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1 Introduction

1.1 Aim of the thesis

For this thesis evaluation of mammalian rodent studies of six compounds, with assumed or
known thyroid modulating effects, was done. The focus was on their neurodevelopmental
effects in order to develop an Adverse Outcome Pathway (AOP) regarding Molecular Initiating
Events (MIE), Key Events (KE) and an Adverse Outcome (AO) of neurological dysfunction.

In humans it is now broadly accepted that a reduction in free T4 levels in serum of pregnant
women in the first trimester causes neurodevelopmental changes in the offspring (Gilbert et
al., 2020; Sauer et al., 2020). In epidemiological studies it was shown that in children of iodine
deficient or hypothyroid pregnant women alterations in brain structure and function,
psychomotor deficits, IQ and cognitive function decrease were observed (Gilbert et al., 2020).
To evaluate those effects, in vivo studies are done, mainly using rodents as an animal model.
The present thesis focusses on two aspects regarding rodent studies:

» Do serum thyroid hormone (TH) changes in pregnant rodents provoke
neurodevelopmental effects in offspring? So, is there causality between the observed
Key Events starting from TH changes resulting to brain deficits?

> Are rodents an appropriate model for extrapolation to humans regarding
neurodevelopmental effects connected to hypothyroidism?

The substances used for this study were selected in the frame of the European Project ERGO
(EndocRine Guideline Optimization), which is part of the project cluster called EURION. [That
is the biggest project for endocrine disruptors in the EU for new testing and screening methods
in the frame of the European Commission’s Horizon 2020 Research and Innovation
Programme. It consists of 8 projects with different endpoints.] ERGO focuses on thyroid
disruption with one of its aims being the establishment of thyroid-related parameters across
mammalian (rodent, humans) and non-mammalian vertebrate (fish and amphibians) species.
For this purpose, six reference or assumed thyroid modulating compounds (carbamazepine,
iopanoic acid, sodium perchlorate, 6-propylthiouracil (PTU), tetrabromobisphenol-A (TBBPA)
and resorcinol) with different thyroid MIEs as well as ampicillin as a negative control were
selected for running fish studies and performing literature evaluation of mammals. The
thyroid related MIEs covered by ERGO and thereupon by this thesis are the following:
displacement of thyroid hormones (TH) at Thyroid Hormone Binding Proteins (THBP), Thyroid
Peroxidase (TPO), Sodium-lodide-Symporter (NIS), Deiodinases |-l (DIO) inhibition, Thyroid
Hormone Receptor (TR) modulation, Xenobiotic Receptor Activation.

Here it is important to mention when a substance can be considered to have endocrine
disrupting properties with respect to humans (relevant for Regulation 528/2012 and
1107/2009):

(a) it shows an adverse effect in an intact organism or its progeny, which is a change in
the morphology, physiology, growth, development, reproduction or life span of an
organism, system or (sub)population that results in an impairment of functional
capacity, an impairment of the capacity to compensate for additional stress or an
increase in susceptibility to other influences;



(b) it has an endocrine mode of action, i.e. it alters the function(s) of the endocrine
system;
(c) the adverse effect is a consequence of the endocrine mode of action (EU, 2017).

Adverse effects that are non-specific secondary consequences of other toxic effects shall not
be considered for the identification of the substance as endocrine disruptor (EU, 2018).

Possible endocrine disruptors might target various endocrine signaling pathways like
Estrogen, Androgen, Thyroid or Steroidogenesis (EATS) specific.

1.2 Thyroid background

1.2.1 Anatomy and function

The typical thyroid gland in mammals is a bilobed organ with the two lobes being connected
by a bridge of thyroid tissue which lies on, and is located ventro-laterally to, the trachea. The
thyroid gland is the first of the endocrine tissues to develop in the rat. It begins as a ventral
down growth of endoderm from the primitive pharynx in the region of the first pharyngeal
(branchial) pouch. As the thyroid gland develops, it separates from the floor of the mouth
cavity by involution of the thyroglossal duct and it migrates caudally into the neck (Mense &
Boorman, 2018). Also, during human development, the thyroid is located in the back of the
tongue and must migrate to the front of the neck before birth.

As for the histology of the thyroid gland, each lobule contains a cluster of follicles, which are
the structural and functional unit of the thyroid gland. A follicle consists of thyrocytes
(follicular cells) and the colloid, which is a semi-solid substance. Follicular cells are responsible
for producing thyroglobulin, which is then stored as colloid in the lumen of the follicles. In
comparison to humans the follicles of rodents are smaller with less colloid and a higher
production rate (see table 2). Another cell type that can be found in histological preparations
of thyroid tissue is the parafollicular cells (also called C cells). They can be found within the
basal lamina of thyroid follicles and they are a subtype of neuroendocrine cells responsible for
the production of calcitonin (Crumbie, 2021).

Figure 1: Thyroid gland of an untreated adult rat showing thyroid follicles lined by follicular epithelial cells containing colloid
(CL)(Patil & Dhurvey, 2014) .



The thyroid produces, stores, and secretes thyroid hormones (TH) with the biologically active
ones being T3 (3,3’,5-triiodo-L-thyronine) and T4 (thyroxine). In humans, T4 is quantitatively
the main thyroid hormone synthesized and secreted whereas T3 is the more bioactive
molecule, mostly produced by deiodination of T4 in peripheral tissues. In rats the production
rate of T4 is a lot higher than in humans (see table 2). As TH have been studied extensively in
terms of their physiological and biochemical actions in different species, it has been shown
that their major characteristic is the multiplicity of their actions. Studies have shown that TH
receptors (TR) are highly conserved between different species and the interaction between
the TR and the ligand is believed to be the primary intracellular event for gene expression.
However, there are major differences that account for difficulties in effect-extrapolation
between species and this diversity is generated by species- and tissue-specific factors and
mechanisms (Chatterjee et al., 1997; Mangelsdorf & Evans, 1995; Tata, 1998).

Thyroid hormones are essential for the general metabolism, which means they maintain the
rate at which the body utilizes fats and carbohydrates and ultimately the conversion of
calories and oxygen to energy. In other words, the Hypothalamic-Pituitary- Thyroid (HPT) Axis
plays a critical role in thermoregulation of the body (Johnstone et al., 2013). TH also regulate
the synthesis and activity of many intracellular enzymes like Na*/K* -ATPase as well as the size
and activity of mitochondria. Moreover, TH are of big importance in growth and development
of the brain as well as other organs in mammals in the fetal and postnatal growth (Campinho
et al., 2014) .

The regulation of thyroid hormone delivery to tissues and cells for the maintenance of thyroid
hormone signaling during development and in the adult represents a very complex and unique
network of feedback systems. Environmental factors like iodine deficiency or the presence of
specific toxicants, can perturb the HPT axis at various points of regulation. A fundamental
guestion in this area of research is if reduction in maternal TH levels in serum also reduces the
activity of TH in the offspring target organs or if this is compensated through homeostatic
regulations or even locally through deiodinases at the target organ, which in the frame of this
thesis is the brain.

1.2.2 Thyroid Hormone Production and Homeostasis

The thyroid gland in mammals uses thyroglobulin (Tg), a dimeric glycoprotein that contains
approximately 100-120 tyrosine residues. Tg is stored in the colloid, as the starting molecule
for the subsequent synthesis of the major thyroid hormones, T3 and T4. The hormone that
controls the rate of thyroid hormone production within the thyroid is thyroid stimulating
hormone (TSH), secreted by the thyrotrophic cells within the anterior pituitary gland, which
in turn is regulated by the thyrotropin releasing hormone secreted by the hypothalamus (see
figure 2) (Dickhoff & Darling, 1983). Binding of TSH to its receptor on the thyroid follicular cell
membranes triggers the up-regulation of the sodium-iodide symporter (NIS) on the
basolateral membrane of the follicular cells, resulting in the active transport of iodide from
the plasma into the follicular cells and an increase in the intracellular concentrations of iodide.
Once inside the cell, the iodide is oxidized by the enzyme thyroid peroxidase (TPO) to the
iodinium cation, which then iodinates tyrosine residues of the thyroglobulin proteins in the
follicular colloid to produce mono- and diiodotyrosine and finally links a monoiodotyrosine
(MIT) molecule to a diiodotyrosine (DIT) molecule to form T3 and two diiodotyrosine
molecules together to form T4. Thenceforth, thyroid hormones are internalized into
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endosomes at the apical surface of the cells by endocytosis. Then the peptide linkage between
the thyroid hormones and thyroglobulin is enzymatically cleaved, to release the hormones
which are subsequently actively exported into the circulation, through the basolateral
membrane of the follicular cells via the monocarboxylate transporter 8 (Di Cosmo et al., 2010).
Once in the circulation the majority of the hormones reversibly complex with binding proteins
for transport to other tissues, although a small portion remains free in the plasma.

The HPT axis is a complex and highly regulated neuroendocrine system which functions to
maintain circulating T4 and T3 concentrations in the blood and target tissues within a normal
range in euthyroid organisms.

Hypothalamus TRH - Thyroid Releasing Hormone
TSH - Thyroid Stimulating Hormone
T, - Triiodothyronine hormone

TRH T, - Thyroxine hormone

Pituitary
gland

Figure 2: Thyroid hormone production through the HPT axis. (https://www.renewedvitalitymd.com/thyroid-
replacement/thyroid-hormones-interact/)

1.2.3 TH importance for human pathology

With alterations in thyroid hormones and abnormal thyroid growth, thyroidal
pathophysiological changes can occur. Some of the pathologies that are connected to the HPT
axis in humans are:

Hyperthyroidism is the condition that occurs due to excessive production of thyroid hormones
by the thyroid gland. People with hyperthyroidism are often sensitive to heat, hyperactive,
and eat excessively. Goiter (a bulge in the neck) is sometimes a side effect of hyperthyroidism.
This is due to an over-stimulated thyroid and inflamed tissues.

Hypothyroidism is the condition that occurs due to insufficient production of thyroid
hormones by the thyroid gland. A hypothyroid adult may experience sensitivity to cold, little
appetite, and overall sluggishness.

Developmental toxicity. A change in thyroid hormones during pregnancy or in early child
development can cause cretinism. This disorder has two main types: neurological and
myxodematous or hypothyroid cretinism. Neurological cretinism is associated with severe




iodine deficiency (ID). It is the most common and more severe form and is characterized by
severe mental retardation, deaf mutism, spastic diplegia, stance and walking disorders in the
child. Myxodematous or hypothyroid cretinism is associated with severe hypothyroidism,
which was caused by iodine deficiency. This type is characterized by mental retardation (less
severe than in neurological cretinism), dwarfism and hypothyroidism with associated physical
symptoms e.g. coarse and dry skin, husky voice, delayed sexual maturation, delayed reflexes.
In contrast to neurological cretinism these individuals usually have severe hypothyroidism.
Neurological cretinism is the result of affected early gestation, while hypothyroid cretinism is
the result of affected later gestation, which leads to the differences in symptoms (Kouzmina,
2012).

Table 1: Comparison of the effects for neurological and hypothyroid cretinism (Kouzmina, 2012).

Features Neurological cretinism Hypothyroid cretinism

Mental retardation Present, often severe Present, less severe

Deaf mutism Usually present Absent

Cerebral diplegia Often present Absent

Squint Often present Absent

Stature Usually normal Severe growth retardation
usual

General feature No physical signs of Coarse dry skin, husky voice

hypothyroidism

Reflexes Excessively brisk Delayed relaxation

Electrocardiography Normal Small voltages QRS
complexes and other
abnormalities of
hypothyroidism

X-ray limbs Normal Epiphyseal dysgenesis
Effect of thyroid hormones No effect Epiphyseal dysgenesis
improvement

Moreover, children with an iodine deficiency in utero or early postnatal period may be
diagnosed with a developmental disorder like learning disabilities, autism, attention deficit or
hyperactivity disorder (ADHD). This seems to be due to anatomical and functional changes in
the brain like reduced synaptogenesis, myelination, cortical dysplasia etc. especially in the first
half of pregnancy which is important for the development of the neocortex and the cortical
cell migration (Berbel et al., 2007). Koreevar et al. (2016) has shown an association between
both low and high maternal free thyroxine concentration during pregnancy with lower child
IQ, lower grey matter and cortex volume. Moreover, in terms of structural changes in the brain
De Escobar et al. (2007) used non-invasive techniques such as computerized tomography or
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magnetic resonance imaging (MRI) on adult cretins which showed widespread atrophy of the
cerebral cortex and subcortical structures of the pons and mesencephalon with corresponding
enlargement of the different cerebral cortex areas. Also, results obtained from aborted
fetuses in an area of China where severe ID and cretinism occur, have suggested that prenatal
ID exhibits certainly a depressive effect on the brain development in some of the fetuses in
those areas (Jia-Liu et al., 1989).

Thyroid cancer is the ninth cancer in terms of incidence worldwide, with about 430’000 cases
in women (10.2/100°000 with a mortality of 0.4 of the cases) and 131’000 in men (3.1/100°000
with a mortality of 0.5 of the cases) in 2018 (La Vecchia et al., 2021). Incidence rates have
been steadily increasing over the past few decades, particularly in women. High incidence
areas are Japan and the Pacific Islands, Italy and several countries in the Americas. If recent
trends continue, thyroid cancer will be the fourth most common cancer in the U.S. by 2030.
Approximately two/thirds of all thyroid cancer are papillary carcinomas. Other subtypes
include follicular carcinomas (10-20%), medullary carcinomas (5-10%) and anaplastic
carcinomas (<5%) with the last one accounting for a large portion of the mortality because of
its poor prognosis. Although the increasing screening and diagnostic testing is likely the major
contributor to the rising incidence of thyroid cancer some other major suspected risk factors
include exposure to ionizing radiation during childhood, benign thyroid disease, iodine
imbalance, and familial and genetic factors (La Vecchia et al., 2021; Zimmermann & Galetti,
2015).

1.2.4 Endpoints of thyroid hormone disruption

Thyroid disrupting chemicals can either act directly on the HPT axis, affecting the thyroid
hormone synthesis and TH distribution via the blood or indirectly by reducing thyroid
hormones in the blood by increased metabolic breakdown. In other words by disrupting the
central metabolism and excretion of TH, cellular uptake by selective TH transporters of the
cell membrane and intracellular activation or inactivation of TH (Noyes et al., 2019).
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Figure 3. The mammalian hypothalamic-pituitary-thyroid axis. (Zoeller et al., 2007)

Central regulation.

The complex control mechanism of the HPT axis for thyroid gland function and growth is
strongly regulated by thyrotropin releasing hormone (TRH), which is synthesized by neurons
in the paraventricular nucleus of the hypothalamus. TRH affects not only the production of
TSH but also its glycosylation pattern and so its biological activity. The neuroendocrine control
of thyroidal TH synthesis and secretion is very sensitive to negative feedback of TH at the level
of the pituitary and the hypothalamus (see figure 3). Several drugs (e.g. rexinoids (RXR-
selective retinoids), glucocorticoids and dopamine agonists) have been shown to suppress TSH
levels and cause central hypothyroidism in humans as well as in experimental rodent models
(Haugen, 2009; Sharma et al., 2006; Zatelli et al., 2010).

TH synthesis & secretion

In response to TSH stimulation, the thyroid tissue produces and releases T4 and to a lesser
extent T3. Since iodide is essential for thyroid hormone synthesis its uptake from the
bloodstream is a critical step in this process. This is facilitated through the sodium-iodide
(Na*/I) symporter (NIS), a membrane glycoprotein located on the basolateral side of thyroid
follicular cells. This symporter can be competitively inhibited or blocked by chemicals, like ions
with similar size to iodide (e.g. perchlorate) and so block the active transport of iodide into
the thyroid. NIS-mediated uptake of lodide (I') as the first step in the biosynthesis of thyroid
hormones is highly conserved across species, and the organization of the genomic sequence
of human and rat NIS is highly homologous (Smanik et al., 1996). However, in vitro studies
provide some indication for quantitative differences in NIS activity, since rat and mouse NIS
proved to be more efficient in mediating I uptake than human NIS (Dayem et al., 2008;
Heltemes et al., 2003).

12



