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CHAPTER 1

GENERAL INTRODUCTION
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1) Cholesterol and lipoprotein metabolism

For the last decade, it has been shown that balanced cholesterol levels and a functional 

cholesterol metabolism are of great importance for the prevention of different lipid-

related diseases. Elevated cholesterol levels have been associated with an increased 

risk for cardiovascular disease. However, cholesterol and other types of lipids such as 

triglycerides, are crucial for multiple cellular and physiological processes throughout 

the body.

Cholesterol is known as the main sterol in mammals. The most prominent functions 

of cholesterol are to maintain cell membrane functionality and to serve as the 

precursor for steroid hormones synthesis such as cortisol and progesterone, bile acid 

synthesis and vitamin D synthesis1,2. The liver and intestine are two organs important 

in the control of cholesterol homeostasis. The intestine is mainly involved in the 

uptake of dietary as well biliary cholesterol, whereas the liver is more involved in the 

production of cholesterol and the regulation of systemic cholesterol metabolism3,4. 

Cholesterol from the liver can either be converted into bile acids or be packaged into 

apolipoprotein B-containing particles, which are secreted into circulation.

The packaging of cholesterol into lipoproteins is essential for its transport throughout 

the body as lipids are water insoluble and not able to circulate freely in the blood5.

1.1) Lipoproteins 

As mentioned above, lipoproteins play a key role in the uptake and transport of 

dietary lipids from the intestine and the transport of lipids produced in the liver to 

the periphery and vice versa5. 

Lipoproteins are complex vehicles that consist out of a hydrophobic core surrounded 

by a hydrophilic monolayered phospholipid shell. The hydrophobic core contains 

primarily neutral lipids, cholesteryl esters and triglycerides, whereas the hydrophilic 

shell mostly consists out of phospholipids with hydrophilic head groups, free 

cholesterol, and specific apolipoproteins. 

There are different classes of lipoproteins based on their size, density, and 

apolipoprotein composition: chylomicrons, very-low-density lipoproteins (VLDL), low-

density lipoproteins (LDL), and high-density lipoproteins (HDL)6. Chylomicrons and 

VLDL are the largest particles and are primarily comprised of triglycerides, whereas 

the core of LDL, a remnant of VLDL, and HDL consists primarily out of cholesteryl 

esters (Table 1)3. Furthermore, lipoproteins are also classified according to their 
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apolipoproteins, that are acting as a ligand for lipoprotein receptors. The primary 

apolipoprotein of chylomicrons, VLDL and LDL is apolipoprotein B (ApoB), whereas 

the main apolipoprotein of HDL is apolipoprotein A1 (Apo A1)7,8. 

Table 1. Characteristics of human lipoproteins. Adapted from Wang et al. (2017) 

DOI: 10.5604/01.3001.0010.5495

Lipoprotein Size 

(nm)

Density

(g/mL)

Apolipoproteins Core lipids

Chylomicrons 75-1200 <0.930 ApoA1, A-II, 

A-IV, ApoB48, 

ApoC, ApoE,

Triglycerides

Very-low-density lipoprotein 30-80 0.930-1.006 ApoB100, ApoC, 

ApoE

Triglycerides

Low-density lipoprotein 18-25 1.019-1.063 ApoB100 Cholesteryl esters

High-density lipoprotein 5-12 1.063-1.210 ApoA1, Apo A-II, 

ApoC, ApoE

Cholesteryl esters

1.2) Exogenous and endogenous lipid metabolism 

The total body lipid levels are regulated by on the one hand the exogenous lipoprotein 

metabolism pathway and, on the other hand, the endogenous pathway (Fig. 1). In the 

exogenous pathway, dietary triglycerides and cholesterol are absorbed by the intestine and 

repackaged into chylomicrons molecules, that serve as a source of energy for peripheral 

tissues and organs. After repackaging, the nascent triglyceride-rich chylomicrons are 

secreted into the lymph whereafter they enter the blood circulation. To become mature 

chylomicrons, the nascent chylomicrons loose Apo A and require apolipoprotein C (ApoC) 

and apolipoprotein E (ApoE)9,10. In the circulation, the triglycerides inside the core of 

the chylomicrons are lipolyzed by lipoprotein lipase (LPL), which is primarily expressed 

on endothelial cells11. During this process, free fatty acids and glycerol are released and 

metabolized in muscle cells or brown and white adipose tissue either for generating 

energy or for storage12. Upon lipolysis of the triglycerides, the chylomicrons reduce in 

size and become cholesterol ester-rich chylomicron remnants, which are rapidly cleared 

from the circulation through the interaction of ApoE with the LDL receptor (LDLr), LDL 

receptor related protein (LRP), scavenger receptor class B type 1 (SCARB1), other remnant 

receptors and heparin sulphate proteoglycans13–15.

When the supply of dietary cholesterol and triglyceride levels is not sufficient, 

lipids derived from the hepatic uptake of chylomicron remnants can be combined 

with de novo synthesized lipids and (re)enter the endogenous pathway as VLDL. 

In the endogenous pathway, the VLDL particles that contain ApoB100 as well as 
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newly synthesized ApoC and ApoE, circulate through the bloodstream as source 

for triglyceride-derived fatty acids, similarly as chylomicrons from the intestine. 

The triglycerides of VLDL are also hydrolyzed by LPL leading to the formation of 

intermediate-density lipoproteins (IDL)16. A part of these IDL particles is removed from 

the circulation through the interaction of ApoE with different receptors expressed on 

the liver including LDLr, LRP, SCARB1 and other remnant receptors. Further hydrolysis 

of the remaining IDL particles results in the formation of the smaller triglyceride-

deprived LDL particles, which account for the majority of the transport of cholesterol 

in humans17. The main apolipoprotein on LDL is ApoB100. ApoB100 is involved in 

the clearance of LDL through its interaction with LDLr expressed on the liver, the 

predominant site of uptake. Besides the liver, organs and tissues in the periphery could 

also take up these cholesteryl ester-rich particles for regulation of their intracellular 

cholesterol metabolism. Together these processes form a continuous cycle thereby 

ensuring the continued supply of cholesterol and fatty acids to the tissues in the body.

Figure 1. Schematic overview of pathways involved in human lipoprotein metabolism, including 

the exogenous, endogenous and reverse cholesterol transport pathways. Adapted from Kwan 

et al. (2007). DOI: 10.1681/ASN.2006091006
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1.3) Reverse cholesterol transport and HDL metabolism 

The reverse cholesterol transport pathway facilitates the transport of excessive 

cholesterol from peripheral tissues back to the liver, where it can be recycled or 

excreted into bile. The essential lipoprotein in this pathway is HDL. The main structural 

protein of HDL is ApoA1, which is produced by the liver and the intestine through the 

interaction of ApoA1 with the ATP-binding cassette transporter A1 (ABCA1)18. 

ABCA1 is also the primary cholesterol efflux transporter mediating the efflux 

of cholesterol from the periphery and liver to HDL, a process which leads to the 

formation of discoidal pre-β HDL particles. Further cholesterol enrichment via either 

passive diffusion or via active cholesterol transfer by ABCG1 and SCARB1, results in 

the formation of larger cholesterol-rich HDL particles19. 

For this to become mature HDL, the acquired cholesterol on the surface of HDL 

needs to be esterified by the enzyme lecithin-cholesterol acyltransferase (LCAT) to 

form cholesteryl esters. Subsequently, several lipases including phospholipid transfer 

protein (PLTP), are able to mediate the remodeling of the HDL particles. During 

this process, phospholipids as well as triglycerides are hydrolyzed and cholesteryl 

esters are transported to the core of the particle (add ref). In humans, the enzyme 

cholesterol ester transfer protein (CETP) facilitates the transport of HDL cholesteryl 

esters to triglyceride-rich lipoproteins such as VLDL and LDL20. This step links the 

reverse cholesterol transport pathway to the endogenous cholesterol pathway, in 

which cholesteryl esters are delivered to the hepatocytes for either elimination or 

biliary excretion or can be transported back to peripheral cells. Besides the transport 

of cholesteryl esters from HDL to VLDL/LDL via CETP, HDL cholesteryl esters can also 

directly be taken up through SCARB1, also known as the HDL receptor. Besides, when 

HDL is ApoE rich, HDL can be taken up via the LDLr, LRP or other remnant receptors. 

1.4) Scavenger receptors in lipoprotein metabolism

The recruitment and accumulation of serum lipoproteins into the arterial wall, where 

they are susceptible to oxidation, induces a chronic pro-inflammatory cascade 

that initiates the pathogenesis of atherosclerosis. Atherosclerosis is considered a 

complex inflammatory disease related to high cholesterol levels resulting in vascular 

endothelial dysfunction and lipid accumulation in the arterial wall21. Recently, it has 

been demonstrated that oxidized phospholipids, part of oxidized LDL (oxLDL), are pro-

inflammatory and therefore seen as the key component stimulating atherogenesis22. 

Modification of the LDL particles renders them susceptible for recognition by 

macrophage scavenger receptors, a diverse superfamily of membrane bound receptors 

that play an essential role in the removal of foreign and damaged molecules. In the 
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last several years, it has been shown that scavenger receptors are able to initiate pro-

inflammatory signaling cascades influencing immune cell activation and as well as 

stimulate cellular lipid accumulation, linking this family of receptors to atherosclerosis 

development23,24. Brown and Goldstein et al. (1979) were the first to describe a key role 

for these receptors in the process of foam cell formation and early atherogenesis. They 

found that an increased cholesterol content of the cell does not inhibit the binding and 

internalization of (modified) lipoproteins via scavenger receptor pathways indicating 

that cells expressing these receptors would not be able to limit the uptake of the 

lipoproteins rendering them susceptible for foam cell formation25.

Figure 2. Schematic representation of classes of scavenger receptors. Adapted from: PrabhuDas 

et al. (2017). DOI: 10.4049/jimmunol.1700373

To date, there are 8 classes of functionally and structurally diverse scavenger 

receptors: class A, B, C, D, E, F, G, and H (Fig. 2). Most of these classes have 

been linked to the development of atherosclerosis, either by contributing to the 

uptake of modified lipoproteins resulting in foam cell formation, modulating the 

lipid efflux, regulating inflammatory mechanisms, or by actively participating 
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in the adhesion and migration of inflammatory cells, such as monocytes and 

macrophages26. In this thesis, the role of the class B receptor SCARB1 and class 

H receptors stabilin-1 and 2 in cholesterol metabolism and atherogenesis is 

extensively discussed.

2) Cardiovascular disease and atherosclerosis

Cardiovascular diseases (CVDs) are a major cause of morbidity and mortality27. 

CVDs include all the diseases that affect the heart and blood vessels such as 

myocardial infarction, coronary heart disease, angina pectoris, stroke, and 

peripheral artery disease. Major risk factors that increase the risk for developing 

CVD include high plasma cholesterol levels, e.g. due to high LDL levels, high 

triglyceride levels, a sedentary lifestyle, obesity, diabetes and hypertension28. 

Furthermore, people suffering from familial hypercholesterolemia, inflammatory 

or autoimmune diseases have an increased risk for the development of CVDs29,30. 

In 2019, 17.9 million people died of the consequences of CVD, representing 32% of 

all reported global deaths. In time, this cardiovascular mortality rate is expected 

to increase due to 1) aging and the increased prevalence of obesity in the general 

population31 and 2) the fact that statins only lower the cardiovascular event rate 

by 20-40%32. A major problem is that current treatments for patients suffering 

from CVDs are only able to slow down the progression of atherosclerotic lesions. 

Therefore, there is still an urgent need for new therapeutic targets for the 

underlying pathology of CVD, atherosclerosis.

2.1) Early atherosclerosis

Atherogenesis is initiated by changes in the monolayer of arterial endothelial cells, 

which normally resist attachment of leukocytes. Upon irritative stimuli such as 

pro-inflammatory mediators or dyslipidemia, the expression of several adhesion 

molecules that capture leukocytes such as intercellular adhesion molecule 1 (ICAM-

1), vascular adhesion molecule 1 (VCAM-1), and E-selectin, is increased on the surface 

of the endothelium33. Parallel changes in the permeability of the endothelial and in 

extracellular matrix composition promotes the transport of LDL particles into and 

retention inside the sub-endothelial space34. Within this sub-endothelial space, LDL 

particles are prone to oxidative modification leading to alterations in particle size and 

lipid composition35. OxLDL initiates inflammatory immune responses by activating 

the endothelium to upregulate adhesion molecules that capture leukocytes. Tissue 

macrophages derived from blood monocytes account for the majority of leukocytes 

inside early atherosclerotic lesions36. In the lesion, these macrophages take up this 
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oxLDL via scavenger receptors and become foam cells that are seen as the hallmark 

of atherosclerosis. Foam cells secrete inflammatory mediators such as tumor necrosis 

factor (TNF), interleukin 1 (IL-1), interleukin 6 (IL-6), and several chemokines including 

CCL5 and CCL2, that amplify the pro-inflammatory immune response37.

2.2) Advanced atherosclerosis

As lesion formation progresses, many foam cells die by apoptosis due excess free 

cholesterol toxicity38. The ability of macrophages to phagocytose apoptotic cells, 

also known as efferocytosis, is diminished in the lesion due excessive cholesterol 

loading. As a result, cholesterol overloading of foam cells also stimulates secondary 

necrosis triggering the formation of a necrotic core with extracellular cholesterol 

deposition, typical for advanced atheroma. The formation of advanced atheroma’s 

leads to a more pro-inflammatory environment and subsequently to the recruitment 

and accumulation of leukocytes including T cells. In the intima as well as in the 

adventitia, T cells are found to produce cytokines that are able to modulate immune 

responses causing either exacerbation or amelioration of atherosclerosis39. Besides 

T cells, vascular smooth muscle cells (VSMC) are able to migrate into the growing 

atherosclerotic lesion and produce collagen leading to fibrosis and the formation 

of a fibrous caps on top of the atherosclerotic lesion40. Fibrous lesions with small 

lipid pools are defined as stable lesions, whereas lesions with thin fibrous caps and 

large lipid pools are defined as vulnerable unstable lesions41. Stable lesions could 

be destabilized by the release of extracellular matrix degrading enzymes such as 

matrix metalloproteinases, which are produced by activated immune cells including 

macrophages42. Although atherosclerosis may remain clinically silent for many 

decades, gradual thinning of the fibrous cap or erosion of the endothelium overlying 

the atherosclerotic lesion could lead to disruption of the endothelial layers thereby 

stimulating the formation of a thrombus, which is defined as atherothrombosis43. 

Rapid occlusion of the arteries during atherothrombosis could lead to severe ischemic 

events such as myocardial infarctions and strokes.

2.3) Immune system and atherosclerosis

The interplay between lipids and immune cells is believed to be an important factor 

for the development of atherosclerosis44 (Fig. 3). Whereas dyslipidemia initiates 

atherogenesis, it is the ongoing chronic inflammatory response, in which the innate 

as well as adaptive immune system play an essential role, that leads to the formation 

of advanced atherosclerotic lesions45. Multiple studies have shown that the immune 

cells observed in atherosclerosis have a diverse landscape and that macrophages and 

T cells are the most abundant cell-type present in the lesions46–48.
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Figure 3. The development of atherosclerosis. Adapted from: Libby et al. (2011) DOI: 10.1038/

nature10146.

2.3.1) Macrophages 

During atherogenesis, macrophages play a pivotal role as they actively participate 

in (modified) lipoprotein uptake leading to their transformation into macrophage 

foam cells. Furthermore, these macrophages are also involved in the maintenance 

of the pro-inflammatory environment as well as in tissue repair and remodeling49. 

Due to the diverse functions of macrophages in atherogenesis, these cells have 

been proposed as an interesting therapeutic target for the development of novel 

therapeutic strategies to slow down or even regress the disease. Macrophages are 

derived from circulating monocytes which are recruited to the nascent atherosclerotic 

lesion upon environmental stimuli, such as the release of chemokines50. There, in the 

presence of macrophage colony-stimulating factors, the monocytes can differentiate 

into different subsets of macrophages51. 

The two major macrophage subsets on either end of the spectrum are the classically 

activated pro-inflammatory M1 macrophage subtype and the alternative anti-

inflammatory M2 macrophage subtype. The polarization of macrophages into 

different subsets is a dynamic process and could be influenced by different micro-

environmental factors. Endogenously formed toll-like receptor ligands, such as 

free fatty acids and oxidized lipoproteins, are likely to promote the polarization of 

macrophages into an M1 phenotype, whereas T-helper 2 cytokines in combination 
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of several immune complexes and bio-active lipids could stimulate the polarization 

into an M2 phenotype52,53. M1 macrophages are mainly located in the lipid core and 

plaque shoulder region. In contrast, M2 macrophages are predominantly located 

in the distal regions of the atherosclerotic lesion outside the lipid core and are 

associated with more stable and regressing lesions54,55. Although, M1 and M2 are the 

most predominant macrophage subsets present in atherosclerosis, recently, two new 

macrophage subsets have been described in the context of atherosclerosis, namely 

Mox and M4. The polarization into Mox macrophages is induced when macrophages 

are exposed to oxidized phospholipids such as present in oxLDL, and nuclear 

factor Erythroid 2-related factor 2 (NRF2) is activated56,57. Compared to M1 and M2 

macrophages, Mox macrophages display reduced phagocytic activity and chemotaxis. 

Furthermore, activation of Mox macrophages leads to increased secretion of the 

pro-inflammatory cytokine IL-1β and release of reactive oxidative species, which 

in turn can stimulate atherogenesis58. M4 macrophages are also considered pro-

inflammatory inflammatory as they release the pro-inflammatory cytokines IL-6 and 

TNFα and have been associated with instable lesions59. 

2.3.2) T cells 

Recently, also T cells have come into the picture as an interesting therapeutic target 

for the intervention in atherosclerosis. T cells can either promote or inhibit immune 

responses, depending on their phenotype and thereby influence the pathogenesis 

of this chronic inflammatory disease. An efficient T cell response is generated when 

antigen presenting cells (APCs) such as macrophages and dendritic cells present 

cognate antigens, which they have engulfed from the micro-environment, to naïve T 

cells39. Upon antigen recognition via the interaction of APCs and T cells in secondary 

lymphoid organs, T cells undergo clonal expansion and differentiate into specific 

memory and effector T cells. After primary activation, the activated T cells migrate 

into nonlymphoid tissues where they undergo a second activation round by APCs 

present at sites of inflammation60.

CD4+ and CD8+ T cells are the two major subtypes of T cells. Major histocompatibility 

complex (MHC) molecules are crucial for the recognition of antigenic peptides. CD4+ 

and CD8+ T cells express different MHC molecules; CD4+ T cells express the MHCI 

molecule, while CD8+ T cells express MHCII molecules. Both CD4+ and CD8+ T cells are 

found in human and murine atherosclerotic lesions, although the majority of T cells 

in the lesion are CD4+ T cells instead of CD8+ T cells39,61. Depending on the cytokines 

secreted in the micro-environment, T cells can differentiate into specific subsets 

including helper T cells (Ths), regulatory T cells (Tregs), and cytotoxic T cells (CTLs). 

There are different types of helper CD4+ T cells, of which Th1, Th2, and Th17 cells 
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are the most common in the context of atherosclerosis. More recently also Th9 and 

Th22 subsets are discovered, but their role in atherosclerosis is still unknown. Each 

subset exerts different functions, influencing atherosclerosis in their own way. Th1 

cells are considered to be pro-inflammatory, as it has been shown that Th1 deficiency 

reduces atherosclerotic lesion formation62. Tregs on the other hand are considered 

anti-inflammatory CD4+ helper cells. Tregs regulate the immune response through the 

suppression of pro-inflammatory T cell subsets and therefore seen as an important 

player in atherosclerosis63. Whereas the role of Th1 cells and Tregs in atherosclerosis 

are extensively described, the precise role of Th2 and Th17 cells is controversial. 

Depending on the disease stage and the models used, the contribution of these cells 

to atherosclerosis susceptibility varies64. The same applies for cytotoxic CD8+ T cells, 

which have shown to exert either pro-atherogenic effects as well as anti-inflammatory 

functions during atherosclerotic lesion development65. Although the role of T cells in 

atherosclerosis has been extensively studied, further studies are needed to elucidate 

the specific role of these individual subsets in the context of atherosclerosis before 

they can be targeted for the treatment of atherosclerosis.

3) Experimental animal models of atherosclerosis 

Preclinical models of atherosclerosis have proven to be of great value for the 

identification of novel therapeutic targets against atherosclerosis. Although in vitro 

and ex vivo experimentation could give new insights in atherosclerosis-associated 

processes and therapy development, these models are yet not able to mimic the full 

complexity of the pathophysiology of atherosclerosis. As a result, animal models are 

essential for further elucidation of the onset and progression of the disease. Over 

the years, different mammalian models, such as non-human primates, swines, rabbits, 

rats and mice have been used to model the pathophysiology of atherosclerosis66. 

However, mice are the most commonly used animal model to date.

3.1) Mouse models of atherosclerosis

Wild-type (WT) mice do not develop spontaneous atherosclerosis in contrast to what 

is observed in humans. This could be explained by differences in plasma lipoprotein 

profiles due to the absence of CETP in mice. In mice, HDL is the main type of cholesterol 

circulating throughout the body, whereas in humans, it is LDL. Thanks to the wealth 

of genetic manipulations available, the mouse is the most widely used model for 

atherosclerosis. The most frequently used disease models are ApoE-, LDLr deficient 

or ApoE3-Leiden(-CETP) and all spontaneously develop hyperlipidemia and display 

increased susceptibility to atherosclerosis67,68.
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3.1.1) ApoE deficient mice

In 1992, Zhang et al. reported the first atherosclerosis mouse model with a deletion 

in the ApoE gene 67. ApoE is a component of plasma lipoproteins and is involved 

in the recognition of amongst others the LDL receptor and LRP on hepatocytes. 

In line, ApoE deficient mice (ApoE-/-) display impaired plasma lipoprotein clearance 

and have a disturbed triglyceride metabolism both contributing to the development 

of spontaneous atherosclerotic lesions on a regular chow diet67,69,70. Fatty streaks, 

mainly consisting of macrophage foam cells, can be observed as early as 8 weeks 

of age, whereas the first atherosclerotic lesions can be observed after 10 weeks71. 

Furthermore, there is a progressive rapid increase in atherosclerotic lesion size 

between 12 and 38 weeks of age72. Feeding ApoE-/- mice a Western-type diet (WTD), 

containing 0.15% cholesterol, 21% fat and 19.5% casein accelerates the development 

of atherosclerotic lesions in these animals, with foam cell accumulation already 

observed after 6 weeks of WTD challenge and the first lesions at 8 weeks71. Although 

the use of ApoE deficient mice has multiple advantages, also the disadvantages should 

be acknowledged. First of all, the lipid metabolism of ApoE-/- mice is not comparable 

to humans as the majority of the plasma cholesterol in ApoE-/- mice is in VLDL, while 

in humans it is primarily transported in the LDL fraction73,74. Moreover, besides its 

function in lipoprotein metabolism, ApoE also has other functions that can influence 

atherosclerosis, including anti-inflammatory, anti-proliferative, and anti-oxidative 

functions75.

3.1.2) LDLr deficient mice

After the generation of the ApoE deficient mouse model, other models to study 

dyslipidemia and atherosclerosis and elucidate the factors and processes involved, 

were developed including the LDL receptor deficient mice (LDLr-/-).

The LDLr-/- mouse model was developed to overcome the disadvantages associated 

with the use of ApoE-/- mice, as the LDLr is primarily involved in lipid metabolism and 

does not directly affect other atherosclerosis-influencing processes76. The LDLr is a 

surface receptor expressed primarily on liver cells that is able to clear lipoproteins 

from the circulation by binding ApoE and apoB10069. Feeding LDLr-/- mice a normal 

chow diet does not result in the development of atherosclerotic lesion77. To induce 

severe hypercholesterolemia and atherosclerosis, LDLr-/- mice need to be fed WTD 

to increase LDL and VLDL particles in the blood to above the threshold of 250 mg/

dL required for induction of atherosclerosis in mice78. In humans, LDLr deficiency 

is associated with the development of familial hypercholesterolemia (FH). Human 

patients with FH have an increased risk for cardiovascular diseases and develop 

advanced atherosclerotic lesions at an early age. The LDLr-/- mouse model when 
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challenged with WTD displays some of the characteristics observed in FH patients, 

including the development of xanthomas as well as advanced atherosclerotic lesions. 

As a result, this model is very useful to study this disease and to develop new 

therapeutic strategies for FH. 

Besides their usefulness in studying FH, LDLr-/- mice are valuable for research on 

the link between atherosclerosis and diabetes as these mice are more susceptible to 

develop insulin resistance and obesity compared to ApoE-/- mice79–81. 

3.1.3) ApoE3-Leiden/ ApoE3-Leiden-CETP mice 

ApoE-/- and LDLr-/- mice are often used for atherosclerosis research, however these 

models do not fully resemble the human plasma cholesterol profile and and several 

anti-atherosclerotic drugs targeting the LDL/LDLr axis, including statins, cannot be 

properly tested in these models. Besides, the models lack CETP that is important for 

the exchange of lipids, such as cholesteryl esters and triglycerides, between VLDL, 

LDL and HDL. Two atherosclerosis mouse models that do have a more human-like 

lipoprotein metabolism, are the ApoE3-Leiden and, in particular, ApoE3-Leiden-CETP 

mice.

The ApoE3-Leiden transgenic mouse model expresses the human ApoE3-Leiden gene 

and exhibits a hyperlipidemic phenotype. Humans with mutations in the ApoE3 Leiden 

gene develop familial dysbetalipoproteinemia and are at increased risk for developing 

atherosclerosis at a young age82. The plasma cholesterol levels of ApoE3-Leiden 

mice are comparable to the levels observed in humans83. In line, ApoE3-Leiden mice 

also display an increased susceptibility to diet-induced atherosclerosis. However, the 

development of atherosclerotic lesions in these transgenic mice is relatively slow, 

as seen in humans84. After 18 weeks of WTD, the first signs of initial atherosclerosis 

development could be observed, while after 29 weeks these early fatty streaks 

developed into small atherosclerotic lesions. Moderate lesions could be observed after 

31 weeks of WTD85. Because ApoE3-Leiden mice still express endogenous ApoE, these 

mice are less susceptible to atherosclerosis compared to ApoE-/- mice. ApoE3-Leiden 

mice, however, have proven very useful to test novel and existing lipid-lowering drugs, 

including statins. To further humanize this mouse model, ApoE3-Leiden mice have also 

been cross-bred with a transgenic mouse line expressing human CETP, to generate 

ApoE3-Leiden-CETP mice. The ApoE3-Leiden-CETP mice have a more human-like 

lipid metabolism compared to the ApoE3-Leiden mice as the expression of CETP 

shifts the cholesterol distribution form HDL to V(LDL). Moreover, the atherosclerotic 

lesions of these CETP-transgenic mice are 7.0 fold bigger compared to lesions of 

ApoE3-Leiden mice after x weeks WTD feeding86. A disadvantage of using ApoE3-
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Leiden and ApoE3-Leiden-CETP mice for atherosclerosis research is that these mice 

develop atherosclerosis rather slowly. As a result, advanced atherosclerotic lesions 

are only visible after 31 weeks of WTD challenge, whereas in ApoE-/- and LDLr-/- mice 

these are already visible after 8 weeks on WTD. As a result of these required long-

term experiments, the associated costs for caretaking and housing of ApoE3-Leiden 

or ApoE3-Leiden-CETP mice are much higher as compared to experiments using 

ApoE-/- and LDLr-/- mice.

3.2.) Zebrafish models of atherosclerosis

For decades, mouse models have been used in medical research to study human 

disease. An important limitation of using mouse models to study atherosclerosis, is 

that it is only possible to do end-point measurements and imaging. A new upcoming 

inexpensive and powerful model to study human disease, including atherosclerosis, 

is the zebrafish (Danio rerio). The zebrafish and its translucent larvae are an 

upcoming model to study atherosclerosis as result of their lipid metabolism being 

comparable to humans and the possibility to perform real-time in vivo imaging. The 

development of new genetic approaches for the zebrafish, including transgenesis 

and mutagenesis, has also stimulated its widespread use as a model to study human 

disease87–89. 

3.2.1) Wild-type high cholesterol diet model

Stoletov et al. (2009) were the first to propose that WT zebrafish could be a 

suitable model to study temporal characteristics of early atherogenesis90. Feeding 

adult zebrafish for 8-12 weeks a 4% (w/w) high cholesterol diet (HCD) resulted in 

hypercholesterolemia characterized by plasma cholesterol levels reaching 800 mg/

dL which is comparable to levels of LDLr-/- mice. This resulted in the development 

of fatty streaks in the dorsal aorta consisting of vascular lipid accumulation and cell 

infiltration, which appeared comparable to early lesions observed in mouse models 

and humans. No fatty streaks were found in the caudal vein of adult zebrafish. Besides 

using adult fish, Stoletov et al. have also shown that 5 days-old zebrafish could be 

used to study atherogenesis. Challenging 5 days-old transgenic Fli1:EGFP zebrafish 

larvae, in which the vasculature is labeled with a green fluorescent probe, with a 

4% (w/w) HCD for 10 days resulted in vascular lipid accumulation in the caudal vein 

and as well as the dorsal aorta, but to a lesser extent. This is in contrast with our 

recent published study, in which we have reported that WT zebrafish larvae are not 

as susceptible to HCD-induced accumulation of macrophage foam cells in the caudal 

vein, as was suggested by Stoletov91. For this reason, further research into the use 

of WT zebrafish as a model for atherosclerosis is needed before this model can be 

widely incorporated as a model to study atherogenesis.
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3.2.2) LDLr mutant

As previously mentioned, the LDLr-/- mouse is one of the most widely used mouse 

model to study atherosclerosis. In 2018, Liu et al. reported the generation of a new 

transgenic zebrafish model to study atherosclerosis: the ldlr mutant zebrafish92. 

The ldlr in zebrafish is duplicated resulting in the presence of two ldlr orthologs: 

ldlra and ldlrb. Due to the higher degree of conservation with the human LDL 

receptor, ldlra is defined as the ldlr receptor in zebrafish. Using CRISPR/Cas9 

technology, 10 nucleotides of the ldlra were deleted leading to loss-of-function. 

Normal diet feeding of ldlra mutant zebrafish larvae resulted in activation of 

the srebf2-pathway, which is involved in cholesterol homeostasis and in the 

development of modest hypercholesterolemia. Moreover, feeding 4.5 days old ldlra 

mutant larvae with a HCD for only 5 days led to augmented hypercholesterolemia 

and the accumulation of lipids in the caudal vein, suggesting that this model could 

be useful to study processes involved in early atherogenesis and new therapeutic 

targets for hypercholesterolemia.

3.2.3) ApoC2 mutant

APOC2 is an important co-activating factor for LPL that is involved in the lipolysis 

of circulating triglyceride-rich lipoproteins, including chylomicrons and VLDL93. 

Deficiency of APOC2 leads to elevation of plasma triglyceride levels, which has shown 

to be a risk factor for atherosclerosis94. Using the transcription activator-like effector 

nuclease (TALEN) technique, Liu et al (2015) generated apoc2 mutant zebrafish, 

which exhibited chylomicronemia and severe hypertriglyceridemia95. This closely 

resembles the characteristics of human patients suffering from APOC2 mutations96. 

Feeding 5 days-old apoc2 zebrafish larvae a normal diet for 10 days resulted in the 

accumulation of lipids and macrophage foam cells in the vasculature, mimicking 

early human atherogenesis. Therefore, this mutant line could be very useful to study 

hypertriglyceridemia and its link to atherogenesis.

3.3.) Mouse versus zebrafish atherosclerosis models

Over the last years, it has become clear that animal models are of great importance 

for atherosclerosis research and that the focus on atherosclerosis animal models 

has shifted. Whereas processes involved in atherosclerosis are examined in different 

animal models including non-human primates, swine, rabbits and rats, the mouse is 

the most used atherosclerosis model at the moment97–100. However, recent advances 

have suggested that soon zebrafish could added to this array of animal models for 

studying dyslipidemia and atherosclerosis101 (Table 2-3).
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Compared to mouse models, zebrafish have multiple advantages comparing it to 

mice, making it an attractive model to study processes involved in the development 

of atherosclerosis (Table 3). Although the physiology of fish and humans differs in 

multiple ways, 70% of protein coding human genes are related to genes found in 

zebrafish. Moreover, 84% of genes known to be associated with human disease, 

including CETP, have a zebrafish counterpart102. Compared to mice, the zebrafish 

and its translucent larvae are inexpensive because of the low-cost housing and 

maintenance. Furthermore, this powerful model organism allows non-invasive cell 

tracking studies that can be used to study the pathology of atherosclerosis in real 

time. Using zebrafish for high-throughput screening would make the zebrafish a 

valuable model for the discovery of new pharmaceutical targets and drugs.

Table 2. Comparison of mouse and zebrafish models for atherosclerosis. Adapted from: Vedder et 

al. 2020.DOI:10.3389/fcvm.2020.00109

Comparison Zebrafish larvae Zebrafish adults Mice

Maturation 3 months 3 months 2 months

Housing Group (+-50) per 

big tank

Group (25-45) per 

big tank

5 per cage

Offspring x 200-500 embryos 5-8 mice

Transparency ✓ x x

Cholesterol metabolism

Dominant lipoprotein HDL HDL HDL

Source of energy Lipids Lipids Carbohydrates

Cholesterol transport HDL HDL HDL

CETP ✓ ✓ x

Atherosclerosis

Intima thickening x ✓ ✓

Lesions x / ✓
Caudal vein

✓ 

Dorsal aorta

✓
aorta and carotids

Lesion classification Type II

Fatty streaks

Type II

Fatty streaks

Type V to VI

Advanced lesions

Oxygenated cholesteryl esters In atherosclerotic 

lesions

In body liquids In body liquids

Atherosclerosis models

WT x / ✓ ✓ x

ApoE-/- x x ✓

LDLr-/- ✓ ✓ ✓

ApoC2-/- ✓ ✓ ✓
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Despite the advantages of zebrafish as model organism, it remains important to 

validate the mechanisms underlying zebrafish dyslipidemia and atherosclerosis 

before the zebrafish can become the new pioneering model for atherosclerosis 

research. Generation of ApoE-/- zebrafish would highly contribute to the use of 

zebrafish for studying atherogenesis. Combination of using zebrafish and mouse 

models for atherosclerosis could possibly give new insights and might be useful for 

studying mechanisms in depth. However, it is important that an appropriate animal 

model should always be chosen according your hypothesis.

Table 3. Advantages and limitations of using mouse and zebrafish for atherosclerosis research. + 

lowest levels of advantage; +++ highest level of advantage. Adapted from: Vasyutina et al. 2021. 

DOI:10.1016/j.metabol.2022.155138

Features Zebrafish Mouse

Breeding +++

-	 large offspring with identical 

genetic background

-	 weekly (short period)

++

-	 relatively fast reproduction 

and offspring homogeneity 

-	 18-20 day pregnancy

Maintenance +++

-	 Automated housing systems

-	 low costs

+

-	 Multiple housing systems

-	 higher costs

Genetic modification +++

-	 WT fish develop hyperlipidemia 

on HCD

-	 genome editing is easy

++

-	 Various atherosclerosis models 

worldwide available

Research options +++

-	 Embryo’s and zebrafish larvae 

are optically transparent, 

allowing non-invasive live 

imaging

-	 difficult to collect tissues due 

to small size

++

-	 hard to perform live imaging

-	 Classical histopathological, 

biochemical and other 

methods are widely used

human atherosclerosis +

-	 develop only type II initial 

lesions

+++

-	 all types of lesions (initial to 

advanced)

Human lipid metabolism ++

-	 Zebrafish have orthologs of 

important genes regulating the 

cholesterol metabolism

-	 express CETP

++

-	 main lipoprotein is HDL 

resulting in resistance for the 

development of atherosclerosis

-	 CETP is absent
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Thesis outline

With the research described in this thesis it is aimed to (1) validate the use of zebrafish 

in cholesterol metabolism and atherosclerosis research, (2) study the role of certain 

classes of scavenger receptors in lipoprotein uptake and cholesterol-based functions 

and (3) validated two immune-based potential targets for atherosclerosis with 

focusing cardiovascular side effects.

Establishing adequate atherosclerosis animal models is pivotal for studying the 

complex etiology and progression of the disease, as well as for screening of novel 

therapeutic targets. Over the years, different mammalian models, such as rats, 

rabbits, and mice, have been used to examine the pathophysiology of atherosclerosis. 

Although these rodent and rabbit models have provided scientists with the possibility 

to model different aspects of this disease, they all suffer from limitations, including 

the difficulty to execute high-throughput screening and to monitor atherogenesis 

over time. Recently, zebrafish have been proposed as a novel animal model for 

studying different aspects of atherosclerosis. In chapter 2, the use of zebrafish larvae 

as a model organism to study atherosclerosis is discussed. In our hands, wild-type 

zebrafish larvae seem not as susceptible to high cholesterol diet-induced accumulation 

of macrophage foam cells in the caudal vein, as previously suggested. Therefore, it is 

important to clearly define atherosclerosis when studying a new animal experimental 

model, as the application of different definitions can affect the interpretation of 

the results. Although zebrafish appear less prone to atherosclerosis development 

compared to mammalian models, chapter 3 highlights the use of zebrafish as a 

model to study lipoprotein metabolism and the importance of stabilin-1 and 2 in 

apoB-lipoprotein scavenging including the uptake of oxLDL and even LDL. Stabilin-1 

and 2 are class H scavenger receptors, which are evolutionarily ancient membrane 

bound receptors. During the emergence of the first primitive multicellular organisms, 

different family members with a varied structure arose that function as scavenger 

receptors. One ancient receptor, belonging to the class B sub-family of scavenger 

receptors is scavenger receptor class B1 (SCARB1). 

SCARB1 was identified as the high-density lipoprotein (HDL) receptor, which facilitates 

the uptake of cholesteryl esters from HDL and is involved in the reverse cholesterol 

transport pathway. Comparative studies of vertebrate SCARB1 have shown that 

SCARB1 in general is well conserved between different species, except in zebrafish. In 

chapter 4, we provide evidence that the involvement of SCARB1 in plasma cholesterol 

metabolism and steroidogenesis arose as novel functions during mammalian evolution, 

as this seems absent in scarb1-/- zebrafish. This data could have consequences for the 
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usefulness of non-mammalian model in diseases in which cholesterol metabolism plays 

an important role, such as in atherosclerosis. It has become apparent that besides 

cholesterol, also the immune system is involved in the development of atherosclerosis. 

Transcriptional activator protein arginine methyltransferase 5 (PRMT5), a catalyzer 

of posttranslational protein methylation, regulates inflammatory macrophage 

activation as well as T cell differentiation, which are both important processes in 

atherosclerosis. Therefore, PRMT5 might be an interesting target for the modulation 

of atherosclerosis. In chapter 5, the role of PRMT5 in atherosclerosis was examined. 

Although PRMT5 is involved in multiple inflammatory processes, inhibition of PRMT5 

did not affect atherosclerosis development or lesion composition. It, however, did 

induce hepatic lipid accumulation. Since PRMT5 inhibition is a potential target for 

cancer treatment, our study would caution long term administration as this possible 

side effect can lead to fatty liver disease. Another immune target that has been 

described as a key regulator of the immune system and is primarily expressed on 

macrophages and T cells is Interleukin-4 induced gene 1 (IL4I1). Recently, IL4i1 has 

shown to be promising target for treatment of cancer and autoimmune diseases, such 

as multiple sclerosis. Its role in atherosclerosis, however, is still unknown. Single-cell 

sequencing data from human atherosclerotic plaques has shown that IL4I1 is highly 

expressed in macrophages, suggesting that it might play a key role in atherosclerosis. 

Therefore, in chapter 6 the immune effects of IL4i1 in the context of atherosclerosis 

development were examined. Inhibition of IL4i1, using the inhibitor CB-668, stimulated 

a pro-inflammatory immune environment without affecting initial atherosclerotic 

lesion development. Thus, although IL4i1 is anti-inflammatory, no protective effects 

of IL4i1 inhibition were found in the context of atherosclerosis development. Also, 

no negative effects were found, indicating that in contrast to PRMT5 inhibition no 

cardiometabolic effects need to be taken into account when IL4i1 inhibition is applied 

in the context of cancer and other autoimmune diseases.

Finally, in chapter 7, the results described in this thesis are summarized and discussed 

also describing future perspectives. 



29

General introduction

1
References

1.	 Zampelas, A. & Magriplis, E. New Insights into Cholesterol Functions: A Friend or an Enemy? 

Nutrients 11, 1645 (2019).

2.	 Chiang, J. Y. L. Bile acids: regulation of synthesis: Thematic Review Series: Bile Acids. J. Lipid 

Res. 50, 1955–1966 (2009).

3.	 Wang, H. H., Garruti, G., Liu, M., Portincasa, P. & Wang, D. Q.-H. Cholesterol and Lipoprotein 

Metabolism and Atherosclerosis: Recent Advances in Reverse Cholesterol Transport. Ann. 

Hepatol. 16, S27–S42 (2017).

4.	 Shepherd, J. The role of the exogenous pathway in hypercholesterolaemia. Eur. Heart J. Suppl. 

3, E2–E5 (2001).

5.	 Feingold, K. R. Introduction to Lipids and Lipoproteins. in Endotext (eds. Feingold, K. R. et al.) 

(MDText.com, Inc., 2000).

6.	 Ginsberg, H. N. Lipoprotein physiology. Endocrinol. Metab. Clin. North Am. 27, 503–519 (1998).

7.	 Mangaraj, M., Nanda, R. & Panda, S. Apolipoprotein A-I: A Molecule of Diverse Function. Indian 

J. Clin. Biochem. 31, 253–259 (2016).

8.	 Packard, C. J. & Shepherd, J. Lipoprotein Heterogeneity and Apolipoprotein B Metabolism. 

Arterioscler. Thromb. Vasc. Biol. 17, 3542–3556 (1997).

9.	 Hussain, M. M. A proposed model for the assembly of chylomicrons. Atherosclerosis 148, 1–15 

(2000).

10.	 Mansbach, C. M. & Gorelick, F. Development and physiological regulation of intestinal lipid 

absorption. II. Dietary lipid absorption, complex lipid synthesis, and the intracellular packaging 

and secretion of chylomicrons. Am. J. Physiol. Gastrointest. Liver Physiol. 293, G645-650 (2007).

11.	 Goldberg, I. J. Lipoprotein lipase and lipolysis: central roles in lipoprotein metabolism and 

atherogenesis. J. Lipid Res. 37, 693–707 (1996).

12.	 Hall, J. E. & Hall, M. E. Guyton and Hall Textbook of Medical Physiology E-Book. (Elsevier Health 

Sciences, 2020).

13.	 Mahley, R. W. & Ji, Z.-S. Remnant lipoprotein metabolism: key pathways involving cell-surface 

heparan sulfate proteoglycans and apolipoprotein E. J. Lipid Res. 40, 1–16 (1999).

14.	 Willnow, T. E. Mechanisms of hepatic chylomicron remnant clearance. Diabet. Med. J. Br. Diabet. 

Assoc. 14 Suppl 3, S75-80 (1997).

15.	 Out, R. et al. Scavenger receptor BI plays a role in facilitating chylomicron metabolism. J. Biol. 

Chem. 279, 18401–18406 (2004).

16.	 Cohen, D. E. & Fisher, E. A. Lipoprotein Metabolism, Dyslipidemia and Nonalcoholic Fatty Liver 

Disease. Semin. Liver Dis. 33, 380–388 (2013).

17.	 Brown, M. S., Kovanen, P. T. & Goldstein, J. L. Regulation of plasma cholesterol by lipoprotein 

receptors. Science 212, 628–635 (1981).

18.	 Marques, L. R. et al. Reverse Cholesterol Transport: Molecular Mechanisms and the Non-medical 

Approach to Enhance HDL Cholesterol. Front. Physiol. 9, (2018).

19.	 Ouimet, M., Barrett, T. J. & Fisher, E. A. HDL and Reverse Cholesterol Transport. Circ. Res. 124, 

1505–1518 (2019).

20.	 Barter, P. J. et al. Cholesteryl Ester Transfer Protein: A Novel Target for Raising HDL and Inhibiting 

Atherosclerosis. Arterioscler. Thromb. Vasc. Biol. 23, 160–167 (2003).

21.	 Lusis, A. J. Atherosclerosis. Nature 407, 233–241 (2000).



30

Chapter 1

22.	 Que, X. et al. Oxidized phospholipids are proinflammatory and proatherogenic in 

hypercholesterolaemic mice. Nature (2018) doi:10.1038/s41586-018-0198-8.

23.	 Peiser, L. & Gordon, S. The function of scavenger receptorsexpressed by macrophages and their 

rolein the regulation of inflammation. Microbes Infect. 3, 149–159 (2001).

24.	 Moore, K. J. & Freeman, M. W. Scavenger receptors in atherosclerosis: beyond lipid uptake. 

Arterioscler. Thromb. Vasc. Biol. 26, 1702–1711 (2006).

25.	 Brown, M. S. & Goldstein, J. L. Lipoprotein receptors in the liver. Control signals for plasma 

cholesterol traffic. J. Clin. Invest. 72, 743–747 (1983).

26.	 Kzhyshkowska, J., Neyen, C. & Gordon, S. Role of macrophage scavenger receptors in 

atherosclerosis. Immunobiology 217, 492–502 (2012).

27.	 WHO | Global atlas on cardiovascular disease prevention and control. WHO http://www.who.int/

cardiovascular_diseases/publications/atlas_cvd/en/.

28.	 Rafieian-Kopaei, M., Setorki, M., Doudi, M., Baradaran, A. & Nasri, H. Atherosclerosis: Process, 

Indicators, Risk Factors and New Hopes. Int. J. Prev. Med. 5, 927–946 (2014).

29.	 Durante, A. & Bronzato, S. The Increased Cardiovascular Risk in Patients Affected by Autoimmune 

Diseases: Review of the Various Manifestations. J. Clin. Med. Res. 7, 379–384 (2015).

30.	 Bianconi, V., Banach, M. & Pirro, M. Why patients with familial hypercholesterolemia are at high 

cardiovascular risk? Beyond LDL-C levels. Trends Cardiovasc. Med. 31, 205–215 (2021).

31.	 Ng, M. et al. Global, regional, and national prevalence of overweight and obesity in children and 

adults during 1980–2013: a systematic analysis for the Global Burden of Disease Study 2013. The 

Lancet 384, 766–781 (2014).

32.	 Wilt, T. J. et al. Effectiveness of statin therapy in adults with coronary heart disease. Arch. Intern. 

Med. 164, 1427–1436 (2004).

33.	 Zhou, J., Li, Y.-S. & Chien, S. Shear stress-initiated signaling and its regulation of endothelial 

function. Arterioscler. Thromb. Vasc. Biol. 34, 2191–2198 (2014).

34.	 Tabas, I., Williams, K. J. & Borén, J. Subendothelial lipoprotein retention as the initiating process 

in atherosclerosis: update and therapeutic implications. Circulation 116, 1832–1844 (2007).

35.	 Steinberg, D. Low Density Lipoprotein Oxidation and Its Pathobiological Significance. J. Biol. 

Chem. 272, 20963–20966 (1997).

36.	 Gui, T., Shimokado, A., Sun, Y., Akasaka, T. & Muragaki, Y. Diverse Roles of Macrophages in 

Atherosclerosis: From Inflammatory Biology to Biomarker Discovery. Mediators of Inflammation 

https://www.hindawi.com/journals/mi/2012/693083/ (2012) doi:10.1155/2012/693083.

37.	 Moore, K. J., Sheedy, F. J. & Fisher, E. A. Macrophages in atherosclerosis: a dynamic balance. Nat. 

Rev. Immunol. 13, 709–721 (2013).

38.	 Zhang, K. & Kaufman, R. J. Unfolding the toxicity of cholesterol. Nat. Cell Biol. 5, 769–770 (2003).

39.	 Tse, K., Tse, H., Sidney, J., Sette, A. & Ley, K. T cells in atherosclerosis. Int. Immunol. 25, 615–622 

(2013).

40.	 Rudijanto, A. The role of vascular smooth muscle cells on the pathogenesis of atherosclerosis. 

Acta Medica Indones. 39, 86–93 (2007).

41.	 van der Wal, A. C. & Becker, A. E. Atherosclerotic plaque rupture – pathologic basis of plaque 

stability and instability. Cardiovasc. Res. 41, 334–344 (1999).

42.	 Watanabe, N. & Ikeda, U. Matrix metalloproteinases and atherosclerosis. Curr. Atheroscler. Rep. 

6, 112–120 (2004).

43.	 Viles-Gonzalez, J. F., Fuster, V. & Badimon, J. J. Atherothrombosis: A widespread disease with 

unpredictable and life-threatening consequences. Eur. Heart J. 25, 1197–1207 (2004).



31

General introduction

1
44.	 Lacy, M. et al. Interactions between dyslipidemia and the immune system and their relevance as 

putative therapeutic targets in atherosclerosis. Pharmacol. Ther. 193, 50–62 (2019).

45.	 Packard, R. R. S., Lichtman, A. H. & Libby, P. Innate and adaptive immunity in atherosclerosis. 

Semin. Immunopathol. 31, 5–22 (2009).

46.	 Winkels, H. et al. Atlas of the Immune Cell Repertoire in Mouse Atherosclerosis Defined by Single-

Cell RNA-Sequencing and Mass Cytometry. Circ. Res. 122, 1675–1688 (2018).

47.	 Depuydt Marie AC et al. Microanatomy of the Human Atherosclerotic Plaque by Single-Cell 

Transcriptomics. Circ. Res. 0,.

48.	 Wang, L. et al. Profiles of Immune Cell Infiltration in Carotid Artery Atherosclerosis Based on 

Gene Expression Data. Front. Immunol. 12, (2021).

49.	 Bobryshev, Y. V., Ivanova, E. A., Chistiakov, D. A., Nikiforov, N. G. & Orekhov, A. N. Macrophages 

and Their Role in Atherosclerosis: Pathophysiology and Transcriptome Analysis. BioMed Res. Int. 

2016, (2016).

50.	 Ley, K., Miller, Y. I. & Hedrick, C. C. Monocyte and Macrophage Dynamics during Atherogenesis. 

Arterioscler. Thromb. Vasc. Biol. 31, 1506–1516 (2011).

51.	 Williams, H. J., Fisher, E. A. & Greaves, D. R. Macrophage Differentiation and Function in 

Atherosclerosis: Opportunities for Therapeutic Intervention? J. Innate Immun. 4, 498–508 

(2012).

52.	 Adamson, S. & Leitinger, N. Phenotypic modulation of macrophages in response to plaque lipids. 

Curr. Opin. Lipidol. 22, 335–342 (2011).

53.	 Leitinger, N. & Schulman, I. G. Phenotypic Polarization of Macrophages in Atherosclerosis. 

Arterioscler. Thromb. Vasc. Biol. 33, 1120–1126 (2013).

54.	 De Paoli, F., Staels, B. & Chinetti-Gbaguidi, G. Macrophage phenotypes and their modulation in 

atherosclerosis. Circ. J. Off. J. Jpn. Circ. Soc. 78, 1775–1781 (2014).

55.	 Lin, P., Ji, H.-H., Li, Y.-J. & Guo, S.-D. Macrophage Plasticity and Atherosclerosis Therapy. Front. 

Mol. Biosci. 8, 679797 (2021).

56.	 Kadl, A. et al. Identification of a Novel Macrophage Phenotype That Develops in Response to 

Atherogenic Phospholipids via Nrf2. Circ. Res. 107, 737–746 (2010).

57.	 Parisi, L. et al. Macrophage Polarization in Chronic Inflammatory Diseases: Killers or Builders? 

J. Immunol. Res. 2018, 8917804 (2018).

58.	 Mushenkova, N. V. et al. Functional Phenotypes of Intraplaque Macrophages and Their Distinct 

Roles in Atherosclerosis Development and Atheroinflammation. Biomedicines 10, 452 (2022).

59.	 Domschke, G. & Gleissner, C. A. CXCL4-induced macrophages in human atherosclerosis. Cytokine 

122, 154141 (2019).

60.	 Robertson, A.-K. L. & Hansson, G. K. T Cells in Atherogenesis: For Better or For Worse? Arterioscler. 

Thromb. Vasc. Biol. 26, 2421–2432 (2006).

61.	 Jonasson, L., Holm, J., Skalli, O., Bondjers, G. & Hansson, G. K. Regional accumulations of T cells, 

macrophages, and smooth muscle cells in the human atherosclerotic plaque. Arterioscler. Dallas 

Tex 6, 131–138 (1986).

62.	 Buono, C. et al. T-bet deficiency reduces atherosclerosis and alters plaque antigen-specific 

immune responses. Proc. Natl. Acad. Sci. 102, 1596–1601 (2005).

63.	 Foks, A. C., Lichtman, A. H. & Kuiper, J. Treating atherosclerosis with regulatory T cells. 

Arterioscler. Thromb. Vasc. Biol. 35, 280–287 (2015).

64.	 Saigusa, R., Winkels, H. & Ley, K. T cell subsets and functions in atherosclerosis. Nat. Rev. Cardiol. 

17, 387–401 (2020).

65.	 Schäfer, S. & Zernecke, A. CD8+ T Cells in Atherosclerosis. Cells 10, E37 (2020).



32

Chapter 1

66.	 Poledne, R. & Jurčíková-Novotná, L. Experimental models of hyperlipoproteinemia and 

atherosclerosis. Physiol. Res. 66, S69–S75 (2017).

67.	 Zhang, S. H., Reddick, R. L., Piedrahita, J. A. & Maeda, N. Spontaneous hypercholesterolemia and 

arterial lesions in mice lacking apolipoprotein E. Science 258, 468–471 (1992).

68.	 Ishibashi, S. et al. Hypercholesterolemia in low density lipoprotein receptor knockout mice and 

its reversal by adenovirus-mediated gene delivery. J. Clin. Invest. 92, 883–893 (1993).

69.	 Brown, M. S. & Goldstein, J. L. Lipoprotein receptors in the liver. Control signals for plasma 

cholesterol traffic. J. Clin. Invest. 72, 743–747 (1983).

70.	 Mahley, R. W. Apolipoprotein E: cholesterol transport protein with expanding role in cell biology. 

Science 240, 622–630 (1988).

71.	 Plump, A. S. et al. Severe hypercholesterolemia and atherosclerosis in apolipoprotein E-deficient 

mice created by homologous recombination in ES cells. Cell 71, 343–353 (1992).

72.	 Reddick, R. L., Zhang, S. H. & Maeda, N. Atherosclerosis in mice lacking apo E. Evaluation of 

lesional development and progression. Arterioscler. Thromb. Vasc. Biol. 14, 141–147 (1994).

73.	 Pendse, A. A., Arbones-Mainar, J. M., Johnson, L. A., Altenburg, M. K. & Maeda, N. Apolipoprotein 

E knock-out and knock-in mice: atherosclerosis, metabolic syndrome, and beyond. J. Lipid Res. 

50 Suppl, S178-182 (2009).

74.	 Knouff, C. et al. Apo E structure determines VLDL clearance and atherosclerosis risk in mice. J. 

Clin. Invest. 103, 1579–1586 (1999).

75.	 Getz, G. S. & Reardon, C. A. Apoprotein E as a lipid transport and signaling protein in the blood, 

liver, and artery wall. J. Lipid Res. 50 Suppl, S156-161 (2009).

76.	 Getz, G. S. & Reardon, C. A. Animal Models of Atherosclerosis. Arterioscler. Thromb. Vasc. Biol. 

32, 1104–1115 (2012).

77.	 Getz, G. S. & Reardon, C. A. Do the Apoe-/- and Ldlr-/- Mice Yield the Same Insight on 

Atherogenesis? Arterioscler. Thromb. Vasc. Biol. 36, 1734–1741 (2016).

78.	 Hartvigsen, K. et al. A diet-induced hypercholesterolemic murine model to study atherogenesis 

without obesity and metabolic syndrome. Arterioscler. Thromb. Vasc. Biol. 27, 878–885 (2007).

79.	 Schreyer, S. A., Vick, C., Lystig, T. C., Mystkowski, P. & LeBoeuf, R. C. LDL receptor but not 

apolipoprotein E deficiency increases diet-induced obesity and diabetes in mice. Am. J. Physiol. 

Endocrinol. Metab. 282, E207-214 (2002).

80.	 Schreyer, S. A., Lystig, T. C., Vick, C. M. & LeBoeuf, R. C. Mice deficient in apolipoprotein E 

but not LDL receptors are resistant to accelerated atherosclerosis associated with obesity. 

Atherosclerosis 171, 49–55 (2003).

81.	 Merat, S., Casanada, F., Sutphin, M., Palinski, W. & Reaven, P. D. Western-type diets induce insulin 

resistance and hyperinsulinemia in LDL receptor-deficient mice but do not increase aortic 

atherosclerosis compared with normoinsulinemic mice in which similar plasma cholesterol levels 

are achieved by a fructose-rich diet. Arterioscler. Thromb. Vasc. Biol. 19, 1223–1230 (1999).

82.	 de Knijff, P. et al. Familial dysbetalipoproteinemia associated with apolipoprotein E3-Leiden in 

an extended multigeneration pedigree. J. Clin. Invest. 88, 643–655 (1991).

83.	 van Vlijmen, B. J. et al. Diet-induced hyperlipoproteinemia and atherosclerosis in apolipoprotein 

E3-Leiden transgenic mice. J. Clin. Invest. 93, 1403–1410 (1994).

84.	 van den Maagdenberg, A. M. et al. Transgenic mice carrying the apolipoprotein E3-Leiden gene 

exhibit hyperlipoproteinemia. J. Biol. Chem. 268, 10540–10545 (1993).

85.	 Gijbels, M. J. et al. Progression and regression of atherosclerosis in APOE3-Leiden transgenic 

mice: an immunohistochemical study. Atherosclerosis 143, 15–25 (1999).



33

General introduction

1
86.	 Westerterp, M. et al. Cholesteryl ester transfer protein decreases high-density lipoprotein and 

severely aggravates atherosclerosis in APOE*3-Leiden mice. Arterioscler. Thromb. Vasc. Biol. 

26, 2552–2559 (2006).

87.	 Walker, C. & Streisinger, G. Induction of Mutations by γ-Rays in Pregonial Germ Cells of Zebrafish 

Embryos. Genetics 103, 125–136 (1983).

88.	 Stuart, G. W., McMurray, J. V. & Westerfield, M. Replication, integration and stable germ-line 

transmission of foreign sequences injected into early zebrafish embryos. Dev. Camb. Engl. 103, 

403–412 (1988).

89.	 Amsterdam, A. & Hopkins, N. Mutagenesis strategies in zebrafish for identifying genes involved 

in development and disease. Trends Genet. 22, 473–478 (2006).

90.	 Stoletov, K. et al. Vascular Lipid Accumulation, Lipoprotein Oxidation, and Macrophage Lipid 

Uptake in Hypercholesterolemic Zebrafish. Circ. Res. 104, 952–960 (2009).

91.	 Verwilligen, R. a. F., Bussmann, J. & Van Eck, M. Zebrafish atherosclerosis: Experimental 

definitions and difficulties. Atherosclerosis (2020) doi:10.1016/j.atherosclerosis.2020.04.007.

92.	 Liu, C. et al. Modeling hypercholesterolemia and vascular lipid accumulation in LDL receptor 

mutant zebrafish. J. Lipid Res. jlr.D081521 (2017) doi:10.1194/jlr.D081521.

93.	 Jong, M. C., Hofker, M. H. & Havekes, L. M. Role of ApoCs in Lipoprotein Metabolism. Arterioscler. 

Thromb. Vasc. Biol. 19, 472–484 (1999).

94.	 Talayero, B. G. & Sacks, F. M. The role of triglycerides in atherosclerosis. Curr. Cardiol. Rep. 13, 

544–552 (2011).

95.	 Liu, C. et al. Apoc2 loss-of-function zebrafish mutant as a genetic model of hyperlipidemia. Dis. 

Model. Mech. 8, 989–998 (2015).

96.	 Baggio, G. et al. Apolipoprotein C-II deficiency syndrome. Clinical features, lipoprotein 

characterization, lipase activity, and correction of hypertriglyceridemia after apolipoprotein 

C-II administration in two affected patients. J. Clin. Invest. 77, 520–527 (1986).

97.	 Portman, O. W. & Andrus, S. B. Comparative Evaluation of Three Species of New World Monkeys 

for Studies of Dietary Factors, Tissue Lipids, and Atherogenesis. J. Nutr. 87, 429–438 (1965).

98.	 Reiser, R., Sorrels, M. F. & Williams, M. C. Influence of High Levels of Dietary Fats and Cholesterol 

on Atherosclerosis and Lipid Distribution in Swine. Circ. Res. 7, 833–846 (1959).

99.	 Fillios, L. C., Andrus, S. B., Mann, G. V. & Stare, F. J. EXPERIMENTAL PRODUCTION OF GROSS 

ATHEROSCLEROSIS IN THE RAT. J. Exp. Med. 104, 539–554 (1956).

100.	Breslow, J. L. Mouse Models of Atherosclerosis. Science 272, 685–688 (1996).

101.	 Vasyutina, M. et al. The zebrafish model system for dyslipidemia and atherosclerosis research: 

Focus on environmental/exposome factors and genetic mechanisms. Metabolism 129, 155138 

(2022).

102.	Howe, K. et al. The zebrafish reference genome sequence and its relationship to the human 

genome. Nature 496, 498–503 (2013).


