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a b s t r a c t

The thyroid hormone (TH) system is involved in several important physiological processes, including 
regulation of energy metabolism, growt h and differentiation , development and maintenance of brain 
function, thermo-regulation, osmo-regulation, and axis of regulation of other endocrine systems, sexual 
behaviou r and fertility and cardiovascular function. Therefore, concern about TH disru ption (THD) has 
resulted in strategies being developed to identify THD chemicals (THDCs). Information on potential of 
chemicals causing THD is typically derived from animal studies. For the majority of chemicals, how- 
ever, this information is either limited or unavaila ble. It is also unlikely that animal experiments will 
be performed for all THD relevant chemicals in the near future for ethical, financial and practical rea- 
sons. In add ition, typical animal experimen ts often do not provide information on the mech anism of 
action of THDC, making it harder to extrapolate results across species. Relevant effects may not be 
identified in animal studies when the effects are delayed, life stage specific, not assessed by the exper- 
imental paradigm (e.g., behaviour) or only occur when an organism has to adapt to environmental fac- 
tors by modulating TH levels. Therefore, in vitro and in silico alternatives to identify THDC and quantify 
their potency are needed. THD C have many potential mechanisms of action, including altered hormone 
produc tion, transport, metabolism, receptor activation and disruption of several feed-back mecha- 
nisms. In vitro assays are availabl e for many of these endpoints, and the application of modern ‘-omics’ 
technologies, applicable for in vivo studies can help to reveal relevant and possibl y new endpoints for 
inclus ion in a targeted THDC in vitro test battery. Within the framew ork of the ASAT initiative (Assur-
ing Safety without Animal Testing), an international group consisting of experts in the areas of thyroid 
endocrinology , toxicology of endocrine disruption, neurotoxicology, high-throughput screening, com- 
putational biology, and regulatory affairs has reviewed the state of science for (1) known mechanisms 
for THD plus examples of THDC; (2) in vitro THD tests currently available or under development 
related to these mechanisms; and (3) in silico methods for estimating the blood levels of THDC. Based 
on this scientific review, the panel has recommen ded a battery of test methods to be able to classify 
chemicals as of less or high concern for further hazard and risk asses sment for THD. In addition, 
research gaps and needs are identified to be able to optimize and validate the targeted THD in vitro 
test battery for a mechanism-based strategy for a decision to opt out or to proceed with further testing 
for THD. 

Published by Elsevier Ltd. 

0887-2333/$ - see front matter Published by Elsevier Ltd. 
http://dx.doi.org/10.1016/j.tiv.2013.02.012

⇑ Corresponding author. 
E-mail address: Tinka.Murk@wur.nl (A.J. Murk).

Toxicology in Vitro 27 (2013) 1320–1346

Contents lists available at SciVerse ScienceDi rect 

Toxicology in Vitro 

journal homepage: www.elsevier .com/locate / toxinvi t

http://dx.doi.org/10.1016/j.tiv.2013.02.012
mailto:Tinka.Murk@wur.nl
http://dx.doi.org/10.1016/j.tiv.2013.02.012
http://www.sciencedirect.com/science/journal/08872333
http://www.elsevier.com/locate/toxinvit


Contents

1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1321 
1.1. Possible physiological consequences of thyroid hormone disruption . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1321 
1.2. Environment al chemicals and THD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1322 
1.3. Aim of the workshop. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1327 

2. Thyroid hormone system and endpoints for THD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1327 
2.1. Box 1. Central regulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1327 

2.1.1. Endpoint: TRH receptor signalling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1327 
2.1.2. In vitro assays for TRH receptor signalling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1327 
2.1.3. Endpoint: TSH receptor signalling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1328 
2.1.4. In vitro assays for TSH receptor signalling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1328 

2.2. Box 2. TH synthesis and secretion by the thyroid gland . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1328 
2.2.1. Endpoint: NIS-mediated iodide uptake . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1329 
2.2.2. In vitro assays for NIS-mediated iodide uptake . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1329 
2.2.3. Endpoint: TPO inhibition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1329 
2.2.4. In vitro assays for TPO inhibition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1329 

2.3. Box 3. Transport of thyroid hormones . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1330 
2.3.1. Endpoint: Binding to transport proteins TTR and TBG . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1330 
2.3.2. In vitro assays for binding to transport proteins TTR and TBG . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1330 

2.4. Box 4. Metabolism and excretion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1330 
2.4.1. Endpoint: Deiodination . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1331 
2.4.2. Endpoint: Alanine side chain modification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1331 
2.4.3. Endpoint: Sulfation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1331 
2.4.4. Endpoint: Glucuronidation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1331 
2.4.5. Inhibition of enzyme functioning . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1331 
2.4.6. In vitro assays for induction and inhibition of enzymes for TH metabolism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1332 

2.5. Box 5. Cellular concentrations and transporters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1332 
2.5.1. Endpoint: cellular TH uptake . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1332 

2.6. Box 6. Cellular responses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1332 
2.6.1. Endpoint: TR binding and transcriptional activity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1333 
2.6.2. In vitro assays for detecting disruption of TR activity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1333 

3. Chemical bio-activation and availability in vitro . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1334 
4. Suggested testing strategy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1334 

4.1. Tier 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1335 
4.2. Tier 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1335 

5. Advantages of in vitro testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1337 
6. Further outlook: using computational modelling to interpret in vitro assays for in vivo effects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1337 
7. Recommendations for assay use and development . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1337 
8. Summarizing conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1338 

Conflict of interest statement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1338 
Disclaimer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1338 
Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1338 
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1338 

1. Introduction 

Endocrine disruption (ED) by chemicals is not restricted to the 
sex hormone system, but also includes thyroid hormone (TH) dis- 
ruption (THD). THD is defined herein as a change in hormone pro- 
duction, transport, function or metabolism resulting in impaired 
homeostasi s. When the homeostasi s is not impaired it is called a
hormone modulator. THD can be induced by a variety of causes 
including diet, disease, and exposure to environm ental chemicals. 

TH are involved in several important physiolog ical processes 
such as regulatio n of energy metaboli sm (Cheng et al., 2010 ),
growth and differentiation , development and maintenanc e of brain 
function and the sympathetic nervous system (Bernal, 2007; Horn 
and Heuer, 2010; Reinehr, 2010; Warner and Mittag, 2012 ), ther- 
mo-regulation (Ribeiro, 2008 ), osmo-regul ation and renal function 
(Vargas et al., 2006 ), regulation of onset and proper function of 
other endocrin e systems including the estrogen system, sexual 
behaviour and fertility, and cardiovascular functioning (Danzi
and Klein, 2012; Krassas et al., 2010; Wagner et al., 2008 ). Whether 
during developmen t of the organism, differentiation of cells and tis- 
sues, maintenanc e or alteration of physiologica l functions of adult 
individuals, in many cases TH effects can best be characteri zed as 

‘permissive hormone action’. This indicates that the TH status of 
cells, tissues, and organisms provides the background and platform 
for other biologica l signals – hormonal, neural, immunologica l, 
nutritive and environmental – that are critical for maintenance of 
both developmen t and homeostasis of the organism as a whole 
(Lopez-Juarez et al., 2012; Pascual and Aranda, 2012; Sirakov 
et al., 2012 ).

The predominant TH in the circulation in the euthyroid situa- 
tion is 3,3 0,5,50-tetraiodoth yronine (thyroxine, T4), which is the 
precursor for the most active form of TH (3,30,5-triiodothyro nine; 
T3). Most of the known functions of TH are mediated by the inter- 
action of T3 with the nuclear T3-receptors (TRs), which act as li- 
gand-mo dulated transcrip tion factors. While almost none of the 
genes regulated by T3 are exclusively responsive to T3, virtually 
all molecular, cellular and metabolic events are more or less sensi- 
tive to TH (Grimaldi et al., 2012; König and Moura Neto, 2002; 
Oetting and Yen, 2007 ).

1.1. Possible physiological conseque nces of thyroid hormone disruption 

Lessons learned from decades of biomedical studies of iodide 
deficiency, congenit al hypothyroid ism, genetic diseases related to 
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