit a zonal distribution of astrocytes in the 12 

periphery and a mix of astrocytes and neurons in the centre. This is believed to results from a growth 13 

factor gradient from the periphery to the center of the sphere (Moors et al., 2009).  Proliferation is 14 

determined by simply measuring sphere size in contrast to negative controls without added mitogens. 15 

Cell viability is determined by measuring mitochondrial reductase activity using the AlamarBlue 16 

assay. On withdrawal of growth factors and in the presence of an appropriate matrix substrate, cell 17 

migration is initiated and cells move from the sphere over the course of several days in a radial and 18 

tangential migration pattern. Migration is measured by determining the distance from the edge of the 19 

sphere to the furthest migrated cells 48-hours after initiation at four defined positions on the sphere. 20 

The molecular signals controlling migration in neurospheres are not yet known, but T3 added to the 21 

medium can initiate and facilitate this behavior (Moors et al., 2009; Fritsche et al., 2005; Schreiber et 22 

al., 2009). Oligodendrocyte precursor cells are present in the migration area outside of the sphere 23 

indicative of morphologic maturation with the passage of time, and the number of oligodendrocytes is 24 

increased in the presence of T3 (Moors et al., 2009; Schreiber et al., 2010; Fritsche et al., 2005). Both 25 

of these developmental processes are known to require thyroid hormone both in vivo and in vitro.  26 

Fritsche and colleagues have utilized this assay system to investigate the thyroid-hormone-dependent 27 

neurotoxicity associated with PCBs and PBDEs (Fritsche et al., 2005; Schreiber et al., 2010). No 28 

effect was seen on hNPC proliferation with these compounds, but PCB 118 but not PCB126 increased 29 

the differentiation of cells into oligodendrocytes, an effect that was mimicked by T3 and blocked by 30 

the TR blocker NH3.  PBDEs decreased migration, an effect mimicked by the TR blocker NH3.  31 

Although a number of studies have demonstrated that the 3D neurosphere model is able to react to 32 

exposure to a variety of developmental neurotoxicants, studies designed to systematically test the 33 

predictive power of neurospheres for toxicity screenings have not been performed. Neither is it 34 

possible to conclude that effects identified in this assay system occur because of thyroid disruption.  35 

Conclusion: The development of screening assays for thyroid-mediated developmental neurotoxicity 36 

using neurospheres is too nonspecific to be useful as an assay system for a direct thyroid target. This 37 

assay system may be useful for more general developmental neurotoxicity screening efforts. Only a 38 

limited number of chemicals that have been assessed and the assay time and labour intensive. Ethical 39 

issues in addition to concerns about availability of tissue for routine screening assessments may limit 40 

applicability of this assay. A direct sensitivity assessment between human and rodent NPC models has 41 

not been conducted, but it is possible that rodent models may circumvent this shortcoming.  This 42 

assay falls within Level C. 43 

  44 
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RANKING PARAMETER ANALYSIS 1 

hNPC NEUROSPHERES ASSAYS 

1. Biological Plausibility 

Moderate. Thyroid hormone disruption can interfere with neuronal cell 

migration and differentiation and lead to neurodevelopmental impairments. 

Xenobiotics may interfere with these processes via a number of means, one of 

which is thyroid hormone disruption.   

2. Extrapolation to 

humans, or broadly 

applicable across 

vertebrates/phyla 

Moderate-High.   Developed with human NPC. The applicability of the 

responses profiled in this assay to a broad spectrum of ecologically-important 

species has not been ascertained. 

3. Availability of 

Resources 

Weak-Moderate.  Accessibility of  hNPCs of same embryonic age may be an 

issue. There may also be ethical concerns. 

4. Reference Chemicals 

Weak.  Only a handful of chemicals that have been tested in the hNPC 

neurosphere assay, some of which are potential thyroid hormone disruptors 

(PCBs, PBDEs, endosulfan) others of which are not (ethanol, lead, 

methylmercury, nanoparticles). Among them, chemicals from similar classes 

have quite distinct profiles (eg, PCB 118 vs PCB126; PCBs vs PBDEs). A 

number of non-thyroid active chemicals are positive in this assay as they also 

impair brain development. Positive controls include two distinct 

concentrations of T3 in the two publications considered (3nM and 30nM) and 

the TR blocker NH3 (10nM and 1uM).  

5. Within-laboratory 

reproducibility 
Weak. Not established. 

6. Between-laboratory 

reproducibility 
Weak. Not established. 

7. Assay Variability Weak. Not established. 

8. Accuracy Weak. Not established. 

9. Assay Specificity Weak. Not established. 

10. Assay sensitivity Weak. Not established. 

11. Dynamic Range 
Weak. Measured responses appear to have a limited dynamic range and a 

sufficient number of doses of any given test substance has not been reported.   

12. Concentration test 

range 

Weak. Some activity in response to vehicle DMSO was reported. Measured 

responses appear to have a limited dynamic range and a sufficient number of 

doses of any given test substance has not been reported.   

13. Detection/Adjustment 

of confounding factor; 

incorrect/ inconclusive 

measurements; bias 

Moderate.  The assay involves a long incubation with the test chemical.  

Cytotoxicity assessments and positive controls for specific endpoints are 

incorporated into the assay. There are a number of other MOAs distinct from 

thyroid that can interfere with the assay output. Age of at which the donor 

cells are harvested can also impact the outcome  i.e., distance cells migrate 

may be robust but can vary widely dependent on the age of the donor cells 

(gestational vs postnatal). Rodent based stem cell methods may alleviate this 

potential drawback if found to be as sensitive as hNPCs. 

14. Response 

Characterization 

Weak.  Only a few chemicals with a presumed thyroid action tested.  Of those 

reported (i.e., PCBs, PBDEs) a minimal number of concentrations were 

assessed and different  endpoints evaluated.  Although a number of studies 

have demonstrated that neurosphere model is able to react to exposure to a 

variety of known developmentally neurotoxic agents, studies to systematically 

test the predictive power of assay for toxicity screenings have not been 

performed. Neither is it possible to conclude that effects identified in this 

assay system occur because of thyroid disruption.  

15. Technological 

Transferability/ 

Proprietary elements 

Weak. Cytotoxicity testing on a large scale may not be practical due to the 

difficulty in obtaining the quantity of cells required. There may also be ethical 

concerns using hNPCs. 

16. Transparency of the 

method 
Weak. Not established. 

17. Documentation 
Moderate. A detailed protocol for human and mouse neurosphere generation 

and assessment is available (Fritsche et al., 2011). 
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