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The only real failure is the failure to try, and the measure of
success is how we cope with disappointment, as we must... We
get up in the morning, we do our best, nothing else matters.

---The Best Exotic Marigold Hotel



ABSTRACT

Cholesterol carries multiple biological functions in the body, and imbalanced
cholesterol metabolism leads to atherosclerosis and cardiovascular diseases. The
present thesis aims to extend the knowledge of cholesterol metabolic regulation
mediated by nuclear receptor LXRs and bile acids, two major players in the
homeostasis of body cholesterol.

In the first paper, we aim to understand how liver X receptor (LXR) regulates
cholesterol metabolism in the intestine, in particular to compare the effects of the two
isoforms, LXRa and LXR[ on dietary cholesterol absorption and serum lipoprotein
profiles. We find that selective activation of LXRP enhances dietary cholesterol
absorption in mice, which is accompanied by increased apoB lipoprotein cholesterol in
the circulation. We also find that LXRa and LXRp compensate for each other in the
transcriptional regulation of intestinal Abcg5, Abcal and Npclll. Furthermore, the
hepatic enzymes Cyp7al and Cyp8bl are differently modulated upon systemic LXR
isoform activation. Given the contribution of the hydrophobic bile acid profile in the
intestine, these changes together with the net differences in biliary cholesterol output
may partially explain the isoform mediated changes in cholesterol absorption. Our
findings reinforce the non-redundant function of LXRa and LXRp, and suggest that
selective activation of LXR[ as anti-atherogenic therapy may lead to undesired
metabolic adverse effects.

Bile acid synthesis represents the crucial elimination pathway for excess cholesterol.
The negative feedback regulation by end-product hydrophobic bile acids has been well
established, involving the activation of nuclear receptor FXR, and a subsequent
upregulation of SHP and Fgfl5 for the suppression of bile acid synthesis in mice
(Fgf19 as human counterpart). However, the role of hydrophilic bile acids in such
context has largely been ignored. By using a cholic acid (CA) deficient mouse model
and different bile acid-modulating regimes, we define MCAs as FXR antagonistic bile
acids, which counteract the FXR activation by hydrophobic bile acids. By modulating
the enterohepatic circulation of bile acids, the positive feedback mechanism regulates
bile acid homeostasis without employing the hormonal effect of Fgfl5, although such
an effect is likely to exist. This finding is of fundamental importance for the
understating of bile acid metabolism in both humans and mice, as the Fgfl15/19
negative feedback mechanism is believed to operate in both species.

Paper III explores the therapeutic potential of CA depletion on systemic cholesterol
overloading by using second generation antisense oligonucleotides (ASOs). Several
ASOs targeting Cyp8bl, the enzyme responsible for CA production, have been used in
the study. In mice, we observe a significant reduction of the CA fraction in the biliary
bile acid profile under ASO treatment. This reduction is accompanied by resistance to
liver cholesterol accumulation and an athero-protective lipoprotein profile upon
cholesterol overloading. The data suggest the feasibility of using second generation
ASOs as therapeutic target for cholesterol homeostasis, although a careful systematic
study is needed to address the clinical aspect in human subjects.
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1 INTRODUCTION

1.1 CHOLESTEROL METABOLISM

Cholesterol is an essential structural component of the mammal cell responsible for the
establishment of membrane permeability and fluidity. In addition, cholesterol also
serves as a precursor for the biosynthesis of steroid hormones and bile acids (Figure 1).
The whole body cholesterol homeostasis is balanced by the de novo synthesis, dietary
intake and excess cholesterol excretion. According to the literature, dietary cholesterol
intake constitutes around 1/4 of the daily total body cholesterol turnover, while the rest
is contributed by de novo synthesis [1]. Almost all cell types have the ability to
synthesize cholesterol, which is a long energy demanding process. These steps are
precisely regulated by the body in relation to demand, as a high level of cholesterol in
the circulation is associated with the progression of atherosclerosis and other
cardiovascular diseases.

HO

Figure 1. Chemical structure of cholesterol

1.1.1 De novo cholesterol synthesis

The synthesis of cholesterol starts from acetyl-CoA, a substance derived from the
oxidative reaction of fatty acids or pyruvate. Several enzymes are involved in
cholesterol synthesis, of which the rate-limiting enzyme is 3-hydroxy-3-methylglutaryl
coenzyme A reductase (HMGCoAR). It converts 3-hydroxy-3-methylglutaryl
Coenzyme A (HMGCoA) to mevalonic acid. This is an irreversible step in the
cholesterol synthesis process, and also represents the target site of action for drug
design. Commercially available drug statins inhibit HMGCoAR for the treatment of
atherosclerosis [2].

Due to its crucial nature in the course of cholesterol synthesis, HMGCoAR is subjected
to strict regulations under multiple stages. The transcriptional regulation of the enzyme
involves sterol regulatory element binding protein (SREBP), which can be translocated
to the nucleus when the cellular cholesterol level goes down, and therefore upregulates
the HMGCoAR transcriptional level [3, 4]. In addition, the enzyme is also subjected to
short term posttranslational regulation such as biodegradation or phosphorylation.
Studies show that rising levels of sterols increase the susceptibility of HMGCoAR to
ER-associated degradation and proteolysis [5, 6]



1.1.2 Intestinal cholesterol absorption

The cholesterol absorption is important for the whole body cholesterol maintenance.
Cholesterol entering the gut originates from various sources, e.g. the bile, diet, trans-
intestinal cholesterol efflux and cell membrane debris. All food containing animal fat
contains cholesterol at various levels, as animal fat is a mixture of predominant
triglycerides with little phospholipids and cholesterol. Due to its hydrophobic nature,
cholesterol forms micelles with triglycerides, plant sterols, bile acids, free fatty acids,
and other lipids when entering the gut [7, 8]. Cholesterol with biliary origin is mostly
unesterified, which entails more efficient absorption by the intestine.

The crucial step of cholesterol uptake takes places in the proximal small intestine, in
particular the enterocytes, which express several transporters to facility the cholesterol
absorption. It has been demonstrated that Neimann-Pick C1 Like 1 (NPCIL1) is
important for the uptake of cholesterol and plant sterols at the brush border membranes
of the enterocytes [9-11]. After entering the enterocytes, most of the free cholesterol is
then esterified by acyl coenzyme A: cholesterol acyltransferase 2 (ACAT2), and
assembled into chylomicrons with a large amount of triglycerides [12, 13]. The
chylomicrons are then transported to the liver and peripheral tissues via blood
circulation for energy supply or storage. The free cholesterol in the enterocyte can also
be assembled into high-density lipoprotein (HDL), a process which requires ATP-
binding cassette transporter ABCA1 located on the basolaterol side of the enterocyte. A
study using intestinal specific Abcal knockout mice has demonstrated that the small
intestine contributes up to 30% of the total plasma HDL [14]. Unlike free cholesterol,
most of the plant sterols are exported back to the intestinal lumen via the apical co-
transpoter ABCG5/G8. Mutations in either gene cause sitosterolemia, a rare recessive
disease with high levels of neutral sterol in the plasma and the tissue [15]. In contrast,
overexpression of ABCGS5/G8 by different approaches significantly reduces the
cholesterol absorption in mice [16]. Reducing cholesterol absorption is regarded as a
promising approach to treat hypercholesterolemia. The drug ezitimibe, a synthetic
NPCILI inhibitor, has been approved for such indications.

1.1.3 Lipoproteins and apopipoproteins in the blood

The common structure of lipoprotein particles represents a biochemical assembly with
a hydrophilic surface and lipophilic core. Non-polar molecules such as the
triglycerides, esterified-cholesterol and other hydrophobic molecules are packed inside
the particle, while the polar ends of apolipoproteins, phospholipids and free cholesterol
are located on the surface. Each lipoprotein particle has one or several apolipoproteins
embedded on the surface, acting as “’hallmarks’” for the recognition of particles by
relevant lipoprotein receptors during metabolism.

Lipoproteins can be classified by their hydrate density or electrophoretic mobility. Due
to the fact that the density of the non-polar core is usually low while the polar surface
high, the size of the lipoprotein particles is therefore inversely correlated to the density.
Chylomicrons and very low-density lipoprotein (VLDL) represent the two largest



lipoprotein particles in the blood, followed by smaller particles such as the intermediate
density lipoproteins (IDL), the low density lipoproteins (LDL) and the HDL.

The presence of apolipoproteins is essential in the blood due to their crucial roles in
lipid transportation and atherogenic processes. A large number of apolipoproteins has
been identified and carefully studied [17, 18]. The subtypes of apolipoproteins contain
apoAs, Bs, Cs, D, E, etc. From the evolutionary point of view [19], the smaller
proteins, i.e. apoAs, apoCs and apoE share similar sequences in the coding regions and
their genomic structures. ApoB, on the other hand, differs from the other
apolipoproteins in the genomic sequences by having 29 exons including two extremely
long ones. It exists in two different forms, the apoB-100 and apoB-48, which is a
truncated protein that appears only in the small intestine. It represents 48% of the amino
acid sequences in apoB-100 due to the introduction of a stop codon in the mRNA
sequences. Therefore lipoproteins containing apoB-48 can be identified as of intestinal
origin in humans. According to the established theory, the major 3D structure of apoB
is mainly a beta-sheet, which allows the irreversible association of the apolipoprotein to
the lipid droplet. In contrast, the other apolipoproteins mainly have alpha-helices as the
3D structure, which are then associated to the lipid droplets reversibly. Accordingly,
apoBs are mostly found in the LDL or IDL, whereas HDL mainly contains apoAs and
apoE.

1.1.4 Lipoprotein metabolism

The exogenous pathway

The exogenous pathway, specifically the metabolism of chylomicrons, represents the
metabolism of cholesterol, triglycerides and free fatty acids, which enter the gut via the
bile or the diet. After each meal, micelles (a mixture of cholesterol, triglycerides,
phospholipids and bile acids) are formed and are taken up by transporters located on the
enterocytes. Within the enterocyte, free cholesterol forms cholesteryl esters with fatty
acids, and is subsequently packed into nascent chylomicrons with apolipoproteins
(mainly apoB-48, apoC-I, apoC-III), phospholipids and triglycerides to be secreted into
the lymph. In the circulation, chylomicrons acquire apoC-II and apoE from HDL and
become mature. The acquisition of apoC-II enables chylomicrons to activate
lipoprotein lipase, which is located on the luminal side of endothelial cells, and
catalyzes the hydrolysis of triglycerides into free fatty acids and monoacylglycerol.
These products are taken up by adipose tissue and muscle cells for energy supply or
storage. The leftover part of the chylomicrons, namely chylomicron remnants, remains
in the circulation until they interact with the chylomicron remnant receptor in the liver
via apoE, and taken up by the hepatocytes for the further degradation by the lysosome.

The endogenous pathway

The endogenous pathway starts with the assembly of the nascent VLDL in the liver,
which contains esterified cholesterol, triglycerides, phospholipids and apoB-100. The
nascent VLDL is released from the hepatocyte into the circulation, where it acquires
apoC-II and apoE from the HDL, eventually becoming mature. Similar to
chylomicrons, VLDL particles also undergo the hydrolysis of lipoprotein lipase via
apoC-II, and release monoacylglycerol and free fatty acids for the energy storage by



peripheral tissues. After the hydrolysis, the VLDL remnants (also called intermediate-
density lipoprotein, IDL) are further hydrolyzed by the hepatic lipase and become LDL.
The LDL particle is enriched with cholesterol and contains only apoB-100 as
apolipoprotein. In humans, it represents the major cholesterol transportation particle. It
circulates in the blood stream and can be recognized by the LDL receptor (LDLr)
before entering the cell by endocytosis. Most of the LDL particles are then degraded by
the lysosome and lipid components are further hydrolyzed. As lipoproteins accumulate
in the intima of the arterial vessels, they can be oxidized by the oxygen free radicals
generated by either macrophages or endothelial cells. These oxidized LDL particles,
however, can also be taken up by the macrophages which later become foam cells and
form the fatty streaks of the plaque inside the intima of the arteries. A high level of
LDL in the circulation is a known risk for atherosclerosis. As every LDL particle
contains only one molecule of apoB-100, the level of apoB-100 in the circulation is a
helpful marker for the evaluation of the LDL particles and therefore useful for
predicting the development of atherosclerosis.

Reverse cholesterol transportation

The reverse cholesterol transportation (RCT) represents the multi-step process of
cholesterol net movement from the peripheral tissue to the liver for the elimination via
bile. It was first described by Glomset in 1973 [20], and was regarded as a protective
event against cardiovascular disease by the synthesis and metabolism of HDL. The
procedures of RCT include cellular cholesterol efflux, HDL remodeling and HDL
transportation from the peripheral tissue to the liver. HDL contains mainly apoA-I as
apolipoprotein, with apoA-II present in some HDL particles, although its role is less
well defined [21, 22]. Intercellular free cholesterol is effluxed by the ABCAI and
interacts with apoA-I, which facilities the esterification of cholesterol by
lecithin:cholesterol acyltransferase (LCAT). Nascent HDL matures as the amount of
cholesteryl esters accumulate via remodeling in the circulation. These mature HDL
particles are then interacting with hepatocytes through its receptor, the scavenger
receptor class B type I (SRBI). SRBI thereafter mediates non-endocytotic cholesterol
transport into the hepatocyte.

1.2 BILE ACID METABOLISM

Bile acids are important cholesterol derivatives during the metabolic process. The
synthesis and excretion of bile acids represents a major path to eliminate excess
cholesterol in the body. In most of the early studies, bile acids have been recognized
merely as detergent facilitating lipid absorption in the gut. Recent studies revealed
crucial functions of bile acids as signaling molecules and their important roles in
governing lipid metabolism, energy expenditure, glucose metabolism, carcinogenic
balance, etc.

1.2.1 Synthesis of primary bile acids

About 500 mg of cholesterol are converted daily into bile acids in the adult human liver
[23]. The synthesis takes place exclusively in the liver. The intermediate products of the
synthesis are named as primary bile acids, with various chemical structures indicating



the different biological functions. In humans, the most predominant primary bile acids
are cholic acid (CA) and chenodeoxycholic acid (CDCA) (Figure 2), whereas in mice
and rats, the primary bile acids mainly consist of CA and muricholic acids (MCA).

A)

Figure 2. Chemical structures of (A) cholic acid and (B) chenodeoxycholic acid.

Two major pathways have been identified for the bile acid synthesis, namely the classic
pathway (or the neutral pathway) and the alternative pathway (or the acidic pathway).
The crucial steps in the classic pathway involve the participation of several enzymes, of
which the rate-limiting one is cholesterol 7a-hydroxylase (CYP7Al). This enzyme
belongs to the cytochrome P-450 super family, is expressed exclusively in the liver, and
is subjected to strict regulation by a number of nuclear receptors and other signaling
pathways.

Cyp7al-deficient mice reveal a complex phenotype and high mortality rate in their
early life stage, indicating the crucial function of this enzyme in the murine metabolic
system [24]. However, the above observation seems to vary according to experimental
condition and genetic background, as another study using mice with disrupted Cyp7al
observed a much lower mortality rate and milder clinical phenotype [25]. In addition,
an elevated level of serum cholesterol was detected in these mice. These observations,
however, seem to be more representative to the human Cyp7al deficient condition. A
common variation of the human CYP7A1 gene is the single nucleotide polymorphism
(SNP) in the promoter region of the gene, resulting in an A/C transversion and
subsequently higher level of LDL-cholesterol [26, 27].

In this way, cholesterol can either be converted to CA or CDCA before entering the
enterohepatic circulation. The P-450 cytochrome enzyme sterol 12a-hydroxylase
(CYPS8BI1) is crucial for the synthesis of CA. It is exclusively expressed in the liver and
regulated by the sterol regulatory element binding proteins (SREBPs) [28, 29]. In a
mouse model with genetic disruption of Cyp8bl, the CA synthesis was completely
abolished, which resulted in a dramatic increase of MCA and CDCA [30]. This change
resulted in reduced dietary cholesterol absorption, increased liver bile acid synthesis, an
expanded bile acid pool, and increased resistance to atherosclerotic formation when
cross-bred with apoE knockout mice [31-33]. In humans, no individual with CYP8B1
deficiency has been described and a polymorphism found in the coding region of the
gene does not seem to correlate with the difference in the ratio between CA and CDCA
[34]. A report described a change of the CA/CDCA ratio in human bile in cystic
fibrosis patients, but no correlation was found between the ratio and the disease onset
[35]. The alternative (acidic) pathway also plays an important role for the bile acid



synthesis. It contributes to about 25% of the bile acids in rodents, but less in humans
[23]. The key enzyme of this step represents the sterol 27-hydroxylase (CYP27A1).
Mice with disrupted Cyp27al display a reduced total bile acid pool, and a
predominance of CA in the total bile acid composition [36]. Human CYP27Al
deficiency is the cause of cerebrotendinous xanthomatosis (CTX), which is
characterized by dementia, ataxia, cataracts and xanthomas in the central nerve system
and peripheral tendons [37].

1.2.2 Enterohepatic circulation and secondary bile acid synthesis

The enterohepatic circulation is important in maintaining a constant bile acid pool size,
which is measured as 4 mg in mice and 2 to 4 g in humans [38-40]. These bile acids
circulate several rounds in each meal, facilitating the absorption of lipids in the food
while act as signaling factors for the metabolism of glucose and energy [41-44].

The hepatocytes have the ability to transport bile acids efficiently from the portal blood
into the bile, a step that is essential for the bile acid enterohepatic circulation. The
transportation process is driven by the Na'-taurocholate co-transporting polypeptide
(NTCP). This membrane glycoprotein is the founding protein of the SLCI10
superfamily for solute carrier proteins, which consists of two bile acid carriers,
SLC10A1 (NTCP) and SLC10A2 (ASBT) [45]. The high expression level of NTCP on
the sinusoidal membrane of the hepatocytes enables the transporter to extract bile acids
efficiently from the portal blood, with the highest affinity to the conjugated bile acids
and weaker affinity to unconjugated or sulfated bile acids [46-48]. On the canaliculi
side of the hepatocytes, the bile salt export pump (BSEP) is located. This ABC
transporter acts as canalicular bile acid exporter and effluxes bile acids into the bile.
After each meal, the contraction of the gallbladder empties the bile from the biliary
tract into the gut where the bile acids meet with the apical sodium bile transporter
(ASBT) in the distal ileum. There, about 95% of the BAs are reabsorbed, a step that is
crucial for the maintaining of the total BA pool size [49, 50]. These bile acids are then
taken into the enterocytes and exported by the organic solute transporters (OSTs),
which form a dimer between the subtypes OSTa and OSTB, into the blood [51, 52],
transported back to the liver via the portal blood, and thereby complete a round of
enterohepatic circulation.

Not all the BAs are reabsorbed in the distal ileum. Less than 5% of the leftover BAs
continue to the large intestine, where they are converted by the bacteria into secondary
BAs. In humans and rodents, the secondary BAs formed by the colon bacteria are
consisted of deoxycholic acid (DCA), lithocholic acid (LCA) and a small amount of
ursodeoxycholic acid (UDCA). The percentage of DCA is much higher in humans
(about 25% of total bile acid pool) as compared to rodents, whose DCA fraction is less
than 1% due to the re-hydroxylation ability in their liver. Secondary BAs are more
lipophilic and therefore exhibit higher cellular toxicity than the primary BAs.



1.3 REGULATION OF CHOLESTEROL METABOLISM

Since the discovery of nuclear receptors, significant progress has been made in the
ligand identification and physiological function dissection. Among them are the liver X
receptor (LXR) and farnesoid X receptor (FXR), whose natural ligands were previously
unknown. It is now clear that the ligands for LXRs are mainly cholesterol derivatives,
while bile acids account for the ligands of FXR. These two nuclear receptors play
crucial roles in the regulation of genes related to lipid homeostasis.

1.3.1 Nuclear receptors

Nuclear receptors are a group of proteins located within the cell nucleus, of which most
can bind directly to DNA. A common character they share is the ability to bind ligands
such as steroids and other lipid molecules. Upon the ligand binding, nuclear receptors
commence conformational changes that result in the transcriptional signaling change,
leading to the up or down-regulation of certain target genes. Recent studies reveal that
transcriptional regulation by nuclear receptors also requires the participation of co-
activators, which are recruited after the ligand binding procedure [53, 54]. The common
structure of the nuclear receptors consists of an N-terminal domain, regions of DNA
binding, hinging, ligand binding, and a C-terminal domain (Figure 3) [55, 56].

N-terminal Hinge C-terminal
domain region domain
N,H A/B C D E F COOH
DNA-binding Ligand-binding
domain domain

Figure 3. Schematic diagram of a typical nuclear receptor with its functional domains.

1.3.2 LXRs, cholesterol homeostasis and synthetic LXR agonists

LXRs are transcriptional factors which belong to the nuclear receptor superfamily. It
was first identified as orphan receptor, of which the natural ligand was unknown. LXR
forms a heterodimer with the retinoid X receptor (RXR) and therefore can also be
activated by RXR agonists. Upon ligand binding, LXR experiences conformational
changes resulting in the release of co-suppressors and recruiting of co-activators.
Thereafter, the transcriptional regulation of the target genes is initiated. Natural ligands
for LXRs includes cholesterol metabolites, oxysterols such as 24(S),25-
epoxycholesterol, 24(S)-hydroxycholesterol, and 27-hydroxycholesterol [57-59]. These
molecules are believed to act as endogenous LXR activators in tissues like liver,
intestine and macrophages. LXR has two subtypes, LXRa (NR1H3) and LXRf
(NR1H2), which share approximately 77% identity in DNA and ligand-binding
domains. These two subtypes however have different expression frequencies in various
tissues [60, 61]. LXRa is expressed in lipid-metabolic tissues such as the liver,
intestine, macrophage, etc; while LXRf is more ubiquitously expressed and governs a
multitude of metabolic functions.



Genetically modified animal models have been created to study the impact of LXRs in
relation to the lipid metabolites. In the macrophage, LXRa regulates cholesterol efflux
transporters upon activation. Genes such as ABCA1, ABCGI, apoC and apoE were
significantly upregulated under LXR stimulation, and therefore facilitate the
intracellular sterol efflux for the return as HDL to the liver [62]. Activation of LXRs
also affects the intestinal cholesterol absorption, although the exact mechanism has not
been completely clear. When LXRa knockout mice were cross-bred with apoE
knockout mice, the new strain showed an attractive phenotype for the study of
atherosclerosis, as the number of atherosclerotic lesions was significantly decreased in
the double knockout mice [31]. A novel insight on how LXRs regulate lipid
homeostasis was added when a new LXR target gene was identified, namely the
inducible degrader of LDL receptor (IDOL, also known as MYLIP) [63]. The E3
ubiquitin ligase functions as a degrader for the LDL particles and LDL receptor,
thereby affecting the LDL levels in the blood. The identification of IDOL reinforces the
crucial role of LXR in preserving cellular lipid homeostasis under cholesterol
overloading conditions.

A large number of synthetic LXR agonists has been created by the pharmaceutical
industry aiming to treat atherosclerosis and other indications. The first generation of the
LXR pan-agonist, TO-901317 and GW3965 have been synthesized by Amgen
(Tularik) and GlaxoSmithKline, respectively, and widely used in preclinical studies.
The beneficial effects of these two agonists are shown in many animal models of
different indications ranging from cardiovascular diseases, neuro-degenerative diseases,
inflammatory diseases and other metabolic disorders. However, such beneficial effects
are clearly counteracted by the significant adverse effects associated with the products,
as mice treated with first generation LXR agonists developed hypertriglyceridemia
[64], a known risk factor for cardiovascular disease. This phenotype has largely been
attributed to the up-regulation of sterol regulatory element binding protein Ic
(SREBPIc), a direct target gene of LXR. The activation of SREBP1c leads to massive
induction of its downstream genes related to fatty acid synthesis, including fatty acid
synthase (FAS), acetyl-CoA carboxylase, and stearoyl CoA desaturase-1 (SCD-1) [65].
Later on, Wyeth developed LXR-623, another LXR agonist which preserved the
beneficial effects of its first generation, but without the elevation of hepatic lipogenesis.
However, the clinical trial for LXR-623 was forced to be discontinued due to the severe
neurological side effects during the clinical trial [66].

1.3.3 FXR and bile acid metabolism

The original name of FXR (NR1H4) comes from the observation that farnesol acts as
the ligand for this nuclear receptor [67]. In the subsequent studies, it has become more
and more clear that bile acids are the actual natural ligands for FXR [68, 69]. FXR is
mainly expressed in the liver, intestine, kidney and adrenal glands, whereas low levels
of expression are also discovered in adipose tissue and heart. Similar to LXRs, FXR
also forms a heterodimer with RXR and responds to RXR agonists. The transcriptional
regulation of the target genes starts when bile acids bind to FXR. In addition, FXR can
also exert indirect regulation of certain genes via the induction of small heterodimer
partner (SHP). It is important to dissect the physiological role of pure FXR activation,



as bile acids also act as ligands for other nuclear receptors such as pregnane X receptor
(PXR), constitutive androstane receptor (CAR), vitamin D receptor and TGRS. For this
reason, it is important to use FXR-deficient mice in order to draw conclusions for FXR-
mediated metabolic effects observed by exogenous bile acid activation.

High levels of bile acids are cytotoxic; therefore it is crucial to maintain the proper bile
acid levels in the body. To achieve this task, FXR regulates the flux of bile acid in
various feedback or feedforward loops, covering the bile acid synthesis, uptake,
transportation and reabsorption. FXR knockout mice also show several severe
metabolic phenotypes, which adds to the evidences that FXR is crucial for bile acid
flux and overall metabolic homeostasis. The regulation of bile acid synthesis by FXR is
mainly through the FXR-SHP activation, which then inhibits the liver receptor
homolog-1 (LRH-1), LXR and hepatocyte nuclear factor 40 (HNF4a), factors all
necessary for the preservation of CYP7A1 expression [70-72]. In addition, it has been
claimed that bile acid-FXR signaling also induces the fibroblast growth factor 19
(FGF19, Fgfl5 as homolog in rodents), which is synthesized in the distal intestine and
exerts hormonal effects in the liver by repressing CYP7A1 expression. Although the
hormonal function of Fgf15 has been predicted long ago, it is not until recently that the
protein has been detected in the blood for the first time in mice [73]. This could either
be due to instability or the fast degradation rate of the protein, which raises the question
of its real physiological function in rodents. Nevertheless, FXR activation leads to
suppression of CYP7ALI in the liver, resulting in a feedback regulatory effect of bile
acid synthesis. In addition to the bile acid synthesis, FXR modulates bile acid flux by
transcriptional regulation of ASBT and OSTa/B [74]. The FXR-mediated regulation of
bile acid synthesis implied the crucial role of FXR as lipid regulator, as bile acid
synthesis represents an important way for cholesterol elimination.

1.3.4 Bile acids as ligands for G-protein coupled receptors (TGR5)

In addition to their lipid solubility function, bile acids are also signaling molecules
which exert genomic and non-genomic regulations on the body metabolism. One such
function involves the activation of TGRS, a G protein-coupled receptor (also known as
M-BAR, GPBARI1). The mechanistic stimulation of TGRS by bile acids includes the
accumulation of intracellular cAMP and subsequently activation of the mitogen-
activated protein kinase (MAPK) pathway. The potency of bile acids on TGRS
activation is positively correlated to the hydrophobicity of the molecule, which is
ranked as LCA > DCA > CDCA > CA according to an early study [75].

As the expression of TGRS has been found in several tissues including the gall bladder,
distal small intestine and the colon, numerous studies on its physiological functions
have been conducted. Watanabe et al [44] have demonstrated that the bile acid-TGRS
signaling pathway stimulates energy expenditure by acting in the brown adipose tissue
in mice via inducing 2-iodothyronine deiodinase (D2), an enzyme which converts
thyroxine (T4) into tri-iodothyronine (T3). This finding was confirmed in mice with
high-fat diet feeding and was further applied into the prevention of diet-induced
obesity. Another physiological effect of the bile acid-TGRS pathway is related to the
glucose metabolism. It has been shown that TGRS stimulates the secretion of glucagon-



like peptide 1 (GLP1) [76], a member of the incretin family. This protein functions as a
regulator of the insulin secretion in response to the meal. The physiological significance
of this finding for human implication is still under investigation. The natural expression
of TGRS in the liver is almost negligible according to the previous studies, however the
homozygous TGR5” mice showed a 20% reduction in their bile acid pool size [77].
The exact mechanism for this change is still unclear, as CA feeding was unable to exert
a regulatory effect on any of the enzymes (e.g. Cyp7al, Cyp8bl, Cyp27al, etc.)
responsible for bile acid production in these mice.

1.4 CHOLESTEROL METABOLIC DISEASES AND POTENTIAL
TREATMENT

1.4.1 LXRs, FXR and atherosclerosis

The therapeutic effects of LXR agonists on atherosclerosis have been demonstrated by
various animal models. The activation of LXR by GW3965 showed strong reduction of
atherosclerosis in apoE- and LDLr-knockout mice [78]. This observation has been
further extended to the other widely used agonist TO-901317 [79]. According to earlier
studies, LXR activation led to the alteration of plaque composition, which subsequently
contributed to the attenuation of inflammatory reactions. In addition, reduced levels of
adhesion molecules and changing in fibrous cap thickness were also observed in the
studies. Notably, the reduced lesion development did not happen simultaneously with
the lowering of blood lipid levels, suggesting that the efflux of cholesterol via RCT can
occur without changing the static lipid level. The atherogenic protective effect of LXRs
was further confirmed by the loss-of-function study using LXR double knockout mice.
It was demonstrated that such mice developed atherosclerotic lesions enriched with
foam cells even under normal chow diet [80]. Despite the beneficial effect of LXR pan
activation, an LXRp selective activation is still of great pharmacological interest due to
the massive hepatic lipogenic effect under LXRa stimulation. It has been demonstrated
that selective LXRp activation in mice is sufficient to attenuate atherosclerosis
development with marginal effects on blood triglyceride levels [81], which provided a
solid scientific rationale for such approaches.

Compared to LXR agonists, the benefit of FXR activation against atherosclerosis seems
more controversial and is largely dependent on the experimental conditions. Several
studies have shown an atheroprotective effect by creating FXR and LDLr-double
knockout mice [82, 83]. In contrast, FXR and apoE-double knockout mice developed
severe atherosclerosis with a high mortality rate when fed with atherogenic diet [84].
Nevertheless, the atheroprotective effect of FXR stimulation seems to be dependent on
the improvement of the blood lipid profile [85, 86]. On the other hand, the existence of
FXR expression on smooth muscle cells of the cardiovascular vessels [87] and
endothelial cells [88] provides evidence that FXR might actually regulate atherogenic
events via modulating plaque formation or inflammatory effects.
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1.4.2 Bile acids, glucose metabolism and type 2 diabetes

Dyslipidemia, together with obesity, increased blood glucose level and hypertension
form the criteria of the clinical diagnosis of metabolic syndrome, which is a known risk
factor for type 2 diabetes [89]. Recent medication for dyslipidemia includes statin, bile
acid sequestrants, fibrates, nicotinic acid, etc. The link between bile acid modulation
and lipid homeostasis is mainly due to the signaling pathway of two receptors, namely
the FXR and TGRS, both of which require bile acids as ligands. Numerous studies have
provided solid evidence that bile acid-TGRS activation reduces the blood glucose level
and improves glucose tolerance in high fat-treated mice [41, 90]. It has been shown that
TGRS stimulation by the synthetic ligand INT-777 induces the production of GLP-1 in
the small intestine, thereby enhancing the postprandial insulin secretion. A similar
conclusion has been drawn by administering INT-777 to the TGRS knockout mice, and
no elevation of GLP-1 has been observed [41]. Another aspect about TGRS stimulation
is the increased energy expenditure through the induction of deiodinase in the brown
adipose tissue, thereby improving the diet-induced weight gain and obesity [44]. This
observation also provides evidence that activation of TGRS might be a promising target
for the treatment of metabolic syndrome.

The link between FXR and glucose metabolism has been proven by several studies
showing that FXR depletion leads to insulin resistance in the peripheral tissues [91-93].
Other studies have also shown that FXR is regulating several genes which are involved
in the gluconeogenesis pathway, including glucose 6-phosphatase (G6Pase) and
phosphoenolpyruvate carboxykinase (PEPCK). However, the exact mechanism for the
regulation has not been clarified, also the results seem to be inconsistent and highly
dependent on the experimental conditions [94-96]. In line with this notion, the
beneficial effect of FXR agonist on glucose homeostasis is still unclear and partly
controversial. Therefore, whether FXR stimulation should be considered as a potential
therapy for alteration in glucose metabolism needs to be validated with more solid
experimental evidence.

1.4.3 Antisense oligonucleotides and cardiovascular diseases

ASOs are short synthetic single-stranded nucleotide polymers, which usually contain
15-25 nucleotides in length. These single-stranded polymers have the ability to
hybridize with the target RNA via Watson-Crick base pairing, and activate the
endogenous RNase H to hydrolyze the target RNA strand. This results in the reduction
of mRNA expression and subsequently protein levels of the target gene [97-99]. Since
the approval of the first generation ASO, there has been a growing interest to improve
the pharmacokinetic and pharmacodynamic properties of the first generation ASOs.
Among all the attempts, adding a 2’-O-methoxyethyl (MOE) or a 2’-O-methyl (Me)
group to the ASO strand has been proven to provide higher biological stability, greater
in vivo potency and less toxicity [100]. Because of the ability to inhibit specific targets
with a broad range of selection on the target, the ASO technique has also been used for
the design of drugs against dyslipidemia and cardiovascular diseases. Targets involved
in preclinical or clinical studies include apoB-100, PCSK9 and Lp(a) [101].
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2 AIMS

The general aim of this thesis is to investigate and better understand the regulatory
effect of bile acids and nuclear receptors on cholesterol homeostasis under the
cholesterol overloading condition.

The specific aim for each project is described as:

Paper | To characterize the cholesterol metabolic profile induced by selective
activation of LXRp, in particular to study the regulatory effect mediated
by LXRp on intestinal cholesterol absorption and the blood lipoprotein
profile.

Paper 11 To evaluate the regulatory effect of muricholic acid on bile acid
synthesis, and to re-characterize the phenotype of Cyp8bl” mice
regarding bile acid metabolism.

Paper 111 To explore the therapeutic potential of CA depletion on systemic

cholesterol overloading by wusing second generation antisense
oligonucleotides.
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3 MATERIALS AND METHODS

3.1 ANIMALS AND TREATMENTS

Paper |

Male mice on a C57BL/6J background (6-9 weeks of age, Taconic A&B, Denmark)
were used for the experiment and housed in a pathogen-free facility with a regular
light/dark circle of 12h/12h. Each experimental group contained 4-6 individuals. Mice
were either fed with a standard diet (SDS, Germany) or 0.2% cholesterol-enriched diet
(wt/wt, Harlan Teklad, USA) with free access to water for 2 weeks before the
termination. When necessary, the LXR agonist GW3965 was given at 40mg/kg/day for
4 days by oral gavage. All mice were fasted for 4 hours before the termination for the
collection of gallbladder bile. All animal experiments were approved by the ethical
committee of Karolinska Institutet.

Paper ll

Inbred female mice on a C57BL/6J background (8-10 weeks of age, genotype:
Cyp8b1'/' and the litter mates Cyp8b1+/+) were housed in a pathogen-free facility under
a light/dark circle of 12h/12h with free access to standard food and water unless
otherwise specified. For each treatment group, 6 mice were used and received single
doses of saline (100 pL) with or without AMP (100mg/kg/day) by gavage. Another
four groups of Cyp8b1™ mice (n=3-6) were used and given oral gavage of 200uL saline
solution with AMP (100mg/kg/day) and supplemented with CA, CDCA or DCA at a
concentration of 9 umol/kg/day. All gavages were given at 9am for 3 continuous days,
with a boosting dose at S5pm on day 3. Before the end of the experiments, all mice were
fasted for 4 hours with free access to water. All animal experiments were approved by
the ethical committee of Karolinska Institutet.

Paper lll

Male mice on a C57BL/6J background (around 6 weeks of age, Taconic A&B,
Denmark) were housed in a pathogen-free facility under a light/dark circle of 12h/12h
with free access to water and food during the treatment with the ASOs. Five or six mice
were used for each treatment group. The ASO substances were given by intra-
peritoneal injection (IP) twice per week at 50mg/kg/week (wt/wt) for six weeks. For
dietary studies, mice were fed with a 0.2% cholesterol diet, (wt/wt, Harlan Teklad,
USA) for 2 weeks in parallel to the ASO treatment before the sacrifice. All mice were
fasted for 4 h with free access to water before the sacrifice. All animal experiments
were approved by the ethical committee of Karolinska Institutet.

3.2 GENE EXPRESSION

Total RNA was purified from individual samples of liver or small intestine, and the
concentration of RNA was determined. After that, 1pg of total RNA was used for the
synthesis of cDNA. The relative expression levels of target genes were determined by
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real-time PCR (7500, Applied Biosystems, USA) and calculated in relation to the
house-keeping genes HPRT or cyclophilin.

3.3 PROTEIN EXPRESSION

Total protein was purified from individual or pooled samples of liver or small intestine.
For Western blotting, 4-12% gradient bis-tris gels were used for the separation of the
protein. After blotting, the membrane was incubated with primary and secondary
antibodies. Results were recorded using a Molecular Imager® camera (Bio-Rad, USA).
Densitometry analyses were performed for quantification of the results. Detailed
information of the antibodies can be obtained from method part of paper I-II1.

3.4 DIETARY INTESTINAL CHOLESTEROL ABSORPTION

Mice were given 100pL peanut oil mixed with 1 pCi[4-'*C] cholesterol (Amersham
Bioscience, USA) and 2 uCi [5,6-°H] B-sitostanol (American Radiolabel Chemical Inc.,
USA) by oral gavage. After the gavage, each mouse was caged separately for 24 hours
to allow the fecal collection. The lipid in the feces was then purified using the Folch
method (chloroform: methanol 2:1, v/v).

3.5 FECAL NEUTRAL STEROIDS AND BILE ACIDS

Neutral steroids and bile acids were purified from 0.5g feces homogenates for each
mouse using hexane and ether methods, respectively [102]. The final extracts were then
analyzed by GC.

3.6 LIVER CHOLESTEROL AND BILE ACIDS

Cholesterol and bile acids were purified from 1g of liver tissue with Folch and ether,
respectively. The final extracts were then analyzed by GC-MS.

3.7 BILIARY CHOLESTEROL AND BILE ACIDS

Cholesterol and bile acids were purified from 2uL of gallbladder bile using Folch and
ether, respectively. The final extracts were then analyzed by GC-MS.

3.8 SERUM LIPOPROTEIN CHOLESTEROL

Serum lipoprotein cholesterol was analyzed by FPLC wusing size-exclusion
chromatography [102].

3.9 STATISTICS

Statistical analyses were performed by STATISTICA version 9 and GraphPad Prism
5.04 Software. Detailed methods can be obtained in each paper.
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4 RESULTS AND COMMENTS

41 PAPERI: LXRBETA ACTIVATION INCREASES INTESTINAL
CHOLESTEROL ABSORPTION, LEADING TO AN ATHEROGENIC
LIPOPROTEIN PROFILE

It has been demonstrated that the inhibition of intestinal cholesterol absorption alone or
with other lipid lowering drugs in humans leads to clear atheroprotective effects [103-
105]. Studies have been focused on the mechanism of how LXR stimulation leads to
reduced intestinal cholesterol absorption, however little is known about the individual
role of LXRa and LXRp on the regulation of cholesterol absorption. In this study, we
have investigated the significance of LXRa and LXR on the absorption of cholesterol
in mice, and evaluated the subsequent effects on cholesterol and bile acid metabolism.

Separate activation of LXRB induces dietary cholesterol absorption and
elevates serum apoB-containing particles in LXRa™ mice.

A major concern of using LXR agonists in treating atherosclerosis is the dramatic
elevation of serum triglycerides when LXRa is activated. Therefore, a dissected LXRf3
agonist might be of great potential value in terms of therapeutic purpose. In line with
this notion, we investigated the effect of selective LXR[ activation by using the
synthetic LXR pan agonist GW3965 in LXRa™™ mice. As observed in the study, a
significant enhancement of dietary cholesterol absorption was shown only in LXRa™"
mice after 4 days of 0.2% cholesterol diet with or without GW3965. This is in sharp
contrast with the other two genotypes used in the same study, the WT and LXRB”
mice, which showed marginal effects of dietary cholesterol absorption under the same
treatment. Results from fecal neutral sterol measurements confirmed the absorption
data, as the fecal neutral sterol output was reduced solely in the LXRa”™ mice under
0.2% cholesterol or/and GW3965. However, changes on fecal neutral sterols can also
be due to the different cholesterol output through the bile, therefore we investigated
whether that could be the explanation. According to the experiment, no changes were
found between the three genotypes on biliary cholesterol excretion. Taken together,
these results suggested an increased dietary cholesterol absorption in the gut, which led
to a decrease in fecal lipid output.

The above observations are accompanied by elevated total and apoB-lipoprotein
cholesterol in the serum when mice were challenged by 0.2% cholesterol and/or
GW3965. According to our observation, the total lipoprotein cholesterol was almost
doubled in all genotypes of mice when treated with 0.2% cholesterol and GW3965,
although the individual lipoprotein fraction differed between the genotypes. It seemed
that activation of LXRs and LXRa mainly resulted in the increase of the HDL fraction,
while LXRJ activation resulted in LDL cholesterol induction in the blood. Based on the
above two observations, we suggested that the separate activation of LXRp should be
used with caution as adverse effects might appear. Consequently, it is of great
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importance that the physiological effects of LXRa and LXRp are carefully evaluated in
order to avoid the side effects while maximizing the advantage for the therapeutic

purpose.

Compensatory effects of LXRa and LXRB in the regulation of cholesterol
metabolic genes.

This study also reveals the compensatory effect of LXRa and LXR in the regulation of
the intestinal genes ABCGS and NPC1L1. The loss of either subtype did not jeopardize
the regulatory effect on the other subtype, as both LXRo” and LXRB™ mice fed with
0.2% cholesterol with GW3965 showed a downregulation of NPCILI and an
upregulation of ABAGS. Interestingly, the 0.2% cholesterol diet alone did not
markedly affect Npclll gene regulation, and when compared to the dietary cholesterol
absorption, the downregulation of NPCIL1 by 0.2% cholesterol+GW3965 did not
correlate to the changes in cholesterol absorption. An explanation for the discrepancy
could be that the transcriptional level of NPCIL1 might not reflect the real activity of
this cholesterol transporter. Studies have revealed that the crucial step of Npclll in
cholesterol uptake is the shuttling of the protein from the endocytic recycling
compartment to the plasma membrane, and internalization before transporting
cholesterol into the cell [106, 107]. Therefore, the rate of cholesterol absorption would
be affected not only by the expression level of NPCI1L1, but also by the modifications
of the other steps involved in this process (Figure 4).

LXRa and LXRB modify bile acid composition and excretion in response
to the ligand stimulation.

Bile acids are crucial for the regulation of the dietary cholesterol absorption due to their
amphipathic nature which facilitates lipid solubility. The ratio between the hydrophobic
bile acid CA and its hydrophilic counterpart B-MCA is closely related to the cholesterol
absorption rate. Generally speaking, the higher the ratio of CA/B-MCA, the more
cholesterol gets absorbed in the intestine. In line with this notion, we analyzed the
biliary bile acid composition of the mice as differences of cholesterol absorption have
been detected. Under 0.2% cholesterol diet, the ratio between CA and B-MCA went
down in WT and LXRB'/ " mice, indicating a more hydrophilic bile acid pool during the
feeding, while the ratio in LXRa” showed only moderate changes. When GW3965 was
given in addition, the bile acid composition in WT and LXRB'/ " mice showed further
hydrophilic properties in comparison to the LXRa” mice. Thus, the bile acid
composition of LXRo”" mice had the highest hydrophobicity among all genotypes,
which was in line with its highest cholesterol absorption rate. It is of particular interest
that LXRa” mice might have a more hydrophobic bile acid profile, as the fecal bile
acid excretion of these mice contained more DCA and less MCA than the other two
genotypes.
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Figure 4. Proposed mechanisms of the effects of LXRa and LXRp on the regulation of
cholesterol transport processes in the small intestine. LXRo. and LXRp similarly regulate the
expression of cholesterol transporters, reducing the mRNA of Npclll while elevating Abcg5/g8
and Abcal. These changes lead to the reduction of cholesterol uptake and enhanced cholesterol
excretion. Meanwhile, selective activation of LXRf increases cholesterol uptake through an
unknown pathway, which is counteracted by LXRa.

4.2 PAPER IIl: MURICHOLIC BILE ACIDS ARE POTENT REGULATORS
OF BILE ACID SYNTHESIS VIA A POSITIVE FEEDBACK
MECHANISM

Several animal models have been used to investigate the individual role of bile acids on
their activation of FXR and other regulatory factors, but the exact role of each bile acid
on their own homeostatic regulation remains to be elucidated [30, 108-110]. In this
study, we used ampicillin (AMP) to eliminate the production of secondary bile acids in
wild type (WT) and Cyp8b1”~ mice (KO) in order to gain a close look at the individual
bile acids and their regulatory functions. In addition, we also fed KO mice with various
bile acids in parallel to the AMP treatment, so as to compare the impact of exogenous
bile acid feeding on the bile acid regulation.

Effects of ampicillin on bile acid synthesis and excretion in WT and KO
mice.

WT mice fed with AMP dramatically induced their Cyp7al expression for 4 fold as
compared to the control group. The expression level of Cyp7al mRNA in the WT-
AMP group was similar to that in the KO group, regardless of the treatment. Analysis
on Cyp7al protein activity confirmed the above observation. We then analyzed the two
major bile acid regulatory factors, SHP and Fgfl5. In the intestine of WT mice, both
receptors were downregulated at the mRNA level with AMP treatment. The expression
levels of both receptors in the KO mice, regardless of the treatment, were similar to the
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ones in AMP-treated WT mice. Marginal changes on SHP were observed in the liver.
These data suggest that the synthesis of bile acids in the liver was significantly
increased in WT+AMP mice.

In accordance with the above observation, we continued to investigate the fecal
excretion of bile acids in WT+AMP mice, as induced liver bile acid synthesis is likely
to result in an enhanced output on fecal bile acid excretion. Surprisingly, the excretion
of fecal bile acid was almost completely eliminated in AMP treated mice for both the
WT and the KO group. This is in drastic contrast to the situation in the non-treated
groups, as KO mice showed an almost doubled bile acid excretion in the feces as
compared to the WT mice. Such result could only be due to the dramatic increase in
bile acid reabsorption in the distal ileum, as the hepatic bile acid synthesis has been
enhanced after the AMP treatment. As confirmed by Western-blotting, the Asbt
expression in AMP treated mice was much higher than in the non-treated group,
indicating enhanced bile acid reabsorption. Taken together, these data highly suggest
that the total mass flow of bile acid in the enterohepatic circulation is increased several
fold in AMP treated mice, and that this phenotype is most likely due to an impaired
FXR-signaling.

The liver bile acid analysis revealed an increase of the total bile acid in the WT+AMP
group, which was similar to the levels of KO mice with or without AMP. The increased
amount of bile acid is mainly due to the elevation of hydrophilic bile acids (MCAs and
UDCA), whereas the changes on hydrophobic bile acids (CDCA, DCA and LCA) and
CA were marginal. It is worth noticing that DCA can only be detected in the WT+AMP
group. Based on the above data, it is obvious that the differences in CA cannot be
explained by the upregulation of bile acid synthesis in the AMP groups. Therefore the
question remains whether loss of DCA or increase of MCA concentration is responsible
for the bile acid synthesis changes.

Effects of bile acid administration on bile acid synthesis and excretion
in KO mice.

In order to gain a deeper understanding of the regulatory effect of individual bile acids,
we treated the KO mice with CA, CDCA, or DCA in parallel to the AMP gavage. The
advantage of such an approach is the elimination of the endogenous primary bile acid
CA, and the secondary bile acids DCA and LCA. As expected, the Cyp7al mRNA
levels were suppressed by 81% and 82% in the CA and DCA treated groups,
respectively. In contrast, the CDCA treatment was less effective as it reduced Cyp7al
mRNA only by 59%. The Cyp7al mRNA changes might be due to the hepatic SHP, as
inverse correlations were seen between the hepatic SHP and Cyp7al in all treatment
groups. Intestinal expression of SHP showed elevated expression levels in all bile acid
treated groups, a pattern also seen for intestinal Fgf15 mRNA. Finally, Asbt mRNA
revealed 45% reductions in the CA and CDCA groups while a stronger 65% reduction
was observed in the DCA group. The Asbt protein expression was suppressed by 40%
in the CA and the DCA groups while it was 60% suppressed in the CDCA group.

18



The liver total bile acid concentration has been reduced by 30-34% in CA and DCA-
treated mice, whereas the amount has been increased by 30% in CDCA-treated mice as
compared to WT mice. An 89% reduction of CDCA was found in both CA and DCA
treated groups. These observations indicate that the potent FXR activator CDCA is
unlikely to explain the Cyp7al suppression in these two groups. In addition, DCA was
detectable in the DCA-treated group, which had similar Cyp7al expression as the CA
group. This observation further eliminates the possibility that DCA is the explanation
for the induction of bile acid synthesis. By contrast, total hydrophilic bile acids (a-, B-
MCAs and UDCA) were reduced by 39% and 34% in the CA- and DCA groups,
respectively, while a 22% increase was detected in the CDCA group. Indeed, the a-
MCA content was down by 68% in both CA and DCA treatment, while a 3-fold
elevation of a-MCA was detected in the CDCA-treated group. These results suggest a
general significance of the regulatory effect of MCA on bile acid synthesis, in
particular within the positive feedback which counteracts FXR signaling (Figure 5).
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Figure 5: Schematic diagram of BA metabolism in mice. The bile acid flow in Cyp8bI” mice is
illustrated with green arrows, while magenta arrows show the increase or decrease of the bile
acids. As Cyp8b1” mice lack CA and DCA, CDCA and MCA production is increased in the
liver, which then enter the small intestine. As the absorption of these bile acids in the ileum
increases in parity, presumably via Asbt-dependent and -independent mechanisms, MCAs exert
FXR-antagonistic effects in the enterocytes, which override the agonistic effects of CDCA,
thereby strongly reducing ileal FGF15 expression. This de-represses Asbt expression, which
increases BA absorption enlarging the BA pool that will be further enriched with MCAs from
hepatic conversion of CDCA to MCAs. Likewise, in the hepatocyte, MCAs will exert FXR-
antagonistic effects de-repressing Cyp7al expression, thereby increasing hepatic BA synthesis.
In parallel, reduced FGF15 signaling from the gut to liver may contribute to de-repress hepatic
Cyp7al expression, although evidence for that is circumstantial.
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4.3 PAPER lll: SECOND GENERATION ANTISENSE
OLIGONUCLEOTIDES PREVENT ACCUMULATION OF LIVER
CHOLESTEROL BY INHIBITING CHOLIC ACID SYNTHESIS

In paper 11, it was found that the hydrophilic bile acid MCA exerts positive feedback
regulation on bile acid synthesis, and might counteract the agonistic effect of
hydrophobic bile acids such as CA or DCA. In this study, we modulate the CA
production by using second generation antisense oligonucleotides (ASOs) against
Cyp8bl, the key enzyme for CA production in order to evaluate their pharmacological
potential as a target for maintaining cholesterol homeostasis.

Effects of ASOs on cholesterol and bile acid metabolic parameters in
mice under normal diet.

A total of ten different ASOs were used for the evaluation of their respective efficacy.
The effects of ASOs were measured initially by the level of Cyp8bl mRNA after 6
weeks of treatment. According to the results, the most effective ASO, ASO-81,
suppressed Cyp8bl mRNA by 75% compared to the control group. A similar reduction
in Cyp8b1 expression was also shown at the protein level. Importantly, no liver toxicity
was detected with ASO-81, indicating that the compound was well tolerated during the
treatment.

The analysis of the biliary bile acid composition revealed that the CA fraction was
reduced in the ASO-81 treated group by almost 50% as compared to the control group.
In contrast, the proportion of MCA and CDCA was increased in ASO-81 treated mice.
This resulted in a dramatic reduction of the CA/B-MCA ratio in the ASO-81 group (1.0
vs 3.3 in the control group). These results clearly indicate the potency of ASO-81 in
eliminating the CA production in mice. Similar to Cyp8b1” mice, the ASO-81 treated
mice were characterized by a less hydrophobic bile acid profile with a higher
percentage of MCA and UDCA in the bile acid pool. Such a bile acid profile is highly
in favor for the reduction of cholesterol absorption, which is crucial in maintaining a
good balance of cholesterol homeostasis.

The expression of genes involved in bile acid metabolism was also affected by the ASO
treatment. Downregulation on ileal SHP and Fgf15 mRNA was detected in the ASO-81
treated group, while induction on ileal ASBT was found in parallel. These results
suggest the increase of bile acid reabsorption through the enterohepatic circulation
during the ASO treatment. Similar results were found in the Cyp8b1” mice, of which
the CA production was depleted genetically.

Effects of ASO-81 on liver cholesterol accumulation and serum
lipoprotein cholesterol profiles after dietary cholesterol challenge.

As Cyp8bl™ mice showed marked resistance to cholesterol overload due to the
relatively higher bile acid turnover and low cholesterol absorption, we evaluated the
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effects of ASO-81 on liver cholesterol metabolism under 0.2% cholesterol feeding. The
treatment reduced the liver cholesterol content by 50% compared to the control group.
This was mainly due to the reduction of esterified cholesterol in the liver.
Simultaneously, a slight increase of free cholesterol was observed. In line with the
reduced liver cholesterol content, we observed a 70% decrease of VLDL cholesterol in
the serum under the ASO-81 treatment compared to the control group, while no major
changes were found in the LDL cholesterol fraction. A mild increase of HDL-
cholesterol was also detected with ASO-81 treatment. This is in line with the liver
cholesterol finding, as reduced levels of cholesterol in the apoB-containing lipoproteins
could be recognized as an expression for a state of relative ‘cholesterol deficiency’.

In the Cyp8b1'/ " mice, an important phenotype is the upregulation of Cyp7al due to the
lack of feedback suppression by CA elimination. Compellingly, treatment of ASO-81
did not completely phenocopy the Cyp8b1'/ " mice, and one striking difference
represented the consistent level of hepatic Cyp7al in the ASO-81 mice. Despite the
upregulation of bile acid regulatory factors, namely the SHP and Fgf15 expression, the
liver bile acid synthesis remained consistent compared to the control group. This
observation could be explained by the CA in the ASO-81 treated mice, which is
different from the Cyp8b1”~ mice. Another explanation might be due to the complex
regulatory pathways of Cyp7al, and the FXR-mediated feedback mechanism only
represents one such approach.
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5 GENERAL DISCUSSION AND FUTURE
PERSPECTIVES

The present thesis extends the knowledge of cholesterol metabolism regulation by
nuclear receptor LXRs and bile acids, two major players in the homeostasis of
cholesterol in the body. Although such topics have been intensively studied at a broader
scope, lots of detail mechanisms still remain unclear.

It has been more than a decade since the discovery of LXRs as oxysterol receptors by
the in vitro study [57]. An early study has demonstrated that impaired synthesis of
24S-, 25- and 27-hydroxycholesterol resulted in disrupted LXR signaling upon
cholesterol feeding in mice [111]. However, this theory was recently challenged by the
creation of mice transgenic for human cholesterol 24-hydroxylase with enhanced
production of 24-hydroxycholesterol [112]. In this model, LXR signaling was not
dramatically enhanced despite the dramatic elevation of its natural endogenous ligand.
Nevertheless, numerous studies have been intensively conducted onwards in order to
clarify the exact metabolic role of LXRs in lipid metabolism. Although the expression
of both LXRs has been found in many tissues, it is important to note that the two
subtypes regulate gene transcription in a tissue-specific and subtype-specific manner.
For this reason, animal models with specific knockout have been proven to be more
useful. One major function of LXRs, in particular LXRa, is to maintain the homeostasis
of lipid metabolism. A subtype specific knockout of LXRa in mice was first described
in 1998 by Peet et al [113]. In this animal model, the natural resistance to cholesterol
overloading was disrupted when mice were fed with 2% cholesterol diet. This
observation was attributed to the lack of Cyp7al upregulation by LXRa in the liver,
which is otherwise upregulated upon high cholesterol challenge. Interestingly however,
LXRp knockout mice failed to display a similar phenotype under the same cholesterol
loading condition, indicating the different physiological functions of the two subtypes
[114]. Later on, the biological functions of LXRs were extended to cholesterol uptake,
absorption, excretion and reverse transportation as more genes have been discovered
under direct LXRs governance [63, 115-117].

The massive improvement of LXR stimulation on lipid homeostasis has aroused great
interest in translating the nuclear receptor into a potential therapeutic target against
atherosclerosis. However, the initial attempt by using first generation LXR synthetic
agonists such as TO-901317 and GW3965 was largely disappointing due to the strong
elevation of lipogenesis by the activation of LXRa, resulting in adverse effects such as
tryglyceridemia and fatty liver disease [64]. These observations give the scientific
rationale for the creation of a selective activation on LXRp, especially when results
have shown strong atheroprotective effects of LXR without induction of lipogenesis
[81, 118, 119]. In line with the notion, we used selective LXRa or LXRp knockout
mice and compared the separate activation of either subtype on cholesterol and bile
acid metabolism by using the synthetic agonist GW3965. We demonstrated that
selective activation of LXRP might generate effects such as enhanced cholesterol
absorption with elevated apoB-lipoprotein cholesterol in the circulation. In addition,
such an approach also led to decreased fecal neutral sterol output without affecting the
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biliary sterol excretion. A more hydrophobic profile on bile acid excretion was also
discovered by selective LXRJ activation [120]. These observations raised the concern
that selective LXRp activation should be used with caution as adverse effects might
exist.

Another approach to avoid massive lipogenesis is the tissue selective activation of
LXRa, which has been created and thoroughly investigated by Lo Sasso et al [121]. In
their study, the authors demonstrated tissue specific effects of LXRB on ABCGS5
regulation, without induction of the hepatic target genes of LXRs. It further unraveled
the key role of the small intestine in the context of cholesterol homeostasis by showing
the reduced absorption of cholesterol during the intestinal LXRa specific induction.
Taken together, the numerous experimental data provide a solid scientific rationale for
the development of LXR agonists for an atheroprotective purpose. Meanwhile, safety
concerns and a more careful dissection of isoform specific activation remain
highlighted before the mature translation of the LXR agonists from bench to bedside.

In addition to the nuclear receptor LXRs, another major player in the homeostasis of
cholesterol is the bile acids, governing the elimination pathway of excess cholesterol.
Manipulation of the bile acid production generates a significant impact on Cyp7al and
bile acid synthesis due to the signaling intensity change of the FXR pathway.
Interestingly, studies on humans and mice showed a different affinity of bile acids to
FXR. While CA acts as the strongest ligand for FXR in mice, human FXR reacts
strongly to CDCA [122, 123]. In mice with genetic depletion of CA production
(Cyp8b1'/' mice), the bile acid synthesis was dramatically elevated resulting in an
increased total bile acid pool size [30]. The phenotype was ascribed to the elimination
of CA, a strong agonist for FXR at least in mice. However, the limitation of such an
explanation is that the effect of secondary bile acids such as DCA has been largely
ignored. In addition, whether the significant increase of MCAs in these mice
contributes to the phenotype is unknown.

We investigated this possibility by using antibiotics to eliminate the secondary bile acid
production by WT and Cyp8b1'/ “mice. We found that CA elimination could not be the
possible explanation for the upregulation of bile acid synthesis in Cyp8b1”~ mice, as
similar levels of Cyp7al were detected in WT+AMP and KO mice, whose CA levels
differed dramatically. By giving exogenous bile acids to AMP-treated Cyp8b1™ mice,
we could systematically exclude DCA as the potential explanation for the phenotype.
Instead, we found that by counteracting the FXR stimulation, the increase in
hydrophilic bile acids (MCAs and UDCA) was the real driving force for the elevated
bile acid synthesis in Cyp8b1”~ mice. This observation indicates that by modulating the
enterohepatic circulation of bile acids, the positive feedback mechanism regulates bile
acid homeostasis without employing the hormonal effect of Fgf15, although such effect
is most likely to exist. This finding is of fundamental importance for the understating of
bile acid metabolism in both humans and mice, as the Fgf15/19 negative feedback
mechanism is believed to operate in both species. Our proposed positive feedback
mechanism of MCA in the context of bile acid synthetic regulation could possibly be
extended to the germ-free and bile duct ligated rodents. The finding is in line with the
recent publication from Sayin et al that addresses the importance of MCA for the bile
acid metabolism in mice [124]. In their study, they reveal the profound systematic
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effect of gut microbiota not only on local secondary bile acid production, but also on
the synthesis of bile acids in the liver.

More studies on intestinal bacteria reveal the close relation between gut microbiota and
other lipid metabolic diseases. The imbalanced bacterial population caused by the high-
fat diet is a trigger for the development of obesity [125, 126], diabetes [127, 128] and
hypercholesterolemia [129] in rodents. In humans, an imbalanced gut microbiota has
been reported in patients with diabetes and inflammatory bowel diseases [130, 131]. A
recent study by Islam et al demonstrated that CA feeding in rats caused a bacterial
repopulation similar to the one found in the high-fat fed rats [132]. This observation
improves our understanding on the relation between gut bacteria, bile acids and
metabolic diseases.

The thorough characterization of cholesterol metabolism by using various animal
models opens up the gate for the profound understanding of human disease conditions,
in particular diseases related to lipid metabolism such as atherosclerosis. New
therapeutic pharmaceuticals combine modern drug design technology with a specific
target on atherosclerosis, creating products which are potentially useful for the
treatment of atherosclerosis. One such approach is to use ASOs, a synthetic DNA
chimeric compound. Clinical trials on the efficacy and safety of such drugs have been
carried out to evaluate their potential therapeutic value. To date, the most advanced
ASO in the clinical development for dyslipidemia is a 2’-O-methoxyethyl
phosphorothioate 20-mer ASO with the common name mipomersen. Its primary
function is to inhibit the synthesis of apoB-100 in the liver, which then results in a
reduced serum LDL cholesterol level in animal models and clinical trials [133-135].
Another promising novel ASO target is PCSK9, the use of which also lowers the blood
LDL cholesterol as shown in preclinical studies [136, 137]. We also followed a similar
approach by using an ASO targeting Cyp8bl in mice, as an early study from our group
showed that eliminating CA production was associated with an atheroprotective effect
in apoE knockout mice [31]. We observed a dramatic reduction of the CA percentage in
the mice treated with ASO-81, although the elimination of CA by ASO was not as
drastic as in the Cyp8bl”™ mice. The phenotype observed in the treated mice also
included the prevention of liver cholesterol accumulation under high cholesterol
loading, and a reduced serum apoB cholesterol profile. The above observations reveal
the potential role of such an approach for the development of atheroprotective
therapeutics, although further studies are still needed, including sequence screening and
efficacy evaluation for the human counterpart of ASO-Cyp8bl. Other potential targets
including apoC-III and Lp(a) for the ASO drug design are also under development.

In summary, the regulation of cholesterol homeostasis represents several complex
interactions between nuclear receptors and bile acids. A thorough understanding of how
each pathway is regulated is of benefit for the development of novel therapeutic
approaches for dyslipidemia, cardiovascular disease and diabetes. With the help of
modern drug design technology, a combined expertise of medicine and pharmacology
would help to design a specific drug with minimized adverse effects, which will
eventually refine the treatment of diseases such as atherosclerosis and other
dyslipidemia-related disorders.
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6 CONCLUSIONS

In the present thesis, we intended to gain a deeper understanding of how cholesterol
and bile acids regulate cholesterol homeostasis. We identify the individual function of
LXRa and LXRp in the regulation of cholesterol absorption and serum lipid profile,
and find that the separate activation of LXRp as a therapeutic approach for an anti-
atherogenic purpose should be used with caution as it enhances the cholesterol
absorption in the small intestine and raises the apoB-lipoprotein cholesterol in the
circulation (paper I). In addition, the phenotype of Cyp8b1™ mice in terms of bile acid
metabolism has been reinvestigated in the thesis, to which a novel positive feedback
mechanism of MCAs on bile acid synthesis has been proposed (paper II). The finding
of MCAs as important bile acid synthesis regulators provides new insights into the bile
acid homeostasis, and mouse models such as the Cyp8bl” mice become a more
attractive experimental tool due to the massive increase of their MCAs. In line with this
notion, we also explore the potential of creating such mouse models from WT
background with second generation ASOs against Cyp8bl mRNA. To our knowledge,
this is the first report for such an approach with successful results in generating Cyp8bl
knockdown animal models (paper III). The above findings in this thesis reveal a highly
potent mode of interaction between nuclear receptors and bile acids in the regulation of
cholesterol homeostasis, and are therefore likely to be important in understanding the
lipid metabolism in both preclinical and clinical conditions.
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