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Abstract 

 
Humans are exposed daily to cocktails of chemicals from different sources. Some of 

these chemicals can interfere with hormonal signaling, and are referred to as endocrine 

disrupting chemicals (EDCs). A mechanism through which EDCs may act is by binding 

and modulating the activity of nuclear receptors (NRs), which could lead to adverse 

health outcomes, especially during critical developmental windows, such as fetal 

development and perinatal life. As we are exposed to chemical cocktails, there is an 

increased concern regarding adverse effects resulting from exposures to combinations of 

EDCs. Mixture effects of bisphenol A and phytoestrogens, well-known xenoestrogens, 

were assessed in transactivation assays mediated by the estrogen receptors (ERs) and in 

MCF-7 cell proliferation assays. We observed additive effects with a combination of 

nanomolar concentrations of these chemicals, levels that are relevant to human exposure.  

Another major concern is the need to refine, reduce and replace animal models, and 

zebrafish have been used as an alternative in vivo model. However, to support zebrafish 

for risk assessment of EDCs, it is crucial to evaluate the transcriptional 

activity/selectivity of mammalian NR ligands towards their zebrafish homologues. By 

using stable reporter cell lines expressing human or zebrafish NRs, we observed clear 

differences in the selectivity/activity of ER and peroxisome-proliferator activated 

receptor gamma (PPAR) ligands between human and their zebrafish counterparts, 

demonstrating the importance of assessing the transcriptional profile of EDCs prior to 

using them in vivo.  
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Liver X receptors (LXRs), also NRs, are key regulators of lipid and cholesterol 

metabolism in mammals. Transcriptomic analysis of zebrafish larvae treated with the 

mammalian LXR agonists T0901317 and GW3965, also activators of zebrafish LXR, 

revealed a primary role of LXR in regulating lipid metabolism and transport during 

zebrafish development. Tissue enrichment analysis predicted the liver, the yolk syncytial 

layer and the eye to be affected by LXR activation in zebrafish, which correlated with 

increased lipid uptake from the yolk, and with morphological abnormalities in the retina 

and lens of developing zebrafish.  The expression of important genes for eye 

development and maintenance of photoreceptors, was modulated in zebrafish exposed to 

the ligands as well as in LXR knockout mice, revealing, for the first time, a new potential 

physiological role of LXRs in regulating expression of gene networks important for 

visual function in vertebrates. 
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1.1 Nuclear Hormone Receptor Superfamily 

Nuclear receptors (NRs) are ligand-activated transcription factors that regulate diverse 

biological functions such as embryonic development, reproduction, metabolism, cell 

proliferation, immunity and inflammation.  The number of NR genes varies markedly in 

metazoan genomes: 48 NRs are encoded in the human genome, 49 in the mouse, 21 in 

fruitfly, 70 in zebrafish, and more than 270 in roundworm (Bertrand et al. 2004; Bertrand 

et al. 2007; Maglich et al. 2001; Robinson-Rechavi et al. 2001). The ligands for half of 

the 48 human nuclear receptors are known, while the remaining are ‘orphan’ receptors, 

for which no ligand has yet been discovered (Gronemeyer et al. 2004). 

NRs share a common structural and functional organization (Figure 1.1). The N-terminal 

region (A/B domain) is highly variable among the NRs, and contains the transactivation 

region (AF-1) involved in transcriptional activation of target gene expression in a ligand 

independent-manner. The most conserved region is the DNA-binding domain (DBD, C 

domain), which contains two highly conserved zinc-fingers that recognize specific 

hormone response elements (HREs) in the promoter region of target genes. HREs are 

derivatives of the canonical hexanucleotide sequence RGGTCA (R is a purine), usually 

present as a pair, and sequence modifications of the repeat and the relative position of the 

two hexads generate the high degree of specificity for a given NR (Gronemeyer et al. 

2004). The C domain is also involved in dimerization of nuclear receptors, resulting in 

the formation of homodimers or heterodimers. The D domain contains the nuclear 

localization signal and functions as a flexible hinge between the DNA and ligand binding 

domains. The ligand binding domain (LBD or E/F domain) in the COOH-terminal region 
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mediates ligand binding, receptor dimerization, nuclear translocation and recruitment of 

co-regulators via the AF-2 transactivation function (Katzenellenbogen and 

Katzenellenbogen 1996; Nilsson et al. 2001; Robinson-Rechavi et al. 2003). The LBD of 

all NRs contains 11 helices that form a compact ligand binding pocket whose entrance is 

guarded by a twelfth helix (H12). The orientation of H12 is dependent on ligand binding 

and contains crucial residues for interaction with corepressors/coactivators and activation 

of AF-2 function (Gronemeyer et al. 2004).  

 

 

 

 

 

 

 

 

C D EA/BN C

AF-1 (Ligand independent)

DBD

AF-2 (Ligand dependent)
NLS (Ligand dependent)
Dimerization

F

LBD

NLSDimerization

Figure 1.1 Representation of the structural and functional organization of 

nuclear receptors. The A/B domain contains the ligand independent 

transactivation function (AF-1). Regions C and D contain the DNA binding domain 

(DBD), ligand independent nuclear localization signal (NLS) and dimerization 

functions. The E/F domain contains the ligand binding domain (LBD) and 

functions that are dependent on ligand binding, such as transactivation function 2 

(AF-2) and NLS.  
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NRs can be classified into two groups depending on whether they form cytoplasmic 

complexes with heat shock protein 90 (Hsp90) and function as a monomer/homodimer, 

or as heterodimers (Tata 2002). Type I NRs, also called steroid receptors, include 

estrogen, glucocorticoid, androgen, progesterone and mineralocorticoid receptors. These 

receptors occur in the cytoplasm in complex with chaperone molecules (Hsp90), and 

upon ligand binding, they translocate to the nucleus, homodimerize, bind an HRE within 

the promoter of target genes and interact with co-activators and the transcriptional 

machinery to promote transcriptional activation (Tata 2002). Type II non-steroid NRs, 

such as the thyroid hormone, retinoic acid, peroxisome proliferator activated- and liver X 

receptors, are constitutively associated with HREs and heterodimerized with the 

promiscuous retinoid X receptor (RXR) in the nucleus. In the absence of a ligand, 

receptor heterodimers are associated with histone deacetylases and other corepressors in 

the promoter region of target genes. Ligand binding promotes recruitment of coactivators 

and release of corepressors from the complex, resulting in activation of gene transcription 

(Tata 2002) (Fig. 1.2). These represent the canonical mechanisms or generalized 

pathways of NR action; however, NRs can also act through other mechanisms. 

Additionally to ligand binding, the function of NRs can also be modulated by cell 

signaling cascades that result in phosphorylation, ubiquitination and other receptor post-

translational modifications, normally within the N-terminal A/B domain or the LBD of 

the receptor, leading to changes in receptor activity and function (Berrabah et al. 2011; 

Gronemeyer et al. 2004).   
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Figure 1.2. Canonical mechanism of action of nuclear receptors. Type 1 NRs 

are found in the cytoplasm in complex with heat shock proteins (HSP). Upon 

ligand binding, the HSP complex dissociates, the NR dimerizes and translocates 

into the nucleus, recruits coactivators and binds to hormone response elements 

in the promoter region of target genes, activating gene transcription. Type II 

NRs are found heterodimerized with retinoid X receptor (RXR) on the promoter 

region of target genes in complex with corepressors. Upon ligand binding, the 

corepressor complex is released, coactivators are recruited and gene 

transcription is activated.  
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1.1.1 Estrogen Receptors 

Estrogen receptors (ERs) are extensively studied members of the NR superfamily, which 

are involved in the regulation of various physiological processes during development, 

aging and disease states in vertebrates. Two distinct ERs are responsible for mediating 

estrogenic effects in mammals: ERα (NR3A1) and ERβ (NR3A2) (Green et al. 1986; 

Kuiper et al. 1996). ERα is primarily expressed in the uterus, liver, kidney and heart, 

whereas ERβ is predominantly found in the ovary, prostate, colon, lung, urinary bladder, 

and hematopoietic and central nervous systems (Matthews and Gustafsson 2003; Nilsson 

and Gustafsson 2011). Both ER subtypes are co-expressed in a variety of tissues 

including the mammary gland, prostate, thyroid, adrenal, bone, and certain regions of the 

brain, and although they may be expressed in the same tissue, they may not be expressed 

in the same cell type. The relative levels of each ER subtype are important factors in 

determining the estrogenic effects in different tissues and cells (Matthews and Gustafsson 

2003).  

Structurally, ERα and ERβ share a high degree of sequence identity within their DBDs, 

and they generally bind estrogen response elements (EREs) with similar specificity and 

affinity. The ligand binding domains share approximately 60% sequence similarity, and 

the A/B domain represents the most variable region with only 20% sequence similarity 

between the ERs (Heldring et al. 2007).  

The main endogenous estrogens are 17β-estradiol (E2), estrone (E1) and estriol (E3), out 

of which E2 is the most potent form (Nilsson et al. 2011). The endogenous estrogens are 
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synthesized from androgenic precursors (testosterone or androstenedione) by the 

aromatase enzyme (cytochrome P450 19A1). E2 can also be oxidized to E1, and both E2 

and E1 can be converted to E3 (Coelingh Bennink 2004). E2 is the main circulating 

estrogen during the premenopausal period, and is mainly secreted by the ovaries. E1 is 

the predominant endogenous estrogen after menopause, whereas E3 is produced in large 

quantities by the placenta during pregnancy (Coelingh Bennink 2004). 

Estrogenic ligands mediate their physiological effects via genomic and non-genomic 

molecular pathways. The classical genomic effects of ERs on gene expression occurs 

through the formation of homodimers (ERα/ERα or ERβ/ERβ) or heterodimers 

(ERα/ERβ) upon ligand binding, translocation of the dimers to the nucleus where they 

bind to a consensus ERE in the promoter and regulatory regions of target genes  to 

control gene expression (Cowley et al. 1997; Nilsson et al. 2001). ERs also regulate 

transcription of genes indirectly through protein-protein interactions with other 

transcription factors and DNA modifying proteins such as stimulating protein 1 (SP1), 

activating protein 1 (AP1 (fos/jun)) and nuclear factor kappa-beta protein (NFκB). In 

addition to genomic cellular effects, estrogen mediates “rapid” cellular responses 

transmitted through the activation of membrane-associated ERs and/or GPER (G-protein 

coupled receptor, formerly known as GPR30), which leads to the activation of 

downstream cascades such as mitogen-activated protein kinase (MAPK), 

phosphatidylinositol 3-OH kinase (PI3K) and protein kinases A (PKA) and C (PKC). 

Thus, final cellular response to stimulation by estrogens are results from a complex 
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interaction of transcriptional and non-transcriptional (“rapid”) events in the cell (Fu and 

Simoncini 2008; Nilsson et al. 2001; Prossnitz and Barton 2014).  

1.1.2 Peroxisome Proliferator-activated Receptor  (PPAR) 

PPAR (NR1C3) is a member of the peroxisome proliferator-activated receptor (PPAR) 

family of nuclear receptors, which also include PPARα and PPARβ/δ. PPAR exists as 

two isoforms, PPAR1, which is expressed in many tissues, and PPAR2, which is 

restricted to the adipose tissue. While PPARs α and β/δ have important roles in the 

activation of fatty acid oxidation pathways, PPAR is a key regulator of adipogenesis and 

adipocyte metabolism, and also an important modulator of insulin sensitivity and 

inflammatory and immune responses (Ahmadian et al. 2013; Lehrke and Lazar 2005; 

Luconi et al. 2010). PPARs form obligate heterodimers with the RXR and bind to 

peroxisome proliferator response elements (PPREs), a direct repeat of the sequence 5’-

AGGTCA-3’  separated by one or two nucleotides (DR-1/DR-2 elements) which 

specifically anchors PPAR dimerized to RXR to the promoter and enhancer regions of 

target genes (Chandra et al. 2008; Luconi et al. 2010). PPAR has a pivotal role in 

adipogenesis in vitro and in vivo, as activation or ectopic expression of PPAR drives 

adipocyte differentiation in 3T3-derived fibroblasts, leading to an increased accumulation 

of fat droplets,  and PPAR null mouse is deficient of all forms of fat (Barak et al. 1999; 

Forman et al. 1995; Tontonoz et al. 1994). 

A specific and high affinity natural ligand for PPAR has not been characterized yet.  

However, the receptor can be physiologically activated by low-affinity ligands such as 
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saturated fatty acids and unsaturated long-chain fatty acids derived from the diet, 

eicosanoids, components of oxidized low-density lipoproteins and phospholipids (Lehrke 

and Lazar 2005). The prostaglandin J2 derivative, 15-deoxy-Δ12, 14
-PGJ2 (15ΔPGJ2), has 

been suggested to the best candidate for the endogenous PPAR ligand, and it is capable 

of stimulating the differentiation of fibroblasts to adipocytes in vitro (Kliewer et al. 

1995). However, this prostaglandin metabolite is not physiologically produced at 

sufficient concentrations to activate PPAR in mammalian cells (Bell-Parikh et al. 2003). 

The existence of a potent natural ligand for PPAR remains to be determined, and it is 

possible that the receptor functions as a physiological lipid sensor activated by combined 

concentrations of low-affinity fatty acids and eicosanoids (Lehrke and Lazar 2005). 

1.1.3 Liver X Receptors (LXRs)  

Another subfamily of nuclear receptors that are important regulators of lipid metabolism 

and homeostasis are the liver X receptors (LXRs), also known as nuclear oxysterol 

receptors. The LXR subfamily consists of two proteins, LXRα (NR1H3) and LXRβ 

(NR1H2), which share approximately 78% sequence homology in both their DNA and 

ligand-binding domains (Baranowski 2008; Teboul et al. 1995; Ulven et al. 2005). LXRs 

function as permissive heterodimers with RXR and regulate gene expression by binding 

to LXR response elements (LXREs) in the promoter region of target genes. The canonical 

LXRE consists of direct repeats of the hexanucleotide sequence 5’-AGGTCA-3’ 

separated by four nucleotides (DR-4 motif). However, some LXR target genes contain 

nucleotides at specific positions in each half site that can vary considerably from the 

consensus LXRE sequence, and inverted repeats of the consensus sequence without any 
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or with one nucleotide spacer have also been shown to mediate LXR transactivation 

(Joseph et al. 2002a; Mak et al. 2002; Uppal et al. 2007).   

High expression of LXRα is found in tissues that play important roles in lipid 

metabolism, such as the liver, adipose tissue, intestine, kidney and spleen, whereas LXRβ 

is ubiquitously expressed in most physiological systems (Baranowski 2008; Jakobsson et 

al. 2012; Ulven et al. 2005). The physiological LXR ligands are oxysterols, oxidized 

derivatives of cholesterol, and include 22 (R)-hydroxycholesterol (a metabolite of steroid 

hormone synthesis), 24 (S)-hydroxycholesterol (present in the brain and plasma), 24 (S), 

25-epoxycholesterol (abundant in the liver), and 27-hydroxycholesterol (present in 

macrophages and plasma) (Jakobsson et al. 2012; Steffensen et al. 2013).  

In humans and mammalian models, LXR activation induces mechanisms to protect 

against cholesterol overload, including the stimulation of reverse cholesterol transport 

from peripheral tissues through upregulation of the ATP-binding cassette (ABC) 

transporters abca1 and abcg1, and inhibition of dietary cholesterol absorption in the 

intestines by inducing the ABC transporters abcg5 and abcg8. LXR activation promotes 

cholesterol conversion to bile acids in the rodent liver by regulating the expression of 

cyp7a1, the rate limiting step in bile acid synthesis, and induces hepatic cholesterol 

excretion via induction of abcg5 and abcg8. Another physiological effect resulting from 

LXR activation is the stimulation of de novo fatty acid synthesis in the liver by inducing  

the expression of the lipogenic transcription factor sterol regulatory binding factor 1 
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(srebf1), which may lead to hypertriglyceridemia and hepatosteatosis (Jakobsson et al. 

2012; Ulven et al. 2005; Wojcicka et al. 2007) (summarized in Fig. 1.3). 
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Figure 1.3. Biological role of LXRs in lipid transport and metabolism. LXR 

stimulates reverse cholesterol transport in peripheral tissues by increasing abca1 

(ATP binding cassette transporter A1) and abcg1 expression, promoting the 

mobilization of cholesterol to the plasma membrane and its transfer to lipid-poor 

molecules such as apolipoprotein AI (ApoA-I) and high-density lipoprotein (HDL). 

In the liver, LXR promotes cholesterol excretion by inducing the expression of abcg5 

and abcg8 and inducing cholesterol conversion to bile acids via cyp7a1 (in rodents). 

It also promotes fatty acid synthesis by upregulating srebf1 (sterol regulatory binding 

factor 1) and its target genes fasn (fatty acid synthase) and scd (stearoyl CoA 

desaturase 1). In the intestine, LXR inhibits dietary cholesterol absorption by 

activating the expression of abcg5 and abcg8.  
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Besides controlling whole-body cholesterol metabolism and transport, LXRs are also 

involved in the control of carbohydrate metabolism, reducing plasma glucose levels and 

increasing insulin secretion and sensitivity in rodent models (Cao et al. 2003; Efanov et 

al. 2004). Other biological effects of LXRs include the reduction of atherosclerotic 

lesions in vivo (Joseph et al. 2002b) and the regulation of inflammatory and immune 

responses (Joseph et al. 2004; Joseph et al. 2003). The modulation of inflammatory 

activity involves a  transrepression mechanism in which SUMOylated LXRs prevent 

corepressor dissociation from proinflammatory transcription factors such as NFκβ, 

STATs and AP1, thereby blocking the transcription of inflammatory genes (Venteclef et 

al. 2011).   

Both LXR proteins have been shown to have overlapping, but also non-redundant roles. 

Either LXRα or LXRβ can protect against atherosclerosis by upregulating abca1 

expression in macrophages, and the combined deficiency of both receptors is required for 

foam cell-lipid accumulation in aortic lesions (Lund et al. 2006; Schultz et al. 2000). 

LXRα, on the other hand, plays a pivotal role in the control of the conversion of 

cholesterol to bile acids in the liver, as LXRα-deficient mice challenged with high 

cholesterol diet develops enormous hepatic accumulation of cholesterol esters due to the 

inability to upregulate cyp7a1, whereas LXRβ-deficient mice present normal hepatic 

cholesterol metabolism (Alberti et al. 2001; Peet et al. 1998). LXRα-deficient mice also 

have markedly lower hepatic expression of srebf1 and genes involved in fatty acid 

biosynthesis, while LXRβ-null mice present normal srebf1 expression in the liver. 

Additionally, administration of a synthetic LXR agonist increased hepatic expression of 
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srebf1 in wild-type but not LXRαβ- or LXRα-deficient mice, supporting the subtype-

specific role of LXRα in regulating hepatic lipogenesis (Alberti et al. 2001; Peet et al. 

1998; Quinet et al. 2006; Schultz et al. 2000). 

1.2 Endocrine disruptors  

Endocrine disruptors, or endocrine disrupting chemicals (EDCs), are exogenous 

chemicals that have the potential to interfere with the endocrine system, affecting health, 

reproduction, development and metabolic processes in humans and wildlife. EDCs 

comprise a variety of chemical classes, including pharmaceutical agents, pesticides, 

industrial compounds found in consumer goods products, heavy metals and chemicals 

derived from natural sources (plants and fungi) (Casals-Casas and Desvergne 2011; 

Kerdivel et al. 2013).  

EDCs act by binding to specific NRs, or by affecting the synthesis, release, metabolism, 

transport and elimination of endogenous hormones (Casals-Casas and Desvergne 2011). 

As several EDCs are small lipophilic molecules, they can easily cross the cytoplasmic 

cell membrane, and interact directly with NRs, activating or inhibiting them, affecting the 

regulation of their downstream genes, and therefore disturbing the normal cellular 

homeostasis. For example, most reproductive and developmental abnormalities linked to 

exposure to EDCs are presumed to result from perturbation of the function of estrogen 

and/or androgen receptors (Casals-Casas and Desvergne 2011). Indeed, EDCs are known 

to target different NRs, including the thyroid hormone, glucocorticoid, progesterone, aryl 

hydrocarbon, and peroxisome proliferator-activated receptors (Schug et al. 2011). In 
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addition to altering NR signaling by direct binding to the receptors, EDCs can also affect 

the expression levels of NRs and their coregulators, the proteasome-mediated degradation 

of NRs, and induce epigenetic modifications in germ line cells that can lead to 

transgenerational effects (Tabb and Blumberg 2006).  

Due to their large diversity, EDCs are ubiquitous in the environment, and humans can be 

exposed to EDCs through ingestion (food, dust, medication), inhalation, and skin 

absorption. Exposure to EDCs during adult life is an important factor in adverse health 

outcomes. However, not only adults, but the fetus and the newborn are also exposed to 

such chemicals during critical developmental windows, i.e. fetal development and/or 

perinatal life. This is of major concern since developing organisms are extremely 

sensitive to insult by chemicals with hormone-like activity. This increased sensitivity 

may be attributed to the fact that protective mechanisms present in the adult such as DNA 

repair mechanisms, detoxifying enzymes, liver metabolism, and the blood/brain barrier 

are not fully functional in the fetus or newborn, leading to more pronounced effects in the 

developing organism and at concentrations of chemicals that are below levels considered 

hazardous in the adult (Newbold et al. 2006; Newbold et al. 2007; Schug et al. 2011). 

Additionally, chemical exposures during early life can alter normal cellular and tissue 

development and function, and therefore may increase disease susceptibility later in life. 

The health problems that have increased the most in the last decades in the human 

population, such as breast and prostate cancer, obesity, learning and behavioral problems, 

early puberty, infertility, asthma, Parkinson’s disease, hypospadias, chryptorchisdism and 
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other diseases can be associated to early life exposures to toxic chemicals (Perera et al. 

2009; Schug et al. 2011; Yaoi et al. 2008). 

Moreover, another major issue of concern in the endocrine disruption field is mixture 

toxicity of chemicals, referred to as cocktail effects. As we are constantly exposed to a 

variety of EDCs, there is an increased need to perform toxicological risk assessment 

addressing mixture effects of chemicals, instead of focusing on single compounds. Two 

concepts are traditionally used in toxicology to predict and assess joint effect of 

chemicals: the concentration addition (CA) and the independent action (IA) models 

(Kortenkamp 2007). The CA model is used to assess mixtures composed of chemicals 

with similar mode of action, and requires the determination of the EC50 value (half 

maximal effective concentration) of each component present in the mixture in order to 

predict combined effects.  The IA model, on the other hand, is applicable to chemicals 

with diverse mechanisms of action, and requires knowledge about the precise effect that 

each mixture component would cause if present individually at the concentration found in 

the mixture. Prediction of joint effects can be compared to empirical data, and synergistic 

or antagonistic interactions among chemicals can be defined based on deviations from 

predicted responses (Kortenkamp 2007).  

1.2.1 EDCs targeting estrogen receptors (ERs) 

The estrogen receptors ERα and ERβ are capable of recognizing a wide range of 

exogenous chemicals with diverse molecular structures, collectively known as 

xenoestrogens. These chemicals include pharmaceuticals (e.g. diethylstilbestrol, 
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ethinylestradiol),  pesticides (e.g. endosulfan, DDT), plasticizers (e.g. bisphenol A, 

phthalates), compounds used in consumer goods and cosmetics (e.g. parabens, 

benzophenones), and naturally derived chemicals, such as phytoestrogens (e.g. genistein, 

daidzein) and mycoestrogens (e.g. zearalenone) (Kerdivel et al. 2013; Singleton and 

Khan 2003).  

Xenoestrogens mimic endogenous estrogens (E2), and the major mechanism of action is 

binding of xenoestrogens to the ligand binding domain of the ERs, causing disruptive 

effects in target tissues. By binding to the receptors, xenoestrogens can function as 

agonists or antagonists, either activating or blocking (inhibiting) estrogen-mediated 

responses, respectively. Some of them act as selective ER modulators (SERMs), having 

the particularity to function as ER agonist or antagonist depending on the target tissue. 

Tamoxifen and raloxifen are known SERMs that induce estrogen-like effects in bone and 

liver and anti-estrogenic effects in breast and uterine tissues (Jordan 2001; Nilsson et al. 

2011). Additionally, exogenous estrogens can present ER subtype-selective modulation, 

preferentially binding to and activating one ER subtype over the other. These include the 

ERα selective agonists PPT and 16α-LE2, and the ERβ selective agonists DPN, 8β-VE2 

and the phytoestrogens genistein and daidzein (Escande et al. 2006; Meyers et al. 2001; 

Stauffer et al. 2000). 

Among xenoestrogens, the well-known diethylstilbestrol (DES), a drug used for 

miscarriage prevention during pregnancy from the late 40s to the early 70s, has been a 

model for estrogenic disruption due to its adverse impacts on humans in utero. Indeed, 
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DES is a potent xenoestrogen displaying an ER affinity similar to E2, and it is the only 

xenoestrogen reported to induce estrogenic disruption-mediated effects in humans thus 

far. Prenatal exposure to DES has been associated with increased vaginal cancer in 

daughters of mothers treated with DES, and with structural and functional changes in the 

reproductive system of males and females exposed to DES in utero (Reed and Fenton 

2013).  

Several other xenoestrogens with weaker binding affinity to the ERs have also been 

shown to induce adverse health outcomes in rodent models, including alterations of 

fertility and lactation, and increase of the predisposition to develop breast, prostate and 

other cancers (Cimafranca et al. 2010; Maffini et al. 2006; Markey et al. 2005; Welshons 

et al. 1999).  For example, several reports have linked developmental exposure to 

bisphenol A (BPA), a monomer used in the manufacture of polycarbonate plastics and 

ubiquitously found in the environment, to deleterious effects on male and female 

reproductive system, breast tissue anomalies and alteration in brain and behavior (Maffini 

et al. 2006; Richter et al. 2007), which have influenced the decision to ban BPA in infant 

feeding bottles and toys in countries in the European Union, Canada, USA, China, 

Malaysia and South Africa. 

While most of the estrogenic disruption has been attributed to direct binding of 

xenoestrogens to the LBD of the ERs, environmental estrogens can also affect the ER 

non-genomic pathways and regulate cytoplasmic signaling cascades that indirectly lead to 

activation of the ERs. Both DES and BPA, for example, can activate MAPK, PI3K and 

PKC pathways in breast cancer cells (Li et al. 2006). Additionally, estrogenic ligands can 
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indirectly impact ER signaling through mechanisms involving crosstalk with the aryl 

hydrocarbon receptor and modification of endogenous E2 metabolism (Shanle and Xu 

2011).  

1.2.2 EDCs targeting peroxisome proliferator activated-receptor  (PPAR) 

In addition to reproductive and developmental defects, EDCs have also been associated 

with disruption of metabolic pathways, influencing the onset of obesity and metabolic 

diseases. Such EDCs are referred to as metabolic disruptors, and can act by perturbing 

estrogen, thyroid hormone, and glucocorticoid signaling, by affecting nuclear receptors 

involved in detoxification pathways (e.g. pregnane X receptor and constitutive androstane 

receptor), and by acting through peroxisome proliferator-activated receptors (PPARs) 

(Casals-Casas and Desvergne 2011). 

As mentioned previously, PPARs function as lipid sensors, and PPAR, in particular, has 

important roles in adipogenesis, lipid storage and the control of insulin sensitivity. 

Pharmaceuticals belonging to the thiazolidinedione class (TZDs), such as rosiglitazone 

and pioglitazone, are potent PPAR activators, and have been used clinically as insulin 

sensitizers for the management of type 2 diabetes and insulin resistance. An adverse 

health effect of TZD treatment is weight gain, partly by increased adipogenesis and 

increased flux of lipids into the adipose tissue (Lehrke and Lazar 2005).  Therefore, 

endocrine disruption mediated by PPAR is expected to lead to increased adipogenesis 

and affect adipocyte metabolism. Indeed, environmental pollutants, such as phtalates (e.g. 

mono(2-ethylhexyl)phthalate; MEHP), organotins (e.g. tributyltin; TBT), and 
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halogenated derivatives of BPA (e.g. tetrabromobisphenol A; TBBPA) are all able to 

activate mammalian PPAR, and induce adipocyte differentiation in murine 3T3-L1 cells 

(Hao et al. 2012; Kanayama et al. 2005; Riu et al. 2011a). Moreover, in utero exposure 

to the organotin TBT, which functions as a dual agonist for both PPAR and RXR, leads 

to marked increased lipid accumulation in adipose depots, liver and testis of neonate mice 

and in elevated epididymal adiposity in adults (Grun et al. 2006). Thus, environmental 

chemicals perturbing PPAR signaling can potentially impact the adipogenic program 

and affect lipid storage, and may act as contributing factors to today’s obesity epidemic.  

1.2.3 EDCs targeting Liver X Receptors (LXRs) 

Lipogenic processes could also potentially be disrupted by EDCs targeting the LXRs, as 

stimulation of LXR signaling by exogenous compounds is predicted to affect lipid 

homeostasis by regulating genes involved in cholesterol efflux, bile acid production, lipid 

transport and fatty acid synthesis (Grun and Blumberg 2006). However, little is known 

about endocrine disruption mediated through the LXRs. 

The synthetic compounds T0901317 and GW3965 are potent pan LXR agonists widely 

used in experimental studies, and in vivo administration of these LXR ligands  markedly 

enhances reverse cholesterol transport, suppresses intestinal cholesterol absorption and 

increases hepatic cholesterol excretion in murine models (Wojcicka et al. 2007). 

Synthetic chemicals that regulate the LXRs with tissue or subtype selectivity have also 

been described (Chao et al. 2008; Yasuda et al. 2010). GW6340, for example, is an 

intestinal-specific LXR agonist that activates LXR target genes (abca1, abcg5/8) in the 
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small intestine without affecting hepatic gene expression or hepatic triglyceride levels 

(Yasuda et al. 2010). GSK9772 is a high affinity LXRβ ligand with potent anti-

inflammatory activity in human macrophage cells without activating lipogenic signaling 

in liver cell lines (Chao et al. 2008).  

Natural compounds purified from plants and fungi and man-made chemicals present in 

the environment can also modulate LXR activity (Huang 2014; Martin et al. 2010). Plant-

derived sitosterol and sitostanol, which are structurally related to cholesterol, activated 

the LXRs and induced expression of cholesterol transporters in intestinal Caco-2 cells 

(Plat et al. 2005). Acanthoic acid, derived from the exotic fruit rollinia, activated both 

LXRs in macrophages resulting in upregulation of LXR target genes and cholesterol 

efflux (Traves et al. 2007). Several other natural compounds can activate LXRs, 

including gynosaponin TR1, isolated from the herb Gynostemma pentaphyllum, and 

paxillin from the fungus Penicillium paxilli (Bramlett et al. 2003; Huang et al. 2005). 

Natural LXR antagonists have also been reported, such as naringenin, a flavanone found 

in grapefruit, and extracts from several plants, from which the active constituents have 

not yet been identified, can also inhibit LXR activity (Huang 2014). Some environmental 

pollutants have been shown to activate LXRs in transactivation assays, such as the 

pesticides fenpyroximate, tebupirimfos and isazofos (Martin et al. 2010).  

While only a few environmental pollutants have been reported to directly regulate LXR-

mediated activity to date, LXR signaling may also be disrupted by EDCs via mechanisms 

that do not involve ligand interaction with the LXR LBD. RXR activation by the 
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organotin TBT, for example, could potentially activate LXR since LXRs form permissive 

heterodimers with RXR (Grun and Blumberg 2006). Likewise, activation of other NRs 

that also heterodimerize with RXR can inhibit LXR signaling by competing for the 

limited pool of their common dimeric partner. Chemical perturbations that result in 

changes of LXR expression levels can also disrupt LXR signaling. For example, the 

human and rodent LXRα gene promoter contains a functional PPRE, and PPAR and 

PPARα agonists were shown to stimulate LXRα expression in adipocytes, hepatocytes 

and macrophages (Chawla et al. 2001; Juvet et al. 2003; Tobin et al. 2000). Therefore, 

perturbations in LXR signaling may also be an indirect effect resulting from the 

modulation of the activity of other NRs. 

1.3 In vitro and in vivo models to assess the effects of EDCs targeting 

NRs  

To fully assess the potential endocrine disrupting activities of a chemical, it is necessary 

to combine a complimentary battery of in vitro and in vivo assays. In vitro assays allow 

for the fast identification of EDCs and the characterization of their mechanism of action 

and potency, helping in the prioritization of chemicals for further in vivo evaluation.  

Hazard and risk assessment of EDCs has, to date, focused nearly entirely on the 

interference with estrogen, androgen, and thyroid hormone signaling pathways, and the 

great majority of the assays aim to detect endocrine disrupting activity towards these 

hormone systems (Scholz et al. 2013). 
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In this part of the chapter, a summary of the main in vitro and in vivo assays used for 

EDCs screening will be described, focusing mainly on assays and models relevant to the 

projects described later for the assessment of chemicals targeting ERs, PPAR and LXRs. 

1.3.1 In vitro assays for EDC screening 

In vitro and cell-based assays are powerful tools for early identification of EDCs, and are 

designed to be sensitive and fast, facilitating the screening of large libraries of chemicals. 

The most widely used in vitro test methods are generally based on the classical 

mechanism of direct nuclear receptor/ligand interaction models, and not via non-genomic 

pathways (Baker 2001; Charles 2004). 

Among the in vitro models for endocrine disruptor screening, receptor binding and 

transactivation assays are considered as complimentary assays in order to evaluate the 

potential of exogenous chemicals to mimic or block the action of the natural ligand with 

their cognate nuclear receptor. Binding assays measure the ability of various 

concentrations of a chemical to compete for binding to the receptor of interest with a 

single concentration of the labeled (radiolabeled or fluorescent-labeled) endogenous 

hormone (Charles 2004). Receptor extracts from hormonally responsive tissues, e.g. 

rodent uterus for ERs (Blair et al. 2000) and prostate for AR (Kelce et al. 1995), receptor 

extracts from cultured cells, and recombinant receptor from transformed yeast and 

baculovirus expression systems are typically used for binding assays (McDonnell et al. 

1991; Reel et al. 1996).  A major limitation of binding assays, however, is their inability 

to distinguish between agonists and antagonists (Charles 2004). 
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Reporter gene or gene transactivation assays, on the other hand, provide a tool to 

characterize compounds that act as NR agonists or antagonists (Charles 2004). In 

comparison to other existing in vitro assays, reporter gene assays based on stably 

transfected cell lines represent the most specific, responsive, and relatively fast tools to 

screen chemicals for potential agonist/antagonist NR activity (Wilson et al. 2004). The 

general principle of transactivation assays is that ligand-bound NRs alter their 

conformation, dimerize, bind specific response element sequences on DNA, and activate 

transcription of a downstream gene, such as luciferase (Escande et al. 2006; Legler et al. 

1999), β-galactosidase (Chu et al. 2009), chloramphenicol acetyl transferase (CAT) 

(Tully et al. 2000), and green fluorescent protein (Bovee et al. 2004). In terms of culture 

systems, both yeast and mammalian cells have been used in transactivation assays to 

identify and measure the potency and efficacy of EDCs targeting NRs. The yeast estrogen 

screen (YES) assay, for example, consists of recombinant yeast cells containing the 

human ERα and an ERE fused to a lacZ gene that encodes for β-galactosidase (Arnold et 

al. 1996), and is used for assessing the activity of xenoestrogens.  

Additionally, various mammalian-derived cell lines have been generated to examine the 

activity of EDCs targeting NRs. For the identification of estrogenic ligands, reporter cell 

lines stably expressing a luciferase reporter downstream of an ERE have been generated 

in different human cellular contexts. For example, the T47D-KBLuc cell line, derived 

from human breast cancer T47D cells that endogenously express both ERα and ERβ, can 

detect chemicals that activate either ER (Wilson et al. 2004). The MELN cells, derived 

from the ERα-expressing breast cancer MCF-7 cells, can identify compounds that 
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specifically bind to ERα or interfere with ERα-mediated gene expression (Balaguer et al. 

2001). Additionally, cervical cancer HeLa cells, which have no detectable ER expression, 

have been stably transfected with an ERE-driven luciferase and expression vectors for 

either ERα or ERβ, giving rise to HELN-ERα and HELN-ERβ cell lines, useful tools to 

assess ligand specificity and selectivity for the ERs (Escande et al. 2006). Similarly, the 

human prostate cancer PC-3 cell line stably expressing the androgen receptor (AR) and 

the AR-response element are used for rapid screening of potential EDCs capable of 

acting through the AR (Terouanne et al. 2000).   

Chimeric receptor reporter systems in which the receptor construct is created by a fusion 

of the LBD of the NR with the DBD of a yeast-specific protein (GAL4) are also used for 

assaying nuclear receptor function. In this system, only the chimeric receptor is able to 

bind and activate a reporter gene containing an upstream GAL4 DNA response element, 

minimizing potential cross-reactivity with other NRs (Paguio et al. 2010).  

Another widely used bioassay for the detection of estrogenic compounds is the cell 

proliferation assay (E-Screen), which assesses the ability of a test chemical to induce the 

proliferation of estrogen-dependent breast cancer cell lines, such as MCF-7 cells (Soto et 

al. 1995). Additionally, fluorescence resonance energy transfer (FRET) assays, which 

measure protein-protein interactions, may be used to detect NR dimer formation and 

coregulator interactions in response to a ligand.  Metabolic assays that identify chemicals 

that perturb estrogen or androgen synthesis or that directly interfere with the conversion 
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of androgens to estrogens by acting on aromatase, also constitute complimentary assays 

that are used for EDC screening (Shanle and Xu 2011).  

For the assessment of chemicals targeting PPAR, besides ligand binding and 

transactivation assays, murine 3T3-L1 preadipocytes are widely used as in vitro tools that 

permit the identification of functional changes induced by PPAR agonists or antagonists 

by quantifying the accumulation of lipid droplets in differentiated adipocytes using Oil 

Red O staining (Li et al. 2011; Riu et al. 2011a).    

In vitro and cell based-assays have the advantage of being high-throughput, allowing fast 

initial screening of a large number of potential EDCs that target NR signaling at low cost. 

However, they cannot accurately reproduce the pharmacokinetic and pharmacodynamic 

interactions present in a whole organism, and therefore, the use of in vivo models are 

essential to characterize potential adverse effects of an endocrine-active substance 

(Shanle and Xu 2011; Zacharewski 1998).  

1.3.2 In vivo assays for EDC screening 

In vivo assays are important tools for EDC testing as they account for pharmacokinetic 

factors, such as absorption, distribution, metabolism, and excretion (ADME) of 

chemicals, and can also integrate endocrine and nonendocrine aspects of potential 

chemical toxicities (Gray et al. 2004). However, in vivo assays reported in the literature 

are scarcer than in vitro assays because of their implementation complexity, their cost and 

ethical challenges, and the complex mechanisms involved.  
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Both the US Environmental Protection Agency (EPA) and the Organization for 

Economic Co-operation and Development (OECD) in Europe recommend two 

mammalian in vivo tests to characterize endocrine-disrupting activities of chemicals, 

focusing on the estrogenic and androgenic axis: the uterotrophic assay in rodents and the 

Hershberger assay in male rats (Clode 2006). The uterotrophic assay is a short-term 

screening test for estrogenic properties and provides a sensitive and toxicologically 

relevant in vivo estrogenic assay by determining changes in the absolute uterine weights 

of immature or adult ovariectomized female rats after a three-day consecutive exposure to 

the test chemical.  An estrogenic activity is linked with a statistically significant increase 

in uterine weight. The Hershberger assay is designed to detect (anti)androgenic activity 

of chemicals in immature castrated rats. In this assay, rats are treated with the test 

chemical for ten consecutive days, and accessory sex tissues (ventral prostate, seminal 

vesicles, glans penis, Cowper’s gland, levator ani muscle, bulbocavernosus muscle) are 

weighed  (Clode 2006; Gray et al. 2004). Pubertal female and male assays are also used 

for in vivo EDC characterization, and they are designed to detect changes in thyroid 

hormone status, hypothalamic-pituitary-gonadal function, steroidogenesis, and alterations 

in the weight of reproductive organs, liver, thyroid, kidneys, pituitary and adrenals in rats 

treated consecutively for 20 to 30 days with the test chemical (Clode 2006). 

In vivo assays targeting the PPAR-RXR or LXR-RXR signaling pathway are not 

included in the OECD or EPA battery of tests. Blumberg’s lab has developed an assay to 

evaluate the ability of the dual PPAR and RXR agonist TBT to induce lipid 

accumulation in vivo, in which mice were exposed in utero daily from embryonic day 12 
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until the day before birth with TBT, and adiposity levels were measured in the liver, testis 

and adipose depots of neonate mice (Grun et al. 2006). This assay could potentially be 

used to evaluate functional and physiological responses of obesogens in vivo.  

However, regulatory agencies have designated a need to reduce, refine or replace 

mammalian species in toxicological studies with alternative testing methods and non-

mammalian models (Becker et al. 2006; Peterson et al. 2008). Thus, several non-

mammalian organisms are being used as alternative model systems, such as: Drosophila, 

Caenorhabditis elegans, Xenopus laevis, and Danio rerio (zebrafish) (Atli 2013; Dai et 

al. 2014; Leung et al. 2008; Peterson et al. 2008; Scholz et al. 2013). 

1.3.3 Toxicogenomics 

A systems biology approach has been increasingly used in toxicology, and can play an 

important role in bridging in vitro endpoints and in vivo adverse outcomes resulting from 

chemical exposures. Analysis of specific molecular pathways using transcriptomics, 

proteomics, and metabolomics following chemical treatment has improved our 

understanding of the mechanism of action of numerous chemicals. DNA microarray 

platforms, for example, have been largely utilized to assess changes in gene expression in 

response to toxicants, including xenoestrogens, in both mammalian and aquatic animal 

models (Larkin et al. 2003; Naciff et al. 2002). An increased knowledge of the mode of 

action of EDCs via toxicogenomic approaches provides a key to the establishment of 

molecular endpoints that could be used as potential indicators or biomarkers of chemical 

exposures, and aid in the prediction of adverse outcomes in vivo (Scholz et al. 2013).  
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1.4 Zebrafish as an alternative model organism 

As previously mentioned, there is an increased need to substitute the use of mammalian 

models to alternative in vivo model systems. Zebrafish (Danio rerio) is a freshwater 

teleost fish that has become a powerful model in genetics, vertebrate development, 

environmental toxicology, drug discovery, and disease modeling. The advantages of 

zebrafish as an alternative model include its small size, large number of offspring at low 

cost, amenability to genetic manipulations, rapid external development and transparency 

of the embryos, allowing non-intrusive phenotypic analysis and visualization of 

embryogenesis and organogenesis (Delvecchio et al. 2011; Scholz et al. 2008). 

Moreover, the zebrafish genome is sequenced, and tools for genetic manipulation and 

forward/reverse genetic screens are available, including morpholinos for knockdown 

studies, transposon-mediated transgene insertions, and zinc finger nucleases (ZFNs), 

transcription activator-like effector nucleases (TALENs) and clustered regularly 

interspaced short palindromic repeats/CRISPR-associated (CRISPR/Cas) technologies for 

gene knockout (Lawson and Wolfe 2011; Moore et al. 2012).  

Unlike other alternative models, such as flies and worms, which are generally resistant to 

the permeation of small molecules, zebrafish embryos readily absorb chemicals from the 

surrounding fish water, constituting a suitable model for developmental toxicity studies 

and chemical genetic screens (Peterson and Macrae 2012).  
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1.4.1 Zebrafish as a model for developmental studies 

Zebrafish develop ex utero inside a transparent chorion, and their developmental stages 

are classified by hours post fertilization (hpf) as zygote (0-0.75 hpf), cleavage (0.75-2.25 

hpf), blastula (2.25-5.25 hpf), gastrula (5.25-10 hpf), segmentation (10-24 hpf), 

pharyngula (24-48 hpf), and hatching (48-72 hpf). After hatching, zebrafish are 

categorized into larval (from 72 hpf to 29 dpf; days post fertilization) and juvenile stages 

(30 dpf to 3-4 months), and sexual maturity is reached at 3-4 months. Zebrafish 

embryonic development is rapid compared to mammals, and most organs are formed by 

hatching and are functional by 5 dpf, except gonadogenesis and sex differentiation, which 

occurs at the juvenile stage (Kimmel et al. 1995; McGonnell and Fowkes 2006). The 

yolk, which serves as a source of nutrients for the developing embryo, is depleted by 5-6 

dpf (Carvalho and Heisenberg 2010). At this time, the liver and gastrointestinal organs 

are functional and zebrafish display visual behavior, allowing the larvae to feed 

externally (Field et al. 2003; Glass and Dahm 2004; Ng et al. 2005).  

The molecular developmental mechanisms and morphology of development in zebrafish 

are very similar to higher vertebrates. As the chorion and the developing zebrafish 

embryo are transparent, embryogenesis and organ development can be easily visualized 

without disrupting development. Additionally, transgenic zebrafish lines expressing 

fluorescent markers, such as green fluorescent protein (GFP), coupled with tissue or cell-

specific promoters allow the tracking of the spatiotemporal expression of genes of 

interest during development, and permit the assessment of exogenous factors that can 

perturb normal developmental signals (Glass and Dahm 2004). These features make 
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zebrafish embryos an attractive low-cost and high-throughput model for the study of 

developmental and physiological processes and of their disruption by environmental 

chemicals. 

1.4.2 Zebrafish as a model for toxicological studies and chemical screens targeting 

NRs 

Zebrafish have been used as a model organism in environmental toxicology studies and 

in toxicity screening in early drug development process (Dai et al. 2014; Delvecchio et 

al. 2011). Many toxicity endpoints can be assessed in zebrafish, including developmental 

and reproductive toxicity, cardiotoxicity, hepatotoxicity and neurotoxicity, and strong 

concordance between the effects observed in zebrafish toxicity studies and in mammalian 

models of toxicity has been reported (Brannen et al. 2010; Delvecchio et al. 2011).  

In environmental toxicology using zebrafish, the impact of EDCs targeting the estrogen 

receptors can be monitored by evaluating changes in the expression levels of the liver-

specific egg yolk precursor vitellogenin (vtg) and the brain-specific cytochrome P450 

aromatase (cyp19a1b) genes, which are used as biomarkers in screening of xenoestrogens 

that interfere with estrogen signaling (Jin et al. 2008; Kazeto et al. 2004; Wang et al. 

2011). Exposure to estrogenic ligands has also been shown to alter reproductive success 

in both adult male and female zebrafish, and induce sex differentiation to female 

direction in juvenile zebrafish (Orn et al. 2003; Van den Belt et al. 2001).  

Moreover, the use of fluorescent reporter transgenic zebrafish lines confers important 

tools to assess the in vivo perturbations resulting from exposure to EDCs. The use of 
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estrogen-responsive transgenic zebrafish containing five consecutive EREs upstream of 

GFP (5xERE:GFP zebrafish) reports ER-dependent activation in larval and adult 

zebrafish tissues. Exposure to E2, for example, induced GFP expression in the brain, 

liver, heart, ventral fin and the developing olfactory organ of the trangenic zebrafish 

larvae. Larvae treated with the xenoestrogens BPA and genistein, on the other hand, 

displayed fluorescence only in the liver and heart, showing that the 5xERE:GFP zebrafish 

can be used to assess estrogenic compounds for potency and tissue-specific differences in 

their activity (Gorelick and Halpern 2011). Likewise, transgenic zebrafish lines 

expressing GFP driven by the vtg1 and cyp19a1b promoters have been generated and can 

be used to screen for EDCs affecting ER signaling in the liver and brain, respectively 

(Chen et al. 2010; Tong et al. 2009).   

Additionally, transgenic zebrafish lines expressing GAL4 DBD fused to different human 

NR LBDs, such as PPAR and thyroid hormone receptor β (TRβ), along with a GFP 

reporter driven by GAL4 response element sequences have been developed, and they 

allow the identification of NR ligands that can accumulate in specific tissues. For 

example, treatment of the GAL4-TRβ zebrafish with the hormones thyroxine (T3) or 

triiodothyronine (T4), or with the synthetic TR agonist triiodothyroacetic acid (TRIAC) 

yielded different GFP response signals. While T3 and T4 produced strong GFP 

expression in the muscle, TRIAC did not. Instead, TRIAC uniquely activated GFP 

expression in the spinal cord. This in vivo approach, besides being useful for EDC 

screening, has the ability to identify lead pharmaceutical compounds with promising NR 

target and tissue-specificity, exclude compounds with poor pharmacokinetic properties 
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and detect prodrugs that are dependent on tissue metabolic activities in order to be 

functional (Tiefenbach et al. 2010).  

The zebrafish model can also be used for the elucidation of molecular mechanisms of 

chemical-induced toxicity by toxicogenomic approaches, such as transcriptomics, 

proteomics and metabolomics (Scholz et al. 2008). The monitoring of gene expression 

profiles through transcriptomic analysis, for example, helped understand the cardiotoxic 

mechanisms resulting from retinoic acid (RA) exposure in zebrafish embryos. The most 

upregulated transcript after RA exposure in zebrafish was the nuclear receptor NR2F5, 

and subsequent functional gene analysis using morpholino knockdown revealed that 

inhibition of NR2F5 blocked RA-induced cardiotoxicity in zebrafish embryos (Chen et 

al. 2008).  

Furthermore, while forward and reverse genetic approaches, such as morpholino 

knockdown and mutagenesis, is traditionally used in zebrafish for functional 

characterization of genes important for development and disease biology, zebrafish have 

increasingly been used in chemical screens for the identification of small molecules that 

can modulate developmental and physiological processes and induce or revert specific 

phenotypes (Peterson et al. 2000). For example, a small molecule screen identified that 

chemicals that activate the glucocorticoid receptor (GR) inhibit fin regeneration process 

in zebrafish, and knockdown of GR restored regenerative capability in glucocorticoid-

exposed fish (Mathew et al. 2007). Another chemical screen resulted in the discovery of 

compounds that upregulated the expression of vascular endothelial growth factor (VEGF) 

and suppressed the phenotype of the zebrafish gridlock mutant which suffers from a 
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malformed aorta similar to aortic coarctation in humans (Peterson et al. 2004). Thus, 

chemical screens can identify inducers or suppressors of specific phenotypes that have 

relevant biological applicability in mammals, and can be used as complimentary 

approaches to traditional molecular genetic manipulations. Additionally, chemical genetic 

approaches carried out in a whole organism and targeting a specific protein can lead to 

the discovery of previously unknown protein functions in a pathway or in a specific tissue 

or cell type. 

All these factors make zebrafish a versatile model that can be used in nuclear receptor-

directed chemical screens to 1) evaluate adverse outcomes of EDCs targeting NRs  2) 

identify new NR ligands and assess their toxicity profile during the drug discovery 

process 3) discover new potential biological functions of a specific NR.  

1.5 Project aims and objectives 

As we are readily exposed in our immediate environment not to a single, but a mixture of 

different chemicals from different sources with potential endocrine disrupting activities, 

the first aim of this project was to assess the effects of combined exposure of a chemical 

plasticizer and phytoestrogens on ER-mediated signaling. Specifically, combined 

exposure to bisphenol A (BPA) and a soy-based infant formula extract containing the 

phytoestrogens genistein and daidzein was analyzed.  For this purpose, two in vitro 

assays widely used to identify estrogenic activity of chemicals were used: stable reporter 

cell lines expressing either ERα or ERβ along with an ERE-driven luciferase reporter 

(HELN-hERα and HELN-hERβ) and MCF-7 breast cancer proliferation assays. The 
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effects resulting from combined exposure to the xenoestrogens in the reporter assays 

were further compared to predicted outcomes inferred from the concentration addition 

model, which is used to predict response additivity for mixtures of chemicals.  

Our second aim was to compare the transcriptional activity of known mammalian ER and 

PPAR ligands to their zebrafish nuclear receptor counterparts using stably transfected 

reporter cell lines expressing the zebrafish nuclear receptors. As the zebrafish is a useful 

model for environmental toxicology studies, characterizing the transcriptional profile of 

EDCs targeting NRs before their in vivo application is essential to aid in the 

understanding of the mechanism of action of the chemicals and the adverse outcomes 

resulted from the exposures. 

Our last goal was to study the role of liver X receptor (LXR) during zebrafish 

development. Whole-genome transcriptomic analysis was performed in zebrafish larvae 

exposed to the potent LXR agonists T0901317 and GW3965, followed by application of 

bioinformatic tools to assess enriched biological functional categories and to predict 

tissues targeted by LXR activation in zebrafish. We further assessed whether the gene 

expression changes resulted in phenotypic alterations in tissues predicted to be targeted 

by the LXR ligands in zebrafish larvae. Additionally, transcriptional effects induced by 

LXR activation were assessed at the juvenile stage in 1 month-old zebrafish exposed to 

GW3965. Finally, by having the advantage of using a whole organism as a model, we 

sought to determine new LXR-mediated effects in zebrafish, and reveal a potential new 

role for LXR, further translating some of the findings to mouse models.  
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2.1 Chemicals and materials 

The ER ligands 17β-estradiol (E2) (1,3,5 [10]-estratriene-3,17β-diol), 17α-estradiol (17α-

E2) (1,3,5 [10]-estratriene-3,17α-diol), estrone (E1) (1,3,5[10]-estratrien-3-ol-17-one), 

estriol (E3) (1,3,5[10]-estratriene-3,16α,17β-triol), 17α-ethinylestradiol (EE2) (17α-

ethinyl-1,3,5[10]-estratriene-3,17β-diol), genistein (4,5,7-trihydroxyisoflavone), daidzein 

(4′,7-dihydroxyisoflavone), benzophenone-2 (BP2) (2, 2’, 4, 4’-

tetrahydroxybenzophenone), β-zearalenol, and bisphenol A (BPA) were obtained from 

Patrick Balaguer (INSERM; Institut National de la Sante et de la Recherche Medicale, 

Montpellier, France),  and purchased from Sigma-Aldrich (Saint-Quentin Fallavier, 

France). 4,4’,4’’-(4-Propyl-[1H]-pyrazole-1,3,5-triyl) trisphenol (PPT), 2,3-bis(4-

hydroxyphenyl)-propionitrile (DPN), WAY200070 (7-Bromo-2-(4-hydroxyphenyl)-1,3-

benzoxazol-5-ol), FERB033 (2-Chloro-3'-fluoro-3,4'-dihydroxy-[1,1-biphenyl]-4-

carboxaldehyde oxime), ERB041 (7-Ethenyl-2-(3-fluoro-4-hydroxyphenyl)-5-

benzoxazolol) were purchased from Tocris Bioscience (Minneapolis, MN, USA). 4-

Hydroxytamoxifen (4OH-Tam) (1-[p-dimethylaminoethoxyphenyl]-1-(4-

hydroxyphenyl)-2-phenyl-1-butene), ICI 182,780 (7α,17β-[9[(4,4,5,5,5-

pentafluoropentyl)sulfinyl]nonyl]estra-1,3,5(10)-triene-3,17-diol) were obtained from 

Zeneca (Macclesfield, UK). Raloxifene (6-hydroxy-3-[4-[2-(1-piperidinyl) ethoxy] 

phenoxy]-2-(4-hydroxy phenyl)-benzothiophene) came from Eli Lilly (Indianapolis, IN, 

USA). 3,17-Dihydroxy-19-nor-17α-pregna-1,3,5(10)-triene-21,16α-lactone, named 16α-

LE2 and 8-vinylestra-1,3,5(10)-triene-3,17β-diol, named 8β-VE2 was a kind gift of Peter 

Muhn from Research Laboratories of Schering AG (Berlin, Germany).  



 

37 

 

The PPAR ligands rosiglitazone (RGZ), 5-[[4-[2-(Methyl-2-

pyridinylamino)ethoxy]phenyl]methyl]-2,4-thiazolidinedione and TBBPA [2,2-Bis(3,5-

dibromo-4-hydroxyphenyl)propane] were purchased from Sigma-Aldrich (USA). 

TCBPA [2,2-Bis(3,5-dichloro-4-hydroxyphenyl)propane] was purchased from TCI 

America (Portland, OR, USA) and 15deoxy-D12,14-protaglandin J2 (15d-PGJ2) was 

purchased from Cayman Chemical (Ann Arbor, MI, USA). The other thiazolidinediones 

(pioglitazone, troziglitazone, ciglitazone) were obtained from Tocris Bioscience (USA). 

The LXR agonists T0901317 (N-(2,2,2-Trifluoroethyl)-N-[4-[2,2,2-trifluoro-1-hydroxy-

1-(trifluoromethyl)ethyl] phenyl] benzenesulfonamide) and GW3965 (3-[3-[N-(2-Chloro-

3-trifluoromethylbenzyl)-(2,2-diphenylethyl)amino] propyloxy]phenylacetic acid 

hydrochloride) were obtained from Tocris Bioscience (USA). Compounds were dissolved 

in dimethyl sulfoxide (DMSO) (Sigma-Aldrich, St. Louis, MO, USA) as 10
-2 

M stock 

solutions. 

2.2 Cell lines 

2.2.1 HELN reporter cells stably expressing hERs and zfERs 

The stably transfected cell lines expressing the human ERs (HELN-hERα and HELN-

hERβ) and the zebrafish ERs (HELN-zfERα, HELN-zfERβ1 and HELN-zfERβ2) were 

kind gifts from Patrick Balaguer (INSERM, Montpellier, France). Briefly, to generate 

HELN cells, human cervical cancer HeLa cells were stably transfected with the estrogen 

responsive ERE-βGlobin-Luc-SVNeo plasmid. HELN-hERα and HELN-hERβ cells 

were obtained following transfection of the HELN cells with pSG5-puro plasmids coding 
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for full length hERα and hERβ, respectively (pSG5-ERα-puro and pSG5-ERβ-puro 

plasmids). HELN-hERs were selected by geneticin (G418; neomycin) and puromycin 

(Sigma-Aldrich, USA) at 1 mg/mL and 0.5 µg/mL, respectively (Balaguer et al. 2001; 

Balaguer et al. 1999; Escande et al. 2006). The HELN-zfERα, HELN-zfERβ1 and 

HELN-zfERβ2 cell lines were obtained similarly to the HELN-hERs, and were 

transfected with pSG5-puro expression constructs coding for full length zfERα, zfERβ1 

and zfERβ2, respectively (Fig. 2.1A).  

The stably transfected HELN-hER and HELN-zfER cell lines were maintained in 

culture in the presence of phenol red-free Dulbecco’s modified Eagle’s medium (DMEM) 

(Gibco, Grand Island, NY, USA) supplemented with 5% dextran-coated charcoal (DCC)-

treated fetal calf serum (FCS) (Gibco, USA), 1% glutamine, 1% penicillin/streptomycin 

(Gibco, USA) and the selection agents puromycin (0.5µg/mL) and G418 (1mg/mL) 

(Sigma-Aldrich, USA). Cells were maintained in a 5% CO2 humidifed atmosphere at 

37°C. 

2.2.2 HG5LN reporter cells expressing GAL4-hPPAR/zfPPAR/zfLXR chimeras 

HG5LN-GAL4-hPPAR and HG5LN-GAL4-zfPPAR cells were kindly provided 

by Patrick Balaguer (INSERM, Montpellier, France), and the HG5LN-GAL4-zfLXR 

cells were developed in collaboration between INSERM for the plasmid construction and 

transfection by electroporation, and the Center for Nuclear Receptors and Cell Signaling 

(CNRCS), for the selection of the stably transfected clones. 
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HG5LN reporter cell lines expressing a nuclear receptor (NR) ligand binding 

domain (LBD) fused to the GAL4 DNA binding domain (DBD) was generated in two 

steps. First, HG5LN cell line was generated by transfecting HeLa cells with the plasmid 

p(GAL4RE)5-βGlob-Luc-SVNeo, which contains five tandem sequences of a GAL4 

response element upstream of a luciferase reporter as previously described (Seimandi et 

al. 2005). Secondly, the HG5LN cells were transfected with plasmid construct chimeras 

pGAL4-(NR) LBD-puro containing the GAL4 DBD and the LBD of the specific NR 

(either hPPAR, zfPPAR or zfLXR) (Fig. 2.1B). To construct GAL4DBD-(NR) LBD 

chimeras, the LBD of the NRs was amplified by PCR with primers containing XhoI and 

BamHI restriction sites, and the PCR fragment was used to substitute the glucocorticoid 

receptor (GR) LBD in the pGAL4-GR-puro plasmid as described by Seimandi et al, 

2005. For the generation of the HG5LN-zfLXR cells, three weeks after initiation of 

puromycin selection, each individual clone was transferred to one well in 96-well tissue 

culture plates (Greiner Bio-One, NC, USA), and luminescence emitted from the 

individual clones prior and after overnight treatment with 1 µM T0901317 (Sigma-

Aldrich, St. Louis, MO) was measured with medium containing 0.3 mM luciferin 

(Promega, Charbonnieres les Bains, France). The clones with best induction factor were 

selected and expanded in culture in the presence of 0.5 µg/mL puromycin and 1mg/mL 

geneticin.  
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Figure 2.1. Representation of HELN and HG5LN reporter cell lines stably expressing 

nuclear receptors.  

HELN cells, which express a luciferase reporter under the control of an estrogen response 

element (ERE), were stably transfected with full lenght hERα, hERβ, zfERα, zfERβ1 or 

zfERβ2 constructs. Upon ligand binding, the ERs dimerize and bind to the ERE, regulating 

transcription (A). HG5LN cells stably express a luciferase reporter under the control of 

five tandem GAL4-responsive usptream activating sequences (UAS), and the GAL4 DBD 

fused to either hPPAR, zfPPAR or zfLXR LBD (B). DBD: DNA binding domain, LBD: 

ligand binding domain, Luc: luciferase, SV40: Simian virus 40 promoter, Neo: neomycin.  
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The HG5LN-GAL4-NR cell lines were cultured in DMEM containing phenol red (Gibco, 

USA) supplemented with 5% FCS (Gibco, USA), 1% glutamine, 1% 

penicillin/streptomycin, and the selection agents puromycin (0.5µg/mL) and G418 

(1mg/mL), and they were maintained in a 5% CO2 humidified atmosphere at 37°C. 

2.2.3 Human breast cancer MCF-7 cells  

Human breast cancer MCF-7 parental cells were cultured in DMEM containing phenol 

red supplemented with 10% FCS, 1% glutamine and 1% penicillin-streptomycin in a 5% 

CO2 humidifed atmosphere at 37°C.  

2.3 Luciferase reporter assays 

HELN-hER and HELN-zfER cell lines were seeded at 4x10
4 

cells/well in 96-well white 

opaque cell culture plates (Greiner Bio-One, NC, USA) in DMEM without phenol red, 

supplemented with 5% DCC-FBS. Cells were incubated for 16 h with vehicle, 10 nM E2 

(positive control), and concentrations of estrogenic ligands that encompassed the 

complete dose-response range for each compound. Incubation with test chemicals was 

performed at 37C for all cell lines, except for the HELN-zfER cells, which were 

incubated at 28.5C because of the improved transactivation ability of the zfERs at this 

temperature. After the incubation period with test ligands, medium was removed and 

replaced with fresh medium containing 0.3 mM luciferin and luminescence was measured 

for 2 seconds using the Victor X4 Multilabel Plate Reader (Perkin Elmer, Waltham, MA). 

Nonlinear regression curve fits were used to plot the dose response curves using 
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GraphPad Prism version 5 (GraphPad Software, La Jolla, CA). Each treatment was 

performed in quadruplicates, and repeated in two to five individual experiments. The 

transactivation assays for the HG5LN-GAL4DBD-(NR) LBD cell lines were performed 

similarly, except that the test culture medium contained no serum.   

Tested compounds were dissolved in DMSO (Sigma-Aldrich, USA) as 10
-2 

M stock 

solutions and successive dilutions were performed in cell culture medium. The final 

DMSO concentration never exceeded 0.1% (v/v) of the culture medium. 

2.4 MCF-7 Cell Proliferation assay 

MCF-7 cells were seeded at 5x10
3
 cells/well in transparent 96-well plates (Greiner Bio-

One) in DMEM supplemented with 10% FCS. Before treatment, cells were incubated in 

5% DCC-FCS for 48 h and serum starved with 0.5% DCC-FCS for 24 h. Cells were 

treated with vehicle, 10 nM E2 (positive control), 0.01%, 0.05% and 0.1% soy formula 

extract (SF), 10 nM, 100 nM, 1 µM and 10 µM of BPA, and combinations of SF 0.01% 

and BPA. Proliferation was assayed 48 h after incubation with ligands using CellTiter 96 

AQueous One Solution Cell Proliferation Assay [3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium] (MTS) (Promega 

Corporation, Madison, WI) according to manufacturer’s protocol. Each treatment was 

performed in quadruplicates, and repeated in eight individual experiments. The technical 

quadruplicates were averaged for each biological experiment and used to calculate fold 

change in proliferation. 
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2.5 Soy formula (SF) extract 

The SF extract used in our studies was obtained from Marchela Pandelova (Helmholtz 

Zentrum München (GmbH), Neuherberg, Germany). Extraction of 20 g fresh weight of 

soy-based infant formula was carried out on Accelerated Solvent Extractor (ASE 200, 

Dionex GmbH, Idstein, Germany). The procedure was performed using a mixture of n-

hexane:acetone (Ac/Hx 75:25, v/v) at 120°C and at a pressure of 12 MPa (Cok et al., 

2009). Two static cycles of 10 min were applied for a complete extraction.  

2.6 Quantification of genistein and daidzein in SF extract  

The levels of genistein and daidzein in the SF extract were measured by HPLC. Analyses 

were performed on a Binary HPLC pump 1525 (Waters, Milford, MA, USA) equipped 

with an autosampler 2707 injector and a photodiode array detector (PDA) 2998 set at 260 

nm (Waters). HPLC profiles of genistein, daidzein and SF extract were carried out with 

an HPLC system based on a Nucleodur C18 column (250 x 4 mm, 5 µm, Macherey Nagel, 

Bethlehem, PA, USA) in the following conditions (adapted from (Riu et al. 2008): 

Mobile phases: A: 20 mM ammonium acetate pH 3.5/acetonitrile (95/5, v/v), B: 100% 

acetonitrile; Gradient: 0–5 min, linear gradient from A: 100% to A:B 90:10; 5–25 min, 

linear gradient from A:B 90:10 to A:B 70:30; 25-35 min, linear gradient from A:B 70:30 

to A:B 50:50; 35-36, linear gradient from A:B 50:50 to B 100%; 36–41 min, B: 100% 

isocratic. Under these conditions, daidzein and genistein were eluted with a retention time 

(Rt) of 20.4 min and 26.4 min, respectively. The isoflavones were quantified in the SF 

extract by measuring the area under the peak, based on their respective standard curves as 



 

44 

 

previously established. In SF extract, the concentrations of genistein and daidzein were 

81.0 µM and 101.3 µM, respectively. 

2.7 Concentration addition (CA) model 

To determine the EC50 and hillslope for genistein, daidzein, BPA and SF, the activation 

of luciferase expression was depicted as percentage of E2 maximal response (10 nM). 

Activities higher than 100% E2 response are commonly detected for phytoestrogens at 

higher doses due to ER-independent non-specific activation (Escande et al. 2006). 

Therefore, activities higher than 100% were set to 100%. For genistein and daidzein, dose 

response curves from 1 nM to 10 µM (1 nM, 3 nM, 10 nM, 30 nM, 100 nM, 300 nM, 1 

µM, 10 µM) were tested in HELN-hERα cells, and 0.1 nM to 1 µM (0.1 nM, 0.3 nM, 1 

nM, 3 nM, 10 nM, 30 nM, 100 nM, 300 nM, 1 µM) in HELN-hERβ cells. For BPA, the 

dose response curve ranged from 10 nM to 10 µM (10 nM, 30 nM, 100 nM, 300 nM, 

1µM, 3 µM and 10 µM) in both cell lines, and for SF 0.00001 to 0.1 % (0.00001 %, 

0.0001 %, 0.001 %, 0.01 % and 0.1 %) of the original SF extract were used. The 

technical quadruplicates from each biological experiment were averaged, and the 

averaged values (n = 3-5 values for each compound and dose) were used as input and 

plotted in GraphPad Prism using a four-parameter logistic regression (4PL) curve fit to 

generate an EC50 and a hillslope for each compound. Dose-addition predicted values 

were calculated using the CA model below: 
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This formula calculates a predictive effect of a mixture of chemicals, where R equals the 

response of the mixture, Ci is the concentration of each chemical in the mixture, EC50i is 

the concentration of the chemical that causes a 50% maximal response, hs is the hillslope 

of the non-linear regression curve fit  and “i” refers to individual compounds  (Rider and 

LeBlanc 2005). Calculated EC50 and hillslope values were also placed in the 

Computational Approach to the Toxicity Assessment of Mixtures (CATAM) model 

(http://www.ncsu.edu/project/toxresearch/model5/linked_files/php_files/page3.php) to 

confirm our predicted responses. Observed and predicted data for mixture exposures were 

plotted in GraphPad Prism using a non-linear regression (4PL) curve fit. Statistical 

calculations of 95% prediction intervals (PIs) for the mixtures based on the observed 

dose-response data were calculated using GraphPad Prism, accommodating for the 

variations between the biological experiments.  

2.8 Zebrafish maintenance and treatments 

2.8.1 Zebrafish husbandry 

Wild-type WIK and AB/Tuebingen (TAB) zebrafish were housed at 28.5°C in a 

Tecniplast system (Tecniplast USA Inc., West Chester, PA) on a 14h/10h light/dark 

cycle. They were used according to the maintenance and experimental protocols 

http://www.ncsu.edu/project/toxresearch/model5/linked_files/php_files/page3.php
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approved by the Institutional Animal Care and Use Committee at University of Houston 

(protocol numbers 13-028, 12-042 and 10-040). 

2.8.2 Zebrafish larvae treatments for microarray analysis 

Wild-type WIK embryos were collected after spawning. At 4 days post fertilization (dpf), 

zebrafish larvae were transferred to 6-well plates (pools of 30 embryos/well) in 3 mL of 

embryo media (E3: 5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2, 0.3 mM MgSO4). 

Larvae at 4dpf were treated with DMSO as vehicle control, 2 µM T0901317 or 1 µM 

GW3965. Final DMSO concentration in all treatments and control was 0.1%. Treatments 

were renewed after 24 h and larvae were collected for RNA extraction at 6 dpf. Four 

biological replicate pools of zebrafish treated with DMSO and GW3965, and three 

replicate pools of zebrafish treated with T0901317 were used for microarray data 

analysis. Confirmation of selected genes by RT-qPCR was performed in 3-4 independent 

pools of larvae exposed to the Lxr ligands. A diagram demonstrating the experimental 

design used for the microarray studies is shown in figure 2.2. 

2.8.3 Juvenile zebrafish treatments 

For the juvenile zebrafish experiments, 1-month old wild-type (TAB14) zebrafish were 

kept in Falcon tubes (Corning Life Sciences, Tewksbury, MA) at the density of 5 fish per 

tube in 25 mL E3, and treated daily for 4 days with either DMSO 0.1% as vehicle control 

or with 1 µM GW3965. Fish were fed once a day with baby brine shrimp (Brine Shrimp 

Direct, Ogden, UT) for 30 minutes. At the end of the treatments, fish were anesthetized 
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with 0.04% tricaine methylsulfonate (MS-222, Sigma-Aldrich) and RNA from single 

whole fish was extracted for cDNA synthesis. 

 

 

 

 

 

 

 

Day 4Day 0 Day 6

Harvest wild-
type embryos

Begin 
treatments

Day 5

Treatment 
renewal

RNA 
extraction 

Treatments: TO-901317 2µM
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Figure 2.2. Schematic representation of the experimental design used for the 

microarray studies. Wild-type WIK embryos were harvested and placed in 6 well- 

plates at a density of 30 embryos/well. At 4 dpf, zebrafish larvae were treated with 

either 0.1% DMSO as vehicle control, 2 µM T0901317 or 1µM GW3965, and 

treatments were repeated at 5 dpf. Zebrafish larvae were euthanized at 6 dpf, RNA 

was extracted and sent for microarray analysis. Confirmation of selected genes was 

performed with 3-4 independent biological replicates. (zf = zebrafish) 
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2.9 RNA extraction and cDNA synthesis 

Total RNA from pooled larvae for the microarray experiments, and RNA from whole 

single juvenile fish were extracted using Trizol (Invitrogen Corporation, Carlsbad, CA) 

and a motorized homogenizer (Kinematica Polytron PT 1200E, Lucerne, Switzerland), 

followed by RNeasy spin columns (Qiagen, Chatsworth, CA) according to the 

manufacturer’s protocol. On-column DNase I (Qiagen, Chatsworth, CA) digestion was 

performed to remove remaining DNA. RNA concentrations were measured with 

NanoDrop 1000 spectrophotometer (Agilent Technologies, Palo Alto, CA) and 

Superscript III reverse transcriptase (Invitrogen Corporation, Carlsbad, CA) with random 

hexamer primers was used for cDNA synthesis. 

2.10 Quantitative real-time polymerase chain reaction (RT-qPCR) 

RT-qPCR studies were performed using the ABI 7500 Fast Real-Time PCR system 

(Applied Biosystems, Foster City, CA) with iTaq Universal SYBR Green Supermix (Bio-

Rad, Hercules, CA) according to the manufacturer’s protocol. Primers for confirmation of 

selected genes were designed using Primer Blast 

(http://www.ncbi.nlm.nih.gov/tools/primer-blast/), and synthesized by Integrated DNA 

Technologies, Inc (Coralville, IA). The primer sequence list used to detect zebrafish 

transcripts is provided in table 2.1. Transcript abundance for the zebrafish experiments 

was normalized to β-actin (bac2) as the endogenous reference gene and normalization of 

the data was done using the ΔΔCt method. 

http://www.ncbi.nlm.nih.gov/tools/primer-blast/
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Table 2.1. List of primer sequences used for RT-qPCR analysis of genes affected in 

zebrafish exposed to Lxr ligands 

Gene NCBI Refseq Accession Forward primer sequence  (5'-3') Reverse primer sequence (5'-3')

abca1a XM_005160141.1 GCAGCTCCACATCGAGGACTACT TGGTCCTCGTCACTTTGGCCT

abcg1 NM_001110454 GTCTCATGGCAGCCTTTTCA GCTGACATGGTTGGACATCA

abcg5 NM_001128690 TCCATGGGTGCATCTCCCTA CCCGCAAAGCAGGGAATAGA

abcg8 NM_001114569 CATGGCACTGTTTGTGGCAG AAACCAAGACGCCACCATCC

srebf2 NM_001089466.1 CTGTGTTGGCGCTGTGTAAG AGGTGTTGTTGTGCGACTGA 

hmgcra NM_001079977.1 GCTTTGGCCAAGTTTGCTCTGAGT TCCACGAGGGCATCAAGAGTGAAA

cyp51a NM_001001730 TTCAGACGGAGAGATCGAGCACAT TCTCGGTATCTTCTCTGCGCTTCTTG

sc5dl NM_001004630 CTGCCCTGGATCAGCATACC CAGCCCTGACCAACCAAGAG

msmo1 NM_213353 CCATCACGACTTCACTTCTCCA AATGAAGAATCCAGCGCCCA

mvd NM_001007422 TGCGGTCATCAAATACTGGGG ACACGACTGCAACCTTGGAT

sqlea NM_001110039 ATTCAGGGTGGACGTGCTTT CGAACCTCCTTGAGCATCCC

srebf1 NM_001105129.1 TGATGTTGGCGTGTCGGTTT GTGCGTTTGTCTCCCAGTTT

acaca NM_001271308 AAGGACAACACCTGCATCGT GGGATGTTCCCTCTGTTGGG

fasn XM_001923608 ATCTGTTCCTGTTCGATGGC AGCATATCTCGGCTGACGTT

fads2 NM_131645 GCTCATCGTCGCTGTTATTCTGG CTTCAGGTGTCCGATGACAA

scd NM_198815 CTTCCTGATCCCGTCTGCAC ACGAAACACGCAAAAGCCCA

elovl2 NM_001040362.1 AGGCTCAGCTGGTTCAGTTT  TTCTGCCACCCTCGGTTTAC

rx2 NM_131226 TGTACCATGACACCGGACTT AAGGTGGTTCTGTTGCGTCT

guca1b NM_131871 AACCTGCTTACCCCAGATCA AAGCTCTCCATCTCCGTTCTC

guca1d NM_001011661 GGGAATGAATGAGGACGCCA CCCGTTTCCATCCTGGTCAA

guca1g NM_001011660 ATGGGCCAGAATCAAAGCGA GCTCTGAACGCCGAAAATCC

grk7a NM_001031841 CATCAGCCAGAAGGCTGGAA ATGCGCCTCTGTACCTCTTC

rgs9a NM_001076577 GCAGGACCACAAAAAGCTCG TGCACAGGCCAGAAATAGGG

crygs2 NM_001012262 CCGCTTTACGAGTGGAATGC GTGAAGTCGGGCTTGTCGTA

sagb NM_001033749.1 GTGGGCGTTTACATGGGGAA ACGCCATCAACAGGATCAACA

irbp NM_131451.2 GTGGCCGGTGGAGAATACAA  TCGGGTGTGGGATTCATTGG  

rho NM_131084.1 TCCTGCCTCGTTTCTTCACA AGAATGCCGGTCCCTCTGTA

bac2 NM_181601 CCACACGCAGCTAGTGCGGAA CGTTGTCAACAACCAGTGCGGC

Housekeeping gene

ATP binding-cassette (ABC) transporters

Cholesterol biosynthesis

Fatty acid biosynthesis

Visual perception
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2.11 Microarray and analysis of resulting data 

Agilent zebrafish (V3) gene expression microarray 4X44K (Design ID 026437) was used 

for the microarray analysis. Labeling of samples, followed by hybridization and scanning 

of arrays was performed by the Genomic and RNA Profiling Core at Baylor College of 

Medicine (Houston, TX) according to protocol previously described (Hao et al. 2013).  

Briefly, the quality of the RNA samples was checked using the Nanodrop ND-1000 and 

Agilent Bioanalyzer Nano chips. For labeling, the Agilent Quick Amp Labeling Kit (for 

one-color) Protocol Version 6.5 was used. 50 ng of total RNA that had passed the quality 

check was used for the protocol as recommended by Agilent. The Labeling Kit (Agilent 

p/n 5190-0442) was used along with Agilent’s RNA Spike-In Kit, Agilent’s 

Hybridization Kit, and Agilent’s Wash Buffers 1 and 2. The RNA Spike-Ins was added to 

the sample. The sample was simultaneously amplified and Cy3 dye-labeled cRNA was 

generated using T7 RNA Polymerase. The cRNA was purified using Qiagen RNeasy 

mini spin columns. Samples were then measured again on the Nanodrop for yield and dye 

incorporation. The samples were then fragmented and 1.65 µg of sample and 

hybridization mix was loaded onto each of the 4x44K Expression arrays. The slide was 

hybridized in Agilent Hybridization Chamber at 65°C at a 10 rpm rotation for 17 hours. 

The slide was washed using the Agilent Expression Wash Buffer Set 1 and 2 as per the 

Agilent protocol. Once dry, the slides were scanned with the Agilent Scanner (G2565BA) 

using Scanner Version C and Agilent Feature Extraction Software Version 11.0.1.1. 

Treatments with vehicle only (0.1% DMSO) and GW3965 were performed in biological 

quadruplicates of pools of RNA, whereas treatment with T0901317 was performed in 
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triplicates. Microarray data was processed in the R environment, using the Limma 

package for analysis of differential expression (Smyth et al. 2005). Arrays were quantile 

normalized, replicated spots averaged and empirical Bayes methods applied for the 

differential-expression analysis. Statistical significance was assessed using false- 

discovery rate (FDR) 5%. The resulting dataset with FDR-adjusted p-value ≤ 0.05 and 

absolute fold change (FC) |±1.4| were subjected to hierarchical clustering, and  Venn 

diagrams were generated to represent the overlapping genes between the two treatments. 

Non-annotated probes were removed from the dataset, and probes mapped to the same 

gene were resolved using the minimun fold-change value to maintain a conservative 

analysis. 

2.12 Biological function inference and tissue enrichment analysis 

Differentially expressed zebrafish genes (p≤0.05, fold change ≥|±1.4|)  were mapped to 

their respective human homologues using Homologene 

(www.ncbi.nlm.nih.gov/homologene), ZFIN (http://zfin.org/) and Ensembl 

(http://www.ensembl.org/). Pathway Studio software (Elsevier Inc. MD, USA) was used 

for the analyses of enriched biological processes for the human homologues of the 

zebrafish genes regulated by T0901317 and GW3965 using Gene Ontology (GO) 

functional annotations. Enriched subnetwork analysis was applied to identify 

transcriptional regulators that are responsible for the gene expression profile obtained 

from microarray data. Fisher’s Exact test was applied to determine enriched GO 

functional groups and subnetworks; p-value ≤0.05 was considered significant. REVIGO 

(http://revigo.irb.hr/) was used to summarize the list of enriched GO terms obtained after 

http://www.ncbi.nlm.nih.gov/homologene
http://www.ensembl.org/
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functional analysis of the whole set of differentially expressed genes by each ligand. GO 

terms with p-value <0.0001 and SimRel semantic medium (0.7) similarity were used for 

REVIGO clustering analysis. 

In order to estimate the tissues mostly affected by Lxr activation in zebrafish, tissue 

enrichment analysis was performed with zebrafish genes regulated by the Lxr ligands 

using the ZFIN_Anatomy functional category at the NIH DAVID Bioinformatic 

Resources database (http://david.abcc.ncifcrf.gov/). Fisher’s Exact test was used to 

calculate enriched functional categories and p ≤0.05 was considered significant. 

2.13 Oil Red O (ORO) Staining  

Zebrafish larvae were treated with the Lxr ligands following the protocol used for the 

microarray experiment. At 6 dpf, larvae were euthanized with tricaine, fixed in 4% 

paraformaldehyde (PFA) overnight at 4°C, washed in PBT (PBS with 0.1% Tween 20) 

and stained with a filtered 0.3% ORO (Sigma-Aldrich, USA) solution for 3 h at room 

temperature. After staining, larvae were washed 3 times in PBT and stored in 90% 

glycerol before imaging. Larvae were scored for ORO staining  in the yolk sac region and 

imaged using a Nikon AZ100M microscope equipped with a color camera DS Fil 

(Nikon) and the NIS-Elements AR imaging software (Nikon Instruments Inc, Melville, 

NY). 

http://david.abcc.ncifcrf.gov/
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2.14 Zebrafish eye histological studies 

For the zebrafish eye histological studies, zebrafish embryos were treated daily starting at 

6 hpf with either DMSO 0.1%, 2 µM T0901317 or 1 µM GW3965 until 3 dpf, and at 4 

dpf zebrafish embryos were euthanized, fixed in 4% PFA, washed in PBT, dehydrated in 

100% methanol and embedded in plastic using the JB-4 Plus Embedding Kit 

(Polysciences, Warrington, PA). Sections were cut at 8 µm and stained with hematoxylin 

and eosin (H&E staining).  

2.15 Mice care and experimental design 

3-month-old male and 19-month-old female C57BL/6 wild-type, LXRα, LXRβ and 

LXRαβ knockout mice were housed on a regular 12:12h light-dark cycle with water and 

food ad libitum. The 3-month-old male mice were housed in the Animal Care Operations 

facility at University of Houston, while the 19-month-old female mice were kept in the 

Animal Care facility at Karolinska Institute, Sweden. All experiments were approved by 

the respective local ethical committee for animal research. 

The male 3-month-old mice were sacrificed by CO2 asphyxiation and perfused 

transcardially with PBS. The right eyeball of each mouse was surgically removed and 

snap frozen in liquid nitrogen for subsequent RNA extraction. The RNA from the 

dissected eyeballs of the 19-month-old female mice was obtained directly from 

Karolinska Institute, Sweden.  
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The RNA extraction of the dissected mouse eyeballs, cDNA synthesis and RT-qPCR 

procedures followed the same protocol as previously described for the zebrafish 

experiments. For the RT-qPCR studies in the mice, the primer sequence list of genes are 

provided in table 2.2, and 18S ribosomal RNA (18S) was used as the endogenous 

reference gene.  

 

 

 

 

 

 

 

 

Table 2.2. List of mouse primer sequences used for RT-qPCR analysis. 

Gene NCBI Refseq Accession 
Forward primer sequence  

(5'-3')

Reverse primer sequence 

(5'-3')

rx (rax) NM_013833.2 CCCTGAGGCTAAACTTGCAG GTTCCCTTCTCCTCCTCCAC

rho NM_145383.1 CTTGCAGACCACCACGTAGC AGGCTGTAATCTCGAGGGCT

irbp NM_015745.2 AAGGCTGAGATGGAGGAGGT CGAGCTGCTGGTAGAACACA

18S NR_003278 CTTAGAGGGACAAGTGGCG ACGCTGAGCCAGTCAGTGTA
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Chapter 3. Additive ER-mediated effects 

of mixture of phytoestrogens present in 

soy-based infant formula and bisphenol A 
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3.1 Introduction 

Over the past decades, growing concerns have been raised about human and wildlife 

exposure to endocrine disrupting chemicals (EDCs). Bisphenol A (BPA), a major EDC, 

is widely used for the manufacture of polycarbonate plastics and epoxy resins used in the 

lining of metal cans, and it is present in several plastic consumer goods, including food 

and water containers, baby bottles, toys, electronics, thermal paper and medical devices. 

BPA is among the highest volume chemicals produced worldwide, and its occurrence in 

the environment, wildlife and in humans has been demonstrated (Vandenberg et al. 

2007a). BPA can migrate from plastic containers to food under normal usage, leading to 

human exposure (Vandenberg et al. 2007a; vom Saal and Hughes 2005), and measurable 

BPA levels in the low nanomolar range have been repeatedly detected in biological fluids 

of adults and infants, including breast milk and umbilical cord blood, revealing 

significant BPA exposure during gestational and postnatal periods (Braun et al. 2011; 

Fenichel et al. 2012; Ikezuki et al. 2002; Mendonca et al. 2014; Rhie et al. 2014; Sun et 

al. 2004; Vandenberg et al. 2007a).  

Xenoestrogens, such as BPA, mediate their main activities through binding and activating 

the estrogen receptors in target tissues (Singleton and Khan 2003). In recent years, the 

increased exposure to environmental estrogens has been suggested to be associated with 

the increasing incidence of breast cancer and other abnormalities of the reproductive 

system. Perinatal BPA exposure to environmentally relevant doses of BPA is associated 

with altered mammary gland development in rodents, which may increase predisposition 

to mammary tumorogenesis (Maffini et al. 2006; Vandenberg et al. 2007b). BPA 
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exposure in utero induces morphological and functional changes in the vagina, 

endometrium and ovaries in adult and aged mice, long after the period of exposure has 

ended (Maffini et al. 2006; Markey et al. 2005; Newbold et al. 2009a). Different risk 

assessments have led to a variety of conclusions regarding the safety of BPA, but it is 

agreed that infants have the highest BPA-exposure in the general population (Beronius et 

al. 2010). Moreover, current risk assessments of BPA have not taken into consideration 

the combined effect of exposure to other estrogenic compounds, such as phytoestrogens 

present in soybean-derived products, including soy-based infant formula (SF). 

The isoflavones genistein and daidzein are also xenoestrogens. These phytoestrogens are 

present in plants such as lupin, fava beans and soybeans, and are found at relatively high 

levels in SF (Setchell et al. 1997, 1998). SF account for nearly 25% of the formula 

market in the United States (Bhatia and Greer 2008). Infants fed SF consume, on average, 

6.0 to 11.9 mg isoflavones/kg body weight per day, while intake of phytoestrogens from 

human milk (calculated to be < 0.01 mg/day) is negligible in comparison  (Setchell et al. 

1997). Measured plasma levels of total genistein and daidzein in 4 month-old infants fed 

SF are 2.5 ± 1.64 µM and 1.16 ± 0.23 µM, respectively, 10-fold greater than in adults 

consuming a soy-rich diet, and 13000 to 22000 times higher than the level of endogenous 

estradiol in early life (Setchell et al. 1997). Although consumption of soy-rich diets can 

be beneficial to adults, controversy has developed over the adequacy and safety of SF for 

infant use. Neonatal exposure to genistein has been shown to produce deleterious effects 

on the reproductive system in rodents, including disruption of estrous cyclicity and 

ovarian function, reduced fertility and uterine cancer (Cimafranca et al. 2010; Jefferson et 
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al. 2005; Jefferson et al. 2012; Newbold et al. 2001). The potential chemopreventive or 

tumor stimulating effects of genistein or soy products on the development of mammary 

cancer in vivo is controversial and be may be dependent on the window of exposure and 

endogenous hormonal status (Duffy et al. 2007). In utero exposure to genistein increased 

the incidence of mammary tumorogenesis in female rat offspring (Hilakivi-Clarke et al. 

1999), while prepubertal exposure decreased the risk of tumors in female rats (Murrill et 

al. 1996). In women, an increased incidence of precocious puberty, which could be a risk 

factor for breast cancer (Golub et al. 2008), has been linked to soy formula consumption 

during early infancy (Adgent et al. 2012). Additionally, there is a positive correlation 

between soy formula intake during infancy and the development of uterine leiomyoma in 

adult women (D'Aloisio et al. 2010, 2012). 

Most of the in vitro and in vivo risk assessment studies are designed to evaluate the 

effects resulted from exposures to each EDC individually. However, humans are exposed 

daily to chemical cocktails. As we are constantly exposed to a variety of EDCs, there is 

an increased need to perform toxicological risk assessment addressing mixture effects of 

chemicals. In this study, the ER-mediated effects of exposure to BPA in combination 

with genistein and daidzein or with a SF extract were investigated using HeLa human 

cervical cancer-derived reporter cell lines stably expressing either ERα (HELN-ERα) or 

ERβ (HELN-ERβ). Additionally, the proliferative effects resulting from co-exposure to 

BPA and SF extract were assessed in ERα-positive MCF-7 human breast cancer cells. An 

increased knowledge of the actions of mixtures of xenoestrogens will help understand 
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how co-exposure to these compounds affects the human population and assist in the risk 

assessment of mixture outcomes. 

3.2 Results 

3.2.1 Comparison of dose-dependent transcriptional ER activation by genistein, 

daidzein, BPA and SF 

First, the ER-mediated transcriptional response of genistein, daidzein, BPA and SF was 

analyzed in the stably transfected HeLa cells expressing either ERα (HELN-ERα) or ERβ 

(HELN-ERβ) (Escande et al. 2006). All tested compounds mediated a dose-dependent 

transcriptional activation of the ERE-luciferase construct in both HELN-ERα and -ERβ 

cell lines (Figure 3.1). The phytoestrogens genistein and daidzein fully activated both 

receptors, and displayed higher potency towards ERβ, with EC50 values of 31.5 and 

176.4 nM for ERα, and 1.75 and 37.6 nM for ERβ, respectively (Figure 3.1A, C). As 

previously reported, at concentrations higher than 1 µM both genistein and daidzein 

exceeded maximal E2 response (10 nM) due to a non-specific luciferase activation 

induced by these phytoestrogens (Escande et al. 2006). As expected, SF extract also 

activated the luciferase reporter in a dose dependent manner, and similarly to genistein 

and daidzein, it displayed a higher potency towards ERβ than ERα (Figure 3.1B, D). 

BPA reached a maximal transactivation efficacy at approximately 3 µM, acting as a 

partial agonist for both ERα and ERβ with approximately 70% and 80% maximal 

activation relative to 10 nM E2, respectively (Figure 3.1A, C) (Delfosse et al. 2012). In 
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accordance to previous studies (Riu et al. 2011b), BPA displayed similar potency towards 

both receptors, with EC50 values of 400.3 nM for ERα and 293.7 nM for ERβ, 

respectively.  

3.2.2 BPA and phytoestrogens have additive effects on ER-mediated transcriptional 

activation 

To investigate combination effects of phytoestrogens and BPA, we selected 

concentrations of genistein and daidzein near their calculated EC20 values 

(approximately 11 nM for genistein and 79 nM for daidzein in HELN-ERα, and 0.37 nM 

for genistein and 9.5 nM for daidzein in HELN-ERβ cells) and added BPA concentrations 

ranging from 10 nM to 1 µM (10 nM, 30 nM, 100 nM, 300 nM, 1 µM). Concentration 

addition (CA) modeling was used to predict the additive responses of the mixture of 

genistein and daidzein in combination with different concentrations of BPA (Figure 3.2). 

For the prediction of additive effects, the CA modeling considers the EC50 and hillslope 

values obtained from the dose response curves of each chemical in the mixture (methods 

chapter 2.7). The EC50 and hillslope values for the phytoestrogens and BPA used in the 

CA model are displayed in table 3.1. 

The overlay of the predicted values with the observed data, using 95% prediction 

intervals (PIs), was used to assess the dose addition effects. Genistein combined with 

daidzein (Gen + Dai) resulted in approximately 35% and 44% transcriptional activation 

relative to 10 nM E2 in HELN-ERα and HELN-ERβ cells, respectively, which the CA 

model accurately predicted (Figure 3.2A). The CA model also correctly predicted the 
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Figure 3.1 Transcriptional activity of ERα and ERβ in response to genistein, 

daidzein, BPA and soy formula (SF) extract. Results are expressed as % activity 

of 10 nM E2 treatment. Standard deviations from at least 3 independent experiments 

performed in quadruplicate are indicated.  
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response to co-exposure with BPA, except at the highest dose of BPA (1 µM) for which 

the model overpredicted the experimental response in the HELN-ERα cells (Figure 

3.2A). As mentioned above, BPA acts as a partial agonist towards both ERs, reaching a 

maximal activation of only 70-80% relative to E2 (Figure 3.1A and C); however,  the CA 

model assumes that BPA acts as a full agonist, which explains the overprediction 

observed at higher concentrations. In HELN-ERβ, the CA model prediction fitted into the 

95% PIs for all concentrations of genistein and daidzein combined with BPA (Figure 

3.2C). 

Before the assessment of the combination effects of SF and BPA exposure, the levels of 

genistein and daidzein in the SF (the major isoflavones reported in SF) were quantified 

using a high pressure liquid chromatography (HPLC) coupled to an ultraviolet (UV) 

detector. The concentration of phytoestrogens measured in the SF extract was 81.0 µM 

and 101.3 µM for genistein and daidzein, respectively. The quantification of the 

phytoestrogens was performed because the CA model requires accurate EC50 and 

hillslope values. The combination effects of SF and BPA exposure were then investigated 

in a similar manner as in the mixtures containing Gen + Dai and BPA. A final 

concentration of 0.01% SF extract (containing 8.1 nM genistein and 10.3 nM daidzein) in 

the HELN-ERα and 0.001% SF in the HELN-ERβ cells were used in combination with 

concentrations of BPA ranging from 10 nM to 3 µM. The EC50 and hillslope values of 

genistein and daidzein were used for the CA predictions of the mixture effects of SF with 

BPA, since most of the estrogenic activity induced by SF has been associated with the 

presence of these phytoestrogens (Riu et al. 2008).  
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Table 3.1. EC50 and Hillslope values for genistein, daidzein, BPA and SF on HELN-

ERα and ERβ cells. 

 

Genistein 

(95% CI) 

Daidzein 

(95% CI) 

BPA 

(95% CI) 

SF 

(95% CI) 

ERα 

EC50  

31.5  

(26.47 - 37.49) 

176.4  

(151.8 - 205) 

400.3  

(334.9 –  478.5) 

0.059  

(0.042 – 0.083) 

Hillslope 

1.385 

(1.080 - 1.691) 

1.729 

(1.353 - 2.105) 

1.324 

(1.033 - 1.614) 

0.8061 

(-0.3412 – 1.953) 

 

 

ERβ 

 

EC50  

1.75  

(1.42 – 2.16) 

37.6  

(30.56 - 46.26) 

293.7  

(229 - 376.8) 

0.0015  

(0.00068 – 0.0033) 

Hillslope 

0.8926 

(0.7398 - 1.045) 

1.013 

(0.8186 - 1.208) 

1.456 

(0.9481 - 1.963) 

0.1489 

(-1.066 – 2.1717) 

  
CI = Confidence Intervals 

EC50s are expressed in nM for genistein, daidzein and BPA, and in % for SF extract. 
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The effects observed with SF in combination with low BPA concentrations (10 nM and 

30 nM BPA) were slightly higher than the predicted values in the HELN-ERα cells, and 

similarly to what was observed with the mixture of Gen + Dai and BPA (Figure 3.2A), at 

higher BPA concentrations the model overpredicted the observed responses in the 

HELN-ERα and HELN-ERβ cells (Figure 3.2B and D). 

Overall, our data shows that low environmentally relevant BPA concentrations (10 nM to 

100 nM) exert an additive effect when combined with the phytoestrogens present in SF, 

whereas high BPA concentrations display a sub-additive effect likely due to the partial 

agonism of BPA in the HELN cell context.  

3.2.3 BPA and SF treatment mimic E2-induced proliferation of MCF-7 breast 

cancer cells 

E2-activated ERα is known to drive proliferation of ERα-positive breast cancer cells. 

BPA and genistein have been shown to induce proliferation of MCF-7 breast cancer cells 

(Delfosse et al. 2012; Hsieh et al. 1998). Since SF was able to activate transcription 

through ERα, it may induce proliferation of breast cancer cells similarly to E2. We 

assessed the effect of SF and BPA, alone or in a mixture, on the proliferation of MCF-7 

cells after a 48 h treatment with the compounds, and compared to that of E2-treated cells. 

E2, at a concentration of 10 nM, induced cell growth by 38% compared to vehicle 

control. SF at 0.01%, 0.05% and 0.1% significantly and dose-dependently increased cell 

proliferation by 26%, 43% and 46% relative to control, respectively (Figure 3.3A). BPA 

alone at 10 nM had no significant effect on MCF7 proliferation, while 100 nM, 1 µM and 

10 µM stimulated cell growth by 34%, 39% and 37%, respectively (Figure 3.3B). 
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Figure 3.2. BPA and phytoestrogens co-exposure results in additive effects on ERα 

and ERβ-mediated transcriptional activation.  

(A-B) Combined effects of genistein and daidzein, or SF with BPA in HELN-ERα cells. 

(C-D) Combined effects of genistein and daidzein, or SF with BPA in HELN-ERβ cells. 

(A-D) Predicted and observed dose-response curves for ER transactivation by co-

exposure to phytoestrogens or SF with BPA. Predicted and observed responses were 

fitted with a nonlinear 4 parameter logistic regression curve (4PL). Observed data 

represent mean ± SD of three to five individual experiments, each done in quadruplicate. 

Results were normalized to % activity of 10 nM E2. The dotted lines indicate the 95% 

prediction intervals (PIs) of the observed data.  
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Figure 3.3 Effects of SF and BPA on ER-mediated proliferation in human breast 

cancer MCF-7 cells. 

(A) SF stimulates MCF-7 cell proliferation in a dose-dependent manner. (B) BPA 

alone and SF and BPA combinations have a stimulatory effect on MCF-7 cell growth 

that is abolished by ICI treatment. Proliferation induced by the treatments is shown 

relative to vehicle-treated cells. Values are the mean of eight separate experiments ± 

SD. Student t-test: *** p<0.001, ** p<0.01, * p<0.05 compared to respective BPA 

alone; # p<0.05 compared to SF. 
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Significant increase on cell proliferation was observed with the combination of 100 nM 

BPA and 0.01% SF, compared to either BPA or SF alone (Figure 3.3B). Co-treatment 

with 1 µM of the ER antagonist ICI 182,780 (ICI) abolished the proliferative effect 

induced by SF, BPA or a combination thereof, demonstrating that the proliferative effect 

was solely exerted through an ER-mediated mechanism (Figure 3.3A-B). 

These results have been published at Toxicological Sciences, 2014 - Coexposure to 

phytoestrogens and bisphenol A mimics estrogenic effects in an additive manner. - by 

Pinto C*, Katchy A*, Jonsson P, Nguyen-Vu T, Pandelova M, Riu A, Schramm KW, 

Samarov D, Gustafsson JÅ, Bondesson M, Williams C. (*shared first authorship). 

3.3 Discussion 

The constant human exposure to a cocktail of environmental compounds with potential 

endocrine disrupting abilities, such as phytoestrogens and BPA, accentuates the need of 

understanding the combined effects resulted from exposure to mixture of chemicals on 

human health. The three main routes of human exposure to EDCs are: the oral route 

(major route of exposure through alimentation or by ingestion of dust particles), 

inhalation, and dermal contact. Human exposure is demonstrated and assessed by 

measuring chemical levels in human bodily fluids, such as blood, urine and breast milk, 

and also in human tissues, such as the adipose tissue. Estrogenic exposures are linked to 

development of breast cancers and reproductive anomalies, and early life exposure to the 

synthetic estrogen diethylstilbestrol (DES) during pregnancy is associated with increased 

breast cancer risk in both exposed mothers and their daughters. Additionally, several 

http://www.ncbi.nlm.nih.gov/pubmed/24284790
http://www.ncbi.nlm.nih.gov/pubmed/24284790
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abnormalities in the reproductive tract, including vaginal adenocarcinoma, uterine 

fibroids, cervical neoplasia and morphological changes in the cervix, uterus and ovaries 

have been documented in cohorts of women that were exposed to DES in utero (Reed 

and Fenton 2013). 

Human exposure to BPA is ubiquitous and studies have routinely detected BPA 

concentrations in human tissues and fluids worldwide, such as in the USA, China and 

Europe (Vandenberg et al. 2010). Unconjugated BPA has been detected at the low 

nanomolar range in human blood, and developing fetus may be exposed to BPA at 4-13 

nM range based on measurements in maternal and umbilical cord serum, and placental 

and fetal tissues (Gerona et al. 2013; Vandenberg et al. 2007a). Noteworthy, some 

studies have detected considerably higher BPA levels in umbilical cord serum, reaching 

81 nM and 228.9 nM (Chou et al. 2011; Gerona et al. 2013). Circulating concentrations 

of phytoestrogens in infants fed SF are in the micromolar range, levels that may cause 

significant biological effects during early life (Setchell et al. 1997). Isoflavones have also 

been detected in the breast milk and plasma of nursing mothers after they consumed soy, 

and also in the plasma of their breastfed infants (mean isoflavone concentration 19.7 nM 

± 13.2 nM) (Franke et al. 2006), demonstrating that humans at susceptible developmental 

windows are readily exposed to these EDCs. 

This study shows that phytoestrogens and SF extract can activate both ERs in HeLa cells, 

and induce human breast cancer MCF-7 cells proliferation with the same efficacy as 

estradiol. Significant estrogenic effects were observed with physiologically relevant 
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doses achievable by dietary intake of SF and soy-based products. Moreover, BPA 

promotes MCF-7 growth similarly to estradiol at 100 nM and higher concentrations (1 

and 10 µM), and activates ER-mediated transcriptional activation with concentrations as 

low as 100 nM.  

Co-exposure to phytoestrogens or SF extract with BPA at doses that are relevant to 

human early life exposure induces additive effects on ER-mediated transcriptional 

activation. Moreover, proliferation of MCF-7 cells was significantly enhanced with 

combined concentrations of SF and 100 nM BPA, concentration levels that have been 

measured in cord blood serum (Gerona et al. 2013). MCF-7 proliferation resulting from 

co-exposure to SF and BPA at all doses was abolished with co-treatment with an ER 

antagonist, demonstrating that proliferative effects of compounds alone or in the mixture 

are ER-dependent.  

Given that physiologically relevant doses of the EDCs in this study acted in an additive 

manner, it is possible that the dietary intake of phytoestrogens will add on to the effect of 

BPA exposure and result in enhanced estrogenic effects or other adverse outcomes. A 

study has shown that BPA combined with genistein resulted in synergistic interactions in 

the developing nervous system of cultured post-implantation embryonic rats, leading to 

serious malformation of the neural tube (L Xing et al. 2010). Additionally, mixtures of 

different environmental xenoestrogens have been shown to act in an additive manner in 

several in vitro assays. Genistein in combination with the pesticide o,p–DDT and 

alkylphenols 4-n-octylphenol and 4-nonylphenol display additive effects on ERα 

stimulation in the yeast estrogen screen (YES) assay (Payne et al. 2000). Mixtures of 
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estradiol with the bisphenols BPA and BPAF behaved additively in an ERE-mediated 

transactivation assay performed in T47D breast cancer cells with endogenous ERα and 

ERβ expression (Bermudez et al. 2010). Moreover, combination of xenoestrogens below 

their individual no-observed effect concentrations also has been shown to interact 

additively with estradiol in reporter gene assays, raising the concern that mixtures of 

weak estrogenic compounds at doses that are considered “safe” or uneffective can 

enhance endogenous estrogenic activity (Rajapakse et al. 2002).  

As we are readily exposed to a multitude of chemicals with possible endocrine disrupting 

activities, analysis of the effects of mixtures of chemicals, instead of a single compound 

at a time, is increasingly important to assess potential human health risks resulting from 

chemical exposures. Additionally, in order to mimic the in vivo scenario, which generally 

involves exposure to low levels of a multitude of chemicals at a time, risk assessment 

should particularly address joint effects of endocrine disrupting agents at relevant 

environmental doses. Assessing mixture effects using in vitro approaches such as 

transactivation or proliferations assays could be the first step in order to address this 

concern.  
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transcriptional profile of natural, 

pharmaceutical and environmental 

compounds on zebrafish nuclear 

receptors: estrogen receptors (zfERs) and 

peroxisome proliferator-activated 

receptor gamma (zfPPAR) 
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4.1 Introduction  

Zebrafish has been used as an alternative in vivo model for the study of the effects of 

endocrine disrupting chemicals that interfere with normal developmental and 

physiological processes (Scholz et al. 2008). Several EDCs exert their biological effects 

by binding and activating nuclear receptors in the target cells, and it is often assumed that 

ligands have conserved selectivity and transcriptional activity towards their mammalian 

and zebrafish nuclear receptor counterparts. 

However, it has been shown that the capacity of some compounds to transcriptionally 

activate the estrogen receptors differs between zebrafish and mammals. For example, the 

phytoestrogen genistein and the benzophenones BP1, THB and BP2, which are selective 

human ERβ agonists (Escande et al. 2006; Molina-Molina et al. 2008) preferentially 

activate zfERα (Cosnefroy et al. 2012). Even though in mammals only two ER subtypes 

have been characterized, the presence of three ER forms in zebrafish and most teleosts 

has been reported: ERα (esr1), ERβ1 (esr2b) and ERβ2 (esr2a) (Hawkins et al. 2000; Ma 

et al. 2000; Menuet et al. 2002). Zebrafish esr1 is orthologous to the human ERα, while 

esr2a and esr2b are orthologous to the human ERβ (Bardet et al. 2002), and the overall 

aminoacid sequence identity between the zfER forms and their corresponding human ER 

orthologues is approximately 50% (Menuet et al. 2002). In mammals, it is known that the 

ER subtypes ERα and ERβ have overlapping but also unique roles in estrogen-

dependent-action in vivo. For example, ER knockout mouse studies have shown that ERα 

is important for normal mammary gland development, while ERβ is not (Bocchinfuso 
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and Korach 1997; Krege et al. 1998). The three zebrafish ER subtypes are also thought to 

possibly mediate different biological effects. Therefore, there is an increased interest in 

finding subtype-selective zfER ligands to study the distinct functional roles of each ER 

subtype in zebrafish. Moreover, the evaluation of the activity and transcriptional profiles 

of known mammalian estrogenic ligands in the zebrafish model will provide additional 

tools for the analysis of ER-mediated processes in these organisms including disruption 

of these processes by xenoestrogens (Notch and Mayer 2011). 

Additionally, zebrafish has recently been used as a vertebrate animal model to screen for 

chemicals inducing fat accumulation (Tingaud-Sequeira et al. 2011). Environmental 

estrogens and activators of the peroxisome proliferator-activated receptor gamma 

(PPAR) signaling pathway are involved in the stimulation of adipogenesis in vivo and in 

vitro (Janesick and Blumberg 2011; Newbold et al. 2009b).  As mentioned previously, 

activation of PPAR by thiazolidinedione class of chemicals (TZDs) improves glucose 

sensitivity, but has weight gain as an adverse effect, partly due to increased adipogenesis 

(Lehrke and Lazar 2005). Environmental contaminants have also been shown to directly 

activate PPAR and induce adipogenesis in mouse 3T3-L1 pre-adipocytes, such as the 

organotin tributyltin (TBT),  used as a biocide and antifouling paint for aquatic 

equipment, and the halogenated bisphenol A analogs tetrabromobisphenol A (TBBPA) 

and tetrachlorobisphenol A (TCBPA), used as flame retardants (Kanayama et al. 2005; 

Riu et al. 2011a). TBBPA and TCBPA have been described as human and zebrafish 

PPAR agonists, while rosiglitazone is unable to activate zfPPAR (Riu et al. 2011a). 

Such results emphasize the necessity to develop new tools in order to find reference 
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compounds that can be used in zebrafish, substantiating it as an alternative model to 

mammals for screening of potential obesogenic chemicals. 

The purpose of this study was to evaluate and compare the transcriptional profile of 

several environmental, pharmaceutical and endogenous human ER and PPAR ligands to 

their zebrafish orthologues. To study the effects of estrogenic compounds on the 

transcriptional activation of the three zebrafish estrogen receptors, we used HeLa cells 

stably expressing an ERE-driven luciferase reporter (HELN cells), and the full-length 

zebrafish estrogen receptors ERα, ERβ1 and ERβ2, named HELN-zfERα, HELN-zfERβ1 

and zfERβ2, respectively. These cell lines were established similarly to the HELN-hER 

cell lines, and allow a direct comparison of transcriptional activity of estrogenic ligands 

between human and their zfER counterparts. Since zebrafish are used to study the effects 

of xenoestrogens in vivo, determining the transcriptional profiles of estrogenic 

compounds in the zfERs is crucial to support the zebrafish model for ER-related studies 

and their extrapolation to the mammalian system.  

For the assessment and comparison of the effects of known human PPAR ligands in 

zfPPAR-mediated transactivation, we used HeLa cells stably expressing a GAL4 

activating sequence upstream of a luciferase reporter (HG5LN) and the ligand binding 

domain (LBD) of either human PPAR or zebrafish PPAR fused to the yeast GAL4 

DNA binding domain (DBD), named HG5LN-hPPAR and HG5LN-zfPPAR cells. A 

better knowledge of the activity of known mammalian PPAR ligands towards the 
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zebrafish receptor will aid in the selection of potential obesogenic chemicals targeting 

PPAR for in vivo studies. 

4.2 Results 

4.2.1 Evaluation of the transcriptional activity of known human estrogenic ligands 

mediated by the zfERs  

4.2.1.1 Impact of the temperature on transcriptional activation of the zfERs 

Since the functionality of rainbow trout ERs has been shown to be temperature-sensitive 

(Cosnefroy et al. 2009; Matthews et al. 2002), we first tested the ability of 17β-estradiol 

(E2) to transactivate the zfERs at 37C and at 28C, a temperature relevant to the 

physiology of zebrafish. As seen in figure 4.1A-C, the EC50 values of E2 were sensitive 

to the temperature for all three zfERs, with lower EC50s at 28°C than at 37°C. The EC50 

value of E2 for zfERα was 0.077 nM at 28°C and 1.921 nM at 37C (Figure 4.1A). For 

the zfER1 and zfER2 cell lines, the EC50 values for E2 were 0.039 nM (28°C) and 

0.714 nM (37°C) for zfER1 (Figure 4.1B), and 0.118 nM (28°C) and 1.554 nM (37°C) 

for zfER2 (Figure 4.1C). Due to the thermosensitivity of the zfERs, assessment of the 

transcriptional activity of the estrogenic ligands was performed with overnight incubation 

of the cells at 28C after addition of the chemicals.  
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Figure 4.1. Zebrafish ERs are thermosensitive. Transcriptional activity of 

zfERα (A), zfERβ1 (B) and zfERβ2 (C)  in response to different concentrations 

of E2 was measured at 28 and 37°C. Maximal activity (100%) corresponds to the 

activity obtained with 10 nM E2, and results are expressed as % of maximal 

activation. Standard deviations are from three independent experiments 

performed in quadruplicate.  
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4.2.1.2 Analysis of the transcriptional activity of human endogenous estrogens on 

zfERs transcriptional activation 

In addition to E2, we also evaluated the effects of its weaker estrogenic stereoisomer 17α-

estradiol (17α-E2), and its metabolic products, estrone (E1) and estriol (E3), on zfER-

mediated transcriptional activation (Figure 4.2 and Table 4.1).  These endogenous ligands 

have been shown to behave as full agonists for both of the human ERs with a slight ERα 

selectivity (Escande et al., 2006). In the HELN-zfERs cell lines, the measured EC50 

values for E2 were approximately 0.11, 0.043 and 0.14 nM for zfERα, zfERβ1 and 

zfERβ2, respectively, which indicated that E2 has slight zfERβ1 selectivity relative to the 

other zfER subtypes (Figure 4.2A and Table 4.1). The reported EC50 values for E2 is 

0.017 nM for hERα and 0.068 nM for hERβ (Escande et al., 2006), suggesting that E2 

has approximately a 6-fold higher potency to transactivate luciferase gene expression in 

hERα relative to its zebrafish counterpart in this cell system.  

The transcriptional profiles obtained by E1, E3 and 17α-E2 showed that these estrogens 

have a stronger potency in transactivating zfERα compared to the zfERβ1 and zfERβ2 

proteins (Figure 4.2B-D). E1 and E3 displayed similar ranges of potency on zfERα 

(EC50 values of 3.58 and 2.99 nM, respectively), zfERβ1 (EC50 values of 5.2 and 3.85 

nM, respectively) and zfERβ2 (EC50 values of 12.9 and 7.8 nM, respectively). Similarly 

to the human ERs, among the endogenous estrogens tested, 17α-E2 showed the weakest 

agonistic activity with EC50s of 9.73, 16.3 and 61.8 nM for zfERα, zfERβ1 and zfERβ2, 

respectively.  
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Figure 4.2. Transcriptional activity of zfERα, zfERβ1 and zfERβ2 in response 

to endogenous estrogens. Results are expressed as % of activity at 10 nM E2 

treatment. Standard deviations from at least 2 independent experiments performed in 

quadruplicate are indicated. HELN-zfERα ( ), HELN-zfERβ1 ( ), HELN-zfERβ2 

(○). 
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Table 4.1. Effective concentrations (EC50) and maximal activation (Max Act) 

of endogenous estrogens, environmental estrogens and pharmaceuticals. 

Maximal luciferase induction is expressed as a % of maximal luciferase activity 

induced by E2 at 10 nM. Basal activity of the HELN-hERs and -zfERs cells is 

around 10% and 20-25% respectively. 
 a  

Escande et al, 2006. 
b  

Delfosse et al, 

2012. 
c
 Molina, Molina et al, 2008.

 d
 Pinto et al. (manuscript under review). NA 

indicates
  
non-active.
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4.2.1.3 Effect of environmental compounds on zfERs transcriptional activity 

We next analyzed the ability of known environmental estrogenic compounds to activate 

the zfERs (Figure 4.3 and Table 4.1). The phytoestrogen genistein, which is a full agonist 

in hERs and present a higher affinity for hERβ than for hERα (Escande et al. 2006), was 

also able to fully activate luciferase gene expression from all three zfERs (Figure 4.3A). 

Daidzein behaved as a partial agonist on the zfERs, reaching approximately 80% 

activation compared to E2 (Figure 4.3B), and similarly to the human ERs, genistein 

presented higher potency than daidzein in inducing zfERs-mediated luciferase 

expression. Both phytoestrogens demonstrated greater affinity for zfERα and zfERβ2 

relative to zfERβ1 (Figures. 4.3A-B and Table 4.1). For example, genistein activated 

zfERα and β2 with approximately 4-fold greater potency than zfERβ1 with EC50 values 

of 50, 54 and 209 nM for zfERα, zfERβ2 and zfERβ1, respectively. 

The transcriptional activity of bisphenol A (BPA) and other bisphenol analogs (BPAF 

and BPC) was also evaluated in the zfERs (Figure 4.3C-E and Table 4.1). Similarly to the 

human ERs, the bisphenols acted as partial agonists towards the three zfERs (Delfosse et 

al. 2012), and displayed greater potency for zfERα than the zfERβ subtypes (Figure 

4.3C-E). Among the bisphenols tested, BPC displayed the highest potency, but lowest 

efficacy in activating luciferase expression via zfERs (approximately 40% of activation 

relative to E2) (Figure 4.3E). The EC50 values of BPC were 1.38 nM, 214.5 nM and 86.7 

nM for zfERα, zfERβ1 and zfERβ2, respectively, whereas the respective EC50 values of 

BPA and BPAF were 426.1 nM and 67.1 nM for zfERα, and in the micromolar range for 

the zfERβ subtypes. 
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Figure 4.3. Transcriptional activity of zfERα, zfERβ1 and zfERβ2 in response 

to environmental estrogens. Results are expressed as % of activity at 10 nM E2 

treatment. Standard deviations from at least 2 independent experiments performed 

in quadruplicate are indicated. HELN-zfERα ( ), HELN-zfERβ1 ( ), HELN-

zfERβ2 (○). 
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Benzophenone 2 (BP2), a full agonist in hERs with higher affinity for hERβ than for 

hERα (Molina-Molina et al. 2008), was able to fully activate luciferase gene expression 

from all three zfERs, and displayed greater affinity for zfERα and zfERβ2 relative to 

zfERβ1 (Figure 4.3F and Table 4.1). BP2 presented a 3-fold higher potency towards 

zfERα and zfERβ2 compared to zfERβ1 (EC50 values of approximately 273 nM and 245 

nM for zfERα and β2 respectively, and 852 nM for β1). 

The mycoestrogen β-zearalenol exhibited EC50 values of 2.6 nM for zfERα, 2.4 nM for 

zfERβ1 and 15.8 nM for zfERβ2, which conferred approximately 6-fold higher potencies 

in transactivation assays for zfERα and zfERβ1 compared to zfERβ2 (Table 4.1). Among 

the environmental estrogens, β-zearalenol was the most potent compound on the zfERs 

with the ability to almost fully activate the luciferase reporter at relative low EC50 values 

compared to the other tested environmental compounds, similarly to what is observed for 

the hERs (Table 4.1).  

4.2.1.4 Selective transcriptional effects of pharmaceutical estrogens 

We evaluated the ability of synthetic estrogenic ligands to activate transcription through 

the zfERs. 17α-Ethynilestradiol (EE2), which has a 31-fold greater potency to 

transactivate the luciferase reporter gene in HELN-hERα compared to hERβ (Escande et 

al., 2006), demonstrated equal agonistic activities on all 3 zfERs with EC values of 0.06 

nM for zfERα and approximately 0.04 nM for both zfERβ isoforms (Table 4.1).  

The human ERα selective compound 3,17-dihydroxy-19-nor-17α-pregna-1,3,5(10)-

triene-21,16α-lactone (16α-LE2), which has over 1000-fold selectivity in reporter gene 
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activation through hERα than hERβ (Figure 4.4A and Escande et al., 2006) also showed 

greater selectivity for its zfERα counterpart relative to the zfERβ isoforms (Figure 4.4B). 

Among all the compounds tested, 16α-LE2 displayed the greatest zfERα selectivity with 

approximately 362- and 82-fold higher potencies for zfERα compared to zfERβ1 and 

zfERβ2, respectively. To gain structural insights into the subtype specificity of 16α-LE2 

in human and zebrafish ERs, we used the web-based server EDMon (Endocrine Disruptor 

Monitoring; http://atome2.cbs.cnrs.fr/AT2B/SERVER/ EDMon.html) (Delfosse et al. 

2012) to model hERα and hERβ in complex with this ligand. Superimposition of the 16α-

LE2-bound hERα model on the crystal structure of hERα in complex with E2 (PDB code 

3UUD) showed that the phenol ring of 16α-LE2 occupies the same position as that of E2 

and is engaged in a network of hydrogen bonds with E353 from helix 3 (H3) and R394 

from H5 (Figure 4.5A). On the other side of the ligand-binding pocket (LBP), it appears 

that the hydrogen bond observed between the 17-hydroxyl group of E2 and H524 (H11) 

is conserved in 16α-LE2. The difference between the two complexes resides in the 

lactone ring of 16α-LE2 which points towards M421 (H7) that must undergo a large 

conformational change to accommodate this additional group. In hERβ, the linear M421 

is replaced by the branched residue Ileu 373 characterized by a much smaller intrinsic 

flexibility (Figure 4.5B). As a consequence, I373 maintains the synthetic ligand in a 

position where it interacts unfavorably with M336 (H3). Therefore, 16α-LE2 adopts 

different positions in hERα and hERβ, the more constrained environment provided by the 

latter accounting for the weaker affinity of the ligand for this receptor subtype. The 

affinity values measured with the zebrafish receptors reflect the variations in the space 

constraints provided by the different combinations of residues in the three receptors. 

http://atome2.cbs.cnrs.fr/AT2B/SERVER/%20EDMon.html
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Figure 4.4. Transcriptional activity of zfERs in response to human ERα selective 

pharmaceuticals. Panels (A-B) Transactivation profile of 16α-LE2 in human ERs (A) 

and zebrafish ERs (B). Panels (C-D) Transactivation profile of PPT in human ERs (C) 

and zebrafish ERs (D). Results are expressed as % of activity at 10 nM E2 treatment. 

Standard deviations from at least 2 independent experiments performed in 

quadruplicate are indicated. 
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Figure 4.5. Modeling of the ligand binding pocket of human estrogen receptors in 

the presence of 16-LE2. Structure superposition of E2-bound ERα (A) and ERβ 

LBD (B) (in green) with 16-LE2-bound ERs LBD (yellow). In hERα, the lactone 

ring of 16α-LE2 points towards M421 (H7) and must undergo a large conformational 

change to accommodate this additional group. In hERβ, the linear M421 is replaced by 

the branched residue Ileu 373 which is characterized by a much smaller intrinsic 

flexibility and must maintain the synthetic ligand in a position where it interacts 

unfavorably with M336 (H3).  
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With H3 and H7 residues identical to those of the human receptor, zfERα interacts with 

16α-LE2 with the highest affinity. The slight difference in the binding affinity of 16α-

LE2 for hERα and zfERα relies most likely on the replacement of L349 (H3) by a 

methionine residue (M317) (Table 4.2) and a possible loss of a favorable interaction 

provided by the branched residue, but not by the linear one. With a conserved isoleucine 

in H7 (I406) and a leucine residue in H3 (L369) (Table 4.2), zfERβ1 displays the most 

constrained LBP reflecting the weakest binding affinity for 16α-LE2. This receptor 

combines two large residues with low (isoleucine) and medium (leucine) flexibilities. The 

replacement of I406 in H7 of zfERβ1 by a leucine residue (L391) (Table 4.2) in zfERβ2 

provides a slight gain in LBP plasticity, in agreement with the slightly better affinity of 

16α-LE2 for the latter. 

Other hERα and hERβ pharamaceutical selective ligands were also tested in the zfERs. 

Interestingly, PPT, which is another human ERα selective compound (Escande et al. 

2006) (Figure 4.4C), did not activate zfERα while it partially activated zfERβ1 and 

zfERβ2 (Figure 4.4D). Even though 8βVE2 and DPN are human ERβ selective agonists 

(Figure 4.6A and C), these compounds showed better selectivity for zfERα than for the 

zfERβ isoforms (Figure 4.6B and D). The EC50 values for 8βVE2 were 32.3, 187.9 and 

112.6 nM for zfERα, zfERβ1 and zfERβ2, respectively. DPN displayed 11.3 and 5.7-fold 

greater potencies for zfERα compared to zfERβ1 and zfERβ2 with corresponding EC50 

values of 30, 338 and 170 nM (Table 4.1). Similarly, other human ERβ selective agonists, 

such as WAY300070, FERB33 and ERB041 displayed greater potencies for zfERα 

compared to zfERβ1 and zfERβ2 (Table 4.1). 
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Table 4.2. Aminoacid residues in the ligand binding pocket that differ between human 

and zebrafish ERs. 

Helix 3 Helix 3 Helix 7

hER Leu 349 Leu 384 Met 421

hER Leu 301 Met 336 Ileu 373

zfER Met 317 Leu 352 Met 389

zfER1 Leu 334 Leu 369 Ileu 406

zfER2 Leu 319 Leu 354 Leu 391
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Figure 4.6. Transcriptional activity of zfERs in response to human ERβ selective 

pharmaceuticals. Panels (A-B) Transactivation profile of DPN in human ERs (A) and 

zebrafish ERs (B). Panels (C-D) Transactivation profile of 8βVE2 in human ERs (C) 

and zebrafish ERs (D). Results are expressed as % of activity at 10 nM E2 treatment. 

Standard deviations from at least 2 independent experiments performed in 

quadruplicate are indicated. 
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4.2.1.5 Transcriptional effects of pharmaceutical antagonists 

Known mammalian ER antagonists were also tested in the HELN-zfERs (Table 4.3) by 

measuring the capacity of the ligand to repress activation in the presence of E2. The 

pharmaceutical anti-estrogenic compounds ICI 182,780, raloxifene, 4OH-tamoxifen 

(4OH-Tam) all displayed full antagonistic activity in the three zfER cell lines (Figure 

4.7A-C and Table 4.3). ICI 182,780 showed slight preferential antagonistic activity 

towards zfERα (IC50 value of 2.99 nM) compared to the zfERβ cell lines (IC50 values of 

14.7 nM and 28 nM for zfERβ1 and β2, respectively) (Figure 4.7A and Table 4.3). 4OH-

Tam antagonistic potency was greater for zfERα and zfERβ1 (IC50 values of 8.2 and 4.5 

nM for zfERα and zfERβ1, respectively) compared to for zfERβ2 (IC50 value of 29.4 

nM) (Figure 4.7B). Raloxifene, which has preferential antagonistic activity towards 

hERα (IC50 value of 0.62 nM) (Escande et al. 2006) than hERβ (IC50 value of 12 nM), 

was a more powerful antagonist for zfERβ1, with 4.1 and 9.7-fold greater potencies 

towards zfERβ1 compared to zfERα or zfERβ2, respectively (IC50 values of 57, 13.8 and 

133.7 nM for zfERα, zfERβ1 and zfERβ2 respectively) (Figure 4.7C). 

Another compound tested for its effect on transcriptional inhibition in the HELN-zfERs 

was the hERα selective agonist and hERβ antagonist PPT. As shown in figure 4.7D, PPT 

displayed full antagonistic activity towards zfERα (IC50 value of 261 nM) and it was 

able to partially antagonize estrogenic activation in the zfERβ cell lines with IC50 values 

of 854 and 326 nM for zfERβ1 and zfERβ2, respectively (Table 4.3). 
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Figure 4.7. Transcriptional activity of zfERα, zfERβ1 and zfERβ2 in response 

to the pharmaceutical antagonists. Results are expressed as % of activity at 10 

nM E2 treatment. Standard deviations from at least 2 independent experiments 

performed in quadruplicate are indicated. HELN-zfERα ( ), HELN-zfERβ1 ( ), 

HELN-zfERβ2 (○). 
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IC50 (nM)

Ligand hER hER zfER zfER1 zfER2

ICI 182,780 2.2 a 1.3 a 2.99 14.7 28

4OH-Tamoxifen 2.2 a 1 a 8.2 4.5 29.4

Raloxifen 0.62 a 12 a 57 13.8 133.7

PPT NAa 111 a 261 854 326

a  
Escande et al, 2006, 

b
 Pinto et al, manuscript under review.

  
NA

  
indicates non-active.  

 

Table 4.3. Inhibitory concentrations (IC50) of ER antagonists.  
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These results have been recently submitted to Toxicology and Applied Pharmacology for 

publication - Selectivity of natural, synthetic and environmental estrogens for 

zebrafishestrogen receptors - by Pinto CL*, Grimaldi
 
M*, Boulahtouf A, Pakdel F, Brion

 

F, Aït-Aïssa
 
S, Cavaillès

 
V, Bourguet

 
W, Gustafsson

 
JA, Bondesson

 
M, Balaguer

 
P. 

(*shared first authorship). 

4.2.2 Transcriptional activation of human PPAR ligands via zfPPAR 

We also assessed the ability of known human PPAR ligands to transcriptionally activate 

zfPPAR. The potent hPPAR agonists belonging to the TZD class - rosiglitazone, 

pioglitazone, ciglitazone and troziglitazone, failed to induce luciferase expression in the 

cells expressing zfPPAR (Figure 4.8A-D). Likewise, 15ΔPGJ2, a prostaglandin 

derivative that is a putative endogenous human PPAR ligand, was not able to activate 

zfPPAR (Figure 4.9). As 15ΔPGJ2 displayed significant induction of luciferase at 

concentrations over 1 µM, suggesting that it could be a low affinity zfPPAR ligand, we 

tested the activity of the compound in control cells only transfected with the luciferase 

reporter and devoid of the chimeric receptor (HG5LN cells). We observed that 15ΔPGJ2 

also induced similar luciferase expression at high concentrations in HG5LN cells (Figure 

4.9), showing that the activation observed in the cells expressing zfPPAR was not 

specific. The effect of the environmental pollutants TBBPA and TCBPA on zfPPAR-

mediated transcriptional activation was also assessed, as these halogenated BPA analogs 

are hPPAR agonists (Figure 4.10A). TBBPA and TCBPA displayed a weak agonistic  



 

94 

 

 

 

 

 

 

 

 

 

Rosiglitazone

10 - 1 0 10 - 9 10 - 8 10 - 7 10 - 6
0

1

2

3

4

5
HG5LN-hPPAR

HG5LN-zfPPAR

[ligand] M

F
o

ld
 i
n

d
u

c
ti

o
n

HG5LN

Pioglitazone

10 - 9 10 - 8 10 - 7 10 - 6 10 - 5
0

1

2

3

4

5
HG5LN-hPPAR

HG5LN-zfPPAR

HG5LN

[ligand] M

F
o

ld
 i
n

d
u

c
ti

o
n

Rosiglitazone

10 - 1 0 10 - 9 10 - 8 10 - 7 10 - 6
0

1

2

3

4

5
HG5LN-hPPAR

HG5LN-zfPPAR

[ligand] M

F
o

ld
 i
n

d
u

c
ti

o
n

HG5LN

Troziglitazone

10 - 8 10 - 7 10 - 6 10 - 5
0

1

2

3

4

5
HG5LN-hPPAR

HG5LN-zfPPAR

[ligand] M

F
o

ld
 i
n

d
u

c
ti

o
n

HG5LN

Ciglitazone

10 - 8 10 - 7 10 - 6 10 - 5
0

1

2

3

4

5
HG5LN-hPPAR

HG5LN-zfPPAR

[ligand] M

F
o

ld
 i
n

d
u

c
ti

o
n

HG5LN

Rosiglitazone

10 - 1 0 10 - 9 10 - 8 10 - 7 10 - 6
0

1

2

3

4

5
HG5LN-hPPAR

HG5LN-zfPPAR

[ligand] M

F
o

ld
 i
n

d
u

c
ti

o
n

HG5LN

A B

C D

Figure 4.8. Thiazolidinediones (TZDs) do not activate zfPPAR. Transcriptional 

activity of hPPAR and zfPPAR in response to the TZDs rosiglitazone (A), 

pioglitazone (B), troziglitazone (C) and ciglitazone (D). Results are expressed as fold 

induction over control treatment. Standard deviations from at least 2 independent 

experiments performed in quadruplicate are indicated. HG5LN-hPPAR ( ), 

HG5LN-zfPPAR ( ), HG5LN (---). 
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Figure 4.9. The putative endogenous mammalian PPAR ligand 15-deoxy-

Δ12,14
-PGJ2 do not activate zfPPAR. Transcriptional activity of hPPAR and 

zfPPAR in response to the prostaglandin derivative 15-deoxy-Δ12,14
-PGJ2 

(15ΔPGJ2). Results are expressed as fold induction over control treatment. 

Standard deviations from at least 2 independent experiments performed in 

quadruplicate are indicated. HG5LN-hPPAR ( ), HG5LN-zfPPAR ( ), HG5LN 

(---). 
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towards zfPPAR (Figure 4.10B). TBBPA was a more potent zfPPAR agonist than 

TCBPA with EC50 values of 404.4 nM and 6.4 µM, respectively. These halogenated 

flame retardants, especially TBBPA, were cytotoxic at concentrations above 1 µM which 

explains the weak efficacy of the compounds and the substantial decrease of luciferase 

activation at 3 µM (Figure 4.10A-B).  

Additionally, we found a synthetic compound that was able to activate zfPPAR, but 

displayed no agonistic activity on hPPAR (Figure 4.11). GW3965, which is a known 

high affinity ligand for the nuclear receptor LXR, is the most potent and effective 

zfPPAR ligand reported to date, displaying EC50 value of 315.8 nM and approximately 

6-fold maximal activity in the HG5LN-zfPPAR cells.  

Some of these results were published in Toxicological Sciences, 2014 – Halogenated 

bisphenol A analogs act as obesogens in zebrafish larvae (Danio rerio) - by Riu A, 

McCollum CW, Pinto CL, Grimaldi M, Hillenweck A, Perdu E, Zalko D, Bernard L, 

Laudet V, Balaguer P, Bondesson M, Gustafsson JA. 
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Figure 4.10. The halogenated bisphenol A analogs TBBPA and TCBPA are 

ligands for human and zebrafish PPAR. Transcriptional activity of hPPAR 

(A) and zfPPAR (B) in response to TBBPA, TCBPA and rosiglitazone. 

Results are expressed as fold induction over control treatment. Standard 

deviations from at least 2 independent experiments performed in quadruplicate 

are indicated. TBBPA ( ), TCBPA ( ), rosiglitazone (○). 
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Figure 4.11. The synthetic ligand GW3965 activates zfPPAR. Transcriptional 

activity of hPPAR and zfPPAR in response to the synthetic ligand GW3965. 

Results are expressed as fold induction over control treatment. Standard deviations 

from at least 2 independent experiments performed in quadruplicate are indicated. 

HG5LN-hPPAR ( ), HG5LN-zfPPAR ( ), HG5LN (---). 
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4.3 Discussion 

4.3.1 Comparison of the transcriptional profile of estrogenic ligands between human 

ERs and their zebrafish homologues 

Screening of endogenous, environmental and pharmaceutical ligands in the HELN-zfER 

cell lines showed that known mammalian ER ligands are also able to induce 

transcriptional activation of zebrafish ERs. This study allowed us to assess differences in 

the potency of the estrogenic compounds among the three zfER subtypes, and compare 

their selectivity towards the hERs using a similar cellular context in a human-derived cell 

line. The HELN-zfERs cells were incubated at 28°C after addition of chemicals to the 

cells because it is a more physiologically relevant temperature for zebrafish, which 

increased the potency of 17β-estradiol approximately 10-fold compared to incubation at 

37°C (Figure 4.1). Temperature sensitivity of fish ERs has already been reported using 

reporter gene assays (Cosnefroy et al. 2009; Matthews et al. 2002) and the reason seems 

to be thermo-dependence of estrogen binding (Matthews et al. 2002; Sumida et al. 2003; 

Tan et al. 1999). Interestingly, this thermo-dependence is not shared by other zebrafish 

nuclear receptors such as PPAR (Riu et al. 2014). 

As further discussed below, results from this study demonstrated that selectivity of some 

of the tested compounds on zfERs differs from that observed between hERα and hERβ 

orthologues. zfERα and zfERβs belong to the ERα and ERβ phylogenetic groups, 

respectively; however, aminoacid identity is only 40-50% between the zfERs and the 

hERs (Menuet et al., 2002), and one to three aminoacids differ in the ligand binding 
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domain of the zfERs compared to their human counterparts (Table 4.2), which likely 

account for the differences in selectivity and sensitivity of estrogenic ligands among 

zebrafish and human ERs.  

Endogenous estrogenic ligands  

Among the endogenous estrogens tested in the HELN-zfER cell lines, 17β-

estradiol (E2) was the compound with the highest potency towards the three zfERs, 

followed by estriol (E3), estrone (E1) and 17α-E2, as reported for hERs (Escande et al. 

2006). Likewise, a study using transiently-transfected HEK293 cells showed that E2 is 

the most potent endogenous ligand for zfERα with EC50 of 0.177 nM, very similar to the 

EC50 value of E2 for zfERα in our study (0.11 nM) (Lange et al. 2012). The zfERs were 

less sensitive to E2 than hERs, with approximately 6 and 2-fold lower transactivation 

potencies for the zfERα and zfERβ2 subtype relative to their human orthologues, 

respectively. Legler et al. also found that the hERs were more sensitive to E2 than the 

zebrafish counterparts, using transiently transfected human HEK293 embryonic kidney 

cells with the human and zebrafish ER constructs, with a 40-fold higher sensitivity for 

hERα than zfERα (Legler et al. 2002). This greater difference in sensitivity to E2 

between hERα and zfERα relative to our study could be related to different incubation 

temperatures of the cells after addition of treatments (37°C for Legler et al. vs. 28°C for 

our experiments).  

In terms of selectivity among the three zfER subtypes, E2 showed a slight higher potency 

towards zfERβ1 (approximately 3 fold) compared to the zfERα and zfERβ2 subtypes. E3, 
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E1 and 17α-E2 demonstrated equivalent and higher potencies towards zfERα and zfERβ1 

compared to zfERβ2. In stable reporter cell lines developed in a zebrafish cell context 

(ZELH-zfERs cell lines established from zebrafish liver cells) (Cosnefroy et al. 2012), 

however, the endogenous estrogens presented higher affinity for the zfERβ subtypes 

relative to zfERα, suggesting that cellular context plays a role for the selectivity profile of 

endogenous compounds towards the zfERs. 

Environmental estrogens 

Considering the environmental pollutants BPA and its analogues BPAF and BPC, 

similarly to what has been reported for the hERs, BPAF and BPC were more potent than 

BPA in activating the luciferase reporter mediated by the three zfERs, and BPC presented 

the lowest maximal activation in human and zebrafish ERs (Delfosse et al. 2012). All 

three bisphenols presented higher affinity for zfERα compared to the zfERβ subtypes, 

whereas in hERs, these bisphenols displayed similar potencies between hERα and hERβ 

(Delfosse et al. 2012). Accordingly, in the ZELH cells, BPA also showed better potency 

towards zfERα than the zfERβ receptors (Cosnefroy et al. 2012), demonstrating that, in 

zebrafish, bisphenols are more selective for ERα.  

Another interesting finding in our studies is that, for the zfERs, there is a loss of ERβ 

selectivity for some environmental estrogens. In human ERs, the ultraviolet-absorbing 

agent used in sunscreens named BP2, fully activates both ERα and ERβ, displaying better 

potency towards ERβ (Molina-Molina et al. 2008). In our study, BP2 also behaved as a 

full agonist in the three zfERs, but with similar EC50s for both zfERα and zfERβ2. Our 
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results are in the same range of what was published by Cosnefroy et al. (2012), in which 

they found, in a zebrafish cellular context (ZELH), a slight higher activity of BP2 

towards zfERα, with approximately 1.36 and 2 fold- higher potencies compared to 

zfERβ2 and β1, respectively.  

Even more profound differences were observed in the transcriptional profile of 

phytoestrogens between the human and zebrafish ERs. Indeed, genistein and daidzein, 

full agonists in both human ERs with approximately 10-fold selectivity for hERβ, showed 

preferential and equal activity towards zfERα and zfERβ2 over zfERβ1. In accordance to 

the results in the HELN-zfER cells, genistein also behaved as a full agonist in the ZELH 

cell lines, and displayed slightly higher affinity for zfERα and zfERβ2 than for zfERβ1 

(Cosnefroy et al. 2012). Similar transactivation properties by genistein were observed in 

HeLa cells transiently transfected with the zfERs and an estrogen-dependent luciferase 

reporter (Sassi-Messai et al. 2009). The inability of genistein to selectively activate the 

zfERβ isoforms is explained by a mutation in a critical amino acid involved in genistein 

binding in the ERs. In humans, the structural basis of the selectivity has been associated 

to two amino acids in the hERβ ligand binding pocket, Met 336 and Ile 373, which are 

replaced by Leu and Met in hERα, respectively (Manas et al. 2004). However, in 

zebrafish, all ERs have a Leu residue at the position homologous to Met336 in hERβ, 

which gives all zfERs more of an ERα type structure (Sassi-Messai et al. 2009), and 

could explain the lack of obvious selectivity of the phytoestrogens towards the zfERβ 

subtypes. 
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Pharmaceutical estrogens 

Among all classes of estrogenic chemicals tested, the transcriptional activity and 

selectivity of pharmaceutical estrogens displayed the most profound differences between 

the human ERs and their zebrafish counterparts. 17α-EE2 was the pharmaceutical 

compound that displayed the highest affinity towards the zfERs, with equivalent 

potencies in transactivating the three zfER subtypes. The EC50 of 17α-EE2 was 

measured in the picomolar range, in accordance to that observed in other studies 

(Cosnefroy et al. 2012; Lange et al. 2012). In human ERs, 17α-EE2 has approximately 

30-fold higher potency for transactivating ERα than ERβ (Escande et al. 2006). 

Similarly to hERs, 16α-E2, which has 1000-fold selectivity for hERα (Escande et 

al, 2006), also exhibited higher affinity for zfERα compared to the zfERβ subtypes, but to 

a lesser extent than in humans, with 80 and 360-fold higher potencies for zfERα than 

zfERβ2 and zfERβ1, respectively. However, 16α-E2 was the most selective compound 

for zfERα found in this chemical screen, and its ability to selectively activate the zfERα 

isoform is explained by the presence of conserved amino acids in the human and 

zebrafish ERα ligand binding pockets (LBP). The collaborative work with X-ray 

crystallography experts allowed us to understand the 16α-E2 selectivity for both human 

and zebrafish ERα (Figure 4.5 and Table 4.2). Met 421 residue in the hERα LBP, 

important for 16α-E2 binding, corresponds to Met 389 in the zfERα LBP, and is replaced 

by Ileu 406 and Leu 391 in zfERβ1 and zfERβ2, respectively (Pinto et al., manuscript 

under review). 
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Surprisingly, our results showed an inverse selectivity for PPT (another hERα 

selective agonist) and for human ERβ selective synthetic ligands. PPT, which specifically 

activates hERα and is unable to activate hERβ (Escande et al. 2006), was devoid of 

agonistic activity in the HELN-zfERα cells, and instead behaved as an antagonist to 

zfERα and as a partial agonist to the zfERβ subtypes. IC50 values obtained in zfERs cells 

indicated that PPT displayed preferential antagonistic activity for zfERα compared to 

zfERβ (Table 4.3). Additionally, known human ERβ selective synthetic agonists, such as 

DPN, 8β-VE2, FERB033, ERB033 and WAY200070 preferentially activated zfERα.  

A recent study reported differences in ER subtype tissue localization in the developing 

zebrafish larvae: zfERα is selectively expressed in the heart valves, zfERβ2 is robustly 

expressed in the liver, whereas zfERβ1 is not detected (Gorelick et al. 2014a). In this 

same study, treatment of a transgenic zebrafish model containing  five tandem consensus 

ERE sequences upstream of a GFP reporter (5xERE:GFP) with genistein, BPA and DPN 

preferentially induced GFP expression in the heart valves of zebrafish. PPT treatment, on 

the other hand, induced GFP labeling of only the larval liver. Our study confirms the in 

vivo findings that these compounds present opposite selectivity of what has been 

observed for the human ER subtypes. Moreover, as the selectivity of several ligands is 

not conserved between human and zebrafish ER subtypes, the determination of the 

transcriptional profile of estrogenic compounds towards the zfERs is crucial before their 

use in vivo to help elucidate distinct roles of each ER subtype in zebrafish. 
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In other teleosts, it has been shown that both E2 and DPN stimulate vitellogenin (vtg) 

production in primary cultures of rainbow trout (Oncorhynchus mykiss) hepatocytes, 

while PPT is unable to induce vtg synthesis at concentrations ranging from 10 nM to 100 

µM, even though it completely displaces radiolabeled estradiol from hepatic nuclear 

extracts obtained from these cells (Leanos-Castaneda and Van Der Kraak 2007). It is 

possible that PPT could act as an antagonist, or have very weak agonistic activity towards 

the rainbow trout ERs, which could account for its inability to induce obvious vtg 

expression in rainbow trout-derived hepatocytes. Another study reports the inefficacy of 

PPT in stimulating the expression of hepatic vtgs in adult tilapia (Oreochromis 

mossambicus) injected with PPT, whereas both E2 and DPN are able to upregulate the 

expression of these transcripts (Davis et al. 2010). In this study, however, an in vitro 

reporter assay demonstrated that PPT was able to induce transcriptional activation not 

only of tilapia ERα, but also of the ERβ subtypes, with PPT and DPN displaying similar 

EC50s towards tilapia ERα. Our findings combined with the results reported by other 

groups indicate that agonistic characteristics of some estrogenic compounds cannot be 

extrapolated from mammalian to piscine ERs. 

Anti-estrogens 

The anti-estrogens ICI 182,780, 4-OH tamoxifen and raloxifen all acted as pure 

antagonists for the three zfERs. ICI 182,780 presented slight zfERα selectivity while 4-

OH tamoxifen antagonized more efficiently zfERβ1 and zfERα than zfERβ2. In 

accordance with our results, ICI 182,780 blocked EE2-mediated transcriptional activation 

with all three isoforms of the zfERs in MDA-MB-231 cells transiently transfected with 



 

106 

 

the zfERs (Notch and Mayer 2011). Moreover, in the transgenic 5XERE:GFP zebrafish, 

treatment with either ICI 182,780 or 4-OH tamoxifen reduced the E2-induced 

fluorescence in the larval liver of the transgenic fish (Gorelick and Halpern 2011). The 

human ERα selective antagonist raloxifen antagonized more efficiently zfERβ1 than 

zfERα and zfERβ2. Thus, similarly to the selective agonists described previously, the 

selectivity between zfERs and their human orthologs for antiestrogens is not conserved. 

In conclusion, there are clear differences between the selectivity of various 

(anti)estrogens for zebrafish and human ER isoforms, establishing the fact that the 

anti(estrogenic) effects (activities or potencies) of ligands cannot be directly extrapolated 

from mammals to zebrafish. Although none of the tested compounds specifically 

activated either zebrafish or human ERs, the transcriptional differences shown in this 

study highlight the need to consider the species of origin and the ER subtype when 

assessing the estrogenic activity of chemicals.  

4.3.2 Transcriptional activity of mammalian PPAR agonists towards zfPPAR 

Whereas all human estrogenic ligands tested were able to activate the zfERs, known 

mammalian PPAR agonists failed to induce luciferase expression through zfPPAR. A 

striking difference between the transcriptional activity of zfPPAR and its human 

counterpart is the inability of the zebrafish receptor to be activated by the TZDs, which 

are high affinity mammalian PPAR activators. The lack of PPAR-induced 

transcriptional activity by TZDs has also been reported for other teleosts.  Rosiglitazone 

and other known mammalian PPAR ligands were unable to activate torafugu pufferfish 
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(Takifugu rubripes) and plaice (Pleronestes platessa) PPAR, while they slightly 

activated the sea bream (Sparus aurata) receptor, demonstrating non-conserved 

transcriptional activity of PPAR ligands between mammalian and teleost species (Kondo 

et al. 2007; Leaver et al. 2005).  On the other hand, environmental pollutants known to 

activate human PPAR, such as the flame retardants TBBPA and TCBPA, can also 

activate the zebrafish counterpart, supporting that zebrafish can potentially be used as an 

in vivo model to assess obesogenic and other effects mediated by EDCs acting through 

PPAR. Indeed, we have shown that these halogenated bisphenols can stimulate 

accumulation of lipids in zebrafish larvae and induce late onset weight gain in juvenile 

zebrafish (Riu et al. 2014).  

Amino acid residues shown to be critical for ligand binding in mammalian PPAR are not 

conserved in zfPPAR. In particular, the replacement of human PPARγ Gly284 and 

Cys285 by serine and tyrosine residues in zebrafish PPARγ ligand binding pocket 

provides a rationale for the absent or weak binding affinity of rosiglitazone and other 

TZDs for this receptor compared with that observed for the human homologue. In 

contrast, the different binding mode of the halogenated bisphenols, which interact with 

conserved serine residues in the LBP of the receptor, allows both hPPARγ and zfPPARγ 

to accommodate TBBPA and TCBPA (Riu et al. 2011a).  

Surprisingly, GW3965, a high affinity LXR agonist, was able to activate zfPPAR, while 

it displayed no agonistic activity on human PPAR. Further structural studies are needed 

to provide a rationale for GW3965 binding to zfPPAR. Moreover, as both PPAR and 
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LXR are involved in the regulation of lipid metabolism, the in vivo use of GW3965 might 

be useful to assess the consequences of simultaneous activation of lipid pathways 

mediated by both receptors in zebrafish, but with the limitation of the inability to 

distinguish specific effects caused by either nuclear receptor. 

To conclude, as the transcriptional profile of ligands may not be conserved between 

mammalian and piscine models, it is crucial to assess the transcriptional 

activity/selectivity of known mammalian nuclear receptor ligands towards their 

respective zebrafish homologues prior to their in vivo use. This is particularly relevant for 

the support of zebrafish as a model for ecotoxicological risk assessment of EDCs, and to 

correctly extrapolate findings from the zebrafish model to the mammalian system. 

 

 

 

 

 

 

 

 



 

109 

 

 

 

 

 

 

 

Chapter 5. Effects of Lxr activation on 

lipid homeostasis and visual function in 

the developing zebrafish 
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5.1 Introduction 

Liver X receptors (LXRs) belong to the nuclear receptor subfamily and are present as two 

isoforms in mammals, LXRα (NR1H3) and LXRβ (NR1H2). LXRs, by heterodimerizing 

with retinoid X receptor (RXR), function as key regulators of fatty acid, cholesterol, 

carbohydrate and energy metabolic pathways, and they also have regulatory roles in 

inflammatory responses and immunity (Jakobsson et al. 2012; Teboul et al. 1995). The 

endogenous LXR agonists are oxidized derivatives of cholesterol referred to as 

oxysterols. Synthetic ligands, such as T0901317 and GW3965, can also modulate LXR 

transcriptional activity (Gabbi et al. 2009; Jakobsson et al. 2012; Steffensen et al. 2013). 

T0901317 is also known to be a ligand for other nuclear receptors, such as farnesoid X 

receptor (FXR) and pregnane X receptor (PXR) in humans (Krasowski et al. 2011). 

During embryonic development in rodents, LXRα is expressed in the liver, yolk sac, 

small intestine and other tissues involved in lipid metabolism. LXRβ is detected in the 

embryonic liver and endocrine tissues, but is additionally expressed early on in several 

structures of the CNS, including the retina (Annicotte et al. 2004; Sakamoto et al. 2007). 

In adulthood, LXRα transcript remains high in tissues involved in metabolism, whereas 

LXRβ is ubiquitously expressed (Annicotte et al. 2004). 

In addition to their role in regulation of lipid metabolism in mammals, LXRs also have 

functions in the CNS (Wang et al. 2002). In vivo studies have shown that LXRs promote 

ventral midbrain neurogenesis and dopaminergic neuron development (Sacchetti et al. 

2009), and that they are implicated in the differentiation process of Bergmann glia and 
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migration of neurons during cerebellar development (Y Xing et al. 2010). LXRβ is also 

important for cerebral cortex lamination and neocortical neuron migration in mice (Fan et 

al. 2008). However, a potential function for LXR in the retina and other neuronal 

structures remains obscure. 

The role of Lxr has been studied in zebrafish. While there are two LXR isoforms in 

mammals, only one Lxr with higher similarity to the mammalian LXRα is present in 

zebrafish. In developing zebrafish, lxr transcripts are detected in several tissues, such as 

the liver, intestine, brain, neural retina and lens, and its expression pattern remains 

ubiquitous at the adult stage (Archer et al. 2008; Archer et al. 2012). Similarly to its role 

in mammalian systems, lxr seems to play a crucial role in the control of lipid homeostasis 

in zebrafish. Previous studies have indicated that Lxr activation with synthetic ligands 

induce the expression of genes related to cholesterol transport and lipid synthesis in the 

liver, brain and eye of adult zebrafish (Acher et al., 2008; Archer et al., 2012, Sukardi et 

al., 2012). 

With only two studies published to date (Archer et al. 2008; Archer et al. 2012), little is 

known about the role of Lxr in zebrafish during development. The expression of genes 

important for cholesterol transport and lipid synthesis has been shown to be affected in 

zebrafish embryos exposed to GW3965, and morpholino knockdown of Lxr resulted in 

impaired lipid deposition in the head and eye region of the zebrafish embryos, 

malformation of the pharyngeal skeleton and in elevated levels of cholesterol in the yolk 

of the lxr morphant (Archer et al., 2012), suggesting an important function of Lxr in 

controlling lipid homeostasis in the developing zebrafish. However, more studies are 
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needed to assess the molecular networks affected by Lxr activation in zebrafish at early 

developmental stages. 

In this chapter, we describe a developmental function of Lxr in zebrafish showing 

strong similarities to the role of LXR in mammals. We first characterized the ability of 

the synthetic human LXR ligands T0901317 and GW3965 to activate Lxr by generating a 

stable reporter cell line expressing the zebrafish Lxr ligand binding domain. We next 

performed a whole-genome microarray analysis of zebrafish larvae treated with the 

synthetic ligands to evaluate organism wide transcriptional effects induced by Lxr 

activation during zebrafish larval development. Assessment of enriched biological 

processes provided insights into the molecular pathways disturbed by Lxr activation 

during zebrafish development, and tissue enrichment analysis inferred the tissues mostly 

affected by Lxr-mediated signaling in zebrafish. We also confirmed that Lxr regulated 

similar biological processes at the juvenile stage in 1 month-old zebrafish treated with 

GW3965. Finally, important networks not previously shown to be affected by Lxr 

activation were revealed in zebrafish, and translated into mouse models. Overall, this 

study supports zebrafish as an alternative in vivo model for Lxr-related studies and 

suggests a new potential physiological role for LXR. 

5.2 Results 

5.2.1 The mammalian LXR agonists T0901317 and GW3965 activate zebrafish Lxr 

The LXR ligands T0901317 (T0) and GW3965 (GW) are potent synthetic agonists of 

mammalian LXRs (Collins et al. 2002; Schultz et al. 2000). We constructed a stable 
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zebrafish LXR (zfLXR) reporter cell line, in which the Lxr ligand binding domain was 

fused to the GAL4 DNA binding domain, and luciferase expression was driven by 

upstream UAS elements. Both T0 and GW activated zebrafish Lxr in a dose-dependent 

manner with EC50s of 39.15 nM for T0 and 58.01 nM for GW (Fig. 5.1A), in the same 

range of EC50 values published for the mammalian LXRs (Collins et al. 2002; Schultz et 

al. 2000). It is known that T0 is also a ligand for farnesoid X receptor (FXR) and 

pregnane X receptor (PXR) in humans, and for Fxr in zebrafish (Krasowski et al. 2011). 

Using our previously constructed zebrafish peroxisome proliferator gamma (zfPPAR) 

reporter cells (Riu et al. 2014), we found that GW, but not T0, activated zfPPAR-driven 

transcription (Fig. 5.1B). Considering that both T0 and GW did not specifically activate 

only Lxr, microarray analysis was performed in zebrafish larvae treated with either T0 or 

GW and the genes co-regulated by both ligands were used for subsequent biological 

functional analysis, as these genes most likely represent specific Lxr-mediated effects in 

zebrafish. 

5.2.2 LXR target genes cluster in transport and biosynthesis of lipids 

To assess the effects of Lxr activation during zebrafish early development, zebrafish 

larvae were exposed to the Lxr agonists T0 (2 µM) or GW (1 µM) for two days starting at 

4 dpf, with treatment renewal after 24 h. At 6 dpf, RNA was extracted for microarray 

analysis. The treatment protocol and the concentrations of the ligands for the microarray 

experiments were selected based on the transcriptional response of known Lxr target 

genes (abca1a, abcg1, fasn, cyp7a1) upon single or repeated exposure of zebrafish larvae 

to the Lxr ligands (Fig. 5.2A-B), and their dose-dependent activation (Fig. 5.2C-D), as 
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Figure 5.1. The mammalian LXR agonists T0901317 (T0) and GW3965  

(GW) activate zfLXR, and GW is also a ligand for zfPPAR. Transactivation 

assays performed in HG5LN cells stably transfected with chimeric GAL4-

zfPPAR LBD showing that T0 and GW activate zfLXR in vitro (A). 

Transcriptional activity of zfPPAR in response to T0 and GW (B). Results are 

presented as mean ± SD of three independent experiments.  
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assessed by RT-qPCR. The repeated two-day treatment was selected as it induced 

stronger activation of the target genes relative to the single one-day treatment (Fig. 5.2A-

B). The concentrations of 2 µM for T0 and 1 µM for GW (Fig. 5.2C-D) were chosen as 

these concentrations induced strong gene induction in the zebrafish larvae without 

morphological abnormalities or signs of toxicity.  

As represented in the hierarchical clustering of differentially expressed genes and in the 

Venn diagram (Figs. 5.3A,B), transcriptomic analysis revealed that the expression of a 

total of 170 genes was co-regulated by both Lxr ligands, whereas 142 and 245 genes were 

uniquely regulated by T0 and GW, respectively (p ≤ 0.05, absolute fold change ≥ |±1.4|). 

Out of the 170 genes with mutually regulated expression by the ligands, the expression of 

88 genes was upregulated, the expression of 63 genes was downregulated, and the 

expression of a set of 19 genes was affected in opposite directions (upregulated by T0 

and downregulated by GW). 

In order to predict the effects of Lxr-mediated gene regulation in zebrafish, the 

differentially expressed genes were mapped to their human orthologues using ZFIN, 

Ensembl zebrafish Zv9, and NCBI HomoloGene databases, followed by Gene Ontology 

(GO) enrichment analysis of the human orthologues using Pathway Studio database. 

Table 5.1 displays the biological processes enriched by genes whose expression was co- 

regulated by both Lxr ligands. The most significantly enriched biological processes were 

all involved in the metabolism and biosynthesis of lipids, including cholesterol and fatty 

acid biosynthetic processes. Transcriptomic analysis showed upregulation of expression 

of genes related to de novo fatty acid synthesis (acaca, fasn, scd) and synthesis of long- 
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Figure 5.2. Duration of exposure and dose-dependent effects on known Lxr 

target genes in zebrafish larvae treated with T0 and GW. Transcriptional 

activation of abca1a, fasn and cyp7a1 resulting from zebrafish larvae single 

exposure to 1µM of the Lxr ligands from 5 dpf to 6 dpf (A). Transcriptional effects 

resulted from zebrafish larvae exposure to 1µM of the ligands from 4 dpf to 6 dpf 

with treatment renewal at 5 dpf (B). Dose-dependent activation of Lxr target genes 

in zebrafish larvae exposed from 4 dpf to 6 dpf to concentrations ranging from 10 

nM to 2 µM of T0901317 (C) and GW3965 (D). Abbreviations: abca1a: ATP-

binding cassette, sub-family A, member 1A; abcg1: ATP-binding cassette, sub-

family G, member 1; fasn: fatty acid synthase; cyp7a1: cytochrome P450, family 7, 

subfamily A, polypeptide 1a. 
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Figure 5.3. Hierarchical clustering and Venn diagram representing 

differentially expressed genes determined by microarray analysis in zebrafish 

larvae treated with the Lxr ligands. Heat map of differentially expressed genes 

in 6 dpf zebrafish larvae exposed to T0 and GW as determined by microarray 

analysis (absolute fold change ≥ |±1.4|, FDR-adjusted p-value ≤ 0.05) (A). Venn 

diagram illustrating the number of statistically significant genes that were co-

regulated in zebrafish larvae treated with T0 and GW (B). 
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Enriched biological 

process 
Zebrafish Gene Symbol p-value 

Lipid metabolic 

process 

apoea,abca1a,abcg1, apoa4, ldlrb, abcg8, srebf1, 

abcg5, scd, acaca, lipeb, dgat2, nr1h3, pltp, insig1, 

acsl3b, acsl4a, lipg, fads2, lipin2, ch25hl1.1, echs1, 

sc5dl, sult2st1,  soat2,  lipi, acsbg2 

2.77E-27 

Lipid biosynthetic 

process 

hmgcra, srebf1, scd, acaca, fasn, dgat2, elovl2, 

cyp51, mvd, lss, hsd17b7, fads2, ch25hl1.1, msmo1, 

ebp, sc5dl 

2.79E-20 

Cholesterol 

homeostasis 

apoea,abca1a,abcg1, ldlrb, apoa4, abcg8, abcg5, 

g6pca.1, nr1h3, lipg, mylipa, soat2 
5.51E-18 

Cholesterol 

metabolic process 

apoea, abca1a, abcg1, ldlrb, apoa4, srebf1, lipeb, 

insig1, sqlea, ch25hl1.1, ebp, soat2 
2.10E-16 

Cholesterol 

biosynthetic process 

hmgcra, insig1, cyp51, mvd, sqlea, lss, hsd17b7, 

msmo1, ebp, scd5l 
4.33E-16 

Sterol biosynthetic 

process 

hmgcra, insig1, cyp51, mvd, sqlea, ch25hl1.1, 

msmo1, ebp, scd5l 
1.28E-15 

Response to nutrient 
bcl2, hmgcra, abca1a, abcg8, abcg5, aglb, acsl3b, 

acsl4a, mgp, a2ml, lipg, slc6a19a, soat2 
3.68E-15 

Cholesterol efflux 
apoea, abca1a, abcg1, apoa4, abcg8, abcg5, abcg4, 

soat2 
5.79E-14 

Steroid biosynthetic 

process 

hmgcra, prlra, cyp51, mvd, lss, hsd17b7, ch25hl1.1, 

msmo1, ebp, scd5l 
8.07E-13 

Metabolic process 

abca1a, abcg1, prkg1a, atp1a1a.2, ca4c, aanat2, 

abcg5, scd, acaca, g6pca.1, lipeb, fasn, insig1, ids, 

cox6a2, acsl3b, acsl4a, zgc:101000, hsd17b7, fads2, 

sqlea, mylipa, abcd3a, cdc42bpa, ch25hl1.1, msmo1, 

ebp, atp6v1e1b, echs1, pank1a, grhprb, dera, ggctb, 

acsbg2, agxt2l1 

1.02E-12 

Fatty acid 

biosynthetic process 

scd, acaca, fasn, nr1h3, elovl2, acsl3b, fads2, 

ch25hl1.1, msmo1, scd5l 
1.30E-12 

Table 5.1. Top ranked biological processes enriched by genes co-regulated by T0 

and GW in zebrafish larvae exposed to the ligands from 4 to 6 dpf. 

 

 

Bold and italicized indicates significantly upregulated genes, while downregulated genes are only 

italicized. Underlined indicates genes upregulated by T0 and downregulated by GW. 



 

119 

 

chain polyunsaturated fatty acids (fads2 and elovl2) in zebrafish larvae treated with the 

Lxr ligands, further confirmed by RT-qPCR (Fig. 5.4 and Fig. 5.5). Indeed, the most 

strongly induced gene by both T0 and GW was fads2, a fatty acyl desaturase, with 

absolute fold-changes of 10.4 and 8.5, respectively (Tables 5.2 and 5.3). Additionally, 

elovl2 (elongation of very long chain fatty acids-like 2) was among the top ten induced 

transcripts by both ligands (Tables 5.2 and 5.3). Expression of srebf1 (sterol regulatory 

element binding transcription factor 1), a transcription factor that activates genes 

involved in the synthesis of fatty acids and their incorporation into triglycerides and 

phospholipids was also significantly induced in zebrafish exposed to the Lxr ligands (Fig. 

5.4). Microarray analysis also revealed that the expression of several genes that encode 

enzymes important for cholesterol biosynthesis was significantly induced by both Lxr 

ligands in zebrafish, and included hmgcra (3-hydroxy-3-methylglutaryl-Coenzyme A 

reductase a), the rate limiting step in cholesterologenesis, and eight other key enzymes of 

the cholesterol biosynthetic pathway (Table 5.1 and Figure 5.6), out of which, six were 

selected for RT-qPCR confirmation (Fig. 5.7). The well-known mammalian Lxr-

regulated processes cholesterol homeostasis and efflux were also enriched in the 

functional analysis. The expression of ATP-binding cassette (ABC) transporters abca1a, 

abcg1, abcg5 and abcg8, all classical LXR target genes and involved in cholesterol 

reverse transport, were induced in zebrafish larvae exposed to the ligands (Fig. 5.8). In 

order to obtain insights into the transcriptional regulators mediating the gene expression 

changes observed in zebrafish treated with T0 and GW, enriched sub-network analysis 

was performed with the set of genes affected by both ligands. As expected, Lxr was the 

major transcriptional regulator estimated to be responsible for the gene expression profile  
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Figure 5.4. RT-qPCR validation of selected genes involved in fatty acid 

biosynthesis and comparison with microarray data. qPCR results are 

presented as mean ± standard deviation (n=3 pools of 30 larvae each), expression 

levels were normalized to β-actin (bac2) and statistical significance was 

determined using unpaired two-tailed Student’s t-test compared to the control 

treatment (*p<0.5,**p<0.01,***p<0.001,****p<0.0001). Black bars represent 

microarray results and white bars RT-qPCR results. Abbreviations: srebf1: 

sterol-regulatory element binding transcription factor 1; acaca: acetyl-Coenzyme 

A carboxylase alpha; fasn: fatty acid synthase; fads2: fatty acid desaturase 2; 

elovl2: elongation of very long chain fatty acids (FEN1/Elo2, SUR4/Elo3, 

yeast)-like 2. 
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Figure 5.5. Schematic representation of the fatty acid (FA) biosynthetic pathway 

with genes that were upregulated by T0 and GW in zebrafish larvae.  Genes that 

encode enzymes associated with the synthesis of FAs de novo (A) and long-chain 

polyunsaturated FAs (B) were upregulated by the ligands as indicated by the red 

arrows. fads2 has dual Δ
5
- and Δ

6
-desaturase activity in zebrafish (Monroig et al. 

2009). 
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Table 5.2. Top 10 upregulated transcripts in zebrafish larvae exposed to T0. 

Gene Symbol Fold change Adj. p-value Systematic Name 

fads2 10.41 5.86E-09 NM_131645 

pltp 8.79 8.24E-07 NM_001003519 

fabp11b 5.88 4.53E-06 NM_001020558 

proca1 4.60 2.21E-08 ENSDART00000101918 

soat2 4.45 5.89E-07 NM_001111180 

elovl2 3.82 6.15E-07 NM_001040362 

ved (tentative annotation) 3.46 2.03E-07 BC091931 

crygs2 3.37 2.23E-06 NM_001012262 

si:ch211-81a5.8 3.36 9.93E-06 NM_001044935 

eepd1 3.36 1.17E-07 NM_205759 

Table  5.3. Top 10 upregulated transcripts in zebrafish larvae exposed to GW. 

Gene Symbol Fold change Adj. p-value Systematic Name 

fads2 8.55 6.70E-09 NM_131645 

pltp 6.71 2.25E-06 NM_001003519 

proca1 3.83 4.26E-08 ENSDART00000101918 

lipg 3.02 1.00E-05 NM_200128 

ved (tentative annotation) 2.99 3.73E-07 BC091931 

eepd1 2.94 1.89E-07 NM_205759 

fabp11b 2.82 3.79E-04 NM_001020558 

elovl2 2.75 5.39E-06 NM_001040362 

mylipa 2.70 1.55E-05 NM_199983 

si:ch73-131e21.5 2.67 3.29E-06 BC122309 
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Figure 5.6. Schematic representation of cholesterol biosynthetic pathway 

indicating genes upregulated by T0 and GW in zebrafish larvae. Several genes 

that encode enzymes associated with cholesterol biosynthesis were significantly 

upregulated by the Lxr ligands as indicated by the red arrows. Green arrows represents 

genes only significantly upregulated by T0 (Fold change ≥1.4; FDR≤ 0.05). 
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Figure 5.7. RT-qPCR validation of selected genes involved in cholesterol 

biosynthesis and comparison with microarray data. RT-qPCR results are 

presented as mean ± standard deviation (n=3 pools of 30 larvae each), expression 

levels were normalized to β-actin (bac2) and statistical significance was 

determined using unpaired two-tailed Student’s t-test compared to the control 

treatment (*p<0.5, **p<0.01, ***p<0.001, ****p<0.0001). Black bars represent 

microarray results and white bars RT-qPCR results. Abbreviations: hmgcra: 3-

hydroxy-3-methylglutaryl-Coenzyme A reductase a; cyp51: cytochrome P450, 

family 51; mvd: mevalonate (diphospho) decarboxylase b; msmo1: methylsterol 

monooxygenase 1; sc5dl: sterol-C5-desaturase; sqlea: squalene epoxidase a. 

 



 

125 

 

 

  

 

 

 

 

Microarray RT-qPCR

abca1a

Treatments

F
o

ld
 c

h
a

n
g

e

re
la

ti
v
e
 t

o
 c

o
n

tr
o

l

TO GW
0

1

2

3

4

**** ****
**

*

abcg1

TO GW
0

1

2

3

4

*** ***

*
*

abcg5

TO GW
0

1

2

3

4

5

6

****
****

***
*

abcg8

TO GW
0

1

2

3

4

5

*** ***

*
*

Figure 5.8. RT-qPCR validation of selected genes associated with cholesterol 

efflux and comparison with microarray data. RT-qPCR results are presented as 

mean ± standard deviation (n=3 pools of 30 larvae each), expression levels were 

normalized to β-actin (bac2) and statistical significance was determined using 

unpaired two-tailed Student’s t-test compared to the control treatment (*p<0.5,  

**p<0.01, ***p<0.001, ****p<0.0001). Black bars represent microarray results 

and white bars RT-qPCR results. Abbreviations: abca1a: ATP-binding cassette, 

sub-family A (ABC1), member 1A; abcg1: ATP-binding cassette, sub-family G, 

member 1; abcg5: ATP-binding cassette, sub-family G, member 5; abcg8: ATP-

binding cassette, sub-family G, member 8. 
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resulting from exposure to the ligands (Table 5.4). Additionally, Srebf1 was among the 

top enriched transcriptional regulators, possibly reflecting that some of the downstream 

effects of Lxr activation in zebrafish are mediated through increased expression of srebf1. 

The graphic representation of genes that are known mammalian expression targets of 

LXR (e.g. the ABC transporters abca1, abcg1/5/8) that were co-regulated by T0 and GW 

in zebrafish is shown in Figure 5.9.  

5.2.3 The expression of genes associated with visual perception is affected in 

zebrafish larvae exposed to the Lxr ligands 

Next, we analyzed the biological functions clustered from the whole set of genes whose 

expression was regulated by T0 or GW treatment, and as seen in tables 5.5 and 5.6, the 

enriched biological processes included several lipid molecular clusters. Interestingly, GO 

enrichment analysis also predicted visual perception as a significantly affected category 

in zebrafish larvae exposed to either Lxr ligand. Among the visual perception genes 

whose expression was regulated by T0 and GW, the microarray results predicted that a 

subset of 5 genes (rx2, guca1d, guca1g, ca15c, crygs2) was co-regulated by both ligands, 

while the expression of 8 genes (rcvrna, rgs9, cnga3a, cngb3, crygs3, grk7a, impg2, 

cx35b) was predicted to be altered by T0 only, and 10 genes (col11a1a, guca1a, guca1b, 

slc24a2, ush1g, pde6h, crygm2a, crygm2d16, crygm2e, crygm3) were predicted to be 

affected by GW only (Fig. 5.10A).  

For subsequent RT-qPCR confirmation of genes associated with the visual perception 

process, we selected genes that the microarray indicated had regulated expression by both  
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Regulator

Number 

regulated 

genes

Zf Gene Symbol p-value

LXR 21

bcl2, hmgcra, apoea, abca1a, abcg1, apoa4, ldlrb, 

abcg8, srebf1, abcg5, scd, acaca, g6pca.1, fasn, pdk4, 

nr1h3, pltp, insig1, lipg, sult2st1, abcg4

2.45E-17

PPARα 23

bcl2, hmgcra, abca1a, apoa4, pdzk1, ldlrb, srebf1, 

scd, acaca, g6pca.1, fasn, pdk4, dgat2, nr1h3, pltp, 

insig1, a2ml, fads2, msmo1, echs1, sult2st1, grhprb, 

abcg4

1.55E-14

SREBF1 16

hmgcra, abca1a, ldlrb, srebf1, scd, acaca, g6pca.1, 

lipe, fasn, pltp, insig1, cyp51a1, lipg, hsd17b7, fads2, 

stard4

1.52E-13

NR1H4 (FXR) 15
hmgcra, apoea, abca1a, abcg1, apoa4, ldlrb, abcg8, 

srebf1, abcg5, scd, acaca, pdk4, nr1h3, pltp, cyp51a1
2.63E-12

PPARδ 15
bcl2, hmgcra, apoea, abca1a, abcg8, srebf1, abcg5, 

acaca, lipeb, fasn, pdk4, insig1, acsl3b, lipg, sult2st1
2.86E-12

NR0B2 (SHP) 12
hmgcra, abca1a, abcg1, abcg8, abcg5, scd, acaca, 

g6pca.1, lipeb, pdk4, pltp, cyp51a1
7.53E-11

SREBF2 10
hmgcra, abca1a, ldlrb, srebf1, scd, nr1h3, cyp51a1, 

hsd17b7, ebp, stard4
4.01E-10

PGC-1α 12
bcl2, apoa4, ldlrb, si:dkey-206m15.8, srebf1, scd, 

acaca, g6pca.1, fasn, pdk4, nr1h3, inha
1.85E-08

Table 5.4. Enrichment of transcriptional regulators associated with the 

modulation of the expression of genes co-regulated by T0 and GW in zebrafish 

larvae. 
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Figure 5.9. Graphic representation of known mammalian expression targets 

of LXR that were regulated in zebrafish larvae exposed to T0 and GW. 

Colors reflect direction of expression change of genes according to microarray 

results (red: upregulation, green: downregulation). Blue arrows indicate known 

expression relationship between LXR and its expression targets. Arrows with a 

“+” in a circle indicate a positive relation. Dead-head arrows (–|) indicate a 

negative relation. Oval shapes represent protein, circle on tripod platform – 

transcription factor; ice cream cone – receptor. 
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Biological process p-value GO ID

Lipid metabolic process 7.06E-32 6629

Lipid biosynthetic process 2.66E-22 8610

Cholesterol homeostasis 3.38E-20 42632

Cholesterol metabolic process 8.48E-20 8203

Steroid metabolic process 1.64E-15 8202

Response to nutrient 9.79E-15 7584

Metabolic process 7.51E-13 8152

Transport 3.55E-12 6810

Cholesterol efflux 4.51E-12 33344

Lipid homeostasis 3.97E-11 55088

Response to drug 3.24E-10 42493

Triglyceride biosynthetic process 2.63E-09 19432

High-density lipoprotein particle remodeling 2.77E-08 34375

Long-chain fatty-acyl-CoA biosynthetic process 7.78E-08 35338

Lipoprotein metabolic process 1.35E-07 42157

Visual perception 2.80E-07 7601

Oxidation-reduction process 4.51E-07 55114

Positive regulation of fatty acid biosynthetic process 7.44E-07 45723

Negative regulation of macrophage derived foam cell 

differentiation 1.49E-06 10745

Phospholipid efflux 1.49E-06 33700

Aging 2.19E-06 7568

Lipoprotein catabolic process 2.48E-06 42159

Negative regulation of cholesterol storage 4.94E-06 10887

Transmembrane transport 6.46E-06 55085

Response to cAMP 7.76E-06 51591

Blood coagulation 1.24E-05 7596

Leukocyte migration 1.26E-05 50900

Response to lipid 2.10E-05 33993

Peptidyl-glutamic acid carboxylation 3.98E-05 17187

Negative regulation of endopeptidase activity 9.56E-05 10951

Lipid catabolic process 9.98E-05 16042

 REVIGO was used to summarize the list of enriched GO terms obtained after functional analysis of the 

whole set of differentially expressed genes. GO terms with p-value <0.0001 and SimRel semantic medium 

(0.7) similarity were used for REVIGO clustering analysis.  

 

 

 

 

 

 

 

 

 

 

 

 

Table 5.5. Enriched biological processes obtained from the whole set of 

differentially expressed genes in zebrafish larvae exposed to T0. 
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Biological process p-value GO ID

Lipid metabolic process 7.29E-21 6629

Lipid biosynthetic process 3.06E-15 8610

Response to nutrient 7.22E-15 7584

Cholesterol homeostasis 3.36E-14 42632

Sterol biosynthetic process 8.73E-13 16126

Metabolic process 1.42E-12 8152

Triglyceride biosynthetic process 5.52E-12 19432

Cholesterol efflux 1.88E-11 33344

Response to drug 1.63E-10 42493

Long-chain fatty-acyl-CoA biosynthetic process 3.04E-09 35338

Steroid metabolic process 2.86E-08 8202

Transport 3.66E-08 6810

Lung development 3.80E-07 30324

ATP catabolic process 3.95E-07 6200

Lipid homeostasis 4.39E-07 55088

Muscle contraction 5.35E-07 6936

Ossification 1.64E-06 1503

Oxidation-reduction process 1.96E-06 55114

Phospholipid efflux 3.02E-06 33700

High-density lipoprotein particle remodeling 4.10E-06 34375

Lipoprotein metabolic process 7.62E-06 42157

Negative regulation of cholesterol storage 8.43E-06 10887

Negative regulation of inflammatory response 2.04E-05 50728

Glycogen catabolic process 2.11E-05 5980

Aging 6.77E-05 7568

Visual perception 6.99E-05 7601

Transmembrane transport 7.03E-05 55085

Response to organic cyclic compound 7.97E-05 14070

Cellular calcium ion homeostasis 8.25E-05 6874

Positive regulation of protein catabolic process 8.58E-05 45732

Ventricular cardiac muscle tissue morphogenesis 8.58E-05 55010

 REVIGO was used to summarize the list of enriched GO terms obtained after functional analysis of the 

whole set of differentially expressed genes. GO terms with p-value <0.0001 and SimRel semantic medium 

(0.7) similarity were used for REVIGO clustering analysis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5.6. Enriched biological processes obtained from the whole set of 

differentially expressed genes in zebrafish larvae exposed to GW. 
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T0 and GW and by each ligand alone (Fig. 5.10B). The expression of the zebrafish retinal 

homeobox gene 2 (rx2), which has a critical role in eye development, was downregulated 

in zebrafish larvae exposed to both Lxr ligands. Several genes expressed in zebrafish 

photoreceptors and directly involved in phototransduction were repressed by treatment 

with the Lxr ligands, such as the photoreceptor guanylate cyclase activators guca1d and 

guca1g (Fig. 5.10B). The expression of all visual perception genes selected for RT-qPCR 

confirmation that were only significantly regulated by one Lxr ligand in the microarray, 

such as grk7a, rgs9a or guca1b in T0 or GW-treated larvae, respectively, were 

significantly regulated by the other ligand based on RT-qPCR analyses (Fig. 5.10B), 

likely reflecting the fact that microarray analysis generally does not identify the complete 

set of genes regulated by a certain ligand (Katchy et al. 2014). 

Besides retinal genes, the microarray analysis showed that the expression of several 

crystallins, major structural proteins of the lens, was regulated by the Lxr ligands (Fig. 

5.10A). Crystallin gamma S2 (crygs2) expression was induced by both T0 and GW (Fig. 

5.10 A-B), crystallin gamma S3 (crygs3) expression was upregulated by T0, while the 

expression of several gamma M crystallins (crygm2a, crygm2d16, crygm2e, crygm3) 

which are restricted to aquatic vertebrates, were repressed by GW (Fig. 5.10A). 
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Figure 5.10. Lxr ligands regulate the expression of genes associated with 

visual perception in zebrafish larvae. Venn overlap illustrating visual 

perception genes regulated by T0 and GW in 6 dpf zebrafish larvae (A) 

Microarray results and RT-qPCR confirmation of select genes (rx2, guca1d, 

guca1g, guca1b, grk7a, rgs9a, crygs2) involved in visual function regulated by 

the LXR ligands (B). RT-qPCR results are presented as mean ± standard 

deviation (n=3-4 pools of 30 larvae each) and statistical significance was 

determined using unpaired two-tailed Student’s t-test compared to the control 

treatment (*p<0.5, **p<0.01, ***p<0.001, ****p<0.0001). Expression levels 

were normalized to β-actin (bac2). Black bars represent microarray results and 

white bars RT-qPCR results. Upregulated genes in panel A are displayed in red; 

downregulated genes are in green. † indicates that the human orthologue of 

crygs2 has not been annotated in visual perception GO category. Underlined 

genes indicate lens gamma crystallins restricted to aquatic vertebrates. 

Abbreviations: rcvrna: recoverin a; rgs9a: regulator of G-protein signaling 9a; 

cnga3a: cyclic nucleotide gated channel alpha 3a; cngb3: cyclic nucleotide gated 

channel beta 3; crygs3: crystallin, gamma S3; grk7a: G-protein-coupled receptor 

kinase 7a; impg2: interphotoreceptor matrix proteoglycan 2b; cx35b: connexin 

35b; rx2: retinal homeobox gene 2; guca1d: guanylate cyclase activator 1d; 

guca1g: guanylate cyclase activator 1g; ca15c: carbonic anhydrase XV c; crygs2: 

crystallin, gamma S2; col11a1a: collagen, type XI, alpha 1a; guca1a: guanylate 

cyclase activator 1a; guca1b: guanylate cyclase activator 1b; slc24a2: solute 

carrier family 24 (sodium/potassium/calcium exchanger), member 2; ush1g: 

Usher syndrome 1G (autosomal recessive); pde6h: phosphodiesterase 6H, cGMP-

specific, cone, gamma; crygm2a: crystallin, gamma M2a; crygm2d16: crystallin, 

gamma M2d16; crygm2e: crystallin, gamma M2e; crygm3: crystallin, gamma M3.  
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5.2.4 Lxr activation regulates genes expressed in the liver, yolk syncytial layer and 

eye of zebrafish 

An advantage of using whole zebrafish embryos for transcriptomic analysis is that the 

tissues that are mostly affected by a treatment can be mapped. The genes with co-

regulated expression by T0 and GW were uploaded to the NIH DAVID Bioinformatic 

Resources database (Huang da et al. 2009a, b), followed by tissue enrichment analysis 

using the ZFIN_Anatomy functional category, which is based on published tissue-

specific gene expression information from ZFIN database. Out of the 170 genes co-

regulated by T0 and GW, 122 genes were mapped to their respective DAVID IDs, and a 

total of 43 genes were enriched in the ZFIN_Anatomy functional category. Enriched 

tissues with p<0.05 and with a minimum of 5 enriched genes are shown in table 5.7. The 

liver, yolk syncytial layer (YSL) and eye/retina were predicted to be significantly 

affected tissues in the exposed zebrafish (Fig. 5.11 and Table 5.7). This tissue enrichment 

is in accordance with the GO clustering, showing that the expression of genes involved in 

lipid metabolism and visual perception were strongly regulated by the Lxr ligands. 

5.2.5 Increased lipid uptake from the yolk in zebrafish exposed to Lxr ligands  

During the first days of development, zebrafish relies entirely on its yolk sac for the 

nutrients needed to sustain normal growth, such as triacylglycerol, cholesterol and 

essential fat-soluble vitamins. The YSL transports nutrients from the yolk to the 

developing embryo and several genes coding for enzymes involved in early metabolism  



 

135 

 

  

N
u

m
b

e
r 

g
e
n

e
s

0

5

10

15

20

Figure 5.11. Enrichment analysis of tissues mostly affected in zebrafish 

larvae exposed to T0 and GW. Tissue enrichment analysis was performed with 

the set of co-regulated genes by T0 and GW. Enriched tissues with p< 0.05 and 

with a minimum of 5 enriched genes are represented (YSL = yolk syncytial 

layer). 
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Tissue 

Number 

genes Zf Gene Symbol p-value 

Liver 18 

dera, hmgcra, sbds, ada, agxt2l1, elovl2, 

echs1, fabp7a, fads2, g6pca.1, 

LOC100150197, insig1, nr1h3, serpina7, scd, 

sult2st1, cluha, grhprb 

9.60E-06 

Retina 14 

arl13a, acsbg2, fabp11b, fabp7a, fads2, 

ggctb, guca1d, guca1g, aanat2, mgp, mylipa, 

pank1a, pank1b, cluha 

2.80E-02 

YSL 13 

acsl4a, agxt2l1, apoea, elovl2, echs1, fads2, 

g6pca.1, insig1, sult2st1, zgc:101000, 

zgc:112992, eepd1, grhprb 

3.10E-05 

Eye 11 
bcl2, acsl4a, elovl2, fabp11b, fabp7a, fads2, 

gnrh2, rx2, insig1, nr1h3, cluha 
1.10E-02 

Ovary 7 
bcl2, elovl2, fabp11b, fads2, gnrh2, nr1h3, 

inha 
1.80E-03 

Gill 6 atp1a1a.2, ada, elovl2, fads2, gnrh2, nr1h3 7.40E-03 

Testis 5 elovl2, fads2, gnrh2, nr1h3, inha 1.00E-02 

Intestinal 

bulb 
5 ada, agxt2l1, echs1, sult2st1, cluha 1.30E-02 

Head 5 cyp51, elovl2, fads2, msmo1, nr1h3 1.40E-02 

Kidney 5 bcl2, ada, elovl2, fads2, nr1h3  1.80E-02 

    

Table 5.7. Enrichment analysis of zebrafish tissues most affected by treatment with T0 

and GW (ZFIN_Anatomy NIH DAVID Functional Annotation) 

 (YSL = Yolk Syncytial Layer) 
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and nutrient-related functions are expressed within the YSL (Carvalho and Heisenberg 

2010). Considering that lipid metabolism is a major biological process regulated by Lxrin 

zebrafish, the yolk is a lipid-rich tissue crucial for early development and that we 

observed that the expression of several genes regulated by the Lxr ligands in the 

microarray were expressed in the YSL, we assessed whether any changes in lipid staining 

of the yolk were the YSL, we then assessed whether any changes in lipid staining of the 

yolk were observed between the treatment and control groups using Oil Red O (ORO) 

staining of zebrafish larvae treated with T0 and GW (Fig. 5.12). Each larva was scored 

for intensity in ORO staining ranging from no staining (-), meaning that all yolk was 

consumed, to strong staining (++), which meant a very low yolk consumption by the 

zebrafish larvae (Fig. 5.12A-B). We observed that the yolk sac region of the treated 

groups had less ORO staining in comparison to the control larvae (Figs. 5.12 C-E), 

suggesting that exposure to the ligands promoted higher lipid mobilization from the yolk 

to the developing larvae. Thus, Lxr may play a role in inducing lipid uptake from the yolk 

during zebrafish development. 

5.2.6 Treatment with Lxr ligands affects zebrafish eye development 

As visual perception was an enriched functional category in zebrafish larvae exposed to 

T0 and GW, and tissue enrichment analysis predicted the zebrafish eye to be affected by 

exposure to the Lxr ligands, we assessed whether treatment with the compounds induced 

morphological changes in the developing zebrafish eye. In order to investigate possible 

morphological changes in the eye upon treatment with Lxr ligands, zebrafish embryos 

were treated with 2 µM T0 and 1 µM GW from 6 hpf to 4 dpf with daily treatment  
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Figure 5.12. ORO staining of 6 dpf zebrafish larvae treated with T0 and GW. 

Zebrafish larvae were scored for Oil Red O (ORO) staining in the yolk region from 

no staining (-), moderate (+) to strong staining (++) (A). Percentage of zebrafish 

larvae exposed from 4 dpf to 6 dpf to 2 µM T0 or 1 µM GW compared to 0.1% 

DMSO (vehicle), presenting different staining intensities in the yolk (n=150 larvae 

for DMSO, n=148 for T0 and n=150 for GW) (B). Representative ORO-stained 6 

dpf zebrafish larvae after exposure to 0.1% DMSO (C), 2 µM T0 (D) and 1 µM GW 

(E). 
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Fig. 5.13. Exposure to the Lxr ligands affects zebrafish eye development. 

Morphological alterations in the lenticular epithelium and outer plexiform and 

photoreceptor layers of the retina were observed after treatment of developing 

zebrafish with T0 and GW. Zebrafish embryos were treated with 2 µM T0 and 1 µM 

GW from 6 hpf to 4 dpf, embedded in plastic, sectioned and stained with hematoxylin 

& eosin.  
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renewal, and eye sections were stained with hematoxylin and eosin (H&E) (Fig. 5.13). 

We observed that treatment with the Lxr ligands induced phenotypic abnormalities in the 

developing zebrafish eye compared to control, including irregularities in the lens 

epithelium, and in the outer plexiform and photoreceptor layers of the retina (Figs. 

5.13A-C). 

5.2.7 GW induces genes involved in fatty acid synthesis and visual perception, but 

not cholesterogenesis, in juvenile zebrafish 

Zebrafish reach the adult stage at 3 months. In order to assess if Lxr also regulates the 

expression of genes associated with lipid biosynthesis and visual perception at other 

stages during zebrafish development, we exposed 1 month old juvenile zebrafish daily to 

1 µM GW for 4 days, and assessed by RT-qPCR whether the treatment induced 

expression changes in genes related to the major biological processes described to be 

affected in zebrafish larvae at 6 dpf. Similarly to the results observed in zebrafish larvae, 

the expression of several genes important for the fatty acid biosynthetic process, such as 

srebf1, fasn, fads2, scd and elovl2 were upregulated in the treated fish (Fig. 5.14). On the 

contrary, the expression of genes that are involved in cholesterogenesis was not affected 

by treatment with the Lxr ligand in juvenile fish (Fig. 5.15). 

Moreover, the expression of the genes involved in visual perception that was affected in 

the 6 dpf larvae and confirmed by RT-qPCR (rx2, guca1d, guca1g, guca1b, grk7a, rgs9, 

crygs2) was affected similarly in the juvenile fish treated with 1 µM GW, demonstrating 

that exposure to Lxr ligands also target the eye and genes important for visual perception  
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Figure 5.14. Regulation of genes involved in fatty acid biosynthesis in juvenile 

zebrafish treated with GW. 1 month old juvenile zebrafish were treated with 1 

µM GW or 0.1% DMSO daily for 4 days, and the mRNA content of the genes 

related to fatty acid synthesis srebf1, fasn, scd, fads2 and elovl2 was assessed by 

RT-qPCR. Expression levels were normalized to β-actin (bac2) and each 

individual value is presented with the mean indicated by a line; DMSO (solid 

circles), n= 9 and GW (solid squares), n=8. Statistical analysis was performed with 

unpaired two-tailed Student’s t-test.  
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Figure 5.15. Regulation of genes involved in cholesterol biosynthesis in 

juvenile zebrafish treated with GW. 1 month old juvenile zebrafish were 

treated with 1 µM GW or 0.1% DMSO daily for 4 days, and the mRNA 

content of the genes related to cholesterol biosynthesis srebf2, hmgcra, 

cyp51, msmo1 and sqlea was assessed by RT-qPCR. Expression levels 

were normalized to β-actin (bac2) and each individual value is presented 

with the mean indicated by a line; DMSO (solid circles), n= 9 and GW 

(solid squares), n=8. Statistical analysis was performed with unpaired two-

tailed Student’s t-test.  

 



 

143 

 

 

 

 

  

 

 

 

DMSO GW

0.0

0.5

1.0

1.5

2.0 rx2

p<0.0001

R
e
la

ti
v
e
 m

R
N

A
 l

e
v
e
l

DMSO GW

0.0

0.5

1.0

1.5 guca1d

p=0.0175

DMSO GW

0.0

0.5

1.0

1.5

2.0 guca1g

p<0.0001

DMSO GW

0.0

0.5

1.0

1.5 guca1b

p<0.0001

DMSO GW

0.0

0.5

1.0

1.5 rgs9a

p=0.0083

DMSO GW

0.0

0.5

1.0

1.5 grk7a

p<0.0001

DMSO GW

0

2

4

6

8 crygs2

p=0.0694

Figure 5.16. Regulation of genes involved in visual perception in juvenile 

zebrafish treated with GW. 1 month old juvenile zf were treated with 1 µM GW or 

0.1% DMSO daily for 4 days, and the mRNA content of genes related to visual 

perception rx2, guca1d, guca1g, guca1b, grk7a, rgs9a and crygs2 was assessed by 

RT-qPCR. Expression levels were normalized to β-actin (bac2) and each individual 

value is presented with the mean indicated by a line; DMSO (solid circles), n=9 and 

GW (solid squares), n=8. Statistical analysis was performed with unpaired two-tailed 

Student’s t-test.  
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at later developmental stages in zebrafish (Fig. 5.16). 

5.2.8 Retinal homeobox putative downstream genes are downregulated in juvenile 

zebrafish exposed to GW 

As previously shown, expression of retinal homeobox gene 2 (rx2) was affected by 

treatment with T0 and GW at both larval and juvenile stages in zebrafish. Retinal 

homeobox gene products have been shown to bind to a conserved sequence element 

known as Photoreceptor Conserved Element 1 (PCE-1 or Ret-1), found in the promoters 

of several genes expressed in photoreceptors, including rhodopsin (rho), red cone opsin, 

rod arrestin (sagb), and interphotoreceptor retinoid-binding protein (irbp) genes (Kimura 

et al. 2000; Pan et al. 2010). Since rx2 was downregulated by treatment with the Lxr 

agonists in zebrafish, it was expected that the expression levels of genes under the control 

of PCE-1 regulatory regions would be similarly repressed. As shown in Fig. 5.17, the 

expression of the genes rho, sagb and irbp was also significantly downregulated by GW 

treatment in juvenile zebrafish. 

5.2.9 Repressed expression of rx and its downstream genes in the eye of LXR-null 

mice  

As retinal homeobox has also been shown to be essential for mammalian eye 

development and it is expressed in the neural retina of adult rodents (Kimura et al. 2000), 

the expression of the mammalian rx2 orthologue Rx and its putative downstream genes 

were assessed in LXR-knockout mice. The RNA from the eyeballs of 3-month old male  
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Figure 5.17. Putative retinal homeobox (rx) downstream genes are 

downregulated in juvenile zebrafish treated with GW. 1 month old juvenile zf 

were treated with 1 µM GW or 0.1% DMSO daily for 4 days, and the mRNA level of 

genes containing the PCE-1 conserved element (rho, irbp, sagb) was assessed by RT-

qPCR. Expression levels were normalized to β-actin (bac2) and each individual value 

is presented with the mean indicated by a line; DMSO (solid circles), n= 9 and GW 

(solid squares), n=8. Statistical analysis was performed with unpaired two-tailed 

Student’s t-test.  
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and 19-month old female wild-type (wt), LXRα-/- (ako), LXRβ-/- (bko) and LXRαβ-/- 

(doko) knockout mice were used for RT-qPCR analyses. A reduced trend in the 

expression of Rx was observed in the eyeball of 3-month old LXR knockout mice, but the 

changes were not statistically significant (ANOVA, p = 0.0798) (Fig. 5.18 A). However, 

Rx was significantly repressed in the eye of 19-month old LXRβ-/- and LXRαβ-/- mice 

(ANOVA, p < 0.05, followed by Dunnet’s posthoc test) (Fig. 5.18 B). Decreased 

expression levels of Irbp and Rho were also clearly observed in the 19 month-old mice, 

and more pronounced in the LXRαβ-/- mice, but the results did not reach statistical 

significance (ANOVA, p = 0.0518 for Irbp and p = 0.1177 for Rho) (Fig. 5.19). 

Overall, similarly as in the developing zebrafish, these results suggest that LXR signaling 

is also involved in a network that modulates expression of retinal homeobox and its 

downstream genes in the neural retina of mice.  
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Figure 5.18. Rx mRNA levels in 3-month and 19-month old wild-type (wt), 

LXRα-/- (ako), LXRβ-/- (bko) and LXRαβ-/- (doko) mice. Rx mRNA levels 

tended to be reduced in the 3-month old male knockout mice eye compared to wt, 

but differences were not statistically significant (ANOVA, p = 0.0798) (n= 4-5 

animals/group) (A). Rx mRNA levels is significantly reduced in the eye of 19 

month-old female LXRβ-/- (bko) and LXRαβ-/- (doko) mice (ANOVA followed 

by Dunnet’s multiple comparison test,* p > 0.05) (n=4-5 animals/group) (B). 

Expression levels were assessed by RT-qPCR and normalized to 18S, and each 

individual value is presented with the mean indicated by a line.  
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Fig. 5.19. Expression levels of Irbp and Rho in the eye of 19-month old wild-

type (wt), LXRα-/- (ako), LXRβ-/- (bko) and LXRαβ-/- (doko) mice. mRNA 

levels of the Rx downstream genes Irbp and Rho were reduced in the knockout 

mice compared to wt, and more prominently in doko mice, but differences were 

not statistically significant (ANOVA, p = 0.0518 for Irbp and p = 0.1177 for 

Rho) (n=4-5 animals/group). Expression levels were assessed by RT-qPCR and 

normalized to 18S, and each individual value is presented with the mean 

indicated by a line.  
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5.3 Discussion 

LXR has been described as a key regulator of lipid metabolism and cholesterol transport 

in human and mammalian animal models such as rodents. Many studies are carried out 

using in vitro models, or mainly rodents as in vivo models; however, the studies with 

mammalian models are often long, expensive, and the role of LXR during early 

development is poorly referenced. In this study, we used zebrafish at different stages of 

development (larval and juvenile stages) as an alternative in vivo model in order to 

understand the role of Lxr during early and late development, and to validate zebrafish as 

a new alternative in vivo model to study Lxr. 

5.3.1 Effects of Lxr activation on cholesterol transport and lipid metabolism in 

zebrafish 

Several studies demonstrate that LXRs have key physiological functions in the control of 

cholesterol metabolism and transport in rodents and humans (Baranowski 2008; Gabbi et 

al. 2009). LXRs protect against cholesterol overload by directly upregulating the 

expression of the ATP-binding cassette cholesterol transporters Abca1 and Abcg1, which 

are involved in reverse cholesterol transport from peripheral tissues to the liver. 

Additionally, LXR activation stimulates hepatic cholesterol excretion by inducing the 

transcription of Cyp7a1, the rate limiting step enzyme in bile acid synthesis, and by 

stimulating the expression of the cholesterol transporters Abcg5 and Abcg8 in the liver, 

where they drive cholesterol efflux into the bile. In the intestine, LXR inhibits absorption 

of dietary cholesterol by upregulating the expression of Abcg5 and Abcg8 in enterocytes. 
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As expected, the expression of members of the superfamily of ATP-binding cassette 

transporters abca1a, abcg1, abcg5 and abcg8, classical mammalian LXR target genes as 

discussed above, were all upregulated in the 6 dpf zebrafish larvae treated with the Lxr 

ligands. In accordance with our results, previous studies have shown that 

pharmacological activation of Lxr can induce expression of classical LXR downstream 

genes, such as abca1a and abcg1 in zebrafish embryos (Archer et al. 2012) and in adult 

zebrafish liver (Archer et al. 2008). The regulation of these genes has also been described 

in mouse fetuses upon exposure to T0 in utero. During mouse fetal development, 

activation of LXRs in utero stimulated the expression of Abca1, Abcg5 and Abcg8 in the 

liver and intestine of fetuses of dams exposed to T0, and affected fetal plasma and hepatic 

cholesterol levels (van Straten et al. 2008).  

Our study also revealed that the expression of several other genes known to be induced 

by LXR activation in mammalian systems and involved in cholesterol  

transport/homeostasis (e.g. abcg4, apoa4a, ldlr) and in plasma lipoprotein 

transport/metabolism (e.g. pltp, lpl) was also stimulated in zebrafish larvae (Engel et al. 

2001; Ishimoto et al. 2006; Mak et al. 2002; Wojcicka et al. 2007; Zhang et al. 2001). 

Thus, during zebrafish early development, our results demonstrated conserved 

transcriptional effects of LXR activation between mammals and zebrafish concerning 

cholesterol transport.  

In addition to cholesterol metabolism and transport, LXRs have also been shown to 

regulate hepatic fatty acid (FA) synthesis in rodents and humans (Kotokorpi et al. 2010; 

Schultz et al. 2000) by stimulating the transcription of sterol regulatory binding factor 1 
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(Srebf1), a master regulator of lipogenesis, and genes involved in de novo synthesis and 

desaturation of fatty acids, such as acetyl-CoA carboxylase (Acaca), the rate limiting step 

in FA biosynthesis, fatty acid synthase (Fasn) and stearoyl-CoA desaturase (Scd). In 

addition, in utero exposure to T0 results in LXR activation in the liver of the fetuses, and 

induction of the mRNA expression of these lipogenic LXR target genes (van Straten et 

al. 2009). Previous studies have shown that Lxr ligands induce the transcription of genes 

involved in fatty acid (FA) synthesis in the liver and extra-hepatic tissues of adult 

zebrafish, such as the brain and eyes (Archer et al. 2008; Sukardi et al. 2012), in 

accordance with our results observed in the zebrafish larvae. Indeed, our transcriptomic 

analysis revealed that, similarly to adult zebrafish and mammalian models, enzymes 

important for de novo synthesis and desaturation of FAs, such as acaca, fasn and scd 

were upregulated in the developing larvae treated with both T0 and GW.  

Additionally, our study demonstrated that the expression of genes related to long chain 

polyunsaturated fatty acid (LC-PUFA) synthesis was regulated after exposure of zf larvae 

to T0 and GW. Fatty acyl desaturases (fads) and elongases of very long fatty acids 

(elovls) convert the essential FAs 18:3n-3 and 18:2n-6 to longer chain, more unsaturated 

FAs, which are essential in physiological processes during embryonic development. LC-

PUFAs are incorporated in phospholipids and are critical for the development of neuronal 

tissues (Monroig et al. 2009). In zebrafish, fads2, a desaturase with dual Δ6/Δ5 activity, 

and elovl2 are highly expressed in the head region and YSL of 24 hpf (1 dpf) zebrafish 

embryos, suggesting that these genes have an important role in brain development and 

remodeling of yolk fatty acids during zebrafish early embryogenesis (Monroig et al. 
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2009). In our microarray results, fads2 and elovl2 were among the top ranked genes with 

upregulated expression in zebrafish larvae exposed to the Lxr ligands, showing that Lxr 

may have an important role as a modulator of lipid homeostasis in the yolk and 

developing neuronal tissues.  

In mammals, LXR regulation of lipogenesis occurs either through a direct activation of 

genes associated with lipid biosynthesis or in a SREBF1-dependent manner (Repa et al. 

2000; Yoshikawa et al. 2001). While liganded Lxr has been shown to activate srebf1 in a 

cell line derived from Atlantic salmon (Carmona-Antonanzas et al. 2014), we describe 

the first in vivo study demonstrating the Lxr-mediated induction of srebf1 in teleosts, 

suggesting that the function of srebf1 as a key metabolic regulator of LXR-mediated 

signaling is conserved between mammals and fish. 

On the other hand, the LXR-mediated induction of expression of Srebf2, which directly 

regulates several of the enzymes responsible for cholesterol synthesis (Horton 2002; 

Horton et al. 1998), is not observed in mammals (Repa et al. 2000), and administration of 

T0 reduces hepatic expression of genes associated with cholesterol synthesis in mice 

(Schultz et al. 2000). Interestingly, our microarray analysis revealed that Lxr ligands 

significantly induced the expression of srebf2, albeit weakly (absolute fold-changes of 

1.43 and 1.29 for T0 and GW, respectively), and the expression of several enzymes 

associated with cholesterol synthesis were upregulated in zebrafish larvae exposed to T0 

and GW. Accordingly, ligand-activated Lxr has also been shown to increase the 

expression of srebf2 in Atlantic salmon cells, and this Lxr-mediated effect on srebf2 may 

be specific to teleosts (Carmona-Antonanzas et al. 2014). However, expression of srebf2 
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and several of its target genes was not regulated in juvenile zebrafish daily treated with 

GW for 4 days. It is tempting to speculate that at very early developmental stages, 

pharmacological systemic Lxr activation decreased cholesterol in the larvae to levels that 

are inadequate for proper development, in turn activating a feedback mechanism to 

synthesize cholesterol de novo. This effect on cholesterogenesis may not have been 

induced in juvenile fish due to external feeding regimen and/or mobilization of 

cholesterol esters from white adipose tissue, which is formed in zebrafish at 12 dpf (Imrie 

and Sadler 2010).  

During early development, zebrafish relies completely on its yolk sac for lipids and 

nutrients needed to sustain growth and survival, and by 5-6 dpf, the yolk is depleted and 

zebrafish larvae must acquire lipids from external sources (Anderson et al. 2011). 

Zebrafish tissue enrichment analysis predicted the YSL as a major tissue affected in 

zebrafish larvae in response to exposure to the Lxr ligands. The YSL is a transient extra-

embryonic tissue that is crucial for the transport of nutrients from the yolk to the 

zebrafish embryonic cells and larval tissues during early development, and several 

important genes for lipid remodeling and uptake are expressed in the YSL (Carvalho and 

Heisenberg 2010). We observed an increased mobilization of lipids from the yolk in the 

T0 and GW-treated zebrafish larvae compared to the controls. Indeed, Oil red O staining 

revealed that larvae treated with the Lxr agonists displayed less staining in the yolk 

region compared to the control larvae, suggesting that Lxr induces the utilization of lipids 

from the yolk during zebrafish development. Accordingly, Lxr knockdown by 

morpholino results in reduced yolk utilization in zebrafish embryos, evidenced by higher 
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levels of cholesterol in the yolk of Lxr morphants compared to controls (Archer et al. 

2012). In mammals, both LXRs are detected in the yolk sac and placenta during fetal 

development, and coexpression of Rxrα, Lxrα and Abca1 has been established in mouse 

yolk sac membranes and placental structures (Marceau et al. 2005). Furthermore, 

treatment of pregnant mice with T0901317 upregulated Abca1 expression in placental 

tissue and stimulated maternal-fetal cholesterol transport, suggesting that LXRs may be 

implicated in metabolism and/or transport of lipids from extra-embryonic tissues to the 

developing fetus during mammalian gestation (Lindegaard et al. 2008). 

Our results demonstrated that, similarly to the effects of LXR activation reported in 

mammals, Lxr regulates lipid metabolism and cholesterol efflux/homeostasis processes in 

zebrafish during larval and juvenile development. 

5.3.2 Effects of LXR activation in the eye 

It has been recently shown that lxr is expressed in the neural retina of developing and 

adult zebrafish, and pharmacological activation of Lxr affects the expression of genes 

related to lipid metabolism and cholesterol transport in the adult zebrafish eye (Archer et 

al. 2012). Here, we show for the first time that Lxr activation in larval and juvenile 

zebrafish can also impact the transcription of several genes that are expressed in the eye 

and directly involved in visual perception. 

Retinal homeobox genes (rx/rax) are essential for the organogenesis of the vertebrate eye. 

There are three rx genes (rx1, rx2 and rx3) in zebrafish, all of which play functional roles 

in the developing optic primordia. Later during development and in the adult stage, rx1 
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and rx2 remain restricted to retinal progenitors in the ciliary marginal zone and in rod and 

cone photoreceptors, whereas rx3 persist in the hypothalamus and inner nuclear layer of 

the retina (Chuang et al. 1999; Chuang and Raymond 2001; Nelson et al. 2008). Rx1 and 

rx2 play important roles in photoreceptor differentiation, as knockdown of these rx genes 

during retinal maturation results in attenuation in photoreceptor development in zebrafish 

(Nelson et al. 2009). Moreover, rx controls the expression of several genes expressed in 

photoreceptors by binding to the Photoreceptor Conserved Element 1 (PCE-1 or Ret-1), a 

conserved sequence element present in the promoters of many photoreceptor-specific 

genes (Kikuchi et al. 1993; Kimura et al. 2000; Pan et al. 2010). Interestingly, the 

expression of several genes expressed in photoreceptors and directly involved in the 

photoresponse process was downregulated by exposure of 4 dpf zebrafish to the Lxr 

ligands. The expression of guanylate cyclase-activating proteins (guca1b, guca1d, 

guca1g), Ca2+-binding proteins of the calmodulin gene superfamily that function as 

regulators of photoreceptor guanylate cyclases, was repressed in larval and juvenile 

zebrafish exposed to the Lxr ligands. In zebrafish retina, guca1b (gcap2), guca1d (gcap4) 

and guca1g (gcap7) are all expressed in cone photoreceptors, and guca1b is also detected 

in rods (Imanishi et al. 2002; Imanishi et al. 2004). Expression of the cone-specific 

kinase grk7a, important for cone pigment phosphorylation and normal cone response 

recovery in zebrafish (Rinner et al. 2005), was also downregulated upon exposure to the 

Lxr ligands. Likewise, Lxr activation resulted in repression of the expression of regulator 

of G-protein signaling 9a (rgs9a), a component of the photoreceptor-specific GTPase 

activating complex responsible for rapid inactivation of the G protein transducin during 

photoresponse recovery from excitation (He et al. 1998). Microarray predicted that 
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several other genes related to visual perception and that encode functional components of 

the phototransduction cascade in mammals were targeted by the Lxr ligands, such as the 

nucleotide-gated cation channels cnga3a and cngb3, which translate light-induced 

changes in cGMP levels into electrical signal in cones (Schon et al. 2013) and the  

subunit of the cGMP-specific phosphodiesterase complex (pde6h) present in cone 

photoreceptor outer segments.  

The retina-specific genes rhodopsin (rho),  rod arrestin (sag) and interphotoreceptor 

retinoid-binding protein (irbp) have been shown to contain PCE-1 sites within their 

promoter region in different vertebrate models, and there is evidence that rx genes may 

directly regulate their expression (Boatright et al. 1997; Kikuchi et al. 1993; Kimura et 

al. 2000; Pan et al. 2010). Moreover, it has been shown that rx knockdown results in 

reduced expression of rho and cone opsins in zebrafish (Nelson et al. 2009), and of rho, 

red cone opsin, irbp and sag in Xenopus tropicalis, along with visual impairment and 

abnormal photoreceptor arrangement and morphology (Pan et al. 2010). In the juvenile 

zebrafish treated with the GW, the expression of rx2 and its putative downstream genes 

rho, sag and irbp was downregulated, suggesting that Lxr signaling could be involved in 

the modulation of rx activity and play a role in photoreceptor-specific gene expression in 

zebrafish at different developmental stages. 

However, the molecular mechanisms underlying transcriptional regulation of rx2 and 

photoreceptor-specific genes upon Lxr activation need to be further investigated for 

better understanding of the role of Lxr in the eye. It is noteworthy that sterol-27-
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hydroxylase (cyp27a1) and cholesterol-24-hydroxylase (cyp46a1), enzymes responsible 

for the synthesis of 27-hydroxycholesterol and 24(S)-hydroxycholesterol, respectively, 

are expressed in mammalian retina (Heo et al. 2011; Javitt 2007), and these oxysterols 

may have functional roles as endogenous LXR ligands in normal retinal development and 

physiology. 

Lxr is also detected in the lenticular tissue in the developing zebrafish eye (Archer et al. 

2012). Crystallins are the major structural and protective proteins in the lens, and are 

classified into three categories, alpha-, beta- and gamma-crystallins. Gamma-crystallins 

are the most abundant in the zebrafish lens and are further subdivided into gamma-S, -N 

and -M subtypes (Posner et al. 2008). Both Lxr ligands induced gamma-S2 crystallin 

(crygs2) expression in the zebrafish larvae. Several mutations in the CRYGS gene 

(mammalian orthologue of crygs2) are known to cause congenital cataracts in humans 

(Sun et al. 2005; Vanita et al. 2009; Vendra et al. 2012), and downregulation of 

expression of Crygs is involved in development of cataract in mice (Shi et al. 2009). In 

addition, expression of the members of the gamma-M crystallin family (crygm2a, 

crygm2d16, crygm2e and crygm3), which are specific to aquatic vertebrates, were found 

to be downregulated in the zebrafish larvae exposed to GW. These results suggest that 

Lxr signaling is also involved in the regulation of gamma crystallin expression and may 

have a role in lens formation and/or maturation in zebrafish, which requires further 

investigation. 

The gene expression changes reflected in morphological alterations in the zebrafish eye, 

as histological sections obtained from 4 dpf zebrafish larvae demonstrated that exposure 
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to the Lxr ligands induced phenotypical abnormalities in the lens and in the retinal 

photoreceptor and outer plexiform layers of the zebrafish eye. The effects were stronger 

in the GW-exposed larvae, which might be explained by a better bioavailability of GW 

than T0 in ocular tissues.  

In rodents, retinal homeobox gene is important for eye development. Contrary to 

zebrafish, only one Rx gene is found in the mouse genome, and targeted deletion of Rx 

results in no eye formation in mice, and in anophtalmia/microphtalmia in humans 

(Muranishi et al. 2012). During adulthood in rodents, Rx is present in photoreceptor cells, 

ganglion cells and inner nuclear cell layer of the retina (Kimura et al. 2000). Both mRNA 

and protein levels of LXRα and LXRβ are also detected in the adult mouse retina, with 

higher LXRβ levels (Yang et al. 2014). We found that Rx expression tended to be 

reduced in the LXRα-/-, LXRβ-/- and LXRαβ-/- mice compared to wild-type mouse in 

both 3-month old and 19-month old mice, with prominent and significant downregulation 

in the 19-month old LXRβ-/- and LXRαβ-/- mice, suggesting an important role of LXRβ 

in regulating rx expression in the aged mouse eye. 

The putative Rx downstream genes Rho and Irbp showed similar reduced expression 

pattern as Rx in the aged mouse eye. Several retinal degeneration diseases are caused by 

mutations in RHO (Wilson and Wensel 2003), and mutations in IRBP, a protein that 

mediates the transport of retinoids between the photoreceptors and the retinal pigment 

epithelium,  have been detected in patients with retinitis pigmentosa, a progressive retinal 

dystrophy (Valverde et al. 1998). Our results suggest that LXRs may be necessary for 
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proper Rx and photoreceptor gene expression, and possibly play a role in photoreceptor 

maintenance and function. Moreover, during mouse fetal development, LXRβ transcript 

is detected early on in the retina (Annicotte et al. 2004), and it is plausible to speculate 

that LXRβ may have a role in early eye development through modulation of Rx. 

In conclusion, our data demonstrate a primary role of Lxr in regulating lipid metabolic 

processes during zebrafish development. Several LXR-mediated transcriptional effects 

observed in mammalian systems were conserved in zebrafish, supporting the use of 

zebrafish as an alternative in vivo model for Lxr-related studies involving lipid 

metabolism and cholesterol homeostasis. Moreover, zebrafish exposure to the Lxr ligands 

affected the expression of genes associated with visual perception, that included the 

retinal homeobox rx2 gene, and other retinal and lens-specific genes, suggesting that Lxr 

may also regulate important aspects of visual function in zebrafish. Lastly, the expression 

of Rx and other retinal genes were also modulated in the eye of LXR knockout mice 

models. This is the first report showing that LXR signaling can alter the expression of 

genes important for normal vision in vertebrates, and future studies are needed to 

understand the mechanisms of Rx regulation by LXR, and the role it plays in retinal 

physiology and visual function in vertebrates.  
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A major concern in toxicological risk assessment nowadays regards the potential adverse 

combined effects resulting from environmental exposures to mixtures of chemicals. 

Humans are exposed to chemical cocktails throughout their lifespan, and exposures 

already begin in utero. Due to the complexity of biological mechanisms, most studies 

reported to date assess toxicological effects mediated by one single chemical at a time. 

However, it is crucial to evaluate the effect of mixtures in order to better understand their 

impact on human health, especially for EDCs, as they could cause detrimental health 

effects across generations, such as the example of DES. In the last decade, there has been 

a growing interest in mixture problematics, and the concentration addition (CA) model 

has been used as a first approach for regulatory purposes in risk assessment of mixture 

effects in Europe and in the USA, and several studies show that it is a valid tool for 

assessing joint effects of EDCs in vitro and in vivo (Kortenkamp 2007). Indeed, the CA 

model accurately predicted the ER-mediated effects observed from combined exposures 

to phytoestrogens present in a soy formula extract and bisphenol A at concentrations 

relevant to human exposure in our in vitro studies (Chapter 3). In this study, using a 

straightforward in vitro transactivation assay based on reporter cell lines following ER 

activation, we demonstrated an additive estrogenic effect of co-exposure to nanomolar 

concentrations of phytoestrogens and bisphenol A.  However, in vitro assays are not able 

to recapitulate the complex biological networks and the pharmacokinetic interactions 

present in a whole organism. For in vivo studies of mixture effects of EDCs, assays such 

as the rodent uterotrophic assay, for example, are used to assess adverse outcomes 

resulting from exposures to xenoestrogens and their mixtures. In order to predict joint 

effect of chemicals, however, the CA model requires the determination of parameters 
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such as the EC50 of each chemical present in a mixture, which makes studies with 

mammalian models costly and ethically challenging as they require a large number of 

animals. Alternative animal models could, therefore, be used to complement the 

assessment of cocktail effects of chemicals. Zebrafish, for example, due to its low 

maintenance costs and large number of offspring, could be a valuable alternative to 

mammalian models for initial risk assessment of EDCs and their mixtures. Thus, the 

evaluation of the effects of combined exposure to phytoestrogens and bisphenol A could 

be continued in zebrafish larvae by analyzing endpoints known to be estrogen sensitive in 

zebrafish. These could include assessing the effects of the xenoestrogen mixture on 

vitellogenin production and alterations in sex ratios to the female direction in juvenile 

zebrafish. Chemical interactions that significantly deviate from predicted additivity could 

be further validated in an in vivo mammalian context.  

As teleosts underwent an evolutionary genome duplication event, 19 genes coding for 

nuclear receptors are duplicated in zebrafish compared to mammals. These duplicated 

genes are thought to be subfunctionalized, sharing the function of their nonduplicated 

ancestor, or neofunctionalized, in which one of the copies acquired a new function 

(Bertrand et al. 2007).  One of the duplicated nuclear receptors in zebrafish is the 

estrogen receptor β. The zfERα and the two zfERβ isoforms are thought to have distinct 

biological roles in zebrafish. It has been shown by morpholino knockdown studies, for 

example, that cyp19a1b, a key enzyme in neuroendocrine regulation that catalyzes the 

conversion of androgens to estrogens, is induced specifically by zfERβ1 in the brain of 

zebrafish embryos (Griffin et al. 2013). Finding subtype-specific ligands can be used as a 
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complement to traditional gene knockdown studies in order to help elucidate the 

functions of each ER isoform in zebrafish. This task can only be accomplished, however, 

by first assessing the transcriptional activity and selectivity of ligands before using them 

in vivo, as the results presented in this thesis clearly demonstrate that there can be 

dramatic differences in the transcriptional profile of not only ER ligands, but also of 

PPAR ligands, between their human and zebrafish nuclear receptor counterparts 

(Chapter 4). Additionally, characterizing the transcriptional profile of chemicals targeting 

NRs in zebrafish is critical to support it as an alternative model for endocrine disruption 

studies. For example, our results obtained with the HELN-zfER cell lines increased the 

understanding of why the hERα selective agonist PPT, which is devoid of zfERα 

agonistic activity and slightly activated the zfERβs, has only been reported to induce GFP 

expression in the liver and brain (where the zfERβs are expressed) of the transgenic 

ERE:GFP zebrafish and not in the heart, where only zfERα is detected (Gorelick et al. 

2014b). Likewise, the inability of high affinity human PPAR ligands, the 

thiazolidinediones, to activate zfPPAR provides a rationale for the lack of induction of 

lipid accumulation by rosiglitazone in zebrafish (Riu et al. 2014). The differences in 

ligand affinities between human PPAR and zebrafish PPAR have been partially 

explained by dissimilarities in the composition of aminoacids in the core of the LBD due 

to the replacement of hPPAR-LBD Gly284 and Cys285 by serine and tyrosine residues 

in the zfPPAR-LBD (Riu et al. 2011a). The discrepancies observed between human ERs 

and zebrafish ERs, however, are not fully understood, and require further investigation. 

These divergences may be accounted for by the human vs zebrafish cellular context, 
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differences in cofactor recruitment or in the composition of aminoacids at the entrance of 

the LBD pocket, which could prevent binding of the ligands. Additionally, dissimilarities 

in the AB domain of the receptors, which is an important functional domain for the 

recruitment of cofactors and required for activation of ERs by EDCs (Delfosse et al. 

2012), could explain the divergences in transcriptional activity between human and 

zebrafish ERs. Transactivation assays performed in a zebrafish cell context and X-ray 

crystallography studies are necessary to better understand the discrepancies between the 

human ERs and their zebrafish counterparts. 

While the activity and selectivity of ER and PPAR ligands were considerably different 

between human and zebrafish receptors, the transcriptional activity of the high affinity 

mammalian LXR ligands T0901317 and GW3965 was conserved in zebrafish Lxr. 

Transcriptomic profiles resulting from treatment with these ligands in zebrafish revealed 

that major biological pathways known to be regulated by LXRs in mammals, such as 

cholesterol transport and lipid biosynthesis, were similarly targeted by Lxr activation in 

zebrafish (Chapter 5). Only one lxr gene is present in zebrafish with higher aminoacid 

similarity to the mammalian LXRα, and thus far, no orthologue for LXRβ has been 

described in any fish species. As LXRs have a primary role in regulating lipid 

metabolism and cholesterol homeostasis in mammals, it is not surprising that the unique 

zebrafish lxr displays a similar functionality in zebrafish during early development. 

Accordingly, tissues with high metabolic activities, such as the yolk syncytial layer, were 

predicted and confirmed to be responsive to Lxr activation in zebrafish, suggesting a 

developmental role of lxr in stimulating lipid uptake from the yolk to the developing 
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zebrafish.  On the scope of endocrine disruption, our study provided tools that can be 

further applied for characterization of EDCs acting via LXR. The reporter cell lines 

expressing zfLXR can be used for primary identification of chemicals targeting zebrafish 

LXR, followed by in vivo assessment of their effects on the transcription of genes that our 

microarray analysis demonstrated to be responsive to Lxr regulation in zebrafish. Genes 

such as fads2, elovl2, pltp, srebf1 and the cholesterol transporters abca1a, abcg1, 

abcg5/8, could collectively be used as potential biomarkers of exposures to 

environmental pollutants targeting Lxr in zebrafish. 

 A major novel finding described in this dissertation is the involvement of Lxr signaling 

in the regulation of genes that are expressed in the photoreceptors and lens of zebrafish, 

and the morphological alterations in retinal and lenticular tissues of zebrafish larvae 

exposed to the Lxr ligands (Chapter 5). These morphological changes could result from 

altered lipid and cholesterol homeostasis in the developing zebrafish eye induced by the 

synthetic Lxr ligands and/or could be a direct reflection of Lxr-mediated regulation of 

molecular networks important for retinal and lens development/maturation/maintenance. 

Indeed, the Lxr ligands regulated the expression of retinal homeobox gene 2 (rx2), a 

transcription factor crucial for early eye development, which is also important for 

maintenance of differentiated photoreceptors and regulation of photoreceptor-specific 

gene expression; a finding that we were able to translate into the mammalian context. 

Retinal homeobox (rx) was significantly downregulated in the eye of aged female LXR-

deficient mice, along with a reduced trend in the expression of rx downstream genes. As 

rx is important for photoreceptor maintenance and mutations in rx downstream genes, 
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such as rhodopsin (rho) and interphotoreceptor retinoid-binding protein (irbp), have been 

shown to be linked to retinal degenerative processes, it is tempting to speculate that 

LXRs may have a role in maintenance of proper photoreceptor function and loss of LXRs 

may lead to retinal degeneration, a hypothesis that needs to be further investigated. 

Noteworthy, LXRs have an important role in age-related neurodegenerative diseases, as 

LXRβ knockout male mice present symptoms of both motor neuron disease and 

Parkinson’s disease, characterized by loss of motor neurons and dopaminergic neurons, 

respectively (Warner and Gustafsson 2014). Further studies are needed to understand the 

mechanisms by which LXR signaling regulates expression of genes important for visual 

function in zebrafish and mice, and the role that LXRs may play in developmental and/or 

aging processes in the retina and lens of vertebrates. The generation of LXR knockout 

zebrafish using new genomic engineering tools such as ZFNs, TALENs and CRISPR/Cas 

will help assess the developmental and physiological roles of LXR in the eye. Moreover, 

morpholino-mediated knockdown of Lxr in  transgenic zebrafish lines expressing 

fluorescent markers in cone (Tg-TαCP-EGFP) (Kennedy et al. 2007) and rod (Tg-

rho:EGFP) (Hamaoka et al. 2002) photoreceptors could provide additional tools to assess 

the role of Lxr during eye and photoreceptor development. Furthermore, as LXRβ has 

been reported to be involved in dopaminergic neurogenesis during brain development and 

in the maintenance of dopaminergic neurons in mice (Sacchetti et al. 2009; Warner and 

Gustafsson 2014), knocking down LXR in transgenic zebrafish expressing GFP in 

dopaminergic neurons (Tg-ngn1:GFP) (Blader et al. 2004; Seredick et al. 2012) could 
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also improve our understanding about the function of LXR signaling in the central 

nervous system during embryonic development. 

Overall, the results described in this thesis demonstrate that zebrafish could be used as an 

alternative in vivo model for Lxr-related studies, as effects mediated by Lxr signaling are 

highly conserved between mammals and zebrafish. Furthermore, chemical screens 

directed to study NR signaling in zebrafish should incorporate an initial characterization 

of the transcriptional profile of the ligands in order to ensure the activity and selectivity 

of the chemical towards the specific zebrafish NR under study. 

 

 

 

 

 

 

 

 

 



 

168 

 

 
 

 

 

 

 

References   



 

169 

 

Adgent MA, Daniels JL, Rogan WJ, Adair L, Edwards LJ, Westreich D, Maisonet M, 

Marcus M. 2012. Early-life soy exposure and age at menarche. Paediatr Perinat 

Epidemiol 26(2): 163-175. 

Ahmadian M, Suh JM, Hah N, Liddle C, Atkins AR, Downes M, Evans RM. 2013. 

PPARgamma signaling and metabolism: the good, the bad and the future. Nat Med 19(5): 

557-566. 

Alberti S, Schuster G, Parini P, Feltkamp D, Diczfalusy U, Rudling M, Angelin B, 

Bjorkhem I, Pettersson S, Gustafsson JA. 2001. Hepatic cholesterol metabolism and 

resistance to dietary cholesterol in LXRbeta-deficient mice. J Clin Invest 107(5): 565-

573. 

Anderson JL, Carten JD, Farber SA. 2011. Zebrafish lipid metabolism: from mediating 

early patterning to the metabolism of dietary fat and cholesterol. Methods Cell Biol 101: 

111-141. 

Annicotte JS, Schoonjans K, Auwerx J. 2004. Expression of the liver X receptor alpha 

and beta in embryonic and adult mice. Anat Rec A Discov Mol Cell Evol Biol 277(2): 

312-316. 

Archer A, Kitambi SS, Hallgren SL, Pedrelli M, Olsen KH, Mode A, Gustafsson JA. 

2012. The liver X-receptor (Lxr) governs lipid homeostasis in zebrafish during 

development. Open Journal of Endocrine and Metabolic Diseases. 2:74-81. 

Archer A, Lauter G, Hauptmann G, Mode A, Gustafsson JA. 2008. Transcriptional 

activity and developmental expression of liver X receptor (lxr) in zebrafish. Dev Dyn 

237(4): 1090-1098. 

Arnold SF, Robinson MK, Notides AC, Guillette LJ, Jr., McLachlan JA. 1996. A yeast 

estrogen screen for examining the relative exposure of cells to natural and xenoestrogens. 

Environ Health Perspect 104(5): 544-548. 

Atli E. 2013. The effects of three selected endocrine disrupting chemicals on the 

fecundity of fruit fly, Drosophila melanogaster. Bull Environ Contam Toxicol 91(4): 433-

437. 

Baker VA. 2001. Endocrine disrupters--testing strategies to assess human hazard. Toxicol 

In Vitro 15(4-5): 413-419. 

Balaguer P, Boussioux AM, Demirpence E, Nicolas JC. 2001. Reporter cell lines are 

useful tools for monitoring biological activity of nuclear receptor ligands. Luminescence 

16(2): 153-158. 



 

170 

 

Balaguer P, Francois F, Comunale F, Fenet H, Boussioux AM, Pons M, Nicolas JC, 

Casellas C. 1999. Reporter cell lines to study the estrogenic effects of xenoestrogens. Sci 

Total Environ 233(1-3): 47-56. 

Barak Y, Nelson MC, Ong ES, Jones YZ, Ruiz-Lozano P, Chien KR, Koder A, Evans 

RM. 1999. PPAR gamma is required for placental, cardiac, and adipose tissue 

development. Mol Cell 4(4): 585-595. 

Baranowski M. 2008. Biological role of liver X receptors. J Physiol Pharmacol 59 Suppl 

7: 31-55. 

Bardet PL, Horard B, Robinson-Rechavi M, Laudet V, Vanacker JM. 2002. 

Characterization of oestrogen receptors in zebrafish (Danio rerio). J Mol Endocrinol 

28(3): 153-163. 

Becker RA, Borgert CJ, Webb S, Ansell J, Amundson S, Portier CJ, Goldberg A, Bruner 

LH, Rowan A, Curren RD, et al. 2006. Report of an ISRTP workshop: progress and 

barriers to incorporating alternative toxicological methods in the U.S. Regul Toxicol 

Pharmacol 46(1): 18-22. 

Bell-Parikh LC, Ide T, Lawson JA, McNamara P, Reilly M, FitzGerald GA. 2003. 

Biosynthesis of 15-deoxy-delta12,14-PGJ2 and the ligation of PPARgamma. J Clin 

Invest 112(6): 945-955. 

Bermudez DS, Gray LE, Jr., Wilson VS. 2010. Modeling the interaction of binary and 

ternary mixtures of estradiol with bisphenol A and bisphenol AF in an in vitro estrogen-

mediated transcriptional activation assay (T47D-KBluc). Toxicol Sci 116(2): 477-487. 

Beronius A, Ruden C, Hakansson H, Hanberg A. 2010. Risk to all or none? A 

comparative analysis of controversies in the health risk assessment of Bisphenol A. 

Reprod Toxicol 29(2): 132-146. 

Berrabah W, Aumercier P, Lefebvre P, Staels B. 2011. Control of nuclear receptor 

activities in metabolism by post-translational modifications. FEBS Lett 585(11): 1640-

1650. 

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(10): 1923-1937. 

Bertrand S, Thisse B, Tavares R, Sachs L, Chaumot A, Bardet PL, Escriva H, Duffraisse 

M, Marchand O, Safi R, et al. 2007. Unexpected novel relational links uncovered by 

extensive developmental profiling of nuclear receptor expression. PLoS Genet 3(11): 

e188. 



 

171 

 

Bhatia J, Greer F. 2008. Use of soy protein-based formulas in infant feeding. Pediatrics 

121(5): 1062-1068. 

Blader P, Lam CS, Rastegar S, Scardigli R, Nicod JC, Simplicio N, Plessy C, Fischer N, 

Schuurmans C, Guillemot F, et al. 2004. Conserved and acquired features of neurogenin1 

regulation. Development 131(22): 5627-5637. 

Blair RM, Fang H, Branham WS, Hass BS, Dial SL, Moland CL, Tong W, Shi L, Perkins 

R, Sheehan DM. 2000. The estrogen receptor relative binding affinities of 188 natural 

and xenochemicals: structural diversity of ligands. Toxicol Sci 54(1): 138-153. 

Boatright JH, Borst DE, Peoples JW, Bruno J, Edwards CL, Si JS, Nickerson JM. 1997. 

A major cis activator of the IRBP gene contains CRX-binding and Ret-1/PCE-I elements. 

Mol Vis 3: 15. 

Bocchinfuso WP, Korach KS. 1997. Mammary gland development and tumorigenesis in 

estrogen receptor knockout mice. J Mammary Gland Biol Neoplasia 2(4): 323-334. 

Bovee TF, Helsdingen RJ, Koks PD, Kuiper HA, Hoogenboom RL, Keijer J. 2004. 

Development of a rapid yeast estrogen bioassay, based on the expression of green 

fluorescent protein. Gene 325: 187-200. 

Bramlett KS, Houck KA, Borchert KM, Dowless MS, Kulanthaivel P, Zhang Y, Beyer 

TP, Schmidt R, Thomas JS, Michael LF, et al. 2003. A natural product ligand of the 

oxysterol receptor, liver X receptor. J Pharmacol Exp Ther 307(1): 291-296. 

Brannen KC, Panzica-Kelly JM, Danberry TL, Augustine-Rauch KA. 2010. 

Development of a zebrafish embryo teratogenicity assay and quantitative prediction 

model. Birth Defects Res B Dev Reprod Toxicol 89(1): 66-77. 

Braun JM, Kalkbrenner AE, Calafat AM, Yolton K, Ye X, Dietrich KN, Lanphear BP. 

2011. Impact of early-life bisphenol A exposure on behavior and executive function in 

children. Pediatrics 128(5): 873-882. 

Cao G, Liang Y, Broderick CL, Oldham BA, Beyer TP, Schmidt RJ, Zhang Y, Stayrook 

KR, Suen C, Otto KA, et al. 2003. Antidiabetic action of a liver x receptor agonist 

mediated by inhibition of hepatic gluconeogenesis. J Biol Chem 278(2): 1131-1136. 

Carmona-Antonanzas G, Tocher DR, Martinez-Rubio L, Leaver MJ. 2014. Conservation 

of lipid metabolic gene transcriptional regulatory networks in fish and mammals. Gene 

534(1): 1-9. 

Carvalho L, Heisenberg CP. 2010. The yolk syncytial layer in early zebrafish 

development. Trends Cell Biol 20(10): 586-592. 



 

172 

 

Casals-Casas C, Desvergne B. 2011. Endocrine disruptors: from endocrine to metabolic 

disruption. Annu Rev Physiol 73: 135-162. 

Chandra V, Huang P, Hamuro Y, Raghuram S, Wang Y, Burris TP, Rastinejad F. 2008. 

Structure of the intact PPAR-gamma-RXR- nuclear receptor complex on DNA. Nature 

456(7220): 350-356. 

Chao EY, Caravella JA, Watson MA, Campobasso N, Ghisletti S, Billin AN, Galardi C, 

Wang P, Laffitte BA, Iannone MA, et al. 2008. Structure-guided design of N-phenyl 

tertiary amines as transrepression-selective liver X receptor modulators with anti-

inflammatory activity. J Med Chem 51(18): 5758-5765. 

Charles GD. 2004. In vitro models in endocrine disruptor screening. ILAR J 45(4): 494-

501. 

Chawla A, Boisvert WA, Lee CH, Laffitte BA, Barak Y, Joseph SB, Liao D, Nagy L, 

Edwards PA, Curtiss LK, et al. 2001. A PPAR gamma-LXR-ABCA1 pathway in 

macrophages is involved in cholesterol efflux and atherogenesis. Mol Cell 7(1): 161-171. 

Chen H, Hu J, Yang J, Wang Y, Xu H, Jiang Q, Gong Y, Gu Y, Song H. 2010. 

Generation of a fluorescent transgenic zebrafish for detection of environmental estrogens. 

Aquat Toxicol 96(1): 53-61. 

Chen J, Carney SA, Peterson RE, Heideman W. 2008. Comparative genomics identifies 

genes mediating cardiotoxicity in the embryonic zebrafish heart. Physiol Genomics 33(2): 

148-158. 

Chou WC, Chen JL, Lin CF, Chen YC, Shih FC, Chuang CY. 2011. Biomonitoring of 

bisphenol A concentrations in maternal and umbilical cord blood in regard to birth 

outcomes and adipokine expression: a birth cohort study in Taiwan. Environ Health 10: 

94. 

Chu WL, Shiizaki K, Kawanishi M, Kondo M, Yagi T. 2009. Validation of a new yeast-

based reporter assay consisting of human estrogen receptors alpha/beta and coactivator 

SRC-1: application for detection of estrogenic activity in environmental samples. Environ 

Toxicol 24(5): 513-521. 

Chuang JC, Mathers PH, Raymond PA. 1999. Expression of three Rx homeobox genes in 

embryonic and adult zebrafish. Mech Dev 84(1-2): 195-198. 

Chuang JC, Raymond PA. 2001. Zebrafish genes rx1 and rx2 help define the region of 

forebrain that gives rise to retina. Dev Biol 231(1): 13-30. 

Cimafranca MA, Davila J, Ekman GC, Andrews RN, Neese SL, Peretz J, Woodling KA, 

Helferich WG, Sarkar J, Flaws JA, et al. 2010. Acute and chronic effects of oral genistein 

administration in neonatal mice. Biol Reprod 83(1): 114-121. 



 

173 

 

Clode SA. 2006. Assessment of in vivo assays for endocrine disruption. Best Pract Res 

Clin Endocrinol Metab 20(1): 35-43. 

Coelingh Bennink HJ. 2004. Are all estrogens the same? Maturitas 47(4): 269-275. 

Collins JL, Fivush AM, Watson MA, Galardi CM, Lewis MC, Moore LB, Parks DJ, 

Wilson JG, Tippin TK, Binz JG, et al. 2002. Identification of a nonsteroidal liver X 

receptor agonist through parallel array synthesis of tertiary amines. J Med Chem 45(10): 

1963-1966. 

Cosnefroy A, Brion F, Guillet B, Laville N, Porcher JM, Balaguer P, Ait-Aissa S. 2009. 

A stable fish reporter cell line to study estrogen receptor transactivation by environmental 

(xeno)estrogens. Toxicol In Vitro 23(8): 1450-1454. 

Cosnefroy A, Brion F, Maillot-Marechal E, Porcher JM, Pakdel F, Balaguer P, Ait-Aissa 

S. 2012. Selective activation of zebrafish estrogen receptor subtypes by chemicals by 

using stable reporter gene assay developed in a zebrafish liver cell line. Toxicol Sci 

125(2): 439-449. 

Cowley SM, Hoare S, Mosselman S, Parker MG. 1997. Estrogen receptors alpha and beta 

form heterodimers on DNA. J Biol Chem 272(32): 19858-19862. 

D'Aloisio AA, Baird DD, DeRoo LA, Sandler DP. 2010. Association of intrauterine and 

early-life exposures with diagnosis of uterine leiomyomata by 35 years of age in the 

Sister Study. Environ Health Perspect 118(3): 375-381. 

D'Aloisio AA, Baird DD, DeRoo LA, Sandler DP. 2012. Early-life exposures and early-

onset uterine leiomyomata in black women in the Sister Study. Environ Health Perspect 

120(3): 406-412. 

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(1): 11-17. 

Davis LK, Katsu Y, Iguchi T, Lerner DT, Hirano T, Grau EG. 2010. Transcriptional 

activity and biological effects of mammalian estrogen receptor ligands on three hepatic 

estrogen receptors in Mozambique tilapia. J Steroid Biochem Mol Biol 122(4): 272-278. 

Delfosse V, Grimaldi M, Pons JL, Boulahtouf A, le Maire A, Cavailles V, Labesse G, 

Bourguet W, Balaguer P. 2012. Structural and mechanistic insights into bisphenols action 

provide guidelines for risk assessment and discovery of bisphenol A substitutes. Proc 

Natl Acad Sci U S A 109(37): 14930-14935. 

Delvecchio C, Tiefenbach J, Krause HM. 2011. The zebrafish: a powerful platform for in 

vivo, HTS drug discovery. Assay Drug Dev Technol 9(4): 354-361. 



 

174 

 

Duffy C, Perez K, Partridge A. 2007. Implications of phytoestrogen intake for breast 

cancer. CA Cancer J Clin 57(5): 260-277. 

Efanov AM, Sewing S, Bokvist K, Gromada J. 2004. Liver X receptor activation 

stimulates insulin secretion via modulation of glucose and lipid metabolism in pancreatic 

beta-cells. Diabetes 53 Suppl 3: S75-78. 

Engel T, Lorkowski S, Lueken A, Rust S, Schluter B, Berger G, Cullen P, Assmann G. 

2001. The human ABCG4 gene is regulated by oxysterols and retinoids in monocyte-

derived macrophages. Biochem Biophys Res Commun 288(2): 483-488. 

Escande A, Pillon A, Servant N, Cravedi JP, Larrea F, Muhn P, Nicolas JC, Cavailles V, 

Balaguer P. 2006. Evaluation of ligand selectivity using reporter cell lines stably 

expressing estrogen receptor alpha or beta. Biochem Pharmacol 71(10): 1459-1469. 

Fan X, Kim HJ, Bouton D, Warner M, Gustafsson JA. 2008. Expression of liver X 

receptor beta is essential for formation of superficial cortical layers and migration of 

later-born neurons. Proc Natl Acad Sci U S A 105(36): 13445-13450. 

Fenichel P, Dechaux H, Harthe C, Gal J, Ferrari P, Pacini P, Wagner-Mahler K, Pugeat 

M, Brucker-Davis F. 2012. Unconjugated bisphenol A cord blood levels in boys with 

descended or undescended testes. Hum Reprod 27(4): 983-990. 

Field HA, Ober EA, Roeser T, Stainier DY. 2003. Formation of the digestive system in 

zebrafish. I. Liver morphogenesis. Dev Biol 253(2): 279-290. 

Forman BM, Tontonoz P, Chen J, Brun RP, Spiegelman BM, Evans RM. 1995. 15-

Deoxy-delta 12, 14-prostaglandin J2 is a ligand for the adipocyte determination factor 

PPAR gamma. Cell 83(5): 803-812. 

Franke AA, Halm BM, Custer LJ, Tatsumura Y, Hebshi S. 2006. Isoflavones in breastfed 

infants after mothers consume soy. Am J Clin Nutr 84(2): 406-413. 

Fu XD, Simoncini T. 2008. Extra-nuclear signaling of estrogen receptors. IUBMB Life 

60(8): 502-510. 

Gabbi C, Warner M, Gustafsson JA. 2009. Minireview: liver X receptor beta: emerging 

roles in physiology and diseases. Mol Endocrinol 23(2): 129-136. 

Gerona RR, Woodruff TJ, Dickenson CA, Pan J, Schwartz JM, Sen S, Friesen MW, 

Fujimoto VY, Hunt PA. 2013. Bisphenol-A (BPA), BPA glucuronide, and BPA sulfate in 

midgestation umbilical cord serum in a northern and central California population. 

Environ Sci Technol 47(21): 12477-12485. 

Glass AS, Dahm R. 2004. The zebrafish as a model organism for eye development. 

Ophthalmic Res 36(1): 4-24. 



 

175 

 

Golub MS, Collman GW, Foster PM, Kimmel CA, Rajpert-De Meyts E, Reiter EO, 

Sharpe RM, Skakkebaek NE, Toppari J. 2008. Public health implications of altered 

puberty timing. Pediatrics 121 Suppl 3: S218-230. 

Gorelick DA, Halpern ME. 2011. Visualization of estrogen receptor transcriptional 

activation in zebrafish. Endocrinology 152(7): 2690-2703. 

Gorelick DA, Iwanowicz LR, Hung AL, Blazer VS, Halpern ME. 2014a. Transgenic 

Zebrafish Reveal Tissue-Specific Differences in Estrogen Signaling in Response to 

Environmental Water Samples. Environ Health Perspect. 

Gorelick DA, Iwanowicz LR, Hung AL, Blazer VS, Halpern ME. 2014b. Transgenic 

zebrafish reveal tissue-specific differences in estrogen signaling in response to 

environmental water samples. Environ Health Perspect 122(4): 356-362. 

Gray LE, Jr., Wilson V, Noriega N, Lambright C, Furr J, Stoker TE, Laws SC, Goldman 

J, Cooper RL, Foster PM. 2004. Use of the laboratory rat as a model in endocrine 

disruptor screening and testing. ILAR J 45(4): 425-437. 

Green S, Kumar V, Krust A, Walter P, Chambon P. 1986. Structural and functional 

domains of the estrogen receptor. Cold Spring Harb Symp Quant Biol 51 Pt 2: 751-758. 

Griffin LB, January KE, Ho KW, Cotter KA, Callard GV. 2013. Morpholino-mediated 

knockdown of ERalpha, ERbetaa, and ERbetab mRNAs in zebrafish (Danio rerio) 

embryos reveals differential regulation of estrogen-inducible genes. Endocrinology 

154(11): 4158-4169. 

Gronemeyer H, Gustafsson JA, Laudet V. 2004. Principles for modulation of the nuclear 

receptor superfamily. Nat Rev Drug Discov 3(11): 950-964. 

Grun F, Blumberg B. 2006. Environmental obesogens: organotins and endocrine 

disruption via nuclear receptor signaling. Endocrinology 147(6 Suppl): S50-55. 

Grun F, Watanabe H, Zamanian Z, Maeda L, Arima K, Cubacha R, Gardiner DM, Kanno 

J, Iguchi T, Blumberg B. 2006. Endocrine-disrupting organotin compounds are potent 

inducers of adipogenesis in vertebrates. Mol Endocrinol 20(9): 2141-2155. 

Hamaoka T, Takechi M, Chinen A, Nishiwaki Y, Kawamura S. 2002. Visualization of 

rod photoreceptor development using GFP-transgenic zebrafish. Genesis 34(3): 215-220. 

Hao C, Cheng X, Xia H, Ma X. 2012. The endocrine disruptor mono-(2-ethylhexyl) 

phthalate promotes adipocyte differentiation and induces obesity in mice. Biosci Rep 

32(6): 619-629. 



 

176 

 

Hao R, Bondesson M, Singh AV, Riu A, McCollum CW, Knudsen TB, Gorelick DA, 

Gustafsson JA. 2013. Identification of Estrogen Target Genes during Zebrafish 

Embryonic Development through Transcriptomic Analysis. PLoS One 8(11): e79020. 

Hawkins MB, Thornton JW, Crews D, Skipper JK, Dotte A, Thomas P. 2000. 

Identification of a third distinct estrogen receptor and reclassification of estrogen 

receptors in teleosts. Proc Natl Acad Sci U S A 97(20): 10751-10756. 

He W, Cowan CW, Wensel TG. 1998. RGS9, a GTPase accelerator for 

phototransduction. Neuron 20(1): 95-102. 

Heldring N, Pike A, Andersson S, Matthews J, Cheng G, Hartman J, Tujague M, Strom 

A, Treuter E, Warner M, et al. 2007. Estrogen receptors: how do they signal and what are 

their targets. Physiol Rev 87(3): 905-931. 

Heo GY, Bederman I, Mast N, Liao WL, Turko IV, Pikuleva IA. 2011. Conversion of 7-

ketocholesterol to oxysterol metabolites by recombinant CYP27A1 and retinal pigment 

epithelial cells. J Lipid Res 52(6): 1117-1127. 

Hilakivi-Clarke L, Cho E, Onojafe I, Raygada M, Clarke R. 1999. Maternal exposure to 

genistein during pregnancy increases carcinogen-induced mammary tumorigenesis in 

female rat offspring. Oncol Rep 6(5): 1089-1095. 

Horton JD. 2002. Sterol regulatory element-binding proteins: transcriptional activators of 

lipid synthesis. Biochem Soc Trans 30(Pt 6): 1091-1095. 

Horton JD, Shimomura I, Brown MS, Hammer RE, Goldstein JL, Shimano H. 1998. 

Activation of cholesterol synthesis in preference to fatty acid synthesis in liver and 

adipose tissue of transgenic mice overproducing sterol regulatory element-binding 

protein-2. J Clin Invest 101(11): 2331-2339. 

Hsieh CY, Santell RC, Haslam SZ, Helferich WG. 1998. Estrogenic effects of genistein 

on the growth of estrogen receptor-positive human breast cancer (MCF-7) cells in vitro 

and in vivo. Cancer Res 58(17): 3833-3838. 

Huang C. 2014. Natural modulators of liver X receptors. J Integr Med 12(2): 76-85. 

Huang da W, Sherman BT, Lempicki RA. 2009a. Bioinformatics enrichment tools: paths 

toward the comprehensive functional analysis of large gene lists. Nucleic Acids Res 

37(1): 1-13. 

Huang da W, Sherman BT, Lempicki RA. 2009b. Systematic and integrative analysis of 

large gene lists using DAVID bioinformatics resources. Nat Protoc 4(1): 44-57. 



 

177 

 

Huang TH, Razmovski-Naumovski V, Salam NK, Duke RK, Tran VH, Duke CC, 

Roufogalis BD. 2005. A novel LXR-alpha activator identified from the natural product 

Gynostemma pentaphyllum. Biochem Pharmacol 70(9): 1298-1308. 

Ikezuki Y, Tsutsumi O, Takai Y, Kamei Y, Taketani Y. 2002. Determination of 

bisphenol A concentrations in human biological fluids reveals significant early prenatal 

exposure. Hum Reprod 17(11): 2839-2841. 

Imanishi Y, Li N, Sokal I, Sowa ME, Lichtarge O, Wensel TG, Saperstein DA, Baehr W, 

Palczewski K. 2002. Characterization of retinal guanylate cyclase-activating protein 3 

(GCAP3) from zebrafish to man. Eur J Neurosci 15(1): 63-78. 

Imanishi Y, Yang L, Sokal I, Filipek S, Palczewski K, Baehr W. 2004. Diversity of 

guanylate cyclase-activating proteins (GCAPs) in teleost fish: characterization of three 

novel GCAPs (GCAP4, GCAP5, GCAP7) from zebrafish (Danio rerio) and prediction of 

eight GCAPs (GCAP1-8) in pufferfish (Fugu rubripes). J Mol Evol 59(2): 204-217. 

Imrie D, Sadler KC. 2010. White adipose tissue development in zebrafish is regulated by 

both developmental time and fish size. Dev Dyn 239(11): 3013-3023. 

Ishimoto K, Tachibana K, Sumitomo M, Omote S, Hanano I, Yamasaki D, Watanabe Y, 

Tanaka T, Hamakubo T, Sakai J, et al. 2006. Identification of human low-density 

lipoprotein receptor as a novel target gene regulated by liver X receptor alpha. FEBS Lett 

580(20): 4929-4933. 

Jakobsson T, Treuter E, Gustafsson JA, Steffensen KR. 2012. Liver X receptor biology 

and pharmacology: new pathways, challenges and opportunities. Trends Pharmacol Sci 

33(7): 394-404. 

Janesick A, Blumberg B. 2011. Minireview: PPARgamma as the target of obesogens. J 

Steroid Biochem Mol Biol 127(1-2): 4-8. 

Javitt NB. 2007. Oxysterols: functional significance in fetal development and the 

maintenance of normal retinal function. Curr Opin Lipidol 18(3): 283-288. 

Jefferson WN, Padilla-Banks E, Newbold RR. 2005. Adverse effects on female 

development and reproduction in CD-1 mice following neonatal exposure to the 

phytoestrogen genistein at environmentally relevant doses. Biol Reprod 73(4): 798-806. 

Jefferson WN, Patisaul HB, Williams CJ. 2012. Reproductive consequences of 

developmental phytoestrogen exposure. Reproduction 143(3): 247-260. 

Jin Y, Wang W, Sheng GD, Liu W, Fu Z. 2008. Hepatic and extrahepatic expression of 

estrogen-responsive genes in male adult zebrafish (Danio rerio) as biomarkers of short-

term exposure to 17beta-estradiol. Environ Monit Assess 146(1-3): 105-111. 



 

178 

 

Jordan VC. 2001. Selective estrogen receptor modulation: a personal perspective. Cancer 

Res 61(15): 5683-5687. 

Joseph SB, Bradley MN, Castrillo A, Bruhn KW, Mak PA, Pei L, Hogenesch J, 

O'Connell R M, Cheng G, Saez E, et al. 2004. LXR-dependent gene expression is 

important for macrophage survival and the innate immune response. Cell 119(2): 299-

309. 

Joseph SB, Castrillo A, Laffitte BA, Mangelsdorf DJ, Tontonoz P. 2003. Reciprocal 

regulation of inflammation and lipid metabolism by liver X receptors. Nat Med 9(2): 213-

219. 

Joseph SB, Laffitte BA, Patel PH, Watson MA, Matsukuma KE, Walczak R, Collins JL, 

Osborne TF, Tontonoz P. 2002a. Direct and indirect mechanisms for regulation of fatty 

acid synthase gene expression by liver X receptors. J Biol Chem 277(13): 11019-11025. 

Joseph SB, McKilligin E, Pei L, Watson MA, Collins AR, Laffitte BA, Chen M, Noh G, 

Goodman J, Hagger GN, et al. 2002b. Synthetic LXR ligand inhibits the development of 

atherosclerosis in mice. Proc Natl Acad Sci U S A 99(11): 7604-7609. 

Juvet LK, Andresen SM, Schuster GU, Dalen KT, Tobin KA, Hollung K, Haugen F, 

Jacinto S, Ulven SM, Bamberg K, et al. 2003. On the role of liver X receptors in lipid 

accumulation in adipocytes. Mol Endocrinol 17(2): 172-182. 

Kanayama T, Kobayashi N, Mamiya S, Nakanishi T, Nishikawa J. 2005. Organotin 

compounds promote adipocyte differentiation as agonists of the peroxisome proliferator-

activated receptor gamma/retinoid X receptor pathway. Mol Pharmacol 67(3): 766-774. 

Katchy A, Pinto C, Jonsson P, Nguyen-Vu T, Pandelova M, Riu A, Schramm KW, 

Samarov D, Gustafsson JA, Bondesson M, et al. 2014. Coexposure to phytoestrogens and 

bisphenol a mimics estrogenic effects in an additive manner. Toxicol Sci 138(1): 21-35. 

Katzenellenbogen JA, Katzenellenbogen BS. 1996. Nuclear hormone receptors: ligand-

activated regulators of transcription and diverse cell responses. Chem Biol 3(7): 529-536. 

Kazeto Y, Place AR, Trant JM. 2004. Effects of endocrine disrupting chemicals on the 

expression of CYP19 genes in zebrafish (Danio rerio) juveniles. Aquat Toxicol 69(1): 25-

34. 

Kelce WR, Stone CR, Laws SC, Gray LE, Kemppainen JA, Wilson EM. 1995. Persistent 

DDT metabolite p,p'-DDE is a potent androgen receptor antagonist. Nature 375(6532): 

581-585. 

Kennedy BN, Alvarez Y, Brockerhoff SE, Stearns GW, Sapetto-Rebow B, Taylor MR, 

Hurley JB. 2007. Identification of a zebrafish cone photoreceptor-specific promoter and 



 

179 

 

genetic rescue of achromatopsia in the nof mutant. Invest Ophthalmol Vis Sci 48(2): 522-

529. 

Kerdivel G, Habauzit D, Pakdel F. 2013. Assessment and molecular actions of endocrine-

disrupting chemicals that interfere with estrogen receptor pathways. Int J Endocrinol 

2013: 501851. 

Kikuchi T, Raju K, Breitman ML, Shinohara T. 1993. The proximal promoter of the 

mouse arrestin gene directs gene expression in photoreceptor cells and contains an 

evolutionarily conserved retinal factor-binding site. Mol Cell Biol 13(7): 4400-4408. 

Kimmel CB, Ballard WW, Kimmel SR, Ullmann B, Schilling TF. 1995. Stages of 

embryonic development of the zebrafish. Dev Dyn 203(3): 253-310. 

Kimura A, Singh D, Wawrousek EF, Kikuchi M, Nakamura M, Shinohara T. 2000. Both 

PCE-1/RX and OTX/CRX interactions are necessary for photoreceptor-specific gene 

expression. J Biol Chem 275(2): 1152-1160. 

Kliewer SA, Lenhard JM, Willson TM, Patel I, Morris DC, Lehmann JM. 1995. A 

prostaglandin J2 metabolite binds peroxisome proliferator-activated receptor gamma and 

promotes adipocyte differentiation. Cell 83(5): 813-819. 

Kondo H, Misaki R, Gelman L, Watabe S. 2007. Ligand-dependent transcriptional 

activities of four torafugu pufferfish Takifugu rubripes peroxisome proliferator-activated 

receptors. Gen Comp Endocrinol 154(1-3): 120-127. 

Kortenkamp A. 2007. Ten years of mixing cocktails: a review of combination effects of 

endocrine-disrupting chemicals. Environ Health Perspect 115 Suppl 1: 98-105. 

Kotokorpi P, Venteclef N, Ellis E, Gustafsson JA, Mode A. 2010. The human ADFP 

gene is a direct liver-X-receptor (LXR) target gene and differentially regulated by 

synthetic LXR ligands. Mol Pharmacol 77(1): 79-86. 

Krasowski MD, Ai N, Hagey LR, Kollitz EM, Kullman SW, Reschly EJ, Ekins S. 2011. 

The evolution of farnesoid X, vitamin D, and pregnane X receptors: insights from the 

green-spotted pufferfish (Tetraodon nigriviridis) and other non-mammalian species. BMC 

Biochem 12: 5. 

Krege JH, Hodgin JB, Couse JF, Enmark E, Warner M, Mahler JF, Sar M, Korach KS, 

Gustafsson JA, Smithies O. 1998. Generation and reproductive phenotypes of mice 

lacking estrogen receptor beta. Proc Natl Acad Sci U S A 95(26): 15677-15682. 

Kuiper GG, Enmark E, Pelto-Huikko M, Nilsson S, Gustafsson JA. 1996. Cloning of a 

novel receptor expressed in rat prostate and ovary. Proc Natl Acad Sci U S A 93(12): 

5925-5930. 



 

180 

 

Lange A, Katsu Y, Miyagawa S, Ogino Y, Urushitani H, Kobayashi T, Hirai T, Shears 

JA, Nagae M, Yamamoto J, et al. 2012. Comparative responsiveness to natural and 

synthetic estrogens of fish species commonly used in the laboratory and field monitoring. 

Aquat Toxicol 109: 250-258. 

Larkin P, Sabo-Attwood T, Kelso J, Denslow ND. 2003. Analysis of gene expression 

profiles in largemouth bass exposed to 17-beta-estradiol and to anthropogenic 

contaminants that behave as estrogens. Ecotoxicology 12(6): 463-468. 

Lawson ND, Wolfe SA. 2011. Forward and reverse genetic approaches for the analysis of 

vertebrate development in the zebrafish. Dev Cell 21(1): 48-64. 

Leanos-Castaneda O, Van Der Kraak G. 2007. Functional characterization of estrogen 

receptor subtypes, ERalpha and ERbeta, mediating vitellogenin production in the liver of 

rainbow trout. Toxicol Appl Pharmacol 224(2): 116-125. 

Leaver MJ, Boukouvala E, Antonopoulou E, Diez A, Favre-Krey L, Ezaz MT, Bautista 

JM, Tocher DR, Krey G. 2005. Three peroxisome proliferator-activated receptor isotypes 

from each of two species of marine fish. Endocrinology 146(7): 3150-3162. 

Legler J, van den Brink CE, Brouwer A, Murk AJ, van der Saag PT, Vethaak AD, van 

der Burg B. 1999. Development of a stably transfected estrogen receptor-mediated 

luciferase reporter gene assay in the human T47D breast cancer cell line. Toxicol Sci 

48(1): 55-66. 

Legler J, Zeinstra LM, Schuitemaker F, Lanser PH, Bogerd J, Brouwer A, Vethaak AD, 

De Voogt P, Murk AJ, Van der Burg B. 2002. Comparison of in vivo and in vitro reporter 

gene assays for short-term screening of estrogenic activity. Environ Sci Technol 36(20): 

4410-4415. 

Lehrke M, Lazar MA. 2005. The many faces of PPARgamma. Cell 123(6): 993-999. 

Leung MC, Williams PL, Benedetto A, Au C, Helmcke KJ, Aschner M, Meyer JN. 2008. 

Caenorhabditis elegans: an emerging model in biomedical and environmental toxicology. 

Toxicol Sci 106(1): 5-28. 

Li X, Ycaza J, Blumberg B. 2011. The environmental obesogen tributyltin chloride acts 

via peroxisome proliferator activated receptor gamma to induce adipogenesis in murine 

3T3-L1 preadipocytes. J Steroid Biochem Mol Biol 127(1-2): 9-15. 

Li X, Zhang S, Safe S. 2006. Activation of kinase pathways in MCF-7 cells by 17beta-

estradiol and structurally diverse estrogenic compounds. J Steroid Biochem Mol Biol 

98(2-3): 122-132. 

Lindegaard ML, Wassif CA, Vaisman B, Amar M, Wasmuth EV, Shamburek R, Nielsen 

LB, Remaley AT, Porter FD. 2008. Characterization of placental cholesterol transport: 



 

181 

 

ABCA1 is a potential target for in utero therapy of Smith-Lemli-Opitz syndrome. Hum 

Mol Genet 17(23): 3806-3813. 

Luconi M, Cantini G, Serio M. 2010. Peroxisome proliferator-activated receptor gamma 

(PPARgamma): Is the genomic activity the only answer? Steroids 75(8-9): 585-594. 

Lund EG, Peterson LB, Adams AD, Lam MH, Burton CA, Chin J, Guo Q, Huang S, 

Latham M, Lopez JC, et al. 2006. Different roles of liver X receptor alpha and beta in 

lipid metabolism: effects of an alpha-selective and a dual agonist in mice deficient in 

each subtype. Biochem Pharmacol 71(4): 453-463. 

Ma CH, Dong KW, Yu KL. 2000. cDNA cloning and expression of a novel estrogen 

receptor beta-subtype in goldfish (Carassius auratus). Biochim Biophys Acta 1490(1-2): 

145-152. 

Maffini MV, Rubin BS, Sonnenschein C, Soto AM. 2006. Endocrine disruptors and 

reproductive health: the case of bisphenol-A. Mol Cell Endocrinol 254-255: 179-186. 

Maglich JM, Sluder A, Guan X, Shi Y, McKee DD, Carrick K, Kamdar K, Willson TM, 

Moore JT. 2001. Comparison of complete nuclear receptor sets from the human, 

Caenorhabditis elegans and Drosophila genomes. Genome Biol 2(8): RESEARCH0029. 

Mak PA, Kast-Woelbern HR, Anisfeld AM, Edwards PA. 2002. Identification of PLTP 

as an LXR target gene and apoE as an FXR target gene reveals overlapping targets for the 

two nuclear receptors. J Lipid Res 43(12): 2037-2041. 

Manas ES, Xu ZB, Unwalla RJ, Somers WS. 2004. Understanding the selectivity of 

genistein for human estrogen receptor-beta using X-ray crystallography and 

computational methods. Structure 12(12): 2197-2207. 

Marceau G, Volle DH, Gallot D, Mangelsdorf DJ, Sapin V, Lobaccaro JM. 2005. 

Placental expression of the nuclear receptors for oxysterols LXRalpha and LXRbeta 

during mouse and human development. Anat Rec A Discov Mol Cell Evol Biol 283(1): 

175-181. 

Markey CM, Wadia PR, Rubin BS, Sonnenschein C, Soto AM. 2005. Long-term effects 

of fetal exposure to low doses of the xenoestrogen bisphenol-A in the female mouse 

genital tract. Biol Reprod 72(6): 1344-1351. 

Martin MT, Dix DJ, Judson RS, Kavlock RJ, Reif DM, Richard AM, Rotroff DM, 

Romanov S, Medvedev A, Poltoratskaya N, et al. 2010. Impact of environmental 

chemicals on key transcription regulators and correlation to toxicity end points within 

EPA's ToxCast program. Chem Res Toxicol 23(3): 578-590. 



 

182 

 

Mathew LK, Sengupta S, Kawakami A, Andreasen EA, Lohr CV, Loynes CA, Renshaw 

SA, Peterson RT, Tanguay RL. 2007. Unraveling tissue regeneration pathways using 

chemical genetics. J Biol Chem 282(48): 35202-35210. 

Matthews J, Gustafsson JA. 2003. Estrogen signaling: a subtle balance between ER alpha 

and ER beta. Mol Interv 3(5): 281-292. 

Matthews JB, Fertuck KC, Celius T, Huang YW, Fong CJ, Zacharewski TR. 2002. 

Ability of structurally diverse natural products and synthetic chemicals to induce gene 

expression mediated by estrogen receptors from various species. J Steroid Biochem Mol 

Biol 82(2-3): 181-194. 

McDonnell DP, Nawaz Z, Densmore C, Weigel NL, Pham TA, Clark JH, O'Malley BW. 

1991. High level expression of biologically active estrogen receptor in Saccharomyces 

cerevisiae. J Steroid Biochem Mol Biol 39(3): 291-297. 

McGonnell IM, Fowkes RC. 2006. Fishing for gene function--endocrine modelling in the 

zebrafish. J Endocrinol 189(3): 425-439. 

Mendonca K, Hauser R, Calafat AM, Arbuckle TE, Duty SM. 2014. Bisphenol A 

concentrations in maternal breast milk and infant urine. Int Arch Occup Environ Health 

87(1): 13-20. 

Menuet A, Pellegrini E, Anglade I, Blaise O, Laudet V, Kah O, Pakdel F. 2002. 

Molecular characterization of three estrogen receptor forms in zebrafish: binding 

characteristics, transactivation properties, and tissue distributions. Biol Reprod 66(6): 

1881-1892. 

Meyers MJ, Sun J, Carlson KE, Marriner GA, Katzenellenbogen BS, Katzenellenbogen 

JA. 2001. Estrogen receptor-beta potency-selective ligands: structure-activity relationship 

studies of diarylpropionitriles and their acetylene and polar analogues. J Med Chem 

44(24): 4230-4251. 

Molina-Molina JM, Escande A, Pillon A, Gomez E, Pakdel F, Cavailles V, Olea N, Ait-

Aissa S, Balaguer P. 2008. Profiling of benzophenone derivatives using fish and human 

estrogen receptor-specific in vitro bioassays. Toxicol Appl Pharmacol 232(3): 384-395. 

Monroig O, Rotllant J, Sanchez E, Cerda-Reverter JM, Tocher DR. 2009. Expression of 

long-chain polyunsaturated fatty acid (LC-PUFA) biosynthesis genes during zebrafish 

Danio rerio early embryogenesis. Biochim Biophys Acta 1791(11): 1093-1101. 

Moore FE, Reyon D, Sander JD, Martinez SA, Blackburn JS, Khayter C, Ramirez CL, 

Joung JK, Langenau DM. 2012. Improved somatic mutagenesis in zebrafish using 

transcription activator-like effector nucleases (TALENs). PLoS One 7(5): e37877. 



 

183 

 

Muranishi Y, Terada K, Furukawa T. 2012. An essential role for Rax in retina and 

neuroendocrine system development. Dev Growth Differ 54(3): 341-348. 

Murrill WB, Brown NM, Zhang JX, Manzolillo PA, Barnes S, Lamartiniere CA. 1996. 

Prepubertal genistein exposure suppresses mammary cancer and enhances gland 

differentiation in rats. Carcinogenesis 17(7): 1451-1457. 

Naciff JM, Jump ML, Torontali SM, Carr GJ, Tiesman JP, Overmann GJ, Daston GP. 

2002. Gene expression profile induced by 17alpha-ethynyl estradiol, bisphenol A, and 

genistein in the developing female reproductive system of the rat. Toxicol Sci 68(1): 184-

199. 

Nelson SM, Frey RA, Wardwell SL, Stenkamp DL. 2008. The developmental sequence 

of gene expression within the rod photoreceptor lineage in embryonic zebrafish. Dev Dyn 

237(10): 2903-2917. 

Nelson SM, Park L, Stenkamp DL. 2009. Retinal homeobox 1 is required for retinal 

neurogenesis and photoreceptor differentiation in embryonic zebrafish. Dev Biol 328(1): 

24-39. 

Newbold RR, Banks EP, Bullock B, Jefferson WN. 2001. Uterine adenocarcinoma in 

mice treated neonatally with genistein. Cancer Res 61(11): 4325-4328. 

Newbold RR, Jefferson WN, Padilla-Banks E. 2009a. Prenatal exposure to bisphenol a at 

environmentally relevant doses adversely affects the murine female reproductive tract 

later in life. Environ Health Perspect 117(6): 879-885. 

Newbold RR, Padilla-Banks E, Jefferson WN. 2006. Adverse effects of the model 

environmental estrogen diethylstilbestrol are transmitted to subsequent generations. 

Endocrinology 147(6 Suppl): S11-17. 

Newbold RR, Padilla-Banks E, Jefferson WN. 2009b. Environmental estrogens and 

obesity. Mol Cell Endocrinol 304(1-2): 84-89. 

Newbold RR, Padilla-Banks E, Snyder RJ, Phillips TM, Jefferson WN. 2007. 

Developmental exposure to endocrine disruptors and the obesity epidemic. Reprod 

Toxicol 23(3): 290-296. 

Ng AN, de Jong-Curtain TA, Mawdsley DJ, White SJ, Shin J, Appel B, Dong PD, 

Stainier DY, Heath JK. 2005. Formation of the digestive system in zebrafish: III. 

Intestinal epithelium morphogenesis. Dev Biol 286(1): 114-135. 

Nilsson S, Gustafsson JA. 2011. Estrogen receptors: therapies targeted to receptor 

subtypes. Clin Pharmacol Ther 89(1): 44-55. 



 

184 

 

Nilsson S, Koehler KF, Gustafsson JA. 2011. Development of subtype-selective 

oestrogen receptor-based therapeutics. Nat Rev Drug Discov 10(10): 778-792. 

Nilsson S, Makela S, Treuter E, Tujague M, Thomsen J, Andersson G, Enmark E, 

Pettersson K, Warner M, Gustafsson JA. 2001. Mechanisms of estrogen action. Physiol 

Rev 81(4): 1535-1565. 

Notch EG, Mayer GD. 2011. Efficacy of pharmacological estrogen receptor antagonists 

in blocking activation of zebrafish estrogen receptors. Gen Comp Endocrinol 173(1): 

183-189. 

Orn S, Holbech H, Madsen TH, Norrgren L, Petersen GI. 2003. Gonad development and 

vitellogenin production in zebrafish (Danio rerio) exposed to ethinylestradiol and 

methyltestosterone. Aquat Toxicol 65(4): 397-411. 

Paguio A, Stecha P, Wood KV, Fan F. 2010. Improved dual-luciferase reporter assays for 

nuclear receptors. Curr Chem Genomics 4: 43-49. 

Pan Y, Martinez-De Luna RI, Lou CH, Nekkalapudi S, Kelly LE, Sater AK, El-Hodiri 

HM. 2010. Regulation of photoreceptor gene expression by the retinal homeobox (Rx) 

gene product. Dev Biol 339(2): 494-506. 

Payne J, Rajapakse N, Wilkins M, Kortenkamp A. 2000. Prediction and assessment of the 

effects of mixtures of four xenoestrogens. Environ Health Perspect 108(10): 983-987. 

Peet DJ, Turley SD, Ma W, Janowski BA, Lobaccaro JM, Hammer RE, Mangelsdorf DJ. 

1998. Cholesterol and bile acid metabolism are impaired in mice lacking the nuclear 

oxysterol receptor LXR alpha. Cell 93(5): 693-704. 

Perera F, Tang WY, Herbstman J, Tang D, Levin L, Miller R, Ho SM. 2009. Relation of 

DNA methylation of 5'-CpG island of ACSL3 to transplacental exposure to airborne 

polycyclic aromatic hydrocarbons and childhood asthma. PLoS One 4(2): e4488. 

Peterson RT, Link BA, Dowling JE, Schreiber SL. 2000. Small molecule developmental 

screens reveal the logic and timing of vertebrate development. Proc Natl Acad Sci U S A 

97(24): 12965-12969. 

Peterson RT, Macrae CA. 2012. Systematic approaches to toxicology in the zebrafish. 

Annu Rev Pharmacol Toxicol 52: 433-453. 

Peterson RT, Nass R, Boyd WA, Freedman JH, Dong K, Narahashi T. 2008. Use of non-

mammalian alternative models for neurotoxicological study. Neurotoxicology 29(3): 546-

555. 



 

185 

 

Peterson RT, Shaw SY, Peterson TA, Milan DJ, Zhong TP, Schreiber SL, MacRae CA, 

Fishman MC. 2004. Chemical suppression of a genetic mutation in a zebrafish model of 

aortic coarctation. Nat Biotechnol 22(5): 595-599. 

Plat J, Nichols JA, Mensink RP. 2005. Plant sterols and stanols: effects on mixed micellar 

composition and LXR (target gene) activation. J Lipid Res 46(11): 2468-2476. 

Posner M, Hawke M, Lacava C, Prince CJ, Bellanco NR, Corbin RW. 2008. A proteome 

map of the zebrafish (Danio rerio) lens reveals similarities between zebrafish and 

mammalian crystallin expression. Mol Vis 14: 806-814. 

Prossnitz ER, Barton M. 2014. Estrogen Biology: New Insights into GPER Function and 

Clinical Opportunities. Mol Cell Endocrinol. 

Quinet EM, Savio DA, Halpern AR, Chen L, Schuster GU, Gustafsson JA, Basso MD, 

Nambi P. 2006. Liver X receptor (LXR)-beta regulation in LXRalpha-deficient mice: 

implications for therapeutic targeting. Mol Pharmacol 70(4): 1340-1349. 

Rajapakse N, Silva E, Kortenkamp A. 2002. Combining xenoestrogens at levels below 

individual no-observed-effect concentrations dramatically enhances steroid hormone 

action. Environ Health Perspect 110(9): 917-921. 

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(2): 134-146. 

Reel JR, Lamb IJ, Neal BH. 1996. Survey and assessment of mammalian estrogen 

biological assays for hazard characterization. Fundam Appl Toxicol 34(2): 288-305. 

Repa JJ, Liang G, Ou J, Bashmakov Y, Lobaccaro JM, Shimomura I, Shan B, Brown 

MS, Goldstein JL, Mangelsdorf DJ. 2000. Regulation of mouse sterol regulatory element-

binding protein-1c gene (SREBP-1c) by oxysterol receptors, LXRalpha and LXRbeta. 

Genes Dev 14(22): 2819-2830. 

Rhie YJ, Nam HK, Oh YJ, Kim HS, Lee KH. 2014. Influence of bottle-feeding on serum 

bisphenol a levels in infants. J Korean Med Sci 29(2): 261-264. 

Richter CA, Birnbaum LS, Farabollini F, Newbold RR, Rubin BS, Talsness CE, 

Vandenbergh JG, Walser-Kuntz DR, vom Saal FS. 2007. In vivo effects of bisphenol A 

in laboratory rodent studies. Reprod Toxicol 24(2): 199-224. 

Rider CV, LeBlanc GA. 2005. An integrated addition and interaction model for assessing 

toxicity of chemical mixtures. Toxicol Sci 87(2): 520-528. 

Rinner O, Makhankov YV, Biehlmaier O, Neuhauss SC. 2005. Knockdown of cone-

specific kinase GRK7 in larval zebrafish leads to impaired cone response recovery and 

delayed dark adaptation. Neuron 47(2): 231-242. 



 

186 

 

Riu A, Balaguer P, Perdu E, Pandelova M, Piccinelli R, Gustafsson JA, Leclercq C, 

Schramm KW, Dagnino S, Debrauwer L, et al. 2008. Characterisation of bioactive 

compounds in infant formulas using immobilised recombinant estrogen receptor-alpha 

affinity columns. Food Chem Toxicol 46(10): 3268-3278. 

Riu A, Grimaldi M, le Maire A, Bey G, Phillips K, Boulahtouf A, Perdu E, Zalko D, 

Bourguet W, Balaguer P. 2011a. Peroxisome proliferator-activated receptor gamma is a 

target for halogenated analogs of bisphenol A. Environ Health Perspect 119(9): 1227-

1232. 

Riu A, le Maire A, Grimaldi M, Audebert M, Hillenweck A, Bourguet W, Balaguer P, 

Zalko D. 2011b. Characterization of novel ligands of ERalpha, Erbeta, and PPARgamma: 

the case of halogenated bisphenol A and their conjugated metabolites. Toxicol Sci 122(2): 

372-382. 

Riu A, McCollum CW, Pinto CL, Grimaldi M, Hillenweck A, Perdu E, Zalko D, Bernard 

L, Laudet V, Balaguer P, et al. 2014. Halogenated Bisphenol-A Analogs Act as 

Obesogens in Zebrafish Larvae (Danio rerio). Toxicol Sci. 

Robinson-Rechavi M, Carpentier AS, Duffraisse M, Laudet V. 2001. How many nuclear 

hormone receptors are there in the human genome? Trends Genet 17(10): 554-556. 

Robinson-Rechavi M, Escriva Garcia H, Laudet V. 2003. The nuclear receptor 

superfamily. J Cell Sci 116(Pt 4): 585-586. 

Sacchetti P, Sousa KM, Hall AC, Liste I, Steffensen KR, Theofilopoulos S, Parish CL, 

Hazenberg C, Richter LA, Hovatta O, et al. 2009. Liver X receptors and oxysterols 

promote ventral midbrain neurogenesis in vivo and in human embryonic stem cells. Cell 

Stem Cell 5(4): 409-419. 

Sakamoto A, Kawasaki T, Kazawa T, Ohashi R, Jiang S, Maejima T, Tanaka T, Iwanari 

H, Hamakubo T, Sakai J, et al. 2007. Expression of liver X receptor alpha in rat fetal 

tissues at different developmental stages. J Histochem Cytochem 55(6): 641-649. 

Sassi-Messai S, Gibert Y, Bernard L, Nishio S, Ferri Lagneau KF, Molina J, Andersson-

Lendahl M, Benoit G, Balaguer P, Laudet V. 2009. The phytoestrogen genistein affects 

zebrafish development through two different pathways. PLoS One 4(3): e4935. 

Scholz S, Fischer S, Gundel U, Kuster E, Luckenbach T, Voelker D. 2008. The zebrafish 

embryo model in environmental risk assessment--applications beyond acute toxicity 

testing. Environ Sci Pollut Res Int 15(5): 394-404. 

Scholz S, Renner P, Belanger SE, Busquet F, Davi R, Demeneix BA, Denny JS, Leonard 

M, McMaster ME, Villeneuve DL, et al. 2013. Alternatives to in vivo tests to detect 

endocrine disrupting chemicals (EDCs) in fish and amphibians--screening for estrogen, 

androgen and thyroid hormone disruption. Crit Rev Toxicol 43(1): 45-72. 



 

187 

 

Schon C, Biel M, Michalakis S. 2013. Gene replacement therapy for retinal CNG 

channelopathies. Mol Genet Genomics 288(10): 459-467. 

Schug TT, Janesick A, Blumberg B, Heindel JJ. 2011. Endocrine disrupting chemicals 

and disease susceptibility. J Steroid Biochem Mol Biol 127(3-5): 204-215. 

Schultz JR, Tu H, Luk A, Repa JJ, Medina JC, Li L, Schwendner S, Wang S, Thoolen M, 

Mangelsdorf DJ, et al. 2000. Role of LXRs in control of lipogenesis. Genes Dev 14(22): 

2831-2838. 

Seimandi M, Lemaire G, Pillon A, Perrin A, Carlavan I, Voegel JJ, Vignon F, Nicolas 

JC, Balaguer P. 2005. Differential responses of PPARalpha, PPARdelta, and 

PPARgamma reporter cell lines to selective PPAR synthetic ligands. Anal Biochem 

344(1): 8-15. 

Seredick SD, Van Ryswyk L, Hutchinson SA, Eisen JS. 2012. Zebrafish Mnx proteins 

specify one motoneuron subtype and suppress acquisition of interneuron characteristics. 

Neural Dev 7: 35. 

Setchell KD, Zimmer-Nechemias L, Cai J, Heubi JE. 1997. Exposure of infants to phyto-

oestrogens from soy-based infant formula. Lancet 350(9070): 23-27. 

Setchell KD, Zimmer-Nechemias L, Cai J, Heubi JE. 1998. Isoflavone content of infant 

formulas and the metabolic fate of these phytoestrogens in early life. Am J Clin Nutr 68(6 

Suppl): 1453S-1461S. 

Shanle EK, Xu W. 2011. Endocrine disrupting chemicals targeting estrogen receptor 

signaling: identification and mechanisms of action. Chem Res Toxicol 24(1): 6-19. 

Shi X, Cui B, Wang Z, Weng L, Xu Z, Ma J, Xu G, Kong X, Hu L. 2009. Removal of 

Hsf4 leads to cataract development in mice through down-regulation of gamma S-

crystallin and Bfsp expression. BMC Mol Biol 10: 10. 

Singleton DW, Khan SA. 2003. Xenoestrogen exposure and mechanisms of endocrine 

disruption. Front Biosci 8: s110-118. 

Smyth GK, Michaud J, Scott HS. 2005. Use of within-array replicate spots for assessing 

differential expression in microarray experiments. Bioinformatics 21(9): 2067-2075. 

Soto AM, Sonnenschein C, Chung KL, Fernandez MF, Olea N, Serrano FO. 1995. The 

E-SCREEN assay as a tool to identify estrogens: an update on estrogenic environmental 

pollutants. Environ Health Perspect 103 Suppl 7: 113-122. 

Stauffer SR, Coletta CJ, Tedesco R, Nishiguchi G, Carlson K, Sun J, Katzenellenbogen 

BS, Katzenellenbogen JA. 2000. Pyrazole ligands: structure-affinity/activity relationships 

and estrogen receptor-alpha-selective agonists. J Med Chem 43(26): 4934-4947. 



 

188 

 

Steffensen KR, Jakobsson T, Gustafsson JA. 2013. Targeting liver X receptors in 

inflammation. Expert Opin Ther Targets 17(8): 977-990. 

Sukardi H, Zhang X, Lui EY, Ung CY, Mathavan S, Gong Z, Lam SH. 2012. Liver X 

receptor agonist T0901317 induced liver perturbation in zebrafish: histological, gene set 

enrichment and expression analyses. Biochim Biophys Acta 1820(1): 33-43. 

Sumida K, Ooe N, Saito K, Kaneko H. 2003. Limited species differences in estrogen 

receptor alpha-medicated reporter gene transactivation by xenoestrogens. J Steroid 

Biochem Mol Biol 84(1): 33-40. 

Sun H, Ma Z, Li Y, Liu B, Li Z, Ding X, Gao Y, Ma W, Tang X, Li X, et al. 2005. 

Gamma-S crystallin gene (CRYGS) mutation causes dominant progressive cortical 

cataract in humans. J Med Genet 42(9): 706-710. 

Sun Y, Irie M, Kishikawa N, Wada M, Kuroda N, Nakashima K. 2004. Determination of 

bisphenol A in human breast milk by HPLC with column-switching and fluorescence 

detection. Biomed Chromatogr 18(8): 501-507. 

Tabb MM, Blumberg B. 2006. New modes of action for endocrine-disrupting chemicals. 

Mol Endocrinol 20(3): 475-482. 

Tan NS, Frecer V, Lam TJ, Ding JL. 1999. Temperature dependence of estrogen binding: 

importance of a subzone in the ligand binding domain of a novel piscine estrogen 

receptor. Biochim Biophys Acta 1452(2): 103-120. 

Tata JR. 2002. Signalling through nuclear receptors. Nat Rev Mol Cell Biol 3(9): 702-

710. 

Teboul M, Enmark E, Li Q, Wikstrom AC, Pelto-Huikko M, Gustafsson JA. 1995. OR-1, 

a member of the nuclear receptor superfamily that interacts with the 9-cis-retinoic acid 

receptor. Proc Natl Acad Sci U S A 92(6): 2096-2100. 

Terouanne B, Tahiri B, Georget V, Belon C, Poujol N, Avances C, Orio F, Jr., Balaguer 

P, Sultan C. 2000. A stable prostatic bioluminescent cell line to investigate androgen and 

antiandrogen effects. Mol Cell Endocrinol 160(1-2): 39-49. 

Tiefenbach J, Moll PR, Nelson MR, Hu C, Baev L, Kislinger T, Krause HM. 2010. A live 

zebrafish-based screening system for human nuclear receptor ligand and cofactor 

discovery. PLoS One 5(3): e9797. 

Tingaud-Sequeira A, Ouadah N, Babin PJ. 2011. Zebrafish obesogenic test: a tool for 

screening molecules that target adiposity. J Lipid Res 52(9): 1765-1772. 



 

189 

 

Tobin KA, Steineger HH, Alberti S, Spydevold O, Auwerx J, Gustafsson JA, Nebb HI. 

2000. Cross-talk between fatty acid and cholesterol metabolism mediated by liver X 

receptor-alpha. Mol Endocrinol 14(5): 741-752. 

Tong SK, Mouriec K, Kuo MW, Pellegrini E, Gueguen MM, Brion F, Kah O, Chung BC. 

2009. A cyp19a1b-gfp (aromatase B) transgenic zebrafish line that expresses GFP in 

radial glial cells. Genesis 47(2): 67-73. 

Tontonoz P, Hu E, Spiegelman BM. 1994. Stimulation of adipogenesis in fibroblasts by 

PPAR gamma 2, a lipid-activated transcription factor. Cell 79(7): 1147-1156. 

Traves PG, Hortelano S, Zeini M, Chao TH, Lam T, Neuteboom ST, Theodorakis EA, 

Palladino MA, Castrillo A, Bosca L. 2007. Selective activation of liver X receptors by 

acanthoic acid-related diterpenes. Mol Pharmacol 71(6): 1545-1553. 

Tully DB, Cox VT, Mumtaz MM, Davis VL, Chapin RE. 2000. Six high-priority 

organochlorine pesticides, either singly or in combination, are nonestrogenic in 

transfected HeLa cells. Reprod Toxicol 14(2): 95-102. 

Ulven SM, Dalen KT, Gustafsson JA, Nebb HI. 2005. LXR is crucial in lipid 

metabolism. Prostaglandins Leukot Essent Fatty Acids 73(1): 59-63. 

Uppal H, Saini SP, Moschetta A, Mu Y, Zhou J, Gong H, Zhai Y, Ren S, Michalopoulos 

GK, Mangelsdorf DJ, et al. 2007. Activation of LXRs prevents bile acid toxicity and 

cholestasis in female mice. Hepatology 45(2): 422-432. 

Valverde D, Vazquez-Gundin F, del Rio E, Calaf M, Fernandez JL, Baiget M. 1998. 

Analysis of the IRBP gene as a cause of RP in 45 ARRP Spanish families. Autosomal 

recessive retinitis pigmentosa. Interstitial retinol binding protein. Spanish Multicentric 

and Multidisciplinary Group for Research into Retinitis Pigmentosa. Ophthalmic Genet 

19(4): 197-202. 

Van den Belt K, Verheyen R, Witters H. 2001. Reproductive effects of ethynylestradiol 

and 4t-octylphenol on the zebrafish (Danio rerio). Arch Environ Contam Toxicol 41(4): 

458-467. 

van Straten EM, Huijkman NC, Baller JF, Kuipers F, Plosch T. 2008. Pharmacological 

activation of LXR in utero directly influences ABC transporter expression and function in 

mice but does not affect adult cholesterol metabolism. Am J Physiol Endocrinol Metab 

295(6): E1341-1348. 

van Straten EM, van Meer H, Huijkman NC, van Dijk TH, Baller JF, Verkade HJ, 

Kuipers F, Plosch T. 2009. Fetal liver X receptor activation acutely induces lipogenesis 

but does not affect plasma lipid response to a high-fat diet in adult mice. Am J Physiol 

Endocrinol Metab 297(5): E1171-1178. 



 

190 

 

Vandenberg LN, Chahoud I, Heindel JJ, Padmanabhan V, Paumgartten FJ, Schoenfelder 

G. 2010. Urinary, circulating, and tissue biomonitoring studies indicate widespread 

exposure to bisphenol A. Environ Health Perspect 118(8): 1055-1070. 

Vandenberg LN, Hauser R, Marcus M, Olea N, Welshons WV. 2007a. Human exposure 

to bisphenol A (BPA). Reprod Toxicol 24(2): 139-177. 

Vandenberg LN, Maffini MV, Wadia PR, Sonnenschein C, Rubin BS, Soto AM. 2007b. 

Exposure to environmentally relevant doses of the xenoestrogen bisphenol-A alters 

development of the fetal mouse mammary gland. Endocrinology 148(1): 116-127. 

Vanita V, Singh JR, Singh D, Varon R, Sperling K. 2009. Novel mutation in the gamma-

S crystallin gene causing autosomal dominant cataract. Mol Vis 15: 476-481. 

Vendra VP, Chandani S, Balasubramanian D. 2012. The mutation V42M distorts the 

compact packing of the human gamma-S-crystallin molecule, resulting in congenital 

cataract. PLoS One 7(12): e51401. 

Venteclef N, Jakobsson T, Steffensen KR, Treuter E. 2011. Metabolic nuclear receptor 

signaling and the inflammatory acute phase response. Trends Endocrinol Metab 22(8): 

333-343. 

vom Saal FS, Hughes C. 2005. An extensive new literature concerning low-dose effects 

of bisphenol A shows the need for a new risk assessment. Environ Health Perspect 

113(8): 926-933. 

Wang J, Shi X, Du Y, Zhou B. 2011. Effects of xenoestrogens on the expression of 

vitellogenin (vtg) and cytochrome P450 aromatase (cyp19a and b) genes in zebrafish 

(Danio rerio) larvae. J Environ Sci Health A Tox Hazard Subst Environ Eng 46(9): 960-

967. 

Wang L, Schuster GU, Hultenby K, Zhang Q, Andersson S, Gustafsson JA. 2002. Liver 

X receptors in the central nervous system: from lipid homeostasis to neuronal 

degeneration. Proc Natl Acad Sci U S A 99(21): 13878-13883. 

Warner M, Gustafsson JA. 2014. Estrogen receptor beta and Liver X receptor beta: 

biology and therapeutic potential in CNS diseases. Mol Psychiatry. 

Welshons WV, Nagel SC, Thayer KA, Judy BM, Vom Saal FS. 1999. Low-dose 

bioactivity of xenoestrogens in animals: fetal exposure to low doses of methoxychlor and 

other xenoestrogens increases adult prostate size in mice. Toxicol Ind Health 15(1-2): 12-

25. 

Wilson JH, Wensel TG. 2003. The nature of dominant mutations of rhodopsin and 

implications for gene therapy. Mol Neurobiol 28(2): 149-158. 



 

191 

 

Wilson VS, Bobseine K, Gray LE, Jr. 2004. Development and characterization of a cell 

line that stably expresses an estrogen-responsive luciferase reporter for the detection of 

estrogen receptor agonist and antagonists. Toxicol Sci 81(1): 69-77. 

Wojcicka G, Jamroz-Wisniewska A, Horoszewicz K, Beltowski J. 2007. Liver X 

receptors (LXRs). Part I: structure, function, regulation of activity, and role in lipid 

metabolism. Postepy Hig Med Dosw (Online) 61: 736-759. 

Xing L, Xu Y, Xiao Y, Shang L, Liu R, Wei X, Jiang J, Hao W. 2010. Embryotoxic and 

teratogenic effects of the combination of bisphenol A and genistein on in vitro cultured 

postimplantation rat embryos. Toxicol Sci 115(2): 577-588. 

Xing Y, Fan X, Ying D. 2010. Liver X receptor agonist treatment promotes the migration 

of granule neurons during cerebellar development. J Neurochem 115(6): 1486-1494. 

Yang H, Zheng S, Qiu Y, Yang Y, Wang C, Yang P, Li Q, Lei B. 2014. Activation of 

Liver X Receptor Alleviates Ocular Inflammation in Experimental Autoimmune Uveitis. 

Invest Ophthalmol Vis Sci. 

Yaoi T, Itoh K, Nakamura K, Ogi H, Fujiwara Y, Fushiki S. 2008. Genome-wide analysis 

of epigenomic alterations in fetal mouse forebrain after exposure to low doses of 

bisphenol A. Biochem Biophys Res Commun 376(3): 563-567. 

Yasuda T, Grillot D, Billheimer JT, Briand F, Delerive P, Huet S, Rader DJ. 2010. 

Tissue-specific liver X receptor activation promotes macrophage reverse cholesterol 

transport in vivo. Arterioscler Thromb Vasc Biol 30(4): 781-786. 

Yoshikawa T, Shimano H, Amemiya-Kudo M, Yahagi N, Hasty AH, Matsuzaka T, 

Okazaki H, Tamura Y, Iizuka Y, Ohashi K, et al. 2001. Identification of liver X receptor-

retinoid X receptor as an activator of the sterol regulatory element-binding protein 1c 

gene promoter. Mol Cell Biol 21(9): 2991-3000. 

Zacharewski T. 1998. Identification and assessment of endocrine disruptors: limitations 

of in vivo and in vitro assays. Environ Health Perspect 106 Suppl 2: 577-582. 

Zhang Y, Repa JJ, Gauthier K, Mangelsdorf DJ. 2001. Regulation of lipoprotein lipase by 

the oxysterol receptors, LXRalpha and LXRbeta. J Biol Chem 276(46): 43018-43024. 

 

 


	Chapter 1. Introduction
	1.1 Nuclear Hormone Receptor Superfamily
	1.1.1 Estrogen Receptors
	1.1.2 Peroxisome Proliferator-activated Receptor ( (PPAR()
	1.1.3 Liver X Receptors (LXRs)
	1.2 Endocrine disruptors

	1.2.1 EDCs targeting estrogen receptors (ERs)
	1.2.2 EDCs targeting peroxisome proliferator activated-receptor ( (PPAR()
	1.2.3 EDCs targeting Liver X Receptors (LXRs)
	1.3 In vitro and in vivo models to assess the effects of EDCs targeting NRs

	1.3.1 In vitro assays for EDC screening
	1.3.2 In vivo assays for EDC screening
	1.3.3 Toxicogenomics
	1.4 Zebrafish as an alternative model organism

	1.4.1 Zebrafish as a model for developmental studies
	1.4.2 Zebrafish as a model for toxicological studies and chemical screens targeting NRs
	1.5 Project aims and objectives


	Chapter 2. Materials and Methods
	2.1 Chemicals and materials
	2.2 Cell lines
	2.2.1 HELN reporter cells stably expressing hERs and zfERs
	2.2.2 HG5LN reporter cells expressing GAL4-hPPAR(/zfPPAR(/zfLXR chimeras
	2.2.3 Human breast cancer MCF-7 cells
	2.3 Luciferase reporter assays
	2.4 MCF-7 Cell Proliferation assay
	2.5 Soy formula (SF) extract
	2.6 Quantification of genistein and daidzein in SF extract
	2.7 Concentration addition (CA) model
	2.8 Zebrafish maintenance and treatments

	2.8.1 Zebrafish husbandry
	2.8.2 Zebrafish larvae treatments for microarray analysis
	2.8.3 Juvenile zebrafish treatments
	2.9 RNA extraction and cDNA synthesis
	2.10 Quantitative real-time polymerase chain reaction (RT-qPCR)
	2.11 Microarray and analysis of resulting data
	2.12 Biological function inference and tissue enrichment analysis
	2.13 Oil Red O (ORO) Staining
	2.14 Zebrafish eye histological studies
	2.15 Mice care and experimental design


	Chapter 3. Additive ER-mediated effects of mixture of phytoestrogens present in soy-based infant formula and bisphenol A
	3.1 Introduction
	3.2 Results
	3.2.1 Comparison of dose-dependent transcriptional ER activation by genistein, daidzein, BPA and SF
	3.2.2 BPA and phytoestrogens have additive effects on ER-mediated transcriptional activation
	3.2.3 BPA and SF treatment mimic E2-induced proliferation of MCF-7 breast cancer cells
	3.3 Discussion


	Chapter 4. Characterization of the transcriptional profile of natural, pharmaceutical and environmental compounds on zebrafish nuclear receptors: estrogen receptors (zfERs) and peroxisome proliferator-activated receptor gamma (zfPPAR()
	4.1 Introduction
	4.2 Results
	4.2.1 Evaluation of the transcriptional activity of known human estrogenic ligands mediated by the zfERs
	4.2.1.1 Impact of the temperature on transcriptional activation of the zfERs
	4.2.1.2 Analysis of the transcriptional activity of human endogenous estrogens on zfERs transcriptional activation
	4.2.1.3 Effect of environmental compounds on zfERs transcriptional activity
	4.2.1.4 Selective transcriptional effects of pharmaceutical estrogens
	4.2.1.5 Transcriptional effects of pharmaceutical antagonists

	4.2.2 Transcriptional activation of human PPAR( ligands via zfPPAR(
	4.3 Discussion

	4.3.1 Comparison of the transcriptional profile of estrogenic ligands between human ERs and their zebrafish homologues
	4.3.2 Transcriptional activity of mammalian PPAR( agonists towards zfPPAR(

	Chapter 5. Effects of Lxr activation on lipid homeostasis and visual function in the developing zebrafish
	5.1 Introduction
	5.2 Results
	5.2.1 The mammalian LXR agonists T0901317 and GW3965 activate zebrafish Lxr
	5.2.2 LXR target genes cluster in transport and biosynthesis of lipids
	5.2.3 The expression of genes associated with visual perception is affected in zebrafish larvae exposed to the Lxr ligands
	5.2.4 Lxr activation regulates genes expressed in the liver, yolk syncytial layer and eye of zebrafish
	5.2.5 Increased lipid uptake from the yolk in zebrafish exposed to Lxr ligands
	5.2.6 Treatment with Lxr ligands affects zebrafish eye development
	5.2.7 GW induces genes involved in fatty acid synthesis and visual perception, but not cholesterogenesis, in juvenile zebrafish
	5.2.8 Retinal homeobox putative downstream genes are downregulated in juvenile zebrafish exposed to GW
	5.2.9 Repressed expression of rx and its downstream genes in the eye of LXR-null mice
	5.3 Discussion

	5.3.1 Effects of Lxr activation on cholesterol transport and lipid metabolism in zebrafish
	5.3.2 Effects of LXR activation in the eye

	Chapter 6. Conclusions and future perspectives
	References

