
From  THE DEPARTMENT OF BIOSCIENCES AND NUTRITION 
Karolinska Institutet, Stockholm, Sweden 

 
 
 
 
 

LXR REGULATION OF HEPATIC GENE EXPRESSION 
AND PITUITARY DEPENDENT HORMONES 

 
 
 

Pia Kotokorpi 
 
 
 
 
 

 
 
 
 
 
 

Stockholm 2009  



 

 
Published by Karolinska Institutet 
Printed by E-PRINT AB. 
© Pia Kotokorpi, 2009 
ISBN 978-91-7409-350-6



ABSTRACT 
The liver X receptors (LXRs), members of the nuclear receptor superfamily, are 
ligand activated transcription factors involved in the regulation of genes with 
functions in cholesterol-, lipid- and glucose metabolism. LXRs are considered 
potential drug targets to treat metabolic disorders, however, unwanted side effects, as 
revealed from rodent studies, include increased lipogenesis in the liver and increased 
plasma triglyceride levels. In this respect, it is of utmost importance to carry out 
studies also in human cell systems. In addition to LXR, growth hormone (GH), a 
peptide hormone originating from the pituitary and acting through its cognate cell 
surface receptor, has effects on cholesterol, lipid and glucose metabolism and a cross 
talk between LXR and GH signalling is conceivable. The GH secretion pattern is 
sexually dimorphic resulting in sex characteristic expression of many GH target genes 
in the liver and further characterization of hepatic genes with regard to dependency 
on sex specific GH secretion will help to understand liver physiology and molecular 
mechanisms. Furthermore, whether LXR activation affects hypothalamo-pituitary-
hormonal axes had not been fully elucidated and was considered of interest to 
explore. 
     In Paper I, we characterized the akr1b7 gene expression in rat liver as female 
specific and dependent on the female GH secretion pattern. AKR1B7 is a protein 
involved in detoxification of lipid peroxidation- and steroidogenesis byproducts. The 
effect of GH was exerted directly on the hepatocyte but required ongoing protein 
synthesis, as shown in studies on primary rat hepatocytes in culture. Akr1b7 is in 
mice described as an LXR target gene. Surprisingly, treatment of rat hepatocytes with 
the synthetic LXR agonist T0901317 did not induce akr1b7, while co-treatment with 
GH and T0901317 resulted in reduced GH induced akr1b7 expression. T0901317 
also interfered with the GH induced expression of CYP2C12, a female specific liver 
enzyme, suggesting that LXR activation interferes with signalling of the female GH 
pattern in regulation of female specific liver genes.  
     In Paper II, we used human primary hepatocytes and the synthetic LXR ligand 
GW3965 to identify human LXR target genes by microarray. LXR-regulation of 
genes playing important roles in intermediary metabolism was confirmed by qRT-
PCR and data suggested that LXR-activation renders the liver less responsive to 
insulin. Comparative experiments on human and rat hepatocytes uncovered major 
species differences with bearings on the LXRs as drug targets in humans; the 
adipocyte differentiation related protein (ADFP), a protein strongly correlated with 
hepatic lipid storage, was induced in human but not in rat hepatocytes. This indicates 
a higher risk for development of hepatic steatosis in human than in rat livers upon 
pharmacological LXR targeting. Overall, there is an urgent need for experimental 
models based on human basis. 
     In Paper III, we studied the effects of the LXR agonist T0901317 on 
hypothalamo-pituitary-hormonal axes in male rats. After one week of exposure the 
24-hour GH secretion profile was marginally affected, just a small reduction in peak 
frequency and number was detected. On the other hand, T0901317 treatment resulted 
in decreased T3 levels, and T4 levels tended to increase, resulting in a significantly 
changed T3/T4 ratio. The underlying cause could be decreased hepatic conversion of 
T4 to T3, the active thyroid hormone, as deiodinase 1 expression in liver was 
decreased after LXR activation. Hypothyroidism has metabolic consequences for the 
individual and must be considered as an unacceptable side effect of pharmacological 
LXR agonism if occurring also in human. 



     In Paper IV, the molecular mechanism of LXR regulation of the human ADFP 
gene, identified as an LXR target gene in Paper II, was studied in human hepatocytes. 
A difference in activation of the gene with two commonly used synthetic LXR 
agonists, GW3965 and T0901317, was evident; while GW3965 induced the gene, 
T0901317 did not. Consistent with gene expression data, ChIP assays showed 
recruitment of GW3965-activated LXR to the 3’-UTR containing a putative LXRE 
and to the promoter region, while T0901317-activated LXR was not recruited to these 
regions. Luciferase reporter assays confirmed LXR responsiveness of the putative 
LXRE. Interestingly, both LXR ligands induced the construct, demonstrating the 
importance of chromatin structure and suggesting the formation of a chromatin loop 
in the regulation of the human ADFP gene by certain LXR agonists.  
 
In conclusion, the studies presented in this thesis reveal important species differences in 
response to LXR activation. Furthermore, ligand- and gene specific effects are 
demonstrated as well as LXR effects on pituitary hormone axes. In addition, we show 
cross talk between LXR and GH signalling. This urgently calls for experimental 
models based on human basis and refined strategies in developing LXR agonists for 
treatment of metabolic disorders.  
 
 
Keywords: liver X receptor, growth hormone, gene regulation, metabolism, liver, 
hepatocyte, hepatic steatosis, species differences 
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INTRODUCTION 

THE LIVER 

The liver is a central organ in lipid and glucose homeostasis. It consists of several 

distinct cell types such as hepatocytes, Kupffer- and stellate cells. The liver volume 

consists to 80% of hepatocytes, specialized cells that have the ability to detoxify 

compounds such as drugs and steroids. Furthermore, the hepatocyte has essential 

functions in glucose, lipid and cholesterol metabolism. Gluconeogenesis, the 

production of glucose from non-carbohydrate sources takes place in the hepatocyte, as 

well as the catabolism of cholesterol to bile acids. In addition, de novo lipogenesis, the 

production of fatty acids from carbohydrate sources, and the subsequent production and 

secretion of triglycerides (TG) to peripheral organs takes place here. The hepatocyte 

also produces various factors such as growth factors and albumin that are secreted into 

the circulation. 6.5 percent of the liver volume consists of non-parenchymal cells such 

as the above mentioned Kupffer- and stellate cells. Kupffer cells are hepatic 

macrophages that secrete inflammatory mediators and play a role in the innate immune 

defence, while stellate cells store vitamin A in lipid droplets and produce extracellular 

matrix proteins that provide an essential structural support to the cells in the liver (1). 

Many proteins are expressed exclusively in the liver. Furthermore, in many species, the 

liver is a sexually dimorphic organ expressing numerous liver-specific proteins in a 

sex-dependent manner, reviewed in (2). Signals that reach the liver dictate which liver-

enriched transcription factors that are activated and the liver-enriched transcription 

factors cooperate with the general transcription factors and cis-regulatory elements to 

maintain liver- and sex specific gene transcription (3). 

 

CELLULAR RECEPTORS 

Receptors exerting direct actions in the nucleus are called nuclear receptors. Most of 

them are localized in the nucleus at all times where they directly control transcription of 

target genes, therefore nuclear receptors are ligand activated transcription factors. The 

ligands are hydrophobic molecules that diffuse across the cell membranes and bind 

their cognate nuclear receptor. Upon ligand activation of such a receptor, it translocates 

into the nucleus if not already there, and activates transcription of target genes by 

binding to specific sequences on DNA. In the middle of the 1980s, the first nuclear 
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receptor, the glucocorticoid receptor (GR) was cloned (4, 5) and in the following years, 

more nuclear receptors were to be cloned. Today, 48 members of the nuclear receptor 

superfamily are known in humans, see Fig. 1. These include the steroid receptors such 

as the GR, the estrogen receptors and the androgen receptor, non-steroid receptors such 

as thyroid hormone receptors, peroxisome proliferator activated receptors and liver x 

receptors (LXRs) and orphan receptors such as small heterodimeric partner (SHP) and 

liver receptor homolog-1 (LRH-1) (6). 

 

 
Figure 1. Human nuclear receptors can generally be divided into three distinct groups based on 

their ligand preference. The endocrine receptors bind steroid and thyroid hormones and vitamin 

A and D. For the orphan receptors, ligands have not yet been discovered, while physiological 

ligands for the adopted orphans have been found. Adapted from Chawla et. al. (7). 

 

In contrast to nuclear receptors, cell surface receptors situated in the plasma membrane 

regulate the activity of intracellular proteins, which transmit the signals, ultimately 

reaching the cell nucleus. Plasma-membrane receptor ligands are often water-soluble 

molecules, and examples of plasma membrane receptors are the insulin-, growth 

hormone (GH)- and glucagon receptors. 
 

Domain structure of nuclear receptors 

All nuclear receptors share a common domain structure, see Fig. 2, but differ in their 

ligand preference and DNA recognition sequence. The A/B domain, the N-terminal 



 

 3 

part, contains one of two transactivation function (AF) domains, AF-1. The AF-1 

domain is a hormone-independent transcriptional activator required for basal activity. 

The C-domain contains a highly conserved DNA-binding domain (DBD), which allows 

sequence specific recognition of the hormone/ligand response element on the DNA. 

This 66 amino acid sequence contains two zinc fingers that interact with the major 

groove of DNA (8). A typical hormone response element for the non-steroid receptors 

consists of variants of the hexanucleotide AGGTCA as direct-, inverted- or everted 

repeats separated by a gap of one or several nucleotides (9). In addition to the 

orientation of the two hexanucleotides, the specificity of the different families of 

nuclear receptors to bind to different elements is achieved by the spacing of the two 

half sites. The D-domain contains a linker region that is a highly flexible sequence. The 

E-domain includes the ligand binding domain (LBD) and functions for nuclear 

translocation and cofactor interaction, dimerization and an AF-2 domain. The AF-2 

domain has a ligand-dependent transcriptional activation function. The LBD contains 

the ligand binding pocket that is mainly lined with hydrophobic residues with a few 

polar residues essential for ligand selectivity and positioning of the ligand in the pocket 

(8). 

 

 

Figure 2. Schematic illustration of the structural and functional domains of nuclear receptors.  

 

 

Transcriptional coregulators 

De-condensation of the chromatin at the transcriptional start site is required for the 

general transcription machinery to access the start site and subsequent transcription to 

occur. It is generally thought that the activity of histone acetyl transferases (HATs) and 

histone deacetylases (HDACs) are able to influence the activity of a gene by acetylating 

or de-acetylating specific lysines of histone tails. Acetylation de-condensates the 

chromatin and enhances the accessibility of the DNA whereas de-acetylation packs the 

chromatin to a dense, repressive structure that prevents the transcription machinery to 

access the promoter (10). In absence of ligand, some nuclear receptors, such as GR, 
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reside in the cytoplasm in complexes with heat chock proteins and chaperones. Others 

are already bound to the response element, in complex with corepressors like nuclear 

receptor corepressor (NCoR) and silencing mediator of retinoid and thyroid hormone 

receptor (SMRT). For receptors already bound to DNA in the absence of ligand, a 

conformational change takes place upon ligand binding. Helix 12, positioned in the AF-

2 domain, flips over the ligand binding pocket and traps the ligand inside the pocket. 

This conformational change allows the release of corepressors and subsequent 

recruitment of coactivators needed for transcriptional initiation to occur. Generally, 

coactivators have HAT activity or can recruit other components with HAT activity 

while corepressors have or recruit HDAC activity. 

 

LIVER X RECEPTOR (LXR) 

The LXRs, members of the nuclear receptor superfamily, control the expression of a 

wide spectrum of genes involved in metabolism. The LXRs were discovered more than 

a decade ago (11) and two LXR isoforms have been identified, referred to as LXRα 

and LXRβ (also named NR1H3 and NR1H2, respectively). LXRα was initially isolated 

from a rat liver cDNA library (12), hence the name liver X receptor. LXRβ was 

similarly cloned by cDNA library screening (13-15). In the mouse, LXRα and LXRβ 

share 76% and 78% amino acid sequence homology in their DBD and LBD, 

respectively. While LXRβ is ubiquitously expressed, LXRα expression predominates 

in metabolically active tissues such as the liver, intestine, macrophages, kidney and 

adipose tissue. 

Initially, these receptors were considered as “orphan” nuclear receptors, but with the 

discovery of oxysterols (16, 17) as endogenous ligands, the LXRs were “adopted”. 

Oxysterols are oxidized cholesterol derivatives and the most potent ones activating 

LXRs are 22-(R)-, 20-(S)-, 24-(S)-hydroxycholesterol, 24-(S),25-epoxycholesterol and 

27-hydroxycholesterol. In addition, two synthetic LXR ligands, T0901317 (18) and 

GW3965 (19), are often used in experimental studies. As regulators of metabolism, 

LXRs have been considered as potential drug targets by the pharmaceutical industry 

(20) and the synthetic LXR ligands have been widely used as tools in basic research. 

Unfortunately, T0901317 has also been found to be a potent farnesoid X receptor 

(FXR) and pregnane X receptor (PXR) agonist (21, 22), which has limited its use as an 

LXR ligand. 
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Ligand-specific effects in terms of cofactor binding to LXR has been observed using 
the yeast-two hydrid technology (23). Surprisingly, it was found that GW3965, but 
not T0901317, lead to an increased binding of NCoR to LXR. This could explain the 

partial agonism of GW3965 compared to the full agonist T0901317.  

 

Transcriptional regulation by LXR 

In order to activate transcription, the LXR isoforms form obligate heterodimers with 

the retinoid X receptor (RXR) and bind to specific DNA sequences, or response 

elements on target genes, see Fig 3. The response element for LXRs, called LXR 

response element (LXRE) consists of two direct repeats (DR) of the consensus 

sequence AGGTCA separated by four nucleotides. LXREs have been reported to be 

present in proximal promoters of LXR target genes such as UGT1A3 (24), fatty acid 

synthase (FAS) (25), carbohydrate response element binding protein (ChREBP) (26) 

and sterol regulatory element binding protein (SREBP) 1c (27, 28) but also in introns of 

genes such as ATP-binding cassette (ABC) G1 (29, 30). An inverted repeat separated 

by one nucleotide has also been described as an LXRE in several genes (31, 32). 

 

The unliganded LXR has been shown to recruit the corepressors NCoR and SMRT (33, 

34) and thereby repress transcription of target genes. NCoR and SMRT have been 

found as part of large complexes containing HDAC activity (35, 36). Upon ligand 

binding to LXR, a conformational change takes place that allows corepressors to be 

released and coactivators to bind. For maximal induction of the LXR target gene 

ABCA1, p300 and the p160 coactivator member SRC-1 coactivate LXR mediated 

transcription (37). The p160 coactivator members have a signature motif consisting of 

multiple LXXLL residues that give a means for direct interaction with the LBD of 

LXR. p300 and p160 coactivators have HAT activity (38, 39) and can, by acetylating 

histone tails, open up the chromatin structure, a process usually needed for transcription 

to occur. In addition, the p300 coactivator can either directly interact with the basal 

transcription machinery through binding to transcription factor-IIB and TATA binding 

protein (40-42) or recruit chromatin remodelling complexes and mediator complexes 

that assist in the interaction with the basal transcription machinery (43). In addition, 

transformation/transcription domain-associated protein (44), peroxisome proliferator-

activated receptor-α coactivator (45) and receptor interacting protein (RIP) 140 (46) are 

suggested to play important roles as LXR coactivators in hepatic lipid metabolism. 
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Figure 3. Transcriptional activation by LXR. The LXR-RXR heterodimer binds a DR4 on 
target genes. In the absence of ligand, LXR interacts with corepressors and transcription is 
inhibited. With ligand present, corepressors are released and coactivators bind; transcription is 
activated. Adapted from Gabbi et. al. (47). 
 

Ligand-activated LXRs can also repress gene transcription. The basal and cytokine 

induced expression of the matrix metalloproteinase (MMP)-9 gene is inhibited by LXR 

agonists via a mechanism involving antagonism of nuclear factor (NF)-κB signalling 

(48). Similarly, DNA array analysis has shown that the expression of inducible nitric 

oxide synthase, interleukins IL-1 and IL-6 and cycoloxygenes-2 genes in macrophages 

is inhibited by LXR (49). Moreover, several genes involved in glucose metabolism are 

repressed by LXR, and some of the anti-diabetic actions of LXR agonists are mediated 

by inhibition of hepatic gluconeogenesis. Transcription of phosphoenol pyruvate 

carboxykinase (PEPCK), a key gene involved in hepatic gluconeogenesis, is repressed 

by LXR (50). Interestingly, the coregulator RIP140 has now been shown to act as an 

LXR corepressor on gluconeogenetic genes (46). Recently, negative LXREs have been 

identified (51), representing a direct mechanism for negative regulation by LXRs.          

                         

LXRs and cholesterol metabolism 

The LXRs function as cholesterol sensors and have important roles in regulating 

expression of genes involved in cholesterol catabolism to bile acids, cholesterol 

excretion to bile and regulation of intestinal cholesterol absorption and cholesterol 
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transport in the body. 

Bile acid synthesis 

The formation of bile acids is a major route for elimination of cholesterol from the 

body, and oxysterols, natural ligands for LXRs, are generated when cholesterol levels 

are high. The first, rate-limiting step in the classical pathway of bile acid synthesis is 

the hepatic 7α-hydroxylation of cholesterol catalyzed by CYP7A1, a member of the 

cytochrome P450 (CYP) enzyme superfamily (52). As a result of direct LXRα 

stimulated induction of the CYP7A1 gene, rats and mice have the capacity to convert 

dietary cholesterol to bile acids through an LXRα mediated response (53). As a 

consequence, these species quickly adapt to a diet rich in cholesterol by increasing its 

conversion to bile acids. The importance of LXRα and CYP7A1 as regulators of 

cholesterol homeostasis and bile acid synthesis became evident from studies where 

LXRα was knocked out in mice. When challenged with a high cholesterol diet, these 

mice have a lower bile acid pool size and accumulate large amounts of cholesterol in 

the liver which eventually leads to liver failure (53). Studies like this reveal the 

importance of LXRα activated CYP7A1 in regulating cholesterol balance in the liver. 

As described, the role of LXRα is crucial in cholesterol catabolism. Interestingly, 

LXRβ knock-out (KO) mice seem to tolerate cholesterol overload as effectively as wild 

type mice (54).  

 

More than a decade ago, an LXRE was identified in the rat CYP7A1 gene (55) and a 

functional LXRE exists also in the mouse gene (56) but is lacking in the corresponding 

human gene (56, 57). In human primary hepatocytes in culture, LXR agonist treatment 

represses CYP7A1 expression (57). This is an effect believed to proceed through 

concomitant induction of SHP, an orphan nuclear receptor that represses the activity of 

LRH -1 (58, 59). LRH-1 has been identified as a key regulator of human CYP7A1 

expression in the liver (60). Consequently, species such as the human that do not 

upregulate CYP7A1 in response to increased oxysterol levels develop 

hypercholesterolemia on a diet rich in cholesterol. This emphasizes the importance of 

valid experimental models in the development of pharmaceuticals  for human use. 
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ABC-transporters 

In addition to genes involved in bile acid production, LXRs regulate the expression of 

genes involved in cholesterol absorption in the intestine, cholesterol transport in 

macrophages and cholesterol excretion in liver. Members of the ABC family of 

transporters, ABCA1, ABCG1, ABCG5 and ABCG8 have all been identified as 

regulated by LXR  (61, 62).  

ABCG5 and ABCG8 are expressed in the apical membrane of enterocytes and at the 

canalicular membrane of hepatocytes. These transport proteins carry sterols either back 

into the intestinal lumen or into bile. Hepatic and intestinal overexpression of ABCG5 

and ABCG8 in mice increase cholesterol content in bile and decrease dietary 

cholesterol absorption (63). No LXREs have been identified in the promoters of 

ABCG5 or ABCG8, but potential LXR binding sites have been suggested to be present 

in introns (64). 

 

ABCA1 was initially shown to be induced by the synthetic LXR agonist T0901317 

(65), and later an LXRE in this gene was identified (66). ABCA1 is expressed at the 

basolateral membrane of the enterocyte as well as in hepatocytes and macrophages. 

ABCA1 mediates transport of phospholipids and cholesterol to lipid-poor 

apolipoproteins such as apo-A1, which stabilizes the high-density lipoprotein (HDL) 

particle and is thus responsible for the initial step of reverse cholesterol transport, a 

process that returns cholesterol from extrahepatic tissues to the liver for excretion in 

bile. In addition, ABCA1 mediates cholesterol export from the inside of the enterocyte 

to the intestinal lumen, thereby limiting cholesterol absorption (65). Liver specific KO 

of ABCA1 leads to an 80% reduction of HDL (67) while intestinal KO leads to a 25% 

reduction (68). Overexpression of ABCA1 in macrophages in low density lipoprotein- 

receptor deficient mice inhibits atherosclerotic lesion progression and exerts a 

protective roll against atherosclerosis with minimal effects on plasma HDL (69).  

 

ABCG1 is yet a cholesterol transporter in which LXREs have been found (29, 30). 

Studies in ABCG1 KO mice indicate that ABCG1 is largely expressed in macrophages, 

endothelial cells and lymphocytes. In addition, ABCG1 is found in Kupffer cells and 

hepatocytes (70). In macrophages, ABCG1 plays an important role in cholesterol efflux 

since ABCG1 KO mice fed a high-fat and high-cholesterol diet accumulate 

considerable amounts of cholesterol and neutral lipids in macrophages and liver (70). 

ABCG1 is distinct from ABCA1 in that ABCG1 transports cholesterol to phospholipid-
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containing acceptors such as HDL, in contrast to ABCA1 that transports cholesterol to 

lipid-poor apolipoproteins. A synergistic relationship between ABCA1 and ABCG1 has 

been proposed; ABCA1 lipidates lipid-poor particles and generates acceptors for 

ABCG1 mediated cholesterol efflux (71). 

 

LXRs and lipid metabolism 

Much effort has been put into evaluation of the LXRs as targets for treatment of 

metabolic disorders and atherosclerosis, reviewed in (20). Without doubt, LXR agonists 

used in mouse models of atherosclerosis have shown promising results with regard to 

aortic lesion formation and regression (72, 73). Unfortunately, a major drawback is 

unwanted stimulation of lipogenesis with the consequence of increased plasma 

triglycerides and hepatic steatosis. In vivo studies show that rodents treated with the 

synthetic LXR agonist T0901317 have massive TG accumulation in the liver and 

increased plasma TG levels (18, 28, 74). Also, GW3965, although a partial LXR 

agonist, increases hepatic TG levels in mice (75). Consequently, LXRαβ KO mice 

have lower plasma and hepatic triglyceride levels compared to wild type mice (18). 

Interestingly, GW3965 treatment in hamsters does not seem to give increased TG 

content in the liver even though plasma TG levels are increased (76). In the same study 

cynomolgus monkeys treated with GW3965 showed no change in plasma TG levels. 

Once more, studies in different species reveal different effects of LXR agonists and 

underscore the importance to study several species including human models. 

 

LXR induces transcription of the SREBP1c gene via an LXRE in its promoter (27, 28). 

SREBP1c is a master regulator of lipogenesis, a process by which glucose is converted 

to fatty acids. After activation and translocation to the nucleus, SREBP1c binds to 

sterol regulatory elements or E-boxes on target genes and activates transcription (77). 

As a regulator of lipogenesis, SREBP1c induces transcription of lipogenic genes such 

as FAS, acetyl-CoA carboxylase (ACC), stearoyl-CoA desaturase (SCD)-1 and 

glycerol 3-phosphate acyltransferase (78). However, SREBP1c KO mice given LXR 

agonists show a modest increase of some of these lipogenic genes (79), suggesting 

additional mechanisms of lipogenic gene regulation. Indeed, the lipogenic genes ACC, 

FAS and SCD-1 have been identified also as direct LXR target genes (18). 

Furthermore, a synergistic action of SREBP1c and glucose metabolism via hepatic 

glucokinase (GCK) is essential for high expression of glycolytic and lipogenic genes 
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(80). Phosphorylation of glucose, the first step in hepatic glucose metabolism, is 

catalyzed by GCK. The generation of xylulose-5-phosphate via the pentose phosphate 

pathway activates ChREBP (81), a liver specific transcription factor mediating the 

effects of glucose on some glycolytic and lipogenic genes (80, 82). In addition, 

ChREBP has been shown to be a direct LXR target gene (26). Studies using hepatic 

GCK KO mice (80) revealed that glucose phosphorylation through GCK is needed for 

the carbohydrate induction of ChREBP and subsequent induction of liver pyruvate 

kinase (PK), ACC and FAS. Moreover, the presence of an active form of SREBP1c is 

suggested to be necessary for GCK expression (83, 84). 

 

LXRs and glucose metabolism 

LXRs have been identified as key regulators of carbohydrate metabolism. Obese mice, 

but not lean mice, treated with a synthetic LXR ligand show improved glucose 

tolerance demonstrating that LXR activation controls glucose homeostasis in vivo (85). 

It has been shown that LXR agonist treatment in rodents leads to increased glucose 

uptake in muscle and adipose tissue, increased consumption of hepatic glucose and 

decreased hepatic glucose production due to a reduction of the gluconeogenetic genes 

PEPCK, Glucose 6 phosphatase, pyruvate carboxylase and peroxisome proliferator-

activated receptor-α coactivator, which is accompanied by decreased plasma glucose 

levels (50, 62, 85). The importance of LXR in the reduction of gluconeogenetic genes 

became evident from studies using LXRα KO mice; these mice failed to reduce 

gluconeogenesis upon LXR ligand treatment (86). The glucose transporter GLUT4, 

mainly expressed in muscle and adipose tissue, is a direct target of LXR (85, 87) and 

plays a major role in glucose uptake in these two organs, and its activity contributes to 

whole body glucose homeostasis. Furthermore, GCK is positively regulated by LXR 

agonist in mice and is an important determinant of hepatic glucose consumption (85). 

Even small changes in hepatic expression of GCK have effects on blood glucose levels 

in transgenic mice (88).  

 

GROWTH HORMONE (GH) 

GH, a peptide hormone 

GH is a peptide hormone secreted from the anterior pituitary gland in response to 

hypothalamic stimuli. It is a member of the helix bundle peptide family, that also 
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includes prolactin, placental lactogen and various interleukins. The rat GH gene is 

located on chromosome 10 and gives rise to a 22 kD protein of 216 amino acids. In the 

circulation, about 50 % of the GH is bound to GH binding protein (GHBP) (89), a 

circulating form of the GH receptor (GHR) that lacks the transmembrane- and 

intracellular domains of the receptor. In some species GHBP is produced by proteolytic 

cleavage of the membrane bound receptor, whereas in other species it is derived from 

alternative splicing of the receptor mRNA (90, 91). GHBP competes with the full-

length receptor for GH binding, but can also prolong the half life of GH. 

The major function of GH is to promote linear growth via induction of insulin-like 

growth factor (IGF)-1, but the hormone has many other effects including regulation of 

hepatic steroid metabolism and energy metabolism. 

 

GH signalling 

GH exerts its biological effects by means of the GHR, a cell surface, plasma membrane 

bound receptor spanning the membrane once. GH signalling is initiated upon GH 

binding to one GHR. Early on, GHR dimerization as a consequence of GH binding was 

thought to initiate receptor signalling; there are two binding sites on the GH molecule 

with different affinity for the GHR. More recent data show that unliganded GHR 

dimers exist and that asymmetrical GH binding to preformed receptor dimers causes a 

conformational change of the cytoplasmic domains of the two receptors (92). This 

conformational change brings the associated janus kinase (JAK) 2 proteins in close 

proximity to each other, permitting autophosphorylation to occur and subsequent 

tyrosine phosphorylation of the receptors. Phosphorylated tyrosines form binding sites 

for downstream signalling molecules such as signal transducers and activators of 

transcription (STAT) 5a and STAT5b. Upon phosphorylation, STAT5 proteins 

dimerize, translocate to the nucleus and act as transcription factors on GH regulated 

genes (93-95).  

In addition to STAT activation, GH activates the Ras-mitogen activated protein kinase 

(MAPK) pathway. This pathway, leading to activation of the transcription factors 

extracellular signal-regulated kinase and Elk-1, is implicated in GH-regulation of the c-

fos gene (96). Moreover, GH activates other signalling mechanisms such as the insulin 

receptor substrate and phosphatidylinositol-3 kinase, phospholipase C and Protein 

kinase C, and phospholipase A2 (97, 98), see Fig. 4. 
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 Figure 4. Signalling pathways activated by GH. 

 

Negative regulation of GH signalling 

At least three types of negative regulation of GH signalling are known: i) the protein 

inhibitor of activated STAT proteins that inhibit STAT through a sumoylation 

mechanism (99); ii) dephosphorylation of tyrosine residues of the GHR, JAK2 and 

STAT5 by phosphatases; iii) and the suppressors of cytokine signalling (SOCS) 

proteins reviewed in (100, 101). The SOCS proteins are induced by cytokines and 

hormones and represent a negative feed-back loop in the cell. Of the eight members in 

this protein family, SOCS-1, -2, -3 and cytokine-inducible SH2 protein (CIS) are 

induced by GH in rat liver. They inhibit GH signalling either by binding to JAK2 or to 

the GHR. The inhibitory effects of SOCS/CIS proteins on GH signalling via the 

JAK2/STAT5 pathway has been shown to involve SOCS-1 and SOCS-3 while SOCS-2 

and CIS seem to be less effective in inhibiting the JAK2/STAT5 pathway. GH 

stimulated longitudinal bone growth is mediated by IGF-1 and since mice lacking 

SOCS-2 are huge (102), it is suggested that SOCS-2 play a major role in GH signalling 

to IGF-1.  
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GH secretion pattern and sex-specific gene regulation 

The synthesis and secretion of GH from the somatotrophs in the anterior pituitary are 

regulated by the opposing action of two hypothalamic hormones, namely GH releasing 

hormone (GHRH) and somatostatin (SS) (103). GHRH stimulates GH synthesis and 

secretion while SS inhibits the secretion. GH exerts negative feedback on its own 

synthesis and secretion by lowering GHRH production and increasing SS production. 

In addition, IGF-1 negatively feeds back on GH secretion. Furthermore, ghrelin, a 28 

amino acid peptide produced in the stomach positively regulates GH secretion, 

reviewed in (104). 

The interplay between GHRH and SS results in a pulsatile GH secretion. The secretion 

of GH is accordingly episodic in all mammals and sexually differentiated in many 

species, including humans and rats (105-107). The sex-difference in GH-secretion is 

particularly pronounced in the rat where the female secretes GH in irregular peaks of 

low amplitude with high basal levels, resulting in a continuous presence of the hormone 

in plasma. Males secrete GH in high peaks every three to four hours with undetectable 

levels in between (105, 107), see Figure 5. These sex-characteristic patterns of GH 

secretion are manifested during puberty and prevail during adult life. Gonadal steroids 

influence hypothalamic synthesis of GHRH and SS and the exposure to sex hormones 

during both embryonic and adult life is necessary to maintain the sexually dimorphic 

GH secretion patterns (103, 108, 109). 

 

Figure 5. GH secretion pattern in adult female and male rats. Circulating GH levels (ng/ml) are 

indicated on the y-axis. 

 



 

 14 

Many hepatic genes are transcriptionally regulated by GH as a number of transcription 

factors have been shown to be activated by GH. Not only GH as such but the pattern by 

which it is secreted plays an important role in gene regulation. Many CYP enzymes are 

transcriptionally regulated by GH and are expressed in a sexually differentiated manner 

due to the dimorphic pattern of GH secretion. Excellent examples of this in the rat are 

the male-specific CYP2C11 (110), transcriptionally induced by the male GH pattern, 

and the female-specific CYP2C12 (111), induced by the female GH pattern. In human 

liver, CYP3A4 is more abundant in females than in males and is induced by continuous 

GH administration in vivo (112). In primary human hepatocytes in culture, CYP3A4 is 

induced by continuous GH exposure (113, 114). 

The male GH pulses repetitively activates STAT5b which is essential for the sexually 

dimorphic regulation of sex-specific liver genes, reviewed in (115). The GH-free period 

in males is necessary for induction of the male specific genes, and the gene expression 

pattern changes to a female-like if GH is given continuously. Female rats with a 

continuous GH-secretion pattern have generally much lower hepatic nuclear STAT5b 

activity. The low but consistent STAT5 activity could together with hepatocyte-nuclear 

factor (HNF)-4, female predominant HNF-6 and HNF-3β and additional factors 

contribute to GH regulation of female specific genes (115). In addition, factors such as 

phospholipase A2 and CCAAT/enhancer-binding-protein (C/EBP)-α have been 

implicated in the regulation of CYP2C12 (97, 116). 

 

GH and metabolism 

GH has important effects on protein, lipid and carbohydrate metabolism, reviewed in 

(117). The hormone has anabolic properties on protein metabolism and lipolytic effects 

on adipocyte lipid metabolism, the net effect being increased lean body mass. The 

anabolic effects of GH on protein metabolism are mediated via increased amino acid 

uptake, increased protein synthesis and decreased oxidation of proteins. In adipose 

tissue, GH increases lipolysis and lipid oxidation, which increases available free fatty 

acids for energy expenditure. In human adipose tissue, GH inhibits lipoprotein lipase 

activity (118) and increases its activity in skeletal muscle and heart in the rat (119).  
The effects of GH on hepatic glucose metabolism are anti-insulin like; GH promotes 

hepatic glucose production and reduces the uptake and usage of glucose in the liver. 

Effects of GH on cholesterol levels are well known since many decades (120). Some of 

the mechanisms for the cholesterol lowering effects of GH are on the level of the low-
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density lipoprotein receptor (121, 122) and CYP7A1 (123). One of the consequences of 

aging is an altered hepatic metabolism which partly can be restored by administrating 

GH (124). In addition, bovine GH transgenic mice possess major changes in hepatic 

expression of metabolic genes (125). 
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METHODOLOGY 

CULTURE OF PRIMARY HEPATOCYTES 

Hepatic cells in culture are valuable to study molecular mechanisms of hepatic gene 

regulation as well as examination of direct effects of various compounds on the liver. 

Most liver derived cell lines are less differentiated than isolated primary hepatocytes 

and do not always respond to treatments in the same way. In cultures of primary 

hepatocytes, the adult liver phenotype can be maintained if the cells are cultured under 

specific conditions, as described below. When hepatocytes are cultured on a plastic 

surface or collagen-coated dishes, they exhibit a dedifferentiated, flattened shape and 

are able to proliferate (126). The expression of liver specific genes such as albumin, 

aldolase B and tyrosine aminotransferase (127, 128), and the expression of liver 

enriched transcription factors such as C/EBPα, C/EBPβ and HNF-4 (129) are low when 

hepatocytes are cultured on plastic. Dedifferentiated hepatocytes also have a decreased 

capacity to induce various genes in response to GH (130) and thyroid hormone (131), 

and to express steroid- and drug metabolizing cytochrome-P450 genes (132). In 

contrast, when hepatocytes are cultured on an extracellular matrix gel such as the 

biomatrix extracted from the Engelbreth-Holm-Swarm mouse sarcoma 

(EHS/Matrigel), the cells maintain an adult liver phenotype and express considerably 

higher amounts of liver specific genes such as albumin and transthyretin (133). 

Furthermore, reporter genes are induced at a much higher level (130). Numerous 

studies confirm the advantages of EHS for hepatocyte morphology and gene expression 

(134-137). Hepatocytes in vivo (132) are in contact with basement membrane 

components such as laminin, collagen and fibronectin, and it is generally believed that 

these EHS components in a cell culture are interconnected with the cell cytoskeleton 

via membrane receptors; this is important for cell morphology and the state of 

differentiation, which in turn are essential for tissue-specific gene expression. Indeed, 

also hepatoma cell lines cultured on EHS show some improved differentiated functions 

(134). Additional culture components such as insulin (138), thyroid hormone and 

dexamethasone (137) have been shown to induce differentiation of primary hepatocytes 

in culture. In the studies included in this thesis, all primary hepatocytes were cultured 

on EHS coated dishes in Williams' E medium with Glutamax or in Hepatocyte 

Maintenance Medium, specially developed for maintaining primary hepatocytes in 
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culture. These media contain 11 mM glucose, which corresponds to the glucose 

concentration in the hepatic portal vein after a carbohydrate rich meal (139). Insulin, 

but no other hormones, was added to the maintenance medium. 

 

Human primary hepatocytes 

Much of what is known today about the effects of nuclear receptor activation and 

interplay with other regulators of lipid and carbohydrate metabolism originates from 

studies in rodents and on cells of rodent origin. Relatively little derives from studies 

using human hepatocytes, and when comparative studies have been performed 

significant species differences have been revealed (140). For example, mice and rats 

lack the LXR target gene cholesteryl ester transfer protein, which is central in human 

lipoprotein metabolism (141), and the rat and mouse CYP7A1 genes are upregulated by 

LXR whereas the human homolog is downregulated (142). Thus, to get an insight into 

cellular effects elicited by receptor activation in human liver, it is of utmost importance 

to actually study human hepatocytes, and for mechanistic studies use hepatic cells of 

human origin in which the effects are maintained.  

Primary human hepatocytes used in this thesis originated from resected liver tissue or 

unused donor liver tissue. Due to the limited availability of human primary hepatocytes, 

the human hepatic cell lines HepG2 and Huh7 cells were used for mechanistic studies 

of gene regulation in Paper IV.  

 

THE HYPOPHYSECTOMISED RAT MODEL 

Sexually dimorphic GH secretion is particularly pronounced in the rat and therefore the 

rat is an excellent animal model to study the effects of the GH secretion pattern on 

various parameters such as gene regulation. The hypophysectomised (Hx) rat, an 

animal model where the pituitary gland is surgically removed, can be used to study the 

effects of GH administration. These animals are devoid of all pituitary dependent 

hormones and the sex-characteristic GH-patterns can be imitated. By administration of 

GH via continuous infusion from osmotic mini pumps or by daily injections, the female 

and male patterns, respectively, is mimicked (110, 143). Administration of GH to these 

animals can restore the expression of many, but not all, genes (144). Depending on the 

aim of the study, animals can be substituted for the loss of other pituitary dependent 

hormones. In Hx female rats receiving GH continuously, the induction of CYP2C12 is 

dramatically potentiated by simultaneous treatment with thyroxine and cortisol (110). 



 

 18 

 

In Paper I in this thesis, Hx rats were substituted with daily injections of cortisol and 

thyroxine. 

 

MICROARRAY 

With the recent advances in microarray technologies, enormous amounts of data can be 

generated in relatively short time. For gene expression profiling, several platforms are 

available, such as Affymetrix GeneChips, Illumina BeadChips and spotted arrays, 

reviewed in (145). On spotted arrays, cDNA sequences or small oligonucleotide probes 

are spotted onto glass slides. This can be done either by the research group itself, or 

pre-spotted slides from commercial sources can be used. Advantages with spotted 

arrays are that they can be designed to interact with a particular region of a transcript 

and that large scale production is relatively cheap. Although cheaper than other types of 

arrays, disadvantages with spotted arrays are that they require extensive optimization 

and have a low number of features. Illumina uses the BeadChip technology where 

oligonucleotide probes are attached to small beads that are randomly placed into wells. 

Every transcript is represented by only one type of oligonucleotide. In contrast, 

Affymetrix uses several different probes to detect one transcript. Probes for Affymetrix 

GeneChips are synthesized in situ on quartz wafers by light-directed synthesis. In Paper 

II in this thesis the Affymetrix GeneChip platform was used to perform whole genome 

expression analysis of human primary hepatocytes treated with or without the synthetic 

LXR agonist GW3965. 

 

A key factor to successful microarrays is to make sure that the input RNA is of good 

quality. The Agilent2100 Bioanalyzer, a standard method for RNA quality 

measurements, was used in this thesis. With the RNA as template, cDNA is synthesized 

with oligo (dT) primers containing a recognition site for T7 RNA polymerase. Second 

strand synthesis creates a double-stranded cDNA representing each mRNA. To create 

the final labelled cRNA, an in vitro transcription (IVT) reaction is carried out using T7 

RNA polymerase and biotin-labelled ribonucleotides. After fragmentation, the sample 

is allowed to hybridize to the array overnight, thereafter washing steps are performed 

before the array is scanned by measuring the fluorescence intensity at each point on the 

array (145-147). 
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Whole genome arrays from different manufacturers differ in the length and number of 

oligonucleotide probes. Short probes (25-30 bases) have better specificity while longer 

probes (50-70 bases) give higher sensitivity. The Affymetrix 3’ IVT arrays have 11 

probe pairs per target with a probe length of 25 bases. A probe pair consists of a perfect 

match probe and the corresponding mismatch probe. The signal from the perfect match 

probe is compared to the mismatch probe to determine specific binding. Multiple 

probes provide more confidence in the microarray results because they offer the 

potential to calculate statistics. In the 3’ IVT arrays such as the Human U133 Plus 2.0 

Array used in paper II, the region for probe selection is usually defined as the first 600 

bases from the polyadenylation site at the 3´end. The Human U133 Plus 2.0 Array 

contains approximately 54, 000 different probe sets and was the prevalent Affymetrix 

human chip for studies of differential gene expression at the time of this study. Today, 

Whole Transcript (WT) Assays exist for the human genome. The probes on a WT array 

are spread over the entire length of the gene and therefore these types of arrays offer a 

more complete analysis of the transcription activity over the whole gene locus than 

classical 3’IVT arrays do. Furthermore, with a WT assay, new information such as 

alternative splicing, truncations, transcripts with unclear 3’ ends and non-

polyadenylation transcripts can be obtained (145-147). 

 

Affymetrix Gene Chip Operating Software is one of several tools used to control the 

instruments fluid stations and scanners and also to acquire data and perform gene 

expression data analysis. We used pair-wise comparisons to identify LXR regulated 

genes and for a reliable selection of changed transcripts, we used a selection criterion of 

a fold change ≥1.5 in all four pair-wise comparisons. 
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AIMS OF THE STUDY 

The overall aim of this thesis was to study various aspects of LXR regulated hepatic 

gene expression and LXRs effects on pituitary dependent hormones. 

 

 

 

The specific aims were: 

- to study the molecular mechanisms of female GH-pattern induced gene 

expression in rat liver (Paper I). 

- to identify novel human hepatic genes regulated by LXR, and investigate 

species differences in LXR response between human and rat hepatocytes. 

(Paper II) 

- to study the effects of LXR on pituitary dependent hormones (Paper III) 

- to study the molecular mechanisms of LXR induced ADFP (Paper IV) 
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RESULTS AND DISCUSSION 

ACTIVATION OF THE GLUCOCORTICOID RECEPTOR OR LIVER X 
RECEPTORS INTERFERES WITH GROWTH HORMONE-INDUCED 

AKR1B7 GENE EXPRESSION IN RAT HEPATOCYTES (PAPER I) 

While the mechanism for male specific, GH-pattern induced gene regulation have been 

studied extensively, mechanisms of female specific gene regulation are less well 

known. Identification of additional genes induced by the female GH-pattern offers 

supplementary tools to study female specific gene regulation. Previously in our 

laboratory, rat liver aldo- keto reductase (akr) 1b7 was found to be a GH-target gene, 

dependent on the female specific GH pattern (148). Akr1b7 is suggested to be the 

major enzyme involved in detoxification of isocaproaldehyde and 4-hydroxynonenal, 

toxic rest products from steroidogenesis and lipid peroxidation, respectively. In this 

paper we investigated the hormonal regulation of rat liver akr1b7 in more detail.  

 

Using a semi-quantitative RNase protection assay, we detected akr1b7 transcripts in 

female and “feminized” male liver (male rats receiving GH continuously), but not in 

male or Hx male liver. This confirmed that akr1b7 mRNA expression in rat liver is 

sexually differentiated and dependent on a continuous GH secretion pattern. In 

adrenals, also expressing akr1b7, no sex difference was observed. 

Using solution hybridization, we quantified the akr1b7 expression in livers of rats with 

different GH status. The akr1b7 mRNA levels in "feminized" males reached 35 % of 

the level in normal females, while it reached 20 % in Hx females treated continuously 

with GH and substituted with glucocortocoids and thyroid hormone. In male liver as 

well as in Hx male and Hx female liver the transcript was not detectable. This further 

confirms the dependency on a continuous GH pattern for expression of this gene, but 

from these studies it is also clear that additional pituitary-dependent and sex-specific 

parameters are required for normal levels of expression. 

 

Using primary rat hepatocytes in culture, we showed that the GH effect observed in 

vivo is a direct effect of GH on the hepatocyte. Interestingly, GH induction of akr1b7 

was sensitive to cycloheximide treatment, suggesting dependency of protein synthesis. 

At this time it was reported that the mouse akr1b7 gene was induced in liver (62) and 

intestine (149) by the LXR agonist T0901317. Surprisingly, the rat akr1b7 mRNA was 
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not induced by the LXR ligand T0901317 in cultures of primary rat hepatocytes. In 

contrast, the GH induced akr1b7 mRNA levels were reduced upon simultaneous 

treatment with T0901317. Evident from microarray studies in mice liver (62) and our 

microarray in human hepatocytes in Paper II is that LXR activation decreases GHR 

mRNA. However, the GH-induction of another GH-regulated gene, IGF-1, was not 

affected by LXR activation, and we do not translate our results in terms of reduced 

GHR expression. 

 

To evaluate the potentiating effect of thyroid hormone and glucocorticoid substitution 

on GH induced akr1b7 in Hx rats, the individual components were tested in hepatocyte 

cultures. While T3 augmented the GH response, Dexamethasone (Dex) attenuated it. 

Members of the SOCS/CIS proteins constitute a negative feedback loop of GH 

signalling and CIS appeared as a candidate for the repressive effect of Dex; co-

treatment of cells with GH and Dex induced CIS mRNA levels. In attempts to further 

clarify the mechanisms of the repressive effects of LXR and GR on GH stimulated 

akr1b7 expression, electromobility shift assays (EMSA) and pharmacological 

intervention was carried out. Negative regulation of the MMP-9 (48) and osteopontin 

(150) gene by LXR involves inhibition of NF-κB signalling and activator protein (AP)-

1, respectively. Also the GR is well known to interfere with signalling of these two 

factors, reviewed in (151). However, using EMSA, we did not find evidence that GR- 

and LXR-mediated inhibition of GH stimulated akr1b7 is via a hampered AP-1 or NF-

κB binding. 

Although the underlying mechanism have not been revealed, these studies demonstrate 

a cross talk between GH and LXR signalling that could be interesting from a metabolic 

point of view. 

 

PHYSIOLOGICAL DIFFERENCES BETWEEN HUMAN AND RAT PRIMARY 

HEPATOCYTES IN RESPONSE TO LIVER X RECEPTOR ACTIVATION BY 
GW3965 (PAPER II) 

The LXRs control the expression of a wide spectrum of genes involved in metabolism 

and the LXRs have been considered as potential drug targets for metabolic diseases. It 

is of great value to identify novel LXR target genes to understand consequences of 

pharmacological LXR activation. However, much of what is known about the effects of 

LXR originate from rodent studies and results do not always overlap with effects in 
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humans. This paper describes significant differences in the LXR response between 

human and rat hepatocytes. One such difference was the regulation of the CYP7A1 

gene, which confirmed previous studies showing that this gene is differentially 

regulated by LXR in human versus rat cells (57). In human cells, the downregulation of 

the CYP7A1 gene corresponded well with a decrease in bile acid output. 

 

Human primary hepatocytes cultured with three different physiological doses of insulin 

in the medium were treated with GW3965. Genome-wide expression profiling using 

the Affymetrix GeneChip platform was carried out and comparisons were made pair-

wise, giving a total of four pair-wise comparisons for each treatment. The number of 

genes regulated by insulin was markedly reduced in the presence of GW3965. This 

suggests that pharmacological LXR activation would turn the human liver less insulin 

sensitive and it could be speculated that pharmaceutical LXR activation in vivo could 

have different effects in individuals with different insulin status. 

 

Comparisons between human and rat hepatocytes treated with GW3965 was studied by 

quantitative RT-PCR. Several genes in the glycolytic pathway, such as GCK and PK 

were differentially regulated by GW3965 in human versus rat hepatocytes. The human 

GCK and PK genes were downregulated, while the corresponding rats genes were 

upregulated or unaffected. The results suggest that LXR activation in human liver 

might reduce the utilization of glucose, which perhaps could result in hyperglycemia. 

While lipogenic genes were induced in both species, only the human diacylglycerol 

acyltransferase (DGAT) 2 was downregulated by GW3965. As an enzyme responsible 

for the final step in TG production (152), reduced expression could lead to decreased 

production of TG and secretion in very low density lipoprotein (VLDL) particles. In 

fact, human hepatocytes treated with GW3965 secreted less TG in VLDL particles than 

vehicle treated cells. The VLDL secretion from rat cells was not affected by GW3965. 

Moreover, processing of glucose via GCK has been associated with enhanced VLDL-

TG output (153), and a decrease in GCK levels, as indicated by the microarray and 

qRT-PCR data, could also be associated with the reduced VLDL-TG output. Adipocyte 

differentiation related protein (ADFP) mRNA was induced by GW3965 in human 

hepatocytes but not in rat hepatocytes. The increase of human ADFP was also 

confirmed at the protein level. ADFP is a protein that coats lipid droplets and is 

indicated to play a role in regulating turnover of stored lipids. A direct correlation 

between the amount of ADFP and the amount of stored neutral lipids in the hepatocyte 
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has been shown; overexpression of ADFP increases TG storage and decreases the 

secretion in hepatic cells (154). Furthermore, ADFP levels are increased in patients 

with fatty liver (155) and we found that human hepatocytes in culture had increased TG 

content after GW3965 treatment. 

Taken together, this study provides novel information regarding the effects of 

pharmacological activation of LXR in human primary hepatocytes and clearly 

demonstrates significant species differences in the response to LXR agonist treatment.  

 

EFFECTS OF THE SYNTHETIC LIVER X RECEPTOR AGONIST T0901317 
ON THE GROWTH HORMONE AND THYROID HORMONE AXES IN MALE 
RATS (PAPER III) 

In this study, we investigated how a moderate dose of the synthetic LXR agonist 

T0901317 affected the GH secretion pattern and thyroid hormone status in male rats. 

Whether LXR agonists influenced these endocrine axes was previously essentially 

unknown. Hormones such as thyroid hormone and GH are important hormones in lipid 

and glucose metabolism, as are the LXRs. The metabolic effects of GH have been 

described earlier in this thesis and metabolic effects of thyroid hormone are reviewed in 

(156). Briefly, thyroid hormones regulate bone growth together with GH, they also 

regulate protein, fat and carbohydrate metabolism and increase the overall metabolic 

rate. Hepatic gene expression profiling in mice treated with T0901317 (62) indicates 

that LXR activation regulates expression of GHR, SREBP1c and akr1b7, all known to 

be regulated by the sex-characteristic GH-secretion patterns ((157, 158) and paper I). 

Therefore, we tested the hypothesis that LXR activation has effects on hypothalamo-

pituitary axes. 

 

Male rats were given T0901317 supplemented food for 1 week. The dose used (0.005% 

(w/w)) corresponds to 4-5- mg/kg per day. This dose is 5-10 fold lower than in many 

other studies, but is sufficient to have effects on the mouse CYP7A1 and FAS genes 

(159). Rats were i.v. cannulated and subjected to automated serial blood sampling 

every 10 min during 24 h at the end of the agonist feeding. Using radioimmunoassay to 

measure GH levels in each blood sample, GH-profiles were disclosed. No 

“feminization” of the male GH-secretion pattern after T0901317 treatment could bee 

detected. However, a 20 percent reduction in GH peak number (pulses/24 h) and 
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frequency (pulses/h) could be distinguished. Whether this reduction has any 

physiological significance remains unclear. 

 

Thyroid hormone levels were examined in terminal plasma samples. After the 

T0901317 treatment, plasma T3 (active hormone) levels were decreased and T4 (less 

active hormone) levels tended to increase. When expressed as a T3/T4 ratio, T0901317 

treatment resulted in a highly significant decrease of the ratio. We sought to find the 

mechanism responsible for the T0901317 effects on thyroid hormone status. Thyroid 

stimulating hormone levels were not changed and therefore we measured mRNA levels 

of the iodothyronine deiodinases (DIO) 1 and DIO 2, responsible for conversion of T4 

to T3. The T0901317-diet reduced DIO1 mRNA levels by 28 % in the liver but did not 

affect the expression in other organs examined. A reduction in mouse DIO 1 expression 

in liver after LXR activation using T0901317 has previously been reported (62). The 

mRNA level of DIO 2 was decreased by 62 % in the thyroid gland, but due to the fact 

that DIO 2 expression in general is very low in adult rat thyroid and regarded as non-

significant (160), our data suggest that the reduced expression of DIO1 in liver 

contributed to the reduced level of T3 in plasma in response to LXR-activation by 

T0901317. The reduction of plasma T3 was small and within the normal physiological 

range, but one could speculate that exposure for longer periods of time and/or higher 

doses could have more severe effects on thyroid hormone status with consequences 

such as lowered metabolic rate. If hypothyroidism would result also in humans after 

LXR activation, this would jeopardize the pharmacological attempts aiming to treat 

metabolic disorders by means of LXR. However, species differences do exist and 

additional model systems are therefore needed to fully evaluate the potential of LXR 

agonism to treat human diseases. 

In conclusion, these studies suggest that attention must be given to pituitary hormone 

dependent axes when developing pharmaceuticals targeting LXR. 

 

THE HUMAN ADFP GENE IS A DIRECT LXR TARGET GENE AND 
DIFFERENTIALLY REGULATED BY SYNTHETIC LXR LIGANDS (PAPER 
IV) 

In Paper II we recognized ADFP as a gene upregulated by the LXR ligand GW3965 in 

human, but not rat hepatocytes. In this paper we aimed to further characterize the 

molecular mechanisms by which GW3965 induces the human ADFP gene. 
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A dose-dependent increase by GW3965 of the ADFP mRNA was demonstrated in 

primary human hepatocytes as well as in HepG2 cells, a hepatic cell line of human 

origin. Thus, at shortage of primary human hepatocytes, HepG2 cells could be used as a 

substitute for mechanistic studies. A time-dependent, fast increase of ADFP mRNA 

upon GW3965 treatment was observed in HepG2 cells, and in experiments using 

cykloheximide, a protein synthesis inhibitor, GW3965 also induced ADFP, suggesting 

a direct LXR mechanism. Surprisingly, the more potent LXR agonist T0901317 did not 

induce ADFP in either cell type. This was not due to the fact that T0901317, in addition 

to activating LXR, also activates PXR and FXR (21, 22), since co-treatment of 

hepatocytes with GW3965 and a PXR or FXR specific agonist had no effect on 

GW3965 induced ADFP mRNA expression. 

 

Predictive response element modelling using published algorithms (161, 162) was used 

to search for putative LXREs in the human ADFP gene. The NHR-scan utilized 

(http://mordor.cgb.ki.se) is based on a flexible Hidden Markov Model that allows for 

variable spacing and orientation of half-sites. Several putative LXREs were identified 

and were classified as DR4 type a, type b or type c. Type a has an atypical A in the 

third position of the first half-site; the type a DR4 has previously been described as low 

affinity or negative LXRE (163, 164) and was not further studied. The sole type c DR4, 

located in the 3’-untranslated region, with the sequence AGGTCAnnnnAGGCCA, had 

the highest delta log score in the NHR scan. Using Chromatin immunoprecipitation 

assays, we identified the region containing the DR4 type c as an LXRE-containing 

region, capable of interacting with the LXR/RXR heterodimer together with 

coactivators and RNA Pol II upon GW3965 stimulation. No LXR binding was detected 

around a nearby type b DR4, containing an atypical A in the third position like 

previously characterized DR4 type a elements. However, the LXR/RXR and the 

investigated cofactors were shown to interact with the promoter region upon GW3965 

treatment, suggesting that a chromatin loop is formed involving the type c DR4. 

Consistent with the lack of induction of ADFP upon T0901317 stimulation, T0901317 

did not lead to enrichment of LXR or RXR at the type c DR4 or at the promoter region, 

suggesting different accessibility of GW3965 versus T0901317 bound LXR to the 

DNA. A reporter construct harbouring 279 bp around the novel LXRE was activated by 

GW3965 and T0901317 in Huh7 cells overexpressing LXRα, indicating that the 

chromatin conformation is of utmost importance in regulation of the ADFP gene.  
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In summary, this paper describes a novel human LXR target gene differently regulated 

by two synthetic LXR agonists. This calls for refined strategies in developing LXR 

agonists for treatment of metabolic disorders.  
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CONCLUDING REMARKS  

LXRs have been considered as potential targets for the treatment of metabolic disorders 

such as atherosclerosis and diabetes. Unfortunately, hypertriglyceridemia and hepatic 

steatosis are severe side effect as revealed from rodent studies. However, more and 

more species differences in gene regulation by LXR are exposed and information about 

species differences will aid in the development of pharmaceuticals for human use. Our 

microarray study and comparative analyses on human and rat primary hepatocytes 

treated with the LXR agonist GW3965 revealed significant species differences in the 

LXR response. Extrapolating the human hepatocyte data to the in vivo situation 

suggests that pharmacological LXR activation in humans might not lead to 

hypertriglyceridemia but to severe hepatic lipid accumulation. In addition, the observed 

reduction in bile acid production, if occurring in vivo, could contribute to 

atherosclerosis development or gallstone disease. It is clear that model-systems such as 

human primary cells are of great importance for our understanding of LXR as a 

pharmaceutical target. 

 

The idea that LXRs have both gene- and ligand specific effects has recently been put 

forward and this increases the complexity of LXR gene regulatory networks. In 

addition to this, more and more species differences in gene regulation by LXR are 

unveiled as well as LXR cross talk with other signalling pathways. The ADFP gene, in 

our studies identified as a human LXR target gene, is one example of a gene with 

marked species difference in regulation by LXR. Moreover, in human primary 

hepatocytes it was specifically induced by only one of the two commonly used 

synthetic LXR agonists (GW3965 but not T0901317). One could speculate that the 

chromatin structure plays an important role in the transcriptional activity of the human 

gene and that only certain LXR ligands have the ability to open the chromatin at this 

gene locus. GW3965 seems to have this ability on the human ADFP gene, possibly by 

the recruitment of histone modifying complexes.  

 

The akr1b7 gene was previously identified as an LXR target gene in mouse liver and 

intestine (62, 149) and in our study identified as a GH target gene in rat liver 

specifically induced by the female GH-pattern. However, akr1b7 was not induced by 

the LXR agonist T0901317 in rat hepatocytes. It is not known whether LXR induces 
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the mouse akr1b7 in hepatocyte cultures, but since an LXRE has been identified in the 

gene and it is induced in mouse liver by the LXR agonist T0901317, one could assume 

that this is the case. If so, here is an additional example of species differences in 

response to LXR activation. Crosstalk between GH and LXR signalling was evident 

since GH-induced akr1b7 and CYP2C12, another female specific liver gene, were 

downregulated by LXR activation. The mechanism for this is not clear, but it is obvious 

that LXR activation interferes with GH signalling in rat hepatocytes.  

 

Pituitary hormones and peripherally secreted hormones dependent on a functional 

pituitary are fundamental regulators of homeostasis. In particular, thyroid hormone and 

GH are important regulators of lipid and glucose metabolism, and knowledge about 

hormonal cross talk with nuclear receptors in general and LXR in particular is 

important for the future development of therapies based on LXR targeting. 

In our studies, a low dose of the LXR agonist T0901317 given to male rats for one 

week significantly affected the plasma T3/T4 ratio. Furthermore, LXR activation lead 

to increased lipogenic gene expression in the pituitary, suggesting that a prolonged 

activation of LXR could result in unwanted lipid accumulation in this organ. 

Eventually, the balance of all pituitary dependent hormones would be affected. A 

higher dose of T0901317, as used in most other studies, could result in even greater 

effects on the thyroid hormone status conferring consequences on whole body 

metabolism. This study suggests that attention must be given to pituitary dependent 

hormonal axes when developing pharmaceuticals aimed at targeting LXR. 

 

In conclusion, the studies presented in this thesis reveal important species differences in 

response to LXR activation. Ligand- and gene specific effects are demonstrated as well 

as LXR effects on pituitary hormone axes. In addition, we show cross talk between 

LXR and GH signalling. This urgently calls for refined strategies in developing LXR 

agonists for treatment of metabolic disorders.  
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