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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. 



General discussion and Summary 

151

Ch
ap

te
r 

8

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 



General discussion and Summary 

153

Ch
ap

te
r 

8

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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