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Abstract  

 
Endocrine disrupting chemicals (EDCs) are compounds that interfere with endocrine 

systems, induce alterations in their functionality, and give rise to numerous adverse effects that 

have been documented in animals and ecosystems. The herbicide ioxynil (IOX) and the 

synthetic estrogen diethylstilbestrol (DES) are two chemicals still in use, which are 

environmentally relevant contaminants that act as EDCs. In humans, prenatal exposure to DES 

is associated with an increased incidence and prevalence of cardiac defects. IOX may disrupt 

the thyroid system by binding to transthyretin (TTR) and provoke thyroid tumors in rats. The 

main objective of this thesis was to determine how IOX and DES disrupt the crosstalk between 

the developing thyroid gland and cardiovascular system in zebrafish. An invertebrate 

bioindicator species, Mytilus coruscus, was included in the study to comprehend the effects of 

IOX and DES on a bivalve and contribute to a broader understanding of endocrine disruption 

in both invertebrate and vertebrate organisms. The core achievements were a) characterization 

of heart function and cardiovascular and thyroid development in IOX- and DES-exposed 

zebrafish embryos. Transcriptome analysis of vascular endothelial cells of zebrafish embryos 

that elucidated compound-specific molecular effects associated with endothelial functions; b) 

identification of the effects of IOX and DES on the physiology of the heart and thyroid in 

juvenile zebrafish; c) characterization of the effects of IOX and DES on cardiac performance 

and shell growth of juvenile M. coruscus. Transcriptome analysis of juveniles revealed genes 

related to cardiac function, neuroendocrine regulation, and detoxification were affected. The 

findings revealed that IOX and DES exposure had a disruptive effect at a molecular and 

functional level on the cardiovascular system of a vertebrate (zebrafish) and an invertebrate (M. 

coruscus), suggesting that these chemicals function as cardiovascular disruptors in both phyla. 

Overall, the study highlights for the first time the potential at both a molecular and functional 

level of adverse outcomes for both fish and bivalves of exposure to IOX and DES in the 

environment, suggesting they are EDCs with broad impacts across multiple organisms. 

 

 
Keywords: Diethylstilbestrol, Heart, Ioxynil, Mytilus coruscus, Thyroid, Vascular, 

Zebrafish    
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Resumo  

A desregulação endócrina, uma preocupação ambiental proeminente impulsionada pela 

industrialização, é significativamente influenciada por produtos químicos como o herbicida 

IOX e o estrogénio sintético DES. O IOX e o DES continuam a ser utilizados e apresentam 

riscos ambientais assinaláveis devido ao seu papel como produtos químicos disruptores 

endócrinos (EDC). Em humanos, a exposição pré-natal ao DES tem sido associada a uma série 

de efeitos adversos, incluindo o aumento dos riscos de defeitos reprodutivos, de 

desenvolvimento neurológico e cardiovascular em indivíduos expostos e nos seus descendentes. 

O IOX foi identificado como um disruptor do sistema tiroideu em modelos de roedores, 

podendo levar a tumores da tiroide devido à sua interação com a transtirretina (TTR). 

Este estudo investiga os efeitos do IOX e do DES nos sistemas cardiovascular e tiroideu em 

peixe-zebra (Danio rerio) e mexilhão (Mytilus coruscus). Para avaliar estes impactos, embriões 

de peixe-zebra foram expostos a concentrações micromolares de IOX e DES na água. 

Especificamente, doze horas pós-fertilização (hpf), embriões de peixe-zebra Tg(fli1:GFP) e 

Tg(cmalc2:GFPCaaX) foram expostos a concentrações de 0,1 μM de IOX ou DES por períodos 

de 36 horas (até 48 hpf) ou 60 horas (até 72 hpf). Os embriões foram utilizados para 

classificação de células endoteliais vasculares, imunohistoquímica em “whole mount”, 

transcriptómica seletiva de tecidos, análise de expressão génica selecionada por análise 

quantitativa de reação em cadeia da polimerase em tempo real e determinação da frequência 

cardíaca por imagens ao vivo. A exposição tanto ao IOX como ao DES resultou num aumento 

da frequência cardíaca, redução do volume ventricular e diminuição do diâmetro da aorta. A 

análise transcriptómica revelou alterações significativas no perfil de expressão genética das 

células endoteliais, indicativas de efeitos tóxicos específicos do composto. Estas descobertas 

indicam que ambos os produtos químicos impactam diretamente o desenvolvimento vascular e 

cardíaco, com consequentes efeitos indiretos no desenvolvimento da glândula tiroideia. Embora 

os desfechos finais de toxicidade – como a alteração da morfologia cardiovascular e da tiroide 

– fossem semelhantes para o IOX e o DES, os químicos pareceram afetar estes sistemas através 

de vias reguladoras genéticas e mecanismos fisiológicos distintos. 

Foram realizados estudos de exposição crónica com peixes-zebra juvenis para avaliar os efeitos 

a longo prazo do IOX e do DES. Durante um período de 60 dias, peixes-zebra foram expostos 

a 0,1 μM de IOX ou DES através da dieta. As análises de imunofluorescência e morfométrica 

3D do coração juvenil revelaram que a exposição ao IOX levou a uma deformação ventricular 
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significativa e a um aumento de volume (p < 0,001). Em contraste, a exposição ao DES resultou 

numa alteração da morfologia ventricular sem afetar significativamente o volume ventricular 

(p > 0,05). A exposição ao DES levou também à sobre-regulação de vários genes relacionados 

com o endotélio, incluindo angptl1b, notch1b, mhc1lia, mybpc2a, ptgir, notch1b e vwf, que 

estão envolvidos na homeostasia vascular. Observou-se que tanto o IOX como o DES alteram 

a morfologia do folículo tiroideu; o IOX causou hipertrofia folicular, enquanto o DES levou a 

um aumento do campo tiroideu. Estas descobertas confirmam que ambos os produtos químicos 

actuam como EDCs com impactos significativos na morfologia do coração e da tiróide, 

sugerindo que os efeitos cardíacos observados estão provavelmente ligados à alteração da 

função da tiróide em peixes-zebra juvenis. 

Investigações adicionais sobre o bivalve marinho M. coruscus revelaram os efeitos do IOX e 

do DES a um nível diferente de organização biológica. Os mexilhões foram expostos a baixas 

concentrações de IOX (0,37, 0,037 e 0,0037 mg/L) e DES (0,27, 0,027 e 0,0027 mg/L) na água. 

Foi observada uma diminuição da frequência cardíaca em ambos os grupos de tratamento após 

um dia de exposição, com 0,27 mg/L de DES a provocar uma redução significativa da 

frequência cardíaca ao longo do tempo (p < 0,05) e sem sinais de aclimatação. Os efeitos 

funcionais foram associados à expressão diferencial significativa da sinapse serotoninérgica e 

de genes relacionados com o coração a 0,027 mg/L de DES, sugerindo interferência na 

regulação neuroendócrina e efeitos cardíacos diretos. Além disso, a exposição ao DES resultou 

na regulação positiva de genes relacionados com a desintoxicação e na regulação negativa de 

genes da função imunitária, indicando processos de desintoxicação melhorados e respostas 

imunitárias suprimidas. Em contraste, o IOX causou menos perturbações moleculares. 

Notavelmente, o crescimento da casca foi significativamente suprimido em mexilhões expostos 

a 0,0027 mg/L de DES, com menor expressão diferencial de genes em relação ao controlo, 

destacando um impacto direto no desenvolvimento da casca. Estes resultados demonstram que 

o IOX e o DES atuam como disruptores neuroendócrinos com efeitos alargados no desempenho 

cardíaco e no crescimento da concha, sendo que o DES apresenta um impacto mais pronunciado 

em comparação com o IOX nos bivalves marinhos. 

Ao analisar estes EDCs em organismos representativos de vertebrados e invertebrados, esta tese 

oferece um avaliação abrangente dos efeitos adversos do IOX e do DES em diversas espécies. 

Realça também potenciais efeitos sinérgicos ou antagónicos que com estudos de uma única 

espécie podem não ser identificados. Os defeitos cardíacos causados pelo DES em humanos, 

que também são observados no peixe-zebra e nos mexilhões, indicam que a disrupção da vias 
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conservadas entre estes especies pode levar a resultados adversos para a saúde, sugerindo que 

tanto o IOX como o DES actuam como disruptores cardiovasculares nestas espécies, apesar das 

potenciais diferenças na sua mecanismos de ação. As conclusões sublinham a necessidade 

urgente de medidas regulamentares para mitigar a exposição a estes produtos químicos e 

proteger tanto o ambiente como a saúde humana. Os significativos efeitos desreguladores 

endócrinos do IOX e do DES em diversas espécies enfatizam os seus impactos prejudiciais nos 

sistemas cardiovascular e endócrino, revelando a necessidade de mais investigação sobre as 

suas consequências ecológicas e de saúde a longo prazo. 

 
 
Palavras-chave: Coração, Dietilestilbestrol, Ioxinil, Mytilus coruscus, Peixe-zebra, Tiroide, 

Vascular  
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1.1. General introduction 
The present thesis considers the likely impact of disruption by environmental contaminants 

or endocrine disrupting chemicals (EDCs) on both vertebrates and invertebrates. To fully 

comprehend the potential mode of action and likely consequences of EDCs, an understanding 

of the endocrine system and its actions is necessary. Since my study is focused on the thyroid 

axis, I start this introduction by giving a very brief overview of the main characteristics of the 

vertebrate endocrine system. In fact, despite the evolutionary distance between fish and 

mammals, there is generally good conservation of glands, tissues and hormones of the 

endocrine system. Much less is known about invertebrate endocrine systems and so a general 

and very brief consideration is provided. A section is dedicated to characterizing the specific 

characteristics of the thyroid system in fish and chordate species. Notably, I discuss the evidence 

supporting the existence of thyroid signaling pathway genes in invertebrates, suggesting an 

early emergence of thyroid system components during evolution. Furthermore, I outline 

evidence supporting a direct correlation between thyroid morphogenesis and the development 

and interaction of cardiac and pharyngeal blood vessels. The adverse effects of EDCs on both 

vertebrates and invertebrates, particularly on the thyroid system, are comprehensively described. 

Lastly, I underscore the advantages conferred by utilizing vertebrate model organisms, such as 

zebrafish, alongside invertebrate model organisms, like bivalve molluscs, to elucidate the 

toxicological impacts of EDCs. 

The endocrine system is a vital regulatory network in vertebrates since it is responsible for 

coordinating physiological processes and maintaining constant internal homeostasis. This 

complex system in vertebrates is constituted by a diversity of glandular tissues, including the 

hypothalamus, pituitary gland, thyroid gland, parathyroid glands, reproductive glands, 

gastrointestinal tract, pancreas, and adrenals (Figure 1). The endocrine glands secrete hormones 

that control a diversity of physiological functions including growth, development, and 

metabolism. The release of hormones into the bloodstream means they rapidly reach all parts 

of the body and act on target organs or cells, where they exert their effects. The effect of 

hormones is brought about when they interact with specific receptors located on target cells and 

trigger a cascade of cellular and molecular events that lead to a response that tends to be 

characteristic of each hormone. The synthesis and secretion of hormones are regulated by 

negative and positive feedback mechanisms. In negative feedback, when circulating hormone 

levels reach a specific threshold, they feedback on the producing gland and inhibit further 

production. In contrast, when concentrations of a hormone in an organism drop, this stimulates 
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its synthesis and release and, in this way, ensures homeostasis and optimal physiological 

functioning.  

 

 
 

Figure 1.1. Diagram illustrating the anatomical location of the main endocrine glands in humans. 
Cited from Gore et al., Endocrine Reviews, 2015 
 
 

In vertebrates the hypothalamus-pituitary-organ/tissue interaction regulates a large 

diversity of actions and connects the central nervous system (CNS) and the endocrine system 

(Porterfield & Hendrich 1993). The interface between the CNS and endocrine system means 

animal physiology can be rapidly adjusted to maintain whole organism homeostasis in the face 

of internal and external change. The hypothalamus contains specialized neurons that play a key 

role in regulating the pituitary gland. The pituitary gland is composed of the neurohypophysis 

and adenohypophysis (Amar & Weiss 2003) (Figure 2). The neurohypophysis comprises 

bundles of neurons originating from the hypothalamus, and it releases various peptide hormones 

into the bloodstream to act on target organs and maintain homeostasis. In teleost fish no blood 

portal system exists and instead the bundles of neurons from the hypothalamus project directly 

to the pituitary gland (Bernier et al. 2009; Zohar et al. 2010). The adenohypophysis is the 

glandular part of the pituitary that contains a diversity of cells, corticotrophs, somatotrophs, 

lactotrophs, gonadotrophs and thyrotrophs that secrete the pituitary hormones (Figure 2). The 

hypothalamus controls the release of hormones from the adenohypophysis, which releases 

hormones that can provoke an action on distant tissues or cells and stimulate the secretion of 

hormones from other endocrine glands of the body. The adenohypophysis controls the adrenal 

gland, thyroid, and gonads, all of which produce hormones. The regulatory endocrine loops are 



Chapter 1 

 
 

4 

designated according to the target tissues modulated and include the hypothalamic-pituitary-

thyroid (HPT) axis, the hypothalamic-pituitary-adrenal (HPA) axis, and the hypothalamic-

pituitary-gonad (HPG) axis.  
 

 
 

Figure 1.2. The anatomy of the pituitary gland and pituitary hormone regulation in mammals. The 
hypothalamus directly secretes antidiuretic hormone and oxytocin into the posterior lobe of the pituitary 
gland (neurohypophysis), which subsequently stimulates target organs. Hypothalamic hormones stimulate 
pituitary hormone release from the anterior lobe of the pituitary gland (adenohypophysis), which in turn 
provokes an action in effector organs. (Image modified from Bayram-Weston et al., Nursing Times, 2021) 
 
 

The invertebrates are a paraphyletic group of animals lacking a vertebral column, they are 

far more numerous than the vertebrates and include as major phyla, the Cnidaria, Arthropoda 

and Mollusca (Figure 3). The diversity of organisms within the invertebrates is also reflected 

in the diversity of their endocrine systems, which are much less studied than in vertebrates. 

The invertebrate endocrine system differs from that of vertebrates although they do employ 

hormones and neurohormones to regulate a wide range of biochemical, physiological, and 

behavioral processes including development, growth, and reproduction (Hartenstein 2006; 

Holzer et al. 2017).  
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Figure 1.3. Classification of invertebrates illustrated with representative species. (Image modified 

from https://www.animalwised.com/classification-of-invertebrates-chart-with-definitions-and-examples-

3657.html). 

 

For instance, thyroid-like hormone signaling plays a crucial role in the development of 

invertebrate chordates (including urochordates and cephalochordates) and are synthesized 

within the endostyle, a homologue structure of the vertebrate thyroid gland (Eales 1997; 

Heyland & Moroz 2005; Paris et al. 2008). Additionally, ecdysozoans, such as arthropods 

and nematodes, have a distinctive metamorphosis, which originated from the process of 

molting and is regulated by ecdysteroids (Laudet 2011). In invertebrate phyla such as 

echinoderms, molluscs, and annelids, their capacity to synthesize THs remains uncertain, 

despite the presence of key genes associated with TH signaling pathway, such as thyroid 

receptors (TR) and thyroid peroxidase (TPO) (Bertrand et al. 2004; Heyland & Moroz 2005; 

Heyland & Moroz 2006; Li et al. 2020b; Morthorst et al. 2023). Invertebrates, like vertebrates, 

produce both peptide and lipid-based hormones (steroids), typically synthesized within 

neurosecretory organs or cells, which regulate development, reproduction, and metabolic 

functions across invertebrate species (Hartenstein 2006; Lafont 2000; Oetken et al. 2004; 

Scott 2012; Scott 2013).  

 

1.2. The hypothalamic-pituitary-thyroid (HPT) axis  

The hypothalamic-pituitary-thyroid (HPT) axis serves to maintain optimal levels of thyroid 

hormone in the circulation, which is vital for the proper functioning of all tissues in vertebrates 

(Fekete & Lechan 2014). This axis involves a complex interplay between the hypothalamus, 
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pituitary gland, and thyroid gland (Figure 4). In the hypothalamus, cells of the paraventricular 

nucleus synthesize and release thyrotropin-releasing hormone (TRH) when stimulated (Fuzesi 

et al. 2009). In mammals to amphibians TRH released from the paraventricular nucleus travels 

to the adenohypophysis via a specialized portal blood system and stimulates the secretion by 

pituitary thyrotropes of thyroid-stimulating hormone (TSH), which in turn acts on the thyroid 

gland to promote the production and release of mainly thyroxine (T4) and lesser amounts of 

triiodothyronine (T3) hormones (Zoeller et al. 2007) (Figure 5). The THs are unique as they are 

the main iodinated proteinaceous material in vertebrates and consist of 2 tyrosine’s bound 

together by an ester bond. THs exert negative regulation on the pituitary gland and 

hypothalamus by inhibiting the production and release of TSH and TRH, respectively, to 

maintain plasma thyroid hormones (THs) within the optimal range (Persani 1998). 
 

 
 

Figure 1.4. A schematic representation of the thyroid axis and thyroid hormone pathway in vertebrates, 
from regulation to secretion to action. TRH from the hypothalamus stimulates the release of TSH from the 
anterior pituitary gland, which binds to cell surface receptors in the thyroid gland via membrane thyroid-
stimulating hormone receptor (TSHR). In response, the thyroid gland synthesizes and secretes T4 and T3. The 
THs released are transported in the bloodstream bound to thyroxine-binding globulin (TBG) and other 
binding proteins like transthyretin. Free T4 and T3 then enter target cells through specific membrane bound 
transporter proteins. T4 undergoes conversion into the active hormone T3 through the action of deiodinase 
type 2 by outer ring deiodination (D2). Deiodinase type 3 (D3) catalyzes inner ring deiodination, acting as 
an inactivating enzyme that converts T4 into reverse T3 (rT3) and T3 into T2. Bioactive T3 binds to THR that 
form dimers with retinoid X receptor (RXR) prior to binding to target DNA, subsequently activating gene 
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transcription (mRNA) and facilitating the production of specific proteins. T3 and T4 provide negative 
feedback on both hypothalamic TRH neurons and pituitary thyrotrophs, leading to a decrease in the release 
of TRH and TSH, respectively. (Image taken from Wilkinson and Imran, Chapter 6, Clinical 
Neuroendocrinology, 2018). 
 

The thyroid gland in vertebrates produces thyroxine (T4) and triiodothyronine (T3) that 

regulate adult metabolism and growth (Joseph-Bravo et al. 2015; Power et al. 2001). The 

present thesis is focused on the HPT axis and, more specifically, the action of THs. The THs 

are key regulators of many physiological processes but are particularly important in the 

regulation of morphological development (e.g. metamorphosis) and metabolic function, 

although their action depends on tissue and developmental stage (Little 2016).  
 

 
 

Figure 1.5. Chemical structure of the thyroid hormones, thyroxine (T4) and triiodothyronine (T3). T3 
is synthesized from T4 by removal of an iodine atom from its outer ring by deiodinases. T4 and T3 are 
iodinated, tyrosine-based hormones that are responsible for the regulation of metabolism. The predominant 
form of the THs is T4, and total serum T4 levels are 40 times greater than serum T3 levels (Yen 2001). 

 

 

1.2.1. The thyroid system 

The vertebrate thyroid gland synthesizes two main hormones, T4 and T3, with a relative ratio 

of approximately 17:1 (Wilkinson & Imran 2018). The biosynthesis of THs in vertebrates 

involves the uptake by thyroid follicular cells of iodine from the bloodstream. In terrestrial 

vertebrates the main source of iodine is the diet, and it is absorbed from the gastrointestinal 

tract into the plasma and is transported to the thyroid (Carvalho & Dupuy 2017). Thyroglobulin 

in vertebrates is expressed predominantly by thyroid follicular epithelial cells (thyrocytes) and 

it serves as the primary source of thyroid hormones since it is the main precursor and storage 

form for thyroid hormones in the follicular lumen (Di Jeso & Arvan 2016). Within the thyroid 

follicular lumen, thyroglobulin undergoes iodination, which involves the incorporation of 

iodine atoms into tyrosine residues. This iodination process is catalyzed by the enzyme TPO. 

Iodinated tyrosine residues on thyroglobulin are coupled together to form either T4 or T3 

through a reaction that is also mediated by TPO. 

When there is a demand for thyroid hormones in the body, thyroglobulin undergoes 
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endocytosis from the follicular lumen into thyrocytes. Lysosomal enzymes such as cathepsin 

proteases and plasma glutamate carboxypeptidase (Friedrichs et al. 2003; Jordans et al. 2009; 

Suban et al. 2012) cleave thyroglobulin, releasing T4 and T3 into the circulation where they bind 

to carrier proteins, circulate in the body and target cell receptors. In humans, thyroid hormones 

in the bloodstream are transported by specific proteins, including TBG, TTR and albumin 

(Schussler 2000). Thyroid hormone binding proteins (THBPs) play crucial roles in regulating 

thyroid hormone distribution and availability within the body (Richardson et al. 2005). TBG 

exhibits a high affinity for T4, while TTR is a carrier of both T4 and T3 (Schussler 2000). 

Albumin also transports thyroid hormones but with lower affinity than TBG and TTR 

(Schussler 2000). The THBPs ensure efficient delivery of THs to target tissues in vertebrates 

and facilitates their cellular uptake for appropriate physiological function. TTR has been 

suggested to play a crucial role in transporting THs across the blood-brain barrier and 

facilitating their transfer across the placenta into the fetal compartment in mammals (Boas et 

al. 2012). 

The intracellular action and metabolism of THs necessitate their transport across the plasma 

membrane, facilitated by thyroid hormone transporter proteins (Visser et al. 2011). Several 

cellular TH transporters have been identified, such as monocarboxylate transporter 8 (MCT8) 

and MCT10. MCT8, is expressed in various cell types, and facilitates the transport of THs out 

of the thyroid gland and their entry into different cells and tissues (Citterio et al. 2019). The 

physiological coordination of upregulated lysosomal thyroglobulin processing and MCT8-

mediated TH transport is essential for efficiently releasing and delivering THs to the body 

(Muller et al. 2014; Weber et al. 2017). 

The activation and inactivation of THs is mediated by the deiodinase family of enzymes, 

which play an essential role in modulating TH metabolism in the body (Luongo et al. 2019). 

Three deiodinases, type 1 (Dio1/D1), type 2 (Dio2/D2) and type 3 (Dio3/D3), have been 

identified in vertebrates. T3 is the most active form of the THs and is produced by the removal 

of outer-ring (phenolic ring) iodine from T4 molecules through the catalytic action of D1 and 

D2 enzymes (Darras & Van Herck 2012). Conversely, D1 and D3 enzymes inactivate T3 through 

inner ring (tyrosyl ring) deiodination (Darras & Van Herck 2012). Deiodinases enable tissues 

to fine-tune and adapt the systemic or local TH activity based on physiological conditions 

through cell type-specific and developmental expression of deiodinases (Dentice et al. 2013; 

Muller et al. 2014). The coordinated enzymatic activity of the three deiodinases exerts 

regulatory control over the levels of both T4 and T3 in both the systemic circulation and tissues 
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(Bianco & Kim 2006). 

 

1.2.2. Cellular and molecular action of THs (mechanisms of action) 

The biological activities of T3 are predominantly mediated by TRs in vertebrates, which 

activate downstream gene expression (Ortiga-Carvalho et al. 2014). The transcriptional activity 

of TRs has primarily been studied in mammals and is regulated by multiple factors. In addition 

to being regulated by T3, specific TH response elements (TRE) on T3 target gene promoters, TR 

isoform expression varies with developmental stage and tissue type, and the involvement of 

nuclear coregulatory proteins (Cheng et al. 2010). Nuclear coregulatory proteins regulate the 

transcriptional activity of TR in a manner dependent on the presence of T3. In the absence of 

T3, corepressors inhibit the basal transcriptional activity of genes, while in the presence of T3, 

coactivators stimulate the transcription of genes (Flamant et al. 2007; Cheng et al. 2010). 

Considering the indispensable role of TRs on cellular processes, mutations occurring within 

TRs may have adverse effects (Cheng 2005; Ortiga-Carvalho et al. 2014).  

TH actions can also be nongenomic and independent of intranuclear TR ligand binding (Little 

2016; Yen 2001). The nongenomic action of TH signaling involves integrin αvβ3, a structural 

protein located on the plasma membrane, that possesses a binding domain for THs and is an 

initiation site for complex cellular events such as angiogenesis and cell proliferation (Davis et 

al. 2016). Integrin αvβ3 has a higher binding affinity for T4 than for T3 (Liu et al. 2019). Integrin 

αvβ3 binds with both T4 and T3 and activates ERK1/2 via PLC and PKCα, 

promoting phosphorylation of nucleoproteins and modulation of intracellular protein trafficking 

(Liu et al. 2019). 

 

1.2.3. The function of THs in development 

The thyroid gland is the first endocrine organ to develop during human embryonic 

development (Kratzsch & Pulzer 2008). THs play a vital role in organ development and 

maintaining physiological homeostasis, such as body growth and metabolism, in all vertebrates 

(Power et al. 2001; Yen 2001; Nilsson & Fagman 2017). Thyroid diseases, including Graves' 

disease and Hashimoto's disease, are frequently observed in humans (Volpe 1994). Moreover, 

congenital hypothyroidism resulting from thyroid agenesis leads to cretinism which is 

characterized by irreversible brain dysfunction and dwarfism (Nilsson & Fagman 2017). 

Thyroid dysfunction is recognized to contribute to aberrations in the heart and cardiovascular 

system (Klein & Danzi 2007). Both hyperthyroidism and hypothyroidism give rise to 
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modifications in cardiovascular function such as cardiac contractility, myocardial oxygen 

consumption, cardiac output, blood pressure, and systemic vascular resistance (Biondi et al. 

2002; Kahaly & Dillmann 2005). Thyroid dysfunction in early developmental stages results in 

mental and physical retardation in young mammals (Koibuchi & Chin 2000; Kratzsch & Pulzer 

2008) and inhibition of metamorphosis in amphibians and teleosts (Power et al. 2001; Laudet 

2011; Campinho 2019).  

 

1.2.4. Comparative endocrinology of the thyroid axis 

The thyroid gland produces T4, and the localized expression of deiodinases in target tissues 

plays a pivotal role in the regulation of TH signaling. Notably, during amphibian 

metamorphosis, there is a delayed regression of the tadpole tail despite concurrent limb growth 

induced by thyroid hormone (Brown et al., 2005; Becker et al., 1997). This phenomenon, 

wherein the tail is protected from thyroid hormone-mediated remodeling, is attributed to the 

localized activity of deiodinases, which modulate the availability of active T3 in specific tissues. 

Such a mechanism of local thyroid hormone regulation via deiodinase expression is not 

exclusive to amphibians but is also observed in other species, including teleost fishes 

(Campinho et al., 2012; Isorna et al., 2009). The expression pattern of deiodinases appears to 

be generally conserved across vertebrates. 

The thyroid system in fish shares many similarities with that of other vertebrates, yet it 

exhibits distinct features. Like mammals and other vertebrates, the fish thyroid gland plays an 

essential role in regulating metabolism, growth, and development through synthesizing and 

secreting THs, primarily T4 and T3. THs exert their effects by binding to TRs distributed 

throughout the body. Although the general function of the thyroid system remains conserved 

across vertebrates, variations exist in the specific molecular mechanisms and regulatory 

pathways. 

In vertebrates, two distinct thyroid hormone receptors (TRs) genes, TRα and TRβ, originated 

from whole-genome duplication events that occurred at the basis of all vertebrate lineages 

(Kuraku et al., 2008; Marchand et al., 2001). Teleost fishes, however, underwent an additional 

genome duplication event, resulting in the emergence of two TRα genes, namely TRα-A and 

TRα-B (Escriva et al., 2004; Marchand et al., 2001). The differential expression of TR isoforms 

is evident in teleosts such as the flounder Paralichthys olivaceus, where TRα-A exhibits earlier 

and higher expression levels than TRα-B and TRβ (Yamano and Miwa, 1998). This divergent 

expression pattern exemplifies how the duplication of TR genes facilitates the divergence of 
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biological functions between TRα and TRβ. The greater diversity of TR isoforms observed in 

teleost fish compared to mammals suggests a more intricate regulation of thyroid hormone 

signaling in teleost species. In contrast, mammals typically have fewer TR isoforms, indicating 

a more streamlined thyroid hormone response system. 

The functional activity of THs has been extensively studied in vertebrates but emerging 

evidence indicates that they also exhibit functional roles in some invertebrate species (Heyland 

& Moroz 2005; Laudet 2011). The endostyle, a homolog of the thyroid gland in vertebrates, is 

a TH-producing gland in invertebrate chordates such as Cyclostomes (lamprey), Urochordates 

(predominantly ascidians such as Ciona or Halocynthia) and Cephalochordates (amphioxus) 

(Tong et al. 1962; Monaco et al. 1981; Heyland & Moroz 2006; Laudet 2011).  

From a functional perspective THs facilitate larval development and metamorphosis in 

ascidians and amphioxus (Chino et al. 1994; Patricolo et al. 2001; Heyland & Moroz 2006; 

Paris & Laudet 2008; Taylor & Heyland 2018). Although THs are found in lamprey, treatment 

with THs does not induce larval metamorphosis, surprisingly metamorphosis is triggered by 

goitrogens (Youson & Sower 2001; Manzon et al. 2001). Overall, the regulation of 

metamorphosis in chordates appears to be under the control of the thyroid axis, yet a 

comprehensive understanding of the molecular mechanisms underlying its contrasting 

functions remains unknown (Laudet 2011).  

In vertebrates, metamorphosis is initiated through binding of THs, T4 and T3, to TRs in target 

cells, while in the cephalochordate amphioxus (Branchiostoma floridae), metamorphosis is 

induced by triiodothyroacetic acid (Paris et al. 2008). The increased expression levels of 

amphioxus TR during metamorphosis and its inhibition by a TR antagonist indicate that TR 

mediates TH-regulated metamorphosis (Laudet 2011; Paris & Laudet 2008). The deiodinase 

genes for metabolizing THs were correlated with metamorphosis, which indicates active TH 

metabolism is present in amphioxus (Paris et al. 2008). The basal chordates undergo a 

remarkable metamorphosis (e.g. the asymmetric larva becomes a relatively symmetric adult in 

amphioxus and the symmetric flatfish larva transforms into an asymmetric adult), and the 

presence of shared characteristics among the molecular cascades that govern metamorphosis in 

sea urchins, amphioxus, teleost fishes, and amphibians is taken as evidence that metamorphosis 

is an ancestral trait in chordates (Heyland & Moroz 2005; Heyland & Moroz 2006; Laudet 2011; 

Paris & Laudet 2008).  

Many mollusk species undergo metamorphosis when they transform from a pelagic larva to 

a sessile adult, and this process is characterized by significant physiological and morphological 
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alterations, including dramatic tissue reorganization and remodeling (Li et al. 2020a; Joyce & 

Vogeler 2018). Only a single TR gene has been found in the invertebrates studied to date, and 

the presence of two isoforms (TRα and TRβ) in vertebrates is suggested to result from a gene 

duplication event during the vertebrate radiation (Huang et al. 2015; Li et al. 2020a; Wu et al. 

2007). The identification of iodothyronine deiodinase genes in several non-chordate species 

suggests that TH-like metabolism may exist in invertebrates (Wu et al. 2007; Huang et al. 2015; 

Li et al. 2021). In the mussel Mytilus coruscus, two deiodinase genes (McDx and 

McDy) contribute to the development of visceral tissues, the nervous system, mantle and velum 

(locomotory organ), indicating that McDx and McDy play an important role during larval 

development (Shi et al. 2022). The knockdown of McTR, McDx and McDy significantly 

reduced larval metamorphosis in M. coruscus and supports the idea that thyroid signaling may 

be involved in the bivalve metamorphic transition (Shi et al. 2022; Li et al. 2020b). 

Nevertheless, despite the identification of multiple TH signaling pathway genes in mollusks 

and the documented endogenous synthesis of THs in annelids, mollusks, and echinoderms 

(Eales 1997; Heyland & Moroz 2006; Huang et al. 2015; Li et al. 2020a; Shi et al. 2022; Saito 

et al. 1998), the underlying regulatory mechanisms remain largely unknown. 

 

1.3. Thyroid development and its interaction with the cardiovascular system 

The thyroid gland in vertebrates mainly consists of TH synthesizing follicular cells that 

originate from the endoderm (Noden 1991). Unlike most vertebrates that possess a compact 

thyroid gland encapsulated in connective tissue, thyroid tissue in fishes is distributed along the 

ventral midline of the pharyngeal region (Raine et al. 2001; Wendl et al. 2002). The thyroid 

primordium develops from the pharyngeal epithelium and migrates downward to the final 

anatomical location of the thyroid gland both in zebrafish and higher vertebrates (Noden 1991; 

Shain et al. 1972; Wendl et al. 2002; Fagman & Nilsson 2011).  

In zebrafish and mice, thyroid gland morphogenesis is directly associated with cardiac and 

pharyngeal blood vessel development and interaction (Alt et al. 2006b; Opitz et al. 2012; Wendl 

et al. 2002). The heart is the first functional organ to form during vertebrate embryogenesis 

(Bakkers 2011) and in zebrafish, heart contraction starts approximately 24 hours post-

fertilization (hpf) and a regular heartbeat is observed (Chen et al. 1996; Vogel & Weinstein 

2000). In zebrafish, early thyroid morphogenesis (thyroid bud) occurs between 32 and 55 hpf 

and is spatially adjacent to the apical pole of the heart in the pharynx (Opitz et al. 

2012). Pharyngeal vessels, such as the ventral aorta, are in close spatial proximity with the 
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thyroid gland and play a role in guiding thyroid gland morphogenesis along the pharyngeal 

region (Opitz et al. 2012; Alt et al. 2006a). Crosstalk between the thyroid and cardiovascular 

system was revealed by the zebrafish cloche mutant (Thompson et al. 1998), which lacks 

all pharyngeal vessels and in which the thyroid gland fails to develop properly (Opitz et al. 

2012). The correlation between the development of the heart and thyroid suggests that heart-

angiogenic-thyrocyte interactions are essential for the correct development and function of the 

thyroid gland, HPT-axis and thyroid homeostasis. 

 

1.4. Endocrine disrupting chemicals 

An emerging issue these days is the presence of anthropogenic contaminants in the 

environment. Anthropogenic chemicals are generated or used by humans, and include 

chemicals for agriculture, industry, medicine, and the military. Some of these chemicals are 

classified as EDCs, that is, chemicals, either natural or synthetic, that interfere with or disrupt 

the endocrine systems by affecting production, secretion, transport, metabolism, binding, action, 

or elimination of THs in humans and wildlife through environmental exposure 

(https://www.endocrine.org/patient-engagement/endocrine-library/edcs). Over the past few 

decades, evidence based on research about EDCs has brought insight into the molecular 

mechanisms and physiological actions of EDCs and how they affect human health (Skinner 

2014; Schug et al. 2015; Schug et al. 2016). The detrimental impact of EDCs on human health, 

includes, but is not limited to, reproductive disorders, developmental abnormalities, hormonal 

imbalances, impaired immune function, and increased susceptibility to certain chronic diseases 

and cancer in humans, a subject of significant concern over the last few decades (Kar et al. 

2020; Schug et al. 2016; Nowak et al. 2019; Lauretta et al. 2019). Zebrafish have been widely 

used in scientific research as an alternative vertebrate model organism due to some conserved 

genetic features they share with humans and other vertebrates. By studying the effects of various 

environmental factors on zebrafish, it is possible to foresee how these factors might impact 

other vertebrates, including humans. The advantages of using zebrafish as a model organism 

compared to mice or rats are that they are less costly to maintain, have a shorter generation time, 

and require less space and resources (Lai et al. 2021; Roper & Tanguay 2018). This allows 

experiments to be conducted quickly and efficiently, ultimately leading to a deeper 

understanding of how environmental factors impact vertebrates and the potential consequences 

for human health. 

Since 1999, the European Union's Framework Programmes for Research and Technological 
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Development have funded over 50 projects with a budget exceeding €150 million, leading to 

advancements in understanding endocrine mechanisms, identifying adverse effects on human 

health and wildlife caused by EDC exposure, and developed tools for their identification and 

the assessment of their effects (https://commission.europa.eu/strategy-and-

policy/policies/endocrine-disruptors_en). The recently adopted EU criteria for identifying 

EDCs encompass three fundamental elements: chemical-induced adverse effects, chemical-

specific endocrine activity, or modes of action (MOA), and a plausible relationship between 

adverse effects and endocrine activity or MOAs (EC, Commission Regulation EU, 2018. 

https://eur-lex.europa.eu/eli/reg/2018/605/oj). The proven or suspected EDCs include diverse 

natural and synthetic substances, with natural EDCs including animal hormones (e.g., estradiol) 

and phytoestrogens (e.g., genistein), while synthetic EDCs come from plastics (e.g., bisphenol 

A), personal care products (e.g., perfumes), pharmaceuticals 

(e.g., diethylstilbestrol), brominated flame retardants, pesticides (e.g., methoxychlor), 

herbicides (e.g., ioxynil), and other industrial chemicals (Vethaak & Legler 2013; Li et al. 2019).  

The presence of EDCs in the environment is a topic of significant concern and natural and 

synthetic EDCs are introduced into the environment including the atmosphere, freshwater, 

seawater, soils, and marine sediments. EDCs, released from industrial and residential effluents, 

incineration processes, and/or runoff originating from livestock operations, now have a global 

distribution. Furthermore, they are transported through the environment and contaminate 

regions geographically distant from the initial source of contamination.  

Persistent synthetic EDCs have been detected in all environmental compartments, albeit with 

notable declines in concentrations of legacy compounds like polychlorinated biphenyls 

(PCBs), dichlorodiphenyltrichloroethane (DDT), and tributyltin (TBT) probably due to the 

cessation of their production and use (Vethaak & Legler 2013; Chan & Wong 2013). Such 

chemicals frequently coexist as complex mixtures, for example, in wastewater effluents, and 

are mobile in aqueous environments (Rodríguez et al. 2007; Vethaak & Legler 2013). 

Contamination is widespread as persistent chemicals build up in the environment and are 

transferred to wilderness areas through water runoff and atmospheric deposition (Diamanti-

Kandarakis et al. 2009; Pironti et al. 2021). Aquatic ecosystems can act as a “reservoir” for 

numerous contaminants and are a significant risk for aquatic organisms when incorporated into 

the food chain in remote areas (Vethaak & Legler 2013; Annamalai & Namasivayam 2015).  

EDCs in the aquatic environment that interfere with the endocrine system of aquatic 

vertebrates and invertebrates are of public and scientific concern (Gorga et al. 2015). Aquatic 
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organisms can serve as sentinel models for assessing endocrine disruption due to their early 

exposure to waterborne pollutants compared to other animals (Celino-Brady et al. 2020). 

Aquatic animals such as teleost fish and aquatic invertebrates are directly exposed to EDCs 

through direct contact or ingestion of contaminated food (Langston 2020; Pironti et al. 2021; 

Ketata et al. 2008). The endocrine axis most notably modified and for which evidence of 

disruption exists both in wildlife (invertebrates and vertebrates) and humans is the reproductive 

axis due to the abundance of discharged estrogen disrupting chemicals (Kloas et al. 2009; Schug 

et al. 2016; Ketata et al. 2008). These chemicals include pharmacological estrogens (e.g., DES 

and 17α-ethinylestradiol) (Prifti et al. 2003; Zhang et al. 2012b), pesticides (e.g., tributyltin and 

atrazine) (Eldridge et al. 2008; Sharan et al. 2013; Albanito et al. 2015), food additives 

(e.g., aurantio-obtusin and semicarbazide) (El-Halawany et al. 2007; Maranghi et al. 2010), 

plasticizers (e.g., tricresyl phosphate and benzyl salicylate) (Hashimoto et al. 2003; Kojima et 

al. 2013) and industrial pollutants (e.g., dioxins and o, p´-dichlorodiphenylethylene) (Ahmed 

et al. 2009; Bulayeva & Watson 2004). 

Several issues in endocrine disruption need to be clarified to understand their mechanism of 

the action. For example, EDCs may have an effect at very low doses in a tissue or organ and 

these may cause more severe outcomes than higher doses, and this non-monotonic dose-

response increases the complexity of their effects (Vandenberg et al. 2012; Schug et al. 2016). 

Early life stages are particularly susceptible to endocrine disruption because of the crucial role 

of hormones in development (Schug et al. 2015). The age at which different development stages 

are exposed to EDCs can cause divergent outcomes. Indeed, developing fetuses and infants are 

more vulnerable and susceptible to EDCs than adults, and early exposure to EDCs can cause 

disease or tissue or organ dysfunction in later life (Diamanti-Kandarakis et al. 2009). 

Accumulating evidence shows that the mechanism of action of EDCs is much broader than 

initially assumed. For example, exposure to EDCs has been linked to an increased incidence of 

cardiovascular disease in epidemiological studies (Bae et al. 2012; Goncharov et al. 2008; 

Tournaire et al. 2016). 

The present thesis focuses on both vertebrates and aquatic invertebrates. The disruption of 

the thyroid axis is considered in both vertebrates and invertebrates since it was recently shown 

that TRs and DIO genes are present in invertebrates and, more specifically, the mussel, a bivalve 

(Li et al. 2020a; Shi et al. 2022). The following section briefly considers thyroid-disrupting 

effects, mode of action and how EDCs may disrupt organogenesis of the thyroid gland. Related 

to this, is the interaction of the developing heart and thyroid and for this reason the impact of 
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thyroid disrupting EDCs on the cardiovascular system is also considered. Indeed, understanding 

the effects of thyroid disrupting chemicals is important for establishing their likely consequence 

for humans, wildlife and the environment. 

 

1.5. Effects of EDCs on the thyroid system  

1.5.1 The thyroid system 

As outlined above the thyroid axis plays a crucial role in the normal development and 

physiological homeostasis of vertebrates. The maintenance of normal thyroid function is 

essential for both psychological and physiological well-being and relies on a finely tuned 

negative feedback mechanism of circulating thyroid hormones at the hypothalamic and pituitary 

levels (Boas et al. 2012). Numerous manufactured chemicals have the potential to interfere with 

the thyroid system, including various herbicides (IOX), pesticides (DDT), pharmaceutical 

agents (DES), plasticizers (phthalates), industrial solvents (PCBs), and plastics [bisphenol A 

(BPA)] (Campinho & Power 2013; Gore et al. 2015; Gilbert et al. 2020). In zebrafish exposed 

to IOX and DES, the mRNA expression of nk2.1a and thyroglobulin (Tg), which are essential 

for thyroid gland development and function, were decreased suggesting thyroid gland 

development was impaired (Campinho & Power 2013). Several case studies have shown that 

environmental chemicals can induce a decrease in serum levels of THs with potentially adverse 

consequences for public health (Boas et al. 2006). Evidence of thyroid hyperplasia in teleost 

fish from the Great Lakes of Ontario, Michigan, and Erie have been documented and proposed 

to be the consequence of endocrine disruption (Black & Simpson 1974; Moccia et al. 1981; 

Sonstegard & Leatherland 1976). 

Thyroid disruption by EDCs in vertebrates including fish can disrupt thyroid hormone 

synthesis, release, transport, and metabolism, as well as impair the action of THs on target 

tissues (Gore et al. 2015). Some EDCs exhibit a high degree of structural similarity to THs (T4 

or T3) and therefore interfere with TH signaling. Accumulated thyroid-disrupting chemicals 

(e.g., perchlorate, organochlorine pesticides and IOX) can impair the structure and function of 

the thyroid gland, competitively disrupt the binding of THs to TRs or transthyretin (e.g., DES, 

bisphenol A and polybrominated diphenyl ethers), and inhibit the enzymes important for TH 

synthesis and metabolism (e.g., methimazole, iopanoic acid and propylthiouracil) (Brown et al. 

2004; Campinho & Power 2013; Cai & Brown 2004; Crofton et al. 2005; Eguchi et al. 2008; 

Furin et al. 2015; Morgado et al. 2007; Morgado et al. 2009; Miyata & Ose 2012; Tucker et al. 

2018). Given the physiological feedback loop between TSH and peripheral hormones, the 
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impacts of EDCs are difficult to predict or detect, particularly since their pervasive distribution 

means an “exposure-free” state is unlikely. Thyroid disruption by EDCs might not affect 

circulating levels of THs but may modify other molecules of the axis. Furthermore, peripheral 

tissues can modulate their sensitivity to thyroid hormones by altering the expression of 

deiodinases and membrane-bound TH transporters (Kampf-Lassin & Prendergast 2013). 

Despite the compensatory capabilities of the thyroid gland and axis, the cumulative and 

prolonged impacts resulting from exposure to EDC mixtures may potentially lead to 

hypothyroidism or other thyroid disorders (Boas et al. 2012).  

 

1.5.2. Cellular and molecular action of THs (mechanisms of action) 

 EDCs can interfere with almost all processes of TH action, including TH synthesis, 

transport, metabolism, and action (Predieri et al. 2022). TH synthesis involves the active uptake 

of iodide ions via the sodium-iodide symporter (NIS), the synthesis of thyroglobulin, and the 

subsequent catalysis of iodine incorporation mediated by the enzyme, TPO (Gore et al. 2015). 

Various environmental chemicals, including perchlorate (ClO4-), nitrate (NO3-), and 

thiocyanate (SCN-), can inhibit NIS function and iodide uptake in a competitive manner 

(Salazar et al. 2021; Tonacchera et al. 2004). Perchlorate and nitrate are commonly found in 

both surface and groundwater sources of drinking water due to industrial production and the 

use of ammonium perchlorate and nitrate fertilizers (Tonacchera et al. 2004). High levels of 

thiocyanate can arise from diverse origins, including cigarette smoke among other potential 

sources (Gore et al. 2015). Such ions exert inhibitory effects on iodide uptake resulting in 

inadequate TH levels leading to goiter and, if occurring during development, can cause 

significant growth abnormalities and mental retardation, a condition called cretinism 

(Schmutzler et al. 2007). In pregnant women with borderline thyroid function perchlorate 

adversely affected the cognitive function of their offspring (Taylor et al. 2014). Other studies 

showed that TPO enzyme activity can be inhibited by EDCs, such as isoflavones found in soy 

products and thiocyanates present in tobacco (Kohrle 2008; Gore et al. 2015). 

 TTR and T4 binding globulin, essential THBPs, are major targets for EDCs, such as PCB 

and polybrominated diphenyl ethers (Gore et al. 2015). Some EDCs, such as IOX and DES, 

which are by-products of industry, medicine and agriculture, are structurally similar to THs and 

bind competitively to TTR by displacing T3 in both humans and fish (Morgado et al. 2007; 

Ogilvie & Ramsden 1988; Ishihara et al. 2003). The competitive binding of EDCs to THBPs 

can diminish the amounts of TH bound and normally distributed across tissues and increase the 
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bioavailability of free hormones (Boas et al. 2006; Gore et al. 2015). The outcome of the 

competition between endogenous THs and EDCs is an elevated free TH concentration and 

modified tissue uptake and elimination. Chronic exposure to such THBP-competitive EDCs can 

lead to the excretion of circulating THs through urine and feces and may lead to goiter if not 

counteracted by increased synthesis and secretion of THs (Kohrle 2008).  

 Very few studies have investigated whether EDCs influence TH uptake into cells, by TH 

transporters, such as MCT8 and the solute carrier organic anion transporter family, member 1c1 

(Slco1c1) (Kohrle 2008). But for example, fipronil (a broad-spectrum insecticide), that is a 

thyroid axis disruptor, affects hepatic gene expression of the TH transporters Slco1a1 and 

Slco1a4, respectively (Roques et al. 2013). Furthermore, deiodinase enzymes, which control 

the activation and inactivation of THs, can be perturbed by EDCs, such as the potent DIO1 

inhibitors, (iso-)flavonoids, polyphenols, and aromatic and polycyclic phenolic ring systems 

(Kohrle 2008). Bisphenol A can disrupt thyroid signaling by altering the metabolism of THs 

and significantly reduces hepatic DIO1 activity, and increases serum T4 levels, without affecting 

brown adipose tissue DIO2 activity, and T3 levels (da Silva et al. 2019). Although the inhibition 

of TH deiodination by EDCs is highly effective, the administration of these compounds does 

not necessarily impair T3 levels (Morgado et al. 2009). In vitro exposure to some PCBs did not 

change deiodinase activity in fish, suggesting a compensatory mechanism exists that helps 

preserve the euthyroid state (Adams et al. 2000). Reduced activity of DIO1 can be compensated 

by the action of DIO2 or by decreased activity of DIO3, and these mechanisms contribute to 

maintain circulating serum T3 levels (Kohrle 2008).  

 EDCs that mimic hormones can have wide-ranging cellular actions through interaction 

with nuclear hormone receptors such as estrogen and thyroid receptors (Schug et al. 2011; Hall 

& Greco 2019). There are some natural (e.g., genistein) and synthetic chemicals (e.g., 

diethylstilbestrol, DES) that activate estrogen receptors (ERα and ERβ) (Fuentes & Silveyra 

2019). BPA exhibits estrogenic properties by mimicking the effects of estrogen through its 

binding to ERs, which triggers a cellular signal transduction cascade that is indicative of the 

activation of the estrogen response (Thomas & Dong 2006; Watson et al. 2007). In addition to 

its estrogen-binding properties, BPA has antagonistic effects on T3 action at the transcriptional 

level by displacing TRs (Moriyama et al. 2002). DES was the first synthetic estrogen 

administered for the prevention of miscarriage and other pregnancy-related complications 

(Hunt et al. 2016). DES interacts with ERs and activates the estrogen endocrine pathway 

(Kiyama & Wada-Kiyama 2015). The available evidence suggests that DES poses risks to 



Chapter 1 

 
 

19 

maternal health (Tournaire et al. 2016), and is associated with reproductive, cardiac, and 

urogenital anomalies in offspring (Yamamoto et al. 2003; Titus-Ernstoff et al. 2010). Studies 

have demonstrated that hydroxylated PCBs can inhibit the binding of T3 to the TRs (Miyazaki 

et al. 2004). Moreover, PCBs function as antagonists by inducing partial dissociation of the 

TR/RXR heterodimer complex from the TH response elements (Kitamura et al. 2005). In 

contrast, DDT and its metabolites, as well as some organochlorine pesticides, do not exhibit 

competitive binding for the receptor (Cheek et al. 1999) and competitive binding of EDCs 

seems to be receptor- and compound-specific (Boas et al. 2006).  

 

1.5.3. Low dose effects 

 Natural hormones exhibit concentration-response patterns at serum concentrations within 

the picomolar to the nanomolar range, while EDCs can exert their effect within the nanomolar 

to the micromolar range, even if some EDCs are active at the picomolar level (Vandenberg et 

al. 2012; Gore et al. 2015). The term "low dose" is widely employed in the field of 

environmental health science and is considered to be a dose falling within the range of typical 

human exposure or doses below those evaluated in conventional toxicological assessments 

(Melnick et al. 2002).  

 EDCs can stimulate biphasic dose responses for various endpoints at different levels of 

organization, as shown by the U-shaped and inverted U-shaped non-monotonic dose-response 

curves, which suggest that EDCs have an effect even at very low concentrations (Schug et al. 

2011). For example, DES at 0.02, 0.2, and 2.0 ng per g of body weight per day led to an increase 

in adult prostate weight in mice, while a dose of 200-ng-per-g resulted in a decrease in adult 

prostate weight among male offspring, indicating an inverted-U dose-response relationship 

characterized by an initial increase and subsequent decrease in prostate weight with increasing 

doses of both estradiol and DES (Saal et al. 1997). Similar toxicity effects were observed in 

rats exposed to a dose of 0.018 ng/g of DES, which resulted in a significant enlargement of 

preputial glands in males compared to the 0.18 ng/g dose of DES and control groups (Palanza 

et al. 1999). Furthermore, the 18 ng/g dose of o,p'-DDT significantly reduced testes size relative 

to the 180 ng/g dose of o,p'-DDT and control groups (Palanza et al. 1999). A recent study 

conducted on invertebrates revealed that the anti-thyroid chemicals methimazole and 

propylthiouracil significantly inhibited larval metamorphosis of the bivalve mussel, Mytilus 

coruscus, with a more severe effect observed at low doses than at higher doses (Li et al. 2021). 

In rats an inverted U-shaped dose-response relationship was observed in Sertoli cells exposed 
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to varying concentrations of BPA (10, 50, and 100 μM), indicating that only intermediate doses 

(10 μM-50 μM), rather than high or low doses, induced an elevation in the level of cell-

protective glutathione (Gualtieri et al. 2011). Although the endpoints commonly investigated in 

toxicological studies at high doses may differ from those examined in low-dose studies, it 

cannot be assumed that the effect in a low-dose range will be distinct from a high-dose unless 

investigated.  

 

1.5.4. Developmental windows of susceptibility 

 During development, the formation of organs and the differentiation of tissues occurs 

through the progression of precisely coordinated molecular, biochemical, and cellular processes 

(Prusinski et al. 2016). EDC exposure occurring during pivotal periods of early development 

(e.g., fetus, birth, and puberty) can influence the subsequent onset of disease and the 

development of abnormal physiological conditions later in life (Skinner 2014). In utero and 

early childhood are critical windows of exposure due to the heightened vulnerability of 

developing organisms to disruption caused by chemicals with EDC-like activity (Heindel 2018). 

The synthetic estrogen, DES, was administered to millions of pregnant women in the world and 

was subsequently shown to be associated with clear cell adenocarcinoma of the vagina and 

cervix in their offspring (Herbst et al. 1971). In rats, prenatal exposure to DES enhanced thyroid 

function through the activation of the pituitary-thyroid axis (Yamamoto et al. 2003) and 

increased the probability of pancreatic disorders and pancreatitis in offspring (Troisi et al. 2021).  

 Prenatal exposure to environmental factors can lead to developmental programming, with 

modified cellular and tissue development and function (Schug et al. 2011). The effects of 

exposures during pivotal perinatal windows may become evident in early life-stages, while fetal 

development is a critical period of increased sensitivity to chemicals. A study conducted in 

zebrafish embryos revealed that early exposure to IOX and DES directly disrupted 

cardiovascular development and disrupted developing thyroid tissue. The exposure of zebrafish 

embryos to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) induced significant anomalies in heart 

morphology by perturbing looping, as well as eliciting defects in heart function, including blood 

regurgitation and ventricular standstill (Antkiewicz et al. 2005). Similarly, clofibrate affected 

the morphology and contractility of the heart in zebrafish and thyroid gland morphogenesis 

(Raldúa et al. 2008). 

 Maternal exposure to EDCs has repercussions for the health of their offspring, indicating 

pregnancy is a sensitive window for environmental exposures (Heindel 2019). This is because 
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developing organs and systems are much more susceptible to chemical concentrations 

significantly lower than those deemed harmful in adults (Newbold et al. 2004; Newbold et al. 

2006). Children born to DES-exposed mothers had increased defects in the genital 

tract, musculoskeletal, and circulatory systems (Titus-Ernstoff et al. 2010; Tournaire et al. 

2016). Although some EDCs are banned from use, the impact of prenatal exposure to those 

chemicals may be transmitted between generations in the absence of direct exposure (termed 

epigenetic transgenerational inheritance) (Jirtle & Skinner 2007; Skinner 2014). The process of 

epigenetic transgenerational inheritance involves alterations in the genome of the germ line, 

through DNA methylation, noncoding RNAs, histone modifications, and changes in chromatin 

structure (Skinner 2014). Gestating mice exposed to Di-(2-Ethylhexyl) Phthalate (DEHP), 

produced offspring that had altered stress hormone levels (corticosterone), pituitary gene 

expression, and behavioral patterns in both male and female mice of the third generation 

(Quinnies et al. 2015). This suggests that prenatal exposure of a great-grandmother to some 

EDCs can potentially influence the development of disease in the following generations, even 

in the absence of direct exposure, thereby leading to the transmission of their effects to 

grandchildren (Quinnies et al. 2015). 
 

1.5.5. Effects of thyroid disruption on the cardiovascular system 

 The thyroid system exerts direct effects on cardiovascular function, as well as the structure 

of the heart and the circulatory system (Grais & Sowers 2014). Cardiovascular disorders are 

associated with thyroid dysfunction in humans (Khan et al. 2020). In clinical studies, congenital 

defects of the cardiovascular system have been previously linked to congenital thyroid 

abnormalities (Casanova et al. 2000; Olivieri et al. 2002). Several studies suggest that patients 

suffering from cardiovascular disorders also have altered thyroid physiology and/or 

morphology (Duntas & Biondi 2011; Luboshitzky & Herer 2004; Bengtsson et al. 2012). A 

chemical (clofibrate) that affects normal heart development and function in zebrafish also 

affected thyroid development (Raldúa et al. 2008) causing shortening of the ventral aorta and 

disrupted thyroid tissue morphogenesis in zebrafish larvae (Raldúa et al. 2008). Impaired heart 

development and function in zebrafish were associated with abnormal thyroid development 

(Campinho & Power 2013). Furthermore, DES and IOX directly affected vascular and heart 

development and indirectly impaired the development of the thyroid gland and potentially 

disrupted thyroid homeostasis through their actions (Li et al. 2019). The evidence available 

suggests that DES and IOX have an indirect ED effect on the thyroid system by altering 
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cardiovascular function and homeostasis (Li et al. 2022). The mechanism underpinning the 

association between ED effects on the cardiovascular system and thyroid axis is explored in the 

present thesis.   

 

1.6. Animal model in EDC research  

1.6.1. Aquatic vertebrate model zebrafish 

 The zebrafish (Danio rerio) is one of the most popular laboratory animal models and is a 

widely used model organism in developmental and toxicological studies. Its small size, 

transparent embryos, short developmental cycle, low feeding costs, high reproduction rate, and 

well-characterized genome make it highly suitable for investigation. Its sequenced genome 

exhibits homology with the human genome and a large proportion of genes related to human 

diseases have orthologues in zebrafish, and for this reason, it has been proposed as a model for 

developmental and toxicological studies (Howe et al. 2013). In addition, the short generation 

time, high fecundity, transparent embryos, and ease of husbandry make zebrafish an interesting 

model for transgenic research (Roper & Tanguay 2018). Advanced gene manipulation and high-

resolution imaging methods have advanced studies of gene function and development (Stewart 

et al. 2014; Varshney et al. 2015; Zu et al. 2013). The advent of CRISPR-Cas9 gene editing 

technology has further consolidated the zebrafish as an interesting model for research into 

cardiovascular and thyroid development (Bowley et al. 2021; Ryan et al. 2020; Larrivée-Vanier 

& Deladoëy 2018; Vancamp et al. 2019).  

The advantages of zebrafish are being increasingly used for studies of EDC toxicity. 

Exposure of embryonic, larval, and juvenile zebrafish to environmentally relevant doses of 

pesticides, herbicides, bisphenols, PCBs, phthalates, and flame retardants, induced 

developmental abnormalities (Dai et al. 2014; Jarque & Pina 2014). Phenotypical abnormalities 

in zebrafish included craniofacial malformations, impaired swim bladder inflation, altered 

neurogenesis, reduced axonal growth, disruption of the cardiovascular system, and altered 

thyroid morphology and development (Kinch et al. 2015; Lam et al. 2011; Macaulay et al. 2015; 

Macaulay et al. 2017; Noyes et al. 2013; Qiu et al. 2016; Tse et al. 2013; Li et al. 2019; Li et 

al. 2022).  

A beneficial characteristics of zebrafish embryos for the present study is that their 

transparency facilitates observations of the detrimental effects of EDCs on the cardiovascular 

system, including atrial/ventricle malformations and cardiac rate abnormalities (Campinho & 

Power 2013; Howe et al. 2013; Stewart et al. 2014; Li et al. 2019). Furthermore, the predictable 
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timeline of development favours their use as a model (Kimmel et al. 1995). In the case of the 

cardiovascular system, formation of the heart primordia and initiation of contractions occurred 

at around 22 hpf, followed by the development of the atria and ventricles at 28 hpf (Bakkers 

2011). Even though the zebrafish like other teleosts has a single atrium and ventricle, the heart 

exhibits similar development and function to other vertebrates including humans (Yang et al. 

2023b). To assess the cardiotoxicity of agrochemicals, cardiac defects such as pericardial edema, 

abnormal atrial/ventricular morphology, and cardiac rate imbalance are often the first 

parameters examined (Campinho & Power 2013; Li et al. 2019; Li et al. 2022; Yang et al. 

2023a). The identification of changes in biomarkers enables a rapid and more precise evaluation 

of cardiotoxicity and potential inducers.  

Transgenic technology, which involves genetically modifying living organisms, serves as 

a powerful instrument with diverse applications, including its utilization in environmental 

monitoring and toxicology (Lai et al. 2021). The ability to manipulate the genetic makeup of 

transgenic fish using reporter genes coupled to green fluorescent protein (GFP) genes or other 

coloured fluorescent protein genes, has facilitated the induction of visible color change in these 

organisms (Gong et al. 2003; Lawson & Weinstein 2002; Ulrich et al. 2011). The use of reporter 

genes that confer colour can render selected organs or tissues more visible and quantifiable and 

improve the monitoring of such organisms when exposed to contaminants, especially in 

embryos and larvae. This approach is advantageous to study the tissue-specific effects of EDCs. 

For example, the transgenic zebrafish line Tg(fabp10a:DsRed;elaA:egfp) that continuously 

expresses red fluorescent protein in the liver and GFP in the exocrine pancreas, was used to 

evaluate the impact of EDCs on liver morphology and fluorescent intensity in larval stages 

(Zhang et al. 2014). Tg(lysC:DsRed2) transgenic zebrafish with red fluorescence protein 

labeled neutrophils revealed treatment with EDCs such as 17β-estradiol and BPA increased their 

number (Xu et al. 2018). The transgenic zebrafish line Tg(fabp10:EGFP-kras) with a GFP-

marked liver was used to evaluate the effects of EDCs [ris(1,3-dichloro-2-propyl) phosphate] 

on the progression of liver tumors (Chen et al. 2020).  

 

1.6.2 Bivalve molluscs  

 Molluscs exhibit a remarkable level of diversity from an evolutionary standpoint (Figure 

6), their origin dates to over 500 MA (millions of years ago), and there are more than 70,000 

extant species, that display remarkable adaptability so that they now occupy a vast diversity of 

ecological niches (Kocot et al. 2020; Rosenberg 2014). The phylum Mollusca comprises seven 
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distinct classes, Gastropoda, Bivalvia, Cephalopoda, Scaphopoda, 

Polyplacophora, Monoplacophora and Aplacophora, and is the second most species-rich 

phylum after arthropods (Telford & Budd 2011). Bivalves are an important group of the 

Mollusca and are the second most species-rich molluscan class after Gastropoda (Bieler et al. 

2014) (Figure 7). Bivalves exhibit a wide range of adaptations and can be found in various 

aquatic habitats, including freshwater and marine environments. Some well-known examples 

of bivalves, include oysters, clams, scallops, and mussels, that have a history of aquaculture 

cultivation and are now being promoted since these lower trophic species, are more sustainable 

than fish aquaculture (Figure 7). Bivalves have a soft body that is enclosed within two shells 

that are hinged and are composed primarily of calcium carbonate. Bivalves do not possess a 

radula for feeding like some other molluscs and instead they are filter-feeding organisms that 

employ the gills to acquire food particles from the surrounding water. The inhalant siphon is 

used to take up water and channel it over the gills so that food particles are trapped and 

conveyed to the mouth by the coordinated action of cilia or other anatomical structures (Ward 

& Aiello 1973). The mantle is the shell producing organ in bivalves and covers the inner surface 

of the shell (Malachowicz & Wenne 2019). A muscular foot is used for burrowing in sediment 

(such as razor clams), producing byssus for attachment to surfaces (such as mussels) among 

other functions. 
 

 
Figure 1.6. A dendrogram revealing the relationships between invertebrates and vertebrates. (Image 
modified from Laudet, Current Biology, 2011). 
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Figure 1.7. Photograph showing the diversity that exists in the shape, form and colour of shells from 
bivalves. (A) Mytilus coruscus. (B) Mytilus edulis. (C) Modiolus rumphii. (D) Crassostrea virginica. (E) 
Hyotissa mcgintyi. (F) Monia patelliformis. (G) Pecten maximus. (H) Propeamussium jeffreysii. (I) 
Ctenoides scaber. (J) Cavatidens omissa. (K) Lucina pensylvanica. (L) Arctica islandica. (Image taken 
from Bieler et al., Invertebrate Systematics, 2014). 

 

 

 In marine and freshwater ecosystems, bivalve molluscs are abundant and have critical 

ecological functions (Mondal & Harries 2016). The consumption of phytoplankton by filtering 

bivalves leads to the depletion of phytoplankton stocks within the pelagic food web. The 

subsequent release of nutrients through biodeposits and excretion contributes to the dynamics 

of the benthic food web (Vaughn & Hoellein 2018) and bivalves are a food source for avian and 

benthic organisms, provide habitats, and are exploited through fisheries and aquaculture (Guo 

2009; Vaughn et al. 2008). 

 Bivalves are foundation species in marine and freshwater habitats, offering a hard 

substrate and three-dimensional structures where a wide variety of other species can thrive 

(McKindsey et al. 2007; Jackson et al. 2001; Suchanek 1978). Bivalve assemblages can reach 

high population densities and form dense aggregations, such as mussel beds and oyster reefs 

acting as ecological engineers for coastal defence and nature conservation (Fivash et al. 2021; 
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Li et al. 2020a; La Peyre et al. 2022). Some bivalve species, like the mussels, are ecologically 

and economically important in coastal marine food webs (Fitzgerald-Dehoog et al. 2012).  

The fundamental importance of bivalves in ecosystems makes it of primary importance to 

determine how chemicals might affect them particularly since they are often localized in coastal 

regions and directly exposed to agricultural run-offs and anthropogenic residues (Azizi et al. 

2018). Among marine monitoring programs, the “Mussel Watch Program” emerges as a 

significant initiative (Fernandez 2019; Goldberg 1986). The widespread distribution of mussels 

in coastal areas for aquaculture, their ease of capture and their resilience and the fact a single 

medium sized specimen can provide ample tissue for chemical analysis makes them useful for 

both laboratory-based ecotoxicology studies and in situ environmental analysis (Beyer et al. 

2017). Since mussels are sessile filter feeders and efficiently bioaccumulate environmental 

pollution from an abiotic phase in water and transfer it to higher trophic levels within the food 

chain, they are frequently used as environmental bioindicator species (Viarengo & Canesi 1991). 

Invertebrate taxa commonly exhibit neurohormonal control systems (Hartenstein 2006), 

which may possess a similar vulnerability to EDCs as those observed in vertebrates. The high 

biodiversity, prevalence and niche occupation of invertebrates in natural ecosystems compared 

to vertebrates make them commonly studied as bioindicators since they give insight into the 

status of lower trophic levels and allow a more comprehensive understanding of ecosystem 

dynamics and functioning (Hall et al. 2009). Molluscs have been widely employed to 

investigate the impacts of EDCs on aquatic organisms, primarily due to their prevalence, 

distribution in many aquatic habitats, and ecological significance (Fong & Ford 2014). EDC 

exposure of aquatic molluscs can significantly perturb physiological, morphological, and 

molecular systems within these organisms. A well-documented EDC example in molluscs is 

tributylin (TBT) that was used as an antifouling biocide to protect ship hulls and aquaculture 

fish cages (Langston 2020). TBT-induced imposex in some molluscs (Porte et al. 2006) and a 

survey of the gastropod Nucella lapillus distribution in the south-west peninsula of England 

revealed that populations near boating and shipping channels had the highest degrees of 

imposex and females displayed male characteristics (Bryan et al. 1986; Langston 2020). The 

induction of imposex in N. lapillus was triggered by TBT at concentrations as low as 1 ng/l 

(Bryan et al. 1986; Bryan et al. 1987). In oysters, nonylphenol increased the incidence 

of hermaphroditism and reduced gamete viability (Nice et al. 2003) and PCB-exposed oysters 

had reduced egg production and lower numbers of spawning females (Chu et al. 2003). 

Tetrabromobisphenol A, a widely used brominated flame retardant affects shell formation and 
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the nervous system in the mussel, M. galloprovincialis (Miglioli et al. 2021).  

The lack of knowledge about the endocrine system in invertebrates makes the consequences 

of exposure to EDCs difficult to predict. The present thesis takes a comparative approach to 

investigate the effect of two common EDCs, DES and IOX, on vertebrates and mussels to 

establish their likely endocrine and cardiovascular impact. 

 

1.7. Thesis objectives 

 The main goal of this PhD thesis was to investigate the effects of IOX and DES on the 

endocrine system both in a vertebrate species (zebrafish) and in an invertebrate species (hard-

shelled mussel M. coruscus). The divergence that exists between the endocrine system of 

vertebrates and invertebrates highlighted above is likely to result in differing responses to EDCs. 

The present study established how IOX and DES disrupted thyrocyte development and the 

development of the heart and arterial tissue at a molecular, cellular and systemic level in 

developing zebrafish. The knowledge produced was used to understand if the effects of IOX 

and DES on adult HPT-axis physiology in the zebrafish are similar or distinct from those found 

during development.  

 Invertebrates, such as molluscs, have less complex and much less studied endocrine 

systems compared to vertebrates. As outlined above their endocrine systems generally comprise 

a network of neuroendocrine cells and ganglia that produce and release neurohormones. The 

inclusion of invertebrates in the study of endocrine disruption is justified since although they 

are likely to be exposed to EDCs due to their widespread distribution and abundance, they are 

relatively poorly studied. The important role of invertebrates in ecosystem functioning makes 

them important environmental indicator species of ecosystem health and integrity. Recent 

studies have revealed that in some invertebrate species elements of the thyroid axis are present 

(Li et al. 2020b; Li et al. 2021; Heyland & Moroz 2005; Shi et al. 2022). This discovery 

challenges existing knowledge about invertebrate endocrine systems and emphasizes the need 

for more studies of endocrinology in invertebrates. Developing a model for studying endocrine 

disruption in invertebrates can provide insights into the mechanisms underlying this process 

and identify potential biomarkers and indicators of EDC exposure. The studies reported in my 

thesis enhance understanding of the impacts of EDCs on invertebrates and contribute to the 

broader comprehension of endocrine disruption in both invertebrate and vertebrate organisms. 

The present thesis elucidated some of the factors and mechanisms that may explain differences 

in the response of vertebrate and invertebrate species to IOX and DES. The state-of-the art is 
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significantly advanced since new knowledge is generated about the effects of IOX and DES on 

a vertebrate and an invertebrate. Enhancing understanding of the effects of IOX and DES on 

invertebrates, such as mussels, has the potential to contribute fundamental insights into the 

mechanism of action of these compounds, even in species that lack well-characterised 

endocrine systems. The knowledge generated broadens comprehension about the implications 

of EDCs in the environment and highlights the need for a more comprehensive approach to 

assessing impacts across multiple taxa. 

 

The following three specific objectives were pursued to achieve the aim of this thesis:  

1) Determine how IOX and DES disrupt the crosstalk between the developing thyroid gland 

and the cardio-vascular system in zebrafish embryos. To do this 12 hpf (hours post 

fertilization) wild type, Tg(fli1:GFP) or Tg(cmalc2:GFPCaaX) zebrafish embryos were 

exposed to 0.1 μM IOX or DES for 36 h (up until 48 hpf) or 60 h (up until 72 hpf). Embryos 

were used for vascular endothelial cell sorting by flow cytometry, whole-mount 

immunohistochemistry for heart and thyroid visualization, transcriptome analysis of 

endothelial cells, selected gene expression analysis related to cardiovascular function 

and calcium homeostasis by quantitative real-time polymerase chain reaction analysis 

(qPCR) and determination of heart rate by live imaging. 

2) Investigate the impact of chronic exposure to IOX and DES on heart and thyroid 

morphological indexes in juvenile zebrafish. Chronic 60 days exposure of juvenile zebrafish 

to low doses (0.1 μM) of IOX or DES via food was used to determine the effects of these 

chemicals on the physiology of the heart and thyroid follicles. The heart ventricle volume 

was determined in whole hearts dissected from exposed zebrafish juveniles fixed in 4% 

paraformaldehyde and subject to immunofluorescence. Thyroid morphology was visualized 

by histology and immunofluorescence. Endothelial and cardiac-specific genes identified in 

zebrafish embryos exposed to IOX and DES were analysed in juveniles by qPCR. 

3) The impact of IOX and DES on cardiac performance and shell growth in the mussel M. 

coruscus was determined. Mussel juveniles were exposed to low doses of IOX (10-6, 10-7 

and 10-8 M) and DES (10-6, 10-7 and 10-8 M) via the water. The heart rate of juveniles was 

determined on days 1, 3, 7, 10 and 14 of the treatment under a stereomicroscope and 

captured in video images. Fifty randomly selected juveniles from each experimental group 

were used to measure shell length and height on days 0, 7 and 14 using a stereomicroscope 

fitted with an ocular micrometre. Total RNA was extracted from the IOX and DES treated 
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juvenile mussels after 14 days of exposure and was used for transcriptome sequencing 

(RNA-seq). The RNA-seq dataset was validated by qPCR using a series of candidate genes 

as well as homologues of vertebrate endothelial-related and cardiac-specific genes 

identified in the transcriptome dataset. 
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2.1. Abstract  

Endocrine disruption is one of the consequences of industrialization and chemicals released 

into the environment have a profound impact on organisms. Waterborne micromolar 

concentrations of IOX and DES in fish affect the development of the heart, vasculature and 

thyroid gland. The present study aimed to determine how IOX and DES disrupt the crosstalk 

between the developing thyroid gland and cardio-vascular system in zebrafish. Twelve hpf wild 

type, Tg(fli1:GFP) or Tg(cmalc2:GFPCaaX) zebrafish embryos were exposed to 0.1 μM IOX 

or DES for 36 h (up until 48 hpf) or 60 h (up until 72 hpf). Embryos were used for vascular 

endothelial cell sorting, whole-mount immunohistochemistry, tissue selective transcriptomics, 

selected gene expression analysis by quantitative real-time polymerase chain reaction analysis 

and determination of heart rate by live imaging. Exposure of zebrafish embryos to IOX and 

DES (0.1 μM) increased heartbeat frequency and reduced ventricle volume and aorta diameter. 

The transcriptome of endothelial cells from blood vessels of hypertrophic, dilated and 

arrhythmogenic right ventricular cardiomyopathy was significantly changed and compound-

specific toxic effects were found in IOX and DES exposed embryos. Both DES and IOX 

directly affected vascular and heart development and this indirectly impaired thyroid gland 

development in zebrafish. Even though the toxicity endpoint of the two chemicals was similar, 

their action seemed to be via different gene regulatory pathways and physiological 

mechanisms. IOX and DES directly disrupt cardiovascular development and there is an 

associated disruption of thyroid tissue that most likely has long term consequences for this 

endocrine axis. 

 

 

Keywords: Diethylstilbestrol; Endocrine disruption; Heart; Ioxynil; Thyroid; Zebrafish  
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2.2. Introduction 

 Endocrine disrupting chemicals are commonly defined as chemicals that can interfere 

with or disrupt endocrine systems and have a broad negative spectrum of effects on animals, 

including humans, and ultimately ecosystems (Schug et al. 2016; White et al. 2017; Patisaul et 

al. 2018). DES was the first synthetic estrogen prescribed for preventing miscarriages and other 

complications during pregnancy (Hunt et al. 2016). Like other synthetic estrogens DES 

interacts with the estrogen endocrine pathway (reviewed by (Kiyama & Wada-Kiyama 2015) 

and evidence that DES is an EDC has been accumulating. The evidence indicates that DES is 

hazardous for maternal health (Tournaire et al. 2016) and is associated with reproductive, 

cardiac and urogenital anomalies in offspring (Yamamoto et al. 2003; Titus-Ernstoff et al. 2010). 

A recent study revealed the incidence of heart defects is increased in children of DES exposed 

women, including ventricular septal disease, tetralogy of fallout, and atrial septal defects (Titus-

Ernstoff et al. 2010). In rats, prenatal exposure to DES increases thyroid function by stimulating 

the pituitary-thyroid axis (Yamamoto et al. 2003). DES has been banned for human use in the 

USA since 1971 (Reed & Fenton 2013) but remains a threat to human health due to its 

widespread use in livestock production. Concentrations as high as 24.9–102 ng L−1 and 7.2–

16.9 μg L−1 are detected in some Chinese rivers and fisheries waters, respectively (Chen et al. 

2009; Qu et al. 2012; Zhang et al. 2012a) and in sediments of Mediterranean aquatic 

environments (Pojana et al. 2007). 

IOX is an herbicide extensively used in agriculture (Otsuka et al. 2014) and in 2015 the 

use of IOX in Japan was 107.1 tons (METI 2015). IOX may interfere with the human thyroid 

system by binding to TTR, a thyroid hormone binding protein that transports TH in the blood 

(Ogilvie & Ramsden 1988) and one of its toxicological effects is to provoke thyroid tumours in 

rats (European-Commission 2004). In teleost fish, the effect of IOX and DES on the thyroid 

system has received more attention (Morgado et al. 2007; Morgado et al. 2009; Campinho & 

Power 2013). In vitro studies reveal that IOX and DES competitively bind to sea bream (Sparus 

aurata) TTR (Morgado et al. 2007). Exposure to 1 mg kg−1 of IOX or DES for 21-days did not 

change TH levels or thyroid follicular morpho-histology in adult sea bream but caused down-

regulation of some HPT axis genes, suggesting homeostasis was affected (Morgado et al. 2009). 

In zebrafish exposed to IOX and DES, the mRNA expression of the essential thyroid gland 

developmental gene nk2.1a decreased as did that of the thyroglobulin (Tg) gene indicating that 

thyroid gland development was impaired (Campinho & Power 2013). Moreover, exposure of 

zebrafish embryos to IOX and DES significantly changed heart morphology (Campinho & 
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Power 2013). Strikingly the effect of IOX and DES on thyroid gland development in zebrafish 

embryos resembles that of the cardiac troponin I (tnni1) gene morpholino knock-down. The 

similar cardiac phenotype led us to hypothesise that the action of IOX and DES on thyroid 

gland development might be indirect and a consequence of their effect on the development of 

endothelial cells or cardiac function or both. 

The heart is the first functional organ to form during vertebrate embryogenesis (Bakkers 

2011) and in zebrafish heart contraction starts approximately 24 hpf when a regular heartbeat 

is observed (Chen et al. 1996; Vogel & Weinstein 2000). The ventral aorta (VA) of the heart is 

adjacent to the thyroid gland and it plays a role in guiding thyroid gland morphogenesis along 

the pharyngeal region (Alt et al. 2006b). Crosstalk between the two tissue systems was revealed 

by the zebrafish cloche mutant (Thompson et al. 1998), which lacks all blood vessels and in 

which the thyroid gland fails to develop properly (Opitz et al. 2012). The preceding studies 

suggest that the heart-angiogenic-thyrocyte interaction may be essential for correct 

development and function of the thyroid gland, HPT-axis and thyroid homeostasis. 

The present study aims to uncover the mode of action of IOX and DES on the heart, 

angiogenic system and thyrocytes during zebrafish embryogenesis. We analysed the function 

and morphology of the heart and ventral aorta and demonstrate that the abnormal development 

of these tissues is directly related to impaired thyrocyte development. The genetic basis of the 

modified vascular system caused by embryonic exposure to IOX and DES was revealed by the 

transcriptome of 48 hpf zebrafish embryonic endothelial cells. To the best of our knowledge, 

this study provides the first multi-level analysis of cardiac, vascular and thyroid system 

development in IOX and DES exposed animals and extends our previous observations 

(Campinho & Power 2013) by revealing these chemicals indirectly disrupt the thyroid in 

zebrafish. 

 

2.3. Materials and methods 

2.3.1. Zebrafish maintenance 

Adult zebrafish (AB strain) were fed twice a day with dry pellets (Tetramin, Germany) and 

once a day with live two-day old Red Pepper enriched Artemia. Animals were raised at 28 °C 

in a recirculating system (Technoplast, Italy) and under a 14 h: 10 h (light: dark) cycle. The 

embryos were collected and reared at 28.5 °C in an incubator (Sanyo, Japan). All experiments 

carried out in this work were approved by CCMAR's ethical committee and are in accordance 

with the regulation of Directive 2010/63/EU and Portuguese National legislation on 
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experimental animal use. 

 

2.3.2. Zebrafish Tg(cmlc2:GFPCaaX) transgenic line generation 

 The proximal promoter (−800–1+) of zebrafish cardiac myosin light chain 2 (cmlc2) was 

isolated by PCR (zfClmc2PrFw: CGATCCGTGACCAAAGCTTAAATCAGT; zfCmlc2PrRv: 

CTAGCTAGCGTTCACTGTCTGCTTTGCTGT) using zebrafish genomic DNA as the 

template and Fusion high-fidelity polymerase (Thermo Scientific). The amplified cmlc2 

promoter was isolated from agarose gel using a kit (EZNA) and then cloned into a pCS2+ vector 

linearized with StuI and the construct confirmed by sequencing. A GFPCaaX sequence isolated 

from a Tol2kit vector (Kwan et al. 2007) by digestion with the restriction enzymes, EcoRV and 

EcoRI (Thermo Scientific), was subcloned downstream of the cmlc2 promoter in pCS2+. After 

sequence confirmation of the appropriateness of the pCS2+ Zfcmlc2::GFPCaaX construct, it 

was excised from the pCS2+ vector using the restriction enzymes HindIII and NotI (Thermo 

Scientific) and subcloned into the pBR322Tol2 vector (Kwan et al. 2007). After confirming the 

correct integration of the cmlc2::GFPCaaX construct into the pBR322Tol2 vector, plasmid 

DNA was extracted with phenol/chloroform and diluted in water (Kawakami, 2007). For Tol2 

mediated transgenesis, 50 pg of the purified pBR322Tol2-Zfcmlc2::GFPCaaX DNA was co-

injected (1 nL) with 25 pg of Tol2 mRNA, prepared with an Ambion mESSENGER RNA kit, 

into the cytoplasm of one cell-stage zebrafish embryos of the AB strain. Embryos with a mosaic 

cardiac expression of GFP were selected and grown for crossing with WT zebrafish in order to 

generate heterozygous transgenic Tg(cmlc2::GFPCaaX) zebrafish lines. 

 

2.3.3. Chemical exposure 

 IOX and DES exposure was carried out as described in Campinho and Power (2013). 

Briefly, 12 hpf zebrafish embryos were incubated in 25 mL of E3 medium (control) or to 25 

mL of E3 medium containing 0.1 μM IOX or DES for 36 h (up until 48 hpf) or 60 h (up until 

72 hpf) at 28.5 °C in an incubator (Sanyo, Germany). For 36 h treatment assays, the E3 medium 

was not exchanged. In the 60 h exposure experiments 20% of the bathing E3 medium was 

substituted in each group with a fresh solution of the appropriate composition at 48 hpf. The 

chemical exposure experiments were carried out using WT, Tg(fli1:GFP) (Lawson and 

Weinstein, 2002) or Tg(cmlc2:GFPCaaX) zebrafish embryos. 

 Zebrafish embryos at 48 hpf (36 h-exposure to IOX or DES) or larvae at 72 hpf (60 h-

exposure) were fixed overnight at 4 °C in 4% PFA/1×PBS, pH 7 and used for whole-mount 
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immunohistochemistry (IHC) analysis. For relative gene expression analysis by qPCR, WT 

zebrafish embryos or larvae (n = 5 pools each containing 20–25 embryos) were transferred to a 

1.5 mL tube after removing excess water and frozen immediately in liquid nitrogen and stored 

at −80 °C until analysis. 

 

2.3.4. Heart rate determination 

 Forty-eight hpf (36 h-exposed to IOX or DES) Zebrafish Tg(cmlc2::GFPCaaX) embryos 

(n = 12–15) were placed under a stereoscope (Olympus AZX7) coupled to an Hammamatsu 

ORCAv2 digital camera and video images of the heart collected for 2 min at 28.5 °C. Heart rate 

was determined by counting heartbeat recorded in the video images. 

 

2.3.5. Fluorescent immunohistochemistry 

 Embryos from WT and transgenic lines used for control or IOX or DES treatments were 

hydrated through a methanol/1× PBS series from 100% to 0% methanol, followed by 3 × 5 min 

in PBTr (1 × PBS + 0.1% Triton X-100). Hydrated embryos were preincubated with 1 × 

PBTr/10% sheep serum for 2 h at room temperature to block non-specific binding of antisera. 

The primary antibodies incubated with the zebrafish embryos were, rabbit anti-GFP (1:1000 

dilution; Abcam), Mouse anti-GFP (1:100 dilution; Developmental Studies Hybridoma Bank), 

Zn8 (1:20 dilution; Developmental Studies Hybridoma Bank) and rabbit anti-thyroglobulin (Tg) 

(1:1000 dilution; Dako). Fluorescently tagged secondary antibodies were used to detect the 

primary antisera: goat anti-rabbit 488 (1/400; Jackson Lab), goat anti-mouse 594 (1/400; 

Anaspec) and goat anti-mouse 488 (1/400; Anaspec). After whole mount staining, zebrafish 

embryos were stored in 1× PBS at 4 °C and fluorescent microscope images were obtained using 

a Zeiss Z2 fluorescent microscope coupled to a Zeiss HRm digital camera. 

 

2.3.6. Image analysis 

 Heart ventricle image volumes were determined using 48 hpf Tg(cmlc2::GFPCaaX) 

transgenic embryos. The images were deconvoluted in SVI Huygens software (v2.13, Holland) 

and heart reconstruction and 3D models were generated. Morphometric analysis to determine 

aorta diameter was carried out in FIJI (Schindelin et al. 2012) using linear measuring tools and 

the heart ventricle volume was established using the Volumest plug-in (Merzin 2008). 

 

2.3.7. Vascular endothelia cells sorting by flow cytometry 
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 Pools of GFP-positive Tg(fli1:EGFP) embryos (200−300) were used for cell sorting in 

each treatment group. The embryo yolk was dissolved in 55 mM NaCl, 1.8 mM KCl and 1.25 

mM NaHCO3 by pipetting the eggs up and down in the solution. Subsequently, the embryo and 

yolk solution were centrifuged at 310g for 1 min at 4 °C. The pellet was washed with 1 mL of 

0.5 × Danieau's solution (29 mM NaCl, 0.35 mM KCl, 0.2 mM MgSO4·7H2O, 0.43 mM 

Ca(NO3)2, 2.5 mM HEPES, pH 7.6) and then the animals were dissociated using a trypsin-

EDTA solution (0.5 mg ml−1 trypsin, 0.22 mg mL−1 EDTA). Trypsinization was stopped after 

adding heat-inactivated fetal bovine serum (HI-FBS) to a final concentration of 5%. Embryos 

were re-suspended in 1 mL FACSmax solution (AMS Biotechnology, Abingdon, UK) and 

transferred into a 40 μm nylon cell strainer (BD Biosciences, San Jose, CA, USA). A 1-mL 

syringe plunger was used to force the trypsinized embryos through the cell strainer into a petri 

dish. Cell suspensions were collected and sorted in a FACSAriaII cell sorter (FACSDiva 

software v6.1.3, BA Biosystems, Germany) using the GFP fluorescent signal to select 

endothelial cells. Around 80,000 to 100,000 GFP-positive cells and 260,000 to 370,000 GFP-

negative cells in each treatment group were collected from each independent experiment. The 

experiments were performed in duplicate. 

 

2.3.8. Transcriptome analysis of endothelial cells 

 RNA was isolated from the sorted cells using a total RNA Extraction Kit (Omega Bio-Tek, 

Norcross, GA). Extracted RNA was treated with DNAse (DNA-free Kit, Ambion, UK) using a 

Turbo DNA-free kit (Ambion, UK) and the RNA was precipitated with ethanol and quantified 

using a Nanodrop (1000 Spectrophotometer, Thermo Fisher Scientific, USA). The total RNA 

extracted from sorted cells harvested from control, IOX and DES treated embryos was prepared 

from pools of RNA extracted from 2 independent experiments using the same broodstock (n = 

1 transcriptome per treatment). 

 The sequencing libraries were prepared using a Nextra XT DNA library kit (Illumina) 

according to the manufacturer's instructions (RNA input was 1 ng). Sequencing was performed 

using an Illumina MiSeq platform at Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, 

China) with 150 bp paired-end reads and a total of 189 million sequences were generated. Raw 

sequences have been submitted to NCBI under the accession number: PRJNA1116337. 

 

2.3.9. Bioinformatics analysis 

 The raw sequence data was filtered to remove the adapter sequences, low quality reads, 
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sequences with a high content of N or reads < 20 bp long by using SeqPrep 

(https://github.com/jstjohn/SeqPrep) and Sickle (https://github.com/najoshi/sickle). The 

filtered data was aligned against the zebrafish reference genome 

(ftp://ftp.ensembl.org/pub/release-84/fasta/danio_rerio/dna/) using TopHat (V2.0.13) with 

default parameters (Trapnell et al. 2009; Trapnell et al. 2012). The aligned read files were 

entered into the Cufflinks (v2.2.1) software (Trapnell et al. 2010) (http://cole-trapnell-

lab.github.io/cufflinks/). The gene expression levels were calculated by the method of 

fragments per kilobase of exon per million mapped reads (FRKM) (Trapnell et al. 2010). 

Differential expression (DE) of transcripts was established using Cuffdiff (http://cole-trapnell-

lab.github.io/cufflinks/cuffdiff/index.html) (Trapnell et al. 2013). The R package Venn diagram 

(https://cran.r-project.org/web/packages/VennDiagram/) was used to generate the Venn 

diagram to obtain an overview of the DE gene transcripts present in one or more of the 

experimental groups (Chen & Boutros 2011). A heatmap of DE gene transcripts was generated 

using the function heatmap.2 available in the R package gplots 

(https://cran.rproject.org/web/packages/gplots/) and the distance between samples and genes 

were determined by the R function cor with Pearson and dist with the Euclidean distance, 

respectively. Gene ontology enrichment was analysed by GOatools 

(https://github.com/tanghaibao/GOatools) and was based on a Fisher's exact test and multiple 

corrections were adjusted by Bonferroni, Holm, Sidak and false discovery rate (Lu et al. 2012). 

KEGG pathway enrichment of the DE genes was performed using KOBAS 

(http://kobas.cbi.pku.edu.cn/home.do) (Benjamini & Hochberg 1995; Xie et al. 2011).  

 

2.3.10. Real-time quantitative polymerase chain reaction validation 

 Total RNA from zebrafish WT embryos (n = 5 pools of 20–25 embryos each) was isolated 

with an Omega Total RNA kit following the manufacturer's instructions and treated with DNase 

(Ambion Turbo DNase kit). The cDNA was synthesised using 500 ng of DNA free total RNA, 

random hexamer primers (50 ng/μL) and a RevertAid kit (Thermo Scientific) following the 

manufacturer's instructions. 

 The genes selected for qPCR were selected among those with the most significant 

differential expression levels (log2-fold change; p < 0.05, FDR > 95%) in the RNA-seq data 

obtained for endothelial cells isolated from zebrafish embryos exposed to IOX or DES (Table 

2.1). The qPCR primer pairs were designed using the assembled RNA-seq sequence data. 

 The qPCR reaction was carried out using 1 × FastStart Essential DNA Green Master (Roche 
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Diagnostics), 300 μM of the specific forward and reverse primers (Table 2.1) and ~200 ng of 

template cDNA. All samples were analysed in duplicate in a CFX Connect Real-Time 

instrument (Bio-Rad). The qPCR amplification protocol was as follows: initial denaturation for 

3 min at 95 °C followed by 45 cycles of 10 s at 95 °C and 15 s at 60 °C. A melting curve analysis 

with a temperature gradient of 0.5 °C/s from 65 °C to 95 °C was conducted for each set of 

primer pairs to confirm that a single amplified product was obtained. Two technical replicates 

per sample were performed in each qPCR assay. For normalization, 18S was used as the 

reference gene. The relative mRNA expression was determined using the absolute 

quantification method using gel isolated amplicons as standards. 

 
Table 2.1. Primers used to qRT-PCR expression analysis of 17 selected genes and 18s. 
 

Target Primer Sequence (5'-3') 
Amplicon 

size (nt) 

Efficiency 

(%) 
r2 

Acvr1bb (activin receptor 

type-1B-like) 

FW ACGCTCTGGGTCTGGTGTACTG 
112 101 0.998 

RV TCTATGGAGGGATCTGACGGCAC 

Adrb1 (β1-adrenergic 

receptor) 

FW TCGTGGGCATGGGAATCCTCAT 
106 93 0.998 

RV GTGAGCGTCTGGAGCCTCTGAT 

Agtr1a (angiotensin II type I 

receptor) 

FW CGACTCCAACACGGGACTTGC 
137 97 0.999 

RV AGATGACGGCGACTACCAGACTG 

Angptl1b (angiopoietin-

related protein 2) 

FW GACAGTTCACCACGCTGGACAG 
122 98 0.998 

RV TGAGTACCACACGCCGTTCAGA 

Cacna1da (voltage-dependent 

L-type calcium channel 

subunit alpha-1D) 

FW CAATGAGCAGCAAGCCGAGGTAA 

158 98 0.996 RV AGCCTTTGTGGAGGGATATGCCA 

Cacna1ha (voltage-dependent 

calcium channel subunit 

alpha-1H-like) 

FW CCTTCAGAGACGCAATGCCTCAG 

182 94 0.998 RV GCCAACTTGATCGCAGCATCCA 

Cacng2b (calcium channel, 

voltage-dependent, gamma 

subunit 2b) 

FW CTCTGGTGGAATGCGGCAGTATG 

173 96 0.998 RV GCTGGTCTCGTTCTCGTTGGTG 

Cadm1a (cell adhesion 

molecule 1a isoform 3) 

FW GCCTCAGCAGGTGAACTGGGTA 
126 101 0.998 

RV GACGCCACGCATCGGTAAGTG 

Calcr (calcitonin receptor) 
FW TCGCAGAGGAGCAGCACCTAC 

136 98 0.998 
RV AGCAGATGCGTCTCCACACTCA 

Chrnb3a (cholinergic 

receptor, nicotinic, beta 

polypeptide 3a precursor) 

FW CCTTCACGCCAACGACACGATTACT 

116 96 0.997 RV TCCACTCCTCCCACAACCAGACATT 

HIF1aa (hypoxia inducible 

factor) 

FW GCTCAGAGAAATGCTGGCACACA 
148 99 0.996 

RV CAGCACCTTCCAGGAGGCAGA 

Mhc1lia (hereditary FW TGATGGCGAACCAGGACGAATGA 121 92.6 1 
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Target Primer Sequence (5'-3') 
Amplicon 

size (nt) 

Efficiency 

(%) 
r2 

hemochromatosis) RV CACATGGGTCGAGACGTTGAAGC 

Mybpc2a (myosin binding 

protein C, fast type a) 

FW TATCCAAGAACCGCCTGTCACCA 
149 105 0.997 

RV TTCCATCTCGGCTCAGTTCCACA 

Notch1b 
FW TTGACGACTGCACACCGTTCAC 

159 94 0.996 
RV GGTTGGACAGGCACTCGTTGAC 

Ptgir (prostacyclin receptor-

like) 

FW AGTGATGGACTCTGCCTGGACAG 
169 92 0.998 

RV GCCTCGATGCTGGTGATGTTCTC 

Itpr1b (inositol 1,4,5-

trisphosphate receptor, type 

1b) 

FW CGGTGGAGGAGTCGGAGATGTG 

160 107 0.997 RV GCTTCTGAGGTCTGCGAAGGTATC 

VWF (Von Willebrand Factor) 
FW GCGTGGAGGCATTCGGCAACT 

193 97 0.994 
RV CGGCAGTTCTTCACATACGGCTCAG 

18s 
FW GGAATTGACGGAAGGGCACCAC 

135 97 0.995 
RV GCACCACCACCCACAGAATCG 

 

 

2.3.11. Statistical analysis 

 Data were analysed for statistical significance using Prism software and statistical 

significance was considered when p < 0.05. One-way ANOVA followed by a Bonferroni 

corrected post-hoc test (significance considered if p < 0.05) was used to determine the effect of 

EDCs on heart function (heart rate), the volume of the ventricle, the ventral aorta diameter, 

thyroid follicle number, thyroid field and the thyroid follicle area. The relative mRNA 

expression was analysed using One-Way ANOVA analysis followed by a Turkey post-hoc test 

(significance considered if p < 0.05). 

 

2.4. Results 
2.4.1. IOX and DES affect heart function and ventricle morphology 

Live image analysis of 48 hpf (36 h-exposed) Tg(cmlc2::GFPCaaX) embryos revealed the 

heart rate increased significantly in both 0.1 μM IOX and DES exposed embryos relative to 

control siblings (Figure 2.1A; p ≤ 0.001) and that the heart rate of DES exposed embryos was 

significantly higher than the IOX exposed embryos (Figure 2.1A; p ≤ 0.001). The change in 

heart rate was associated with a decreased ventricle volume in the DES and IOX treated 

zebrafish embryos (Figure 2.1B, Supplementary Movies 2.1-2.3 annex I). IOX and DES 

treatments significantly affected the ventricle morphology relative to the control groups after 

36-h exposure to the chemicals (Figure 2.1B; p < 0.05). IOX had the most profound effect and 
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strongly reduced the volume of the ventricle relative to the control zebrafish embryos (p < 

0.0001) (Figure 2.1B, Supplementary Movies 2.1-2.3 annex I). Exposure of zebrafish embryos 

to DES also decreased the volume of the ventricle when compared to control embryos (Figure 

2.1B; p < 0.05) but less than in IOX-exposed sibling (Figure 2.1B; p < 0.01).  

 
Figure 2.1. Box and whisker plot (minimum and maximum) of (A) heart beats per minute (BPM) and 
(B) ventricle total volume in 48 hpf zebrafish Tg(fli1:EGFP) control (CTR) and 36 h-exposure embryos 
to DES and IOX. Different letters indicate statistically significant difference (p < 0.05). C–E Image of the 
heart with the ventricle (Red) at the top and atrium (Green) at the bottom, (C) control, (D) DES treated and 
(E) IOX treated. One-way ANOVA was used to test for statistical significance followed by Bonferroni's 
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multiple comparisons test *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001, the same as below. 
 

 

2.4.2. IOX and DES affect aorta and thyrocyte development 

 In zebrafish, the ventrally localized aorta (VA) is the major artery adjacent to the thyroid 

and the development of the VA is crucial for thyroid morphogenesis and localization in the 

pharyngeal region (Alt et al. 2006b). To characterize the effect of IOX and DES on VA 

morphology and thyrocyte development, zebrafish embryos at 72 hpf were analysed by whole-

mount immunofluorescence staining (Figure 2.2). Considering that the thyroid field is 

distributed along the VA, we measured the diameter of the VA in an anterior, middle and 

posterior position relative to the thyroid tissue (Figure 2.2A). The VA diameter in all three 

positions measured was significantly decreased in the IOX and DES treated groups compared 

to the control group (Figure 2.2B; p < 0.01). IOX and DES exerted a similar effect on VA 

diameter (Figure 2.2B, p > 0.05). 

 The effects of IOX and DES on thyroid morphology was analysed by determining the 

thyroid follicle number, thyroid field and thyroid follicle area (Figure 2.2C). The number of 

thyroid follicles significantly decreased in IOX treated zebrafish embryos compared to the 

control groups (Figure 2.2C; p < 0.05) but DES did not change thyroid follicle number (p > 

0.05). The thyroid field length in DES exposure was significantly lower than the control group 

(Figure 2.2C; p < 0.05) but was not significantly different from the IOX treated siblings (p > 

0.05). The total thyroid follicle area was significantly decreased in both IOX and DES groups 

relative to the control embryos (Figure 2.2C; p < 0.05). DES had a more pronounced effect on 

total follicle area (p < 0.01) than IOX (p < 0.05) even though the decrease was not significantly 

different between treatments (Figure 2.2C; p > 0.05). The effect of the IOX and DES on the VA 

and thyroid development was highly specific, and the growth of zebrafish embryos was 

unaffected at 72 hpf (Supplementary Figure 2.1 annex I; p > 0.05). 
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Figure 2.2. Exposure to DES and IOX affects thyroid gland and ventral aorta development. (A) 
Fluorescent images of the pharyngeal region of Tg(fli1:EGFP) zebrafish embryos at 72 hpf. Red and green 
represent, respectively, thyroglobulin and GFP immunostaining. (B) Determination of aorta diameter in three 
different regions as depicted in A. From left to right VA-1, VA-2 and VA-3 are represented. The lower panel 
below the graphs represents examples of Z-slices at each region of the aorta measured. The scale bars in the 
lower panel below the graphs correspond to 5 μm. (C) Measurements of thyroid follicle number, thyroid field 
length and the thyroid follicle area. 
 

 

2.4.3. Transcriptomics of zebrafish endothelial cells exposed to IOX and DES 

Analysis of the global gene regulation profiles of endothelial cells in zebrafish embryos 
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treated with IOX and DES revealed 1688 DE gene transcripts relative to the control embryos. 

KEGG pathway analysis showed that 28 and 19 pathways respectively were significantly 

changed in the IOX and DES exposure groups relative to the control embryos (Supplementary 

Table 2.1 and 2.2 annex I; p < 0.05). Several of the pathways significantly changed in DES and 

IOX treated embryos were related to blood vessel endothelial cell function and three 

cardiomyopathy pathways were identified including hypertrophic cardiomyopathy, dilated 

cardiomyopathy and arrhythmogenic right ventricular cardiomyopathy (Table 2.2, p < 0.05). 

IOX and DES also had an effect on the pathways of calcium signalling, cell adhesion molecules, 

GABAergic synapse (Table 2.2, p < 0.05). The type I diabetes mellitus pathway was 

significantly affected by DES exposure (Table 2.2, p < 0.05), while IOX had a significant impact 

on the complement and coagulation cascades, vascular smooth muscle contraction, 

amyotrophic lateral sclerosis, platelet activation, retrograde endocannabinoid signalling and 

ABC transporters (Table 2.2, p < 0.05) 

The DE gene transcripts identified by RNA-seq were used to generate a heatmap and the 

pattern of gene expression in the embryos exposed to IOX and DES was compared to the control 

group (Figure 2.3A). The expression signature of DE gene transcripts in IOX and DES were 

different from the control but also from each other (Figure 2.3A). DE analysis revealed that 

some transcripts were affected by both treatments whereas other transcripts were affected by 

IOX but not DES and vice-versa (in comparison to the control embryos; Figure 2.3B). 

Seventeen genes related to the function of endothelial cells, including vascular function, 

cardiac function, calcium homeostasis and other genes were selected to validate the 

transcriptome data by qPCR (Figure 2.4). Most of genes such as hypoxia inducible factor 

(HIF1aa), β1-adrenergic receptor (Adrb1), von Willebrand factor (Vwf), prostacyclin (Ptgir) 

and voltage-dependent T-type calcium channel subunit alpha-1H (Cacna1ha) were significantly 

increased in the IOX treated embryos compared with the control embryos (Figure 2.4, p < 0.05). 

However, no significant differences were found for the gene transcripts analysed between the 

DES exposed embryos and the control embryos (Figure 2.4, p > 0.05). 
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Table 2.2. Selected enriched KEGG pathways calculated for modulated genes in DES and IOX treated 
zebrafish embryos at 48 hpf. “—” indicates ‘not significantly different’. 
 

 Comparison with control 

 DES IOX 

 
P value 

No. of genes 
P value 

No. of genes 

 Up Down Up Down 

Calcium signaling pathway 2.63E-04 11 12 3.09E-04 14 11 

Neuroactive ligand-receptor interaction 0.0166 18 14 1.03E-04 27 18 

GABAergic synapse 0.0064 8 3 0.0354 6 4 

Cell adhesion molecules 0.0276 9 4 0.0348 10 4 

Hypertrophic cardiomyopathy 0.0116 4 6 0.0258 4 6 

Dilated cardiomyopathy 0.0233 5 5 0.0100 6 6 

Arrhythmogenic right ventricular cardiomyopathy 0.0349 4 4 0.0118 3 7 

Retrograde endocannabinoid signaling 0.0013 7 7 0.0220 8 4 

Type I diabetes mellitus 0.0122 2 4 — — — 

Vascular smooth muscle contraction — — — 0.0323 7 6 

Complement and coagulation cascades — — — 0.0029 9 2 

Amyotrophic lateral sclerosis — — — 0.0410 3 7 

Platelet activation — — — 0.0476 10 5 

ABC transporters — — — 0.0140 3 3 
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Figure 2.3. Transcriptome analysis of differentially expressed genes in 48 hpf control, DES and IOX 
treated zebrafish embryos. (A) Heatmap showing the gene expression pattern in control, DES and IOX 
treated zebrafish; The colour represents the gene expression level (log10 FPKM); Red represents high 
expression and low expression is indicated in green (B) Venn diagram presenting the differential expressed 
genes; the number in circles represents the differential expressed transcripts between two groups; the 
overlapping section of two circles means the common number of differential expressed transcripts. 
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Figure 2.4. qPCR validation of selected RNA-seq differential expressed transcripts between control, 
DES and IOX-treated zebrafish embryos 48 hpf (36 h-exposure to chemicals). Analysed genes were 
related to cardiovascular function (A), calcium homeostasis (B) and others (C). Acvr1bb: activin receptor 
type-1B-like; Agtr1a: angiotensin II type I receptor; Angptl1b: angiopoietin-related protein 2; HIF1aa: 
hypoxia inducible factor (HIF-1); Ptgir: prostacyclin receptor-like; Vwf: von Willebrand factor; Adrb1: β1-
adrenergic receptor; Mhc1lia: hereditary hemochromatosis; Mybpc2a: myosin binding protein C, fast type a; 
Cacna1da: voltage-dependent L-type calcium channel subunit alpha-1D; Cacna1ha: voltage-dependent T-
type calcium channel subunit alpha-1H-like; Cacng2b: calcium channel, voltage dependent, gamma subunit 
2b; Calcr: calcitonin receptor; Itpr1b: inositol 1,4,5-trisphosphate receptor, type 1b; Cadm1a: cell adhesion 
molecule 1a; Chrnb3a: cholinergic receptor, nicotinic, beta polypeptide 3a. Different letters indicate 
statistically significant difference (p < 0.05). 
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2.5. Discussion  

This study provides insight into the mechanisms by which DES and IOX affect zebrafish 

heart and vascular development and how these changes impinge on thyroid development. The 

data obtained in the present study, together with our previous results (Campinho & Power 2013), 

reveal a direct disruptive effect of IOX and DES on the heart and vascular development and an 

indirect effect on the thyroid. Recently, we found that the action of DES and IOX on zebrafish 

thyroid development is directly linked to their effect on normal heart development (Campinho 

& Power 2013) and that this eventually leads to impaired thyroid development in zebrafish 

embryos. Our data also show that exposure to IOX and DES seems to have a similar 

morphological and functional endpoint in zebrafish development but that the underlying genetic, 

cellular and molecular mechanisms differ. 

The effects of DES and IOX on the heart are related to increased heartbeat and impaired 

morphology. The ventricular size and shape are crucial for determining cardiac function (Hu et 

al. 2001). The observed changes in heartbeat in embryos exposed to IOX and DES were further 

supported by a decrease in ventricle volume when compared to control siblings and this strongly 

supports the notion that the heart is a target tissue for these two chemicals. It is unclear if the 

effect of IOX or DES treatments impact more on the definition of heart morphology or heart 

function. However, it is likely that this is a reciprocal effect given the relationship between form 

and function in the developing zebrafish heart (Yelon 2001; Torrent-Guasp et al. 2005). 

It was recently reported that in third generation DES-exposed women there is an increase 

in the incidence of cardiac defects associated with the atrial and ventricular septal (Titus-

Ernstoff et al. 2010; Tournaire et al. 2016; Parvez et al. 2012). This data from human studies is 

in concordance with the results from our previous (Campinho & Power 2013) and the present 

study. However, so far no data is available about the thyroid function and physiology in third 

generation DES-exposed women. Indeed, little is known about the effects of DES on heart 

development and function in vertebrates in general. This is relevant because our studies in 

zebrafish (Campinho & Power 2013) showed that alongside the changes in heart function and 

ventricle volume there were significant changes in thyroid gland development. Here we provide 

the first evidence on the pernicious effects of low exposure doses of DES in zebrafish, a 

vertebrate and important biomedical model and thus hint that these observations are conserved 

in other vertebrates, including humans (Titus-Ernstoff et al. 2010).  

It was not only heart development that was affected in the IOX and DES treated zebrafish 

embryos as the ventral aorta diameter was also reduced in both experimental groups. A direct 
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effect of IOX and DES on the heart is evident from the morphological and functional data 

(Figure 2.1). The transcriptome data also indicates that developing endothelial cells are 

differentially affected by these chemicals. The response of endothelial cells to IOX and DES 

exposure was specific given the restricted subset of genes that responded in both groups when 

compared to the control embryos. Moreover, the response of endothelial cells to IOX or DES 

was quite different with different subsets of genes and gene networks being affected in each 

group. 

Three main cardiomyopathy pathways were represented in the DE genes of DES and IOX 

exposed embryos, including hypertrophic cardiomyopathy, dilated cardiomyopathy and 

arrhythmogenic right ventricular cardiomyopathy together with other pathways such as the 

calcium signalling pathway (Table 2.2). qPCR validation of the transcriptome data showed that 

a cluster of genes such as Acvr1bb, Agtr1a, HIF1aa, Notch1b, Ptgir, Adrb1 and Vwf, involved 

in cardiovascular function and form were up regulated in IOX treated groups (Figure 2.4). More 

specifically changes in Adrb1 may explain modified heart rate and atrial cardiac muscle 

contractility (Parvez et al. 2012) and changes in Agtr1a together with Ptgir (a vasodilator effect 

mediator) may explain the vasoconstriction observed (Whittle et al. 2012; Dinh et al. 2017). 

Calcium homeostasis genes (Cacna1da, Calcr and Itpr1b), cell adhesion molecule (Cadm1a) 

and cholinergic receptor gene (Chrnb3a) were up regulated by IOX exposure. Although 

morphological effects on the heart caused by DES exposure were clear, no differences in the 

genes involved in cardiovascular function and analysed by qPCR were identified. These 

findings suggest that IOX and DES induce some different genetic pathways, but some genetic 

responses are similar (Supplementary Table 2.3, 2.4 and 2.5 annex I). This data might also 

indicate that IOX has a stronger endocrine disruption potential. 

The disruption of the heart and VA growth in DES and IOX treated groups may affect the 

morphology of the vessels or may themselves be affected by the impaired vasculature 

development. The effect on blood vessel development and homeostasis of the sheer stress of 

blood cells as they circulate, and the intensity of cardiac function has been extensively 

demonstrated (Shiojima et al. 2005; Lu & Kassab 2011; Boselli et al. 2015). Together with 

increased heartbeat and lower chamber volume (Figure 2.1) it is expected that blood flow will 

be affected in both IOX and DES-treated embryos when compared to controls. Although not 

vali dated by qPCR, genes involved in angiogenic mechanosensing (Boselli et al. 2015) were 

DE in the transcriptome (> 2-fold, p < 0.05; FDR 0.05) of IOX and DES embryos relative to 

the control (Supplementary Table 2.3, 2.4 and 2.5 annex I). In both IOX and DES, expression 
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of early growth response protein 1 (egr1) was up-regulated whereas piezo-type 

mechanosensitive ion channel component 1 (piezo1) and endothelin 1 (edn1) were down-

regulated. In contrast, other genes (e.g. klf2, s1p1, pkd2 and cxcr4) involved in mechanosensing 

and response in endothelial cells were either up regulated in IOX (vs control) or downregulated 

in DES or vice-versa (Supplementary Table 2.3, 2.4 and 2.5 annex I). Taken together, our data 

seem to suggest that IOX and DES affect blood flow. What is not clear is if the effect is through 

a direct effect on endothelial cells, cardiomyocytes (and hence heart-function) or both. Of the 

two chemicals tested IOX presented clearer effects both in relation to endothelial factors (most 

notably the angiotensin receptor agtr1a) as well as Ca2+-signalling related genes (Figure 2.4A 

and B). Another important observation was that endothelial cells responded differently to IOX 

and DES, even though similar morphological endpoints were identified they seem to point out 

for vessel contraction/stiffness implications. 

Blood vessel development is known to affect thyroid gland morphology and modulates 

thyroid morphogenesis in zebrafish (Alt et al. 2006a; Opitz et al. 2012). Given that thyroid 

gland development is highly dependent on the development of the heart and aorta (Opitz et al. 

2012; Wendl et al. 2007; Alt et al. 2006a), the data from the present study revealing that IOX 

and DES disrupt normal cardiovascular development in the zebrafish embryos probably 

explains the observed modifications in thyroid gland development and homeostasis. We have 

shown that this is likely mediated by changes in the expression of the thyroid gland master 

developmental factor, nkx2.1a (Campinho & Power 2013). Taken together our data indicates 

that thyroid gland development was affected in IOX and DES exposed embryos probably due 

to disruption of normal cardiovascular development and that this might have repercussions on 

TH homeostasis in later life stages. 

These observations are not entirely unexpected. 2,3,7,8-tetrachlorodibenzo-p-dioxin 

(TCDD) has been shown to cause severe heart morphology anomalies by altering looping and 

also provoked defects in heart function such as blood regurgitation and ventricular standstill in 

zebrafish embryos (Antkiewicz et al. 2005). In the other only study in vertebrates where it was 

studied the effect of an anthropogenic derived chemical exposure on cardiac development and 

thyroid gland development, it was reported that clofibrate impacts on heart morphology and 

contractility in zebrafish leading to altered thyroid gland morphogenesis (Raldúa et al. 2008). 

Similarly, a short ventral aorta was observed in clofibrate-exposed zebrafish larvae with 

disrupted thyroid tissue morphogenesis (Raldúa et al. 2008). Taken together the disruption of 

thyroid gland morphogenesis was due to impairment of ventral aorta development in clofibrate-
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exposed zebrafish larvae (Raldúa et al. 2008). 

While more work is needed to further dissect the effects of DES and IOX on zebrafish 

thyroid gland development and homeostasis, the present study shows that DES and IOX are 

thyroid disrupting compounds. We propose that DES and IOX directly affect vascular and heart 

development and that through this action they indirectly impair the developing thyroid gland 

and presumably the thyroid axis and disrupt thyroid homeostasis. Notably, the toxicological 

effects of IOX and DES on zebrafish and humans seem to be remarkably well conserved and 

highlights the zebrafish as good model for understanding the effect of environmental exposure 

to IOX and DES in human populations. 

 

2.6. Conclusion 

Our findings suggest that low micromolar levels of waterborne IOX and DES can alter 

normal cardiac and vascular physiology of zebrafish embryos and have the potential to give rise 

to thyroid endocrine disruption indirectly. Taken together, the subtle but significant 

morphological, functional and gene expression changes at very low levels of IOX and DES, 

suggest that what are considered safe limits for these chemicals in the environment are lower 

than previously thought. 
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3.1. Abstract 

Endocrine disruption results from exposure to chemicals that alter the function of the 

endocrine system in animals. Chronic 60 days of exposure to a low dose (0.1 μM) of IOX or 

DES via food was used to determine the effects of these chemicals on the physiology of the 

heart and thyroid follicles in juvenile zebrafish. Immunofluorescence analysis and subsequent 

3D morphometric analysis of the zebrafish heart revealed that chronic exposure to IOX induced 

ventricle deformation and significant volume increase (p < 0.001). DES exposure caused a 

change in ventricle morphology, but volume was unaffected. Alongside, it was found that DES 

exposure upregulated endothelial related genes (angptl1b, mhc1lia, mybpc2a, ptgir, notch1b 

and vwf) involved in vascular homeostasis. Both IOX and DES exposure caused a change in 

thyroid follicle morphology. Notably, in IOX-exposed juveniles, thyroid follicle hypertrophy 

was observed; and in DES-exposed fish, an enlarged thyroid field was present. In summary, 

chronic exposure of juvenile zebrafish to IOX and DES affected the heart and the thyroid. Given 

that both chemicals are able to change the morphology of the thyroid it indicates that they 

behave as EDCs. Heart function dynamically changes thyroid morphology, and function and 

hence it is likely that the observed cardiac effects of IOX and DES are the source of altered 

thyroid status in these fish. 

 

 

 

Keywords: Diethylstilbestrol; Endocrine disruption; Heart; Ioxynil; Thyroid; Vascular 
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3.2. Introduction 

EDCs are natural or synthetic compounds that interfere with normal endocrine signalling 

(Santos-Silva et al. 2018). These hormone-like chemicals include pharmaceuticals, industrial 

pollutants, waste products, pesticides, and plastics and have detrimental effects on animal health. 

Their effects include development, reproduction, metabolism and physiology (Schug et al. 2016; 

Schug et al. 2011). A wide variety of EDCs are associated with abnormal physiological 

conditions that lead to diseases (Skinner 2014). 

Epidemiological studies have shown a link between EDC exposure and increased 

incidence of cardiovascular disease (Bae et al. 2012; Goncharov et al. 2008; Tournaire et al. 

2016). In humans, in utero exposure to DES increases the incidence and prevalence of cardiac 

defects, including heart murmur, ventricular septal disease, tetralogy of fallout, atrial septal 

defect, and pulmonic stenosis (Titus-Ernstoff et al. 2010). Similarly, when zebrafish embryos 

are exposed to herbicide IOX or synthetic estrogen DES (0.1 μM), heart development, 

morphology (Campinho & Power 2013) and function are significantly affected (Li et al. 2019). 

Furthermore, IOX- and DES-exposed zebrafish embryos had a higher heartbeat frequency, 

lower ventricular volume and a reduced ventral aorta diameter, and most likely modified blood 

flow (Li et al. 2019). The observed effects on the cardiovascular system are coherent with a 

previous study in which short-term exposure to IOX and DES affected heart-vascular-thyrocyte 

development in zebrafish embryos (Li et al. 2019; Campinho & Power 2013). 

Vascular endothelial cells in blood vessels play a crucial role in maintaining cardiovascular 

homeostasis since they mediate vascular tone, regulating vessel-wall permeability and blood 

flow (Pober & Sessa 2007). Transcriptional analysis of endothelial cells from zebrafish embryos 

exposed to 0.1 μM IOX or DES revealed both common and compound specific responses and 

ventricular morphology (Li et al. 2019). Several cardiomyopathy pathways were significantly 

modified in both IOX- and DES-exposed embryos, including hypertrophic, dilated, and 

arrhythmogenic right ventricular cardiomyopathy, strongly arguing that the cardiac effect of 

IOX and DES might be due to endothelial specific effects (Li et al. 2019). IOX also significantly 

impacted genes linked to vascular smooth muscle contraction and coagulation related pathways, 

suggesting it might influence systemic physiological responses via blood vessels (Li et al. 2019). 

In zebrafish and mice, thyroid gland morphogenesis directly associates with cardiac and 

pharyngeal blood vessel development and interaction herein (Alt et al. 2006b; Opitz et al. 2012; 

Wendl et al. 2002). In zebrafish, early thyroid morphogenesis (thyroid bud) occurs between 32 

and 55 h post-fertilization (hpf) spatially adjacent to the apical pole of the heart in the pharynx 
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(Opitz et al. 2012). Pharyngeal vessels, such as the ventral aorta (VA), are in close spatial 

proximity to the thyroid gland and have a role in remodeling thyroid morphogenesis (Alt et al. 

2006a). Impaired heart development and function are associated with abnormal thyroid 

development and suggest that normal heart function is essential for thyroid morphogenesis 

(Campinho & Power 2013). Previous evidence showed that exposure of zebrafish embryos to 

IOX and DES led to cardiac and vascular development impairment, which induced abnormal 

zebrafish thyroid development (Campinho & Power 2013; Li et al. 2019). Zebrafish embryos 

revealed more sensitivity to endocrine disruption in a short-term exposure (Campinho & Power 

2013; Li et al. 2019). 

In the USA, human usage of DES has been banned since 1971 (Reed & Fenton 2013). 

However, given its widespread use in livestock production, it remains a threat to human health. 

In China, DES concentrations as high as 24.9–102 ng/L and 7.2–16.9 μg/L (approximately 0.1 

μM) were detected in Chinese rivers and fisheries waters (Chen et al. 2009; Qu et al. 2012; 

Zhang et al. 2012a). Therefore, even though some restrictions on using these chemicals have 

been introduced they are still prevalent in ecosystems and are likely to affect human health. 

However, these chemical concentrations are considered low limits in the environment, and 

“no observed effect concentration” (NOEC) was found when fish were exposed to 3.2 mg/L 

IOX for 21 days (European-Commission 2004). DES is a human and animal carcinogen that 

was considered to have no safe exposure level (Rodricks 1988). We have demonstrated that 

IOX and DES affect zebrafish cardiovascular and thyroid development. However, it is unclear 

if the same effects are observed in cardiac and thyroid homeostasis and physiology in zebrafish 

juveniles/adults. To further understand the effects of those chemicals on heart and thyroid 

physiology under “low dose” exposure and provide evidence for policymakers, we evaluated 

the impact of chronic (60-days exposure) exposure to IOX and DES on the heart and thyroid 

morphological indexes in juvenile zebrafish. Given that zebrafish is an outstanding biomedical 

model, these findings will likely impact IOX and DES action in human health. 

 

3.3 Materials and methods  

3.3.1. Zebrafish rearing 

Adult transgenic zebrafish Tg(cmlc2:GFPCaaX) (Li et al. 2019) and Tg(kdrl:mCherry) 

(Mugoni et al. 2013) were crossed and allowed to spawn under natural conditions. Embryos 

were collected and incubated in E3 medium at 28.5 °C. At 48 hpf, embryos were sorted for the 

presence of both cardiac GFP and endothelial mCherry signal under a fluorescent stereoscope 
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(Olympus AZX7, Tokyo, Japan). Double transgenic embryos Tg(cmlc2:GFPCaaX, 

kdrl:mcherry) were reared under standard zebrafish rearing conditions (Nasiadka & Clark 2012) 

up until metamorphosis (25–30 dpf) and fed once a day a mix of artemia and Sera Micron dry 

food (Lisbon, Portugal). 

In order to determine the most appropriate IOX and DES dosing, preliminary experiments 

were performed to determine the growth rate of the juvenile zebrafish for 4 weeks. Immediately 

after metamorphosis (25–30dpf) 20 juveniles were transferred to 8 L tanks filled with water 

from the zebrafish rearing facility (pH 7, 700 μS, 28 °C) (Technoplast, Rome, Italy). To this 

end, every week 5 fish were collected and sacrificed with a lethal dose of phenoxyethanol (>250 

mg/L) (Carl Roth, Karlsruhe, Germany). Afterwards, it was determining the wet weight of each 

juvenile. The weight increment per week was calculated and used to adjust, weekly, the dose of 

IOX/DES provided via the experimental feed. 

All experiments were carried out in accordance with Portuguese and EU law for animal 

experimentation and welfare. 

 

3.3.2. Experimental feed preparation 

Food was prepared on a weekly (7 days) basis using the results of the preliminary growth 

assay (Section 2.1) to establish the amount of food (g) and quantity of IOX or DES to be added. 

The experimental feed was given daily at 1.5 % of wet fish weight previously determined and 

provided a daily exposure dose of 0.1 mM IOX (Merck, Darmstadt, Germany; CAS-1689-83-

4) or DES (Merck, Darmstadt, Germany; CAS-56-53-1) (the fish density/tank was ~1 g/L) per 

individual fish. The feed was prepared by spraying IOX or DES in 70 % ethanol over the food 

and dried in a fume hood for 24 h at room temperature in the dark, as previously described 

(Campinho et al. 2012). Control food was prepared the same way but only sprayed with the 

vehicle (70 %). 

 

3.3.3. IOX and DES exposure 

Sexually immature (~30 dpf) juvenile double transgenic Tg(cmlc2:GFPCaaX, 

kdrl:mcherry) zebrafish were used in experiments. Twenty juvenile fish were reared in 

individually isolated semi-closed system in 8 L tanks with zebrafish system water (pH 7, 700 

μS, 28 °C). The water temperature of 28 °C is the optimum temperature for rearing zebrafish 

(Lawrence 2007; Matthews et al. 2002; Kimmel et al. 1995; Aleström et al. 2020). Fish were 

fed daily with 1.5 % (g feed/g fish wet weight) of experimental feed prepared as described 
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above. To ensure all the individuals ate the feed so that each fish was exposed to 0.1 μM IOX 

or DES, this was done twice daily. The exposure experiment was carried out for 60 days and was 

terminated before sexual maturation. At the beginning of each experimental day, solid debris 

was taken out and replenished with zebrafish system water to 8 L. Every two days, one quarter 

of the tank was renewed. The toxicity exposure procedure is based on modified OECD Test 

guidelines 215 and our previous experiments with these chemicals. Two identical independent 

assays were carried out at different times and using different broad stock to mitigate genetic 

differences. 

At the end of the experiments, juveniles were sacrificed with a lethal dose of 

phenoxyethanol (>250 mg/mL) and samples were collected. For gene expression analysis, 10 

fish (5 from each experiment) were snap frozen individually in dry ice and stored at −80 °C 

until analysis. For histological analysis, 5 fish, from each experiment were fixed separately 

overnight in 4 % PFA/1 × PBS at 4 °C and then rinsed in sterile water and transferred to 100 % 

methanol and maintained at −20 °C until use. After transfer to methanol, experimental animals 

from both independent assays were brought together for storage at −20 °C. 

To determine growth curves of experimental fish, daily photos of each tank at a distance 

of 20 cm were taken to allow all experimental fish to be captured (Supplementary Figure 3.1 

and 3.2 annex II). After image analysis, the total length of juvenile fish was determined in FIJI 

software (Schindelin et al. 2012). 

It was not possible to determine the actual concentration of IOX and DES in the 

experimental animals, which is limitation of our study. 

 

3.3.4. Immunofluorescence assays and determination of the heart ventricle volume 

The heart ventricle volume was determined on whole hearts dissected from experimental 

zebrafish juveniles fixed in 4 % paraformaldehyde (PFA) and subject to immunofluorescence 

(IF). The whole heart was hydrated through a graded methanol series (100 % to water), then 

rinsed in phosphate-buffered saline (PBS) containing 0.5 %TritonX-100 (PBTr) and incubated 

with 1/1000 dilution of rabbit anti-GFP antiserum (Abcam, Eugene, Oregon, USA) and 1/200 

mouse anti-mCherry serum (St. Johns Lab, London, UK). The detection of the primary antisera 

was carried out with goat anti-rabbit-CF488 and goat anti-mouse-CF594 secondary antibodies, 

respectively. After IF, hearts were cleared for 3 days in ScaleA solution (Hama et al. 2011) and 

transferred back to 1 × PBS and imaged using a Zeiss Z1 single plain-microscope (Jena, 

Germany). Images were fused and reconstructed on Zeiss Zen Blue software. FIJI Volumest 



  Chapter 3 
 

 
 

57 

plugin (Merzin 2008) was used to determine the ventricle volume. The images were firstly 

cropped to select the heart ventricle. The 3D volumes images were transformed to 8-bit. 

Afterwards, the images were inverted and the area of the heart ventricle in each slice (1 μm Z-

step) was measured, and the sum of the total number of slices was used to determine the volume 

of the ventricle. Five hearts per treatment were randomly selected from experimental animals 

in the two assays. 

 

3.3.5. Determination of thyroid morphology 

Heads of five experimental fish per treatment, randomly selected from the two assays, 

were dissected PFA-fixed, processed and embedded in paraffin. Serial sagittal histological 

sections (8 μm) of the whole head were prepared with a rotary microtome and placed on 3-

Aminopropyltriethoxysilane (APES; Merck)-coated glass slides. For IF assays, sections were 

dewaxed in xylene and rehydrated through an ethanol series (100 % to water) and washed in 

PBTr and IF was carried out using an antiserum specific for thyroglobulin (1/1000, Dako, 

Copenhagen, Denmark). A 1/30000 dilution of 4′,6-diamidino-2-phenylindole (DAPI, Carl 

Roth, Karlsruhe, Germany) labeled cell nuclei. After IF, the sections were mounted in glycerol, 

covered with a glass coverslip and stored at 4 °C until imaging. Imaging was carried out on a 

Zeiss Z2 up right epifluorescence microscope. Composite images were prepared in FIJI, and 

thyroid follicle number and diameter were calculated. From this, it was calculated the total area 

of follicles over the total length of fish, i.e., the sum of the area of all follicles imaged per slide. 

The extension of the thyroid field over the total length of fish, i.e., the length occupied by 

thyroid follicles from the most anterior to the most posterior follicle, was also measured in FIJI. 

All slides used for IF were selected to include the vomer bone (located along the midline of the 

body) and enabled all measurements to be carried out in similar regions of each experimental 

fish. 

To determine thyroid follicular activity, thyrocyte height was determined as previously 

described (Campinho et al. 2006) using a direct method (Kalisnik et al. 1977). To this end, 

adjacent histological slices to the ones used for immunofluorescence were dewaxed in xylene 

and rehydrated through an ethanol series (100 % to 50 %) and then washed in water. For 

haematoxylin and eosin (H&E), staining tissue sections were immersed in Harris haematoxylin 

(Carl Roth, Karlsruhe, Germany) for 30 s, washed in tap water and then immersed in eosin Y 

(Carl Roth, Karlsruhe, Germany) for 30 s and washed with distilled water. After the staining 

procedure, permanent histological preparations were obtained by rapidly dehydrating through 
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an ethanol series (from 50 % to 100 %), clearing in xylene and mounting in DPX (Carl Roth, 

Karlsruhe, Germany). Images were taken in a Leica DM2000 bright field microscope coupled 

to a DFC480 digital camera (Leica, Jena, Germany). Thyrocyte height was measured in FIJI 

using the line tool. Cell height of four different thyrocytes per follicle, lying 90° from one 

another, was measured in five to six different follicles per animal (N = 3/treatment) and analysed. 

 

3.3.6. Real-time quantitative polymerase chain reaction analysis 

Total RNA from individual juvenile zebrafish (CTR: n = 7; IOX: n = 5; DES: n = 4) was 

isolated with an Omega Total RNA extraction kit (Omega Bio-Tek, Inc., Norcross, GA, USA) 

following the manufacturer's instructions. The quality of total RNA was assessed by gel 

electrophoresis and spectrophotometry. Only the RNA samples that presented clear 18S and 

28S bands with a 1:2 ratio were used. The total RNA was treated with a TURBO DNA-free™ 

kit (Ambion, Foster City, CA, USA) as recommended by the manufacturer and 500 ng DNA 

free total RNA was used for cDNA synthesis with random hexamer primers (50 ng/μL) and a 

RevertAid kit (Thermo Scientific, Foster City, CA, USA). 

Endothelial and cardiac-specific genes previously affected in zebrafish embryos by IOX 

and DES (Li et al. 2019) were analysed by qPCR using primers previously described (Table 

3.1). To further address the specific effect of IOX and DES treatment on thyroid function, 

thyroglobulin (tg) expression was also determined (Table 3.1). The qPCR assay was carried out 

in a 10 μL reaction volume containing 1 μL template cDNA (around 200 ng), 300 μM of each 

primer (Table 3.1), 5 μL of 2 × SsoFast EvaGreen supermix (Bio-Rad, Hercules, CA, USA) and 

3.4 μL sterile MilliQ water. The qPCR analysis was performed in a CFX96 Touch real-time 

PCR detection system (Bio-Rad, Hercules, CA, USA) with two technical replicates per sample. 

Relative mRNA expression was determined using absolute quantification with serial dilutions 

of the target amplicon as the standard curve. The thermocycling consisted of an initial 

denaturation step for 3 min at 95 °C followed by 45 cycles of 10 s at 95 °C and 15 s at 60 °C. 

A melting curve analysis with a temperature gradient of 0.5 °C/s from 65 °C to 95 °C was 

carried out to confirm that a single amplified product was obtained. 18s (Li et al. 2019) and 

ef1a (Rocha et al. 2015) were used as the reference gene for normalization, which did not vary 

significantly between the treatment’s groups analysed. The copy number of target genes was 

calculated from the calculated standard curve. For normalization of expression of analysed 

genes, the ratios for the target genes were calculated by dividing by the geometric mean from 

of copy number of the reference genes (18s and ef1a). 
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Table 3.1. Primers used for qRT-PCR expression analysis of 18 selected genes, 18s and ef1α. 
 

Target Primer Sequence (5'-3') Amplicon 
size (nt) 

Efficiency 
(%) r2 Accession number 

acvr1bb (activin 
receptor type-1B-like) 

FW ACGCTCTGGGTCTGGTGTACTG 112 98.7 0.997 ENSDARG00000052142 RV TCTATGGAGGGATCTGACGGCAC 
adrb1 (β1-adrenergic 
receptor) 

FW TCGTGGGCATGGGAATCCTCAT 106 96.1 0.999 ENSDARG00000007490 RV GTGAGCGTCTGGAGCCTCTGAT 
agtr1a (angiotensin II 
type I receptor) 

FW CGACTCCAACACGGGACTTGC 137 104.7 0.995 ENSDARG00000018616 RV AGATGACGGCGACTACCAGACTG 
angptl1b 
(angiopoietin-related 
protein 2) 

FW GACAGTTCACCACGCTGGACAG 
122 93.4 0.995 ENSDARG00000100159 RV TGAGTACCACACGCCGTTCAGA 

cacna1da (voltage-
dependent L-type 
calcium channel 
subunit alpha-1D) 

FW CAATGAGCAGCAAGCCGAGGTAA 

158 100.1 0.998 ENSDARG00000102773 RV AGCCTTTGTGGAGGGATATGCCA 

cacna1ha (voltage-
dependent calcium 
channel subunit alpha-
1H-like) 

FW CCTTCAGAGACGCAATGCCTCAG 

182 97 0.997 ENSDARG00000060496 RV GCCAACTTGATCGCAGCATCCA 

cacng2b (calcium 
channel, voltage-
dependent, gamma 
subunit 2b) 

FW CTCTGGTGGAATGCGGCAGTATG 

173 97.6 0.997 ENSDARG00000102376 RV GCTGGTCTCGTTCTCGTTGGTG 

cadm1a (cell adhesion 
molecule 1a isoform 3) 

FW GCCTCAGCAGGTGAACTGGGTA 126 101.4 0.997 ENSDARG00000031075 RV GACGCCACGCATCGGTAAGTG 
calcr (calcitonin 
receptor) 

FW TCGCAGAGGAGCAGCACCTAC 136 93.5 0.999 ENSDARG00000028845 RV AGCAGATGCGTCTCCACACTCA 
chrnb3a (cholinergic 
receptor, nicotinic, beta 
polypeptide 3a 
precursor) 

FW CCTTCACGCCAACGACACGATTACT 

116 103.6 0.996 ENSDARG00000052764 RV TCCACTCCTCCCACAACCAGACATT 

hif1aa (hypoxia 
inducible factor) 

FW GCTCAGAGAAATGCTGGCACACA 148 108.6 0.991 ENSDARG00000006181 RV CAGCACCTTCCAGGAGGCAGA 
mhc1lia (hereditary 
hemochromatosis) 

FW TGATGGCGAACCAGGACGAATGA 121 96.9 0.999 ENSDARG00000097766 RV CACATGGGTCGAGACGTTGAAGC 
mybpc2a (myosin 
binding protein C, fast 
type a) 

FW TATCCAAGAACCGCCTGTCACCA 
149 95.3 0.996 ENSDARG00000030157 RV TTCCATCTCGGCTCAGTTCCACA 

notch1b FW TTGACGACTGCACACCGTTCAC 159 94.8 0.998 ENSDARG00000052094 RV GGTTGGACAGGCACTCGTTGAC 
ptgir (prostacyclin 
receptor-like) 

FW AGTGATGGACTCTGCCTGGACAG 169 94.5 0.998 ENSDARG00000038278 RV GCCTCGATGCTGGTGATGTTCTC 
itpr1b (inositol 1,4,5-
trisphosphate receptor, 
type 1b) 

FW CGGTGGAGGAGTCGGAGATGTG 
160 95.6 0.999 ENSDARG00000074149 RV GCTTCTGAGGTCTGCGAAGGTATC 

vwf (von Willebrand 
factor) 

FW GCGTGGAGGCATTCGGCAACT 193 96.8 0.999 ENSDARG00000077231 RV CGGCAGTTCTTCACATACGGCTCAG 
tg (thyroglobulin) FW GCGAGACCTGCTGTGATGGATTC 146 88 0.993 XM_689200.4  RV GATGCGGCTGGAAGAGGAAAGAC 

18s FW GGAATTGACGGAAGGGCACCAC 135 103.8 0.995 ENSDARG00000089382 RV GCACCACCACCCACAGAATCG 
ef1a (Rocha et al, 
2015) 

FW TTGAGAAGAAAATCGGTGGTGCTG 99 94.3 1.00 NM_131263.1 RV GGAACGGTGTGATTGAGGGAAATTC 

 

 

3.3.7 Statistical analysis 

GraphPad Prism 6 software was used for statistical data analysis. An unpaired Student's t-

test was used to infer the statistical significance of differences in the ventricle volume, thyroid 

follicle number, thyroid field length, thyroid follicle area, thyrocyte cell height and qPCR gene 

expression data between control fish and IOX or DES siblings. Statistical significance was 

considered at p < 0.05. 
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3.4. Results 

3.4.1. Effect of IOX and DES on the ventricle morphology 

Volumetric analysis of the heart assessed after immunostaining against GFP 

(cardiomyocytes, red) and mCherry (endothelial cells, green) and light-sheet whole heart 

fluorescent microscopy revealed that exposure of juvenile zebrafish for 60 days to IOX 

significantly increased the volume of the ventricle relative to the control group (Figure 3.1A; p 

< 0.001). The ventricle of IOX-treated juveniles was deformed compared to the ventricle of 

control juveniles (Figure 3.1B, Supplementary Movies 3.1 and 3.2 annex II). 

DES exposure did not significantly change the volume of the ventricle relative to control 

juveniles (Figure 3.2A; p > 0.05). However, the ventricle of DES-treated animals presented 

malformations, given that both the external surface of the ventricle and atrium had some 

obvious irregularities that were not found in control juvenile fish (Figure 3.2B, Supplementary 

Movies 3.1 and 3.3 annex II). 

 

 
 

Figure 3.1. Exposure of zebrafish Tg(cmlc2:GFPCaaX, kdrl:mcherry) juveniles (~ 90 dpf) for 60 days 
to IOX increases ventricle volume and alters heart morphology. (A) Box and whisker plot (minimum and 
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maximum) of total ventricle volume and (B) maximum projections of whole-heart, after immunostaining for 
GFP (cardiomyocytes, red) and mCherry (endothelial cells, green) and imaging by light-sheet fluorescent 
microscopy, for control (CTR, n=5) and IOX (n=5) treated animals. A Student's t-test was used to test for 
statistical significance, *** p < 0.001. Scale bars in figure B correspond to 100 μm. a – atrium, v – ventricle, 
b – bulbus arteriosus. 
 

 
 

Figure 3.2. Exposure of zebrafish Tg(cmlc2:GFPCaaX, kdrl:mcherry) juveniles (~ 90 dpf) for 60 days 
to DES does not affect ventricle volume but alters heart morphology. (A) Box and whisker plot (minimum 
and maximum) of total ventricle volume and (B) maximum projections of whole-heart, after immunostaining 
for GFP (cardiomyocytes, red) and mCherry (endothelial cells, green) and imaging by light-sheet fluorescent 
microscopy, for control (CTR, n=5) and DES (n=5) treated animals. A Student's t-test was used to test for 
statistical significance, p > 0.05. Scale bars in B correspond to 100 μm. a – atrium, v – ventricle, b – bulbus 
arteriosus. 
 
 
3.4.2. IOX and DES affect the thyroid and gene expression profiles 

The effects of IOX and DES on thyroid morphology were analysed after immunostaining 

for Tg. The staining of Tg with this antiserum only identifies intact protein, indirectly indicative 

of unprocessed protein. Strong Tg immunofluorescence was observed in the thyroid follicular 

lumen in control, IOX and DES-treated juvenile zebrafish (Figure 3.3A, Figure 3.4A). In IOX-
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treated zebrafish, the thyroid follicles had a modified morphology with enlarged follicles and 

strong Tg immunofluorescence in the lumen compared to the control group (Figure 3.3A). 

Follicle Tg staining shows that the follicle lumen is not all occupied by Tg, likely reflecting 

processed protein into thyroid hormones. The lower stained area in control likely reflects the 

higher activity of the follicles than in IOX treated animals. Further analysis of thyrocyte 

follicular activity by cell height analysis further indicated that IOX treated fish presented less 

active thyrocytes (p = 0.0048, Supplementary Figure 3.3A annex II). The thyroid follicle 

number and field length relative to fish length was not significantly changed in IOX-treated 

zebrafish compared to the control (Figure 3.3B; p > 0.05). However, the follicular area relative 

to the fish length was significantly increased (Figure 3.3B; p < 0.05). 

 

 
 
Figure 3.3. Exposure to IOX affects the thyroid follicles' morphology. (A) Tg immunofluorescent 
detection (green) in the colloid of the thyroid follicle lumen in the pharyngeal region of juvenile zebrafish 
(cmlc2:GFPCaaX, kdrl:mcherry) after exposure to IOX for 60 days. Sections were counterstained with DAPI 
(blue) and the nuclei of the thyrocytes surrounding the follicle lumen are clearly visible. Note that in some 
follicles of both the control and IOX-treated zebrafish the lumen had little to none Tg immunofluorescent. 
Enlarged thyroid follicles were consistently found in IOX treated juveniles. (B) Measurement of thyroid 
follicle number, thyroid follicle field relative to the fish length and thyroid follicle area relative to fish length. 
Significant differences between the control and IOX-treated zebrafish (n=5/experimental group) were 
assessed with a Student’s t-test with significance at p < 0.05 (*). The arrowhead denotes a thyroid follicle. 
The thyroid follicle field was defined as the distance between the most anterior and the most posterior thyroid 
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follicles. The thyroid follicle area was defined as the sum area of all thyroid follicles. Scale bars in each 
figure correspond to 100 μm. 
 

 

In zebrafish treated with DES, the histological appearance of the thyroid follicle 

primordium was similar to the control fish, although the thyroid follicle field length relative to 

fish length increased compared to the control group (Figure 3.4B). The thyroid follicle field 

relative to fish length in the DES -exposed group was significantly higher than in the control 

group (Figure 3.4B; p < 0.05). DES exposure did not significantly change the thyroid follicles 

area relative to fish length or the thyroid follicles number (Figure 3.4B; p > 0.05), suggesting 

no differences in thyroid activity. Further analysis of thyrocyte follicular activity by cell height 

analysis further supports no differences in thyrocytes activity between control, and DES-treated 

fish (p > 0.05, Supplementary Figure 3.3B annex II). 

 

 
 
Figure 3.4. Exposure to DES affects thyroid follicles' morphology. (A) TG immunofluorescent detection 
(green) in the colloid of the thyroid follicle lumen in the pharyngeal region of juvenile zebrafish 
(cmlc2:GFPCaaX, kdrl:mcherry) after exposure to DES for 60 days. Sections were counterstained with 
DAPI (blue) and the nuclei of the thyrocytes surrounding the follicle lumen are clearly visible. Note that in 
some follicles of both the control and DES-treated zebrafish the lumen did not contain immunofluorescent 
TG. (B) Measurement of thyroid follicle number, thyroid follicle field relative to the fish length and thyroid 
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follicle area relative to fish length. Significant differences between the control and DES-treated zebrafish 
(n=5/experimental group) were assessed with a student’s t-test with significance at * p < 0.05. The thyroid 
follicle field was defined as the distance between the most anterior and the most posterior thyroid follicles. 
The thyroid follicle area was defined as the sum area of all thyroid follicles. Scale bars in each figure 
correspond to 100 μm. 
 

 

3.4.3. Gene expression analysis 

Eighteen candidate genes related to cardiovascular function and calcium homeostasis were 

analysed to identify the effect of IOX and DES on gene expression profiles (Figure 3.5). qPCR 

analysis showed that vascular related angiopoietin-related protein 2 (angptl1b), myosin binding 

protein C fast type a (mybpc2a), notch receptor 1b (notch1b), prostaglandin I2 receptor (ptgir) 

and von Willebrand factor (vwf) gene expression was significantly up-regulated in DES-

exposed zebrafish (Figure 3.5B, p < 0.05) compared to the control. The expression of these 

genes was not found to be different from control and IOX-treated fish (Figure 3.5A, p > 0.05). 

However, the expression of the Major Histocompatibility Complex 1lia (mhc1lia) gene, related 

to hereditary hemochromatosis (Dirscherl et al. 2014), was significantly up-regulated in IOX-

treated fish (Figure 3.5A, p < 0.05) but not in DES-treated (Figure 3.5B, p > 0.05). No 

significant differences in expression were found for the other genes analysed between the 

control and IOX or DES exposed zebrafish (p > 0.05; Supplementary Figure 3.4 annex II). 
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Figure 3.5. qPCR analysis of genes involved in endothelial function (Li et al. 2019), angptl1b, mhc1lia, 
mybpc2a, notch1b, ptgir and vwf, in IOX-treated (A), DES-treated (B) and control juvenile zebrafish. 
angptl1b: angiopoietin-related protein 1b; mhc1lia: hereditary hemochromatosis; mybpc2a: myosin binding 
protein C, fast type a; notch1b: notch receptor 1b; ptgir: prostacyclin receptor-like; vwf: von Willebrand factor. 
A Student’s t-test was used to assess if statistically significant difference in gene expression occurred. The 
biological replicates were as follows: Control: n = 7; IOX: n = 5; DES: n = 4. Significant differences are 
denoted with * for p < 0.05. 
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3.4. Discussion 

Our previous work demonstrated that zebrafish embryos exposed to waterborne 0.1 μM 

DES and IOX presented impaired cardiovascular system and thyroid development (Campinho 

& Power 2013; Li et al. 2019). Our data revealed that chronic exposure to DES and IOX leads, 

in a chemical specific-manner, to diverse consequences ranging from cardiac ventricle 

alterations, up-regulated expression of vascular genes and alterations in thyroid tissue 

homeostasis in juvenile zebrafish. This work showed that even after the heart and thyroid tissue 

are fully developed in juvenile zebrafish, exposure to IOX and DES can lead to cardiac and 

thyroid changes similar to those observed in zebrafish embryos. The evidence presented 

strongly suggests an indirect endocrine disruption action, via altered cardio-vascular function 

and homeostasis, of IOX and DES on the thyroid system. It may suggest that cardiac and thyroid 

are the targets for such a low-level concentration of IOX and DES (0.1 μM) regardless of 

different life stages. 

DES and IOX, like other EDCs, have the potential to interact with the thyroid axis and 

thyroid cellular signalling and directly disrupt thyroid homeostasis in marine teleosts (Morgado 

et al. 2009; Morgado et al. 2007). In zebrafish embryos, exposure to DES and IOX (0.1 μM) 

impaired zebrafish thyroid and cardiovascular development. Our previous study revealed 

impaired heart development and function by injection of a morpholino (MO) against zebrafish 

cardiac troponin I, which stops heart contraction and later cardiac development, and inhibited 

thyroid morphogenesis, indicating thyroid development is strongly associated with normal heart 

development and function (Campinho & Power 2013). Notably, our previous studies 

demonstrate that IOX and DES do not appear to impair thyroid development directly but induce 

it through altered cardiac and vascular tissue development (Campinho & Power 2013; Li et al. 

2019). The observations of our previous studies of IOX and DES potential EDC action 

corroborate studies demonstrating that zebrafish thyroid development is strictly dependent on 

the correct heart and vascular, most notably ventral aorta, development and function (Alt et al. 

2006b; Opitz et al. 2012; Wendl et al. 2002). 

The present study aimed to determine in juvenile zebrafish with fully developed 

cardiovascular and thyroid if 0.1 μM IOX and DES impaired zebrafish heart and thyroid 

morphology after 60 days of chronic exposure via food. We used previously established 

morphological indexes to access the heart (Campinho & Power 2013; Li et al. 2019) and thyroid 

function (Pinto et al. 2013; Campinho et al. 2012; Morgado et al. 2009; Campinho et al. 2006). 

The results revealed that as occurred in embryos, DES and IOX affected the heart morphology 
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and likely function, given that both indexes modulate each other. 3D morphometrics of the 

juvenile zebrafish heart revealed that the ventricular volume was significantly increased in IOX-

treated juveniles, suggesting that IOX had a more pronounced effect on heart morphology than 

DES. However, endothelial genes differentially expressed between IOX, and control embryos 

were not significantly different in juvenile zebrafish, suggesting that the effect on cardiac 

morphology might be a direct action on cardiomyocytes (Figure 3.5). However, this can also 

reflect the different experimental approaches of the two studies since in embryos, endothelial 

cells were first isolated and RNA-seq carried only in this cell population (Li et al. 2019), 

whereas here, it was used whole-animals. Nonetheless, the change in ventricle morphology and 

size observed in IOX treated animals indicates that cardiomyocytes and cardiac endothelial 

cells were affected. In fact, in cultured human neuroblastoma cells, IOX disrupted gap junction 

formation by affecting connexin 43 and hence modified cell adhesion (Vicario et al. 2017). 

Therefore, it seems probable that some of the effects of IOX on cardiac morphology and 

function observed in juvenile zebrafish (present study) and embryos (Campinho & Power 2013; 

Li et al. 2019) may be due to effects of IOX on the cytoskeleton and cell adhesion. Different 

genes involved in cell adhesion, such as cell adhesion molecule 1b precursor, cell adhesion 

molecule 1a isoform 3 and platelet endothelial cell adhesion molecule-like isoform X1, were 

found to be expressed in endothelial cells and significantly up regulated in IOX treated embryos 

(Li et al. 2019). The finding that IOX up regulated mhc1lia might also indicate that in juvenile 

fish IOX might impact the immune system (Dirscherl et al. 2014) (Figure 3.5A). That could not 

be evaluated in embryos since, at this stage of development, the zebrafish does not have a fully 

developed immune system. 

The effect of DES on heart morphology was subtle, and it increased the variability of the 

ventricular heart volume in exposed juveniles compared to control siblings. Although 0.1 μM 

of DES did not overtly change ventricle volume, it did change ventricular morphology, and in 

previous studies of zebrafish embryos exposed to the high concentration of DES (30-fold 

higher), a significant incidence of heart defects and pericardial oedema occurred (Adam et al. 

2021), which is in line with our previous observations (Campinho & Power 2013; Li et al. 2019). 

Previous studies have found that the effect of DES on development/physiology may be related 

to estrogen receptor interactions (Adam et al. 2021). Furthermore, high doses of DES (25–100 

μM) are reported to have anti-vascular and anti-angiogenic activity by impairing VEGF 

signaling, promoting a proinflammatory response mediated by cytokines and enhancing 

YAP/Mst1-FOXO3A signaling (Zhang & Shi 2020). The qPCR results in the present study 
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reveal differential expression of endothelial-specific genes in DES-treated fish, thus suggesting 

that endothelial cells are targets for DES during embryonic development (Li et al. 2019) and in 

juveniles. Only five of the candidate genes selected were responsive in juvenile zebrafish 

exposed to DES for 60 days, angptl1b, mybpc2a, notch1b, ptgir and vwf (Figure 3.5). This 

contrasts with the results of embryonic exposure to DES, which did not affect the expression of 

angptl1b in zebrafish embryos (Li et al. 2019). Angiopoietins are endothelial cell-specific 

growth factors involved in the maturation, quiescence, and remodeling of blood vessels by 

binding to the receptor TIE2 (Tyr kinase with Ig and EGF homology domains) and mediate 

blood vessel enlargement (Augustin et al. 2009; Girling & Rogers 2009; Thurston et al. 2005). 

In mice, angiopoietin-1 expression was down-regulated in neonates after exposure to DES (4 

μg injection) in utero (Yamashita et al. 2013). Angiopoietins are essential for vascular 

homeostasis (Chislock et al. 2013). The up regulation of angptl1b after 60 days of exposure to 

DES in juveniles strongly indicates that DES affects vasculature homeostasis. This conclusion 

is further supported by the observation that myosin-binding protein C, a component of myosin 

filaments known to regulate muscle contraction (Merkulov et al. 2012; Mun et al. 2014) and 

one of the most common causes of familiar hypertrophic cardiomyopathies (Cheng et al. 2013) 

is also up-regulated. Moreover, ptgir, a potent vasodilator (Beaulieu & Freedman 2013) 

expressed in the zebrafish adult cardiovascular system, was also up regulated, suggesting that 

DES changes cardiovascular homeostasis. Taken together, the evidence suggests that 

endothelial cells, after long-term DES exposure, act to balance the effect of the chemical to 

preserve vascular function and homeostasis. The fact that the vWF gene, a multimeric adhesive 

plasma protein released by endothelial cells in the sites of vascular injury (Zou et al. 2019; 

Favaloro 2020), is also up regulated further strengths our conclusion that endothelial cells are 

a key target of DES and that the action of the chemical seriously affects vascular function and 

integrity. Moreover, notch1b expression up regulation (Figure 3.5B) further strengthens our 

conclusion that DES directly targets endothelial cells. In zebrafish, cardiac development 

notch1b signalling is responsible for luminal endocardium development in response to 

mechanical cues, and ectopic notch1b signalling leads to impair heart valve formation (Fontana 

et al. 2020). Notably, none of these genes are affected in zebrafish embryos exposed in the 

short-term to DES (Li et al. 2019). The outcomes of the present and previous studies suggest 

that DES induced cardiovascular defects are associated with prenatal exposure to DES and 

increased risk of cardiovascular defects such as heart murmur, pulmonic stenosis, atrial and 

ventricular septal in humans (Titus-Ernstoff et al. 2010; Tournaire et al. 2016). 
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The results of the present study, using previously established morphological indexes that 

indirectly assess thyroid homeostasis (Campinho et al. 2006; Campinho et al. 2012; Morgado 

et al. 2009; Pinto et al. 2013), revealed that thyroid homeostasis responded differently to IOX 

and DES exposure in juveniles. The enlarged follicles containing more Tg staining in IOX 

exposed zebrafish likely reflect thyroid hypertrophy after long-term exposure (Figure 3.3), 

which is in line with previous results in marine teleost exposed to IOX for 21-days (Morgado 

et al. 2009). Moreover, the significant increase in thyroid follicle area in IOX treated fish 

(Figure 3.3B) correlates with significant decreased thyrocyte height (Fig. S3A), strongly 

suggesting that Tg processing into thyroid hormones is likely impaired. Thus, the present results 

seem to point out that even though there are no direct signs of hyperthyroidism (as tg expression 

is maintained, Supplementary Figure 3.4 annex II), this can also signify impaired T4 secretion 

due to impaired Tg mobilization from the lumen of the follicle, thus giving rise to increasing 

follicle area. A similar relationship between thyroid morphology and T4 levels was previously 

demonstrated in the marine teleost Sparus aurata (Morgado et al. 2009; Campinho et al. 2012; 

Campinho et al. 2006). A similar situation was found in sea bream, where IOX exposure not 

only seemed to increase the number of follicles with Tg but also it was observed a slight 

decrease, in comparison to control, of serum T4 levels (Morgado et al. 2009), arguing that the 

animals as they are exposed tend to become hypothyroid. However, IOX exposure (10 ppm for 

2 years) caused hyperthyroidism and thyroid tumours in rats (Commission 2004; European-

Commission 2004). These differences might reflect species specific differences in response to 

IOX, developmental age and or effects of the different vehicles or methods used for exposure 

to IOX. In fact, whereas in juvenile zebrafish we observe an increase in heart ventricle volume 

(present study) the opposite is observed in zebrafish embryos at 48 hpf (Li et al. 2019) after 

exposure to IOX. These observations strongly argue that IOX has different effects on the 

cardiovascular system and by inheritance on thyroid organogenesis and the HPT-axis 

homeostasis, dependent on the life-stage of the exposed organisms, as well as the duration of 

exposure. However, it cannot be discarded that IOX might target some components of the 

thyroid cellular signaling pathway. In Xenopus laevis, XL58 cell line exposure to IOX 

decreased the expression of thyroid receptor beta (thrb) (Otsuka et al. 2014). In fact, in the 

marine teleost sea bream, exposure to IOX for 21 days also decreased thrb expression, although 

this is likely a systemic response (Morgado et al. 2009). 

A notably extended thyroid field was found in DES-treated juvenile zebrafish, indicating 

hypertrophy of the thyroid tissue (Figure 3.4B). However, neither tg expression (Supplementary 
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Figure 3.4B annex II) nor thyrocyte height (Supplementary Figure 3.3B annex II) are 

significantly affected in DES-treated fish compared to control, suggesting that for this level of 

exposure to DES, the thyroid endocrine system can accommodate the effect of the chemical. 

This is contrary to our previous study showing a significant decrease in the thyroid field in 

DES-treated zebrafish embryos (Li et al. 2019). Nonetheless, in adult sea bream, it has also 

been reported that the thyroid tissue of DES-treated fish showed hyperstimulation and 

hypertrophy as well as reduced colloid content in the follicle lumen (Morgado et al. 2009). In 

other animals, such a situation is generally associated with hypothyroidism, and being human 

goitre is a common symptom (Ambad 2021). In the sea bream, DES-exposure, although not 

giving rise to complete hypothyroidism, decreased serum T4 (Morgado et al. 2009). Together, 

these observations indicate that exposure to DES has different thyroid gland (and hence HPT-

axis) endpoints and that the life stage of exposure are important factors in the action of DES in 

teleosts and likely in other vertebrates. It will be interesting to understand further which thyroid 

gland developmental/differentiation/physiologic mechanisms are behind different life-stage 

responsivity to DES. IOX and DES-induced hypertrophy and over-growth of the thyroid tissue 

may indicate compensatory negative feedback, which might affect the development or function 

of the thyroid as well as thyroid-stimulating hormone secretion from the pituitary. Taken 

together, IOX and DES, although indirectly, seem to act as EDCs on the thyroid gland and 

hence in the HPT-axis. 

 

3.6. Conclusion 

Our data demonstrated that long-term exposure to low micromolar levels of IOX and DES 

can disrupt cardiac, vascular and thyroid homeostasis in juvenile zebrafish. Nonetheless, taken 

together with our previous studies (Campinho & Power 2013; Li et al. 2019), there is no 

question that the heart, vasculature and thyroid are highly susceptible to the action of IOX and 

DES even in such low-level concentrations. Notably, the increased risks of cardiovascular 

defects in the prenatally exposed human offspring bring to our attention that the cardiovascular 

system is a target of IOX Our findings suggest that low micromolar levels of waterborne IOX 

and DES are capable and DES. The cellular and molecular mechanisms by which the effects of 

IOX and DES are not only based on the direct effects on cardiac and vascular tissues but also 

on the interdependence of different tissues' development and function, as is the case of the 

thyroid (Li et al. 2019; Campinho & Power 2013; Alt et al. 2006b). This interdependence is the 

potential reason behind the effects of these chemicals on the thyroid homeostasis, thus 
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presenting EDC capacity. Overall, both IOX and DES present life-stage dependent effects. The 

potential endpoints disrupting the thyroid, and likely HPT-axis function thus translate into the 

endocrine disruptive potential of these chemicals. Nonetheless, these results do not entirely 

exclude the possibility that other components of the thyroid endocrine system (deiodinases 

expression and activity, thyroid receptors, pituitary response) can be affected by IOX and DES, 

neither that other organ systems are being affected and this should be further explored in the 

future. None withstanding, our data argue that there are no safe IOX and DES exposure levels. 
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4.1. Abstract 

The herbicide IOX and the synthetic estrogen DES are environmentally relevant 

contaminants that act as EDCs and have recently been shown to be cardiovascular disruptors in 

vertebrates. Mussels, Mytilus coruscus, were exposed to low doses of IOX (0.37, 0.037 and 

0.0037 mg/L) and DES (0.27, 0.027 and 0.0027 mg/L) via the water and the effect monitored 

by generating whole animal transcriptomes and measuring cardiac performance and shell 

growth. One day after IOX (0.37 and 0.037 mg/L) and DES (0.27 and 0.027 mg/L) exposure 

heart rate frequency was decreased in both groups and 0.27 mg/L DES significantly reduced 

heart rate frequency with increasing time of exposure (p < 0.05) and no acclimatization occurred. 

The functional effects were coupled to significant differential expression of genes of the 

serotonergic synapse pathway and cardiac-related genes at 0.027 mg/L DES, which suggests 

that impaired heart function may be due to interference with neuroendocrine regulation and 

direct cardiac effect genes. Multiple genes related to detoxifying xenobiotic substances were up 

regulated and genes related to immune function were down regulated in the DES group (vs. 

control), indicating that detoxification processes were enhanced, and the immune response was 

depressed. In contrast, IOX had a minor disrupting effect at a molecular level. Of note was a 

significant suppression (p < 0.05) by DES of shell growth in juveniles and lower doses (< 

0.0027 mg/L) had a more severe effect. The shell growth depression in 0.0027 mg/L DES-

treated juveniles was not accompanied by abundant differential gene expression, suggesting 

that the effect of 0.0027 mg/L DES on shell growth may be direct. The results obtained in the 

present study reveal for the first time that IOX and DES may act as neuroendocrine disrupters 

with a broad spectrum of effects on cardiac performance and shell growth, and that DES 

exposure had a much more pronounced effect than IOX in a marine bivalve. 

 

Keywords: Cardiovascular disruption; Diethylstilbestrol; Growth; Ioxynil; Mytilus coruscus; 

Neuroendocrine disruption  
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4.2. Introduction 

EDCs are compounds that interfere with endocrine systems and alter their function with 

numerous adverse effects reported for animals and even ecosystems (Schug et al. 2016; Patisaul 

et al. 2018). EDCs are present in many manufactured materials with industrial, agricultural, and 

pharmaceutical applications (Yang et al. 2015) and large amounts of EDCs are accumulating in 

the environment. EDCs are globally ubiquitous contributing to endocrine related disorders and 

chronic disease risks in terrestrial and aquatic vertebrate species (Patisaul et al. 2018; Dang 

2016). Even though the use of some chemicals has been banned, they persist in the environment 

due to their long half-life and remain a hazard to animals since they are in the food chain and 

air (Chan & Wong 2013; Lauretta et al. 2019). Most studies of EDCs have focused on 

vertebrates to determine how anthropogenic factors are affecting biodiversity and ecosystems 

and to give insight into the risk of environmental exposure for human health. The launch of the 

“one health” concept has raised awareness of the need for a more ample understanding of the 

impact of environmental EDCs on ecosystems including the ubiquitous and numerous 

invertebrates (Cuvillier-Hot & Lenoir 2020; Ford & LeBlanc 2020; Canesi et al. 2022). 

Diethylstilbestrol (DES, is a synthetic estrogen) and ioxynil (IOX, an iodine-containing 

phenolic herbicide) are two chemicals still in use that are persistent in the environment (Otsuka 

et al. 2014; Lei et al. 2020). The documented effects of environmental exposure to DES or IOX 

in vertebrates are through direct endocrine disrupting effects, transgenerational effects and  

through indirect effects (Kioumourtzoglou et al. 2018; Tournaire et al. 2016; Perez et al. 2005). 

DES increases the risk of reproductive, neurodevelopmental and cardiovascular defects in 

humans (Newbold et al. 2006; Titus-Ernstoff et al. 2010; Schug et al. 2011). IOX disrupts the 

thyroid system in humans by competitively binding to TTR, a thyroxin binding protein (Ogilvie 

& Ramsden 1988). It induces thyroid tumours in rats (European-Commission, 2004) and has 

an epigenetic effect on the thyroid hormone receptor-mediated gene regulation cascade in the 

XL58 Xenopus laevis cell line (Otsuka et al. 2014). In zebrafish DES and IOX were recently 

shown to have thyroid disrupting actions and to modify cardiovascular function (Li et al. 2019). 

Studies of the impact of DES and IOX, on aquatic invertebrates, which have important 

roles in ecosystem functioning, are urgent (Petersen et al. 2003; European-Commission 2004). 

Moreover, since the regulatory systems in invertebrates are less well studied the effects of 

vertebrate EDCs are difficult to predict. The likely consequences of environmental 

anthropogenic contaminants may be exacerbated by the feeding characteristics of invertebrates, 

and chemical bioaccumulation with associated adverse effects (Cuvillier-Hot & Lenoir 2020). 



                                                                                           Chapter 4 
 

 
 

75 

For example, in Chinese Rivers and oceans environmental concentrations of DES may be as 

high as 102 ng/L and 16.9 μg/L (approximately 0.1 μM) (Chen et al. 2009; Qu et al. 2012; 

Zhang et al. 2012a) and in some UK surface water IOX, a common component of pesticides, 

has been detected at 0.1 μg/L (Croll 1991). Furthermore, due to the low water solubility of IOX 

and DES and their octanol/water partition coefficient of log Pow >3 (3.4 for IOX and 5.07 for 

DES) (Linders et al. 1994; European-Commission 2004), they tend to bioaccumulate. 

The effect of vertebrate EDCs on invertebrates and if DES and IOX have endocrine 

disrupting effects is poorly documented. An increasingly used approach to assess the 

ecotoxicological effects of marine contaminants in bivalves is to use cardiac performance tests 

(Curtis et al. 2000; Wedderburn et al. 2000; Bakhmet et al. 2009; Martinović et al. 2015; 

Bakhmet et al. 2021; de Carvalho et al. 2022), which give insight into shell opening, respiration 

rate, filtering activity and growth and health status (Andrewartha et al. 2015; Trueman 1967). 

Since cardiac function in bivalves is under neural regulation and involves various 

neurotransmitters, changes in cardiac function can give insight into potential neuroendocrine 

disruption in invertebrates (Paciotti & Higgins 1985; Park et al. 2004; Canesi et al. 2022). 

Specific examples of the effects of DES and IOX in invertebrates exist and include the 

freshwater mussel, Anodonta cygnea, where DES exposure altered membrane ion transport and 

the intracellular pH of the mantle with probable consequences for shell production (Alves & 

Oliveira 2013). Chronic exposure of Daphnia magna to 0.5 mg/L DES for 3 weeks significantly 

decreased moulting frequency and reduced fecundity of the second-generation (Baldwin et al. 

1995). IOX repressed larval growth of the invertebrates Lumbriculus variegatus and 

Chironomus riparius and was toxic with LC50 values of 1.79 and 2.79 mg/L, respectively 

(Mäenpää et al. 2003). 

The endocrine system in invertebrates differs substantially from that in humans and 

endocrine disrupting effects of DES and IOX exposure are poorly documented. Previously, we 

identified the presence of a thyroid receptor and iodothyronine deiodinase genes in the mussel 

Mytilus coruscus (Li et al. 2020b; Li et al. 2021; Shi et al. 2022). This suggests that the putative 

thyroid disruptors, DES and IOX, could potentially impact mussel physiology through actions 

on TRs and DIOs. Considering the essential role of invertebrates in ecosystem functioning, 

which includes their contribution to nutrient cycling, maintenance of water quality and habitat 

engineering, changes in their fitness and survival may have devastating environmental 

consequences (Chen 2021). For this reason, understanding how IOX and DES exert their 

actions on aquatic invertebrates is important as it can provide insight into the possible 
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consequences from a broader ecological perspective of these chemicals in the environment. 

To increase understanding of the likely impact of environmental contamination by IOX 

and DES the mussel, M. coruscus, an endemic species that is important for aquaculture in the 

East China and Yellow Sea, was studied. Bivalve wild populations are frequently found in 

proximity to sewage plants where they have an increased incidence of gonadal regression, 

atresia, and malformations (Smolarz et al. 2017). Although estrogen receptor and thyroid 

receptor orthologues exist in molluscs their ligands have not been identified (Thornton et al. 

2003; Matsumoto et al. 2007; Raingeard et al. 2013; Hultin et al. 2014; Li et al. 2020a; Li et 

al. 2020b). Furthermore, modifications in the ligand binding pocket of mollusc ERs means 

estrogen cannot bind (Bridgham et al. 2014) and so potential disruption by estrogenic 

compounds is proposed to be independent of nuclear receptor activation (Canesi & Fabbri 2015). 

The areas where M. coruscus is farmed, around Shengsi Island, China, are susceptible to 

contamination from pollutants transported by the Yangtze River. The mussel is abundant in 

many coastal regions, that are impacted by agricultural land run-off and anthropogenic residues 

and since they are filter feeders and sessile organisms, they are highly exposed to pollutants, 

which they bioaccumulate and for this reason are frequently used as bioindicator species 

(Viarengo & Canesi 1991). To assess the potential impacts of IOX and DES in the mussel, M. 

coruscus, in the present study various endpoints were measured, including transcriptome 

analysis to understand changes at the molecular level, measurement of shell growth to evaluate 

physiological responses, and assessment of possible cardiovascular effects. By selecting water 

exposure conditions based on previous literature that reflect realistic exposure levels, we aim 

to provide valuable insights into the potential effects of IOX and DES on M. coruscus and 

contribute to a better understanding of the ecological implications of these contaminants. 

 

4.3. Materials and methods 

4.3.1. Ethics statement 

The Animal Ethics Committee at Shanghai Ocean University approved all the protocols 

for mussel acclimation and experimentation in the present study (registration number SHOU-

DW-2018-013). 

 

4.3.2. Juveniles 

Juveniles M. coruscus were collected from the Jinyi mussel hatchery, Shengsi County, 

Zhejiang Province, China. The juveniles (shell length: 0.575 ± 0.104 mm, shell height: 0.375 ± 
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0.085 mm; 50 representative individuals) were washed in clean seawater to remove adhering 

mud and material and placed in closed circuit 10 L polycarbonate tanks containing filtered 

seawater (FSW; acetate-fiber filter: 1.2 μm pore size) with a salinity of 30 (Li et al. 2020b) at 

18 °C in a dark environment. The seawater in the tanks was replaced with new seawater every 

other day. Mussels were fed once daily with the microalgae Isochrysis zhanjiangensis at a 

density of 5 × 104 cells. 

 

4.3.3. Chemical exposure 

The effect on the heart rate and shell growth rate of IOX (Sigma, 36198) and DES (Sigma, 

D4628) exposure for two weeks at different concentrations (10−6 to 10−8 M) in juvenile mussels 

was determined (10−6 M IOX = 0.37 mg/L, 10−7 M IOX = 0.037 mg/L, 10−8 M IOX = 0.0037 

mg/L; 10−6 M DES = 0.27 mg/L, 10−7 M DES = 0.027 mg/L, 10−8 M DES = 0.0027 mg/L). For 

consistency, the chemical concentrations used in this paper are expressed in units of Molarity 

(M). The chosen concentrations of 10−6 M, 10−7 M, and 10−8 M for IOX and DES in the study 

on mussels were based on two considerations. Firstly, we aimed to compare our study with 

previous research on zebrafish (Li et al. 2020b; Li et al. 2022), where exposure to 0.1 μM 

(equivalent to 10−7 M) of IOX or DES disrupted cardiac, vascular, and thyroid development in 

both embryos and juveniles. Secondly, the concentrations of 0.1 and 0.01 μM of IOX and DES 

have been reported in some Chinese rivers and so we considered represented realistic levels 

that might be found in some environments. 

For the control group (CTR) the juveniles were treated with autoclaved filtered seawater 

(AFSW). For the treatment groups IOX and DES were each dissolved in 0.01 M NaOH to give 

a stock solution of 10−3 M (Campinho & Power 2013) and the desired test concentration (10−6 

M, 10−7 M and 10−8 M) was prepared by diluting in AFSW. Exposure of the mussels to the 

chemicals was carried out in six-well plates for the determination of survival rate and two plates 

contained 10 juveniles/well (120 juveniles/treatment) in 10 mL of AFSW containing the test 

chemical at 18 °C were used. A 1 L glass beaker containing AFSW and approximately 1000 

juveniles for the control and each treatment group was used for growth and heart rate 

determination and RNA-seq sample collection. Juveniles were fed daily as described above, 

and the chemical solutions were renewed every other day when the AFSW in each well or 

beaker was changed. Mortality was monitored daily, and dead mussels were removed. For 

transcriptome analysis after 14 days of exposure to IOX or DES, 5 samples/treatment composed 

of approximately 100 individuals/sample were collected into microcentrifuge tubes, and excess 



                                                                                           Chapter 4 
 

 
 

78 

AFSW was removed before they were snap-frozen in liquid nitrogen. 

 

4.3.4. Heart rate and shell growth determination 

The heart rate determination was performed using the visual method, which is commonly 

employed to determine the heartbeat in various organisms, including vertebrates like zebrafish 

embryos and invertebrates such as oyster spat (Domnik et al. 2016; Li et al. 2019; Vereycken 

& Aldridge 2022). The heart rate of juveniles was determined on days 1, 3, 7, 10 and 14 of the 

treatment by placing the juveniles in a concave slide with AFSW or AFSW containing IOX or 

DES under a stereomicroscope (Olympus BX51) and capturing video images for approximately 

100 s (n = 10–20) at 18 °C. The observed juveniles were returned to the experimental system 

after the video recording. Only two biological replicates were determined in the 10−6 M DES 

treated group on day 14 due to the high mortality recorded during the experiment. Heart rate 

was determined by counting the heart beats per minute (HBM) across 100 s in the recorded 

video images (Representative Supplementary Movie 4.1-4.7 annex III). Fifty randomly selected 

juveniles from each experimental group were used to measure shell length and height 

(Supplementary Figure 4.1 annex III) on days 0, 7 and 14 using a stereomicroscope (Olympus 

SZX2, Japan) fitted with an ocular micrometre. The measured juveniles were then returned to 

the experimental system. Dead juveniles were identified during the routine monitoring of the 

experiment as those specimens without a heartbeat. 

 

4.3.5. Total RNA extraction, cDNA synthesis and Illumina sequencing 

Total RNA was extracted from the juvenile samples of IOX, DES and AFSW-treated 

groups after 14 days of exposure using RNAiso Plus reagent (Takara, Japan) and following the 

manufacturer’s instructions. Genomic DNA was eliminated using gDNA Eraser as 

recommended by the manufacturer of the PrimeScript™ RT reagent kit (Takara, Japan). Briefly, 

each reaction contained 1 μL gDNA Eraser, 500 ng total RNA, 2 μL 5× gDNA Eraser buffer 

and RNase Free dH2O to give a final volume of 10 μL at 42 °C for 2 min. The extracted total 

RNA in samples was quantified using a NanoDrop (ND-2000, Thermo Scientific, Wilmington, 

DE, USA). RNA integrity was confirmed by 1 % agarose gel electrophoresis. The quality of the 

DNase-treated total RNA samples was determined using an Agilent 2100 Bioanalyser (Agilent 

Technologies, Inc., Santa Clara CA, USA). Only high-quality RNA samples (RIN ≥ 8.0) were 

used for library construction. The sequencing libraries were constructed with a TruSeq™ RNA 

sample preparation Kit from Illumina (San Diego, CA, United States), using 1 μg of total RNA. 
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The RNA-seq sequencing library was sequenced with an Illumina Novaseq 6000 (2 × 150 bp 

read length) at Majorbio Bio-Pharm Biotechnology Co., Ltd. (Shanghai, China). Raw 

sequences have been submitted to NCBI under the accession number: PRJNA855151. 

 

4.3.6. Bioinformatic analysis 

Raw reads were cleaned to remove adapter sequences, low quality reads (< 30 bp) and 

sequences with an N content > 10 %. The clean reads were aligned to the M. coruscus genome 

(NCBI accession number: GCA_017311375.1) using HISAT2 (V2.1.0) (Kim et al. 2015) and 

the default settings. The gene expression levels were calculated by RSEM as transcripts per 

million reads (TPM) (Li & Dewey 2011). The differentially expressed genes (DEGs) between 

different groups were identified using DESeq2 (Love et al. 2014), and genes with a fold-change 

≥ 2 (log2FC ≥ 1) and a Benjamini-Hochberg correction (p-adjust < 0.05) were considered as 

DEGs. KOBAS 2.1.1 was applied to identify significantly enriched KEGG pathways using a 

Fisher’s exact test (Mao et al. 2005). The p-value was corrected using the Benjamini-Hochberg 

multiple test correction method, and genes with a corrected p-value ≤ 0.05 were deemed to be 

significantly different. RSEM software (http://deweylab.github.io/RSEM/) was used to 

generate a heatmap (mean of four biological replicates/treatment) and Venn diagrams of 

the DEG transcripts in the treatment and control groups. 

 

4.3.7. Real-time quantitative polymerase chain reaction validation 

Twenty-five DEGs related to ion channels, homeostasis, signal transduction, growth and 

metabolism, as well as homologues of vertebrate endothelial-related and cardiac-specific genes 

(Table 1) (Li et al. 2019) were selected for qPCR. 13 DEGs in the DES treatment from the 

transcriptome analysis linked to cardiovascular and endocrine disruption were also selected for 

qPCR (Table 4.1). The M. coruscus specific qPCR primer pairs were designed using Primer 

Premier 5 software and are shown in Table 4.1. Total RNA from treatment groups (AFSW, 10−8 

M IOX, 10−7 M DES and 10−8 M DES) after 14 days of exposure (n = 5) was used for cDNA 

synthesis using 500 ng of DNA free total RNA. Reverse transcription was performed in a 20 

μL reaction volume by adding the DNase-treated total RNA (10 μL), 1 μL RT Primer Mix, 1 μL 

PrimeScript RT Enzyme Mix I, 4 μL 5× PrimeScript Buffer 2 and 4 μL RNase Free dH2O. 

For qPCR the following reaction mix was prepared, 1 μL of template cDNA (2.5 ng), 0.3 

μL of the forward and reverse primers (10 μM), 5 μL of 2 × FastStart Essential DNA Green 

Master (Roche), and sterile MilliQ water to give a final reaction volume of 10 μL. The 



                                                                                           Chapter 4 
 

 
 

80 

thermocycler for qPCR was as follows: initial denaturation at 95 °C for 10 min, followed by 45 

cycles of amplification, for 10 s at 95 °C and the optimal annealing temperature for the primers 

for 10 s. Melting curve analysis confirmed a single reaction product was obtained with all the 

primers used. Absolute quantification of gene copy number was performed as previously 

described (Li et al. 2020b). A standard curve was prepared for each gene using the target 

amplicon at a concentration range between 107 and 101 cDNA copies. The amplified copy 

number for target genes was determined using their Ct value and the standard curve. qPCR 

analysis was carried out with two technical replicates and five biological replicates per 

treatment group in 96 multi-well plates using a Light Cycler 960 (Roche, F. Hoffmann-La 

Roche Ltd., Basel, Switzerland). 

 
Table 4.1. The primer pairs used in qPCR are presented with the amplicon size, melting temperature, 
r2 and efficiency. Trpm3: transient receptor potential cation channel subfamily M member 3-like; Trpv5: 
transient receptor potential cation channel subfamily V member 5-like isoform X1; Twk7: TWiK family of 
potassium channels protein 7; AnpX2: atrial natriuretic peptide-converting enzyme-like isoform X2; Fas1: 
fasciclin-1-like; Lamb1: laminin subunit beta-1; PlxnA4: plexin-A4; Faxc: failed axon connections homolog; 
Stk11: serine/threonine-protein kinase stk11-like; Ppiase: peptidyl-prolyl cis-trans isomerase FKBP2-like; 
Plp: perlucin-like protein; Tyrp1: tyrosinase-like protein-1; Tgfbr3: transforming growth factor beta receptor 
type 3-like. Acvr2a: actin-related protein 2 precursor; Acvr1: activin receptor type-1-like; Inpp5a: type I 
inositol 1,4,5-trisphosphate 5-phosphatase-like isoform X2; Hif1a: hypoxia-inducible factor 1 alpha; 
Cacna2d2: voltage-dependent calcium channel subunit alpha-2/delta-1-like; Cacna2d1: voltage-dependent 
calcium channel subunit alpha-2/delta-2-like isoform X4; Cacna1d: muscle calcium channel subunit alpha-
1-like isoform X6; Cacnb2: voltage-dependent L-type calcium channel subunit beta-2; Adra2a: alpha-2A 
adrenergic receptor-like; Adra1d: alpha-1A adrenergic receptor-like; Octalpha: alpha-2Db adrenergic 
receptor-like; Calcrl: calcitonin receptor. Gene candidates selected from the DEGs identified in the 
transcriptome analysis are indicated. 
 

Target Primer Sequence (5'-3') Amplicon 
size (bp) 

Tm 
(°C) 

Efficiency 
(%) 

r2 DEGs 

Trpm3 F GCTTGGGTTGCTCCGTTAT 
187 57 90 1.00 

Ion channel 

R TTGGTGGAGGTAGTAGGGGTC 
Trpv5 F GGGGAAAGCATTAGTGACAGAC 

159 55 95 0.99 R GGGCTAGATTTTGGAGTACCAG 
Twk7 F TTCCTCTGATGTTGCTCTGCC 

171 57 91 0.99 R  TATCGCTGTTCCACGCTCC 
AnpX2 F GCCTCTTTGTTTGCCTGTTC 

176 56 90 0.99 

Homeostasis 

R GGTAGGGCGTCACAATCAAGTT 

Fas1 F TCAGAGGAGACAAGGCAAGC 
166 56 91 0.99 R GTTGACCAGGCTGTAGAATGTG 

Lamb1 F GGATTGAACAGTCCCGAACG 
153 58 90 0.99 R TGCTTGCCACCAGCGAGTA 

PlxnA4 F AGGATGTTCTGAGGCAAAGG 
298 55 94 0.99 Signal 

transduction 
R GCAGGGAATGCAGATGGT 

Faxc F ATACTGGGCCTTGTTGTTGG 130 56 97 0.99 
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Target Primer Sequence (5'-3') Amplicon 
size (bp) 

Tm 
(°C) 

Efficiency 
(%) 

r2 DEGs 

R ACCGTGACCATACGCATCTC 

Stk11 F CGTTTATCAACCTCGTCGGA 
128 57 90 1.00 

Growth & 
metabolism 

R CAGCCCTTCTGCATAGAGTGAC 

Ppiase F TAGGGCTTGGTGCTGTCATT 
188 55 91 0.99 R TGGTTTGGGTCCATCGTG 

Plp F TGATGACGGGGAACCAAA 
128 56 96 0.99 R GGCAAATGTAACCACCAACC 

Tyrp1 F GTCGTAGTTCAAGGGGTCG 
291 55 90 0.99 R AAGAACGGGTGCGTTCAT 

Tgfbr3 F AGCCCCAGCCAGAAAGAA 
162 56 92 0.99 R GAGGTAACAGCCCCATATCTCA 

Acvr2a F TGGCTCACTATGTGACTACC 
131 55 110 0.99 

Homologues 
of vertebrate 
endothelial-
related and 

cardiac-
specific 
genes 

R TTGCCTCAGAATGACCAG 

Acvr1 F AGGGATGACAACTGGGGTTC 
199 58 99 1.00 R ACGCTATGGCAAGGGAGA   

Inpp5a F GAAGACAGTGTTGTTTCCTCCC 
173 56 99 0.99 R CCACGCTTGCGAATGCTA 

Hif1a F TCACCCAGGCAACCATCA 
114 57 110 1.00 R GGAACCCAGCCAGAATCAAA 

Cacna2d2 F CACTTTGATGAGGTCGGA 
165 53 90 1.00 R GGATGGAACACGTAGTCG 

Cacna2d1 F TGGAGGAACTGATGATGC 
186 52 102 0.99 R GCTCTGATTGCTCCCATA 

Cacna1d F GCTGGTAGGGAGGATGAT 
122 55 91 0.99 R TGCTCTTGACCTTTCTGG 

Cacnb2 F GATTTAGGGGTGATTGGG 
111 54 90 1.00 R AGGTGTTACACTGCTGGACT 

Adra2a F GCCATGACTTTTGCCTCG   
172 55 105 1.00 R CTCCAATGAACGGTGGAG   

Adra1d F TCGGATGGAGGAAAGAGC   
173 56 99 0.99 R AGCCATAAGGCAGCGAGT 

Octalpha F AAGAACACCAAAGAGGGC   
129 55 90 0.99 R CTGAGTAAGCACAGCGGATA 

Calcrl F GCGACCTGACGAAAGTGA 
158 57 110 1.00 R GTCGGCGAACCACAACAT 

 

  

4.3.8. Statistical analysis 

Data were analysed using JMP software to detect statistical differences (version 10.0.0). 

All data were tested for normality (Shapiro–Wilk test) and homogeneity (O’Brien test) before 
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selecting appropriate statistical tests for analysis. The differences in mussel viability, gene 

expressions, heart rate, shell length and shell height between each of the treatment groups were 

analysed using a Wilcoxon/Kruskal-Wallis test. A p < 0.05 was considered significantly 

different. 

 

4.4. Results 

 

4.4.1. Effect of IOX and DES on the heart rate and viability of M. coruscus juvenile  

The effects of IOX and DES on heart rate and viability of M. coruscus juveniles are shown 

in Fig. 1 (Representative Supplementary Movie 4.1-4.7 annex III). The heart rate of control 

mussels exhibited a decrease across the time of the experiment (Figure 4.1), which may be a 

result of physiological parameters such as neural, humoral, and behavioural changes. The heart 

rate of juveniles was significantly decreased in the 10−6 M and 10−7 M IOX-treated groups 

compared to the control group after one day of exposure (Figure 4.1A; Supplementary Table 

4.1 annex III; p < 0.05). After seven days of exposure, the heart rate in the 10−6 M IOX-treated 

juveniles was significantly lower than in the control juveniles (Figure 4.1A; p < 0.05). No 

juveniles survived in the 10−6 M and 10−7 M IOX-treatment groups on day 14 (Figure 4.1B). 

The viability of juveniles exposed to 10−8 M IOX was like the control group (Figure 4.1B; p > 

0.05). 

 



                                                                                           Chapter 4 
 

 
 

83 

 
Figure 4.1. Effect of IOX and DES on juvenile M. coruscus heart rate (A, C) and their viability when 
exposed to 10−6, 10−7 and 10−8 M IOX and DES (B, D) for 14 days. Different letters above bars in graphs 
A and C indicate groups that are significantly different (p < 0.05). 
 
 

On the first day after DES exposure, a significantly lower heart rate was observed in 

juveniles exposed to 10−6 M and 10−7 M DES compared to the control group (Figure 4.1C; 

Supplementary Table 4.1 annex III; p < 0.05). From day 3 to day 14 of DES exposure, a 

significantly decreased heart rate was only found in the 10−6 M DES-treated group compared 

to other groups (Figure 4.1C; p < 0.05). The viability of juvenile mussels was significantly 
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reduced after 14 days of 10−6 M DES exposure compared to the other groups (Figure 4.1D; p < 

0.05), and in 10−7 M and 10−8 M DES groups the viability was like the control (Figure 4.1D; p > 

0.05). 

 

4.4.2. Effect of IOX and DES on the growth of M. coruscus juveniles 

The effect of IOX and DES on the shell growth of juveniles was determined (Figure 4.2; 

Table 4.2). The shell length and height were significantly increased in control mussels on day 

14 of the experiment compared to the beginning of the experiment, with a 23.3 % and 32 % 

increase, respectively (Figure 4.2; Table 4.2). The shell length of M. coruscus juveniles was 

significantly decreased in the 10−7 M IOX-treated group compared to the control group after 

seven days of exposure (Figure 4.2A; p < 0.05). IOX had no effect on shell height in the three 

tested concentrations compared to the control group (Figure 4.2B; p > 0.05). 10−7 and 10−8 M 

DES exposure for seven days significantly reduced the shell length compared to the control 

(Figure 4.2C; p < 0.05). After 14 days of exposure to 10−6 and 10−8 M DES there was a 

significant decrease in the shell length compared to the control (Figure 4.2C; p < 0.05). 

Exposure for seven days to 10−6 M DES significantly increased the shell height compared to 

the control (Figure 4.2D; p < 0.05). 10−8 M DES exposure for 14 days caused the most 

pronounced inhibition of shell growth in both length and height compared to the control (Figure 

4.2C and D; p < 0.05). 

 
Table 4.2. Effects of exposure for 14 days to IOX and DES on the shell growth rate in M. coruscus 
juveniles. “—” indicates “not measured”. The growth rate was determined in 50 individuals exposed for 14 
days to IOX or DES and normalized by the initial shell length and height. Significant changes were 
determined by comparing the chemical treatment groups to the control. 
 

Treatment Shell length (% increase) Shell height (% increase) 

AFSW 23.3% 32.0% 

10-6 M IOX — — 

10-7 M IOX — — 

10-8 M IOX 20.1% 27.0% 

10-6 M DES 14.3% 22.8% 

10-7 M DES 19.3% 27.1% 
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10-8 M DES 0.5% 4.5% 

 

 
Figure 4.2. The effect of two weeks exposure to IOX and DES (10−6, 10−7 and 10−8 M) on shell length 
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(A, C) and shell height (B, D) of juvenile M. coruscus. Different letters in bar charts indicate groups that 
are significantly different (p < 0.05). 
 

4.4.3. Transcriptomics of M. coruscus juveniles exposed to IOX and DES 

4.4.3.1. Global gene expression 

Transcriptome analysis of mussel juveniles after 14 days exposure to DES (10−7 M, 10−8 

M) and IOX (10−8 M) yielded a total of 385 DEGs compared to the control group. The 10−8 M 

IOX-treated group contained 19 DEGs, with 3 up regulated and 16 down regulated genes 

relative to the control group (Supplementary Table 4.2 annex III; p < 0.05). The 10−7 M DES-

exposed mussels had 353 DEGs, with 95 up regulated and 258 down regulated genes 

(Supplementary Table 4.3 annex III; p < 0.05), while the 10−8 M DES-treated groups had 13 

DEGs, of which 12 were up regulated and 1 was down regulated compared to the control 

(Supplementary Table 4.4 annex III; p < 0.05). 

DE analysis revealed that relatively few differentially expressed gene transcripts were 

common across the DES treatments at different concentrations (Figure 4.3A). The DEGs in 

DES and IOX were scrutinized to identify genes linked to the functional phenotypes of interest 

(shell growth, cardiovascular disruption and EDC, Table 4.2). A heatmap was generated based 

on the average of the differentially expressed gene transcripts per experimental group identified 

after RNA-seq (Figure 4.3B). The heatmap revealed that the overall gene expression patterns 

in juveniles exposed to IOX and DES was different from the control group (Figure 4.3B). The 

10−7 M DES-exposed juveniles had a different expression profile compared to the 10−8 M DES-

exposed juveniles (Figure 4.3B). 
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Figure 4.3. Differentially expressed genes in transcriptomes of whole M. coruscus juveniles exposed to 
seawater, DES (10−7 and 10−8 M) or IOX (10−8 M) for 14 days. (A) Venn diagram presenting the 
differentially expressed genes between the control, 10−7 M DES, 10−8 M DES and 10−8 M IOX groups. The 
number of differentially expressed gene transcripts in the treatment group and between two groups is reported 
(Supplementary Table 4.2-4.4 annex III). The overlapping section of two circles identifies the number of 
common differentially expressed gene transcripts between two groups. (B) Hierarchical cluster analysis of 
selected differentially expressed genes (DEGs). The heatmap shows the differentially expressed gene 
transcripts in the control, DES and IOX treated juveniles. Transcriptome data of 10−6 M IOX, 10−7 M IOX 
and 10−6 M DES are not available due to the death of juveniles on day 14. Each column represents a sample, 
and each row represents a gene. Red represents high expression, and low expression is indicated in blue. The 
closer the branches of the two samples, the more similar the expression patterns of all genes between the two 
samples. 
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4.4.3.2. Transcripts related to shell growth, cardiovascular disruption and EDC 

Several DEGs were identified that were linked to neuroendocrine function, for example, 

cAMP-responsive element-binding protein-like 2 and peptidylglycine alpha-amidating 

monooxygenase were significantly changed in juveniles treated with 10−8 M IOX compared to 

the control (p < 0.05; Table 4.2, Supplementary Table 4.2 annex III) (Simpson et al. 2015; Rao 

et al. 2021; Wang et al. 2018). A set of DEGs related to the nervous system, such as arylsulfatase 

J, teneurin-m, and neuroplastin, were identified in juveniles treated with 10−7 M DES compared 

to the control group (p < 0.05; Table 4.2, Supplementary Table 4.3 annex III) (Abzalimov et al. 

2013; Kenzelmann et al. 2007; Beesley et al. 2014; Eckhardt 2008). 

 
Table 4.3. DEGs identified in IOX (10-8 M) and DES (10-7 M and 10-8 M DES) compared to the control 

that were involved in neuroendocrine, cardiac, growth, detoxification, and the immune response. 

 
Compared with control 

10-8 M IOX 10-7 M DES 10-8 M DES 

Function Swiss-Prot P-value up down P-value up down P-
value up down 

Neuroendocri
ne related 
effects 

cAMP-responsive 
element-binding protein-
like 2 

4.13E-06 √        

Peptidylglycine alpha-
Amidating 
Monooxygenase (PAM) 

3.02E-09  √       

Arylsulfatase J    5.77E-06 √     

Teneurin-m    8.19E-05  √    

Teneurin-4    7.86E-04  √    

Neuroplastin    1.38E-04  √    

Cardiac 
related effects 

Plasma kallikrein    7.20E-04 √     

Low-density lipoprotein 
receptor    0.0012  √    

Atrial natriuretic peptide-
converting enzyme 
(Corin) 

   3.44E-04  √    

P2X purinoceptor 4    0.0012  √    

Growth 
related effects 

Transforming growth 
factor beta receptor type 3    1.98E-05  √    

POU domain, class 6, 
transcription factor 2    2.05E-04  √    

Probable G-protein 
coupled receptor 158    1.86E-04  √    

Annexin A13       1.86E-
05 √  
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Compared with control 

10-8 M IOX 10-7 M DES 10-8 M DES 

Function Swiss-Prot P-value up down P-value up down P-
value up down 

Detoxification 
related effects 

Sulfotransferase 1 family 
member D1    2.68E-05 √     

Sulfotransferase 1C2A    1.22E-19 √     

Sulfotransferase family 
cytosolic 1B member 1    2.82E-08 √     

Cytochrome P450 2C29    1.37E-16 √     

Cytochrome P450 2B5    1.26E-06 √     

Cytochrome P450 2U1    1.49E-08 √  1.18E-
10 √  

Cytochrome P450 2B9    4.56E-22 √     

Nuclear factor erythroid 2-
related factor 2 

   3.60E-04  √    

Solute carrier organic 
anion transporter family 
member 

   2.33E-06 √     

Immune 
related effects 

Macrophage mannose 
receptor 1 3.76E-05  √       

L-rhamnose-binding 
lectin CSL3 2.63E-11  √       

Scavenger receptor 
cysteine-rich domain 
superfamily protein 

4.61E-07  √ 1.45E-09  √    

 

 

DEGs related to cardiac function were identified in juveniles treated with 10−7 M DES and 

included plasma kallikrein, low-density lipoprotein receptor, atrial natriuretic peptide-

converting enzyme and P2X purinoceptor 4 when compared to the control (p < 0.05; Table 4.2, 

Supplementary Table 4.3 annex III) (Bjorkqvist et al. 2013; Go & Mani 2012; Yan et al. 2000; 

Ralevic & Burnstock 1991). 

Several of the DEGs identified in juveniles treated with 10−7 M DES were growth-related 

and were strongly down regulated compared to the control (p < 0.05; Supplementary Table 4.3 

annex III) and included transforming growth factor beta receptor type 3, POU domain class 6 

transcription factor 2 and probable G protein coupled receptor (Cox 1995; Patel et al. 2015; 

Yang et al. 2023a). Annexin A13 was increased significantly in 10−8 M DES treated juveniles 

relative to the control (p < 0.05; Table 4.2, Supplementary Table 4.4 annex III) (Moss & Morgan 

2004). 

An array of DEGs responsible for detoxifying xenobiotic substances or contributing to 
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antioxidant defence were found in 10−7 M DES-treated juveniles, such as sulfotransferase 1C2A, 

nuclear factor erythroid 2-related factor 2 and solute carrier organic anion transporter family 

member 5A1 (p < 0.05; Supplementary Table 4.3 annex III) (James & Ambadapadi 2013; 

Hagenbuch & Gui 2008; Kim et al. 2011). Several cytochrome P450 DEGs were up regulated 

in both 10−7 M DES and 10−8 M DES-treated juveniles compared to the control juveniles (p < 

0.05; Table 4.2, Supplementary Table 4.3, 4.4 annex III) (Galli et al. 1988; Livingstone 1988; 

Snyder 2000; Michel et al. 1993). Exposure to IOX and DES also modified the immune 

response and a variety of immune related DEGs, including macrophage mannose receptor 1, 

L-rhamnose-binding lectin CSL3 and scavenger receptor cysteine-rich domain superfamily 

protein (Furukawa et al. 2012; Gazi & Martínez-Pomares 2009; Watanabe et al. 2009) were 

down regulated in juveniles treated with 10−8 M IOX compared to the control (p < 0.05; Table 

4.2, Supplementary Table 4.2-4.4 annex III). 

 

4.4.3.3. KEGG pathway analysis 

KEGG pathway analysis of the DE gene transcripts of the 10−8 M IOX, 10−7 M DES and 

10−8 M DES-treated groups retrieved 1, 18 and 4 significantly changed KEGG pathways, 

respectively (Supplementary Table 4.5-4.7 annex III; p < 0.05). Further information is provided 

about the DE genes allocated to the significantly changed KEGG pathways in Supplementary 

Table 4.5-4.7 annex III. For example, “protein digestion and absorption” was one of the KEGG 

pathways that was significantly changed in the mussels exposed to 10−8 M IOX (Supplementary 

Table 4.5 annex III, p < 0.05). Both 10−7 and 10−8 M DES-treated groups had a similar effect 

on genes linked to the serotonergic synapse pathway of the nervous system (Supplementary 

Table 4.6, 4.7 annex III, p < 0.05). In addition, several of the pathways significantly changed in 

10−7 M DES-treated juveniles were genes related to cellular functions including endocytosis 

and adherens junction (Supplementary Table 4.6 annex III, p < 0.05). 10−7 M DES also had a 

significant effect on genes of the mTOR signaling pathway, estrogen signaling pathway, 

arachidonic acid metabolism, lysine degradation, inflammatory mediator regulation of TRP 

channels, axon guidance, and protein processing in the endoplasmic reticulum (Supplementary 

Table 4.6 annex III, p < 0.05). 

 

4.4.3.4. qPCR analysis of gene expression 

Of the twenty-five candidate genes selected due to their link to cardiovascular and 

endocrine disruption in vertebrate’s. qPCR analysis showed that Ppiase (peptidyl-prolyl cis-
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trans isomerase FKBP2-like) was significantly down regulated in IOX (10−8 M) and DES (10−7 

M and 10−8 M) exposed juveniles compared to the control (Figure 4.4, p < 0.05). The expression 

of Faxc (failed axon connections), Plp (perlucin-like protein) and Tyrp1 (tyrosinase-like 

protein-1) was significantly up regulated in 10−7 M DES-exposed juveniles compared to the 

control (Figure 4.4B, p < 0.05). PlxnA4 (plexin-A4) and Stk11 (serine/threonine protein kinase 

stk11-like) were significantly decreased in the 10−7 M DES-treated juveniles compared to the 

control (Figure 4.4B, p < 0.05). No significant differences were found in transcript abundance 

of genes related to endothelial and cardiac function in the IOX or DES treatment groups 

compared to the control (Supplementary Figure 4.2 annex III). Overall, the qPCR results were 

consistent with the transcriptome data and revealed concordance between the relative 

abundance of gene transcripts measured in the treatment groups compared to the control group 

for 10−8 M IOX (R = 0.76), 10−7 M DES (R = 0.80) and 10−8 M DES (R = 0.79) (Supplementary 

Figure 4.3 annex III). 
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Figure 4.4. A graphical comparison of the results of RNA-seq analysis and quantitative PCR (qPCR) 
analysis of candidate gene expression in IOX-treated (A), DES-treated (B) and Control M. coruscus 
juveniles. The boxplots in the graphs represent the copy number determined by qPCR of cDNA prepared 
from extracts of whole M. coruscus juveniles. The blue line represents the expression levels by TPM counts 
obtained from RNA-seq. The candidate genes selected for qPCR analysis included genes previously shown 
in vertebrates to be modified when they were exposed to IOX or DES, namely: Trpm3: transient receptor 
potential cation channel subfamily M member 3-like; Trpv5: transient receptor potential cation channel 
subfamily V member 5-like isoform X1; Twk7: TWiK family of potassium channels protein 7; AnpX2: atrial 
natriuretic peptide-converting enzyme-like isoform X2; Fas1: fasciclin-1-like; Lamb1: laminin subunit beta-
1; PlxnA4: plexin-A4; Faxc: failed axon connections homolog; Stk11: serine/threonine-protein kinase stk11-
like; Ppiase: peptidyl-prolyl cis-trans isomerase FKBP2-like; Plp: perlucin-like protein; Tyrp1: tyrosinase-
like protein-1; Tgfbr3: transforming growth factor beta receptor type 3-like. Different letters indicate 
statistically significantly different of copy numbers of qPCR analysis (p < 0.05). 

 

 

4.5. Discussion  

This study revealed a direct disruptive action of IOX and DES on cardiac performance and 

shell growth in mussel juveniles. Exposure to IOX and DES caused a significant decrease in 

heart rate, with the most severe effects observed in the 10−6 M treatment group. The inhibitory 

effects of DES on shell growth were more pronounced after 14 days of exposure at higher 

concentrations (10−6 M and 10−8 M), indicating a cumulative impact over time. The effects of 

IOX and DES exposure differed at a molecular level with IOX primarily linked to alterations 

in neuroendocrine- and immune-related gene transcripts. In contrast, DES exhibited a more 

substantial effect compared to IOX, influencing gene transcripts associated with cardiac 

function, growth, neuroendocrine regulation, and detoxification processes. A positive aspect 

that may explain in part the resilience and wide environmental distribution of bivalves was the 

observed activation by DES of multiple detoxification related gene transcripts and the 

acclimation of the mussel heart to low levels of both IOX and DES. However, a negative aspect 

was the differing targets of IOX and DES as reflected by the transcriptome results that suggests 

the adverse effects of environmental contaminants may be amplified when they are present as 

mixtures. 

The hazardous potential of IOX and DES and their adverse effects on vertebrates are well 

documented (Ogilvie & Ramsden 1988; Titus-Ernstoff et al. 2010; Otsuka et al. 2014; Tournaire 

et al. 2016; Vicario et al. 2017; Kioumourtzoglou et al. 2018; Hunter et al. 2021). In this study, 

on an invertebrate, the marine mussel, we observed a significant decrease in heart rate after 

exposure to IOX and DES, which confirmed the potential of these chemicals to disrupt the 

cardiovascular system in invertebrates as well as in vertebrates (Li et al. 2019; Li et al. 2022). 

Heart rate is a dynamic physiological parameter that varies daily and is influenced by a range 

of factors, including neural, humoral and behavioural changes. Juvenile mussels, as they move 



                                                                                           Chapter 4 
 

 
 

94 

by crawling with their foot, exhibit variations in heart rate that correspond to changes in their 

behaviour. All these phenomena may contribute to explain the fluctuations normally seen in the 

mussel heart rate and encountered in our study. Nonetheless, DES and IOX provoked a much 

more significant reduction in heart rate compared to the control, particularly at higher 

concentrations (10−6 M) and the treatment also elicited a dose dependent effect. The decrease 

in cardiac performance in response to the 10−6 M DES exposure was most likely associated 

with the observed reduction in activity under stressful conditions (results not presented) 

although we cannot rule out a role for neural and humoral factors. Interestingly, the pronounced 

effects of DES on heart rate only occurred on the first day of exposure in the 10−7 M DES group, 

and then a normal heart rate was reestablished from three days exposure onward. This suggests 

that concentration and duration of exposure to these chemicals determined the effect, and it was 

dependent on the adaptability of the heart in marine mussels to environmental chemicals. 

Taking into consideration the dose dependent effects of 10−6 M and 10−7 M of IOX and DES on 

the heart rate, the cardiac performance test was a good indicator of exposure to these chemicals 

in M. coruscus. If the disruptive effects of IOX and DES on cardiac performance and DES on 

cardiac related gene transcripts in mussel are considered together with vertebrate data (Li et al. 

2022; Li et al. 2019), it suggests these chemicals are cardiovascular disruptors in both phyla, 

although their mode of action seems to be different. 

In the present study, analysis of DEGs revealed that the KEGG serotonergic synapse 

pathway was significantly affected in the 10−7 M DES and 10−8 M DES-exposed groups after 

14 days of exposure (Supplementary Table 4.6, 4.7 annex III), which suggests that the 

homeostasis of neuronal circuits was likely impaired. Serotonin is an inhibitory 

neurotransmitter (He et al. 2018) and although a prolonged effect on slowing the heart rate was 

only detected for the 10−6 M IOX- and DES-treated juveniles, the up regulation of elements of 

this system by lower doses of IOX and DES is intriguing and may contribute to explain the 

reduction in the heart rate observed. The transcriptomics results also showed changes in gene 

expression related to cardiac function, such as plasma kallikrein, atrial natriuretic peptide-

converting enzyme, P2X purinoceptor 4, and low-density lipoprotein receptor (Bjorkqvist et al. 

2013; Go & Mani 2012; Yan et al. 2000; Ralevic & Burnstock 1991), which may explain the 

modified cardiac function observed in DES-treated groups. The transcriptomics and qPCR 

results of the mussel taken together with the data on heart function reveal that IOX and DES 

are potential disruptors of the cardiovascular system in mussels. 

Two DGEs linked to neuroendocrine function, cAMP-response element binding protein (a 
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major regulator of neurotrophin responses) (Wang et al. 2008) and peptidylglycine alpha-

amidating monooxygenase (an enzyme important for the biosynthesis of many peptide 

hormones) (Simpson et al. 2015; Rao et al. 2021) were significantly affected by 10−8 M IOX in 

treated juveniles relative to the control (Supplementary Table 4.2 annex III). In rats, Trpv5 plays 

an important role in regulating neural and neuroendocrine pathways in the brain (Kumar et al. 

2017). 10 μM DES exposure strongly inhibited human transient receptor potential canonical 5 

(Trpc5) channels (Naylor et al. 2010). Trpv5 and transient receptor potential cation channel 

subfamily M member 3-like (Trpm3) are essential calcium-permeable ion channels for calcium 

homeostasis (Dang & Kienzler 2019; Zhou et al. 2021). The up regulation of Trpv5 after 

exposure to 10−7 M DES in juveniles of M. coruscus indicates that DES affects neuroendocrine 

regulation (Supplementary Table 4.3 annex III). Plexin-A4 has been implicated in mediating 

multiple semaphorin signals and regulating axon guidance (Suto et al. 2005). Teneurins and 

neuroplastin have been linked to neural development (Kenzelmann et al. 2007; Beesley et al. 

2014). The down regulation of PlxnA4, teneurin-m, teneurin-4 and neuroplastin in 10−7 M DES-

treated juveniles indicates that DES is a potential disruptor of the nervous system in M. coruscus 

(Figure 4.4B, Table 4.2, Supplementary Table 4.3 annex III). Taken together, our data seem to 

suggest that IOX and DES are disruptors of the nervous and neuroendocrine systems in M. 

coruscus. This seems to be further supported by some overlap in the effects of IOX and DES in 

bivalves and vertebrates where they are known to disrupt the neuroendocrine system (Morgado 

et al. 2007; Eguchi et al. 2008; Morgado et al. 2009; Akiyoshi et al. 2012). 

The presence of DES in the environment is due to its widespread use as a growth promoter 

in livestock production (Brennan et al. 2006; McLachlan et al. 1984; Bravo et al. 2007) and a 

similar effect is reported in neonatal mice (0.001 and 0.01 μg/kg) but not at high concentrations 

(0.01 to 100 μg/kg) (Newbold et al. 2004). In contrast, in the invertebrate, Daphnia magna, 21 

days exposure to 0.5 mg/L DES decreased moulting frequency and hampered growth (Baldwin 

et al. 1995; Brennan et al. 2006). The growth inhibition of the mussel shell by DES (10−8 M) 

in the present study may be explained by observations in Anodonta cygnea (Bivalvia) that DES 

causes modified ion transport and intracellular pH, crucial processes for shell production, by 

the outer mantle epithelium (Alves & Oliveira 2013). The basis of the more severe growth 

inhibition of the shell by 10−8 M DES compared to higher doses, 10−6 and 10−7 M in M. coruscus 

juveniles remains to be determined. Unlike DES increasing concentrations of IOX reduced M. 

coruscus juvenile survival but lower concentrations (10−8 M) did not affect shell growth, and 

this highlights the differing effects and presumably targets of DES and IOX in bivalves. 
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The present study revealed that exposure of M. coruscus juveniles to DES for 14 days 

suppressed their growth as has been reported in the teleost, catfish (Król et al. 2014; Liu et al. 

2018). Furthermore, in M. coruscus the effect of DES on growth involved changes in gene 

transcription since it modified the expression of growth-related genes such as those of the cell 

cycle/proliferation, energy metabolism and protein metabolism (e.g., Transforming growth 

factor beta receptor type 3, POU domain class 6 transcription factor 2 and Probable G-protein 

coupled receptor 158, serine/threonine kinase Stk11) (Supplementary Table 4.3 annex III) (Cox 

1995; Patel et al. 2015; Yang et al. 2023a). The inhibition by 10−7 M DES of Stk11 gene 

expression further substantiates the role of gene expression in growth impairment in the 

juveniles of M. coruscus (Figure 4.4B). Peptidyl prolyl isomerase (Ppiase), contributes to 

efficient protein folding (Young et al. 2004), and was up regulated in fast growing larvae of the 

Pacific oyster Crassostrea gigas (Meyer & Manahan 2010); its significant down regulation by 

IOX and DES (Figure 4.4) may contribute to the general growth inhibition observed in M. 

coruscus juveniles. Several shell growth related genes, such as perlucin-like protein (Plp) 

(Wang et al. 2008) and tyrosinase-like protein-1 (Tyrp1) (Zhu et al. 2021), were also 

significantly affected by exposure to 10−7 M DES (Figure 4.4B) in M. coruscus juveniles. A 

similar inhibitory effect on growth was reported in M. coruscus juveniles exposed to an anti-

thyroid compound, methimazole (MMI) (Li et al. 2021). Moreover, MMI and propylthiouracil 

significantly reduced larval metamorphosis in M. coruscus, suggesting it had a neuroendocrine 

disrupting effect (Li et al. 2021). The disrupted growth caused by low doses of DES is 

reminiscent of that caused by MMI and suggests it may be an endocrine disruptor. 

Cytochrome P450s (CYP) are one of the major enzyme complexes for detoxifying 

xenobiotic substances (e.g., pesticides, fungicides, hydrocarbons) found in aquatic organisms 

(Snyder 2000). Cytochrome P450 content was elevated in mussel M. edulis and periwinkles 

Littorina littorea when exposure to xenobiotic compounds (Livingstone 1988). Furthermore, 

benzo(a)pyrene (BaP), 3,3′,4,4′-tetrachlorobiphenyl (TCB) and Na-phenobarbital increased the 

level of Cytochrome P450 in the mussel M. galloprovincialis (Galli et al. 1988; Michel et al. 

1993). Sulfotransferases are crucial molecules for the elimination of xenobiotic molecules such 

as environmental chemicals and drugs (James & Ambadapadi 2013). In the present study, 

numerous cytochrome P450 and sulfotransferase genes were significantly up regulated in DES 

treated juveniles (Table 4.2, Supplementary Table 4.3, 4.4 annex III), indicating exposure to 

DES activated genes linked to detoxification. Toxic substances are proposed to be detrimental 

to aquatic organisms, since they weaken their immune system and make them more prone to 
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disease (Kataoka & Kashiwada 2021). Interestingly the up regulation of detoxification-related 

genes observed in the present study was associated with down regulation of DEGs related to 

immune function, such as scavenger receptor cysteine-rich domain superfamily protein, L-

rhamnose-binding lectin CSL3 and nuclear factor erythroid 2-related factor, in IOX and DES-

exposed juveniles (Tables S4, S5, S6) (Furukawa et al. 2012; Watanabe et al. 2009; Kim et al. 

2011), suggesting their immune system was affected. It is tempting to speculate that the up 

regulation of detoxifying-related genes in M. coruscus juveniles exposed to 10−7 M DES but 

not to IOX may explain the different survival rates recorded. Further work will be required to 

consolidate understanding of why M. coruscus juveniles had a differing susceptibility to DES 

and IOX and their mechanism of action. 

The present study demonstrated that IOX and DES modified the cardiac performance and 

shell growth of juvenile mussels and had lethal effects at 10−6 and 10−7 M IOX. Heart function 

and shell growth were modified by both IOX and DES in M. coruscus juveniles. The alteration 

by DES of cardiac performance in mussels suggests that IOX and DES may be cardiovascular 

disruptors in invertebrates a function previously only reported in zebrafish (Li et al. 2019). In 

the present study, we observed that juvenile mussels treated with 10−8 M DES exhibited a 

significant reduction in shell growth, despite no abundant differential gene expression. The 

results of our experiments do not allow us to establish if the effect of DES was direct or indirect. 

It is possible that DES directly interfered with processes that regulate shell growth, possibly 

through impairment of neuroendocrine signaling or of the shell construction machinery. 

Alternatively, the modified heart function observed with both DES and IOX may have indirectly 

affected shell growth. An example of direct disruptive actions of DES and IOX comes from 

studies in zebrafish showing they disrupt normal cardiovascular development (Li et al. 2019; 

Li et al. 2022). While the concentration of 10−8 M DES employed in this study may be 

considered relatively elevated compared to the concentrations normally found in seawater, 

when considering chemical exposure, it is crucial to consider the ecological context of bivalves. 

M. coruscus as a commonly cultured bivalve species is produced in nearshore aquaculture zones 

within the East China Sea. Specifically, M. coruscus aquaculture predominantly occurs in the 

vicinity of Shengsi Island, located in Zhejiang Province, China. Notably, the aquaculture sites 

in the Shengsi Sea area are subject to persistent contamination stemming from rivers such as 

the Yangtze River and the Qiantang River. The continuous influx of pollutants from these rivers 

may lead to the gradual accumulation of contaminants within the mussels’ tissues, posing 

potential risks to their health. Of note are the recorded concentrations of 16.9 μg/L (~ 0.1 μM) 
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(Qu et al. 2012) and 0.1 μg/L (~ 10−9 M) (Croll 1991), respectively of DES and IOX in some 

Chinese fishery water and in some UK surface water. 

Our findings indicate that IOX and particularly DES interfere with a diversity of biological 

processes, thus rendering mussels more susceptible to adverse environmental conditions. This 

susceptibility is likely to be further compounded when combined with other stressors such as 

ocean acidification/warming and highlights the importance of managing and reducing exposure 

of bivalves to environmental contaminants such as IOX and DES. The effects of IOX and DES 

on the cardiovascular system, nervous system and neuroendocrine system of the mussel and 

their resilience, presumably due to the upregulation of detoxifying systems (transcriptome 

analysis), suggests they may be a good invertebrate model for analysing the effect of vertebrate 

EDCs. Overall, the results obtained in the mussel, M. coruscus, indicate IOX and DES have the 

potential to be neuroendocrine and cardiovascular disrupters in bivalves and may lead to a 

decline in mussel populations, which will ultimately threaten the stability and resilience of 

ocean ecosystems.
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5.1. General discussion 

A properly functioning endocrine system depends on the coordinated action of hormones 

and is essential for the physiological regulation and homeostasis of all multicellular organisms 

(Darbre 2019). The body's endocrine system can be negatively impacted by EDCs, resulting in 

detrimental effects on human development, reproductive function, neurological processes, 

cardiovascular health, metabolic regulation, and immune responses (Schug et al. 2011). A wide 

variety of EDCs are found in agricultural products, plastics, personal hygiene products, flame 

retardants and have become widespread contaminants in the environment and a range of 

disorders have been reported in animal populations living in highly contaminated areas (Tyler 

et al. 1998). DES was the first synthetic estrogen that was utilized to prevent miscarriages and 

other complications during pregnancy (Hunt et al. 2016). Despite being an effective treatment 

option, DES has harmful side effects, such as the increased risk of cardiac, thyroid, and 

reproductive abnormalities (Tournaire et al. 2016; Blackard et al. 1970; de Voogt et al. 1986; 

Palmer et al. 2001). Even though use of DES has been prohibited for humans since 1971 in the 

United States (Reed & Fenton 2013), its detrimental consequences remain a significant concern 

for public health that extends beyond the maternal population to include their offspring 

(Yamamoto et al. 2003; Titus-Ernstoff et al. 2010; Perez et al. 2005). IOX, an iodine-containing 

phenolic herbicide, is still in use and is persistent in the environment (Otsuka et al. 2014).  

IOX and DES bind to the TH transporter, TTR (Ishihara et al. 2003; Morgado et al. 2007; 

Zoeller 2005) and affect the expression of TRs, deiodinases and TSH in the brain, pituitary and 

liver and in the marine teleost seabream (Sparus aurata) they modify the morphology and 

localization of thyroid follicles and thyrocytes in vivo (Morgado et al. 2009). In zebrafish 

embryos exposed to IOX and DES (0.1 μM), the development of the thyroid and heart was 

impaired and exhibited a strong association between modified heart morphology and altered 

thyroid development (Campinho & Power 2013). Furthermore, DES exhibited a more 

pronounced effect on heart morphology at low (0.1 μM) rather than high (1 μM) concentrations, 

indicating it has nonmonotonic effects (Campinho & Power 2013). The specific effects of IOX 

and DES on thyrocytes have been demonstrated, but it remains to be determined whether these 

effects are the result of direct or indirect actions. The potential role of contaminants on other 

developing tissues, particularly the heart and ventral aorta, which are known to interact 

extensively with the thyroid gland during development (Alt et al., 2006; Wendl et al., 2007; 

Opitz et al., 2012), must also be taken into consideration. 
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Chapter 2 aimed to determine how IOX and DES disrupted the crosstalk between the 

developing thyroid gland and cardiovascular system in zebrafish. It was found that exposure of 

zebrafish embryos to IOX and DES (0.1 μM) increased heartbeat frequency and reduced 

ventricle volume and aorta diameter. The vascular endothelial cells were isolated by flow 

cytometry to further understand the toxicological effects of IOX and DES on endothelial cells 

from blood vessels. Transcriptome analysis of endothelial cells from blood vessels exposed to 

IOX and DES identified the enrichment of three cardiomyopathy pathways, including 

hypertrophic cardiomyopathy, dilated cardiomyopathy and arrhythmogenic right ventricular 

cardiomyopathy. This finding reveals that IOX and DES directly affected vascular and heart 

development, which explains the increased incidence of heart defects observed in children born 

to women exposed to DES (Titus-Ernstoff et al., 2010). Given that thyroid gland development 

is highly dependent on the development of the heart and aorta (Alt et al., 2006; Wendl et al., 

2007; Opitz et al., 2012). The data from the present study reveal that IOX and DES directly 

disrupt normal cardiovascular development in zebrafish embryos, probably explaining the 

observed modifications indirectly in thyroid gland development (Chapter 2).  

Chapter 3 described the impact of chronic exposure to IOX and DES (0.1 μM) on thyroid 

and cardiovascular development in juvenile zebrafish that have a fully developed heart and 

thyroid tissue. This study contributes to the advancement of knowledge regarding the impact of 

a low-level concentration (0.1 μM) of IOX and DES on the development of cardiac and thyroid 

disorders, resembling the observed alterations in zebrafish embryos. The work carried out in 

early (embryo and juvenile) development in zebrafish suggests that there is no safe limit of IOX 

and DES exposure levels. 

The endocrine system in invertebrates differs substantially from that in vertebrates and 

endocrine disrupting effects of DES and IOX exposure are poorly documented. Considering 

invertebrates are key players in maintaining ecological balance and promoting biodiversity 

within ecosystems, changes in their fitness and survival may have devastating environmental 

consequences (Chen 2021). The presence of thyroid hormone signalling genes, such as TRs and 

iodothyronine deiodinases in mussel species (Li et al. 2020b; Li et al. 2021; Shi et al. 2022) 

raises the possibility that DES and IOX, may be putative thyroid system disruptors, and may 

exert physiological effects by acting upon TRs and DIOs. Taking into consideration the 

cardiovascular effects of IOX and DES on fish, it was decided to study whether these chemicals 

affect heart function in the invertebrate mussel species M. coruscus (Chapter 4). Chapter 4 

elucidated the potential effects of IOX and DES on the juvenile mussels to understand how IOX 
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and DES exert their actions on aquatic invertebrates. IOX and DES impaired heart function and 

some down-regulated cardiac-related genes were reported and the upregulation of multiple 

genes related to detoxifying xenobiotic substances suggests that detoxification processes were 

enhanced in the DES-exposed group. We also observed that juvenile mussels treated with low 

concentrations of DES exhibited a significant reduction in shell growth. The results suggest that 

IOX and DES may act as neuroendocrine and cardiovascular disruptors in bivalves, 

highlighting the possibility that compounds with endocrine-disrupting properties on vertebrates 

may also affect invertebrate organisms. 

 

5.1.1 IOX and DES impair thyroid development 

IOX and DES are known disruptors of thyroid function, affecting crucial developmental 

processes such as thyroid hormone transport (Ogilvie and Ramsden, 1988) and overall thyroid 

homeostasis (Morgado et al., 2009). In Chapter 2, thyroid morphology, such as the thyroid 

follicle number, thyroid field, and thyroid follicle area, was modified in zebrafish embryos 

exposed to 0.1 μM DES and IOX, indicating impaired thyroid development. These results 

corroborate a previous study showing that the mRNA expression of thyroid developmental and 

differentiation marker genes in DES and IOX-exposed zebrafish embryos were reduced 

(Campinho & Power 2013). Taken together the results suggest that DES and IOX impair thyroid 

development by directly interfering with the expression of genes associated with thyroid 

development and differentiation. Altered thyroid gland morphogenesis was also observed 

in clofibrate-exposed zebrafish larvae (Raldúa et al. 2008).  

In Chapter 3, we further identified the effects of DES and IOX on thyroid development in 

zebrafish juveniles after chronic (60-days exposure) exposure. Zebrafish juveniles exposed to 

0.1 μM IOX had enlarged thyroid follicles and increased Tg staining, which suggests that 60 

days of exposure induced thyroid hypertrophy. Similar observations were reported in juvenile 

gilthead sea bream exposed to IOX for 21 days indicating this chemical causes thyroid follicle 

hypertrophy in fish (Morgado et al. 2009). The significant increase in thyroid follicle area but 

not the number of follicles in IOX-treated juvenile zebrafish was correlated with a significantly 

decreased thyrocyte cell height, suggesting that the follicle area increased but the thyroid 

follicle activity was lower. This finding implies that the processing of Tg into thyroid hormones 

is likely impaired. Our results are in general agreement with a similar study on juvenile gilthead 

sea bream, since IOX exposure led to enlarged thyrocytes although the authors did not identify 

thyroid hypertrophy, although fish had decreased serum T4 levels compared to the control group, 
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implying the fish were hypothyroid (Morgado et al. 2009). Additionally, IOX exposure in rats 

has been associated with liver hypertrophy and thyroid tumours (European-Commission 2004), 

which indicates the response to IOX may vary between different species. The results presented 

herein show IOX exposure caused reduced thyrocyte activity and thyroid follicle hypertrophy 

in zebrafish juveniles.  

When comparing embryonic and juvenile zebrafish, our findings revealed distinct and 

stage-dependent responses to IOX and DES exposure. IOX treatment resulted in a significant 

reduction in the thyroid follicle area and thyroid follicle number in zebrafish embryos. This 

finding suggests that IOX may interfere with thyroid organogenesis during early development, 

leading to a decrease in thyroid follicle size. Conversely, IOX-exposed juveniles exhibited a 

significant increase in thyroid follicle area, and no significant change was observed in thyroid 

follicle numbers. These results indicate that IOX may exert different actions on the developing 

thyroid of embryos compared to the developed thyroid in juveniles. Regarding DES exposure, 

there was a significant decrease in the thyroid follicle area in zebrafish embryos and this 

indicates that like IOX it influences thyroid organogenesis during embryonic development. 

However, no overt differences in the histology of the thyroid were observed in DES-exposed 

juveniles, although if there were effects on TH production was not assessed. Overall, our 

findings highlight the stage-dependent effects of IOX and DES on the thyroid and support the 

notion that the impact of these chemicals on the HPT axis varied with developmental stage and 

duration of exposure. Further studies are warranted to elucidate the underlying mechanisms and 

long-term consequences of IOX and DES exposure on thyroid function in zebrafish. 

 

5.1.2 The cardiovascular system is the target of IOX and DES 

EDCs are normally defined as chemicals that directly interfere with or disrupt endocrine 

systems. Previous studies reported that prenatal exposure to DES increased the incidence 

of cardiovascular defects in their offspring, including ventricular septal disease, tetralogy of 

fallout, and atrial septal defects (Titus-Ernstoff et al. 2010; Tournaire et al. 2016). The study on 

which the present thesis was based revealed that in concordance with the outcome of human 

studies, IOX and DES exposure caused alterations in the ventricle and heart morphology in 

zebrafish embryos, as revealed by the altered mRNA expression of cmlc2, a marker gene 

associated with the final differentiation of cardiomyocytes (Campinho & Power 2013). 

Nevertheless, there is a lack of data about the effects of DES on heart development and function 

in vertebrates.  
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To extend understanding of the effects of IOX and DES on heart rate and heart morphology 

(Chapter 2), zebrafish embryos were exposed to these chemicals (0.1 μM) and were observed 

to have an increased heart rate, altered heart morphology, reduced ventricle volume, and 

reduced aorta diameter. The observed reduction in ventricle volume in IOX and DES-exposed 

embryos suggests that there was a decrease in the amount of blood being ejected from the 

ventricles, which may be linked to the increased heart rate observed. The changes in cardiac 

function provide evidence of possible structural abnormalities or developmental alterations 

induced by IOX and DES exposure, which could explain cardiac dysfunction in zebrafish 

embryos. Building on the observations in zebrafish embryos we showed that exposure of 

juveniles for 60 days to IOX and DES had a similar effect on ventricle volume and morphology 

(Chapter 3). The results of IOX exposure in juveniles suggested it may induce cardiac 

remodeling, potentially leading to altered ventricular function. In contrast, although DES 

exposure did not lead to a significant change in ventricle volume compared to control juveniles, 

it resulted in the presentation of ventricular malformations. The obvious irregularities on the 

external surface of the ventricle and atrium in DES-treated animals suggest that DES may 

induce structural alterations possibly through an action on cardiac muscle in the juvenile 

zebrafish heart. Since cardiac deformities were observed in response to IOX and DES exposure 

in embryo and juvenile zebrafish this highlights a not previously reported vulnerability of 

developing cardiovascular tissues. Overall, the results in zebrafish support the notion that even 

low-dose EDC exposure may have lasting implications for cardiac health.  

To assess if IOX and DES have cardiovascular effects in invertebrates, the marine mussel 

M. coruscus was studied (Chapter 4). Based on the findings presented, exposure to IOX and 

DES resulted in a significant reduction in heart rate, indicating the potential of these chemicals 

to disrupt the cardiovascular system in both invertebrates and vertebrates. The effects of IOX 

and DES were influenced by their concentration and the duration of exposure and highlight the 

importance of understanding the dose-response relationship and the temporal dynamics of 

EDCs exposure on heart function in marine organisms. Moreover, the reversibility of the heart 

rate response to prolonged exposure to DES in M. coruscus highlights the potential for 

adaptation or compensatory mechanisms in response to EDCs. The potential mode of action of 

IOX and DES remains to be established but studies have shown that MMI and propylthiouracil 

(PTU) anti-thyroid agents commonly employed to investigate the influence of TH synthesis and 

metabolism in vertebrates influence bivalves (Li et al., 2021). The effects of MMI and PTU in 

bivalves may be explained by the recent identification of thyroid receptor (TR) and 
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iodothyronine deiodinase (DIO) genes in a study on the mussel M. coruscus (Li et al., 2020; Li 

et al., 2021; Shi et al., 2022). The presence of TR and DIO suggests a potential mechanism by 

which, thyroid disruptors like DES and IOX could influence mussel physiology. In M. coruscus, 

these compounds notably diminish larval metamorphosis, with MMI specifically leading to 

impaired growth performance (Li et al., 2021). These findings highlight the shared 

susceptibility of both vertebrates and an invertebrate species to MMI and PTU, emphasizing 

that although the thyroid axis is not totally conserved there is sufficient conservation of thyroid 

hormone signaling pathways and actions to provoke disruption of similar physiological 

processes (metamorphosis and growth). 

The transcriptome analysis of endothelial cells of IOX and DES-exposed embryos 

(Chapter 2) revealed that hypertrophic, dilated and arrhythmogenic right ventricular 

cardiomyopathy gene pathways were significantly changed and identified a potential link 

between chemical exposure and adverse cardiac development for future exploration. The 

response of endothelial cells to IOX or DES diverged, and different subsets of genes and gene 

networks were affected. Taken together the results indicate that both IOX and DES have adverse 

impacts on heart development with similar morphological effects observed, although the 

genetic pathways underpinning the phenotype diverged.    

Based on the observed increased heartbeat, lower chamber volume and reduced diameter 

of the ventral aorta in zebrafish embryos, it is expected that blood flow dynamics may be 

compromised in both IOX and DES-treated embryos as compared to controls (Chapter 2). 

Vascular stretching can be induced by both blood flow and pressure through various biological 

or physical mechanisms, with flow causing vasodilation and pressure resulting in mechanical 

distension (Lu & Kassab 2011). Blood flow imposes shear stress on the endothelial cells, while 

cardiac pulsation generates circumferential stretch and imposes mechanical stimulation on both 

endothelial cells and smooth muscle cells (Boselli et al. 2015; Lu & Kassab 2011; Campinho 

et al. 2020). Despite similar heart and ventral aorta morphological endpoints observed in 

zebrafish embryos, the molecular responses of endothelial cells to IOX and DES differed. The 

differential effects of IOX and DES exposure on developing endothelial cells emphasize the 

complexity of the responses elicited by these chemicals within the cardiovascular system. Based 

on our findings, it appears that both IOX and DES have an impact on blood flow, but it is 

unclear if this is a direct influence on endothelial cells, affecting their vasodilatory or 

vasoconstrictive properties, or is a consequence of their influence on cardiomyocytes. 

Additionally, it is possible that both endothelial cells and cardiomyocytes are affected by IOX 
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and DES, leading to increased heartbeat and so a modification in blood flow regulation. Further 

investigation into the underlying cellular and molecular pathways involved in the observed 

effects of IOX and DES on blood flow is warranted to elucidate the precise mechanisms and 

potential implications for cardiovascular health.  

The development of blood vessels has been shown to influence the morphology of the 

thyroid gland and to modulate thyroid morphogenesis in zebrafish (Alt et al. 2006b; Opitz et al. 

2012). Thyroid development is highly dependent on the development of the heart and aorta 

(Opitz et al. 2012; Wendl et al. 2007; Alt et al. 2006b). Moreover, the observed impairment of 

thyroid development in zebrafish with modified heart function (Campinho & Power 2013), 

provides compelling support for the interconnected nature of these developmental processes. 

We suggest that exposure to IOX and DES may disrupt normal cardiovascular development, 

consequently influencing thyroid gland development in zebrafish embryos. The results reveal 

the pernicious effects of low-dose exposure to DES in zebrafish, a vertebrate and important 

biomedical model and highlight the need for further studies in other vertebrates, including 

humans (Titus-Ernstoff et al. 2010). Overall, the thesis highlights the critical role of 

cardiovascular development in shaping thyroid gland development and indicates the action of 

EDCs is complex.  

 

5.1.3 DES exposure inhibits growth and activates the detoxification process in mussels 

The widespread presence of DES in the environment can be attributed to its use as a growth 

promoter in livestock production (Brennan et al. 2006; McLachlan et al. 1984; Bravo et al. 

2007). DES has been found to have diverse impacts on different organisms within the 

environment. The effects of DES vary across different species, as evidenced by contrasting 

observations in neonatal mice and an invertebrate (Daphnia magna). While neonatal mice 

showed an increase in body weight at lower doses, high concentrations did not yield the same 

response (Newbold et al. 2004). Exposure of Daphnia magna to DES resulted in decreased 

moulting frequency and hindered growth after 21 days of exposure, demonstrating the adverse 

impact of DES on this invertebrate species (Baldwin et al. 1995; Brennan et al. 2006). In M. 

coruscus juveniles in the present thesis, the severity of shell growth inhibition by DES revealed 

a complex dose-dependent response (Chapter 4). The effects of DES on ion transport and 

intracellular pH in the mantle of Anodonta cygnea (Bivalvia) (Alves & Oliveira 2013), may 

explain its effect on shell growth in M. coruscus. The different effects of DES and IOX on the 

survival and shell growth of M. coruscus juveniles emphasize the need for more studies into 
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their mode of action. In our studies, DES exposure led to modifications in gene transcription, 

particularly affecting the expression of growth-related genes associated with cell 

cycle/proliferation, energy metabolism, and protein metabolism. Furthermore, the resemblance 

between the growth inhibition in M. coruscus juveniles caused by low doses of DES and that 

induced by MMI (Li et al. 2021) suggests the potential for DES to function as an endocrine 

disruptor. This emphasizes the need for comprehensive studies of the endocrine system and its 

disruption by chemicals in aquatic invertebrates like bivalves. 

The observed upregulation of detoxification-related genes and concurrent downregulation 

of immune function-related differentially expressed genes in M. coruscus juveniles exposed to 

10−7 M DES raises intriguing questions regarding the potential impact on their immune system 

and survival rates. The upregulation of cytochrome P450 and sulfotransferase genes in DES-

treated juveniles suggests the activation of detoxification-related molecular pathways in 

response to xenobiotic exposure. This finding aligns with previous research demonstrating 

elevated cytochrome P450 content in various aquatic invertebrates upon exposure to xenobiotic 

compounds, such as pesticides, fungicides, and specific chemicals like benzo(a)pyrene, 

3,3′,4,4′-tetrachlorobiphenyl, and Na-phenobarbital (Michel et al. 1993; Galli et al. 1988; 

Livingstone 1988). I propose that the induction of cytochrome P450 and sulfotransferase genes 

in DES-treated mussel juveniles, reflects an adaptive response aimed at enhancing their 

detoxification capacity. This molecular response may serve as a protective mechanism to 

counteract the deleterious effects of xenobiotics, which are known to compromise immune 

function and increase susceptibility to disease in aquatic organisms. Moreover, the absence of 

similar changes in the IOX and DES-exposed juveniles indicates a specific effect of DES on 

the regulation of detoxification-related genes.  

The differential survival rates recorded between DES-exposed and IOX-exposed juveniles 

further support the potential link between the observed gene expression patterns and survival 

outcomes. This led us to speculate that the upregulation of detoxifying genes in DES-exposed 

juveniles, without a corresponding impact in the IOX-exposed group, explains the disparity in 

survival rates. It suggests a potential link between the modulation of detoxification-related 

genes, immune function, and survival outcomes in M. coruscus juveniles following DES 

exposure. While this concentration of 10-8 M DES may be considered relatively elevated 

compared to typical levels found in seawater, it is essential to recognize that marine mussels 

are filter feeders inhabiting nearshore ecosystems and are continuously exposed to a wide range 

of environmental contaminants present in the water column. As a result, even at low 
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environmental concentrations pollutants can accumulate within bivalve tissues over time, 

potentially reaching levels that elicit a biological response. Understanding the adverse 

outcomes caused by IOX and DES exposure and other environmental contaminants is crucial 

for informing effective conservation and management strategies linked to controlling 

environmental pollutants.  

 

5.2. Conclusions and future perspectives 

5.2.1 Conclusions 

This thesis work built on previous observations that the commonly used herbicide IOX and the 

non-steroidal estrogen, DES, have profound effects on thyrocyte development and 

differentiation and heart function in zebrafish embryos (Campinho & Power 2013). The aim of 

my thesis was to identify the crosstalk that occurs between thyroid tissue development and the 

heart and angiogenic systems and how they are modified by IOX and DES in zebrafish. I 

revealed that exposure to IOX and DES in zebrafish embryos and juveniles significantly altered 

thyroid and heart development and function. 

• Thyroid follicle hypertrophy was observed in IOX and DES-treated zebrafish juveniles and 

IOX caused ventricle deformation and increased ventricle volume, whereas DES altered 

ventricle morphology. 

• In IOX and DES-treated zebrafish embryos, the heartbeat increased in frequency, and the 

ventricle volume and ventral aorta diameter were reduced. Evidence was found for the first 

time using transcriptomics of embryonic endothelial cells of the main molecular changes 

caused by IOX and DES and revealed genes associated with hypertrophic, dilated, and 

arrhythmogenic right ventricular cardiomyopathy were significantly changed. The 

transcriptome data also indicated that developing endothelial cells are differentially 

affected by IOX and DES exposure and compound-specific toxic effects were found in IOX 

and DES-treated embryos. We found that although both IOX and DES exerted adverse 

impacts on heart development with similar morphological effects observed in zebrafish 

embryos and juveniles, the response of genes involved in cardiovascular function to IOX 

or DES was quite different, with different subsets of genes and gene networks being 

affected in each group. We propose that IOX and DES directly affect cardiovascular 

development and that through this action they indirectly impair the developing thyroid 

gland and presumably the thyroid axis and disrupt thyroid homeostasis.  

• A comparative study was performed showing that exposure of an invertebrate, the mussel, 
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to IOX and DES also resulted in cardiac-related effects and caused a significant decrease 

in mussel heart rate. The results indicate that IOX and DES act as EDCs and exert consistent 

adverse effects on cardiac performance in both vertebrates and invertebrates. Additionally, 

DES exposure inhibited shell growth and analysis of transcriptomes gave insight into the 

chemical-specific transcriptional effects caused by DES and IOX but also revealed a 

capacity of the mussel to combat exposure through the increased expression of 

detoxification-related genes.  

 

5.1.2 Future perspectives 

This thesis comprehensively examined the broad-ranging adverse effects of IOX and DES 

in vertebrate (zebrafish) and invertebrate (M. coruscus) species. Examining these EDCs in 

different organisms’ representative of the main animal divisions gave insight into the common 

and divergent effects of IOX and DES and uncovered potential synergistic or antagonistic 

effects that single-species studies might overlook. By using a comparative approach to chemical 

hazard assessment across multiple species, a more comprehensive and mechanistic 

understanding can be gained of how toxicity disrupts biological processes that are crucial for 

health and are shared among various animals, including humans. For instance, vertebrate fish 

(Hypseleotris compressa) and tadpoles (Limnodynastes peronii) demonstrated morphological 

changes when exposed to coal mine wastewater, whereas invertebrate species such as planarian 

(Dugesia sp.) and cladoceran (Daphnia carinata) were found to be particularly sensitive to this 

wastewater (Lanctôt et al., 2016). Similarly, recent efforts in predicting the developmental 

toxicity of chemicals found in the environment using zebrafish and marine mussels are proving 

valuable for human health risk assessments (Pinheiro et al., 2023). The use of diverse species 

in comparative assessments enhances our understanding of shared molecular targets and 

conserved pathways across species, thereby providing insights that benefit both human and 

environmental health. The results of my thesis emphasized the environmental risks of EDCs 

and reinforced the need for further studies to understand their impact at both an individual, 

species and ecosystem level.  

Continued exploration of the endocrine disrupting effects of IOX and DES, requires a) 

studies to improve the understanding of the endocrine system in marine invertebrates and b) 

studies targeting the thyroid related axis in vertebrates and invertebrates, particularly THs and 

TSH. A focused research effort aimed at characterizing the endocrine system in bivalves, both 

organization and function and an improved understanding of how EDCs work at a molecular 
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and cellular level and the level in the organisms along with an understanding of dose-response 

relationships and long-term impacts of EDCs is a priority. Specifically, in zebrafish more 

detailed mechanistic studies are essential to uncover the pathways associated with endothelial 

functions, such as hypertrophic, dilated, and arrhythmogenic right ventricular cardiomyopathy 

through which IOX and DES disrupt cardiovascular development. Advanced molecular 

techniques, such as the CRISPR-Cas systems, single-cell RNA sequencing, and proteomics, can 

provide detailed insights into the cellular and molecular alterations induced by these EDCs. A 

thorough understanding of these mechanisms is critical for developing targeted interventions 

aimed at mitigating their adverse effects.  

In addition to the research focus on vertebrates, it is crucial to consider invertebrates such 

as the highly abundant and diverse bivalves in the exploration of endocrine-disrupting effects 

of IOX and DES. To address this, research efforts should be directed toward a comprehensive 

characterization of the endocrine system in bivalves, encompassing both its organization 

structure and functional dynamics. It is essential to investigate the effects of EDCs on bivalve 

physiology, including reproductive, developmental, and growth processes. This includes 

elucidating how EDCs affect bivalves at a molecular and cellular level, especially in larval 

developmental stages, as well as understanding dose-response relationships, functional 

consequences and long-term impacts specific to these organisms. Understanding how EDCs 

disrupt the bivalve endocrine systems-particularly during sensitive early life stages such as 

larval development, can reveal broader ecological impacts, including effects on population 

dynamics, community structure, and ecosystem functioning.  

Despite being banned for human use in the USA since 1971 (Reed and Fenton, 2013), DES 

continues to pose a significant threat to human health due to its extensive utilization in livestock 

production, with recorded concentrations reaching up to 24.9–102 ng L−1 and 7.2–16.9 μg L−1 

in some Chinese rivers and fisheries waters, respectively (Chen et al., 2009; Qu et al., 2012; 

Zhang et al., 2012), as well as in sediments of Mediterranean aquatic environments (Pojana et 

al., 2007). Enhanced environmental monitoring programs covering both vertebrates and 

invertebrates are needed to track the prevalence and distribution of IOX, DES and other EDCs 

in aquatic ecosystems. These efforts must include rigorous assessments of their biological 

effects in exposed organisms, persistence, bioaccumulation dynamics, and potential 

biomagnification within aquatic food webs. Such data are crucial for informing evidence-based 

regulatory policies aimed at reducing exposure to EDCs and minimizing their environmental 

impact. Furthermore, interdisciplinary research collaborations are necessary to address 



  Chapter 5 
 

 
 

111 

knowledge gaps regarding the ecological and human health implications of IOX and DES 

contamination. Integrating ecological risk assessments with epidemiological studies will 

elucidate the potential health risks for ecosystems and animals associated with chronic exposure 

to these chemicals. Such holistic approaches will support the development of adaptive 

management strategies and targeted interventions aimed at preserving aquatic ecosystem health 

and safeguarding public health. 
 

 

 

 

 

 



  Chapter 1-5 
 

 
 

112 

Bibliography 
 
Abzalimov RR, Bobst CE, Salinas PA, Savickas P, Thomas JJ, Kaltashov IA (2013) Studies of pH-dependent self-

association of a recombinant form of arylsulfatase A with electrospray ionization mass spectrometry and 
size-exclusion chromatography. Anal Chem, 85, 1591-1596. 

Adam AHB, de Haan LHJ, Louisse J, Rietjens I, Kamelia L (2021) Assessment of the in vitro developmental 
toxicity of diethylstilbestrol and estradiol in the zebrafish embryotoxicity test. Toxicol In Vitro, 72, 105088. 

Adams BA, Cyr DG, Eales JG (2000) Thyroid hormone deiodination in tissues of American plaice, 
Hippoglossoides platessoides: characterization and short-term responses to polychlorinated biphenyls 
(PCBs) 77 and 126. Comp Biochem Phys C, 127, 367-378. 

Ahmed SE, Valen E, Sandelin A, Matthews J (2009) Dioxin increases the interaction between aryl hydrocarbon 
receptor and estrogen receptor alpha at human promoters. Toxicol Sci, 111 (2), 254-266. 

Akiyoshi S, Sai G, Yamauchi K (2012) Species-dependent effects of the phenolic herbicide ioxynil with potential 
thyroid hormone disrupting activity: modulation of its cellular uptake and activity by interaction with 
serum thyroid hormone-binding proteins. J Environ Sci-China, 24, 949-955. 

Albanito L, Lappano R, Madeo A, Chimento A, Prossnitz ER, Cappello AR, Dolce V, Abonante S, Pezzi V, 
Maggiolini M (2015) Effects of atrazine on estrogen receptor α- and G protein-coupled receptor 30-
mediated signaling and proliferation in cancer cells and cancer-associated fibroblasts. Environ Health 
Persp, 123, 493-499. 

Aleström P, D’Angelo L, Midtlyng PJ, Schorderet DF, Schulte-Merker S, Sohm F, Warner S (2020) Zebrafish: 
housing and husbandry recommendations. Lab Anim-UK, 54(3), 213-224. 

Alt B, Elsalini OA, Schrumpf P, Haufs N, Lawson ND, Schwabe GC, Mundlos S, Gruters A, Krude H, Rohr KB 
(2006) Arteries define the position of the thyroid gland during its developmental relocalisation. 
Development, 133, 3797-3804. 

Alt B, Reibe S, Feitosa NM, Elsalini OA, Wendl T, Rohr KB (2006) Analysis of origin and growth of the thyroid 
gland in zebrafish. Dev Dynam, 235, 1872-1883. 

Alves MG, Oliveira PF (2013) Effects of non-steroidal estrogen diethylstilbestrol on pH and ion transport in the 
mantle epithelium of a bivalve Anodonta cygnea. Ecotox Environ Safe, 97, 230-235. 

Amar AP, Weiss MH (2003) Pituitary anatomy and physiology. Neurosurg Clin N Am, 14, 11-23. 
Ambad R, Jain P, Kambale A, Mahakalkar C (2021) Thyroid profile in goiter patients. Eur J Mol Clin Med, 8, 301-

307. 
Andrewartha SJ, Elliott NG, McCulloch JW, Frappell PB (2015) Aquaculture sentinels: smart-farming with 

biosensor equipped stock. J Aquac Res Development, 7, 1-4. 
Annamalai J, Namasivayam V (2015) Endocrine disrupting chemicals in the atmosphere: their effects on humans 

and wildlife. Environ Int, 76, 78-97. 
Antkiewicz DS, Burns CG, Carney SA, Peterson RE, Heideman W (2005) Heart malformation is an early response 

to TCDD in embryonic zebrafish. Toxicol Sci, 84, 368-377. 
Augustin HG, Koh GY, Thurston G, Alitalo K (2009) Control of vascular morphogenesis and homeostasis through 

the angiopoietin–Tie system. Nat Rev Mol Cell Bio, 10, 165-177. 
Azizi G, Akodad M, Baghour M, Layachi M, Moumen A (2018) The use of Mytilus spp. mussels as bioindicators 

of heavy metal pollution in the coastal environment. A review. J Mater Environ Sci, 9, 1170-1181. 
Bae S, Kim JH, Lim YH, Park HY, Hong YC (2012) Associations of bisphenol A exposure with heart rate 

variability and blood pressure. Hypertension, 60, 786-793. 
Bakhmet I, Fokina N, Ruokolainen T (2021) Changes of heart rate and lipid composition in Mytilus edulis and 

Modiolus modiolus caused by crude oil pollution and low salinity effects. J Xenobiot, 11, 46-60. 
Bakhmet IN, Fokina NN, Nefedova ZA, Nemova NN (2009) Physiological-biochemical properties of blue mussel 

Mytilus edulis adaptation to oil contamination. Environ Monit Assess, 155, 581-591. 
Bakkers J (2011) Zebrafish as a model to study cardiac development and human cardiac disease. Cardiovasc Res, 

91, 279-288. 
Baldwin WS, Milam DL, Leblanc GA (1995) Physiological and biochemical perturbations in Daphnia magna 

following exposure to the model environmental estrogen diethylstilbestrol. Environ Toxicol Chem, 14, 
945-952. 

Bayram-Weston Z, Andrade M, Knight J (2021) Endocrine system 2: hypothalamus and pituitary gland. Nursing 
Times, 117, 49-53. 

Beaulieu LM, Freedman JE (2013) Inhibition of platelet function by the endothelium. In: Michelson A.D. (Ed.), 
Platelets, 313-342. 

Becker KB, Stephens KC, Davey JC, Schneider MJ, Galton VA (1997) The type 2 and type 3 iodothyronine 



  Chapter 1-5 
 

 
 

113 

deiodinases play important roles in coordinating development in Rana catesbeiana 
tadpoles. Endocrinology, 138 (7), 2989-2997. 

Beesley PW, Herrera-Molina R, Smalla KH, Seidenbecher C (2014) The Neuroplastin adhesion molecules: key 
regulators of neuronal plasticity and synaptic function. J Neurochem, 131, 268-283. 

Bengtsson D, Brudin L, Wanby P, Carlsson M (2012) Previously unknown thyroid dysfunction in patients with 
acute ischemic stroke. Acta Neurol Scand, 126, 98-102. 

Bernier NJ, Van Der Kraak G, Farrell A, Brauner C (Eds.) (2009). Fish physiology: Fish neuroendocrinology. 
Academic Press. 

Benjamini Y, Hochberg Y (1995) Controlling the false discovery rate: a practical and powerful approach to multiple 
testing. J R Stat Soc B, 57, 289-300. 

Bertrand S, Brunet FG, Escriva H, Parmentier G, Laudet V, Robinson-Rechavi M (2004) Evolutionary genomics 
of nuclear receptors: from twenty-five ancestral genes to derived endocrine systems. Mol Biol Evol, 21, 
1923-1937. 

Beyer J, Green NW, Brooks S, Allan IJ, Ruus A, Gomes T, Bråte ILN, Schøyen M (2017) Blue mussels (Mytilus 
edulis spp.) as sentinel organisms in coastal pollution monitoring: a review. Mar Environ Res, 130, 338-
365. 

Bianco AC, Kim BW (2006) Deiodinases: implications of the local control of thyroid hormone action. J Clin Invest, 
116, 2571-2579. 

Bieler R, Mikkelsen PM, Collins TM, Glover EA, González VL, Graf DL, Harper EM, Healy J, Kawauchi GY, 
Sharma PP, Staubach S, Strong EE, Taylor JD, Tëmkin I, Zardus JD, Clark S, Guzmán A, McIntyre E, 
Sharp P, Giribet G (2014) Investigating the Bivalve Tree of Life–an exemplar-based approach combining 
molecular and novel morphological characters. Invertebr Syst, 28, 32-115. 

Biondi B, Palmieri EA, Lombardi G, Fazio S (2002) Effects of thyroid hormone on cardiac function: the relative 
importance of heart rate, loading conditions, and myocardial contractility in the regulation of cardiac 
performance in human hyperthyroidism. J Clin Endocr Metab, 87 (3), 968-974. 

Bjorkqvist J, Jamsa A, Renne T (2013) Plasma kallikrein: the bradykinin-producing enzyme. Thromb Haemostasis, 
110, 399-407. 

Black JJ, Simpson CL (1974) Thyroid enlargement in Lake Erie coho salmon. J Natl Cancer I, 53, 725-729. 
Blackard CE, Doe RP, Mellinger GT, Byar DP (1970) Incidence of cardiovascular disease and death in patients 

receiving diethylstilbestrol for carcinoma of the prostate. Cancer, 26, 249-256. 
Boas M, Feldt-Rasmussen U, Main KM (2012) Thyroid effects of endocrine disrupting chemicals. Mol Cell 

Endocrinol, 355, 240-248. 
Boas M, Feldt-Rasmussen U, Skakkebaek NE, Main KM (2006) Environmental chemicals and thyroid function. 

Eur J Endocrinol, 154, 599-611. 
Boselli F, Freund JB, Vermot J (2015) Blood flow mechanics in cardiovascular development. Cell Mol Life Sci, 

72, 2545-2559. 
Bowley G, Kugler E, Wilkinson R, Lawrie A, van Eeden F, Chico TJA, Evans PC, Noël ES, Serbanovic-Canic J 

(2021) Zebrafish as a tractable model of human cardiovascular disease. Brit J Pharmacol, 179, 900-917. 
Bravo JC, Garcinuno RM, Fernandez P, Durand JS (2007) A new molecularly imprinted polymer for the on-column 

solid-phase extraction of diethylstilbestrol from aqueous samples. Anal Bioanal Chem, 388, 1039-1045. 
Brennan SJ, Brougham CA, Roche JJ, Fogarty AM (2006) Multi-generational effects of four selected 

environmental oestrogens on Daphnia magna. Chemosphere, 64 (1), 49-55. 
Bridgham JT, Keay J, Ortlund EA, Thornton JW (2014) Vestigialization of an allosteric switch: genetic and 

structural mechanisms for the evolution of constitutive activity in a steroid hormone receptor. Plos Genet, 
10, e1004058. 

Brown SB, Adams BA, Cyr DG, Eales JG (2004) Contaminant effects on the teleost fish thyroid. Environ Toxicol 
Chem, 23, 1680-1701. 

Brown DD, Cai L, Das B, Marsh-Armstrong N, Schreiber AM, Juste R (2005). Thyroid hormone controls multiple 
independent programs required for limb development in Xenopus laevis metamorphosis. P Natl Acad Sci 
USA, 102 (35), 12455-12458. 

Bryan GW, Gibbs PE, Burt GR, Hummerstone LG (1987) The effects of tributyltin (TBT) accumulation on adult 
dog-whelks, Nucella lapillus: long-term field and laboratory experiments. J Mar Biol Assoc UK, 67, 525-
544. 

Bryan GW, Gibbs PE, Hummerstone LG, Burt GR (1986) The decline of the gastropod Nucella lapillus around 
south-west England: evidence for the effect of tributyltin from antifouling paints. J Mar Biol Assoc UK, 
66, 611-640. 

Bulayeva NN, Watson CS (2004) Xenoestrogen-induced ERK-1 and ERK-2 activation via multiple membrane-
initiated signaling pathways. Environ Health Persp, 112, 1481-1487. 

Cai LQ, Brown DD (2004) Expression of type II iodothyronine deiodinase marks the time that a tissue responds 



  Chapter 1-5 
 

 
 

114 

to thyroid hormone-induced metamorphosis in Xenopus laevis. Dev Biol, 266, 87-95. 
Campinho MA (2019) Teleost metamorphosis: the role of thyroid hormone. Front Endocrinol, 10, 383. 
Campinho MA, Galay-Burgos M, Silva N, Costa RA, Alves RN, Sweeney GE, Power DM (2012) Molecular and 

cellular changes in skin and muscle during metamorphosis of Atlantic halibut (Hippoglossus hippoglossus) 
are accompanied by changes in deiodinases expression. Cell Tissue Res, 350, 333-346. 

Campinho MA, Power DM (2013) Waterborne exposure of zebrafish embryos to micromole concentrations of 
ioxynil and diethylstilbestrol disrupts thyrocyte development. Aquat Toxicol, 140-141, 279-287. 

Campinho MA, Sweeney GE, Power DM (2006) Regulation of troponin T expression during muscle development 
in sea bream Sparus auratus Linnaeus: the potential role of thyroid hormones. J Exp Biol, 209, 4751-
4767. 

Campinho P, Vilfan A, Vermot J (2020) Blood flow forces in shaping the vascular system: a focus on endothelial 
cell behavior. Front Physiol, 11, 552. 

Canesi L, Fabbri E (2015) Environmental effects of BPA: focus on aquatic species. Dose-Response, 13, 
doi:10.1177/1559325815598304. 

Canesi L, Miglioli A, Balbi T, Fabbri E (2022) Physiological roles of serotonin in bivalves: possible interference 
by environmental chemicals resulting in neuroendocrine disruption. Front Endocrinol, 13, 792589. 

Carvalho DP, Dupuy C (2017) Thyroid hormone biosynthesis and release. Mol Cell Endocrinol, 458, 6-15. 
Casanova JB, Daly RC, Edwards BS, Tazelaar HD, Thompson GB (2000) Intracardiac ectopic thyroid. Ann Thorac 

Surg, 70, 1694-1696. 
Celino-Brady FT, Lerner DT, Seale AP (2020) Experimental approaches for characterizing the endocrine-

disrupting effects of environmental chemicals in fish. Front Endocrinol, 11, 619361. 
Chan JKY, Wong MH (2013) A review of environmental fate, body burdens, and human health risk assessment of 

PCDD/Fs at two typical electronic waste recycling sites in China. Sci Total Environ, 463, 1111-1123. 
Cheek AO, Kow K, Chen J, McLachlan JA (1999) Potential mechanisms of thyroid disruption in humans: 

interaction of organochlorine compounds with thyroid receptor, transthyretin, and thyroid-binding 
globulin. Environ Health Persp, 107, 273-278. 

Chen EY (2021) Often overlooked: understanding and meeting the current challenges of marine invertebrate 
conservation. Front Mar Sci, 8, 690704. 

Chen H, Boutros PC (2011) VennDiagram: a package for the generation of highly-customizable Venn and Euler 
diagrams in R. BMC Bioinformatics, 12, 35. 

Chen HC, Kuo HW, Ding WH (2009) Determination of estrogenic compounds in wastewater using liquid 
chromatography–tandem mass spectrometry with electrospray and atmospheric pressure photoionization 
following desalting extraction. Chemosphere, 74, 508-514. 

Chen JN, Haffter P, Odenthal J, Vogelsang E, Brand M, van Eeden FJM, Furutani-Seiki M, Granato M, 
Hammerschmidt M, Heisenberg CP, Jiang YJ, Kane DA, Kelsh RN, Mullins MC, Nusslein-Volhard C 
(1996) Mutations affecting the cardiovascular system and other internal organs in zebrafish. Development, 
123, 293-302. 

Chen S, Gong ZY, Letcher RJ, Liu CS (2020) Promotion effect of liver tumor progression in male kras transgenic 
zebrafish induced by tris (1, 3-dichloro-2-propyl) phosphate. Ecotox Environ Safe, 191, 110220. 

Cheng SY (2005) Thyroid hormone receptor mutations and disease: beyond thyroid hormone resistance. Trends 
Endocrin Met, 16, 176-182. 

Cheng SY, Leonard JL, Davis PJ (2010) Molecular aspects of thyroid hormone actions. Endocr Rev, 31, 139-170. 
Cheng Y, Wan X, McElfresh TA, Chen X, Gresham KS, Rosenbaum DS, Chandler MP, Stelzer JE (2013) Impaired 

contractile function due to decreased cardiac myosin binding protein C content in the sarcomere. Am J 
Physiol Heart C, 305, H52-H65. 

Chino Y, Saito M, Yamasu K, Suyemitsu T, Ishihara K (1994) Formation of the adult rudiment of sea urchins is 
influenced by thyroid hormones. Dev Biol, 161 (1), 1-11. 

Chislock EM, Ring C, Pendergast AM (2013) Abl kinases are required for vascular function, Tie2 expression, and 
angiopoietin-1-mediated survival. P Natl A Sci, 110, 12432-12437. 

Chu FLE, Soudant P, Hale RC (2003) Relationship between PCB accumulation and reproductive output in 
conditioned oysters Crassostrea virginica fed a contaminated algal diet. Aquat Toxicol, 65, 293-307. 

Citterio CE, Targovnik HM, Arvan P (2019) The role of thyroglobulin in thyroid hormonogenesis. Nat Rev 
Endocrinol, 15, 323-338. 

Cox DA (1995) Transforming growth factor‐beta 3. Cell Biol Int, 19, 357-372. 
Crofton KM, Craft ES, Hedge JM, Gennings C, Simmons JE, Carchman RA, Carter Jr WH, DeVito MJ (2005) 

Thyroid-hormone-disrupting chemicals: evidence for dose-dependent additivity or synergism. Environ 
Health Persp, 113, 1549-1554. 

Croll BT (1991) Pesticides in surface waters and groundwaters. Water Environ J, 5, 389-395. 
Curtis TM, Williamson R, Depledge MH (2000) Simultaneous, long-term monitoring of valve and cardiac activity 



  Chapter 1-5 
 

 
 

115 

in the blue mussel Mytilus edulis exposed to copper. Mar Biol, 136, 837-846. 
Cuvillier-Hot V, Lenoir A (2020) Invertebrates facing environmental contamination by endocrine disruptors: novel 

evidences and recent insights. Mol Cell Endocrinol, 504, 110712. 
da Silva MM, Goncalves CFL, Miranda-Alves L, Fortunato RS, Carvalho DP, Ferreira ACF (2019) Inhibition of 

type 1 iodothyronine deiodinase by bisphenol A. Horm Metab Res, 51, 671-677. 
Dai YJ, Jia YF, Chen N, Bian WP, Li QK, Ma YB, Chen YL, Pei DS (2014) Zebrafish as a model system to study 

toxicology. Environ Toxicol Chem, 33, 11-17. 
Dang ZC (2016) Interpretation of fish biomarker data for identification, classification, risk assessment and testing 

of endocrine disrupting chemicals. Environ Int, 92-93, 422-441. 
Dang ZC, Kienzler A (2019) Changes in fish sex ratio as a basis for regulating endocrine disruptors. Environ Int, 

130, 104928. 
Darbre PD (2019) The history of endocrine-disrupting chemicals. Curr Opin Endocrine Metab Res, 7, 26-33. 
Darras VM, Van Herck SL (2012) Iodothyronine deiodinase structure and function: from ascidians to humans. J 

Endocrinol, 215, 189-206. 
Davis PJ, Goglia F, Leonard JL (2016) Nongenomic actions of thyroid hormone. Nat Rev Endocrinol, 12, 111-121. 
de Carvalho ISC, Cantanhêde SM, Hamoy M, da Cruz Freitas Júnior JR, Amado LL (2022) Cardiac responses in 

Crassostrea gasar: an experimental approach of how the tidal cycle influences the heart function of the 
mangrove oyster. Comp Biochem phys A, 271, 111264. 

de Voogt HJ, Smith PH, Pavone-Macaluso M, de Pauw M, Suciu S (1986) Cardiovascular side effects of 
diethylstilbestrol, cyproterone acetate, medroxyprogesterone acetate and estramustine phosphate used for 
the treatment of advanced prostatic cancer: results from European organization for research on treatment 
of cancer trials 30761 and 30762. J Urology, 135, 303-307. 

Dentice M, Marsili A, Zavacki AM, Larsen PR, Salvatore D (2013) The deiodinases and the control of intracellular 
thyroid hormone signaling during cellular differentiation. BBA-Gen Subjects, 1830, 3937-3945. 

Di Jeso B, Arvan P (2016) Thyroglobulin from molecular and cellular biology to clinical endocrinology. Endocr 
Rev, 37 (1), 2-36. 

Diamanti-Kandarakis E, Bourguignon JP, Giudice LC, Hauser R, Prins GS, Soto AM, Zoeller RT, Gore AC (2009) 
Endocrine-disrupting chemicals: an Endocrine Society scientific statement. Endocr Rev, 30 (4), 293-342. 

Dinh QN, Drummond GR, Kemp-Harper BK, Diep H, Silva TMD, Kim HA, Vinh A, Robertson AAB, Cooper 
MA, Mansell A, Chrissobolis S, Sobey CG (2017) Pressor response to angiotensin II is enhanced in aged 
mice and associated with inflammation, vasoconstriction and oxidative stress. Aging (Albany NY), 9, 
1595-1605. 

Dirscherl H, McConnell SC, Yoder JA, de Jong JLO (2014) The MHC class I genes of zebrafish. Dev Comp 
Immunol, 46, 11-23. 

Domnik NJ, Polymeropoulos ET, Elliott NG, Frappell PB, Fisher JT (2016) Automated non-invasive video-
microscopy of oyster spat heart rate during acute temperature change: impact of acclimation temperature. 
Front Physiol, 7, 236. 

Duntas LH, Biondi B (2011) New insights into subclinical hypothyroidism and cardiovascular risk. Semin Thromb 
Hemost, 37, 027-034. 

Eales JG (1997) Iodine metabolism and thyroid-related functions in organisms lacking thyroid follicles: are thyroid 
hormones also vitamins? Exp Biol Med, 214, 302-317. 

Eckhardt M (2008) The role and metabolism of sulfatide in the nervous system. Mol Neurobiol, 37, 93-103. 
Eguchi R, Ishihara A, Yamauchi K (2008) Interaction of diethylstilbestrol and ioxynil with transthyretin in chicken 

serum. Comp Biochem Phys Part C: Toxico Pharmacol, 147, 345-350. 
El-Halawany AM, Chung MH, Nakamura N, Ma CM, Nishihara T, Hattori M (2007) Estrogenic and anti-

estrogenic activities of Cassia tora phenolic constituents. Chem Pharm Bull, 55, 1476-1482. 
Eldridge JC, Stevens JT, Breckenridge CB (2008) Atrazine interaction with estrogen expression systems. Rev 

Environ Contam T, 196, 147-160. 
Escriva H, Bertrand S, Laudet V (2004) The evolution of the nuclear receptor superfamily. Essays Biochem, 40, 

11-26. 
European-Commission (2004) Review report for the active substance ioxynil. In: EC Review Reports 

SANCO/4349/2000. 
Fagman H, Nilsson M (2011) Morphogenetics of early thyroid development. J Mol Endocrinol, 46, R33-R42. 
Favaloro EJ (2020) Navigating the myriad of von willebrand factor assays. Hamostaseologie, 40, 431-442. 
Fekete C, Lechan RM (2014) Central regulation of hypothalamic-pituitary-thyroid axis under physiological and 

pathophysiological conditions. Endocr Rev, 35, 159-194. 
Fernandez MA (2019) Populations collapses in marine invertebrates due to endocrine disruption: a cause for 

concern? Front Endocrinol, 10, 721. 
Fitzgerald-Dehoog L, Browning J, Allen BJ (2012) Food and heat stress in the California mussel: evidence for an 



  Chapter 1-5 
 

 
 

116 

energetic trade-off between survival and growth. Biol Bull-Us, 223, 205-216. 
Fivash GS, Stüben D, Bachmann M, Walles B, van Belzen J, Didderen K, Temmink RJM, Lengkeek W, van der 

Heide T, Bouma TJ (2021) Can we enhance ecosystem-based coastal defense by connecting oysters to 
marsh edges? Analyzing the limits of oyster reef establishment. Ecol Eng, 165, 106221. 

Flamant F, Gauthier K, Samarut J (2007) Thyroid hormones signaling is getting more complex: STORMs are 
coming. Mol Endocrinol, 21, 321-333. 

Fong PP, Ford AT (2014) The biological effects of antidepressants on the molluscs and crustaceans: a review. Aquat 
Toxicol, 151, 4-13. 

Fontana F, Haack T, Reichenbach M, Knaus P, Puceat M, Abdelilah-Seyfried S (2020) Antagonistic activities of 
Vegfr3/Flt4 and Notch1b fine-tune mechanosensitive signaling during zebrafish cardiac valvulogenesis. 
Cell Rep, 32, 107883. 

Ford AT, LeBlanc GA (2020) Endocrine disruption in invertebrates: a survey of research progress. Environ Sci 
Technol, 54, 13365-13369. 

Friedrichs B, Tepel C, Reinheckel T, Deussing J, von Figura K, Herzog V, Peters C, Saftig P, Brix K (2003) Thyroid 
functions of mouse cathepsins B, K, and L. The Journal of clinical investigation, 111, 1733-1745. 

Fuentes N, Silveyra P (2019) Estrogen receptor signaling mechanisms. Adv Protein Chem Str, 116, 135-170. 
Furin CG, von Hippel FA, Postlethwait JH, Buck CL, Cresko WA, O'Hara TM (2015) Developmental timing of 

sodium perchlorate exposure alters angiogenesis, thyroid follicle proliferation and sexual maturation in 
stickleback. Gen Comp Endocr, 219, 24-35. 

Furukawa R, Matsumoto M, Kaneko H (2012) Characterization of a scavenger receptor cysteine-rich-domain-
containing protein of the starfish, Asterina pectinifera: ApSRCR1 acts as an opsonin in the larval and 
adult innate immune systems. Dev Comp Immunol, 36, 51-61. 

Füzesi T, Wittmann G, Lechan RM, Liposits Z, Fekete C (2009) Noradrenergic innervation of hypophysiotropic 
thyrotropin-releasing hormone-synthesizing neurons in rats. Brain Res, 1294, 38-44. 

Galli A, Del Chiaro D, Nieri R, Bronzetti G (1988) Studies on cytochrome P450 in Mytilus galloprovincialis: 
induction by Na-phenobarbital and ability to biotransform xenobiotics. Mar Biol, 100, 69-73. 

Gazi U, Martínez-Pomares L (2009) Influence of the mannose receptor in host immune responses. Immunobiology, 
214, 554-561. 

Gilbert ME, O'Shaughnessy KL, Axelstad M (2020) Regulation of thyroid-disrupting chemicals to protect the 
developing brain. Endocrinology, 161, 1-17. 

Girling JE, Rogers PAW (2009) Regulation of endometrial vascular remodelling: role of the vascular endothelial 
growth factor family and the angiopoietin-TIE signalling system. Reproduction, 138, 883-893. 

Go G, Mani A (2012) Low-density lipoprotein receptor (LDLR) family orchestrates cholesterol homeostasis. Yale 
J Biol Med, 85, 19-28. 

Goldberg ED (1986) The mussel watch concept. Environ Monit Assess, 7, 91-103. 
Goncharov A, Haase RF, Santiago-Rivera A, Morse G, Akwesasne Task Force on the Environment, McCaffrey RJ, 

Rej R, Carpenter DO (2008) High serum PCBs are associated with elevation of serum lipids and 
cardiovascular disease in a Native American population. Environ Res, 106, 226-239. 

Gong ZY, Wan HY, Tay TL, Wang H, Chen M, Yan T (2003) Development of transgenic fish for ornamental and 
bioreactor by strong expression of fluorescent proteins in the skeletal muscle. Biochem Bioph Res Co, 
308, 58-63. 

Gore AC, Chappell VA, Fenton SE, Flaws JA, Nadal A, Prins GS, Toppari J, Zoeller RT (2015) EDC-2: the 
endocrine society's second scientific statement on endocrine-disrupting chemicals. Endocr Rev, 36, E1-
E150. 

Gorga M, Insa S, Petrovic M, Barceló D (2015) Occurrence and spatial distribution of EDCs and related 
compounds in waters and sediments of Iberian rivers. Sci Total Environ, 503-504, 69-86. 

Grais IM, Sowers JR (2014) Thyroid and the heart. Am J Med, 127, 691-698. 
Gualtieri AF, Iwachow MA, Venara M, Rey RA, Schteingart HF (2011) Bisphenol A effect on glutathione synthesis 

and recycling in testicular Sertoli cells. J Endocrinol Invest, 34, e102-e109. 
Guo XM (2009) Use and exchange of genetic resources in molluscan aquaculture. Rev Aquacult, 1, 251-259. 
Hagenbuch B, Gui C (2008) Xenobiotic transporters of the human organic anion transporting polypeptides (OATP) 

family. Xenobiotica, 38, 778-801. 
Hall CM, Rhind SM, Wilson MJ (2009) The potential for use of gastropod molluscs as bioindicators of endocrine 

disrupting compounds in the terrestrial environment. J environ monitor, 11, 491-497. 
Hall JM, Greco CW (2019) Perturbation of nuclear hormone receptors by endocrine disrupting chemicals: 

mechanisms and pathological consequences of exposure. Cells, 9, 13. 
Hama H, Kurokawa H, Kawano H, Ando R, Shimogori T, Noda H, Fukami K, Sakaue-Sawano A, Miyawaki A 

(2011) Scale: a chemical approach for fluorescence imaging and reconstruction of transparent mouse brain. 
Nat Neurosci, 14, 1481-1488. 



  Chapter 1-5 
 

 
 

117 

Hartenstein V (2006) The neuroendocrine system of invertebrates: a developmental and evolutionary perspective. 
J Endocrinol, 190, 555-570. 

Hashimoto Y, Kawaguchi M, Miyazaki K, Nakamura M (2003) Estrogenic activity of tissue conditioners in vitro. 
Dent Mater, 19, 341-346. 

He YH, Li L, Liang XF, He S, Zhao L, Zhang YP (2018) Inhibitory neurotransmitter serotonin and excitatory 
neurotransmitter dopamine both decrease food intake in Chinese perch (Siniperca chuatsi). Fish Physiol 
Biochem, 44, 175-183. 

Heindel JJ (2018) The developmental basis of disease: update on environmental exposures and animal models. 
Basic Clin Pharmacol, 125, 5-13. 

Herbst AL, Ulfelder H, Poskanzer DC (1971) Adenocarcinoma of the vagina: Association of maternal stilbestrol 
therapy with tumor appearance in young women. N Engl J Med, 284, 878-881. 

Heyland A, Moroz LL (2005) Cross-kingdom hormonal signaling: an insight from thyroid hormone functions in 
marine larvae. J Exp biol, 208, 4355-4361. 

Heyland A, Moroz LL (2006) Signaling mechanisms underlying metamorphic transitions in animals. Integr Comp 
Biol, 46, 743-759. 

Holzer G, Roux N, Laudet V (2017) Evolution of ligands, receptors and metabolizing enzymes of thyroid signaling. 
Mol Cell Endocrinol, 459, 5-13. 

Howe K, Clark MD, Torroja CF, Torrance J, Berthelot C, Muffato M, Collins JE, Humphray S, McLaren K, 
Matthews L, McLaren S, Sealy I, Caccamo M, Churcher C, Scott C, Barrett JC, Koch R, Rauch GJ, White 
S, Chow W, Kilian B, Quintais LT, Guerra-Assuncao JA, Zhou Y, Gu Y, Yen J, Vogel JH, Eyre T, Redmond 
S, Banerjee R, Chi JX, Fu BY, Langley E, Maguire SF, Laird GK, Lloyd D, Kenyon E, Donaldson S, 
Sehra H, Almeida-King J, Loveland J, Trevanion S, Jones M, Quail M, Willey D, Hunt A, Burton J, Sims 
S, McLay K, Plumb B, Davis J, Clee C, Oliver K, Clark R, Riddle C, Elliot D, Threadgold G, Harden G, 
Ware D, Begum S, Mortimore B, Kerry G, Heath P, Phillimore B, Tracey A, Corby N, Dunn M, Johnson 
C, Wood J, Clark S, Pelan S, Griffiths G, Smith M, Glithero R, Howden P, Barker N, Lloyd C, Stevens C, 
Harley J, Holt K, Panagiotidis G, Lovell J, Beasley H, Henderson C, Gordon D, Auger K, Wright D, 
Collins J, Raisen C, Dyer L, Leung K, Robertson L, Ambridge K, Leongamornlert D, McGuire S, 
Gilderthorp R, Griffiths C, Manthravadi D, Nichol S, Barker G, Whitehead S, Kay M, Brown J, Murnane 
C, Gray E, Humphries M, Sycamore N, Barker D, Saunders D, Wallis J, Babbage A, Hammond S, 
Mashreghi-Mohammadi M, Barr L, Martin S, Wray P, Ellington A, Matthews N, Ellwood M, 
Woodmansey R, Clark G, Cooper J, Tromans A, Grafham D, Skuce C, Pandian R, Andrews R, Harrison 
E, Kimberley A, Garnett J, Fosker N, Hall R, Garner P, Kelly D, Bird C, Palmer S, Gehring I, Berger A, 
Dooley CM, Ersan-Urun Z, Eser C, Geiger H, Geisler M, Karotki L, Kirn A, Konantz J, Konantz M, 
Oberlander M, Rudolph-Geiger S, Teucke M, Lanz C, Raddatz G, Osoegawa K, Zhu B, Rapp A, Widaa 
S, Langford C, Yang F, Schuster SC, Carter NP, Harrow J, Ning Z, Herrero J, Searle SM, Enright A, 
Geisler R, Plasterk RH, Lee C, Westerfield M, de Jong PJ, Zon LI, Postlethwait JH, Nusslein-Volhard C, 
Hubbard TJ, Roest Crollius H, Rogers J, Stemple DL (2013) The zebrafish reference genome sequence 
and its relationship to the human genome. Nature, 496, 498-503. 

Hu N, Yost HJ, Clark EB (2001) Cardiac morphology and blood pressure in the adult zebrafish. The Anatomical 
Record, 264, 1-12. 

Huang W, Xu F, Qu T, Zhang R, Li L, Que HY, Zhang GF (2015) Identification of thyroid hormones and functional 
characterization of thyroid hormone receptor in the pacific oyster Crassostrea gigas provide insight into 
evolution of the thyroid hormone system. Plos One, 10 (12), e0144991. 

Hultin CL, Hallgren P, Persson A, Hansson MC (2014) Identification of an estrogen receptor gene in the natural 
freshwater snail Bithynia tentaculata. Gene, 540, 26-31. 

Hunt PA, Sathyanarayana S, Fowler PA, Trasande L (2016) Female reproductive disorders, diseases, and costs of 
exposure to endocrine disrupting chemicals in the European Union. J Clin Endocr Metab, 101 (4), 1562-
1570. 

Hunter D, Heng K, Mann N, Anand-Ivell R, Ivell R (2021) Maternal exposure to dibutyl phthalate (DBP) or 
diethylstilbestrol (DES) leads to long-term changes in hypothalamic gene expression and sexual behavior. 
Int J Mol Sci, 22 (8), 4163. 

Ishihara A, Nishiyama N, Sugiyama S, Yamauchi K (2003) The effect of endocrine disrupting chemicals on thyroid 
hormone binding to Japanese quail transthyretin and thyroid hormone receptor. Gen Comp Endocr, 134, 
36-43. 

Isorna E, Obregon MJ, Calvo RM, Vazquez, R., Pendon C, Falcon J, Muñoz‐Cueto JA (2009) Iodothyronine 
deiodinases and thyroid hormone receptors regulation during flatfish (Solea senegalensis) metamorphosis. 
J Exp Zool Part B, 312 (3), 231-246.  

Jackson JBC, Kirby MX, Berger WH, Bjorndal KA, Botsford LW, Bourque BJ, Bradbury RH, Cooke R, Erlandson 
J, Estes JA, Hughes TP, Kidwell S, Lange CB, Lenihan HS, Pandolfi JM, Peterson CH, Steneck RS, 



  Chapter 1-5 
 

 
 

118 

Tegner MJ, Warner RR (2001) Historical overfishing and the recent collapse of coastal ecosystems. 
Science, 293, 629-637. 

James MO, Ambadapadi S (2013) Interactions of cytosolic sulfotransferases with xenobiotics. Drug Metab Rev, 
45 (4), 401-414. 

Jarque S, Piña B (2014) Deiodinases and thyroid metabolism disruption in teleost fish. Environ Res, 135, 361-375. 
Jirtle RL, Skinner MK (2007) Environmental epigenomics and disease susceptibility. Nat Rev Genet, 8, 253-262. 
Jordans S, Jenko-Kokalj S, Kühl NM, Tedelind S, Sendt W, Brömme D, Turk D, Brix K (2009) Monitoring 

compartment-specific substrate cleavage by cathepsins B, K, L, and S at physiological pH and redox 
conditions. BMC Biochem, 10, 23. 

Joseph-Bravo P, Jaimes-Hoy L, Uribe RM, Charli JL (2015) TRH, the first hypophysiotropic releasing hormone 
isolated: control of the pituitary–thyroid axis. J Endocrinol, 226, T85-T100. 

Joyce A, Vogeler S (2018) Molluscan bivalve settlement and metamorphosis: neuroendocrine inducers and 
morphogenetic responses. Aquaculture, 487, 64-82. 

Kahaly GJ, Dillmann WH (2005) Thyroid hormone action in the heart. Endocr Rev, 26, 704-728. 
Kališnik M, Jakopin P, Šuštaršič J (1977) On the methodology of the thyroid epithelial cell thickness determination. 

J Microsc, 110, 157-162. 
Kampf-Lassin A, Prendergast BJ (2013) Acute downregulation of Type II and Type III iodothyronine deiodinases 

by photoperiod in peripubertal male and female Siberian hamsters. Gen Comp Endocr, 193, 72-78. 
Kar S, Sangem P, Anusha N, Senthilkumaran B (2020) Endocrine disruptors in teleosts: evaluating environmental 

risks and biomarkers. Aquaculture and Fisheries, 6, 1-26. 
Kataoka C, Kashiwada S (2021) Ecological risks due to immunotoxicological effects on aquatic organisms. Int J 

of Mol Sci, 22 (15), 8305. 
Kenzelmann D, Chiquet-Ehrismann R, Tucker RP (2007) Teneurins, a transmembrane protein family involved in 

cell communication during neuronal development. Cell Mol Life Sci, 64, 1452-1456. 
Ketata I, Denier X, Hamza-Chaffai A, Minier C (2008) Endocrine-related reproductive effects in molluscs. Comp 

Biochem Phys C, 147, 261-270. 
Khan R, Sikanderkhel S, Gui J, Adeniyi AR, O'Dell K, Erickson M, Malpartida J, Mufti Z, Khan T, Mufti H, Al-

Adwan SA, Alvarez D, Davis J, Pendley J, Patel D (2020) Thyroid and cardiovascular disease: a focused 
review on the impact of hyperthyroidism in heart failure. Cardiol Res, 11 (2), 68-75. 

Kim D, Langmead B, Salzberg SL (2015) HISAT: a fast spliced aligner with low memory requirements. Nat 
Methods, 12, 357-360. 

Kim HJ, Sato T, Rodríguez-Iturbe B, Vaziri ND (2011) Role of intrarenal angiotensin system activation, oxidative 
stress, inflammation, and impaired nuclear factor-erythroid-2-related factor 2 activity in the progression 
of focal glomerulosclerosis. J Pharmacol Exp Ther, 337, 583-590. 

Kimmel CB, Ballard WW, Kimmel SR, Ullmann B, Schilling TF (1995) Stages of embryonic development of the 
zebrafish. Dev Dynam, 203, 253-310. 

Kinch CD, Ibhazehiebo K, Jeong JH, Habibi HR, Kurrasch DM (2015) Low-dose exposure to bisphenol A and 
replacement bisphenol S induces precocious hypothalamic neurogenesis in embryonic zebrafish. P Nat 
Acad Sci USA, 112, 1475-1480. 

Kioumourtzoglou MA, Coull BA, O'Reilly EJ, Ascherio A, Weisskopf MG (2018) Association of exposure to 
diethylstilbestrol during pregnancy with multigenerational neurodevelopmental deficits. Jama Pediatr, 
172 (7), 670-677. 

Kitamura S, Jinno N, Suzuki T, Sugihara K, Ohta S, Kuroki H, Fujimoto N (2005) Thyroid hormone-like and 
estrogenic activity of hydroxylated PCBs in cell culture. Toxicology, 208, 377-387. 

Kiyama R, Wada-Kiyama Y (2015) Estrogenic endocrine disruptors: molecular mechanisms of action. Environ Int, 
83, 11-40. 

Klein I, Danzi S (2007) Thyroid disease and the heart. Circulation, 116, 1725-1735. 
Kloas W, Urbatzka R, Opitz R, Würtz S, Behrends T, Hermelink B, Hofmann F, Jagnytsch O, Kroupova H, Lorenz 

C, Neumann N, Pietsch C, Trubiroha A, Van Ballegooy C, Wiedemann C, Lutz I (2009) Endocrine 
disruption in aquatic vertebrates. Ann NY Acad Sci, 1163, 187-200. 

Kocot KM, Poustka AJ, Stöger I, Halanych KM, Schrödl M (2020) New data from Monoplacophora and a 
carefully-curated dataset resolve molluscan relationships. Sci Rep, 10, 101. 

Köhrle J (2008) Environment and endocrinology: the case of thyroidology. Ann Endocrinol, 69, 116-122. 
Koibuchi N, Chin WW (2000) Thyroid hormone action and brain development. Trends Endocri Met, 11, 123-128. 
Kojima H, Takeuchi S, Itoh T, Iida M, Kobayashi S, Yoshida T (2013) In vitro endocrine disruption potential of 

organophosphate flame retardants via human nuclear receptors. Toxicology, 314, 76-83. 
Kratzsch J, Pulzer F (2008) Thyroid gland development and defects. Best Pract Res Cl En, 22, 57-75. 
Król J, Pobłocki W, Bockenheimer T, Hliwa P (2014) Effect of diethylstilbestrol (DES) and 17 β-estradiol (E2) on 

growth, survival and histological structure of the internal organs in juvenile European catfish Silurus 



  Chapter 1-5 
 

 
 

119 

glanis (L.). Aquacult Int, 22, 53-62. 
Kumar S, Singh U, Goswami C, Singru PS, (2017) Transient receptor potential vanilloid 5 (TRPV5), a highly 

Ca2+‐selective TRP channel in the rat brain: relevance to neuroendocrine regulation. J Neuroendocrinol, 
29, 1-23. 

Kuraku S, Meyer A, Kuratani S (2009) Timing of genome duplications relative to the origin of the vertebrates: did 
cyclostomes diverge before or after? Mol Biol Evol, 26 (1), 47-59. 

Kwan KM, Fujimoto E, Grabher C, Mangum BD, Hardy ME, Campbell DS, Parant JM, Yost HJ, Kanki JP, Chien 
CB (2007) The Tol2kit: A multisite gateway-based construction kit for Tol2 transposon transgenesis 
constructs. Dev dynam, 236, 3088-3099. 

La Peyre MK, Buie SCL, Rossi RE, Roberts BJ (2022) Long-term assessments are critical to determining 
persistence and shoreline protection from oyster reef nature-based coastal defenses. Ecol Eng, 178, 
106603. 

LaFont R (2000) The endocrinology of invertebrates. Ecotoxicology, 9, 41-57. 
Lai KP, Gong ZY, Tse WKF (2021) Zebrafish as the toxicant screening model: transgenic and omics approaches. 

Aquat Toxicol, 234, 105813. 
Lam SH, Hlaing MM, Zhang XY, Yan C, Duan ZH, Zhu L, Ung CY, Mathavan S, Ong CN, Gong ZY (2011) 

Toxicogenomic and phenotypic analyses of bisphenol-A early-life exposure toxicity in zebrafish. PLoS 
One, 6, e28273. 

Lanctôt C, Wilson SP, Fabbro L, Leusch FDL, Melvin SD (2016) Comparative sensitivity of aquatic invertebrate 
and vertebrate species to wastewater from an operational coal mine in central Queensland, Australia. 
Ecotox Environ Safe, 129, 1-9. 

Langston WJ (2020) Endocrine disruption and altered sexual development in aquatic organisms: an invertebrate 
perspective. J Mar Biol Assoc Uk, 100, 495-515. 

Larrivée-Vanier S, Deladoëy J (2018) Zebrafish embryo: a new model for studying thyroid morphogenesis. 
Current Opinion in Endocrine and Metabolic Research, 2, 3-9. 

Laudet V (2011) The origins and evolution of vertebrate metamorphosis. Curr biol, 21, R726-R737. 
Lauretta R, Sansone A, Sansone M, Romanelli F, Appetecchia M (2019) Endocrine disrupting chemicals: effects 

on endocrine glands. Front Endocrinol, 10, 178. 
Lawrence C (2007) The husbandry of zebrafish (Danio rerio): a review. Aquaculture, 269, 1-20. 
Lawson ND, Weinstein BM (2002) In vivo imaging of embryonic vascular development using transgenic zebrafish. 

Dev Biol, 248 (2), 307-318. 
Lei K, Lin CY, Zhu Y, Chen W, Pan HY, Sun Z, Sweetman A, Zhang QH, He MC (2020) Estrogens in municipal 

wastewater and receiving waters in the Beijing-Tianjin-Hebei region, China: occurrence and risk 
assessment of mixtures. J Hazard Mater, 389, 121891. 

Li B, Dewey CN (2011) RSEM: accurate transcript quantification from RNA-Seq data with or without a reference 
genome. BMC Bioinformatics, 12, 323. 

Li B, Zhou YL, Gu WB, Wang LZ, Xu YP, Cheng YX, Chen DY, Li BW, Xiao Y, Dong WR, Shu MA (2020) 
Identification and functional analysis of transforming growth factor-β type III receptor (TβR3) from 
Scylla paramamosain: the first evidence of TβR3 involved in development and innate immunity in 
invertebrates. Fish Shellfish Immun, 105, 41-52. 

Li YF, Wang YQ, Zheng Y, Shi X, Wang C, Cheng YL, Zhu X, Yang JL, Liang X (2021) Larval metamorphosis is 
inhibited by methimazole and propylthiouracil that reveals possible hormonal action in the mussel Mytilus 
coruscus. Sci Rep, 11, 19288. 

Li YF, Canario AVM, Power DM, Campinho MA (2019) Ioxynil and diethylstilbestrol disrupt vascular and heart 
development in zebrafish. Environ Int, 124, 511-520. 

Li YF, Cheng YL, Chen K, Cheng ZY, Zhu X, Cardoso JCR, Liang X, Zhu YT, Power DM, Yang JL (2020) Thyroid 
hormone receptor: a new player in epinephrine-induced larval metamorphosis of the hard-shelled mussel. 
Gen Comp Endocr, 287, 113347. 

Li YF, Rodrigues J, Campinho MA (2022) Ioxynil and diethylstilbestrol increase the risks of cardiovascular and 
thyroid dysfunction in zebrafish. Sci Total Environ, 838, 156386. 

Linders JBHJ, Jansma JW, Mensink BJWG, Otermann K (1994) Pesticides: benefaction or pandora’s box? A 
synopsis of the environmental aspects of pesticides. RIVM, Report 679101014, 204. 

Little AG (2016) A review of the peripheral levels of regulation by thyroid hormone. J Comp Physiol B, 186, 677-
688. 

Liu YC, Yeh CT, Lin KH (2019) Molecular functions of thyroid hormone signaling in regulation of cancer 
progression and anti-apoptosis. Int J Mol Sci, 20, 4986. 

Liu ZH, Chen QL, Chen Q, Li F, Li YW (2018) Diethylstilbestrol arrested spermatogenesis and somatic growth in 
the juveniles of yellow catfish (Pelteobagrus fulvidraco), a fish with sexual dimorphic growth. Fish 
Physiol Biochem, 44, 789-803. 



  Chapter 1-5 
 

 
 

120 

Livingstone (1988) Responses of microsomal NADPH-cytochrome-C reductase activity and cytochrome P-450 in 
digestive glands of Mytilus edulis and Littorina littorea to environmental and experimental exposure to 
pollutants. Mar Ecol Prog Ser, 46, 37-43. 

Love MI, Huber W, Anders S (2014) Moderated estimation of fold change and dispersion for RNA-seq data with 
DESeq2. Genome Biol, 15, 550. 

Lu D, Kassab GS (2011) Role of shear stress and stretch in vascular mechanobiology. J. R. Soc. Interface, 8, 1379-
1385. 

Lu J, Peatman E, Tang H, Lewis J, Liu Z (2012) Profiling of gene duplication patterns of sequenced teleost 
genomes: evidence for rapid lineage-specific genome expansion mediated by recent tandem duplications. 
BMC Genomics, 13, 246. 

Luboshitzky R, Herer P (2004) Cardiovascular risk factors in middle-aged women with subclinical hypothyroidism. 
Neuro Endocrinol Lett, 25, 262-266. 

Luongo C, Dentice M, Salvatore D (2019) Deiodinases and their intricate role in thyroid hormone homeostasis. 
Nat Rev Endocrinol, 15, 479-488. 

Macaulay LJ, Chen A, Rock KD, Dishaw LV, Dong W, Hinton DE, Stapleton HM (2015) Developmental toxicity 
of the PBDE metabolite 6-OH-BDE-47 in zebrafish and the potential role of thyroid receptor beta β. Aquat 
Toxicol, 168, 38-47. 

Macaulay LJ, Chernick M, Chen A, Hinton DE, Bailey JM, Kullman SW, Levin ED, Stapleton HM (2017) 
Exposure to a PBDE/OH-BDE mixture alters juvenile zebrafish (Danio rerio) development. Environ 
Toxicol Chem, 36, 36-48. 

Mäenpää KA, Sormunen AJ, Kukkonen JV (2003) Bioaccumulation and toxicity of sediment associated herbicides 
(ioxynil, pendimethalin, and bentazone) in Lumbriculus variegatus (Oligochaeta) and Chironomus 
riparius (Insecta). Ecotoxicol Environ Safe, 56, 398-410. 

Malachowicz M, Wenne R (2019) Mantle transcriptome sequencing of Mytilus spp. and identification of putative 
biomineralization genes. PeerJ, 6, e6245. 

Manzon RG, Holmes JA, Youson JH (2001) Variable effects of goitrogens in inducing precocious metamorphosis 
in sea lampreys (Petromyzon marinus). J Exp Zool, 289, 290-303. 

Mao X, Cai T, Olyarchuk JG, Wei L (2005) Automated genome annotation and pathway identification using the 
KEGG Orthology (KO) as a controlled vocabulary. Bioinformatics, 21, 3787-3793. 

Maranghi F, Tassinari R, Marcoccia D, Altieri I, Catone T, De Angelis G, Testai E, Mastrangelo S, Evandri MG, 
Bolle P, Lorenzetti S (2010) The food contaminant semicarbazide acts as an endocrine disrupter: evidence 
from an integrated in vivo/in vitro approach. Chemico-biological interactions, 183, 40-48. 

Marchand O, Safi R, Escriva H, Van Rompaey E, Prunet P, Laudet V (2001) Molecular cloning and characterization 
of thyroid hormone receptors in teleost fish. J Mol Endocrinol, 26 (1), 51-65. 

Martinović R, Gacic Z, Kljajić Z (2015) The influence of oil, dispersed oil and the oil dispersant SD-25, on the 
heart rate of the mediterranean mussel (Mytilus galloprovincialis L.). In: Stylios, C., Floqi, T., Marinski, 
J., Damiani, L. (eds) Sustainable Development of Sea-Corridors and Coastal Waters. Springer, Cham, pp. 
21-27. 

Matsumoto T, Nakamura AM, Mori K, Akiyama I, Hirose H, Takahashi YK (2007) Oyster estrogen receptor: 
cDNA cloning and immunolocalization. Gen Comp Endocr, 151, 195-201. 

Matthews M, Trevarrow B, Matthews J (2002) A virtual tour of the guide for zebrafish users. Lab Anim, 31, 34-
40. 

McKindsey CW, Landry T, O’Beirn FX, Davies IM (2007) Bivalve aquaculture and exotic species: a review of 
ecological considerations and management issues. J Shellfish Res, 26 (2), 281-294. 

McLachlan JA, Korach KS, Newbold RR, Degen GH (1984) Diethylstilbestrol and other estrogens in the 
environment. Fundam Appl Toxicol, 4, 686-691. 

Melnick R, Lucier G, Wolfe M, Hall R, Stancel G, Prins G, Gallo M, Reuhl K, Ho SM, Brown T, Moore J, Leakey 
J, Haseman J, Kohn M (2002) Summary of the national toxicology program's report of the endocrine 
disruptors low-dose peer review. Environ Health Perspect, 110, 427-431. 

Merkulov S, Chen X, Chandler MP, Stelzer JE (2012) In vivo cardiac myosin binding protein C gene transfer 
rescues myofilament contractile dysfunction in cardiac myosin binding protein C null mice. Circ Heart 
Fail, 5, 635-644. 

Merzin M (2008) Applying stereological method in radiology. Volume measurement. Bachelor’s thesis. 
METI (2015) Report of pollutant release and transfer register: agricultural chemicals (in Japanese). Minister of 

Economy, Trade and Industry (METI), Japan. 
Meyer E, Manahan DT (2010) Gene expression profiling of genetically determined growth variation in bivalve 

larvae (Crassostrea gigas). J Exp Biol, 213, 749-758. 
Michel XR, Suteau PM, Robertson LW, Narbonne JF (1993) Effects of benzo(a)pyrene, 3,3′,4,4′-

tetrachlorobiphenyl and 2,2′,4,4′,5,5′-hexachlorobiphenyl on the xenobiotic-metabolizing enzymes in the 



  Chapter 1-5 
 

 
 

121 

mussel (Mytilus galloprovincialis). Aquat Toxicol, 27, 335-344. 
Michiels C (2003) Endothelial cell functions. J Cell Physiol, 196, 430-443. 
Miglioli A, Balbi T, Montagna M, Dumollard R, Canesi L (2021) Tetrabromobisphenol A acts a 

neurodevelopmental disruptor in early larval stages of Mytilus galloprovincialis. Sci Total Environ, 793, 
148596. 

Miyata K, Ose K (2012) Thyroid hormone-disrupting effects and the amphibian metamorphosis assay. J Toxicol 
Pathol, 25, 1-9. 

Miyazaki W, Iwasaki T, Takeshita A, Kuroda Y, Koibuchi N (2004) Polychlorinated biphenyls suppress thyroid 
hormone receptor-mediated transcription through a novel mechanism. J Biol Chem, 279, 18195-18202. 

Moccia RD, Leatherland JF, Sonstegard RA (1981) Quantitative interlake comparison of thyroid pathology in 
Great Lakes coho (Oncorhynchus kisutch) and chinook (Oncorhynchus tschawytscha) salmon. Cancer 
Res, 41, 2200-2210. 

Monaco F, Dominici R, Andreoli M, Pirro RD, Roche J (1981) Thyroid hormone formation in thyroglobulin 
synthesized in the Amphioxus (Branchiostoma lanceolatum pallas). Comp Biochem Phys B, 70, 341-343. 

Mondal S, Harries PJ (2016) Phanerozoic trends in ecospace utilization: The bivalve perspective. Earth Sci Rev, 
152, 106-118. 

Morgado I, Campinho MA, Costa R, Jacinto R, Power DM (2009) Disruption of the thyroid system by 
diethylstilbestrol and ioxynil in the sea bream (Sparus aurata). Aquat Toxicol, 92, 271-280. 

Morgado I, Hamers T, Van der Ven L, Power DM (2007) Disruption of thyroid hormone binding to sea bream 
recombinant transthyretin by ioxinyl and polybrominated diphenyl ethers. Chemosphere, 69, 155-163. 

Moriyama K, Tagami T, Akamizu T, Usui T, Saijo M, Kanamoto N, Hataya Y, Shimatsu A, Kuzuya H, Nakao K 
(2002) Thyroid hormone action is disrupted by bisphenol A as an antagonist. J Clin Endocr Metab, 87, 
5185-5190. 

Morthorst JE, Holbech H, De Croze N, Matthiessen P, LeBlanc GA (2023) Thyroid-like hormone signaling in 
invertebrates and its potential role in initial screening of thyroid hormone system disrupting chemicals. 
Integr Environ Assess Manag, 19, 63-82. 

Moss SE, Morgan RO (2004) The annexins. Genome Biol, 5, 219. 
Mugoni V, Postel R, Catanzaro V, De Luca E, Turco E, Digilio G, Silengo L, Murphy MP, Medana C, Stainier 

DYR, Bakkers J, Santoro MM (2013) Ubiad1 is an antioxidant enzyme that regulates eNOS activity by 
CoQ10 synthesis. Cell, 152, 504-518. 

Müller J, Mayerl S, Visser TJ, Darras VM, Boelen A, Frappart L, Mariotta L, Verrey F, Heuer H (2014) Tissue-
specific alterations in thyroid hormone homeostasis in combined Mct10 and Mct8 deficiency. 
Endocrinology, 155, 315-325. 

Mun JY, Previs MJ, Yu HY, Gulick J, Tobacman LS, Previs SB, Robbins J, Warshaw DM, Craig R (2014) Myosin-
binding protein c displaces tropomyosin to activate cardiac thin filaments and governs their speed by an 
independent mechanism. P Natl Acad Sci USA, 111, 2170-2175. 

Nasiadka A, Clark MD (2012) Zebrafish breeding in the laboratory environment. ILAR J, 53, 161-168. 
Naylor J, Li J, Milligan CJ, Zeng F, Sukumar P, Hou B, Sedo A, Yuldasheva N, Majeed Y, Beri D, Jiang S, Seymour 

VA, McKeown L, Kumar B, Harteneck C, O'Regan D, Wheatcroft SB, Kearney MT, Jones C, Porter KE, 
Beech DJ (2010) Pregnenolone sulphate- and cholesterol-regulated TRPM3 channels coupled to vascular 
smooth muscle secretion and contraction. Circ Res, 106, 1507-1515. 

Newbold RR, Jefferson WN, Padilla-Banks E, Haseman J (2004) Developmental exposure to diethylstilbestrol 
(DES) alters uterine response to estrogens in prepubescent mice: low versus high dose effects. Reprod 
Toxicol, 18, 399-406. 

Newbold RR, Padilla-Banks E, Jefferson WN (2006) Adverse effects of the model environmental estrogen 
diethylstilbestrol are transmitted to subsequent generations. Endocrinology, 147, S11-S17. 

Nice HE, Morritt D, Crane M, Thorndyke MC (2003) Long-term and transgenerational effects of nonylphenol 
exposure at a key stage in the development of Crassostrea gigas. Possible endocrine disruption? Mar Ecol 
Prog Ser, 256, 293-300. 

Nilsson M, Fagman H (2017) Development of the thyroid gland. Development, 144, 2123-2140. 
Noden DM (1991) Vertebrate craniofacial development: the relation between ontogenetic process and 

morphological outcome. Brain Behav Evol, 38, 190-225. 
Nowak K, Jablonska E, Ratajczak-Wrona W (2019) Immunomodulatory effects of synthetic endocrine disrupting 

chemicals on the development and functions of human immune cells. Environ Int, 125, 350-364. 
Noyes PD, Lema SC, Macaulay LJ, Douglas NK, Stapleton HM (2013) Low level exposure to the flame retardant 

DBE-209 reduces thyroid hormone levels and disrupts thyroid signaling in fathead minnows. Environ Sci 
Technol, 47, 10012-10021. 

Oetken M, Bachmann J, Schulte-Oehlmann U, Oehlmann J (2004) Evidence for endocrine disruption in 
invertebrates. Int Rev Cytol, 236, 1-44. 



  Chapter 1-5 
 

 
 

122 

Ogilvie L, Ramsden DB (1988) Ioxynil and 3,5,3'-triiodothyronine: comparison of binding to human plasma 
proteins. Toxicol Lett, 44, 281-287. 

Olivieri A, Stazi MA, Mastroiacovo P, Fazzini C, Medda E, Spagnolo A, Angelis SD, Grandolfo ME, Taruscio D, 
Cordeddu V, Sorcini M (2002) A population-based study on the frequency of additional congenital 
malformations in infants with congenital hypothyroidism: data from the Italian registry for congenital 
hypothyroidism (1991-1998). J Clin Endocr Metab, 872, 557-562. 

Opitz R, Braunbeck, T, Bogi, C, Pickford DB, Nentwig G, Oehlmann J, Tooi O, Lutz I, Kloas W (2005) Description 
and initial evaluation of a Xenopus metamorphosis assay for detection of thyroid system-disrupting 
activities of environmental compounds. Environ Toxicol Chem, 24 (3), 653-664. 

Opitz R, Maquet E, Huisken J, Antonica F, Trubiroha A, Pottier G, Janssens V, Costagliola S (2012) Transgenic 
zebrafish illuminate the dynamics of thyroid morphogenesis and its relationship to cardiovascular 
development. Dev Biol, 372, 203-216. 

Ortiga-Carvalho TM, Sidhaye AR, Wondisford FE (2014) Thyroid hormone receptors and resistance to thyroid 
hormone disorders. Nat Rev Endocrinol, 10, 582-591. 

Otsuka S, Ishihara A, Yamauchi K (2014) Ioxynil and tetrabromobisphenol A suppress thyroid-hormone-induced 
activation of transcriptional elongation mediated by histone modifications and RNA polymerase II 
phosphorylation. Toxicol Sci, 138, 290-299. 

Paciotti GF, Higgins WJ (1985) Potentiation of the 5-hydroxytryptamine-induced increases in myocardial 
contractility in Mercenaria mercenaria ventricle by forskolin. Comp Biochem Physiol C Comp 
Pharmacol Toxicol, 80, 325-329. 

Palanza P, Parmigiani S, Liu H, vom Saal FS (1999) Prenatal exposure to low doses of the estrogenic chemicals 
diethylstilbestrol and o, p'-DDT alters aggressive behavior of male and female house mice. Pharmacol 
Biochem Behav, 64, 665-672. 

Palmer JR, Hatch EE, Rao RS, Kaufman RH, Herbst AL, Noller KL, Titus-Ernstoff L, Hoover RN (2001) Infertility 
among women exposed prenatally to diethylstilbestrol. Am J Epidemiol, 154, 316-321. 

Paris M, Escriva H, Schubert M, Brunet F, Brtko J, Ciesielski F, Roecklin D, Vivat-Hannah V, Jamin EL, Cravedi 
JP (2008) Amphioxus postembryonic development reveals the homology of chordate metamorphosis. 
Curr Biol, 18, 825-830. 

Paris M, Laudet V (2008) The history of a developmental stage: metamorphosis in chordates. Genesis, 46, 657-
672. 

Park KH, Kim YS, Chung EY, Choe SN, Choo JJ (2004) Cardiac responses of Pacific oyster Crassostrea gigas to 
agents modulating cholinergic function. Comp Biochem Phys C, 139, 303-308. 

Parvez B, Chopra N, Rowan S, Vaglio JC, Muhammad R, Dan MR, Darbar D (2012) A common β1-adrenergic 
receptor polymorphism predicts favorable response to rate-control therapy in atrial fibrillation. J Am Coll 
Cardiol, 59, 49-56. 

Patel N, Itakura T, Jeong S, Liao CP, Roy-Burman P, Zandi E, Groshen S, Pinski J, Coetzee GA, Gross ME, Fini 
ME (2015) Expression and functional role of orphan receptor GPR158 in prostate cancer growth and 
progression. PloS One, 10, e0117758. 

Patisaul HB, Fenton SE, Aylor D (2018) Animal models of endocrine disruption. Best Pract Res Clin Endocrinol 
Metab, 32, 283-297. 

Patricolo E, Cammarata M, D'Agati P (2001) Presence of thyroid hormones in ascidian larvae and their 
involvement in metamorphosis. J. Exp. Zool, 290, 426-430. 

Perez KM, Titus-Ernstoff L, Hatch EE, Troisi R, Wactawski-Wende J, Palmer JR, Noller K, Hoover RN, National 
Cancer Institute's DES Follow-up Study Group (2005) Reproductive outcomes in men with prenatal 
exposure to diethylstilbestrol. Fertil Steril, 84, 1649-1656. 

Persani L (1998) Hypothalamic thyrotropin-releasing hormone and thyrotropin biological activity. Thyroid, 8, 941-
946. 

Petersen CT, Holm J, Koch CB, Jensen HE, Hansen S (2003) Movement of pendimethalin, ioxynil and soil 
particles to field drainage tiles. Pest Manag Sci, 59, 85-96. 

Pinheiro I, Quarato M, Moreda-Piñeiro A, Vieira A, Serin V, Neumeyer D, Ratel-Ramond N, Joulié S, Claverie 
A, Spuch-Calvar M, Correa-Duarte MA, Campos A, Martins JM, Bermejo-Barrera P, Sarriá 
MP, Rodriguez-Lorenzo L, Espiña B (2023) Acute aquatic toxicity to zebrafish and bioaccumulation in 
marine mussels of antimony tin oxide nanoparticles. Nanomaterials, 13, 2112. 

Pinto PIS, Guerreiro EM, Power DM (2013) Triclosan interferes with the thyroid axis in the zebrafish (Danio 
rerio). Toxicol Res, 2, 60-69. 

Pironti C, Ricciardi M, Proto A, Bianco PM, Montano L, Motta O (2021) Endocrine-disrupting compounds: an 
overview on their occurrence in the aquatic environment and human exposure. Water Sui, 13, 1347. 

Pober JS, Sessa WC (2007) Evolving functions of endothelial cells in inflammation. Nat Rev Immunol, 7, 803-815. 
Pojana G, Gomiero A, Jonkers N, Marcomini A (2007) Natural and synthetic endocrine disrupting compounds 



  Chapter 1-5 
 

 
 

123 

(EDCs) in water, sediment and biota of a coastal lagoon. Environ Int, 33, 929-936. 
Porte C, Janer G, Lorusso LC, Ortiz-Zarragoitia M, Cajaraville MP, Fossi MC, Canesi L (2006) Endocrine 

disruptors in marine organisms: approaches and perspectives. Comp Biochem Phys C, 143, 303-315. 
Porterfield SP, Hendrich CE (1993) The role of thyroid hormones in prenatal and neonatal neurological 

development current perspectives. Endocr Rev, 14, 94-106. 
Power DM, Llewellyn L, Faustino M, Nowell MA, Björnsson BT, Einarsdottir IE, Canario AV, Sweeney GE (2001) 

Thyroid hormones in growth and development of fish. Comp Biochem Phys C, 130, 447-459. 
Predieri B, Alves CAD, Iughetti L (2022) New insights on the effects of endocrine-disrupting chemicals on 

children. J Pediatr, 98, 73-85. 
Prifti S, Mall P, Rabe T (2003) Synthetic estrogen-mediated activation of ERK 2 intracellular signaling molecule. 

Gynecol Endocrinol, 17, 423-428. 
Prusinski L, Al-Hendy A, Yang QW (2016) Developmental exposure to endocrine disrupting chemicals alters the 

epigenome: identification of reprogrammed targets. Gynecol Obstet Res, 3, 1-6. 
Qiu W, Zhao Y, Yang M, Farajzadeh M, Pan C, Wayne NL (2016) Actions of bisphenol A and bisphenol S on the 

reproductive neuroendocrine system during early development in zebrafish. Endocrinology, 157, 636-647. 
Qu KM, Zhang XZ, Lv ZL, Li M, Cui ZG, Zhang Y, Chen BJ, Ma SS, Kong Q (2012) Simultaneous detection of 

diethylstilbestrol and malachite green using conductive carbon black paste electrode. Int J Electrochem 
Sc, 7, 1827-1839. 

Quinnies K, Doyle TJ, Kim KH, Rissman EF (2015) Transgenerational effects of Di-(2-Ethylhexyl) Phthalate 
(DEHP) on stress hormones and behavior. Endocrinology, 156, 3077-3083. 

Raine JC, Takemura A, Leatherland JF (2001) Assessment of thyroid function in adult medaka (Oryzias latipes) 
and juvenile rainbow trout (Oncorhynchus mykiss) using immunostaining methods. J Exp Zool, 290, 366-
378. 

Raingeard D, Bilbao E, Cancio I, Cajaraville MP (2013) Retinoid X receptor (RXR), estrogen receptor (ER) and 
other nuclear receptors in tissues of the mussel Mytilus galloprovincialis: cloning and transcription pattern. 
Comp Biochem Physiol A Mol Integr Physiol, 165, 178-190. 

Raldúa D, André M, Babin PJ (2008) Clofibrate and gemfibrozil induce an embryonic malabsorption syndrome in 
zebrafish. Toxicol Appl Pharm, 228, 301-314. 

Ralevic V, Burnstock G (1991) Roles of P2‐purinoceptors in the cardiovascular system. Circulation, 84, 1–14. 
Rao VKS, Eipper BA, Mains RE (2021) Multiple roles for peptidylglycine α-amidating monooxygenase in the 

response to hypoxia. J Cell Physiol, 236, 7745-7758. 
Reed CE, Fenton SE (2013) Exposure to diethylstilbestrol during sensitive life stages: A legacy of heritable health 

effects. Birth Defects Res C Embryo Today, 99, 134-146. 
Richardson SJ, Monk JA, Shepherdley CA, Ebbesson LO, Sin F, Power DM, Frappell PB, Kohrle J, Renfree MB 

(2005) Developmentally regulated thyroid hormone distributor proteins in marsupials, a reptile, and fish. 
Am J Physiol Regul Integr Comp Physiol, 288, R1264-R1272. 

Rocha F, Dias J, Engrola S, Gavaia P, Geurden I, Dinis MT, Panserat S (2015) Glucose metabolism and gene 
expression in juvenile zebrafish (Danio rerio) challenged with a high carbohydrate diet: effects of an 
acute glucose stimulus during late embryonic life. Br J Nutr, 113, 403-413. 

Rodricks J (1988) Origins of risk assessment in food safety decision making. Journal of the American College of 
Toxicology, 7, 539-542. 

Rodríguez EM, Medesani DA, Fingerman M (2007) Endocrine disruption in crustaceans due to pollutants: a review. 
Comp Biochem Phys A, 146, 661-671. 

Roper C, Tanguay RL (2018) Zebrafish as a model for developmental biology and toxicology. In: Handbook Of 
Developmental Neurotoxicology, Academic press, 143-151. 

Roques BB, Leghait J, Lacroix MZ, Lasserre F, Pineau T, Viguie C, Martin PG (2013) The nuclear receptors 
pregnane X receptor and constitutive androstane receptor contribute to the impact of fipronil on hepatic 
gene expression linked to thyroid hormone metabolism. Biochem Pharmacol, 86, 997-1039. 

Rosenberg G (2014) A new critical estimate of named species-level diversity of the recent mollusca. Am Malacol 
Bull, 32 (2), 308-322. 

Ryan R, Moyse BR, Richardson RJ (2020) Zebrafish cardiac regeneration-looking beyond cardiomyocytes to a 
complex microenvironment. Histochem Cell Biol, 154, 533-548. 

vom Saal FS, Timms BG, Montano MM, Palanza P, Thayer KA, Nagel SC, Dhar MD, Ganjam VK, Parmigiani S, 
Welshons WV (1997) Prostate enlargement in mice due to fetal exposure to low doses of estradiol or 
diethylstilbestrol and opposite effects at high doses. P Natl Acad Sci USA, 94, 2056-2061. 

Saito M, Seki M, Amemiya S, Yamasu K, Suyemitsu T, Ishihara K (1998) Induction of metamorphosis in the sand 
dollar Peronella japonica by thyroid hormones. Dev Growth Differ, 40, 307-312. 

Salazar P, Villaseca P, Cisternas P, Inestrosa NC (2021) Neurodevelopmental impact of the offspring by thyroid 
hormone system-disrupting environmental chemicals during pregnancy. Environ Res, 200, 111345. 



  Chapter 1-5 
 

 
 

124 

Santos-Silva AP, Andrade MN, Pereira-Rodrigues P, Paiva-Melo FD, Soares P, Graceli JB, Dias GRM, Ferreira 
ACF, de Carvalho DP, Miranda-Alves L (2018) Frontiers in endocrine disruption: impacts of organotin 
on the hypothalamus-pituitary-thyroid axis. Mol Cell Endocrinol, 460, 246-257. 

Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T, Preibisch S, Rueden C, Saalfeld S, 
Schmid B, Tinevez JY, White DJ, Hartenstein V, Eliceiri K, Tomancak P, Cardona A (2012) Fiji: an open-
source platform for biological-image analysis. Nat Methods, 9 (7), 676-682. 

Schmutzler C, Gotthardt I, Hofmann PJ, Radovic B, Kovacs G, Stemmler L, Nobis I, Bacinski A, Mentrup B, 
Ambrugger P, Gruters A, Malendowicz LK, Christoffel J, Jarry H, Seidlova-Wuttke D, Wuttke W, Kohrle 
J (2007) Endocrine disruptors and the thyroid gland-a combined in vitro and in vivo analysis of potential 
new biomarkers. Environ Health Persp, 115 (Suppl 1), 77-83. 

Schug TT, Blawas AM, Gray K, Heindel JJ, Lawler CP (2015) Elucidating the links between endocrine disruptors 
and neurodevelopment. Endocrinology, 156, 1941-1951. 

Schug TT, Janesick A, Blumberg B, Heindel JJ (2011) Endocrine disrupting chemicals and disease susceptibility. 
J Steroid Biochem, 127, 204-215. 

Schug TT, Johnson AF, Birnbaum LS, Colborn T, Guillette LJ, Jr., Crews DP, Collins T, Soto AM, Vom Saal FS, 
McLachlan JA, Sonnenschein C, Heindel JJ (2016) Minireview: endocrine disruptors: past lessons and 
future directions. Mol Endocrinol, 30 (8), 833-847. 

Schussler GC (1990) Thyroxine-binding proteins. Thyroid, 1 (1), 25-34. 
Scott AP (2012) Do mollusks use vertebrate sex steroids as reproductive hormones? Part I: Critical appraisal of 

the evidence for the presence, biosynthesis and uptake of steroids. Steroids, 77, 1450-1468. 
Scott AP (2013) Do mollusks use vertebrate sex steroids as reproductive hormones? II. Critical review of the 

evidence that steroids have biological effects. Steroids, 78, 268-281. 
Shain WG, Hilfer SR, Fonte VG (1972) Early organogenesis of the embryonic chick thyroid: I. Morphology and 

biochemistry. Dev Biol, 28, 202-218. 
Sharan S, Nikhil K, Roy P (2013) Effects of low dose treatment of tributyltin on the regulation of estrogen receptor 

functions in MCF-7 cells. Toxicol Appl Pharm, 269, 176-186. 
Shi X, Wang YQ, Yang YM, Li YF (2022) Knockdown of two iodothyronine deiodinase genes inhibits 

epinephrine-induced larval metamorphosis of the hard-shelled mussel Mytilus coruscus. Front Mar Sci, 
9, 914283. 

Shiojima I, Sato K, Izumiya Y, Schiekofer S, Ito M, Liao R, Colucci WS, Walsh K (2005) Disruption of coordinated 
cardiac hypertrophy and angiogenesis contributes to the transition to heart failure. J Clin Invest, 115, 
2108-2118. 

Simpson PD, Eipper BA, Katz MJ, Gandara L, Wappner P, Fischer R, Hodson EJ, Ratcliffe PJ, Masson N (2015) 
Striking oxygen sensitivity of the peptidylglycine α-amidating monooxygenase (PAM) in neuroendocrine 
cells. J Biol Chem, 290, 24891-24901. 

Skinner MK (2014) Endocrine disruptor induction of epigenetic transgenerational inheritance of disease. Mol Cell 
Endocrinol, 398, 4-12. 

Smolarz K, Hallmann A, Zabrzańska S, Pietrasik A (2017) Elevated gonadal atresia as biomarker of endocrine 
disruptors: field and experimental studies using Mytilus trossulus (L.) and 17-alpha ethinylestradiol (EE2). 
Mar Pollut Bull, 120, 58-67. 

Snyder MJ (2000) Cytochrome P450 enzymes in aquatic invertebrates: recent advances and future directions. 
Aquat Toxicol, 48, 529-547. 

Sonstegard R, Leatherland JF (1976) The epizootiology and pathogenesis of thyroid hyperplasia in coho salmon 
(Oncorhynchus kisutch) in Lake Ontario. Cancer Res, 36, 4467-4475. 

Stewart AM, Braubach O, Spitsbergen J, Gerlai R, Kalueff AV (2014) Zebrafish models for translational 
neuroscience research: from tank to bedside. Trends Neurosci, 37, 264-278. 

Suban D, Zajc T, Renko M, Turk B, Turk V, Dolenc I (2012) Cathepsin C and plasma glutamate carboxypeptidase 
secreted from Fischer rat thyroid cells liberate thyroxin from the N-terminus of thyroglobulin. Biochimie, 
94, 719-726. 

Suchanek TH (1978) The ecology of Mytilus edulis L. in exposed rocky intertidal communities. J Exp Mar Biol 
Ecol, 31, 105-120. 

Suto F, Ito K, Uemura M, Shimizu M, Shinkawa Y, Sanbo M, Shinoda T, Tsuboi M, Takashima S, Yagi T, Fujisawa 
H (2005) Plexin-a4 mediates axon-repulsive activities of both secreted and transmembrane semaphorins 
and plays roles in nerve fiber guidance. J Neurosci, 25 (14), 3628-3637. 

Taylor E, Heyland A (2018) Thyroid hormones accelerate initiation of skeletogenesis via MAPK (ERK1/2) in 
larval sea urchins (Strongylocentrotus purpuratus). Front Endocrinol, 9, 439. 

Taylor PN, Okosieme OE, Murphy R, Hales C, Chiusano E, Maina A, Joomun M, Bestwick JP, Smyth P, Paradice 
R, Channon S, Braverman LE, Dayan CM, Lazarus JH, Pearce EN (2014) Maternal perchlorate levels in 
women with borderline thyroid function during pregnancy and the cognitive development of their 



  Chapter 1-5 
 

 
 

125 

offspring: data from the controlled antenatal thyroid study. J Clin Endocr Metab, 99 (11), 4291-4298. 
Telford MJ, Budd GE (2011) Invertebrate evolution: bringing order to the molluscan chaos. Curr biol, 21, R964-

R966. 
Thomas P, Dong J (2006) Binding and activation of the seven-transmembrane estrogen receptor GPR30 by 

environmental estrogens: a potential novel mechanism of endocrine disruption. J Steroid Biochem, 102, 
175-179. 

Thompson MA, Ransom DG, Pratt SJ, MacLennan H, Kieran MW, Detrich III HW, Vail B, Huber TL, Paw B, 
Brownlie AJ, Oates AC, Fritz A, Gates MA, Amores A, Bahary N, Talbot WS, Her H, Beier DR, 
Postlethwait JH, Zon LI (1998) The cloche and spadetail genes differentially affect hematopoiesis and 
vasculogenesis. Dev Biol, 197, 248-269. 

Thornton JW, Need E, Crews D (2003) Resurrecting the ancestral steroid receptor: ancient origin of estrogen 
signaling. Science, 301, 1714-1717. 

Thurston G, Wang Q, Baffert F, Rudge J, Papadopoulos N, Jean‐Guillaume D, Wiegand S, Yancopoulos GD, 
McDonald DM (2005) Angiopoietin 1 causes vessel enlargement, without angiogenic sprouting, during a 
critical developmental period. Development, 132. 3317-3326. 

Titus-Ernstoff L, Troisi R, Hatch EE, Palmer JR, Hyer M, Kaufman R, Adam E, Noller K, Hoover RN (2010) Birth 
defects in the sons and daughters of women who were exposed in utero to diethylstilbestrol (DES). Int J 
Androl, 33, 377-384. 

Tonacchera M, Pinchera A, Dimida A, Ferrarini E, Agretti P, Vitti P, Santini F, Crump K, Gibbs J (2004) Relative 
potencies and additivity of perchlorate, thiocyanate, nitrate, and iodide on the inhibition of radioactive 
iodide uptake by the human sodium iodide symporter. Thyroid, 14, 1012-1019. 

Tong W, Kerkof P, Chaikoff IL (1962) Identification of labeled thyroxine and triiodothyronine in amphioxus treated 
with 131I. Biochim Biophys Acta, 56, 326-331. 

Torrent-Guasp F, Kocica MJ, Corno AF, Komeda M, Carreras-Costa F, Flotats A, Cosin-Aguillar J, Wen H (2005) 
Towards new understanding of the heart structure and function. Eur J Cardio-Thorac, 27, 191-201. 

Tournaire M, Epelboin S, Devouche E, Viot G, Le Bidois J, Cabau A, Dunbavand A, Levadou A (2016) Adverse 
health effects in children of women exposed in utero to diethylstilbestrol (DES). Therapie, 71, 395-404. 

Trapnell C, Hendrickson DG, Sauvageau M, Goff L, Rinn JL, Pachter L (2013) Differential analysis of gene 
regulation at transcript resolution with RNA-seq. Nat Biotechnol, 31, 46-53. 

Trapnell C, Pachter L, Salzberg SL (2009) TopHat: discovering splice junctions with RNA-Seq. Bioinformatics, 
25, 1105-1111. 

Trapnell C, Roberts A, Goff L, Pertea G, Kim D, Kelley DR, Pimentel H, Salzberg SL, Rinn JL, Pachter L (2012) 
Differential gene and transcript expression analysis of RNA-seq experiments with TopHat and Cufflinks. 
Nat Protoc, 7, 562-578. 

Trapnell C, Williams BA, Pertea G, Mortazavi A, Kwan G, van Baren MJ, Salzberg SL, Wold BJ, Pachter L (2010) 
Transcript assembly and quantification by RNA-Seq reveals unannotated transcripts and isoform 
switching during cell differentiation. Nat Biotechnol, 28, 511-515. 

Troisi R, Hyer M, Titus L, Palmer JR, Hatch EE, Huo D, Aagaard KM, Strohsnitter WC, Hoover RN (2021) 
Prenatal diethylstilbestrol exposure and risk of diabetes, gallbladder disease, and pancreatic disorders and 
malignancies. J Dev Orig Hlth Dis, 12, 619-626. 

Trueman ER (1967) Activity and heart rate of bivalve molluscs in their natural habitat. Nature, 214, 832-833. 
Tse WKF, Yeung BHY, Wan HT, Wong CKC (2013) Early embryogenesis in zebrafish is affected by bisphenol A 

exposure. Biol Open, 2, 466-471. 
Tucker DK, Hayes Bouknight S, Brar SS, Kissling GE, Fenton SE (2018) Evaluation of prenatal exposure to 

bisphenol analogues on development and long-term health of the mammary gland in female mice. Environ 
Health Perspe, 126 (8), 087003. 

Tyler C, Jobling S, Sumpter JP (1998) Endocrine disruption in wildlife: a critical review of the evidence. Crit Rev 
Toxicol, 28 (4), 319-361. 

Ulrich F, Ma LH, Baker RG, Torres-Vazquez J (2011) Neurovascular development in the embryonic zebrafish 
hindbrain. Dev Biol, 357, 134-151. 

Vancamp P, Houbrechts AM, Darras VM (2019) Insights from zebrafish deficiency models to understand the 
impact of local thyroid hormone regulator action on early development. Gen Comp Endocr, 279, 45-52. 

Vandenberg LN, Colborn T, Hayes TB, Heindel JJ, Jacobs Jr DR, Lee DH, Shioda T, Soto AM, vom Saal FS, 
Welshons WV, Zoeller RT, Myers JP (2012) Hormones and endocrine-disrupting chemicals: low-dose 
effects and nonmonotonic dose responses. Endocr Rev, 33 (3), 378-455. 

Varshney GK, Pei WH, LaFave MC, Idol J, Xu LS, Gallardo V, Carrington B, Bishop K, Jones M, Li MY, Harper 
U, Huang SC, Prakash A, Chen WB, Sood R, Ledin J, Burgess SM (2015) High-throughput gene targeting 
and phenotyping in zebrafish using CRISPR/Cas9. Genome Res, 25, 1030-1042. 

Vaughn CC, Hoellein TJ (2018) Bivalve impacts in freshwater and marine ecosystems. Annu Rev Ecol Evol S, 49, 



  Chapter 1-5 
 

 
 

126 

183-208. 
Vaughn CC, Nichols SJ, Spooner DE (2008) Community and foodweb ecology of freshwater mussels. J N Am 

Benthol Soc, 27 (2), 409-423. 
Vereycken JE, Aldridge DC (2022) Bivalve molluscs as biosensors of water quality: state of the art and future 

directions. Hydrobiologia, 850, 231-256. 
Vethaak D, Legler J (2013) Endocrine disruption in wildlife: background, effects and implications. In: Endocrine 

Disrupters: Hazard Testing and Assessment Methods, pp. 7-58. 
Viarengo A, Canesi L (1991) Mussels as biological indicators of pollution. Aquaculture, 94, 225-243. 
Vicario N, Calabrese G, Zappala A, Parenti C, Forte S, Graziano ACE, Vanella L, Pellitteri R, Cardile V, Parenti 

R (2017) Inhibition of Cx43 mediates protective effects on hypoxic/reoxygenated human neuroblastoma 
cells. J Cell Mol Med, 21 (10), 2563-2572. 

Visser WE, Friesema ECH, Visser TJ (2011) Minireview: thyroid hormone transporters: the knowns and the 
unknowns. Mol Endocrinol, 25 (1), 1-14. 

Vogel AM, Weinstein BM (2000) Studying vascular development in the zebrafish. Trends Cardiovas Med, 10, 352-
360. 

Volpe R (1994) Immunoregulation in autoimmune thyroid disease. Thyroid, 4 (3), 373-377. 
Wang HL, Zhu SM, Qu B, Zhang Y, Fan B (2018) Anaerobic treatment of source-separated domestic bio-wastes 

with an improved upflow solid reactor at a short HRT. J Environ Sci, 66, 255-264. 
Wang N, Lee YH, Lee J (2008) Recombinant perlucin nucleates the growth of calcium carbonate crystals: 

molecular cloning and characterization of perlucin from disk abalone, Haliotis discus discus. Comp 
Biochem Physiol B, 149, 354-361. 

Ward ME, Aiello E (1973) Water pumping, particle filtration, and neutral red absorption in the bivalve mollusc 
Mytilus edulis. Physiol Zool, 46, 157-167. 

Watanabe Y, Tateno H, Nakamura-Tsuruta S, Kominami J, Hirabayashi J, Nakamura O, Watanabe T, Kamiya H, 
Naganuma T, Ogawa T, Naude RJ, Muramoto K (2009) The function of rhamnose-binding lectin in innate 
immunity by restricted binding to Gb3. Dev Comp Immunol, 33, 187-197. 

Watson CS, Bulayeva NN, Wozniak AL, Alyea RA (2007) Xenoestrogens are potent activators of nongenomic 
estrogenic responses. Steroids, 72, 124-134. 

Weber J, McInnes J, Kizilirmak C, Rehders M, Qatato M, Wirth EK, Schweizer U, Verrey F, Heuer H, Brix K 
(2017) Interdependence of thyroglobulin processing and thyroid hormone export in the mouse thyroid 
gland. Eur J Cell Biol, 96, 440-456. 

Wedderburn J, McFadzen I, Sanger RC, Beesley A, Heath C, Hornsby M, Lowe D (2000) The field application of 
cellular and physiological biomarkers, in the mussel Mytilus edulis, in conjunction with early life stage 
bioassays and adult histopathology. Mar Pollut Bull, 40, 257-267. 

Wendl T, Adzic D, Schoenebeck JJ, Scholpp S, Brand M, Yelon D, Rohr KB (2007) Early developmental 
specification of the thyroid gland depends on han-expressing surrounding tissue and on FGF signals. 
Development, 134, 2871-2879. 

Wendl T, Lun K, Mione M, Favor J, Brand M, Wilson SW, Rohr KB (2002) Pax2.1 is required for the development 
of thyroid follicles in zebrafish. Development, 129, 3751-3760. 

White JW, Cole BJ, Cherr GN, Connon RE, Brander SM (2017) Scaling up endocrine disruption effects from 
individuals to populations: outcomes depend on how many males a population needs. Environ Sci Technol, 
51, 1802-1810. 

Whittle BJ, Silverstein AM, Mottola DM, Clapp LH (2012) Binding and activity of the prostacyclin receptor (IP) 
agonists, treprostinil and iloprost, at human prostanoid receptors: treprostinil is a potent DP1 and EP2 
agonist. Biochem Pharmacol, 84, 68-75. 

Wilkinson M, Imran SA (2019) Hypothalamic Regulation of Thyroid Function. In. Clinical Neuroendocrinology: 
An Introduction. Cambridge University Press, pp. 97-117. 

Wu WJ, Niles EG, LoVerde PT (2007) Thyroid hormone receptor orthologues from invertebrate species with 
emphasis on Schistosoma mansoni. BMC Evol Biol, 7, 150. 

Xie C, Mao X, Huang JJ, Ding Y, Wu JM, Dong S, Kong L, Gao G, Li CY, Wei LP (2011) KOBAS 2.0: a web 
server for annotation and identification of enriched pathways and diseases. Nucleic Acids Res, 39, W316-
W322. 

Xu HY, Zhang XY, Li HK, Li CX, Huo XJ, Hou LP, Gong ZY (2018) Immune response induced by major 
environmental pollutants through altering neutrophils in zebrafish larvae. Aquat Toxicol, 201, 99-108. 

Yamamoto M, Shirai M, Sugita K, Nagai N, Miura Y, Mogi R, Yamamoto K, Tamura A, Arishima K (2003) Effects 
of maternal exposure to diethylstilbestrol on the development of the reproductive system and thyroid 
function in male and female rat offspring. J Toxicol Sci, 28, 385-394. 

Yamano K, Miwa S (1998) Differential gene expression of thyroid hormone receptor α and β in fish 
development. Gen Comp Endocr, 109 (1), 75-85. 



  Chapter 1-5 
 

 
 

127 

Yamashita S, Kudo A, Kawakami H, Okada Y (2013) Mechanisms of angiogenic suppression in uteri exposed to 
diethylstilbestrol neonatally in the mouse. Biol Reprod, 88 (5). 116, 1-13. 

Yamauchi K, Prapunpoj P, Richardson SJ (2000) Effect of diethylstilbestrol on thyroid hormone binding to 
amphibian transthyretins. Gen Comp Endocr, 119, 329-339. 

Yan W, Wu FY, Morser J, Wu QY (2000) Corin, a transmembrane cardiac serine protease, acts as a pro-atrial 
natriuretic peptide-converting enzyme. P Natl Acad Sci USA, 97 (15), 8525-8229. 

Yang JH, Guo Q, Wang L, Yu S (2023) POU domain class 2 transcription factor 2 inhibits ferroptosis in cerebral 
ischemia reperfusion injury by activating sestrin2. Neurochem Res, 48, 658-670. 

Yang O, Kim HL, Weon JI, Seo YR (2015) Endocrine-disrupting chemicals: review of toxicological mechanisms 
using molecular pathway analysis. J Cancer Prev, 20 (1), 12-24. 

Yang Y, Tao Y, Li ZX, Cui Y, Zhang JZ, Zhang Y (2023) Agrochemical-mediated cardiotoxicity in zebrafish 
embryos/larvae: what we do and where we go. Crit Rev Env Sci Tec, 53, 1662-1683. 

Yelon D (2001) Cardiac patterning and morphogenesis in zebrafish. Dev Dynam, 222, 552-563. 
Yen PM (2001) Physiological and molecular basis of thyroid hormone action. Physiol Rev, 81 (3), 1097-1142. 
Young JC, Agashe VR, Siegers K, Hartl FU (2004) Pathways of chaperone-mediated protein folding in the cytosol. 

Nat Rev Mol Cell Biol, 5, 781-791. 
Youson JH, Sower SA (2001) Theory on the evolutionary history of lamprey metamorphosis: role of reproductive 

and thyroid axes. Comp Biochem Phys B, 129, 337-345. 
Zhang H, Pan LQ, Zhang L (2012) Molecular cloning and characterization of estrogen receptor gene in the scallop 

Chlamys farreri: expression profiles in response to endocrine disrupting chemicals. Comp Biochem Phys 
C, 156, 51-57. 

Zhang M, Shi J (2020) Diethylstilbestrol mediates vascular endothelial inflammatory injury in vitro and in vivo. 
Clin Transl Med, 10 (2), e47. 

Zhang XY, Li CX, Gong ZY (2014) Development of a convenient in vivo hepatotoxin assay using a transgenic 
zebrafish line with liver-specific DsRed expression. PLoS One, 9 (3), e91874. 

Zhang X, Zhang DD, Zhang H, Luo ZX, Yan CZ (2012) Occurrence, distribution, and seasonal variation of 
estrogenic compounds and antibiotic residues in Jiulongjiang River, South China. Environ Sci Pollut Res, 
19, 1392-1404. 

Zhou YF, Bennett TM, Shiels A (2021) Mutation of the TRPM3 cation channel underlies progressive cataract 
development and lens calcification associated with pro-fibrotic and immune cell responses. FASEB J, 35, 
e21288. 

Zhu YJ, Li Q, Yu H, Liu SK, Kong LF (2021) Shell biosynthesis and pigmentation as revealed by the expression 
of tyrosinase and tyrosinase-like protein genes in Pacific oyster (Crassostrea gigas) with different shell 
colors. Mar Biotechnol, 23, 777-789. 

Zoeller RT (2005) Environmental chemicals as thyroid hormone analogues: new studies indicate that thyroid 
hormone receptors are targets of industrial chemicals? Mol Cell Endocrinol, 242, 10-15. 

Zoeller RT, Tan SW, Tyl RW (2007) General background on the hypothalamic-pituitary-thyroid (HPT) axis. Crit 
Rev Toxicol, 37, 11-53. 

Zohar Y, Muñoz-Cueto JA, Elizur A, Kah O (2010) Neuroendocrinology of reproduction in teleost fish. Gen Comp 
Endocr, 165, 438–455. 

Zou ZY, Yan XW, Li C, Li XF, Ma XF, Zhang CQ, Ju SH, Tian JZ, Qi XL (2019) von Willebrand factor as a 
biomarker of clinically significant portal hypertension and severe portal hypertension: a systematic review 
and meta-analysis. BMJ Open, 9, e025656. 

Zu Y, Tong XJ, Wang ZX, Liu D, Pan RC, Li Z, Hu YY, Luo Z, Huang P, Wu Q, Zhu ZY, Zhang B, Lin S (2013) 
TALEN-mediated precise genome modification by homologous recombination in zebrafish. Nat Methods, 
10, 329-331. 

 
 
 


