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Summary

The endocrine system is vulnerable to a range of chemicals in the environment.
Endocrine disrupting chemicals (EDCs) are exogenous agents that can induce
responses on the endocrine system because of their hormone-like activity and
toxicity. Specific to this study are thyroid disrupting chemicals (TDCs), these are
EDCs that specifically disrupt the thyroid hormone signalling pathway, and this may
result in adverse health effects. Thyroid hormones play a crucial part in metabolism,
growth, maintenance of brain function and fertility; hence disruption of the thyroid
signalling axis implicates human health. We are exposed to TDCs regularly, and
studies have shown an association between TDC exposure and neurobehavioural
disorders, reproductive abnormalities and obesity. There is a lack of data associated
to thyroid hormone receptor activity in surface and drinking water. Hence, the
potential human health risks posed by thyroid disruption may therefore be

underestimated.

The aim of the study was to optimise and validate the GH3.TRE.Luc reporter gene
bioassay that can measure thyroid hormone receptor mediated activity and

cytotoxicity in drinking and source water, with relevance to water monitoring.

The GH3.TRE.Luc reporter gene bioassay was established, optimized and validated
to detect thyroid hormone receptor activity. The luciferace assay was used to test for
metabolic activity and the resazurine cell proliferation assay was used to assess cell
viability. The assay was applied to compounds with agonistic and antagonistic
properties; triidothyronine (T3), thyroxine (Ta4), triac, tetrac, amiodarone, sodium
arsenite, pentachlorophenol (PCP), ethylene thiourea, 2,2,4,4-
tetrahydroxybenzophenone (THBP) and methimazole. It was also applied to
environmental and drinking water samples from the Global Water Research Coalition
(GWRCQC). Finally, the assay was applied to 48 water samples from a water treatment
plant in South Africa, collected over a period of 12 months. Every month, four
samples were collected. Two samples were source water samples, with one going

into the treatment plant and coming out as 2 distribution pipelines (drinking water).

For optimisation and validation, the dose response curves obtained for T3, T4, tetrac
and triac (agonists) were comparable to literature. Antagonistic behaviour was seen

in sodium arsenite, amiodarone, PCP and methimazole. Spiked water samples from
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the GWRC showed thyroid hormone receptor activity. Sixteen of the 48 water
samples collected from the water treatment plant were positive for thyroid hormone
disruptor activity. Highest activity was seen in the winter season, accounting for
seasonal variations. High TDCs activity reported in the source water may be due to
activities occurring near the dam. The water treatment plant seemed effective for

only one of the distribution pipelines, and not the other.

This study confirms that GH3.TRE.Luc Reporter Gene Bioassay is a sensitive and
effective tool to identify and quantify TDC activity in pure chemicals and in complex
environmental mixtures present in water. Further monitoring of water sources for

TDCs is recommended to ensure water quality and safety.

Keywords: GH3.TRE.Luc reporter gene assay, thyroid hormones, thyroid hormone
receptor disruptor, thyroid disrupting chemicals, endocrine disrupting chemicals,

water quality, thyroid equivalents
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Chapter 1: Introduction

1.1 Endocrine disrupting chemicals (EDCs)

Environmental contamination and human exposure to chemicals are a major public
health concern. As chemical production and usage continue to grow globally, the
implications to human and wildlife health are also receiving a lot of attention from
both the scientific world and the public. Chemical pollution dates back to early
human history?. However, the industrial revolution became a defining era with
regards to the increase in chemical pollution, and continues to be a major source of
chemical pollutants®. Until the end of the 20" century, the main groups of
environmental contaminants with significance to human and wildlife health were
carcinogens, teratogens and lethal chemicals®. There has been increasing concern
over a group of environmental chemicals that are able to interact with the endocrine
(hormonal) system, interrupting its normal function*®. Apprehension over the effect
of these chemicals, termed endocrine disrupting chemicals (EDCs), on human and
wildlife is global, and has received attention from a range of entities, including
international organisations, government, public interest societies, chemical industries
and researchers. Over the past few decades, increasing scientific evidence has
established that there may be a causal relationship between exposure to EDCs, and

adverse health effects®.

An EDC is an exogenous agent, or a mixture of chemicals, that disrupts and modifies
the functionality of the endocrine system, by interfering with the mechanism of action
of the natural hormones. This results in adverse health effects in an organism or its
progeny®. EDCs encompass a range of substances which include pesticides,
fungicides, metals, pharmaceuticals, personal care products, industrial chemicals,
agricultural products, natural substances and chemicals used in plastic production or
plasticizers!®. Some of these chemicals may be found in cosmetics and sunscreens,
food packaging material and food, plastic bottles, toys, detergents and flame
retardants. Through a number of signalling pathways, EDCs can mimic (agonists)
and block (antagonists) natural hormones, causing signals that can be
misinterpreted by the body resulting in disruption of the key endocrine pathways.
Figure 1 shows how EDCs elicit their effect through receptor mediated action. The
potency of an EDC and the extent of its effect may be dependent on the dose, the

duration of exposure, and the time of exposure (critical windows of development)®.
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Figure 1: Mechanism of action of EDCs. Adapted from

http.//www.niehs.nih.gov/health/topics/agents/endocrine with modifications
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The question of whether or not there is a connection between environmental
chemical exposure to human and wildlife disease is not new. Over five decades ago,
scientists began to study and hypothesise this possible interaction'®'?. One of the
pioneers of this work was Rachel Carson, who advocated for environmental
awareness and brought attention to the dangers and possible implications of
pesticide exposure. In her book, Silent Spring (1962), Rachel Carson alluded to the
possible detrimental effects that pesticides have on the environment and to human
health!!. Although the term endocrine disruptors had not been coined yet, research
has since shown that a number of pesticides discussed in the book were EDCs.
Rachel Carson’s work spawned environmental awareness, activism and also
scepticism*?. Years that followed saw an increase in knowledge with regards to the
biological and physiological effects from exposure to a wider range of chemical
contaminants. In 1991, Theo Colborn devised the term endocrine disruptors.
Through her ground-breaking work, our current understanding of the interactions
between EDCs and human and wildlife health has been determined'3. In the last
decade, a wealth of scientific data has emerged and continues to emerge, aimed at
filling in knowledge gaps pertaining to the health effects of EDC exposure through

disruption of the endocrine system>8.

1.2 The endocrine system

The endocrine system is an assemblage of glands whose purpose is to secrete
hormones into circulation, thereby regulating metabolic and developmental functions
in target cells, tissues and organs®'#1%, The glands form pathways with specific
functions in different organs of the body. These glands include the hypothalamus,
pituitary, thyroid, parathyroid, pancreas, adrenals, ovaries and testes. The glands
have hormone secreting cells which control the signalling pathways allowing for
communication between organs!®. Homeostasis of the endocrine pathways is
regulated by positive and inhibitory feedback loops (through hormones secreted by
the glands), and through neural control from the brain’s synaptic signals'®>. The
endocrine pathways have a major role in early developmental processes, puberty,

and adult metabolism while working under strict hormonal control>14,

© University of Pretoria
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1.2.1 Natural hormones vs EDCs

A healthy endocrine system is necessary for humans and wildlife to physiologically
develop, reproduce and maintain a stable metabolic state®. The endocrine system
produces over 50 hormones, which function in different endocrine signalling
pathways. These hormones mediate and maintain normal body functions from
cellular level to organ level. A hormone is defined as a molecule produced by an
endocrine gland, which is secreted into circulation and causes an effect in other cells
through genomic (hormone receptors) or non-genomic mechanisms (protein
interaction)®. There are over 800 EDCs that have been discovered, which have the
ability to interrupt natural hormone signalling pathways®. For the most part, this is
made possible by the structural similarities between EDCs and hormones. There are
functional similarities in the action and effect between natural hormones and EDCs.

Similar to natural hormones, EDCs induce effects via hormone receptors, and also
mediate non-genomic response through interaction with protein molecules®2®.
However, responses mediated by EDCs are disruptive to the normal hormone
signalling, causing alterations in the endocrine status. The low dose effect seen from

natural hormones is also seen from EDCs?®.

EDCs have been shown to induce effects at very low concentrations, similar to
natural hormones'’. However, whilst EDCs have a propensity to bio-accumulate,
natural hormones do not®. Both natural hormones and EDCs have nonlinear dose-
response relationships®. This means that responses can be non-monotonic, and
there can be saturation at certain doses®. Similar to hormones, high dose effects of
EDCs cannot give you an idea of how low dose effects will look like, in relation to
biological effects®. This means that low doses can induce high responses. Temporal
and spatial specificity with regards to hormonal induction have been observed in
both natural hormones and EDCs®. The effect on the normal developmental process
caused by natural hormones and EDCs is permanent. Endocrine disruption can lead
to aberrant development of organs and tissue®. Both natural hormones and EDCs
exhibit variance in sensitivity of different end points®. It is, therefore, critical to take
this information into consideration when assessing the effects of EDCs on public
health.

© University of Pretoria
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1.2.2 Key characteristics of endocrine disruptors

There are a number of key endocrine characteristics, which have allowed us to

understand the mechanistic pathways of EDCs as we do now. These characteristics

are in part as a result of the structural and functional similarity between EDCs and

natural hormones, which have been discussed. They are as follows;

)

Causal relationship between exposure and disease.

EDCs have been implicated in adverse health effects in animal studies. In
humans, whilst this relationship is not well established, due to a number of
constraints, increasing evidence shows that there may be an association
between exposure and health effects®>61822, Animal models have been
used extensively in EDC research to predict human health effects, and
have been an invaluable resource in theorising the exposure effect
relationship?®24. These effects include disease conditions linked to
developmental malformations, reproductive and, neurodevelopmental
anomalies?%2L,

Critical windows of development

For both natural hormones and EDCs, the timing of action and exposure
on a specific organ or tissue in the body is important as it can have an
influence on the magnitude or extent of the biological response®. During
organ or tissue development, sensitivity to hormones or EDCs is very
high?®. This occurs mainly because many genes are active, hence
numerous targets are available for the disruption of normal hormone and
the endocrine system?®. Some sensitive developmental stages include
foetal development, pregnancy, early childhood, puberty and, reproductive
age®>?’. Therefore if exposure occurs during these sensitive developmental
stages, permanent defects in physiological growth and development may
occur. Particularly for EDCs, the hormonal imbalance caused can result in
disruption of the normal hormonal pathways, leading to permanent
structural and functional abnormalities®. The effects of disruption during
early development may not be immediately apparent, but may manifest
later in life, causing adverse health effects®?t. This phenomenon is called
the foetal basis of disease and forms the foundation of developmental
programming>2127. An example is the effect of trans-placental exposure of

© University of Pretoria
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polybrominated diphenyl ether to foetuses!®. This exposure has been
linked to neurodevelopmental conditions after birth in the child until
adulthood®®. It is important to note that intrauterine exposure to EDCs is
possible due to the ability of EDCs to cross the placental barrier?l. This
trans-placental characteristic of EDCs is important in understanding the
foetal basis of adult disease.

Trans-generational effect

The era of genomic medicine has allowed for the determination of the link
between gene variants and endocrine disorders. Genotypes can be
passed on to the next generations resulting in shared traits'®>. One of the
best evidence of this phenomenon is the diethylstilboestrol (DES)
case??282°% Transgenerational effect/epigenetic imprinting refers to the
ability to alter deoxyribonucleic acid (DNA) by causing mutations in the
germ line which can be passed on to future generations?:26:30, A number
of EDCs have been shown to cause epigenetic imprinting by altering DNA
methylation and causing histone modifications?131:32, |t is uncommon for
toxins to have the ability to alter DNA sequences, because of inherent
mechanisms that ensure a level of DNA stability and fidelity?®. However, a
number of EDCs have this ability.

Bioaccumulation and bio-magnification

Bioaccumulation and bio-magnification of some EDCs is a major issue as
it results in increased exposure effects. This process usually occurs in the
aquatic environment, where EDCs are present in solution. Aquatic
organisms are exposed via gills, skin, and through ingestion®3. Whilst bio-
magnification occurs through ingestion of food only, bioaccumulation
involves ingestion of both food and water. The resultant effect is referred
to as ecological magnification, which entails cumulative concentrations of
chemicals in the food chain3. The effect of bioaccumulation and bio-
magnification of EDCs poses a danger for predators and humans who may
feed on these aquatic species, exposing themselves to high levels of
EDCs®,

Additivity and synergism

It is apparent that exposure to multiple EDCs can occur simultaneously,
because of their presence in the environment. This leads to combined

6
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exposure and effects343¢, Laboratory studies looking at combinations of
exposures have reported that EDCs have additive and synergistic
properties34. In vivo and in vitro studies have shown that mixtures of EDCs
can elicit synergistic and additive effects, leading to increased health
effects?!:35,
Vi) Low dose effects

It has been established that EDCs, similar to natural hormones, can cause
a response at low doses!’?637, |t is known that natural hormones induce
effects at low concentrations (pico-molar to nano-molar range). Low dose
effects can be defined as biological changes happening at a specific dose,
that is below the traditional toxicology threshold®’. Many EDCs are found
in low doses in the environment. Scientific evidence has shown that they
may be highly potent and cause significant endocrine effects. This defies
the conventional concept in toxicology which states that “the dose makes
the poison”?6:38, Endogenous hormones can act at low doses, therefore the
presence of EDCs even at low concentrations, can cause biological
effects'®. An example is the chemical BPA, which has been shown to elicit
biological effects at the picomolar levels, similar to the endogenous

oestrgens.3’

To date, there have been a number of studies that have confirmed the existence and
effects of EDCs on the neurological, reproductive, developmental and immune
systems of both humans and wildlife®'81%3°, The mechanism of action of a number

of the EDCs is still unknown, requiring more research.

There has been an increase in endocrine related disorders over the past few
decades®4%2. The disorders include metabolic conditions, obesity, diabetes,
developmental conditions, thyroid diseases, neurodevelopmental disease, sexual
disruption and other hormone related complications®!4. It has been theorized that
EDCs may be involved in this increase in endocrine related diseases®. Scientific
evidence has shown the ability of EDCs to interact and disrupt endocrine

pathways/axes!*32,
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1.2.3 Endocrine pathways

Hypothalamic pituitary adrenocortical (HPA) axis

There are seven main endocrine pathways. The hypothalamic pituitary
adrenocortical (HPA) axis comprises of the hypothalamus, pituitary, and adrenal
glands. The main functions of this axis are to regulate stressors to body
homeostasis, body metabolism, the immune system, growth, and to regulate
reproductive function and development!#1540 The metabolic functions include
neuroendocrine, cardiovascular, and ionic regulation. Principal hormones secreted
by the HPA axis, include corticotropin releasing hormone (CRH), arginine
vasopressin (AVP), adrenocorticotropin hormone (ACTH), and glucocorticoids440.41,
HPA axis malfunction disrupts body metabolism, resulting in obesity, diabetes,
reduced stress response, disrupted osmotic balance, cancer, and reproductive
disorders'4#142. A number of EDCs have been shown to have agonistic and
antagonistic effects of the HPA axis, causing an imbalance to the normal
concentrations and functioning of the endogenous hormones443, Animal studies are
beginning to show an association between EDC exposure and HPA axis
malfunction#4. Merlo et al (2016) recently demonstrated that exposure to tributyltin
chloride (TBT) results in disruption of the HPA axis leading to abnormalies in the
adrenal and pituitary glands. a However, not much research about the human health

effects has been donel4.

Hypothalamus pituitary gonadal (HPG) axis

The hypothalamus pituitary gonadal (HPG) axis is composed of the hypothalamus,
the pituitary gland, and the gonads (ovaries and testes). The role of the HPG axis is
to regulate and foster sexual and reproductive growth, development and function445,
Gonadotropin-releasing hormone (GnRH), gonadotropins [follicle stimulating
hormone (FSH) and luteinizing hormone (LH)], oestrogens, androgens, and
gestagens are the main hormones of the HPG axis'4#°. Disruption of the HPG axis
due to EDCs has detrimental effects, and these effects are dependent on when
exposure occurs, dosage, and the mechanism of action of the EDCs'. The EDCs
can be antagonistic, agonistic, modulatory, or interfere in the transportation and

biotransformation of the natural hormones!4.
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The oestrogenic pathway of EDCs is one of the well-studied topics in endocrine
disruption®>1446, The mechanisms of action are better documented in both wildlife
and humans than other endocrine pathways, particularly the genomic
pathway®°14.39.47-49  Activation and disruption of the HPG axis can be mediated
through nuclear receptors, which are ligand dependent transcription factors. Studies
have shown that mammals have one androgen receptor, and two oestrogen
receptors (ERa and ERB)'*4°. The effect of EDCs on oestrogenic activity in animal
studies (fish, amphibians) have shown that exposure to xenoestrogens results in
disruption in reproductive structure and function'#3°, Reports have indicated that
male animals exposed to EDCs present with intersex (feminization) characteristics,
and changes in the sex ratios, both in experimental studies and in the wild43°,
Animal studies have shown that the female oestrogenic signalling is also susceptible
to xenoestrogens, resulting in perturbed sexual development and function. This
includes sex reversal, ovarian regression and low fertility*43%50, Human studies have
shown some association but the overall causal relationship is still controversial,
particularly in males'#%. The global rise in reproductive disorders have been linked
to exposure to xenoestrogens during early development!4. Androgenic exposure has
also been reported to cause masculinization and feminization in animal
populations!4. Because the sex hormones play a role in muscle growth and the
immune system, the disruption may also cause effects in the growth and immune

systems.

Somatotropic axis

The somatotropic axis consists of the hypothalamus, pituitary and liver glands. The
function of this axis is the secretion of growth hormones and insulin-like growth
factors (IGF) whose roles are to modulate metabolism and growth!45, The effects of
suppression and excitation of the somatotropic axis have been reported from studies
using gene knockout techniques and transgenic insertion in experimental animals4.
In mammals, suppression results in elevated body fat, atypical lipid profile, impaired
cardiac function, reduced muscle mass, atherosclerosis, insulin resistance and

immunodeficiency in mammals!415, Excitation results in increased body mass,
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thyroid dysfunction and sea-water tolerance in fish, as well as hypertension, heart

disease and abnormal menstruation in mammals4.15,

Exposure to oestrogens has been reported to suppress the somatotropic axis in
experimental studies using mammals and fish452, This results in a reduction in the
expression of IGF in the liver and in serum and this has been reported to cause
reduced growth and smoltification in fish4. Thyroid hormone exposure has been
shown to cause excitation of the somatotropic axis in birds, fish and mammals!453-55,
Corticosteroids have also been reported to cause suppression of the axis in
experimental fish and mammals'4. The effect of specific EDCs on the axis is not fully
known as little research has been done.

Retinoid signalling pathway

The retinoid signalling pathway functions by switching the retinoic acid receptor
(RAR) and retinoid x receptor (RXR) from suppressors to transcription factors®®. This
occurs through the action of retinoic acid, all-trans-retinoic acid and 9-cis-isomer
respectively, as a ligand for the nuclear receptors®>’. Retinoic acid (RA) is a
derivative of vitamin A (dietary sources) and is metabolized through the action of
retinol dehydrogenases®®. Regulation of this signalling pathway is achieved through
the dehydrogenases (synthesis) and through inactivation of the cytochrome P450
enzymes'*®, RA has pleiotropic effects on vertebrate development and
differentiation®®. Above or below normal concentrations of RA during early
development (trans-placental) may result in developmental deformities'4°6. The RXR
plays a role in sexual development as well as embryo and foetal development in
mammals'4®8, Lack of RXR expression in mice results in infertility, whilst deficiency
of vitamin A during embryonic development results in malformations of the brain due
to reduced expression of RXR and RAR4%, RXR also mediates lipid metabolism

and homeostasis in the body!4.

A number of studies have reported an association between the environmental
exposures with disruption in the retinoid signalling pathway in wildlifel45%-62, A wide

range of EDCs have been implicated in the alteration of the normal functioning of the
axi514,63,64_
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Vitamin D signalling pathway

The vitamin D signalling pathway comprises of the steroid hormone vitamin D,
vitamin D receptor VDR and RXR4. Vitamin D can be accessed (dermally) from ultra
violet light and from dietary intake®>%5%% |t is metabolized into 25 hydroxyvitamin D
and 1,25 dihydroxyvitamin Dz in the in the liver and kidney respectively®®. 1,25
dihydroxyvitamin Ds has a greater affinity to bind on the nuclear hormone receptor
vitamin D receptor (VDR)!. The vitamin D endocrine axis is thereby regulated by
binding of 1,25 dihydroxyvitamin Dz to the VDR®®. This action mediates gene
transcription of the target gene as the binding results in conformational change of the
VDR®®, After binding, heterodimerization with RXR occurs followed by a cascade of

processes at the promoter region, which results in initiation of transcription4.6°.

Vitamin D’s role in skeletal development and maintenance is well-documented4:67.68,
Deficiency results in rickets in children and osteomalacia in adults. Vitamin D has
been reported to play a role in the functioning of the immune system and a lack
thereof has been linked to autoimmune disorders such as rheumatoid arthritis, type 1
diabetes, and multiple sclerosis'#%6%70 |t has been shown that VDR and vitamin D
have an inverse correlation with the occurrence of certain cancers (i.e. colo-rectal,
prostate and breast cancers)’t. Hence, insufficiency of vitamin D has been linked to
cancer incidences whilst the activation of the VDR by 1,25 dihydroxyvitamin D3
causes suppression of tumorous cell proliferation and induction of cancer cell
apoptosis'#’L, Vitamin D also plays a role in neurodevelopment and normal cardiac

function4.72,

Studies looking at the consequences of disruption of the vitamin D signalling
pathway have been mainly in knockout mouse models and humans?47374, Not much
research has been dedicated on wildlife. The knockout mouse models have been
used as animal models for human pathology. Results from these VDR knock out
experimental studies have shown skeletal malformations, muscle, motor and
cognitive abnormalities, and weakened immune defence'#. Because of the strict
substrate control of the VDR, EDCs are less likely to cause disruption at the receptor
level**. However, experimental evidence have shown that exposure to EDCs can

alter the vitamin D concentrations in serum and cause bone malformations, reduced
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growth and development, perturbed cardiovascular function, and brain

deformities4.75-77,

Peroxisome proliferator-activated receptor (PPAR) signalling pathway

The peroxisome proliferator-activated receptors (PPARsS) are nuclear receptors
belonging to the nuclear hormone receptor superfamily’®®. They function in
regulating biological and metabolic processes®. The nuclear hormone superfamily
includes thyroid hormone receptors, steroid hormone receptors, vitamin Ds
receptors, retinoid acid receptors and PPARs’® 7%, The PPARs are made up of three
isoforms PPARa(NR1C1), PPARB(NR1C2), and PPARY(NR1C3)*". The three
PPARs are ligand activated transcription factors and regulate the signalling pathway
through transcription of target genes. Transcription is initiated through
heterodimerization with RXR47°. Activation of the PPARSs occurs through fatty acids,
xenobiotics and pharmacological ligands resulting in regulation of transcription in

genes responsible for proliferation, fatty acid metabolism and inflammation4.

Each PPAR has specific functions and these functions in vertebrates have been well
studied'*. Some of the major functions of each PPAR are as follows: PPARa —
mediates proper functioning of energy homeostasis by increasing fatty acid
catabolism, gluconeogenesis, and cholesterol levels; PPARB- regulates energy
homeostasis through target genes in the liver, heart, and skeletal muscle which
control fatty acid catabolism and adaptive energy expenditure; PPARy- mediates

differentiation and function of adipocytes, and plays a role in glucose uptake!479:89,

Because of the PPARs role in lipid and glucose metabolism, disruption of the
receptors by environmental chemicals may have a role in lipid disorders, glucose
intolerance, insulin resistance and obesity'*. Weight gain due to EDC exposure has
been hypothesized by a number of scientists. This class of EDCs is called
obesogens, and they disrupt the lipid and energy homeostasis'#8!, Animal models
have shown that exposure to obesogens cause weight gain and obesity®?. A number
of EDCs have been reported to interact and disrupt the PPAR signalling pathway
and they include hypolipidemic drugs, pharmaceuticals (e.g glitzones), and anti-

inflammatory drugs (e.g ibuprofen and indomethacin)4:83.84,
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The final endocrine axis to be discussed is the hypothalamus pituitary thyroid axis
(HPT), and is significant to this study. Adverse effects of EDCs on the hypothalamic
pituitary thyroid axis are of major concern because the thyroid hormones
triiodothyronine and thyroxine (Ts and T4) have an important role in growth and
development (brain, tissue, muscle, kidney, and ear), homeostasis, energy
metabolism, thermo regulation, osmo regulation, regulation of other endocrine

systems, cardiovascular function, fertility, and reproductive behaviour&-87,

1.2.4 Hypothalamic pituitary thyroid (HPT) axis

The (HPT) axis is made up of the hypothalamus, pituitary and the thyroid glands.
Each of these glands secrets specific hormones which allow for the proper
functioning of the axis. The overall function of the axis is to maintain a stable
physiological state of thyroid hormone production from the thyroid gland®.

1.2.4.1 Description of hormonal secretion in the HPT axis

The cascade of events starts in the hypothalamus, where the thyroid releasing
hormone (TRH) is synthesized by hypophysiotropic neurons in the paraventricular
nuclei (PVN)8®, TRH is then transported to the posterior pituitary by the
hypothalamic-pituitary portal system where it mediates the biosynthesis and release
of thyroid stimulating hormone (TSH)/thyrotropin®®. TRH effects this secretion by
binding to the thyrotropin releasing hormone receptor (TRHR), a G-coupled protein
receptor, in the thyrotroph cells of the posterior pituitary!4. TRH also stimulates
glycosylation of TSH, a post translational modification process, thereby activating
it*. There is currently no evidence of TSH causing a negative feedback on the
synthesis of TRH in the hypothalamus®®8, TSH is a heterodimer (a and B). TSH
then binds to receptors on the follicle cells of the thyroid gland, causing an increase
in uptake of iodine into the gland followed by biosynthesis and release of thyroid

hormones, Tz and T4, into circulation88.89,

TH, through negative and positive feedback on the posterior pituitary and
hypothalamus, maintain stable concentrations of thyroid hormones in circulation®88°,
TH can facilitate the production of TRH from the hypothalamus through positive
feedback. There is, therefore, a negative correlation between TSH and TH levels,
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with normal thyroid signalling. This correlation serves as a reference which is used to
establish normal thyroid function and pathology states®. However, emerging
evidence has shown that even minimal alterations to TH and TSH levels can cause
thyroid disease, and this has been a topic of recent debate®l. Other mechanisms
that facilitate TRH synthesis from the hypothalamus include body thermoregulation,
leptin and melanocortin signalling (regulation of dietary consumption and energy
expenditure) and cardiovascular function!4. Each of these mechanisms targets the
hypophysiotropic neurons of the hypothalamus, and through integration of multiple
inputs and TRH is produced.

1.2.4.2 The thyroid and thyroid hormone (TH) synthesis

The thyroid gland is one of the largest glands of the endocrine system. It is found in
the neck on the trachea®. It has two lobes connected by the isthmus®®. The function
of the thyroid gland is to synthesise and secrete the hormones T3 and T4 The
process of thyroid hormone production is initiated by the binding of TSH on the G-
coupled receptors on the cell membrane of the thyrocytes!4. The activation of the
receptor results in the uptake of dietary iodine from circulation into the thyroid follicle
cells through the sodium/iodide symporter (NIS)%2. The action of the NIS is coupled
with the transport of sodium ions into the follicle cells through the Na*/K*ATPase
resulting in a concentration gradient which allows iodine to be concentrated up to 40
fold in the thyroid gland!4. Once in the follicle cells, the iodine is further transported
into follicle colloid through the pendrin transporter®2. The follicle colloid is the inner
part of the thyroid gland. There, in the follicle colloid, the iodine molecule undergoes
a peroxidation process in the presence of hydrogen peroxide and thyroperoxidase
enzyme forming activated iodine species4®°. The glycoprotein thyroglobulin, which
is transported from the follicle cells into the follicle colloid through exocytosis, is then
combined with the activated iodine species through an iodination process forming
mono-iodinated tyrosine (MIT) and di-iodinated tyrosine (DIT) molecules!®. The
tyrosine rings on the thyroglobulin are the substrates for the iodination process.

Phenolic coupling of these tyrosine molecules then results in T4 and T3%,

The formation of either of the TH is dependent on which tyrosine rings conjugate.

One MIT (one iodine molecule attached) and one DIT (two iodine molecules
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attached) molecule will form Ts, whilst two DIT molecules will form T4'493, Therefore,
T4 differs from Tz because of the presence of an extra iodine molecule located at the

5’ position of the first tyrosine ring as shown in figure 2.

O\\ OH O\\ OH

NH> NH>

T : 0 O
HO HO

Triiodothyronine (T3) Thyroxine (T4)

Figure 2: Structures of thyroid hormones. Adapted from

http://watcut.uwaterloo.ca/webnotes/Pharmacology/graphics/t3-slide-pic-98827.png

The hormones are stored in the colloid still bound to the thyroglobulin until release
through activation of the TSH receptor by TSH4. The T4 and Ts are separated
through lysosomal proteolysis and transported into circulation through the
monocarboxylate transporter 8 (MCT8) transporter®®. The ratio of the T3 secreted

from the thyroid gland compared to T4 is 20% : 80%°°.

1.2.4.3 Transportation and peripheral biotransformation of thyroid hormones

In the plasma, the thyroid hormones are bound to plasma proteins, because of their
low water solubility. A small proportion of the hormones circulates unbound in the
plasma (~1%)°. The main proteins they bind to include transthyretin (TTR), thyroxin
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binding globulin (TBG) and globulin®. These carrier proteins also provide a stable
pool of thyroid hormones from the free active hormones which are released for
cellular uptake®. The protein then transports THs to their target sites where they
bind to receptors on the cell membranes and are transported into the cells499.92, A
number of membrane transporters are responsible for this uptake, they include the
organic anion transporter peptide 1cl (OATP1C1) which is present in the brain
capillaries, astrocytes and choroid plexus, and the MCT8 and 10 transporters, which

are located in various organs of the body#2,

Once in the target cell, TH undergoes peripheral bio-modification. There are
enzymes, called iodothyronine deiodinases, that are responsible for this bio-
modification, deiodinase 1, 2 and 3 (D1,2 and 3)*092 D1 functions by converting T4
to Tz and also in the breakdown of reverse Tz (r T3)%%%2 D1 is found in the thyroid,
liver, pituitary gland and the kidney and can deiodinate the inner and outer rings of
Ta4. D2 is responsible for the transformation of T4 to T3 and conversion of rTsz to 3,3’-
diiodothyronine (T2)°%%2. D2 expression is in the thyroid, skeletal muscle, brain,
anterior pituitary, brown adipose tissue and placenta®, D3 is completely an
inactivating enzyme. It is present in the brain, placenta (during gestation), foetal
tissue and skin®%°2, It mediates the inactivation of T4 to rTs, and Ts to 3,3-
diiodothyronine (T2)%°9. Overall, about 80% of T4 is converted to Tz by
deiodinases®®. D3 is particularly important in facilitating the homeostasis of TH levels
by ensuring there is no excess TH in tissue®°2, In the liver, TH are also cleared from
circulation in the liver, through glucuronidation and sulfonation, then removed
through biliary excretion'48°. Availability of TH in tissue is highly dependent on well-
functioning and well-regulated membrane transporters, deiodinases and liver. Figure
3 shows a diagrammatic depiction of the HPT axis, TH synthesis, biotransformation

and action in the target tissues.
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1.2.4.4 Thyroid hormones (THs) mechanism of action

Tz is assumed to be the more biologically active TH and is reported to bind to thyroid
receptors (TR) in the nucleus of target cells with greater affinity than T4 (50 fold). In
the target cell, only Ts is transported into the nucleus. TH receptors are nuclear
receptors of the ligand dependent transcription factor superfamily®. They act on the
target DNA sequence of the target gene by either suppressing or initiating
transcription®. In humans, they are encoded by two genes, TRa and TRB, which are
on chromosome 17 and 3 respectively. Through alternative splicing, four receptors
are formed from the two genes, and these include; TRa1, TRa2, TRB1, and TRB2%°.
There is an extensive expression of TRs in the body®°2. In the nucleus, they form a
heterodimer with retinoid X receptor (RXR) and bind to the promoter region of the
TH-responsive gene regulating transcription?’. When Tz binds to the TR and RXR
heterodimer, a series of events occur, including conformational change of the
receptor, which leads to the transcription of the TH-responsive gene?’8%, Without T3

binding to the TR and RXR heterodimer on the gene, transcription will not occur?’.

Thyroid hormones are able to elicit multiple effects throughout the body. These
pleiotropic effects are made possible by the regulated expression of TR, and provide
an insight into the mechanistic pathways of THs. It is important to note that these
effects are still not clearly understood. The first of these effects is the tissue/organ
specificity and time specificity that TR exert, with regards to their expression®.
Evidence has shown that TR can be expressed in a certain body tissue, organ or
system, only for a specific time period (spatial and temporal specificity). This allows
for TH effects only in specific tissues for a period of time®. Secondly, TRs are
expressed differentially in the body?®. This differential expression in the brain is key
to regulating transcription of certain genes in the brain. For instance, whilst TRH
containing neurons are present in all parts of the brain, regulation of the TRH genes
only occurs in the PVN region of the hypothalamus. The PVN region is the primary
site for TRH synthesis®. This effect occurs through THs binding selectively to TRs in
the PVN region. Lastly, the ability of the TR to heterodimerize with RXR nuclear
receptors is also another way that TRs are able to exert its genomic response, and
this has been discussed (section 1.2.2.3). However, in these TR/RXR heterodimer
complexes, the RXR has also been shown to be the silent cofactor in some response
genes, whilst in some, it has been shown to be responsive to its specific ligands
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hence being an active cofactor®. All these are factors that make pleiotropic genomic

responses of TH action possible.

Molecular responses of THs are also non-genomic. This occurs when THs or their
metabolites interact with proteins from the cytosol or the cell membrane?’. Some of
these interactions result in increased Na-K-ATPase activity when T3 interacts with
phosphatidylinositol 3-kinase (P13K)?’. The enzyme P13K is responsible for cellular
metabolism, including proliferation and apoptosis and cell motility®>. THs have also
been reported to have effects on the mitochondria by having a role in energy
consumption and oxidative phosphorylation®. It has been suggested that this effect
may be through Ts's ability to activate adenine nucleotide translocase, a
mitochondrial protein transporter®®. Ts is reported to play a role in actin
polymerization in astrocytes, thereby regulating growth and motility®®. Thyroid
hormones T4 and rTs have specifically been linked to this effect®. Finally, studies
have shown that T3 contributes significantly to the rapid increase in cellular glucose
uptake when protein synthesis is inhibited and also by #C-2-deoxy-glucose by heart
muscle.?’” Genomic responses to glucose uptake have also been reported to be
affected by THs, i.e. expression of glucose transporters GLUT4 and GLUTL.
Disruption of TR implicates glucose uptake in the brain®. In this study, EDCs which
disrupt the thyroid signalling pathway will be described as thyroid disrupting
chemicals (TDC) or thyroid hormone receptor disruptors (THRD).

It is evident that the thyroid signalling pathway is complex, with a regulatory system
that is multifaceted, and effecting a number of body mechanisms and functions.
Disruption of this pathway is a major concern, particularly with EDCs as they can
mimic or antagonize the effects of natural hormones, causing disruption in the
normal functioning of the body. Understanding the mechanism of action of the TH
both genomic and non-genomic sheds some light on the possible pathways that
thyroid disruption may occur and thus allow for the development of assays and tests

to assess and analyse thyroid disruption effects.

1.2.5 Thyroid disrupting chemicals (TDCs)
A number of EDCs, to which humans are exposed regularly, voluntarily or

involuntarily, are able to interrupt the normal TH signalling axis®. Table 1 shows the
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various TDCs that can interrupt the thyroid signalling axis. Sources of these
chemicals include industrial chemicals and by-products, plastic and plasticizers,

pesticides, fungicides, cosmetics, heavy metals and polyphenols®.

Table 1: TDCs that interrupt the thyroid signalling pathways and their sources®6.

Industrial chemicals and by-products Polychlorinated dioxins and furans
(solvents/lubricants) (PCDD/Fs),
perchlorate,
polychlorinated biphenyls (PCBs),
polybrominated biphenyls (PBBs)

Plastics and plasticizers Bisphenol A (BPA),
tetrabromo-bisphenol A (TBBPA) and
phthalates

Pesticides Alachlor, dicamba, carbamate,

chlorpyrifos,
dichlorodiphenyltrichloroethane (DDT),

fibronil
Endosulfan, heptachlor, lindane,
toxaphene
Fungicides Amitriole, vinclozolin, mancozeb
Sunscreen-Cosmetics Benzophenone2 & benzophenones3,

homosalate (HMS), 2-ethylhexyl 4-
dimethylaminobenzoate
(OD-PABA) and 4-aminobenzoic acid

(PABA)

Heavy metals Cadmium, mercury, lead

Polyphenols Isoflavones (soy), flavonoids (catechin,
quercetin)

Studies on the Great Lakes’ wildlife (Canada) in the early 1990s provided a turning

point in showing evidence that exposure to a certain group of EDCs can disrupt the
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thyroid signalling pathway®’. The researchers linked polychlorinated biphenyls
(PCBs) and specific organochlorine pesticide exposure to thyroid abnormalities other
endocrine defects in the herring gulls®’. More studies on the Great Lakes showed
that top predator fish had thyroid glands that were severely enlarged®’. Since this
study, there have been on-going studies looking at thyroid disruption, both
epidemiology and laboratory studies. Recently, a clinical trial was done looking at the
effects of PCB and pesticide exposure to 50 Laotian women who are directly
exposed to these chemicals®®. The study was looking at the reproductive effects of
the chemicals; the results from this trial have not been published as yet. It has
however not been easy to establish direct linkages between exposure to the the
compounds and adverse health effects, just as it has not been easy with all other
EDCs'4. Special focus on TDCs have been the effect of exposure to pregnant
women and children, and there have been associations between exposure to TDCs

during foetal life to disruption of brain development and function®?,

1.2.5.1 Industrial chemicals in the environment

PCDD/Fs, furans, PCBs and perchlorate are some of the well-known industrial
chemicals which have the ability to disrupt thyroid hormones signalling. Although
PCBs are not widely used anymore, the chemical is still being detected in the
environment, and in human tissue®. PCBs have a particularly high structural
similarity to THs%. PCB exposure in humans has been linked to low IQ,
neurobehavioural and motor deficits due to their ability to induce a state of
hypothyroidism®9%2°_ |t has also been reported to be neurotoxic to the developing
brain causing structural abnormalities to the brain®®. Some studies, although still
controversial, have reported an association between perchlorate exposure and
reduced thyroid function®. Dioxins and furans are by-products of a number of
industrial processes and have been shown to disrupt thyroid function in a number of
in vivo and in vitro studies®1%, These industrial processes include production of
pesticides, waste combustion, and paper bleaching using chlorine.®® Dioxins are
highly persistent in the environment and have a long half-life in human tissue (7

years)9:100,
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1.2.5.2 Plastic and plasticizers in the environment

A lot of the plastics produced in industry contain EDCs in variable concentrations,
from food packaging material, plastic bottles and containers, food cans and toys.
Some of the most common EDCs are BPA (4, 4' isopropylidenediphenol) and
phthalates. BPA is added to plastics usually to harden them. Examples include an
epoxy lining in food and beverage containers, dental sealants and polycarbonate
plastics®:%9, Average human consumption of BPA is reported to be 6.6 ug per day,
with high concentrations being found in serum blood of pregnant women, and in the
foetuses’ amniotic fluid®-9°, BPA is a TH antagonist and studies have shown an
association between BPA exposure and attention deficit hyperactive disorder ADHD

and thyroid resistance syndrome in animals®®.

Pthalates are a group of EDCs that have been categorized as emerging TDCs. They
are added to plastics to make the plastic flexible and their use in industry has been
increasing®%1%, Although exposure potential is broad, the particularly vulnerable
group are hospitalized individuals and neonates as medical devices including
feeding tubes, contain phthalates®1%°, Animal studies have shown structural
malformations of the thyroid gland after exposure to phthalates. There is a lack of
data with regards to the effects of human exposure. However, recent studies have
reported an association between exposure and disruption of TH levels®1%,

1.2.5.3 Pesticides

There a number of pesticides that can disrupt the HPT axis. Most common
dichlorodiphenyltrichloroethane/1,1,1-trichloro-2,2-bis(4-chlorophenyl)ethane (DDT)
and alachlor, have both been shown to disrupt TH levels4.

DDT was introduced primarily for the eradication of malaria in the late 1940s and
gained its worldwide use. Whilst DDT is a xenoestrogen, binding to the oestrogen
receptor as an agonist, it is also a TDC%10%192 |t js highly persistent in the
environment and has a long half-life'%2, AlImost immediately after its wide spread use
as a pesticide, its deleterious effect on the environment started being reported on®20°,
Exposure to both animals and humans is through inhalation and ingestion
(contaminated food sources). After the introduction of DDT in the environment, the

population of the white-tailed eagle in Sweden began to deteriorate®. Studies
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revealed that the eagles were feeding on prey that had high levels of DDT in their
tissue, and this resulted in bioaccumulation of the pesticide in the eagles. The high

levels of DDT in the birds significantly disrupted reproductive behaviours®2°,

In 1980, a chemical spill, containing 15% DDT and its metabolites, in one of the
lakes in Florida USA (Lake Apopka) resulted in disrupted reproductive health
amongst the alligator population?*. A study done on the exposed alligators reported
that exposure to DDT results in defective embryonic reproductive development in
both structure and function?*. The authors also raised the question of the effect on
other animal populations and the human population as well who were exposed to the
spill?4,

Although the Stockholm Conventions on POPs banned the use of DDT, exceptions
were made for countries which need DDT for vector control pending the
development of new cost effective methods which can combat the malaria vector
(anopheles mosquito)é. DDT use still occurs here in South Africa in malaria endemic
areas, and is used for vector control. Large populations of people are still exposed
as DDT continues to contaminate the environment. A number studies looking into the
effect of exposure to DDT still focus on the oestrogenic pathway, hence information

on its effect on the thyroid signalling pathway are still lacking03.104,

1.2.5.4 Brominated flame retardants

Over the past couple of years, a group of chemicals has become a target of scientific
enquiry with regards to their endocrine disrupting potential. These chemicals called
brominated flame retardants (BFRs) are added onto industrial and consumer
products (electrical devices/equipment, furniture, textiles, construction materials, car
seats etc.) to increase their resistance to flammability®195106  Stydies have
demonstrated that BFRs are persistent and bio-accumulative in the environment and
humans, and recent evidence has shown that they may be endocrine disruptors1®.
Exposure to BFRs can occur through inhalation, ingestion (dietary) and dermal.
BFRs can be grouped into five major classes: brominated bisphenols, diphenyl
ethers, phenols, cyclo-dodecanes, phthalic acid derivatives and phenols?. Of these,

the first three have the highest production rate, with tetrabromobisphenol-A
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(TBBPA), polybrominated diphenyl ethers (PBDEs), and hexabromocyclododecane
(HBCD) having the highest consumption rate globally°®.

TBBPA, HBDCs, and PBDEs have been reported to interact with the thyroid
axis®1%, These two BFRs have structural similarities with the thyroid hormone
thyroxine (T4), and hence their ability to induce TH like effects on the thyroid
axis¥19, T, is a precursor of Ts, the active form of the thyroid hormones'®. An in
vitro study reported that TBBPA and PBDEs compete for binding sites with T4 on the
human transthyretin protein, responsible for transporting T4 in plasma. This results in
low T4 plasma concentrations and it has been shown that low levels of T4 can be
associated with neurotoxicity during development and behavioural effects in
experimental animals®®107 More studies on experimental animals have also shown

reduced cognitive functions and hyperactivity upon exposure to PBDEs*®,

In 2001, a human prenatal cohort study was done in the USA to determine the effect
of PBDEs on IQ and hyperactivity in children born after the World Trade Centre
attack in New York!%, Another study, completed 2013, also looked at the effect of
prenatal exposure to PBDESs in a migrant population and followed up the children up
to 7 years of age'®®. Both the studies reported that prenatal exposure to PBDEs
resulted in behavioural problems and reduced 1Q in the children!®198.109 QOne of the
most comprehensive studies on prenatal exposure to PBDEs to date is the Health
Outcomes and Measures of the Environment (HOME) by Chen et al*®. It was a birth
cohort study looking at the effect of PBDEs on neurodevelopment in children
exposed in utero from 2003 (March) to 2006 (February)!8. 309 mothers took part in
the study, and were assessed for PDBE serum levels whilst pregnant!®. The children
were followed up from birth up to five years of age and were assessed for neuro-
behaviour, physical growth and health'®. The authors reported that in utero exposure
to brominated flame retardants, specifically PBDEs, is linked to low 1Q and
hyperactive disorders in children'®. Whilst the health effects reported in the HOME
study were in the children, it has also been reported that the PBDE exposure causes

thyroid hormone disruption in the pregnant women'%’.

There are over 75 known BFRs produced globally, but toxicological data is only
available for half of them®. More research needs to be done to assess the

toxicology and health effects of these BFRs in order to address this literature gap.
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One of the sources of BFRs is electronic waste (e-waste). E-waste is discarded
and/or non-functioning TVs, cell phones, computers, household electronics, office
electronics and lighting equipment!1°. An estimated 20-25 million tonnes of e-waste
are produced annually, with USA, Europe and Australia being the major
producerst'l, Whilst most of the developed countries have the resources to handle,
recycle and dispose of e-waste, developing countries at times lack in this regards.
The expense of proper disposal of e-waste has resulted in a large quantity of the e-
waste bring shipped to poorer countries with China, Pakistan, and Nigeria being
major destinations!!112, Over half of the e-waste produced in developed countries
ends up in developing countries!®, E-waste, whilst it contains precious metals, also
has toxic metals and chemicals which have been shown to negatively impact the
environment and affect human health''%!11, These metals include mercury, lead,
chromium and cadmium?®®. Some of these metals, mercury, cadmium, and lead
have been reported to have a role in endocrine disruption!'3. E-waste also contains
amounts of brominated flame retardants with high concentrations of polybrominated
diphenylethers PBDESs, and polybrominated biphenyls (PBB)*0.

Developing countries lack the capacity to handle e-waste, and this situation is
worsened by the presence of informal recycling sectors''?. Handling of e-waste is
important because some of the individuals dismantling the e-waste can get exposed
through dermal contact and inhalation. Most of the e-waste is disposed of in
landfills'!. This poses a danger of leaching into the soil, and into the water bodies,
causing exposure to animals and humans'!l. Some of the e-waste is also burnt
resulting in brominated flame retardants in the air and increasing exposure. A study
done in an informal recycling centre in China showed that e-waste resulted in
contamination of the soil, air, and water, causing chemical exposure to the
environment and to humans!!!. Studies looking at the impact of e-waste on the
environment and on human health in Africa are lacking. There is no doubt that the

issue of EDCs is global affecting both developed and developing countries.

1.2.5.5 Thyroid disruptors and the HPT axis
Disruption of the thyroid metabolism occurs throughout the HPT axis; at the pre-

receptor synthesis, transport, metabolism, cellular uptake and feedback mechanism
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of the hormones, and the TR, hence influencing transcription of target genes®.
Laboratory studies have established that TDCs can have agonistic, antagonistic or
modulatory effects on TR, influencing various mechanisms. Figure 4 illustrates how
TDCs interrupts the HPT signalling pathway. The mechanisms through which TDCs
induce their effects will be discussed. It is important to reiterate that these effects are

dependent on the dose, and the duration of exposure.
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Figure 4: lllustration of how TDCs interfere with the HPT axis from synthesis,
secretion, metabolism and action of TH.(JNK- c-Jun N-terminal kinase) Figure
adapted from Duntas 2015%.
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Polychlorinated biphenyls (PCBs) are TDCs as they have been implicated in TH
disruption. Polychlorinated biphenyl (PCB) 153 is able to interact with the c-Jun N-
terminal kinases (JNKs) in the hypothalamus causing decreased levels of TRH, and
TH%114 This effect has been theorized to be caused by activation of the JNKs by
PCB 153, which causes interaction of the JNKs with the TRH receptor and reduction
of TRH%14 Some TDCs have been reported to be able to interact with the NIS,
found on the thyrocyte membrane, by competing (antagonistic) with iodine for the
binding site®®°’. This causes a decrease in the synthesis of TH. These TDCs are
perchlorate, phthalates, thiocyanate, bromates and nitrates®9’, The enzyme TPO
(thyroperoxidase) plays a role in the formation of TH, without which, TH synthesis
would not occur. There are particular TDCs which have been shown to obstruct TPO
production and hence decreasing the production of TH. These TDS are polyphenols,
benzophenones (sunscreen), methimazole, amitrole (herbicide), mancozeb,
(fungicide) and soy isoflavones®97, Transportation of the thyroid hormones to target
cells by carrier proteins is an essential process that allows the hormones to be able
to elicit their effects. However, PCBs, flame retardants, phthalates, and
pentachlorophenol have been shown to competitively bind to the protein TTR, hence
reducing the amount of TH bound to proteins and their access to target cells%:°7,
Because of the structural similarities of some of the compounds to TH, they may be
able to interact with the receptors on target cells, causing disruption. Low foetal brain
levels of Ta, when exposed to these chemicals, have been attributed to this
mechanism®’. At the target cells, TH enters the cells through transporters and induce

effects through the nuclear receptors.

A group of TDCs has been reported to disrupt this process through either inhibition
or activation of cellular uptake. These TDCs are flame retardants, PCBs, bisphenol
A, and dioxins®’. The resulting effect is an increase in TH biliary secretion through
enhanced hepatic metabolism®’. This also affects the TR activity leading to altered
transcription of the target gene®’. Receptor inhibition of TSH and TRH has reportedly
been caused by these TDCs as well®”. DDT and PCBs have been reported to
specifically inhibit TSH receptor, leading to low TH levels®. In the target cell TH
undergo transformations through the action of deiodinases. Metals, lead and
cadmium, PCBs, FD&C red dye #3, octyl methoxycinnamate (sunscreens) and
methoxychlor interrupt deiodinase activity resulting in low levels of Tz produced
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peripherally®’. This reduces the Ts levels available for transcription of target genes in
the nuclei. These specific TDCs, flame retardants, PCBs, bisphenol A, and
hexachlorobenzene are able to interfere the THs binding to the TRs inside the cells.
This affects gene transcription®:97,

1.2.5.6 Thyroid disorders and thyroid disrupting chemicals (TDCs): Could there
be alink?

The past several decades have seen an increase in the disease burden of thyroid
disorders®. An alarming two billion people worldwide are said to have thyroid
disorders®. Human thyroid disorders can be broadly divided into these categories;
congenital and adult, hypothyroidism, hyperthyroidism, autoimmune thyroid disorder,
goitres and thyroid cancer*. In Africa, the most reported thyroid disorders reported
are hypothyroidism, hyperthyroidism (particularly thyrotoxicosis), thyroid cancer and
iodine deficiency disorderst!®>. The commonest form reported is iodine deficiency,
although not as prevalent as it used to be due to iodization programs?*>116, |n both
children and adults iodine deficiency has been reported to cause goitre,
hypothyroidism, impaired mental function, and retarded mental and physical
development in children'>. It is important to note that there have been reports of
endemic iodine deficiency being linked to exposure to goitrogens (chemicals that
inhibit iodine uptake at the thyroid) in some parts of Africa.!'®> These goitrogens
interrupt the uptake of iodine and include thiocyanates which are present in the

diet!1s,

Genetic and environmental factors have influenced the prevalence of thyroid
disorders. However, increasing evidence from animal studies, laboratory assays,
human studies and the existing human health trends, suggest that exposure to TDCs
may be associated*1418-20.23,96.97,105115  Because TDC exposure alters serum TH

levels, it is possible that they may cause thyroid disease.

1.2.5.6.1 Thyroid disrupting chemicals (TDCs) and sexual development

The effect of thyroid hormones on sexual development has not been well studied.
However, more studies are starting to look into the role played by TH in sexual
development and function, and the information from those studies will be discussed.
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Hypothyroidism and hyperthyroidism in both males and females have been shown to
affect sexual development, particularly in the pubertal stage?’. Puberty is a complex
process which involves rapid hormonal changes and impacting sexual development,
and hence very sensitive to any hormonal interruption. Studies looking at thyroid
dysfunction and sexual development have mainly been in animal models. In the
female rodents, induction of neonatal hypothyroidism has shown a delay in sexual
maturation and vaginal opening, small ovaries and immature uterine and vaginal
tissue?’. Induction of post-pubertal hypothyroidism in rodents has been reported to
affect the menstrual cycle?’. These results have been in concordance with human
effects. However, the mechanistic pathways with which this occurs is still being
researched on?’. In women, hypothyroidism has been associated with menstrual
irregularities, particularly oligomenorrhea?’. Hyperthyroidism has been shown to
cause delayed sexual maturation and onset of menstrual cycle, also menstrual
irregularities (hypomenorrhea and polymenorrhea)?’. However there are still gaps

with regards to the effect of TH on the female reproductive development.

In the male, rodent studies have shown that neonatally induced hypothyroidism
results in impairment of fertility and sperm motility?”. However, these effects are
reversible in the human as treatment of neonatal exposed men results in normal
sexual development?’. Pre-pubertal hypothyroidism in both male rodents and
humans has been reported to cause testicular atrophy, delayed sexual development,
altered gonadotropin secretion and gonadal function?’. If this state is prolonged in
humans, up to adulthood, the resulting effect is reduced testicular mass, impaired
fertility, and hypogonadotropic hypogonadism?’. Hyperthyroidism in males causes
alteration of testosterone levels?’. Hyper- and hypothyroidism states in the human
male have been linked to the following conditions: erectile dysfunction, delayed
and/or premature ejaculation and decreased libido?’. However, with treatment,
these symptoms can greatly improve. TH targets in the male reproductive pathway

are relatively more established than in the female?’.

The role of EDCs in reproductive anomalies has recently become an area of
scientific scrutiny. Epidemiologic studies have shown that there has been major
changes in pubertal timing and also increases in gonadal maldevelopment?’. It is
still not clear if these changes can be attributed to exposure to thyroid disruptors. A

growing body literature has confirmed that the disruptors of pubertal sexual
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development are well-known thyroid disruptors which interfere with thyroid hormone
synthesis, metabolism and action. These include phthalates, bisphenol A and
PCBs?’. Theoretically, any chemical with TDC properties should essentially interfere
with the TH targets for sexual development. However, as it has been explained, the
magnitude of disruption (that can cause an impact) and windows of development are
an important factor in endocrine disruption?’. There is an apparent lack of scientific
data with regards to the exact timing and extent of TDC exposure that would result in
sexual development abnormalities during puberty?’. Overall, the effect of TDC on

sexual development and function is not well established.

1.2.5.6.2 Thyroid disrupting chemicals (TDCs) and neurodevelopment

Thyroid hormones play an essential part in brain development, maturation and
maintenance from foetal through to adult life. They exert their effects through specific
time windows and influence major developmental processes in the brain'!’. These
include neurogenesis, cell migration, neuronal and glial cell differentiation,
myelination, and synaptogenesis!'”18, Neurogenesis is the production of new
neuronal cells. TH are involved in the later stages if neurogenesis!!’. Adult
hypothyroidism affects neurogenesis, resulting in cognitive deficits, depression and
mental illness!!’. Cell migration, defined as the orchestrated movement of cells, is
also aided by TH, particularly in the cerebellum, cerebral cortex and hippocampus?!?’.
Deficiency in the process results in structural malformations in the brain, which can
have significant impact on function!!’. Neuronal and glial cell differentiation is an
important process for specification into functional neuron types. This process is also
aided by TH through the control in the expression of genes that regulates
differentiation!!’. Nerve fibres have a myelin sheath wrapped around them. The
myelin sheath is an insulating layer wrapped around nerve fibres, important for
neuronal communication in the brain. Without the myelin sheath, communication in
the brain is disrupted. Hypothyroidism disrupts the myelination process, causing
reduced deposition of myelin. Synaptogenesis is the formation of connections and
functional circuits for transmission of messages between neurons. TH have a role in

the formation of a synapse!?’.
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THs are able to exert their effects in the brain because of their ability to cross the
blood brain barrier (BBB), through the use of specific trans-membrane transporters
MCT8 and OATP1C1'7119 Once in the brain they can induce genomic responses
through TRa and TRB which are expressed throughout the brain'!’. Mutations of
these transporters and receptors also cause neurological impairment, likely due to
decreased TH induction'!’. There have also been reports of non-genomic effects of
TH in the braint®,

Production of the TH begins at about 11 weeks of the gestational period, after which
it increases with maturation of the hypothalamus-pituitary- thyroid axis®. The role of
TH in the overall human body have been mentioned but they also play a particularly
significant role in the perinatal stage of human development®. In the developing
foetus, the source of thyroid hormones is the mother. The thyroid hormones that the
mother provide are transported via the placenta to the foetus and are important for
neurodevelopment®. It has been noted in mothers that have hypothyroidism that
their children are born with impaired psychomotor development, mental retardation,
deaf-mutism, behavioural issues, decreased IQ and visual-spatial processing
impairment®6.118_ Because of the extent of impairment, most of these effects are non-

reversible. TH imbalance hence results in impaired development®s,

TH imbalance does not only cause impairments in the developing brain. The
adolescent and adult brain is also susceptible to this imbalance!*®. Both hypo- and
hyperthyroidism can lead to mood changes, dementia, and confusion.
Hypothyroidism can lead to bipolar disorders, depression, cognitive defects, lethargy
and poor motor coordination'’. Hyperthyroidism has been reported to cause anxiety,

irritability and hyperreflexiat'’.

There is still debate on whether EDCs targeting the thyroid hormone system are the
cause of the current rise in these neurodevelopmental disorders and others including
autism and attention-deficit-hyperactive disorder (ADHD)%. However, since
neurodevelopment is highly dependent on thyroid hormones it is highly likely that it
will be sensitive to thyroid hormone disruption by EDCs during the perinatal period
resulting in long-term detrimental health effects®%, Exposure to TDCs in utero has
been associated with neurobehavioural deficits, particularly brominated flame

retardants, and this has been discussed previously. Alteration in the thyroid hormone
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signalling system by TDCs has been implicated in a number of mental disease
including Alzheimer’s disease, bipolar disorder, and major depressive disorder at a

later stage in life®®.

1.2.5.6.3 Thyroid disrupting chemicals (TDCs) and body metabolism

Thyroid hormones regulate metabolic functions in growth, development and in the
maintenance of a stable metabolism in the adult'?°. The local transformation of T4 to
Ts by D2 is essential in TH regulation of metabolism'2°, D2’s activity is expressed in
the hypothalamus, white fat, brown fat (brown adipose tissue), skeletal muscle, liver,
and pancreas, and these are the sites for key metabolic regulation by TH!?°, D2 is
the main enzyme responsible for the activation of T4 to T3 1?°. In these tissues , TH
regulates energy expenditure through maintaining basal metabolic rate, aiding
adaptive thermogenesis, controlling appetite and food intake thereby regulating body
mass?. Lipid metabolism is also regulated by TH, specifically through the action of
Ts in the liver'?°, Here Tz is responsible for regulating cholesterol synthesis and
activation of the fatty acid metabolism processes: lipolysis and lipogenesis.'?°
Finally, THs are involved in carbohydrate metabolism. The TH Ts has been reported
to stimulate gluconeogenesis. This occurs through an upregulation of genes that
control gluconeogenesis in the liver'?°, TH imbalances have an effect on glucose
homeostasis. THs have been reported to an effect on insulin synthesis and action.
Scientific reports have shown that TH action is associated with the pancreatic islet
cell development and function'?°. The thyroid receptors TRa and TR are expressed
in the pancreatic islets. THs can, therefore, bind and activate the transcription.
Through this transcription, transition of the pancreatic islet cells to glucose receptive

and insulin-producing cells is achieved'?°.

Hyperthyroidism has been reported to interrupt metabolic pathways by causing a
hypermetabolic state. The resultant effects of a hypermetabolic state include high
resting energy expenditure, weight loss, low cholesterol levels, increased lipolysis,
and gluconeogenesis'?®. Inversely, hypothyroidism causes a hypo-metabolic state,
causing low resting energy expenditure, weight gain, high cholesterol levels, reduced

lipolysis, and reduced gluconeogenesis'?®. It no surprise therefore that TH
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imbalances have been linked with metabolic conditions such as obesity and

diabetes26:92.120-122

1.3 One health

The notion that the state of the environment affects human health is not new. The
one health concept recognises that human health and animal health are connected,
and both are dependent on the state of the environment!?3, Human activities have
been implicated in a number of environmental hazards including climate change,
loss of biodiversity and animal habitats and pollution!?3124, These hazards directly
impact the well-being of humans and wildlife. One health is important as it looks at
this multifaceted problem and recognises the need for a holistic and inter-disciplinary
approach to solving the problem. Figure 5 shows a diagrammatic representation of
the one health concept, showing the interdependence of human heath, animal health
and environment health. EDCs are a one health issue, as the pollutants from human
activities directly affect animal health and contaminate the environment. The
contaminated environment also acts as a route of exposure to the toxic chemicals for

both humans and wildlife.
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Figure 5: A diagrammatic representation of the one health concept. Adapted from

http.//alaska.edu/blast/biomedicine-subsistence-o

Access to a safe environment is an equality issue, and providing an equal
environment to all people has become a global matter. It is well known that larger
populations from poorer countries or communities are more likely to be exposed to
toxic chemicals that are present in the air, soil, and water. The inequalities are
distinct between and within countries. Within countries, the distinction may be visible
between social groups, wealth classes, rural and urban settings and gender.*?® It is
apparent that the effects induced by chemical exposures are exacerbated by poor
nutrition and poverty, hence causing an increase in morbidity*?4. In 2002, the global
community, with the aim to address these disproportions, made protecting vulnerable
populations from the dangers of a toxic environment one of the Millennium
Development Goals®. These vulnerable groups include women, children, the elderly,
disabled and the poor.
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Over the past two decades, access to improved water services has improved
globally. However, Sub-Saharan Africa has been lagging behind; evident in the
statistics previously discussed (Section 1.3). This clearly shows the influence and
resulting effects of interventions that do not have an equality focus. Without special
focus on marginalized and disadvantaged populations, inequalities within

populations will continue to increase'?*.

One of the environmental rights in the South African constitution (Section 24) states
that “Everyone has the right to an environment that is not harmful to health or
wellbeing, and that it is the government’s obligation to safeguard the environment by
passing laws which prevent pollution”26, Whilst great strides have been made to
honour this obligation, large populations of South Africans who live in rural areas
and/or who are poor still lack access to treated piped water and use source water for
drinking and household activities?’. This increases the risk of chemical exposure
from pollutants present in the water bodies. In addition, there are number of
municipalities providing treated piped water with questionable quality, as was evident
from the 2011 water quality assessment done by the Department of Water Affairs
(DWA)'28, Again, this causes an increased risk of chemical exposure from water and

related health impacts.

1.4 Sources and routes of exposure

The chemical industry is one of the major drivers of chemical pollution. Whilst it is
now clear that industrial production will not likely slow down, emphasis should rather
be directed towards new ideas for the management of chemicals and waste, and
also adopting sustainable renewable energy options. A major point of concern is
that, previously, developed countries were at the forefront of chemical production.
However, the past decade has shown a significant increase in production of old and
new chemicals in the developing countries'®. China has become the biggest
consumer of textile chemicals, taking about 42% of the global consumption!?4. In
South Africa, the money spent on pesticides has increased to about 60% since the
1990s'%4,

The chemical pollution that is produced by the chemical industry causes

contamination of the three vital life support systems: soil, air and water. The
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increased populations, urbanisation, industrialisation and modern agricultural
practices worldwide have resulted in chemicals, including EDCs contaminating the
air, the soil and subsequently water sources. They have hence found their way into
the human body through inhalation, ingestion, dermal contact and drinking water*?°.

The contamination of water sources occurs in multiple pathways. It can occur
through leaching from landfills into ground or surface water, deposits from air
pollutants, incineration of products containing contaminants and hydraulic
fracturing'®4*%0, It can also occur through legal, illegal or accidental spillage. The
use/production of pharmaceuticals by industry, agriculture and householders can

lead to the contamination of water sources.

One of the most recent water contamination issues in South Africa has been on the
subject of fracking®3!. An oil company was given the permission to start hydraulic
fracturing/fracking in Kwa-Zulu Natal'3!. Fracking is a process of releasing natural
gas from underground through drilling into the ground, then injecting large amounts
of fluid, full of chemicals, into the ground under high pressure'®. This has spawned a
lot of environmental debate over the fate of the chemicals used in the process, and
the environmental and human consequences. The process of fracking involves the
use of chemicals in every step and these chemicals end up in the air, soil, ground
water and hence contaminate water sources!®?134, Some of these chemicals have
been associated with adverse health impacts, and it is not surprising that a good
proportion of these chemical pollutants are EDCs*®2134, A study was done in the US
to test endocrine disruptor activity on a surface water body that had been used as a
fracking waste disposal site. The results showed significant level of endocrine
activity, including oestrogenic, androgenic, progesterone, glucocorticoid, and thyroid

active compounds?32134,

In 2002, the Department of Water Affairs and Forestry (DWAF) embarked on the
National Toxicity Monitoring Program (NTMP) with the aim of assessing the health
effects of toxic pollutants in the environment and to address the lack of scientific data
with regards to toxic substances in South African water sources!®>. The NTMP has
so far managed to test for only 14 organic pesticides in selected sites as part of the

phase three plan but the implementation of the monitoring program is yet to occur®®.
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Whilst some of the pesticides are known EDCs, the program did not include the EDC

criterion in their testing.

In the past few years the water industry in South Africa has also grown aware of
water contaminants of the endocrine disruptor nature being present in water. In
particular, the role of agricultural pesticides in contaminating water sources, causing
a reduction in water quality and potentially affecting human health'?8136, As of 2012,
there are 8256 pesticides registered in South Africa, and a large proportion of them
have been identified as EDCs'%’. Although there is a lack of pesticide monitoring
programs in the country, it is clear that the use of pesticides causes contamination of
the ground and surface water. These chemicals are able to contaminate the water
sources through leaching, spray drift and runoff?®. This is particularly concerning
because many communities do not have access to treated water and use collected
source water for household-use including drinking. Also, there is poor management
of some municipality water treatment facilities, causing risk of exposure from pipeline

distribution128,

A study was done in 2014 by the Water Research Commission (SAWRC) with the
aim of addressing the lack of agricultural pesticide management?8136_|n the study
water and sediment were analysed for pesticide contaminants and prioritising these
pesticides for better monitoring purposes. In total 69 pesticides, were added onto this
priority list'?8136_ The criteria for pesticides to be selected for this priority list were
endocrine  disruption,  carcinogenicity, teratogenicity, = mutagenicity and
neurotoxicity?8136_ |t is important to point out that only oestrogenic and androgenic
activity were tested for the EDC component. Prior to this study, a study was done in
2009 which looked at oestrogenic activity in drinking water from two rural
communities®®. The authors reported presence of oestrogenic activity in the water
and suggested that exposure to these EDCs may have been the cause for health

effects that were seen in the community=°.

A number of assays have also been developed in the past 6 years with the aim of
filling in the data gap that is apparent. In 2010 a toolbox of assays targeting the
oestrogenic pathway was developed for South Africa*®. These include the YES
assay T47D-Kbluc MCF7 proliferation assay (E-Screen) and the Juvenile fish VTG

assay. Three were in vitro and one was an in vivo assay. In 2013, an in vivo assay
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was developed focusing on thyroid disruption, called the Xenopus Metamorphosis
Assay (XEMA)!38,

1.4.1 Chemicals of emerging concern
There is a group of micro-pollutants, which contaminate water sources at very low

concentrations. They cannot be removed by traditional treatment plants, which are
equipped to remove EDCs. These chemicals are called chemicals of emerging
concern (CEC). These chemicals include persistent organic pollutants (POPS),
BFRs, nanomaterials, veterinary medicine and pharmaceuticals and personal care

products (PPCP)!3°. Many of the CECs are endocrine disruptors.

PPCP include prescribed and non-prescribed drugs (pharmaceuticals) and soaps,
cosmetics and sunscreens (personal care products). The main source of pollution of
PPCPs is through wastewater discharge!®°. Other routes of source and groundwater
contamination include disposal of unused and expired drugs in landfills, runoff,
agricultural effluent, pharmaceutical company discharge, and household discharge.
Contamination of the water bodies have resulted PPCPs being found in drinking
water®®. Both humans and animals are therefore at risk of being exposed to PPCPs.
The effect of CECs is already being seen especially in developing countries where
aquatic organisms are reported to be exhibiting endocrine disorders, and also the
presence of these CECs is being reported!*°. The lack of adequate treatment plants

in developing countries also exacerbates this situation and implicates water quality.

Because pharmaceuticals are developed to elicit effects in the body, exposure to the
chemicals in water, therefore, have a potential to cause a biological effect. The
human health effects of PPCPs have not been well studied, but it is reported that
they are bio-accumulative, bioactive and persistent!4?. Although PPCPs are found at
very low concentrations, EDCs have been shown to elicit effects at very low levels,
and also their effects may be synergistic or additive if present in mixtures. There has
also been concern over their chemicals’ persistence and causing microbial
resistance!??, There are a number of PPCPs that are TDCs and these include

amitrole, mancozeb, benzophenone 2 and benzophenone 3.
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Unfortunately, many people are not aware of the potential health risk to their
endocrine system that may come from exposure to CECs and still continue to

dispose of drugs in sinks and toilets.
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Chapter 2: Motivation, aims and objectives

2.1 Background

The quality of drinking water is a major environmental heath determinant.'** The
water crisis is undeniable, an estimated 868 million people across the globe do not
have access to clean and improved water supplies (basic water sanitation systems
with no contamination)?>. About half of that population is in Sub-Saharan
Africal?>141.142 In Africa, this population translates to two out of five people without
access to improved water supplies. Almost 185 million people worldwide rely on
surface water for drinking water!41:142, Globally, the supply of safe water has been
impeded by a number of factors which include the lack of implementation sustainable
water supplies and sanitation, and water contamination'#l. The accessibility of safe
drinking water reduces the associated health risks which may arise due to the
contamination of water by infectious, toxic and radiological agents'*?. The
contamination of water by toxic chemicals has been of high concern in the past
decade and the potential adverse health risks thereof39:142-144 Of particular concern,
and for purposes of this study, is the presence of EDCs in drinking and surface

waterl44,

The contamination of water by EDCs implicates water quality. Because water is a
widely used resource, contamination makes it a direct source, and at times a
continuous source of exposure. The presence of EDCs in water is not a new
occurrence, as some of the earliest studies on EDCs analysed exposure to aquatic
animals'®?9, Since then, more studies have investigated the presence of EDCs in
surface water, waste water, treated waste water and drinking water39.102,132,144,145
These studies have determined the concentration and chemical composition of
EDCs present, whilst others have analysed their effects on wildlife and humans. It is
clear that South Africa is also not exempt from this contamination of water sources
by EDCs3%102, However, the full extent and effect of this contamination is not known

due limited data.

2.1.1 Testing for TDCs in water
There are a number of assays which have been developed to assess TDCs in water.

Some of these assays (both in vivo and in vitro) have been included in the GWRC

toolbox Il (Work Plan 3)%. In vivo assays which can detect TDCs include the

41

© University of Pretoria



ot
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Qe YUNIBESITHI YA PRETORIA

watchfrog transgenic amphibian metamorphosis assay and the amphibian
metamorphosis assays!#¢'4’. These in vivo assays are able to give a holistic picture
of the extent of TDCs because of the multiple endpoints which include development
of vital organs and body systems (neurological, reproductive and metabolic), thyroid
gland histology, limb and tissue growth!4¢. Amphibians e.g. Xenopus laevis tadpoles
are exposed to different TDCs at varying concentrations for periods of time, then the
effect of exposure is evaluated'4148, However, because of legislation pushing for
less in vivo studies due to ethical issues!#?, there has been development of more in

vitro studies.

In vitro studies which test for TDCs can be classified according to the endpoint. The
first class targets TH biosynthesis e.g. thyroperoxidase (TPO) inhibition assay. This
is a new in vivo assay looking at how TDCs can disrupt the formation of TH by
interfering with the enzyme TPO?0, This disruption results in TH insufficiency and
subsequent health effects!®. The second class targets TH transport. TDCs can bind
to the transport protein e.g. TTR, because of their structural similarity to THs, hence
causing competitive displacement of TH from the protein!®l. Several assays have
been developed to analyse competitive displacement of TH on TTR protein by
TDCs?™L. The TTR displacement assays in the GWRC Toolbox 1146 consist of three
variations; ANSA, fluo- probe and luc-based. These assays measure the potency of
TDCs in displacing the natural THs from TTR*5L,

The final class is the TR mediated action endpoint. Assays developed to test this
endpoint assess the TDCs’ ability to bind on TR causing agonistic or antagonistic
effects® 152153 The resultant effect being either activation of the reporter gene or
suppression in the respective cells®®. These assays include TR-B CALUX, TR-B
GeneBLAzer, T-screen and GH3.TRE.Luc8153-155 For this study, the GH3.TRE.Luc

Reporter gene assay was used.

2.2 Problem statement

Human beings are exposed to complex mixtures of EDCs, voluntarily or involuntarily,
throughout their life time?®. There is, therefore, a need to identify and test for
potential endocrine disruptors in drinking water and water sources, and to determine

the potential risk posed by these chemicals to humans and the environment?8. There
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are several classes of EDCs, and this study focussed on thyroid disrupting chemicals

(TDCs), which are EDCs that interrupt the thyroid hormone signalling pathway.

There is an apparent gap in literature with regards to the toxicological information on
TDCs®. Whilst the mechanism of action of some of the thyroid disruptors is well
documented, the specific doses at which they induce biological effects have not
been widely researched®. There is currently no trigger value for TDCs in water

which has been developed worldwide.

Over the years, research has focussed on the influence of EDCs on oestrogenic
activity. As a result, the majority of the screening undertaken in South Africa is on
compounds that disrupt the oestrogenic pathway. There is limited information
available on thyroid activity in drinking ground and surface water. Information is
available on the health effects due to the disruption of the oestrogenic pathway!®23.
However, there is a dearth of information on the disruption of the thyroid pathway,
which may have related adverse health risks as the thyroid system is as equally
vulnerable to EDCs. Several bioassays available on the thyroid activity do not clearly
show relevance to water monitoring, and none have been validated outside the
academic setting®156.157 Hence there is need for to validate and optimize an assay
that is suitable to test for thyroid disruptor activity in water with relevance to water

monitoring.

In the South African context, information pertaining to TDCs in source and drinking
water is scarce. Some of the traditional water treatment plants are not equipped to
remove EDCs from drinking water. Investigations need to be carried out to determine
the efficiency of water treatment plants in removing thyroid disruptors, if present in

the source and surface waters.
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2.3 Aims and objectives

Aims

The main aim of this research study is to establish and optimise a thyroid assay,

which can be used to assess thyroid activity in treated drinking and source water.
Objectives

1. To establish, optimize and validate the GH3.TRE.Luc thyroid bioassay to
measure thyroid activity in water samples (Phase 1)

2. To apply the assay to water samples from the Global Water Research
Coalition (GWRC) Toolbox Il and Ill (Phase 2).

3. To use the optimised GH3.TRE.Luc thyroid bioassay to assess thyroid activity
in field samples of source and treated water samples from a Water Treatment
Plant in Gauteng (Phase 3).

2.4 Hypothesis
It was hypothesised that the GH3.TRE.Luc reporter gene assay would be able to
detect thyroid activity from reference compounds in a dose responsive manner as

reported in literature, and that thyroid activity would be detected in water extracts.
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Chapter 3: Materials and methods

Whilst there are several assays targeting several endpoints at the thyroid signalling
pathway, for this study, the GH3.TRE.Luc reporter gene assay was used. It is both a
transfection and gene regulation in vitro assay expressing the TRa and TRB. The
assay was chosen because the main mechanism of action for TH and EDCs
reported thus far is the regulation/interference of gene expression through the TR.
The pituitary is also the central gland in the HPT axis which controls the production
of THs by the thyroid gland and their interaction with other hormones; hence the

pituitary cell line was the best for detecting thyroid hormone receptor disruptors.

Reporter gene bioassays have the ability to detect low levels of hormonal activity
due to environmental stimuli. A reporter gene assay was hence the best tool for the
establishment, optimisation and validation of an assay that is sensitive for thyroid

activity.

3.1 Establishment of the assay

3.1.1 Luciferase reporter gene assay using GH3.TRE.Luc cell line

Rat pituitary cells (GH3) were used for the assay. The thyroid hormone responsive
rat pituitary tumour GH3 cell line was a kind gift from Professor AJ Murk from
Wageningen University (The Netherlands). The cell line was developed by a stable
transfection of the luciferase reporter pGLA4CP-SV40-2xtaDR4 construct into the
GH3 cells from the sensitive GH3.TRE.Luc cell line.® The transfect has two thyroid

receptors TRa and TRB, making it more robust®.

The method for the assay was adapted from Freitas et al (2011), with modifications
from Mengeling et al®®'53. The use of the original method and the modifications
allowed for the establishment of a working assay. The cells were grown in a regular
growth medium (RGM). The RGM was (1:1) (v/v) of Ham’s F12 nutrient medium and
Dulbecco’s Modified Eagle’s Medium (DMEM/F12), (Life Technologies cat no.
31330095). The DMEM/F12 was supplemented by 10% foetal calf serum, which
gave the cells enough nutrients to grow. Culture conditions were as follows: 37°C,
5% (v/v) CO2 and humid atmosphere. 75 cm? flasks was used for sub-culturing
thyroid cells, and every four days cells were released from the flask by adding 0.1%
(w/v) trypsin. The cells were observed under a microscope for minutes as they
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dislodged and after 3 minutes the excess trypsin was removed. Trypsin dislodged
the cells from the flask by breaking down adherence proteins which facilitate
attached of cells to the flask. Cells were dislodged by gently tapping the flask against
the palm of the and a few times, then regular growth medium was added into the

flask to neutralize trypsin before splitting the cells into new flasks.

Forty-eight (48) hours prior to plating into the 96 well plate the cells were seeded at
80% confluency (4/5 of a 100% confluent flask) in a 75 cm? culture flask. Regular
growth medium was added into the flask and cells were incubated. At 80%
confluency, cells were seeded into a white clear bottom 96 well plate at 5x10* cells
per well (100 pl per well). Prior to seeding the cells, RPM was put in the 96 well at
100 pl/well. After 24 hours RGM was replaced with 100 pl/well of the PCM medium
and incubated for a further 24 hours to deprive cells of thyroid hormones. The serum
free prefusion medium (PCM) was prepared by making 1000x stock concentrations
of bovine insulin, ethanolamine, sodium selenite, human apotransferrin, bovine
serum albumin and fetuin in double distilled water, and diluting the stock
concentrations in DMEM/F12 (1:1) with 15 mM HEPES to obtain the following final
concentrations: 10 pg/mL bovine insulin (Sigma cat no 16634-100mg), 10 uM
ethanolamine (Sigma cat no E0135-100ml), 10 ng/mL sodium selenite (Sigma cat no
S5261-10g), 10 pg/mL human apotransferrin (Sigma cat no T1147-500mg), 500
png/mL bovine serum albumin (Sigma cat no A7906-100g), 800 pg/mL fetuin (Sigma
cat no F3385-1g) (only added if the cells struggle to attach/grow). The medium was
filter sterilized with 0.2 pm filters.

The stock solution for the controls and the test chemicals (listed below) was
prepared in dimethyl sulfoxide (DMSO) at least 200x the highest required final test
concentration (to ensure that when diluted in PCM the DMSO concentration was
above 0.5%). The test chemicals were, T3 (Sigma cat no T2877-250mg) 1 000 nM,
T4 (Sigma cat no T1775-100mg) 1 000 nM, amiodarone hydrochloride (Sigma cat no
A8423-1g) 15 pM, Sodium arsenite (Sigma cat no S7400-100g) 100 pM. Stock
solutions were stored at room temperature in the dark to avoid light sensitivity

reactions.

All the test chemicals (prepared in DMSO) were diluted in PCM and transferred to

each well at 100 pl (100 pL final volume). PCM was used because it contains no
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FBS which may have endocrine activity. The DMSO concentration must never
exceed 0.5% to avoid cytotoxicity to cells. Test chemicals were tested alone and in
the presence of 0.25 nM Ts. Each plate contained a full T3 standard curve (ranging
from 0.001 — 1000 nM) and vehicle control. Single plates were first tested as part of
the screening process for 24 hours. After analysis of the screening plates, samples
with relative light units/relative fluorescence units (RLU/RFU) above the detection
limit were exposed in triplicates for 24h (full dose response curves). Table 2 shows
an example of a template for the 96 well plates, and how the samples were diluted
and exposed in the plate. The plate included three vehicle control samples and a
standard curve for T3 with seven to eight dilutions. It included the samples which
were tested, in five serial dilutions, to test for THRD activity. To test for anti-THRD
activity, the same samples were co-incubated with 0.25 nM T3, to assess their ability
to suppress Ts induction of the cells. The Tz concentration (0.25 nM) was maintained

whilst the samples were tested in five serial dilutions.

Table 2: An example of a template of the 96 well plate for both the luciferase and

resazurine assays

Controls Ts Standard Curve (nM)
Vehicle | Vehicle | Vehicle | 0.001 0.01 0.1 1 10 100 1000
Control | Control | Control
Testing for THRD activity (Samples) Testing for anti-THRD activity

(Samples + 0.25 nM Ts)
S1 S1 S1 S1 S1 S1+4Ts | S1+Ts | S1+Ts | S3+T3 S4+T3
(1) (1:10) | (2:100) | (1:1000) | (1:10000) | (1) (1:10) | (1:100) | (1:1000) | (1:10000)
S2 S2 S2 S2 S2 S2+Ts | S2+Ts | S2+Ts | S2+T3 S2+T3
(1) (1:10) | (2:100) | (1:1000) | (1:10000 | (1) (1:10) | (1:100) | (1:1000) | (1:10000
S3 S3 S3 S3 S3 S3+Ts | S3+Ts | S3+Ts | S3+T3 S3+Ts3
(1) (1:10) | (1:100) | (1:1000) | (1:10000) | (1) (1:10) | (1:100) | (1:1000) | (1:10000)
S4 S4 S4 S4 S4 S4+4T3 | S4+Ts | S4+4Ts | S4+T3 S4+T3
(1) (1:10) | (1:100) | (1:1000) | (1:10000) | (1) (1:10) | (1:100) | (1:1000) | (1:10000)
S5 S5 S5 S5 S5 S5+4T3 | S5+Ts | S5+Ts | S5+T3 S5+T3
(1) (1:10) | (1:100) | (1:1000) | (1:10000) | (1) (1:10) | (1:100) | (1:1000) | (1:10000)

Key S = Sample
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The two assays, luciferase and the resazurine, were done on the same plate, as the
resazurine assay does not require cell lysis and does not interfere with the luciferase

activity measurements.

Luciferase activity

To test for metabolic activity (gene response), the luciferase reporter gene assay
was using the luciferin reagent, beetle luciferin, potassium salt (Anatech cat no.
PRE1603). The prepared luciferin (159.21 mg in 500 mL distilled water) reagent was
divided into aliquots and stored at -70°C, covered in foil and protected from light. For
use, luciferin reagent was removed from the freezer and equilibrated to room
temperature. The cells were rinsed twice with PBS, 25 pl of 1x lysis reagent was be
added to each well in order to lyse the cells before adding the luciferin reagent. The
lysis reagent, a reporter lysis buffer (Anatech cat no. PRE3971) was prepared by
adding 4 volumes of water to 1 volume of 5x reporter lysis buffer. After lysis, the 96
well plate was placed into a uminometer that has an injector. The luminometer
(LUMIstar OPTIMA Iuminometer, BMG Labtech, Offenburg, Germany) was
programmed to add 25ul luciferase assay reagent and 25 pul reaction buffer per well
and to read immediately for 10s. Relative light units (RLUs) were obtained from the
luminometer, and after cytotoxic adjustment (RLU/RFU), were used to determine
thyroid activity. A sample was considered to have thyroid activity if it had an
RLU/RFU (measure of TDC activity after cytotoxic adjustment) value above 2

standard deviations from the control (DMSO).

Resazurine cell proliferation assay for cytotoxicity

Cell proliferation and viability was determined by measuring the cells metabolic
activity using resazurine dye. Resazurine is non-toxic, water soluble and non-
radioactive dye. It can be reduced by the viable GH3 cells to a pink fluorescent
colour, from the original blue, making a resorufin complex. After 24h exposure, 8 pL
resazurine (400 uM) was added to each well and incubated in the dark for 4h (at 37
°C, 5 % COz2). To prepare the resazurine (Sigma cat no R7017-5g), a 400 pM

solution in PBS (pH 7.4) was prepared. The resazurine solution was then filter-
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sterilized through a 0.2 pm filter and aliquoted in Eppendorf tubes, covered with foil
to protect it from light and stored at -20°C. Fluorescence was measured at 530 nm
excitation and 590 nm emission. If the cells were exposed to a cytotoxic chemical,
the resazurine was not reduced to resofurin, and remained in its blue colour. The
extent of its cytotoxicity was them measured by the Flouroskan®. A chemical was
considered cytotoxic if the fluorescence is less than the fluorescence of the vehicle

control minus 3x the standard deviation.

3.2 Phase 1: Optimisation and Validation

Four reference chemicals from the laboratory and eighteen (18) GWRC water
samples were used for the optimisation and validation of the GH3.TRE.Luc reporter
gene assay. The four reference chemicals were Ts, T4, amiodarone and sodium
arsenite. Of the 18 GRWC samples 9 were reference chemicals [(T3 (Sigma cat no.
6893-02-03), T4 (Sigma cat no. 51-48-9), triac (Sigma cat no. 521-2-1), tetrac (Sigma
cat no. 67-30-1), amiodarone (Sigma cat no. 19774-82-4), pentachlorophenol (Sigma
cat no. 87-86-5), ethylene thiourea (Sigma cat no. 96-45-7), 2,2,4,4-
tetrahydroxybenzophenone (Sigma cat no. 131-55-5) and methimazole (Sigma cat
no. 60-56-0)], which are known thyroid hormones, antagonists and agonists. The
agonists were diluted into concentrations of 0.0001 — 1000 nM, and added into the
96 well plates using the protocol discussed under 3.1. The antagonists were diluted
into concentrations of 0.01 — 100 mM and co-incubated with 0.25 nM Ts. These
samples were used to optimize and validate the assay, by comparing the responses
to the ones in literature. The agonists used wereTs and T4 natural hormones with
their acetic acid derivatives and structural analogues triiiodothyroaceticacid (triac),
(Sigma cat no. 51-24-1) and tetraiodothyroacetic acid (tetrac), respectively. Triac and
tetrac are both pharmaceuticals that have been used in hormone replacement

therapy?®.

Eight (8) water extracts from the GWRC were used to check the suitability and
sensitivity of the assay to detect TDCs in water samples. The water samples were
paired samples of surface, waste, milliQ (double distilled water), tap water samples,
and a control. Of each pair of the eight samples, one was spiked with T4 (20 mM)

and ethylene thiourea (20 mM) before we received it at the laboratory, making the
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analysis a blind test, as the ID of the spiked sample was not shared during testing.

This was done to remove bias.

3.3 Phase 2: GWRC water samples

Twenty-four (24) GWRC water samples were additionally tested for thyroid activity
using the GH3.TRE.Luc reporter gene assay and the resazurine assay. After the
thyroid cells were seeded into the 96 well plates, the water extracts were added into
the plate at varying concentrations and following the luciferase and resazurine
protocol, were analysed for THR activity. The countries which provided water
samples for the study were South Africa, Germany, Netherlands, France, Spain and
Australia. The water samples were grouped into milliQ water, tap water, surface
water, and treated waste water, and some of the samples were spiked blindly. The
GWRC water samples were tested as part of the GWRC toolbox Il and Il which is an
extension of the toolbox 6. The EDC toolbox Il, was set out by the Global Water
Research Coalition to address this lack of information. The overall aim of the
toolboxes is to introduce and validate other biological methods that test for
androgenic, progestagenic, glucocorticoid, retinoid (RXR), peroxisome proliferator
(PPAR) and thyroid activity in environmental waters. This also allowed for analysis

of different matrices of water samples on a global scale.

3.4 Phase 3: Water Samples from a water treatment plant - Gauteng

The water samples used were from the Rand Water catchment area, including the
Vaal Dam. The dam is one of the largest in South Africa bordered by three provinces
Gauteng, Free State and Mpumalanga. Four sampling sites were used all in
Gauteng at a water treatment plant (WTP). The drinking water (DW) A and B sites
were treated drinking water coming from the plant into the distribution network.
Source water (SW) A and B were source/surface water sites. SW A is a site at the
dam wall close to the treatment plant, whilst SW B goes into the WTP and comes out

as DW A or B once treated.

The reason for the selection of these sites was to have source and treated water
samples from the same water treatment plant, in order to determine if there where

thyroid disruptors in the source water, and if the water treatment plant was able to
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remove these thyroid disruptors. The sampling was done monthly over a period of 12

months, in order to monitor if there are any trends due to seasonal patterns.

Sample Collection

The water samples were collected in 1 L Schott bottles, and were delivered to the
laboratory on the same day. After collection the pH was adjusted to pH 3 using
hydrochloric acid and then filtered using a 0.45 um filter and glass wool. The pH was
adjusted in order to stop any biological activity in the water samples, which may
include small water organisms or plant/algae growth. The 0.45 um filter removes any
materials that may clog the filters during the extraction procedure. All the samples

were stored at 4°C in the dark until use.

Water extraction

The water extraction method was according to the GWRC guidelines from Toolbox
2%, All 1 litre samples were concentrated using the solid phase extraction (SPE)
method. The Oasis HLB reversed-phase SPE cartridges (Oasis HLB glass cartridge
5cc/200mg LP, Microsep) were preconditioned using 2 X 2.5 mL methanol,
acetonitrile, acetone and water consecutively. This was done to activate the sorbent
material in the cartridges so they could retain the EDCS. This SPE method ensures
the adsorption of polar and organic chemicals which include EDCs into the
cartridges'®8. After the preconditioning the water samples passed through the
cartridges on a vacuum manifold set with a flow rate of about 7mL/minute. If EDCs
were present they would remain in the cartridges as water passed through. The
cartridges were then eluted to collect the EDCs from the cartridges. Elution (into
glass tubes) was done by passing 3 mL of each of the methanol, acetonitrile and
acetone consecutively. The eluate was then concentrated by evaporating the
solvents using a steady stream of nitrogen gas. DMSO (500 pL) was used to
reconstitute the sample for analysis. Figure 6 is a flow diagram of the extraction

method.
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Figure 6: Flow diagram of the extraction process for water samples from the WTP
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After reconstitution the samples were diluted with PCM into 4 concentration ratios
and applied to the cells in the 96 well plates following the protocol under 3.1.
Analysis of THR activity and cytotoxicity was done using the luciferase and

resazurine assays.

3.5 Data analysis

A Ts standard curve was constructed for each assay. Cell proliferation was
expressed relative to the maximum response observed at 10nM T3, set at 100%
induction. The response for the solvent control was set at 0%. The EC50 or IC50 for
the compound was calculated determining the concentration at which 50% of the
maximum cell proliferation occurs. The cumulative fit equation was used to reach
50% of the maximum decrease of cell growth in the presence of Ts. The relative
potency (RP) of compounds was calculated by dividing the EC50 of T3 by EC50 of

the test compound.

For environmental samples concentrations were calculated from the Ts standard
curve as unpaired Y-values and corrected for the appropriate dilution factors to
determine the equivalent value for the original sample TEq in ng/L. Graphpad Prism
Software® was used to obtain dose response curves and extrapolate RLU/RFU
values from the standard curves. The main statistical tests done were Analysis of
Variance (ANOVA) and general linear regression models. For the test chemicals, the
ANOVA was used to determine if there was any significance difference between the
chemicals, concentrations of individual chemicals and also to test the interaction
between the chemicals and its concentrations. A regression model was also done on
these 3 variables. For the GWRC, both the ANOVA and the linear regression model
were done on the water source, country and concentration variables. The interaction
variables tested were source and country, source and concentration and, country
and concentration. The water samples from the WTP were tested using the ANOVA
and the regression model on the following variables: concentration, months, site and
interaction variable between concentration and site. Only those variables which
either showed a significant difference (p<0.05) or were worth explaining with

relevance to the study were reported.
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3.5.1 Quality control and quality assurance

Before the commencement of the study, training was done on how to handle the
samples and run the assays. Water samples were collected and pH was adjusted on
the same day.

To reduce assay errors, all the assays were run concurrently with an extraction
control and a vehicle control (DMSO only). An extraction control is a control sample
that was only preconditions and eluted with no water sample run through it. This was
done to test the cartridges, and the solvents for any contamination. The vehicle

control was a DMSO only sample to test for any contamination in the DMSO.

The positive samples we repeated three times on different plates to reduce error,
increase accuracy and test for repeatability. Statistical analysis was done on the final

results correct for errors in the final interpretation.
Equipment calibration

Equipment used the project was checked and was functioning properly prior to
starting the project. All instruments (Flouroskan®, LUMIistar Omega® and the
MilliQ® water purification system) used on the assay were calibrated before the

project was started.
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Chapter 4: Results

4.1 Modification of the assay

The method that was initially used to culture the cells and expose them was
according to Freitas et al®. However, the dose-response-curves obtained for
GH3.TRE.Luc induction were not optimum or repeatable. Some dose response
curves were not obtainable using Graphpad Prism® After troubleshooting, it was
discovered that this was because the cells were not attaching in the wells after
seeding and were lost during the lysis step when washed with PBS. Figure 7 shows
one of the curves for thyroid hormone receptor (THR) activity induced by exogenous

T3 using the original method.
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Figure 7: Graph showing GH3.TRE.Luc induction following T3 exposure for 24 hours

(0.0001 — 1000nM) using the original method. The curves were not producing

optimum induction and were not repeatable.
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After troubleshooting, fetuin (used in the laboratory to assist in the attachment of
cells to the plate) was incorporated into the method to aid in the attaching of the cells
in the 96 well plates. The addition of fetuin resulted in more cells attaching and less
cells being lost during the lysis step when the cells were washed with PBS. Figure 8
shows the Tz curves for thyroid hormone receptor (THR) activity after 24 hours of

exposure with the incorporation of fetuin.
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Figure 8: Graph showing GH3.TRE.Luc induction following T3 exposure for 24 hours
(0.0001 — 1000nM) using the original method and the incorporation of fetuin.

Repeatability increased.
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Whilst repeatability increased upon addition of fetuin, the dose response curves still
did not show optimum GH3.TRE_Luc induction and there was high background

activity as a result of using the fetuin, as seen from figure 8.

Further troubleshooting was done, and modifications to the original method were
done using information from Mengeling et al'®3 and from a number of trials done in
the laboratory. The modifications were as follows; Instead of using a cell scraper to
harvest the cells for seeding, the trypsin was used, as the cells scraper may have
damaged the cells, resulting in failure of the cells to attach in the 96 well plate. The
cells were seeded using the RGM to increase their chance of attaching. The with
withdrawal step using PCM was done 24 hours after the cells had been seeded (in
RGM), in the 96 well plates. After seeding, every step in the method maintained a
24-hour period. The cells seeded per well were increased from 30000/well to
50000/well. After this the original method was followed, and a Luminometer was
used to read the plates. The use of fetuin was discontinued, due to the high
background that was observed. Figure 9 shows the dose response curves obtained

after these modifications.
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Figure 9: Graph showing GH3.TRE_Luc induction following A) Ts exposure for 24
hours (0.0001 — 1000nM) using the modified method B) T4 exposure for 24 hours
(0.0001 — 1000nM). Both graphs had increased repeatability and optimum induction.
The fold induction was more than 10 for both graphs, showing low background

levels.
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The modification method resulted in dose response curves which were comparable
to literature and repeatable. The original method used the Promega kit (E1500) for
luciferase activity, however after comparing with the laboratory luciferase kit, there
was no differences between the dose response curves. The laboratory kit was
therefore used in place of the Promega kit as it was more cost effective whilst

producing the same results.

The luciferase assay was used to test for metabolic activity, which was reported as
thyroid hormone receptor activity (THR activity), and the resazurine assay was used
to test for cytotoxicity, which was reported as cell proliferation. For THR activity, the
results were expressed as a RLU/RFU, calculated from the relative light unit (RLU)
and relative fluorescence unit (RFU) readings, for luciferase assay and for the
resazurine assay respectively. This was done to normalize for viable cell humber.

Cytotoxicity/cell proliferation using the resazurine assay was measured using RFUSs.

4.2 Phase 1: Optimisation and validation
Test compounds

For optimisation of the assay, exogenous natural hormone triiodothyronine (T3) was
used as the positive control. The capability of the assay was confirmed by its
capability to detect Tz at the picomolar range, with dose response curves
comparable to those found in literature®. Figure 10 shows the T3 curve (in triplicates)

for THR activity and the results from the resazurine assay respectively.
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Figure 10: Graphs showing the T3 activity in the luciferase and resazurine assays,
with concentrations in nM ranging from 0.0001 to 1000. A) The graph illustrates
GH3.TRE.Luc induction of cells after 24-hour exposure to Tsz. B) Graph showing the
effect of Tz on the cell proliferation after incubation with resazurine to test for

cytotoxicity.
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A sigmoidal curve fit was obtained for the T3 curve, validating thyroid hormone
activity. The results were comparable to those found by Freitas et al (2011)%. The
average EC50 from the triplicate Ts tests was 0.15. The relative fluorescence Units
(RFU) was within 3 standard deviations of the vehicle control (DMSO)

In the resazurine assay (cell proliferation), all the tested Ts concentrations were
within 3 standard deviations of the vehicle control (DMSO), indicating no cytotoxicity.

The agonistic behaviour of exogenous T4 was also tested and results were
comparable to literature. Figure 11 shows the luciferase and resazurine assay

results.
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Figure 11: Graphs showing the T4 activity in the luciferase assay ( Inducution) and
resazurine assays (cell proliferation), with concentrations in nM ranging from 0.0001
to 1000. A) The graph illustrates the effect of T4 to the GH3.TRE.Luc cells after 24-
hour exposure. B) Graph showing the effect of T4 on the cells after incubation with

resazurine to test for cytotoxicity.
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Sigmoidal dose response curves were also obtained for T4 curve. Average EC50
from the triplicates tests was 6.4 nM. There was no cytotoxicity as the Ta

concentrations were within 3 standard deviations of the vehicle control (DMSO).

As controls for anti-thyroid activity (antagonists), the two proposed chemicals were
sodium arsenite (SA) and amiodarone hydrochloride (AH). These were co-incubated
with 0.25 nM T3 for 24 hours and tested for antagonistic activity (suppression of T3
THR activity) and cytotoxicity. Figure 12 and 13 shows the graphical illustrations of

the luciferase and the resazurine assays
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Figure 12; The graphs shows the effect on the GH3.TRE.Luc cells over a range of
sodium arsenite (SA) concentrations (0,01 to 100mM) after a 24 hour co-inubation
with 0.25nM Ts. A) High THR activity is visible at the lower concentrations and a
reduction in activity at 1 uM. B) The resazurine assay shows all the values are within

3 standard deviations of the vehicle control (VC).
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The high activity detected at the lower concentrations can be attributed to the
0.25nM T3, as the concentrations of the SA increases, its anti-thyroid properties are
reflected through the decreased THR activity. The average EC50 of SA from the
curves was 5.13 mM. No cytotoxicity was seen. Figure 13 shows the luciferase and

resazurine assay results for AH.
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Figure 13: The graphs illustrate the effect of amiodarone hydrochloride on the
GH3.TRE.Luc cells when incubated with 0.25nM Ts. A) The graph shows a
decreased THR activity from 10uM of AH. B) The resazurine assay showed no
cytotoxicity from 0.01uM to 25uM, after which there is clear loss off cell viability,

indicating cytotoxicity.
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The luciferase assay showed induction of the GH3.TRE.Luc cells from AH
concentrations of 0.01 to 100mM, this can be attributed to the 0.25nM Ts. After
10mM activity started to decrease. On the resazurine assay no cytotoxicity was
detected until at 25uM where there is a clear decrease in cell viability. The
resazurine in this case showed that the decrease in activity in the luciferase assay
after 25 nM was as a result of cytotoxicity rather than anti-thyroid hormone receptor
activity. Hence it was decided to rather use SA as a control for anti-thyroid hormone
receptor activity, and the importance of the resazurine assay became apparent. The
average EC50 for AH was 45.69 mM.

Optimisation and validation using samples from GWRC

The nine (9) test chemicals from the GWRC were also used to optimise the assay.
Four of the samples were tested for agononistic activity; Ts, T4, triac (T3 analogue)
and tetrac (T4 analogue). Five chemicals were tested for antagonistic/antithyroid
activity and there were; amiodarone hydrochloride (AH), pentachlorophenol (PCP),
ethylene thiourea (ETU), 2,2,4,4-tetrahydroxybenzophenone (THBP) and
methimazole. Antagonistic activity was determined by the chemicals’ ability to
suppress the THR activity of 0.25 nM Ts. Figure 13 shows the dose response curves

obtained from the four GWRC agonists tested.
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Figure 14: The graphs show GH3.TRE.Luc induction at concentration 0.0001 to 1000

nM of the agonists T3z, Ta, triac (T3 analogue) and tetrac (T4 analogue) after 24 hours.
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The agonists were able to induce THR receptor activity. For the natural hormones
the curves were comparable to the curves obtained from the laboratory reference
chemicals. All four agonists had dose response curves comparable to literature, with
some difference with regards to the EC50 and relative potency (RP) of tetrac, as
reported in literature®>'>4, EC50 and RP found for tetrac was 0.15 and 1.10
respectively, and in literature a 2.4 nM EC50 and 0.07 RP a reported®>*. Table 3

shows the EC50 and relative potency results from the agonists.

Table 3: Showing the EC50 and relative potency of the agonists

Compound EC50 (nM) Relative Potency
(RP)

Ts 0.17 1

T4 2.67 0.07

Tetrac 0.16 1.10

Triac 0.93 0.19

The five antagonists (amiodarone, pentachlorophenol, Ethylene thiourea, 2,2,4,4-
tetrahydroxybenzophenone and methimazole) were also tested for their ability to
antagonize THR activity. The samples received were not enough to do full dose
response curves, and to make higher concentration dilutions, similar to the ones
done using the laboratory chemicals. The highest concentration possible was 0.005
mM which was significantly lower than the concentration previously shown to
supress THR activity. Only two chemicals, were able to supress T3 (0.25 nM)
induction of the GH3.TRE.Luc cells at 0.005 mM. This was the highest concentration
possible. The results in percentage (%) suppression if T3 mediated THR activity are
as for the two chemicals are as follows; Ethylene thiourea (39%) >
Pentachlorophenol (29%). Statistical analysis from ANOVA and the regression linear
model showed significant variation between all the chemicals (p=0.0), between all
the different concentrations tested for each chemical (p=0.0) and for the chemical vs

concentration interaction (p=0.0).
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GWRC spiked water extracts

Eight spiked water samples were also tested for THR activity (agonistic and
antagonistic) and cytotoxicity. The results showed THR agonistic activity in the 4
spiked water extracts. The non-spiked samples showed neither agonistic nor
antagonistic activity. Some of the spiked samples showed THR activity which was
higher than the standard curve and hence their highest RLU/RFU values could not
be extrapolated using graphpad prism®. This was true for surface and waste water.
No antagonistic activity or cytotoxicity was detected. Table 4 shows the Thyroid

equivalents (TEQ) obtained from the positive spiked samples in n g/L.

Table 4: Thyroid Equivalents (TEq) from the GWRC spiked water extracts

Sample ID Thyroid Equivalents Standard Deviation(+/-)
(TEQ) ng/L

Spiked Drinking Water  78.42 0.18

Spike MilliQ Water 2522.84 4.46

Spiked Waste Water 450.35 1.11

Spiked Surface Water 1237.59 3.29

4.3 Phase 2: GWRC water samples
The GH3.TRE.Luc was applied to 24 water samples from the GWRC as part of the
Phase 2. Figure 15 (A-D) shows the luciferase reporter gene assay results for all of

the water samples. Results were presented as RLU/RFU for the thyroid activity.
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Figure 15; Graphs A to D for the luciferase reporter gene assay results in RLU/RFU
values. All samples were tested in the presence of a 0.25 nM T3 positive control, with
RLU/RFU values of A) 1426.3 B)1057.4 C)1120.9 D)1238.
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All the samples that had RLU/RFU values above the detection limit (vehicle control +
2 standard deviations) were tested again in triplicates to confirm thyroid hormone
disruptor activity, and their thyroid equivalents (TEqQ) calculated with the aid of
Graphpad Prism Software® (Version 4). Table 5 shows the GWRC samples that
were further tested, in TEq (ng/L).

Table 5: TEq values for the GWRC water samples that were positive for TDC

activity

Sample ID TEq (ng/L) Standard
Deviation (+/-)

MilliQ Water Spain 7.53 4.91E-03
Germany 4414 4.32E-02
South Africa 14.09 1.2E-02
France 19.43 2.1E-02
Netherlands 16.41 1.7E-02
Australia 6.17 4.7E-03

Surface Water Spain 2.78 1.5E-03
Germany 4.36 3.1E-03
South Africa 5.27 4.2E-03
France 3.41 2.4E-03
Netherlands 65.15 6.8E-02
Australia 44.26 6.7E-02

There was no anti-thyroid hormone activity detected in any the samples. The
resazurine assay showed that all samples were within 3 standard deviations of the
vehicle control, indicating no cytotoxicity. Statistical analysis using ANOVA showed
significant variation between the different sources of the water (p=0.0004).
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4.4 Phase 3: Water samples from a water treatment plant - Gauteng

Water samples from the treatment plant shown went through the screening April
(2015 to March 2016). Samples that were above the detection limit were repeated to
confirm activity using full dose response curves. Figure 16 shows the graphical
results reported as (RLU/RFU) units from the screening tests for all the samples from
April 2015 to March 2016).
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Figure 16: Graphs for the April 2015 to March 2016 samples using the GH3.TRE.Luc

assay to test for THR activity (agonistic and antagonistic) and cytotoxicity. All
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samples were tested in the presence of a 0.25 nM T3 positive control, with RLU/RFU
values of April (1825.9), May (1840.7), June (1521.7), July (1088.5), August (1504),
September (2692), October (1500), November (1739.7), December (1400), January
(1019.9), February (1875.2), March (1133.4).

Of the 48 samples from the WTP that were analysed, 16 had RLU/RFU values
above the detection limit (vehicle control + 2 standard deviations), hence positive for
THR activity. These samples were repeated in triplicates to confirm activity and to
guantify the activity as TEq in ng/L. Table 6 shows results from the positive samples.
There was no antagonistic activity detected. Slight toxicity was observed from the
source water samples. Figure 17 shows a graphical representation of the positive

results over the 12-month period.
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Table 6: Water samples from the treatment plant which tested positive for THR

activity
Sample ID TEqQ ng/L Standard
Deviation (+/-)
April SW A 87.59 1.6E-01
June DW B 164.32 1.6E-01
July DW B 195.39 1.5E-01
SW B 76.32 1.3E-01
SW A 91.77 1.3E-01
August DW B 214.62 1.3E-01
SW B 134.97 9.2E-02
SWA 148.26 7.8E-02
October DW A 184.61 1.1E-01
DW B 105.55 8.3E-02
SW A 81.51 2.7E-02
January DW B 39.54 5.3E-02
SW B 150.68 9.8E-02
SW A 32.05 2.2E-02
February SW B 49.73 5.0E-02
March SW B 52.32 5.8E-02

Key Surface Water —SW Drinking Water - DW
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Water Treatment Plant - Gauteng, South Africa
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Figure 17: Graphical representation of the results from the water treatment plant over

the 12-month period.
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There was relatively higher THR disruption during the June to July period, which is a
winter period in South Africa. There was also higher THR disruption in October. Of
the 16 positive samples, 10 were source water samples. The highest TEq value was
detected in September, from DW B (214 ng/L).

Statistical analysis using ANOVA and linear regression model showed a significant
variation (p=0.0000) between the 12 months. There was also significant variation

between the four sampling sites (p=0.000).
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Chapter 5: Discussion

The GH3.TRE.Luc reporter gene bioassay was successfully optimised and validated
using known agonists and antagonists. The GH3.TRE.Luc reporter gene bioassay is
a sensitive and effective tool to identify and quantify thyroid activity in pure chemicals
and in complex environmental mixtures present in water. It is also rapid, being able
to detect THR activity within 24 hours of exposure, and robust, by having the TH
receptor isoforms a and B. Modifications, suggested by Mengeling et al*>® were done
on the original assay by Freitas et al®®, and this increased the sensitivity and
effectiveness of the assay. The main issue was with the attachment of the cells in 96
well plates. Fetuin, which helps with cell attachment, increased background activity.
We suspect therefore that fetuin may have some EDC characteristics. The specific
modifications on the exposure timeline solved the attachment problem and we

discontinued the use of fetuin.

Both the Luciferase (metabolic activity) and the resazurine (cell viability) assays
were done on the same plate. This was possible because the resazurine dye does
not interfere with the luminometric measurements and also because the resazurine
assay is quick and does not require cell lysis. This greatly reduced the time needed
to do the assay as both assays were done at once. The luciferase measurements
were reported as RLU/RFU values normalised for cell viability using the resazurine

measurements.

For optimisation and validation assay, the THR activity obtained from the agonists
and antagonists were comparable to literature. The antagonists Tz and T4 had
maximum induction factors averaging 14 (10nM) and 10 (1000nM) respectively
(Figure 8). This is relatively high inducibility as it is recommended to have a fold
induction of 6 or more for dose response curves. Induction factors of 23 for Ts have
been obtained in other studies using this cell line, which has a stable transfection of
the expression vector and reporter plasmid.®® Other studies using the GH3 cell line,
with transient transfection, have reported a maximum induction of 4.1%° Freitas et al8>
reports that the high inducibilty may be because of the use of the destabilized
luciferase in the GH3.TRE.Luc assay, which decreases the background effect after
24 hours®. The agonists T3, T4 triac and tetrac (GWRC samples) were also tested ,
the dose response curves was comparable to literature, but the EC50 values for
tetrac were not similar to those previously reported!®*. In a study done by Gutleb et
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al (2005), the EC50 for tetrac was 2.45 nM, whilst in our study the EC50 was 0.16
nM. Triac and tetrac are structural analogues of Tz and T4 respectively, and are both
pharmaceuticals that have been used in hormone replacement therapy. The dose
response curves and EC50 for Tz and triac were similar and close to each other, and
the same applied for tetrac and T4 (Figure 13). The relative potencies (RP) and
EC50 for the three agonists (except tetrac) were similar to those reported in

literaturel>4,

Antagonistic activity tested using sodium arsenite and amiodarone hydrochloride,
which were the antagonists of choice, resulted in dose response curves similar to
those in literature (Figure 11 and 12). Sodium arsenite and amiodarone
hydrochloride were able to supress Ts induction on the GH3.TRE.Luc cells from
ImM and 10mM respectively. However, amiodarone showed cytotoxicity at
concentrations greater than 25 mM, which could have easily been mistaken for anti-
thyroid hormone receptor activity if the resazurine assay had not been done. It was
noted that a decrease in metabolic activity in the assay may be attributable to
cytotoxicity, rather than antagonism. The antagonists from the GWRC; amiodarone
hydrochloride, pentachlorophenol (PCP), ethylene thiourea (ETU), 2,2,4,4-
tetrahydroxybenzophenone (THBP) and methimazole were received in volumes that
could not be tested at the concentration that supresses THR activity induced by Ts.
The highest concentration that could be obtained was 0.005 mM. There was
however suppression detected from ethylene thiourea (39%) and pentachlorophenol
(29%) and this may be due to these chemicals having a higher antagonistic potency
that the rest of the chemicals. The ability of the assay to detect THR activity at the

nM and mM range showed the assay is sensitive and effective.

As part of the validation process, 8 water spiked water extracts were also tested, and
the assay was able to detect THR activity in all the spiked samples. The samples
were spiked with both T4 and ETU at 20mM. The high THR activity detected showed
that at 20 mM T4 had higher potential to induce agonistic responses than ETU had to
induce antagonistic response at the same concentration. The ability of the assay to
detect THR activity in these samples exhibited the assay’s ability to detect thyroid
hormone receptor disruption in water extracts. At this point, there was high
confidence that the assay had successfully been optimised and validated. The THR

disruption values were reported as TEq in ng/L
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To further test if the assay could be applied to water samples, 24 samples from the
GWRC from six different countries were tested (South Africa, Germany, Netherlands,
France, Spain and Australia). The assay was able to detect THR disruption in 12 of
the samples, which were milliQ water and surface water. Because this was a blind
test, the spiked samples are still not known. We suspect that these samples were
positive because they were spiked, due to the uniformity of the samples that were
positive. The THR disruption was reported as TEq in ng/L (Table 5). There was no
significant cytotoxicity detected.

The variation of responses at specific concentrations of the screening tests, (figure
15 and 16) may have been due to a number of reasons which include but not limited
to i) the contaminants having an effect on the cells at a specific concentration where
there is a higher response, ii) where there is a lower response, the chemicals in the
water samples may have been slightly cytotoxic at that specific concentration hence

causing a reduced response.

In phase 3 of the study we assessed a water treatment plant in Gauteng, South
Africa. The objective was to analyse if TDCs were present in the source water and if
the treatment process was effective enough to remove them if present in the source
water. SW A was a source water site near the dam wall, SW B was a source water
site feeding into the treatment plant and producing DW A and B for distribution. It
was found that 16 out of 48 samples (collected over 12 moths) from the treatment
plant tested positive (33%). Ten of the positive samples were source water samples,
which were divided equally between SW A and B. There was relatively higher TDC
activity during the June to August period. Seven of the 16 positive samples were in
these 3 months, with the highest recorded TEq value of 214 ng/L in August (DW B).
This is a winter season in South Africa and a dry period in Gauteng, therefore we
suspect that the contaminants were more concentrated in the water during this time.
There was also high TDC activity in October, and the highest activity in that month
was from SW A. This was the only time there was TDC activity from SW A, we
suspect that there might have been an issue with the treatment process for SW A

during that month.
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The results indicated that the water treatment process was effective in removing
TDCs for SW A than for SW B, as we found TDC activity in SW B. This may be
because of some treatment chemicals that may be adding into the treatment process
that may have THR disruption activity. However, to the best of our knowledge, the
treatment plant uses six chemicals in the treatment process, which are; hydrated
lime (CaO), sodium silicate (Na20sSi), polyelectrolyte, carbon dioxide (COz2), chlorine
(Cl2) and ferric (Fe®*). None of these chemicals have been classified as EDCs.
Therefore, the more likely reason is that the source water is contaminated and the
treatment plant is not effective enough in removing some of the TDCs. However, in
our future work we will incorporate the testing of these chemicals as individuals and
as mixtures to verify that they do not induce TDC activity. We noticed that in some
months where we found TDC activity is the drinking water; there was no TDC activity
in the source water feeding into the plant. This may have been attributable to the
slight toxicity that we detected in the source water, resulting in low induction of the

THR activity on the cells.

We highly suspect that the TDC activity detected in the source water is due to

activities occurring near the source water. This includes;
- Human settlements
- lllegal sewage dumping from municipalities
- Farming
- Mining
- Industry

All these activities may result in TDCs making their way into the water sources, and
subsequently into the water supply. The water treatment plant employs a seven step
purification process; coagulation; flocculation; sedimentation; stabilisation; filtration;
disinfection and chloramination. Purification processes which include coagulation,
flocculation and lime softening have been reported to be ineffective in removing
some EDCs, particularly CECs, which include EDCs like PPCPs.1 It is advisable for
water treatment plants to incorporate the use of activated carbon and advanced

oxidation, using ozone or UV, in order to increase chances of removing EDCs and
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PPCPs. The activated carbon has the ability to remove most of the organic and non-

polar compounds.160

It is important to mention that, although there were samples positive for TDC activity,
with TEq values ranging from 32 to 214 ng/L, we cannot say if these values will
result in a human health risk. This is because there has not been development to a
thyroid equivalents trigger value. Hence human health risk assessment cannot be
performed. Trigger values for other endocrine pathways such as oestrogenic
receptor (ER), androgenic receptor (AR), glucocorticoid receptor (GR) and
progestogenic receptor (PR) have been developed for EDC activity in water using
the CALUX bioassay, and are as follows;

ERa(3.8) < AR(11) < GR(21) < PR(333) ng/L16!

Unfortunately, there have been no studies done in South Africa on quantification of
TDCs in water samples, using a THR based assay, therefore we cannot compare
our results to any in South Africa. There have been few studies done of the presence
of EDCs particularly TDCs in the water and their effects. Internationally, most of the
studies done on the effect of TDCS have been on the presence of TDCs in source
water, and their impact on aquatic life. An interassay laboratory ring test with other

laboratories using different thyroid assays would be of great benefit.
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Chapter 6: Conclusion

It is clear the issue of EDCs is global, with both developed and developing countries
at a risk from disrupted environmental, wildlife and human health. Worryingly, EDC
research in South Africa is still a low priority concern. There has been a lot of
research done on EDCs in the developed world, with Africa lagging behind. The lack
of research means a lack of data, and therefore the extent of contamination is not
known, putting large populations at risk of being exposed unknowingly. The lack of
scientific data also makes it difficult to address this EDC issue, at public and
government level, and to find solutions that are relevant to the African and South

African context.

For every body, organ, and tissue in the human body to be in a healthy condition
there needs to be achievement of a euthyroid state and a HPT axis functioning at its
optimum. An interruption thereof would result in adverse effects of the neural and
physical growth (particularly in children), reproductive anomalies, and negative
effects on the homeostasis of the body. It is therefore imperative that thyroid assays
which can detect TDC activity be established and optimised, in order for potential
sources of exposure to be assessed, and for thyroid hormone disruptor activity to be

reported.

Of the research that has been done, both globally and locally, focus has been on the
oestrogenic pathway. However, it is clear that EDCs also affect other pathways,
including the HPT axis, and studies have reported associations between TDC
exposure and neurobehavioral disorders, obesity and reproductive abnormalities,
among others. It is therefore important that assays which can detect TDCs be

developed and validated.

In this study, the GH3.TRE.Luc Reporter Gene Bioassay was successfully optimised,
validated and applied to test chemicals and water extracts. The assay is effective in
detecting TDCs present in water extracts, with relevance to water monitoring. The
assay is rapid, robust and sensitive; therefore assessment of water samples has a
short turnover time. It is possible for the water industry to adopt this assay as a

routine test for water quality assessments.
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6.1 Recommendations

Policy makers and stakeholders in the water industry

We recommend:

)

Development of legislation and policy to protect the public from being
exposed to EDCs. Currently, there are no water quality guidelines for
EDCs

Further monitoring of water sources for TDCs to ensure water quality and
safety.

Awareness of sources and routes of exposure e.g. at home or at work.
There are a number of sources of exposure, and the public needs to be
aware and be educated about these sources and routes of exposure.
Reduction of the EDC load as it may lead to mixture effects. We may be
exposed to a number of EDCs at the same time, and this may result in
synergistic or additive effects of EDCs in the body. This may cause
increased adverse health effects. We also recommend that the public
minimise activities that may result in an increase of the EDC load in the
environment, especially with regards to PPCPs.

Being smart consumers. The public needs to be aware of the chemicals

that are in the products they buy, to avoid exposure to EDCs

Research community

We recommend:

vii)

viii)

Chemical analysis of the chemicals which may be causing TDCs activity in
the water in South Africa

Development of a trigger TEq value. This is important so that human
health risk assessment can be done to determine TDC activity values
which will affect health

More research on EDCs as a whole, and on other EDC endpoints and
sources. There are still a number of endocrine pathways and sources that

have not been tested in South Africa.
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X) More collaboration between disciplines as EDCs are a One Health issue,
and needs an interdisciplinary approach. Collaboration between
developing and developed countries as well, so there can be sharing of
knowledge.

Overall, more research on EDCs in Africa needs to be conducted, in order for us to
be able to “find African solutions to African problems.” An EDC free environment

should be advocated for, by all citizens.
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