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1. LIPID METABOLISM 
 
Hypercholesterolemia holds a key role in the development and progression of 
atherosclerosis and is a causative factor for coronary artery disease

1
. 

Hyperlipidemia is a metabolic disorder defined by either elevated levels of plasma 
concentrations of low-density lipoprotein (LDL) cholesterol and triglycerides, or 
decreased levels of the athero-protective lipid biomarker high-density lipoprotein 
(HDL) cholesterol

2
. Lowering of very-low-density lipoprotein- (VLDL-) and low-

density lipoprotein- (LDL-) cholesterol levels leads to a reduction in cardiovascular 
morbidity and mortality

2
. In contrast, high levels of HDL cholesterol are associated 

with a decreased risk of cardiovascular disease
3
.   

 
1.1 Lipoproteins 
Lipoproteins are spherical macromolecular complexes in which hydrophobic 
molecules, in particular triglyceride and cholesteryl ester, are enveloped within a 
monolayer of amphipathic molecules of phospholipids, free cholesterol, and 
apoproteins

4
. The major lipoprotein classes include intestinally derived 

chylomicrons that transport dietary fats and cholesterol, hepatic-derived VLDL, 
intermediate-density lipoprotein (IDL), and LDL that are considered to be pro-
atherogenic, and hepatic- and intestinally derived HDL that are considered to be 
anti-atherogenic. Figure 1 illustrates the major lipoprotein classes and their 
compositions.  
 

 

 
Figure 1. Illustration of the composition of four major classes of lipoproteins

5
. See text for 

explanation. 

 
1.1.1 Chylomicron, VLDL, and LDL 
Apolipoprotein B (apoB) is necessary for the assembly and secretion of 
chylomicrons by the intestine while it is also an essential component for VLDL, IDL, 
and LDL

6
. As shown in Figure 2, the liver secretes VLDL particles, which contain 

triglycerides and cholesterol esters. Capillaries in muscle and adipose tissue 
remove the triglycerides, and the lipid particle is modified into LDL, with its 
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cholesteryl ester core and apoB-100 coat. LDLs circulate in the plasma and the 
apoB-100 component binds to LDL receptors on the surface of hepatocytes. 
Through receptor-mediated endocytosis, receptor-bound LDLs enter hepatocytes 
and undergo degradation in lysosomes, and the cholesterol remnants enter a 
cellular cholesterol pool

7
. Plasma levels of apoB containing lipoproteins are 

regulated by both environmental effects on lipid metabolism and by genetic factors 
affecting the surface of the lipoproteins and enzymes in plasma

8
. 

 

 
 
Figure 2. The basic pathways of cholesterol synthesis and excretion

7
. See text for explanation. 

 
1.1.2 HDL and reverse cholesterol transport 
The major protein of HDL is apolipoprotein A-I (apoA-I), which is synthesized in the 
liver and intestine. HDL metabolism consists of five main processes: (1) apoA-I 
synthesis and secretion into plasma as nascent HDL; (2) uptake of free cholesterol 
from the periphery; (3) maturation into large spherical particles with cholesterol 
esterification; (4) delivery of cholesteryl ester to the liver, steroidogenic organs, and 
apoB-containing lipoproteins; and (5) catabolism of apoA-I

9
. HDL serves an anti-

atherogenic function because of its ability to mediate reverse cholesterol transport 
(RCT), which is a major protective system against atherosclerosis

10,11
. HDL can 

remove cholesterol from the periphery, allowing it to be cleared by the liver and 
then excreted into the bile

12
. Cholesterol efflux from macrophages to HDL is a 

crucial step in RCT and it occurs at all stages of atherosclerosis
13
. As shown in 

Figure 3, the liver secretes lipid-poor apoA-I, which quickly acquires cholesterol via 
the hepatocyte ABCA1 transporter. Lipid-poor apoA-I also promotes the efflux of 
free cholesterol from macrophages via ABCA1. LCAT esterifies free cholesterol to 
cholesteryl esters to form mature HDL, which promotes cholesterol efflux from 
macrophages via the ABCG1 transporter. In macrophages, both ABCA1 and 
ABCG1 are regulated by nuclear receptor LXR. Mature HDL can transfer its 
cholesterol to the liver directly via SR-BI or indirectly via CETP-mediated transfer to 
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apoB-containing lipoproteins, with subsequent uptake by the liver via the LDL-
receptor

14
. Modulation of major macrophage mediators in RCT, such as ABCA1, 

ABCG1, and SR-B1 has been considered as promising strategies for the 
development of drugs aimed at the prevention of atherosclerosis

15,16,17
. 

 

 
 
Figure 3. HDL metabolism and reverse cholesterol transport14. See text for explanation. 

 
1.2 Hepatic lipid metabolism 
Atherosclerosis is a liver disease of the heart

18
. Liver is considered as the major 

organ with significant therapeutic importance for the maintenance of metabolic 
homeostasis

19
. A common associated clinical feature of patients with non-alcoholic 

fatty liver disease (NAFLD) is atherogenic dyslipidaemia, i.e. high triacylglycerol, 
low HDL-cholesterol, and increased LDL-cholesterol levels

20
. Liver fat is highly 

significantly and linearly correlated with all components of the metabolic syndrome 
independent of obesity

21
. NAFLD is not merely a marker of atherosclerosis, but 

may also be actively involved in the pathogenesis of atherosclerosis
22,23

. 
The liver consists of different types of cells, including parenchymal cells, namely 

hepatocytes, and a variety of non-parenchymal cells (Figure 4). Non-parenchymal 
cells are comprised of mainly liver sinusoidal endothelial cells and Kupffer cells. 
Liver endothelial cells form a continuous but fenestrated lining of the hepatic 
sinusoids, while Kupffer cells are found in the sinusoidal lumen on top of or 
between endothelial cells

24
. Liver endothelial cells free the bloodstream from a 

variety of macromolecular waste products during inflammation
25
. Kupffer cells are a 

population of hepatic resident macrophages. They constitute 80-90% of the tissue 
macrophages present in the body

26
. Although non-parenchymal cells count for only 

6.5% of the liver volume, they contain 55% of the lipid droplets in the liver and 43% 
of the lysosomes, and specific activities of enzymes are generally higher in non-
parenchymal cells than in parenchymal cells

27 , 28
. Parenchymal and non-

parenchymal cells synchronize crucial roles in liver metabolic homeostasis as well 
as inflammation. The majority of studies upon liver has focused on the array of 
target genes and metabolic pathways within parenchymal cells

29,30
. However, non-

parenchymal cells are also intimately involved in the pathogenesis of various liver 
metabolic diseases including steatohepatitis, non-alcoholic fatty liver, and liver 
fibrosis

31
. Previous studies have shown that diet-induced hypercholesterolemia 

results in marked changes in the hepatic distribution of LDL and significant 
accumulation of cholesteryl ester/lipid droplets in liver endothelial and Kupffer cells, 
suggesting a prominent role of liver non-parenchymal cells in removing modified 
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LDL from blood
32,33,34

. It has also been shown that cross-talk between Kupffer cells 
and hepatocytes regulates hepatic lipid storage

35
. 

 

 
 

Figure 4. Cell composition of liver
36
. 

 
 

2. ATHEROSCLEROSIS 
 
Cardiovascular diseases are the leading cause of morbidity and mortality in 
industrialized countries

37
. Atherosclerosis is the underlying cause of most 

cardiovascular diseases. Lipid accumulation leads to an inflammatory condition 
clinically causing occlusive vascular disease, myocardial infarction and stroke

38
. 

The atherosclerotic process is initiated when cholesterol-containing low-density 
lipoproteins accumulate in the intima and activate the endothelium. 
 

2.1 Lesion progression 
Macrophages contribute to the pathogenesis of atherosclerosis through their 
accumulation of cholesterol and development into foam cells

39
. Foam cells arise 

either from resident macrophages in the arterial wall or from blood monocytes that 
enter the wall at sites of endothelial damage

40
. Figure 5 illustrates the infiltration 

and inflammation of macrophages in arterial wall. Leukocyte adhesion molecules 
and chemokines promote recruitment of monocytes which differentiate into 
macrophages and up-regulate pattern recognition receptors on these cells, 
including scavenger receptors. Scavenger receptors mediate lipoprotein 
internalization, leading to foam-cell formation, inflammation, and, ultimately, to 
tissue damage

41,42
. Accumulation of cholesterol-loaded “foam cells” is the hallmark 

of the early atherosclerotic lesion
43
. 
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Figure 5. Illustration of macrophage infiltration and inflammation in arterial wall41. See text for 
explanation. 

 
The atherosclerotic plaque is a dynamic tissue, where increases in cell number 

(driven by cell proliferation and migration) and decreases in cell number (driven by 
cell death and possibly emigration) are continuous processes

44
. Initial 

atherosclerotic lesions are primarily composed of lipid-loaded macrophages. Stable 
advanced lesion contains a macrophage core, a small necrotic core, if present at 
all, extracellular matrix and a firm fibrous cap of smooth muscle cells (SMCs)

45
. 

Instable advanced atherosclerotic lesions are characterized by a thin fibrous cap 
containing few SMCs and overlying a large necrotic core composed of dead cells, 
lipid deposits, and cellular debris

46
.  

 
2.2 Lesion regression 
While numerous studies have been dedicated to inhibit the development and 
progression of atherosclerosis, recent attention has been drawn to the goal of 
reversing atherosclerosis, meaning regressing pre-existing atherosclerotic plaques. 
The first evidence of dramatic atherosclerotic regression in mice was achieved via 
robust surgical measures to rapidly improve plaque environment

47
. That study 

suggested that the essential prerequisite for promoting regression of 
atherosclerotic lesions is robust improvement of plasma lipoprotein profiles and 
plaque milieu, including large plasma reductions in atherogenic apoB-lipoproteins 
and brisk enhancements in efflux of cholesterol from plaques to the blood 
circulation and subsequently into the liver. Recently, the same group showed that 
the LXR agonist T0901317 promotes egress of monocyte-derived cells from mouse 
aortic plaques, indicating that LXR is required for maximal effects on plaque 



Chapter 1 

 14 

macrophage egression during atherosclerosis regression in mice
48
. In another 

mouse model, apoE*3Leiden mice, LXR agonist was also shown to promote 
regression of moderate lesions

49
. Raffai et al for the first time addressed the apoE-

mediated mechanisms of atherosclerosis regression
50
. They demonstrate that 

apoE promotes the regression of atherosclerosis independently of lowering plasma 
cholesterol levels. Potteaux et al also achieved regression of atherosclerosis after 
apoE complementation in ApoE

–/–
 mice, suggesting that therapies to inhibit 

monocyte recruitment to plaques may constitute a viable strategy to reduce plaque 
macrophage burden than attempts to promote migratory egress

51
. 

 
 

3. ANIMAL MODELS IN ATHEROSCLEROSIS 
 
Atherosclerosis is a complex and chronic inflammatory disease in which multiple 
modulating factors may play a role. Its chronicity and complexity make it very 
difficult to study the detailed mechanisms of atherogenesis in unregulated human 
populations. Therefore, animal models with a homogenous genetic background are 
useful for the study of the mechanism of this process

52
. With the development of 

genetic models of atherosclerosis the mouse has become a very accessible model, 
especially with the very large genetic data base about this species in relation to 
human biology that has become available

53
.  

 
3.1 C57BL/6 mice 
The C57BL/6 mouse strain is used as a model for studies of diet-induced 
atherosclerosis

54 , 55 , 56
. C57BL/6 mice fed with a high-fat cholate-containing 

atherogenic diet have a hyperlipidemic response, develop fatty streak lesions, and 
form atheromatous plaques in the aorta and coronary arteries

57
. This murine model 

of atherogenesis represents an alternative to the use of genetically modified mice 
with impaired lipoprotein clearance, thus it may prove beneficial for the evaluation 
of new classes of anti-hyperlipidemic agents

58
. 

 
3.2 LDLr

–/–
 mice 

LDLr
–/–
 mice are among the most widely used mouse models for characterization of 

atherosclerosis. Due to the absence of hepatic LDL receptors, LDLr
–/–
 mice exhibit 

prolonged half life of plasma VLDL and LDL
59
. These mice display

 
a modestly 

elevated plasma cholesterol level when maintained
 
on a regular chow diet, whilst 

on potent cholesterol-rich
 
diet, LDLr

–/–
 mice show strongly elevated

 
plasma 

cholesterol levels (hypercholesterolemic) and rapid development of
 

atherosclerosis
60
.  

 
3.3 ApoE

–/–
 mice 

ApoE
–/–
 mice with targeted deletion of the apoE gene show severe 

hypercholesterolemia. Therefore, ApoE
–/–
 mice form one of the most common 

animal models to study atherogenesis. The
 
most obvious phenotype of ApoE

–/–
 

mice is the spontaneous
 
development of atherosclerotic lesions, even on a 

standard chow
 
diet which is low in fat content and does

 
not contain cholesterol. 

Lesions of ApoE
–/–
 mice

 
develop over time from

 
initial fatty streaks to complex 

lesions, and this process can be
 
strongly accelerated by a high-fat, high-cholesterol 

diet
61
.  
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4. DRUG TARGETS AND PHARMACEUTICAL INTERVENTIONS 
 
Lipid-lowering is established as a proven intervention to reduce atherosclerosis and 
its complications. The development of the HMG-CoA reductase inhibitors (statins) 
has lead to important advances in the management of cardiovascular disease

62
. 

However, statins reduce cardiovascular events by only about 20%-40%, and non-
statin therapies (either as monotherapy or in addition to statins) to reduce LDL-
cholesterol by mechanisms that do not involve inhibition of HMG-CoA reductase 
are also likely to be useful for patients in need of LDL reduction

63
. These therapies 

include drug targets such as squalene synthase, microsomal transfer protein (MTP), 
acyl-cholesterol acyl transferase (ACAT), cholesterol ester transfer protein (CETP), 
and peroxosimal proliferator activating receptors (PPARs)

64
. 

 
4.1 Nuclear receptor 
The nuclear receptor (NR) superfamily describes a related but diverse array of 
ligand-activated transcription factors. NR binds DNA and translates physiological 
signals into gene regulation involved in biological processes. Figure 6 shows a 
higher-order network tying nuclear receptor function to reproduction, development, 
central, and basal metabolic functions, dietary-lipid metabolism, and energy 
homeostasis

65
. Several receptors including the peroxisome proliferator activated 

receptors (PPARs), the liver X receptors (LXRs), the farnesoid X receptor (FXR) 
and the retinoid-related orphan receptors (RORs) are called “metabolic receptors” 
and poised to sense and respond to small changes in the flux through the 
metabolic pathways that they control

66
. 

 

 
 
Figure 6. The nuclear receptor ring of physiology. The relationship between receptor expression, 
function, and physiology is depicted as a circular dendrogram65. 
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4.2 LXR and LXR agonists 
Liver X receptors (LXRs) are sterol-responsive nuclear receptors that regulate 
expression of genes involved in cholesterol metabolism and homeostasis

67
. LXRs 

act as cholesterol sensors. When cellular oxysterols accumulate as a result of 
increasing concentrations of cholesterol, LXR induces the transcription of genes 
that protect cells from cholesterol overload

68
. LXR agonists have potent anti-

atherogenic effects, shown in different hyperlipidemic mouse models. Several 
studies have demonstrated that activation of LXR with compounds, such as 
T0901317, significantly up-regulates cholesterol efflux activity and inhibits 
development of atherosclerosis, providing direct evidence for an atheroprotective 
effect of LXR agonists

69 , 70
. T0901317 treatment was associated with reduced 

cholesterol absorption and promoted biliary cholesterol excretion
71 , 72 , 73

. 
Furthermore, LXR agonist significantly increased the generation of HDL particles in 
plasma. Table 1 summarizes the studies of LXR agonists performed in mouse 
models to study atherosclerotic progression or regression. 
 

4.3 PNPLA3 
Patatin-like phospholipase domain-containing protein 3 (PNPLA3), also knows as 
adiponutrin (ADPN) or calcium-independent phospholipase A2-epsilon, is an 
enzyme that in humans is encoded by the PNPLA3 gene

74,75
. High human PNPLA3 

activity is associated with increased liver fat content and liver injury. Variation in 
PNPLA3 contributes to ancestry-related and inter-individual differences in hepatic 
fat content, risk of hepatic steatosis, and susceptibility to NAFLD

76,77
. 

 
4.4 CETP 
Cholesteryl ester transfer protein (CETP) is a 74-kDa hydrophobic plasma 
glycoprotein that has an established role in mediation of neutral lipid transport 
among lipoproteins

78
. In humans, CETP mRNA is expressed predominantly in 

adipose tissue, liver, and spleen, with lower levels of expression in the small 
intestine, adrenal gland, kidney, skeletal muscle, and heart

79,80
. In addition, Van 

Eck et al
81
 have demonstrated that bone marrow-derived cells, including 

macrohpages, are an important contributor to total serum CETP activity and mass 
in mice.  
Cholesteryl ester transfer protein (CETP) is a key modulator not only of the 

intravascular metabolism of HDL and apoA-I but also of triglyceride-rich 
lipoproteins (TRL). CETP modifies the lipid composition of the plasma by mediating 
the transfer of cholesteryl esters from HDL to pro-atherogenic apoB-lipoproteins, 
with heterotransfer of TG mainly from very low-density lipoprotein to HDL, thereby 
decreasing plasma HDL-C concentrations and increasing the proportion of lipids 
present in the atherogenic LDL-C and VLDL-C fractions

82,83 
(Figure 7). The overall 

effect of CETP is to promote a net mass transfer of CE from HDL to TRL and LDL 
and of TG from TRL to LDL and HDL. CETP plays a significant role in reverse 
cholesterol transport (RCT)

84
. Pharmacological inhibition of CETP in humans 

therefore presents a preferential target to improve the lipid profile of dyslipidemic 
patients, not only by increasing HDL-C levels but also by reducing LDL-C levels

85
. 
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Figure 7. Role of CETP in plasma lipoprotein transport82. 

 
4.5 GPR109A, niacin, and niacin derivatives 
The G protein-coupled receptor GPR109A, also known as PUMA-G in mouse and 
HM74A in humans, has been identified as a high-affinity receptor for nicotinic acid, 
also known as niacin

86,87
. GPR109A is dominantly expressed in adipose tissue and 

spleen
88,89

. It is also highly expressed in macrophages and other immune cells, 
such as lymphocytes

90,91,92,93
. The lipid-lowering effect of niacin on plasma (V)LDL-

TG is the consequence of a direct interaction between niacin and its receptor 
GPR109A in adipose tissue

94
.  

Niacin is the most effective agent currently available to treat dyslipidaemic 
disorders

95
. It lowers plasma levels of pro-atherogenic lipids, including 

chylomicrons, very-low-density lipoproteins (VLDL), low-density lipoproteins (LDL), 
and triglycerides (TG) in normolipidemic as well as hypercholesterolemic subjects

96
. 

Several clinical trials have shown that nicotinic acid reduces cardiovascular 
disease and myocardial infarction incidence, providing a solid rationale for the use 
of nicotinic acid in the treatment of atherosclerosis

97,98
. The effects of niacin on lipid 

metabolism in human have been summarized in Figure 8. Recently, we showed 
that niacin also reduces the hepatic expression and plasma levels of the pro-
atherogenic cholesteryl ester transfer protein (CETP) in mouse models

99
. A 

summary of studies on effects of niacin on lipid metabolism and CETP regulation in 
mouse models are shown in Table 2. 
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Figure 8. Summary of the effects of niacin on plasma lipoprotein classes in human

100
. 

 
Despite its established cardiovascular benefits, the clinical use of niacin has 

been limited due to the cutaneous flushing, a well-recognized adverse skin effect 
from nicotinic acid therapy

101
. The niacin receptor GPR109A expressed in the skin 

is a critical mediator of nicotinic acid-induced flushing
102
. Nicotinic acid stimulates 

GPR109A in epidermal Langerhans cells and keratinocytes, causing the cells to 
produce vasodilatory prostaglandin D2 (PGD2) and prostaglandin E2 (PGE2), which 
leads to cutaneous vasodilation

103,104,105,106
. For the past decade, the pharmacology 

of GPR109A has been studied and its full or partial agonists, including acipimox, 
acifran, 3-pyridine-acetic acid, 5-methylnicotinic acid, pyridazine-4-carboxylic acid, 
and pyrazine-2-carboxylic acid, have been developed in an attempt to achieve the 
beneficial effects of nicotinic acid while avoiding the unwanted flushing side 
effect

107,108,109
. 

 
 

5. THESIS OUTLINE 
 
Atherosclerosis is a chronic disease causing many cardiovascular complications, 
among which atherosclerotic coronary heart disease is the leading cause of 
morbidity and mortality worldwide. Atherosclerosis is a progressive inflammatory 
disease which has an onset by vascular obstruction from the deposits of plaque, 
subsequently developing into athero-thrombosis and abnormal blood flow. The 
evidence to support a cholesterol-atherosclerosis link has been revealed in the 
past three decades. There is a growing consensus that therapeutic lowering of 
plasma cholesterol level will reduce the risk of cardiovascular incidence. In 
Chapter 1, established mechanisms underlying lipid metabolism and 
atherosclerotic pathology are reviewed, including the important players involved in 
plasma / hepatic lipoprotein metabolism pathways and atherosclerotic plaque 
progression / regression process. 
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The first part of the thesis focuses on the hepatic lipid metabolism and the 
pharmaceutical interventions in the liver. In Chapter 2, we have composed the 
hepatic cell type-specific expression profile of NRs to provide the most complete 
quantitative assessment of NRs distribution in liver reported to date. We have 
identified several liver-enriched orphan NRs as potential novel targets for 
pharmaceutical interventions in liver. In Chapter 3, we have determined the 
hepatic expression profile of NAFLD-related gene PNPLA3 and its metabolic 
effects. PNPLA3 is highly responsive to metabolic changes in hepatocytes within 
the liver and its relative change in expression level suggests an essential function 
in lipogenesis. In Chapter 4 the mechanism underlying the hepatic and plasma 
CETP-lowering effect of niacin in mice is investigated. The clinical use of niacin has 
been limited due to the cutaneous flushing effect, which is mediated by the nicotinic 
acid receptor GPR109A. Therefore, in Chapter 5, we assessed the properties of 
two partial agonists for GPR109A compared to niacin. We showed that these two 
partial agonists are promising drug candidates to achieve the beneficial lipid-
lowering effects while successfully avoiding the unwanted flushing side effect. 
The second part of the thesis focuses on the concept of atherosclerotic lesion 

regression, shedding insights in the roles of LXR activation and application of 
mouse models in regression studies. In both Chapter 6 and Chapter 7 it is 
examined whether rapidly improved plasma lipoprotein profiles combined with LXR 
activation can lead to atherosclerotic lesion regression. In Chapter 6 LDLr

–/–
 mice 

are used and it is shown that intact LDL receptor function is crucial to overcome 
LXR-induced hyperlipidemia. In Chapter 7 we used ApoE

–/– 
mice reconstituted with 

bone marrow from C57BL/6 mice as a novel mouse model with chow diet feeding, 
providing an alternative model to investigate atherosclerotic plaque regression 
without robust surgical measures. Both of these two chapters demonstrate that 
rapidly optimized plasma lipoprotein profiles combined with LXR agonist induce 
favorable gene expression profiles leading to regression of pre-existing 
atherosclerotic plaques. 
In Chapter 8, the results obtained from all the experiments mentioned above 

are summarized and discussed with respect to the implications of these studies for 
future investigations. 
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Table 1. Summary of studies of LXR agonists on atherosclerotic progression and regression in mouse models 
 

Name 
 

Mouse model 
 

Diet 
during 
treatment 
 

Treatment duration Plasma 
TC 
 

Plasma 
(V)LDL 

 

Plasma 
TG 
 

Plasma 
HDL 
 

Lesion size 
(aortic root) 

 

Lesion size 
(en face) 

 

Reference 

T0901317 C57BL/6 Chow 7 days ↑ ↑ ↑ ↑   110 

T0901317 LDLr–/– AD 8 weeks → ↓ → 
(transient 
increase) 

↑ Inhibited progression  111 

T0901317 C57BL/6 Chow 3 days ↑  → ↑   112 

T0901317 C57BL/6 Chow 6 days ↑ ↑ ↑ ↑   113 

T0901317 LDLR–/– WTD Baseline: 8 weeks WTD 
Regression study:  
6weeks WTD±T0901317 

↓ ↓ ↑ → Inhibited progression. 
 
Macrophage content ↓ 
Collagen content ↑ 

Regression 114 

T0901317 LDLr–/– WTD 12 weeks ↑ ↑ ↑ ↓ Inhibited progression 
 
Macrophage content ↓ 
Collagen content ↑ 

Inhibited 
progression 
 
Macrophage 
content ↑ 

115 

T0901317 ApoE–/– AD 
 

Baseline: AD 8 weeks 
Regression study:  
6weeks AD±T0901317 

↑ → ↑ ↑ Regression  
 
Macrophage content ↓ 

Regression  116,117 
 

T0901317 ApoE*3Leiden   Baseline: WTD 18 weeks 
Regression study:  
8weeks Chow±T0901317 

→ ↑ ↑ → Regression  49 

T0901317 C57BL/6 Chow 4 days Hepatic TC 
→ 

 Hepatic TG ↑    118 

T0901317 LXRα–/–;LDLr–/– WTD 12 weeks →  →  Inhibited progression → 
 

119 

T0901317 LXRβ–/–;LDLr–/– WTD 12 weeks →  ↑  Inhibited progression Inhibited 
progression 

119 

T0901317 LDLr–/– WTD 12 weeks →  ↑  Inhibited progression Inhibited 
progression 

119 

T0901317 C57BL/6 Chow 4 weeks ↑ ↓ ↓ ↑   120 

T0901317 LDLr–/– WTD 4 weeks ↑ ↑ ↑ →   120 

T0901317 ApoE–/– AD 6 weeks ↑  ↑ ↑ Inhibited progression Inhibited 
progression 

121 

GW3965 LDLr–/– AD 12 weeks ↓  → → Inhibited progression Inhibited 
progression 

69 

GW3965 ApoE–/– Chow 12 weeks → ↓ ↑ → Inhibited progression  69 
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GW3965 C57BL/6 Chow 3 days →  → ↑   112 

GW3965 C57BL/6 Chow 6 days ↑ ↑ ↑ ↑   113 

GW3965 C57BL/6 Chow 12 days ↑ ↑  ↑   122 

GW3965 ApoB/CETP Tg Chow 12 days  ↑ ↑  ↑   122 

GW3965 LXR–/–;ApoE–/– Chow 12 days ↑ →  →   122 

GW3965 LXRα–/–;ApoE–/– WTD 11 weeks ↓ → → ↑ Inhibited progression Inhibited 
progression 

123 

GW3965 ApoE–/– WTD 11 weeks ↓  ↑ ↑ Inhibited progression Inhibited 
progression 

123 

GW3965 LDLr-/- AD 8 weeks → 
 

 → 
 

  Inhibited 
progression 

124 

GW3965 C57BL/6 Chow 10 days ↑   ↑   125 

GW3965 LDLr–/– Chow 10 days ↑   ↑   70 

GW3965 APOE*3Leiden AD 20 weeks → 
 

 ↑  inhibited progression 
 
Collagen content ↓ 

 126 

ATI-111 LDLr–/– AD 8 weeks ↓ ↓ ↓ → inhibited progression inhibited 
progression 

70 

AZ-876 APOE*3Leiden AD 20 weeks Low dose: 

→ 
 

High dose: ↓ 

 Low dose: → 
 

High dose: ↑ 

 Inhibited progression 
upon low/high dose 
 
Lesion composition → 

 126 

ATI-829 LDLr–/– WTD 12 weeks → 
 

→ 
 

→ 
 

→ 
 

Inhibited progression 
 
Macrophage content ↓  
Collagen content ↑ 

Inhibited 
progression 

127 

DMHCA ApoE–/– WTD 11 weeks ↓ ↓ ↓ → Inhibited progression Inhibited 
progression 

118 

DMHCA C57BL/6 Chow 15 days ↓  →    118 

DMHCA C57BL/6 WTD 15 days →  →    118 

MHEC ApoE–/– AD 6 weeks →  → ↑ Inhibited progression Inhibited 
progression 

121 

 
↑: increased; ↓: decreased; →: unchanged. 
WTD: Western-type diet; AD: Atherogenic diet; HFD: High-fat Diet; Tg: transgenic 
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Table 2. Summary of effects of niacin on lipid metabolism and CETP regulation in mouse models 
 

Mouse model 
 

Diet 
during 

treatment 
 

Treatment 
duration 
(weeks) 

 

Plasma 
TC 
 

Plasma 
(V)LDL 

 

Plasma 
HDL 
 

Plasma 
TG 
 

Plasma 
FFA 
 

Effects on liver 
 

Lesion 
size 

(aortic 
root) 

 

Lesion 
size 

(en face) 
 

Reference 

C57BL/6 AD 4 →  → ↓     128 

C57BL/6 WTD 12    ↓ ↓    129 

C57BL/6 Chow 30 min after 
i.p. injection 

    ↓    93 

C57BL/6 Chow 3 ↓ ↓ ↓   cAMP ↓ 
ABCA1 ↓ 

  130 

C57BL/6;Gpr109a–/– Chow 3 → → →   cAMP → 
ABCA1 → 

  130 

C57BL/6 Chow 2 ↓ → → ↓     131 

Human CETP Tg Chow 2 → ↓ ↑ ↓     131 

Human apo B100 Tg Chow 2 ↓ ↓ ↓ →     131 

Human CETP/apoB100 Tg Chow 2 ↓ ↓ ↑ ↓     131 

E3L mice WTD 3 ↓ ↓ → ↓     99 

E3L.CETP
 
mice WTD 3 ↓ ↓ ↑ ↓  TG, TC, FC, CE ↓ 

Plasma CETP ↓ 
Hepatic CETP ↓ 

  99 

LDLr–/–;Gpr109a+/+ HFD 10 → → →  At 2 weeks: ↓ 
 At 10 weeks: → 

→  ↓ ↓ 132 

LDLr–/–;Gpr109a–/– HFD 10 → → →  At 2 weeks: ↓ 
 At 10 weeks: → 

→  → → 132 

ApoE–/– AD 14 →  → →   →  128 

 
↑: increased; ↓: decreased; →: unchanged. 
WTD: Western-type diet; AD: Atherogenic diet; HFD: High-fat Diet; Tg: transgenic 



                                                                                                    General introduction 
 

 23 

REFERENCES 
                                                     
1.    Toutouzas K, Drakopoulou M, Skoumas I, Stefanadis C. Advancing therapy for 

hypercholesterolemia. Expert Opin Pharmacother. 2010;11:1659-1672. 
2.        Paras C, Hussain MM, Rosenson RS. Emerging drugs for hyperlipidemia. Expert Opin Emerg 

Drugs. 2010;15:433-451. 
3.    Lee JM, Choudhury RP. Atherosclerosis regression and high-density lipoproteins. Expert Rev 

Cardiovasc Ther. 2010;8:1325-1334. 
4.    Ginsberg HN. Lipoprotein metabolism and its relationship to atherosclerosis. Med Clin North Am. 

1994;78:1-20. 
5.    Champe P, Harvey R. Lippincott's Illustrated Reviews: Biochemistry, Fourth Edition. Philadelphia : 

Lippincott William & Wilkin. 2008. 
6.    Ginsberg HN. Lipoprotein physiology. Endocrinol Metab Clin North Am. 1998;27:503-519. 
7.    Nabel EG. Cardiovascular disease. N Engl J Med. 2003;349:60-72. 
8.    Taskinen MR, Ginsberg HN. Lipid metabolism: new approaches to old problems. Curr Opin Lipidol. 

1998;9:185-187. 
9.    Link JJ, Rohatgi A, de Lemos JA. HDL cholesterol: physiology, pathophysiology, and management. 

Curr Probl Cardiol. 2007;32:268-314. 
10.   Rothblat GH, Phillips MC. High-density lipoprotein heterogeneity and function in reverse 

cholesterol transport. Curr Opin Lipidol. 2010;21:229-238.  
11.   Assmann G, Nofer JR. Atheroprotective effects of high-density lipoproteins. Annu Rev Med. 

2003;54:321-341. 
12.   Ragbir S, Farmer JA. Dysfunctional high-density lipoprotein and atherosclerosis. Curr Atheroscler 

Rep. 2010;12:343-348.  
13.  Ye D, Lammers B, Zhao Y, Meurs I, Van Berkel T, Van Eck M. ATP-Binding Cassette Transporters 

A1 and G1, HDL Metabolism, Cholesterol Efflux, and Inflammation: Important Targets for the 
Treatment of Atherosclerosis. Curr Drug Targets. 2011;12:647-660. 

14.  Duffy D, Rader DJ. Update on strategies to increase HDL quantity and function. Nat Rev Cardiol. 
2009;6:455-463. 

15.  Van der Velde AE. Reverse cholesterol transport: from classical view to new insights. World J 
Gastroenterol. 2010;16:5908-5915. 

16.   Lund-Katz S, Phillips MC. High density lipoprotein structure-function and role in reverse cholesterol 
transport. Subcell Biochem. 2010;51:183-227. 

17.   Meurs I, Van Eck M, Van Berkel TJ. High-density lipoprotein: key molecule in cholesterol efflux and 
the prevention of atherosclerosis. Curr Pharm Des. 2010;16:1445-1467. 

18.   Davis RA, Hui TY. 2000 George Lyman Duff Memorial Lecture: atherosclerosis is a liver disease of 
the heart. Arterioscler Thromb Vasc Biol. 2001;21:887-898. 

19.   Marchesini G, Moscatiello S, Di Domizio S, Forlani G. Obesity-associated liver disease. J Clin 
Endocrinol Metab. 2008;93:74-80. 

20.   Marchesini G, Bugianesi E, Forlani G, Cerrelli F, Lenzi M, Manini R, Natale S, Vanni E, Villanova N, 
Melchionda N, Rizzetto M. Nonalcoholic fatty liver, steatohepatitis, and the metabolic syndrome. 
Hepatology. 2003;37:917–923. 

21.  Kotronen A, Yki-Järvinen H. Fatty liver: a novel component of the metabolic syndrome. Arterioscler 
Thromb Vasc Biol. 2008;28:27-38. 

22.  Targher G, Marra F, Marchesini G. Increased risk of cardiovascular disease in non-alcoholic fatty 
liver disease: causal effect or epiphenomenon? Diabetologia. 2008;51:1947-1953. 

23.  Hamaguchi M, Kojima T, Takeda N, Nagata C, Takeda J, Sarui H, Kawahito Y, Yoshida N, 
Suetsugu A, Kato T, Okuda J, Ida K, Yoshikawa T. Nonalcoholic fatty liver disease is a novel 
predictor of cardiovascular disease. World J Gastroenterol. 2007;13:1579-1584. 

24.  Wisse E. An electron microscopic study of the fenestrated endothelial lining of rat liver sinusoids. J 
Ultrastruct Res. 1970;31:125-150. 

25.  Smedsrød B, De Bleser PJ, Braet F, Lovisetti P, Vanderkerken K, Wisse E, Geerts A. Cell biology 
of liver endothelial and Kupffer cells. Gut. 1994;35:1509-1516. 

26.  Bouwens L, Baekeland M, De Zanger R, Wisse E. Quantitation, tissue distribution and proliferation 
kinetics of Kupffer cells in normal rat liver. Hepatology. 1986;6:718-722. 

27.  Van Berkel TJ, Kruijt JK, Koster JF. Identity and activities of lysosomal enzymes in parenchymal 
and non-parenchymal cells from rat liver. Eur J Biochem. 1975;58:145-152. 

28.  Munthe-Kaas AC, Berg T, Seljelid R. Distribution of lysosomal enzymes in different types of rat liver 
cells. Exp Cell Res. 1976;99:146-154. 



Chapter 1 

 24 

                                                                                                                                      
29.  Mottino AD, Catania VA. Hepatic drug transporters and nuclear receptors: regulation by therapeutic 

agents. World J Gastroenterol. 2008;14:7068-7074. 
30.  Karpen SJ, Trauner M. The new therapeutic frontier--nuclear receptors and the liver. J Hepatol. 

2010;52:455-462. 
31.  Kolios G, Valatas V, Kouroumalis E. Role of Kupffer cells in the pathogenesis of liver disease. 

World J Gastroenterol. 2006;12:7413-7420. 
32.  Van Berkel TJ, Nagelkerke JF, Harkes L, Kruijt JK. Processing of acetylated human low-density 

lipoprotein by parenchymal and non-parenchymal liver cells. Involvement of calmodulin? Biochem J. 
1982;208:493-503. 

33.  Nagelkerke JF, Havekes L, Van Hinsbergh VW, Van Berkel TJ. In vivo catabolism of biologically 
modified LDL. Arteriosclerosis. 1984;4:256-264. 

34.  Nenseter MS, Gudmundsen O, Roos N, Maelandsmo G, Drevon CA, Berg T. Role of liver 
endothelial and Kupffer cells in clearing low density lipoprotein from blood in hypercholesterolemic 
rabbits. J Lipid Res. 1992;33:867-877. 

35.  Stienstra R, Saudale F, Duval C, Keshtkar S, Groener JE, van Rooijen N, Staels B, Kersten S, 
Müller M. Kupffer cells promote hepatic steatosis via interleukin-1beta-dependent suppression of 
peroxisome proliferator-activated receptor alpha activity. Hepatology. 2010;51:511-522. 

36.  Prudêncio M, Rodriguez A, Mota MM. The silent path to thousands of merozoites: the Plasmodium 
liver stage. Nat Rev Microbiol. 2006;4:849-856. 

37.  McGovern PG, Pankow JS, Shahar E, Doliszny KM, Folsom AR, Blackburn H, Luepker RV. Recent 
trends in acute coronary heart disease--mortality, morbidity, medical care, and risk factors. The 
Minnesota Heart Survey Investigators. N Engl J Med. 1996;334:884-890. 

38.  Boehm M, Nabel EG. The cell cycle and cardiovascular diseases. Prog Cell Cycle Res. 2003;5:19-
30. 

39.  Shibata N, Glass CK. Macrophages, oxysterols and atherosclerosis. Circ J. 2010;74:2045-2051. 
40.  Brown MS, Goldstein JL. Lipoprotein metabolism in the macrophage: implications for cholesterol 

deposition in atherosclerosis. Annu Rev Biochem. 1983;52:223-261. 
41.  Hansson GK. Inflammation, atherosclerosis, and coronary artery disease. N Engl J Med. 

2005;352:1685-1695. 
42.  Hansson GK, Robertson AK, Söderberg-Nauclér C. Inflammation and atherosclerosis. Annu Rev 

Pathol. 2006;1:297-329. 
43.  Heinecke J. HDL and cardiovascular-disease risk--time for a new approach? N Engl J Med. 

2011;364:170-171. 
44.  Bennett MR. Life and death in the atherosclerotic plaque. Curr Opin Lipidol. 2010;21:422-426. 
45.  Schrijvers DM, De Meyer GR, Herman AG, Martinet W. Phagocytosis in atherosclerosis: Molecular 

mechanisms and implications for plaque progression and stability. Cardiovasc Res. 2007;73:470-
480. 

46.  Zhang T, Zhai Y, Chen Y, Zhou Z, Yang J, Liu H. Effects of emotional and physiological stress on 
plaque instability in apolipoprotein E knockout mice. J Physiol Biochem. 2011 [Epub ahead of print]. 

47.  Trogan E, Feig JE, Dogan S, Rothblat GH, Angeli V, Tacke F, Randolph GJ, Fisher EA. Gene 
expression changes in foam cells and the role of chemokine receptor CCR7 during atherosclerosis 
regression in ApoE-deficient mice. Proc Natl Acad Sci U S A. 2006;103:3781-3786. 

48.  Feig JE, Pineda-Torra I, Sanson M, Bradley MN, Vengrenyuk Y, Bogunovic D, Gautier EL, 
Rubinstein D, Hong C, Liu J, Wu C, Van Rooijen N, Bhardwaj N, Garabedian M, Tontonoz P, Fisher 
EA. LXR promotes the maximal egress of monocyte-derived cells from mouse aortic plaques during 
atherosclerosis regression. J Clin Invest. 2010;120:4415-4424. 

49.  Verschuren L, De Vries-Van Der Weij J, Zadelaar S, Kleemann R, Kooistra T. LXR agonist 
suppresses atherosclerotic lesion growth and promotes lesion regression in apoE*3Leiden mice: 
time course and mechanisms. J Lipid Res. 2009;50:301-311. 

50.  Raffai RL, Loeb SM, Weisgraber KH. Apolipoprotein E promotes the regression of atherosclerosis 
independently of lowering plasma cholesterol levels. Arterioscler Thromb Vasc Biol. 2005;25:436-
441. 

51.  Potteaux S, Gautier EL, Hutchison SB, Van Rooijen N, Rader DJ, Thomas MJ, Sorci-Thomas MG, 
Randolph GJ. Suppressed monocyte recruitment drives macrophage removal from atherosclerotic 
plaques of Apoe-/- mice during disease regression. J Clin Invest. 2011;121:2025-2036. 

52.  Kolovou G, Anagnostopoulou K, Mikhailidis DP, Cokkinos DV. Apolipoprotein E knockout models. 
Curr Pharm Des. 2008;14:338-351. 

53.  Getz GS. Overview of murine atherosclerosis series. Curr Drug Targets. 2007;8:1144-1149. 
54.  Schreyer SA, Wilson DL, LeBoeuf RC. C57BL/6 mice fed high fat diets as models for diabetes-

accelerated atherosclerosis. Atherosclerosis. 1998;136:17-24. 



                                                                                                    General introduction 
 

 25 

                                                                                                                                      
55.  Paigen B, Mitchell D, Reue K, Morrow A, Lusis AJ, LeBoeuf RC. Ath-1, a gene determining 

atherosclerosis susceptibility and high density lipoprotein levels in mice. Proc Natl Acad Sci U S A. 
1987;84:3763-3767. 

56.  Liao F, Andalibi A, DeBeer FC, Fogelman AM, Lusis AJ. Genetic control of inflammatory gene 
induction and NF-kappa B-like transcription factor activation in response to an atherogenic diet in 
mice. J Clin Invest. 1993;91:2572-2579. 

57.  Paigen B, Ishida BY, Verstuyft J, Winters RB, Albee D. Atherosclerosis susceptibility differences 
among progenitors of recombinant inbred strains of mice. Arteriosclerosis. 1990;10:316-323. 

58.  Johnston TP. The P-407-induced murine model of dose-controlled hyperlipidemia and 
atherosclerosis: a review of findings to date. J Cardiovasc Pharmacol. 2004;43:595-606. 

59.  Kowala MC, Recce R, Beyer S, Gu C, Valentine M. Characterization of atherosclerosis in LDL 
receptor knockout mice: macrophage accumulation correlates with rapid and sustained expression 
of aortic MCP-1/JE. Atherosclerosis. 2000;149:323-330. 

60.  Knowles JW, Maeda N. Genetic modifiers of atherosclerosis in mice. Arterioscler Thromb Vasc Biol. 
2000;20:2336–2345. 

61.  Zadelaar S, Kleemann R, Verschuren L, De Vries-Van Der Weij J, Van Der Hoorn J, Princen HM, 
Kooistra T. Mouse models for atherosclerosis and pharmaceutical modifiers. Arterioscler Thromb 
Vasc Biol. 2007;27:1706-1721. 

62.  Doggrell SA. Statins in the 21st century: end of the simple story? Expert Opin Investig Drugs. 
2001;10:1755-1766. 

63.  Shah PK. Emerging non-statin LDL-lowering therapies for dyslipidemia and atherosclerosis. Rev 
Cardiovasc Med. 2003;4:136-141. 

64.  Wierzbicki AS. New lipid-lowering agents. Expert Opin Emerg Drugs. 2003;8:365-376. 
65.  Bookout AL, Jeong Y, Downes M, Yu RT, Evans RM, Mangelsdorf DJ. Anatomical profiling of 

nuclear receptor expression reveals a hierarchical transcriptional network. Cell. 2006;126:789-799. 
66.  Schulman IG. Nuclear receptors as drug targets for metabolic disease. Adv Drug Deliv Rev. 

2010;62:1307-1315. 
67.  Repa JJ, Mangelsdorf DJ. The liver X receptor gene team: potential new players in atherosclerosis. 

Nat Med. 2002;8:1243-1248. 
68.  Zhao C, Dahlman-Wright K. Liver X receptor in cholesterol metabolism. J Endocrinol. 

2010;204:233-2340. 
69.  Joseph SB, McKilligin E, Pei L, Watson MA, Collins AR, Laffitte BA, Chen M, Noh G, Goodman J, 

Hagger GN, Tran J, Tippin TK, Wang X, Lusis AJ, Hsueh WA, Law RE, Collins JL, Willson TM, 
Tontonoz P. Synthetic LXR ligand inhibits the development of atherosclerosis in mice. Proc Natl 
Acad Sci U S A. 2002;99:7604-7609. 

70.  Peng D, Hiipakka RA, Xie JT, Dai Q, Kokontis JM, Reardon CA, Getz GS, Liao S. A novel potent 
synthetic steroidal liver X receptor agonist lowers plasma cholesterol and triglycerides and reduces 
atherosclerosis in LDLR-/- mice. Br J Pharmacol. 2011;162:1792-1804 

71.  Yu L, Li-Hawkins J, Hammer RE, Berge KE, Horton JD, Cohen JC, Hobbs HH. Overexpression of 
ABCG5 and ABCG8 promotes biliary cholesterol secretion and reduces fractional absorption of 
dietary cholesterol. J Clin Invest. 2002;110:671-680. 

72.  Yu L, York J, von Bergmann K, Lutjohann D, Cohen JC, Hobbs HH. Stimulation of cholesterol 
excretion by the liver X receptor agonist requires ATP-binding cassette transporters G5 and G8. J 
Biol Chem. 2003;278:15565-15570.  

73.  Calpe-Berdiel L, Rotllan N, Fiévet C, Roig R, Blanco-Vaca F, Escolà-Gil JC. Liver X receptor-
mediated activation of reverse cholesterol transport from macrophages to feces in vivo requires 
ABCG5/G8. J Lipid Res. 2008;49:1904-1911. 

74.  Dunham I, Shimizu N, Roe BA, Chissoe S, Hunt AR, Collins JE, Bruskiewich R, Beare DM, Clamp 
M, Smink LJ, Ainscough R, Almeida JP, Babbage A, Bagguley C, Bailey J, Barlow K, Bates KN, 
Beasley O, Bird CP, Blakey S, Bridgeman AM, Buck D, Burgess J, Burrill WD, O'Brien KP, et al. 
The DNA sequence of human chromosome 22. Nature. 1999;402:489-495. 

75.  Collins JE, Goward ME, Cole CG, Smink LJ, Huckle EJ, Knowles S, Bye JM, Beare DM, Dunham I. 
Reevaluating human gene annotation: a second-generation analysis of chromosome 22. Genome 
Res. 2003;13:27-36.  

76.  Romeo S, Kozlitina J, Xing C, Pertsemlidis A, Cox D, Pennacchio LA, Boerwinkle E, Cohen JC, 
Hobbs HH. Genetic variation in PNPLA3 confers susceptibility to nonalcoholic fatty liver disease. 
Nat Genet. 2008;40:1461-1465. 

77.  Kotronen A, Johansson LE, Johansson LM, Roos C, Westerbacka J, Hamsten A, Bergholm R, 
Arkkila P, Arola J, Kiviluoto T, Fisher RM, Ehrenborg E, Orho-Melander M, Ridderstråle M, Groop L, 



Chapter 1 

 26 

                                                                                                                                      
Yki-Järvinen H. A common variant in PNPLA3, which encodes adiponutrin, is associated with liver 
fat content in humans. Diabetologia. 2009;52:1056-1060. 

78.  De Grooth GJ, Klerkx AH, Stroes ES, Stalenhoef AF, Kastelein JJ, Kuivenhoven JA. A review of 
CETP and its relation to atherosclerosis. J Lipid Res. 2004;45:1967-1974. 

79.  Jiang XC, Moulin P, Quinet E, Goldberg IJ, Yacoub, Agellon LB, Compton D, Schnitzer-Polokoff R, 
Tall AR. Mammalian adipose tissue and muscle are major sources of lipid transfer protein mRNA. J. 
Biol. Chem. 1991;266: 4631-4639. 

80.  Drayna D., Jarnagin AS, McLean J, Henzel W, Kohr W, Fielding C, Lawn R. Cloning and 
sequencing of human cholesteryl ester transfer protein cDNA. Nature. 1987;327:632–634. 

81.  Van Eck M, Ye D, Hildebrand RB, Kar Kruijt J, De Haan W, Hoekstra M, Rensen PC, Ehnholm C, 
Jauhiainen M, Van Berkel TJ. Important role for bone marrow-derived cholesteryl ester transfer 
protein in lipoprotein cholesterol redistribution and atherosclerotic lesion development in LDL 
receptor knockout mice. Circ Res. 2007;100:678-685. 

82.  Chapman MJ, Le Goff W, Guerin M, Kontush A. Cholesteryl ester transfer protein: at the heart of 
the action of lipid-modulating therapy with statins, fibrates, niacin, and cholesteryl ester transfer 
protein inhibitors. Eur Heart J. 2010;31:149-164. 

83.  Vourvouhaki E, Dedoussis GV. Cholesterol ester transfer protein: a therapeutic target in 
atherosclerosis? Expert Opin Ther Targets. 2008;12:937-948. 

84.  Kolovou GD, Anagnostopoulou KK, Kostakou PM, Mikhailidis DP. Cholesterol ester transfer protein 
(CETP), postprandial lipemia and hypolipidemic drugs. Curr Med Chem. 2009;16:4345-4360. 

85.  Hunt JA, Lu Z. Cholesteryl ester transfer protein (CETP) inhibitors. Curr Top Med Chem. 
2009;9:419-427. 

86.  Lorenzen A, Stannek C, Lang H, Andrianov V, Kalvinsh I, Schwabe U. Characterization of a G 
protein-coupled receptor for nicotinic acid. Mol Pharmacol. 2001;59:349-357. 

87.  Wise A, Foord SM, Fraser NJ, Barnes AA, Elshourbagy N, Eilert M, Ignar DM, Murdock PR, 
Steplewski K, Green A, Brown AJ, Dowell SJ, Szekeres PG, Hassall DG, Marshall FH, Wilson S, 
Pike NB. Molecular identification of high and low affinity receptors for nicotinic acid. J Biol Chem. 
2003;278: 9869-9874. 

88.  Soga T, Kamohara M, Takasaki J, Matsumoto S, Saito T, Ohishi T, Hiyama H, Matsuo A, 
Matsushime H, Furuichi K. Molecular identification of nicotinic acid receptor. Biochem Biophys Res 
Commun. 2003;303:364-369. 

89.  Tunaru S, Kero J, Schaub A, Wufka C, Blaukat A, Pfeffer K, Offermanns S. PUMA-G and HM74 are 
receptors for nicotinic acid and mediate its anti-lipolytic effect. Nat. Med. 2003;9:352-355. 

90.  Meyers CD, Liu P, Kamanna VS, Kashyap ML. Nicotinic acid induces secretion of prostaglandin D2 
in human macrophages: an in vitro model of the niacin flush. Atherosclerosis. 2007;192:253-258. 

91.  Benyó Z, Gille A, Kero J, Csiky M, Suchánková MC, Nüsing RM, Moers A, Pfeffer K, Offermanns S. 
GPR109A (PUMA-G/HM74A) mediates nicotinic acid-induced flushing. J Clin Invest. 
2005;115:3634-3640. 

92.  Papaliodis D, Boucher W, Kempuraj D, Michaelian M, Wolfberg A, House M, Theoharides TC. 
Niacin-induced "flush" involves release of prostaglandin D2 from mast cells and serotonin from 
platelets: evidence from human cells in vitro and an animal model. J Pharmacol Exp Ther. 
2008;327:665-672. 

93.  Walters RW, Shukla AK, Kovacs JJ, Violin JD, DeWire SM, Lam CM, Chen JR, Muehlbauer MJ, 
Whalen EJ, Lefkowitz RJ. beta-Arrestin1 mediates nicotinic acid-induced flushing, but not its 
antilipolytic effect, in mice. J Clin Invest. 2009;119:1312-1321. 

94.  Carlson LA, Oro L. The effect of nicotinic acid on the plasma free fatty acid; demonstration of a 
metabolic type of sympathicolysis. Acta Med Scand. 1962;172:641-645. 

95.  Benhalima K, Muls E. Niacin, an old drug with new perspectives for the management of 
dyslipidaemia. Acta Clin Belg. 2010;65:23-28. 

96.  Carlson L.A. Niaspan, the prolonged release preparation of nicotinic acid (niacin), the broad-
spectrum lipid drug. Int J Clin Pract. 2004;58:706-713. 

97.  Lee JM, Robson MD, Yu LM, Shirodaria CC, Cunnington C, Kylintireas I, Digby JE, Bannister T, 
Handa A, Wiesmann F, Durrington PN, Channon KM, Neubauer S, Choudhury RP. Effects of high-
dose modified-release nicotinic acid on atherosclerosis and vascular function: a randomized, 
placebo-controlled, magnetic resonance imaging study. J Am Coll Cardiol. 2009;54:1787-1794. 

98.  Taylor AJ, Villines TC, Stanek EJ, Devine PJ, Griffen L, Miller M, Weissman NJ, Turco M. 
Extended-release niacin or ezetimibe and carotid intima-media thickness. N Engl J Med. 
2009;361:2113-2122. 



                                                                                                    General introduction 
 

 27 

                                                                                                                                      
99.  Van Der Hoorn JW, De Haan W, Berbée JF, Havekes LM, Jukema JW, Rensen PC, Princen HM. 

Niacin increases HDL by reducing hepatic expression and plasma levels of cholesteryl ester 
transfer protein in APOE*3Leiden.CETP mice. Arterioscler Thromb Vasc Biol. 2008;28:2016-2022. 

100.Carlson LA. Nicotinic acid: the broad-spectrum lipid drug. A 50th anniversary review. J Intern Med. 
2005;258:94-114.  

101.Davidson MH. Niacin use and cutaneous flushing: mechanisms and strategies for prevention. Am J 
Cardiol. 2008;101:14B-19B. 

102.Benyó Z, Gille A, Kero J, Csiky M, Suchánková MC, Nüsing RM, Moers A, Pfeffer K, Offermanns S. 
GPR109A (PUMA-G/HM74A) mediates nicotinic acid-induced flushing. J Clin Invest. 
2005;115:3634-3640. 

103.Cheng K, Wu TJ, Wu KK, Sturino C, Metters K, Gottesdiener K, Wright SD, Wang Z, O'Neill G, Lai 
E, Waters MG. Antagonism of the prostaglandin D2 receptor 1 suppresses nicotinic acid-induced 
vasodilation in mice and humans. Proc Natl Acad Sci U S A. 2006;103:6682-6687. 

104.Dunbar RL, Gelfand JM. Seeing red: flushing out instigators of niacin-associated skin toxicity. J Clin 
Invest. 2010;120:2651-2655. 

105.Hanson J, Gille A, Zwykiel S, Lukasova M, Clausen BE, Ahmed K, Tunaru S, Wirth A, Offermanns 
S. Nicotinic acid- and monomethyl fumarate-induced flushing involves GPR109A expressed by 
keratinocytes and COX-2-dependent prostanoid formation in mice. J Clin Invest. 2010;120:2910-
2919. 

106.Morrow JD, Awad JA, Oates JA, Roberts LJ. Identification of skin as a major site of prostaglandin 
D2 release following oral administration of niacin in humans. J Invest Dermatol. 1992;98:812-815. 

107.Wanders D, Judd RL. Future of GPR109A agonists in the treatment of dyslipidemia. Diabetes Obes 
Metab. 2011;13:685-691. 

108.Kamanna VS, Kashyap ML. Nicotinic acid (niacin) receptor agonists: Will they be useful therapeutic 
agents? Am J Cardiol. 2007;100:53N-1N. 

109.Soudijn W, Van Wijngaarden I, IJzerman AP. Nicotinic acid receptor subtypes and their ligands. 
Med Res Rev. 2007;27:417-433. 

110.Schultz JR, Tu H, Luk A, Repa JJ, Medina JC, Li L, Schwendner S, Wang S, Thoolen M, 
Mangelsdorf DJ, Lustig KD, Shan B. Role of LXRs in control of lipogenesis. Genes Dev. 
2000;14:2831-2838. 

111.Terasaka N, Hiroshima A, Koieyama T, Ubukata N, Morikawa Y, Nakai D, Inaba T. T-0901317, a 
synthetic liver X receptor ligand, inhibits development of atherosclerosis in LDL receptor-deficient 
mice. FEBS Lett. 2003;536:6-11. 

112.Miao B, Zondlo S, Gibbs S, Cromley D, Hosagrahara VP, Kirchgessner TG, Billheimer J, Mukherjee 
R. Raising HDL cholesterol without inducing hepatic steatosis and hypertriglyceridemia by a 
selective LXR modulator. J Lipid Res. 2004;45:1410-1417. 

113.Quinet EM, Savio DA, Halpern AR, Chen L, Miller CP, Nambi P. Gene-selective modulation by a 
synthetic oxysterol ligand of the liver X receptor. J Lipid Res. 2004;45:1929-1942. 

114.Levin N, Bischoff ED, Daige CL, Thomas D, Vu CT, Heyman RA, Tangirala RK, Schulman IG. 
Macrophage liver X receptor is required for antiatherogenic activity of LXR agonists. Arterioscler 
Thromb Vasc Biol. 2005;25:135-142. 

115.Peng D, Hiipakka RA, Reardon CA, Getz GS, Liao S. Differential anti-atherosclerotic effects in the 
innominate artery and aortic sinus by the liver X receptor agonist T0901317. Atherosclerosis. 
2009;203:59-66. 

116.Ou X, Dai X, Long Z, Tang Y, Cao D, Hao X, Hu Y, Li X, Tang C. Liver X receptor agonist 
T0901317 reduces atherosclerotic lesions in apoE-/- mice by up-regulating NPC1 expression. Sci 
China C Life Sci. 2008;51:418-429. 

117.Dai XY, Ou X, Hao XR, Cao DL, Tang YL, Hu YW, Li XX, Tang CK. The effect of T0901317 on 
ATP-binding cassette transporter A1 and Niemann-Pick type C1 in apoE-/- mice. J Cardiovasc 
Pharmacol. 2008;51:467-475. 

118.Kratzer A, Buchebner M, Pfeifer T, Becker TM, Uray G, Miyazaki M, Miyazaki-Anzai S, Ebner B, 
Chandak PG, Kadam RS, Calayir E, Rathke N, Ahammer H, Radovic B, Trauner M, Hoefler G, 
Kompella UB, Fauler G, Levi M, Levak-Frank S, Kostner GM, Kratky D. Synthetic LXR agonist 
attenuates plaque formation in apoE-/- mice without inducing liver steatosis and 
hypertriglyceridemia. J Lipid Res. 2009;50:312-326. 

119.Bischoff ED, Daige CL, Petrowski M, Dedman H, Pattison J, Juliano J, Li AC, Schulman IG. Non-
redundant roles for LXRalpha and LXRbeta in atherosclerosis susceptibility in low density 
lipoprotein receptor knockout mice. J Lipid Res. 2010;51:900-906. 



Chapter 1 

 28 

                                                                                                                                      
120.Peng D, Hiipakka RA, Xie JT, Reardon CA, Getz GS, Liao S. Differential effects of activation of liver 

X receptor on plasma lipid homeostasis in wild-type and lipoprotein clearance-deficient mice. 
Atherosclerosis. 2010;208:126-133. 

121.Yan W, Zhang T, Cheng J, Zhou X, Qu X, Hu H. Liver X receptor agonist methyl-3β-hydroxy-5α,6α-
epoxycholanate attenuates atherosclerosis in apolipoprotein E knockout mice without increasing 
plasma triglyceride. Pharmacology. 2010;86:306-312. 

122.Naik SU, Wang X, Da Silva JS, Jaye M, Macphee CH, Reilly MP, Billheimer JT, Rothblat GH, Rader 
DJ. Pharmacological activation of liver X receptors promotes reverse cholesterol transport in vivo. 
Circulation. 2006;113:90-97. 

123.Bradley MN, Hong C, Chen M, Joseph SB, Wilpitz DC, Wang X, Lusis AJ, Collins A, Hseuh WA, 
Collins JL, Tangirala RK, Tontonoz P. Ligand activation of LXR beta reverses atherosclerosis and 
cellular cholesterol overload in mice lacking LXR alpha and apoE. J Clin Invest. 2007;117:2337-
2346. 

124.Quinet EM, Basso MD, Halpern AR, Yates DW, Steffan RJ, Clerin V, Resmini C, Keith JC, Berrodin 
TJ, Feingold I, Zhong W, Hartman HB, Evans MJ, Gardell SJ, DiBlasio-Smith E, Mounts WM, 
LaVallie ER, Wrobel J, Nambi P, Vlasuk GP. LXR ligand lowers LDL cholesterol in primates, is lipid 
neutral in hamster, and reduces atherosclerosis in mouse. J Lipid Res. 2009;50:2358-2370. 

125.Yasuda T, Grillot D, Billheimer JT, Briand F, Delerive P, Huet S, Rader DJ. Tissue-specific liver X 
receptor activation promotes macrophage reverse cholesterol transport in vivo. Arterioscler Thromb 
Vasc Biol. 2010;30:781-786. 

126.Van Der Hoorn J, Lindén D, Lindahl U, Bekkers M, Voskuilen M, Nilsson R, Oscarsson J, Lindstedt 
E, Princen H. Low dose of the liver X receptor agonist, AZ876, reduces atherosclerosis in 
APOE*3Leiden mice without affecting liver or plasma triglyceride levels. Br J Pharmacol. 
2011;162:1553-1563. 

127.Peng D, Hiipakka RA, Dai Q, Guo J, Reardon CA, Getz GS, Liao S. Antiatherosclerotic effects of a 
novel synthetic tissue-selective steroidal liver X receptor agonist in low-density lipoprotein receptor-
deficient mice. J Pharmacol Exp Ther. 2008;327:332-342. 

128.Declercq V, Yeganeh B, Moshtaghi-Kashanian GR, Khademi H, Bahadori B, Moghadasian MH. 
Paradoxical effects of fenofibrate and nicotinic acid in apo E-deficient mice. J Cardiovasc 
Pharmacol. 2005;46:18-24. 

129.Hernandez C, Molusky M, Li Y, Li S, Lin JD. Regulation of hepatic ApoC3 expression by PGC-1β 
mediates hypolipidemic effect of nicotinic acid. Cell Metab. 2010;12:411-419. 

130.Li X, Millar JS, Brownell N, Briand F, Rader DJ. Modulation of HDL metabolism by the niacin 
receptor GPR109A in mouse hepatocytes. Biochem Pharmacol. 2010;80:1450-1457. 

131.Hernandez M, Wright SD, Cai TQ. Critical role of cholesterol ester transfer protein in nicotinic acid-
mediated HDL elevation in mice. Biochem Biophys Res Commun. 2007;355:1075-1080. 

132.Lukasova M, Malaval C, Gille A, Kero J, Offermanns S. Nicotinic acid inhibits progression of 
atherosclerosis in mice through its receptor GPR109A expressed by immune cells. J Clin Invest. 
2011;121:1163-1673. 




