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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 
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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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absTracT 

Consumption of plant sterols and treatment with ezetimibe both reduce cholesterol absorption in the 

intestine. However, the mechanism of action differs between the two treatments and the consequences 

of combination treatment are unknown. Therefore, we performed a double-blind, placebo-controlled 

crossover study for the plant sterol component with open-label ezetimibe treatment. 

Forty mildly hypercholesterolaemic subjects were randomized to the following treatments for four 

weeks each: 10 mg/d ezetimibe combined with 25 g/d of control spread; 10 mg/d ezetimibe combined 

with 25 g/d of spread containing 2.0 g of plant sterols; 25 g/d of spread containing 2.0 g of plant 

sterols and placebo treatment consisting of 25 g/d of control spread. Combination treatment of plant 

sterols and ezetimibe reduced low-density lipoprotein cholesterol (LDL-C) by 1.06 mmol/l (25.2%; 

p<0.001) compared with 0.23 mmol/l (4.7%; p=0.006) by plant sterols and 0.94 mmol/l (22.2%; 

p<0.001) by ezetimibe monotherapy. LDL-C reduction conferred by the combination treatment did 

not differ significantly from ezetimibe monotherapy (-0.12 mmol/l versus -3.5%; p=0.13). Additionally, 

the plasma lathosterol-to-cholesterol ratio increased with all treatments. Sitosterol and campesterol-

to-cholesterol ratios increased after plant sterol treatment and decreased upon ezetimibe and 

combination therapy. 

Our results indicate that the combination of plant sterols and ezetimibe has no therapeutic benefit 

over ezetimibe monotherapy in terms of LDL-C-lowering in subjects with mild hypercholesterolaemia. 
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InTroDucTIon

Plasma concentrations of total cholesterol (TC) and LDL-C can be substantially reduced by inhibition of 

cholesterol absorption within the intestine. This reduction in cholesterol absorption can be achieved 

either by daily consumption of plant sterols or stanols 1 or by treatment with ezetimibe 2. In fact, 

consumption of 2 grams of plant sterols per day decreases plasma LDL-C by approximately 10% 

(reviewed in 1,3,4) and treatment with 10 mg of ezetimibe once daily reduces plasma LDL-C by 15-20% 
5,6.

The precise mechanism by which free cholesterol is absorbed in the small intestine is not fully 

understood. Recently, two novel ATP-binding cassette transporters, ABCG5 and ABCG8, were identified 

in this pathway. These proteins are expressed in the intestine, as well as in the liver, where they function 

as heterodimer efflux transporters. Positioned at the apical surface of the intestinal and hepatic cells, 

they promote intestinal and biliary sterol excretion 7-9. Even more recently, other transporters that may 

be involved in this process, the Niemann-Pick C1 Like 1 (NPC1L1) and the aminopeptidase N (APN) 

proteins have been identified 10,11. Both proteins reside on the brush border membrane of enterocytes 

in the small intestine. They may play a role in cholesterol and plant sterol absorption and may be 

molecular targets for ezetimibe 11,12.  

Plant sterols and stanols are thought to compete with dietary and biliary cholesterol for incorporation 

into mixed micelles, thereby reducing the amount of cholesterol available for uptake by the enterocyte 
13,14. Plant sterols themselves are absorbed at exceedingly small amounts, due to the active secretion 

of sterols back into the enteric lumen by ABCG5 and ABCG8 7,8. Net absorption of plant sterols ranges 

from 5% to 18% of total sterol mass, depending on the type of sterol 15,16. In contrast to plant sterols, 

which increase plasma plant sterol concentrations, plant stanols, the saturated counterparts of 

plant sterols, reduce the absorption and consequently, the plasma concentrations of plant sterols 16. 

Ezetimibe, on the other hand, exerts its action at the brush border of the small intestine and reduces 

cholesterol absorption by inhibiting the uptake of dietary and biliary sterols, most likely through 

interaction with the NPC1L1 protein 10,12. Like plant stanols, ezetimibe inhibits both cholesterol and 

plant sterol absorption 12,17,18. 

Prescription of ezetimibe to hypercholesterolaemic patients is rapidly increasing, but these patients 

also often use food products that are enriched with plant sterols or stanols. Hence, it seems clinically 

relevant to investigate whether these two different modalities exhibit any interaction in terms of the 

modification of plasma lipid concentrations. Therefore, we designed a study to assess the efficacy of 

ezetimibe and plant sterols alone as well as their combination with respect to cholesterol and non-

cholesterol sterol plasma concentrations. 
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subjecTs anD MeThoDs

subjects
Subjects were recruited via advertisements in local newspapers. Each subject gave written informed 

consent. The study was approved by the Institutional Review Board. 

Subjects were included in the study if they were 18 years and older and had a plasma LDL-C 

concentration between 3.5 – 5.0  mmol/l. Exclusion criteria were a history of arterial disease, including 

unstable angina, myocardial infarction, transient ischaemic attack or a cerebrovascular accident; 

diabetes mellitus; uncontrolled hypertension; familial hypercholesterolaemia; plasma triglyceride (TG) 

concentrations > 4.0 mmol/l at baseline; or excessive alcohol consumption (>3 units per day). During 

the study, subjects were not allowed to use any other lipid-lowering medication or food products. 

study design
The study was a double-blind, placebo-controlled crossover study for the plant sterol component with 

open-label ezetimibe treatment. Subjects started with a 2-week run-in period, in which they were 

not allowed to consume any plant sterol- or stanol-enriched food products. Subjects who regularly 

consumed plant sterol or stanol products or who used cholesterol-lowering medication started 

with a 6-week run-in period. After the run-in period, subjects were randomly assigned to one of the 

following four treatment arms: a) 10 mg/d ezetimibe in combination with 25 g/d control spread; b) 10 

mg/d ezetimibe in combination with 25 g/d spread containing 2.0 g of plant sterols; c) 25 g/d spread 

containing 2.0 g of plant sterols; d) placebo treatment that consisted of 25 g/d of control spread. After 

four weeks of treatment, subjects crossed over to the next study treatment, until they had completed 

all four treatments. Subjects were requested to maintain their usual pattern of food, drinking and 

smoking habits as well as physical activity during the whole study.  

Plasma concentrations of TC, LDL-C, high-density lipoprotein cholesterol (HDL-C) and TG were 

measured after an overnight fast of at least 12h at baseline and at the end of each treatment period. 

Plasma concentrations of lathosterol as well as those of cholestanol, sitosterol and campesterol were 

measured at the end of each treatment period since these non-cholesterol sterols have been shown 

to reflect cholesterol synthesis and absorption, respectively (19). Blood pressure and weight were 

assessed at each study visit. Physical examination was performed at baseline and at the end of the 

study. 

spread composition and administration
The placebo and the plant sterol-enriched spreads were produced and blinded by Unilever Research 

(Vlaardingen, the Netherlands). The placebo spread contained 8.8 g of fat, composed of 25% saturated 

fatty acids (SAFAs), 30% monounsaturated fatty acids (MUFAs), and 45% polyunsaturated fatty acids 

(PUFAs) per 25 g of spread. The plant sterol-enriched spread contained 8.8 g of fat, with a fatty acid 
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composition of 23.5% SAFAs, 25.6% MUFAs, 49.9% PUFAs and 2.0 g of plant sterols, composed of 

46.5% sitosterol, 29.0% campesterol, 14.5% stigmasterol and 10% other sterols, per 25 g of spread. 

The spreads were distributed in identical-looking 25 g tubs, labeled with different colors for each 

treatment arm. Subjects were instructed to keep the spreads in the refrigerator and to use one tub 

per day as a spread on sandwiches or as part of a hot meal, by mixing the spread with the food on the 

plate. The tubs were distributed at the start of each treatment period. Compliance was measured at 

each study visit by collection and calculation of the empty and full tubs of spread. 

ezetimibe
During two treatment periods, subjects were treated with 10 mg of ezetimibe (Ezetrol®) per day, in 

addition to their daily consumption of spread. The ezetimibe treatment was not placebo-controlled; 

therefore, subjects only received tablets during the two ezetimibe periods, one with plant sterol 

spread and one with control spread. Subjects were instructed to take one tablet of ezetimibe per day 

and to return the empty and full blister packs to evaluate compliance.

Plasma analyses
Plasma TC, HDL-C and TG concentrations were measured with standard (automated) methods. Plasma 

LDL-C concentrations were calculated using the Friedewald equation 20. 

Plasma concentrations of lathosterol, cholestanol, sitosterol, and campesterol were analyzed as 

trimethylsilylethers by gas-liquid chromatography (GLC; Hewlett Packard 5890) using an automatic 

injection system (Automatic Sampler; Hewlett Packard 7673A) with 5α-cholestane as internal standard 
15.  Since non-cholesterol sterols are transported in serum by lipoproteins, changes in lipoprotein 

concentrations also affect concentrations of non-cholesterol sterols 21. Therefore, non-cholesterol 

sterols are expressed as concentrations (µg/dl) as well as ratios to cholesterol (µg/mg). 

statistical analysis
Based on 40 subjects, our study had a statistical power of 80% to detect a difference of 0.15 mmol/l in 

LDL-C. In other words, we were able to detect an effect of 3.8% with a baseline level of 4 mmol/l and 

5% with a baseline level of 3 mmol/l.

Data were analyzed by ANOVA using the general linear model (GLM) of SAS (SAS Institute Inc, Cary, 

NC, USA). Tukey’s procedure was used for pair-wise comparisons and for calculation of 95% confidence 

intervals between active treatments and placebo. Triglyceride data were skewed and therefore, log-

transformed before statistical testing. Carry-over effects were checked by introducing a treatment-by-

period interaction term in the model. P<0.05 was considered statistically significant. 
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resulTs

General
All forty subjects completed the trial. The clinical characteristics of these subjects are shown in Table 

1. Five of the subjects were females, aged 53 – 63 years; none of them used hormone replacement 

therapy. Based on the number of returned empty tubs of spread, the mean compliance for both types 

of spread was > 94%. Based on the number of empty packs of ezetimibe, the mean compliance for 

ezetimibe treatment was > 91%. One subject was excluded from statistical analysis because of TG 

concentrations > 4.0 mmol/l after treatment and likely non-compliance to the study protocol.

lipid and lipoprotein concentrations
The absolute lipoprotein concentrations and changes after 4 weeks of treatment are presented in 

Table 2 and percentage changes are depicted in Figure 1. Plasma TC concentrations decreased by 

0.35 mmol/l (-5.1%; p<0.001) after plant sterol consumption, by 1.06 mmol/l (-16.0%; p<0.001) after 

ezetimibe treatment, and by 1.16 mmol/l (-17.5%; p<0.001) after the combination treatment of 

ezetimibe and plant sterols, all compared with placebo treatment. The combination of plant sterols 

and ezetimibe reduced TC concentrations by 0.10 mmol/l (-1.4%) compared with ezetimibe treatment 

alone, which was not statistically significant (95% confidence interval (CI): -0.32 to 0.13 mmol/l; 

p=0.27). Plasma LDL-C concentrations significantly decreased by 0.23 mmol/l (-4.7%; p=0.006) after 

plant sterol consumption, by 0.94 mmol/l (-22.2%; p<0.001) after ezetimibe treatment and by 1.06 

mmol/l (-25.2%; p<0.001) after combination treatment, all compared with placebo treatment. The 

combination of plant sterols and ezetimibe reduced LDL-C by 0.12 mmol/l (-3.5%) compared with 

ezetimibe treatment alone, which was not statistically significant (95% CI: -0.34 to 0.10 mmol/l; 

p=0.13). Of the 39 subjects, 26 showed reduced LDL-C concentrations with plant sterol treatment, 

37 with ezetimibe treatment and 38 with the combination of plant sterols and ezetimibe, compared 

with placebo (Figure 2). The absence of significant treatment-by-period interactions with respect to TC 

and LDL-C concentrations indicated that there were no important carry-over effects (data not shown). 

HDL-C and TG concentrations were not significantly affected by any treatment.

non-cholesterol sterol concentrations
Concentrations of the cholesterol precursor lathosterol and the cholesterol absorption markers 

cholestanol, sitosterol and campesterol, as well as their ratios-to-cholesterol are presented in Table 3 

and Figure 3. The mean lathosterol concentration and the lathosterol-to-cholesterol ratio increased 

after inhibition of cholesterol absorption, with the smallest increase after plant sterol treatment and 

the largest increase after the combination of plant sterols with ezetimibe. The mean cholestanol 

concentration and the cholestanol-to-cholesterol ratio decreased when cholesterol absorption was 

inhibited with plant sterols, ezetimibe, or their combination. However, the effect of the combination 
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treatment did not differ significantly from that of ezetimibe monotherapy. As expected, plasma 

sitosterol and campesterol concentrations and their ratios-to-cholesterol increased after plant 

sterol treatment and decreased after ezetimibe treatment. However, even though their absolute 

concentrations and cholesterol-adjusted ratios increased when the plant sterol spread was added to 

the ezetimibe treatment, they remained lower than on placebo treatment. 

Table 1. Baseline Characteristics

Characteristic

N 40

Male/female 35/5

Age (years) 55.5 ± 7.9

Current smoking status (yes/no) 2/38

Body mass index (kg/m2) 25.9 ± 3.3

Systolic blood pressure (mmHg) 132  ± 13

Diastolic blood pressure (mmHg) 84  ± 6

Total cholesterol (mmol/L) 6.76 ± 0.89

LDL cholesterol (mmol/L) 4.50 ± 0.76

HDL cholesterol (mmol/L) 1.56 ± 0.49

TG (mmol/L) 1.42 [0.57-3.78]

Glucose (mmol/L) 5.09 ± 0.52

Values are given as means ± SD, TG are given as median [range]; LDL=low-density lipoprotein; 

HDL=high-density lipoprotein

Table 2. Plasma Lipid and  Lipoprotein Concentrations after Four Weeks of Treatment with Placebo, Plant Sterols, 
Ezetimibe, and the Combination of Plant Sterols with Ezetimibe (n=39)

Plasma lipoprotein concentrations Differences from placebo treatment  (95% CI)

Placebo Plant sterol 
spread 

Ezetimibe Plant sterol 
spread + 

Ezetimibe

Plant sterol 
spread 

Ezetimibe Plant sterol 
spread + 

Ezetimibe

mmol/L

TC 6.44 ± 0.90a 6.09 ± 0.85b 5.38 ± 0.69c 5.28 ± 0.67c -0.35  
(-0.58, -0.13)

-1.06  
(-1.29, -0.84)

-1.16  
(-1.38, -0.94)

LDL-C 4.07 ± 0.76a 3.84 ± 0.69b 3.13 ± 0.57c 3.01 ± 0.62c -0.23  
(-0.45, -0.01)

-0.94  
(-1.17, -0.72)

-1.06  
(-1.29, -0.84)

HDL-C 1.75 ± 0.44 1.68 ± 0.47 1.71 ± 0.50 1.74 ± 0.53 -0.07  
(-0.19, 0.04)

-0.04  
(-0.16, 0.07)

-0.02  
(-0.13, 0.10)

TG 1.36  ± 0.75 1.25 ± 0.62 1.19 ± 0.61 1.20 ± 0.68 -0.11  
(-0.31, 0.09)

-0.17  
(-0.37, 0.03)

-0.16  
(0.36, 0.04)

All values are means ± SD. Values in the same row with different superscript letters are significantly different (P<0.05). One 
subject was excluded from statistical analyses because of high TG concentrations and possible non-compliance to the study 
protocol. The data were analyzed by ANOVA using the general linear models (GLM) of SAS (SAS Institute Inc, Cary, NC, USA). 
Tukey’s procedure was used for pair-wise comparisons. TC = total cholesterol; LDL-C= low-density lipoprotein cholesterol; 
HDL-C= high-density lipoprotein cholesterol; TG= triglycerides.
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Table 3. Plasma Non-Cholesterol Sterol Concentrations and Ratios to Cholesterol after Four Weeks of Treatment with 
Placebo, Plant Sterols, Ezetimibe, and the Combination of Plant Sterols with Ezetimibe 

Placebo

(n=39)

Plant sterol spread 

(n=39)

Ezetimibe

(n=39)

Plant sterol spread 
+ Ezetimibe

(n=39)

Plasma sterol concentrations

Cholesterol (mg/dL)* 258 ± 35a 241 ± 36b 216 ± 31c 212 ± 28c

Lathosterol (µg/dL) 318 ± 115a 353 ± 140a 418 ± 130b 467 ± 147c

Cholestanol (µg/dL) 402 ± 111a 350 ± 89b 301 ± 70c 285 ± 59c

Sitosterol (µg/dL) 381 ± 160a 460 ± 179b 200 ± 74c 235 ± 89c

Campesterol (µg/dL) 558 ± 241a 997 ± 403b 236 ± 105c 365 ± 157d

Plasma sterol-cholesterol ratios

Lathosterol (µg/mg) 1.26 ± 0.49a 1.47 ± 0.53b 1.94 ± 0.57c 2.20 ± 0.63d

Cholestanol (µg/mg) 1.55 ± 0.30a 1.46 ± 0.29b 1.40 ± 0.24c 1.35 ± 0.22c

Sitosterol (µg/mg) 1.48 ± 0.54a 1.92 ± 0.68b 0.93 ± 0.31c 1.11 ± 0.38d

Campesterol (µg/mg) 2.16 ± 0.83a 4.15 ± 1.53b 1.09 ± 0.42c 1.72 ± 0.65d

All values are means ± SD. Values in the same row with different superscript letters are significantly different (P<0.05). 
One subject was excluded from statistical analyses because of high TG concentrations and non-compliance to the study 
protocol. Data were analyzed by ANOVA using the general linear models (GLM) of SAS (SAS Institute Inc, Cary, NC, USA). 
Tukey’s procedure was used for pair-wise comparisons. * as measured by GC

Figure 1. Percentage changes (± SD) of TC, LDL-C, HDL-C, and TG after treatment with plant sterols, ezetimibe, and the 
combination of plant sterols and ezetimibe as compared to placebo. *Significant difference between treatment and placebo 
(p<0.05).

LDL-C

*

*
*

* *

*

HDL-C
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adverse events
No serious adverse events were reported. Two subjects experienced mild gastro-intestinal complaints 

during placebo treatment, one subject during plant sterol consumption, four subjects during ezetimibe 

treatment and four subjects during the combination treatment period. Blood pressure, weight and 

BMI did not differ between the four treatment periods (data not shown). 

Figure 2. Individual differences in plasma LDL-C concentrations between the end of the 4-week treatment with plant sterols, 
ezetimibe or their combination, and the end of the 4-week placebo treatment.
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Figure 3. Plasma lathosterol (A), cholestanol (B), and campesterol (C) to-cholesterol ratios at the end of treatment with 
placebo, plant sterols, ezetimibe, and the combination of plant sterols and ezetimibe. Values with different letters are 
significantly different from each other (p<0.05). 
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DIscussIon

In this study we showed that in subjects with mild hypercholesterolaemia, combination treatment of 

ezetimibe and plant sterols reduces LDL-C by 25% compared with 5% by plant sterols alone and 22% by 

ezetimibe monotherapy. The LDL-C-reducing effect of the combination treatment did not significantly 

differ from that of ezetimibe monotherapy. 

The LDL-C lowering effects of plant sterols and ezetimibe monotherapy per se are in agreement with 

previous results. Although that of plant sterols in our study was relatively small, it was within the range 

of previous findings 1,3,4. Conversely, the ezetimibe-induced 22% reduction of LDL-C concentrations was 

relatively pronounced, because a mean reduction of approximately 18% is more frequently reported 
5,6. There were no carry-over effects that could explain these results and previous findings by others 

also do not suggest the existence of a carry-over effect. Mensink et al showed that the effects of 

4-week treatment with 3 g/d plant stanols on TC and LDL-C concentrations were already maximal after 

one week, while values between the active treatment and placebo groups were comparable already 

two weeks after discontinuation of the treatments 22. Knopp et al showed that the maximal LDL-C 

reduction by ezetimibe was evident at two weeks 23. Moreover, Sudhop et al demonstrated that there 

was no carry-over effect in a crossover study with ezetimibe if subjects were treated with ezetimibe 

and placebo for two weeks each 17. Although they included a 2-week washout period between the two 

treatments, they also measured the effect of the one treatment four weeks after discontinuing the 

other. Therefore, the existence of carry-over effects in not very likely.

To our knowledge, this is the first study to investigate the combined effects of plant sterols and 

ezetimibe in humans. The combination has previously been studied in wild-type Kyoto rats 24, but 

their cholesterol concentrations increased after ezetimibe in combination with or without plant 

sterol treatment, probably because they possess a homozygous guanidine to thymine transversion 

in exon 12 of the abcg5 gene (24). In our study, ezetimibe decreased cholesterol concentrations in 

correspondence with other human studies 5,6. However, the combined effect of ezetimibe and plant 

sterols on lipoprotein levels was unknown, although their mechanism of action is probably different. 

Ezetimibe reduces the absorption of cholesterol as well as that of plant sterols 17,18,25, probably through 

an interaction with the pathway that also involves NPC1L1 10,12. Plant sterols, on the other hand, are 

hypothesized to compete with cholesterol for incorporation into mixed micelles 26-29. Combining plant 

sterols and ezetimibe did not result in a significant decrease in LDL-C compared with ezetimibe alone, 

which may be attributable to a reduced amount of cholesterol that is available for the cholesterol 

transporter in case of the combination treatment. As a consequence of the competition between 

plant sterols and cholesterol, the proportion of plant sterols in the micelles will increase and that 

of cholesterol will decrease 28. Since the rate of cholesterol and sitosterol absorption is directly 

proportional to their contents in micelles 30, an increased amount of plant sterols and a reduced 

amount of cholesterol will be transported through the brush border membrane, and consequently 
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be blocked by ezetimibe. In other words, the amount of cholesterol that can be blocked at the brush 

border may decrease when ezetimibe is combined with plant sterols due to an altered proportion of 

sterols in the micelles. However, more studies are needed to confirm this hypothesis.

The results of the cholesterol absorption markers support the hypothesis that ezetimibe strongly 

inhibits the absorption of plant sterols 12,17,18. When we combined treatment with plant sterols and 

ezetimibe, sitosterol and campesterol concentrations and their cholesterol-adjusted ratios were 

increased as compared to ezetimibe monotherapy (Figure 3, Table 3). However, the increase in plasma 

sitosterol and campesterol concentrations and their ratios-to-cholesterol by the addition of plant 

sterols to ezetimibe treatment was only approximately one-third of the increase after plant sterol 

consumption alone, which confirms that the absorption of plant sterols was reduced by ezetimibe 

treatment. Surprisingly, plasma sitosterol and campesterol concentrations and their ratios-to-

cholesterol were lower after the combination than after placebo treatment. On the one hand, this 

finding suggests that ezetimibe decreases the absorption of a larger amount of plant sterols than is 

additionally available from micelles by the consumption of 2 g/d of plant sterols, but it also confirms 

that ezetimibe strongly inhibits plant sterol absorption. 

It has also been suggested that plant sterols may exert a cholesterol lowering effect within the enterocyte 

besides the competition with cholesterol for incorporation into the micelles 29,31. For instance, an 

increased amount of plant sterols within the enterocyte may upregulate Liver-X Receptor (LXR) and 

thereby ABCA1 or ABC transporters involved in yet elusive mechanisms of cholesterol absorption 
25,29,32. If  plant sterols also affect cholesterol metabolism within the enterocyte, ezetimibe may in fact 

also counteract this effect by decreasing the amount of plant sterols within the cell. However, a recent 

study showed that the cholesterol-lowering effect of plant stanol esters was unrelated to changes in 

mRNA levels of intestinal ABC transporters or NPC1L1 33; thus, data with respect to the upregulation of 

transport proteins by plant sterols or stanols are as yet inconsistent.

Our study had 80% power to detect a difference in LDL-C of 0.15 mmol/l corresponding with 3.8% at 

a baseline level of 4 mmol/l or 5% at a baseline level of 3 mmol/l. Consequently, our study may have 

been underpowered to detect an effect of 0.12 mmol/l or 3.5% by adding plant sterols to ezetimibe. By 

increasing the number of subjects, the study would have gained more power and a difference of 0.12 

mmol/l would have been statistically significant. However, an additional effect of only 0.12 mmol/l 

does not yield much therapeutic advantage. We considered an LDL-lowering effect of  > 0.15 mmol/l 

to be clinically relevant, which was realized by plant sterols alone as well as by ezetimibe monotherapy 

(Table 2), but not by adding plant sterols to ezetimibe treatment. On the other hand, our subjects were 

mildly hypercholesterolaemic, and including subjects with severe hypercholesterolaemia may result 

in a more pronounced difference between the combination therapy and ezetimibe monotherapy. 

Therefore, our results indicate that there is no therapeutic benefit of the combination of plant sterols 

and ezetimibe over ezetimibe monotherapy, at least in subjects with mildly elevated cholesterol levels.
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The lack of a placebo treatment for the ezetimibe arm is a limitation of this study. However, we included 

a placebo period only consisting of a placebo spread to compare the effects of the other treatments. 

Usually, when a study lacks a placebo treatment, the effect of the intervention is calculated by 

subtracting baseline levels from those after treatment, and consequently, a time effect or regression 

to the mean cannot be excluded. Because we included a placebo period, the effect of ezetimibe is not 

likely to be attributable to a time effect. Thus, even though the study design would have been more 

appropriate if a placebo treatment for the ezetimibe arm had been included, we think our data reflect 

real treatment consequences.

In conclusion, our results demonstrate that combination therapy of plant sterols and ezetimibe does 

not result in significantly more pronounced LDL-C reductions compared with ezetimibe monotherapy. 

This indicates that combining the two cholesterol absorption inhibitors has hardly any therapeutic 

benefit compared with ezetimibe monotherapy in subjects with mild hypercholesterolaemia.
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absTracT

The validation of the use of plasma plant sterols as a marker of cholesterol absorption is frail. 

Nevertheless, plant sterol concentrations are routinely used to describe treatment-induced changes 

in cholesterol absorption. Their use has also been advocated as a clinical tool to tailor cholesterol-

lowering therapy. Prior to wider implementation, however, the validity of plant sterols as absorption 

markers needs solid evaluation. Therefore, we compared plasma plant sterol concentrations to gold-

standard stable isotope-determined cholesterol absorption. 

Plasma campesterol/TC concentrations (camp/TC) were measured in a population of 175 mildly 

hypercholesterolaemic individuals (age: 59.7 ± 5.6y, BMI: 25.5 ± 2.9kg/m2, LDL-C: 4.01 ± 0.56 mmol/l). 

We compared cholesterol absorption, according to the plasma dual isotope method, in subjects with 

the highest camp/TC concentrations (N=41, camp/TC: 2.14 ± 0.68μg/mg) and the lowest camp/TC 

concentrations (N=39, camp/TC: 0.97 ± 0.22μg/mg). Fractional cholesterol absorption did not differ 

between the groups (24 ± 12% versus 25 ± 16%, p=0.60), nor was it associated with plasma camp/TC 

concentrations in the total population of 80 individuals (ß=0.13; p=0.30, adjusted for BMI and plasma 

triglycerides). 

Our findings do not support a relation between plasma plant sterol concentrations and measured 

cholesterol absorption and thereby do not favour the use of these sterols as markers of cholesterol 

absorption. This bears direct consequences for the interpretation of earlier studies, as well as for 

future studies targeting intestinal regulation of cholesterol metabolism. 
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InTroDucTIon

Human intestinal cholesterol absorption displays a large inter-individual variation, ranging from 20 to 

80% 1,2. Several techniques have been described to measure cholesterol absorption in man, each with 

their own strengths and weaknesses (reviewed in 3,4). Generally, these methods are laborious and costly, 

as they require administration and analysis of isotopic tracers, thereby limiting their use in large-scale 

studies. For this purpose, more than two decades ago, plasma non-cholesterol sterol concentrations 

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 5,6, whereas the cholesterol precursors lathosterol and desmosterol 

correlated with cholesterol synthesis 7,8. The conception of cholesterol precursors as a reflection of 

the cholesterol synthesis pathway is intuitively plausible and has subsequently been corroborated by 

repetitive positive validation against various methods 7-11.  Plant sterols derive strictly from the diet and 

share a high structural similarity with cholesterol. Nevertheless, their validity as markers of cholesterol 

absorption has been less well-established, given that these absorption markers were initially validated 

against the cholesterol balance method in two relatively small study populations of 17 5 and 63 12 

subjects. Subsequently, reported associations in larger study populations were not only weak, but have 

remained without additional prospective validation ever since. Notwithstanding, plasma plant sterol 

concentrations are currently used to describe steady-state cholesterol absorption 13,14 or intervention-

induced changes in cholesterol absorption 15-17. Finally, plasma plant sterol concentrations have also 

been suggested as a clinical tool to customize cholesterol-lowering treatment 18,19. In our opinion, 

these markers warranted thorough assessment before such suggestions can be supported. 

Therefore, we revalidated plasma plant sterol concentrations as markers of cholesterol absorption in 

a population of 80 mildly hypercholesterolaemic subjects. Our results do not favour their use as valid 

markers of human cholesterol absorption. 

MeThoDs

study design
Our study was a cross-sectional study, consisting of a cholesterol absorption measurement according 

to the plasma dual isotope method 20 in eighty mildly hypercholesterolaemic adults, selected for this 

measurement based on their plasma campesterol/TC concentrations. This study was approved by 

the Institutional Review Board of the Academic Medical Center, Amsterdam, the Netherlands. Each 

participant gave written informed consent. 
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selection of subjects 
Subjects who participated in previous studies at our department were invited for screening or were 

recruited via advertisements in local newspapers. Caucasian subjects of 18 years or older, with 

plasma low-density lipoprotein cholesterol (LDL-C) concentrations between 3.0 and 5.0 mmol/l 

were considered eligible, in case they did not meet the following exclusion criteria: use of statins or 

consumption of plant sterol- or stanol-enriched food products; a history of arterial disease, including 

unstable angina, myocardial infarction, transient ischemic attack, or a cerebrovascular accident; 

diabetes mellitus; thyroid illness; uncontrolled hypertension; familial hypercholesterolemia (FH), 

diagnosed either by genotyping or by WHO diagnostic criteria; plasma triglyceride (TG) concentrations 

> 4.0 mmol/l; BMI> 30 kg/m2 or excessive alcohol consumption. Women had to be post-menopausal 

without hormone-replacement therapy. 

According to our power calculation described below, we set out to include at least 160 mildly 

hypercholesterolemic subjects, in which plasma non-cholesterol sterol concentrations were 

measured. These subjects were stratified according to their plasma cholesterol-adjusted campesterol 

(campesterol/TC) concentrations. Participants were invited for the cholesterol absorption 

measurement, starting from those with the highest and the lowest campesterol/TC concentrations, 

respectively. Inclusion was ceased after the first eighty subjects with a successfully performed plasma 

dual isotope measurement. Study design and the selection of participants are outlined in Figure 1. 

Dual isotope method
Cholesterol absorption was measured according to the plasma stable dual isotope method 2. In short, 

after an overnight fast, blood was drawn (T=0h) and subjects received an intravenous dose of 30mg 

[3,4- 13C2] cholesterol (Isotec, Miamisbury, OH) dissolved in 22ml 10% Liposyn III (Hospira Inc, Lake 

Forest, IL) over a period of 20 minutes. The 13C2-cholesterol was prepared for injection by dissolving 

the tracer in warm USP ethanol into a clear solution under sterile conditions. Thereafter, the isotope/

ethanol mixture was added to 10% Liposyn III for a total administrable volume of 22ml. Immediately 

after infusion of the intravenous tracer dose, subjects ingested 50mg of [25,26,26,26,27,27,27-D7] 

cholesterol (Cambridge Isotope Laboratories, Andover, MA), administered in a stomach-soluble 

gelatine capsule together with a standardized breakfast, consisting of 2 slices of whole wheat bread 

with 15g of margarine, 40g cheese, 150ml semi-skimmed milk, coffee with a small slice of gingerbread. 

This breakfast contained 50g carbohydrate, 27g protein, 15g fat, 440 kcal and 84mg cholesterol 

(including 50mg of the tracer). Subjects refrained from food for 4 hours following the test meal, in 

order to allow for complete gastric emptying. Participants maintained their usual dietary pattern, as 

well as physical activity and kept a dietary record throughout the study. Additional blood samples were 

collected at 24, 48 and 72 hours post-administration of the tracers. 

Plasma was isolated by centrifugation and stored at -80ºC, for subsequent cholesterol extraction and 

measurement of the tracer enrichments. Fractional cholesterol absorption (FCA) was calculated as the 
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plasma ratio of D7 and 13C-cholesterol enrichment at T=72h divided by the ratio D7 / 13C-cholesterol 

species administered to the subjects 2. These enrichments were measured by means of gas-

chromatography mass-spectrometry (GCMS), as described below. Dietary intakes were calculated 

using a Dutch nutrition database program (www.dieetinzicht.nl). Plant sterol intake was calculated 

through the USDA National Nutrient Database for Standard Reference (ndb.nal.usda.gov).

analytical procedures
Fasted plasma TC, HDL-C and TG concentrations were measured using standard automated methods; 

LDL-C concentrations were calculated using the Friedewald formula 20. Plasma non-cholesterol sterol 

concentrations were analyzed from non-saponifiable plasma material with GCMS, as previously 

described 21. Plasma enrichments of D7-cholesterol and 13C2- cholesterol were measured by GCMS, 

after extraction of plasma free cholesterol with ethanol/acetone (1:1,v/v). Cholesterol derivatives were 

separated with a 5975C InertXL EI/CI MSD (Agilent Technologies) in the EI (electron ionisation) mode, 

using a ZB5ms column (30m(l) x 0.25mm (ID) x 0.25um (film) (Phenomenex)). Ions monitored were 

m/z 368-375 corresponding to the M0-M7 mass isotopomers. The measured fractional isotopomer 
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0.45 - 1.36 g/mg 
 

N= 39  

High camp/TC  
 

1.46 ± 4.43 g/mg 
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Figure 1. Study flow chart
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distribution was corrected for the fractional distribution due to natural abundance of 13C and 2H by 

multiple linear regression as described by Lee et al 22, in order to obtain excess fractional distribution 

of mass isotopomers resulting from isotope dilution and incorporation of the infused tracer. In this 

approach, M7 represented the orally administered label. The day to day coefficient of variance for the 

ratio 12C/13C was 0.06%. 

statistical analyses

Sample size
Assuming a common standard deviation of cholesterol absorption of 10%, a sample size of 10 subjects 

in each group has more than 80% power to detect a difference in means of 20%. An additional power 

calculation showed that this sample size of 20 would have 80% power to detect a significant and 

clinically acceptable correlation (R= 0.60), between two continuous variables such as plasma plant 

sterol concentrations and cholesterol absorption rates. However, as plasma plant sterol levels were 

previously validated in a population of 17 5 and 63 12 subjects, we chose to validate these markers 

in an equally large population of 80 subjects; i.e. 40 subjects with high plasma campesterol/TC 

concentrations versus 40 with low campesterol/TC concentrations. 

Study outcomes
Normally distributed data are presented as means and standard deviations (SD). Skewed data 

were log-transformed prior to testing and are presented as median with the range. Differences in 

parameters between subjects with high and low campesterol/TC concentrations were analyzed with 

independent sample T-tests. Associations between plasma plant sterol concentrations and cholesterol 

absorption in the entire study group were analyzed by means of multiple regression analysis, with 

corrections for BMI and triglyceride concentrations, since those differed between subjects with high 

and low campesterol/TC concentrations. Analyses were performed by use of SPSS 15.0 for Windows 

software (SPSS Inc, Chicago, IL, USA). 
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resulTs

baseline characteristics
One-hundred seventy-five from a total of 244 screened subjects met the in- and exclusion criteria 

(Table 1). Plasma campesterol/TC concentrations ranged from 0.45 to 4.43μg/mg; sitosterol/TC from 

0.31 to 2.95μg/mg and cholestanol/TC from 0.31 to 2.55μg/mg. Lathosterol/TC levels varied from 0.32 

to 2.75μg/mg. We found significant negative correlations between plasma absorption markers on the 

one hand and plasma lathosterol/TC concentrations on the other: R= -0.39 for campesterol/TC, R= 

-0.42 for sitosterol/TC and R= -0.39 for cholestanol/TC (p<0.001 for all). 

Plasma non-cholesterol sterol concentrations were significantly associated with BMI (R= -0.25, p=0.001 

for campesterol/TC; R=-0.30, p<0.001 for sitosterol/TC; R=-0.15, p=0.048 for cholestanol/TC and 

R=0.24, p=0.001 for lathosterol/TC) and with plasma triglyceride concentrations (R= -0.19, p=0.014 

for campesterol/TC, R=-0.27, p<0.001 for sitosterol/TC, R= -0.19, p=0.010 and R= 0.28, p<0.001 for 

lathosterol/TC). 

 

Table 1. Mildly hypercholesterolaemic study population (N=175)

Age, years 59.7 ± 5.6
Male/ female, n 119 / 56
BMI, kg/m2 25.5 ± 2.9

Total cholesterol, mmol/l            6.12 ± 0.69
LDL-cholesterol, mmol/l   4.01 ± 0.56
HDL-cholesterol, mmol/l 1.61 ± 0.43
Triglycerides, mmol/l            1.03 [0.29 – 2.72]

Campesterol, mg/dl 0.90 ± 0.44
Sitosterol, mg/dl 0.62 ± 0.30
Cholestanol, mg/dl 0.86 ± 0.27
Lathosterol, mg/dl 0.74 ± 0.30

Campesterol/TC, μg/mg 1.51 ± 0.70
Sitosterol/TC, μg/mg 1.08 ± 0.51
Cholestanol/TC,  μg/mg 1.40 ± 0.40
Lathosterol/TC, μg/mg 1.22 ± 0.49

Data are presented as means ± SD, median [range] or number (n).
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Plasma dual isotope method 

Population characteristics and plasma non-cholesterol sterol concentrations 
Thirty-nine subjects with low campesterol/TC concentrations and 41 subjects with high concentrations 

were subjected to the plasma dual isotope measurement (Table 2). By definition, plasma non-

cholesterol sterol concentrations differed significantly between the two groups (Table 2, p<0.001 for 

all). Subjects with low campesterol/TC concentrations exhibited significantly higher BMI values as 

compared to subjects with high campesterol/TC concentrations (27.0 ± 3.3 kg/m2 versus 24.4 ± 2.2 kg/

m2, p<0.001), as well as significantly higher plasma triglyceride levels (1.14 [0.52 – 2.67] mmol/l versus 

0.89 [0.29 – 1.82] mmol/l, p=0.006). There were no differences in dietary cholesterol or plant sterol 

intake. There were no significant differences between men and women (data not shown).

Table 2. Study population plasma dual isotope measurement (N=80)

Low camp/TC 

N= 39

High camp/TC

N=41

Age, years 59.1 ± 5.7 59.9 ± 5.6
Male/female, n 27/12 29/12
BMI, kg/m2 27.0 ± 3.3 24.4 ± 2.2*

Total cholesterol, mmol/l            6.14 ± 0.77 6.23 ± 0.69
LDL-cholesterol, mmol/l   4.01 ± 0.61 4.11 ± 0.57
HDL-cholesterol, mmol/l 1.56 ± 0.37 1.69 ± 0.43
Triglycerides, mmol/l            1.14 [0.52 – 2.67] 0.89 [0.29 – 1.82]§

Glucose, mmol/l 5.13 ± 0.50 5.08 ± 0.35

Campesterol, mg/dl 0.56 ± 0.14 1.19 ± 0.37*

Sitosterol,  mg/dl 0.41 ± 0.14 0.87 ± 0.31*

Cholestanol, mg/dl 0.76 ± 0.17 0.97 ± 0.21*

Lathosterol, mg/dl 0.90 ± 0.34 0.55 ± 0.20*

Campesterol/TC, μg/mg 0.97 ± 0.22 2.14 ± 0.68*

Sitosterol/TC, μg/mg 0.74 ± 0.23 1.58 ± 0.52*

Cholestanol/TC, μg/mg 1.28 ± 0.24 1.68 ± 0.35* 
Lathosterol/TC, μg/mg 1.53 ± 0.59 0.92± 0.30*

Daily cholesterol intake (mg) 247 ± 100 215 ± 42
Daily plant sterol intake (mg) 125 ± 47 123 ± 36

Data are presented as means ± SD, median [range] or number (n). 

Analyses were performed with independent sample T-tests. 

Triglyceride data were skewed and log-transformed prior to testing, however untransformed medians and range are 
presented, *p<0.001; § p=0.05.
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Plasma markers of absorption were negatively associated with lathosterol/TC concentrations (ß = -0.49, 

p<0.001 for campesterol/TC, ß = -0.52, p<0.001 for sitosterol/TC, ß = -0.58, p<0.001 for cholestanol/

TC) in the entire group of 80 study subjects. 

Figure 2. No difference in FCA between ‘high and low absorbers’

Cholesterol absorption was 25 ± 16% in 39 subjects with low campesterol/TC concentrations (open circles) and 24 ± 12% in 
41 subjects with high campesterol/TC concentrations (closed circles). 

Figure 3. No correlation between plasma campesterol/TC concentrations and FCA

No correlation between plasma campesterol/TC concentrations and cholesterol absorption (ß= 0.10, p=0.40 unadjusted 
and ß= 0.13, p=0.30 after adjustment for BMI and triglycerides). Subjects with low plasma campesterol/TC concentrations 
are represented by the open circles, those with high plasma campesterol/TC concentrations as closed circles. 
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Plasma non-cholesterol sterols and cholesterol absorption
Mean fractional cholesterol absorption as measured by the plasma dual isotope method was 24% 

± 14%, ranging from 1% to 73%.  Since average cholesterol absorption was lower as compared to 

literature, i.e. 24% instead of 40 to 50% 1,2, we evaluated whether this difference was due to lower 

bioavailability of the oral D7-cholesterol tracer, caused by our method of administration. We could not 

substantiate this (Supplementary Methods and Results, Figure 1). 

Measured FCA did not differ significantly between the subjects with high and low campesterol/TC 

concentrations (Figure 2). There were no significant differences between men and women (data not 

shown). Measured FCA was not associated with plasma campesterol/TC concentrations: ß=0.13, 

p=0.30, adjusted for BMI and plasma triglyceride concentrations (Figure 3).  This lack of association 

with cholesterol absorption was also observed for plasma sitosterol/TC concentrations (ß=0.08, 

p=0.52). Plasma cholestanol/TC concentrations were significantly associated with measured FCA (ß= 

0.26, p=0.035), as well as plasma lathosterol/TC concentrations (ß= -0.30, p=0.016). These associations 

were similar when absolute plant sterol concentrations were used (ß=0.25, p=0.14 for campesterol, 

ß=0.17, p=0.17 for sitosterol, ß=0.48, p<0.001 for cholestanol and ß= -0.19, p= 0.12 for lathosterol). 

No significant associations were found when campesterol/lathosterol concentrations were used (data 

not shown). 
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DIscussIon

The present study demonstrates that plasma plant sterol concentrations are not associated with 

measured cholesterol absorption in a population of eighty mildly hypercholesterolaemic subjects. 

In line, these markers were unable to distinguish ‘high and low cholesterol absorbers’, as we found 

comparable FCA rates in individuals despite 3-fold varying plasma campesterol/TC concentrations. We 

chose to select ‘high and low absorbers’ based on cholesterol-adjusted plant sterol concentrations and 

campesterol in particular, since this sterol is more readily absorbed 16. In addition, we also evaluated 

associations between cholesterol absorption and other cholesterol-adjusted non-cholesterol sterols, 

including cholestanol concentrations and lathosterol/campesterol ratios, as well as absolute values. 

Plasma cholestanol/TC and lathosterol/TC concentrations were significantly associated with measured 

FCA.

Our findings are in stark contrast to current clinical practice, in which plasma plant sterol concentrations 

are used as reliable markers of cholesterol absorption. This was first suggested by a study in 17 

individuals from two families with familial hypertriglyceridemia 5. A significant association was found 

between plasma campesterol/TC concentrations and fractional cholesterol absorption rates (R=0.73). 

A similarly high correlation was found in 37 siblings of low and high absorbers 23. However, these were 

both relatively small-scale studies in related individuals, which might have strengthened the observed 

associations, as it was shown that plasma plant sterol concentrations are heritable to a certain degree 
24. Evaluation of these markers in larger populations of unrelated individuals yielded significantly 

weaker correlations: R=0.32 for plasma cholestanol levels in 61 middle-aged men 6, R=0.53, p=0.01 

for plasma cholestanol in a population of men with both high and low glucose concentrations 25. 

Although plasma plant sterols were measured, associations with measured cholesterol absorption 

were not reported. Similar correlations were found in 63 middle-aged men (R=0.42 for campesterol 

and R=0.30 for sitosterol) 12, as well as in a combined population of 22 lean and obese subjects 

(R=0.48 for campesterol and R=0.44 for sitosterol) 26. In other words, merely 10 to 25% of cholesterol 

absorption could be explained by plasma plant sterol concentrations in these populations. Despite the 

modest associations, plasma plant sterol concentrations have been used in numerous publications as 

a measure for FCA ever since. For example, in the past two years, 37 studies used plasma plant sterols 

as indirect markers of cholesterol absorption (pubmed.gov). 

Negative studies are scarce and only concern specific, small-sized populations: serum plant sterol 

concentrations did not reflect cholesterol absorption in mildly hypercholesterolaemic males consuming 

plant stanol-enriched food products 27; in post-menopausal women with coronary artery disease 28 and 

in children with Smith Lemli-Opitz syndrome 29. We report the first adequately powered, negative 

study in a randomly selected population of middle-aged, mildly hypercholesterolaemic, but otherwise 

healthy subjects. Baseline characteristics of our subjects were similar to previous study populations, in 

which positive associations between plasma plant sterols and cholesterol absorption were found 6, 12. 
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This also applies to the amount of ingested dietary plant sterols 30, the observed range of plant sterol 

concentrations 12, 23, 24, 31, as well as their negative correlations with plasma lathosterol concentrations, 

BMI and triglyceride concentrations 6, 32-35. Measured cholesterol absorption rates ranged from 1% 

to 73%, which is in line with literature (reviewed in 36), although mean cholesterol absorption was 

lower as compared to other studies; FCA averaged 24% instead of 40 to 50%. Of note, the lower mean 

cholesterol absorption could not be attributed to lower bioavailability of the oral D7-cholesterol tracer, 

caused by the method of administration (Supplementary Methods and Results). Furthermore, it is 

probably not due to population specific characteristics, since we found similar FCA rates in another 

population of 15 mildly hypercholesterolemic Dutch men (unpublished data). Measured FCA was 

associated with plasma cholestanol/TC concentrations and negatively with plasma lathosterol/TC 

concentrations, which is also in line with previous findings 6, 25. 

Despite the aforementioned affirmative findings, a sample size large enough to detect a clinically 

relevant association and the fact that our study was designed to answer the specific question 

whether cholesterol absorption differs between subjects with high and low plasma campesterol/TC 

concentrations, we failed to demonstrate any association with measured cholesterol absorption. This 

absence of a direct correlation between plasma plant sterol concentrations and cholesterol absorption 

may not be surprising when the metabolic routes of the different sterols are compared. Despite 

their high degree of structural similarity 37, there are numerous differences in the metabolic fate of 

plant sterols as compared to cholesterol within the human body. Plant sterols are not endogenously 

synthesized and derive strictly from the diet. They are absorbed via the NPC1L1 transporter in the 

proximal small intestine, but are a very poor substrate for ACAT2 and hence are not incorporated in 

chylomicrons. The resulting accumulation of the plant sterols in the enterocyte activates efflux into 

the lumen via the ABCG5/G8 heterodimer transporter 38. Instead of following the chylomicron route, 

plant sterols may be transported to the blood via ABCA1 39-41. The small amounts that reach the liver 

are more rapidly secreted into the bile, compared with cholesterol, probably due to the low plasma 

and hepatic esterification rate 42,43. This complex, but efficient efflux machinery results in plasma plant 

sterol concentrations that are approximately 200-fold lower as compared to cholesterol in normal 

individuals 8, 43. These low concentrations are not only determined by intestinal absorption, but also 

or possibly even more, by hepatic clearance. For instance, a sitosterolemia patient, characterized by 

100-fold elevated plasma plant sterol concentrations due to a mutation in the ABCG5/G8 transporter, 

exhibited completely normalized plasma plant sterol levels after liver transplantation, despite a 

persistent intestinal defective ABCG5/G8 transporter in this patient 44. Clearly, all steps involved in 

plant sterol transport may control their plasma concentrations and considering the fact that kinetic 

parameters for both NPC1L1 and ABCG5/G8 differ between plant sterol and cholesterol, good 

correlations between plant sterol and cholesterol absorption and metabolic turnover are not to be 

expected.   
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To investigate potential relations between activity of plant sterol transporter metabolism and their 

plasma concentrations, we considered several factors contributing to variations in plasma plant 

sterol concentrations, as recently reviewed 31. These include: dietary intake of plant sterols, gender, 

polymorphisms in ABCG5/G8, the presence of metabolic syndrome and apoE phenotypes. Dietary 

intake of plant sterols did not differ between the high and low campesterol/TC groups, although the 

relation between dietary intake of plant sterols and serum plant sterol concentrations is not very 

strong and none of our subjects consumed plant sterol enriched food products, 45,47-49. Furthermore, 

there were no differences in gender distribution between the high and low campesterol/TC group. 

The ABCG8 D19H variant has been associated with decreased plasma plant sterol concentrations, 

possibly mediated by a gain-of-function of the ABCG8 transporter 21,50.  As each of our subjects had 

participated in a previous study in which we investigated associations between five non-synonymous 

polymorphisms in ABCG5/G8 and plasma sterol concentrations 21, we are able to state that we found 

no differences in distribution of these variants between the high and low campesterol/TC groups (data 

not shown), although our current study population was too small for a genetic association study. In 

addition, we did not find any relation between these variants and measured cholesterol absorption 

and to the best of our knowledge, there are no reports showing hampered cholesterol absorption 

in subjects carrying this phenotype. We cannot rule out the possibility that a skewed distribution 

of apoE phenotypes between the high and low campesterol/TC group might have influenced our 

results. We did not genotype subjects for apoE phenotype, since reports on the associations between 

apoE variants and cholesterol absorption have been inconsistent 2, 31, 51, the prevalence of the apoE4 

genotype in the Netherlands is low 52 and apoE polymorphisms also affect serum cholesterol and 

triglyceride concentrations 53, thereby complicating the implication of certain associations with plasma 

plant sterols. Finally, although none of our subjects had type 2 diabetes mellitus or met the clinical 

criteria for metabolic syndrome, subjects with low plasma campesterol/TC concentrations did express 

higher BMI and plasma triglyceride concentrations in our study, which is in line with literature 6, 32-35. 

We corrected our results for this difference. Moreover, significant weight loss over a period of 2 years 

has been shown to significantly alter FCA rates and plasma plant sterol concentrations 54, illustrating 

that both cholesterol absorption and plant sterol concentrations are dynamic parameters, influenced 

by modifiable patient characteristics such as obesity or insulin resistance. At present, plasma plant 

sterols are mostly handled as stable parameters in a given individual 24, often with unjustified 

disregard towards possible dynamic confounders. Lack of consensus throughout literature regarding 

the correct use of plant sterols as markers of cholesterol absorption further underlines the scientific 

inconclusiveness. This was recently acknowledged by the founders of these markers, following review 

of the literature on this subject, stating that ‘it is worth using several instead of only one absorption 

sterol marker for making conclusions of altered absorption of cholesterol, and even then, the presence 

of at least some absolute measurement is valuable’ 13. 
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In conclusion, plasma plant sterol concentrations do not reflect cholesterol absorption in a relatively 

large population of mildly hypercholesterolemic subjects. Difficulties in the interpretation and correct 

use of plasma plant sterol concentrations, as well as differences between cholesterol and plant sterol 

metabolism disqualify their current use as reliable markers of cholesterol absorption.
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suPPleMenTary MeThoDs anD resulTs 

bioavailability of the oral D7-cholesterol tracer 

rationale
To study whether the slightly lower than expected FCA rates in our study were due to lower 

bioavailability of the oral D7-cholesterol tracer, caused by the method of administration. 

In the present study, the oral D7-cholesterol tracer was administered in a stomach-soluble gelatine 

capsule with a standardized breakfast, instead of being solubilized in an oily or fatty substance. 

Theoretically, this may have hampered incorporation of the oral tracer into mixed micelles and thereby 

absorption of the oral D7-cholesterol tracer, possibly resulting in lower measured FCA. 

Methods
We measured plasma D7-cholesterol enrichments over a period of seven days after administration 

of the oral D7-cholesterol tracer in three different ways: i. 50 mg D7-cholesterol in powder form in a 

capsule with a standard breakfast, identical to our study (test 0); ii. 50 mg D7-cholesterol in powder 

form in a capsule with a high-fat breakfast (test 1); iii. 50 mg D7-cholesterol dissolved in cacaobutter in 

a capsule, with the standard breakfast (test 2). This was done in a crossover experiment, with 2-week 

intervals between the study periods. During each study period, plasma D7-cholesterol enrichment was 

measured at T=0, T=9, T=11, T=24, T=48, T=72, T=120 and T=168h after ingestion of the D7-cholesterol. 

The study population consisted of eight randomly selected male subjects from the 80 participants of 

our study, who still met the original in- and exclusion criteria (Supplementary Table 1). The composition 

of the breakfasts is described in Supplementary Table 2. 

Supplementary Table 1. Subjects’ characteristics (N=8, males)

Age (years) 61.6 ± 8.2

BMI (kg/m2) 28.2 ± 2.2

Systolic blood pressure (mmHg) 150 ± 9

Diastolic blood pressure (mmHg) 88 ± 8

Total cholesterol (mmol/L) 5.75 ± 0.87

LDL-cholesterol (mmol/L) 3.73 ± 0.55 

HDL-cholesterol (mmol/L) 1.42 ± 0.27

Triglycerides (mmol/L) 1.25 [0.73 -2.07]

Campesterol (mg/dl) 0.64 ± 0.24

Campesterol/TC (ug/mg) 1.10 ± 0.33

Data are presented as means ± SD. Triglycerides are shown as median [range].
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results

Supplementary Table 2. Composition of breakfasts

Test 0 Test 1 Test 2

Composition

Standard breakfast*

Standard breakfast + 30 
g margarine and one 

extra slice of bread with 
marmelade

Standard breakfast + one 
extra slice of bread with 

marmelade

Administration of oral  
D7-cholesterol 50 mg powder in one 

capsule
50 mg powder in one 

capsule

50 mg powder dissolved in 
2385 ± 8,5 mg cacao butter, 

divided over 4 capsules

Energy (kcal)
- Protein (kcal)
- Carbohydrate (kcal)
- Fat (kcal)

458
100
211
148

769
115
323
332

610
115
323
173

Cholesterol (mg) 29 31 30

*The standard breakfast was identical to the breakfast provided in the main study, consisting of 2 slices of whole wheat 
bread with 15g of margarine, 40g cheese, 150ml semi-skimmed milk and coffee with a small slice of gingerbread.

We found no significant difference in the plasma D7 cholesterol enrichment curves between the three 

study periods, as determined by testing the AUC on a per subject basis (Supplementary Figure 1). This 

rules out the option that the observed somewhat lower fractional cholesterol absorption rates can be 

attributed to the method of administration of the oral D7 -cholesterol tracer. 

Supplementary Figure 1. Plasma D7 cholesterol enrichment curves 

No significant differences between plasma D7-enrichment curves after the original method of administration (black 
rectangles); the high fat breakfast (red triangles) and the D7-cholesterol dissolved in cacaobutter with a normal breakfast 
(blue diamonds) at either of the timepoints.
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absTracT

Subjects with increased cholesterol absorption might benefit more from statin therapy combined with 

a cholesterol absorption inhibitor. We assessed whether baseline cholesterol absorption markers were 

associated with response to ezetimibe/simvastatin therapy, in terms of LDL-cholesterol (LDL-C) lowering 

and changes in markers of cholesterol absorption, in patients with familial hypercholesterolaemia (FH).

In a post-hoc analysis of the two-year ENHANCE trial, we assessed baseline cholesterol-adjusted 

campesterol (campesterol/TC) and sitosterol (sitosterol/TC) ratios in 591 FH patients. Associations with 

LDL-C changes and changes in cholesterol absorption markers were evaluated by multiple regression 

analysis.

No association was observed between baseline markers of cholesterol absorption and the extent of 

LDL-C response to ezetimibe/simvastatin therapy (β= 0.020, p=0.587 for campesterol/TC and β<0.001, 

p=0.992 for sitosterol/TC). Ezetimibe/simvastatin treatment reduced campesterol concentrations by 

68% and sitosterol concentrations by 62%; reductions were most pronounced in subjects with the 

highest cholesterol absorption markers at baseline, the so-called high absorbers (p<0.001).

Baseline cholesterol absorption status does not determine LDL-C lowering response to ezetimibe/

simvastatin therapy in FH, despite more pronounced reductions in markers of cholesterol absorption 

in so-called high absorbers. Hence, these data do not support the use of baseline absorption markers 

as a tool to determine optimal cholesterol-lowering strategy in FH patients. However, due to the 

exploratory nature of any post-hoc analysis, these results warrant further prospective evaluation in 

different populations. 
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InTroDucTIon

Cholesterol homeostasis is regulated by an intricate interaction of cholesterol synthesis, intestinal 

absorption, biliary removal and faecal excretion. Plasma concentrations of the plant sterols campesterol 

and sitosterol and the cholesterol metabolite cholestanol have been shown to correlate positively with 

intestinal cholesterol absorption and inversely with endogenous cholesterol synthesis. In contrast, the 

cholesterol precursor lathosterol has been shown to positively correlate with cholesterol synthesis 1,2,3. 

Consequently, these non-cholesterol sterols have been used as markers of steady-state cholesterol 

homeostasis. Based on these markers, a classification of subjects with high and low basal cholesterol 

absorption or synthesis has been suggested 4,5. These so-called ‘high and low absorbers’ and ‘high and 

low synthesizers’ have been shown to respond differently to cholesterol-lowering treatments, in terms 

of low-density lipoprotein cholesterol (LDL-C) lowering 6-8 and cardiovascular event rate 9. Hence, it 

was postulated that high absorbers should not be treated with statins alone, but would benefit more 

from addition of a cholesterol absorption inhibitor 4.

Differences in basal cholesterol absorption and synthesis, as defined by baseline non-cholesterol 

sterols, have also been suggested to predict LDL-C lowering response in patients with familial 

hypercholesterolaemia (FH) 10-13. Furthermore, a recent study showed a strong negative correlation 

between the LDL-C response to statins and the response to subsequent addition of ezetimibe in 

a population of heterozygous FH patients, indicating that good responders to statins were poor 

responders to ezetimibe and vice versa 14. The authors hypothesized that this might be explained by 

variability in basal cholesterol synthesis and absorption. Unfortunately, no markers of basal absorption 

or synthesis were measured. To address this issue, we performed a post-hoc analysis of the ENHANCE 

trial, in which a population of heterozygous FH patients was treated with either ezetimibe/simvastatin 

combination therapy or simvastatin alone for a period of two years 15. Our primary objective was to 

evaluate whether FH patients with high baseline absorption markers show stronger LDL-C reductions 

after ezetimibe/simvastatin therapy compared with patients with low baseline absorption markers. 

In addition, we investigated whether subjects with high baseline synthesis markers showed more 

pronounced LDL-C reductions after simvastatin therapy when compared with low synthesizers. Finally, 

we assessed whether changes in absorption and synthesis markers after treatment with ezetimibe/

simvastatin and simvastatin alone differed between patients with different baseline concentrations of 

cholesterol absorption and synthesis. 
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MeThoDs 

subjects and study design
Data were derived from subjects who participated in the ENHANCE study. Details and outcomes were 

previously reported 15. In short, in this prospective double-blind, randomized, multicenter 24-month 

trial, heterozygous FH patients, diagnosed either by genotyping or by WHO diagnostic criteria and aged 

between 30 and 75 years, were enrolled regardless of prior lipid-lowering therapy. Major exclusion 

criteria were high-grade stenosis or occlusion of the carotid artery, a history of carotid endarterectomy 

or carotid stenting, homozygous FH, severe congestive heart failure, cardiac arrhythmia, angina 

pectoris or recent cardiovascular events. 

After a single-blind 6-week placebo run-in period, a total of 720 subjects with untreated LDL-C 

concentrations of 5.43 mmol/l (210 mg/dl) or more were randomized to daily therapy with 80 mg of 

simvastatin either with placebo or with 10 mg of ezetimibe for a period of two years.

At the end of the placebo run-in period, baseline measurements of lipoproteins and non-cholesterol 

sterols were performed. For this post-hoc analysis, we used these baseline data and data obtained 

after 24 months of therapy of all subjects who completed the trial and who had retrievable non-

cholesterol sterol concentrations at baseline and at end-of-study. 

Measurement of lipoproteins and non-cholesterol sterols 
Plasma total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C) and triglycerides were 

analyzed using standardized methods at the central laboratory of the trial (PPD Global Central Labs, 

Highland Heights, Kentucky, USA). LDL-C was calculated using the Friedewald formula. Non-cholesterol 

sterols were quantified by gas chromatography-mass spectrometry (GCMS). 

statistical analyses
Differences in baseline parameters between the treatment groups were compared using an 

independent Student’s t-test. Skewed data were log-transformed prior to testing. Baseline sitosterol, 

campesterol and lathosterol levels and changes in these concentrations can be presented both as 

cholesterol-adjusted ratios (non-cholesterol sterol/TC) and as absolute values. The former is generally 

performed to eliminate the influence of high lipoprotein concentrations, such as in FH 16. When statin-

induced changes in markers of cholesterol absorption and synthesis are concerned, presentation of 

changes in absolute concentrations has been advocated  17. Therefore, in line with a recent report 

addressing this issue 18, non-cholesterol sterol concentrations are expressed as follows: high absorbers 

are defined as subjects with high baseline cholesterol-adjusted campesterol or sitosterol ratios 

(campesterol/TC and sitosterol/TC, respectively). Similarly, high synthesizers are defined as subjects 

with high baseline lathosterol/TC ratios. Conversely, when describing the relationship between change 

in markers of absorption and synthesis on the one hand and change in cholesterol concentrations 
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on the other, absolute sterol concentrations are preferred, since adjusting for TC concentrations 

would mask the outcome variable of interest. Nevertheless, both cholesterol-adjusted and absolute 

changes in non-cholesterol sterols are reported, to meet other preferences in the field and to allow for 

comparisons with previous reports. 

We evaluated Pearson’s correlations between baseline non-cholesterol sterols on the one hand and 

baseline non-cholesterol sterols or LDL-C concentrations on the other hand. Associations between 

baseline markers of cholesterol absorption or synthesis and parameters of interest were analyzed by 

means of multiple regression analysis. Associations with treatment-induced changes in LDL-C and non-

cholesterol sterols were evaluated for both treatment arms separately. For change in LDL-C, the model 

was adjusted for baseline LDL-C concentrations. 

The model to study the association between baseline campesterol or sitosterol concentrations and 

their change during treatment was adjusted for baseline lathosterol concentrations and BMI, since 

these were previously suggested as important determinants 7. Similarly, the association between 

baseline lathosterol concentrations and their change during treatment was adjusted for baseline 

campesterol concentrations and BMI. Finally, we assessed whether these relationships were merely 

caused by regression to the mean, as previously described 19. In short, associations between changes 

in non-cholesterol sterols and baseline non-cholesterol sterols were evaluated in four models, which 

included no effect and either or both additive and multiplicative treatment effects. If the model, which 

included both additive and multiplicative effects fitted better than the additive model only (regression 

to the mean), changes in non-cholesterol sterol concentrations were considered to be determined by 

baseline non-cholesterol sterol concentrations instead of being caused by regression to the mean only. 

Analyses were performed by use of SPSS 15.0 for Windows software (SPSS Inc, Chicago, IL, USA) and R 

software (version 2.8.1.0). A p-value <0.05 was considered statistically significant.



70

 

resulTs

As previously reported, in the ENHANCE study, 363 subjects were treated with simvastatin alone, of 

which 299 completed the trial 15. Three-hundred fifty-seven subjects were treated with ezetimibe/

simvastatin therapy, of which 316 completed the trial. In our analyses, we included 289 subjects in the 

simvastatin group and 302 subjects in the ezetimibe/simvastatin group, also excluding the subjects 

with missing non-cholesterol sterol data. 

baseline characteristics and correlations
Treatment groups did not differ with respect to baseline characteristics, lipoproteins and cholesterol-

adjusted and absolute non-cholesterol sterol concentrations (Table 1).

Correlations between baseline markers of cholesterol absorption and synthesis
Correlations between cholesterol-adjusted markers of absorption and synthesis were statistically 

significant, although relatively weak (R= -0.17, p<0.001 for campesterol/TC and lathosterol/TC; R= 

-0.26, p<0.001 for sitosterol/TC and lathosterol/TC). Campesterol/TC and sitosterol/TC ratios correlated 

well with one another (R= 0.85, p<0.001).

Table 1.  Baseline characteristics, lipids and non-cholesterol sterols

simvastatin 80mg ezetimibe/simvastatin 10/80mg  

Subjects, n 289 302

Age, years 45.5 ± 9.6 46.4 ± 8.9

Male gender, n 145 (50.2%) 161 (53.3%)

BMI, kg/m2 26.9 ± 4.3 27.5 ± 4.7

Total cholesterol, mmol/l            10.33 ± 1.86 10.35 ± 1.83

LDL-cholesterol,  mmol/l   8.22 ± 1.80 8.25 ± 1.75

HDL-cholesterol,  mmol/l 1.19 ± 0.30 1.21 ± 0.29

Triglycerides, mmol/l            1.82 [ 0.54  -6.75] 1.77 [0.49 – 8.08]

Campesterol, mg/dl 0.76 ± 0.38 0.82 ± 0.46

Sitosterol,  mg/dl 0.54 ± 0.26 0.56 ± 0.27

Lathosterol, mg/dl 0.53 ± 0.20 0.52 ± 0.21

Campesterol/TC ratio, μg/mg 1.90 ± 0.88 2.02 ± 1.01

Sitosterol/TC, μg/mg 1.36 ± 0.59 1.40 ± 0.59

Lathosterol/TC ratio, μg/mg 1.35 ± 0.48 1.30 ± 0.50

Data are presented as means ± SD, median [range] or number (%). Analyses were performed with independent Student’s 
t-test. For gender Chi2 test was used. There were no significant differences between the groups. As triglyceride data were 
skewed, data were log-transformed prior to testing, however untransformed medians and range are presented. 
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Correlations between absolute cholesterol absorption and synthesis markers were not statistically 

significant (R= -0.003, p=0.940 for campesterol and lathosterol; R= -0.07, p= 0.071 for sitosterol and 

lathosterol). Absolute campesterol and sitosterol levels were highly correlated (R= 0.88, p<0.001). 

Correlations between baseline markers of cholesterol absorption or synthesis and baseline 
LDL-C concentrations
Baseline campesterol/TC and sitosterol/TC ratios were positively correlated with baseline LDL-C 

concentrations, although relationships were weak (R=0.10, p=0.014 for campesterol/TC; R=0.08, 

p=0.048 for sitosterol/TC). Conversely, lathosterol/TC ratios showed an inverse relation with baseline 

LDL-C concentrations (R=-0.15, p<0.001). We also found statistically significant associations between 

absolute non-cholesterol sterols and baseline LDL-C concentrations (R=0.41, p<0.001 for campesterol; 

R=0.44, p<0.001 for sitosterol and R=0.30, p<0.001 for lathosterol, respectively). 

associations between non-cholesterol sterols and lDl-c change

Baseline markers of cholesterol absorption and synthesis do not predict LDL-C change after 
ezetimibe/simvastatin or simvastatin monotherapy
We found no association between baseline campesterol/TC or sitosterol/TC ratios and LDL-C change 

after both ezetimibe/simvastatin therapy (p=0.587 and p=0.992, respectively) and simvastatin 

monotherapy (p=0.287 and p=0.871, respectively). Similarly, there was no significant association 

between baseline lathosterol/TC ratios and LDL-C change after both ezetimibe/simvastatin therapy 

(p=0.154) and simvastatin monotherapy (p=0.927). This also applied when absolute non-cholesterol 

sterol concentrations were used (Table 2). 

In contrast, changes in absolute campesterol, sitosterol and lathosterol concentrations were 

significantly associated with LDL-C change in both treatment groups (Table 2). Changes in campesterol/

TC and sitosterol/TC ratios were associated with LDL-C change in the ezetimibe/simvastatin treated 

group only, whereas changes in lathosterol/TC ratios were significantly associated with LDL-C change 

in both treatment groups (Table 2). 

Addition of ezetimibe to simvastatin results in incremental LDL-C reductions irrespective of 
baseline cholesterol absorption or synthesis markers
To evaluate whether addition of ezetimibe to simvastatin results in significantly stronger LDL-C 

reductions in high absorbers compared with low absorbers, subjects were stratified into quartiles 

according to baseline campesterol/TC ratios (Supplementary Table 1). Subsequently, we compared 

differences in mean LDL-C change between the two treatments within the highest and lowest 

campesterol/TC quartiles. No significant differences were found; in the highest quartile (Q4), the 

difference in mean LDL-C change between subjects treated with ezetimibe/simvastatin and those 



72

 

treated with simvastatin alone was 1.49 ± 0.27 mmol/l, whereas this difference between the treatment 

groups was 1.33 ± 0.17 mmol/l in the lowest quartile (Q1) (p=0.928, Figure 1). This also applied when 

sitosterol/TC quartiles were used as a marker of baseline cholesterol absorption (data not shown). 

Similarly, no differences were found between the two treatments for high versus low synthesizers 

(Supplementary Table 2), as the differences in mean LDL-C change between the two treatments within 

the lowest and highest lathosterol/TC quartiles were not significant (1.31 ± 0.26 mmol/l in Q4 versus 

1.20 ± 0.20 mmol/l in Q1, p=0.741, Figure 1). Similar results were obtained when baseline absolute 

non-cholesterol concentrations were used (data not shown). 

Table 2. Associations between non-cholesterol sterols and LDL-C change

baseline non-cholesterol sterols simvastatin 80mg (n= 289) ezetimibe/simvastatin 10/80mg (n= 302)

β P-value β P-value

Campesterol, mg/dl -0.072 0.166 0.009 0.825

Sitosterol, mg/dl -0.020 0.705 -0.010 0.806

Lathosterol, mg/dl -0.001 0.981 0.057 0.148

Campesterol/TC, μg/mg -0.051 0.287 0.020 0.587

Sitosterol/TC, μg/mg 0.008 0.871 <0.001 0.992

Lathosterol/TC, μg/mg 0.005 0.927 0.053 0.154

change in non-cholesterol sterols simvastatin 80mg (n= 289) ezetimibe/simvastatin 10/80mg (n= 302)

Δ campesterol 2y, mg/dl 0.235 <0.001 0.081 0.047

Δ sitosterol 2y, mg/dl 0.206 <0.001 0.125 0.003

Δ lathosterol 2y, mg/dl 0.232 <0.001 0.157 <0.001

Δ campesterol/TC 2y, μg/ml -0.180 <0.001 -0.013 0.736

Δ sitosterol/TC 2y, μg/ml -0.193 <0.001 -0.021 0.570

Δ lathosterol/TC 2y, μg/ml 0.135 0.001 0.083 0.026

Data were analyzed in a multiple regression model with LDL-C change from baseline as dependent variable and the non-
cholesterol sterol and baseline LDL-C as independent variables. In addition, associations between change in absolute non-
cholesterol sterol levels and LDL-C change were analyzed. In this model, LDL change from baseline served as dependent 
variable and change in the non-cholesterol sterol and baseline LDL-C as independent variables. β represents the 
standardized β coefficient.
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associations between baseline non-cholesterols and change in markers of cholesterol 

absorption and synthesis

Overall change in markers of cholesterol absorption and synthesis after ezetimibe/
simvastatin and simvastatin monotherapy
Campesterol/TC ratios changed by -0.88 ± 0.82 μg/mg (-39.6% ± 21.1%) in the ezetimibe/simvastatin 

group compared with 0.62 ± 0.69 μg/mg (43.0% ± 56.2%) in the simvastatin group (p<0.001); sitosterol/

TC ratios changed by -0.42 ± 0.41 μg/mg (-27.5% ± 25.0%)  in the combination group, compared with 

0.43 ± 0.53 μg/mg (38.7% ± 52.1%) in the simvastatin group (p<0.001). Lathosterol/TC ratios changed 
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Figure 1. Change in LDL-C by campesterol/TC and lathosterol/TC quartiles

Differences in mean LDL-C change after simvastatin (diamond) and ezetimibe/simvastatin therapy (square) within the 
lowest (A) and highest (B) campesterol/TC and lathosterol/TC quartiles. A is not significantly different from B, as analyzed 
by an independent sample t-test (p=0.928 for campesterol/TC and p=0.741 for lathosterol/TC).  
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by -0.37 ± 0.56 μg/mg (-18.6% ± 90.8%)  in the ezetimibe/simvastatin group, compared with -0.73 ± 

0.52 μg/mg (-49.2% ± 67.8%) in the simvastatin group (p<0.001). 

Absolute campesterol concentrations changed by -0.58 ± 0.41 mg/dl (-68.3% ± 13.3%) in the 

ezetimibe/simvastatin group versus -0.11 ± 0.25 mg/dl (-5.6% ± 42.1%) in the simvastatin group 

(p<0.001); sitosterol concentrations changed by -0.36 ± 0.21 mg/dl (-62.1% ± 14.3%) in the ezetimibe/

simvastatin group versus -0.08 ± 0.17 mg/dl (-8.5% ± 38.9%) in the simvastatin group (p<0.001). 

Absolute lathosterol concentrations changed by -0.32 ± 0.21 mg/dl (-56.7% ± 48.7%) in the ezetimibe/

simvastatin group versus -0.37 ± 0.21 mg/dl (-65.4% ± 46.8%) in the simvastatin group (p=0.03). Data 

are presented graphically in Figure 2. 

Baseline lathosterol, but not sitosterol or campesterol concentrations predict reductions in 
cholesterol synthesis after simvastatin and ezetimibe/simvastatin therapy
We investigated whether the observed reductions in cholesterol synthesis, as reflected by lathosterol/

TC ratios were most pronounced in subjects with the highest baseline lathosterol/TC concentrations, 

the so-called high synthesizers. This was indeed the case (p<0.001 for both treatments, Table 3). This 
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Figure 2. Change in cholesterol-adjusted and absolute non-cholesterol sterols 

Change in cholesterol-adjusted and absolute non-cholesterol sterols after two years of treatment with simvastatin (■) and 
ezetimibe/simvastatin (■).
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also applied to reductions in absolute lathosterol concentrations (p<0.001 for both treatments, Table 

3). These significant relationships were not attributable to regression to the mean only, but indeed 

showed a relationship with baseline concentrations, as determined by comparison of the above 

mentioned models proposed by Chen et al14.  

Reductions in lathosterol/TC levels after both treatments did not differ between high and low 

absorbers, since baseline campesterol/TC concentrations were not significantly associated with 

change in lathosterol/TC concentrations in either of the treatment arms (Table 3). This also applied to 

changes in absolute lathosterol levels.

Baseline campesterol and sitosterol concentrations predict both simvastatin-induced 
increases and ezetimibe/simvastatin-induced decreases in markers of cholesterol 
absorption 
We tested the hypothesis whether the observed decreases in cholesterol absorption, as reflected by 

campesterol/TC and sitosterol/TC ratios, after ezetimibe/simvastatin therapy were more pronounced 

in high absorbers, compared with low absorbers. Indeed, reductions in campesterol/TC and sitosterol/

TC ratios were the strongest in subjects with high baseline campesterol/TC and sitosterol/TC 

concentrations in the ezetimibe/simvastatin group (p<0.001 for both, Table 3). 

We also assessed whether the simvastatin-induced increases in campesterol/TC and sitosterol/

TC ratios differed between high and low cholesterol absorbers. We found that low absorbers show 

more pronounced increases in campesterol/TC and sitosterol/TC ratios after simvastatin therapy 

compared with high absorbers (p<0.001, Table 3). These relationships were also significant when 

absolute campesterol and sitosterol concentrations were used (Table 3) and were not merely caused 

by regression to the mean (data not shown).
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Table 3. Associations between baseline non-cholesterol sterols and change in non-cholesterol sterols 

change in non-cholesterol sterols simvastatin 80mg (n= 289) ezetimibe/simvastatin 10/80mg (n= 302)

β P-value β P-value

Δ lathosterol/Tc, μg/mg*

Lathosterol/TC, μg/mg -0.752 <0.001 -0.623 <0.001

Campesterol/TC, μg/mg -0.043 0.316 -0.049 0.313

Sitosterol/TC, μg/mg -0.051 0.247 -0.048 0.336

Δ lathosterol, mg/dl†

Lathosterol, mg/dl -0.853 <0.001 -0.832 <0.001

Campesterol, mg/dl -0.035 0.310 -0.027 0.435

Sitosterol, mg/dl -0.025 0.470 -0.025 0.475

Δ campesterol/Tc, μg/mg‡

Campesterol/TC, μg/mg -0.210 0.001 -0.898 <0.001

Sitosterol/TC, μg/mg -0.189 0.003 -0.695 <0.001

Lathosterol/TC, μg/mg -0.122 0.050 -0.043 0.175

Δ campesterol, mg/dl§

Campesterol, mg/dl -0.676 <0.001 -0.973 <0.001

Sitosterol, mg/dl -0.567 <0.001 -0.821 <0.001

Lathosterol, mg/dl -0.116 0.015 -0.005 0.754

Δ sitosterol/Tc, μg/mg||

Sitosterol/TC, μg/mg -0.164 0.009 -0.719 <0.001

Campesterol/TC, μg/mg -0.117 0.057 -0.632 <0.001

Lathosterol/TC, μg/mg -0.122 0.053 -0.052 0.286

Δ sitosterol, mg/dl¶

Sitosterol, mg/dl -0.589 <0.001 -0.940 <0.001

Campesterol, mg/dl -0.543 <0.001 -0.829 <0.001

Lathosterol, mg/dl -0.118 0.025 -0.013 0.570

Associations between baseline non-cholesterol sterols and change in non-cholesterol sterols after both simvastatin and 
ezetimibe/simvastatin therapy, analyzed by multiple regression. β represents the standardized β coefficient. *corrected 
for baseline lathosterol/TC and BMI; †corrected for baseline lathosterol and BMI; ‡corrected for baseline campesterol/TC, 
lathosterol/TC and BMI; §corrected for baseline campesterol, lathosterol and BMI; ||corrected for baseline sitosterol/TC, 
lathosterol/TC and BMI; ¶corrected for baseline sitosterol, lathosterol and BMI.
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DIscussIon

This post-hoc analysis demonstrates that in subjects with FH, baseline non-cholesterol sterols as 

indicators of basal cholesterol absorption and synthesis do not predict the LDL-C lowering response 

to treatment with ezetimibe/simvastatin or simvastatin alone. Furthermore, so-called high and low 

absorbers benefit equally from the addition of ezetimibe to simvastatin in terms of LDL-C lowering, 

despite stronger reductions in markers of cholesterol absorption in high absorbers. 

Previous reports suggest that high synthesizers show more pronounced cholesterol synthesis 

inhibition and subsequent LDL-C reductions after statin therapy 6, whereas high absorbers show more 

pronounced LDL-C reductions after cholesterol absorption inhibiting strategies 6, 7, 20. These effects 

have also been described in FH, although mostly in small-scale studies 11-13,21. 

Some of the abovementioned studies showed that baseline non-cholesterol sterols were more 

strongly correlated with changes in synthesis and absorption markers, whereas respective differences 

in serum cholesterol concentrations were markedly less 6, 7, 22. Nevertheless, based on these reports, it 

has been suggested that in subjects with high baseline absorption markers, statin treatment needs to 

be combined with cholesterol absorption inhibition to achieve effective serum cholesterol lowering 4,6 

and that quantification of baseline non-cholesterol sterols might be used as a clinical tool to customize 

cholesterol-lowering therapy in the individual hypercholesterolaemic patient 5.

Our data do not support this suggestion, since high synthesizers indeed experienced stronger 

cholesterol synthesis inhibition after simvastatin therapy compared with low synthesizers, but this did 

not result in more pronounced LDL-C lowering. Similarly, high absorbers showed more pronounced 

reductions in markers of cholesterol absorption in the ezetimibe/simvastatin group compared with 

low absorbers, again without experiencing stronger LDL-C reductions. This discrepancy might be 

attributed to the fact that in previous studies, LDL-C responses were mostly not corrected for baseline 

LDL-C concentrations, an important predictor of LDL-C reduction during lipid-lowering therapy 23, 24. 

In our study, baseline absolute non-cholesterol sterol levels were also strongly associated with LDL-C 

reductions in both treatment groups (p<0.01 for each of the non-cholesterol sterols, data not shown). 

Nevertheless, these associations were abolished once corrected for baseline LDL-C concentrations 

(Table 2). Our finding is in line with that of other studies, in which the LDL-C responses after treatment 

with statins 18 and intake of plant sterols 25 were also adjusted for baseline LDL-C concentrations. This 

highlights the importance of baseline LDL-C as a determinant for LDL-C lowering response, rather than 

baseline markers of cholesterol metabolism, even more so, because these were weakly correlated at 

baseline in our study.  

Of note, baseline non-cholesterol sterol concentrations in our study were within the same range as 

previously described in FH 10,26,27. Equal to these reports, absolute concentrations were higher than in 

non-FH populations, likely due to markedly higher lipoprotein concentrations, whereas cholesterol-

adjusted levels were similar to those in the normal population 28. Furthermore, we also analyzed 
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cholestanol to define high and low absorbers, as this cholesterol metabolite has also been used as 

a marker of cholesterol absorption in several reports to which we refer throughout this manuscript. 

This yielded the same results as the plant sterols (data not shown), which rules out the possibility that 

divergent results were attributable to differences in quantification and types of non-cholesterol sterols 

or to the population of FH in our study. 

Although we did not find an association between baseline non-cholesterol sterol concentrations and 

LDL-C change, we did observe significant associations between change in non-cholesterol sterols and 

LDL-C change (Table 2). These findings confirm very recent results on the effects of rosuvastatin and 

atorvastatin on markers of cholesterol synthesis and absorption 18. In that post-hoc analysis, baseline 

non-cholesterol sterols did not correlate with the cholesterol-lowering response to either of the 

statins, whereas alterations in absolute non-cholesterol sterol concentrations did. These analyses were 

correctly adjusted for baseline cholesterol concentrations and are in line with our findings. In addition, 

the two statins were most effective in subjects with the greatest reductions in cholesterol synthesis 

markers and no increase in cholesterol absorption markers during statin therapy. Subjects in which 

the converse was true were the poorest responders. Hence, the authors concluded that statin therapy 

was most effective in subjects who are unable to upregulate cholesterol absorption during statin 

therapy. Although we can confirm these observations in our study (data not shown), the observed 

increases in plant sterol concentrations might be merely due to diminished biliary sterol secretion 

during statin therapy, resulting in a smaller intestinal sterol pool instead of increased cholesterol 

absorption, as previously suggested 17. Although statin-induced upregulation of cholesterol absorption 

has been extensively described, based on statin-induced increases in plant sterol concentrations 4,6,16, 

this is less well established by studies in which cholesterol absorption was directly measured. In fact, 

some of these studies actually indicate that statins do not increase cholesterol absorption at all 29, 30. 

Thus, statin-induced changes in plant sterol concentrations might not be a reflection of changes in 

cholesterol absorption, but merely of one of the mechanisms by which statins achieve cholesterol-

lowering. Therefore, it is not surprising that these changes are associated with LDL-C change. 

Altogether, whether changes in plant sterols are valid markers of cholesterol absorption during 

statin therapy remains to be established. In any case, we and others 18 show that baseline markers of 

cholesterol absorption and synthesis do not predict LDL-C lowering during statin therapy. The present 

study demonstrates that this also applies to ezetimibe combined with simvastatin. 

The inhibitory effect of ezetimibe on intestinal sterol absorption has been well established 31. However, 

data were not known for ezetimibe combined with statins until a very recent multiple crossover study 

in 39 mildly hypercholesterolaemic men 30. That study showed that 10/20mg ezetimibe/simvastatin 

reduced fractional cholesterol absorption by approximately 60%. This reduction was not statistically 

different from the 65% reduction achieved by ezetimibe 10mg monotherapy. Unfortunately, non-

cholesterol sterol concentrations were not reported in that study. In fact, the effects of ezetimibe/

simvastatin on changes of markers of cholesterol absorption and synthesis have also been poorly 
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studied. Our study is the first to evaluate these effects over a longer term. The observed changes 

are consistent with recent results in patients with primary hypercholesterolaemia treated with 

ezetimibe/simvastatin for 12 weeks 32. This implies that short-term changes in non-cholesterol sterol 

concentrations are likely to be sustained on the long term, similarly in FH patients as in patients with 

primary hypercholesterolaemia. 

Associations between non-cholesterol sterol concentrations and carotid intima media thickness (cIMT) 

as a marker of atherosclerosis are unknown, except for a very recent report in 600 individuals without 

cardiovascular disease 33. Because cIMT was a primary endpoint in the original ENHANCE study, it would 

seem tempting to evaluate post-hoc associations between non-cholesterol sterol concentrations and 

cIMT. However, cIMT values might have been influenced by long-term pretreatment with statins in the 

ENHANCE study population 15,  which complicates the interpretation of such associations even more, 

next to the general drawbacks of post-hoc testing. Therefore, these analyses have been left out of 

consideration in the present study. 

Finally, several aspects of this study merit caution. First of all, exploration of the effects of ezetimibe/

simvastatin and simvastatin alone on non-cholesterol sterol concentrations, or the association of 

the latter with LDL-C changes was not a pre-specified objective of the original ENHANCE study. Since 

post-hoc analyses are not corrected for multiple comparisons, they may have yielded statistically 

significant results merely by chance. Furthermore, because the ENHANCE study lacked an ezetimibe 

monotherapy arm, we were not able to evaluate the individual ensuing responses to addition of 

ezetimibe to ongoing statin treatment. In addition, plasma non-cholesterol sterols are indirect markers 

of cholesterol metabolism. Hence, the treatment-induced changes in markers of cholesterol synthesis 

and absorption should be confirmed with direct measurements. Moreover, we were not able to correct 

our analyses for any possible differences in dietary plant sterol intake between the treatment groups, 

since dietary data were lacking. Finally, our study population consisted of FH patients. Although 

sterol metabolism is similar to non-FH subjects and plasma non-cholesterol sterols have been used 

as surrogate markers of cholesterol metabolism also in FH 26, 34, the LDL-C lowering response in FH 

may not solely depend on inhibition of cholesterol synthesis 11. In this respect, we cannot exclude that 

statin-related findings in the FH population might not be directly applicable to the general population.

In summary, our data imply that baseline non-cholesterol sterol concentrations do not predict LDL-C 

lowering response to ezetimibe/simvastatin or simvastatin monotherapy in FH. Hence, we do not 

support quantification of baseline non-cholesterol sterols as a tool in clinical practice to customize 

cholesterol-lowering strategy in these patients. However, results from any post-hoc analysis are by 

nature exploratory and the results in these FH patients do not necessarily apply to other populations. 

Therefore, our findings warrant further testing in prospective, randomized controlled trials in different 

populations. 
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Supplementary Table 1. Distribution of lipids and non-cholesterol sterol levels by baseline campesterol/TC quartiles

campesterol/Tc quartiles

characteristics Q1 Q2 Q3 Q4 p

n= 148 n= 147 n= 149 n= 147

Age, years 46.6 ± 9.3 46.9 ± 8.8 44.3 ± 9.0 46.1 ± 9.6 P=0.074

Male sex, n (%) 60 (40.5) 78 (53.1) 85 (57.0) 83 (56.5) P= 0.014

BMI, kg/m2 29.0 ± 5.1 27.8 ± 4.5 26.5 ± 4.1 25.7 ± 3.5 P<0.001

Total cholesterol, mmol/l 10.1 ± 1.78 10.50 ± 1.90 10.12 ± 1.74 10.62 ±1.91 P=0.032

LDL cholesterol, mmol/l 7.96 ± 1.75 8.36 ± 1.84 8.05 ± 1.63 8.59 ± 1.81 P=0.007

HDL cholesterol, mmol/l 1.19 ± 0.30 1.17 ± 0.27 1.21 ± 0.31 1.22 ± 0.30 P=0.487

Triglycerides, mmol/l 2.18 ± 1.09 2.19 ± 1.05 1.96 ± 1.18 1.83 ± 0.97 P=0.002

Sitosterol, mg/dl 0.33 ± 0.10 0.48 ± 0.13 0.56 ± 0.15 0.85 ± 0.28 P<0.001

Campesterol, mg/dl 0.40 ± 0.11 0.62 ± 0.13 0.81 ± 0.16 1.32 ± 0.46 P<0.001

Lathosterol, mg/dl 0.54 ± 0.20 0.54 ± 0.21 0.54 ± 0.24 0.48 ± 0.17 P=0.049

Sitosterol/TC ratio, μg/mg 0.84 ± 0.22 1.18 ± 0.26 1.44 ± 0.33 2.08 ± 0.59 P<0.001

Campesterol/TC ratio, μg/mg 1.01 ± 0.22 1.54 ± 0.13 2.08 ± 0.19 3.22 ± 0.90 P<0.001

Lathosterol/TC ratio,  μg/mg 1.41 ± 0.51 1.33 ± 0.47 1.36 ± 0.55 1.19 ± 0.41 P<0.001

simvastatin 80mg, n=289 n=82 n=70 n=68 n=69

Change in LDL-C, mmol/l -2.86 ± 1.06 -3.31 ± 1.45 -3.66 ± 1.59 -3.90 ± 1.56 p=0.420a

ezetimibe/simvastatin 10/80mg, n=302 n=66 n=77 n=81 n=78

Change in LDL-C, mmol/l -4.19 ± 1.05 -4.56 ± 1.42 -5.00 ± 1.23 -5.39 ± 1.70 p=0.535a

Data are presented as mean ± SD, median [range] or number (%) per quartile. 

P indicates P for linearity between campesterol/TC quartiles and study parameters. 

Associations of quartiles with baseline parameters were evaluated by means of ANOVA. 

Associations of quartiles in the different treatment arms were evaluated by means of linear regression, a adjusted for 
baseline LDL-C
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Supplementary Table 2. Distribution of lipids and non-cholesterol sterol levels by baseline lathosterol/TC quartiles

lathosterol/Tc quartiles

characteristics Q1 Q2 Q3 Q4 p

n= 148 n=147 n= 148 n=148

Age, years 46.2 ± 9.4 45.4 ± 9.3 46.6 ± 9.1 45.6 ± 9.2 P=0.665

Male sex, n (%) 63 (42.6) 75 (51.0) 80 (54.1) 88 (59.5) P= 0.031

BMI, kg/m2 25.01 ± 3.6 26.8 ± 4.4 27.8 ± 4.0 29.3 ± 4.8 P<0.001

Total cholesterol, mmol/l 10.49 ± 1.87 10.44 ± 1.86 10.36 ± 1.83 10.06 ± 1.80 P=0.185

LDL cholesterol, mmol/l 8.47 ± 1.79 8.36 ± 1.79 8.27 ± 1.71 7.85 ± 1.76 P=0.015

HDL cholesterol, mmol/l 1.27 ± 0.30 1.23 ± 0.29 1.18 ± 0.28 1.11 ± 0.30 P<0.001

Triglycerides, mmol/l 1.70 ± 0.95 1.87 ± 0.92 2.03 ± 1.02 2.54 ± 1.24 P<0.001

Sitosterol, mg/dl 0.64 ± 0.30 0.58 ± 0.26 0.54 ± 0.22 0.46 ± 0.22 P<0.001

Campesterol, mg/dl 0.87 ± 0.51 0.83 ± 0.45 0.78 ± 0.37 0.67 ±0.33 P<0.001

Lathosterol, mg/dl 0.31 ± 0.09 0.45 ± 0.08 0.57 ± 0.11 0.77 ±0.18 P<0.001

Sitosterol/TC ratio, μg/mg 1.58 ± 0.65 1.44 ± 0.60 1.35 ± 0.54 1.16 ± 0.49 P<0.001

Campesterol/TC ratio,  μg/mg 2.14 ± 1.08 2.05 ± 0.98 1.96 ± 0.88 1.69 ± 0.76 P<0.001

Lathosterol/TC ratio,  μg/mg 0.76 ± 0.17 1.12 ± 0.08 1.43 ± 0.10 1.98 ± 0.35 P<0.001

simvastatin 80mg, n=289 n=66 n=74 n=74 n=75

Change in LDL-C, mmol/l -3.22 ± 0.97 -3.13 ± 1.73 -3.40 ± 1.38 -3.89 ± 1.49 p=0.593a

ezetimibe/simvastatin 10/80mg, n=302 n=82 n=73 n=74 n=73

Change in LDL-C, mmol/l -4.42 ± 1.36 -4.83 ± 1.27 -4.88 ± 1.39 -5.20 ± 1.60 p=0.136a

Data are presented as mean ± SD, median [range] or number (%) per quartile. 

P indicates P for linearity between lathosterol/TC quartiles and study parameters. 

Associations of quartiles with baseline parameters were evaluated by means of ANOVA. 

Associations of quartiles in the different treatment arms were evaluated by means of linear regression, a adjusted for 
baseline LDL-C
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absTracT

Genetic variation at the ABCG5/G8 locus has been associated with markers of cholesterol homeostasis. 

As data originate from small-scale studies, we performed a meta-analysis to study these associations 

in a large dataset.

We first investigated associations between five common ABCG5/G8 polymorphisms (p.Q604E, p.D19H, 

p.Y54C, p.T400K and p.A632V) and plasma sterol concentrations in 245 hypercholesterolaemic 

individuals. No significant associations were found. 

Subsequently, our data were pooled into a meta-analysis that comprised 3364 subjects from 16 studies 

(weighted mean age 46.7 ± 10.5y; BMI 23.9 ± 3.5 kg/m2). Presence of the minor 632V allele correlated 

with reduced LDL-C concentrations (n=367) compared with homozygosity for the 632A variant [n= 

614, -0.11 mmol/l (95% CI: -0.20 to -0.03 mmol/l); p=0.01]. The remaining polymorphisms were not 

associated with plasma lipid levels. Carriers of the 19H allele exhibited lower campesterol/TC (n=83; 

p<0.001), sitosterol/TC (p<0.00001) and cholestanol/TC (p<0.00001) ratios and increased lathosterol/

TC ratios (p=0.001) compared with homozygous 19D allele carriers (n=591).

The ABCG8 632V variant was associated with a clinically irrelevant LDL-C reduction, whereas the 19H 

allele correlated with decreased cholesterol absorption and increased synthesis, without affecting the 

lipid profile. Hence, associations between frequently studied missense ABCG5/G8 polymorphisms and 

markers of cholesterol homeostasis are modest at best.
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InTroDucTIon

Intestinal cholesterol absorption is an active and selective process, mediated by several transporter 

proteins located at the intestinal brush border membrane. In fact, cholesterol and plant sterols are 

taken up by the enterocyte through the Niemann-Pick C1 Like 1 (NPC1L1) transporter 1. The ATP-

binding cassette (ABC) transporters G5 and G8 actively efflux plant sterols, and to lesser extent 

cholesterol, back into the intestinal lumen. In addition, ABCG5 and ABCG8 are located at the canalicular 

membranes of hepatocytes, where they facilitate efflux of cholesterol and plant sterols into bile 2. 

The ABCG5 and ABCG8 genes are located in a head-to-head configuration on chromosome 2p21 3. 

Mutations in either of these genes can cause sitosterolemia, a rare autosomal, recessively inherited 

disorder, characterized by xanthomas, arthralgia, anemia and premature atherosclerosis 3. The 

underlying mechanism involves increased intestinal absorption of plant sterols and concomitantly 

decreased biliary secretion of sterols, due to the absence of a functional ABCG5/G8 transporter protein 
4. In addition to rare sequence changes causing sitosterolemia, several more common sequence 

variants in ABCG5/G8 were identified in both healthy and hypercholesterolaemic individuals. These 

single nucleotide polymorphisms (SNPs) were found to be associated with plasma cholesterol and 

non-cholesterol sterol concentrations 5-8, as well as with the response to various cholesterol-lowering 

strategies, including diet interventions 7, 9, consumption of plant sterols or stanols 10,11 and treatment 

with statins 12. 

We evaluated associations of five frequently tested missense polymorphisms in ABCG5/G8 and 

plasma cholesterol and non-cholesterol sterol concentrations in 245 mildly hypercholesterolaemic 

subjects, as a replication dataset for results found in a comparable cohort 13. Plasma concentrations 

of campesterol, sitosterol and cholestanol serve as markers of cholesterol absorption and plasma 

lathosterol concentrations as markers of cholesterol synthesis 14. To obtain a large cohort for replication 

of signals observed in studies with limited subjects (reviewed in 15), we performed a systematic review 

and meta-analysis, in which we quantitatively assessed associations between five common ABCG5/

G8 polymorphisms and plasma cholesterol and non-cholesterol sterol concentrations. We used a 

combined dataset, consisting of our present study results pooled with data from 15 other studies that 

met our inclusion criteria. Based on these results, we conclude that associations between ABCG5/

G8 polymorphisms and markers of cholesterol homeostasis are modest at best. The use of small 

cohorts for such genetic association studies does not yield reproducible findings and is therefore not 

considered appropriate. 
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MeThoDs

observational study

Subjects and study design
Our study was a cross-sectional study, consisting of a single visit to our hospital for a blood draw and 

a physical examination. Recruitment took place via advertisements in local newspapers. Each subject 

gave written informed consent. 

Caucasian subjects of 18 years or older, with plasma low-density lipoprotein cholesterol (LDL-C) 

concentrations between 3.0 and 5.0 mmol/l were included. Exclusion criteria were a history of arterial 

disease, including unstable angina, myocardial infarction, transient ischemic attack, or a cerebrovascular 

accident; diabetes mellitus; uncontrolled hypertension; familial hypercholesterolemia (FH), diagnosed 

either by genotyping or by WHO diagnostic criteria; plasma triglyceride (TG) concentrations > 4.0 

mmol/l; BMI> 30 kg/m2 or excessive alcohol consumption. Subjects were not treated with cholesterol-

lowering medication and were not consuming sterol- or stanol-enriched food products six weeks prior 

to the study visit. Blood was collected after an overnight fast of at least 12h. Plasma was isolated by 

centrifugation and stored at -80ºC.  Genomic DNA was prepared from blood leukocytes according to 

standard procedures. This study was approved by the Institutional Review Board of our hospital. 

Analysis of genetic variation in ABCG5/G8 
We genotyped five non-synonymous polymorphisms in ABCG5/G8 [ABCG5: p.Q604E (rs6720173)); 

ABCG8: p.D19H (rs11887534), p.Y54C (rs4148211), p.T400K (rs4148217) and p.A632V (rs6544718)] 

using allelic discrimination. Primers were obtained from Applied Biosystems (Foster City, CA, USA) 

and analyses were performed on a Biorad C1000 Thermal Cycler CFX96 RT System, using VIC® and 

FAMTM dyes (Applied Biosystems). PCR was performed according to the manufacturer’s protocol using 

Taqman PCR mix (Applied Biosystems).

Plasma analyses
Plasma TC, HDL-C and TG levels were measured with standard automated methods; LDL-C levels 

were calculated using the Friedewald formula 16. Plasma non-cholesterol sterol concentrations were 

analyzed from non-saponifiable plasma material with gas-chromatography mass-spectrometry 

(GCMS), as described previously 17, with minor modifications. Sample size was reduced to 60 ml of 

serum for analysis in a ZB-1 GC column (60m x 0.25mm, 0.25 μm, Phenomenex, Torrance, CA) with 

deuterated campesterol, β-sitosterol and lathosterol as internal standards.
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Statistical analyses
Baseline non-cholesterol sterol concentrations are presented as cholesterol-adjusted ratios (non-

cholesterol sterol/TC), which is generally performed to eliminate the influence of lipoprotein 

concentrations on these levels 18. Data that were normally distributed are presented as means and 

standard deviations (SD). Skewed data were log-transformed prior to testing and are presented as 

median with the range. 

Each genotype was tested for Hardy-Weinberg equilibrium (HWE) by use of the χ2 test. Cross-sectional 

differences in baseline parameters between genotype variants (carriers versus non-carriers) were 

evaluated by use of unpaired Student’s t-tests, with a Bonferroni-corrected significance of p<0.001 

(0.05/40) (SPSS version 15.0, Chicago, IL, USA). 

systematic review and Meta-analysis

Data sources and search strategy
We performed a systematic literature search for reports assessing associations between ABCG5/

G8 polymorphisms and plasma lipid profiles and/or non-cholesterol sterols in healthy or 

hypercholesterolaemic subjects. Potentially eligible studies were retrieved via electronic databases 

(MEDLINE, EMBASE and the Science Citation Index). The following combinations of medical subject 

headings and free text keywords were used: “polymorphism, single nucleotide”,  “snp(s)”, “dna 

sequence variation”, “ genetic polymorphism”, “dna polymorphism”, “genotype”, “ABCG5 protein, 

human”, “ABCG8 protein, human”,

“ABCG5/G8”, “ATP binding cassette transporter(s) G5”, “ATP binding cassette transporter(s) G8”, “ATP 

binding cassette transporter(s) G5/G8”, “ATP binding cassette protein(s)G5/G8”. Additional studies 

were retrieved by a manual search through reference lists of relevant publications and recent reviews. 

Study Selection and Data Extraction
Two reviewers independently determined the eligibility of the studies, according to the following 

inclusion criteria: subjects aged 18 years or older, availability of genotyping data for one or more 

of the five ABCG5/G8 polymorphisms and available TC, LDL-C, HDL-C, TG, lathosterol, campesterol, 

sitosterol or cholestanol data. Studies were excluded if subjects had FH or were using lipid-lowering 

drugs or plant sterols at baseline of the study. No restrictions regarding study design, ethnicity of the 

subjects or language of the original articles were imposed. This also applied to possible deviations 

from HWE, since it was shown that there is no benefit in excluding these studies from genetic meta-

analyses 19. Duplicate and preliminary reports were excluded. To obtain the most complete set of 

data, authors were approached for additional information by e-mail. The two reviewers independently 

extracted data of the selected studies, according to a predetermined form. These data concern means 

and standard deviations of plasma lipoprotein and non-cholesterol sterols. When necessary, TC, 
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LDL-C, HDL-C and triglyceride data were converted to mmol/l and non-cholesterol sterol data to μg/

mg cholesterol. 

Statistical analyses
Data of heterozygous and homozygous minor allele carriers were combined and compared with 

carriers of the common variant. This was done in the majority of the reviewed studies to balance 

the groups within in each study more effectively. In case the data were not combined in the original 

report, we averaged means of each minor allele group. Standard deviations were combined according 

to: √(SD1
2* df1) + (SD2

2* df2)/(df1+df2), where SD1 represents the mean SD of the subjects with the 

heterozygous variant and SD2 the mean SD of subjects with the homozygous variant. Df1 represents 

the degrees of freedom in the heterozygous group and df2 the degrees of freedom in the homozygous 

group.

We calculated differences in means between the common and minor allele groups and the combined 

variance for each study. If study results for a certain outcome were homogeneous, we used a fixed 

model that considers consistency in effects over individual studies with natural variation around 

a constant effect. Then, the pooled mean difference was calculated by using the weighted sum of 

these differences, with the weight being the reciprocal of the combined variance for each study. 

Heterogeneity of study results was evaluated with the χ2 - and the I2 test for each outcome measure. 

When the probability value for the χ2-test was <0.10 and/or I2 was >50%, data were considered as 

heterogeneous. In case of significant heterogeneity, data from the studies were combined using a 

random effects model according to the method of DerSimonian and Laird 20. A Z-test was performed 

to test the overall effect. 

Associations were evaluated in Caucasian, Asian and other populations separately, by pooling data of 

eligible studies according to ethnicity. In addition, data of all eligible studied were analyzed regardless 

of ethnicity. Statistical analyses were performed using Review Manager 4.2.10 (The Cochrane 

Collaboration). 

resulTs

observational study
A total of 245 subjects were included into our study. Baseline data are displayed in Table 1. Frequency 

distributions of the polymorphisms were similar to those reported previously in European-American 

populations (Supplementary Table 1). All genotype distributions were in HWE and there were 

no gender differences (data not shown). No significant associations were found with plasma lipid, 

lipoprotein and non-cholesterol sterol concentrations (Table 2). 
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Table 1. Baseline characteristics observational study

Subjects, n 245

Age, years 58.2 ± 8.0

Male, n (%) 196 (80%)

BMI, kg/m2 25.7 ± 3.1

Lipids, mmol/l

Total cholesterol 6.18 ± 0.75

LDL-cholesterol   4.07 ± 0.62

HDL-cholesterol 1.53 ± 0.40

Triglycerides            1.10 [0.26 – 3.93]

Non-cholesterol sterols, μg/mg

Campesterol/TC 1.46 ± 0.71

Sitosterol/TC 1.13 ± 0.56

Cholestanol/TC 1.48 ± 0.34

Lathosterol/TC 1.25 ± 0.51

Values shown are means ± SD. Triglycerides are shown as median [range].

Supplementary Table 1. Frequency distribution of ABCG5/G8 polymorphisms

Gene exon snP ncbI 
db snP

nucleotide
change

ABCG5 Exon13 p.Q604E rs6720173 C > G

ABCG8 Exon 1 p.D19H rs11887534 G > C

ABCG8 Exon 2 p.Y54C rs4148211 A > G

ABCG8 Exon 8 p.T400K rs4148217 C > A

ABCG8 Exon 13 p.A632V rs6544718 C > T

snP common
n (%)

heterozygous
n (%)

homozygous
n (%)

allele frequency

p.Q604E CC 171 (70.3) CG 66 (27.2) GG 6 (2.5) C:  0.84 G: 0.16

p.D19H GG 219 (90.1) GC 23 (9.5) CC 1 (0.4) G:  0.95 C: 0.05

p.Y54C AA 73 (30) AG 128 (52.4) GG 43 (17.6) A:  0.56 G: 0.44

p.T400K CC 183 (75) CA 55 (22.5) AA 6 (2.5) C:  0.86 A : 0.14 

p.A632V CC 139 (57.2) CT 91 (37.5) TT 13 (5.3) C:  0.76 T : 0.24

NCBI dbSNP, National Center for Biotechnology Information single-nucleotide polymorphism database
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Meta-analysis; characteristics of included studies
The literature search generated 62 publications; 22 of which investigated the polymorphisms of 

interest. Eight studies were excluded, due to the inclusion of children 21, FH patients 22, subjects treated 

with cholesterol-lowering medication 6, 23, unavailable cholesterol data 10, 24, 25 and a duplicate report 26. 

Fifteen studies were included to the meta-analysis, next to our present study (Table 3). The number 

of participants ranged from 26 to 1046. Four studies were conducted in a population of Caucasians 
5,7,11,13,27, three studies investigated Asian populations 8,28,29, two studies were conducted in Hispanics 30 

and two in a mixed racial population 31,32. The remaining three studies did not report the ethnicity of 

the study subjects 9,12,33. The majority of the studies were conducted in mildly hypercholesterolaemic, 

otherwise healthy populations 5,12,13,27,28,31-33. Five studies evaluated normocholesterolaemic subjects 
9,11,29,30; two studies evaluated both 8,30. Most studies included normoweighted subjects, however one 

study selected overweight, mildly hypercholesterolaemic women 31 and one study was conducted 

in obese, insulin-resistant men without type 2 diabetes mellitus (T2DM) 33. Allele frequencies in all 

individual studies were in line with those reported previously (https://www.ncbi.nlm.nih.gov/SNP/). 

Each of the studies reported that genotype distribution was in HWE for the investigated SNPs, with 

the exception of three studies, which did not comment on HWE 5,27,33. From eight authors, we received 

additional data, which were not described in the original report. 

Meta-analysis: pooled effects of polymorphisms on lipids and non-cholesterol sterols
We evaluated associations between the ABCG5/G8 polymorphisms and plasma lipid and non-

cholesterol sterol concentrations by pooling data according to ethnicity, as well as by pooling data of 

all studies regardless of ethnicity. When performing the latter, there was little heterogeneity of study 

results, as evaluated with the χ2 - and the I2 test. In other words, a fixed model applied to almost all 

study parameters. Hence, all eligible studies were included into the meta-analysis, thereby increasing 

power (Supplementary Table 2).

Figure 1. Association between the ABCG8 p.A632V variant and plasma LDL-C concentrations 

WMD = weighted mean difference
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Of the five tested polymorphisms, only the p.A632V variant was associated with baseline lipid 

concentrations. In pooled data of five studies, 368 subjects carrying the minor 632V allele had 

significantly lower baseline LDL-C concentrations compared with 614 subjects with the common 632A 

variant, with a weighted mean difference (WMD) of -0.11 mmol/l (95% CI: -0.20 to -0.03 mmol/l, 

p=0.01, Figure 1). 

Six studies evaluated associations between ABCG5/G8 polymorphisms and non-cholesterol sterol 

concentrations 5,11,13,28,33. Analysis of the pooled data revealed that the minor allele of the p.D19H variant 

was associated with significantly reduced markers of cholesterol absorption and increased markers of 

cholesterol synthesis (Figure 2); 83 subjects carrying the 19H allele showed decreased campesterol/

TC, sitosterol/TC and cholestanol/TC ratios respectively, compared with 591 subjects with the common 

variant [WMD -0.50 μg/mg (95% CI: -0.80 to -0.20 μg/mg), p=0.001 for campesterol/TC; WMD -0.36 

μg/mg (95% CI: -0.45 to -0.27 μg/mg), p<0.00001 for sitosterol/TC; WMD -0.24 μg/mg (95% CI: -0.31 

to -0.17 μg/mg), p<0.00001 for cholestanol/TC]. Concomitantly, 79 subjects carrying the minor 19H 

allele expressed higher lathosterol/TC ratios compared with 541 subjects carrying the common variant 

[WMD 0.26 μg/mg, (95% CI: 0.10 to 0.41 μg/mg), p=0.001]. The p.T400K polymorphism showed similar 

trends with borderline significance, whereas the remaining three polymorphisms were not associated 

with baseline non-cholesterol sterol concentrations (Supplementary Table 2).
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DIscussIon

This meta-analysis is the first to evaluate associations between frequently studied missense ABCG5/

G8 variants in and plasma cholesterol and non-cholesterol concentrations in a large dataset, consisting 

of 3364 individuals from 16 studies. We found no substantial associations with plasma cholesterol 

levels. The p.D19H variant was associated with changes in cholesterol absorption and cholesterol 

synthesis markers, without affecting plasma cholesterol concentrations.  

To date, multiple studies have investigated associations between missense ABCG5/G8 variants 

and markers of baseline cholesterol metabolism (reviewed in 15). Several studies showed positive 

associations with plasma lipoprotein levels 5,7,8, which we and others were not able to replicate. 

The majority of these studies were small-scaled. Hence, pooling data of these studies allowed us 

to evaluate these associations in the largest possible number of individuals. The single significant 

association concerned the p.A632V polymorphism, i.e. carriers of the minor 632V allele exhibited an 

average 0.11 mmol/l decrease in plasma LDL-C levels compared with carriers of the common variant. 

This association was not found in any of the individual studies, and although statistically significant 

in our meta-analysis, its clinical relevance is modest at best. It was previously shown that a 10% 

reduction of plasma LDL-C concentrations is associated with a 20% decrease in major cardiovascular 

events 34. Based on such epidemiological data, subjects carrying the minor 632V allele would carry a 

reduced CVD risk of merely 5%. Interestingly, several genome-wide association studies (GWAS) have 

also shown significant associations between ABCG5/G8 variants and plasma LDL-C concentrations 35-38. 

Although these studies mostly include common variants with a minor allele frequency (MAF) greater 

than 0.1, two studies described a significant association between the less common p.D19H variant and 

plasma LDL-C concentrations 36,38, although associations were relatively weak. 

We did not find any association between the p.D19H variant and baseline LDL-C concentrations in 155 

subjects with the minor allele versus 1842 subjects carrying the common variant (Supplementary Table 

2). This is in line with previous findings in a cohort of 2012 heterozygous familial hypercholesterolemia 

(FH) patients 22. However, the 19H allele was significantly associated with decreased sitosterol/TC, 

campesterol/TC and cholestanol/TC ratios, with concomitantly increased lathosterol/TC ratios. This 

corroborates findings by others 5,6,13,38 and might imply that subjects carrying the 19H allele excrete 

higher amounts of sterols in bile and intestine, possibly mediated by a gain-of-function of the ABCG8 

transporter. This is supported by the previously described association of this variant with cholesterol 

gallstones in several large studies 25,39,40. However, in silico analysis by polyphen predicts p.D19H as a 

benign variant and no relation was found between this SNP and ABCG8 mRNA expression levels in 

human liver tissue samples 38. Of note, in silico analyses of the remaining four variants predicted only 

the p.Y54C polymorphism to be damaging. However, this SNP was not associated with plasma lipid or 

non-cholesterol sterol concentrations. To the best of our knowledge, direct functional analyses of the 

studied variants, by means of in vitro studies or knock-in models, have not been reported thus far. 
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Studies on ABCG5/G8 polymorphisms and their associations with CVD risk are scarce. One study 

evaluated associations between p.T400K and p.D19H polymorphisms and CVD risk in a cohort of 

2012 heterozygous FH patients 22. Neither of the two variants was independently associated with 

total CVD risk, however, when combined p.T400K and p.D19H gene scores were calculated, a positive 

correlation was found. In contrast, two other studies reported that none of the five missense ABCG5/

G8 polymorphisms was associated with CVD 41,42, although the latter two studies were not primarily 

designed nor powered to draw substantial conclusions. During the preparation of this article, a 

large GWAS report convincingly showed that two common ABCG8 variants associated with elevated 

plasma plant sterol concentrations were also associated with increased CVD risk, whereas one variant, 

associated with decreased plant sterol concentrations, was associated with a reduced CVD risk 38. This 

GWAS did not report associations between the five missense variants of our meta-analysis and CVD risk; 

however, the variant associated with reduced CVD risk was in fact a SNP in close linkage disequilibrium 

with the p.D19H variant. Finally, although this GWAS provides important novel evidence that ABCG8 

polymorphisms associated with elevated serum plant sterol concentrations are also associated with 

increased CVD risk, it is not clear whether these associations are causally linked, since the identified 

variants were also associated with concomitantly increased plasma cholesterol concentrations. Hence, 

it remains to be established whether associations between ABCG8 variants and CVD risk are mediated 

by plasma plant sterol concentrations alone. 

Finally, our meta-analysis has a number of limitations. First, although we performed our analyses 

in a large population by pooling data of 3364 subjects, associations between the polymorphisms 

and individual sterol parameters could only be performed in smaller subsets. Hence, some of our 

analyses might still lack statistical power. Furthermore, we were not able to investigate gender-specific 

associations, which have been reported in some of the studies 6, 29,31. This also applies to possible 

gene-diet or gene-environment interactions, which have been suggested to be of importance 23. 

In addition, due to their skewed distribution, triglyceride data could not be pooled. Twelve studies 

reported significant associations with baseline triglyceride concentrations, which mostly involved the 

p.T400K polymorphism 13,29,33, however this was not consistent throughout all included studies 8,11,12, 27, 

30-32. Finally, in our analyses, we assumed a dominant genetic model, as most of the included studies 

presented their data according to this model. However, recent studies suggest a genetic-model free 

approach, as the assumption of a certain genetic model might introduce bias 43. We did not have 

sufficient data to perform these analyses. Furthermore, the added value of the genetic model in this 

study is questionable, given the low minor allele frequencies of the variants studied. 

In conclusion, this meta-analysis shows a positive association of the ABCG8 p.D19H polymorphism 

with decreased plasma plant sterol concentrations and concomitantly increased plasma lathosterol 

levels. We did not observe any substantial associations between ABCG5/G8 polymorphisms and 

plasma lipid concentrations. Hence, the study of small cross-sectional cohorts for genetic association 

studies does not yield reproducible insights and is therefore considered inappropriate. 
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Supplementary Table 2.  Pooled associations between ABCG5/G8 polymorphisms and plasma lipids and non-cholesterol 
sterol concentrations

studies (n) n (minor / common 
allele)

statistical 
Method

WMD (95% cI) P-value

D19h 

TC                        9 181 / 2030 Random -0.09 [-0.35, 0.17] 0.49

LDL-C               7 155 / 1842 Random -0.06 [-0.34, 0.22] 0.68

HDL-C              8 167 / 1902 Fixed -0.01 [-0.06, 0.04] 0.70

Campesterol/TC 4 83 / 591 Random -0.50  [-0.80, -0.20] 0.001

Sitosterol/TC      4 83 / 591 Fixed -0.36  [-0.45, -0.27] <0.00001

Lathosterol/TC   4 79 / 541 Fixed 0.26 [0.10, 0.41] 0.001

Cholestanol/TC 3 72 / 501 Fixed -0.24 [-0.31, -0.17] <0.00001

y54c

TC                      10 1865 / 610 Fixed -0.03 [-0.11, 0.05] 0.46

LDL-C               8 1736 / 528 Fixed -0.02 [-0.09, 0.06] 0.68

HDL-C               9 1780 / 556 Fixed -0.01 [-0.05, 0.03] 0.55

Campesterol/TC 3 429 / 195 Fixed -0.04 [-0.17, 0.09] 0.57

Sitosterol/TC      4 526 / 198 Random 0.07 [-0.17, 0.31] 0.57

Lathosterol/TC    4 489 / 182 Fixed 0.00 [-0.10, 0.09] 0.93

Cholestanol/TC    3 392 / 179 Fixed -0.01 [-0.08, 0.05] 0.73

T400K

TC                        11 648 / 1816 Fixed 0.00 [-0.08, 0.08] 0.98

LDL-C               9 570 / 1679 Fixed 0.01 [-0.06, 0.08] 0.77

HDL-C                10 600 / 1721 Fixed 0.00 [-0.03, 0.03] 0.95

Campesterol/TC  5 255 / 532 Random -0.28 [-0.53, -0.02] 0.03

Sitosterol/TC      6 279 / 608 Random -0.14 [-0.28, 0.00] 0.05

Lathosterol/TC     6 265 / 568 Fixed 0.07 [0.00, 0.15] 0.05

Cholestanol/TC   3 196 / 378 Fixed -0.04 [-0.10, 0.02] 0.14

a632v

TC                      7 444 / 752 Fixed -0.04 [-0.13, 0.05] 0.37

LDL-C                 5 368 / 614 Fixed -0.11 [-0.20, -0.03] 0.01

HDL-C                 6 396 / 658 Fixed 0.03 [-0.01, 0.07] 0.18

Campesterol/TC   4 283 / 424 Fixed 0.03 [-0.09, 0.16] 0.61

Sitosterol/TC        4 283 / 458 Fixed -0.02 [-0.10, 0.05] 0.57

Lathosterol/TC     4 262 / 425 Fixed 0.04 [-0.04, 0.12] 0.30

Cholestanol/TC    3 220 / 355 Fixed -0.01 [-0.07, 0.06] 0.87

Q604e

TC                       13 1773/ 1409 Fixed -0.04 [-0.11, 0.04] 0.34

LDL-C                10 1549 / 933 Fixed -0.05 [ -0.13, 0.03] 0.20

HDL-C                11 1573 / 981 Random 0.04 [-0.03, 0.10] 0.25

Campesterol/TC   4 202 / 536 Fixed -0.08 [-0.21, 0.06] 0.25

Sitosterol/TC        5 224 / 614 Fixed -0.07 [-0.15, 0.01] 0.08

Lathosterol/TC     5 206 / 578 Fixed 0.06 [-0.01, 0.14] 0.11

TC, LDL-C, HDL-C and TG data are in mmol/l, campesterol/TC, sitosterol/TC, cholestanol/TC and lathosterol/TC are in μg/mg 
cholesterol. WMD = weighted mean difference
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absTracT

Ezetimibe stimulates faecal neutral sterol (FNS) excretion in mice, which cannot be explained by 

cholesterol absorption inhibition alone. We investigated whether these effects are mediated via the 

sterol exporter ATP binding cassette transporter G8 (abcg8).

Ezetimibe increased FNS excretion 2.7-fold in wildtype (WT) mice and 1.5-fold in abcg8-/- mice, without 

affecting biliary cholesterol secretion. Daily FNS excretion exceeded the sum of dietary cholesterol 

intake and biliary secretion by approximately 60%.  Ezetimibe enhanced this ‘extra’ FNS excretion by 

3.5-fold and 1.5-fold in WT and abcg8-/- mice respectively. 

Ezetimibe stimulates faecal sterol excretion of non-biliary and non-dietary origin, probably through 

stimulation of trans-intestinal cholesterol excretion. We show that this effect depends on intact abcg8 

function.
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InTroDucTIon

Whole-body cholesterol homeostasis is regulated by a complex interaction of de novo synthesis, 

intestinal absorption, biliary clearance and faecal excretion. The precise mechanisms by which 

cholesterol is absorbed from and secreted back into the intestinal lumen for faecal removal are not fully 

understood, although the ATP binding cassette (ABC) half-transporters G5 and G8 and the Niemann-

Pick C1 Like 1 (NPC1L1) protein have been shown to play a crucial role 1,2. Abcg5 and abcg8 are located 

at the apical membrane of the small intestine and at the canalicular membrane in the liver, where they 

function as heterodimeric efflux transporters, promoting excretion of cholesterol and non-cholesterol 

sterols; from enterocytes into the intestinal lumen and from hepatocytes into the bile 3,4. NPC1L1 is a 

transporter protein, which mediates cholesterol and plant sterol absorption from intestinal micelles 

into the enterocyte 5. It was believed to reside strictly at the apical intestinal membrane, although it is 

becoming clear that NPC1L1 might have additional intracellular locations and functions 6-8. NPC1L1 is 

the molecular target of ezetimibe 5, which is used as a cholesterol-lowering agent, although its exact 

function and targets are not completely elucidated 9,10. 

The inhibitory effect of ezetimibe on intestinal sterol absorption has been well-established in mice 2 

and humans 11. However, ezetimibe was recently also shown to enhance reverse cholesterol transport 

(RCT) from macrophages in mice, via yet unidentified mechanisms 12. Interestingly, when assessing 

cholesterol balance in ezetimibe-treated mice, it appears that this enhancement cannot be attributed 

to cholesterol absorption inhibition or increased biliary cholesterol secretion alone. In fact, it has 

been suggested that ezetimibe might stimulate faecal neutral sterol (FNS) excretion through a novel 

intestinal pathway for reverse cholesterol transport (RCT) 13. Since the abcg5/g8 heterodimer has been 

shown to mediate this trans-intestinal cholesterol exretion (TICE) route 14, we hypothesized that the 

effects of ezetimibe on FNS excretion might depend on abcg5/g8 function. Therefore, we investigated 

the effects of ezetimibe treatment on cholesterol balance in wildtype mice (WT) and in mice deficient 

for abcg8 (abcg8 -/-). 

MaTerIals anD MeThoDs

animals and procedures
Abcg8-/- C57BL/6J mice were generated as previously described 15. In the current study, male abcg8-/- mice 

and their WT littermates, two to six months of age, were housed in cages in a temperature-controlled 

room with 12h light cycling. Mice were fed ad libitum a chow diet containing 0,018% cholesterol 

(AM-II, Hope-Farms, Wageningen, The Netherlands) with or without 10 mg/kg/day of ezetimibe for 

a period of 21 days. On day 20, mice were placed in a new cage for 24h faeces collection. On day 21, 

mice were anesthetized with Hypnorm (fentanyl/fluanisone; 1 ml/kg) and diazepam (10mg/kg), after 
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which bile was collected from the gallbladders by bile duct cannulation for 15 minutes. Hereafter the 

mice were sacrificed. Livers were excised and weighed. Each experimental group consisted of five 

mice. Two or three mice were housed per cage in order to mimic their normal situation. In order to 

enhance intestinal cholesterol absorption and the potential role of abcg8, experiments were repeated 

with a 0.5% (w/w) cholate-enriched AM-II diet in the same mouse strains. 

In the wildtype mice, we also measured fractional cholesterol absorption rates, by means of an 

adapted plasma dual isotope method, as previously described 14. In brief, at the end of each period, 

mice received an intravenous dose of 0.3mg (0.76 µmol) cholesterol-D7 dissolved in Intralipid (20%, 

Fresenius Kabi, Den Bosch, the Netherlands), together with an oral dose of 0.6mg (1.54 µmol) 

cholesterol-D5 dissolved in medium chain triglyceride oil. Blood spots were collected from the tail on 

filter paper before administration of labeled cholesterol and at 24h intervals for 4 days. Experimental 

procedures were approved by the Ethical Committee for Animal Experiments of the Academic Medical 

Centers in Amsterdam and Groningen, The Netherlands.

analytical procedures
Faeces were pooled per group, weighed and homogenized. Neutral sterols and bile salts were analyzed 

according to Arca et al 16 and Setchell et al 17. Biliary cholesterol, phospholipids and bile acids were 

determined as described by Frijters et al 18. 

Plasma enrichments of cholesterol-D7 and –D5 were measured by means of GCMS, according to Neese 

et al 19, after cholesterol extraction from blood spots with 1 ml of 95% ethanol/acetone (1:1, v/v). 

Fractional cholesterol absorption was calculated by division of the plasma ratio of oral cholesterol-D5 

and intravenous cholesterol-D7 at T=72h, by the administered D5/D7 ratio at T=0. 

statistical analyses
Data were analyzed by SPSS software version 15.0.1 for Windows (SPSS Inc, Chicago, USA). Differences 

between treatment groups and differences between genotype groups respectively, were analyzed by 

unpaired Student’s t-tests. A P value less than 0.05 was considered statistically significant. 

resulTs

faecal sterols 
In abcg8-/- mice, ezetimibe induced a 1.5-fold increase in FNS excretion compared with the control AM-

II diet (15.1 ± 1.9 μmol/day/100g body weight (BW) versus 10.1 ± 1.6 μmol/day/100g BW, p=0.053). 

This ezetimibe-induced increase was approximately 2.7-fold in WT mice (22.9 ± 2.2 μmol/100g BW 

compared with 8.4 ± 2.7 μmol/100g BW, p=0.007, Figure 1). 
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When the experiment was repeated in the presence of cholate, more pronounced increases in FNS 

excretion were observed in the ezetimibe-treated mice (Figure 1). In WT mice, ezetimibe induced a 

mean 20-fold increase in FNS excretion when compared to the control diet (270.7 μmol/day/100g BW 

compared with 13.3 μmol/day/100g BW). This ezetimibe-induced increase was strongly attenuated 

in the absence of abcg8, as the increase in FNS excretion was only 8-fold in abcg8-/- mice (32.9 

μmol/day/100g BW versus 3.9 μmol/100g BW). Since faeces were pooled per group in the latter 

experiment, statistical significance could not be evaluated. To account for possible miscalculations, the 

measurements were repeated in different sets of animals, yielding similar results. The data presented 

in Figure 1 are the average of these two measurements. Finally, there were no differences in faecal bile 

acids between groups (data not shown).

biliary parameters  
Ezetimibe treatment did not significantly affect biliary cholesterol levels in abcg8-/- (1.3 ± 0.3 μmol/

day/100g BW versus 1.0 ± 0.3 μmol/day/100g BW, p=0.176) nor in WT mice (1.5 ± 0.3 μmol/day/100g 

BW versus 1.9 ± 0.8 μmol/day/100g BW, p=0.328, Figure 2). Mice fed with a cholate-enriched diet 

showed strongly induced biliary cholesterol secretion. However, on this background diet, ezetimibe 

treatment also did not affect biliary cholesterol levels in both abcg8-/- mice (6.6 ± 2.1 μmol/day/100g 

Figure 1. Faecal neutral sterol excretion

Faecal neutral sterol excretion (μmol/day/100g BW) 
in abcg8-/- and WT mice after an AM-II diet or AM-II 
+ 0.5% cholate diet, with and without 10mg/kg/day 
ezetimibe. Differences between treatment groups 
were analyzed by the unpaired Student’s t test. 
* Significantly different from the control diet 
(p=0.007). Since faeces were pooled per group in 
the cholate experiment, statistically significant 
differences in FNS output could not be assessed. 

Figure 2. Biliary cholesterol secretion 

Biliary cholesterol secretion (μmol/day/100g BW) in 
abcg8-/- and WT mice after an AM-II diet or AM-II 
+ 0.5% cholate diet, with and without 10mg/kg/day 
ezetimibe. 
* Significantly different from abcg8-/- mice (p<0.05).
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BW versus 5.6 ± 0.9 μmol/day/100g BW, p=0.343, Figure 2) and in WT mice (40.2 ± 8.8 μmol/day/100g 

BW versus 31.3 ± 18.0 μmol/day/100g BW, p=0.346, Figure 2). No differences in biliary phospholipid 

or bile salt secretion and liver weight were found between groups. This also applied when the cholate-

enriched diet was used (data not shown). 

cholesterol balance
Table 1 displays cholesterol input and output data of abcg8-/- and WT mice on the AM-II diet and the 

AM-II cholate-enriched diet, with and without ezetimibe. WT mice on an AM-II diet consumed 6.4 ± 

0.3 μmol/100g BW of cholesterol per day and excreted 8.4 ± 2.7 μmol/day/100g BW of cholesterol and 

its neutral sterol metabolites in the faeces. Since daily biliary cholesterol secretion was 1.9 ± 0.8 μmol/

day/100g BW, the amount of cholesterol entering the intestinal lumen each day was approximately 

8.3 μmol/day/100g BW. We found a fractional cholesterol absorption rate of 48 ± 11% (n=5) in these 

mice. Based on these numbers, the expected FNS loss would be 4.3 μmol/day/100g BW instead of the 

observed 8.4 μmol/100g BW. Hence, approximately 4.1 μmol/100g BW of FNS per day appears to be 

unaccounted for. According to the same input-output analysis for the abcg8-/- mice, the amount of 

FNS which is not derived from either dietary intake or biliary secretion is approximately 5.3 μmol/100 

BW per day. Moreover, when the cholesterol balance calculation is repeated for the ezetimibe-treated 

mice, the amount of ‘extra’ FNS increased up to 14.7 μmol/day/100g BW for the WT mice and to 8.1 

μmol/day/100g BW for the abcg8-/- mice, based on a fractional cholesterol absorption of 13 ± 4% 

(n=5) in ezetimibe-treated WT mice, as measured by the plasma dual isotope method. This means that 

treatment with ezetimibe elicits a 3.5-fold increase of ‘extra’ FNS excretion in WT mice, as compared 

to a 1.5-fold increase in abcg8-/- mice. 

Table 1. Cholesterol balance 

Dietary cholesterol 
intake

μmol/day/100 BW

Biliary cholesterol 
secretion

μmol/day/100 BW

Faecal neutral sterol 
excretion

μmol/day/100 BW

Abcg8-/-            AM-II diet 8.3 ± 0.6 1.0 ± 0.3 10.1 ± 1.6

Abcg8-/-            AM-II + ezetimibe 6.8 ± 0.5 1.3 ± 0.3 15.1 ± 1.9

C57Bl6              AM-II diet 6.4 ± 0.3 1.9 ± 0.8 8.4 ± 2.7

C57Bl6              AM-II + ezetimibe 7.9 ± 1.0 1.5 ± 0.3 22.9 ± 2.2

Abcg8-/-            AM-II + cholate 7.3 ± 1.7 5.6 ± 0.9 3.9*

Abcg8-/-            AM-II + cholate + ezetimibe 7.1 ± 0.5 6.6 ± 2.1 32.9*

C57Bl6              AM-II + cholate 7.5 ± 1.4 31.3 ± 18.0 13.3*

C57Bl6              AM-II + cholate + ezetimibe 7.8 ± 1.9 40.2 ± 8.8 270.7*

Cholesterol input and output in abcg8-/- and wildtype mice (μmol/day/100g BW). 

*Since faeces were pooled per group, standard deviations could not be evaluated.
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For the experiment with the cholate-enriched diet, the ezetimibe-induced stimulation of this ‘extra’ 

FNS excretion was 6.7-fold for the abcg8-/- mice and 20.0-fold for the WT mice, assuming that 

cholesterol absorption doubled with cholate feeding 20. 

DIscussIon

This study shows that in mice, ezetimibe stimulates FNS excretion in an abcg8-dependent manner, 

without stimulation of hepatobiliary cholesterol secretion. This implies that ezetimibe stimulates 

faecal excretion of non-dietary and non-biliary sterols, mediated by the intestinal abcg8 transporter. 

The observed increases in FNS excretion are in line with previous reports of ezetimibe treatment in 

various mice models 21-23. Initially, on a background AM-II diet, we observed an ezetimibe-induced 

2.7-fold increase in FNS excretion in WT mice, whereas FNS excretion was merely 1.5-fold increased 

in abcg8-/- mice. In order to increase the potential role of abcg8 in this process, we repeated our 

measurements with an AM-II diet enriched with 0.5 % cholate. Cholate feeding is known to increase 

cholesterol absorption 24 and hepatic abcg5/g8 expression in mice 20,21. Interestingly, upon ezetimibe 

treatment, we found a striking 20-fold increase in FNS excretion in WT mice, compared to a 7-fold 

increase in abcg8-/- mice. This strongly supports that abcg8 is involved in the ezetimibe-induced 

stimulation of FNS excretion.

The ezetimibe-induced increase in FNS excretion was not due to enhanced biliary cholesterol secretion, 

nor to differences in dietary cholesterol intake (Table 1).  Therefore, these results imply that ezetimibe 

stimulates faecal excretion of sterols, which do not originate either from diet or bile. This finding is 

in line with several murine studies, demonstrating increased FNS loss without concomitant changes 

in biliary sterol secretion, supporting the presence of a non-biliary route for faecal sterol excretion 
25-28. Moreover, recent perfusion studies of small intestine segments in mice show that enterocytes 

can secrete cholesterol directly into the intestinal lumen throughout the entire length of the small 

intestine 29. TICE is considered to be an LXR-/ PPAR-δ -dependent pathway of RCT from the periphery 

for excretion into the faeces 14,23,30,31. Although no distinct effect of abcg8-deletion on direct intestinal 

cholesterol secretion was observed in the in situ perfusion studies 29, recent data in mice lacking abcg5/

g8 convincingly show that this transporter is indeed involved in this alternative RCT pathway 14,31. 

Since we found the ezetimibe-induced increase in faecal sterol loss to be abcg8-dependent, our finding 

might be explained in the light of direct intestinal cholesterol secretion. Interference of ezetimibe with 

RCT is supported by a recent report showing a 6-fold increase in RCT from labeled peripheral tissue 

macrophages in mice treated with 0.005% ezetimibe 12. This was confirmed by another recent study 

which showed that ezetimibe promotes faecal excretion of macrophage- and HDL-derived cholesterol 

without any effect on HDL cholesterol kinetics in C57BL6/J mice 32. Of note, the increase in RCT was only 

2.5-fold in the latter report, probably due to methodological differences. Unfortunately, neither of these 
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studies evaluated the effects of ezetimibe on biliary cholesterol secretion, nor the possible influence 

of the abcg5/g8 transporter on these findings. However, our data may be in line with a very recent 

report which examined cholesterol homeostasis in mice lacking abcg5/g8, NPC1L1 and both abcg5/g8 

and NPC1L1 (triple knockout, TKO) 13. In that study, NPC1L1-/- mice displayed an additional 15.5 μmol/

day/BW increase in FNS excretion as compared with TKO. Since the only difference between the two 

mouse strains was a non-functional abcg5/g8 transporter in TKO mice, the authors hypothesized that 

this additional FNS excretion must be attributable to the g5/g8-mediated hepatobiliary and perhaps 

intestinal secretion of cholesterol. Unfortunately, the hepatobiliary cholesterol flux was not measured 

in that study. However, the current cholesterol balance study implies that abcg8-mediated intestinal, 

rather than hepatobiliary, cholesterol secretion underlies this additional FNS excretion.    

The molecular mechanism by which ezetimibe might stimulate activity of abcg5/abcg8 is unclear at 

present. The cholesterol absorption inhibitor has no effect on mRNA expression of the partners in 

the abcg5/g8 heterodimer. Interestingly, the similar excessive increase in FNS that has been observed 

in the NPC1L1/abcg5/8 TKO mice 13 suggests that the effect is not due to the cholesterol absorption 

inhibitor itself, but relates to the activity of NPC1L1. We speculate that the absence of NPC1L1 disturbs 

normal intracellular vesicle trafficking leading to increased transport of cholesterol to the apical 

membrane of the enterocytes where abcg5/g8 may mediate efflux. 

Finally, it is not likely that differences in cholesterol absorption inhibition could explain the observed 

differences in stimulation of FNS loss, since ezetimibe has been shown to reduce cholesterol absorption 

equally in abcg5g8-/- and WT mice 21. Although we did not measure cholesterol absorption in abcg8-/- 

mice, expression levels of NPC1L1 were shown to be similar in both mouse strains 13,31 consistent with 

previous identical fractional cholesterol absorption rates 3,30, as well as acute intestinal uptake rates of 

cholesterol 24. Finally, fractional cholesterol absorption did not differ in the abovementioned NPC1L1/

abcg5g8 TKO mice, which is comparable to the situation of ezetimibe treatment in abcg5/8-/- and WT 

mice, respectively 13. 

In conclusion, we report that ezetimibe promotes FNS excretion, without affecting hepatobiliary 

cholesterol secretion. This effect depends strongly, but not entirely on the presence of abcg5/g8, 

suggesting that ezetimibe stimulates direct trans-intestinal cholesterol excretion, mediated by abcg5/

g8. Through direct assessment of whole body cholesterol balance, we substantiate suggestions by 

others 13,32.  However, the molecular mechanism underlying our observation is unclear and warrants 

further investigation.  
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absTracT

Trans-intestinal cholesterol excretion (TICE) contributes substantially to faecal neutral sterol (FNS) 

excretion in mice. The relevance of TICE for faecal cholesterol elimination in humans remains to be 

established. 

We quantified TICE in ten mildly hypercholesterolaemic male subjects (62.1 ± 2.9y, BMI: 25.8 ± 2.8kg/

m2, LDL-C: 3.8 ± 0.5mmol/l), using an integrated stable isotope method derived from validated 

methodologies in mice. The kinetics of orally and intravenously administered labeled cholesterol 

isotopes (D7 and 13C2-cholesterol) were assessed in plasma, bile and faeces during seven days to 

estimate FNS excretion, biliary cholesterol secretion, intestinal absorption and TICE. The protocol was 

repeated following 4-week treatment with ezetimibe 10mg/day. 

At basal conditions, daily FNS excretion averaged 429 ± 227 mg/day; 99 ± 24 mg/day was diet-derived 

and 304 ± 220 mg/day blood-derived. Of the latter, 67% was secreted by bile (202 ± 100 mg/day) and 

33% by TICE (101 ± 223 mg/day). Ezetimibe increased FNS excretion by 2.6-fold (p<0.001); reduced 

cholesterol absorption by 56% (p=0.011) and induced a 4.6-fold increase in cholesterol elimination via 

TICE (p=0.002), while biliary cholesterol secretion remained unaltered. 

In humans, one-third of plasma-derived cholesterol is excreted via TICE, which is markedly enhanced 

by ezetimibe therapy. TICE may serve as a novel target to stimulate cholesterol elimination in patients 

at increased risk for cardiovascular disease.
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InTroDucTIon

The reverse cholesterol transport (RCT) pathway is a crucial anti-atherogenic mechanism, mediating 

the removal of cholesterol from tissues in the body to the faeces 1. Although the scientific community 

for many decades has adhered to the concept that cholesterol transport from plasma to faeces occurs 

exclusively via hepatobiliary secretion, direct trans-intestinal excretion of plasma-derived cholesterol 

has recently been put forward as an additional pathway in the process of RCT 2-4. Studies in various 

mouse strains with genetically impaired hepatobiliary cholesterol secretion have demonstrated 

normal or even increased faecal sterol loss in these animals 3,5-8, thereby lending strong support to 

the presence of a non-biliary route for faecal sterol elimination. In line, intestinal perfusion studies 

in mice substantiated that murine enterocytes secrete cholesterol directly into the intestinal lumen 

throughout the entire length of the small intestine 4. In fact, this trans-intestinal cholesterol efflux 

(TICE) route was found to account for 20-33% of total faecal sterol excretion, whereas it could be 

stimulated by LXR- and/or PPAR-δ agonists 4,9,10. Additional data in mice suggest that the cholesterol 

absorption inhibitor ezetimibe is also involved in the RCT pathway 11,12 and in fact might stimulate TICE 
13.

Whether TICE is also present in humans remains to be established. Thus far, literature encloses only 

speculations on the existence of TICE in human physiology, mostly originating from studies in patients 

with bile fistulae. In patients with complete biliary obstruction, a substantial portion of faecal sterols 

were found to be of non-dietary origin 14 and in another study in bile-diverted patients, the intestinal 

mucosa was found to secrete 250-400 mg of cholesterol per day 15. A human intestinal perfusion 

study corroborated the presence of TICE in humans, showing that approximately 44% of total FNS 

output originated from non-biliary origin 16. These and a number of other reports 17-19 were mostly 

disregarded and highly criticized, predominantly due to the small number of observations and the 

study limitations of bile-diverted conditions. The latter include compromised cholesterol absorption 

and strongly upregulated cholesterol and bile acid synthesis. Furthermore, these studies may have 

been disregarded due to limitations of intestinal perfusion studies, such as the absence of food, biliary 

and pancreatic components in the rinsed and perfused intestinal segments, together with the specific 

composition of the perfusate, which may have influenced the excretory capacity of enterocytes. 

Although these experiments collectively support the existence of TICE in humans, a definite answer 

to this question has remained elusive, largely caused by the technical challenges faced to reliably 

estimate this flux in humans, which requires simultaneous assessment of cholesterol absorption, 

biliary secretion and, as final common pathway, FNS excretion.

By combining previous experience from validated models in mice 9 and humans 20-22, we set out to 

quantify TICE in a group of mildly hypercholesterolaemic healthy male subjects by means of a combined 

stable isotope method, using differentially labeled cholesterol molecules and bile acid tracers. Also, in 

order to evaluate whether TICE is amenable to pharmacological modulation in humans, the protocol 
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was repeated during a second study period in a subgroup of the participants following treatment with 

ezetimibe 10mg daily for a period of four weeks. In the present series of experiments, we show that 

TICE contributes substantially to faecal sterol elimination in humans and that this cholesterol excretion 

pathway can be significantly stimulated by ezetimibe. 

MeThoDs

subjects
Subjects were recruited via advertisements in local newspapers. Caucasian adult males, with plasma 

low-density lipoprotein cholesterol (LDL-C) concentrations between 2.8 and 5.0 mmol/l were 

considered eligible, in case they did not meet the following exclusion criteria: use of medication 

or plant sterol- or stanol-enriched food products; a history of arterial disease, including unstable 

angina, myocardial infarction, transient ischemic attack, or a cerebrovascular accident; gallstone 

or other biliary disease; diabetes mellitus; thyroid illness; uncontrolled hypertension; familial 

hypercholesterolemia (FH), diagnosed either by genotyping or by WHO diagnostic criteria; plasma 

triglyceride (TG) concentrations > 3.0 mmol/l; BMI> 30 kg/m2 or excessive alcohol consumption. This 

study was approved by the Institutional Review Board of the Academic Medical Center in Amsterdam. 

Each participant gave written informed consent. 

experimental procedures
The tracer administration and sampling protocol (Figure 1), based on our prior study in mice 9, 

was modified for applicability in humans. Participants kept a cholesterol-restricted diet (<300mg/

day) from 7 days prior to the dual cholesterol tracer administration (T=0h), until the end of study 

(T=168h). During the study period following T=0h, subjects consumed two supervised meals per day 

at the research facility and kept a dietary record, while maintaining their usual patterns of smoking 

and physical activity. In order to normalize faecal isotope recovery measurements for variations in 

faecal flow, subjects ingested tracer capsules containing 3mg [5,6,22,23-D4]-sitostanol (Cambridge 

Isotope Laboratories, Andover, MA) three times daily with their meals, from T=-48h until the study 

end. The day before the dual cholesterol isotope administration, participants collected one baseline 

stool sample (T=-24h), using a FSC specimen collection system (Fisher Scientific, USA). That evening, 

subjects ingested a mixture of bile acid tracers two hours following dinner (T=-13h). This involved 

a single oral dose of 50mg [2,2,4,4-D4]-chenodeoxycholic acid (D4-CDCA, Cambridge Isotopes Inc) 

and 50mg [2,2,4,4-D4]-cholic acid (D4-CA, Sigma Aldrich, Isotec Inc), dissolved in 200ml 0.5% sodium 

bicarbonate in water together with 0.4% dextrose. These bile acid tracers were used to measure bile 

acid pool size and turnover rate, from measurement of their enrichments in postprandial plasma in 

the subsequent 4 days 20. 
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The next morning (T=0h), participants were admitted to the hospital in a fasting state for a 30-minute 

infusion of 50mg [3,4- 13C2] cholesterol (Isotec, Miamisbury, OH) dissolved in 33ml 10% Liposyn III 

(Hospira Inc, Lake Forest, IL). The 13C2-cholesterol was prepared for injection by dissolving the 

tracer in warm USP ethanol into a clear solution under sterile conditions. Thereafter, the isotope/

ethanol mixture was added to 10% Liposyn III for a total administrable volume of 33ml. Immediately 

after infusion of the intravenous tracer dose, subjects ingested 50mg of [25,26,26,26,27,27,27-D7] 

cholesterol (Cambridge Isotope Laboratories, Andover, MA), administered in a stomach-soluble 

gelatine capsule, together with a standardized breakfast, as previously described 21. Subjects refrained 

from food for 4 hours following the test meal, to allow complete gastric emptying. Blood samples were 

collected directly before the 13C2-cholesterol infusion and at 4, 9, 11, 23, 25, 28, 30, 48, 72, 120 and 

168 hours post-administration of the cholesterol tracers. Plasma was isolated by centrifugation and 

stored at -80ºC, for subsequent cholesterol extraction and measurement of the tracer enrichments, 

as described below. Subjects collected daily fecal samples from T=0 until the end of study (T=168h). 

At T=24h a biliary sample was obtained in the morning fasting state, by use of the Enterotest® (HDC 

Corp, Mountain View, CA, USA). This commercially available device for sampling of gastrointestinal 

contents was used to determine biliary bile acid and cholesterol contents, as previously described 23,24. 

Participants swallowed the encapsulated nylon thread with water in the evening before the T=24h 

study visit; one end was taped at a corner of the mouth. The capsule dissolves in the stomach and the 

thread, weighed at its distal end, passes into the duodenum. The next morning (T=23h), an intravenous 

dose of 0.05μg/kg synthetic cholecystokinin (CCK) (sincalide, Kinevac®, Bracco Diagnostics, Princeton, 

Figure 1. Isotope administration and sampling protocol
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NJ) was administered to induce gallbladder contraction. After 1 hour, the thread was withdrawn, 

coloured yellow with bile at the distal end and immediately frozen at -80ºC, for subsequent cholesterol 

and bile acid extraction and measurement of tracer enrichments. Finally, during a period of 5 hours 

following the CCK dose, plasma was obtained at 30-minute intervals for measurement of bile acid 

profiles in order to estimate enterohepatic cycle time as described in the Supplementary Methods 

and Results. 

A second experiment was performed according to the same tracer administration and sampling 

protocol, after subjects had used ezetimibe 10mg daily for a period of 28 days before T=0. 

analytical procedures
Fasted plasma TC, HDL-C and TG concentrations were measured with standard automated methods; 

LDL-C levels were calculated using the Friedewald formula 25. 

Plasma cholesterol was extracted with ethanol/acetone (1:1, v/v) 26 and derivatized using N,O-

bis-(trimethylsilyl)trifluoroacetamide (1% trimethylchlorosilane) and pyridine (1:1; v/v) at room 

temperature. Bile acids were deconjugated and extracted from plasma and derivatized according to 

Hulzebos et al 27.

Biliary lipids were extracted according to Bligh and Dyer 28 from the fresh-frozen bile samples, as well as 

from bile eluted from the Enterotests® as previously described 24. Biliary free cholesterol was derivatized 

using N,O-bis-(trimethylsilyl)trifluoroacetamide/ pyridine (1:1; v/v) with 1% trimethylchlorosilane at 

room temperature. 

Daily frozen faecal samples were thawed and homogenized with distilled water (1:1; w/w). 10ml of 

fecal homogenate was dispensed into a 10ml plastic tube. FNS were extracted as described by Arca 

et al 29 and were quantified as their trimethylsilyl ethers by gas-liquid chromatography. Bile acids 

were extracted and quantified as their methyl-trimethylsilyl derivatives according to Setchell et al 30. 

Neutral sterols and bile acids were analyzed by gas chromatography (Agilent 6890, Amstelveen, The 

Netherlands), using a CPSil 19 capillary column (25m x 0.25mm x 0.2µm) (Chrompack, Middelburg, 

The Netherlands). 

Daily FNS excretion rates were calculated by expressing the results relative to D4-sitostanol as 

measured by gas chromatography/mass spectrometry (GC/MS). Enrichments of FNS were measured 

in the cholesterol fraction, whereas total faecal neutral sterols were determined as the sum of faecal 

cholesterol and its bacterial metabolites, which were assumed to have similar specific enrichments as 

cholesterol.

Plasma and biliary bile acid profiles were determined using liquid-chromatography/mass-spectrometry 

(LC-MS/MS) (Api3000; AB Sciex, Framingham, MA) coupled to a Shimadzu HPLC (Kyoto, Japan). The 

system was controlled by Analist 1.6 software (AB Sciex). The LC conditions were as follows: an  XBridge 

Shield RP18 column (3.5 μm, 100 mm × 2.1 mm ID) (Waters, Milford,MA) was used,  the mobile phase 
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consisted of 20 mM ammoniumacetate, pH 8 (mobile phase A) and methanol (mobile phase B), at a 

total flow rate of 0.2 ml/min. The injection volume of all samples was 10 μl.

Measurement of mass isotopomer distribution
D7-cholesterol derivatives were analyzed by GC/MS, EI-mode (Agilent 7890A / 5975C, Amstelveen, 

The Netherlands), using a ZB capillary column (30m x 0.25mm x 0.25µm) (Phenomex, Utrecht, The 

Netherlands). Ions monitored, m/z 368-375 generated in the electron impact mode corresponding to 

the M0-M7 mass isotopomers were corrected for the fractional distribution due to natural abundance 

of 13C by multiple linear regression as described by Lee et al 31, in order to obtain excess fractional 

distribution of mass isotopomers resulting from isotope dilution. In this approach, M7 represented the 

orally administered label.   

Isotopic enrichments of 13C2-cholesterol were measured using gas-chromatography combustion 

isotope-ratio mass-spectrometry (GC-C-IRMS) (Delta Plus Thermo Electron, Bremen Germany) using 

a ZB capillary column (30m x 0.25mm x 0.25µm) (Phenomex, Utrecht, The Netherlands). Isotopic 

enrichments determined as atom percent excess (APE) were converted into molar percent excess 

(MPE) using a linear calibration curve.

D4-cholic acid (D4-CA) and D4-chenodeoxy-cholic acid (D4-CDCA) were measured on a Agilent 7890A 

GC connected to a Agilent 5975C MSD (Agilent, Amstelveen, Holland). Gas-liquid chromatographic 

separation was performed on a 10 m × 0.100 mm column with a film thickness of 0.1 μm (DB-5MS; 

Agilent). Isotope ratios were determined in the selected ion monitoring mode on m/z 623.4 (M0) and 

627.3 (M4) for CA and on m/z 535.4 (M0) and 539.4 (M4) for CDCA. 

D4-sitostanol derivatives were analyzed by GC/MS, EI-mode (Agilent 7890A / 5975C, Amstelveen, 

The Netherlands), using a ZB capillary column (30m x 0.25mm x 0.25µm; Phenomex, Utrecht, The 

Netherlands). Ions monitored, m/z 488-493 generated in the electron impact mode corresponding to 

the M0-M5 mass isotopomers were corrected for the fractional distribution due to natural abundance, 

as described by Lee et al 31.

calculation of Kinetic Parameters and cholesterol fluxes
The methods to calculate fractional and absolute contributions of the distinct fluxes to total FNS loss 

resemble those previously described in mice 9. In general, from plasma and faecal decay curves of the 

intravenously administered 13C2-cholesterol and orally administered D7-cholesterol tracers, combined 

with both enrichments in the bile sample, several kinetic parameters were calculated. This was done 

by use of a mathematical kinetic model (SAAM-II software, University of Washington, USA, Version 

1.2.1). This model’s equations are summarized in the Supplementary Methods and Results. 

Combined with measurement of dietary cholesterol intake, fractional cholesterol absorption, excreted 

faecal NS and BA mass, total bile acid poolsize, secretion rate and biliary cholesterol/bile acid ratio 

(CH/BA), specific sources of cholesterol contributing to total FNS mass could be calculated as described 
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below. A more detailed description of calculations with justification of equations is provided in the 

Supplementary Methods and Results. 

Dietary intake, Fractional Cholesterol Absorption and Cholesterol synthesis
Dietary cholesterol intakes were calculated using a freely available Dutch nutrition database program 

(www.dieetinzicht.nl). Fractional cholesterol absorption (Fa) was calculated from the area under the 

curve of intravenously and orally administrated cholesterol isotopes and their dose, as described in 

the Supplementary Methods and Results. 

Cholesterol synthesis was estimated according to the cholesterol balance method, i.e. as the 

difference between faecal elimination of cholesterol, both as BA and NS and accurately assessed 

dietary cholesterol intake 32,33.

Determination of the Sources of Fecal Neutral Sterols
Total FNS mass consists of several fractions originating from various sources: dietary cholesterol 

(diet E); blood-derived cholesterol (blood E): either secreted via bile (blood E) or directly by the intestine  

(  blood E); and a remaining fraction, deriving from hepatic or intestinal de novo synthesis (restE). 

Calculation of these cholesterol sources is described into detail in the Supplementary Methods and 

Results. 

In short, from the dietary cholesterol intake and fractional cholesterol absorption measurements, the 

fraction of faecal mass that derives from dietary cholesterol can be calculated (diet E). The fraction 

of FNS that derives from the plasma compartment (blood E), was deduced from the area’s under the 

curve of the 13C2-cholesterol decay curves in plasma and faeces, respectively. This fraction multiplied 

by total FNS mass, corrected for fractional absorption, renders the total plasma-derived FNS mass  

(blood E). Determination of the bile-derived portion of blood E (blood E) requires calculation of the fraction 

of biliary cholesterol that originates from the blood compartment. For this purpose, the ratio of the  
13C2-enrichment in bile and plasma at T=24h was quantified (blood β). The mass of plasma-derived FNS  

secreted via bile (blood E) is the product of the plasma-derived biliary fraction (blood β) and the mass of  

daily secreted biliary cholesterol. The latter was not available offhand, as our methods did not allow 

for bile sampling over a certain time period. Therefore, this parameter was deduced from the bile 

acid kinetics measurement, as described in the Supplementary Methods and Results. In short, from 

4-day postprandial plasma sampling following oral administration of two labeled bile acids (D4-CA and 

D4-CDCA), total bile acid poolsize and fractional turnover rate can be reliably calculated 20. Biliary BA 

secretion (BBA) results from the product of total BA poolsize (QBA) and the fractional elimination rate of 

total bile acids from blood (kBA). The latter was estimated from the plasma decay curves of total bile 

acid concentrations measured at 30 minute intervals during 5 hours following administration of the 

intravenous dose of cholecystokinin (Supplementary Methods and Results Figure 1). Subsequently, 

biliary BA secretion is multiplied by the biliary cholesterol/bile acid (CH/BA) ratio, yielding biliary 
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cholesterol secretion rate (BCH). Abovementioned methods to measure the biliary CH/BA ratios were 

validated in a separate experiment by comparison of these ratios in bile obtained by the Enterotest® 

versus bile obtained by gastroduodenoscopy (Supplementary Methods and Results Table 4 and Figure 

3).

Finally, correcting biliary blood-derived cholesterol secretion for fractional cholesterol (re)absorption 

renders the amount of blood-derived cholesterol that is excreted via the biliary pathway into the 

faeces (blood E). The difference between the total mass of blood-derived cholesterol in the faeces (bloodE)  

and faecal blood-derived cholesterol secreted via bile (bloodE) represents the amount of cholesterol  

in the faeces that is excreted from the blood compartment directly into the intestinal lumen, i.e. TICE  

(  bloodE). The remaining mass of FNS, not accounted for by one of the abovementioned fluxes (restE), is 

considered to derive from other sources, such as hepatic and intestinal de novo synthesis. 

statistical analyses
Differences in measured fluxes between the basal and repeated experiment after ezetimibe treatment 

were statistically analyzed by use of paired sample T-tests and if data were skewed, the Wilcoxon 

signed rank test (SPSS Inc, Chicago, IL, version 15.0). P <0.05 was considered statistically significant. 

resulTs

subjects
Fifteen subjects out of twenty screened subjects met the in- and exclusion criteria. All completed the 

first experiment. Ten out of fifteen participants consented to participate in the second experiment, 

after a 28-day treatment period with ezetimibe 10mg daily (until day 0 of the study schedule displayed 

in Figure 1). The second experiment started 6.3 ± 0.9 months after completion of the basal experiment. 

Baseline characteristics of the ten participants who completed both study periods at start of each 

experiment are shown in Table 1. 

cholesterol kinetic and bile acid parameters under basal conditions
Figure 2 displays average curves of fractional enrichments in plasma and faeces of intravenously 

administered 13C2-cholesterol and orally administered D7-cholesterol. For each individual, the curves 

were fitted using SAAM II software and kinetic parameters were calculated (Table 2 and Supplementary 

Methods and Results). The CH/BA ratio for each participant was determined by eluting bile absorbed 

to the Enterotest® at T=24h. In six study participants the Enterotest® measurement was repeated two 

to six days post-administration of the cholesterol tracers. Results of CH/BA ratios did not significantly 

differ between the timepoints (data not shown). 

bile
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Table 1. Baseline characteristics 

basal ezetimibe

Male subjects, n 10 10

Age, years 62.1 ± 2.9 62.7 ± 2.9

Smoking, n 2 2

BMI, kg/m2 25.8 ± 2.8 25.6 ± 2.7

SBP, mmHg 140 ± 13 143 ± 19

DBP, mmHg 84 ± 8 89 ± 13

Total cholesterol, mmol/l            5.62 ± 0.72 4.74 ± 0.46*

LDL-cholesterol,  mmol/l   3.81 ± 0.50 2.87 ± 0.31*

HDL-cholesterol,  mmol/l 1.38 ± 0.28 1.41 ± 0.30

Triglycerides, mmol/l            0.95 [0.66-1.39] 0.88 [0.78 – 1.89]

Glucose, mmol/l 5.5 ± 0.6 5.5 ± 0.4

Data are presented as means ± SD. 

As triglyceride data were skewed, data were log-transformed prior to testing; untransformed medians and range are 
presented. *P ≤ 0.002

Figure 2. Combined plasma and faeces 13C2- and D7-
cholesterol enrichment curves 

Time dependent curves of the fractional contributions 
of intravenously administered 13C2-cholesterol and 
orally administered D7-cholesterol in blood and faeces 
at basal conditions (A) and after ezetimibe treatment 
(B). Curves were described according to eq.1 as 
described in the Supplementary Methods, followed by 
the calculation of AUC (eq. 2).
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To further validate CH/BA ratios obtained with the Enterotest®, a separate experiment was carried 

out in five healthy volunteers in which duodenal bile was harvested both endoscopically and 

via the Enterotest®. The CH/BA ratios obtained by both methods were not significantly different 

(Supplementary Methods and Results Figure 3). Bile acid pool sizes and the fractional elimination 

rate of total BA from blood (kBA) are shown in Supplementary Methods and Results Table 3.  Biliary 

cholesterol secretion was calculated to be 602 ± 335 mg/day (Table 3).

cholesterol fluxes and sources of fns at basal conditions
Calculated cholesterol fluxes of the basal experiment are shown in Table 3 and Figure 4. Dietary 

cholesterol intake was 137 ± 43 mg/day. Intestinal fractional cholesterol absorption was 24.6 ± 11.6% 

and cholesterol synthesis amounted to 549 ± 291 mg/day. Total FNS loss averaged 429 ± 227 mg/

day, consisting of the following fractions:  dietary cholesterol: 99 ± 24mg/day (diet E); blood-derived 

cholesterol 304 ± 220 mg/day (bloodE): either secreted via bile 202 ± 100 mg/day (blood E) or by TICE 101  

± 223 mg/day (  blood E), corresponding to 47% and 24% of total FNS, respectively. The contribution of 

the remaining fraction, deriving from hepatic and intestinal de novo synthesis (restE) amounted to 24 ± 

120 mg/day. Faecal bile acid mass amounted to 256 ± 151 mg/day (Figure 3). 

ezetimibe-induced changes in measured cholesterol fluxes and sources of fns
Ezetimibe significantly reduced plasma TC and LDL-C concentrations by 1.15 ± 0.69 mmol/l and 1.12 ± 

0.57 mmol/l, corresponding to reductions of 17.3 ± 8.0% and 25.4 ± 8.1%, respectively. Plasma HDL-C 

and triglyceride levels were not significantly affected (Table 1). Equivalent to the basal experiment, 

kinetic parameters of cholesterol turnover were estimated by curve-fitting of the fractional enrichment 

curves of intravenously administered 13C2-cholesterol and orally administered D7-cholesterol in plasma 

(Figure 2). Ezetimibe did not affect biliary BA content, species or conjugation pattern (data not shown).  

BA pool size and secretion were not affected by ezetimibe (Supplementary Methods and Results Table 

3). Ezetimibe slightly induced biliary cholesterol secretion, although this did not reach statistical 

significance. (Table 3). Total faecal BA mass was significantly increased by ezetimibe to a total of 486 ± 

172 mg/day (p=0.004, Figure 4).

Dietary cholesterol intake did not differ significantly (Table 3). Ezetimibe reduced intestinal fractional 

cholesterol absorption by 56%, as compared to basal conditions (-56.0% ± 12.6%, p= 0.037) and 

increased cholesterol synthesis by 2.6-fold to a total of 1480 ± 357 mg/day (p=0.002). Total FNS loss 

increased up to 1142 ± 290 mg/day, corresponding to a significant 2.2-fold increase as compared to 

the basal experiment (p=0.002). Faecal cholesterol loss originating from the diet (diet E) was slightly 

increased by ezetimibe (129 ± 41 mg/day versus 99 ± 24 mg/day, p=0.027). Ezetimibe doubled faecal 

loss of blood-derived cholesterol (bloodE) (748 ± 294 mg/day versus 304 ± 220 mg/day, p=0.002). This 

was due to a significant 4-fold increase in TICE (469 ± 281 mg/day versus 101 ± 223 mg/day, p=0.002), 

as the portion of blood-derived cholesterol secreted via bile (bloodE) was not significantly altered (281 ± 
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Table 2. Parameters of cholesterol kinetics in both experiments (N=10)

Parameters basal ezetimibe

Bodyweight (kg)

Total cholesterol, mmol/l            

Div ( µmol/kg)

Doral ( µmol/kg)

AUCiv (µmol/l*day)

AUCoral (µmol/l*day)

Ra (µmol/kg/day

CR (l/kg/day)

Q (µmol/kg)

V (l/kg)

83.9 ± 7.8

5.62 ± 0.72

1.3 ± 0.4

1.5 ± 0.1

66.2 ± 23.8

18.9 ± 10.9

114.9 ± 13.6

0.0207 ± 0.0034

238.5 ± 68.8

0.0429 ± 0.0128

83.6 ± 8.1

4.74 ± 0.46*

1.5 ± 0.2

1.5 ± 0.2

59.2 ± 13.2

7.0 ± 2.5

125.8 ± 29.4

0.0267 ± 0.0073*

252.6 ± 27.2

0.0537 ± 0.0079*

Data are presented as means ± SD. *P < 0.05

Table 3. Measured cholesterol fluxes and fractional contributions to FNS loss 

Parameters basal ezetimibe p

Male subjects, n 10 10

Cholesterol absorption Fa (%) 24.6 ± 11.6 12.0  ±  4.4 0.037

Dietary cholesterol intake (mg/day)

Cholesterol synthesis (mg/day)

137 ± 43
549 ± 291

148 ±  50
1480 ± 357

NS
0.002

blood AUC iv (% day) 1.18 ± 0.40 1.26 ± 0.31 NS
feces AUC iv (% day) 0.76 ± 0.31 0.80 ± 0.26 NS

e(blood,feces) (%) 68.2 ± 21.0 65.5 ± 20.8 NS
blood f iv (%) 0.20 ± 0.06 0.27 ± 0.06 0.005
bile f iv (% ) 0.09 ± 0.04 0.12 ± 0.03 NS

β(blood,bile) (%) 48.3 ± 19.1 42.9 ± 11.3 NS

Biliary cholesterol secretion (mg/day) 602 ± 335 797 ± 658 NS

Fecal Neutral Sterol loss (mg/day) 429 ± 227 1142 ± 290 0.002
diet E  (mg/day) 99 ± 24 129 ± 41 0.027
blood E  (mg/day) 304 ± 220 748 ± 294 0.002

                            via bile 202 ± 100 281 ± 223 NS

                            via intestine 101 ± 223 469 ± 281 0.002
rest E  (mg/day) 24 ± 120 264 ± 283 0.02

Data are presented as means ± SD.
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223mg/day versus 202 ± 100 mg/day, p=0.182). Ezetimibe significantly increased the remaining mass 

of  FNS, not excreted via one of the abovementioned pathways (restE; 264 ± 283 mg/day versus 24 ± 120 

mg/day, p=0.02). These results are shown in Table 3 and are graphically displayed in Figure 4. 

DIscussIon

This study is the first to show that TICE is present in humans, contributing up to 24% of total faecal 

neutral sterol loss under basal conditions. In addition, we show that cholesterol elimination via TICE is 

sensitive to pharmacological modulation, as ezetimibe significantly increased FNS loss largely due to 

potent stimulation of TICE. This novel pathway contributing to the excretion of a substantial amount of 

cholesterol directly via the intestine constitutes a paradigm shift for the reverse cholesterol transport 

Figure 3. Cholesterol fluxes  

Cholesterol fluxes measured in 10 participants at basal conditions (open bars) and after treatment with ezetimibe (closed 
bars). *p<0.001 (FNS and cholesterol synthesis); p=0.011 (Fa); p=0.004 (Fecal BA).
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pathway in humans. Hence, TICE opens an entirely novel area for therapeutic interventions aimed at 

increasing cholesterol excretion in patients at increased risk of cardiovascular disease.

As discussed in the introduction, there is a considerable number of early literature reports that suggest 

the existence of  substantial non-biliary cholesterol excretion in humans. Although evocative, these 

studies do not unambiguously demonstrate that the mass of cholesterol secreted by the intestinal 

mucosa derives from the circulating cholesterol pool. We based our present methodologies on 

calculation of the contribution of plasma-derived cholesterol to FNS loss on a human study by Ferezou 

et al 34. In that report, plasma-derived cholesterol accounted for approximately 67% of FNS output 

in fifteen healthy young individuals. We corroborate this finding, as in our basal experiment this 

percentage was 68% ± 21% (Table 3). In the study by Ferezou et al, however, no distinction was made 

between the portions secreted via bile or TICE, respectively. We presently show that plasma-derived 

Figure 4. Sources of Faecal Neutral Sterols

a. Sources of faecal neutral sterols measured in 10 participants at basal conditions (open bars) and after treatment with 
ezetimibe (closed bars). *(Table 3)

b. Sources of faecal neutral sterols measured in 10 participants at basal conditions and after treatment with ezetimibe

a

b
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cholesterol is secreted into the faeces for two-thirds via bile and for one-third via trans-intestinal 

cholesterol excretion. These data provide compelling evidence that TICE contributes substantially to 

faecal excretion of plasma-derived cholesterol in humans. 

Plasma decay curves and half-lives of the intravenously administered 13C cholesterol in our study were 

similar to previous reports using both radioactively labeled cholesterol 19,35 and stable cholesterol 

isotopes 21. At basal conditions, FNS output was somewhat lower than previously described across 

populations 22,36,37, which most likely reflects the low cholesterol intake of our participants. Similarly 

low FNS excretion at basal conditions was observed in twenty-two healthy individuals who participated 

in a recent study evaluating the effects of ezetimibe and plant sterols on cholesterol metabolism and 

were also consuming a low cholesterol diet 38. Faecal bile acid masses and cholesterol synthesis, as 

measured by cholesterol balance, were in line with literature 22,32,36,37.  The cholesterol balance method 

is reliable, but only valid during metabolic steady state, which requires constant plasma cholesterol 

concentrations and fecal cholesterol excretion during a period of constant weight 32. Plasma cholesterol 

concentrations were constant in our participants from day 1 to10 and so was their weight and faecal 

cholesterol excretion (data not shown). Subjects consumed two supervised meals a day at the 

research facility, which increases the accuracy of the dietary recordings and thereby the assessment 

of cholesterol synthesis. 

Ezetimibe induced a 2.2-fold increase in FNS output, which is comparable to previous reports 36,38,39. 

This increase in FNS loss has previously been attributed to inhibition of cholesterol absorption with or 

without a possible increase in biliary cholesterol secretion 38. However, our results indicate that this 

increase is caused for the largest part by stimulation of cholesterol excretion via TICE. This finding is in 

line with our recent observations in mice where we found ezetimibe to promote FNS excretion in mice, 

without changes in hepatobiliary cholesterol secretion, thereby suggesting that the increased FNS 

loss might be mediated through TICE 13. It also follows recent suggestions concerning the involvement 

of ezetimibe in intestinal RCT, such as reports of ezetimibe-induced increases in fecal excretion of 

cholesterol derived from peripheral macrophages and HDL-C in mice 11,12. 

The underlying molecular mechanisms by which ezetimibe might stimulate TICE are unknown. We 

previously speculated that these effects might be related to the inhibition of Niemann-Pick C1-Like 

1 (NPC1L1), resulting in disturbed intracellular vesicle trafficking, which ultimately might lead to an 

increased transport of cholesterol to the apical membrane of the enterocytes 13. From cultured cells it 

is known that the NPC1L1 protein cycles between intracellular compartments and the cell membrane 

in a cholesterol-dependent manner 40. The sterol-sensing domain present in NPC1L1 might regulate 

its intracellular itineraries by sensing membrane cholesterol content. Next to a potential direct role 

in TICE, NPC1L1 might be involved in regulation of other intracellular players. Recently, hepatic 

NPC1L1 was found to downregulate Niemann-Pick C2 (NPC2), a homologous protein which mediates 
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cholesterol efflux by the ATP-binding cassette (ABC) G5/G8 transporter from hepatocytes to the bile 
41,42. The authors speculated that in analogy to hepatocytes and bile, NPC1L1 might serve as a regulatory 

mechanism for secretion of NPC2 in the intestine as well. Hence, inhibition of NPC1L1 by ezetimibe 

might result in increased intestinal secretion of NPC2 and consequently increased cholesterol efflux 

mediated by ABCG5/G8.  From our conflicting murine studies regarding the role of ABCG5/G8 4,9  and 

ezetimibe 10,13 in TICE, we strongly suspect that only a certain portion of TICE is mediated via ABCG5/

G8. Ezetimibe might stimulate this particular portion, through the abovementioned possible novel 

mechanism that certainly warrants further investigation. 

Another possibility is that ezetimibe exerts its stimulatory effect on TICE at the luminal side of the 

intestine. It has been shown that TICE can be stimulated by manipulation of the intraluminal bile acid 

and phospholipid content 4,44. Recent reports indicate that ezetimibe alters the composition of bile, 

thereby promoting the formation of unsaturated micelles 45,46. Although speculative, these changes in 

micellar composition might increase their capacity as cholesterol acceptors and thereby the excretory 

capacity of enterocytes. The improved gallbladder motility observed in both studies might improve 

the delivery of these acceptors to the more distal sites of intestinal cholesterol excretion. Our current 

findings are not strong enough to confirm or refute these possible ezetimibe-induced changes in 

biliary composition. 

Apart from TICE, ezetimibe also markedly induced the so-called remaining fraction of FNS loss in 

our study. We hypothesize this was most likely due to enhanced hepatic and intestinal cholesterol 

synthesis, as ezetimibe was shown to increase cholesterol synthesis in both animal models 47-49 and 

humans 36,39. Our cholesterol balance calculations confirm increased cholesterol synthesis after 

ezetimibe treatment. Of note, in animals and probably humans as well, shedding of enterocytes also 

serves as a source for FNS loss. Ferezou et al 34 estimated this contribution to be about 15%. Assuming 

that the decrease in isotopic enrichment of cholesterol corrected for de novo synthesized cholesterol 

in the liver is caused by shedding of enterocytes, the contribution was rather low in control conditions, 

but increased about tenfold after treatment with ezetimibe, suggesting that the drug either increased 

cell shedding or strongly increased cholesterol synthesis in the enterocytes.

Finally, ezetimibe also significantly increased faecal BA output in our subjects. This is in line with recent 

observations in twenty-two healthy individuals who were sequentially treated with ezetimibe and 

ezetimibe combined with plant sterols as compared to placebo for three weeks each 38.  Furthermore, 

a trend towards an increase in faecal BA loss was found in 18 males treated with ezetimibe for 2 weeks 

(p=0.068) 39. In contrast, faecal BA loss was unaltered in a more recent study performed by the same 

authors in 39 individuals treated with ezetimibe for 7 weeks 36. The reason for the difference in results 

is not clear. Yet, the ezetimibe-induced increase in faecal BA output appears to be a phenomenon 

restricted to humans, as it was not described in mice treated with ezetimibe 13,50. 
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study limitations
An essential step in quantification of TICE in our study is the determination of biliary cholesterol 

secretion. For obvious reasons, we were not able to perform direct measurements of biliary 

cholesterol secretion in humans. Since biliary cholesterol secretion is driven by bile acid secretion, 

we chose a non-invasive bile acid kinetic approach. Bile acid poolsizes were measured according to an 

established method from our laboratory 20,51 and were similar to those in other populations 20,51-52. The 

product of biliary BA secretion and biliary CH/BA ratio, as measured using the Enterotest®, eventually 

yielded biliary cholesterol output. We validated these obtained CH/BA ratios in a separate experiment 

in five volunteers, in which CH/BA ratios measured with the Enterotest® agreed well with those in 

bile sampled directly in the duodenum (Supplementary Methods and Results Figure 2). Despite these 

affirmative findings, our methodology assumes a stable linear relationship between biliary cholesterol 

and bile acid secretion, respectively. It is known that this is not always the case, as diurnal rhythm and 

prandial state cause variations in linearity and a curvilinear relation between bile acid and cholesterol 

secretion has been proposed 53,54. We cannot exclude that our methodology introduced experimental 

error in our results. However, curvilinearity would have led to overestimation of biliary cholesterol 

secretion and thus underestimation of TICE. This could be the reason that we found lower values for 

TICE under control conditions compared with the amounts observed in the intestinal perfusion studies 
16. Yet, the presently calculated mass of TICE is similar to the early estimations of TICE in studies using 

other methodologies 14,15. Furthermore, the effect of ezetimibe on TICE is unequivocal. According to 

Wang et al 45, this drug actually decreases biliary cholesterol secretion. In our study ezetimibe induced 

a slight, but not significant increase in biliary cholesterol output, which could by no means account for 

the increase in FNS loss. 

In summary, trans-intestinal excretion of blood-derived cholesterol is present in human physiology. 

We showed for the first time that TICE is an important pathway for faecal cholesterol elimination 

in humans. TICE was found to be sensitive to pharmacological stimulation by ezetimibe, yet, the 

underlying mechanisms need further investigation. Recent specific targeting of intestinal RCT showed 

profound effects on CVD progression 55 and macrophage RCT 56,57. Our findings imply that stimulation 

of TICE may provide a novel therapeutic modality for individuals at increased risk of CVD.
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suPPleMenTary MeThoDs & resulTs 

estimation of cholesterol kinetics
Relevant equations to describe blood cholesterol kinetics were adapted from pharmacokinetic

algorithms 1 and are listed in Supplemental table 1.  

Empirically it was found that the time dependent curves of both cholesterol tracers can be described 

by the sum of three exponential curves (eq. 1). The exponential curves with subscript 1 and 2 describe 

the elimination of the tracer from blood, whereas the exponential curve with subscript 3 describes the 

entrance of the label in blood. The f variables represent the fractional contribution of the tracer at time 

point 0, deduced by extrapolation and the k variables represent the fractional elimination/absorption 

rates of the tracer. With respect to the intravenously administered tracer, of which it is assumed that it 

is introduced into the sampled pool and is diluted instantaneously, the curve intersects the origin and 

so the estimated mole fraction f3(0) equals the sum of f1(0) and f2(0).

The area under the curve (AUC) is calculated as the sum of the ratios of fx and kx of the three 

exponential curves (eq. 2).

The turnover rate of cholesterol (Ra) is calculated as the ratio of the amount of administered tracer 

that enters the sampled pool and the AUC of this tracer (eq. 3). The amount of the bolus is calculated 

as the product of the administered dose (Dtr) and its bioavailability (Ftr). According to the assumption 

that the intravenously administered tracer is introduced into the sampled pool, its bioavailability is 1.

The clearance rate (CR) of cholesterol is calculated as the ratio of the turnover rate and cholesterol 

concentration (eq. 4) 

The apparent volume of distribution of cholesterol in blood is calculated as the ratio of its pool size and 

concentration of cholesterol in blood (eq.6).
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Supplementary Table 1.  Equations describing cholesterol kinetics

Eq. 1
Time dependency of  the fractional 
contribution from
cholesterol tracer in blood

Eq. 2
Area under the curve of the fractional 
contribution from
cholesterol tracer in blood

Eq. 3 Turnover rate of the
cholesterol tracer in blood

Eq. 4 Clearance Rate of 
cholesterol tracer in blood

Eq. 5 Pool size of cholesterol 
in blood

Eq. 6 Apparent volume of distribution of cholesterol 
in blood

Eq. 7 Fractional absorption of orally administered 
cholesterol

Assuming identical clearance rates of the isotopes and that the fractional contribution for intravenously 

administered cholesterol in blood is 100%, it can be deduced that the fractional contribution of 

oral administered cholesterol in blood, i.e., the fractional cholesterol absorption rate, is calculated 

according to eq. 7.

Determination of the sources of faecal neutral sterols
Sources of faecal neutral sterols (FNS) were calculated according to our previously methodology in 

mice 2, although modified for the human situation. Equations are shown in Supplementary Table 2. 

Total FNS mass consists of several fractions which originate from various sources, i.e., dietary 

cholesterol (diet E); blood-derived cholesterol (bloodE): either secreted via bile (blood
bile E) or directly by the 

intestine (blood 
intestine E) and a remaining fraction, which likely derives from hepatic or intestinal de novo 

synthesis (restE). 
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Supplementary table 2.  Equations describing sources of faecal neutral sterols

Eq. 8 Loss of dietary cholesterol in faeces (diet E)

Eq. 9 Fractional contribution of blood- derived 
cholesterol in faeces

Eq.10 Loss of blood-derived cholesterol in faeces

Eq.11 Fractional contribution of blood-derived 
cholesterol in bile

Eq.12 Loss of blood-derived cholesterol in faeces 
via bile

Eq.13 Biliary cholesterol secretion

Eq.14 Biliary bile acid secretion

Eq.15 Loss of blood-derived cholesterol in faeces 
via the intestine (TICE)

Eq.16 Loss of remaining cholesterol in faeces

The amount of  dietE in FNS is calculated as the product of daily cholesterol intake and the fraction of 

orally cholesterol that is not absorbed (1-Fa) as shown in eq. 8.

To calculate faecal excretion of blood-derived cholesterol, we adapted the method described for use 

in humans by Ferezou et al 3. This method enabled us to calculate the fraction of faecal neutral sterol 

excretion that originates from the blood compartment. First, time dependent curves of the fractional 

contributions of 13C2-cholesterol in blood and faeces were described according to eq.1, followed by the 

calculation of AUC (eq. 2). From the ratios of AUCs in faeces and blood, the fractional contribution of 

blood-derived cholesterol in faeces was calculated (eq. 9).

The mass of cholesterol loss originating from blood (bloodE) is the product of the fractional contribution 

of blood-derived cholesterol in faeces and the total faecal neutral sterol loss (totalE) as shown in eq.10. 

This blood-derived cholesterol can be secreted into faeces either via bile (blood
bile E) or directly by the 

intestine (blood
intestine E).

To determine the fraction of biliary cholesterol that is derived from the blood compartment (blood
bile β, 

eq.11), the fractional contributions of intravenously administered 13C2-cholesterol were determined in 

plasma and bile samples at 24h post-administration (blood
bile β). The bile sample was obtained by means 

of the Enterotest®. This particular time point was based on our previous experience in mice 2. 

The mass of blood-derived cholesterol that is excreted into the intestinal lumen via the biliary pathway 

is calculated as the product of the fraction blood-derived cholesterol in bile (blood
bile β) and daily biliary  

cholesterol output (totalBCH). To calculate faecal loss of blood-derived cholesterol via bile (blood
bile E), 

correction for fractional intestinal cholesterol re-absorption (Fa) is required (eq.12).

[ ]
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totalBCH represents daily biliary cholesterol output, which was calculated (eq.13) as the product of biliary 

bile acid secretion (BBA),  deduced from bile acid kinetic calculations described below and the ratio of 

cholesterol to bile acid concentrations (CH/BA) in bile, as measured from bile sample obtained with 

the Enterotest®.

Biliary bile acid secretion (BBA) is calculated (eq.14) as the product of the bile acid pool size (QBA) 

and the fractional elimination of bile acids during the enterohepatic circulation (kBA). The calculations 

for bile acid poolsize were comparable with the calculations for cholesterol poolsize. In detail, two 

labeled bile acids were administrated, i.e,D4-CA and D4-CDCA. Time-dependent curves of the fractional 

contributions of these tracers in blood (measured in post-prandial samples during four days post-

administration, according to 4, were described according to eq.1, with the exception that a single 

exponential function can describe the elimination of bile acids and subsequently can be used to 

calculate the pool sizes according to eq. 5 (QCA and QCDCA). Cholate pool size (QCA) was used in further 

calculations, as data did not differ from when chenodeoxycholate poolsize was used. We assumed 

identical fractional elimination of both bile acids from the different compartments during the 

enterohepatic circulation. This implies that the influx of bile acids into bile is equal to their efflux from 

blood. The fractional elimination rate of bile acids from blood was estimated from the plasma decay 

curves of the bile acids measured at 30 minute time-intervals during 5 hours following administration 

of intravenous dose of cholecystokinin. These curves according to eq. 1 followed a bi-exponential 

decay, from which the smallest elimination rate was used in further calculations (kBA). An example of 

such a curve is shown in Supplementary Figure 1. 

The difference between the total blood-derived cholesterol in the faeces (bloodE) and faecal blood-

derived cholesterol secreted via bile (blood
bile E) yields the amount of faecal cholesterol that is excreted 

from the blood compartment directly into the intestinal lumen, i.e.TICE, as calculated in eq.15.

Finally, the remaining mass of  faecal neutral sterols that is not excreted via one of the abovementioned 

pathways (restE) is likely to originate from liver and intestinal de novo synthesis (eq.16).

Supplementary Table 3. BA parameters (N=10)

Basal Ezetimibe

CA poolsize (μmol/kg) 36.8 ± 8.6 34.6 ± 10.3

CDCA poolsize (μmol/kg) 28.3 ± 6.5 27.2 ± 9.6

kBA   (day -1) 4.38 ± 0.18 4.35 ± 0.24

Data are shown as means ± SD. 
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Supplementary Figure 1.  Plasma BA elimination curves 

A. Example of time dependent curve of the fractional contribution of D4-CA in blood (measured in post-prandial samples 
during four days post-administration, according to ref. 4) at basal conditions (open) and after ezetimibe treatment (closed). 
This curve is described according to eq.1, with the exception that a single exponential function can describe the elimination 
of CA and subsequently can be used to calculate the CA poolsize (QCA) according to eq. 5. A similar curve was obtained to 
calculate QCDCA. Cholate pool size (QCA) was used in further calculations.

B. Plasma BA elimination curve during 5 hours after an intravenous gift of cholecystokinin at basal conditions (open) and 
after ezetimibe treatment (closed). Total plasma BA were measured at 30min intervals, as described in the Supplementary 
Methods text above. Curves followed a bi-exponential decay, from which the smallest elimination rate (kBA) was calculated 
and used for further calculations.

validation experiment of measured biliary ch/ba ratios: enterotest® versus duodenal 

aspiration
In order to validate our methodologies to measure biliary cholesterol secretion, a separate validation 

experiment was performed, in which we directly compared duodenal gallbladder secretory products 

with those absorbed by the Enterotest®. Five healthy adult normoweighted Caucasian males (age: 30.2 

± 8.4y, BMI: 21.9 ± 1.0 kg/m2) with a negative medical history for cardiovascular or gastrointestinal 

diseases and no medication use, participated in this experiment. They swallowed the Enterotest® 

with water in the evening before their morning visit to the endoscopy facility in the fasting state. 

The duodenoscope was introduced and subsequently an intravenous dose of 0.05μg/kg synthetic 

cholecystokinin (CCK) (sincalide, Kinevac®, Bracco Diagnostics, Princeton, NJ) was administered to 

induce gallbladder contraction. In the ten subsequent minutes, gallbladder secretory products were 

collected via a suction device and immediately frozen at -20ºC. The Enterotest® was removed together 

with the endoscope and the nylon thread was also frozen at -20ºC. Biliary secretory products were 

extracted according to the methods described in the analytical procedures of the Methods Section. 
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Supplementary Table 4. Biliary CH/BA obtained by duodenal aspiration or the Enterotest®

Biliary secretory products Duodenal aspiration Enterotest®

Cholesterol  (nmol/ul) 3.22 ± 2.30 0.25 ± 0.07

Bile acids    (nmol/ul) 18.71 ± 5.73 1.68 ± 0.69

CH/BA ratio 0.16 ± 0.09 0.19 ± 0.09

Data are shown as means ± SD. (N=5)

Supplementary Figure 2. Biliary CH/BA obtained by duodenal aspiration or the Enterotest®
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General DIscussIon

This thesis deals with intestinal cholesterol handling in a broad sense. The current knowledge on 

intestinal cholesterol absorption and excretion is reviewed in Chapter 1. Subsequently, 

Chapters 2 to 5 focus on intestinal cholesterol absorption, whereas reverse cholesterol transport, in 

particular trans-intestinal cholesterol excretion (TICE) is addressed in Chapters 6 and 7. 

As described in Chapter 1, cholesterol absorption inhibition by ezetimibe is accomplished through a 

different mechanism than that by dietary supplementation with plant sterols. Therefore, we investigated 

whether these strategies would be synergistic in terms of reductions in plasma LDL-C concentrations. 

In the study described in Chapter 2, we found that this was not the case: combination of ezetimibe 

with dietary plant sterol supplementation did not induce significantly greater reductions in plasma 

LDL-C concentrations compared with ezetimibe alone. There were no other clinical trials investigating 

this particular question, until recently Lin et al published a similar, but more extensive study in a 

comparable population of twenty-one mildly hypercholesterolaemic subjects 1. In that randomized, 

double-blind, placebo-controlled, triple-crossover study, the effects of  (1) 10 mg/d ezetimibe + 

2.5g plant sterols, were compared to (2) 10 mg/d ezetimibe + plant sterol placebo and (3) ezetimibe 

placebo + plant sterol placebo for 3 weeks each, with a plant sterol-controlled background diet during 

all study periods. These authors not only assessed reductions in plasma LDL-C concentrations, but 

also measured cholesterol absorption inhibition and faecal neutral sterol (FNS) excretion, by use of 

stable cholesterol isotopes. They found an additional significant 7% LDL-C reduction after ezetimibe-

plant sterol combination, compared with ezetimibe monotherapy. The authors hypothesized that the 

discrepancy, as compared to our study could be explained by the fact that in our study ezetimibe 

treatment was not blinded and that the diet of the subjects was not controlled for plant sterol content 1.  

The first was indeed a study limitation, as already discussed in Chapter 2. With respect to their second 

argument, it has been shown that plant sterol doses in the normal dietary range, dose-dependently 

inhibit cholesterol absorption, but without corresponding reductions in plasma LDL-C concentrations 2.  

In our study, subjects served as their own controls, which argues against a major role for their 

background diets on the observed responses. Moreover, in Chapter 3, we calculated plant sterol 

intake from dietary records in a population of eighty comparable subjects and found no correlation 

between cholesterol absorption and dietary plant sterol intake (data not shown). Notwithstanding, a 

plant sterol-controlled diet is obviously methodologically superior. Finally, we already discussed the 

possibility of inadequate power of our study in Chapter 2. An additional explanation could be the less 

pronounced compliance to the plant sterol supplementation in our study, as compared to theirs.  

Interestingly, in the study by Lin et al 1, the largest effect of ezetimibe-plant sterol combination did 

not concern cholesterol absorption inhibition, but in fact cholesterol excretion; FNS output increased 

by 64% with ezetimibe and by 103% with ezetimibe-plant sterol combination, whereas cholesterol 
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absorption was reduced by 53% with ezetimibe and by 34% with ezetimibe-plant sterol combination, 

respectively. These results are in line with our hypothesis that ezetimibe might exert its cholesterol-

lowering effects by increasing trans-intestinal cholesterol excretion (TICE) as discussed in Chapters 6 

and 7. The even more striking increase in FNS loss induced by ezetimibe combined with plant sterols 

suggests that plant sterols in their turn might increase cholesterol excretion as well. This is supported 

by a crossover plant sterol feeding trial in eighteen adults, who in random order consumed dietary 

plant sterols from negligible (0 mg) to high (2g) amounts, resulting in a dose-dependent increase in 

FNS output, which could not be explained by the corresponding reductions in measured cholesterol 

absorption 2. Those authors speculated that this might be due to a plant sterol-induced rise in biliary 

cholesterol secretion. However, we postulate that plant sterol-induced stimulation of TICE might 

underlie these findings, as in mice, plant sterol supplementation resulted in significant increases FNS 

output, without any changes in biliary cholesterol secretion 3,4. Furthermore, in the study by Brufau et 

al 4, a careful input-output analysis showed that plant sterol feeding resulted in a 6-fold induction of 

TICE in wildtype mice. 

The mechanisms by which ezetimibe and/or plant sterols could stimulate TICE are currently unknown. 

Possible mechanisms for ezetimibe are outlined in more detail in Chapter 7. With respect to plant 

sterols, several mechanisms have been suggested, including both LXR-dependent and -independent 

mechanisms (reviewed in 5). It is less likely that the stimulation of TICE is LXR-mediated, as plant 

sterols did not alter LXR target genes in the study by Brufau et al 4 and studies investigating plant 

sterols as possible ligands of LXR have been conflicting 6-8. A possible LXR-independent mechanism 

might include interference of plant sterols with cholesterol trafficking within the enterocyte, as plant 

sterols have been shown to affect expression of genes encoding proteins of the ANX family, which are 

involved in regulation of membrane properties 9. Besides studies aiming to unravel the underlying 

molecular mechanisms, human studies to assess the effect of plant sterols and ezetimibe-plant sterol 

combination on TICE are also warranted. Our study model described in Chapter 7 could provide a 

means for this purpose. 

 

We did not measure cholesterol absorption in our study described in Chapter 2. Instead, we used 

changes in plasma plant sterol concentrations as markers of changes in cholesterol absorption, which 

is common current practice in the field, as extensively discussed in Chapter 3. In that period, it was 

suggested that plasma non-cholesterol sterol markers could be used as a clinical tool to customize 

cholesterol-lowering therapy 10,11. Therefore, we initially aimed to investigate whether persons with 

high baseline plasma plant sterol markers would respond better to cholesterol absorption inhibiting 

strategies in terms of LDL-C lowering, compared with persons with low plasma plant sterol markers. 

However, when exploring literature, the original validation of these markers seemed fragile at most, 

which prompted us to investigate the validity of these plasma markers (Chapter 3), prior to performing 
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such a study. In the interim, we tested the hypothesis of customizing cholesterol-lowering therapy 

based on these markers in a post-hoc analysis of the ENHANCE trial, as described in Chapter 4. 

In Chapter 3, we compared measured cholesterol absorption rates between persons with high plasma 

plant sterol concentrations and persons with low plasma plant concentrations. To the best of our 

knowledge, this is the first study which prospectively investigated this particular research question. We 

found no differences in measured cholesterol absorption between the high and low plant sterol groups 

and no significant association between plasma plant sterol concentrations and cholesterol absorption 

in the total group of eighty mildly hypercholesterolaemic subjects.  The possible methodological 

and mechanistic explanations for this apparent discrepancy with common practice throughout 

literature are extensively discussed in Chapter 3. Our findings in Chapters 3 and 4 did not support 

further prospective investigation of the hypothesis that these markers could be used to personalize 

cholesterol-lowering treatment. To the best of our knowledge, so far, there is only one prospective 

study directly addressing this issue 12.  This randomized, double-blind, placebo-controlled, crossover 

study in 215 men treated with ezetimibe, simvastatin and their combination for 6 weeks each showed 

that baseline cholesterol absorption and synthesis markers do not predict responsiveness to these 

cholesterol-lowering treatments 12, thereby further contesting the applicability of these markers to 

personalize cholesterol-lowering treatment. A recently published systematic review of five post-hoc 

analyses (including our study described in Chapter 4) and the single prospective study by Lakoski et al 
12, concluded that ‘it has not been consistently demonstrated that good absorbers/bad synthesizers 

are bad responders to statins and good responders to ezetimibe’ 13. The two most recent studies, 

not included in the systematic review, concern two post-hoc analyses of relatively short-term studies, 

which have also yielded conflicting results 14,15. 

Finally, studies focusing on the association of plasma markers of cholesterol absorption and the 

cholesterol-lowering response to cholesterol absorption inhibition by plant sterol and stanol 

consumption also lack consistency, although most of these studies are in favor of an association 

between baseline plasma plant sterol concentrations and plant sterol or stanol-induced plasma LDL-C 

reductions 16-22. However, most studies reporting positive associations were not designed to answer 

this specific research question, except for one study which reported negative results 16. In addition, 

associations were not corrected for baseline LDL-C concentrations, which is known to be an important 

predictor of LDL-C reduction during lipid-lowering therapy, as discussed in Chapter 4.

Altogether, our findings do not support the use of plasma plant sterol concentrations as markers of 

cholesterol absorption and their use as an applicable clinical tool to customize cholesterol absorption 

inhibiting therapy seems uncertain at the least. Therefore, the use of actual cholesterol absorption 

measurements is mandatory in future clinical studies targeting intestinal cholesterol metabolism. 

Whether our results will urge others to perform additional validation studies or falter the future use 

of plant sterol markers remains to be awaited, since there is still a tenacious belief in their potential 

in the field 23. 
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In Chapter 5 we found that ABCG8 variant p.D19H was associated with reduced plasma plant sterol 

and increased cholesterol precursors concentrations, suggestive of a possible gain-of-function of the 

ABCG8 transporter. As discussed in Chapter 5, these results were in line with the observed association 

of this variant with cholesterol gallstones in several large studies 24-26. At that time, direct functional 

analyses of this variant had not been reported. Recently, through detailed transcript mapping, mutation 

detection and association analysis in ethnically different populations, the p.D19H variant has not only 

been identified as the likely causative variant for gallstone susceptibility, but additional 3H-cholesterol 

export assays of allelic constructs harboring this variant demonstrated increased transport activity of 

the ABCG8 transporter 27. It seems plausible that this gain-of-function variant would lead to increased 

biliary and/or intestinal cholesterol secretion, consequently resulting in enhanced RCT and net 

cholesterol elimination. However, as discussed in Chapter 5, reports on its association with reduced 

plasma cholesterol concentrations are conflicting 28-30. Furthermore, this variant was not found to be 

associated with CVD risk in genome-wide association studies, although one study reported a SNP 

associated with reduced CVD risk in close linkage-disequilibrium with the p.D19H variant 30. Hence, 

whether this ABCG8 variant might be of significance in prevention of CVD remains to be established. 

In the final part of this thesis (Chapters 6 and 7) we show that trans-intestinal cholesterol excretion is 

present in human physiology and that this is an ezetimibe-inducible pathway in both mice and men. 

To date, the molecular mechanisms underlying TICE are not understood. Therefore, it is not clear 

whether TICE is in fact an active, transporter-mediated metabolic process. In order to effectively target 

this pathway, the following items need to be addressed: characterization of so-called plasma donor-

particles that deliver cholesterol to the intestine for subsequent excretion via TICE; identification 

of transporters located at the basolateral membrane of intestinal cells, involved in the uptake of 

cholesterol destined for intestinal excretion; elucidation of intracellular trafficking mechanisms by 

which cholesterol is transported towards the apical membrane of enterocytes; identification of all 

apically located transporters and possible luminal acceptors which facilitate the excretion of cholesterol 

to the enteric lumen. Finally, there is a need for identification of effective drug interventions to 

specifically modulate the intestinal arm of RCT. Thus far, some progress has been made with respect 

to the abovementioned items, which has been the focus of several recent reviews 31-34. Each of these 

topics is briefly summarized below.

With respect to the plasma particles that facilitate TICE, an elegant study in mice subjected to hepatic 

antisense oligonucleotide inhibition of hepatic acat2 showed that the liver can secrete lipoprotein 

particles that preferentially deliver cholesterol to the proximal small intestine for faecal excretion 35. This 

site of action is in line with earlier intestinal perfusion studies 36. However, whether these liver-derived 

lipoproteins represented nascent VLDL- or HDL-particles or perhaps a novel lipoprotein, remains to be 

more extensively addressed. In a recent review, these same authors report published and unpublished 

experimental evidence that might imply that VLDL-remnants or further catabolic products of VLDL, 
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such as IDL or LDL may mediate intestinal delivery of cholesterol destined for secretion via TICE 31. 

We are currently investigating this hypothesis in patients with familial hypobetaliproteinemia (FHBL), 

a rare disorder characterized by apoB and LDL-C concentrations below the 5th percentile, due to the 

formation of a dysfunctional form of apoB, leading to a defective VLDL-export system. In case blood-

derived cholesterol destined for elimination via TICE is truly mediated via VLDL-particles, patients with 

FHBL should exhibit a significant reduction in TICE, as compared to unaffected age, gender and BMI-

matched controls.

Despite its classical role in RCT, several studies indicate that plasma HDL is not the substrate for TICE.  

Abca1 and apoA1-deficient mice exhibit normal or increased FNS excretion under normal conditions 
37-39 and when abca1-/- mice are treated with an LXR-agonist, FNS excretion is stimulated to the same 

extent as in control mice 8. Finally, intestinal secretion of radiolabeled plasma-derived cholesterol was 

unaltered in abca1-/- mice as compared to their wildtype littermates 40. 

Apolipoprotein E (apoE) was also considered a candidate, however, this is now thought to be less likely, 

as it was found that elimination of apoE expression did not result in enhanced FNS loss in npc1l1-liver-

transgenic mice, which are known to exhibit cholesterol secretion via TICE (reviewed in 31). Altogether, 

the mechanisms by which cholesterol is delivered to the intestine for  subsequent excretion via TICE 

are currently incompletely understood. 

As VLDL-remnants, IDL or LDL have been suggested to facilitate TICE, the LDL-receptor (LDL-R) or one 

of the other receptors in the LDL-receptor family have been proposed as the basolateral transporters 

that mediate TICE. However, several experiments in ldl-r-/- mice 35 and mice treated with LXR-agonists 

do not support this suggestion (reviewed in 31). In addition, gene expression analyses did not show any 

indication of involvement of ldl-r, lrp, vldl-r, abca1 or abcg1 in TICE 36,40,41. 

Sr-b1 was also thought to be a possible candidate-transporter, however TICE was found to be 

upregulated instead of downregulated in sr-b1 deficient mice 41. Furthermore, upon pharmacological 

LXR-activation, sr-b1-deficient and control mice expressed same amounts of intestinal uptake of HDL 

cholesteryl esters 42. Finally, Temel et al 31 report unpublished results that mice with intestine-specific 

overexpression of Sr-b1 exhibit unaffected TICE. Altogether, sr-b1 is not likely to be involved in TICE, 

which also further contests the involvement of HDL-C in this pathway.

There is very limited evidence on the mechanisms by which cholesterol destined for excretion via 

TICE is trafficked towards the apical membrane within enterocytes. Gene expression analyses in mice 

with upregulated TICE upon PPARδ activation 43 showed increased expression of Rab9 and LIMP2, 

suggesting that these proteins might be involved in this process. An 80% increase in Rab9 expression 

was also observed in mice with 6-fold upregulated TICE after treatment with LXR-agonists 44. Rab9 has 

been shown to modulate cholesterol transport from late endosomes to the trans-Golgi network 45. In 

addition, Temel et al 31 suggest a possible role for NPC1 en NPC2 proteins in the intracellular phase of 

TICE. 
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Finally, as discussed in Chapters 6 and 7, NPC1L1 might also serve as an intracellular player in TICE, 

considering that this protein does not strictly reside on the apical membrane of enterocytes, but 

migrates within these cells in a cholesterol-dependent manner. Obviously, additional work is required 

to understand the intracellular itinerary of cholesterol destined for excretion via TICE.

The apically located abcg5/g8 transporter is likely to, at least in part, facilitate the last step of TICE. 

This is supported by our murine study described in Chapter 6 and other studies in mice: the presence 

of abcg5/g8 was found to be required for increased FNS excretion upon LXR-activation 46; LXR-induced 

TICE was found to be less pronounced in acbg5-deficient mice 44 and plant sterol feeding resulted 

in a 6-fold induction of TICE in wild-type mice as compared to merely 3.5-fold in abcg5-/- mice 4 . In 

contrast, abcg5/g8 function was not found to affect TICE as measured in intestinal perfusion studies 
36. Possibly this apparent discrepancy pertains to the methodology of intestinal perfusion studies, 

in which the absence of food and biliary components and pancreatic enzymes in the rinsed and 

perfused intestinal segment may hamper abcg5/g8-mediated TICE. Recently, the protein NPC2 was 

found to stimulate abcg5/g8-dependent biliary cholesterol secretion without affecting the abcg5/

g8-independent pathway 47,48. As postulated in Chapter 7, NPC2 might function as an acceptor for 

TICE mediated by abcg5/g8. Although speculative, the absence of this protein in the lumen of the 

perfused intestinal segment might be responsible for the divergent results. Finally, TICE is not fully 

attributable to the activity of abcg5/g8, as a significant amount of TICE is still present in abcg5 or 

abcg8-deficient mice. Hence, other as yet unknown, apically located proteins should be involved. Of 

note, gene expression analyses performed in murine intestinal perfusion studies have not established 

a role for NPC1L1 located at the brush border membrane 36,43. 

In intestinal perfusion studies, intraluminally present bile acids, but importantly phospholipids have 

been shown to stimulate the amount of cholesterol excreted via TICE 36,41. In the absence of these 

acceptors, only a small mass of TICE could be observed which was probably attributable to shedding of 

enterocytes. Finally, as speculated above, the NPC2 protein might also be involved as an intraluminal 

acceptor facilitating TICE. Additional studies focusing on these acceptors might yield therapeutic 

interventions that would not require systemic distribution. 

Our methods in Chapters 6 and 7 do not quantify the efflux of cholesterol from lipid-laden macrophages 

for elimination into the faeces 49,50. Cholesterol in atherosclerotic plaques represents a minute fraction 

of the total exchangeable cholesterol pool size 51,52 and the study of this particular RCT is currently 

confined to studies in mice 49. Interestingly, Temel et al showed that macrophage-specific RCT can 

proceed in the complete absence of biliary sterol secretion by demonstrating intact faecal excretion 

of macrophage-derived 3H-cholesterol in npc1l1-transgenic mice, which are characterized by a 90% 

reduction in biliary cholesterol secretion as compared to wildtype littermates 53. This intact faecal 

retrieval of labeled macrophage-derived cholesterol was confirmed in another experiment with bile-

diverted mice, which thereby also lacked faecal bile acid excretion 53. Therefore, these authors were 
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the first to challenge the obligate role of bile in macrophage-specific RCT, in support of a non-biliary 

anti-atherosclerotic cholesterol excretion route. Strikingly, another comparable study published 

only a few months later, showed the complete opposite: abcb4-deficient mice, in which abolished 

phospholipid secretion is the primary genetic defect, resulting in 15-fold diminished biliary cholesterol 

secretion, exhibited 50% reduced faecal excretion of 3H-cholesterol. Similar results were obtained in 

mice that underwent bile duct ligation 42. These authors argue that this strong discrepancy might be 

caused by differences in experimental approach 54: with respect to the mouse-strains, npc1l1-liver-

transgenic mice have intact biliary bile salt and phospholipid secretion, in contrast to abcb4-/- mice, 

which completely lack biliary phospholipid secretion, thereby also lacking the necessary acceptors 

for TICE in the intestinal lumen 36. However, this explanation does not hold for the bile diversion 

experiment, although this experimental period was significantly shorter in the study by Temel et al 53, 

as compared to the study by Nijstad et al 42 (8 versus 24 hours post-surgery, respectively). In addition, 

as discussed in the introduction of Chapter 7, FNS output was found to be normal in several reports 

studying animals and humans in bile-diverted conditions, which does not support the presence of 

luminal acceptors as an absolute prerequisite for intestinal cholesterol secretion in vivo. To this end, 

we are currently investigating whether intravenously administered 13C2-cholesterol can be retrieved 

in faeces of patients with complete common bile duct obstruction, either due to pancreatic or biliary 

tract malignancy or as a complication of laparoscopic cholecystectomy. Finally, Annema et al argue 

that the difference in outcome might be attributable to different choice of macrophages 54, although 

macrophage-RCT assays studying other research questions and using both macrophage-species have 

mostly shown matching results (for a comprehensive overview see Table 1 in 54). In any case, these 

inconsistent results deserve further investigation, in order to establish whether TICE is in fact an anti-

atherosclerotic mechanism. Although pharmacological and genetic intestine-specific LXR activation 

have been shown to protect against atherosclerosis (reviewed in 55), it remains to be established, if and 

to what extent this positive effect is mediated by TICE, as discussed below. 

Several murine studies have demonstrated that TICE is a process that can be stimulated by various 

pharmacological and dietary interventions: LXR-agonists were found to stimulate TICE in murine 

studies using different experimental methodologies 36,44,56; PPARδ activation doubled TICE, as measured 

by intestinal perfusion 43. Ezetimibe did not affect TICE in that study 43, which contradicts our studies 

described in Chapter 6 and 7, in which ezetimibe was found to stimulate TICE in both mice and men. 

Possible explanations for this discrepancy are discussed in Chapter 7. Finally, a high-fat diet 41 and plant 

sterol feeding 4 were shown to enhance faecal cholesterol elimination by TICE. 

As discussed in Chapter 1, LXR-agonists limit the development of atherosclerosis in mice and are 

therefore considered promising therapeutic targets for CVD. In order to avoid the undesired hepatic 

effects of these compounds, genetic 57 and pharmacological 58 intestine-specific LXR-activation models 

have been developed. These studies indicate that intestine-specific LXR-activation in mice results in 
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decreased cholesterol absorption, increased pre-β HDL and macrophage-specific reverse cholesterol 

transport 57,58. Furthermore, it was shown that intestine-specific LXR-activation is crucial for LXR-

induced atheroprotection 57. Although it is tempting to suggest that TICE underlies parts of these 

favourable sequelae, a study which directly shows that TICE is stimulated by intestine-specific LXR-

agonists has not yet been reported. Finally, although promising in animal studies, the development 

of LXR-targeted drugs has largely been discontinued due to the observations of marked increases 

in plasma apoB containing lipoproteins and/or a marked liver-steatotic response. To the best of our 

knowledge, there are no on-going trials with intestine-specific LXR agonists. Hence, clinical studies 

evaluating their effects on TICE and atherosclerosis are not likely to take place in the very near future.

The ezetimibe-induced stimulation of TICE and its possible underlying mechanisms are discussed in 

Chapters 6 and 7. Although our findings suggest an alternative mode by which ezetimibe might reduce 

plasma cholesterol concentrations and possibly reduce CVD risk, the latter issue is still precarious. 

Despite ample pre-clinical evidence that ezetimibe is atheroprotective 59-61, to date, clinical studies 

have not been able to confirm this: ezetimibe failed to regress carotid intima media thickness 

(cIMT) progression in patients with familial hypercholesterolaemia in the ENHANCE trial 62  and was 

found to be inferior to niacin in patients with coronary heart disease in the ARBITER-6 HALTS trial 
63. Next to major methodological disadvantages 62,64, several off-target effects such as the putative 

downregulation of ABCA1 and SR-BI 65, as well as upregulation of  HMG-CoA reductase expression 
66  have been proposed as possible explanations. However, in the ARBITER-6 HALTS study, ezetimibe 

did halt cIMT progression in statin-treated patients with fairly low LDL-C concentrations, who would 

thereby not likely to be considered for ezetimibe add-on therapy 63. Furthermore, not all cIMT trials 

investigating ezetimibe have been negative (reviewed in 13). A large clinical study of 18.000 patients, 

the IMPROVE-IT Trial (IMproved Reduction of Outcomes: Vytorin Efficacy International Trial) is 

underway to determine whether additional cholesterol-lowering by ezetimibe on top of statins can be 

translated to a reduction in cardiovascular event rate 67. Although this trial started in 2005 and results 

were expected in 2011, outcomes are still awaited, supposedly due to recruitment of additional 

patients after a negative interim-analysis. This trial is conducted in patients who have suffered from 

an acute coronary syndrome and who expressed low LDL-C concentrations at baseline, as inclusion 

of patients with higher LDL-concentrations would not have achieved guideline-recommended LDL-C 

concentrations under the trial protocol, which would have been ethically unacceptable. Hence, it is 

conceivable that no additional benefit can be gained in this population, if the effect of ezetimibe on 

atherosclerosis is causally related to plasma LDL-C reductions alone. Release of the study outcomes 

has been postponed until September 2014 68.  

Finally, it would be of value to study the following combined interventions targeting intestinal 

cholesterol homeostasis and TICE in particular. First, the combination of treatment with ezetimibe 
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and LXR-activation, as it is unknown whether such a combination would have a synergistic effect on 

cholesterol elimination via TICE. For instance, murine studies are conflicting as to whether interference 

with cholesterol absorption influences the HDL-raising effects of LXR-agonist treatment 69,70. 

Furthermore, ezetimibe was recently shown to induce a 30-fold increase in ldl-r protein expression in 

enterocytes 66. In that study, co-administration of ezetimibe and LXR-agonists prevented the increase 

in ldl-r. Furthermore, both ezetimibe therapy and LXR-activation are known to increase cholesterol 

synthesis 44,71, probably via different mechanisms. However, overexpression of abcg5g8 also increases 

cholesterol synthesis 72 and it is likely that stimulation of TICE upregulates cholesterol synthesis as 

well. This implies that these therapies should be more effective when combined with statin treatment, 

which warrants further investigation. This also holds for the combination of ezetimibe and plant sterol 

consumption, considering their observed synergistic effect on faecal neutral sterol elimination in 

humans 1. 

In conclusion, intestinal cholesterol transport might serve as an attractive future target for CVD 

reduction, provided that underlying molecular mechanisms are more extensively elucidated, 

combined with improved techniques to measure changes in cholesterol fluxes and their possible anti-

atherosclerotic consequences. 

In the series of experiments described in this thesis we have attempted to establish valid techniques 

to measure intestinal cholesterol fluxes and to generate hypotheses on the mechanisms that underlie 

interventions targeting this particular part of human cholesterol homeostasis. 
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chapter 1 of this thesis encloses a review of cholesterol homeostasis, in particular intestinal 

cholesterol absorption and excretion. In chapter 2, we performed a human crossover study to 

investigate the cholesterol-lowering effects of cholesterol absorption inhibition by plant sterol 

consumption, ezetimibe treatment and their combination, since the benefit of such a combination 

was never evaluated before. We found that the combination of plant sterols and ezetimibe had no 

therapeutic benefit over ezetimibe monotherapy in subjects with mild hypercholesterolaemia, in 

terms of LDL-C lowering. chapter 3 describes a prospective study in a population of eighty mildly 

hypercholesterolaemic subjects, in which plasma plant sterol concentrations failed as valid markers for 

cholesterol absorption. In chapter 4, we evaluated whether these plant sterol concentrations could be 

used to predict the cholesterol-lowering response to simvastatin/ezetimibe combination therapy, in 

a post-hoc analysis of the ENHANCE trial. Again, we found no association, which further discouraged 

the possible applicability of these markers in clinical practice. Finally, we studied associations between 

common ABCG5/G8 polymorphisms and plasma sterol levels in a meta-analysis of small-scaled, 

mostly underpowered and consequently conflicting studies (chapter 5). We found no associations 

between these variants and plasma cholesterol concentrations. The ABCG8 19H allele, however, did 

correlate with reduced plasma plant sterol concentrations and increased cholesterol precursors, 

indicating a possible gain-of-function of the ABCG8 transporter. chapters 6 and 7 address reverse 

cholesterol transport, in particular trans-intestinal cholesterol excretion (TICE). Chapter 7 describes 

a human cholesterol-isotope study indicating that TICE contributes substantially to faecal cholesterol 

elimination in humans. Furthermore, this study shows that treatment with ezetimibe promotes faecal 

neutral sterol (FNS) elimination, which was largely due to cholesterol excretion via TICE. These human 

findings are in line with our earlier study in mice, described in Chapter 6, showing that ezetimibe 

promotes FNS excretion, without affecting hepatobiliary cholesterol secretion. Therefore, this report 

also suggests that ezetimibe stimulates cholesterol elimination via TICE.  The effect on FNS excretion 

was the strongest in mice carrying a functional abcg8 transporter, suggesting that ezetimibe-induced 

stimulation of TICE is partly mediated via abcg8.  
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neDerlanDse saMenvaTTInG

Inleiding
Een van de belangrijkste risicofactoren voor het ontstaan van hart- en vaatziekten is een te hoog 

cholesterolgehalte in het bloed. Er zijn grofweg twee bronnen van cholesterol: enerzijds kan cholesterol 

door de lever en door de darm worden aangemaakt (synthese). Anderzijds wordt cholesterol uit de 

gal en voeding via de dunne darm opgenomen (absorptie). Cholesterol wordt door het gehele lichaam 

getransporteerd, alwaar het diverse essentiële functies vervult. Zo speelt het een belangrijke rol bij 

de totstandkoming van celmembranen en in de hormoonhuishouding. In het bloed wordt cholesterol 

in zogenaamde lipoproteïnen vervoerd. Dit zijn conglomeraten van eiwitten en vetten die het slecht 

in water oplosbare cholesterol omsluiten, om het effectief door het bloed te kunnen vervoeren. 

Voorbeelden van zulke lipoproteïnen zijn: low-density lipoprotein cholesterol (lDl-c) en high-density 

lipoprotein cholesterol (hDl-c). Cholesterol, met name LDL-C kan zich tegen de vaatwanden afzetten 

en zo hart- en vaatziekten veroorzaken. Een hoog LDL-C gehalte in het bloed hangt dan ook sterk 

samen met het optreden van hart- en vaatziekten. Het omgekeerde geldt voor het HDL-C. Uit veel 

studies is namelijk gebleken dat een hoog HDL-C gehalte in het bloed gepaard gaat met beduidend 

minder hart- en vaatziekten en vice versa.  De exacte reden voor dit verband is nog onbekend, maar 

heeft vermoedelijk meerdere oorzaken. Een van die oorzaken is mogelijk de betrokkenheid van HDL-C 

bij een proces dat reverse cholesterol transport wordt genoemd. Dit proces behelst de afvoer van 

cholesterol uit bloedvaten en perifere weefsels naar de lever, alwaar het cholesterol via de gal en darm 

uiteindelijk in de ontlasting wordt uitgescheiden en op die manier het lichaam definitief kan verlaten. 

Cholesterol wordt in het lichaam, behoudens omzetting in galzouten, vrijwel niet tot andere stoffen 

verwerkt, waardoor de uitscheiding via de ontlasting de belangrijkste manier is om cholesterol uit het 

lichaam te elimineren. 

Het cholesterolgehalte in het bloed kan medicamenteus worden verlaagd. Momenteel wordt dit op 

grote schaal gedaan met HMG-CoA reductase remmers, ofwel statines. Deze groep cholesterolverlagers 

remt zeer effectief de cholesterolsynthese in het lichaam en kan daarmee het cholesterolgehalte in 

het bloed met ongeveer 40% verlagen. Er zijn ook medicijnen die aangrijpen op de absorptie van 

cholesterol uit de darm, met ezetimibe als belangrijkste voorbeeld. Ezetimibe remt de opname van 

cholesterol in de darm, resulterend in een LDL-C verlaging van ongeveer 15% tot 20%. Ezetimibe wordt 

vaak in combinatie met statines voorgeschreven, hetgeen leidt tot een additionele verlaging van het 

cholesterolgehalte in het bloed, maar of dit ook tot minder hart- en vaatziekten leidt, is vooralsnog 

onduidelijk. 
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Inhoud proefschrift
Het wetenschappelijk onderzoek dat in dit proefschrift beschreven staat, richt zich op cholesterol 

transport in de darm, ofwel intestinaal cholesterol transport. Daarbij gaat het dus enerzijds om 

opname van cholesterol uit de voeding en gal (absorptie) en anderzijds om uitscheiding van cholesterol 

in gal en ontlasting (excretie). Deze mechanismen en welke aspecten hiervan zijn onderzocht, staan 

hieronder beschreven. Het eerste hoofdstuk van dit proefschrift (hoofdstuk 1) betreft een introductie 

van het onderwerp en geeft een uitgebreider overzicht van de cholesterolhuishouding en de huidige 

kennis over intestinaal cholesterol transport. In de hoofdstukken 2 tot en met 7 worden de gedane 

experimenten en gevonden resultaten van dit proefschrift beschreven. hoofdstuk 8 betreft een 

algemene discussie van de uitkomsten en van toekomstig onderzoek betreffende dit onderwerp. 

Intestinale cholesterol absorptie
Cholesterol dat zich in de dunne darm bevindt is enerzijds afkomstig van de lever via gal en anderzijds 

afkomstig uit de voeding. Een deel van dit cholesterol (ongeveer 40-50%) wordt door de darmwand 

opgenomen en aan het bloed afgegeven; het resterende deel verdwijnt in de ontlasting. De opname 

van cholesterol wordt bewerkstelligd door in de darmwand aanwezige eiwitten, ofwel transporters. 

Zo wordt cholesterol door het nPc1l1 eiwit (Niemann-Pick C1-Like 1 protein) in de darmwand 

opgenomen en zijn de abcG5/G8 (ATP-Binding Cassette Transporters G5 and G8) eiwitten betrokken 

bij de uitscheiding van cholesterol uit de darmwand terug naar het lumen. Beide eiwitten komen ook 

in de lever voor, waar ze waarschijnlijk vergelijkbare functies bekleden. 

Intestinale absorptie en andere vormen van cholesterol transport kunnen op verschillende manieren 

gemeten worden, maar bijna altijd gebruikmakend van zogenaamde stabiele isotopen. Stabiele 

cholesterol isotopen zijn structureel identiek aan natuurlijk in het lichaam voorkomend cholesterol, 

behoudens een iets zwaardere massa, door de aanwezigheid van een of meerdere extra neutronen 

aan een van de elementen, bijvoorbeeld aan koolstof (C) of waterstof (H) atomen. Deze zogenaamde 

‘verrijking’ van het cholesterolmolecuul zorgt ervoor dat het bij meting in het bloed of in de ontlasting 

te onderscheiden is van natuurlijk voorkomend cholesterol. De isotopen worden stabiel genoemd 

omdat ze geen radioactieve straling uitzenden, zoals andere (instabiele) isotopen. Stabiele isotopen zijn 

daarom niet schadelijk en gedragen zich in het lichaam als natuurlijk voorkomend cholesterol. Stabiele 

isotopen zijn kostbaar en ook de meting van deze isotopen is tijdrovend en duur. Daarom worden in veel 

studies concentraties van plantensterolen in het bloed gebruikt als maat voor cholesterolabsorptie. 

Plantensterolen lijken in hun structuur zeer sterk op cholesterol, maar zijn uitsluitend afkomstig uit de 

voeding. Net als cholesterol worden ze via de dunne darm in het lichaam opgenomen, maar in veel 

mindere mate. Zo zijn campesterol en sitosterol de meest voorkomende plantensterolen, maar hun 

concentraties zijn 100x lager dan die van cholesterol. Het idee achter deze plantensterolen als maat 

cholesterolabsorptie is dat mensen die veel plantensterolen opnemen ook veel cholesterol opnemen 

en vice versa. Ongeveer 40 jaar geleden is er in een aantal studies een verband aangetoond tussen 
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deze concentraties en de gemeten cholesterolabsorptie. Hoewel deze associatie statistisch significant 

was, kon slechts 10 tot 25% van de cholesterolabsorptie door de plantensterolconcentraties verklaard 

worden. Daarbij is het transport van plantensterolen in het lichaam op diverse punten verschillend 

dan dat van cholesterol. Desondanks worden plantensterolconcentraties in het bloed momenteel 

in veel studies gebruikt als maat voor cholesterolabsorptie, mogelijk ten onrechte. Daarom hebben 

wij in een studie van 80 deelnemers met een licht verhoogd cholesterolgehalte de validiteit van 

plantensterolconcentraties als maat voor cholesterolabsorptie onderzocht (hoofdstuk 3). In deze 

studie bleken plantensterolconcentraties geen goede afspiegeling van de cholesterolabsorptie te zijn. 

Daarom kunnen deze beter niet in klinische studies gebruikt worden.

Tevens wordt door sommige onderzoeksgroepen gesuggereerd dat op basis van plantensterolen 

in het bloed, een onderscheid kan worden gemaakt tussen mensen met een hoge en een lage 

absorptie, met als doel deze indeling te gebruiken als hulpmiddel bij de keuze van de meest effectieve 

cholesterolverlagende therapie. Mensen met hoge plantensterolconcentraties zouden meer gebaat 

zijn bij een combinatie van een absorptieremmer (ezetimibe) en een statine, dan mensen met een lage 

absorptie. Omgekeerd zouden mensen met een lage absorptie geen additioneel voordeel van deze 

combinatie hebben en het beste met statine monotherapie behandeld kunnen worden. hoofdstuk 

4 beschrijft een post-hoc analyse van de ENHANCE studie, waarin 720 mensen met familiaire 

hypercholesterolemie werden behandeld met simvastatine 80mg monotherapie of met een combinatie 

van simvastatine 80mg en ezetimibe 10mg. Daarin onderzochten wij of mensen met de sterkste LDL-C 

verlaging na 2 jaar behandeling met ezetimibe/simvastatine combinatietherapie, ook de mensen 

waren met de hoogste plantensterolwaarden aan het begin van de studie. Dit bleek niet het geval, 

wat overeenkwam met de bevindingen van een aantal vergelijkbare studies. Echter, methodologisch 

zou het beter zijn om deze onderzoeksvraag prospectief te toetsen. Prospectieve studies betreffende 

dit onderwerp zijn schaars. Onze bevindingen zouden dan ook in een prospectieve, voldoende grote 

setting nader onderzocht moeten worden. 

Plantensterolwaarden in het bloed zijn deels genetisch bepaald. Er bestaan zeldzame mutaties in 

het ABCG5/G8 gen die aanleiding geven tot 100-voudig hogere plantensterolwaarden in het bloed, 

ofwel sitosterolemie. Daarnaast bestaan er vaker voorkomende genetische ABCG5/G8 varianten of 

polymorfismen, die ook in gezonde mensen geassocieerd zijn met plantensterolconcentraties en het 

cholesterolgehalte in het bloed. De studies die op een dergelijk verband wijzen zijn echter kleinschalig 

en niet consistent in hun uitkomsten. Daarom hebben we een meta-analyse van deze studies 

verricht waarin de associaties tussen vijf vaakvoorkomende ABCG5/G8 genetische polymorfismen 

en plasma cholesterol- en plantensterolwaarden onderzocht zijn. De bevindingen staan in hoofdstuk 

5 beschreven. Daaruit blijkt dat deze polymorfismen niet geassocieerd zijn met noemenswaardige 

veranderingen in cholesterolgehalte in het bloed. Een van de varianten bleek wel geassocieerd met 

lagere plantensterol- en hogere lathosterol concentraties in het bloed, hetgeen zou kunnen wijzen 



165

op het feit dat deze variant de activiteit van het ABCG8 eiwit verhoogt. Inmiddels is door een andere 

onderzoeksgroep aangetoond dat dit inderdaad het geval is (beschreven in hoofdstuk 8). 

Zoals in Hoofdstuk 1 beschreven staat, kan de cholesterolabsorptie medicamenteus worden 

geremd door behandeling met ezetimibe. Hierdoor daalt het cholesterolgehalte in het bloed met 

gemiddeld 15-20%. De cholesterolabsorptie kan ook worden geremd door het consumeren van 

voedingsmiddelen, meestal zuivelproducten, die verrijkt zijn met plantensterolen. In het dagelijkse 

dieet zijn plantensterolen te vinden in groente, fruit, noten, zaden en oliën, in hoeveelheden van 

ongeveer 150-350 mg. Dagelijkse consumptie van ongeveer 2 gram plantensterolen verlaagt het 

cholesterolgehalte in het bloed met gemiddeld 4 tot 15%. Hoeveelheden onder de 1 gram hebben 

geen effect op het cholesterolgehalte en ook hoeveelheden boven de 3 gram geven geen extra 

cholesterolverlaging. Het mechanisme achter cholesterolabsorptie door plantensterolen is dat deze 

in de darm met cholesterol concurreren voor opname via de NPC1L1 transporter. Voor een geslaagde 

absorptie is het noodzakelijk dat het cholesterol in het darmlumen eerst wordt geïncorporeerd in 

zogenaamde micellen. Door een overmaat aan plantensterolen in het darmlumen, gecombineerd 

met hun sterke structurele gelijkheid aan cholesterol, worden plantensterolen in deze micellen 

opgenomen, in plaats van het tevens in het darmlumen aanwezige cholesterol. Ezetimibe zorgt voor 

remming van het NPC1L1 eiwit, waardoor zowel cholesterol als plantensterolen worden opgenomen. 

Tot dusver was het onbekend of de combinatie van behandeling met ezetimibe en de consumptie 

van plantensterolen een synergistisch cholesterolverlagend effect zou hebben. Deze combinatie 

hebben wij vergeleken met ezetimibe monotherapie, respectievelijk plantensterolconsumptie, in 

een crossover studie in veertig mensen met milde hypercholesterolemie (hoofdstuk2). Hieruit bleek 

dat de combinatie van ezetimibe met plantensterolen geen additioneel cholesterolverlagend effect 

teweegbracht ten opzichte van ezetimibe monotherapie. Uit een recente studie blijkt echter dat dit 

wel het geval is. Het verschil in uitkomsten wordt bediscussieerd in hoofdstuk 8.  

Intestinale cholesterol excretie
Recente studies in muizen wijzen erop dat de dunne darm niet alleen cholesterol opneemt, maar ook 

actief bijdraagt aan de fecale uitscheiding van het uit het bloed afkomstige cholesterol. Bij muizen 

bleek ongeveer een derde deel van de totale cholesteroluitscheiding in ontlasting via zogenaamde 

trans-intestinale cholesterol excretie (TIce) te verlopen. Het is nog onbekend of deze route ook in 

mensen een rol speelt, maar eerdere humane studies wijzen erop dit mogelijk wel het geval is. Wij 

hebben in hoofdstuk 7 getracht te meten hoe groot de bijdrage van de TICE route aan de fecale 

cholesteroluitscheiding in mensen is. Daartoe hebben wij met behulp van stabiele cholesterolisotopen 

bij vijftien gezonde mannen met een licht verhoogd cholesterolgehalte, verschillende 

cholesterolstromen tegelijkertijd gemeten, waaronder de intestinale cholesterolabsorptie en de 
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uitscheiding van cholesterol in de gal en ontlasting. Daaruit bleek dat onder normale omstandigheden 

de fecale excretie van cholesterol voor ongeveer een kwart (24%) via TICE verloopt. 

TICE kan een nieuw mechanisme zijn om de cholesteroluitscheiding met medicatie te stimuleren. Dit is 

ook al uit muizenstudies gebleken. Behandeling van muizen met een PPARδ- of een LXR-agonist leidde 

tot een verdubbeling, respectievelijk, verzesvoudiging van de cholesterolexcretie via TICE. Daarnaast 

zijn er aanwijzingen dat de cholesterolabsorptie remmer ezetimibe de cholesterolexcretie via TICE 

zou kunnen stimuleren, hoewel er ook studies zijn die dit tegenspreken. In hoofdstuk 6 beschrijven 

wij een studie in muizen, waarin ezetimibe de fecale cholesterolexcretie deed toenemen, zonder 

de cholesteroluitscheiding in gal te beïnvloeden. Daarbij was deze toename groter dan wat men op 

basis van alleen cholesterolabsorptie remming zou verwachten. Dezelfde ezetimibe behandeling 

van muizen met een defectief ABCG8 eiwit leidde echter tot een minder grote stijging in de fecale 

cholesterolexcretie dan in de gewone muizen. Dit wijst op de mogelijkheid dat ezetimibe of het 

daardoor geremde NPC1L1 eiwit betrokken is bij cholesterolexcretie via TICE en dat het ABCG8 eiwit 

in ieder geval deels hierbij betrokken is. 

Ook bij mensen hebben wij dit gunstige effect van ezetimibe op de fecale uitscheiding van cholesterol 

waargenomen (hoofdstuk 7). Tevens bleek dat deze stijging in cholesterol-uitscheiding grotendeels 

verklaard werd door een significante stijging in TICE. Tien deelnemers ondergingen een tweede meting 

met behulp van stabiele cholesterolisotopen nadat ze gedurende een maand behandeld waren met 

dagelijks 10mg ezetimibe. TICE bleek na ezetimibe behandeling meer dan verdubbeld. Ezetimibe zou 

dus via een ander mechanisme dan voorheen werd aangenomen het cholesterolgehalte in het bloed 

verlagen en daarmee hart- en vaatziekten kunnen voorkomen. Ten aanzien van dat laatste echter 

heerst momenteel nog discussie, omdat nog niet voldoende is aangetoond dat dit geneesmiddel ook 

daadwerkelijk het aantal hart- en vaatziekten vermindert. Daarbij zijn onderliggende mechanismen 

van de TICE route en het effect van ezetimibe hierop nog onvoldoende duidelijk. 

conclusie
Recent is gebleken dat de darm niet alleen betrokken is bij cholesterolabsorptie, maar ook bij directe 

excretie van cholesterol afkomstig uit het bloed. Stimulatie van deze cholesterol-uitscheiding via de 

darm zou dus een nieuwe manier kunnen zijn om het cholesterolgehalte in het bloed van mensen te 

verlagen en daarmee het risico op hart- en vaatziekten te verminderen. 

In de experimenten beschreven in dit proefschrift, hebben wij gezocht naar valide methoden om 

deze cholesterolabsorptie en -excretie te meten, zodat interventies gericht op deze processen op een 

juiste wijze onderzocht kunnen worden. Daarnaast hebben onze resultaten hypotheses gegenereerd 

ten aanzien van de mogelijke onderliggende mechanismen op basis waarvan cholesterolabsorptie 

en -excretie in de darm verlopen en de wijze waarop de huidige beschikbare interventies hierop 

aangrijpen. Toekomstig onderzoek zal zich vooral richten op het volledig karakteriseren van deze 

onderliggende mechanismen, het ontwikkelen van nieuwe middelen die dit cholesterol transport 
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kunnen beïnvloeden en het verbeteren van onze meettechnieken om de effecten hiervan te kunnen 

waarnemen.
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lIsT of abbrevIaTIons

ABC   Adenosine Tri Phosphate (ATP) Binding Cassette 

ABCA1   ATP Binding Cassette A1 transporter

ABCB4   ATP Binding Cassette B4 transporter

ACAT   Acetyl-Coenzyme A Acetyltransferase

ACVD   Atherosclerotic Cardiovascular Disease

ANOVA   Analysis of Variance

APE   Atom percent excess

APN   Aminopeptidase N

ApoA1   Apolipoprotein A1

ApoB100   Apolipoprotein B100

ATP   Adenosine Tri Phosphate

AUV   Area under the curve

BA   Bile Acids

BMI   Body Mass Index

BW   Body Weight

CA   Cholic Acid

CAD   Coronary Artery Disease

CCK   Cholecystokinin

CDCA   Chenodeoxycholic Acid

CE   Cholesteryl Esters 

CH   Cholesterol

CHD   Coronary Heart Disease 

cIMT   carotid Intima Media Thickness 

CR   Clearance Rate

CVD   Cardiovascular Disease

FA   Fatty Acids

FCA    Fractional Cholesterol Absorption

FH   Familial Hypercholesterolemia

FHBL   Familial Hypobetalipoprotememia

FNS   Faecal Neutral Sterols

GCMS   Gas Chromatography Mass Spectrometry

GLC   Gas-Liquid Chromatography

GLM   General Linear Model 

GWAS   Genome Wide Association Study

HDL-C   High Density Lipoprotein Cholesterol 
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HMG-CR    3-Hydroxy-3-Methyl-Glutaryl-CoA reductase 

HWE   Hardy-Weinberg Equilibrium 

IDL   Intermediate Density Lipoproteins

IRMS   Isotope-Ratio Mass Spectrometry 

LC   Liquid Chromatography

LD   Linkage Disequilibrium

LDL-C   Low Density Lipoprotein Cholesterol 

LDL-R   Low Density Lipoprotein Receptor

LIMP2   Lysosomal Integral Membrane Protein type 2

LXR   Liver-X Receptor 

MAF   Mean Allele Frequency

MIDA   Mass Isotopomer Distribution Analysis 

MPE   Molar percent excess

mRNA   messenger Ribo Nucleic Acid

MTP   Microsomal Triglyceride transfer Protein 

MUFA    Monounsaturated Fatty Acids 

NPC1L1   Niemann-Pick C1 Like 1

NPC2   Niemann-Pick C2

PPAR δ    Peroxisome Proliferator Activated Receptor δ 

PUFA    Polyunsaturated Fatty Acids 

RCT   Reverse Cholesterol Transport

SAFA    Saturated Fatty Acids 

SD   Standard Deviation

SNP   Single Nucleotide Polymorphism

SR-B1   Scavenger Receptor B1

SREBP   Sterol Regulatory Element Binding Protein

T2DM   Type 2 Diabetes Mellitus

TC   Total Cholesterol

TG   Triglycerides

TICE   Trans-Intestinal Cholesterol Excretion

TKO   Triple Knock Out 

VLDL   Very Low Density Lipoprotein

WHO    World Health Organization

WMD   Weighted Mean Difference

WT   Wildtype
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