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A B S T R A C T

Thyroid hormones (THs) stimulate and coordinate a wide range of processes to ensure normal development,
mainly by binding of the most active TH 3,5,3′-triiodothyronine (T3) to nuclear receptors resulting in changes in
gene transcription. Local TH action is monitored at three distinct levels by different types of regulators: trans-
membrane transporters (TH influx and efflux), deiodinases (TH activation and inactivation) and nuclear re-
ceptors (TH signalling). Since TH regulators are strongly conserved among vertebrate species, the externally and
rapidly developing zebrafish (Danio rerio) has become one of the favourite models to study their role in TH-
dependent development. Most regulators are expressed in zebrafish from early stages in development in a dy-
namic and tissue-specific pattern. Transient or permanent disruption of a given regulator severely perturbs
development of multiple organs. These zebrafish deficiency models help to explain why, next to overall hypo-/
hyperthyroidism, inactivating mutations in the genes encoding TH regulators such as MCT8 and THRA/B have
irreversible adverse effects on human development. Zebrafish are also increasingly used as a high-throughput
model to assess the toxicity of various xenobiotics and their impact on development. While adverse effects on TH
metabolism and gene expression have been shown, information on direct interaction with TH regulators is
scarce, albeit essential to fully understand their mechanism of action. For the future, the combination of novel
gene silencing tools, fluorescent reporter lines and (single-cell) transcriptomics holds promise for new zebrafish
models to further elucidate the role of each TH regulator in vertebrate development.

1. Introduction – Facing new challenges in thyroid research

The thyroid gland is one of the most ancient endocrine glands in
vertebrate evolution and its products, the thyroid hormones (THs), are
crucial factors for a variety of biological processes. The development,
growth and functioning of many organs throughout the vertebrate body
relies on adequate TH levels supplied via the circulation (Crockford,
2009). The production of the main TH 3,5,3′,5′-tetraiodothyronine
(thyroxine, T4) is maintained by sufficient iodine uptake and a proper
functioning hypothalamus-pituitary-thyroid (HPT) axis. In peripheral
organs, the local concentration of the bioactive 3,5,3′-triiodothyronine
(T3) is adjusted relatively independent of the circulating TH levels
through the interaction of transmembrane transporters, mediating cel-
lular TH influx and efflux, and the intracellular deiodinase enzymes. In
all vertebrates, deiodinase type 2 (DIO2) activates T4 into T3, and DIO3
inactivates T3 into 3,3′-diiodothyronine (T2). DIO1 on the other hand
performs both reactions, albeit with lower efficiency (Bianco and Kim,
2006; Darras and Van Herck, 2012). The intracellular availability of

T3 determines the fraction of T3-bound TH receptors ultimately re-
sulting in transcriptional activation or repression of numerous genes in
a time- and cell-specific fashion (Grontved et al., 2015). Vertebrate-
wide studies have confirmed that this regulatory system is evolutionary
conserved from fish to humans (Holzer et al., 2017; Porazzi et al.,
2009).

Clinical data convincingly show that both maternal hypothyroidism
(TH shortage) and hyperthyroidism (TH excess) negatively, and some-
times irreversibly affect the development and function of many organs,
in particular the central nervous system (CNS). Major causes for dys-
function of the maternal thyroid gland have been known for long and
include iodine deficiency and auto-immune disease (Poppe et al., 2008;
Zimmermann and Boelaert, 2015). More recently there is growing
evidence that a variety of endocrine disrupting chemicals (EDCs) also
disturb maternal TH production with adverse effects for the developing
embryo/foetus (Ghassabian and Trasande, 2018). The existence of
various regulators of TH action at the peripheral level has brought forth
additional challenges in thyroid research, in particular within the
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context of development. Mutations have been identified in some of the
human genes encoding the regulators of local T3 availability as well as
the TH receptors. Each of them is associated with a unique but com-
plicated phenotype, of which the underlying mechanisms remain en-
igmatic (Dumitrescu and Refetoff, 2013). Suitable animal models are a
key factor in elucidating how inactivating mutations or xenobiotics
interfering with these local regulators may disrupt early development in
humans as well as vertebrates in general.

2. The zebrafish as a suitable model to study local TH regulators

The zebrafish (Danio rerio) is a freshwater teleost belonging to the
Cyprinid family. The rapid external development, early-life transpar-
ency, cost-effective breeding and husbandry of this small-sized verte-
brate make it a suitable model for developmental and toxicological
studies (Roper and Tanguay, 2018). The archetypical brain shares the
basic anatomical-physiological features with that of mammals, and re-
latively complex behaviours have been described which can be assessed
using various behavioural assays (Kalueff et al., 2014a,b). The com-
pletely sequenced genome revealed 70% homology with the human
nucleotide sequence, and as much as 84% of genes related to human
diseases share an orthologue in zebrafish (Howe et al., 2013). Fur-
thermore, next-generation methods for gene manipulation facilitate
gene function studies (see for instance (Huang et al., 2011; Meng et al.,
2008; Varshney et al., 2015), and new high-resolution imaging tech-
niques allow to track and examine development in astonishing detail
(Stewart et al., 2014).

As in all vertebrates, TH production in zebrafish is controlled by the
HPT axis, with the exception that the thyroid follicles do not form a
compact gland but are dispersed in the branchial region surrounding
the ventral aorta, which is typical for teleosts (Alt et al., 2006). TH
uptake by peripheral organs is facilitated by transmembrane TH
transporters, of which monocarboxylate transporter 8 (Mct8) is cur-
rently the only one functionally characterised in zebrafish, having high
T3 affinity at rearing temperature (Arjona et al., 2011). Other, sec-
ondary TH transporters, including Mct10 and organic anion trans-
porting polypetide 1c1 (Oatp1c1) are expressed as well, and are prob-
ably also involved in TH exchange between tissues and circulation, as
they do in other vertebrates (Zada et al., 2017). Also, the three types of
deiodinases are present in zebrafish, but due to a whole-genome du-
plication Dio3 has two paralogues, with Dio3b having a predominant
role over Dio3a (Guo et al., 2014; Heijlen et al., 2014). The thra gene is
also duplicated (Takayama et al., 2008). The thraa gene encodes a short
and a long TH receptor α1 isoform (zTRα1S and zTRα1L, respectively),
of which zTRα1S is highly homologous to human TH receptor α1. thrab
encodes TH receptor αβ (zTRαβ) which lacks transactivation activity.
The thrb gene was not duplicated and encodes three isoforms, a short
and a long TH receptor β1 (zTRβ1S and zTRβ1L, respectively) and TH
receptor β2 (zTRβ2) (Darras et al., 2011; Marelli et al., 2016).

Due to its rapid and external development, zebrafish has been and
still is one of the favourite vertebrate models for developmental
biology. Moreover, the simplicity to knock down or knock out the ex-
pression of a specific gene during development has really boosted its
popularity as a model to study gene function. With the increasing
awareness of the potential hazard of xenobiotics for development, it has
also become one of the models for high-throughput screening of che-
micals for toxicity. The Fish Embryo Test (FET, OECD test guideline 236)
is a standardized and validated test to assess acute toxicity of com-
pounds in zebrafish. In general, different doses of a particular com-
pound are administered around 2 hours post fertilisation (2 hpf), fol-
lowed by daily monitoring of survival and developmental parameters.
Finally, organ structure and function as well as behavioural perfor-
mance are assessed between 120 and 168 hpf (Braunbeck et al., 2015;
Busquet et al., 2014). Data retrieved from these experiments enable to
establish dose–response relationships and early-life developmental
toxicity of a compound in a fast and reproducible way. In addition,

transgenic fluorescent zebrafish have been generated as reporter lines
for evaluating EDC toxicity (Dai et al., 2014), and recently a method
was developed to fluorescently visualise intrafollicular TH concentra-
tions to assess direct effects of EDCs on TH production (Rehberger et al.,
2018).

3. Distribution of local TH regulators in the developing zebrafish

The regulators of TH availability and TH receptors are present in
zebrafish from very early stages onwards (Heijlen et al., 2013). Detailed
information regarding their dynamic distribution in the embryonic,
juvenile and adult stages can be found in (Heijlen et al., 2013;
Houbrechts et al., 2016a; Marelli et al., 2016; Takayama et al., 2008;
Zada et al., 2017). For the purpose of this review, we mainly discuss the
expression patterns of TH regulators in the developing HPT axis and the
CNS which are amongst the most TH-sensitive organs in vertebrates,
and are particularly relevant for studying the effects of TH regulator
deficiency as well as EDC toxicology.

The HPT axis of zebrafish develops and matures during the 3-day
embryonic development, and the bulk of THs is of maternal origin,
deposited in the egg yolk, prior to the moment when the thyrocytes
start to produce endogenous THs at approximately 60–72 hpf (Porazzi
et al., 2009). As in most vertebrates, fish eggs generally contain more T4

than T3 but there is considerable variation between and even within
species (Power et al., 2001). The same is true for zebrafish where
measurements of the T4/T3 ratio varied from 5:1 (Walpita et al., 2007)
and 4:1 (Chang et al., 2012) to 1:3 (Mukhi et al., 2007). dio1, dio3a and
dio3b are highly expressed during early stages, as observed from 2 to 5
hpf in the hypothalamic region, probably preventing premature
T3–dependent stimulation of neurogenesis and neuronal differentiation.
From 24 hpf onwards, dio2, thra and thrb mRNA expression increases,
suggesting an important role for T3 in neurogenesis and differentiation
to fine-tune the set point of the adult HPT axis. Enrichment of thrb, dio2
and mct8 in the adenohypophysis from 48 hpf onwards indicates that
the thyrotropes in the developing pituitary possess the necessary ma-
chinery to ‘sense’ TH levels and adjust thyrotropin (Tsh) expression
accordingly. The HPT axis is fully functional around the time of
hatching (Darras et al., 2015; Heijlen et al., 2014; Liu and Chan, 2002;
Tonyushkina et al., 2014; Vergauwen et al., 2018; Walpita et al., 2007).

thraa is highly expressed throughout the CNS between 24 and 48
hpf, while thrb is more restricted to specific regions such as the retina
(Marelli et al., 2016; Takayama et al., 2008). mct8 as well as the
deiodinases are abundantly present in the CNS (whole brain, spinal
cord and retina), notochord, blood/lymph vessels and blood–brain-
barrier at least until 168 hpf (Campinho et al., 2014; Vatine et al.,
2013). The peak of mct8 expression in blood/lymph vessels at 48 hpf
indicates its essential early function in TH exchange at the blood–brain
barrier (Campinho et al., 2014; Vatine et al., 2013; Zada et al., 2014).
oatp1c1 is also associated with blood vessels, while mct10 is nearly
absent in the brain (Zada et al., 2017). dio1 and dio2 are expressed
throughout the brain and the eye from 12 hpf onwards (Heijlen et al.,
2013) while dio3a/b are only weakly expressed, implying a TH-acti-
vating environment in brain cells from then on (Guo et al., 2014).

Two important conclusions can be drawn from the dynamic ex-
pression pattern of these TH regulators. First of all, their early presence
in a tissue-specific fashion indicates that T3 action occurs prior to HPT
axis maturation and endogenous TH production. This corresponds to
observations in other vertebrates including humans, and puts emphasis
on the importance of maternally derived THs during the first stages of
development (Bernal, 2017; Fini et al., 2012; Van Herck et al., 2015).
Secondly, tissues and organs are able to autonomously regulate their TH
concentrations from early development. The T3-induced gene repertoire
among organs, tissues or even cells is therefore adjusted depending on
the need at a given time point in development. Consequently, any
discordance in TH levels and/or timing of local T3 action can delay,
accelerate or perturb development. This increases the risk of disrupting
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the cyto-architectural organisation of a specific organ or tissue during
critical time windows, possibly affecting both its short- and long-term
function. This could have persistent and detrimental effects on fitness-
related parameters. To understand the exact role of a specific TH reg-
ulator and its contribution to normal development, deficiency models
have been generated by selectively silencing genes in a transient or
permanent manner.

4. Zebrafish deficiency models: Elucidating the function of a
specific TH regulator

The role of THs in zebrafish development was originally studied
using goitrogens, which biochemically block TH synthesis in thyr-
ocytes, and induce a hypothyroid state. Perchlorate, methimazole and
phenylthiourea are the three most commonly used chemicals to de-
termine the effects of hypothyroidism on general development and TH-
sensitive organs. Overall, the phenotype is similar across studies and
comprises decreased body length and weight, delayed swim bladder
inflation, reduced motility, diminished eye/lens size, and a female-
skewed sex ratio (Elsalini and Rohr, 2003; Liu et al., 2008; Mukhi et al.,
2007; Reider and Connaughton, 2014, 2015; Sharma and Patino, 2013;
Sharma et al., 2016). While these studies provide important insights to
evaluate the consequences of a severe TH shortage during development,
the toxicity of the chemicals used also generates a risk for non-TH-re-
lated side-effects. In some of the studies, this was taken into account by
performing rescue experiments with TH supplementation to show the
specificity of the observed changes (Brown, 1997; Li et al., 2012;
Sharma et al., 2016). However, these goitrogens act on the whole-body
level and therefore do not allow to unravel the role of a single TH
regulator at the cellular level. Their role within thyroid signalling
during zebrafish development could not be assessed until the in-
troduction of antisense morpholino oligonucleotides (MOs). These short
synthetic oligonucleotides induce a gene-specific, transient knockdown
(KD) by either translational blocking or alternative splicing via com-
plementary base pairing (Bedell et al., 2011; Bill et al., 2009). This easy
way of generating deficiency models caused a revolution in zebrafish
research starting around the year 2000 (Heasman, 2002), but it still
lasted several years before this technique was applied to study the
function of TH regulators.

The first TH-related MO studies were performed on deiodinases by
our research group (Walpita et al., 2009). KD of Dio1 alone did not
induce any apparent effects on development, while Dio2-KD decreased
pigmentation and otic vesicle length at 24 hpf, and delayed swim
bladder inflation in larvae (Heijlen et al., 2013; Walpita et al., 2009).
Combined Dio1 + Dio2-KD resulted in an even more severe phenotype
(Walpita et al., 2010). Moreover, retinal lamination was disrupted and
the majority of cone photoreceptors was lost at 72 hpf. These larvae
also showed decreased growth, delayed swim bladder inflation, an
abnormal light response and reduced motility at 96 hpf (Bagci et al.,
2015; Houbrechts et al., 2016b). Since Dio1 seemed only crucial under
Dio2-depleted conditions, it was concluded that Dio2 is the pre-
dominant TH activator in zebrafish (Walpita et al., 2010). Dio3b-KD
zebrafish also displayed decreased growth, impaired swim bladder in-
flation, reduced motility, and eye defects, which were more prominent
and persistent than after silencing of the activating deiodinases. These
abnormalities could be attributed to a hyperthyroid state, since exo-
genous T3 supplementation to wild-type embryos mimicked the ob-
served phenotype. Furthermore, MO specificity was confirmed via
rescue experiments with human DIO3 mRNA (Heijlen et al., 2014;
Houbrechts et al., 2016b).

To overcome the major limitation of the MO technique, being the
restricted time window of gene silencing (typically up to 120 hpf), re-
searchers are now prompted to use current methods for genome editing.
Zinc finger nucleases (ZFNs) were the first generation of tools to induce
permanent and heritable mutations in zebrafish DNA, followed by
transcription activator-like effector nucleases (TALENs) and most

recently the Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPR)/Cas9 system (Huang et al., 2011; Meng et al., 2008; Varshney
et al., 2015). The high efficiency and specificity of these methods in
combination with the short generation time of zebrafish, allows rela-
tively easy and cost-efficient generation of mutant lines. Our research
group used the ZFN technology to generate the dio2−/− zebrafish
(Houbrechts et al., 2016a). Early development was clearly perturbed in
these animals, similar as in Dio2 morphants, although slightly more
severe. The mutants exhibited an aberrant light response at 144 hpf,
probably due to a partial loss of their photoreceptors, and/or their re-
duced locomotor activity (Fig. 1). Other defects between 24 and 168
hpf included smaller eyes and ears, growth deficiency and aberrant
swim bladder inflation. We also started studying the long-term effects
and found that permanent Dio2 deficiency hampered growth and
especially reproduction (Houbrechts et al., 2016a). Hence, Dio2 defi-
ciency from early-life stages onwards has detrimental consequences
that persist throughout adulthood.

Data on the role of TH receptors in zebrafish is more scarce and is so
far limited to MO-based studies. They are particularly interesting to

Fig. 1. The effect of permanent deiodinase type 2 deficiency on early zebrafish
eye development. (A,B) Immunohistochemical staining for a rod photoreceptor
marker (Zpr-3) on cryosections of the eye of (A) dio2+/+ and (B) dio2−/− fish
at 72 hpf. (C,D) Data for relative cone/rod number (expressed per retinal sur-
face area) are shown as mean + SEM (n ≥ 7 per group) at 72 hpf and 168 hpf.
R/G cones: red/green cone photoreceptors were stained for the marker Zpr-1.
Differences between genotypes per photoreceptor type were analyzed by un-
paired Student’s t test. *P < 0.05; **P < 0.01. (E) Light response test mea-
suring the total distance in large movements during 20 min in the dark. A 1 s
light flash (black arrow) was given to the larvae after 10 min of dark habitua-
tion and their response was recorded. Overall, dio2−/− larvae moved con-
siderably less than dio2+/+ larvae and their response to the light was less
strong. Moreover, the duration of the response was reduced in dio2−/− fish,
returning faster to pre-stimulation levels.
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study the aetiology and underlying mechanisms of some human dis-
eases. In comparison to the deiodinases, where no fully inactivating
mutations in the human DIO genes have been described so far, TH re-
ceptor mutations are linked to the so-called Syndromes of TH
Resistance as people with an inactive THRA or THRB gene suffer from
reduced responsiveness of tissues to TH action (Refetoff et al., 2014).
The Thraa-KD and Thrb-KD zebrafish phenotypes are very similar,
showing hypopigmentation, growth delay, increased otic vesicle length,
and neither swim bladder inflation nor development of pectoral fins
was observed between 24 and 96 hpf. Thraa-KD fish additionally had a
smaller head and cardiac oedema, while Thrb-KD fish showed deranged
retinal lamination and notochord defects (Marelli et al., 2016). Severe
heart problems were also observed in wild-type zebrafish embryos
following injection with mutated human TRα mRNA (Marelli et al.,
2017).

In regard to understanding the human Allan-Herndon-Dudley syn-
drome (AHDS), which is characterized by loss-of-function mutations in
the SLC16A2 gene encoding MCT8, the zebrafish model plays an im-
portant role. AHDS patients are thyrotoxic in circulation although the
CNS shows clear signs of hypothyroidism, the latter leading to severe
psychomotor retardation (Dumitrescu et al., 2004; Friesema et al.,
2006; Lopez-Espindola et al., 2014). While the Mct8 knockout (KO)
mouse model lacks gross neuronal deficits (Dumitrescu et al., 2006),
these phenotypical characteristics are evident in zebrafish with Mct8
disruption. Induction of Mct8-KD by MO injection resulted in reduced
eye and brain size, a curved body axis due to a deformed spinal cord,
pericardial oedema and reduced locomotor activity at 120 hpf
(Campinho et al., 2014; de Vrieze et al., 2014; Vatine et al., 2013).
While one study did not report defects in the vascular system (Vatine
et al 2013), others found poor vascularisation, especially in the brain
(Campinho et al., 2014; de Vrieze et al., 2014). Furthermore, the ex-
pression level of several TH-responsive genes was variably affected.

The ZFN technology was subsequently used by Zada and coworkers
to generate mct8−/− zebrafish. These mutants were viable and fertile,
but larvae displayed reduced locomotor activity similar to Mct8 mor-
phants. They reacted abnormally to light/dark stimuli, and showed an
increased sleep time and more frequent sleep/wake transitions (Zada
et al., 2014). The CNS contained fewer oligodendrocytes, and a corre-
spondingly hypomyelinated state in the brain similar to AHDS patients.
Strikingly, more Schwann cells were observed in the peripheral nervous
system (Lopez-Espindola et al., 2014; Zada et al., 2016, 2014). Inter-
estingly, these mct8−/− zebrafish were the first permanent deficiency
model to be used in a detailed transcriptome study. Results showed
literally hundreds of differentially expressed genes at 25 hpf, associated
with multiple biological pathways (Silva et al., 2017). These measure-
ments were performed on whole zebrafish and analysis of isolated tis-
sues might reveal even stronger effects. Anyway, the similarity between
the Mct8 mutant zebrafish and AHDS is striking, and confirms the pi-
votal role of Mct8 as a facilitator of TH uptake from early stages of
development. mct8−/− zebrafish are therefore applicable to search and
test potential clinical treatments, and are amenable for large-scale drug
screens.

It is clear that disruption of TH signalling from embryonic stages
onwards negatively affects zebrafish development (Fig. 2). The simi-
larity and severity of the phenotypes across all these deficiency models
suggests that redundancy is limited, and possible compensatory me-
chanisms cannot fully rescue the loss of one TH regulator. Moreover,
local increases and decreases in TH concentrations are both harmful,
indicating that certain organs are extremely sensitive to slightly altered
TH levels, and that tipping the balance towards either end results in
adverse outcomes. Unfortunately, studies on these regulator deficiency
models have mostly been limited to very early stages of zebrafish de-
velopment, while it is equally important to understand their long-term
consequences for adult life stages.

Fig. 2. Summary of the described zebra-
fish deficiency models for different TH
regulators and their effect on organ de-
velopment (indicated by the arrow). Note
that the development of almost every TH-
sensitive organ is affected by the loss of
many different regulators. Dio2-KD:
deiodinase type 2 knockdown; dio2−/−:
deiodinase type 2 knockout;
Dio1 + Dio2-KD: deiodinase type
1 + deiodinase type 2 co-knockdown;
Dio3a-KD: deiodinase type 3a knock-
down; Dio3b-KD: deiodinase type 3b
knockdown; Thraa-KD: thyroid hormone
receptor α knockdown; Thrb-KD: thyroid
hormone receptor β knockdown; Mct8-
KD: monocarboxylate transporter 8
knockdown; mct8−/−: monocarboxylate
transporter 8 knockout.
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5. The impact of EDCs on local TH regulators in zebrafish
development

The aforementioned zebrafish deficiency models clearly demon-
strate that correct TH signalling depends on the combined effort of
adequate TH production, and multiple TH regulators at the peripheral
level to ensure proper tissue and organ development. EDCs mimicking
TH structure are often able to interact with more than one level in this
cascade, resulting in a mosaic phenotype. EDCs are therefore a growing
concern for wildlife and human health, in particular with regard to
early life stages which are extremely sensitive to endocrine disruption
(Ghassabian and Trasande, 2018; Preau et al., 2015). EDCs are con-
sidered as one of the reasons for the increased prevalence of neurolo-
gical disorders such as autism spectrum disorder and attention deficit/
hyperactivity disorder (Korevaar et al., 2016; Modesto et al., 2015;
Morreale de Escobar et al., 2004). However, the mechanistic link be-
tween EDC exposure, local TH signalling and (neuro)developmental
defects is currently poorly understood, although crucial to better pre-
dict the risk associated with a specific EDC (Schug et al., 2015).

Zebrafish have become a popular model to evaluate the toxicity of
many EDCs. Embryonic and larval zebrafish exposed to low, en-
vironmentally relevant doses of EDCs among which bisphenols, poly-
chlorinated bisphenyls (PCBs), phthalates, (poly)brominated flame re-
tardants ((P)BDEs), and organic pesticides induce a wide array of
developmental abnormalities (Dai et al., 2014; Jarque and Pina, 2014).
The phenotype often comprises craniofacial malformations, altered
neurogenesis, reduced axonal growth, impaired eye morphogenesis and
poor swim bladder inflation, resulting in altered motility, disrupted
visual function, fertility problems and even decreased survival rates in
juvenile and adult zebrafish (see for instance (Chen et al., 2017; Lam
et al., 2011; Macaulay et al., 2015, 2017; Noyes et al., 2013; Qiu et al.,
2016; Tse et al., 2013)). Up till now, these studies mainly investigated
how EDCs interact with specific targets of the central HPT axis and TH
transport in the circulation. However, whether they impact the local
function of the deiodinases, TH receptors and TH transporters during
zebrafish/vertebrate development remains obscure, even though these
regulators are increasingly considered as important targets of EDCs
(Boas et al., 2012; Ghassabian and Trasande, 2018).

In vitro studies in mammalian and human cell lines have indicated
that EDCs can directly act as agonists or antagonists of the TH receptors,
but can also inhibit co-repressor interaction or TH receptor dimeriza-
tion, and consequently disrupt the expression of TH-responsive genes
necessary for developmental events (Boas et al., 2012; Kitamura et al.,
2005; Miyazaki et al., 2008; Moriyama et al., 2002; Zoeller et al.,
2005). Since the TH receptor protein domains in vertebrates are con-
served and the sequence of the ligand-binding domain in zebrafish is
90–95% homologous to the human orthologue (Marelli et al., 2016),
one might speculate that mammalian and non-mammalian TH receptors
do not differ from one another with regard to EDC affinity. Kollitz and
coworkers assessed this hypothesis and determined how three well-
known brominated contaminants interfere with human and zebrafish
TH receptor β (Kollitz et al., 2018). The TH receptor β of both species
effectively bound each of the three tested EDCs, but the zebrafish TH
receptor β showed a somewhat higher affinity for 2,4,6-trichlorophenol
and 2,4,6-trifluorophenol, while the human TH receptor β preferred
bisphenol A as a ligand. This confirms that in general data on EDC-TH
receptor β interactions retrieved from zebrafish studies can be extra-
polated to the human situation, but also reminds us to keep in mind that
small variations in the affinity for certain contaminants may be present
(Kollitz et al., 2018).

Some studies have also shown that the expression of TH receptor β
can be altered by EDC exposure in zebrafish. Early life exposure to the
frequently tested hydroxylated PBDE congener 6-hydroxy-2,2′,4′,4′-
tetrabromodiphenyl ether (6-OH-BDE-47) resulted in reduced thrb ex-
pression. Many of its deleterious effects on development could almost
completely be rescued by combined overexpression of thrb during

embryonic stages (Dong et al., 2014; Macaulay et al., 2015; Wang et al.,
2018). This suggests that still enough intracellular T3 is present to bind
to the TH receptor β and recover TH-responsive gene expression, or else
that the presence of the unliganded TH receptor β is necessary to re-
press premature expression of some TH-responsive genes for correct
development.

With regard to the deiodinases, zebrafish studies so far only provide
data on changes in their expression levels following in vivo exposure,
making it difficult to interpret whether EDCs also directly affect deio-
dinase activity. For example, a low-dose exposure to (P)BDEs in em-
bryonic stages only, increased the expression of dio1 and dio2 mRNA in
juvenile zebrafish (Dong et al., 2013). The changes in deiodinase mRNA
expression may however be indirect as a compensatory response to
combat the lowered TH plasma levels caused by EDC interference with
the central HPT axis (Jarque and Pina, 2014), consistent with the effects
of hypothyroidism on dio2 expression (Van der Geyten et al., 2001).
Correspondingly, one of our dio2−/− zebrafish lines, expressing a non-
functional enzyme, also showed increased dio2 mRNA expression in
muscles and liver in response to the decreased T3 levels in circulation
(Houbrechts et al., 2016a).

In vitro studies using mammalian cell lines have shown that some
EDCs can directly interact with deiodinase activity. PBDEs and their
hydroxylated derivatives were shown to be competitive inhibitors of
DIO2 activity in human primary astrocytes. Moreover they also de-
creased DIO2 expression and enhanced post-translational degradation
(Roberts et al., 2015), indicating that an EDC might interfere with
deiodinases at multiple levels. Some in vitro and in vivo data is also
available showing inhibitory effects on liver DIO1 activity (Auf'mkolk
et al., 1986; Butt et al., 2011; Ferreira et al., 2002; Schmutzler et al.,
2004). These data stress the fact that we also need to test for direct
effects of EDCs on deiodinase activity in zebrafish. A first step would be
to make use of zebrafish-derived cell lines and test deiodinase activity
following EDC exposure in vitro. For instance, a stable adult zebrafish
liver-derived cell line ZF-L is available (Ghosh et al., 1994), as well as
other zebrafish embryo-derived cell lines (Choorapoikayil et al., 2013;
Lakra et al., 2011).

Whether or not EDCs also affect transmembrane TH transport in
zebrafish, or any vertebrate for that matter, is currently unknown. The
hydrophobic binding pocket of MCT8 has a high affinity for THs
(Groeneweg et al., 2017; Kinne et al., 2010) but given their structure, it
would not be surprising that some EDCs also compete with substrate
binding at this site. Protein modelling predicts that halogenated com-
pounds might be taken up by TH transporters like MCT8 (Ungati et al.,
2018), making these transport proteins candidates via which EDCs
could enter cells. On the other hand, they could also completely block
TH influx and efflux if the binding is more persistent, and thereby
compromise the supply of THs for deiodinases and TH receptors. Which
of the two mechanisms might occur, depends on the biochemical
properties of the EDC itself, and its specific interaction with the ligand
binding domain. Moreover, it seems that the conformation of the ligand
binding domain has evolved within each TH regulator protein family,
resulting in specific interactions (Schweizer et al., 2014). This suggests
that while some compounds that compete with TH binding to serum
proteins or deiodinases do not affect MCT8 transport function (Kinne
et al., 2010), others probably will, as shown for silychristin, a naturally-
occurring flavonoid extracted from milk thistle that specifically inhibits
MCT8 in mammalian cells (Johannes et al., 2016). Given the important
role of Mct8 in TH transport across the blood–brain barrier and neural
cells in zebrafish development (Campinho et al., 2014, Zada et al.,
2014), it is certainly relevant to include Mct8 as well as other trans-
porters in zebrafish EDC assays. Similar to the deiodinases, the relation
between EDC exposure and TH transport should be first assessed in vitro
to get an idea of which compounds are likely candidates to have an
effect in vivo.
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6. Potential challenges facing zebrafish thyroid research

The zebrafish has become a widely-used model organism in thyroid
research, delivering essential insights in the role of peripheral TH reg-
ulators, and contributing to a rapidly expanding amount of studies re-
garding the interaction of EDCs with thyroid homeostasis (Garcia et al.,
2016; Horzmann and Freeman, 2018; Zada et al., 2017). While later life
stages (i.e. juvenile and adult) have occasionally been incorporated as
end points in basic and toxicological research, the long-term con-
sequences of TH regulator deficiency have not been thoroughly in-
vestigated. Indeed, new complications can arise later in life while being
unnoticed at early-life stages, and could affect fitness-related para-
meters. Future studies should include detailed analysis of the juvenile/
adult phenotype in permanent knockout models, as for example the
already available mct8−/− fish where research has so far been re-
stricted to embryonic and larval stages only. However, this should also
be done after knocking down a specific TH regulator exclusively during
a restricted early period, which is easily achievable using the MO-based
technique. This would provide valuable information in relation to the
life-long consequences of transient disturbances in TH signalling during
human development.

While numerous developmental advantages are associated with this
model organism, the small size might also pose a disadvantage. Most
analyses are performed on whole body extracts of embryos or larvae,
obscuring the potential local variations occurring in separate organs.
Our transcriptome analysis of Dio1 + Dio2 co-KD and Dio3b-KD larvae
carried out separately on head, trunk and tail at 72 hpf clearly showed
the importance of regional differences (Bagci et al., 2015). Moreover, in
a follow-up study we performed qPCR analysis on isolated eye samples
of 72-hpf-old larvae, showing even more convincing data (Houbrechts
et al., 2016a). This clearly emphasizes the need to address the local
aspect during early stages, a feature that may become more feasible by,
for instance, crossing regulator-deficient zebrafish lines with transgenic
reporter lines allowing to visualize fluorescently labelled organs or cell
types.

Zebrafish has become one of the most popular models to assess the
toxic effects of EDCs, but insights into their direct interactions with the
local TH signalling network remain scarce. In vitro data is completely
lacking for the zebrafish model, and in vivo research is mostly limited to
expression studies, making it difficult to find out whether the effect of
an EDC on a specific TH regulator is direct or not. Again, most studies
chose early larval stages as the end point of in vivo analysis, but it
should be reconsidered whether this is sufficient to draw conclusions on
the persistency of EDC-related effects, and their long-term con-
sequences for adult life functions.

The zebrafish has certainly proven its usefulness as a thyroid-related
human disease model, as shown for example for AHDS and syndromes
of TH Resistance. The identification of novel mutations or activity re-
ducing polymorphisms (as seen e.g. in the DIO2 Thr92Ala point mu-
tation) in other regulators will surely benefit from the generation of
additional deficiency models to investigate their phenotypes and un-
derlying mechanisms, providing a platform for potential drug testing
and treatment options.
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