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1
Cardiovascular disease (CVD) causes a global burden with a death rate of 17.3 million 
per year which is rapidly inclining to an estimated 23.6 million in 2030.1 Atherosclerosis, 
a chronic inflammatory disease of multifactorial origin that may ultimately lead to 
stenosis or atherothrombosis,2, 3 is a dominant contributor to the development of CVD.4 
It is characterized by the development of atherosclerotic lesions consisting of activated 
endothelial cells, lipid accumulation, leukocytes, macrophages, foam cells, connective-
tissue elements, calcified regions and necrotic cores.3, 5 The progressive decrease in lumen 
size caused by the development of these lesions was previously described as the culprit 
that led to cardiovascular events.3 However, it is now believed that this is attributable to a 
decrease in plaque stability, which may lead to rupture followed by thrombus formation on 
the ruptured plaques.6 To this end, an unstable lesion is characterized by a thin, collagen-
poor fibrous cap, decreased smooth muscle cells, increased macrophage infiltration and a 
large necrotic core.5 This type of vulnerable lesion is referred to as a thin-cap fibroatheroma.7 
From a pharmaceutical perspective, several risk factors are currently being targeted in the 
fight against the development of atherosclerosis and the prevalence of CVD. These include 
amongst others; hypertension and high blood cholesterol, more specifically high low-density 
lipoprotein-cholesterol (LDL-C) and low high-density lipoprotein-cholesterol (HDL-C).8 

1. Hypertension

Uncontrolled hypertension is the leading risk factor for CVD.1 Numerous factors including; 
age, ethnicity, family history, genetic factors, lower education and socioeconomic status, 
obesity, smoking, sleep apnea and dietary factors contribute to the development of 
hypertension and several of these factors are modifiable. Nonetheless, according to statistics 
from the American Heart Association, the prevalence of high blood pressure, defined as 
a systolic blood pressure of ≥140 mmHg and a diastolic blood pressure of ≥90 mmHg, or 
taking anti-hypertensive medication, or being diagnosed with hypertension on at least 
two occasions, was as high as 33% for adults aged ≥20 years (extrapolated to 2010 using 
data from the National Health and Nutrition Examination Survey (NHANES) 2007 to 2010).8 
The World Health Organization reported that globally elevated blood pressure caused 
51% of stroke deaths and 45% of coronary heart disease (CHD) deaths.1 The inefficiency 
of the current treatment regimens to reduce these numbers is ascribed not only to lack 
of adherence, but also to failure of treatment strategies to fully neutralize all mechanisms 
involved in hypertension, as well as the activation of feedback mechanisms that counteract 
the treatment effects on blood pressure.9 Therefore, the development of additional anti-
hypertensive treatment options beyond the current ‘gold standard’ therapies, such as 
selective calcium channel blockers, β-blockers, diuretics, angiotensin converting enzyme 
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inhibitors (ACEi) and angiotensin II type I receptor blockers (ARBs),10 is needed to more 
effectively treat hypertension. 

The renin-angiotensin-aldosterone system (RAAS) plays a crucial role in the regulation 
of blood pressure. Renin secreted by the kidneys cleaves angiotensinogen produced by the 
liver to angiotensin I which is converted by angiotensin converting enzyme to angiotensin II. 
Angiotensin II, in turn binds to angiotensin II receptors leading to arterial vasoconstriction, 
other tubular and glomerular effects, as well as inflammation, hypertrophy and fibrosis.10 
Current treatment strategies that disrupt the RAAS, such as ACEi and ARBs result in 
compensatory increases in angiotensin I or II, as well as in plasma renin activity (PRA).11 
The latter may have further implications since renin was shown to exert angiotensin 
I-independent effects by binding to (pro)renin receptors.10 Moreover, increased PRA has 
been associated with increased mortality rates as a result of myocardial infarction (MI) and 
renal failure.12 The development of direct renin inhibitors emerged as a potential treatment 
strategy to more effectively inhibit the RAAS at the point of origin and at its rate-limiting 
step.13 Aliskiren is the first orally active direct renin inhibitor approved for the treatment 
of hypertension.13 The extent to which aliskiren, administered as monotreatment and in 
combination with current ‘gold standard’ treatment strategies in various patient populations, 
can provide clinical benefit remains to be elucidated. 

2. High blood cholesterol

Cholesterol is a hydrophobic molecule that serves as a structural component in plasma 
membranes and as a precursor for the synthesis of steroid hormones and bile acids.14, 

15 Cholesterol is transported through the circulation in five major classes of lipoprotein 
particles; chylomicrons, very low-density lipoproteins (VLDL), intermediate-density 
lipoproteins (IDL), LDL and HDL.15 Chylomicrons transport dietary lipids after uptake and 
secretion from the intestines and VLDL is secreted from the liver to deliver triglycerides and 
cholesterol to other tissues.

2.1 Low-density lipoprotein-cholesterol
In 1913, Nikolai N. Anitschkow first described the involvement of cholesterol in the 
development of atherosclerosis when rabbits fed a high-cholesterol diet developed 
human-like arterial lesions.16 The recent 100th year anniversary of this discovery is 
worth commemorating given that serum cholesterol contained in LDL particles is now 
well recognized as a primary causal risk factor for CHD as evidenced by experimental, 
epidemiological and genetic studies.17 
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1
The American Heart Association reported a prevalence of hypercholesterolemia defined 

by TC levels ≥200 mg/dL of 43.4% and by LDL-C levels ≥130 mg/dL of 31.1% (extrapolated to 
2010 using data from NHANES 2007 to 2010).8 The prevalence of high TC and LDL-C levels 
in 2009/2010 was considerably lower compared to 1999/2000, most likely attributable to 
statin use.1 Statins reduce LDL-C up to 55% by inhibiting hydroxy-3-methyl-glutaryl-CoA 
reductase, a rate limiting step in cholesterol biosynthesis.18 Intervention trials provided 
ample evidence that the lowering of LDL-C with statin therapy contributes to a reduction 
of CHD19-21 and recent trials indicated that intensive lipid-lowering with statins may be 
more beneficial in risk reduction than less intensive (or standard) therapy.19 According to 
results from the latter meta-analysis, every 1 mmol/L (40 mg/dL) reduction in LDL-C was 
associated with a 22% reduction in the risk of major vascular events, suggesting that a 2-3 
mmol/L reduction in LDL-cholesterol (LDL-C) would correspond with a 40-50% reduction 
in events. Nonetheless, there remains a substantial residual risk despite statin treatment 
which warrants the development of other treatment options to better protect against CVD, 
especially in combination with statins.

2.1.1 Approved LDL-C-lowering treatment strategies beyond statins 
Despite not sharing the success rate of statin treatment, other LDL-C-lowering treatment 
strategies have been approved for clinical use. These include: bile acid-binding resins, 
cholesterol absorption inhibitors, niacin, peroxisome proliferator-activated receptor 
(PPAR)-α agonists and PPAR-γ agonists.17 In fact, recently the cholesterol absorption inhibitor, 
ezetimibe was the first compound shown to add to the effect of a statin on CVD outcome 
(http://newsroom.heart.org/news/cholesterol-lowering-drug-with-different-action-adds-
to-statins-reduction-of-cardiovascular-risk). 

Bile acid-binding resins and cholesterol absorption inhibitors were developed to inhibit 
cholesterol absorption in the intestine from food and bile.22 Resins reduce the efficiency of 
cholesterol absorption by binding bile acids and therewith decreasing intestinal solubilization 
of lipids, and by binding bile acids resins also increase bile acid synthesis from the precursor 
cholesterol.23 The cholesterol absorption inhibitor, ezetimibe limits cholesterol absorption 
by blocking the function of the transporter Niemann pick C-1-like 1 (NPC1L1). The benefits 
of niacin on plasma lipids were first reported in 1955 and led to the development of niacin 
for therapeutic purposes.24 The lipid-lowering effects of niacin is ascribed to decreased 
free fatty acid (FFA) flux from adipose tissue to the liver, although this reduction in FFAs 
is followed by a rebound effect. Another mechanism described by which niacin decreases 
lipids is by decreasing TG synthesis.25 PPARs are nuclear transcription factors involved in the 
regulation of target gene expression and their effects on glucose and lipid metabolism were 
utilized to develop PPAR agonists for the treatment of hyperglycemia and dyslipidemia.26, 

27 PPAR-α activation decreases lipids by increasing lipoprotein lipase-mediated lipolysis, 
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VLDL remnants clearance and β-oxidation.28 PPAR-γ agonists mainly mediate glucose 
homeostasis,26 but pioglitazone also weakly activates PPAR-α and, therefore, also has minor 
effects on lipid metabolism.29

2.1.2. Emerging LDL-C-lowering treatment strategies beyond statins
Several other approaches to lower LDL-C are currently being investigated in clinical 
trials, including amongst others: apolipoprotein B inhibition by for example antisense 
oligonucleotides (ASOs), microsomal triglyceride transport protein (MTP) inhibitors, 
proprotein convertase subtilisin kexin type 9 (PCSK9) inhibition by for instance monoclonal 
antibodies, gene-silencing or vaccines and PPAR-δ agonists.17 Some of these treatment 
strategies have already been approved in certain countries.

The ASO against apolipoprotein B, mipomersen inhibits the synthesis of apolipoprotein 
B by binding to the messenger RNA coding for apolipoprotein B-100 and the MTP inhibitor, 
lomitapide inhibits the transfer of triglycerides to apolipoprotein B during formation of 
a mature VLDL particle within hepatocytes. Both compounds, therefore, decrease LDL-C 
by reducing VLDL production and secretion.17 PCSK9 is a serine protease responsible for 
LDL receptor (LDLR) degradation.30 Interestingly, the upregulation of the LDLR after statin 
treatment is accompanied by an upregulation of PCSK9 which in turn promotes LDLR 
degradation.31-33 PCSK9 inhibition has, therefore, emerged as a promising new strategy 
to lower LDL-C, especially in combination with statins. PPAR-δ agonists also improve 
atherogenic lipid profiles by modifying cell fuel preference from glucose to lipids34 and a 
reduction in cholesterol absorption via NPC1L1 has been described as another possible 
mechanism.35 

2.2 High-density lipoprotein-cholesterol 
In the 1970s, Miller & Miller hypothesized that a reduction in plasma HDL concentration 
may accelerate the development of atherosclerosis and ischemic heart disease by impairing 
cholesterol clearance from the arterial wall.36 Besides its major role in reverse cholesterol 
transport, HDL has also been described to have anti-inflammatory, anti-oxidant, anti-
platelet and vasodilatory properties.37 Although the original hypothesis referred to HDL 
particle concentration which could not be measured at the time,37 epidemiological studies 
consistently reported an inverse association between CHD risk and HDL-C.38-40 Results from 4 
prospective epidemiologic studies indicated that an increase of 1 mg/dL (0.03 mM) in HDL-C 
was associated with a 2-3% reduction in CHD risk.41 However, data from genetic studies do 
not support a causal relationship between increased HDL-C and reduced risk of MI42, 43 and 
evidence from large clinical trials is lacking.

The American Heart Association revealed a prevalence of HDL-C levels ≤40 mg/dL of 
21.8% (extrapolated to 2010 using data from NHANES 2007 to 2010). Whereas currently 
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1
no clinical trial has demonstrated beneficial effects of HDL-C-raising therapies, several HDL-
targeting therapies are still being investigated in clinical trials. 

2.2.1. HDL-C-raising treatment strategies beyond statins
Treatment strategies approved for the treatment of hyperlipidemia, such as niacin and PPAR-α 
agonists (fibrates), that mainly decreases triglycerides with a small LDL-C-lowering effect, 
also increases HDL-C. Other therapies in clinical development primarily aimed to increase 
HDL-C include CETP inhibitors, scavenger receptor B-I (SR-BI) inhibitors and apolipoprotein 
A-I inducers.44 In addition, the effects of novel treatment strategies specifically targeting 
HDL are currently being investigated in clinical trials, including reconstituted and delipidated 
HDL, as well as HDL mimetics, apolipoprotein A-I mimetic peptides and recombinant human 
lecithin cholesterol acyltransferase (LCAT).

Niacin is described to increase HDL-C by increasing apolipoprotein A-I lipidation and by 
decreasing apolipoprotein A-I removal,25, 45 and PPAR-α agonists are shown to increase HDL-C 
by increasing apolipoprotein A-I/II expression and cholesterol efflux from macrophages.26 
In 1989, markedly increased HDL-C led to the discovery of the first mutation in the CETP 
gene in two Japanese subjects.46 CETP facilitates the transfer of cholesteryl esters from 
atheroprotective HDL to atherogenic (V)LDL and has become a target to increase HDL-C.47 
The HDL-C-raising effects of niacin and PPAR-α agonists are also ascribed to a reduction in 
CETP.48, 49 The PPAR-γ agonist, pioglitazone increases HDL-C by weakly activating PPAR-α.29 
PPAR-δ agonists also increase HDL-C and this effect is ascribed to possible mechanisms 
involving apolipoprotein A-II and ABCA1.35 The development of reconstituted and delipidated 
HDL, as well as HDL mimetics, apolipoprotein A-I mimetic peptides and recombinant 
human lecithin cholesterol acyltransferase (LCAT) have emerged as potential approaches 
to improve reverse cholesterol transport.50 In addition, the therapeutic use of recombinant 
apolipoprotein A-I Milano originated from the observation that carriers of this mutation 
have low levels of HDL-C without increased atherosclerosis as observed in patients with 
hypoalhalipoproteinemia.51, 52 It remains to be elucidated whether these novel treatment 
strategies may provide additional clinical benefit beyond current therapies. 

3. Experimental model for human-like lipoprotein metabolism and 
atherosclerosis

To investigate the effects of innovative pharmaceutical interventions in experimental 
atherosclerosis, we used the APOE*3Leiden.CETP mouse model. While normal wild-type 
mice have a very rapid clearance of apolipoprotein B-containing lipoproteins, APOE*3Leiden.
CETP mice have impaired clearance of apolipoprotein B-containing lipoproteins and 
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mimic the slow clearance observed in humans, particularly in patients with familial 
dysbetalipoproteinemia (FD).53 The APOE*3Leiden mouse was initially developed as an 
animal model for FD or type III hyperlipoproteinemia, which is characterized by elevated 
levels of cholesterol and an increased ratio of cholesterol to triglycerides in the VLDL and 
IDL fractions, resulting in the appearance of β-VLDL particles.53, 54 Similar to FD patients, 
APOE*3Leiden and APOE*3Leiden.CETP mice carry a major part of plasma cholesterol in 
the VLDL and VLDL-remnant particles, leading to the formation of β-VLDL particles, which 
further increases after cholesterol feeding. These mice respond in a similar way to statins 
as humans with decreases in the apolipoprotein B-containing lipoproteins up to 55%. In 
addition, APOE*3Leiden.CETP mice express human CETP under control of its natural flanking 
regions,55 a crucial gene involved in HDL metabolism and implicated in the mechanisms by 
which most therapies modulate HDL.49 These mice develop diet-induced atherosclerosis 
and respond to TC/LDL-C-lowering and HDL-C-raising drugs in a human-like manner45, 48, 56-

58 and are, therefore, a suitable model to study the effects of innovative pharmaceutical 
interventions on lipid and lipoprotein metabolism and atherosclerosis development. 

4. Outline of this thesis

The research described in this thesis investigated the effects of innovative pharmaceutical 
interventions in experimental atherosclerosis. Statin treatment is currently the first line 
of defense against CVD. However, the treatment of CVD remains suboptimal due to; (i) 
a residual risk that persists after statin treatment, (ii) failure for some patients to reach 
LDL-C targets despite statin treatment, and (iii) lack of adherence to statin treatment as 
a result of statin intolerance. We, therefore investigated the effects of novel treatment 
strategies administered as monotreatment, but also in combination with statin treatment 
on atherosclerosis development in APOE*3.Leiden.CETP mice, a well-established model for 
lipid metabolism and atherosclerosis. 

Hypertension is a leading risk factor for CVD and is associated with the development 
of atherosclerosis. Aliskiren is the first commercially available, orally active, direct renin 
inhibitor approved for the treatment of hypertension. In chapter 2, we investigated the 
effects of aliskiren administered as monotreatment and in combination with atorvastatin on 
systolic blood pressure, total cholesterol, inflammation markers and atherosclerotic lesion 
size and composition in APOE*3Leiden.CETP mice. 

Cholesterol contained in LDL particles is well recognized as a primary causal risk factor 
for CHD as evidenced by experimental, epidemiological and genetic data. Furthermore, 
intervention trials provided ample evidence that the lowering of LDL-C contributes to 
a reduction in CHD. However, despite the fact that epidemiological studies consistently 
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1
reported an inverse association between HDL-C and CHD risk, the benefits of raising HDL-C 
remain less defined. In chapter 3 to 6, we investigated the effects of novel lipid-modifying 
treatment strategies, i.e. LDL-C lowering and/or HDL-C-raising compounds on atherosclerosis 
development in the APOE*3Leiden.CETP mouse model, since these mice respond to both 
LDL-C-lowering and HDL-C-raising compounds in a human-like manner. 

The benefits of niacin on plasma lipids were first described in 1955 and led to the 
development of niacin for therapeutic purposes. In chapter 3, we evaluated the effects of 
niacin alone and in combination with simvastatin on plasma lipid levels and atherosclerotic 
lesion size and composition. To further explore the mechanism by which niacin reduces 
atherosclerosis, we performed additional VLDL production and clearance, as well as reverse 
cholesterol transport experiments. We also conducted statistical analyses to assess the 
contribution of the LDL-C-lowering versus HDL-C-raising effects of niacin on the inhibition 
of atherosclerosis. 

CETP is involved in lipoprotein metabolism by facilitating the transfer of cholesterol 
esters from atheroprotective HDL to atherogenic (V)LDL. In chapter 4, we investigated 
the effects of a broad dose range of the novel CETP inhibitor anacetrapib on CETP activity, 
lipid levels, atherosclerotic lesion size and composition and HDL function. In addition, we 
examined possible additive/synergistic effects of anacetrapib on top of atorvastatin. We 
also performed statistical analyses to evaluate whether the effects of anacetrapib and 
atorvastatin on atherosclerosis development could be explained by either a decrease 
in non-HDL-C or an increase in HDL-C or both. Since lowering of non-HDL-C was a major 
determinant of lesion size, we investigated the mechanism by which anacetrapib decreases 
(V)LDL-C levels in chapter 5.

PCSK9 is a serine protease responsible for LDLR degradation. The upregulation of the 
LDLR after statin treatment is accompanied by an upregulation of PCSK9 which in turn 
promotes LDLR degradation. Inhibition of PCSK9 is, therefore, a potential novel strategy in 
the treatment against CVD, especially in combination with statin treatment. In chapter 6, we 
investigated the effects of 2 dosages of the fully human, monoclonal antibody, alirocumab 
alone and in combination with atorvastatin on hepatic LDLR protein levels, hepatic and 
plasma lipid levels, atherosclerosis development and plaque morphology.  

In chapter 7, we reviewed the effects of established and novel treatment strategies, 
specifically targeting HDL, on inhibition of atherosclerosis development in animals expressing 
CETP, a crucial gene involved in HDL metabolism and implicated in the mechanisms by 
which most therapies modulate HDL. In addition, we conducted a meta-analysis to evaluate 
the potential effects of these treatment strategies on the prevention of clinical events in 
randomized controlled trials. In this systematic review and meta-analysis of preclinical 
studies and clinical trials, we focused specifically on the contribution of non-HDL-C/LDL-C-
lowering versus HDL-C-raising on inhibition of atherosclerosis and the prevention of CVD.
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The results obtained in these studies and their clinical relevance are discussed in the 
General discussion and future perspectives in chapter 8. 
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