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ABSTRACT 
 
The liver is a primary target for toxicants and/or their metabolites. Selected 

fish species now serve as model organisms for laboratory investigations of toxic 

responses in the liver. One such model is the Japanese medaka (Oryzias 

latipes), a small freshwater teleost with a robust history of usage in liver and 

biliary toxicity studies. The structural components of the medaka hepatobiliary 

system have been well-described by recent studies in two- and three-

dimensional contexts, but efforts to characterize the molecular mechanisms 

underlying critical medaka liver functions during normalcy remain sparse. This 

dearth of information makes it difficult to definitively characterize toxic responses 

in this model organism. A crucial transcription factor underlying proper 

hepatobiliary function in both mammalian and non-mammalian species is the 

farnesoid X receptor alpha (FXRα), a member of the nuclear receptor superfamily 

that plays a key role in bile acid homeostasis. This dissertation describes the 

function of medaka fxrα during both normalcy and toxicity. 

To achieve this overall objective, in vitro techniques were first employed to 

study the function of medaka fxrα. Two isoforms of fxrα that differ in the AF1 

domain, Fxrα1 and Fxrα2, were isolated from liver cDNA and are the result of 

alternative splicing of one gene locus. Fxrα2 responded significantly to C24 bile 

acids and the synthetic FXRα agonist GW4064. On the other hand, Fxrα1, 
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despite having an identical ligand-binding domain to that of Fxrα2, showed no 

response to any agonists tested by transient transactivation assays. 

Furthermore, Fxrα2 interacted with nuclear receptor coactivators PGC-1α and 

SRC-1 in mammalian two-hybrid assays while Fxrα1 did not. These findings point 

to a significant importance of the AF1 domain to overall receptor structure and 

function.  

Following in vitro functional characterization, in vivo experiments using 

medaka larvae were performed to determine fxrα’s function during normalcy. 

Quantitative, real-time PCR data demonstrated that Fxrα1 is highly expressed in 

adult liver, while Fxrα2 is expressed predominantly in gut. Fxrα1’s expression 

was higher than Fxrα2 in embryos and larvae at all developmental timepoints 

tested. In vivo exposures of medaka hatchlings to GW4064 at various doses 

significantly altered expression of defined FXRα targets, including: bile salt export 

protein (BSEP), small heterodimer partner (SHP), and cytochrome P450 7A1 

(CYP7A1). Surprisingly, numerous sublethal hepatic alterations to hepatocytes 

and bile preductular epithelial cells (BPDECs) were observed following exposure 

to GW4064; alterations included: lipid accumulation, glycogen depletion, 

mitochondrial swelling and rupture of mitochondrial membranes, disruption of 

endoplasmic reticulum, and apoptosis. Significant lipid accumulation, as revealed 

by oil red O whole mount staining of larvae, was also noted at lower doses of 

GW4064. These findings were the first observations of sublethal hepatotoxicity of 
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GW4064; to date, no studies in the mammalian literature reported alterations 

following its administration. 

Because of studies in the mammalian literature that demonstrated 

alleviation of cholestatic injury induced via the classic hepatotoxicant α-

naphthylisothiocyanate (ANIT) by GW4064, it was originally hypothesized that a 

similar finding would be observed in medaka coexposed to these compounds. 

However, because of GW4064’s ability to induce sublethal hepatic alterations in 

medaka, it was anticipated that its coadministration with the classic 

hepatotoxicant α-naphthylisothiocyanate (ANIT) would result in enhanced toxicity 

rather than alleviation as described in rodent models. However, despite the 

sublethal alterations induced by 1 µM GW4064, alleviation of toxicity following 

exposure to 15 µM ANIT was observed. Surprisingly, reduction of GW4064’s 

toxicity was also observed in larvae exposed to both compounds. These 

investigations of fxrα function are an important and essential component in 

furthering our understanding of hepatobiliary toxicity in small aquarium fish 

models of human liver disease. These collective findings have created molecular 

underpinnings necessary for understanding medaka hepatobiliary function during 

normalcy and toxicity. 
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1. INTRODUCTION 
 

1.1 Overview  
Japanese medaka (Oryzias latipes) is a small freshwater teleost species 

with a robust history of use by laboratories in liver toxicity studies (Ishikawa and 

Takayama 1979; Hinton et al. 1984; Braunbeck et al. 1992; Teh and Hinton 

1993; Bunton 1996; Bunton and Wolfe 1996; Teh and Hinton 1998; Brown-

Peterson et al. 1999; Okihiro and Hinton 1999; Hinton et al. 2001; Davis et al. 

2002). Recent work has focused on three-dimensional reconstructions of the 

medaka hepatobiliary system and its response to classic hepatotoxicants 

(Hardman et al. 2007; Hardman et al. 2008), but research involving the molecular 

mechanisms underlying hepatobiliary function during normalcy or toxicity is 

needed to enhance the use of this model organism for investigations of liver 

function. Therefore, the focus of the research described in this dissertation was 

to further our knowledge of the farnesoid X receptor (FXRα), a member of the 

nuclear receptor superfamily and a key component in bile acid homeostasis, in 

this model teleost species.  

The research described herein is separated into three parts. The initial 

two-thirds (Chapters 2 and 3) characterize medaka fxrα’s function during 

normalcy through in vitro and in vivo techniques. Careful comparison is made to 

reported mammalian FXRα literature to demonstrate consistency of its function 
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between mammalian and non-mammalian vertebrate species. The final third 

(Chapter 4) uses the data generated in the first two chapters to better understand 

implications of medaka fxrα’s function during hepatobiliary injury following 

exposure to α-naphthylisothiocyanate (ANIT), a classic hepatotoxicant that 

causes acute toxic responses in medaka liver. The research presented in this 

dissertation served to enhance our understanding of the medaka hepatobiliary 

system from a molecular perspective, and when coupled to high-resolution 

morphological analyses, furthered the development of this model for liver toxicity 

studies. This opening chapter reviews the nuclear receptor superfamily; 

mammalian FXRα biology; and medaka as an alternative model for hepatobiliary 

toxicity studies. 

 

1.2 An overview of the nuclear receptor superfamily: 
potential targets for toxicant action 

The nuclear receptor superfamily consists of numerous transcription 

factors that modulate gene expression in conjunction with numerous coactivators 

and corepressors. The importance of nuclear receptors in cellular signaling is 

evident by their involvement in gene expression pathways that span a wide 

variety of physiological processes (Germain et al. 2006). Nuclear receptors are 

ligand-dependent transcription factors that bind to lipophilic signaling molecules 

such as retinoids, thyroid hormone, and steroids, resulting in the control and 

expression of target genes (Willson and Moore 2002). Such control facilitates 
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cellular responses to endogenous and exogenous ligands through coordination 

of complex transcriptional responses (Gronemeyer et al. 2004). 

The first nuclear receptors discovered were the glucocorticoid and 

estrogen receptors in the mid-1980s (Hollenberg et al. 1985; Weinberger et al. 

1985; Green et al. 1986). Since then, a large number of nuclear receptors have 

been identified in several genomes: 48 in humans, 49 in mice, 68 and 72 in the 

pufferfishes (Takifugu rubripes and Tetraodon nigroviridis, respectively), 70 in 

zebrafish (Danio rerio), 71 in medaka (Oryzias latipes), and over 270 in the 

nematode Caenorhabditis elegans (Maglich et al. 2003; Bertrand et al. 2007; 

Metpally et al. 2007). Other nuclear receptors are considered “orphans” as their 

natural ligands have yet to be discovered. However, research in nuclear receptor 

biology has found that some of these orphan receptors bind fatty acids, 

oxysterols, bile acids, and heme, resulting in their “adoption” (Makishima et al. 

1999; Parks et al. 1999; Edwards et al. 2002; Rogers et al. 2008). 

Nuclear receptors are evolutionarily conserved and maintain similar 

protein structures between distantly related species (Germain et al. 2006). The 

basic structure of a nuclear receptor is shown in Figure 1. In general, nuclear 

receptors consist of a highly conserved DNA binding domain (DBD) containing 

two zinc-fingers, a moderately conserved ligand-binding domain (LBD), and a 

non-conserved hinge region between the DBD and LBD that allows for receptor 

flexibility. Two transactivation domains (AF1, AF2) at the N- and C-termini, 

respectively, contain elements that recruit coactivators such as PGC-1α 
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(peroxisome proliferator activated receptor gamma coactivator 1α) (Kanaya et al. 

2004; Zhang et al. 2004; Savkur et al. 2005b) and SRC-1 (steroid receptor 

coactivator 1) (Lew et al. 2004; Ding and Staudinger 2005), and corepressors 

such as SMRT (silent mediator of the retinoid and thyroid hormone receptors) 

(Chen and Evans 1995) and N-CoR (nuclear receptor corepressor) (Raghuram et 

al. 2007; Rogers et al. 2008);  

Nuclear receptors bind, via the DBD, to specific nucleic acid sequences in 

promoters of their target genes called hormone response elements (HREs) 

(Kumar et al. 1986). HREs are generally composed of two hexamer sequence 

repeats - either direct (DR), inverted (IR), or everted (ER) - separated by a 

variable number of nucleotides to generate DRn, IRn, or ERn HREs. The ideal 

hexamer sequence in mammals is AGGTCA but “classic” receptors such as MR 

(mineralicorticoid receptor, NR3C2) and AR (androgen receptor, NR3C4) bind to 

AGAACA hexamer repeats (Germain et al. 2006). The estrogen receptors (ERα 

and ERß, NR3A1 and NR3A2) have a distinct response element of 

GGTCAnnnTGACC (Dahlman-Wright et al. 2006). Each nuclear receptor has a 

distinct preference for a particular HRE, thereby imparting specificity in DNA 

interactions and transcriptional activation by each receptor. It is believed that 

some nuclear receptors are continuously bound, as a complex with corepressors, 

to its preferred HRE in the promoters of target genes. A conformation change 

occurs upon binding of a ligand to the receptor’s LBD, thereby causing 

dissociation of the receptor-corepressor complex and the recruitment of nuclear 
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receptor coactivators (Germain et al. 2006). Examples of these HREs are shown 

in Table 1.  

Nuclear receptors also vary in the means by which they bind to their DNA. 

In general, nuclear receptors will bind to DNA as homodimers like the “classical” 

nuclear receptors such as estrogen receptors (ERα and ERß, NR3A1 and 

NR3A2), glucocorticoid receptor (GR, NR3C1), and progesterone receptor (PR, 

NR3C3) (Dahlman-Wright et al. 2006; Lu et al. 2006). A second group of nuclear 

receptors function as heterodimers with the retinoid X receptor alpha (NR2B1). 

Heterodimerization with RXRα is a trait of many of the newly adopted orphan 

receptors such as farnesoid X receptor (FXRα, NR1H4), peroxisome proliferator 

activated receptors (PPARα, PPARß/∂, PPARγ, NR1C1, NR1C2, NR1C3), and 

liver X receptors (LXRα and ß, NR1H3 and NR1H2) (Michalik et al. 2006; Moore 

et al. 2006). In a third class, some of the more peculiar orphan receptors have 

been shown to bind to DNA as monomers (Benoit et al. 2006). These include the 

newly adopted receptors Rev-erbs alpha and beta (NR1D1, NR1D2), which are 

activated by heme and play an important role in maintenance of circadian rhythm 

(Raghuram et al. 2007; Rogers et al. 2008). The 48 human nuclear receptors are 

listed in Table 2.  

Nuclear receptors are known targets of potentially toxic agents resulting in 

deleterious responses; or, nuclear receptors may alleviate toxic responses by 

serving as targets for potential drug formulations. For example, diethylstilbestrol 

(DES), pesticides, and genistein have been shown to bind to the estrogen 
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receptors (Kuiper et al. 1998; Couse and Korach 2004; Dahlman-Wright et al. 

2006). Triazole antifungals have been shown to disrupt CAR (NR1I3) and PXR 

(NR1I2) signaling pathways in mice at high doses (Goetz and Dix 2009), and 

plasticizers such as di(2-ethylhexyl)phthalate (DEHP) activate CAR at low 

nanomolar concentrations (DeKeyser et al. 2009). Indeed, activation or 

inactivation of a nuclear receptor by an environmental pollutant or other toxicant 

could result in altered temporal and spatial coordination of a gene expression 

profile, thereby resulting in a detrimental effect to the organism. However, the 

opposing effect is also seen. For example, some drugs are used to exploit the 

function of a nuclear receptor of interest and thereby alleviate a particular 

disease, either through activation or repression of the receptor’s ability to act on 

its target genes. For example, thiazolidinediones activate PPARγ, and these 

compounds have been used effectively for the treatment of diabetes (Berger and 

Moller 2002; Berger et al. 2005). Fibrates, a class of drugs that lowers blood 

triglyceride levels, are PPARα agonists (Michalik et al. 2006). Tamoxifen, an 

estrogen receptor antagonist, is widely used to combat hormone-dependent 

breast cancer (Jensen and Jordan 2003; Dahlman-Wright et al. 2006) and statins 

have been shown to alter expression of FXRα (Habeos et al. 2005). Because of 

these findings, nuclear receptor biology remains a widely studied field from both 

pharmacological and toxicological perspectives, some of the latter being of 

environmental significance. 
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1.3 The farnesoid X receptor alpha: an adopted orphan 
nuclear receptor 

 

1.3.1 Introduction 

The farnesoid X receptor alpha (FXRα) was initially identified in the rat as 

a relative of the ecdysone receptor in fruit flies (Drosophila melanogaster). 

FXRα’s name originates from its ability to bind farnesol and other isoprenoids 

(cholesterol precursors) at supraphysiological concentrations (Forman et al. 

1995). Once considered an orphan nuclear receptor with no known endogenous 

ligand, FXRα was later found to bind bile acids such as chenodeoxycholic, 

lithocholic, and cholic acids (CDCA, LCA, and CA, respectively) with high affinity 

at physiological concentrations, thus establishing its role as the bile acid receptor 

(BAR) (Makishima et al. 1999; Parks et al. 1999; Wang et al. 1999). FXRαs have 

been identified in human, mouse (originally known as RXR-interacting protein, or 

RIP-14) (Seol et al. 1995; Zavacki et al. 1997), pufferfish (Takifugu rubripes) 

(Maglich et al. 2003), little skate (Cai 2005; Cai et al. 2007), Xenopus laevis (Seo 

et al. 2002), zebrafish (Danio rerio), and sea lamprey (Petromyzon marinus) 

(Reschly et al. 2008) genomes, among others. With complete or near-complete 

genomes readily accessible through Ensembl (URL: 

http://www.ensembl.org/index.html), predicted FXRα sequences for many other 

species can be easily located through BLAST analyses.  



 

 8 

Like other orphan nuclear receptors (pregnane X receptor, PXR, NR1I2; 

liver X receptors, LXRα and ß), FXRα requires heterodimerization with the 

retinoid X receptor alpha (RXRα) in order to drive transcription of its target genes 

(Forman et al. 1995; Seol et al. 1995). FXRα preferentially binds to IR-1 

response elements, also known as bile acid response elements (BAREs) 

(Edwards et al. 2002). Furthermore, like other nuclear receptors, FXRα interacts 

with the nuclear receptor coactivator PGC-1α at the AF2 domain, which 

enhances transcription of target genes in the presence of an agonist (Kanaya et 

al. 2004; Savkur et al. 2005b).  

Various studies in mammals have concluded that FXRα activation 

increases expression of the bile salt export pump (BSEP), thereby mediating the 

movement of bile acids into canaliculi, through the intrahepatic biliary 

passageways and into the extrahepatic ducts and common bile duct. In those 

species with gallbladders, FXRα mediates movement of bile acids through the 

cystic duct into the gallbladder for storage (Plass et al. 2002; Zollner et al. 2003; 

Cui et al. 2009b). FXRα activation also increases the expression of the small 

heterodimer partner (SHP, NR0B2), a peculiar nuclear receptor lacking a DBD 

that regulates the expression of multiple genes including the suppression of 

cholesterol 7α-hydroxylase (cytochrome P450 7A1, CYP7A1) and sterol 12α-

hydroxylase (cytochrome P450 8B1, CYP8B1), key enzymes in the conversion of 

cholesterol to bile acids (Goodwin et al. 2000; Lu et al. 2000). The regulation of 

these particular genes by FXRα indicates that its main function is to act as a bile 
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acid sensor that signals for an increase in transport and decrease in synthesis in 

response to potentially toxic levels of bile acids. This function can potentially be 

exploited through administration of pharmaceuticals. For example, alleviation of 

cholestasis and resultant cholestatic liver disease might be possible by way of 

synthetic agonists such as GW4064 (Maloney et al. 2000; Liu et al. 2003a) and 

WAY-362450 (Evans et al. 2009; Flatt et al. 2009). This idea is plausible as 

current medications for diabetics and hypertriglyceridemia target the nuclear 

receptors PPARγ and PPARα, respectively (Berger and Moller 2002; Berger et 

al. 2005; Michalik et al. 2006), and statins, while not FXRα ligands, have been 

shown to alter their expression (Habeos et al. 2005).  

Four isoforms of FXRα have been identified in mouse and human 

genomes; these are the result of alternative splicing from a single gene locus 

(Huber et al. 2002; Zhang et al. 2003; Lee et al. 2006) and have been annotated 

as FXRα1, α2, α3, and α4. FXRα3 and α4 possess extended N-termini 

compared to α1 and α2; also, FXRα1 and α3 contain an MYTG insert in the 

hinge region that does not occur in α2 or α4. The DNA-binding, ligand-binding, 

and AF2 domains are shared between all isoforms. The differences between the 

four human FXRα isoforms are shown in Figure 2, but it should be noted that the 

biological relevance of the specific isoforms is not well understood. Early 

research with mouse FXRα suggested a decrease in DNA binding activity in 

isoforms with an extended N-terminus (Seol et al. 1995), suggesting a potential 

for differential activation of target genes by these isoforms. Furthermore, 
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differential expression of these isoforms has been observed. In C57BL/6J mice, 

kidney and stomach exclusively express FXRα3/4, heart and adrenals express 

only FXRα1/2, and liver and small intestine express equal amounts of all four 

isoforms (Zhang et al. 2003). However, in humans FXRα1/2 expression was 

localized to liver and adrenals and FXRα3/4 to colon and kidney, with no 

detectable expression in heart. Similar to mouse, equal amounts of all four 

isoforms were detected in the small intestine (Huber et al. 2002). These 

differences suggest that differential expression of each FXRα isoform varies 

between species. 

A second FXR, FXRß (NR1H5), has been located in mice and is activated 

by lanosterol. FXRß is also functional in dogs, but encodes a pseudogene in 

humans and primates (Otte et al. 2003). In humans, FXRß contains multiple 

mutations and frameshifts, but is still transcribed with high expression in testis, 

suggesting that the regulatory elements for this defunct receptor are still intact. 

Evolutionary analyses suggest that silencing of FXRß occurred ~42 MYA (million 

years ago) and therefore occurs only in primates (Zhang et al. 2008b). The 

physiological importance of FXRß in other species remains unclear. 
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1.3.2 FXRα  and bile acid homeostasis 

Bile acids are amphipathic molecules (lipid-based molecules with a polar 

portion) synthesized from cholesterol in hepatocytes by a series of reactions 

involving many different enzymes. Together with phospholipids, bile acids act as 

detergents that facilitate the absorption of fats and vitamins in the intestine. 

Phospholipids are an important component of bile composition and prevent the 

toxicity of bile salts (conjugated bile acids) (Smit et al. 1993).  Following a meal, 

stored bile acids and phospholipids are released as mixed micelles from the 

gallbladder into the small intestine by cholecystokinin-induced contraction 

(Lefebvre et al. 2009). They are also effectively reabsorbed in the small intestine 

for transport back to the liver to be reused again, a process known as 

enterohepatic circulation. 

Certain enzymes are key to bile acid synthesis, and FXRα, as the bile acid 

receptor, plays a key role in modulating expression of some of these genes. In 

brief, C24 bile acid synthesis occurs as follows (Russell 2003): 

 

1.3.2.1 Generation of sterols 

The first step in bile acid synthesis is the conversion of cholesterol (5-

cholesten-3ß-ol) to 7α-hydroxylated intermediates. In order for bile acid synthesis 

to occur, cholesterol and its oxysterol intermediates must be hydroxylated at the 

7α position. The major sterol produced is 5-cholesten-3ß,7α-diol, also known as 

7α-hydroxycholesterol, which is generated by cholesterol 7α-hydroxylase 
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(CYP7A1). Hydroxylation of cholesterol by CYP7A1 to 7α-hydroxycholesterol is 

considered the rate-limiting step in bile acid synthesis. Alternate pathways that 

hydroxylate the side chain of cholesterol create multiple hydroxycholesterols 

such as 24-hydroxycholesterol (made by cholesterol 24-hydroxylase, or 

CYP46A1), 25-hydroxycholesterol (made by cholesterol 25-hydroxylase, or 

CH25H, one of the few sterol hydroxylases that is not a CYP450), and 27-

hydroxycholesterol (made by sterol 27-hydroxylase, or CYP27A1). Of the side 

chain hydroxycholesterols, 27-hydroxycholesterol is most prominent, and is the 

most abundant oxysterol in mouse and human plasma. These side chain 

hydroxycholesterols then become 7α-hydroxylated by CYP7B1 or CYP39A1 to 

become triols (25- and 27-hydroxycholesterol are 7α-hydroxylated by CYP7B1, 

and 24-hydroxycholesterol by CYP39A1). 

 

1.3.2.2 Ring structure modification 

Following 7α-hydroxylation, the original hydroxyl group of cholesterol is 

oxidized to a keto group by an oxidoreductase. The positioning of the double 

bond within the cholesterol backbone changes as well. From this point, the 

cholesterol intermediates can follow one of two paths: 12α-hydroxylation by 

sterol 12α-hydroxylase (CYP8B1), or reduction of the double bond within the 

cholesterol backbone by a reductase. After a series of additional steps, the 

CYP8B1 pathway results in the formation of cholic acid (3α,7α,12α-trihydroxy-5β-
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cholanic acid), while the reductase pathway results in the formation of 

chenodeoxycholic acid (3α,7α-dihydroxy-5β-cholanic acid). 

Chenodeoxycholic and cholic acids (CDCA and CA, respectively) are 

considered primary bile acids, as they are made in the hepatic parenchyma. 

These acids can be converted to the secondary bile acids lithocholic and 

deoxycholic acids (LCA and DCA), respectively, via 7α-dehydroxylation by gut 

flora. The chemical structures for CDCA, CA, LCA and DCA are shown in Figure 

3. 

FXRα modulates bile acid synthesis in an indirect manner in conjunction 

with the liver X receptor alpha (LXRα). LXRα is activated by oxysterols and is 

responsible for the generation of bile acids from cholesterol. As cholesterol 

accumulates in hepatocytes, the concentration of oxysterols also increases. As a 

result, LXRα is activated and transcription of SREBP-1c (sterol response element 

binding protein 1c) occurs, which drives fatty acid synthesis from cholesterol. 

LXRα also directly induces the transcription of CYP7A1 in some species (Russell 

2003), but in humans the liver receptor homolog 1 (LRH-1, NR5A2) is required 

for this induction (Kalaany and Mangelsdorf 2005). LRH-1 also positively 

modulates the expression of CYP8B1. By modulating expression of CYP7A1 and 

CYP8B1, LXRα bile acid synthesis increases upon LXRα activation to decrease 

levels of cholesterol within the liver. Cholesterol levels are also decreased by 

LXRα through the induction of SREBP-1c as mentioned above. 
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FXRα’s function opposes that of LXRα. Upon activation by bile acids, 

FXRα increases expression of the small heterodimer partner (SHP). SHP then 

represses the activity of LRH-1, which has a negative effect on CYP7A1 and 

CYP8B1 transcription (Goodwin et al. 2000). In short, LXRα allows for an 

increase in bile acid synthesis, while FXRα represses their generation. How 

FXRα modulates expression of bile acid synthesis is shown in Figure 4, using 

CYP7A1 as an example.  

Furthermore, FXRα plays a significant role in bile acid transport and 

circulation. Activation of FXRα directly increases the expression of the bile salt 

export pump (BSEP, ABCB11, sister of P-glycoprotein), a member of the ABC 

(ATP binding cassette) gene family that resides on the basolateral membrane of 

hepatocytes. This location enables movement of bile acids from hepatocytes into 

canaliculi; from there, bile acids are transported to and stored in the gallbladder. 

BSEP is key to maintaining proper bile acid levels in hepatocytes (Plass et al. 

2002; Zollner et al. 2003). For example, in progressive familial intrahepatic 

cholestasis type II (PFIC II) BSEP is mutated, which significantly hinders the 

movement of bile salts out of the liver, resulting in severe hepatotoxicity 

(Strautnieks et al. 1998; Wang et al. 2002b). This demonstrates how crucial 

BSEP is to maintenance of bile acid homeostasis. Furthermore, the multidrug 

resistance proteins 2 (MRP2, ABCC2) and 3 (MDR3, ABCB4), which regulate 

movement of phospholipids and organic anions into the canalicular space, are 

also directly upregulated by FXRα (Kast et al. 2002; Huang et al. 2003; Zollner et 
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al. 2003). FXRα activation also decreases expression of the sodium taurocholate 

cotransporting polypeptide (NTCP, SLC10A1), which moves recirculating bile 

acids from the portal blood system back into hepatocytes. This process is 

regulated through the FXRα-SHP pathway (Denson et al. 2001). In this fashion, 

FXRα maintains proper bile acid level in hepatocytes by increase their transport 

out of the hepatic parenchyma, and decreases their reabsorption from the portal 

blood system. 

FXRα also modulates gene expression in the intestine and is required for 

the maintenance of enterohepatic circulation. Nearly 95% of the bile acid pool is 

recycled by this process; the remaining 5% is excreted in feces, and replenished 

by de novo bile acid synthesis from cholesterol (Lefebvre et al. 2009). FXRα 

activation has been found to suppress expression of the apical sodium-

dependent bile transporter (ASBT), which moves bile acids out of the intestinal 

lumen and into the enterocytes. This gene is also known as the ileal bile acid 

transporter, or IBAT, and is also regulated through the FXRα-SHP pathway 

(Kalaany and Mangelsdorf 2005; Montagnani et al. 2006). FXRα activation also 

increases the expression of the ileal bile acid binding protein (I-BABP), also 

known as fatty acid binding protein 6 (FABP-6), which moves bile acids out of the 

intestine and into the bloodstream for redelivery to the liver via the portal vein 

(Grober et al. 1999). Furthermore, reports have shown that GW4064 

administration markedly increases expression of FGF15 (mouse ortholog of 

FGF19) in intestine, and this is not observed in FXRα-/- mice (Inagaki et al. 
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2006); FGF15 serves to reduce CYP7A1 expression in liver through FGF4 and 

SHP (Inagaki et al. 2005). These data point to a liver-intestine pathway for proper 

maintenance of bile acid synthesis as well as transport.  

 

1.3.3 FXRα  and lipid homeostasis 

Since bile acids are synthesized from cholesterol and FXRα modulates 

bile acid synthesis and transport, this nuclear receptor plays a critical role in 

maintaining proper cholesterol concentrations in the organism. Organisms with 

high levels of CYP7A1 expression are resistant to diet-induced dyslipidemia 

versus those with low CYP7A1 levels (Horton et al. 1995), demonstrating that 

synthesis of bile acids is important in proper cholesterol homeostasis. 

Furthermore, studies with the synthetic FXRα agonists GW4064 and WAY-

362450 suggest that FXRα activation reduces plasma cholesterol levels in wild-

type mice; these protective effects were not seen in FXRα-/- (knockout) mice 

(Zhang et al. 2006; Evans et al. 2009; Flatt et al. 2009). Almost complete 

abolishment of atherosclerotic lesions in ApoE-/- and LDLR-/- mice was observed 

after FXRα activation by WAY-362450 (Hartman et al. 2009). FXRα activation 

also increases the expression of the phospholipid transfer protein (PLTP), which 

converts very low- and low-density lipoproteins (VLDLs and LDLs) to high-density 

lipoproteins (HDLs) (Urizar et al. 2000). HDLs are known to have anti-

atherosclerotic properties (Rader and Maugeais 2000; Cutri et al. 2006). 
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Furthermore, FXRα increases expression of the scavenger receptor BI (SRBI), 

which plays a role in reverse cholesterol transport (the movement of cholesterol 

from peripheral tissues to the liver) (Lambert et al. 2003) as well as the low 

density lipoprotein receptor (LDL-R) via repression of PCSK9, an inhibitor of 

LDL-R activity (Langhi et al. 2008). Therefore, compounds that interrupt FXRα’s 

ability to modulate PLTP, SRBI and LDL-R expression may have pro-

atherosclerotic properties. 

FXRα is also an important player in maintaining triglyceride homeostasis. 

Initial evidence suggesting a link between bile acids and triglycerides was noted 

in the clinic when patients experienced an increase in serum triglyceride and 

VLDL levels following treatment with bile acid sequestrants, such as 

cholestyramine, to reduce their overall bile acid pool (Beil et al. 1982; Angelin et 

al. 1987). Conversely, when CDCA was administered to patients with gallstone 

disease, their overall bile acid pool was increased and a reduction in plasma 

triglyceride concentrations was observed (Bateson et al. 1978; Angelin et al. 

1987). More recently, rodent models of hypertriglyceridemia and insulin 

resistance have shown a reduction of triglyceride levels in an FXRα-dependent 

manner by administration of GW4064 (Maloney et al. 2000; Watanabe et al. 

2004; Cariou et al. 2005). Through these and other studies, FXRα activation was 

shown to repress expression of sterol regulatory element binding protein 1c 

(SREBP-1c), a transcription factor involved in lipogenesis, through the FXRα-

SHP pathway (Wang et al. 2002a; Watanabe et al. 2004; Zhang et al. 2004). 
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However, findings in other reports suggest that FXRα activation does not alter 

SREBP-1c expression (Zhang et al. 2004; Duran-Sandoval et al. 2005b; Bilz et 

al. 2006). Therefore, the link between the two genes remains unclear. FXRα 

activation also induces ApoCII expression (Kast et al. 2001) and represses 

ApoCIII and angiotensinogen (precursor to angiotensin, which induces 

vasoconstriction) via displacement of HNF4α (Claudel et al. 2003; Shimamoto et 

al. 2004). ApoCII and ApoCIII regulate lipoprotein lipase by activating and 

inhibiting its activity, respectively. FXRα activation results in an overall decrease 

in plasma triglycerides by these mechanisms. 

 

1.3.4 FXRα  and glucose homeostasis 

 Initial associations between FXRα and glucose metabolism were noted 

after epidemiological research suggested an increased risk for gallbladder 

disease in type 2 diabetics (Ruhl and Everhart 2000). Furthermore, perturbations 

in the bile acid pool were seen in patients with diabetes and in diabetic rodent 

models (Hassan et al. 1980; Staels and Kuipers 2007). More recent research has 

established a relationship between FXRα and glucose homeostasis. FXRα 

expression is decreased and CYP7A1 expression increased in diabetic (db/db) 

mouse models, and insulin therapy normalized their expression (Duran-Sandoval 

et al. 2004). FXRα-/- mouse models have shown not only elevated levels of 

plasma cholesterol and triglycerides, but also increased serum glucose and 
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insulin resistance in fed and fasting FXRα-/- individuals compared to wild-type 

mice (Ma et al. 2006). Furthermore, in vitro and in vivo evidence suggest that 

FXRα activation by CDCA increases expression of the insulin responsive glucose 

transporter, GLUT4 (Shen et al. 2008). Collectively, these data point to FXRα as 

a key player in glucose homeostasis through regulation of glucose transport via 

GLUT4, and the interruption of this pathway via FXRα-knockout models results in 

hyperglycemia. 

 However, FXRα’s role in glucose homeostasis is not restricted solely to 

the transport of glucose. Rather, evidence points to a role of FXRα in hepatic 

glucose metabolism as well. In vitro work has shown that bile acids repress 

transcription of genes involved in gluconeogenesis such as phosphoenylpyruvate 

carboxykinase (PEPCK), fructose-1,6-bisphosphatase, and glucose-6-

phosphatase through the FXRα-SHP pathway (Yamagata et al. 2004). However, 

other data suggests that FXRα activation increases PEPCK mRNA levels in vivo 

(Stayrook et al. 2005), and PEPCK levels in hepatocytes isolated from FXRα-/- 

mice are decreased by 60% (Cariou et al. 2005). Therefore, the role of FXRα 

activation on PEPCK expression and gluconeogenesis remains unclear. 

 A link between FXRα and insulin regulation has also been postulated 

(Cariou et al. 2006; Zhang et al. 2006), since FXRα-/- mice display insulin 

resistance as mentioned previously. Studies with FXRα-/- mice have also shown 

that GW4064 administration to db/db (Zhang et al. 2006) and obese (ob/ob) mice 
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(Cariou et al. 2006) improved response to insulin, suggesting that FXRα 

activation increases insulin sensitivity; these findings were also supported in 

experiments that overexpressed constitutively active FXRα in db/db mice (Zhang 

et al. 2006).  

 The function of FXRα in metabolic homeostasis is complex and involves 

multiple genes and pathways. Some of the key pathways, as described above, 

are highlighted in Figure 5. 

 

1.4 Medaka as a hepatobiliary alternative model 

 

1.4.1 Introduction 

Medaka (Oryzias latipes) are small, oviparous (egg-laying) freshwater 

teleost fishes commonly found in rice paddies of Japan and other parts of 

eastern Asia. Medaka and small aquarium fish are widely used as an alternative 

to rodent toxicology models as they have short lifespans (1-2 years), are small in 

size (~3 cm at adulthood), and require minimal maintenance, space, and 

finances. Furthermore, when subject to strict feeding and temperature regimens 

and light-dark cycling in the laboratory, medaka females spawn 20-30 eggs each 

on a daily basis year-round, generating thousands of embryos per year. Medaka 

embryos are transparent until hatching, normally occurring 9-10 days after 

fertilization with incubation at 26oC (Iwamatsu 1994). For these reasons, much of 
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the research using medaka has been developmentally focused, allowing the 

researcher to generate data with high statistical power in a short amount of time 

(Ishikawa et al. 1997; Ishikawa 2000; Villalobos et al. 2000; Gonzalez-Doncel et 

al. 2003; Iwamatsu 2004; Shima and Mitani 2004; Hardman et al. 2007; Hardman 

et al. 2008). However, adult medaka have additionally been used by numerous 

laboratories to study toxic injury (Braunbeck et al. 1992; Okihiro and Hinton 1999; 

Toussaint et al. 1999; Toussaint et al. 2001b; Toussaint et al. 2001c; Liu et al. 

2003b; Kurauchi et al. 2005; Scholz et al. 2005; Volz et al. 2005; Volz et al. 

2008). 

Wild-type medaka are transparent during their embryonic development, 

but they become pigmented after hatching. As adults their opaque body wall, as 

in other animal models, makes noninvasive means of imaging the effects of 

xenobiotic exposure nearly impossible to perform. Therefore, much of the 

research conducted in our laboratory has employed a mutant strain of medaka 

containing no pigment in its body wall (Braunbeck et al. 1992; Okihiro and Hinton 

1999; Liu et al. 2003b; Hardman et al. 2007; Hardman et al. 2008; Volz et al. 

2008). Researchers at the University of Nagoya in Japan produced the see-

through strain (STII) by Mendelian cross-breeding of various, naturally-occurring 

strains lacking one or more pigmentation genes. The result was a mutant 

medaka strain that lacked iridophores (light reflecting), xanthophores (orange-

red), melanophores (black-brown), and leucophores (white) (Wakamatsu et al. 

2001). Unlike wild type strains of medaka, the internal organs of the STII medaka 
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are visible through the body wall by the naked eye throughout its lifespan. The 

ability to view the internal organs of adult STII medaka without using invasive 

techniques is a unique trait of this animal model, and makes its use in 

toxicological research quite desirable. The gross, whole-body consequences of 

toxicant exposure can be imaged before sacrificing the organism for other 

studies that may require isolation of tissues or macromolecules.  

Medaka have been increasingly used as an alterative model in scientific 

research because of the numerous attractive traits previously described. 

Because of this, the National Institute of Genetics (NIG) in Japan began a 

medaka genome-sequencing project in 2002 using a southern inbred strain of 

medaka, Hd-rR (Schartl et al. 2004). The medaka genome is readily accessible 

on the Internet at the NIG website (URL: 

http://dolphin.lab.nig.ac.jp/medaka/index.php) and through Ensembl (URL: 

http://www.ensembl.org/index.html), allowing for easy comparison of sequences 

across other teleost genomes such as zebrafish (Danio rerio), the pufferfishes 

(Tetraodon nigroviridis, Takifugu rubripes), and stickleback (Gasterosteus 

aculeatus), as well as multiple mammalian and non-mammalian species. 

Furthermore, the NIG and Ensembl websites have a “gene prediction” tool that 

allows for the location of medaka homologs to mammalian genes with relative 

ease. These tools allow researchers to easily study molecular mechanisms and 

signaling pathways in this model species. 
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1.4.2 Comparison of the mammalian and teleost liver 

The liver is an essential organ in vertebrates that maintains an organism’s 

metabolic homeostasis through a variety of processes, including: synthesis of 

plasma proteins; removal of xenobiotics through detoxification and excretion 

pathways; bile salt formation from cholesterol; and processing and storage of 

dietary nutrients. Because of the liver’s central role in metabolism of both 

endogenous and exogenous compounds, a substantial amount of toxicological 

research has focused on this organ and the effects of toxicant exposure on its 

function. This research has often used rodents as a model organism. It is argued 

that medaka could be used as an alternative to rodents for the reasons 

previously noted, and while they are certainly valid, it is also very important that 

the mammalian and teleost liver be similar enough to make the claim that 

medaka are a good model for the study of liver dysfunction and toxicity.  

The fish and mammalian liver both function as described above as the 

central player in the maintenance of metabolic homeostasis. Although there are 

many structural similarities, there are specific anatomical features that differ. The 

mammalian liver consists of numerous lobes, each containing multiple hexagonal 

functional units, or lobules, which are oriented around hepatic venules, the initial 

tributaries of the hepatic venous system. At the corners of the lobules are the 

portal triads or tetrads (if the lymphatic vessel is included). These include a 

hepatic arteriole, bile ductule, and portal venule. The bile ductule receives all the 

bile within the region of the lobule, and is drained by that passageway. Between 
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the canaliculi, the sole bile passageway within the lobule comprised of surface 

modifications of the hepatocyte plasma membranes, and the bile ductule or duct, 

are small canals of Hering that intervene between hepatocytes and biliary cells 

lining the interlobular bile ducts. Through a series of interlobular and interlobar 

passageways, bile exits the liver at the porta hepatis (hilus) via one or more 

hepatic ducts. These passageways, in turn, become the extrahepatic bile ducts, 

which then use a cystic duct for passage of bile to and from the gall bladder. 

Eventually, all bile drains through the common bile duct to the intestinal lumen. In 

this manner, bile flow emanates within the liver and exits at the porta hepatis, 

while portal blood flow is toward the organ at the porta hepatis. 

 Oxygenated blood enters the hepatic artery and distributes via arterioles 

to the microvasculature (the sinusoids) within individual liver lobules. However, 

the vast majority of afferent blood flow reaches the liver by the hepatic portal 

vein. In this manner, nutrients from the gut pass to the liver for metabolism and 

storage and bile acids are recirculated (enterohepatic circulation). Thus the 

mammalian liver has a dual blood supply. At the margin of the lobule, blood from 

the portal inlet venules and hepatic arterioles mix in capillary-like spaces, the 

sinusoids.  Sinusoids course from the portal (peripheral) lobular region, through 

the midzonal region to the centrilobular zone. From here, blood flow empties into 

the lobule’s terminal hepatic venule, and through a series of increasingly larger 

interlobular and interlobar hepatic veins exits into the lumen of the inferior 

(human) or caudal (rodent) vena cava. In summary, the blood exits the lobule 
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and the liver entirely by the hepatic venules and hepatic venous system (Treinen-

Molsen 2001).  

The liver lobule is also divided into three metabolic zones, with zone 1 

being the closest to the portal triad and zone 3 the farthest (nearest to the central 

hepatic vein). An oxygen gradient exists along these zones; metabolism by the 

hepatocytes in zone 1 depletes the blood of oxygen such that zones 2 and 3 

receive lower amounts. Also, the hepatocytes of zone 1 are very efficient in bile 

salt uptake (Groothuis et al. 1982) such that the blood that flows past zones 2 

and 3 is much lower in bile salt concentration. Bile acid synthesis has also been 

shown to occur predominantly in zone 3 by the perivenous hepatocytes under 

normal physiological conditions (Twisk et al. 1995). 

Conversely, the liver of medaka and most other fishes does not consist of 

many lobes and is generally homogenous throughout the parenchyma. Cyprinid 

fishes like carp (Cyprinus carpio) and zebrafish (Danio rerio) have livers that 

project elongated extensions between coils of intestine. These organisms may be 

considered to possess lobes, but the medaka liver best resembles a single lobed 

organ. Furthermore, teleost livers do not contain hexagonal lobules, the 

functional units of the mammalian liver (Hinton et al. 2008). Rather, the fish liver 

has a tubular arrangement versus the lamellar arrangement of the mammalian 

liver. In this tubular pattern, central veins and hepatic arteries are 

indistinguishable from each other in the fish liver, and there is little-to-no oxygen 

gradient across the organ. A tubular arrangement is seen in human liver during 



 

 26 

development, while the adult lamellar arrangement appears at around five years 

of age (Hinton et al. 2008). Therefore, the teleost liver is more similar to a 

developing human liver. The mammalian and fish livers both contain canaliculi, 

small biliary passageways formed between neighboring hepatocytes and 

containing finger-like projections from their plasma membranes. However, 

canaliculi are the dominant passageways within the mammalian hepatic 

parenchyma and are significantly longer than teleostean canaliculi. In the fish 

liver, canaliculi quickly merge into transitional passageways, known as bile 

preductules, that are lined by hepatocytes and specialized epithelial cells known 

as bile preductular epithelial cells (BPDECs). BPDECs have been found in a 

variety of teleost species including medaka, salmon, trout, and zebrafish 

(Hampton et al. 1988; Rocha et al. 1997; Okihiro and Hinton 2000; Sadler et al. 

2005; Hinton et al. 2008; Volz et al. 2008). It is postulated that BPDECs are the 

equivalent to the mammalian oval cell (adult stem cell) as they are 

morphologically similar, pan-cytokeratin positive and are strong proliferators after 

partial hepatectomy (Hampton et al. 1988; Blair et al. 1995; Okihiro and Hinton 

2000). Bile preductules merge into larger ductules lined with cuboidal biliary 

epithelial cells, also within the hepatic parenchyma, before exiting via the hepatic 

ducts at the liver hilus (porta hepatis). Since larger bile passageways do not 

enter the liver parenchyma, mammalian livers contain significantly fewer biliary 

epithelial cells than fish liver (Hinton and Couch 1998). Furthermore, most teleost 

livers lack Kupffer cells, resident liver macrophages found commonly in sinusoids 
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of mammals. However, some fish, including those from the Ameirus genus, do 

possess Kupffer cells (Hinton et al. 2008). A summary of the similarities and 

differences between the teleost and mammalian liver can be found in Table 3, 

and a diagram depicting the structural differences is shown in Figure 6. 

While there are anatomical differences, the livers of fishes contain similar 

metabolic pathways and enzymes as those studied in the mammalian liver. 

Therefore, the metabolism of toxicants should, for the most part, be similar in 

mammals and fish. One example of this similarity is CYP1A, which is induced by 

toxicants such as PAHs and dioxin in both mammals and multiple fish species 

(Giesy and Kannan 1998; Hahn 2002; Hahn et al. 2006). However, metabolic 

zonation of CYP1A is not seen in the fish liver as in the mammalian liver (Hinton 

et al. 2008). Regardless of the structural differences mentioned, the fish and 

mammalian liver are markedly similar, especially at the molecular and cellular 

levels. However, some fish species possess significantly different bile acid 

synthetic pathways than those of mammals. Mammalian species synthesize C24 

acids as described previously, but some teleosts such as cyprinids (zebrafish, 

carp, goldfish) and ancient fishes possess C27 bile alcohols such as 5α-cyprinol 

sulfate (Kihira et al. 1984; Hwang et al. 2001; Goto et al. 2003; Moschetta et al. 

2005). In these species, the C8 side chain of cholesterol is preserved during bile 

synthesis, whereas in humans and other mammalian species it is cleaved to a C5 

chain (Lefebvre et al. 2009). However, some fishes have C24 acids such as 

chenodeoxycholic and cholic acids (CDCA and CA, respectively) in their bile, 
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along with C27 acids (Moschetta et al. 2005; Volz et al. 2008). These findings 

point to an evolution of bile synthesis from C27 alcohols to C27 acids to C24 acids 

(Hagey, personal communication; Howarth et al, submitted). While the 

endproducts of cholesterol metabolism and bile acid synthesis are well-defined in 

a large number of fish species, the complex synthesis pathways are not well 

understood. 

 

1.4.3 Nuclear receptors in fishes 

Little is known about the mechanisms by which nuclear receptors function 

in fishes, but research in this area is actively ongoing. Data mining in the 

pufferfish (Takifugu rubripes) genome found 68 nuclear receptors with definitive 

homology to the 48 human receptors (Christoffels et al. 2004). Pufferfish have 

several more nuclear receptors than humans due to a genome duplication event 

that occurred during the evolution of teleost fishes (Taylor et al. 2001; Maglich et 

al. 2003; Christoffels et al. 2004). Therefore, teleosts often have two or more 

nuclear receptors that are homologous to one human receptor, and this has been 

verified in several fish genomes: 68 and 72 in the pufferfishes (Takifugu rubripes 

and Tetraodon nigroviridis, respectively), 70 in zebrafish (Danio rerio), and 71 in 

medaka (Oryzias latipes) (see Appendix) (Maglich et al. 2003; Bertrand et al. 

2007; Metpally et al. 2007). One proposed theory behind this phenomenon is the 

serial 2R genome duplication hypothesis, which states that the vertebrate 

genome is a result of two rapid, successive rounds of genome duplication around 
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the time of the divergence of jawless and jawed vertebrates, approximately 500 

million years ago (MYA) (Taylor et al. 2001). Many of these duplicated genes in 

teleosts have become nonfunctional and/or lost during the course of evolution. 

However, it is estimated that up to 50% of paralogous genes have been retained 

through neofunctionalization, subfunctionalization, and/or subsequent 

independent evolutionary events (Lynch and Force 2000). For some teleostean 

nuclear receptors, whole genome and lineage-specific duplication events have 

resulted in the partitioning of receptor function (Bury et al. 2003; Kuo et al. 2005; 

Hahn et al. 2006). Gene multiplicity, gene loss, acquisition of novel functions, and 

subfunctionalization of nuclear receptors may be an important factor contributing 

to the specification and evolutionary diversification of teleosts (Ohno 1999; Taylor 

and Raes 2004). 

Despite the ease of locating nuclear receptors within multiple fish 

genomes, little research has been performed involving many of these genes. The 

main focus of nuclear receptor research in fishes has involved the estrogen and 

androgen receptors and their interaction with environmental pollutants that act as 

endocrine disruptors (Villeneuve et al. 2006; Zhang et al. 2008a; Cui et al. 2009a; 

Navarro-Martin et al. 2009; Shved et al. 2009). Much attention has also been 

paid to Ahr biology in fishes; however, AHR is a member of the bHLH-PAS family 

of transcription factors and therefore not considered a “true” nuclear receptor 

(Volz et al. 2005; Timme-Laragy et al. 2007; Matson et al. 2008; Volz et al. 

2008). Recently, Fxrα and other nuclear receptors, mainly those of the NR1I 
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subfamily (Pxr, Vdr, Car), in zebrafish, Fugu, medaka and little skate, have been 

investigated from an evolutionary standpoint (Taylor et al. 2001; Maglich et al. 

2003; Christoffels et al. 2004; Krasowski et al. 2005; Cai et al. 2007; Howarth et 

al. 2008; Reschly et al. 2008). Zebrafish Fxrα was able to bind C27 bile alcohols 

such as cyprinol sulfate, a main constituent of carp bile and other cyprinid fishes 

(Goto et al. 2003) and of certain ancient fishes (Kihira et al. 1984; Reschly et al. 

2008). Interestingly, zebrafish Fxrα was not activated by C24 bile acids like 

mammalian species, potentially indicating that FXRαs evolved from an ancient 

precursor due to the generation of either bile acids or alcohols in the 

hepatocellular parenchyma and the necessity to remove them from the liver. 

While these findings are interesting they show that zebrafish may not be a good 

substitute for rodents when studying toxicants that may activate FXRα, despite 

its ability to bind the synthetic agonist GW4064 (Reschly et al. 2008). A teleost 

that also synthesizes C24 bile acids in its hepatic parenchyma would be more 

suitable as its Fxrα will likely be activated in a more similar fashion to mammalian 

FXRαs. 

 



 

 31 

1.5 Research objectives 
Given the large knowledge gap regarding medaka hepatobiliary function at 

the molecular level and the essential role FXRα plays in bile acid homeostasis, 

the goals of this project were to: (1) locate and isolate fxrα within the medaka 

genome (see Table 4 for gene nomenclature and proper labeling as dictated by 

the ZFIN website); (2) determine its DNA and ligand-binding properties and 

compare these to reports in the literature using mammalian FXRαs; (3) locate 

gene targets for medaka fxrα through in vivo exposures as reported in the 

mammalian literature; and (4) to determine medaka fxrα’s role in toxicant-

induced injury through the use of the classic hepatotoxicant, α-

naphthylisothiocyanate (ANIT). The investigations outlined above were 

performed to: (1) further our knowledge of medaka hepatobiliary function during 

normalcy; (2) improve our understanding of a key transcription factor underlying 

overall function of the hepatobiliary function in this model organism; and (3) 

further justify the use of medaka as an alternative model for hepatobiliary 

function. 
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Table 1: Examples of direct, inverted, and everted hormone response 
elements (HREs). 

 
Example Type of HRE 

AGGTCAnnnAGGTCA DR-3 
AGGTCAnTGACCT IR-1 

TGACCTnnnnnnnnAGGTCA ER-8 
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Table 2: The 48 nuclear receptors in the human genome. 

 Name Nomenclature Ligand 
DAX-1 NR0B1 Orphan 
SHP NR0B2 Orphan 
TRα NR1A1 Thyroid hormones 
TRß NR1A2 Thyroid hormones 

RARα NR1B1 Retinoic acid 
RARß NR1B2 Retinoic acid 
RARγ NR1B3 Retinoic acid 

PPARα NR1C1 Fatty acids, leukotriene B4, fibrates 
PPARß/∂ NR1C2 Fatty acids 
PPARγ NR1C3 Fatty acids, prostaglandin J2, thiazolidinediones 

Rev-erbα NR1D1 Heme 
Rev-erbß NR1D2 Heme 

RORα NR1F1 Cholesterol, cholesteryl sulfate 
RORß NR1F2 Retinoic acid 
RORγ NR1F3 Orphan 
LXRß NR1H2 Oxysterols, T0901317, GW3965 
LXRα NR1H3 Oxysterols, T0901317, GW3965 
FXRα NR1H4 Bile acids, fexaramine, GW4064 
VDR NR1I1 Vitamin D 
PXR NR1I2 Xenobiotics, 16α-cyanopregnenolone 
CAR NR1I3 Xenobiotics, phenobarbital 

HNF4α NR2A1 Orphan 
HNF4γ NR2A2 Orphan 
RXRα NR2B1 Retinoic acid 
RXRß NR2B2 Retinoic acid 
RXRγ NR2B3 Retinoic acid 
TR2 NR2C1 Orphan 
TR4 NR2C2 Orphan 
TLL NR2E2 Orphan 
PNL NR2E3 Orphan 

COUP-TFI NR2F1 Orphan 
COUP-TFII NR2F2 Orphan 

EAR2 NR2F6 Orphan 
ERα NR3A1 17ß-estradiol, tamoxifen, raloxifene 
ERß NR3A2 17ß-estradiol, various synthetic compounds 

ERRα NR3B1 Orphan 
ERRß NR3B2 DES, 4-OH tamoxifen 
ERRγ NR3B3 DES, 4-OH tamoxifen 
GR NR3C1 Cortisol, dexamethasone, RU486 
MR NR3C2 Aldosterone, spirolactone 
PR NR3C3 Progesterone, medroxyprogesterone 
AR NR3C4 Testosterone, flutamide 

NGFI-B NR4A1 Orphan 
NURR1 NR4A2 Orphan 
NOR1 NR4A3 Orphan 
SF1 NR5A1 Orphan 

LRH-1 NR5A2 Orphan 
GCNF NR6A1 Orphan 
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Table 3: Differences between mammalian and teleost liver structure. 

Structure Mammals Fish 
Lobes Multiple Single for most species studied; 

cyprinids and some other species 
have extensions intertwined with the 

intestinal coils 
Lobules Present Absent – tubular architecture 

Kupffer cells Present Absent (generally) 
Portal triads Present Absent 

Biliary 
epithelial 

cells 

Little to none in 
hepatic 

parenchyma 

BPDECs found throughout 
parenchyma; larger BECs also seen 

lining ductules and ducts in 
parenchyma 
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Table 4: Proper gene nomenclature as shown on the ZFIN website (URL: 
http://zfin.org/zf_info/nomen.html). This labeling is used throughout the 
dissertation. 
 
 

Species Gene Protein 
Human FXR FXR 
Mouse Fxr FXR 

Zebrafish/Medaka fxr Fxr 
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Figure 1: General structure of a nuclear receptor. Most nuclear receptors 
contain five domains: AF1 (activation function 1), DBD (DNA-binding 
domain), H (hinge region), LBD (ligand-binding domain), and AF2 
(activation function 2). 
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Figure 2: Diagram of the four FXRα isoforms in humans. FXRα1 and α2 
have short AF1 domains (maroon) compared to FXRα3 and α4. FXRα1 and 
α3 contain a four amino acid MYTG insert in the hinge region (green) that 
α2 and α4 lack. All other domains – DBD (yellow), LBD and AF2 (blue) are 
the same for the four isoforms. 
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Figure 3: Chemical structure of four C24 bile acids. Chenodeoxycholic and 
cholic acids are primary bile acids made in the hepatic parenchyma from 
cholesterol. Lithocholic acid and deoxycholic acid are secondary bile acids 
made by 7α-dehydroxylation of chenodeoxycholic and cholic acids, 
respectively, by intestinal flora. 
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Figure 4: Example of gene regulation by FXRα. FXRα is bound to its bile 
acid response element (BARE, IR-1, AGGTCAnTGACCT) with RXR and a 
corepressor such as NCoR. Expression of FXRα’s target gene, SHP in this 
example, is repressed by NCoR binding. Upon binding of a bile acid such 
as chenodeoxycholic acid (CDCA), FXRα undergoes a conformational 
change which releases the corepressor and recruits a coactivator such as 
PGC-1α (Savkur et al. 2005b), allowing for transcription of SHP mRNA to 
take place, ultimately resulting in an increase in SHP protein. SHP then 
binds to LRH-1, which works with LXRα to positively modulate expression 
of CYP7A1. The binding of SHP to LRH-1 represses its function, resulting in 
a decrease in CYP7A1 expression. 
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Figure 5: Simple schematic showing the complexity of FXRα signaling. 
Green arrows point to upregulated genes, while red arrows denote 
repressed genes. Blue lettering: genes involved in bile acid homeostasis; 
orange lettering: genes involved in lipid homeostasis; purple lettering: 
genes involved in glucose homeostasis. 
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Figure 6: Comparison of mammalian and teleost liver structure. At left: 
Mammalian livers consist of multiple hexagonal lobules, with a central 
venule at center (CV, blue: initial tributary of hepatic venous system - 
efferent) and portal triads at each corner. Each portal triad (yellow) 
consists of a bile ductule (BD, green), hepatic arteriole (HA, red: afferent), 
and portal venule (PV, blue: afferent). Biliary cels are found at the periphery 
only, and form the Canal of Hering (bottom panel of left). The component 
biliary epithelial cells here are regarded as “oval” cells and are possible 
hepatic progenitor or stem cells. At right: The teleost liver does not contain 
lobules and instead has a tubular architecture. Cords of hepatocytes (light 
brown with dark brown nuclei) two cells thick are separated by sinusoids 
(red). Between hepatocytes are canaliculi (green circles). At the transitional 
biliary passageways, or bile preductules (longitudinal green biliary 
passageway), are bile preductular epithelial cells (BPDECs, black). 
BPDECS are thought to be similar to the mammalian oval cell. 
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2. CHARACTERIZATION OF MEDAKA FXR ALPHA 
FUNCTION IN VITRO 

 

2.1 Rationale for studies 
FXRα acts as a crucial transcription factor in bile acid homeostasis, and 

has been widely studied through in vitro and in vivo investigations, particularly in 

the mammalian literature (Forman et al. 1995; Grober et al. 1999; Makishima et 

al. 1999; Parks et al. 1999; Wang et al. 1999; Goodwin et al. 2000; Lu et al. 

2000; Denson et al. 2001; Chiang 2002; Kast et al. 2002; Plass et al. 2002; 

Urizar et al. 2002; Wang et al. 2002a; Yu et al. 2002; Cui et al. 2003; Zollner et 

al. 2003; Kanaya et al. 2004; Campana et al. 2005; Inagaki et al. 2005; Savkur et 

al. 2005b). Despite the use of medaka as an alternative model for hepatobiliary 

toxicity, the molecular mechanisms underlying hepatobiliary function in medaka, 

including the function of Fxrα to date, have not been elucidated. It is necessary to 

understand the molecular biology underlying bile acid homeostasis in order to 

definitively characterize responses seen after toxicant administration in this 

model organism. Therefore, the experiments described in this chapter were 

conducted to demonstrate in vitro functionality of medaka Fxrαs.  

In vitro investigations with medaka fxrα were deemed necessary prior to 

moving to more complex in vivo experiments. Therefore, the goals of these 

studies were to locate and isolate fxrα in the medaka genome and to study its 
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function via well-established in vitro assays. I hypothesized that: (1) at least one 

fxrα would be present in the medaka genome; (2) Fxrα would be activated by bile 

acids and the synthetic, specific agonist GW4064; (3) Fxrα activation would drive 

transcription of luciferase via an FXRE-driven reporter construct; and (4) that 

Fxrα would interact with the nuclear receptor coactivator, PGC-1α.  

A variety of techniques were employed to characterize Fxrα’s function in 

vitro. First, BLAST analysis with known mammalian FXRαs led to the location of 

medaka fxrα within the genome. Following isolation and cloning of Fxrα into 

plasmid constructs, dual luciferase assays, using transiently transfected cell 

lines, determined Fxrα’s DNA-binding and ligand-binding properties. Lastly, 

titration assays and mammalian two-hybrid screens enabled the study of Fxrα’s 

ability to interact with known nuclear receptor coactivators such as PGC-1α and 

SRC-1. The studies described in this chapter laid the groundwork for the in vivo 

experiments presented in later chapters. 

 

2.2 Materials and methods  

 

2.2.1 Chemicals 

Commercially available bile acids, TTNPB, 9-cis retinoic acid (RA), all-

trans RA, and 17ß-estradiol were obtained from Sigma (St. Louis, MO). 

Dihydrotestosterone (DHT) and dehydroepiandrosterone (DHEA) were obtained 
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from Steraloids (Newport, RI). GW4064 was graciously provided by Dr. Steven 

Kliewer (University of Texas Southwestern Medical Center). Stock solutions of 

these compounds were made in HPLC-grade DMSO (Mallinckrodt Chemicals, 

Hazelwood, MO). All compounds used in Fxrα agonist screening are listed in 

Table 5. 

 

2.2.2 Test animals 

Treatment and handling of the test animals were in accordance with 

regulations mandated by the Duke University Institutional Animal Care and Use 

Committee (IACUC). Colonies of STII (see-through) and OR (orange-red) 

medaka were housed under recirculating freshwater aquaculture conditions. STII 

medaka in our colony were originally obtained from Y. Wakamatsu, Nagoya 

University, Japan (Wakamatsu et al. 2001). Water temperature and pH were 

monitored daily and maintained at ~22-25oC and ~7.4, respectively. Medaka 

were maintained under a defined light-dark cycle (16 hours light, 8 hours dark). 

Dry food (Otohime B1, Reed Mariculture, Campbell, CA) was fed several times 

per day through automated feeders, and newly-hatched Artemia was fed once 

per day.  
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2.2.3 Total RNA isolation 

Livers (3-4) were dissected from anesthetized (by immersion in ice-cold 

1X ERM, or embryo-rearing medium, containing: 17.1 mM NaCl, 272 µM 

CaCl2·2H2O, 402 µM KCl, 661 µM MgSO4·7H2O) (Kirchen and West 1976) adult 

male STII medaka and snap frozen in liquid nitrogen. The pooled livers were 

homogenized in 1 mL RNA-Bee (TelTest, Friendswood, TX) using a Polytron 

homogenizer (Kinematica, Lucerne, Switzerland) cleaned with RNase ZAP 

(Sigma), diethylpyrocarbonate-treated (DEPC, Sigma) sterile water, and sterile 

deionized water. Total RNA from the homogenized livers was isolated as 

described previously (Volz et al. 2005) using RNA-Bee as per the manufacturer’s 

instructions.  DNA contamination was removed via on-column digestion using 

Qiagen RNase Free DNase as directed by the manufacturer (Qiagen, Valencia, 

CA). RNA was eluted with 30 µL RNase free water at 52°C and quantity and 

purity (260/280 ratio) measured using a NanoDrop ND-1000 (NanoDrop, 

Wilmington, DE) spectrophotometer. All RNA samples were stored at -80°C until 

use. 

2.2.4 cDNA synthesis 

First-strand cDNA was produced using 2 µg total liver RNA (isolated as 

described in 2.2.3) diluted in RNase-free water to a total volume of 10 µL, 1 µL 

oligo(dT)15 (Promega, Madison, WI) and 1 µL 10 mM dNTPs (Invitrogen, 

Carlsbad, CA) to a final volume of 12 µL. This mixture was heated to 65°C for 5 

min and chilled for 2 minutes on ice. After centrifugation, 4 µL 5X first-strand 
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buffer (Invitrogen), 2 µL 0.1 M dithiothreitol (DTT, Invitrogen) and 1 µL RNase 

OUT Inhibitor (40 U/µL, Invitrogen) were added to the reaction which was heated 

to 37°C. After a 2 minute incubation, 1 µL Superscript Reverse Transcriptase (SS 

RT, 200 U/µL, Invitrogen) was added and incubated at 37°C for 1 hour to allow 

for complete mRNA reverse-transcription. SS RT was heat-inactivated by 

incubation at 70°C for 15 minutes. All cDNA samples were stored at -20°C until 

use. 

 

2.2.5 Fxrα1 isolation 

Medaka Fxrα1 was identified through a BLAST search of the published 

medaka genome (URL: http://dolphin.lab.nig.ac.jp/medaka/index.php), using the 

associated gene prediction tool, with mouse Fxrα as the reference query 

sequence (accession: AAH15261). The located predicted sequence was 

amplified by PCR using the primers shown in Table 6 and Advantage 2 Taq from 

Clontech (Mountain View, CA) as per the manufacturer’s instructions. 

Following PCR amplification, the resulting product (~1500 bp in length, 

determined via 1% agarose gel electrophoresis and visualization with ethidium 

bromide) was inserted into the pCR 2.1 vector through the TOPO TA Cloning 

system (Invitrogen) and transformed into chemically competent TOP10 E. coli 

(Invitrogen), following manufacturer’s protocols. Positive colonies (Fxrα1/pCR 

2.1) were selected via blue/white screening and cultured in LB-amp broth (Luria-
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Burtani, 150 µg/mL ampicillin) overnight at 37°C/200 rpm. Plasmid DNA was 

isolated from the cultures via the Qiagen Spin Miniprep Kit as per the 

manufacturer’s instructions and sequenced in both directions. 

 

2.2.6 5’ RACE and Fxrα2 isolation 

To obtain the 5' UTR of Fxrα1 cDNA, 5' RACE (rapid amplification of 

cDNA ends) PCR was performed using the Marathon cDNA Amplification Kit 

(Clontech, Mountain View, CA). Total RNA was extracted from brain, testis, gut 

and liver of medaka and used for poly (A)+ mRNA purification in a ratio amount of 

1:2:2:5, respectively. One microgram of poly (A)+ mRNA was used as the source 

of RNA template. Nested primers for Fxrα1 were used in PCR (5’ RACE 1 and 5’ 

RACE 2) in accordance with the manufacturer’s protocols. PCR products were 

visualized via 1% agarose gel electrophoresis with ethidium bromide. Putative 5’ 

RACE products were individually gel purified using the Promega Wizard SV Gel 

and PCR Cleanup Kit, inserted into the pCR 2.1 vector, transformed, cultured, 

isolated and bi-directionally sequenced. In this manner the 5’ end of a second 

Fxrα isoform, deemed Fxrα2, was located. A primer for the 5’ end (also 

containing an EcoRI restriction site, EcoRI-Fxrα2 Fwd) was created and used 

with a primer for the 3’ end of Fxrα1 containing a restriction site for BamHI to 

isolate the entire sequence of Fxrα2 (BamHI-Fxrα2 Rev). PCR was employed to 

isolate Fxrα2 in liver cDNA using Advantage 2 Taq (Clontech) as described for 
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Fxrα1. Following PCR amplification, the resulting product (~1400 bp in length, 

determined via 1% agarose gel electrophoresis and visualization with ethidium 

bromide, not shown) was inserted into the pCR 2.1 vector through the TOPO TA 

Cloning system (Invitrogen) and transformed into chemically competent TOP10 

E. coli (Invitrogen) following the manufacturer’s protocols. Positive colonies 

(Fxrα2/pCR 2.1) were selected via blue/white screening and cultured in LB-amp 

broth (Luria-Burtani, 150 µg/mL ampicillin) overnight at 37°C/200 rpm. Plasmid 

DNA was isolated from the cultures via the Qiagen Spin Miniprep Kit as per the 

manufacturer’s instructions and sequenced in both directions. 

 

2.2.7 Plasmids 

A Gal4DBD-FxrαLBD chimeric construct was created by amplifying the 

FxrαLBD (beginning at GMLAEC…C-terminus) through PCR as described 

previously, using the following primers containing KpnI and BamHI restriction 

sites (KpnI-FxrαLBD Fwd and BamHI-FxrαLBD Rev). The resulting PCR product 

was introduced into the pCR 2.1 vector as previously described, excised using 

KpnI and BamHI (New England Biolabs, Ipswich, MA), and inserted uni-

directionally into the XgalX vector, which contains the translation initiation 

sequence (amino acids 1–76) of the glucocorticoid receptor fused to the DNA 

binding domain (amino acids 1–147) of the yeast Gal4 transcription factor in the 

pSG5 expression vector (Stratagene, La Jolla, CA) (Lehmann et al. 1995). The 

resulting construct was sequenced to ensure a proper reading frame. The LBD 
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for medaka Fxrα is located 3’ of the differences between Fxrα1 and α2, thus a 

single fusion construct represents the LBD for both isoforms as they are 100% 

identical in this region.  

Full-length Fxrα1 was excised from pCR 2.1 using EcoRI (New England 

Biolabs) and introduced into the expression vector pSG5 (Stratagene) using T4 

DNA ligase (New England Biolabs). The resulting construct (Fxrα1/pSG5) was 

transformed, cultured, and isolated as described above. Fxrα2 was excised from 

pCR 2.1 using EcoRI and BamHI and inserted unidirectionally into pSG5 in the 

same manner. Proper orientation of Fxrα1 and Fxrα2 within pSG5 was confirmed 

by PCR screening and sequencing in both directions.  

 

2.2.8 Cell culture 

All media and reagents were obtained from Gibco (Carlsbad, CA). PLHC-1 

cells (Poeciliopsis lucida [topminnow] hepatocellular carcinoma cells, obtained 

from the laboratory of Richard Di Giulio) (Schultz and Schultz 1985) were 

cultured in flasks with plug caps (Corning, Corning, NY) using Leibovitz’s L-15 

CO2 Independent Medium (phenol red free) containing heat-inactivated fetal 

bovine serum (10%) and 100 µg/mL gentamicin. The cells were maintained 

following standard cell culture protocols in a 29°C incubator, using 1X Trypsin-

EDTA for subculturing when necessary (~80% confluency). CV-1 cells 

(Cercopithecus aethiops [African green monkey] kidney cells, originally obtained 

from Linda Moore at GlaxoSmithKline) were cultured in flasks with vented caps 
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(Corning) using Dulbecco’s Modified Eagle’s Medium containing heat-inactivated 

fetal bovine serum (10%), glucose (4.5 g/L), L-glutamine, phenol red, HEPES 

buffer (25 mM), and penicillin-streptomycin (1X). The cells were maintained 

following standard cell culture protocols in a 37°C/5% CO2 incubator, using 1X 

Trypsin-EDTA for subculturing when necessary. 

 

2.2.9 HPLC analysis of medaka bile 

HPLC analysis of medaka bile was performed as described previously 

with some modifications (Rossi et al. 1987) using a pooled sample of five 

gallbladders from STII male medaka dissolved in 150 µL 100% methanol. 

Gallbladders were removed from STII male medaka anesthetized in ice-cold 1X 

ERM as previously described. An octadecylsilane HPLC column (reverse phase 

C-18, 25 cm x 4.6 mm dimensions, 5 µm particle size) was used, with isocratic 

elution at 0.75 ml/min.  The eluting solution was composed of a mixture of 

methanol (67.4% by volume) and 0.01 M KH2PO4 adjusted to a pH of 5.3.  

Conjugated bile acids were quantified in the column effluent by monitoring the 

absorbance at 205 nm (for the amide bond). The initial structural assignments 

were made by comparison with the relative retention time of known standards. 

Portions of the HPLC effluent were also collected and analyzed by nanospray 

ESI-MS to further characterize the HPLC peaks. 
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2.2.10 MS analysis of medaka bile 

STII medaka bile diluted in 100% methanol (as above) was analyzed by 

electrospray ionization (ESI) mass spectroscopy using a Perkin-Elmer SCIEX 

atmospheric pressure instrument API-III (Perkin-Elmer Life and Analytical 

Sciences, Inc., Boston, Massachusetts) modified with a nanospray ESI (Proxeon, 

Denmark) and operated as previously described (Chatman et al. 1999).  Bile 

alcohol sulfates were detected by operating the instrument in the “parents of 97” 

mode to observe the loss of sulfate, and bile acid taurine amidates were detected 

by the “parents of 124” mode to observe the loss of taurine.   

 

2.2.11 Mammalian cell transfection and luciferase assays 

 

2.2.11.1 Agonist screening with the Gal4 system 

PLHC-1 cells were seeded in 24-well plates at a density of 2-3 x 105 

cells/well and transfected at 90-95% confluency using Lipofectamine 2000 

(Invitrogen) in serum-free Leibovitz’s L-15 Medium as directed by the 

manufacturer, using the following amounts of plasmid: 15 ng pRL-CMV (Renilla 

luciferase normalizing plasmid, Promega), 200 ng pcDNA3.1-f:PGC1α, 250 ng 

FxrαLBD/XgalX fusion construct, and 250 ng 5XGal4-TATA-Luc. The transfection 

medium was replaced six hours later with complete L-15 (containing serum and 

antibiotics). Following an overnight recovery period, the cell medium was 

replaced with complete L-15 containing one of several bile acids (100 µM), 
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retinoids (5 µM all-trans RA, 5 µM 9-cis RA, 10 µM TTNPB), other steroids (100 

µM DHT, DHEA, and 17ß-estradiol), or GW4064 (0.1, 1.0, 10 µM) dissolved in 

DMSO, or DMSO alone to serve as a control (<0.1% total solution). 

Concentrations of retinoids were based on previous research with little skate Fxr 

(Cai 2006). Twenty-four hours post-exposure, the cells were lysed passively 

according to the protocols described in the Dual Luciferase Reporter Assay 

System (Promega) and tested for luciferase activities using a DLReady TD-20/20 

luminometer (Turner BioSystems, Sunnyvale, CA).  

 

2.2.11.2 Interaction of a Gal4DBD-FxrαLBD fusion construct with PGC-1α 

PLHC-1 cells were seeded in 24-well plates at a density of 2-3 x 105 

cells/well and transfected for 6 hours at 90-95% confluency with 15 ng pRL-CMV, 

250 ng FxrαLBD/XgalX, 250 ng 5XGal4-TATA-Luc, and 0-200 ng pcDNA3.1-

f:PGC1α using Lipofectamine 2000 (Invitrogen) in serum-free Leibovitz’s L-15 

CO2 Independent Medium. The amount of DNA transfected per well was 

equalized by addition of empty pcDNA3.1 plasmid (Invitrogen). Following an 

overnight recovery period, the cell medium was replaced with complete L-15 

containing 1.0 µM GW4064 or DMSO (<0.1% total solution). The cells were lysed 

passively 24 hours post-exposure and luciferase activities recorded as previously 

described. 
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2.2.11.3 Transactivation assays with full-length Fxrα1 and Fxrα2 

Due to the high endogenous FXRα activity in PLHC-1 cells, I used CV-1 

cells for the full-length experiments. When confluent in T75 flasks, CV-1 cells 

were passed as previously noted and grown for at least 72 hours in DMEM/F12 

phenol red free medium containing 5% charcoal/dextran treated FBS (HyClone, 

Logan, UT), 15 mM HEPES, L-glutamine, and 2 mM glucose. These cells were 

then used in luciferase experiments. The DMEM/F12 medium was also used for 

dosing the cells following transfection. To confirm the Gal4 results and to 

demonstrate interaction of Fxrα isoforms with IR-1 response elements, CV-1 

cells were seeded in 24-well plates at a density of 1 x 105 cells/well and 

transfected overnight with 15 ng pRL-CMV, 50 ng of either Fxrα1 or Fxrα2/pSG5, 

150 ng (hsp27EcRE)2-tk-Luc (containing two imperfect IR-1 response elements) 

(Forman et al. 1995), and 100 ng pcDNA3.1-f:PGC1α using Lipofectamine 

(Gibco). The cells were dosed in DMEM/F12 media as previously described for 

PLHC-1 cells. At 24 hours post-exposure the cells were lysed passively, as 

previously noted, and luciferase activities recorded.  

 

2.2.11.4 Mammalian two-hybrid screening 

CV-1 cells were transfected as previously described with 250 ng 5XGal4-

TATA-Luc containing binding sites for the yeast Gal4 transcription factor; 75 ng 

pM.PGC1αL2 or pM.SRC-1 expression vector containing a cofactor/nuclear 

receptor interaction domain fused to the yeast Gal4 DNA-binding domain; 75 ng 
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Fxrα1/pSG5 or Fxrα2/pSG5 and 15 ng pRL-CMV (Renilla luciferase) for 

transfection normalization. Controls consisted of transfections containing empty 

pM, pSG5 or both empty pM and pSG5 vectors. The cells were dosed in 

DMEM/F12 media with 1 µM GW4064 or DMSO (<0.1% total solution). The cells 

were lysed passively 24 hours post-exposure and luciferase activities recorded 

as previously described to determine receptor-cofactor interactions. 

 

2.2.12 Phylogeny 

A phylogenetic tree was constructed to allow for comparison of the protein 

sequence of medaka Fxrα1 and Fxrα2 to multiple mammalian and non-

mammalian FXRαs and provide evolutionary relationships between orthologous 

genes from distantly related species. The phylogenetic tree was constructed via 

the neighbor-joining method with Poisson correction and bootstrap test using 

multiple FXR α and ß protein sequences (published and predicted) from human, 

mouse, rat, dog, cow, chicken, zebrafish, stickleback, pufferfishes (Takifugu and 

Tetraodon), and little skate. The phylogenetic analysis was performed using 

MEGA 4 (Kumar et al. 2004). The accession numbers or Ensembl coding for the 

sequences used in phylogenetic analyses are listed in the Appendix (Table 12). 
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2.2.13 In silico molecular modeling studies of medaka Fxrα ’s 
ligand-binding domain 

In silico molecular modeling for medaka Fxrα was performed to gain a 3-

dimensional understanding of how agonists bind within the ligand-binding 

domain. Furthermore, this type of modeling can also predict if other compounds 

not tested in reporter assays would activate the receptor of interest. A structural 

model of Fxrα’s LBD was constructed using the MOE-homology model tool, part 

of the MOE suite (Chemical Computing Group 2007). The published crystal 

structure of rat FXRα in complex with 6α-ethyl-chenodeoxycholic acid (PDB ID = 

1OSV) served as the modeling template (Mi et al. 2003). Several energy 

minimization-based refinement procedures were implemented on the initial 

model, and the quality of the final model was confirmed by the WHATIF-Check 

program. Molecular docking studies were performed on CDCA and GW4064 into 

medaka Fxrα structural models using the GOLD docking program (Jones et al. 

1997). During the docking process, the protein was held fixed while full 

conformational flexibility was allowed for ligands. For each ligand, 30 

independent docking runs were performed to achieve the consensus orientation 

in the ligand-binding pocket. The ligand-protein interactions were analyzed and 

represented by a schematic diagram generated using LIGPLOT software 

(Wallace et al. 1995). 
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2.2.14 Statistics 

All results for dual luciferase assays were expressed as the mean fold 

induction normalized to control (DMSO) ± SEM. Statistical analyses were 

performed using Statview 9.0 for Mac (The SAS Institute, Cary, NC).  Groups 

were tested using ANOVA followed by Fisher’s PLSD post-hoc test. A p value of 

< 0.05 was considered significant. 

 

2.3 Results 

 

2.3.1 Identification of two FXRα  isoforms in medaka: Fxrα1 and 
Fxrα2 

Through screening of the medaka genome database we detected a single 

fxrα gene exhibiting a high degree of homology with mouse Fxrα used as our 

BLAST query. This sequence is located on medaka chromosome 6, position 

16,621,084-16,632,937 (+ direction).  A second fxrα mRNA transcript, 

designated Fxrα2, was identified through 5’ rapid amplification of cDNA ends (5’ 

RACE). Further analysis of the medaka genome did not reveal a second fxrα 

location, whereas analysis of Fxrα1 intron-exon structure suggested that Fxrα1 

and Fxrα2 are products of alternative splicing of a single fxrα locus. The protein 

sequences for and alignment of Fxrα1 and Fxrα2 are shown in Figure 7A. 

Comparisons of genomic and cDNA sequences for both transcripts demonstrated 

a second translational start site (ATG) within intron 4 of Fxrα1 as illustrated in 
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Figures 7B and 7C.  Exon 1 and the 5’ untranslated region (UTR) of Fxrα2’s 

open reading frame are found within intron 4 of Fxrα1. This alternate start site 

results in the truncation of Fxrα2 by 22 amino acids at the 5’ end of the protein. 

Structurally, Fxrα1 consists of 11 exons total, while Fxrα2 consists of nine.  

Medaka Fxrα1’s coding region is 1458 bases long (485 amino acids + stop 

codon) and Fxrα2’s coding region is 1392 bases long (463 amino acids + stop 

codon). The 5’ UTRs for Fxrα1 and Fxrα2 are quite short at 99 bp and 264 bp 

respectively; the different 5’ UTRs may contribute to tissue specific expression 

for the two isoforms. The in vivo expression of Fxrα1 and Fxrα2 is presented in 

Chapter 3.  

Analyses of functional nuclear receptor protein domains demonstrated that 

Fxrα1 contains 136 amino acids (aa) in the AF1 domain, 66 aa in the DBD, 63 aa 

in the hinge region, and 220 aa in the LBD/AF2 domain. The AF1 domain of 

Fxrα2 contains 114 amino acids; all other domains are the same as in Fxrα1. 

Both isoforms show high amino acid sequence identity to the FXRα sequences of 

other species in the DBD and LBD/AF2 regions. The LBD/AF2 for Fxrα exhibits 

highest similarity to zebrafish Fxrα (Danio rerio) at 80% amino acid sequence 

identity (Table 7). The FxrαLBD is also highly similar to mammalian FXRαLBDs 

(chicken: 73%; mouse: 71%; rat: 70%; human: 70%; dog: 69%). This is also 

depicted in the phylogenetic analysis shown in Figure 8. Phylogenetic 

comparisons of full-length medaka Fxrα1 and Fxrα2 with additional FXR α and ß 
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sequences from other species (human, dog, cow, rat, mouse, stickleback, little 

skate, zebrafish, pufferfishes [Tetraodon and Takifugu], chicken) demonstrate a 

distinct separation between the FXRα and FXRβ genes. Within the FXRα clade, 

two distinct subclades were formed, separating aquatic and terrestrial species. 

Fxrα sequences are organized in accordance with species classification within 

the teleost clade.  Since the Fxrα sequences from Fugu, Tetraodon and zebrafish 

were identified through analysis of available genomes (Ensembl) and have not 

been fully characterized, the presence or absence of multiple splice variants for 

these species has not been determined to date. The location of multiple Fxrα 

isoforms in these species could be performed as mentioned herein for medaka 

by using 5’ RACE. 

 

2.3.2 Medaka bile contains C24 and C27 bile acids 

HPLC and nanoESI-MS analyses demonstrated that medaka bile contains 

both C24 and C27 bile acids as taurine-conjugates (Figure 9). Medaka bile 

consists of approximately 50% C24 acids and 50% C27 acids. The structures for 

two of the three major C27
 acids are unknown, as they represent novel 

compounds for which we have no standards, but the functional groups within 

each were elucidated through these analyses (38.792 min, tauro-C27 bile acid 

with one oxo and two hydroxyl groups; 41.907 min, tauro-(25R)-3α,7α,12α-

trihydroxy-5β-cholesten-27-oic acid; and 46.885 min, tauro-C27 bile acid with 

three hydroxyl groups). The major C24 bile acids found in medaka bile were 



 

 59 

taurocholic acid and taurochenodeoxycholic acid (14.905 and 28.047 min, 

respectively). These studies were critical since these analysis of medaka bile 

provided a reasonable point from which to begin screening for potential Fxrα 

agonists. 

 

2.3.3 Ligand screening using a Gal4DBD-FxrαLBD fusion 
construct 

Through the use of a Gal4DBD-FxrαLBD fusion construct, I found that 

both primary (chenodeoxycholic acid, CDCA; cholic acid, CA) and secondary 

(lithocholic acid, LCA; deoxycholic acid, DCA) C24 bile acids effectively activate 

medaka Fxrα (Figure 10A). In this system only one Gal4 chimeric construct was 

necessary, given the fact that both Fxrα isoforms have identical LBDs. Addition 

of unconjugated and taurine-conjugated bile acids resulted in a ~4-11 fold 

induction, as compared to controls (DMSO). In this system, primary C24 acids 

present in medaka bile activated Fxrα with the following potency: CDCA (4.47 

fold) > CA (3.98 fold), while tauro-CDCA and tauro-CA were roughly equal at 

activating Fxrα (3.15 and 3.23 fold, respectively). The secondary bile acids DCA 

and LCA, formed through 7α-dehydroxylation of CDCA and CA by intestinal flora 

(Hofmann 1999), activated Fxrα more efficiently in this system: LCA (10.74 fold) 

> DCA (8.21 fold). The taurine conjugate of LCA also significantly activated Fxrα 

in this system (10.52 fold). Ursodeoxycholic acid (UDCA), the 7ß-isomer of 

CDCA, did not significantly activate the chimeric construct (1.32 fold). Taurine 
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conjugates of DCA and UDCA were not tested in this system. Furthermore, all-

trans retinoic acid, 9-cis retinoic acid, and the synthetic retinoid TTNPB activated 

Fxrα (Figure 10B) at 1.77-, 3.76-, and 3.06 fold respectively. Mild activation of 

skate Fxr, a beta isoform, by retinoids has also been recorded (Cai et al. 2007). 

The sex hormone dihydrotestosterone (DHT) additionally activated Fxrα (2.03 

fold), but DHEA did not (Figure 10B). 17ß-estradiol significantly suppressed Fxrα 

activity compared to DMSO control in this system, (~65% activity compared to 

controls), but the biological significance of this finding is not known at this time. 

Given that both Fxrα isoforms have identical LBDs, it was projected that with the 

Gal4-FxrαLBD fusion construct no difference with in vitro transactivation would 

be observed between the two splice variants.  

 

2.3.4 Enhancement of Gal4DBD-FxrαLBD fusion construct 
activation through PGC-1α  titration 

Activation of the FxrαLBD/XgalX fusion construct was enhanced by 

addition of increasing amounts of human PGC-1α, as seen in Figure 11. Human 

PGC-1α was used in these experiments as nuclear receptor coactivators in 

medaka have not yet been isolated and/or characterized. Titration of PGC-1α 

significantly increased the activation of the fusion construct in a dose-responsive 

fashion when exposed to 1 µM GW4064. Protein sequence alignments of 

medaka Fxrα1 and Fxrα2 with mammalian FXRαs (see Appendix, Table 9) found 
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that the AF2 domain (helix 12), known to interact with PGC-1α (Savkur et al. 

2005b), was identical throughout all FXRαs examined. 

 

2.3.5 Transactivation of an IR-1 reporter construct by full-length 
Fxrα1 but not α2 

To confirm our initial studies in the Gal4 system, we conducted transient 

transfection assays with full-length Fxrα1 and Fxrα2. These studies were 

performed using a luciferase reporter construct containing two functional, 

imperfect IR-1 response elements from Drosophila hsp27 (heat shock protein), 

an ecdysone receptor (EcR) target (Koelle et al. 1991). Mammalian FXRαs as 

well as Drosophila EcR have been shown to bind to IR-1 response elements 

within the promoters of target genes (Forman et al. 1995). Surprisingly, our 

results from studies with full-length constructs of Fxrα1 and Fxrα2 showed that 

only one Fxrα isoform, Fxrα2, responded to agonists and bound to IR-1 response 

elements (Figure 12A). We were unable to demonstrate Fxrα1’s activation by a 

wide variety of agonists. Fxrα2 was activated by some, but not all, agonists 

tested in the Gal4 system including GW4064, CDCA, and DCA. LCA proved to 

be very toxic to CV-1 cells and thus data could not be reliably collected in this 

system. Surprisingly, CA did not activate either Fxrα isoform in the full-length 

experiments despite both its presence in medaka bile and its activity in the Gal4 

system. Additionally, the main constituent of zebrafish and carp bile, 5α-cyprinol 

sulfate, did not activate either Fxrα isoform. Following initial agonist screening, 
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dose-responses with CDCA and GW4064 (a synthetic FXRα agonist), were 

performed with Fxrα2/pSG5 and it was noted that Fxrα2 was activated in a dose-

responsive fashion by both of these agonists with an EC50 of ~40 µM and 9.78 

nM, respectively (Figures 12B and C).  

 

2.3.6 Mammalian two-hybrid screening 

To confirm our studies with the Gal4 system, which showed enhancement 

of activation by addition of PGC-1α, mammalian two-hybrid assays were 

performed. These studies are key to understanding receptor-coactivator 

interactions; significant transactivation of the reporter by Fxrα cannot occur in this 

system without the protein-protein interaction of a Gal4-coactivator construct, 

since the reporter construct contains Gal4REs. As shown in Figure 13, Fxrα1 and 

Fxrα2 again are differentially activated in vitro. Despite having identical ligand-

binding domains, only Fxrα2 interacted with PGC-1α and SRC-1. No significant 

interaction of Fxrα1 with either coactivator was demonstrated in these assays. 

Surprisingly, interaction between SRC-1 and Fxrα2 was greater than that of 

PGC-1α, despite previous reports with mammalian FXRαs (Kanaya et al. 2004; 

Savkur et al. 2005b). 

Mammalian two-hybrid assays were additionally tried with Fxrα/pVP16 

constructs. The VP16 activation domain is used to enhance and activate nuclear 

receptor transcriptional activity is commonly added to the N-terminus of the 
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receptor of interest during mammalian two-hybrid analyses. Interestingly, addition 

of this domain to both Fxrα1 and Fxrα2 inhibited protein-protein interactions. 

 

2.3.7 In silico molecular modeling demonstrates binding of 
GW4064 and CDCA within the Fxrα  ligand-binding domain 

A homology model of Fxrα’s LBD was constructed using rat FXRα in a 

complex with 6α-ethyl-CDCA as the template.  Using this homology model, 

docking studies were performed with GW4064 (synthetic FXRα agonist) and 

CDCA (Figures 14A and B).  The predicted conformation of GW4064 was similar 

to the recent published crystal structure of human FXRα bound with the same 

compound (Akwabi-Ameyaw et al. 2008). In the medaka FXRα model, GW4064 

forms a strong electrostatic interaction with the conserved Arg344 residue on helix 

5 (amino acid numbers correspond to Fxrα1), which mimics the interaction 

between this Arg residue and the carboxyl group of bile salts, an interaction that 

plays an important role in recognition of bile acids by FXRα (Mi et al. 2003). 

Extensive hydrophobic contacts with the protein, as shown in Figure 14, 

contribute to the potent activity of GW4064.  Van der Waals interactions with 

Leu478 and Trp482 may stabilize helix 12 into an active conformation for receptor 

activation. 

Docking studies predicted that CDCA was bound to FxrαLBD in an upside 

down manner in comparison with the observed orientation of 6α-ethyl-CDCA in 

rat FXRα (Figure 14B) (Mi et al. 2003). Further validation would be needed to 
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confirm if this is a biologically relevant orientation for CDCA in Fxrα, or if it 

explains the lack of activation of Fxrα2 by CDCA in mammalian two-hybrid 

assays with PGC-1α and SRC-1 (Appendix, Figure 35). In addition to the 

charged interactions with Arg344, the 7α-hydroxy group hydrogen bonded with its 

backbone carbonyl oxygen.  This interaction would be lost for bile acids such as 

UDCA, which has a 7β-hydroxy group. This interpretation is consistent with the 

functional data that shows no activation of Fxrα by UDCA. Compared with 

GW4064, less hydrophobic contacts were present for CDCA, which is consistent 

with its lower potency relative to GW4064 in functional assays of Fxrα. These in 

silico analyses only involved the LBD of Fxrα and did not address the differences 

in activation of full-length Fxrα1 and Fxrα2 in in vitro transactivation studies. 

 

2.4 Discussion  
The function of FXRα as a bile acid sensor has been well characterized in 

mammalian systems. Our laboratory has recently published an in-depth structural 

assessment of the medaka biliary tree (Hardman et al. 2007), but more research 

regarding bile acid-nuclear receptor signaling in small aquarium fishes is 

necessary to enhance our understanding of hepatobiliary function during 

normalcy and toxicity in these model organisms. The experiments presented in 

this chapter demonstrate that Fxrα, like mammalian FXRαs, is activated by C24 

bile acids in vitro. Characterization of Fxrα in vitro was necessary before moving 
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into the in vivo phase of my studies; the experiments described in this chapter 

allowed for further analyses of Fxrα function in normalcy (Chapter 3) and toxicity 

(Chapter 4) in this dissertation. 

The generation of genomic databases for an array of organisms has 

greatly facilitated and expanded the data mining process. These advances have 

allowed researchers to locate orthologous genes within the genome of interest 

through the use of well-studied sequences from phylogenetically distant species. 

In humans, four isoforms of FXRα exist, differing in both the presence or 

absence of a four amino acid insert (MYTG) within the hinge region, and in the 

length of the AF1 region (Huber et al. 2002) (depicted in Chapter 1, Figure 2). 

The absence of the MYTG insert within the hinge region of both Fxrα isoforms 

suggested that Fxrα1 and Fxrα2 are most similar to the α4 or α2 isoforms of 

human FXRα, respectively (Figure 7). Of importance is the presence of a 

histidine and tryptophan within the FxrαLBD (His460,438 and Trp482,460 of Fxrα1 and 

Fxrα2, respectively) in the same location as mammalian FXRαs (His444 and 

Trp466
 for rat FXRα). These amino acids play a crucial structural role by 

stabilizing the active conformation of FXRα in the presence of an agonist (Mi et 

al. 2003). The His-Trp “switch” is present in all FXRα sequences used for 

phylogenetic analyses (Appendix, Table 10). Fxrα1 and Fxrα2 clustered with 

predicted sequences for several teleosts (zebrafish, pufferfishes, and 

stickleback), while the mammalian sequences clustered separately. Furthermore, 

all FXRß sequences formed a distinct cluster separate from FXRα sequences, 
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which further separate into mammalian and piscine clades. The skate (Leucoraja 

erinacea) Fxr fell within the teleost Fxrα clade, but is an outlier within this group, 

suggesting that further study of Fxrα in cartilaginous fish is warranted (Figure 8).  

To provide a starting point for Fxrα agonist screening, HPLC and MS 

analyses of medaka bile were performed (Figure 9).  Bile acids are derived from 

cholesterol through a complex series of steps involving multiple cytochrome 

P450s and other enzymes (Russell 2003).  Cholesterol is used by vertebrates for 

maintenance of membrane fluidity, neurotransmission, reproduction, bone 

formation, and solubilization of fats. In the metabolic turnover of cholesterol, it 

must be converted into water soluble products suitable for excretion.  As a result, 

bile salts and steroid hormones have evolved as important signaling molecules 

over the course of time. Nematodes such as C. elegans utilize dafachronic acids 

and 3-keto bile acid-like steroids for dauer pathway signaling (alternative 

developmental stage in C.elegans in which larvae enter stasis and are able to 

withstand harsh conditions) (Gerisch et al. 2007). Early vertebrates such as the 

little skate metabolize cholesterol into C27 sulfated polyhydroxylated bile alcohols 

such as scymnol sulfate (Karlaganis et al. 1989). Cyprinid fish also generate C27 

sulfated bile alcohols from cholesterol, predominantly 5α-cyprinol sulfate (Hwang 

et al. 2001; Yeh and Hwang 2001; Goto et al. 2003; Nishimaki-Mogami et al. 

2006). Modern vertebrate species such as mammals have evolved the ability to 

convert C27 bile alcohol sulfates and acids into C24 acids that are capable of 

undergoing an enterohepatic circulation. A number of different vertebrate groups 
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have converged on C24 bile acid synthesis through independent pathways; some 

species within these groups are transitional species capable of synthesizing both 

C27 and C24 bile acids.  The medaka is an example of a species in transition, as 

its bile contains both C27 and C24 acids in approximately equal amounts. While 

the structures of two of the three C27 acids are unknown, the predominant C24 

acids present in medaka bile are taurocholic and taurochenodeoxycholic acids.  

By creating a Gal4DBD-FxrαLBD fusion construct, we were able to locate 

efficient Fxrα agonists without knowing its DNA-binding properties. Both primary 

(CDCA, CA) and secondary (LCA, DCA) bile acids were able to activate the 

fusion construct. Other steroids and retinoids were also mild Fxrα agonists in this 

system (Figure 10). Since an RXR-independent Gal4 system was used to screen 

agonists, we can say with certainty that the retinoids were interacting with the 

FxrαLBD and not with other receptors to produce this response. Through the use 

of the Gal4 system we were also able to demonstrate enhanced activation of 

Fxrα by addition of the nuclear receptor coactivator PGC-1α in a dose-

responsive fashion (Figure 11). 

Once agonists were located for medaka Fxrα using the Gal4 system, full-

length transactivation properties using Fxrα1 and Fxrα 2 were elucidated (Figure 

12). These studies show that Fxrα2 interacted with IR-1 response elements in 

the presence of an agonist whereas Fxrα1 did not, despite having identical 

ligand-binding domains. These differences in vitro may point to selective ligand-

specific responses in vivo in which each medaka Fxrα isoform mediates 
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activation of distinct gene targets in the same or different tissues within the 

organism. It may also demonstrate the importance of the AF1 domain to overall 

receptor function, ligand fidelity, and ability to bind differential response elements 

within the promoters of target genes. This idea is supported by the surprising 

finding that CA activated Fxrα in the Gal4 system, but did not activate either 

isoform in the full-length studies. Differential activity of FXRα isoforms, despite 

identical LBDs, has also been previously reported (Seol et al. 1995; Huber et al. 

2002; Anisfeld et al. 2003; Zhang et al. 2003; Anisfeld et al. 2005). However, to 

definitively understand the differential activities of Fxrα1 and Fxrα2, further 

studies including electromobility shift assays (EMSA) and cellular localization 

analyses are warranted. 

Neither Fxrα isoform was activated by the major constituent of zebrafish 

bile, 5α-cyprinol sulfate. This data, in correlation with HPLC/nano-ESI MS 

analyses of medaka bile, show medaka as an evolutionary “species in transition” 

that falls between cyprinid fishes that synthesize C27 bile alcohols and mammals 

that generate C24 acids.  

Since Fxrα1 and Fxrα2 are the result of alternative splicing, their 

differences in activity are not the result of sub- or neofunctionalization, as would 

be predicted with gene paralogs that arose as the result of a whole genome 

duplication event in the evolution of teleost fish (Taylor et al. 2001; Chen et al. 

2004; Christoffels et al. 2004) and is observed with medaka Vdrα and Vdrß 

(Howarth et al. 2008). Regardless, these two examples demonstrate that nuclear 
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receptor biology in teleosts is an area in which we anticipate that novel receptor 

functions may be discovered. Furthermore, the synthetic FXRα agonist GW4064 

(Maloney et al. 2000) was found to induce Fxrα2 activation more efficiently than 

commercially available C24 bile acids and in a dose-responsive fashion (Figure 

12). This is a significant finding, as GW4064 is specific to this receptor and is 

widely used as a chemical tool in mammalian systems to elicit a specific FXRα-

mediated response. As shown here, it can also be used to definitively 

demonstrate conservation in gene function between mammalian and teleost Fxrα 

orthologs. These findings were also important for future in vivo work with Fxrα as 

GW4064 is FXRα specific, unlike bile acids that can activate PXR and VDR (Xie 

et al. 2001; Wang et al. 2002a; Jurutka et al. 2005). 

In silico molecular modeling studies with FxrαLBD supported our findings 

of a differential potency between GW4064 and CDCA, by demonstrating 

increased hydrophobic contacts between Fxrα and GW4064 versus Fxrα and 

CDCA (Figure 14). While GW4064 has eleven expected hydrophobic contacts 

within the ligand-binding pocket of the FxrαLBD, CDCA only has seven.  

Furthermore, modeling studies indicate an “upside-down” orientation of CDCA in 

the ligand-binding pocket of Fxrα in comparison to rat FXRα (Mi et al. 2003), due 

to the charged interactions with Arg344 and hydrogen-bonding of the 7α-hydroxy 

group of CDCA with a carbonyl oxygen in the protein backbone. This H-bonding 

is lost with 7ß-hydroxy bile acids such as UDCA, which falls out of plane, thus 

implying that UDCA would not be a good Fxrα agonist. Our mammalian two-
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hybrid studies suggest that Fxrα activation by CDCA does not result in significant 

interaction with the nuclear receptor coactivator PGC-1α for either isoform 

(Appendix, Figure 35) despite both our data that demonstrated CDCA’s ability to 

activate Fxrα2 in a dose-responsive fashion, and reports from the mammalian 

literature (Kanaya et al. 2004; Savkur et al. 2005b).  Taken together, these data 

suggest that the upside-down orientation of CDCA within the ligand-binding 

pocket may play a role in nuclear receptor-coregulator interaction by stabilizing 

the LBD in a different conformation, but this has not been investigated to date. 

Conversely, interaction of FxrαLBD with PGC-1α and GW4064 was 

demonstrated through enhanced transactivation with coregulator addition in the 

Gal4 system and through mammalian two-hybrid assays with Fxrα2 (Figure 13). 

This data suggests a strong conservation of protein-protein interactions and 

molecular function of FXRα from distantly related species. Fxrα2 additionally 

demonstrated significant interaction with the nuclear receptor coactivator SRC-1, 

while Fxrα1 showed no significant interaction with either PGC-1α or SRC-1. 

These findings may also show the importance of the AF1 domain in protein-

protein interactions between medaka nuclear receptors and 

coactivators/corepressors.  

The extension of Fxrα1 and Fxrα2’s N-termini by addition of the VP16 

activation domain for initial mammalian two-hybrid analyses (generation of 

Fxrα1/pVP16 and Fxrα2/pVP16 plasmid constructs), as well as addition of a N-

terminal FLAG tag for coimmunoprecipitation assays (generation of Fxrα1/pCMV-
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Tag2B and Fxrα2/pCMV-Tag2B plasmid constructs) abolished activity of both 

isoforms in these assays. These data also show the importance of the AF1 

domain to proper nuclear receptor signaling and may suggest that the extended 

AF1 domain of Fxrα1 plays a key role in its overall inactivity in the experiments 

described in this chapter. 

One key to our understanding of Fxrα function in vivo and in vitro will be 

the isolation of medaka C27 bile acids and an assessment of differential activities 

between Fxrα1 and α2 with these ligands. Differential activity of splice variants 

by distinct ligands may be a means to diversify nuclear receptor signaling in vivo.  

While mammalian nuclear receptors have been widely studied through 

both in vitro and in vivo techniques, the majority of nuclear receptors in aquatic 

model organisms have not been characterized. Our data demonstrates 

conservation of function between mammalian and medaka FXRαs at the in vitro 

level by showing similar ligand- and DNA-binding properties and NR-coactivator 

interactions. The differential activities of Fxrα1 and α2 in vitro may point to 

differential expression and gene activation in vivo. For example, the four human 

isoforms of FXRα, which have different 5’ UTR and AF1 domains, are 

differentially expressed within the liver, intestine, kidney, and adrenal glands 

(Huber et al. 2002). The information presented here, in conjunction with recent 

data published by our laboratory elucidating the structure of the medaka biliary 

tree (Hardman et al. 2007), further enhances our ability to use this unique 

organism as a model for in-depth, high-throughput liver toxicity studies. 
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 Table 5: List of compounds tested for Fxrα agonist screening. 

 
Name Formula Molecular Weight (g/mol) 

chenodeoxycholic acid C24H40O4 392.58 
sodium 

taurochenodeoxycholate C26H44NNaO6S 521.7 

lithocholic acid C24H40O3 376.6 
sodium taurolithocholate C26H44NNaO5S 505.7 

deoxycholic acid C24H39O4Na•H2O 432.6 
sodium taurodeoxycholate C26H44NNaO6S 521.7 

ursodeoxycholic acid C24H40O4 392.58 
cholic acid C24H40O5 408.6 

sodium taurocholate C26H44NNaO7S 537.68 
GW4064 C28H22Cl3NO4 542.82 

9-cis retinoic acid C20H28O2 300.4 
All-trans retinoic acid C20H28O2 300.4 
dihydrotestosterone C19H30O2 290.44 
5α-cyprinol sulfate C27H48O8S 532.8 
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Table 6: List of primers used in Chapter 2. 

 
Primer Name Sequence (5’3’) Dir Application 
Fxrα1 Fwd CCCTCCTGAATGAATGAGTGGGTGG F Cloning 
Fxrα1 Rev AGCAGAACCTCACTGCACATCCCAG R Cloning 
5’ RACE 1 CTCCTCCCCTTTGACCCGTCCAGCCTGCATCAT R 5’ RACE 
5’ RACE 2 CTGAGTGGAGTAAAATGGAGTGGAGGACATGG R 5’ RACE 

EcoRI-Fxrα2 
Fwd CCCGAATTCATGGCCCTGGTACAGATGCAG F Cloning 

BamHI-Fxrα2 
Rev AATGGATCCTCACTGCACATCCCAGATCTCACA R Cloning 

KpnI-FxrαLBD 
Fwd GGTACCGGCATGCTGGCAGAG F Cloning 

BamHI-
FxrαLBD Rev GGATCCTCACTGCACATCCCA R Cloning 

Fxrα1 qPCR F CATCAGAGTACTTGAAGAAGATGTTGTCAGAGGACGG F qPCR 
Fxrα1 qPCR 

R CTCCTTCCGACATGGAGAAGTCATCGC R qPCR 

Fxrα2 qPCR F GAAGGGGAGATGGTTTTGTTGTAAAGGCTCAAAG F qPCR 
Fxrα2 qPCR 

R TCTTGAAGACTGCATCTGTACCAGGGCCAT R qPCR 

18S RNA F CCTGCGGCTTAATTTGACTC F qPCR 
18S RNA R GACAAATCGCTCCACCAACT R qPCR 
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Table 7: Homology of mammalian and non-mammalian FXRαLBDs (known 
and predicted). Numbers in the table correspond to percent amino acid 
sequence identity. Tetraodon and Fugu: pufferfishes; Danio: zebrafish. 

 
 medaka stickle tetraodon fugu danio chicken cow human chimp rat mouse 

medaka 100 85 84 84 80 72 70 70 70 70 70 

stickle  100 85 87 80 72 67 68 68 67 68 

tetraodon   100 95 78 71 67 68 68 67 68 

fugu    100 79 72 68 69 69 69 69 

danio     100 76 73 73 73 73 73 

chicken      100 88 88 88 87 87 

cow       100 94 94 95 95 

human        100 100 95 95 

chimp         100 95 95 

rat          100 98 

mouse           100 
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Figure 7: A: Protein sequences of medaka Fxrα1 and Fxrα2.  A gray box 
denotes the differences between the two isoforms as a result of alternative 
splicing. 
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Figure 7, cont. B: Medaka Fxrα1 and Fxrα2 have different 5’ ends due to 
alternative splicing. As shown here, differential splicing results in the 
formation of these two isoforms.  Gray shading indicates the 5’UTR for 
each gene.  No shading indicates their coding regions. Exons with the 
same number indicate those that are identical in both Fxrα isoforms. C: 
Further details on splicing differences between Fxrα isoforms. Light gray 
shaded, lower case letters indicates noncoding regions. Coding regions for 
each isoform are specifically marked and denoted in upper case letters. 
Codons are highlighted alternatively in black and white for clarity. Fxrα2’s 
start codon is downstream of Fxrα1’s and is located in a predicted 
(Ensembl) Fxrα1 intron.  
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Figure 8: Phylogenetic analysis of FXR alpha and betas. A phylogenetic 
tree was generated using protein sequences of multiple FXRs using MEGA 
4 (Kumar et al. 2004) using a bootstrap tested, neighbor-joining method 
with Poisson correction. Human: Homo sapiens; dog: Canis familiaris; 
cow: Bos taurus; mouse: Mus musculus; rat: Rattus norvegicus; chicken: 
Gallus gallus; zebrafish: Danio rerio; medaka: Oryzias latipes; stickleback: 
Gasterosteus aculeatus; pufferfishes: Takifugu rubripes and Tetraodon 
nigroviridis; little skate: Raja erinacea. 
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Figure 9: HPLC analysis of medaka bile from a pooled sample of five 
gallbladders from adult STII males in 150 µL 100% methanol. Major 
constituents are labeled in HPLC chromatogram as follows: (A) taurocholic 
acid; (B) tauroallocholic acid; (C) taurochenodeoxycholic acid; (D) 
taurodeoxycholic acid; (E) unknown taurine conjugated C27 bile acid; (F) 
taurine conjugated 25R-3α,7α,12α-trihydroxy-5ß-cholestan-27-oic acid; and 
(G) unknown taurine conjugated C27 trihydroxy bile acid. 
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Figure 9, cont: MS analysis of medaka bile from a pooled sample of five 
gallbladders from adult STII males in 150 µL 100% methanol. Major 
constituents in the MS spectra are labeled as follows:  (A) taurine 
conjugated C24 dihydroxy bile acid; (B) taurine conjugated C24 trihydroxy 
bile acid; (C) C27 pentahydroxy bile alcohol sulfate; (D) taurine conjugated 
C27 trihydroxy bile acid; and (E) taurine conjugated C27 tetrahydroxy bile 
acid. 
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Figure 10: A: Ligand screen using FxrαLBD/XgalX. A Gal4 system was 
employed to screen for Fxrα agonists. PLHC-1 cells were seeded in 24-well 
plates at 2-3 x 105 cells/well and transfected with pRL-CMV (normalizing 
plasmid), pcDNA3.1-f:PGC1α (nuclear receptor coactivator), 5XGal4-TATA-
Luc (reporter plasmid), and FxrαLBD/XgalX. Cells were dosed with 100 µM 
unconjugated (dark gray bars) or taurine-conjugated (light gray bars) Bile 
acids in media for 24 hours. Activation of Fxrα was measured as an 
average fold induction relative to control (DMSO). Asterisks indicate a 
statistically significant difference between control and treatment 
(p<0.0001). 
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Figure 10, cont: B: Fxrα is activated by retinoids and some steroids. 
Transfection and dosing was performed as in A. Activation of Fxrα was 
measured as an average fold induction relative to control (DMSO). 
Asterisks indicate a statistically significant difference between control and 
treatment (*, p<0.05; ***, p<0.0001). 
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Figure 11: PGC-1α interacts with FxrαLBD/XgalX. PLHC-1 cells were seeded 
in 24-well plates at 2-3 x 105 cells/well and transfected with pRL-CMV, 
FxrαLBD/XgalX, 5XGal4-TATA-Luc, and a varying amount of pcDNA3.1-
f:PGC1α (0-200 ng). The amount of DNA was equalized across wells by the 
addition of empty pCDNA3.1 plasmid. Cells were dosed for 24 hours with 
either DMSO or 1.0 µM GW4064. Activation was measured as an average 
fold induction relative to control (DMSO) for each amount of PGC-1α added. 
Letters correspond to statistically significant differences between 
treatments (p<0.05); treatments with the same letter are not statistically 
different from each other. 
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Figure 12: Fxrα2 interacts with IR-1 response elements, but not Fxrα1.  A: 
CV-1 cells were seeded in 24-well plates at 1 x 105 cells/well and transfected 
overnight with pRL-CMV (normalizing plasmid), pcDNA3.1-f:PGC1α, 
(hsp27EcRE)2-tk-Luc (reporter plasmid), and either Fxrα1/pSG5 (dark gray) 
or Fxrα2/pSG5 (light gray). Cells were dosed for 24 hours with a variety of 
Bile acids or DMSO only. Activation of each isoform was measured as an 
average fold induction relative to its control (DMSO). Asterisks indicate a 
statistically significant difference between control and treatment (***, 
p<0.0001). Carats indicate a statistically significant difference between 
isoforms for that treatment (^, p<0.01). 
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Figure 12, cont: B and C: Fxrα2 is activated by CDCA (B) and GW4064 (C) 
in a dose-responsive fashion. CV-1 cells were seeded in 24-well plates at 1 
x 105 cells/well and transfected as previously described in A. Activation 
was measured as an average fold induction relative to control (DMSO). 
Asterisks indicate a statistically significant difference between control and 
treatment (*, p<0.05; ***, p<0.0001). Testing of higher doses of CDCA was 
not feasible due to toxicity to CV-1 cells, so a sigmoidal dose response-
curve was not attainable. 
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Figure 13: Mammalian two-hybrid assay with Fxrα1 or Fxrα2 and PGC-1α 
or SRC-1. CV-1 cells were seeded in 24-well plates at 1 x 105 cells/well and 
transfected overnight with pRL-CMV and 5XGal4-TATA-Luc, either pM.PGC-
1αL2 or pM.SRC-1, and either Fxrα1/pSG5 or Fxrα2/pSG5. Cells were 
exposed to DMSO or 1 µM GW4064 in media for 24 hours. FXRα response 
was measured via dual luciferase assays as described earlier. Data are 
represented as the mean fold induction of Fxrα normalized to control 
(DMSO for empty plasmids). Asterisks represent significant difference 
between control and treatment (p<0.0001) and carats represent significant 
difference between Fxrα1 and Fxrα2. 



 

 86 

 

Figure 14: In silico molecular modeling of FxrαLBD with GW4064 (A) and 
CDCA (B). See figure keys with each model for more information. 
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Figure 14, cont.: In silico molecular modeling of FxrαLBD with GW4064 (A) 
and CDCA (B). See figure keys with each model for more information.
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3. CHARACTERIZATION OF MEDAKA FXR ALPHA 
FUNCTION IN VIVO AND GW4064 TOXICITY TO 

ELEUTHEROEMBRYOS 
 

3.1 Rationale for studies 
GW4064 is a synthetic FXRα agonist originally synthesized by Glaxo 

Wellcome (Maloney et al. 2000). Unlike natural FXRα agonists such as bile acids 

that have been shown to activate multiple nuclear receptors including PXR and 

VDR (Bodin et al. 2005), GW4064 is highly FXRα-specific. Both the strength and 

specificity of this agonist has resulted in its wide use in vivo with conventional 

model organisms such as rodents to elucidate FXRα’s function in maintaining 

proper bile acid, lipid, and glucose homeostasis (Claudel et al. 2003; Liu et al. 

2003a; Stayrook et al. 2005; Cariou et al. 2006; Frankenberg et al. 2006; Zhang 

et al. 2006; Evans et al. 2009; Hartman et al. 2009). Furthermore, GW4064 has 

been used previously to alleviate cholestasis and subsequent cholestatic liver 

disease without any noticeable toxicity to rodent models on its own (Liu et al. 

2003a; Cui et al. 2009b). Furthermore, Chapter 2 demonstrated that one medaka 

Fxrα isoform, Fxrα2, is GW4064 responsive in vitro. For these reasons, GW4064 

was employed in this chapter for in vivo characterization of medaka Fxrα. The 

goals of these studies were to determine Fxrα’s function in vivo through exposure 

of medaka eleutheroembryos (newly hatched sac fry with yolk retained) to 

GW4064, and to examine any histopathological changes that resulted from 
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administration of the compound. I hypothesized that: (1) Fxrα1 and Fxrα2 would 

be differentially expressed throughout the adult and developing organism; (2) 

GW4064 administration to medaka eleutheroembryos would result in alteration in 

expression of known FXRα target genes such as Bsep, Shp, Cyp7a1, Mrp2, and 

Ntcp; and (3) GW4064 would not induce hepatotoxicity in medaka based on the 

lack of toxicity to mammalian liver, as mentioned previously.  

A variety of experimental techniques were performed to test these 

hypotheses. First, quantitative, real-time PCR (qPCR) was employed to 

determine expression of Fxrα1 and Fxrα2 in the adult and developing organism; 

this technique was also used to study alterations in the expression of known 

FXRα gene targets in a dose-responsive and time-responsive fashion after 

GW4064 exposure. Potential hepatotoxicity of GW4064 was characterized via a 

tiered histopathological approach using light and transmission electron 

microscopy. Light microscopic techniques included paraffin and glycol 

methacrylate (GMA) processing and hematoxylin and eosin (H&E) staining, 

toluidine blue staining of semithin Spurr’s sections, and oil red O whole mount 

staining of medaka larvae. These studies were the first to explore Fxrα function 

in vivo in a model teleost organism and began to lay the groundwork for 

understanding medaka hepatobiliary function during normalcy at the molecular 

level. This work, in conjunction with data presented in Chapter 2, laid the 

necessary groundwork in order to further our understanding of medaka 
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hepatobiliary function during injury, thereby bolstering the overall argument that 

medaka can be used as a hepatobiliary alternative model.  

 

3.2 Materials and methods 

 

3.2.1 Test animals 

Colonies of orange-red (OR) and STII (Wakamatsu et al. 2001) medaka 

are maintained at the Duke University Aquatic Research Facility under standard 

recirculating water conditions. Animal care and maintenance protocols are 

approved by the Duke University Institutional Animal Care and Use Committee 

(IACUC). Water temperature and pH are monitored daily and maintained at 

~25°C and ~7.4, respectively, and the fish are kept under a strict light:dark cycle 

of 16:8 hours. Dry food (Otohime B1, Reed Mariculture, Campbell, CA) is fed 

several times per day via automated feeders, and newly-hatched Artemia are fed 

once daily. Medaka spawn on a daily basis under our laboratory conditions and 

eggs are collected each day, separated, and maintained in the laboratory in a 

26°C incubator under gentle movement in a 2% marine water solution (made 

using Instant Ocean from Aquatic Ecosystems, Apopka, FL) for the first five days 

following fertilization. After this, embryos are moved to embryo-rearing medium 

(ERM, containing: 17.1 mM NaCl, 272 µM CaCl2·2H2O, 402 µM KCl, 661 µM 

MgSO4·7H2O) until hatching (Kirchen and West 1976), usually 9 days post-

fertilization. 
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3.2.2 Exposures 

 

3.2.2.1 GW4064 dose-response 

A 10 mM GW4064 stock solution was made in DMSO from solid 

graciously provided by Dr. Steven Kliewer at the University of Texas 

Southwestern Medical Center. OR medaka larvae approximately 10-12 days 

post-fertilization (dpf) were placed in 6-well tissue culture plates (Corning, 

Corning, NY, ~15-18 per well) and exposed for 24 hours via aqueous exposure to 

4 mL 1X ERM per well containing DMSO (carrier control, HPLC-grade purchased 

from Mallinckrodt Chemicals, Phillipsburg, NJ, ≤0.1% of total solution) or to 0.01, 

0.1, 1, 5 or 10 µM GW4064. The 6-well plates were maintained in a 26°C 

incubator on a shaker to allow for adequate oxygenation of the ERM, and 

observed at least once daily to monitor mortality rates. Larvae were sacrificed 

and processed as described below in section 3.2.3.3. 

 

3.2.2.2 GW4064 time-course 

OR medaka larvae ~10-12 dpf were placed in 6-well tissue culture plates 

and exposed to 0 (DMSO carrier control) or 5 µM GW4064 in 1X ERM for 6, 24, 

48, or 72 hours as described above. Larvae were sacrificed and processed as 

described below in section 3.2.3.4. 
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3.2.2.3 Exposures for histological analyses 

OR medaka larvae approximately 10-12 dpf were placed in 6-well tissue 

culture plates and exposed to 0 (DMSO carrier control) or 10 µM GW4064 in 1X 

ERM for 48 or 72 hours as described above. Larvae were sacrificed and 

processed as described in section 3.2.6. 

 

3.2.2.4 Exposures for oil red O whole mount staining 

OR medaka larvae approximately 10-12 dpf were placed in 6-well tissue 

culture plates and exposed to 0 (DMSO carrier control), 1, 5, or 10 µM GW4064 

in 1X ERM for 48 hours as described above. Larvae were sacrificed and 

processed as described in section 3.2.6. 

 

3.2.3 RNA isolations and cDNA synthesis 

 

3.2.3.1 Fxrα isoform expression analyses: adults 

Adult OR medaka ~6 months of age (five per gender) were anesthetized 

by immersion in ice-cold 1X ERM and sacrificed by severing the spinal cord. 

Brain, gill, gut, heart, kidney, liver, skeletal muscle, spleen, ovary, and testis were 

dissected individually and snap frozen in liquid nitrogen. Total organ RNA from 

homogenates was extracted using RNA Bee (Tel-Test, Friendswood, TX) 

according to the manufacturer’s instructions using a Kinematica Polytron 

homogenizer (Lucerne, Switzerland). RNase ZAP (Sigma, St. Louis, MO) was 
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used throughout all isolations to prevent RNA degradation. Both quality (260/280 

ratio) and quantity of resultant RNA samples were determined using a NanoDrop 

ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE). RNA 

was reverse transcribed into cDNA using the high-capacity cDNA master kit 

(Applied Biosystems, Foster City, CA) as per the manufacturer’s instructions with 

random hexamer as primer. All RNA and cDNA samples were stored at -80°C 

and -20°C, respectively. 

 

3.2.3.2 Fxrα isoform expression analyses: embryos and larvae  

Embryos and larvae were collected daily from 0-12 dpf (blastula stage = 0 

dpf), anesthetized in ice-cold 1X ERM (larvae only) and sacrificed by snap 

freezing in liquid nitrogen (3-6 pooled embryos/larvae per sample, 3 samples for 

each developmental stage). Whole homogenate RNA, prepared as above, was 

isolated using the Qiagen RNeasy Mini Kit following the manufacturer’s 

instructions. DNase digestion was performed on-column using RNase-free 

DNase (Qiagen). Quality (260/280 ratio) and quantity of the RNA samples was 

determined using a NanoDrop ND-1000 spectrophotometer. RNase ZAP (Sigma) 

was used throughout all isolations to prevent RNA degradation. Whole 

embryo/larval RNA was reverse transcribed into cDNA using the high-capacity 

cDNA master kit (Applied Biosystems) as described above. All RNA and cDNA 

samples were stored at -80°C and -20°C, respectively. 
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3.2.3.3 GW4064 dose-response 

Embryos and larvae were collected daily until 12 dpf, anesthetized in ice-

cold 1X ERM (larvae only) and sacrificed by snap freezing in liquid nitrogen (3-6 

pooled embryos/larvae per sample, 3 samples for each developmental stage). 

Whole homogenate RNA, prepared as above, was isolated using the Qiagen 

RNeasy Mini Kit following the manufacturer’s instructions. DNase digestion was 

performed on-column using RNase-free DNase (Qiagen, Valencia, CA). Quality 

(260/280 ratio) and quantity of the RNA samples was determined using a 

NanoDrop ND-1000 spectrophotometer. RNase ZAP (Sigma) was used 

throughout all isolations to prevent RNA degradation. Whole embryo/larval RNA 

was reverse transcribed into cDNA using the high-capacity cDNA master kit 

(Applied Biosystems) as described above. All RNA and cDNA samples were 

stored at -80°C and -20°C, respectively. 

 

3.2.3.4 GW4064 time-course 

Larvae from each dosing regimen were collected after 24 hours of 

exposure, anesthetized by immersion in ice-cold 1X ERM, and sacrificed by snap 

freezing in liquid nitrogen (3 larvae per sample, 3 samples per exposure). RNA 

extraction was performed as described above. DNase digestion was performed 

on-column using RNase-free DNase (Qiagen). Quality (260/280 ratio) and 

quantity of the RNA samples was determined using a NanoDrop ND-1000 

spectrophotometer (NanoDrop Technologies). RNase ZAP (Sigma) was used 
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throughout all isolations to prevent RNA degradation. Whole larval RNA was 

reverse transcribed into cDNA as described above. All RNA and cDNA samples 

were stored at -80°C and -20°C, respectively. 

 

3.2.4 Quantitative, real-time PCR 

 

3.2.4.1 Expression of Fxrα isoforms in adult and developing medaka 

Relative levels of medaka Fxrα1, Fxrα2, and 18S rRNA were measured 

using quantitative, real-time PCR (qPCR) in various adult organs and in 

developing medaka embryos and larvae using the Applied Biosystems ABI 

PRISM 7300 Real-Time PCR System. Fxrα1 and Fxrα2 were isolated in our 

laboratory and sequenced at the DNA Sequence Analysis Facility at Duke 

University (Chapter 2). Medaka specific qPCR primers for 18S RNA, Fxrα1, and 

Fxrα2 were constructed using PrimerQuest (Integrated DNA Technologies, 

Coralville, IA) and are listed in Table 8. The relative expression levels were 

calculated as previously described (Fu et al. 2005). Briefly, Ct values of Fxrα1 

and Fxrα2 were subjected to correction by their respective primer efficiencies. 

The corrected values were then normalized to the corresponding 18S values for 

each sample.  
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3.2.4.2 GW4064 dose-response 

Relative levels of bile salt export pump (Bsep), cholesterol 7α-hydroxylase 

(Cyp7a1), small heterodimer partner (Shp), multidrug resistance protein 2 (Mrp2), 

sodium taurocholate cotransporting peptide (Ntcp), and ß-actin transcripts in 

larvae from each dosing regimen were measured using real-time PCR. 

Sequences were identified as above and medaka specific real-time PCR primers 

for Bsep, Shp, Cyp7a1, Mrp2, Ntcp, and ß-actin were designed using 

PrimerQuest (Integrated DNA Technologies). The primer sequences are listed in 

Table 8. Predicted locations for these genes in the medaka genome are listed in 

the Appendix (Table 11). Per manufacturer’s instructions, Bsep, Shp, Cyp7a1, 

Mrp2, Ntcp, and ß-actin were PCR-amplified separately in duplicate using the 

QuantiTect SYBR Green PCR Kit (Qiagen) and the ABI PRISM 7300 Sequence 

Detection System (Applied Biosystems). Relative quantitation of gene expression 

was calculated using the comparative cycle threshold (Ct) method. Each cDNA 

sample was run in duplicate, their Cts averaged, and normalized to their 

respective ß-actin Ct to calculate the ΔCt (ΔCt = GeneCt - ActinCt). Changes in 

gene expression were determined by subtracting the average ΔCt for control 

(DMSO) from each treatment, yielding the ΔΔCt, and then converted to fold 

induction (fold induction = 2-ΔΔCt).  
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3.2.4.3 GW4064 time-course 

Relative levels of bile salt export pump (Bsep), small heterodimer partner 

(Shp), and ß-actin transcripts were measured using real-time PCR using primer 

sequences listed in Table 8. Relative quantitation of gene expression was 

calculated using the comparative cycle threshold (Ct) method as described 

above. 

 

3.2.5 Statistics 

All data is shown as the mean mRNA level ± SEM. Statistical analyses 

were performed using StatView 9.0 for Mac (The SAS Institute, Cary, NC). 

Groups were tested by ANOVA followed by Fisher’s PLSD post-hoc test. A p 

value < 0.05 was considered significant. 

 

3.2.6 Light microscopy 

 

3.2.6.1 Paraffin embedment 

Control and 10 µM GW4064 exposed larvae were collected after 48 hours 

of exposure and fixed by immersion in a solution of 4% paraformaldehyde in 1X 

phosphate-buffered saline (PBS) at neutral pH (~7.2-7.4). Paraffin embedment 

and subsequent processing and staining were performed by the Histopathology 

Laboratory, College of Veterinary Medicine, North Carolina State University, 
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Raleigh, NC. Briefly, processing included dehydration via graded alcohol 

solutions, clearing with xylene, and embedment in paraffin at 60°C with a total of 

three larvae per paraffin block. Serial sections (5 µm thick) were mounted on 

glass slides, stained with hematoxylin and eosin, coverslipped, and imaged. 

 

3.2.6.2 Glycol methacrylate embedment 

To pursue alterations using increased resolution, additional larvae from 

each exposure group as described above in section 3.2.3.3 were anesthetized 

and immediately fixed by immersion in a solution of 4% paraformaldehyde in 1X 

PBS at neutral pH (~7.2-7.4) as above. Using the Technovit 7100 kit 

(manufactured by Kulzner Technik, purchased through Electron Microscopy 

Sciences), larvae were dehydrated via graded alcohol solutions, infiltrated with 

GMA with benzoyl peroxide, and embedded in GMA blocks. Three medaka 

larvae were embedded per block and serially sectioned at 3 µm thickness with a 

glass knife, mounted on glass slides, stained with H&E, coverslipped and 

imaged. Embedment, processing and staining were performed by the 

Histopathology Laboratory, College of Veterinary Medicine, North Carolina State 

University, Raleigh, NC. 
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3.2.6.3 Oil red O whole mount staining 

Larvae from each exposure group were anesthetized and immediately 

fixed by immersion in 4% paraformaldehyde in neutral-buffered 1X phosphate-

buffered saline (pH 7.2-7.4) and held at 4oC until processing. Visualization of lipid 

within medaka larvae was performed using oil red O as described in zebrafish 

(Passeri et al. 2009) with modifications. In brief, fixed larvae were washed with 

1X PBS, infiltrated via a graded propylene glycol series, and stained overnight at 

4oC in a 0.5% Oil Red O/100% propylene glycol solution. After staining, the 

larvae were cleared of propylene glycol via graded removal, washed several 

times in 1X PBS, and stored in 80% glycerol. For imaging, larvae were placed in 

a depression slide in 80% glycerol and coverslipped. 

 

3.2.7 Transmission electron microscopy 

Transmission electron microscopy was used to extend and confirm light 

microscopic findings. Larvae from each exposure group as described above in 

3.2.3.3 and were anesthetized and immediately fixed by immersion in 4% 

paraformaldehyde/1% glutaraldehyde, pH 7.2-7.4 (4F:1G) (McDowell and Trump 

1976) at 4°C until processing. After two rinses in 0.1 M sodium phosphate buffer 

(pH 7.2-7.4), samples were postfixed by immersion in 1% osmium tetroxide/0.1 

M sodium phosphate buffer (pH 7.2-7.4) for 1 hour at room temperature. 

Postfixed larvae were then rinsed two times in distilled water, dehydrated in a 

series of ethanol solutions, rinsed two times in 100% acetone, placed in a 1:1 
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mixture of Spurr’s resin and acetone for 30 minutes, and then transferred to 

100% Spurr’s resin for 1 hour. After an initial incubation the larvae were 

incubated in a new solution of 100% Spurr’s resin for 1 hour, placed in molds and 

polymerized at 70°C overnight. Semithin sections (500 nm) were cut with glass 

knives and stained with 1% toluidine blue O in 1% sodium borate. Resultant 

toluidine blue stained sections were imaged to determined whether liver was 

present in the block. This highest resolution light microscopy was compared to 

paraffin, GMA, and TEM findings. Once liver was shown to be present in semithin 

sections, ultrathin sections (70–90 nm) were cut with a diamond knife, stained 

with methanolic uranyl acetate and lead citrate, and examined using a FEI/Philips 

EM 208S transmission electron microscope at 80 kV accelerating voltage. All 

TEM processing and analysis was performed at the Laboratory for Advanced 

Electron And Light Optical Methods (LAELOM), College of Veterinary Medicine, 

North Carolina State University.  

 

3.2.8 Imaging 

All paraffin and GMA embedded H&E stained sections and toluidine blue 

stained Spurr’s semithin sections were surveyed for presence of liver alterations 

and imaged with a Nikon Eclipse E600 light microscope, a Nikon DXM 1200 

digital camera, and EclipseNet imaging software (Nikon, Melville, NY). Whole 

mount oil red O stained larvae were imaged using this setup as well. 
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3.3 Results 
 

3.3.1 Quantitative, real-time PCR 

 

3.3.1.1 Differential expression of Fxrα1 and Fxrα2 in adult and developing 
medaka 

Two medaka Fxrα isoforms, Fxrα1 and Fxrα2, were isolated and 

characterized in vitro as previously described (Chapter 2). This in vitro data laid 

the necessary groundwork for characterization of Fxrα in vivo by studying its 

function in a less complex, in vitro system. The Fxrα isoforms were found to be 

differentially expressed within adult and developing medaka, and this is shown in 

Figures 15A and 15B, respectively. Quantitative, real-time PCR data 

demonstrated significant expression of Fxrα1 in liver and spleen, while Fxrα2 is 

expressed predominantly in the gut of both genders. Some expression of both 

isoforms was noted in heart and kidney, but was lower than that of gut, liver, and 

spleen. Neither Fxrα isoform was found in brain, gill, heart, muscle, ovary, or 

testis in significant amounts. Moderate sexual dimorphic expression was also 

observed for Fxrα1 levels in liver and spleen (male > female). In developing 

medaka, little expression of either Fxrα isoform was noted at the blastula stage (0 

days post-fertilization, or dpf). Fxrα1 and Fxrα2 expression steadily increased 

throughout development, peaking at 9 dpf when medaka embryos normally 

hatch. Fxrα1 mRNA levels were consistently higher than Fxrα2 at all timepoints. 
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The levels noted in developing medaka were lower than most organs of the adult 

organism, even at its highest expression (9 and 10 dpf). 

 

3.3.1.2 Modulation of some FXRα gene targets by GW4064 in a dose-
responsive fashion 

 Altered expression of known FXRα gene targets as a result of GW4064 

exposure is shown in Figures 16A-E. Expression of Bsep and Shp increased and 

Cyp7a1 decreased significantly in a dose-responsive fashion (Figures 16A, B, 

and C, respectively). Bsep expression increased most robustly, with an ~80 fold 

increase in mRNA levels at the highest dose of GW4064 (10 µM). Shp 

expression is also increased but to a lesser extent (~10 fold increase at 10 µM). 

Cyp7a1 expression is markedly reduced at 1, 5, and 10 µM GW4064 to levels 

that proved much lower than those of control larvae. Expression of Mrp2 and 

Ntcp, expected to increase and decrease after GW4064 exposure, respectively, 

did not significantly change (Figures 16D, E).  

 

3.3.1.3 GW4064 time-course shows maximal induction of Bsep and Shp 
after 24 hours of exposure 

Changes in Bsep and Shp expression after aqueous exposure to 5 µM 

GW4064 for 6, 24, 48, and 72 hours are shown in Figures 17A and B. Bsep and 

Shp expression were increased markedly at 24, 48, and 72 hours while 

expression at 6 hours was not significantly different from their time-matched 

controls. No statistically significant changes in Bsep or Shp expression was 
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observed after 24 hours of GW4064 exposure, indicating that maximal induction 

was achieved after 24 hours of treatment. Bsep expression in exposed larvae at 

48 and 72 hours was not significantly different from treated individuals at 6 hours 

due to large SEM values.  

 

3.3.2 Light microscopy: alterations in liver morphology after 
exposure to GW4064 

 

3.3.2.1 Paraffin  

Normal liver structure was observed in control medaka larvae at 48 hours 

and examples of this are shown in Figure 18A. Hepatocyte arrangement, in 

longitudinal array, was revealed as cord-like structures typically two cells thick 

and separated from its nearest neighbor by sinusoidal lumens lined with 

endothelial cells and occasionally containing nucleated red blood cells. When the 

latter were not present, sinusoidal lumens were difficult to image in paraffin 

sections. There was no significant vacuolation in hepatocyte cytoplasm, and 

expanded biliary passageways in control sections were not detectable. While no 

nucleated red blood cells were visible in sinusoids of this field, they were easily 

seen in larger blood vessels as seen in Figure 18B, a representative image from 

a larva exposed to 10 µM GW4064 for 48 hours. H&E-stained paraffin sections 

showed that GW4064 administration resulted in marked vacuolation of 

hepatocytes. However, since alcohol dehydration was used in paraffin 
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processing, the nature of hepatocytic vacuolation was not apparent in these 

sections. For this reason, higher resolution light microscopy and transmission 

electron microscopy were employed to fully characterize the alterations seen 

following exposure to GW4064. Neither apoptosis nor necrosis were seen with 

hepatocytic nuclei appearing normally stained and free of fragmentation.  

 

3.3.2.2 Glycol methacrylate 

For increased resolution, the water-soluble plastic monomer glycol 

methacrylate (GMA) was employed. Representative sections of 3 µm thickness 

and stained with H&E are shown in Figure 19. With the added resolution afforded 

by this approach biliary epithelial cells, specifically bile preductular epithelial cells 

(BPDECs), were readily seen. Normal liver morphology in control individuals was 

observed as in paraffin sections (Figures 19A and C) at 48 and 72 hours, but in 

much more detail due to the thinner sections. Biliary passageways lined by 

BPDECs were clearly visible in control animals, as were nucleoli of hepatocyte 

nuclei. However, exposure to 10 µM GW4064 for 48 or 72 hours (Figures 19B 

and D) produced alterations of BPDECs, most notably their attenuation at 48 

hours. Vacuolation of hepatocytes was again observed after 48 and 72 hours of 

GW4064 exposure, as seen in paraffin sections. Hepatocellular swelling was 

prominent at 72 hours (Figure 19D). Glycogen depletion by GW4064 exposure 

was apparent in treated individuals as a loss of eosinophilic glycogen depots that 

were prominent in hepatocytes of control individuals (compare Figures 19A and 
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C to Figures 19B and D). However, to confirm these observations, and the initial 

observations from paraffin sections, further techniques of higher resolution were 

employed, including visualization of toluidine blue-stained Spurr’s semithin 

sections, and transmission electron microscopy (TEM). 

 

3.3.2.3 Toluidine blue staining of semithin sections 

Prior to final sectioning for analyses by transmission electron microscopy, 

semithin (500 nm) sections of larvae fixed by aldehyde (primary fixative) and by 

osmium tetroxide (secondary fixative) were cut with glass knives and stained with 

toluidine blue to determine whether the organ of interest (liver) was present in 

tissue blocks. When confirming presence of liver it was noted that use of osmium 

tetroxide stabilized lipids and provided useful information not previously seen in 

H&E stained liver sections (either paraffin or GMA embedded). Toluidine blue-

stained sections of liver showed lipid inclusions as aquamarine round droplets. 

Control morphology is shown in Figure 20A, showing vascular spaces separated 

by cords of hepatocytes two cell thick as seen in paraffin and GMA sections. 

Small BPDECs are apparent in the field, and no large lipid vacuoles are noted in 

the section. However, semithin sections from medaka larvae exposed to 10 µM 

GW4064 showed large amounts of lipid inclusions (blue color) at 48 and 72 

hours (Figures 20B and C). Lipid inclusions were present in both hepatocytes 

and BPDECs. Other vacuoles that did not contain fat were also present, some 

containing membranous debris. BPDEC toxicity was suggested by alteration in 
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cytologic morphology. While normal BPDECs revealed a large nucleus and little 

cytoplasm (Figure 20A), those exposed to 10 µM GW4064 showed expanded 

cytoplasm due to a greater abundance of lipid inclusions and vacuoles. These 

vacuoles may be the result of phagocytosis of apoptotic neighboring cells (Figure 

20B, near the center of the field), but this could not be definitively characterized 

from these sections. Some hepatocellular nucleoli showed altered morphology 

with fragmentation visible, indicative of apoptosis. These alterations were 

restricted to semithin sections stained with toluidine blue and were not visible in 

the paraffin and GMA sections. 

 

3.3.2.4 Whole mount oil red O staining 

This technique used intact medaka larvae, and was employed as a high-

throughput means of determining lipid accumulation in liver after GW4064 

exposure at 3 different exposure levels. Oil red O is fat soluble and stains lipid 

inclusions within samples as bright red droplets with rounded margins. As shown 

in Figure 21, a significant increase in lipid accumulation was noted after 48 hours 

of GW4064 exposure in a dose-responsive fashion. Control livers (first panel) 

lacked red droplets. Red staining was noted only in the oil droplet, which is slowly 

resorbed by the larva after hatching (Iwamatsu 1994; Iwamatsu 2004) (inset of 

first panel). Larvae exposed to 1, 5 and 10 µM GW4064 showed increasing 

amounts of lipid inclusions in liver (second, third, and fourth panels, respectively). 

The size of the inclusions also seemed to increase at 10 µM compared to the 
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lower doses. These findings allow for a rapid visualization of lipid-specific 

alterations to medaka liver after GW4064 exposure and demonstrate that 

significant lipid accumulation within the liver occurs even at low doses.  

 

3.3.3 Transmission electron microscopy: subcellular alterations 
in hepatocytes and BDPECs 

Normal BPDEC- and hepatocellular morphology was noted in control 

individuals (Figure 22A). Numerous hepatocellular mitochondria were clearly 

visible near parallel arrays of rough endoplasmic reticulum. Little to no 

vacuolation was noted, confirming observations seen in toluidine blue stained 

semithin sections (Figure 20A). TEM images of medaka larvae exposed to 10 µM 

GW4064 showed marked alterations to liver ultrastructure at 48 hours, and 

confirmed and extended observations seen with high-resolution light microscopy. 

For example, vacuoles noted in BPDECs in the toluidine blue-stained Spurr’s 

sections at 48 hours exposure (Figure 20B) often presented as phagocytosis of 

neighboring apoptotic cellular fragments (Figure 22B). Lipid inclusions were also 

readily apparent in the BPDEC and the phagocytosed fragments. Together, 

these alterations resulted in the expansion of BPDEC cytoplasm and the 

alteration of nuclear morphology. Lipid inclusions and clear vacuoles were also 

apparent in hepatocytes, some containing membranous debris as seen in the 

toluidine blue-stained sections. These findings confirmed and extended findings 

from oil red O whole mount staining of medaka larvae. Enlarged, sometimes 
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ruptured mitochondria were also observed throughout the field, as well as 

disrupted endoplasmic reticulum. Significant glycogen depletion was seen, 

confirming findings in H&E stained GMA and paraffin sections.  

Similar alterations to hepatocytes and BPDECs were observed after 72 

hours of exposure to 10 µM GW4064, but were more variable than those seen 

after 48 hours. For example, lipid inclusions, present in one individual, were 

absent from another, and mitochondrial damage was less apparent than at the 

earlier (48 hours) time point (Figures 22D and E).  

 

3.4 Discussion 
The experiments presented in this chapter were undertaken to further 

characterize medaka Fxrα function in vivo through the use of a specific agonist, 

GW4064. Because medaka and other model fish species are widely used in the 

laboratory for liver toxicity studies (Hinton et al. 2009), it is important that the 

molecular mechanisms underlying liver function in normalcy and toxicity are 

characterized. Previously, medaka Fxrα function was described only with in vitro 

experiments (Chapter 2). These data were important as they allowed for the 

study of Fxrα function in a less complex system, thereby laying the groundwork 

for the in vivo studies described herein.  

Through quantitative, real-time PCR (qPCR), the expression of two Fxrα 

isoforms within adult and developing medaka (Figure 15) and activation by the 

synthetic agonist GW4064 in young larvae were observed (Figures 16, 17). The 
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two isoforms, Fxrα1 and Fxrα2, are differentially expressed within organs of the 

adult organism. Expression of Fxrα1 predominates in liver and spleen, while 

Fxrα2 was greater in gut, spleen and kidney. These data correlate well with the 

mammalian literature, which demonstrates differential expression of Fxrα 

isoforms based on their alternative promoters and AF1 domains (Huber et al. 

2002; Zhang et al. 2003). A slight difference in mRNA levels between genders 

was noted in liver, gut and spleen (male > female) that, to date, has not been 

shown in other species. The underlying reason for and significance of these 

differences are presently unknown. In developing medaka, mRNA levels of Fxrα2 

were higher than α1 at all timepoints, and both peaked at 9 dpf when medaka 

embryos hatch. Alteration in expression of known FXRα gene targets such as 

Shp, Bsep, and Cyp7a1, but not Ntcp and Mrp2, was noted when GW4064 

concentrations as low as 1 µM were used (Figure 16). Changes in gene 

expression as a result of GW4064 exposure reached maximum levels after 24 

hours (Figure 17). The alterations in Bsep, Shp, and Cyp7a1 expression in 

medaka corresponded to mammalian literature that demonstrated similar results 

through in vitro assays using human, mouse and rat FXRαs (Goodwin et al. 

2000; Lu et al. 2000; Plass et al. 2002), and through in vivo investigations with rat 

and mouse (Goodwin et al. 2000; Liu et al. 2003a; Inagaki et al. 2006). With the 

exception of Mrp2 and Ntcp, whose expression were unchanged in medaka but 

increased and decreased respectively in experimentations with rat, mouse and 

human FXRαs (Denson et al. 2001; Kast et al. 2002; Zollner et al. 2003), we can 
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now say, for the first time, that certain molecular aspects of hepatobiliary function 

in medaka are quite similar to those of mammalian models. To our knowledge, in 

vivo experiments studying Fxrα function in other model teleosts have not been 

performed. Furthermore, these findings also demonstrate medaka Fxrα’s 

similarity to other model teleosts such as zebrafish which has been shown to 

respond to GW4064 through in vitro investigations (Reschly et al. 2008).  

Studies from this laboratory and others have shown that hepatocytes and 

biliary epithelial cells are sensitive responders under conditions of acute and 

chronic toxicity in fish (Toussaint et al. 2001b; Toussaint et al. 2001c; Wolf and 

Wolfe 2005; Hardman et al. 2008; Volz et al. 2008). Sublethal hepatotoxicity of 

GW4064 was observed through a tiered histopathological approach, which had 

not been previously used in fish studies. The use of this multitiered approach was 

necessary to definitively characterize hepatic alterations in this report of liver 

toxicity following GW4064 exposure.  

While found throughout the liver parenchyma, the small size of BPDECs 

makes observing them in paraffin sections difficult (Figure 18), if not impossible. 

Some swelling and expansion of biliary passageways may have been present 

following GW4064 exposure, but it was difficult to discern these structures in 

paraffin sections. Most importantly, BPDECs were not easily distinguishable from 

the hepatic parenchyma due to the low resolving power of these preparations. 

The use of paraffin sectioning alone does not allow for the full characterization of 

GW4064’s hepatotoxicity as this important subset of biliary epithelial cells cannot 
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be easily observed. Therefore, an approach at increasingly greater resolving 

power was necessary to definitively characterize liver toxicity. Furthermore, any 

vacuolation that resulted from toxicant exposure could not be definitively 

described due to alcohol dehydration during paraffin processing and its 

subsequent removal of lipid. This is also true for GMA sections in high-resolution 

light microscopy. However, BPDECs were clearly visible in GMA as these 

sections are thinner than paraffin (3 µm, Figure 19, versus 5 µm for paraffin 

sections) and therefore provide greater resolution. Altered BPDECs due to 

GW4064 exposure were readily observed in GMA, and glycogen deposition and 

depletion in hepatocytes were also noted. However, even higher resolution was 

needed to determine how the BPDECs were altered. For this, semithin (500 nm) 

toluidine blue stained sections clearly showed the nature of cytoplasmic change. 

Vacuolation of liver parenchyma was due, in part, to lipid accumulation following 

exposure to GW4064. Clear vacuoles, free of lipid, but occasionally containing 

membranous debris were also seen in hepatocytes and BPDECs (Figure 20). 

Clear vacuoles of hepatocytes may be caused by depletion of glycogen from 

depot stores; or, they may be hydropic vacuoles as observed previously in STII 

medaka larvae after exposure to ANIT (Hardman et al. 2008). Damaged, 

fragmented hepatic nucleoli were also visible in these high-resolution sections. 

Oil red O whole mount staining of exposed larvae was developed concurrently 

and also demonstrated fat deposition within the liver at GW4064 concentrations 

as low as 1 µM. This method produced quick and easy visualization of fatty 
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change to the liver following GW4064 exposure, and can be readily applied to 

other experiments using potential liver toxicants (Figure 21). This method also 

demonstrated lipid accumulation in a dose responsive fashion following GW4064 

exposure. Lastly, alterations of individual organelles were noted only through 

transmission electron microscopy (Figure 22). Apoptotic vacuoles, phagocytosed 

by neighboring BPDECs, were observed and were likely the main cause of 

altered BPDEC morphology in GMA and toluidine blue-stained sections. 

Phagocytosis of these vacuoles resulted in increased BPDEC cytoplasmic 

volume, resulted in altered BPDEC nuclei. Damaged and ruptured hepatocellular 

mitochondria, disrupted endoplasmic reticulum, glycogen depletion and loss of 

hepatocellular polarity were noted upon exposure of medaka larvae to 10 µM 

GW4064. Despite these findings, little significant mortality of larvae was 

observed after exposure.  

The alterations in mitochondria may be a major factor underlying lipid 

accumulation within hepatocytes and BPDECs of GW4064 exposed individuals. 

Mitochondria are the site for breakdown of fatty acids by ß-oxidation, and 

impairment of this process is observed in drug-induced liver injury and non-

alcoholic steatohepatitis (NASH) (Pessayre 2007; Vickers 2009). Use of a 

mitochondrial DNA damage assay such as the long-amplicon quantitative real-

time PCR method could be performed to characterize the alterations to 

mitochondria by GW4064 in more detail (Jung et al. 2009). 
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Toxicity of GW4064 in other model organisms has not been reported to 

date, but concerns about potential toxicity have been raised due to the presence 

of a stilbene functional group (Akwabi-Ameyaw et al. 2008) (the structure of 

GW4064 is depicted in Figure 34). The data presented in this chapter clearly 

demonstrated toxicity of GW4064 to medaka larvae and connected the changes 

in expression of genes crucial to biliary homeostasis to a toxic phenotype. 

Hepatic injury in medaka liver as a result of GW4064 exposure may 

indicate the potential for toxicity in mammalian liver as well; however, to date this 

has not been described. Rather, ANIT toxicity was reduced in rodents upon 

coadministration of GW4064 (Liu et al. 2003a; Cui et al. 2009b). The toxicity 

noted to BPDECs in medaka may indicate a potential toxicity to the mammalian 

oval cell, but more investigation is warranted. However, toxic injury in mammalian 

liver could be anticipated despite differences in overall liver architecture between 

mammals and teleosts because of similarities in response at the molecular level; 

both medaka and mammalian FXRαs are strongly activated by GW4064. It would 

be interesting to see if GW4064 causes hepatotoxicity in a species with a non-

GW4064 responsive FXR such as the little skate (Leucoraja erinacea) (Cai et al. 

2007). In this manner, the mechanism by which GW4064 causes sublethal 

hepatotoxicity could be further elucidated. Furthermore, morpholino knockdown 

technologies could be employed to determine if the toxicity seen following 

GW4064 exposure was the result of overactivation of Fxrα in this model 

organism, or from off-target responses. 
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Table 8: Primers used for qPCR in Chapter 3. 

 

Primer Name Sequence (5’3’) 
Fxrα1 F CATCAGAGTACTTGAAGAAGATGTTGTCAGAGGACGG 
Fxrα1 R CTCCTTCCGACATGGAGAAGTCATCGC 
Fxrα2 F GAAGGGGAGATGGTTTTGTTGTAAAGGCTCAAAG 
Fxrα2 R TCTTGAAGACTGCATCTGTACCAGGGCCAT 

18S RNA F CCTGCGGCTTAATTTGACTC 
18S RNA R GACAAATCGCTCCACCAACT 

ß-actin F ACAACGGATCTGGCATGTGCAAAG 
ß-actin R AGGGCTGTGATCTCCTTCTGCATT 
Bsep F TGGATGGTTGACAGTCGATGAGCA 
Bsep R ATCCTATTCTGTCAGCGTGCCCTT 
Shp F CCCTCCACAAACAATCCAGCCTTT 
Shp R CATTAAGAGCCTGCCTGCGTTCAA 

Cyp7a1 F TGTCAGTAAAGCCAGGACCCATGT 
Cyp7a1 R TCCAGAGCCAAAGGGCATGTAGAA 

Mrp2 F ACGGTGAACCTCATGTAGCAGAT 
Mrp2 R ATGCCGCACAATGTCAGGTTCAAG 
Ntcp F ATGACAACTTGCTCCACCTTTGCC 
Ntcp R CAGTGTGAAGCCAATCAACGGCAT 
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Figure 15: A: Quantitative, real-time PCR data showing expression of two 
medaka Fxrα isoforms in tissues of 6 month old OR males (black bars) and 
females (gray bars). Relative mRNA levels were measured in brain (B), gill 
(Gi), gut (Gu), heart (H), kidney (K), liver (L), skeletal muscle (M), spleen (S), 
and gonad (testis: T; ovary: O). Data was normalized to 18S rRNA levels 
and is represented as the mean relative mRNA level ± SEM (n=5).  



 

 116 

 

Figure 15, cont. B: Relative mRNA level of medaka Fxrα1 (black bars) and 
Fxrα2 (gray bars) within medaka embryos and larvae as measured by 
qPCR. Data was normalized to 18S rRNA levels and is represented as the 
mean relative mRNA level ± SEM (n=3 pooled samples).  
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Figure 16: Quantitative, real-time PCR data showing alteration in Bsep (A), 
Shp (B), Cyp7a1 (C), Mrp2 (D), and Ntcp (E) expression in medaka larvae 
due to exposure to GW4064. Data was normalized to ß-actin levels and is 
represented as the mean mRNA level ± SEM (n=6). A significant increase in 
Bsep and Shp and decrease in Cyp7a1 was noted compared to DMSO 
controls (*, p<0.05; **, p<0.01; ***, p<0.0001). Expression of Mrp2 and Ntcp 
was not significantly altered as a result of GW4064 exposure. 
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Figure 17: Quantitative, real-time PCR data showing the alteration in Bsep 
(A) and Shp (B) expression as a result of exposure to 5 µM GW4064 over 
time. Data was normalized to ß-actin levels and is represented as the mean 
mRNA level ± SEM (n=3). A significant difference in Bsep and Shp 
expression is noted after 24, 48, and 72 hours of exposure to GW4064 (gray 
bars) but not at 6 hours compared to time-matched controls (black bars). 
Significant differences between expression among dosed individuals at 
different timepoints is noted by brackets (*, p<0.05; **, p<0.01; ***, 
p<0.0001). 
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Figure 18: Representative images from paraffin-embedded liver sections (5 
µm) of control and treated (10 µM GW4064) medaka larvae and stained with 
hematoxylin and eosin. Scale bar = 10 µm. A: Control liver at 48 hours 
showing cords of hepatocytes with darkly-staining nuclei and unstained 
regions of the cytoplasm. This may be due to glycogen and/or fluid. Gu: 
gut; Bw: body wall. B: Liver from fish treated with 10 µM GW4064 for 48 
hours. Disruption of the hepatic cords and pronounced vacuolation 
(arrowheads) of parenchymal cells are seen. Vacuole formation may be due 
to lipid accumulation and some may be due to glycogen depletion (see 
later figures).  Bv, blood vessel. 
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Figure 19: Representative higher-resolution images (3 µm thick liver 
sections) from control (DMSO, vehicle) and treated (10 µM GW4064) 
medaka larvae embedded in glycol methacrylate (GMA) and stained with 
hematoxylin and eosin. Scale bar = 10 µm. A: Control (DMSO) liver at 48 
hours shows normal morphology for hepatocytes and bile preductular 
epithelial cells (BPDECs) (black arrowheads) that intervene between 
longitudinal arrays of hepatocytes in a single hepatic cord. Representative 
elements of a bile preductule are shown in the rectangle at right of field. In 
upper right hand corner is an endothelial cell and its associated sinusoid. 
White arrowhead at left hand margin of rectangle denotes nucleated 
erythrocyte in sinusoid. Between the two sinusoids (Bv) are hepatocytes in 
a double row configuration. A blue-gray transitional biliary passageway 
(bile preductule) is denoted by Bp. Note biliary epithelial cell at bottom 
right corner (black arrowhead) illustrating that these passageways are lined 
by both hepatocytes and transitional biliary epithelial cells (bile preductular 
epithelial cells). Hepatocyte cytoplasm contains meandering basophilic 
structures corresponding to rough endoplasmic reticulum of hepatocytes – 
see later figures for greater resolution of rough ER. These contrast with 
pink stained areas of hepatocyte cytoplasm, denoting glycogen depots.  
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Figure 19, cont.: Representative higher-resolution images (3 µm thick liver 
sections) from control (DMSO, vehicle) and treated (10 µM GW4064) 
medaka larvae embedded in glycol methacrylate (GMA) and stained with 
hematoxylin and eosin. Scale bar = 10 µm. B: Liver from larva exposed to 
10 µM GW4064 for 48 hours. Lower right hand corner of micrograph shows 
interface of liver surface with intestinal wall (dashed line). The remainder of 
the field is hepatic parenchyma with occasional microcirculatory elements 
(sinusoids). Parenchymal cells include hepatocytes (round nuclei with 
prominent nucleoli) and surrounded by lightly stained cytoplasm 
containing variously sized clear vacuoles (white arrowheads). The other 
parenchymal cells are biliary epithelial cells (BPDECs). Their nuclei are 
elongated and their cytoplasm is dark and beaded (black arrowheads). This 
appearance of the BPDECs differs from that of controls, and when 
compared with our previous studies of fluorescence microscopy (Hardman 
et al. 2007; Hardman et al. 2008), indicate attenuation of cells lining biliary 
passageways. 
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Figure 19, cont.: Representative images from medaka larvae embedded in 
glycol methacrylate. C: Control liver at 72 hours displaying normal cellular 
morphology throughout the hepatic parenchyma. Black arrowheads: 
BPDEC; Bv: blood vessel. 
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Figure 19, cont.: Representative images from medaka larvae embedded in 
glycol methacrylate. D: Liver from individual exposed to 10 µM GW4064 for 
72 hours. Altered BPDEC morphology (punctate appearance, black 
arrowheads) is apparent, and extensive vacuolation (white arrowheads) are 
seen in hepatocytes and some biliary epithelial cells. Bv: blood vessel, Y: 
yolk sac. 
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Figure 20: Representative images from semithin (500 nm) liver sections of 
control or 10 µM GW4064 treated larvae, stained with toluidine blue. Scale 
bar = 10 µm. A: Control section. Left upper corner is rostral surface of liver 
and adjacent sinus venosus. Exocrine pancreas is at right lower corner of 
field. Remainder is hepatic parenchyma and microvasculature. Hepatocytes 
are free of vacuolation, stain gray-blue, and contain single nucleus with 
prominent nucleolus. Three biliary epithelial cells (BPDECs) are shown 
(arrow points to center cell). By comparison to hepatocytes, BPDECs are 
lightly stained.  



 

 125 

 

Figure 20, cont. Representative images from semithin (500 nm) sections of 
medaka larvae treated with 10 µM GW4064. Scale bar = 10 µm. B: Liver 
section from individual exposed to 10 µM GW4064 for 48 hours. S = 
sinusoid. Black arrowheads denote BPDECs surrounding lumen or biliary 
passageway and containing numerous vacuolar alterations. Hepatocytes 
contain single prominent nucleus with altered (elongated) nucleolus. Note 
numerous aquamarine lipid vacuoles in hepatocytes. Two of these are 
denoted (white arrowheads). Black lines on these vacuoles are due to 
section artifact (chatter). M = enlarged mitochondria. 
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Figure 20, cont: Representative images from semithin (500 nm) sections of 
medaka larvae treated with 10 µM GW4064. 600X magnification, scale bar = 
10 µm. C: Liver section from medaka larva exposed to 10 µM GW4064 for 72 
hours. Large lipid inclusions (Li) are visible throughout hepatic 
parenchyma. Small clear vacuoles (white arrowheads) are present, some 
containing membranous debris. Nucleolar fragmentation (Nu) and BPDEC 
alteration (black arrowheads) are also observed. Bv: blood vessel. 
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Figure 21: Oil red O whole mount staining of larvae exposed to control 
(DMSO) and various concentrations of GW4064 for 48 hours. Bar = 100 µm. 
Inset image in the left panel shows positively staining oil droplet in control 
individual (od). Retained in larval development, this structure serves as an 
internal control and was located in the rostral peritoneal cavity between 
liver and septum transversum. L = liver; y = yolk sac. Larger panels show 
liver fields from individuals exposed to DMSO, 1, 5, and 10 µM GW4064, 
demonstrating a significant, dose-dependent increase in lipid accumulation 
(red stained vacuoles) as a result of GW4064 exposure. 
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Figure 22: Transmission electron micrographs of larval liver. A: Control. 
This micrograph (11.2k magnification) shows fine structure of hepatocytes 
and two BPDECs. Together, these form a bile passageway (transitional 
passageway, or bile preductule). Adjacent hepatocytes are joined by 
junctional complexes (white arrowheads). Note numerous plasma 
membranes processes from hepatocytes into the biliary lumen. In addition, 
junctions are seen between BPDECs and hepatocytes (white arrowheads). 
Control hepatocyte morphology includes parallel arrays of rough 
endoplasmic reticulum, extensive glycogen depots (G), numerous 
mitochondria (black arrowheads) and occasional residual bodies (Rb). Note 
the large hepatocyte nuclei with rounded electron dense nucleoli. Bar = 1 
µm.  
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Figure 22, cont: Transmission electron micrographs from medaka larvae. 
B: Electron micrograph (5600X magnification) of larval liver from individual 
exposed to 10 µM GW4064 for 48 hours. Hepatocytes show altered contour 
and presence of clear and lipid-containing vacuoles, (white arrowheads 
and Li, respectively). Endoplasmid reticulum shows marked cisternal 
swelling. Nuclear change is apparent in altered morphology of 
hepatocellular nucleoli. Hepatocellular mitochondria (black arrowheads) 
are swollen and abnormally shaped. Note that the area of the 
mitochondrion is almost identical to that of the nucleus. This compares 
well with the circular, lightly-stained bodies shown in Figure 7B. Triangular 
shaped nucleus at the center of the field is a BPDEC. BPDECs were targets 
for GW4064 as shown by the numerous lipid vesicles and phagocytosed 
inclusions (Av). Bar = 3 µm. 
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Figure 22, cont: Transmission electron micrographs from medaka larvae. 
C: High magnification field (17.64k magnification) of the BPDEC showing 
the apoptotic vacuoles (Av) in more detail and altered nuclear shape (white 
arrowhead). Swollen cisternae of hepatocellular endoplasmic reticulum are 
also observed in more detail (black arrowhead). Nu: hepatocyte nucleus.  
Scale bar = 1 µm. 
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Figure 22, cont: Transmission electron micrographs from medaka larvae. 
D: Micrograph (5600X magnification) from liver of medaka larva exposed to 
10 µM GW4064 for 72 hours showing multiple lipid inclusions (Li) within 
hepatocytes and areas of membranous arrays (white arrowheads), 
indicative of areas of glycogen depletion. In this animal mitochondria 
appear normal (black arrowheads). Nu: hepatocyte nucleus. Scale bar = 3 
µm. 
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Figure 22, cont: Transmission electron micrographs from medaka larvae. E: 
High magnification field (17.64k X) from same individual in D, showing 
membranous arrays in more detail (white arrowheads). Nu: hepatocyte 
nucleus, Li: lipid inclusion, black arrowhead: mitochondria with normal 
morphology. Scale bar = 1 µm. 
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4. ROLE OF MEDAKA FXR ALPHA IN ANIT-INDUCED 
HEPATOTOXICITY  

 

4.1 Rationale for studies 
α-Naphthylisothiocyanate (ANIT) is a classic hepatotoxicant that has been 

used for more than 30 years to induce intrahepatic cholestasis in rodent models 

(Roberts and Plaa 1966b; Roberts and Plaa 1966a; Jean et al. 1995; Jean and 

Roth 1995; Dietrich et al. 2001; Cui et al. 2009b; Tanaka et al. 2009). Recent 

research has demonstrated that ANIT induces hepatobiliary injury to medaka 

larvae and adults as well, causing attenuation and dilation of intrahepatic biliary 

passageways and cytologic alterations to hepatocytes and bile preductular 

epithelial cells, or BPDECs (Hardman et al. 2007; Volz et al. 2008). These 

findings demonstrated the comparable sensitivity of medaka to this classic 

hepatotoxicant despite differences in normal biliary cellular components and 

structure between the two taxa.  

Previous research with rodent models has shown that GW4064 alleviates 

much of the hepatotoxicity induced by ANIT, including reduction of necrotic foci 

and decrease in blood serum bilirubin levels (Liu et al. 2003a; Cui et al. 2009b). 

However, GW4064 toxicity in rodents has not been reported to date, whereas the 

research presented in Chapter 3 demonstrated its hepatotoxicity to medaka 

larvae. Therefore, the overall goal of the studies presented herein was to 

determine if administration of GW4064 would alleviate or enhance ANIT toxicity 
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in medaka larvae. Because of the findings presented in Chapter 3 that showed 

sublethal hepatotoxicity of GW4064 to medaka larvae, I hypothesized that 

GW4064 administration would not alleviate the ANIT phenotype but rather would 

enhance its toxicity, unlike the findings published using rodent models.  

These studies incorporated a variety of methods to assess this 

hypothesis. LD50 studies were first performed to determine if addition of 

GW4064 to increasing amounts of ANIT would significantly increase lethality to 

medaka larvae. More sophisticated techniques were then employed to study the 

effects of GW4064 and ANIT coadministration in more detail, including 

quantitative real-time PCR, oil red O whole mount staining, light microscopy of 

semithin toluidine blue-stained sections, and transmission electron microscopy. 

This research continues work from Chapter 3 to further our understanding of the 

in vivo function of medaka Fxrα. While Chapter 3 worked to elucidate Fxrα’s 

function in larvae during normalcy, it was found that GW4064 is significantly toxic 

to medaka liver. These studies used a newly-established model of hepatobiliary 

injury in medaka to advance our knowledge of both Fxrα function and ANIT 

induced toxicity. 
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4.2 Materials and methods 

 

4.2.1 Test animals 

Colonies of orange-red (OR) and STII (Wakamatsu et al. 2001) medaka 

are maintained at the Duke University Aquatic Research Facility under standard 

recirculating water conditions. Animal care and maintenance protocols were 

approved by the Duke University Institutional Animal Care and Use Committee 

(DUIACUC). Water temperature and pH are monitored daily and maintained at 

~25°C and ~7.4, respectively, and the fish are kept under a strict light:dark cycle 

of 16:8 hours. Dry food (Otohime B1, Reed Mariculture, Campbell, CA) is fed 

several times per day via automated feeders, and newly-hatched Artemia are fed 

once daily. Medaka spawn on a daily basis under laboratory conditions and eggs 

are collected each day, separated, and maintained in the laboratory in a 26°C 

incubator under gentle movement in a 2% marine water solution (made using 

Instant Ocean from Aquatic Ecosystems, Apopka, FL) for the first five days 

following fertilization and moved to embryo-rearing medium (ERM, containing: 

17.1 mM NaCl, 272 µM CaCl2·2H2O, 402 µM KCl, 661 µM MgSO4·7H2O) until 

hatching (Kirchen and West 1976), usually occurring 9 days post-fertilization 

(dpf). 
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4.2.2 Exposures 

 

4.2.2.1 LD50 studies 

A 10 mM GW4064 stock solution was made in DMSO from solid 

graciously provided by Dr. Steven Kliewer at the University of Texas 

Southwestern Medical Center. OR medaka larvae approximately 10-12 days 

post-fertilization (dpf) were placed in 6-well tissue culture plates (Corning, 

Corning, NY ~15-18 per well) and exposed for 48 hours to 4 mL 1X ERM 

containing DMSO only (carrier control, HPLC-grade from Mallinckrodt Chemicals, 

Phillipsburg, NJ) or to 5, 10, 15, 20, or 25 µM ANIT (Sigma, St. Louis, MO; ≤ 

0.1% total solution). Additional plates were set up with the same ANIT exposure 

regimen, but with the coadministration of 1, 5, or 10 µM GW4064. The 6-well 

plates were maintained in a 26°C incubator on a slowly rotating shaker to allow 

for adequate oxygenation of the ERM, and observed at least once daily to 

monitor mortality rates. Dead larvae were assessed by a lack of heartbeat and 

removed daily. After 48 hours, the surviving larvae were sacrificed by overdose 

of MS-222 (Sigma) and the percent survival calculated for each treatment. 
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4.2.2.2 Exposures for qPCR, oil red O whole mount staining, and 
histopathology 

OR medaka larvae ~10-12 days dpf were placed in 6-well tissue culture 

plates (~15-18 per well) and exposed for 48 hours via aqueous exposure to 4 mL 

1X ERM per well containing DMSO only (carrier control), 1 µM GW4064, 15 µM 

ANIT, or GW4064 + ANIT. The 6-well plates were maintained in a 26°C incubator 

on a slowly rotating shaker to allow for adequate oxygenation of the ERM, and 

observed at least once daily to monitor mortality rates. After 48 hours, the larvae 

were processed as described below. 

 

4.2.3 RNA isolations and cDNA synthesis 

Larvae from each dosing regimen (DMSO, 1 µM GW4064, 15 µM ANIT, 

and GW4064 + ANIT) were collected after 48 hours of exposure, anesthetized by 

immersion in ice-cold 1X ERM, and sacrificed by snap freezing in liquid nitrogen. 

Larvae were pooled (3 samples per exposure, 4-6 larvae per sample) in order to 

extract significant amounts of RNA, and were stored at -80°C until time of RNA 

extraction. RNase ZAP (Sigma) was used throughout all isolations to prevent 

RNA degradation. Whole larval RNA from homogenates was isolated using the 

RNeasy Mini Kit by Qiagen (Valencia, CA) according to the manufacturer’s 

instructions using a Kinematica Polytron homogenizer (Lucerne, Switzerland). 

DNase digestion was performed on-column using RNase-free DNase (Qiagen). 

Both quality (260/280 ratio) and quantity of resultant RNA samples were 
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determined using a NanoDrop ND-1000 spectrophotometer (NanoDrop 

Technologies, Wilmington, DE). RNA was reverse transcribed into cDNA using 

the high-capacity cDNA master kit (Applied Biosystems, Foster City, CA) as per 

the manufacturer’s instructions with random hexamer as primer. All cDNA 

samples were stored at -20°C until use. 

 

4.2.4 Quantitative, real-time PCR 

Relative levels of bile salt export pump (Bsep), cholesterol 7α-hydroxylase 

(Cyp7a1), small heterodimer partner (Shp), multidrug resistance protein 2 (Mrp2), 

sodium taurocholate cotransporting peptide (Ntcp), and ß-actin transcripts in 

larvae from each dosing regimen were measured via quantitative real-time PCR 

(qPCR). Sequences were identified using the Medaka Genome Browser (DNA 

Sequencing Center, National Institute of Genetics, Japan) available at 

http://dolphin.lab.nig.ac.jp/medaka/, and Ensembl (available at 

http://www.ensembl.org/index.htm) and medaka specific real-time PCR primers 

for Bsep, Shp, Cyp7a1, Mrp2, Ntcp, and ß-actin were designed using 

PrimerQuest (Integrated DNA Technologies, Coralville, IA). The primer 

sequences are listed in Table 8 (Chapter 3). Predicted locations for these genes 

in the medaka genome are listed in the Appendix (Table 11). Per manufacturer’s 

instructions, Bsep, Shp, Cyp7a1, Mrp2, Ntcp, and ß-actin were PCR-amplified 

separately in duplicate using the QuantiTect SYBR Green PCR Kit (Qiagen) and 

the ABI PRISM 7300 Sequence Detection System (Applied Biosystems). Relative 
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quantitation of gene expression was calculated using the comparative cycle 

threshold (Ct) method. Each cDNA sample was run in duplicate, their Cts 

averaged, and normalized to their respective ß-actin Ct to calculate the ∆Ct (∆Ct 

= GeneCt - ActinCt). Changes in gene expression were determined by subtracting 

the average ∆Ct for control (DMSO) from each treatment, yielding the ∆∆Ct, and 

then converted to fold induction (fold induction = 2-∆∆Ct).  

 

4.2.5 Statistics 

All data is shown as the mean mRNA level ± SEM. Statistical analyses 

were performed using StatView 9.0 for Mac (The SAS Institute, Cary, NC). 

Groups were tested by ANOVA followed by Fisher’s PLSD post-hoc test. A p 

value < 0.05 was considered significant. 

 

4.2.6 Light microscopy: whole mount oil red O staining 

Larvae from each exposure group were anesthetized by overdose with 

MS-222 and immediately fixed by immersion in 4% paraformaldehyde in neutral-

buffered 1X phosphate-buffered saline (PBS, pH 7.2-7.4) and held at 4oC until 

processing. Visualization of lipid within medaka larvae was performed using oil 

red O as described and performed in zebrafish (Passeri et al. 2009) with 

modifications. In brief, fixed larvae were washed with 1X PBS, infiltrated via a 

graded propylene glycol series, and stained overnight at 4oC in a 0.5% Oil Red 
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O/100% propylene glycol solution. After staining, the larvae were cleared of 

propylene glycol via graded removal, washed several times in 1X PBS, and 

stored in 80% glycerol. For imaging, larvae were placed on a depression slide in 

80% glycerol and coverslipped. Larvae were stored at 4°C following staining. 

 

4.2.7 Transmission electron microscopy 

Larvae from each exposure group as described above were anesthetized 

by overdose with MS-222 and immediately fixed by immersion in 4% 

paraformaldehyde/1% glutaraldehyde, pH 7.2-7.4 (4F:1G) (McDowell and Trump 

1976) at 4°C until processing. After two rinses in 0.1 M sodium phosphate buffer 

(pH 7.2-7.4), samples were postfixed by immersion in 1% osmium tetroxide/0.1 

M sodium phosphate buffer (pH 7.2-7.4) for 1 hour at room temperature. 

Postfixed larvae were then rinsed two times in distilled water, dehydrated in a 

series of ethanol solutions, rinsed two times in 100% acetone, placed in a 1:1 

mixture of Spurr’s resin and acetone for 30 minutes, and then transferred to 

100% Spurr’s resin for 1 hour. After an initial incubation the larvae were 

incubated in a new solution of 100% Spurr’s resin for 1 hour, placed in molds and 

polymerized at 70°C overnight. Semithin sections (500 nm) were cut with glass 

knives and stained with 1% toluidine blue O in 1% sodium borate. Resultant 

toluidine blue stained sections were imaged to determined whether liver was 

present in the block. Once liver was shown to be present in semithin sections, 

ultrathin sections (70–90 nm) were cut with a diamond knife, stained with 
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methanolic uranyl acetate and lead citrate, and examined using a FEI/Philips EM 

208S transmission electron microscope at 80 kV accelerating voltage. All TEM 

processing and analysis was performed at the Laboratory for Advanced Electron 

and Light Optical Methods (LAELOM), College of Veterinary Medicine, North 

Carolina State University.  

 

4.3 Results 
 

4.3.1 LD50 studies 

The mortality of medaka larvae after exposure to increasing doses of ANIT 

in the presence or absence of GW4064 is shown in Figure 23. In the absence of 

GW4064 (black line, square markers), significant mortality of medaka larvae after 

exposure to ANIT was not observed until 20 µM. When 5 or 10 µM GW4064 was 

coadministered with ANIT to larvae (orange and blue lines, diamond and triangle 

markers, respectively), mortality significantly increased following a 48 hour 

incubation.  This was particularly apparent in larvae exposed to ANIT and 10 µM 

GW4064; while ANIT alone produced little mortality at 5 µM, addition of 10 µM 

GW4064 caused an ~40% increase in death. At 15 µM ANIT, addition of 5 µM 

GW4064 increased mortality to ~40%, and 10 µM GW4064 to ~60%. However, 

these concentrations of GW4064 were not significantly lethal to larvae in the 

absence of ANIT. These findings suggest a synergistic toxicity of GW4064 and 
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ANIT at high doses of GW4064. Interestingly, coadministration of 1 µM GW4064 

to ANIT-exposed larvae reduced mortality at 20 and 25 µM (green line, circle 

markers). While significant amounts of mortality were seen with ANIT alone at 20 

µM (~60%), the administration of 1 µM GW4064 significantly reduced the number 

of deaths to ~10%. These findings point to higher doses of GW4064 surpassing 

the potential “therapeutic window” for this compound, while lower doses are 

within the window and may alleviate hepatobiliary injury following exposure to 

ANIT. 

 

4.3.2 Quantitative real-time PCR 

Altered expression of FXRα gene targets as a result of GW4064, ANIT, 

and GW4064/ANIT exposures are shown in Figures 24A-E. As shown previously 

in Chapter 3, GW4064 exposure significantly alters expression of Fxrα gene 

targets Bsep, Shp, and Cyp7a1 in a dose-responsive fashion. Expression of 

Bsep and Shp increased in the presence of 1 µM GW4064 (8.16 and 14.4-fold, 

respectively), but Cyp7a1 was unchanged despite previous data that 

demonstrated its significant downregulation by GW4064. Mrp2 and Ntcp, as 

previously noted in Chapter 2, were unchanged following GW4064 exposure. 

Furthermore, expression of all genes was largely unchanged following 15 µM 

ANIT exposure. It appeared that coexposure to GW4064 and ANIT increased 

Bsep expression further, but this was not statistically significant from GW4064 
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exposure only. Coexposure of larvae to GW4064 and ANIT did not change 

expression of any other genes examined by qPCR.  

 

4.3.3 Light microscopy 

 

4.3.3.1 Oil red O whole mount staining  

Representative whole-mount, oil red O stained larvae from each exposure 

regimen (DMSO, 1 µM GW4064, 15 µM ANIT, and GW4064 + ANIT) are shown 

in Figure 25. As shown previously in Chapter 3, this stain is highly useful in 

showing lipid inclusions in liver following exposure to a toxicant, and shows their 

accumulation as bright red droplets. Little to no fat was present in control liver 

(left panel). Red staining was noted only in the oil droplet, which is slowly 

resorbed by the larva after hatching (Iwamatsu 1994; Iwamatsu 2004) (inset of 

first panel). Administration of 1 µM GW4064 caused significant accumulation of 

lipid inclusions throughout the hepatic parenchyma (second panel), as was 

shown in Chapter 3. Larvae exposed to 15 µM ANIT only (third panel) did not 

have any lipid inclusions. Interestingly, coadministration of GW4064 and ANIT 

eliminated the accumulation of lipid within the hepatic parenchyma as seen with 

GW4064 alone; no fat droplets whatsoever were seen in these larvae (fourth 

panel).  
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4.3.3.2 Toluidine blue stained semithin sections 

Prior to sectioning for TEM analyses, semithin (500 nm) sections of larvae 

fixed by aldehyde (primary fixative) and by osmium tetroxide (secondary fixative) 

were sectioned with glass knives and stained with toluidine blue to determine 

whether the organ of interest (liver) was present in tissue blocks. As described in 

Chapter 3, when confirming presence of liver it was noted that use of secondary 

fixative, osmium tetroxide, had indeed stabilized lipids and provided useful 

information that is commonly lost in H&E stained paraffin or GMA sections, since 

alcohol dehydration in processing removes lipid from tissues. Toluidine blue-

stained sections of liver showed lipid inclusions as aquamarine, rounded 

droplets. Control morphology is shown in Figure 26A. Cords of hepatocytes two 

cell thick are separated by vascular spaces, as depicted in representative images 

from paraffin and GMA sections in Chapter 3. Small BPDECs are apparent in the 

field, and no lipid vacuoles were noted in the section. However, semithin sections 

from medaka larvae exposed to 1 µM GW4064 showed a small amount of lipid 

accumulation in hepatocytes (Figure 26B) and swollen biliary passageways. 

Small, lightly-stained round vacuoles of unknown origin were found in great 

abundance throughout the hepatic parenchyma. Normal BPDEC morphology 

was observed by a single, large, elongated nucleus and scant cytoplasm (Figure 

26A). Research presented in Chapter 3 demonstrated cytologic alterations to 

BPDECs after exposure to higher doses of GW4064 including attenuation, lipid 

accumulation, and expanded cytoplasm due to phagocytosis of neighboring 
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apoptotic cells. These changes were not seen in larvae exposed to 1 µM 

GW4064. Furthermore, some glycogen was retained in these larvae, unlike those 

exposed to 10 µM GW4064 in which glycogen depots were largely absent. These 

findings indicate that GW4064 toxicity increases in a dose-responsive fashion, 

confirming results from oil red O whole mount stains performed in Chapter 3 that 

showed increasing amounts of lipid inclusions in the liver with increasing doses 

of GW4064. It is important to note that all the alterations in liver morphology 

following GW4064 exposure described in Chapters 3 and 4 are sublethal 

changes. 

A much different phenotype was observed in semithin sections of larvae 

exposed to 15 µM ANIT for 48 hours. Large, clear vacuoles containing some 

debris were seen throughout the hepatic parenchyma. No fat deposition was 

noted due to the lack of aquamarine-stained droplets. Very few hepatic nuclei 

were observed, indicative of hepatocellular swelling. Biliary passageways were 

also swollen, consistent with larvae dosed with 1 µM GW4064. Despite the large, 

open vacuoles throughout the parenchyma, glycogen depots were widespread 

and visible by their purple staining. Furthermore, the small, lightly-stained round 

vacuoles seen in 1 µM GW4064 exposed larvae were absent in those exposed to 

15 µM ANIT.  

Considering that larvae exposed to either GW4064 or ANIT individually 

displayed a variety of sublethal hepatic alterations, it was anticipated that their 

coadministration would result in a combination of toxicities and that both 
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phenotypes would be visible in these larvae. Surprisingly, a much different result 

was observed. While biliary passageways remained swollen, both the small, 

round vacuoles seen after GW4064 exposure and the large, debris-containing 

vacuoles observed after ANIT exposure were completely absent. Large glycogen 

depots were present in hepatocytes, and they did not appear swollen. No fat 

deposition was noted by the lack of aquamarine round droplets. Furthermore, 

BPDECs observed had normal morphology. Overall, toluidine blue-stained liver 

images from larvae exposed to both GW4064 and ANIT appeared more like 

controls than either compound separately. 

 

4.3.4 Transmission electron microscopy 

Transmission electron microscopy confirmed and extended the results 

seen in toluidine blue-stained semithin sections observed by light microscopy. 

Normal BPDEC- and hepatocellular morphology were noted in control individuals 

(Figure 27A). Hepatocellular mitochondria were visible near numerous parallel 

arrays of rough endoplasmic reticulum. Little to no vacuolation was noted, 

confirming observations seen in toluidine blue stained semithin sections (Figure 

26A).  

The micrographs obtained from larvae exposed to 1 µM GW4064 

demonstrated that the abundant round, lightly staining vacuoles in the hepatic 

parenchyma were markedly swollen mitochondria (Figure 27B). Swelling within in 

the inner cisternae was readily observed in these images. Mild disruption of 
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rough endoplasmic reticulum was also visible in the micrographs. These 

alterations were consistent with alterations observed in larvae exposed to 10 µM 

GW4064 (Chapter 3) but were milder at this lower dose; larvae exposed to 10 µM 

GW4064 had severe disruption of rough endoplasmic reticulum and ruptured 

mitochondria. Lipid inclusions within hepatocytes were also noted by round, very 

electron dense vacuoles, confirming results seen in toluidine blue-stained 

sections and oil red O whole mount staining. Furthermore, bile canaliculi were 

observed as “open” and swollen, indicative of increased transport of bile salts 

and other bile components out of the parenchyma for storage in the gallbladder. 

Glycogen deposition was observed as in toluidine blue-stained sections, unlike in 

larvae exposed to 10 µM GW4064 (Chapter 3) which had no glycogen in 

hepatocytes. However, some open vacuoles were noted in glycogen-containing 

areas of hepatocytes, indicative of its depletion.  

As seen in toluidine blue-stained sections, the alterations in liver following 

exposure to 15 µM ANIT were quite different from that of larvae exposed to 1 µM 

GW4064. Vacuoles observed in the semithin sections were readily characterized 

in these micrographs as apoptotic cells phagocytosed by neighboring cells 

(Figure 27B). The nature of the vacuoles in ANIT-exposed larvae was obvious in 

TEM micrographs as they revealed the presence of glycogen and some electron 

dense organelles within the open spaces. Despite the marked hepatocellular 

vacuolation, large glycogen depots were noted in ANIT-treated larvae as 

observed in toluidine blue-stained sections. Bile canaliculi were also swollen as 
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seen in GW4064 treated larvae and in toluidine blue-stained semithin sections. 

This observation was the only common alteration between GW4064 and ANIT 

exposed larvae. No lipid accumulation was noted in the TEM micrographs, 

confirming findings seen in toluidine blue-stained sections and in oil red O whole 

mount staining. 

TEM images also extended our findings in semithin sections from larvae 

exposed to both GW4064 and ANIT. Toluidine blue-stained sections revealed a 

reduction in both toxic phenotypes compared to larvae exposed to either 

GW4064 or ANIT individually. Micrographs from larvae exposed to GW4064 and 

ANIT together confirmed these findings; coexposed larvae lacked vacuolation 

due to phagocytosis of neighboring apoptotic cells (ANIT induced) and swollen 

mitochondria (GW4064 induced). Furthermore, no fat deposition was observed in 

these larvae, confirming results from oil red O whole mount staining and semithin 

sections and unlike larvae exposed to GW4064 alone. While some vacuolation 

was noted near bile passageways (Figure 27D, top center of field) and canaliculi 

remained swollen as in larvae treated with GW4064 or ANIT alone, liver 

micrographs from coexposed larvae appear closer to normal morphology. These 

findings were quite notable, as we have shown significant sublethal 

hepatotoxicity of each compound individually. 
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4.4 Discussion 
Because medaka and other small aquarium fishes are widely used in the 

laboratory for liver toxicity studies (Hinton et al. 2009), it is important that the 

molecular mechanisms underlying liver function in normalcy and toxicity are well-

defined. Previous research described in this dissertation worked to characterize 

Fxrα in vitro (Chapter 2) and in vivo (Chapter 3) through a variety of techniques 

using the synthetic, FXRα-specific agonist GW4064 (Chapter 3). GW4064 has 

been used widely in the mammalian literature to study FXRα’s role in bile acid, 

lipid, and glucose homeostasis in vitro (Yu et al. 2002; Anisfeld et al. 2003; Cui et 

al. 2003; Huang et al. 2003; Zhao et al. 2003; Lew et al. 2004; Langhi et al. 2008) 

and in vivo (Claudel et al. 2003; Liu et al. 2003a; Stayrook et al. 2005; Cariou et 

al. 2006; Frankenberg et al. 2006; Zhang et al. 2006). While GW4064 has not 

been shown to cause alterations to liver pathology in rodent models (Liu et al. 

2003a; Cui et al. 2009b), research presented herein has clearly shown sublethal 

hepatotoxicity to medaka larvae after exposure to this compound (Chapter 3). 

Alterations to liver pathology included significant lipid accumulation, 

mitochondrial damage and rupture, severe alteration to bile preductular epithelial 

cells (BPDECs), fragmentation of hepatocyte nucleoli, and glycogen depletion at 

10 µM GW4064. These findings were unexpected given the lack of GW4064-

induced toxicity reported in the mammalian literature, but some recent work has 

synthesized analogs to GW4064 because of the potential toxicity of a stilbene 

functional group within the compound (Akwabi-Ameyaw et al. 2008; Bass et al. 
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2009; Feng et al. 2009). The in vivo studies presented in this chapter were 

performed to extend our understanding of medaka Fxrα function by studying its 

role during toxic injury to the liver. Hepatobiliary injury was induced by aqueous 

exposure to α-naphthylisothiocyanate (ANIT), a classic hepatotoxicant used 

widely in rodent models which has also been shown to cause hepatobiliary injury 

to medaka larvae and adults (Roberts and Plaa 1966b; Roberts and Plaa 1966a; 

Jean et al. 1995; Jean and Roth 1995; Dietrich et al. 2001; Hardman et al. 2008; 

Volz et al. 2008; Cui et al. 2009b; Tanaka et al. 2009). 

Initially, it was expected that coexposure to GW4064 and ANIT would 

result in an enhancement of ANIT toxicity since GW4064 caused sublethal 

hepatic alterations on its own. A significant increase in mortality was noted in 

larvae exposed to ANIT with 5 or 10 µM GW4064, but a decrease in mortality 

was observed in larvae exposed to ANIT and 1 µM GW4064 (Figure 23). These 

findings demonstrate that GW4064 may fall into the “therapeutic window” at 1 

µM, but 5 and 10 µM exceeds this window and result in toxicity.  

Quantitative, real-time PCR data demonstrated that exposure to 15 µM 

ANIT alone did not significantly alter expression of five FXRα target genes – 

Bsep, Shp, Cyp7a1, Mrp2, or Ntcp (Figures 24A-E) – in exposed medaka larvae. 

These findings are corroborated in some reports within the mammalian literature 

(Liu et al. 2003a) but others have demonstrated a significant decrease in BSEP 

expression following ANIT exposure (Cui et al. 2009b). These findings also differ 

from previous research that demonstrated a significant decrease in Bsep 
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expression following i.p. injection of adult STII medaka with ANIT (Volz et al. 

2008), suggesting that differences in response to ANIT maybe result from 

differences in exposure regimen and/or lifestage of the organism, and the 

species in question. Exposure to 1 µM GW4064 significantly increased 

expression of Bsep and Shp as demonstrated previously in Chapter 3. A slight 

increase in Bsep expression was noted in GW4064/ANIT coexposed individuals 

compared to GW4064 only, but was statistically insignificant. Ntcp expression 

was also slightly induced after exposure to 1 µM GW4064 but as not statistically 

significant; the biological relevance of this, if any, is not known as Ntcp 

expression is decreased in rodent models upon FXRα activation (Denson et al. 

2001; Liu et al. 2003a) and data in Chapter 3 did not demonstrate a significant 

alteration in expression of Ntcp by GW4064. Cyp7a1 and Mrp2 did not change 

regardless of treatment, despite previous data that showed a significant 

downregulation of Cyp7a1 by GW4064. While these results alone do not point to 

any specific gene that may be involved in alleviation of ANIT toxicity by GW4064 

administration, it is assumed that activation of Fxrα and subsequent modification 

of bile acid synthesis and transport function is involved in this phenomena. To 

date, other potential Fxrα gene targets have not been investigated by qPCR. 

Despite lowering the concentration of GW4064 in embryo-rearing medium 

ten-fold to 1 µM, significant liver alterations were still noted in medaka larvae. Oil 

red O whole mount staining demonstrated significant lipid accumulation in liver 

following exposure to GW4064 (Figure 25) as previously noted (Chapter 3, 
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Figure 21), and these findings were confirmed through semithin, toluidine blue-

stained sections and transmission electron microscopy (Figure 26 and 27). 

Toluidine blue-stained sections and TEM micrographs also showed notable 

swelling of mitochondria in hepatocytes, slight disruption of rough endoplasmic 

reticulum, and mild glycogen depletion. These alterations were less severe than 

those seen in larvae exposed to 10 µM GW4064 (Chapter 3). Cytological 

changes to BPDECs were not observed at 1 µM GW4064, unlike at higher doses 

(Chapter 3, Figures 18-22).  

Exposure of medaka larvae to 15 µM ANIT resulted in a much different 

hepatic phenotype than those exposed to 1 µM GW4064. ANIT has been used in 

both mammalian (Roberts and Plaa 1966b; Roberts and Plaa 1966a; Jean et al. 

1995; Jean and Roth 1995; Dietrich et al. 2001; Liu et al. 2003a; Cui et al. 2009b; 

Tanaka et al. 2009) and non-mammalian (Hardman et al. 2008; Volz et al. 2008) 

studies to induce hepatic injury and intrahepatic cholestasis. No lipid 

accumulation was noted in oil red O whole mount stained larvae exposed to 

ANIT, and this was confirmed through toluidine blue-stained semithin Spurr’s 

sectioning and transmission electron microscopy. However, significant 

vacuolation of the hepatic parenchyma was observed through both high-

resolution light and transmission electron microscopy. Transmission electron 

micrographs revealed these vacuoles as containing glycogen and some small, 

electron-dense organelles, confirming that these large open spaces were 

apoptotic cells phagocytosed by neighboring hepatocytes. Because of these 
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phagocytosed vesicles, the viable hepatocytes became quite enlarged and 

swollen, resulting in significantly fewer hepatocyte nuclei visible within toluidine 

blue-stained sections and transmission electron micrographs. Large glycogen 

depots were observed in hepatocytes of ANIT-exposed medaka larvae, unlike in 

GW4064-treated individuals.  

Given that GW4064 was shown to cause cytological damage to both 

hepatocytes and BPDECs in medaka larvae, it was anticipated that 

coadministration of GW4064 with ANIT would result in an enhancement of 

toxicity. We believed this would occur despite reports in the mammalian literature 

that demonstrated protection from ANIT-induced cholestasis by GW4064 in 

rodent models (Liu et al. 2003a; Cui et al. 2009b). Toxicity of GW4064 alone was 

not observed in these reports, so it was hypothesized as mentioned previously 

that enhancement of toxicity would be observed since previous research 

described herein (Chapter 3) clearly showed GW4064’s ability to cause toxic 

injury to medaka liver, the opposite of observations in rodent models. 

Coadministration of high doses of GW4064 (5 µM, 10 µM) with ANIT resulted in 

enhanced mortality of larvae in a dose-responsive fashion versus ANIT alone 

and supported our hypothesis that GW4064/ANIT coadministration would 

enhance ANIT toxicity. However, coadministration of ANIT with 1 µM GW4064 

significantly reduced mortality. These findings pointed to 1 µM GW4064 as a 

therapeutic dose for medaka, despite its ability to induce some sublethal 

hepatocellular damage. Oil red O whole mount staining, toluidine-blue staining of 
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Spurr’s semithin sections, and transmission electron microscopy were employed 

to further investigate this idea. In accordance with the LD50 studies, it was 

observed through these techniques that coadministration of GW4064 and ANIT 

resulted in a decrease in toxicity. Both the GW4064 phenotype and ANIT 

phenotype were not observed in larvae exposed to both compounds. Lipid 

accumulation – observed only in larvae exposed to 1 µM GW4064 alone – was 

not seen in any coexposed larvae through oil red O whole mount staining, 

toluidine blue-stained semithin sections, or in TEM micrographs. Furthermore, 

the large phagocytosed vesicles observed in larvae exposed to 15 µM ANIT were 

absent in GW4064/ANIT coexposed larvae. Biliary passageways (canaliculi) 

remained swollen as noted in larvae exposed to each compound individually. 

Glycogen depots, retained in ANIT-treated larvae and depleted in GW4064-

treated larvae, were abundant in coexposed individuals. These findings 

demonstrate that low doses of GW4064 in medaka, while causing some 

sublethal alterations to hepatic morphology, can alleviate the toxic phenotype of 

ANIT and are similar to results reported in the mammalian literature (Liu et al. 

2003a; Cui et al. 2009b).  

Previous research has demonstrated that ANIT is conjugated to 

glutathione (GSH) in the liver but the ANIT-GSH complex dissociates upon its 

transport into bile, causing injury to biliary epithelial cells due to the high 

concentration of ANIT (Jean et al. 1995; Jean and Roth 1995) and hepatocytes 

secondarily after BEC injury. MRP2, a canalicular transporter regulated by FXRα 
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(Kast et al. 2002), is crucial for the movement of the ANIT-GSH complex out of 

hepatocytes into bile (Dietrich et al. 2001). Therefore, one may expect that FXRα 

activation by GW4064 would increase movement of ANIT-GSH into the biliary 

space and thereby quickly concentrate free ANIT in bile, resulting in increased 

injury of biliary epithelial cells. However, the increased movement of bile acids 

out of hepatocytes through transporters such as BSEP increases bile flow, which 

increases clearance and therefore may result in decreased liver toxicity (Liu et al. 

2003a). The results presented in this chapter, coupled with results in rodent 

models, suggest that activation of FXRα by GW4064 significantly increases 

expression of genes involved in bile transport such as BSEP (demonstrated in 

Chapter 3) and likely resulted in enhanced movement of bile acids out of the 

liver, decreasing hepatocellular damage and subsequent intrahepatic 

cholestasis.  

It was surprising to note that the alterations observed in larvae exposed to 

GW4064 only were largely absent in GW4064/ANIT exposed larvae. Since 

GW4064 toxicity has not been reported in the mammalian literature, these are 

novel findings regarding GW4064/ANIT coexposure. It is possible that ANIT 

exposure increases expression of genes involved in GW4064 metabolism, but 

this has not been tested to date. Recent data has shown that Cyp1A levels of 

adult medaka exposed to ANIT were increased compared to time-matched 

controls (Volz et al. 2008). Therefore, it is possible that other cytochrome P450s 

are induced after ANIT exposure and that metabolism of GW4064 is enhanced 
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as a result. More research is warranted to determine the mechanism by which 

the alleviation of both ANIT and GW4064 phenotypes occurs in coexposed 

individuals.  
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Figure 23: Survivability of medaka larvae to ANIT in the presence and 
absence of GW4064. Larvae were exposed via dosed ERM for 48 hours. 
Coadministration of ANIT and GW4064 greatly increased mortality versus 
ANIT alone (black line, square markers) at 5 µM and 10 µM GW4064 (orange 
line, diamond markers and blue line, triangle markers, respectively). 
However, addition of 1 µM GW4064 reduced mortality (green line, circle 
markers).  
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Figure 24: Quantitative, real-time PCR data showing the alteration in Bsep 
(A), Shp (B), Cyp7a1 (C), Mrp2 (D) and Ntcp (E) expression as a result of 
exposure to 1 µM GW4064 (gray bar), 15 µM ANIT (white bar), or GW4064 + 
ANIT (hatched bar). Data was normalized to ß-actin levels and is 
represented as the mean mRNA level ± SEM (n=3). Significant differences 
between expression is noted by brackets (*, p<0.05). 
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Figure 25: Representative images of medaka larvae from whole mount oil 
red O staining. Scale bar = 100 µm. A: DMSO, B: 1 µM GW4064, C: 15 µM 
ANIT, D: GW4064 + ANIT. Inset image in the left panel shows positively 
staining oil droplet in control individual (od). Retained in larval 
development, this structure serves as an internal control and was located 
in the rostral peritoneal cavity between liver and septum transversum. 
Exposure to 1 µM GW4064 only (second panel) caused significant lipid 
accumulation in liver (red droplets). Exposure to 15 µM ANIT did not cause 
lipid deposition. Surprisingly, coadministration of GW4064 and ANIT 
resulted in no lipid accumulation within the hepatic parenchyma (D). 
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Figure 26: Representative images from semithin (500 nm) liver sections of 
control, 1 µM GW4064, 15 µM ANIT, and GW4064 + ANIT treated medaka 
larvae and stained with toluidine blue. Scale bar = 10 µm. A: Control 
section. Left upper corner is rostral surface of liver and adjacent sinus 
venosus. Exocrine pancreas is at right lower corner of field. Remainder is 
hepatic parenchyma and microvasculature. Hepatocytes are free of 
vacuolation, stain gray-blue, and contain single nucleus with prominent 
nucleolus. Three biliary epithelial cells (BPDECs) are shown (arrow points 
to center cell). By comparison to hepatocytes, BPDECs are lightly stained.   
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Figure 26, cont. Representative images from semithin (500 nm) liver 
sections of control, 1 µM GW4064, 15 µM ANIT, and GW4064 + ANIT treated 
medaka larvae and stained with toluidine blue. Scale bar = 10 µm. B: Liver 
section from individual exposed to 1 µM GW4064 for 48 hours. Several 
small, aquamarine-colored lipid inclusions throughout the field (Li). Note 
that there are fewer lipid droplets noted at this dose versus 10 µM GW4064, 
as described and visualized in Chapter 3. Bile passageways are markedly 
swollen (Bp, white arrowheads), and are visible throughout the hepatic 
parenchyma. Round, lightly staining vacuoles (black arrows) are present 
throughout the field. Higher resolution techniques are necessary to resolve 
their origin. BPDEC morphology appears normal (black arrowheads). Some 
glycogen retention is noted, which differs from 10 µM GW4064 (Chapter 2) 
where no glycogen was noted in semithin Spurr’s sections. 
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Figure 26, cont.: Representative images from semithin (500 nm) sections of 
medaka larvae treated with 1 µM GW4064, 15 µM ANIT, or GW4064 + ANIT. 
600X magnification, scale bar = 10 µm. C: Liver section from medaka larva 
exposed to 15 µM ANIT. Large, clear vacuoles containing debris (Hv) are 
present throughout the entire field. Few hepatocyte nuclei are visible, 
indicative of cell swelling and suggesting that the vacuoles are retained in 
hepatocytes. Unlike with GW4064-treated larvae, glycogen depots are 
abundant, and are noted by their purple color. Bile passageways (Bp), like 
in larvae dosed with 1 µM GW4064, are markedly swollen throughout the 
hepatic parenchyma.  
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Figure 26, cont.: Representative images from semithin (500 nm) sections of 
medaka larvae treated with 1 µM GW4064, 15 µM ANIT, or GW4064 + ANIT. 
600X magnification, scale bar = 10 µm. D: Liver section from medaka larva 
exposed to GW4064 and ANIT. No lipid accumulation is noted by the lack of 
aquamarine droplets, which were observed in larvae exposed to 1 µM 
GW4064 only (B). The large vacuoles present in larvae exposed to 15 µM 
ANIT (C) are also absent. BPDEC morphology appears normal, but bile 
passageways (Bp) remain swollen. Glycogen depots are abundant 
throughout the hepatic parenchyma as noted by their purple coloring. In 
short, the sections from larvae exposed to GW4064 + ANIT are 
morphologically similar to control individuals than larvae exposed to either 
GW4064 or ANIT alone. 
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Figure 27: Transmission electron micrographs of larval liver. A: Control. 
This micrograph (11.2k magnification) shows fine structure of hepatocytes 
and two BPDECs. Together, these form a bile passageway (transitional 
passageway, or bile preductule). Adjacent hepatocytes are joined by 
junctional complexes (white arrowheads). Note numerous plasma 
membranes processes from hepatocytes into the biliary lumen. In addition, 
junctions are seen between BPDECs and hepatocytes (white arrowheads). 
Control hepatocyte morphology includes parallel arrays of rough 
endoplasmic reticulum, extensive glycogen depots (G), numerous 
mitochondria (black arrowheads) and occasional residual bodies (Rb). Note 
the large hepatocyte nuclei with rounded electron dense nucleoli. Bar = 1 
µm.  
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Figure 27, cont.: Transmission electron micrographs from medaka larvae. 
B: Micrograph (6300 X) from medaka larva exposed to 1 µM GW4064. Bar = 
1 µm. Mitochondria within hepatocytes are markedly swollen (black 
arrowhead). Some lipid is present (Li), but less than seen in larvae exposed 
to 10 µM GW4064 (Chapter 3). Bile canaliculi (C) are also swollen. Some 
glycogen retention is present, unlike in larvae exposed to 10 µM GW4064, 
but less so than in control micrographs.  

 



 

 166 

 

Figure 27, cont.: Transmission electron micrographs from medaka larvae. 
C: Micrograph (2500 X) from medaka larva exposed to 15 µM ANIT. Bar = 3 
µm. Severe vacuolation of hepatocytes is readily visible (Hv). These 
vacuoles contain some glycogen and electron dense organelles, indicating 
that they are apoptotic hepatocytes phagocytosed by surviving 
neighboring cells. Bile canaliculi (C) are swollen, as seen in larvae exposed 
to 1 µM GW4064. Black arrowhead points to sinusoidal space of Disse, S: 
endothelial cell of sinusoid. Glycogen depots are seen throughout 
parenchyma. 

 



 

 167 

 

Figure 27, cont.: Transmission electron micrographs from medaka larvae. 
D: Micrograph (3200 X) from medaka larva exposed to GW4064 + ANIT. Bar 
= 3 µm. Bile canaliculi (C) are swollen, as seen in larvae exposed to 1 µM 
GW4064 and 15 µM ANIT alone. Black arrowhead points to sinusoidal space 
of Disse, S: endothelial cell of sinusoid. Large lakes of glycogen are noted 
in hepatocytes (Nu = nucleus). Some vacuolation of a BPDEC is noted at 
the top center of field. Mitochondria appear normally shaped with regular 
arrays of cristae. 
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5. CONCLUSIONS AND FUTURE RESEARCH SUGGESTIONS 
 

Proper FXRα signaling is crucial to maintaining bile acid, glucose, and 

lipid homeostasis. FXRα’s importance in these processes is evident by the 

development of synthetic agonists for the potential alleviation of cholestasis, type 

2 diabetes, and dyslipidemia (Liu et al. 2003a; Duran-Sandoval et al. 2005a; 

Cariou et al. 2006; Zhang et al. 2006; Evans et al. 2009; Flatt et al. 2009; 

Hartman et al. 2009), and the plethora of publications in the mammalian literature 

that focus on its function in metabolic homeostasis (Kalaany and Mangelsdorf 

2005; Tirona and Kim 2005; Kuipers et al. 2007; Lefebvre et al. 2009).  

Despite FXRα’s importance in normal hepatobiliary function, FXRα 

function in alternative models for liver function and dysfunction has not been 

elucidated. Understanding Fxrα function in small aquarium fishes is a key 

component to the enhancement of organisms as models for liver toxicity studies. 

Medaka has been used as an alternative model for liver toxicity by many 

laboratories; these researchers have shown medaka’s sensitivity to compounds 

that have been widely studied in more conventional animal models (Braunbeck et 

al. 1992; Okihiro and Hinton 1999; Toussaint et al. 1999; Toussaint et al. 2001a; 

Toussaint et al. 2001b; Toussaint et al. 2001c; Liu et al. 2003b; Volz et al. 2005; 

Volz et al. 2008). Furthermore, our laboratory has used confocal microscopic 

techniques to visualize the three-dimensional structure of the medaka 

hepatobiliary system in vivo using live see-through (STII) medaka larvae 
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(Hardman et al. 2007; Hardman et al. 2008). The combination of these findings 

has significantly developed medaka as an alternative model for toxicity studies. 

Despite this breadth of knowledge, the molecular mechanisms underlying 

hepatobiliary function in medaka remain largely unknown. Understanding the 

molecular mechanisms underlying liver function during normalcy is important if 

we are to definitively characterize responses following exposure to a toxicant. 

This dissertation sought to characterize fxrα in medaka through in vitro and in 

vivo techniques to understand its involvement in medaka liver function during 

normalcy and toxicity. 

The first series of studies presented in this dissertation (Chapter 2) worked 

to characterize medaka fxrα through a variety of in vitro techniques, and 

demonstrated that: (1) a single fxrα gene locus is differentially spliced to 

generate two isoforms, Fxrα1 and Fxrα2, that differ at the AF1 domain; (2) the 

FxrαLBD is able to bind multiple bile acids, retinoids, steroids, and the synthetic 

FXRα agonist GW4064 in the Gal4 system; (3) Fxrα1 and Fxrα2 are differentially 

activated in CV-1 cells, in which only one isoform (Fxrα2) interacted with IR-1 

response elements in the presence of any agonist; and (4) only Fxrα2 interacted 

with nuclear receptor coactivators in mammalian two-hybrid screening assays. 

These findings began to describe the molecular mechanisms underlying medaka 

hepatobiliary function. Based on these data it is now known that Fxrα (Fxrα2 

isoform) functions similarly in vitro to mammalian FXRαs as described in the 

numerous reports in the literature. We can also conclude that Fxrα is more 
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similar to mammalian FXRαs than other teleosts tested to date, such as 

zebrafish (Reschly et al. 2008), since medaka Fxrα is activated only by C24 bile 

acids and not 5α-cyprinol sulfate, a C27 bile alcohol found in bile of cyprinid 

fishes. HPLC-MS analyses demonstrated that medaka bile contains C24 and C27 

acids (Chapter 2, Figure 9). Therefore, medaka may be a more suitable model 

than zebrafish in hepatobiliary studies as the molecular mechanisms underlying 

medaka bile acid homeostasis are more similar to the mammalian literature than 

zebrafish. C27 bile acids were available to screen as potential medaka Fxrα 

agonists. Their use in these transactivation assays would further our 

understanding of medaka Fxrα function. 

An interesting finding from these studies was the inactivity of Fxrα1 in all 

in vitro assays. Despite in vitro Gal4 data with multiple compounds and in silico 

molecular modeling demonstrating the ability of Fxrα’s ligand binding domain to 

bind GW4064 and CDCA, Fxrα1 proved to be inactive in full-length transient 

transactivation experiments and mammalian two-hybrid assays. These data 

demonstrate the importance of the AF1 domain in overall receptor activity, 

structure, and function, since both isoforms had identical ligand binding domains. 

In the future, binding assays such as electromobility shift assays (EMSA) and 

coimmunoprecipitation assays (co-IP) should be performed to determine Fxrα1’s 

DNA- and protein-binding activities. These studies would allow the researcher to 

further understand the importance of the AF1 domain to overall receptor structure 
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and function, and would also benefit the nuclear receptor community as a whole 

regardless of the animal model used. 

The second series of experiments (Chapter 3) were performed to 

understand Fxrα’s function in vivo during normalcy. These experiments extended 

findings from in vitro studies in Chapter 2 and continued to lay groundwork for 

characterizing responses during toxic injury, such as in the ANIT model 

(Hardman et al. 2008; Volz et al. 2008). For these studies, medaka 

eleutheroembryos, newly hatched larvae with yolk retained, were employed due 

to their ease of use and minimal need for space and reagents. These studies 

determined that: (1) Fxrα1 and α2 are differentially expressed in the adult and 

developing organism; (2) Fxrα activation by GW4064 modulates the expression 

of Shp, Bsep, and Cyp7a1 in a dose-responsive fashion; (3) maximal induction of 

Fxrα occurs after 24 hours of continuous exposure to GW4064; and (4) high 

doses of GW4064 cause sublethal hepatotoxicity to medaka larvae. The 

alterations to hepatocytes and bile preductular epithelial cells (BPDECs) after 

GW4064 exposure were surprising, as the compound has been used widely 

within the mammalian literature with no reports of hepatotoxicity. However, 

analogs of GW4064 have been synthesized recently because of concerns of 

toxicity (Akwabi-Ameyaw et al. 2008; Bass et al. 2009; Feng et al. 2009). The 

findings described in Chapter 3 demonstrate the sensitivity of medaka larvae to 

GW4064 exposure, and further our understanding of the molecular mechanisms 

underlying hepatobiliary function in vivo. Using GW4064 was ideal for this 
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purpose despite its unexpected ability to induce hepatobiliary injury because of 

its specificity for FXRα; bile acids can also activate PXR and VDR in other 

models (Xie et al. 2001; Wang et al. 2002a; Frank et al. 2005; Jurutka et al. 

2005), and are also toxic at high doses.  

While great headway was made in Chapter 3 in understanding Fxrα’s 

function in vivo, the mammalian literature has demonstrated that FXRα 

modulates the expression of multiple genes that were not analyzed by qPCR in 

these studies, including those involved in lipid and glucose homeostasis (Claudel 

et al. 2005; Duran-Sandoval et al. 2005b; Savkur et al. 2005a; Stayrook et al. 

2005; Bilz et al. 2006; Cariou et al. 2006; Ma et al. 2006; Zhang et al. 2006; 

Langhi et al. 2008; Shen et al. 2008; Evans et al. 2009; Hartman et al. 2009) as 

outlined in Figure 5 (Chapter 1). In order to fully compare medaka Fxrα’s function 

to mammalian reports, larval exposures should be repeated and qPCR 

performed to locate other Fxrα target genes for comparison to the mammalian 

literature. Furthermore, it is unclear through these studies whether GW4064 is 

toxic because of overstimulation of Fxrα or because of a stilbene functional group 

within the compound (Akwabi-Ameyaw et al. 2008); stilbenes have been 

previously shown to be toxic to rats (Kuo et al. 1981; Sugihara et al. 2000). 

Therefore, morpholino knockdown technologies could be employed to determine 

if GW4064 causes hepatotoxicity in larvae with Fxrα knockdown. Furthermore, 

morpholinos could be used to specifically target each Fxrα isoform to determine if 

there is in vivo differential activation by GW4064, as demonstrated in Chapter 2 
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through in vitro experiments. Microarrays may be an alternative approach that 

can find genes that had significant changes in expression following GW4064 

exposure, and can generate a large amount of data at once.  

In rodents, coadministration of GW4064 and ANIT reduced cholestatic 

injury (Liu et al. 2003a; Cui et al. 2009b) as noted by histopathology and blood 

serum chemistry. To further our understanding of hepatobiliary injury induced by 

ANIT in larval medaka, GW4064 was coadministered with ANIT to determine if 

toxicity would be reduced as a result of GW4064 administration. This third and 

final series of studies (Chapter 4) were performed to further our understanding of 

a model of cholestatic injury in medaka. Previous work in the laboratory has 

shown that administration of ANIT to larval medaka induces hepatobiliary injury 

and attenuation and dilation of intrahepatic biliary lumens, indicative of 

cholestasis (Hardman et al. 2008). However, “gold standard” techniques of 

assessing cholestasis – mainly blood serum chemistry markers – are impossible 

to do with larval fish due to their size, so alternative methods for assessing injury 

in this model are necessary to definitively characterize responses observed after 

ANIT administration as cholestasis. Light and transmission electron microscopic 

techniques were employed in Chapter 4 for this purpose.  

It was originally hypothesized that GW4064 would decrease ANIT toxicity 

because of reports in the mammalian literature, but after discovering GW4064’s 

hepatobiliary toxicity to medaka larvae (Chapter 3) it was believed that 

coadministration would ultimately increase ANIT toxicity. These studies found 
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that: (1) high doses of GW4064 coadministered with ANIT increases mortality to 

medaka larvae versus ANIT alone, but lower doses (1 µM) decreases mortality; 

and (2) low doses of GW4064 in combination with ANIT results in a decrease in 

liver alterations at the cellular and ultrastructural levels despite causing hepatic 

alterations on its own. These findings pointed to 1 µM GW4064 as a therapeutic 

dose for medaka despite its ability to induce some sublethal hepatocellular 

damage, and supported the idea that the ANIT model generated in our laboratory 

can be used as a model for cholestasis due to its comparability in results to the 

mammalian literature. However, to further this model morpholino knockdown 

technologies should be employed to study Fxrα during toxicity, as suggested for 

Chapter 3. It would be interesting to see if Fxrα knockdown reduces or eliminates 

GW4064’s ability to decrease ANIT toxicity. Furthermore, more research is 

warranted to determine why ANIT administration also seemed to decrease 

toxicity of GW4064. Since previous research has shown that ANIT administration 

induces Cyp1a in adult medaka (Volz et al. 2008), further research with GW4064 

and ANIT in medaka larvae should focus on determining if key metabolic 

enzymes are induced after ANIT administration, thereby increasing GW4064’s 

metabolism and decreasing its toxicity. Furthermore, STII adult medaka could be 

employed here as well to observe colorimetric changes to bile composition 

through the body wall as previously described (Volz et al. 2008). The 

gallbladders could also be dissected from the adults and analyzed via HPLC/MS 

as described in Chapter 2 to determine bile composition changes in a 
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quantitative fashion following exposure to GW4064, ANIT, and to GW4064 + 

ANIT. 

In summary, while more research is necessary to understand the 

molecular mechanisms underlying hepatobiliary function in medaka, this 

dissertation has begun to tease out the complexities underlying these crucial 

metabolic pathways. By characterizing Fxrα in vitro and in vivo, a significant 

understanding of this key receptor’s role in medaka bile acid homeostasis has 

been gained. Furthermore, by studying its function during toxic injury we have 

been able to further demonstrate that ANIT administration induces cholestasis 

within larval medaka, which has been impossible to achieve using more 

conventional methods such as blood serum chemistry. It is anticipated that as 

more research focuses on the molecular mechanisms underlying medaka 

hepatobiliary function that the use of larval medaka for high-throughput screening 

of liver toxicants will gain wider support. 



 

 176 

6. APPENDIX 
 

Table 9: DNA sequences for Fxrα1 and α2. 

 
Consensus key 
* - single, fully conserved residue 
  - no consensus 
 
 
CLUSTAL W (1.81) multiple sequence alignment 
 
 
FXRa1      ATGAATGAGTGGGTGGGCCCCGATATCACTGTGGTGGGACCACTGCAGATCCCACCCAGC 
FXRa2      ------------------------------------------------------------ 
 
 
FXRa1      GATGACTTCTCCATGTCGGAAGGAGCCCACTTCTTTGACATTCTGGGAGACCAAGGCAGT 
FXRa2      ----ATGGCCCTGGTACAGATGCAGTCT--TCAAGAGACATTCTGGGAGACCAAGGCAGT 
               *   * *     * ** * ** *   *     ************************ 
 
FXRa1      CCTCTTCTTCAAGACTCCGACATCCTACCCTTCAACAACTATCCCAGCATGCAGTACCCG 
FXRa2      CCTCTTCTTCAAGACTCCGACATCCTACCCTTCAACAACTATCCCAGCATGCAGTACCCG                           
           ************************************************************ 
 
FXRa1      TCCATGGAGCCCGCCATGTCCTCCACTCCATTTTACTCCACTCAGAACTATTACCCTCAG 
FXRa2      TCCATGGAGCCCGCCATGTCCTCCACTCCATTTTACTCCACTCAGAACTATTACCCTCAG                    
           ************************************************************ 
 
FXRa1      TACAGCGGGGATGAGTGGTACTCACACACGGGCATTTATGAACTGAGGAAAGCACCTCTG 
FXRa2      TACAGCGGGGATGAGTGGTACTCACACACGGGCATTTATGAACTGAGGAAAGCACCTCTG                  
           ************************************************************ 
 
FXRa1      GAGGGTAGTTACGAAGGTGACATGAAGGAGATGTCCTGCAATGTGCCGACCGTGTGCAAG 
FXRa2      GAGGGTAGTTACGAAGGTGACATGAAGGAGATGTCCTGCAATGTGCCGACCGTGTGCAAG                   
           ************************************************************ 
 
FXRa1      AAGAGCCGACACATGATGCAGGCTGGACGGGTCAAAGGGGAGGAGCTCTGCGTTGTGTGT 
FXRa2      AAGAGCCGACACATGATGCAGGCTGGACGGGTCAAAGGGGAGGAGCTCTGCGTTGTGTGT                 
           ************************************************************ 
 
FXRa1      GGCGATAAAGCATCTGGGTACCACTACAATGCCCTCACCTGTGAGGGATGTAAAGGTTTT 
FXRa2      GGCGATAAAGCATCTGGGTACCACTACAATGCCCTCACCTGTGAGGGATGTAAAGGTTTT             
           ************************************************************ 
 
FXRa1      TTCAGGCGCAGCATCACAAAGAACGCCGTGTACAAATGCAAGAGTGGAGGAAACTGTGAG 
FXRa2      TTCAGGCGCAGCATCACAAAGAACGCCGTGTACAAATGCAAGAGTGGAGGAAACTGTGAG                  
           ************************************************************ 
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FXRa1      ATGGACATGTACATGCGTAGGAAATGCCAGGAGTGCCGGCTGAGAAAGTGCAAGGAGATG 
FXRa2      ATGGACATGTACATGCGTAGGAAATGCCAGGAGTGCCGGCTGAGAAAGTGCAAGGAGATG                  
           ************************************************************ 
 
FXRa1      GGCATGCTGGCAGAGTGTGAGTGTAGAAGTGTAGAAATGCAGAAATGGCAGCGTCAGCGT 
FXRa2      GGCATGCTGGCAGAGTGTGAGTGTAGAAGTGTAGAAATGCAGAAATGGCAGCGTCAGCGT                   
           ************************************************************ 
 
FXRa1      GCAAGCCTTCTAACAGAGATTCAGTGTAAATCCAAAAGGTTACGCAAGAACACCAAAACC 
FXRa2      GCAAGCCTTCTAACAGAGATTCAGTGTAAATCCAAAAGGTTACGCAAGAACACCAAAACC                   
           ************************************************************ 
 
FXRa1      TCTCCAGGAAGGTCAACAGGAGATGAGACGGAGGGCGCAGACAGTGGAGACAGCAAGCAG 
FXRa2      TCTCCAGGAAGGTCAACAGGAGATGAGACGGAGGGCGCAGACAGTGGAGACAGCAAGCAG                    
           ************************************************************ 
 
FXRa1      GTCACTTCAACCACCAAAGTGCCAAAGGAAAAGGTTGAAATCACTAAAGATCAACAGTCG 
FXRa2      GTCACTTCAACCACCAAAGTGCCAAAGGAAAAGGTTGAAATCACTAAAGATCAACAGTCG                  
           ************************************************************ 
 
FXRa1      CTCATCAGACTCATCGTAGATGCCTACAATAGACACCAAATTCCTCAAGATGTTACCAAA 
FXRa2      CTCATCAGACTCATCGTAGATGCCTACAATAGACACCAAATTCCTCAAGATGTTACCAAA                   
           ************************************************************ 
 
FXRa1      AAGCTGCTACAAGAACAGTACAGCACAGAGGAAAACTTCCTCCTCCTGACTGAAATCGCA 
FXRa2      AAGCTGCTACAAGAACAGTACAGCACAGAGGAAAACTTCCTCCTCCTGACTGAAATCGCA                   
           ************************************************************ 
 
FXRa1      ACAAGTCAAGTTCAAGTGTTGGTGGAGTTTACAAAAAACATCCCAGGCTTTCTGTCTCTG 
FXRa2      ACAAGTCAAGTTCAAGTGTTGGTGGAGTTTACAAAAAACATCCCAGGCTTTCTGTCTCTG                   
           ************************************************************ 
 
FXRa1      GATCATGAAGATCAGATCGCTCTACTAAAGGGCTCAGCCGTGGAAGCCATGTTTCTGCGC 
FXRa2      GATCATGAAGATCAGATCGCTCTACTAAAGGGCTCAGCCGTGGAAGCCATGTTTCTGCGC                   
           ************************************************************ 
 
FXRa1      TCAGCTCAGGTTTTCAGCAGAAAGATGCCGAGTGGACACACAGACGTTTTGGAGGAGAGG 
FXRa2      TCAGCTCAGGTTTTCAGCAGAAAGATGCCGAGTGGACACACAGACGTTTTGGAGGAGAGG                   
           ************************************************************ 
 
FXRa1      ATACGCAAGAGTGGTATTTCAGAAGAATTTATTACCCCCCTGTTTAACTTTTACAAGAGT 
FXRa2      ATACGCAAGAGTGGTATTTCAGAAGAATTTATTACCCCCCTGTTTAACTTTTACAAGAGT                   
           ************************************************************ 
 
FXRa1      GTGGGTGAGCTCCACATGGTGCTGGAAGAACAAGCTTTGCTCACCGCCGTAACCATCCTG 
FXRa2      GTGGGTGAGCTCCACATGGTGCTGGAAGAACAAGCTTTGCTCACCGCCGTAACCATCCTG                  
           ************************************************************ 
 
FXRa1      ACACCTGACCGGCCATATGTGAAAAACCAGCAGGCTGTCGAGAGACTGCAGGAGCCCATG 
FXRa2      ACACCTGACCGGCCATATGTGAAAAACCAGCAGGCTGTCGAGAGACTGCAGGAGCCCATG                   
           ************************************************************ 
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FXRa1      GTGGACGTTCTGAGAAAGCTGTGTGCCCTGAAGCGTCCACAGGAGCCACAATACTTTGCT 
FXRa2      GTGGACGTTCTGAGAAAGCTGTGTGCCCTGAAGCGTCCACAGGAGCCACAATACTTTGCT                   
           ************************************************************ 
 
FXRa1      CGCCTCCTGGGGCGCCTTACAGAGCTGAGGACACTCAACCATTACCACGCAGAGATGCTC 
FXRa2      CGCCTCCTGGGGCGCCTTACAGAGCTGAGGACACTCAACCATTACCACGCAGAGATGCTC                  
           ************************************************************ 
 
FXRa1      ACATCCTGGAGAGTGAACGACCACAAGTTCACGCCGCTTCTCTGTGAGATCTGGGATGTG 
FXRa2      ACATCCTGGAGAGTGAACGACCACAAGTTCACGCCGCTTCTCTGTGAGATCTGGGATGTG                 
           ************************************************************ 
 
FXRa1      CAGTGA 
FXRa2      CAGTGA 
           ******
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Table 10: Protein sequence alignments for Fxrα1 and α2 with mammalian 
and teleost FXRs. 

 
Consensus key 
* - single, fully conserved residue 
: - conservation of strong groups 
. - conservation of weak groups 
  - no consensus 
 
CLUSTAL W (1.81) multiple sequence alignment 
 
Human FXRa4       ---MVMQFQGLENPIQISPHCSCTPSGFFMEMMSMKPAKGVLTEQVAGPL 
Human FXRa3       ---MVMQFQGLENPIQISPHCSCTPSGFFMEMMSMKPAKGVLTEQVAGPL 
Mouse FXRa4       ---MVMQFQGLENPIQISLHHSHRLSGFVPEGMSVKPAKGMLTEHAAGPL 
Rat FXRa2         --------MNLIGPSHLQATDEFALS---------ENLFGVLTEHAAGPL 
Human FXRa2       ----MGSKMNLIEHSHLPTTDEFSFS---------ENLFGVLTEQVAGPL 
Human FXRa1       ----MGSKMNLIEHSHLPTTDEFSFS---------ENLFGVLTEQVAGPL 
Cow FXRa          --------MNLIEHSHLPATDEFSLS---------DNLFGVLTEQVAGPL 
Dog FXRa          --------MNLIEHSHLPVTEEFSLS---------DNLFGVLTEQAAGPR 
Chicken FXRa      ----MGSEMNLIGHPQLATADGFSLAEG-------PHLFGILSEPMSSP- 
Medaka FXRa1      MNEWVGPDITVVGPLQIPPSDDFSMSEG-------AHFFDILGDQGS-PL 
Medaka FXRa2      -----------MALVQMQSSR------------------DILGDQGS-PL 
Tetraodon FXRa    ----------------------MAMVQTSS-----SR--DILTDQGS-PL 
Fugu FXRa         MNEWVGQDIDVVGPLEIPPSDEFSITDTDN-----SHFFDMLTDQGS-PL 
Zebrafish FXRa    MNDWVGHDVNVVGPLQIPPNDAFPLSES-------SHFFDILAEQNS-PL 
                                                         .:* :  : *  
 
Human FXRa4       GQNLEVEPYSQYSNVQFPQVQPQISSSSYYSNLGFYPQQP-EEWYSP-GI 
Human FXRa3       GQNLEVEPYSQYSNVQFPQVQPQISSSSYYSNLGFYPQQP-EEWYSP-GI 
Mouse FXRa4       GQNLDLESYSPYNNVPFPQVQPQISSSSYYSNLGFYPQQP-EDWYSP-GI 
Rat FXRa2         GQNLDLESYSPYNNVQFPQVQPQISSSSYYSNLGFYPQQP-EDWYSP-GL 
Human FXRa2       GQNLEVEPYSQYSNVQFPQVQPQISSSSYYSNLGFYPQQP-EEWYSP-GI 
Human FXRa1       GQNLEVEPYSQYSNVQFPQVQPQISSSSYYSNLGFYPQQP-EEWYSP-GI 
Cow FXRa         GQNLEVEPYSQYNNVQFPQVQPQISSSSYYSNVGFYPQQP-EEWYSP-GI 
Dog FXRa       GQNLDVEPYSQYNNVQFPQVQPQISSSSYYSNLGFYPQHP-EEWYSS-GI 
Chicken FXRa      VQEADVSPYTQYNSVPFPQVQPQISSPPYYSNLGFYPPQH-EEWYSP-GM 
Medaka FXRa1      LQDSDILPFNNYPSMQYPSMEPAMSSTPFYSTQNYYPQYSGDEWYSHTGI 
Medaka FXRa2      LQDSDILPFNNYPSMQYPSMEPAMSSTPFYSTQNYYPQYSGDEWYSHTGI 
Tetraodon FXRa    LQDPDILTFPSYPSMQYTSMEPAMPSTPYYSSHNYYPPYNGDEWYAHTGI 
Fugu FXRa         LQDPDILTFPNYPSMQYTSMEPAMPSTPYYSNHNYYPPYSGDEWY---GI 
Zebrafish FXRa    LQDQEVMPFTSYPSMQYTSGEPSMSSPSYYSSQHCYSQYGAEEWYSPSAM 
                   *: :: .:  * .: :.. :* :.*..:**.   *.    ::**   .: 
 
Human FXRa4       YELRRMPAETLYQGETEVA--EMPVTKKPRMG-ASAGRIKGDELCVVCGD 
Human FXRa3       YELRRMPAETLYQGETEVA--EMPVTKKPRMG-ASAGRIKGDELCVVCGD 
Mouse FXRa4       YELRRMPAETGYQGETEVS--EMPVTKKPRMAAASAGRIKGDELCVVCGD 
Rat FXRa2         YELRRMPTESVYQGETEVS--EMPVTKKPRMAASSAGRIKGDELCVVCGD 
Human FXRa2       YELRRMPAETLYQGETEVA--EMPVTKKPRMG-ASAGRIKGDELCVVCGD 
Human FXRa1       YELRRMPAETLYQGETEVA--EMPVTKKPRMG-ASAGRIKGDELCVVCGD 
Cow FXRa       YELRRMPAETLYQGETEVV--EIPITKKARLG-ASAGRIKGDELCVVCGD 
Dog FXRa       YELRRMPAETVYQGEIEVA--EIPVTKKARMG-ASAGRIKGDELCVVCGD 
Chicken FXRa      YELRRIPSETFFTRETEIM--DIPAAKKPRLG-HSTGRMKGEELCVVCGD 
Medaka FXRa1      YELRKAPLEGSYEGDMKEMSCNVPTVCKKSRHMMQAGRVKGEELCVVCGD 
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Medaka FXRa2      YELRKAPLEGSYEGDMKEMSCNVPTVCKKSRHMMQAGRVKGEELCVVCGD 
Tetraodon FXRa    YELRKAPLEVSYDAEMEDMSPAAPAVCKRTRHMSQAGRVKGEELCVVCGD 
Fugu FXRa       YELRKGSLEVSYDAETEDVSPAAPAVCKRTRHMSQAGRVKGEELCVVCGD 
Zebrafish FXRa    FEMRKGPLEGGFDNELDESCPVIPTVCKRSRHAGHSGKNKGEELCVVCGD 
                  :*:*: . *  :  : .      * . *       :*: **:******** 
 
Human FXRa4       RASGYHYNALTCEGCKGFFRRSITKNAVYKCKNGGNCVMDMYMRRKCQEC 
Human FXRa3       RASGYHYNALTCEGCKGFFRRSITKNAVYKCKNGGNCVMDMYMRRKCQEC 
Mouse FXRa4       RASGYHYNALTCEGCKGFFRRSITKNAVYKCKNGGNCVMDMYMRRKCQEC 
Rat FXRa3         RASGYHYNALTCEGCKGFFRRSITKNAVYKCKNGGNCVMDMYMRRKCQDC 
Human FXRa2       RASGYHYNALTCEGCKGFFRRSITKNAVYKCKNGGNCVMDMYMRRKCQEC 
Human FXRa1       RASGYHYNALTCEGCKGFFRRSITKNAVYKCKNGGNCVMDMYMRRKCQEC 
Cow FXRa          RASGYHYNALTCEGCKGFFRRSITKNAVYKCKNGGNCVMDMYMRRKCQEC 
Dog FXRa          RASGYHYNALTCEGCKGFFRRSITKNAVYKCKNGGNCVMDMYMRRKCQEC 
Chicken FXRa      KASGYHYNALTCEGCKGFFRRSITKNAVYKCKNGGNCEMDMYMRRKCQEC 
Medaka FXRa1      KASGYHYNALTCEGCKGFFRRSITKNAVYKCKSGGNCEMDMYMRRKCQEC 
Medaka FXRa2      KASGYHYNALTCEGCKGFFRRSITKNAVYKCKSGGNCEMDMYMRRKCQEC 
Tetraodon FXRa    KASGYHYNALTCEGCKGFFRRSITKNAVYKCKSGGTCEMDMYMRRKCQEC 
Fugu FXRa         KASGYHYNALTCEGCKGFFRRSITKNAVYKCKSGGNCEMDMYMRRKCQEC 
Zebrafish FXRa    KASGYHYNALTCEGCKGFFRRSITKNAVYKCKSGGNCEMDMYMRRKCQEC 
                  :*******************************.**.* **********:* 
 
Human FXRa4       RLRKCKEMGMLAECLLT----EIQCKSKRLRKNVKQHADQTVNED---SE 
Human FXRa3       RLRKCKEMGMLAECMYTGLLTEIQCKSKRLRKNVKQHADQTVNED---SE 
Mouse FXRa4       RLRKCKEMGMLAECLLT----EIQCKSKRLRKNVKQHADQTANEDD--SE 
Rat FXRa3         RLRKCREMGMLAECLLT----EIQCKSKRLRKNVKQHADQTVNED---SE 
Human FXRa2       RLRKCKEMGMLAECLLT----EIQCKSKRLRKNVKQHADQTVNED---SE 
Human FXRa1       RLRKCKEMGMLAECMYTGLLTEIQCKSKRLRKNVKQHADQTVNED---SE 
Cow FXRa          RLRKCKEMGMLAECMYTGLLTEIQCKSKRLRKNVKQHADQAIHED---SE 
Dog FXRa          RLRKCKEMGMLAECMYTGLLTEIQCKSKRLRKNVKQHADQTINED---SE 
Chicken FXRa      RLRKCKQMGMLAECLLT----EIQCKSKRLRKNVKQLPDQTVNED---NE 
Medaka FXRa1      RLRKCKEMGMLAECLLT----EIQCKSKRLRKNTKTSPGRSTGDETEGAD 
Medaka FXRa2      RLRKCKEMGMLAECLLT----EIQCKSKRLRKNTKTSPGRSTGDETEGAD 
Tetraodon FXRa    RLRKCKEMGMLAECLLT----EIQCKSKRLRKNTKASPGQSTGDETEAAD 
Fugu FXRa         RLRKCKEMGMLAECLLT----EIQCKSKRLRKNTKASPEQSTGDETEAGD 
Zebrafish FXRa    RLRKCKEMGMLAECLLT----EIQCKSKRLRKNTKASSDESIGDD--VVD 
                  *****::*******: *    ************.*  . .:  ::    : 
 
Human FXRa4       GRDLRQVTSTTKSCREKTELTPDQQTLLHFIMDSYNKQRMPQEITNKILK 
Human FXRa3       GRDLRQVTSTTKSCREKTELTPDQQTLLHFIMDSYNKQRMPQEITNKILK 
Mouse FXRa4       GRDLRQVTSTTKFCREKTELTADQQTLLDYIMDSYNKQRMPQEITNKILK 
Rat FXRa3         GRDLRQVTSTTKLCREKTELTVDQQTLLDYIMDSYSKQRMPQEITNKILK 
Human FXRa2       GRDLRQVTSTTKSCREKTELTPDQQTLLHFIMDSYNKQRMPQEITNKILK 
Human FXRa1       GRDLRQVTSTTKSCREKTELTPDQQTLLHFIMDSYNKQRMPQEITNKILK 
Cow FXRa          GRDLRQVTSTTKSCREKTELTPDQQNLLHYIMDSYSKQRMPQEITNKFLK 
Dog FXRa          GRDLRQVTSTTKSCREKTELTPDQQNLLHYIMDSYSKQRMPQEIANKILK 
Chicken FXRa      GHDMKQVTSTTKMYREKVEFTPEQQNLLDYIMDSYSKQQIPQEVSKKLLH 
Medaka FXRa1      SGDSKQVTSTTKVPKEKVEITKDQQSLIRLIVDAYNRHQIPQDVTKKLLQ 
Medaka FXRa2      SGDSKQVTSTTKVPKEKVEITKDQQSLIRLIVDAYNRHQIPQDVTKKLLQ 
Tetraodon FXRa    SADSKHVSSTTKPSKEKIEFTTEQQALMRVITDAYNKHQIPQDVTKKLLQ 
Fugu FXRa         YGDGKHVSSTTKPSKKKVSFTKEQQALMKVIIDAYNKHQIPQDVAKKLLQ 
Zebrafish FXRa    SRDPKQVVSTTKPSKENIELSQDQQALINYIVDAHNKHRIPQDMAKKLLQ 
                    * ::* ****  ::: .:: :** *:  * *::.::::**::::*:*: 
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Human FXRa4       EEFSAEENFLILTEMATNHVQVLVEFTKKLPGFQTLDHEDQIALLKGSAV 
Human FXRa3       EEFSAEENFLILTEMATNHVQVLVEFTKKLPGFQTLDHEDQIALLKGSAV 
Mouse FXRa4       EEFSAEENFLILTEMATSHVQILVEFTKKLPGFQTLDHEDQIALLKGSAV 
Rat FXRa3         EEFSAEENFLILTEMATSHVQILVEFTKRLPGFQTLDHEDQIALLKGSAV 
Human FXRa2       EEFSAEENFLILTEMATNHVQVLVEFTKKLPGFQTLDHEDQIALLKGSAV 
Human FXRa1       EEFSAEENFLILTEMATNHVQVLVEFTKKLPGFQTLDHEDQIALLKGSAV 
Cow FXRa          EEFSAEENFIILTEMATSHVQVLVEFTKKLPGFQTLDHEDQIALLKGSAV 
Dog FXRa          EEFSAEENFLILTEMATSHVQILVEFTKTLPGFQTLDHEDQIALLKGSAV 
Chicken FXRa      EEFSAEGNFLILTEMATSHVQVLVEFTKKLPGFQTLDHEDQIALLKGSAV 
Medaka FXRa1      EQYSTEENFLLLTEIATSQVQVLVEFTKNIPGFLSLDHEDQIALLKGSAV 
Medaka FXRa2      EQYSTEENFLLLTEIATSQVQVLVEFTKNIPGFLSLDHEDQIALLKGSAV 
Tetraodon FXRa    DQYSTEENFLLLTEMATSQVQVLVEFTKNIPGFLSLDREDQIALLKGSAV 
Fugu FXRa         DKYSTEENFLLLTEMATSQVQVLVEFTKNIPGFLSLDREDQIALLKGSAV 
Zebrafish FXRa    EQFNAEENFLLLTEMATSHVQVLVEFTKNIPGFQSLDHEDQIALLKGSAV 
                  :::.:* **::***:**.:**:****** :*** :**:************ 
 
Human FXRa4       EAMFLRSAEIFNKKLPSGHSDLLEERIRNSGISDEYITPMFSFYKSIGEL 
Human FXRa3       EAMFLRSAEIFNKKLPSGHSDLLEERIRNSGISDEYITPMFSFYKSIGEL 
Mouse FXRa4       EAMFLRSAEIFNKKLPAGHADLLEERIRKSGISDEYITPMFSFYKSVGEL 
Rat FXRa3         EAMFLRSAEIFNKKLPAGHADLLEERIRKSGISDEYITPMFSFYKSVGEL 
Human FXRa2       EAMFLRSAEIFNKKLPSGHSDLLEERIRNSGISDEYITPMFSFYKSIGEL 
Human FXRa1       EAMFLRSAEIFNKKLPSGHSDLLEERIRNSGISDEYITPMFSFYKSIGEL 
Cow FXRa          EAMFLRSAEIFSKKLPAGHTDLLEERIRKSGISDEYITPMFSFYKSVAEL 
Dog FXRa          EAMFLRSAEIFNKKLPAGHADLLEERIRKSGISDEYITPMFSFYKSVAEL 
Chicken FXRa      EAMFLRSAEIFSRKLPTGHTVLLEERIRNSGISDEFITPMFNFYKSIGEL 
Medaka FXRa1      EAMFLRSAQVFSRKMPSGHTDVLEERIRKSGISEEFITPLFNFYKSVGEL 
Medaka FXRa2      EAMFLRSAQVFSRKMPSGHTDVLEERIRKSGISEEFITPLFNFYKSVGEL 
Tetraodon FXRa    EAMFLRSAQALNKKMPIGHTEVLEERIHKSGISEEFIKPMFNFYKSIGEL 
Fugu FXRa         EAMFLRSAQALNKKMPIGHTEVLEERIRKSGISEEFIKPMFNFYKSIGEL 
Zebrafish FXRa    EAMFLRSAQVFSKKLPNGHTEVLEDRIRRSGISEEFITPMFNFYKSIGEL 
                  ********: :.:*:* **: :**:**:.****:*:*.*:*.****:.** 
 
Human FXRa4       KMTQEEYALLTAIVILS---PDRQYIKDREAVEKLQEPLLDVLQKLCKIH 
Human FXRa3       KMTQEEYALLTAIVILS---PDRQYIKDREAVEKLQEPLLDVLQKLCKIH 
Mouse FXRa4       KMTQEEYALLTAIVILS---PDRQYIKDREAVEKLQEPLLDVLQKLCKMY 
Rat FXRa3         KMTQEEYALLTAIVILS---PDRQYIKDREAVEKLQEPLLDVLQKLCKIY 
Human FXRa2       KMTQEEYALLTAIVILS---PDRQYIKDREAVEKLQEPLLDVLQKLCKIH 
Human FXRa1       KMTQEEYALLTAIVILS---PDRQYIKDREAVEKLQEPLLDVLQKLCKIH 
Cow FXRa          KMTQEEYALLTAIVILS---PDRQYIKDREAVEKLQEPLLDVLQKLCKIH 
Dog FXRa          KMTQEEYALLTAIVILS---PDRQYIKDREAVEKLQEPLLDVLQKLCKIY 
Chicken FXRa      KMTQEEYALLTAIVILSPAKPDRQYIKDRESVERLQEPLLDILQKFCKLH 
Medaka FXRa1      HMVLEEQALLTAVTILT---PDRPYVKNQQAVERLQEPMVDVLRKLCALK 
Medaka FXRa2      HMVLEEQALLTAVTILT---PDRPYVKNQQAVERLQEPMVDVLRKLCALK 
Tetraodon FXRa    HMVLEEQALLTTITILT---PDRPYVKDQPAVERLQENVLDLLRKMCVLH 
Fugu FXRa         HMVLEEQALLTTITILT---PDRPYVKDQPAVERLQETALDLLRKMCVLH 
Zebrafish FXRa    QMMQEEHALLTAITILS---PDRPYVKDQQAVERLQEPMLEVLRKICKLQ 
                  :*  ** ****::.**:   *** *:*:: :**:***  :::*:*:* :  
 
Human FXRa4       QPENPQHFACLLGRLTELRTFNHHHAEMLMSWRVNDHKFTPLLCEIWDVQ 
Human FXRa3       QPENPQHFACLLGRLTELRTFNHHHAEMLMSWRVNDHKFTPLLCEIWDVQ 
Mouse FXRa4       QPENPQHFACLLGRLTELRTFNHHHAEMLMSWRVNDHKFTPLLCEIWDVQ 
Rat FXRa3         QPENPQHFACLLGRLTELRTFNHHHAEMLMSWRVNDHKFTPLLCEIWDVQ 
Human FXRa2       QPENPQHFACLLGRLTELRTFNHHHAEMLMSWRVNDHKFTPLLCEIWDVQ 
Human FXRa1       QPENPQHFACLLGRLTELRTFNHHHAEMLMSWRVNDHKFTPLLCEIWDVQ 
Cow FXRa          QPENPQHFACLLGRLTELRTFNHHHADMLMSWRVNDHKFTPLLCEIWDVQ 
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Dog FXRa          QPENPQHFACLLGRLTELRTFNHHHAEMLMSWRVNDHKFTPLLCEIWDVQ 
Chicken FXRa      HPDNPQHFACLLGRLTELRTFNHHHAEMLMSWRVNDHKFTPLLCEIWDVQ 
Medaka FXRa1      RPQEPQYFARLLGRLTELRTLNHYHAEMLTSWRVNDHKFTPLLCEIWDVQ 
Medaka FXRa2      RPQEPQYFARLLGRLTELRTLNHYHAEMLTSWRVNDHKFTPLLCEIWDVQ 
Tetraodon FXRa    HPQEPQYFARLLGRLTELRTLSHYHAEMLASWKVNNHKFTPLLCEIWDVQ 
Fugu FXRa         HPQEPQYFARLLGRLTELRTLSHYHAEMLASWRVNDHKFTPLLCEIWDVQ 
Zebrafish FXRa    HPQEPQHFARLLGRLTELRTLNHHHAEMLESWRMSDHKFNPLLCEIWDVQ 
                  :*::**:** **********:.*:**:** **::.:***.********** 
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Table 11: Mapped positions in medaka genome for genes used in 
quantitative, real-time PCR.  

Gene Name Ensembl Gene ID Location 

ß-actin 
ENSORLG00000013676 

or 
ACTB_ORYLA 

Chromosome 8: 
19,070,178-19,073,733 

(forward) 

Cytochrome P450 7A1 ENSORLG00000007920 
Chromosome 17: 

13,218,167-13,224,281 
(reverse) 

Small heterodimer 
partner ENSORLG00000004442 

Chromosome 16: 
6,083,612-6,084,829 

(forward) 

Sodium taurocholate 
cotransporting peptide ENSORLG00000016827 

Chromosome 22: 
13,671,875-13,674,524 

(forward) 

Multidrug resistance 
protein 2 ENSORLG00000008249 

Chromosome 15: 
22,440,995-22,464,674 

(reverse) 

Bile salt export pump ENSORLG00000003454 
Chromosome 2: 

22,759,155-22,784,406 
(reverse) 

FXRα ENSORLG00000011270 
Chromosome 6: 

16,621,084-16,632,937 
(forward) 
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Table 12: Accession number or Ensembl coding for FXRs used in 
phylogeny in Chapter 2. Ensembl codes are highlighted in yellow. 

Gene Species Accession Number or 
Ensembl Code 

FXRα1 Human Q96RI1-3 
FXRα2 Human Q96RI1-4 
FXRα3 Human Q96RI1-1 
FXRα4 Human Q96RI1-2 
FXRα Dog XP_852959.1 
FXRα Cow Q3SZL0 
FXRα Mouse AAH15261 
FXRα Rat Q62735 
FXRα Chicken NP_989444 
Fxrα Zebrafish NP_001002574 
Fxrα Stickleback ENSGACP00000015551 
Fxrα Tetraodon ENSTNIP00000015108 
Fxrα Fugu ENSTRUP00000018052 
Fxr Little skate ABP98947 

FXRß Dog XP_848688.1 
FXRß Mouse AAI19525 
FXRß Rat XP_001063320 
Fxrß Zebrafish NP_001116713 
Fxrß Stickleback ENSGACP00000006523 
Fxrß Fugu ENSTRUP00000020496 
Fxrß Tetraodon ENSTNIP00000006075 
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Table 13: Representative data set for dual luciferase assays. 

 

Plasmid Dose Ratio1 
DMSO 
Avg 

Fold 
Induction2 

Avg Fold 
Induction SD SEM 

FXRa2/pSG5 DMSO 0.007  1.167    

FXRa2/pSG5 DMSO 0.005  0.833    

FXRa2/pSG5 DMSO 0.006  1.000    

FXRa2/pSG5 DMSO 0.006  1.000    

FXRa2/pSG5 DMSO 0.006 0.006 1.000 1.000 0.118 0.053 

FXRa2/pSG5 10 uM GW 0.396  66.000    

FXRa2/pSG5 10 uM GW 0.199  33.167    

FXRa2/pSG5 10 uM GW 0.404  67.333    

FXRa2/pSG5 10 uM GW 0.254  42.333    

FXRa2/pSG5 10 uM GW 0.343  57.167    

FXRa2/pSG5 10 uM GW 0.321  53.500 53.250 13.408 5.474 

FXRa2/pSG5 
100 uM 
CDCA 0.141  23.500    

FXRa2/pSG5 
100 uM 
CDCA 0.129  21.500    

FXRa2/pSG5 
100 uM 
CDCA 0.054  9.000    

FXRa2/pSG5 
100 uM 
CDCA 0.116  19.333    

FXRa2/pSG5 
100 uM 
CDCA 0.099  16.500    

FXRa2/pSG5 
100 uM 
CDCA 0.065  10.833 16.778 5.830 2.380 

FXRa2/pSG5 100 uM CA 0.007  1.167    

FXRa2/pSG5 100 uM CA 0.01  1.667    

FXRa2/pSG5 100 uM CA 0.009  1.500    

FXRa2/pSG5 100 uM CA 0.01  1.667    

FXRa2/pSG5 100 uM CA 0.008  1.333    

FXRa2/pSG5 100 uM CA 0.008  1.333 1.444 0.202 0.082 
 

1 Ratio is calculated as Firefly luciferase intensity from reporter construct (for 
FXRα2/pSG5: [hsp27EcRE]2-tk-Luc) divided by Renilla luciferase intensity from 
normalizing plasmid (pRL-CMV). 
2 Fold induction is calculated by dividing each individual ratio by the average ratio 
for DMSO. 
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Table 14: Representative data set for quantitative, real-time PCR. 

 
cDNA Gene Ct Avg Ct dCt1 Avg 

dCt 
DMSO 

ddCt2 Fold 
Chg3 

Avg 
Fold 
Chg 

SD SEM 

DMSO 1 actin 21.27         
DMSO 1 actin 21.29 21.28        
DMSO 2 actin 20.57         
DMSO 2 actin 20.35 20.46        
DMSO 3 actin 19.15         
DMSO 3 actin 18.9 19.025        
10 µM 
GW 1 

actin 19.48         

10 µM 
GW 1 

actin 19.32 19.4        

10 µM 
GW 2 

actin 18.08         

10 µM 
GW 2 

actin 18.09 18.085        

10 µM 
GW 3 

actin 20.64         

10 µM 
GW 3 

actin 20.38 20.51        

DMSO 1 BSEP 30.43         
DMSO 1 BSEP 30.1 30.265 8.985  -0.400 1.3195    
DMSO 2 BSEP 30.48         
DMSO 2 BSEP 32.15 31.315 10.855  1.470 0.3610    
DMSO 3 BSEP 27.23         
DMSO 3 BSEP 27.45 27.34 8.315 9.3850 -1.070 2.0994 1.26 0.87 0.50 
10 µM 
GW 1 

BSEP 22.51         

10 µM 
GW 1 

BSEP 22.47 22.49 3.09  -6.295 78.5206    

10 µM 
GW 2 

BSEP 20.97         

10 µM 
GW 2 

BSEP 21.1 21.035 2.95  -6.435 86.5223    

10 µM 
GW 3 

BSEP 25.0         

10 µM 
GW 3 

BSEP 24.63 24.815 4.305  -5.080 33.8246 66.29 28.40 16.40 

 
1 dCt = CtBSEP – Ctactin for each individual cDNA (Avg Ct). 
2 ddCt = dCttreated – dCtcontrol using Avg dCt for DMSO (control) 
3 Fold change = 2-ddCt 
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Table 15: Summary of data for Gal4 dual luciferase assays. 

 

 

Plasmid Ligand Fold 
Induction 

Significant 
Difference from 

Control? 
FXRLBD/XgalX CDCA, 100 µM 4.47 Yes 
FXRLBD/XgalX CA, 100 µM 3.98 Yes 
FXRLBD/XgalX LCA, 100 µM 10.74 Yes 
FXRLBD/XgalX DCA, 100 µM 8.21 Yes 
FXRLBD/XgalX UDCA, 100 µM 1.32 No 
FXRLBD/XgalX Tau-CDCA, 100 µM 3.151 Yes 
FXRLBD/XgalX Tau-CA, 100 µM 3.232 Yes 
FXRLBD/XgalX Tau-LCA, 100 µM 10.516 Yes 
FXRLBD/XgalX GW4064, 0.1 µM 2.909 No 
FXRLBD/XgalX GW4064, 1 µM 18.895 Yes 
FXRLBD/XgalX GW4064, 10 µM 47.112 Yes 
FXRLBD/XgalX TTNPB, 10 µM 3.06 Yes 
FXRLBD/XgalX 17ß-estradiol, 100 µM 0.65 Yes 
FXRLBD/XgalX DHEA, 100 µM .812 No 
FXRLBD/XgalX DHT, 100 µM 2.03 Yes 
FXRLBD/XgalX 9-cis RA, 5 µM 3.76 Yes 
FXRLBD/XgalX All-trans RA, 5 µM 1.77 Yes 
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Table 16: Summary of data for full-length dual luciferase assays. 

 

 

Plasmid Ligand Fold 
Induction 

Significant 
Difference from 

Control? 
FXRa1/pSG5 CDCA, 100 µM .850 No 
FXRa1/pSG5 CA, 100 µM 1.271 No 
FXRa1/pSG5 DCA, 100 µM 1.31 No 
FXRa1/pSG5 UDCA, 100 µM .807 No 
FXRa1/pSG5 GW4064, 10 µM 2.01 No 
FXRa1/pSG5 5a-cyprinol sulfate, 100 

µM 
.766 No 

FXRa2/pSG5 DCA, 100 µM 12.011 Yes 
FXRa2/pSG5 UDCA, 100 µM 1.221 No 
FXRa2/pSG5 5a-cyprinol sulfate, 100 

µM 
.974 No 

FXRa2/pSG5 CDCA, 5 µM 1.415 No 
FXRa2/pSG5 CDCA, 10 µM 1.61 No 
FXRa2/pSG5 CDCA, 25 µM 3.661 Yes 
FXRa2/pSG5 CDCA, 40 µM 4.356 Yes 
FXRa2/pSG5 CDCA, 50 µM 6.324 Yes 
FXRa2/pSG5 CDCA, 75 µM 7.857 Yes 
FXRa2/pSG5 CDCA, 100 µM 13.172 Yes 
FXRa2/pSG5 GW4064, 0.01 µM 1.184 No 
FXRa2/pSG5 GW4064, 0.1 µM 8.738 Yes 
FXRa2/pSG5 GW4064, 0.125 µM 17.633 Yes 
FXRa2/pSG5 GW4064, 0.25 µM 24.664 Yes 
FXRa2/pSG5 GW4064, 0.5 µM 33.302 Yes 
FXRa2/pSG5 GW4064, 1 µM 40.157 Yes 
FXRa2/pSG5 GW4064, 5 µM 50.613 Yes 
FXRa2/pSG5 GW4064, 10 µM 54.501 Yes 
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Table 17: The 71 putative nuclear receptors in the medaka genome. 

Gene Code (Ensembl) Abbreviation Number Location Full Name 
ENSORLG00000012005 

Q766D2_ORYLA TR alpha NR1A1 Chr 19: 16.69m Thyroid hormone receptor alpha 

ENSORLG00000016941 TR alpha NR1A1 Chr 8: 23.70m Thyroid hormone receptor alpha 
ENSORLG00000008122 

Q766D1_ORYLA TR beta NR1A2 Chr 11: 17.26m Thyroid hormone receptor beta 

ENSORLG00000004373 
Q75SV5_ORYLA RAR alpha NR1B1 Chr 19: 2.99m Retinoic acid receptor alpha 

ENSORLG00000008502 RAR beta NR1B2 Chr 11: 18.44m Retinoic acid receptor beta 
ENSORLG00000016394 RAR beta NR1B2 Chr 16: 27.28m Retinoic acid receptor beta 
ENSORLG00000007861 

Q75SV4_ORYLA RAR gamma NR1B3 Chr 7: 12.75m Retinoic acid receptor gamma 

ENSORLG00000015382 RAR gamma NR1B3 Chr 5: 27.98m Retinoic acid receptor gamma 

ENSORLG00000002413 PPAR alpha NR1C1 Chr 6: 6.18m Peroxisome proliferator-activated receptor 
alpha 

ENSORLG00000011091 PPAR alpha NR1C1 Chr 23: 6.17m Peroxisome proliferator-activated receptor 
alpha 

ENSORLG00000006636 
Q8UUX1_ORYLA PPAR beta NR1C2 Chr 7: 11.35m Peroxisome proliferator activated receptor 

beta 

ENSORLG00000004432 PPAR gamma NR1C3 Chr 5: 7.74m Peroxisome proliferator activated receptor 
gamma 

ENSORLG00000016431 Rev-erb beta NR1D2 Chr 16: 27.38m Rev-erb beta 
UTOLAPRE05100109962 Rev-erb beta NR1D2 SCAFFOLD 3618 Rev-erb beta 
ENSORLG00000007837 Rev-erb gamma NR1D Chr 7: 12.72m Rev-erb gamma 
ENSORLG00000015399 Rev-erb gamma NR1D Chr 5: 28.04m Rev-erb gamma 
ENSORLG00000007645 ROR alpha NR1F1 Chr 6: 12.12m Retinoid-related orphan receptor alpha 
ENSORLG00000014886 ROR alpha NR1F1 Chr 17: 22.83m Retinoid-related orphan receptor alpha 
ENSORLG00000012441 ROR beta NR1F2 Chr 9: 18.38m Retinoid-related orphan receptor beta 
ENSORLG00000009486 ROR gamma NR1F3 Chr 16: 15.02m Retinoid-related orphan receptor gamma 
ENSORLG00000003765 ROR gamma NR1F3 Chr 4: 7.10m Retinoid-related orphan receptor gamma 
ENSORLG00000001286 LXR alpha NR1H3 Chr 3: 8.34m Liver X receptor alpha 
ENSORLG00000011270 FXR alpha NR1H4 Chr 6: 16.62m Farnesoid X receptor alpha 
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Table 17, cont.: The 71 putative nuclear receptors in the medaka genome. 

Gene Code (Ensembl) Abbreviation Number Location Full Name 
Scaf82/contig43200 FXR beta NR1H5 Chr 7 Farnesoid X receptor beta 

ENSORLG00000001063 VDR beta NR1I1 Chr 7: 1566.08k Vitamin D3 receptor beta 
ENSORLG00000016402 VDR alpha NR1I1 Chr 5: 30.25m Vitamin D3 receptor alpha 
ENSORLG00000017953 PXR NR1I2 Chr 21: 27.68m Pregnane X receptor 
ENSORLG00000016380 HNF4 alpha NR2A1 Chr 7: 25.91m Hepatocyte nuclear factor 4 alpha 
ENSORLG00000006996 HNF4 gamma NR2A2 Chr 20: 12.14m Hepatocyte nuclear factor 4 gamma 
ENSORLG00000012155 RXR alpha NR2B1 Chr 12: 22.16m Retinoid X receptor RXR alpha 
ENSORLG00000006476 

Q589R1_ORYLA RXR beta NR2B2 Chr 11: 15.14m Retinoid X receptor RXR beta 

ENSORLG00000007020 RXR beta NR2B2 Chr 16: 12.61m Retinoid X receptor RXR beta 
ENSORLG00000016690 RXR-G NR2B3 Chr 4: 31.69m Retinoid X receptor RXR gamma 
ENSORLG00000004114 TR2 NR2C1 Chr 6: 8.66m Testicular receptor 2 
ENSORLG00000010877 TR4 NR2C2 Chr 7: 17.29m Orphan nuclear receptor TAK1 
ENSORLG00000013426 TLX NR2E1 Chr 24: 7.05m Tailless homolog 
ENSORLG00000000011 PNR NR2E3 Chr 3: 453.28k Photoreceptor-specific 
ENSORLG00000007175 PNR NR2E3 Chr 6: 11.63m Photoreceptor-specific 
ENSORLG00000010191 COUP-TF1 NR2F1 Chr 9: 15.38m COUP transcription factor 1 
UTOLAPRE05100116399 COUP-TF2 NR2F2 SCAFFOLD 171 COUP transcription factor 2 
ENSORLG00000008429 COUP-TF2 NR2F2 Chr 6: 13.57m COUP transcription factor 2 
ENSORLG00000016315 COUP-TF3 NR2F5 Chr 16: 26.93m COUP transcription factor 3 
ENSORLG00000008749 EAR-2 NR2F6 Chr 17: 14.45m V-erbA-related protein 
ENSORLG00000008911 EAR-2 NR2F6 Chr 4: 15.59m V-erbA-related protein 
ENSORLG00000014514 ER alpha NR3A1 Chr 24: 8.58m Estrogen receptor alpha 

Q8UW75_ORYLA ER-B NR3A2 Chr 24: 19.84m Estrogen receptor beta 
ENSORLG00000018012 ER beta NR3A2 Chr 22: 23.12m Estrogen receptor beta 
ENSORLG00000010624 ERR alpha NR3B1 Chr 14: 20.25m Estrogen-related receptor alpha 
ENSORLG00000009126 ERR beta NR3B2 Chr 24: 683.34k Estrogen-related receptor beta 
ENSORLG00000016581 ERR beta NR3B2 Chr 22: 13.09m Estrogen-related receptor beta 
ENSORLG00000011528 ERR gamma NR3B3 Chr 3: 24.18m Estrogen-related receptor gamma 
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Table 17, cont.: The 71 putative nuclear receptors in the medaka genome. 

Gene Code (Ensembl) Abbreviation Number Location Full Name 
ENSORLG00000016819 ERR gamma NR3B3 Chr 24: 14.76m Estrogen-related receptor gamma 

Scaf415, Contig 4192 ERR delta NR3B4 Chr 13 Estrogen-related receptor delta 
ENSORLG00000006022 GR NR3C1 Chr 10: 13.67m Glucocorticoid receptor 
ENSORLG00000001565 GR NR3C1 Chr 14: 5.80m Glucocorticoid receptor 
ENSORLG00000007530 MR NR3C2 Chr 1: 22.67m Mineralocorticoid receptor 
ENSORLG00000002651 PR NR3C3 Chr 13: 5.59m Progesterone receptor 
ENSORLG00000008220 AR NR3C4 Chr 10: 18.35m Androgen receptor 
ENSORLG00000009520 

Q76LM5_ORYLA AR NR3C4 Chr 14: 17.23m Androgen receptor 

ENSORLG00000015279 TR3/NGFI-B NR4A1 Chr 7: 22.63m Early response protein NAK1 
ENSORLG00000015557 TR3/NGFI-B NR4A1 Chr 5: 28.33m Early response protein NAK1 
ENSORLG00000016692 

Q98TQ3_ORYLA NURR1 NR4A2 Chr 21: 22.56m Nuclear receptor related 1 

ENSORLG00000000050 NURR1 NR4A2 Chr 2: 4.82m Nuclear receptor related 1 
ENSORLG00000008732 NOR1 NR4A3 Chr 16: 14.52m Mitogen-induced nuclear orphan receptor 
ENSORLG00000016486 

O93258_ORYLA SF-1 NR5A1 Chr 9: 27.82m Steroidogenic factor 1 

ENSORLG00000013196 SF-1 NR5A1 Chr 12: 24.27m Steroidogenic factor 1 
ENSORLG00000006933 

Q2QCL2_ORYLA LRH-1 NR5A2 Chr 4: 12.14m Liver receptor homolog 1 

ENSORLG00000006019 
Q2QCL1_ORYLA FF1c NR5A5 Chr 8: 8.90m FF1c 

ENSORLG00000016492 GCNF NR6A1 Chr 9: 27.88m Germ cell nuclear factor 

 DAX NR0B1 Chr 21: 11.07m DSS-AHC critical region on the X Chr 
protein 1 

 SHP NR0B2 Chr 16: 6.08m Small heterodimer partner 
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Figure 28: Image of medaka larva shortly after hatching, showing multiple 
organs through its transparent body wall: b, brain; j, jaw; e, eye; h, heart; 
od, oil droplet; y, yolk sac; l, liver; s, spleen; gb, gallbladder; sc, spinal 
column; so, somites.  
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Figure 29: Schematics of plasmids used in in vitro work (Chapter 2). Top: 
Gal4 system. The ligand-binding domain of FXRα was fused to the DNA-
binding domain of the yeast Gal4 gene. A luciferase reporter construct 
containing response elements for Gal4 was used for these assays. Bottom: 
Full-length FXRα was inserted into the pSG5 expression vector (each 
isoform individually). A luciferase reporter construct containing two 
imperfect IR-1 response elements from Drosophila ecdysone receptor 
(EcRE) was used in this system.   
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Figure 30: Chemical structures for unconjugated bile acids used in in vitro 
luciferase assays.   
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Figure 31: Chemical structures for conjugated bile acids used in in vitro 
luciferase assays.   
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Figure 32: Chemical structures for steroids used in in vitro luciferase 
assays.   
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Figure 33: Chemical structures for retinoids used in in vitro luciferase 
assays.   
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Figure 34: Chemical structures of GW4064 and ANIT. 
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Figure 35: Mammalian two-hybrid assay with Fxrα1 or Fxrα2 and PGC-1α 
or SRC-1. CV-1 cells were seeded in 24-well plates at 1 x 105 cells/well and 
transfected overnight with pRL-CMV and 5XGal4-TATA-Luc, either pM.PGC-
1αL2 or pM.SRC-1, and either Fxrα1/pSG5 or Fxrα2/pSG5. Cells were 
exposed to DMSO or 100 µM CDCA in media for 24 h. FXRα response was 
measured via dual luciferase assays as described in Chapter 2. 
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Figure 36: Mammalian two-hybrid screening schematic. In this system, the 
LxxLL domain of a nuclear receptor coactivator is fused to the DBD of the 
yeast Gal4 gene. When the nuclear receptor of interest (FXR in this 
schematic) is activated by a ligand it interacts with the Gal4DBD-
coactivator complex, which in turn binds to the Gal4RE-luciferase reporter 
construct. An increase in luciferase expression is observed when all of 
these components come together in the presence of a receptor agonist. 
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