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General introduction and outline of the thesis
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This thesis focuses on intestinal cholesterol transport, in particular cholesterol absorption and its 

elimination via de faeces. Cholesterol provides structural integrity to body cell membranes and is 

of crucial importance for bile acid and hormone homeostasis. To exert these essential functions, 

cholesterol homeostasis is tightly balanced. This is not only of physiological, but also of direct clinical 

importance, since excessive cholesterol accumulation in the body can promote the development of 

atherosclerotic cardiovascular disease (CVD). Although the inhibition of cholesterol synthesis by statins 

has resulted in a powerful reduction of cholesterol-driven cardiovascular mortality, there is still an 

unmet need for additional effective  therapies. Targeting intestinal cholesterol transport; inhibition of 

cholesterol absorption and lipoprotein production, together with stimulation of cholesterol excretion 

might provide a means for this purpose. In this first chapter, cholesterol homeostasis is reviewed, 

gradually focusing on intestinal cholesterol transport and its specific aspects which constitute the 

content of this thesis. 

The liver and the intestine are the most important sources and homeostats of cholesterol, from where 

cholesterol is transported through the body in large macromolecular complexes, so-called lipoproteins. 

Based on their relative density, lipoproteins can be categorized into five major classes: chylomicrons, 

very low-density lipoproteins (VLDL), intermediate-density lipoproteins (IDL), low-density lipoproteins 

(LDL) and high-density lipoproteins (HDL). Cholesterol transport and metabolism is generally divided 

into three systems: endogenous synthesis; absorption of exogenous and endogenous cholesterol 

and reverse cholesterol transport (RCT), with faecal elimination as a final common pathway. These 

processes are depicted in Figure 1.  

1.1 cholesTerol synThesIs

Cholesterol is predominantly synthesized in the liver and intestine, starting with the conversion of 

acetyl-CoA to mevalonic acid and ending with cholesterol formation, through the downstream actions 

of approximately thirteen additional enzymes. The first, rate-limiting step is mediated by 3-hydroxy-

3-methyl-glutaryl-CoA reductase (HMG-CR). HMG-CR inhibitors or statins are currently used on a 

large scale as cholesterol-lowering drugs for cardiovascular disease prevention 1. Newly synthesized 

hepatic cholesterol can be secreted into bile, either as cholesterol or bile acids, stored in hepatocytes 

or transported into the plasma through packaging in VLDL. 

In the fasting state, the liver assembles VLDL-C by combining triglycerides, phospholipids, apolipoprotein 

B100 (apoB100) and cholesteryl esters (CE), the latter originating either from de novo synthesis and 

subsequent esterification or from remnant particles that have been taken up from the circulation. 

VLDL are triglyceride-rich particles secreted into the bloodstream, where they are hydrolyzed and 

thereby transformed to smaller and denser VLDL-remnants, IDL and finally, LDL particles. LDL is the 
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Figure 1. Overview of lipoprotein metabolism

Dietary lipids and cholesterol from hepatic bile are absorbed in the intestine, packaged into chylomicrons and secreted 
into the lymph, which drains into the systemic circulation. In the bloodstream, the triglyceride (TG)-rich  chylomicrons are 
hydrolyzed through action of LPL and the removed TGs and free fatty acids are taken up by extra-hepatic tissues such as the 
arterial endothelial wall. The chylomicrons remnants are taken up by the liver for further processing. In the fasting state, 
the liver assembles TG-rich VLDL. VLDL are also hydrolyzed by lPl and thereby transformed to smaller VLDL-remnants, IDl. 
Half of the IDL are directly taken up by the liver mediated via the lDl-r, whereas the other half is converted to cholesterol-
rich LDL. Most of the plasma LDL-C are cleared from the circulation by binding to the lDl-r of the liver. Of the remaining 
LDL, some subfractions are especially prone to oxidative modification and then taken up by scavenger receptors (SR-A 
and CD-36) of arterial wall macrophages leading to formation of foam cells and atherosclerotic plaques. hDl is considered 
responsible for the reverse cholesterol transport from extra-hepatic tissues to the liver. nascent hDl is formed from lipid 
poor apo-a1 which is secreted by the liver and intestine and lipidated through interaction with abca1. After lipidation, 
lcaT esterifies free cholesterol (FC) to cholesterylesters (CE) which migrate into the core of the HDL, thereby resulting in 
larger spherical particles. These larger HDL particles acquire additional lipids from extrahepatic tissues, including arterial 
wall macrophages, by receptor mediated pathways like abcG1, abcG4 and sr-b1, as well as from lipolysis of TG-rich 
lipoproteins and passive diffusion (not depticted). HDL particles can be metabolized in several ways. First, they can deliver 
CE to the liver by binding to sr-b1 on the hepatocyte surface. In the liver the cholesterol can be processed and eliminated 
via the bile into the faeces. The TICE pathway; i.e. elimination of plasma-derived cholesterol via the intestine into the faeces,  
is not depicted. Alternatively, CE in HDL can be exchanged for TG in apoB–containing lipoproteins, by the action of ceTP. The 
TG-enriched HDL is hydrolyzed by lIPc and lIPG to smaller HDL and lipid poor ApoA1 particles. These can either be recycled 
to acquire cholesterol or apoA1 is excreted from the body through the kidneys. 

Adapted from: Bakker A, Jakulj L, Kastelein JJP. 2011. Genetic disorders of lipoprotein metabolism: diagnosis and 
management. Clinical Cardiogenetics, Chapter 19, 1st Edition, XV, 455 p. ISBN: 978-1-84996-470-8
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most abundant cholesterol-carrying particle in humans and accounts for more than 75% of plasma 

cholesterol. Mediated by apoB100, most of plasma LDL is cleared from the circulation by the LDL-

receptor (LDL-R), which is located at the surface of hepatocytes. The remaining LDL particles are 

delivered to peripheral tissues. 

Cholesterol synthesis can be measured by several techniques, including cholesterol balance 2, Mass 

Isotopomer Distribution Analysis (MIDA) 3,4 and deuterium incorporation 5. These methods have been 

shown to correlate well with each other 6,7.

1.2 cholesTerol absorPTIon 

Intestinal cholesterol absorption is an integrated process, including several steps, some of which are 

mediated by specific transporter proteins. Approximately 1-2 g of cholesterol enters the intestinal 

lumen per day; it is assumed that about two thirds is derived from bile and the remaining one third 

from the diet 8. First, biliary phospholipids and bile acids emulsify lipids to form micelles within the 

intestinal lumen. Second, approximately 50% of the cholesterol is absorbed, although a large inter-

individual variation has been observed, ranging from 20 to 80% 9,10. The amount of cholesterol that 

escapes absorption is eliminated via the faeces. Although the exact mechanisms by which cholesterol 

and other sterols are absorbed, are not fully understood, the Niemann-Pick C1 Like 1 (NPC1L1) protein 
11 and the ATP binding cassette (ABC) half-transporters G5 and G8 have been shown to play a crucial 

role, as described below 12. Free cholesterol that has entered the enterocyte is either intracellularly 

re-esterified and packaged into chylomicrons mediated by the microsomal triglyceride transfer 

protein (MTP), trafficked towards the apically localized heterodimeric sterol efflux transporter ABCG5/

G8 12,13 or to the basolaterally located ABCA1 protein for HDL formation 14,15. The chylomicrons are 

subsequently secreted into the lymph, which drains directly into the systemic circulation. In the 

circulation, chylomicrons are hydrolyzed and the resulting chylomicron-remnant particles are taken up 

by the liver for further processing.

Cholesterol absorption can be measured by several techniques, including: cholesterol balance, 

intestinal perfusions, single isotope feeding, dual isotope plasma ratio and continuous isotope feeding 

methods. Strengths and weaknesses of the various methods have been reviewed in 16. At present, the 

methods using radioisotopes have been largely replaced by stable isotope methods, two of which are 

mostly used: the plasma dual isotope ratio method 10 and the continuous isotope feeding method 17. 

Stable isotopes are variants of an element with differing mass due to varying number of neutrons, 

which do not confer radiation exposure and behave as their natural substrates.  

The plasma dual isotope ratio method was originally developed by Zilversmit et al 18 and requires 

the simultaneous administration of an oral and intravenous cholesterol tracer, with subsequent 

measurement of both tracers in plasma during three days post-administration. Percent cholesterol 
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absorption is calculated as the plasma ratio of the oral and intravenous isotopic tracer on day 3 as 

determined by gas-chromatography mass-spectrometry (GCMS) or isotope-ratio mass-spectrometry 

(IRMS), divided by the administered tracer dose. The dual isotope method obviates the need for 

faecal collection, in contrast to the continuous isotope feeding method 19. The plasma dual isotope 

method was utilized in order to validate plasma plant sterol concentrations as markers of cholesterol 

absorption (Chapter 3).  

1.2.1 nPc1l1
The human NPC1L1 protein was identified approximately one decade ago, based on its homology 

to human Niemann-Pick C1 (NPC1) 20, the defective protein in the lipid-storage disorder Niemann-

Pick disease type C1 21. NPC1L1 has 13 putative transmembrane domains, including a sterol-sensing 

domain and extensive N-linked glycosylation sites located within the extracellular loops 11,22.  NPC1L1 

was found to be involved in the uptake of cholesterol and sterols derived from plants from intestinal 

micelles into the enterocytes 23. Intestinal cholesterol uptake and absorption was found to be reduced 

by approximately 70% in the npc1l1-/- mice and treatment with ezetimibe caused no further reduction 

in cholesterol absorption, indicating an essential role for NPC1L1 in the ezetimibe-sensitive cholesterol 

absorption pathway 11. Polymorphisms in the human NPC1L1 gene have been found to be associated 

with measured cholesterol absorption 24,25 and plasma lipids 26. Furthermore, sequence variations in 

NPC1L1 were found to be associated with improved LDL-C lowering response to ezetimibe therapy 27-29. 

Initially, NPC1L1 was advocated as the sole molecular target of ezetimibe 23, although several additional 

targets have been suggested 30,31. Furthermore, NPC1L1 was believed to reside strictly at the intestinal 

brush border membrane, although additional intracellular locations and functions have been proposed 
32-35. The structure, functions and regulation of the NPC1L1 protein have been recently reviewed 36,37. 

In contrast to mice, humans also express NPC1L1 in the liver. The hepatic function of NPC1L1 may 

involve limitation of excessive cholesterol loss or to protect the hepatocyte membranes against the 

cytotoxic effects of bile acids (reviewed in 38). Transgenic mice over-expressing human hepatic NPC1L1 

exhibited a 10- to 20-fold decrease in biliary cholesterol content, which was completely normalized 

with ezetimibe treatment 39. Although ezetimibe has been shown to be effective in gallstone disease 
40, it remains unknown whether and to what extent ezetimibe impacts biliary cholesterol secretion in 

humans. Although it was not the study’s objective, we measured biliary cholesterol secretion after 

ezetimibe treatment in our study described in Chapter 7 and found no significant effect. 

1.2.2 abcG5/G8
The ABCG5 and G8 proteins are also located at the brush border membrane, where they function 

as heterodimeric efflux transporters, promoting excretion of cholesterol and plant sterols, from 

enterocytes into the intestinal lumen 12, 41. Both transporters are also present in the liver, exerting 

similar functions in hepatocytes 39,42,43. Abcg5 and/or abcg8 deficient mice exhibit a 90% reduction 
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in biliary cholesterol secretion, but normal intestinal cholesterol absorption rates 44,45, whereas 

overexpression of the human genes in transgenic mice resulted in a highly significant hypersecretion 

of biliary cholesterol with a 50% reduction of intestinal cholesterol absorption 41.

In humans, the ABCG5 and ABCG8 genes are located in a head-to-head configuration on chromosome 

2p21 12. Mutations in either of these genes can cause sitosterolemia, a rare autosomal, recessively 

inherited disorder, characterized by xanthomas, arthralgia, anaemia and premature atherosclerosis, 

caused by increased intestinal absorption of plant sterols combined with decreased biliary sterol 

secretion. Sitosterolemia patients have 100-fold increased plasma plant sterol concentrations 46. Next 

to rare sequence changes causing sitosterolemia, several more common sequence variants in ABCG5/

G8 were identified in both healthy and hypercholesterolaemic individuals, which were found to be 

associated with plasma cholesterol and non-cholesterol sterol concentrations 47-50, as well as with the 

response to various cholesterol-lowering strategies, including diet interventions 49,51, consumption of 

plant sterols or stanols 52-54 and treatment with statins 56, although largely in small-scaled populations. 

Therefore, we performed a systematic review and meta-analysis of studies investigating associations 

between common ABCG5/G8 polymorphisms and plasma cholesterol and non-cholesterol sterol 

concentrations (Chapter 5). 

1.2.3 Plasma non-cholesterol sterols as markers of cholesterol synthesis and absorption
Generally, methods for measurement of cholesterol absorption and synthesis are cumbersome and 

costly, as they require administration and analysis of isotopic tracers, thereby limiting their use in 

large-scale studies. Therefore, more than two decades ago, plasma non-cholesterol sterols have been 

introduced as markers of cholesterol absorption and synthesis; the plant sterols campesterol and 

sitosterol and the cholesterol metabolite cholestanol were shown to be associated with cholesterol 

absorption, whereas the cholesterol precursors lathosterol and desmosterol correlated with 

cholesterol synthesis 56-58. These markers are easy-accessible and less laborious to measure, but do 

not quantify cholesterol absorption and synthesis. Nevertheless, they have been used in numerous 

cholesterol-lowering studies to describe changes in cholesterol metabolism 59-61. 

Markers of cholesterol synthesis
Along the cholesterol biosynthesis pathway, several other intermediates are formed, including 

squalene, lanosterol, desmosterol and lathosterol. These precursors were also suggested as indicators 

of cholesterol synthesis, as they are thought to leak into the circulation and merge with plasma 

lipoproteins at rates proportional to their formation in the cholesterol synthesis pathway 58. Plasma 

cholesterol precursors correlated with HMG-CoA reductase activity 58, as well as with cholesterol 

synthesis measured by cholesterol balance 62,63 and by the deuterium uptake method 64,65. Plasma 

lathosterol concentrations are most frequently used as compared to other precursors, since these 



Introduction and thesis outline

13

Ch
ap

te
r 

1

have been shown to correlate best with cholesterol synthesis and can be easily determined by simple 

techniques 58.

Markers of cholesterol absorption
In contrast to cholesterol precursors, plant sterols are not endogenously synthesized by humans, but 

are strictly derived from the diet. They perform functions in plant cells similar to those of cholesterol 

in mammalian cells. Campesterol and sitosterol are the most abundant ones. They share a high 

degree of structural similarity with cholesterol, but are much more hydrophobic. Plant sterols are 

thought to displace cholesterol from micelles in the intestinal lumen, thereby limiting absorption of 

cholesterol by enterocytes 66. Like cholesterol, plant sterols are absorbed by the NPC1L1 transporter 
23, although to a much lesser extent. In addition, the ABCG5/G transporter prevents the entrance of 

plant sterols into the body, by facilitating efficient efflux of plant sterols from the enterocytes back into 

the intestinal lumen 67. Hence, humans absorb 10-20% of campesterol and 5% of sitosterol, compared 

with approximately 50% of cholesterol 68. Furthermore, the small amount of plant sterols that reaches 

the liver is preferentially secreted into the bile 69,70. Consequently, plasma levels of plant sterols are 

very low in normal individuals (<1mg/dl) , although a considerable inter-individual variation exists 63,71. 

Plant sterols were once validated as markers of cholesterol absorption against the continuous isotope 

feeding method 19, by a single research group in several different populations 56,57,72-74. Despite the 

fact that merely 10 to 25% of cholesterol absorption could be explained by plasma plant sterol 

concentrations in these populations, plasma plant sterol concentrations have been used in numerous 

studies since, as a reflection of cholesterol absorption either at steady-state 57,59, 60 or the change in 

these concentrations as a reflection of intervention-induced changes in cholesterol absorption 60, 

61. Therefore, we set out to revalidate plasma plant sterol concentrations as markers of cholesterol 

absorption in a population of 80 mildly hypercholesterolaemic subjects in Chapter 3.

1.2.4 Plasma non-cholesterol sterols as a tool to customize cholesterol-lowering 

treatment
In addition to their use as markers of cholesterol absorption or synthesis, plasma non-cholesterol sterol 

concentrations have also been suggested as a means to determine the optimal cholesterol-lowering 

strategy 76-78. Individuals with high baseline absorption markers were shown to respond less efficiently 

to treatment with statins, in terms of LDL-C  lowering 76,79,80 and cardiovascular event rate 81. Hence, 

it was postulated that so-called ‘high absorbers’ should not be treated with statins alone, but would 

benefit more from addition of a cholesterol absorption inhibitor 78. However, baseline non-cholesterol 

sterol concentrations predicted their treatment-induced changes more efficiently than the respective 

reductions in serum cholesterol concentrations, i.e. LDL-C reductions in so-called ‘high synthesizers’ 

were only significantly stronger after 6 weeks of simvastatin, but not after 1 or 2 years of treatment 
59. Nevertheless, based on these observations, measurement of non-cholesterol sterol concentrations 
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as a clinical tool to customize cholesterol-lowering treatment has been repeatedly suggested 76-78. This 

was supported by other, mostly small-scale studies 82,83. However, two recent post-hoc studies failed 

to demonstrate that baseline cholesterol synthesis or absorption markers predict cholesterol-lowering 

response to high-dose atorvastatin or rosuvastatin 61 and simvastatin or ezetimibe/simvastatin therapy 
84. The latter study is described in Chapter 4. 

1.3 reverse cholesTerol TransPorT anD 
cholesTerol excreTIon

Faecal excretion is the predominant way for cholesterol elimination, because apart from conversion to 

bile acids, cholesterol cannot be catabolized to a significant extent within the human body. Moreover, 

faecal neutral sterol (FNS) excretion is the compulsory terminus of what is called the reverse 

cholesterol transport (RCT) process. This process is conventionally defined as the efflux of cholesterol 

from peripheral tissues, including arterial intra-plaque macrophages, subsequent transport in the 

plasma and uptake by the liver, followed by biliary secretion and elimination via the faeces 85. The 

classical RCT concept rests on two principles: 1. HDL-C is the primary lipoprotein involved in RCT and 

2. biliary secretion is the sole route for intestinal cholesterol elimination. In view of recent findings, 

both of these principles might need reconsideration. The first is beyond the scope of this thesis. In 

short, in contrast to the current consensus, several studies have shown that plasma HDL-C levels 

do not determine biliary or fecal cholesterol levels in mice 86-88 and studies in humans have yielded 

conflicting results 89-91. Work described in this thesis involves the second paradigm, the obligate 

role of hepatobiliary cholesterol secretion in RCT. This has recently been challenged by studies in 

mice, indicating the existence of direct trans-intestinal cholesterol excretion (TICE) as an alternative 

cholesterol-eliminating pathway. 

Cholesterol destined for hepatobiliary cholesterol secretion is taken up at the basolateral side of the 

hepatocyte via a number of lipoprotein receptors and is subsequently secreted at the canalicular 

membrane by a not fully elucidated secretion process, mediated for the largest part by the ABCG5/

G8 transporter 12. In case hepatobiliary cholesterol secretion would be the primary cholesterol 

elimination route, inhibition of ABCG5/G8 should result in extreme reductions of FNS excretion. 

Interestingly, abcg5 and abcg8 double knockout mice did not show these expected reductions in FNS 

loss 44,92. Similar observations were made in several other murine models of impaired hepatobiliary 

cholesterol secretion, such as in mice over-expressing human hepatic NPC1L1 39 and mice deficient for 

abcb4 93, C7α-hydroxylase 94 and hepatic acat2 95. These studies implied the existence of an alternative 

non-biliary cholesterol excretion pathway, at least in mice with genetically hampered hepatobiliary 

cholesterol secretion. However, intestinal perfusion studies in FVB mice 96 and in vivo stable isotope 

studies in C57Bl/6J mice 97 showed that this alternative TICE route is also present in mice with intact 
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hepatobiliary cholesterol secretion. In these studies, TICE accounted for roughly 20% 96 to 33% 97 of FNS 

loss. Moreover, the intestinal perfusion studies showed that plasma cholesterol can directly traverse 

the small intestine in a basolateral to apical direction 96, influenced by the luminal presence of bile salt 

and phospholipid acceptors 98. In these perfusion studies, TICE was found to occur predominantly in 

the proximal part of the small intestine 96, which was supported by the study in liver-depleted-acat2 

mice, showing that liver-derived cholesterol from these mice is preferentially delivered to the proximal 

small intestine 95.  The latter research group also showed that faecal excretion of macrophage-derived 

cholesterol could proceed in the absence of biliary sterol secretion, suggesting that TICE might be 

involved in macrophage-specific RCT 99. However, a similar study could not confirm these results, for 

yet unknown reasons 100. Finally, the TICE pathway was found to be highly sensitive to pharmacological 

activation; treatment with a liver-X receptor (LXR)-agonist induced a 6-fold increase in the absolute 

amount of trans-intestinally secreted plasma-derived cholesterol in C57Bl/6J mice 97, whereas 

activation of the peroxisome-proliferator activated receptor δ (PPAR δ) induced a 2-fold increase in 

TICE 101. 

The concept of a non-biliary cholesterol excretion route is not novel. Already in 1927, it was shown 

that FNS loss was paradoxically increased in surgically bile-diverted dogs, as compared to control 

dogs 102. These early findings were confirmed in a replication study in 1973 103, as well as in studies in 

bile-diverted rats 104,105. Similar findings were also observed in the human situation: faecal sterols of 

non-dietary origin were found to be present in faeces of patients with biliary obstruction 106 and bile 

diversion in patients with homozygous familial hypercholesterolemia produced a 6 to 8-fold increase in 

gastrointestinal sterol output 107. These results were mostly disregarded, possibly due to the limitations 

of bile-diverted study models, such as hampered cholesterol absorption and strongly up-regulated 

cholesterol and bile acid synthesis, caused by the absence of intestinal bile salt delivery. However, 

human intestinal perfusion studies performed in the same period revealed that approximately 44% 

of total faecal sterol output originated from non-biliary origin 108. For unknown reasons, these early 

observations indicating the existence of a non-biliary cholesterol excretion route were not pursued, 

until the more recent animal studies described above. Thus far, it was unclear to what extent the trans-

intestinal cholesterol excretion pathway contributed to FNS loss in humans in vivo. Therefore, we 

quantified the contribution of TICE to FNS excretion in a population of mildly hypercholesterolaemic 

subjects, based on the abovementioned stable isotope study in mice 97 (Chapter 7). 
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1.4 InTervenTIons TarGeTInG InTesTInal 
cholesTerol MeTabolIsM

Intestinal cholesterol metabolism can be targeted by various compounds. Inhibition of cholesterol 

absorption is achieved by consumption of plant sterols or stanols or by treatment with ezetimibe. 

The latter has also been suggested to stimulate reverse cholesterol transport, as described below. 

Cholesterol-lowering compounds targeting other aspects of intestinal cholesterol homeostasis, such 

as bile acid transport inhibitors, bile acid sequestrants and intestinal MTP inhibitors are beyond 

the scope of this thesis (reviewed in 109). Finally, Liver X nuclear receptors (LXRs) play a central 

role in cholesterol metabolism. Upon activation, LXRs induce a series of genes that are involved in 

cholesterol efflux, absorption, transport and excretion (reviewed in 110). Consistently, LXRs limit the 

development of atherosclerosis in mice and are therefore considered promising therapeutic targets 

for CVD 111. However, activation of LXRs concurrently promotes  hepatic de novo lipogenesis, steatosis 

and hypertriglyceridemia via direct activation of the sterol regulatory element-binding protein-1c 

(SREBP-1c) gene and fatty acid (FA) synthesis pathways (reviewed in 112). Recently, intestine-specific 

LXR-agonists have been developed, which evade the unfavourable LXR-mediated effects on hepatic 

lipogenesis. Studies indicate that intestine-specific activation of LXR is crucial for LXR-induced 

atheroprotection 113,114. These results are in line with the aforementioned murine studies showing that 

treatment with LXR-agonists stimulates trans-intestinal cholesterol excretion 97,101. Although promising 

in animal studies, these intestine-specific compounds are not yet available for human use. 

1.4.1 consumption of plant sterols and stanols
Plant sterols are present in small amounts of fruits, vegetables, nuts, seeds and edible oils; marketed 

sources are primarily derived from soybean and pine tree oil. Plant stanols are hydrogenated or 

saturated versions of plant sterols and are found in similar dietary sources. In contrast to plant sterols, 

stanols are minimally absorbed through the gastrointestinal tract (~1%) and are known to reduce 

plasma plant sterol concentrations 115. Total dietary plant sterol consumption in the average Western 

diet is 150-350 mg per day 70, 116, 117; for stanols this amounts to approximately 25 mg/day 118. As 

mentioned earlier, plant sterols are thought to displace cholesterol from incorporation into micelles 64, 

thereby limiting cholesterol absorption by approximately 25-36%, again with a compensatory increase 

in cholesterol synthesis of 38-53% 119. However, additional cholesterol-lowering mechanisms have 

been postulated (reviewed in 120). Interestingly, in mice, the cholesterol-lowering effects of plant sterol 

consumption were recently ascribed to stimulation of  intestinal cholesterol excretion via TICE, partly 

mediated by the abcg5/g8 co-transporter 121. 

Daily consumption of 2g of plant sterols is associated with LDL-C reductions varying from 4 to 15% 

in hyper- or normocholesterolaemic adults, in children and in patients with type 2 diabetes mellitus 
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122-124. A recent meta-analysis of fourteen randomized controlled trials including 531 healthy and 

hypercholesterolaemic subjects showed no statistically or clinically significant difference between the 

LDL-C-lowering efficacies of either plant sterols versus stanols 125. Furthermore, another meta-analysis 

of eight randomized controlled trials including 306 hypercholesterolaemic patients using plant sterols 

or stanols on top of statins showed significantly lowered TC and LDL-C concentrations by an additional 

reduction of 0.36 mmol/l and 0.34 mmol/l respectively 126. HDL-C and triglyceride concentrations 

are not consistently affected. Dosages of less than 1g do not offer cholesterol-lowering benefit and 

neither does increasing plant sterol dose beyond 3g 115,127. Additional cholesterol-lowering effects of 

combining plant sterols or stanols with bile acid sequestrants 128 or with fibrate therapy 129 have been 

described, although studies are scarce. We investigated the combined cholesterol-lowering efficacy of 

ezetimibe and plant sterol consumption in 40 mildly hypercholesterolaemic subjects, since a possible 

additional cholesterol-lowering benefit of such a combination was never described (Chapter 2). 

1.4.2 ezetimibe
Ezetimibe is a drug that reduces the absorption of cholesterol, as well as that of plant sterols 130-132 in 

both mice and men, through inhibition of the NPC1L1 protein 23, although several additional targets 

have been suggested 30,31. Ezetimibe is rapidly and extensively glucuronidated in the intestinal wall and 

is further metabolized by the liver 133,134. Ezetimibe and its glucuronide undergo enterohepatic recycling 

and are excreted via the faeces (~90%) and urine (~ 10%) 133,134. Cholesterol absorption inhibition by 

ezetimibe has been shown to induce a compensatory increase in endogenous cholesterol biosynthesis 
23,134. Nevertheless, ezetimibe monotherapy lowers plasma LDL-C concentrations by approximately 15 

to 20% 130,135. Ezetimibe has also been shown to affect the prevention and treatment of cholesterol 

gallstones and non-alcoholic fatty liver disease (reviewed in 136). Whether these effects are mediated 

by intestinal cholesterol absorption inhibition or through direct interference with hepatic NPC1L1, 

remains to be established. 

Recently, ezetimibe has been shown to stimulate reverse cholesterol transport from macrophages 

in mice 137,138, via yet unidentified mechanisms. In Chapter 6 we investigated whether the ezetimibe-

induced increase in FNS excretion depends on a functional abcg5/g8 transporter in mice. From 

our findings and from unpublished results of an in vivo stable isotope study in mice (personal 

communication prof. dr. A.K. Groen), we hypothesized that ezetimibe might increase FNS excretion 

through stimulation of TICE. In Chapter 7 we tested this hypothesis in humans.  

Finally, several trials have shown the additional cholesterol-lowering benefit of combining ezetimibe 

with statin therapy (reviewed in 139), however, clinical studies with atherosclerotic cardiovascular 

disease endpoints are scarce. The ENHANCE trial (Ezetimibe and Simvastatin in Hypercholesterolemia 

Enhances Atherosclerosis Regression) investigated the combined effects of ezetimibe 10mg and 

simvastatin 80mg as compared to simvastatin 80mg monotherapy, in a population of 720 subjects 

with heterozygous familial hypercholesterolemia 140. In this study, ezetimibe combined with high-
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dose simvastatin resulted in an additional 27% LDL-C reduction, without a concomitant change in 

carotid intima media thickness (cIMT), a surrogate marker of atherosclerosis. Patient selection and 

methodology may have confounded the outcomes 140. Although there is a large plenitude of pre-

clinical evidence of the anti-atherogenic properties of ezetimibe (reviewed in 141), as well as regression 

of carotid plaque burden in humans 142, the results of the currently ongoing IMPROVE-IT trial 143 should 

provide a definitive answer to whether ezetimibe up and above statin therapy reduces cardiovascular 

event rate.

1.5 ouTlIne of The ThesIs

The first part of this thesis concentrates on human cholesterol absorption and the validity of plasma 

plant sterol concentrations as its marker. We evaluated the cholesterol-lowering effects of cholesterol 

absorption inhibition by plant sterol consumption, ezetimibe treatment and their combination (Chapter 

2). Furthermore, we prospectively investigated the validity of plasma plant sterol concentrations as 

markers of cholesterol absorption in 80 mildly hypercholesterolaemic subjects (Chapter 3). In addition, 

we assessed whether these concentrations could be used to predict the cholesterol-lowering response 

to simvastatin/ezetimibe combination therapy, in a post-hoc analysis of the ENHANCE trial (Chapter 4). 

Finally, we studied associations between common variants in the ABCG5/G8 gene and plasma sterol 

concentrations in a meta-analysis of studies (Chapter 5). 

The last chapters of this thesis focus on reverse cholesterol transport and trans-intestinal cholesterol 

excretion (TICE) in particular. We investigated whether TICE contributes to cholesterol elimination in 

humans and whether TICE could be stimulated by treatment with ezetimibe (Chapter 7), following our 

observations in mice, suggesting that ezetimibe might indeed interfere with this pathway (Chapter 6). 

Finally, our findings and future recommendations are discussed in Chapter 8. 
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