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“Your time is limited, so don't waste it living someone else's life. Don't be trapped 
by dogma - which is living with the results of other people's thinking. Don't let the 
noise of others’ opinions drown out your own inner voice. And most important, have 
the courage to follow your heart and intuition. They somehow already know what 
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INTRODUCTION 
 
Cholesterol is of vital importance for all vertebrates. It is a crucial constituent for 
most biological membranes. Furthermore, it is an essential substance for the 
synthesis of bile acids and it is the sole precursor for steroid hormones and vitamin 
D. To fulfil these functions, adequate cholesterol homeostasis is necessary. 
Homeostasis is obtained by balancing absorption, biosynthesis and excretion. The 
liver plays an important role in accomplishing homeostasis. The liver is able to 
synthesize cholesterol and to package lipoproteins with sterols for delivery to 
peripheral cells. On the other hand, the liver is able to receive cholesterol from 
lipoproteins and to excrete it via bile, either in the form of bile acids, or, as free 
cholesterol. However, the liver is not the only significant organ involved in 
cholesterol homeostasis, the intestine plays a very crucial role as well. One 
important feature of the intestine is its role in cholesterol absorption. Furthermore, 
the intestine is able to synthesize significant amounts of cholesterol. Recently, it 
has been shown that the intestine plays an important role in the removal of 
cholesterol as well. This chapter describes the role of the intestine in cholesterol 
homeostasis. 
 
CHOLESTEROL ABSORPTION 
The human intestine deals with relatively large amounts of cholesterol each day. A 
normal “Western diet” provides 400-500 mg of cholesterol per day. An even larger 
amount enters the intestine via bile: 800-1200 mg cholesterol per day (1) making  
biliary cholesterol the most important cholesterol pool for absorption.  
  
Luminal and cellular events 
Elevated plasma cholesterol levels constitute a major risk factor for coronary heart 
disease (CHD). In short, high levels of low density lipoprotein (LDL) cholesterol are 
associated with an increased risk for CHD, whereas high density lipoprotein (HDL) 
cholesterol is generally regarded to have an atheroprotective effect (2; 3). The last 
view is currently under discussion, as several papers showed that HDL is not a 
static lipoprotein but rather a dynamic cholesterol carrier of which structure and 
function may vary (4; 5). The plasma cholesterol concentration is dictated partly by 
the efficiency of intestinal cholesterol absorption (6). This is one of the reasons why 
regulation of cholesterol absorption has been studied extensively and is of growing 
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interest as a target for interventions aimed at lowering blood cholesterol levels. The 
molecular mechanism by which luminal cholesterol is transferred across the apical 
brush border membrane into enterocytes has been under intense investigation the 
last decade. In figure 1, a schematic overview of the absorption process is given. 
 

 
 

Figure 1. Schematic overview of the role of the intestine in cholesterol absorption. Abca1, ATP-binding 
cassette transport protein a1; Abcg5/8, ATP-binding cassette transporter g5/8; Acat2, acyl 
CoA:cholesterol acyltransferase 2; CH, cholesterol; CM, chylomicrons; HDL, high density lipoprotein; 
Npc1l1, Niemann-Pick C1 like 1 protein. 

 
 Dietary cholesterol contains 10 - 15 % esterified cholesterol and 85 - 90 % 
free cholesterol. Biliary cholesterol ends up in the lumen as unesterified cholesterol 
(1). Cholesterol is a water-insoluble molecule and therefore it requires steps of 
emulsification, hydrolysis of the ester bond of the cholesterylesters, and 
solubilization by mixed micelles, before it can be taken up by the brush border 
membrane and transported into the enterocyte. There is some evidence that biliary 
cholesterol is more efficiently absorbed (60 - 70 %) (7; 8)  than dietary cholesterol 
(30 - 50 %) (9-11), This can be ascribed to the physicochemical state by which 
biliary and dietary cholesterol enter the gastrointestinal tract. Biliary cholesterol is 
delivered in mixed micelles and, therefore, immediately available for absorption, 
whereas dietary cholesterol must first be transferred into the micellar phase from 
an oily phase, the dietary lipid emulsion. After uptake in the enterocyte, the majority 
of absorbed cholesterol is esterified by acyl CoA:cholesterol acyltransferase 2 
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(ACAT2) in the endoplasmic reticulum (ER). ACAT2, however, is under normal 
conditions not rate limiting for cholesterol absorption, since ACAT2-/- mice did not 
show diminished cholesterol absorption when they received a normal chow diet. 
When  ACAT2-/- mice received a high cholesterol and high fat diet, cholesterol 
absorption was reduced considerably and the mice were resistant to diet induced 
hypercholesterolemia (12). Therefore ACAT2 might play a role in absorption when 
the intestine is exposed to high amounts of luminal cholesterol.  
 
Chylomicron assembly and nascent HDL formation 
Chylomicron assembly and subsequent excretion into lymph is the most important 
pathway, via which the body is supplied with cholesterol (13; 14). Chylomicrons are 
large, triglyceride-rich particles that contain up to 7 % cholesterol. The core 
consists of triglycerides and some cholesteryl ester and is surrounded by a 
phospholipid monolayer that also contains unesterified cholesterol and 
apolipoprotein B48 (apoB48) (15). Besides chylomicron assembly, cholesterol can 
also be packaged into nascent HDL particles (16). Nascent HDL is formed by 
interaction of apolipoprotein A-I (apoA-I) with the ATP-binding cassette transporter 
A1 (ABCA1). Intestinal ABCA1 is thought to be involved in basolateral efflux of 
cholesterol (17-19). For example, in the Wisconsin hypoalpha mutant chicken 
which has a mutation in ABCA1, cholesterol absorption from the lumen into the 
intestine was not affected, but accumulation of cholesteryl esters in the intestine 
was observed, indicating that in this animal model, ABCA1 is important in 
controlling the efflux of cholesterol from enterocyte to blood (17). Studies with 
intestine specific Abca1-/- mice showed that intestinal ABCA1 acts by directly 
mediating cholesterol transfer toward plasma HDL (20). Interestingly, nascent HDL 
is also present in lymph (21). This could suggest a possible alternative route for 
cholesterol removal from enterocytes. HDL present in lymph, however, appeared to 
originate from plasma rather than from enterocytes (20).  
 
Specificity of cholesterol absorption 
For a long time cholesterol absorption was considered to occur via passive 
diffusion (1). However, the last two decades, more and more evidence supported a 
protein-mediated uptake process for cholesterol: 
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1. Huge variations in cholesterol absorption efficiency can be observed in 
mammals and rodents (22-24) 

2. Transport of luminal cholesterol to brush border membrane vesicles is 
protease sensitive (25) 

3. The cholesterol uptake process follows second order kinetics (26; 27) 
4. Cholesterol uptake is a saturable process (28) 
5. Structurally related sterols like plantsterols are poorly absorbed (29) 
6. Intestinal cholesterol absorption can be specifically inhibited by  

cholesterol absorption inhibitors (30; 31) 
 
Candidate proteins cholesterol absorption 
The discovery of ezetimibe (30), an inhibitor of cholesterol absorption, has been a 
major step in the haunt for protein(s) involved in cholesterol absorption. To 
elucidate the transporter involved in intestinal cholesterol absorption Kramer et al. 
(32) used a photoaffinity labeling technique with photoreactive analogues of 
ezetimibe and cholesterol. An integral 145-kDa membrane protein was identified as 
the target protein for ezetimibe in the enterocyte brush border membrane (33). The 
protein had an identical tissue distribution restricted to the anatomical site of 
cholesterol absorption, the small intestine (32; 33). Kramer et al. (32) identified the 
145-kDa protein for ezetimibe in the enterocyte brush border membrane as the 
ectoenzyme aminopeptidase N (APN), also known as CD13. APN is present in a 
wide variety of human tissues and cell types (endothelial, epithelial, fibroblast, 
leukocyte cells). APN expression is dysregulated in inflammatory diseases and in 
different types of cancer. Furthermore, APN serves as a receptor for coronaviruses 
(34). So, APN is involved in numerous processes and could be involved in 
cholesterol absorption, since ezetimibe has been shown to bind to APN. However, 
ezetimibe does not only bind to APN, but also to other proteins like SR-B1 and 
NPC1L1 (see below). Moreover, there is no direct proof of the involvement of APN 
in cholesterol absorption. Data in specific APN knockdown mice are lacking up to 
now. 
 Ezetimibe not only binds to APN, but also binds to scavenger receptor 
class B type 1 (SR-B1), which could imply a role for SR-B1 in cholesterol 
absorption (35). SR-B1 was shown to be the first molecularly well-defined cell 
surface HDL receptor (36). In vitro studies have shown that SR-B1 can facilitate 
both cellular uptake of nonlipoprotein unesterified cholesterol (25; 37) and cellular 
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efflux of unesterified cholesterol (37; 38). In Caco-2 cells, SR-B1 expression is 
observed at basolateral, as well as, on apical membranes. Its expression differs 
throughout the intestinal lumen. A high expression of SR-B1 is observed in the 
proximal small intestine and the expression becomes less in the distal small 
intestine. Furthermore, SR-B1 is most abundant at the apical side. So high 
expression levels of SR-B1 are found in the proximal small intestine particularly on 
the apical side, and thus correlate to the part in which cholesterol absorption takes 
place (39). Intestine specific overexpression of SR-B1 in mice induced increased 
cholesterol and triglyceride absorption (40). However, Sr-B1-/- mice do not show 
diminished cholesterol uptake in comparison to wild-type mice (35), arguing against 
a role of SR-B1 in cholesterol absorption. 
 Another class B scavenger receptor, CD36 (41), has been investigated as 
potential cholesterol transporter as well. A role of CD36 in cholesterol absorption 
has been suggested by Werder et al.(42). They observed that CD36 bound 
cholesterol and that antibodies against CD36 inhibited cholesterol uptake by brush 
border membranes. Studies with CD36 knockout mice showed that these mice 
accumulate dietary cholesterol in the intestinal lumen at the end of a lipid infusion. 
Furthermore, a significant reduction of dietary cholesterol transport into the lymph 
was observed in CD36 knockout mice. On the other hand, fecal dual isotope 
studies in these mice did not show any significant difference in cholesterol uptake, 
suggesting that given sufficient time, the CD36 knockouts could compensate for 
the reduced cholesterol uptake observed in the acute lymph fistula studies (43). 
So, CD36 might play a role in cholesterol absorption, but in its absence, redundant 
pathways take over. 
 Smart et al. (44) discovered that annexin 2 (ANX2) forms a stable complex 
with caveolin 1 (CAV1) in zebrafish and murine intestinal epithelium. Furthermore, 
disruption of the ANX2-CAV1 complex resulted in prevention of processing of a 
fluorescent cholesterol reporter, thereby resulting in reduced sterol mass. 
Ezetimibe treatment disrupted the ANX2-CAV1 complex only in Western-type diet 
fed mice, not in mice that received normal chow diet. Still, both conditions led to 
decreased cholesterol absorption. However, studies with CAV1 knockout mice 
revealed that these mice do not show diminished cholesterol absorption as 
compared to wild-type mice, and, that inhibition of cholesterol absorption by 
ezetimibe did not require presence of CAV1 (45). Rabbits do not form ANX2-CAV1 
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complexes in their intestines, and yet, ezetimibe treatment diminished cholesterol 
absorption in these animals (46).  
 In order to find a prime candidate for the putative cholesterol transporter, 
Altmann et al. (47) prepared two cDNA libraries for sequencing, one from rat 

jejunum mucosal scrapings and the second from jejunum enterocytes isolated by 
laser capture microdissection. The expressed sequence tags (ESTs) derived from 
these libraries were combined with all available public rat ESTs and were 
annotated by cross-referencing the rat sequences with both mouse and human 
data. The sequences were analyzed for anticipated cholesterol transporter 
features, such as, sequences predictive of transmembrane domains, extracellular 
signal peptides, and N-linked glycosylation sites, as well, as known cholesterol 
interacting motifs such as a sterol-sensing domain. From this analysis only one 
credible candidate gene emerged: Niemann-Pick C1 like 1 protein (NPC1l1). 
Indeed, mice deficient in NPC1l1 showed markedly reduced sterol absorption 
capacity. Later on, NPC1L1 was also established as a direct target of ezetimibe in 
vivo (48). However, the mechanism by which NPC1L1 mediates cholesterol 
absorption is not as clear-cut, as initially proposed by Altmann et al.. Davies et al. 
(49), showed that NPC1L1 has a subcellular localization rather than the 
plasmamembrane. They also generated knockout mice for NPC1l1. Inactivation of 
NPC1l1 in these mice led to multiple lipid transport defects, including those 
concerning cholesterol and sphingolipids. They accumulated evidence that 
NPC1L1 may affect lipid transport by interfering with and/or regulating caveolin 

movement. A mechanism in which efflux rather than uptake is increased by plasma 
membrane caveolin may explain the reduced intestinal cholesterol absorption 

observed in the NPC1l1 null mice. Another indication, that, perhaps, not NPC1L1 
alone, but a cooperation of NPC1L1 with another protein is responsible for the 
cholesterol absorption process is provided by Sané et al. (50). They defined the 
impact of NPC1L1 knockdown on other mediators of cholesterol uptake. They 
showed that knockdown of NPC1L1 in Caco-2 cells induced a significant decrease 
in the levels of SR-B1. Unfortunately, the regulatory connection between NPC1L1 
on the one hand and SR-B1 on the other has not yet been characterized. Recently 
new light was shed on the mechanism underlying NPC1L1 mediated cholesterol 
uptake. NPC1L1 appears to be very sensitive to the cholesterol content of the 
plasma membrane. The protein contains 13 putative transmembrane domains, the 
third to the seventh transmembrane helices are thought to constitute a sterol 
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sensing domain also present in NPC1 (Niemann-Pick C1), SCAP (sterol regulatory 
element-binding protein cleavage-activating protein) and HMG-CoA (3-α-hydroxy-
3-methylglutaryl-coenzyme) reductase. Interaction of this domain with cholesterol 
may induce a conformational change in the protein which in turn induces 
endocytosis taking a cholesterol rich domain with it into the cell. Once in the cell 
the NPC1L1 may recycle back to the membrane but only under cholesterol poor 
conditions (51). When this mechanism can be confirmed cholesterol regulates its 
own absorption via a feed forward mechanism. The mechanism does not account 
for downregulation in the presence of a cholesterol overload. Perhaps an excess of 
cholesterol in the plasma membrane may hamper formation of endocytotic 
vesicles. 

Two other interesting proteins with regard to controlling cholesterol 
absorption are ATP-binding cassette transporters ABCG5 and ABCG8. ABCG5 
and ABCG8 form functional heterodimers (52) and are localized at the brush 
border membrane of enterocytes. Mutations in the human genes encoding ABCG5 
or ABCG8 have been shown to cause sitosterolemia (52-54), which is 
characterized by an accumulation in plant sterols in blood and tissues due to 
enhanced intestinal absorption of these sterols and decreased biliary secretion. 
Apparently, ABCG5/G8 limit plant sterol absorption by effective efflux back into the 
intestinal lumen. Overexpression of ABCG5 and ABCG8 in mice, as well, as 
pharmacological induction of their expression, lead to a strongly decreased 
fractional cholesterol absorption (55-57). This indicates a role for ABCG5/G8 in 
control of cholesterol absorption, at least, under certain conditions. 
 Taken together the data discussed above justify the conclusion that 
cholesterol absorption is protein-mediated. NPC1L1 plays a key role, but whether 
its role is direct or the protein redirects other proteins remains controversial. 
ABCG5/G8 play a role in controlling sterol absorption. 
 
Relationship cholesterol absorption and cholesterol synthesis 
Human plasma contains in addition to cholesterol small amounts of noncholesterol 
sterols, including plant sterols and cholesterol precursor sterols (29; 58). Plasma  
levels of several of these noncholesterol sterols are indicators of changes in 
cholesterol metabolism in man and are therefore used as surrogate marker of 
cholesterol related processes. In healthy man, the plasma levels of the cholesterol 
precursors desmosterol and lathosterol parallel the amount of cholesterol synthesis 
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and serum very low density lipoprotein (VLDL) cholesterol levels. These cholesterol 
precursors are negatively correlated to dietary cholesterol absorption and plasma 
HDL cholesterol levels. Serum levels of the plant sterols, campesterol and 
sitosterol, reflect cholesterol absorption, the amount of dietary plant sterols, and 
serum HDL cholesterol levels. These plant sterols are inversely related to 
cholesterol synthesis and serum VLDL cholesterol levels. Serum noncholesterol 
sterols cannot only be used as surrogate markers of cholesterol absorption and 
synthesis under basal conditions, but also under many clinical and experimental 
conditions (59). For example, noncholesterol sterols can be used as surrogate 
markers for cholesterol absorption and/or synthesis in hypertriglyceridemia (60), 
diabetes type 1 (61; 62) and 2 (63), and metabolic syndrome (64). Under basal 
conditions and under most clinical conditions there is a tight relationship between 
cholesterol absorption and synthesis (61-63; 65; 66). So, surrogate markers for 
both processes can be used to investigate cholesterol metabolism of large-scale 
population studies. 
 
CHOLESTEROL EXCRETION 
Except for conversion into bile salts cholesterol cannot be catabolised to a 
significant extent in mammals. Therefore, excretion is a predominant way for 
disposal. Cholesterol is eliminated via several pathways. Minimal amounts are 
thought to be disposed via skin and intestinal cell shedding (67; 68), whereas 
hepatobiliary cholesterol secretion is considered to be the most substantial route 
for excretion. In figure 2, a schematic overview of the major cholesterol excretion 
pathways is given. In 1973, Glomset and Norum (69) introduced the term reverse 
cholesterol transport (RCT) to define this most substantial pathway responsible for 
cholesterol excretion. RCT was, in that period, defined as HDL-mediated transport 
of cholesterol from the periphery to the liver and subsequently into bile followed by 
fecal excretion.  
 
Cholesterol excretion reconsidered 
Hepatobiliary cholesterol secretion is thought to proceed as follows: cholesterol 
from lipoproteins is taken up at the basolateral side of the hepatocyte via a number 
of lipoprotein receptors and the liver disposes the sterol at the canalicular pole by a 
complex process involving multiple ATP-binding cassette transporters. Two of 
these form the heterodimer ABCG5/ABCG8 which mediates cholesterol secretion 



Chapter 1 

18 
 

into bile (70).  When hepatobiliary cholesterol secretion would be the primary way 
to eliminate cholesterol, inhibition of ABCG5/ABCG8, and hence, diminished 
hepatobiliary cholesterol transport, should result in a drastic lowering of fecal 
neutral sterol excretion. Surprisingly, Abcg5/Abcg8 double knockout mice, which 
have extremely low biliary cholesterol secretion rates, do not show the expected 
low levels of fecal neutral sterols (71).  

A similar phenomenon was observed in Abcb4-/- mice. Abcb4 is a 
phospholipid floppase located at the canalicular membrane of the hepatocyte. 
Biliary phospholipid secretion is almost completely abrogated in Abcb4-/- mice and 
biliary cholesterol is virtually absent in these mice as well (72). Strikingly, Abcb4-/- 
mice have the same fecal neutral sterol output as their wild-type littermates. Kruit et 
al. (73) showed that, in Abcb4-/- mice, intravenously injected radiolabeled 
cholesterol can be recovered in feces. These findings indicate that biliary 
cholesterol secretion cannot be the only route to excrete cholesterol. At least, in 
mouse models with disturbed biliary secretion, there must be a direct transintestinal 
pathway for cholesterol excretion. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. A schematic overview of the major cholesterol excretion pathways. Abca1, ATP-binding 
cassette transporter A1; Abcb11, ATP-binding cassette transporter b11; Abcg1, ATP-binding cassette 
transporter g1; Abcg5/8, ATP-binding cassette transporter g5/8; apoA-I, apolipoprotein A-I; CH, 
cholesterol; HDL, high density lipoprotein; Sr-B1, scavenger receptor class B type 1. 
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Transintestinal cholesterol efflux 
The existence of a transintestinal cholesterol efflux (TICE) pathway has been 
proposed already in the beginning of the 20th century but has never been proven 
directly. As early as 1927, Sperry (74) reported the surprising observation that dogs 
with a bile fistula, excreted over a period of almost 2 years, about 1 kg of 
cholesterol more into feces than would have been predicted by results obtained 
from control dogs. Pertsemlidis et al. (75) confirmed the data of Sperry almost half 
a century later, also in studies with dogs. Likewise, fecal sterols of non-dietary 
origin, are present in feces of patients with biliary obstruction (76) or rats with long-
term bile diversion (77). A major drawback in such studies is the lack of biliary 
components in the enterohepatic cycle. Particularly, the absence of bile salts will 
compromise cholesterol absorption, and consequently affect intestinal cholesterol 
synthesis, as well, as lipid absorption with unknown side-effects. This is probably 
the reason that these and similar studies have gone largely unnoticed in the 
literature. With time experimental set ups improved and in the early eighties, 
Miettinen et al. (78) investigated the origins of fecal neutral steroids in normal rats, 
using an isotopic balance method developed in their own lab (79; 80) and the 
isotopic steady state balance procedure (81; 82), they established that specific 
activity of fecal cholesterol (ratio between radioactive and non-radioactive 
cholesterol) was consistently lower than of plasma cholesterol and of the fecal bile 
acids. An observation consistent with earlier reports (83-85). This result indicated 
that a considerable portion of the fecal neutral steroids was derived from 
cholesterol not in equilibrium with the rapidly exchangeable pool of body 
cholesterol. The study of Miettinen (78) showed that approximately 40 - 50 % of 
fecal neutral sterols in rats fed a sterol-free diet arise from a source of non-
exchangeable cholesterol. They investigated that these sterols have at least two 
origins: fur-licking and sterols originated directly from the intestine. Under 
conditions that prevent fur-licking, either by acetone-washing of the animals or by 
physical restraint, the contribution of non-exchanging cholesterol to total fecal 
neutral sterol output was still approximately 33 %. Attempts to investigate the exact 
location of cholesterol secretion via the intestine failed at that time.  
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AIM AND OUTLINE OF THE THESIS 
The aim of the research described in this thesis was to establish, quantify and 
characterize the TICE pathway in mice and to investigate stimulation of cholesterol 
efflux. 
 Chapter 2 deals with the first step of reverse cholesterol transport: efflux of 
superfluous cholesterol from peripheral cells. The discovery of the TICE pathway in 
mice and the initial start of the characterization of this pathway is described in 
chapter 3. The regulation of TICE by dietary intervention and luminal modifications 
is described in chapter 4. The unraveling of TICE continues in chapter 5. The 
discussion, conclusions, and perspectives are given in chapter 6. 
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ABSTRACT 
Fatty acid-bile acid conjugates (FABACs) are synthetic molecules designed to treat 
a range of lipid disorders. The compounds prevent cholesterol gallstone formation, 
diet induced fatty liver and increase reverse cholesterol transport in rodents. The 
aim of the present study was to investigate the effect of FABACs on cholesterol 
efflux in human cells. Aramchol dose dependently increased cholesterol efflux from 
human skin fibroblasts in the absence of known efflux mediators such as 
apolipoprotein A-I (apoA-I) but had little effect on phospholipid efflux. An liver X 
receptor (LXR) agonist strongly increased aramchol induced cholesterol efflux but 
in ATP-binding cassette transporter A1 (ABCA1) deficient cells from Tangiers 
patients the aramchol effect was absent, indicating that activity of ABCA1 was 
required. Aramchol did not affect ABCA1 expression but plasma membrane levels 
of the transporter increased twofold. Aramchol is the first small molecule, which 
induces ABCA1-dependent cholesterol efflux without affecting transcriptional control. 
These findings may explain the beneficial effect of the compound on atherosclerosis. 
 
INTRODUCTION 
Fatty acid-bile acid conjugates (FABACs) are a new class of molecules, originally 
synthesized aiming at treatment of cholesterol gallstone disease (1). Indeed,  
FABACs, and particularly 3-β-arachidylamido-7-α-12-α-5-β-cholan-24-oic acid 
(arachidyl-amido-cholanoic acid; aramchol), were shown to retard cholesterol 
crystallization (1) and to dissolve preformed cholesterol crystals in model bile 
solutions (2;3), as well, as in native human gallbladder bile ex vivo (2;3).  
Aramchol, when administered intra-gastrically, was absorbed and prevented the 
formation of biliary cholesterol crystals in inbred mice, as well, as in hamsters (1). 
In addition, it prevented gallstone formation in inbred mice. Furthermore, 
dissolution of preexisting cholesterol crystals, as well as stones (3),  was observed 
in vivo. Interestingly, aramchol did not influence biliary lipid nor bile salt 
concentrations, in a variety of animal models (4). In addition to the beneficial effect 
on gallstone disease, aramchol was shown to decrease diet induced fatty liver, to 
reduce atherosclerosis in C57Bl6 mice and increase fecal bile salt and neutral 
sterol secretion (4-7).  

An important factor in the etiology of atherosclerosis is the process of 
reverse cholesterol transport (RCT), i.e. the transport of excess cholesterol from 
peripheral cells to the liver followed by secretion into bile. Activity of the ATP-
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binding cassette transporter ABCA1 in the liver is considered to be a major factor in 
control of this process {see (8;9) for review} although RCT also occurs in the 
absence of the protein (10). Liver ABCA1 lipidates apoA-I with phospholipids and 
cholesterol thus forming pre-β-HDL which can take up cholesterol in the periphery, 
again via ABCA1. In several mouse models, overexpression of ABCA1 in the 
macrophage compartment, has been shown to have a beneficial effect on 
atherosclerosis (11;12) and regulation of expression levels of the protein is 
controlled by the nuclear receptors LXRα and LXRβ (13).  

The molecular mechanism by which ABCA1 mediates lipid efflux is not yet 
clear and is subject to intense investigation (14-21). Since aramchol has been 
shown to ameliorate atherosclerosis in mice and to increase fecal neutral sterol 
secretion (6;7), we speculated that this molecule could be active in cholesterol 
efflux from cells. Using human fibroblasts as a model system, we show in this study 
data that support our hypothesis. Interestingly, the effects of aramchol on 
fibroblasts depended strongly on the activity of the ABCA1 transporter. 
 
MATERIALS AND METHODS 
Materials 
Cholesterol, phosphatidylcholine (egg yolk), fatty acid free BSA, streptavidin-
agarose and cholic acid (>98 %) were purchased from Sigma Chemical Co (St. 
Louis, MO, USA). The different FABACs used in this study, were a gift from 
Galmed (Tel Aviv, Israel). ApoA-I and HDL were purchased from Calbiochem (la 
Jolla, CA, USA). T090137 was from Cayman Chemical Co (Ann Arbor, MI,USA) 
[1,2-3H]cholesterol (38 µCi/mmole) and [methyl-3H]choline chloride (80 µCi/mmole) 
were purchased from Amersham (Little Chalfont, UK). Sulfo-NHS-LC-biotin was 
from Pierce (Rockford, IL, USA). Calpeptin was a gift from Dr. E.A. Beuling (AMC, 
Amsterdam, the Netherlands). Monoclonal antibody raised against the C-terminal 
domain of human ABCA1 was a gift from Dr. M.R. Hayden (UBC, Vancouver, 
Canada). Polyclonal antibody raised against the N-terminal sequence of  Na+-K+-
ATPase was a gift from Dr. J. Koenderink (KUN, Nijmegen, The Netherlands). 
 
Aramchol preparation  
Aramchol was prepared as previously described (1). Arachidic acid (n-C20O2H40) 
was conjugated via an amide bond to the third position of cholic acid. The 
conjugation was in the β-configuration. The final product was purified by silica gel 
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chromatography and characterized by 1H-nuclear magnetic resonance and mass 
spectrometry. Aramchol was determined to be at least 98 % pure by NMR. 
 
Cell culture 
Human skin fibroblasts from normal subjects and from ABCA1 mutated (Tangier 
disease) patients were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM; 
BioWhittaker, Verviers, Belgium) supplemented with 10 % fetal calf serum, 2 mM 
glutamine, 100 IU/ml penicillin and 100 μg/ml streptomycin in a humidified 37°C 
incubator in the presence of 10 % CO2. The cells used for efflux experiments were 
seeded into 24-multiwell plates in a 1:2 split ratio and grown till confluence during 7 
days. 
 
Cell viability measurements 
Cell toxicity caused by aramchol was determined by performing lactate 
dehydrogenase (LDH) assays (22). Aramchol was dissolved in ethanol and 
supplemented to serum free medium. LDH leakage was determined after an 
overnight incubation of the fibroblasts with different amounts of aramchol (1-15 
µg/ml). LDH leakage was expressed as percent of enzyme activity in the medium. 
{(activity in medium / (activity in medium + activity in cells) x 100}.  Incubations 
were carried out in duplicate. 
 
Cholesterol efflux assay 
Cholesterol efflux is defined as the transfer rate of [3H]cholesterol from cells to 
culture medium. The assays were performed as described by van Wijland et al. 
(23). In brief, cholesterol loading was performed by incubating fibroblasts for a 
period of 20 hours with DMEM supplemented with 30 µg/ml cholesterol, 0.5 µCi/ml 
[3H]cholesterol, and 0.2 % fatty acid free BSA. After these 20 hours, the cells were 
washed four times with PBS/BSA (0.2 %). Efflux was initiated by addition of efflux 
medium consisting of DMEM supplemented with 0.2 % fatty acid free BSA, and 
different cholesterol acceptors. After 20-24 hours of incubation in a humidified 37°C 
incubator in the presence of 10 % CO2, medium was collected and centrifuged 
(10.000 g; 5 min) to remove cellular debris. Aliquots of the supernatant were taken 
for counting effluxed [3H]cholesterol. The remaining cell associated [3H]cholesterol 
was determined after extraction for at least 30 minutes with 2-propanol. Efflux was 
determined in the presence, or absence, of aramchol. Aramchol was dissolved in 
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ethanol and supplemented to the medium in concentrations as indicated. The 
ethanol concentration in the efflux medium was not higher than 0.15 % (v/v). To 
activate LXRα and LXRβ, 1 µM T090137 in DMSO {0.1 % (v/v)} was added to the 
efflux media in some experiments.  All control cells received an equivalent amount 
of DMSO and/or ethanol. The amount of [3H]cholesterol in medium and cellular 
extract was quantified by liquid scintillation counting. The radioactivity released to 
the medium was expressed as the fraction of the total radioactive cholesterol 
present in each well. 
 
Phospholipid efflux assay 
Efflux of phospholipid from [3H]choline labeled cells was assessed under conditions 
described above for cholesterol efflux with some modifications. Briefly, culturing 
was performed in glutamine containing (low choline) Ham’s F-10 medium (GIBCO 
Invitrogen Corporation, Breda, The Netherlands) supplemented with fetal calf 
serum, penicillin and streptomycin. Loading with 30 µg/ml cholesterol was 
performed in the presence of 2 μCi/ml [3H]choline chloride in Ham’s F-10 medium 
supplemented with 0.2 % fatty acid free BSA. After completing the incubation with 
efflux medium exactly as described above, efflux medium was centrifuged to 
remove any dissociated cells and an aliquot was then extracted with 
chloroform/methanol as described by Bligh and Dyer (24).The chloroform phase of 
both medium and cells was measured by liquid scintillation counting. 
 
Intestine perfusions 
Male FVB mice (2 – 4 months) were obtained from in house breeding. Mice 
received standard mouse chow {CRM (E); Special Diets Services} (n=4)  or chow 
containing 0.015 % (w/w) aramchol (n=4). The experiment was performed with the 
approval of the local Ethical Committee for Animal Experiments. Mice were fed an 
0.015 % (w/w) aramchol diet for a week. At day 6 feces was collected for 24 h to 
determine the excretion of fecal neutral sterols (see chapter 3 for procedure). 
Before the intestine perfusion mice were anaesthetized by intraperitoneal injection 
with 0.1 ml FFD {Hypnorm (fentanyl/fluanisone; 1 ml/kg) and diazepam (10 mg/kg)}  
/ 5 g body weight and placed on a heat pad to maintain body temperature. The bile 
duct was cannulated via the gallbladder to avoid the entry of bile in the intestinal 
lumen. Proximal small intestines (first 10 cm) were perfused with Krebs containing 



Chapter 2  
 

34 
 

10 mM taurocholate (TC) and 2 mM phosphatidylcholine (PC) supplemented with 2 
μg/ml aramchol. Perfusions were performed as described in chapter 3. 
 
Density gradient ultracentrifugation 
Cholesterol efflux was performed as described above. Efflux medium was 
separated on a potassiumbromide (KBr) gradient by ultracentrifugation as 
described before (25) with some modifications. In brief, 0.95 g KBr (Merck, 
Haarlem, The Netherlands) was mixed with 2 ml efflux medium. On this mixture 2 
ml of a KBr solution with a density of 1.26 g/ml was layered, followed by 5 ml of a 
KBr solution with a density of 1.1 g/ml and finalized by addition of 4 ml 50 mM Tris 
pH 8.2. The tubes (14x95 mm Beckman, Palo Alto, CA, USA), were centrifuged for 
20 h at 35000 rpm and 20°C in a Beckman SW 40 rotor. A linear gradient was 
obtained with density limits of 1.3 g/ml and 1.045 g/ml. The tubes were fractionated 
into 12 fractions. [3H]-cholesterol in these fractions was measured by liquid 
scintillation counting. BSA in these fractions was measured by the BCA method 
(26). ApoA-I was measured by ELISA.  
 
Cellular ABCA1 content and cell surface ABCA1 biotinylation 
Biotinylation of cell surface proteins was performed as described previously (27;28) 
with some modifications. Fibroblasts were loaded with cholesterol and effluxed in 
acceptor containing medium with, or without, 2 μg/ml aramchol. Cells were put on 
ice and washed twice with ice cold PBS. Cell surface proteins were biotinylated 
with 0.5 mg/ml sulfo-NHS-LC-biotin (in HBSS without phenol red), for 30 minutes, 
at 4°C on a platform incubator. Cells were washed twice with ice cold quench 
buffer (50 mM Tris-HCl pH 7.5; 0.1 mM EDTA pH 8.0, 150 mM NaCl). Cells were 
scraped into 1.5 ml ice cold PBS. Cell pellets were obtained by centrifugation (20 
minutes, 14.000 rpm, 4°C) of the cell suspension and subsequently resuspended in 
100 μl lysis buffer (25 mM HEPES pH 7.5, 5 mM MgCl2, 5 mM EDTA, 2 mM PMSF 
and complete protease inhibitor cocktail (Roche, Mijdrecht, the Netherlands)). Cell 
lysates were obtained by freezing (-80°C) and thawing (37°C) the cell suspensions 
in four cycles. Protein concentrations were determined by BCA assay (29). 10 μg 
cell protein was set aside to examine total cellular ABCA1 content. 60 μg cell 
protein (final volume 60 μl in lysis buffer) was added to 30 μl streptavidin-agarose 
(Sigma) and incubated overnight on a platform incubator at 4°C. Gel was pelleted 
and washed 3 times with lysis buffer. 20 μl loading dye was added to the gel pellet 
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(volume gel pellet is approximately 20 μl) and incubated at 37°C for 30 minutes. 
6.7 μl was used for Western blot analysis (see below). 
 
ABCA1 stabilization 
Cholesterol-loaded fibroblasts were washed and incubated for 24 hours with 
DMEM/BSA efflux medium containing calpeptin (25 μM), aramchol (2 μg/ml) or 
both. Proteins were harvested and subsequently, ABCA1 protein levels were 
determined by Western blot (see below). 
 
Western Blotting  
Lysis buffer containing 25 mM HEPES pH 7.5, 5 mM MgCl2, 5 mM EDTA, 2 mM 
PMSF and complete protease inhibitor was added to the cell pellets. Cell lysates 
were obtained by freezing (-80°C) and thawing (37°C) the cell suspensions in four 
cycles. The protein concentrations in these lysates were determined by the BCA 
assay (29). Equal amounts of protein (10 μg) were separated on 6 % SDS-PAGE 
gel and electrophoretically transferred to nitrocellulose membrane (Schleicher & 
Schuell, ‘s-Hertogenbosch, the Netherlands). Membrane was probed with a mouse 
monoclonal ABCA1 antibody (30) followed by immunoreactivity detection by lumi-
light Western blotting substrate (Roche). In selected cases the membrane was 
stripped by 30 min incubation in buffer containing 100 mM β-mercaptoethanol, 2 % 
SDS and 62.5 mM TRIS-HCl pH 6.7 at 50°C  followed by washing and probing with 
a rabbit anti-Na+-K+-ATPase antibody. Protein abundance was calculated by 
densitometry using LumiAnalyst 3.1 software (Roche). 
 

Analytical procedures 
Aramchol was measured in cellular extracts and culture medium with a LC-tandem 
MS method exactly as described in (31). Human apoA1 concentrations were 
determined by indirect sandwich ELISA. Flat-bottom Maxi-Sorp microtiter plates 
(Nunc) were coated overnight at 4°C with 100 µl rabbit anti-human apoA-I 
polyclonal antibody (Calbiochem), diluted 1:400 in 100 mM NaHCO3 (pH 8.3). 
Coated wells were then blocked during 2 h at RT with 300 µl of phosphate buffered 
saline containing 0.05 % (w/v) Tween 20 (PBST), and supplemented with 5 % (w/v) 
non-fat dried milk. 100 µl of sample (dilutions from 1:10 to 1:5000 in PBST) were 
applied to the wells and incubated for 2 h at RT. Plates were then incubated for 1 h 
at RT with 100 µl of 1:1000 diluted mouse anti-human apoA-I monoclonal antibody 
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(Calbiochem), and subsequently for 1 h at RT with 100 µl of 1:2000 diluted rabbit-
anti-mouse IgG-conjugated with horseradish peroxidase (DakoCytomation), both in 
PBST supplemented with 2 % (w/v) non-fat dry milk. Extensive automated washing 
with PBST was performed in between all antibody incubation steps. Colorimetric 
reactions were induced by 100 µl of tetramethylbenzidine substrate solution 
(Sigma). Reactions were stopped after 10 min by 100 µl of 2 M sulphuric acid. 
Absorbances were read at 450 nm using a microtiter spectrophotometer (Molecular 
Devices). For quantification purposes a series of diluted hapoA-I standards (Sigma) 
was included on each plate, and diluted (e.g. 1:300.000) human plasma served as 
positive control. 

 
Statistical analysis 
Data are shown as mean ± SD. Statistical significance of differences was 
evaluated by Students t-test or Mann Whitney U test. Significance was set at P 
values < 0.05. 

 
RESULTS 
Aramchol stimulated cholesterol but not phospholipid efflux  
Figure 1A shows cholesterol efflux from human fibroblasts mediated by 2 µg/ml 
aramchol, and 5 µg/ml apoA-I in the presence of 2 mg/ml BSA. Efflux rates were 
linear up to 20 h. At a concentration of 2 µg/ml, aramchol was less potent than 
apoA-I. Figure 1B depicts a dose response curve for aramchol induced cholesterol 
efflux. A hyperbolic response was observed. Since aramchol at concentrations 
higher than 10 µg/ml induced toxicity in fibroblasts, as evidenced by a slight 
increase of LDH release, we performed all subsequent experiments at a 
concentration of 2 µg/ml which gives just suboptimal efflux and no toxicity. The 
presence of BSA in the medium was required for optimal efflux conditions. As 
shown in figure 2A, in the absence of BSA both basal and aramchol induced efflux 
were lower.  One could argue that contaminating apoA-I or other apolipoproteins in 
the BSA preparation may have been involved in the efflux observed. We could not 
demonstrate the presence of apoA-I nor apoE in our BSA preparations at a 
detection limit of 0.2 μg/ml. To investigate whether one of the constituents of the 
conjugate i.e cholic acid or fatty acid would induce a similar efflux we determined 
the effect of equimolar concentrations cholic acid and C16, C20 and C22 fatty 
acids. No effect on efflux was observed (data not shown). Interestingly, aramchol 
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had very little effect on efflux of choline-phospholipids, an insignificant 20 % 
increase in efflux was observed compared to a 280 % increase induced by apoA-I 
(fig. 2B). 
 
The effect of aramchol on transintestinal cholesterol efflux 
Since aramchol has been shown to ameliorate atherosclerosis in mice and to 
increase fecal neutral sterol secretion (6;7), we speculated that this molecule could 
be active not only in cholesterol efflux from peripheral cells but also in 
transintestinal cholesterol efflux (TICE). To investigate whether aramchol was able 
to stimulate TICE we performed intestinal perfusions in mice that were fed an 0.015 
% aramchol diet for a week. In figure 3 the effect of Aramchol on TICE is shown. 
Aramchol did not affect TICE significantly. Surprisingly, fecal neutral sterol output 
of the Aramchol fed mice was only mildly increased in comparison to chow diet fed 
mice. 
 
Effect of FABACs with different fatty acid chain length 
In previous studies on the effect of FABACs on gallstone disease and cholesterol 
crystallization, aramchol was shown to be the most potent member of the family. 
We therefore tested a range of molecules differing in the length of the fatty acid 
moiety in the cholesterol efflux assays. As shown in figure 4 at a concentration of 2 
µg/ml, all FABACs stimulated efflux, but aramchol was by far the most effective. 
 
The mechanism of aramchol induced efflux 
ApoA-I dependent cholesterol efflux has been shown to be fully dependent on the 
activity of ABCA1 (32;33). To test the role of ABCA1 in aramchol induced efflux, we 
studied cholesterol efflux to aramchol and apoA-I in fibroblasts derived from control 
subjects and Tangiers disease patients. As shown in figure 5, aramchol failed to 
elicit cholesterol efflux from ABCA1 deficient fibroblasts, indicating that the protein 
is essential for the aramchol induced effect. Confirming earlier data, efflux to  
apoA-I is abrogated in Tangiers fibroblasts, efflux to HDL decreased but methyl-β-
cyclodextrin invokes normal cholesterol efflux. To further substantiate the relation 
between aramchol mediated efflux and ABCA1, fibroblasts were incubated with the 
LXR agonist T0901317. 
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Figure 1. Cholesterol efflux from human fibroblasts induced by aramchol, apoA-I and BSA. (A) Cultured 
human fibroblasts were loaded with [3H]cholesterol, and subsequent efflux of cholesterol in response to 
2 μg/ml aramchol, 2 mg/ml BSA or 5 μg/ml apoA-I, was determined, as described in the materials and 
methods section. At the time points indicated, incubations were terminated. (B) Cholesterol efflux from 
human fibroblasts was performed using increasing concentrations of aramchol in the presence of 
2 mg/ml BSA. Efflux activity by the cells is given as percentage of the total radioactivity present in the 
cells at the onset of the experiment. The different incubations were carried out in triplicate and data are 
presented as mean ± SD. 
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Figure 2.    Effect of aramchol on cholesterol and phospholipid efflux. (A) Efflux from human 
cholesterol-loaded fibroblasts took place in the presence of 2 μg/ml Aramchol with or without 2 mg/ml 
BSA. (B) Choline-phospholipid efflux was induced by aramchol (2 μg/ml) or apoA-I (5 μg/ml) in the 
presence of 2 mg/ml BSA. Efflux was determined after a 20 h incubation. 2 mg/ml BSA alone was used 
as a control. Three separate experiments were carried out in triplicate. Results are presented as mean ± 
SD.

ApoA-I 
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Figure 3. The effect of aramchol on TICE. 
The proximal small intestine of FVB mice 
receiving chow (n=4) or aramchol (n=4) 
for 1 week were perfused with Krebs 
supplemented with TC/PC (10:2mM) and 
2 µg/ml aramchol. Values are depicted as 
mean ± SD.  
 
 

 
 
Figure 4. Comparison of the potency of different FABACs in efflux induction.  Human cholesterol loaded 
fibroblasts were effluxed in the presence of FABACs (2 µg/ml), which have a constant cholate moiety, 
but different acyl chain length. 
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Figure 5. ABCA1 mutations abrogate aramchol induced cholesterol efflux. Cholesterol-loaded 
fibroblasts from a control and two patients with Tangier disease were incubated with either 2 mg/ml BSA 
or 2 μg/ml aramchol. Experiments were carried out in triplicate and results are presented as mean ± SD. 

 
Figure 6 depicts the results of these experiments. T0901317 strongly increased 
both apoA-I and aramchol induced efflux. To investigate whether aramchol and 
apoA-I compete for the same site on the fibroblast cell membrane, competition 
assays were performed. Figure 7A shows the effect of increasing concentrations of 
aramchol on a fixed amount of 5 µg/ml apoA-I.  Aramchol did not increase efflux, 
but actually at the higher concentrations decreased efflux slightly, by about 20 %. 
The compound did not inhibit HDL induced efflux, in fact, HDL efflux slightly 
increased upon addition of aramchol (fig. 7A). To further investigate the interaction 
between aramchol and apoA-I the apolipoprotein was titrated on a fixed sub-
optimal concentration of 1 µg/ml aramchol. At 0.25 µg/ml apoA-I, aramchol addition 
stimulated efflux. The effect was, however, not additive and turned to slight 
inhibition at concentrations of apoA-I higher than 0.5 µg/ml (fig. 7B).   
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Figure 6. The LXR agonist T090137 stimulates efflux mediated by aramchol and apoA-I. Fibroblasts 
were labelled with a trace amount of [3H]cholesterol in the presence or absence of 1 μM T0901317, and 
efflux in response to 2 mg/ml BSA, 2 μg/ml aramchol or 5 μg/ml apoA-I was determined. Results are 
presented as mean ± SD (n=3). 

 
A 
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Figure 7. Competition between  aramchol and apoA-I or HDL induced efflux. (A) Cholesterol loaded 
fibroblasts were effluxed in the presence of 5 µg/ml apoA-I or 50 µg/ml HDL. Varying amounts of 
aramchol were added, as indicated in the figure. (B) Cholesterol loaded fibroblasts were effluxed in the 
presence of 2 µg/ml aramchol. Varying amounts of apoA-I were added, as indicated. Experiments were 
carried out in triplicate and data are presented as mean ± SD. 

 
Buoyant density of effluxed cholesterol 
To explore the underlying mechanisms of aramchol induced cholesterol efflux, 
carriers of cholesterol in the efflux medium were separated by density gradient 
ultracentrifugation. Efflux was performed and medium was subjected to density 
gradient ultracentrifugation. Figure 8A shows that in the presence of apoA-I and 
aramchol effluxed cholesterol appeared in two peaks, one at low density (1.055 
g/ml) and one at a density of 1.26 g/ml. In the control incubation with BSA as 
acceptor no cholesterol was found at low density (fig. 8A). Total protein was also 
measured in the fractions, as well, as aramchol and apoA-I in the gradients in 
which these compounds were used as acceptor. Both total protein (predominantly 
BSA) and apoA-I could only be detected in the high density fractions (fig. 8B). 
Aramchol was determined in pooled low and high density fractions. The compound 
was present exclusively in the high density fraction (not shown). Separate 
experiments in which choline containing phospholipids were labeled with  [3H]-
choline revealed similar distribution, about 50 % of the choline label appeared in 
the low density peak (data not shown).  
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Figure 8. Protein, apoA-I  and cholesterol distribution in density gradient fractions of efflux medium. (A) 
Cholesterol loaded fibroblasts were incubated with 2 mg/ml BSA, with or without, 5 µg/ml apoA-I or 
aramchol (2 µg/ml) and subjected to the efflux protocol.  Efflux media were separated on a KBr density 
gradient by ultracentrifugation.  A linear gradient was obtained.  The gradient was separated into 12 
fractions. Fraction 1 had a density of 1.045 g/ml, fraction 12 had a density of 1.3 g/ml Data are 
presented as mean ± SD of three separate series of experiments. [3H]-cholesterol was determined by 
direct scintillation counting of the fractions. (B) Cholesterol loaded fibroblasts were incubated with 2 
mg/ml BSA, with or without, 5 µg/ml apoA-I or aramchol (2 µg/ml) and subjected to the efflux protocol 
but in the absence of [3H]-cholesterol.  Efflux media were separated on a KBr density gradient by 
ultracentrifugation as described under A. Total protein was measured in the fractions from the BSA only 
gradient and apoA-I in the gradient where the protein was present. In the gradient from the aramchol 
efflux condition, low density and high density fractions were pooled as described in the text. Three 
separate experiments were carried out and data are presented as mean ± SD. 

        1.045 g/ml   density         1.3 g/ml 

        1.045 g/ml   density         1.3 g/ml 
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Distribution of aramchol between cells and medium  
To investigate the potential uptake of the hydrophobic molecule, the distribution of 
aramchol between cells and medium was measured. The results of the extracted 
media and cells followed by liquid-chromatography-tandem-mass spectrometry  
measurements are summarized in table 1. After efflux in the presence of BSA, 91 
% of aramchol was found in the medium. Upon addition of apoA-I or HDL, 94 % 
and 97 % of the aramchol was found in the medium, suggesting that this 
hydrophobic compound does not accumulate in cells. Apparently, fibroblasts do not 
possess a transporter for aramchol and the compound cannot traverse the 
membrane bilayer spontaneously or the cells contain an efficient efflux pump. 
Consequently, aramchol might exert its activity outside the cell, possibly bound to 
albumin.   

 
Table 1. Aramchol distribution in cells and medium after efflux. Cultured human fibroblasts were loaded 
with cholesterol and subsequently efflux of cholesterol in response to 2 mg/ml BSA, 5 μg/ml apoA-I or 
50 μg/ml HDL was determined in the presence of 2 μg/ml aramchol. Subsequently, aramchol was 
measured in cells and supernatant by LC–tandem MS as described in the Materials and methods 
section. Results are mean ± SD.  
 
 
Treatment Percentage in medium   Recovery (%) 
            (mean ± SD) 
 
BSA 91 ± 0.7                     95 

BSA, apoA-I                                    94 ± 0.3  93 

BSA, HDL 97 ± 2.1       99.6 

 
Aramchol affects ABCA1 protein levels 
The results obtained in this study suggest that aramchol affects cholesterol efflux in 
an ABCA1-dependent manner. We wondered whether aramchol was also able to 
influence ABCA1 mRNA expression and protein levels in fibroblasts. RNA and 
protein were isolated from fibroblasts after cholesterol efflux in the presence, or 
absence, of 2 μg/ml aramchol. No differences on mRNA expression level were 
observed when cells were incubated with aramchol (data not shown). ABCA1 
protein concentration, however, increased about twofold when efflux was 
performed in the presence of aramchol (fig. 9A). To address the question whether 
the observed increase is indeed accounted for by plasma membrane ABCA1, cell 
surface proteins were biotinylated and isolated with streptavidin-agarose. Total cell 
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ABCA1 protein and cell surface ABCA1 protein were analyzed by Western blot. As 
shown in figure 9B, the increase in ABCA1 protein level caused by aramchol, could 
be assigned to the plasma membrane fraction. 
 
ABCA1 stabilization by aramchol 
Aramchol is able to stabilize ABCA1 protein. To investigate the underlying 
mechanism, we examined whether this effect could be due to inhibition of calpain. 
Calpain is a thiol protease, capable of digesting ABCA1 (34). Calpeptin is a specific 
inhibitor of calpain (35). Indeed, as shown in figure 9C, calpeptin enhances ABCA1 
when cells were incubated in the presence of BSA. However, calpeptin did not 
result in an increase in ABCA1 protein levels when added to aramchol containing 
medium.  
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Figure 9. ABCA1 protein (A) and plasma membrane (B) levels in the presence, or absence, of 
aramchol; effect of calpain (C). (A) Fibroblasts were effluxed in the presence, or absence of aramchol (2 
µg/ml). Subsequently, fibroblasts were harvested and protein extracts were blotted as described in 
Methods. Lane 1; no additions, lane 2; aramchol (2 µg/ml), lane 3; cholesterol loading, lane 4 
cholesterol loading plus 2 µg/ml aramchol. (B) Cholesterol loaded fibroblasts were incubated with, or 
without, aramchol (2 µg/ml) and subjected to the efflux protocol. Subsequently the cells were put on ice 
and membrane proteins were biotinylated as described in Methods. Biotinylated membrane fractions 
were isolated by streptavidin-affinity column chromatography. ABCA1 in these fractions was visualized 
on Western blot. Lane 1; BSA; lane 2 BSA plus 2 µg/ml aramchol. The blots were probed with either 
anti-ABCA1 and after stripping with anti-Na+-K+-ATPase to control for aspecific effects and equal 
loading of membrane protein. (C) Cholesterol loaded fibroblasts were effluxed in the presence, or 
absence, of aramchol (2 µg/ml) and with, or without, calpeptin (25 µM). After the incubations, cells were 
harvested and ABCA1 was visualized by Western blotting as described in Methods. Lane 1: BSA; lane 
2: BSA plus calpeptin; lane 3: BSA plus 2 µg/ml aramchol ; lane 4: BSA plus 2 µg/ml aramchol plus 
calpeptin.  Representative experiments are shown, three independent experiments were carried out for 
all conditions. 
 
 
 
 

C 
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DISCUSSION 
Aramchol represents a new group of synthetic molecules (FABACs), which, beside 
their ability to prevent and dissolve gallstones, were shown to ameliorate 
atherosclerosis and increase reverse cholesterol transport. The major finding of 
this study is that aramchol promotes cholesterol efflux in an ABCA1-dependent 
manner. The molecular mechanism by which ABCA1 mediates transport of 
cholesterol and phospholipids is unclear and subject to intense investigation (14-
21;36-44). ABCA1 has been suggested to induce a differential release of 
cholesterol and phospholipids (45;46) as opposed to coupled transport of both 
lipids. Controversial is also the role of raft-like domains in the plasma membrane 
(18;45). Conclusive data able to differentiate between the different mechanisms 
have not been produced (see for discussion (16)). To our knowledge, ABCA1 
dependent efflux mediated by a non-apolipoprotein acceptor has not yet been 
reported. The fact that aramchol induces efflux, invalidates earlier observations 
suggesting that direct interaction of an apolipoprotein with ABCA1 is essential for 
the efflux process. Whether aramchol interacts directly with ABCA1 is unclear. In 
the presence of saturating concentrations apoA-I a slight, but significant inhibition 
of efflux was observed. At a sub-optimal concentration of apoA-I, aramchol 
stimulated efflux but the effect was not additive. This may be explained by 
competition for the same site at the membrane. To explain the lack of a synergistic 
effect on efflux in the higher concentration range of both aramchol and apoA-I, we 
hypothesize that aramchol has a high affinity for the efflux site but a low capacity.  

Liu et al. (47) reported that cholesterol, effluxed under the influence of apoA-I 
is present in different types of particles. Intriguingly, most of the cholesterol was 
incorporated in large vesicles which did not contain apoA-I. In this study we have 
confirmed these results employing density gradient ultracentrifugation to separate 
the different types of particles. Although the resolution of this method is worse than 
gel permeation chromatography, the recovery (~80 %) is much better. Analysis of 
apoA-I efflux medium showed that less than half the amount of cholesterol is 
present in the high density fractions where apoA-I is present. The remainder was 
found in the low density fraction, in the presence of choline-phospholipid 
presumably in the form of membrane vesicles, similar to what has been reported by 
Liu et al. (47). Surprisingly, aramchol induced efflux caused almost the same 
distribution pattern for cholesterol in density fractions of medium as apoA-I. No 
detectable aramchol was present in the low density fraction. We speculate that the 
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cholesterol was solubilized in raft derived lipid as has recently been suggested by 
Duong et al. (48). 

Although aramchol stimulated cholesterol efflux from human skin fibroblasts 
it did not increased TICE in mice on a normal chow diet. However, fecal neutral 
sterol output of mice was also only mildly increased upon aramchol treatment. 
Perhaps the mice were treated for a too short period of time or with not enough 
aramchol to observe an effect on fecal neutral sterol output and/or TICE. The effect 
of aramchol on TICE, therefore, requires further investigation. 

The chain length of the fatty acid moiety in the FABAC molecule influenced 
the potency to induce efflux. The C20 containing compound was the most effective, 
which may be due to an influence on the special domains in the membrane created 
by ABCA1 activity. The group of Chimini (16) proposed that ABCA1, by flipping 
phosphatidylserine produces locally instable membrane domains from which lipids 
can be taken up via microsolubilization. The C20 FABAC, aramchol, may further 
lower activation energy for lipid uptake from these domains. In contrast to what has 
been observed for apoA-I, aramchol induced very little choline-phospholipid efflux. 
Apparently the compound has little affinity for phospholipids. Aramchol did not 
influence levels of ABCA1 mRNA, but instead increased ABCA1 protein. The 
increased ABCA1 pool was accessible to biotinylation, indicating localization on the 
plasma membrane. Elegant work of Vaughan and Oram (49) showed that 
overexpression of ABCA1 in the absence of apolipoproteins, redistributed 
membrane cholesterol to cell surface domains, which are accessible to cholesterol 
oxidase. Possibly, aramchol extracts cholesterol from these domains. Stabilization 
studies with calpeptin and aramchol suggest that these compounds may compete 
in inhibiting ABCA1 protein turnover. We hypothesize that the increase in ABCA1 
protein level can be ascribed to inhibition of ABCA1 degradation similar to what has 
been suggested for apoA-I (34).   

In conclusion, in this study we show that small molecules such as FABACs 
induce ABCA1 dependent cholesterol efflux in an apolipoprotein independent way. 
Stimulation of reverse cholesterol transport may explain the amelioration of 
atherosclerosis in mouse models induced by aramchol as well as the increase in 
fecal neutral sterol secretion invoked by the compound (6;7) .    
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ABSTRACT 
Background & aims: hepatobiliary secretion is generally believed to be an integral 
step in the pathway of cholesterol excretion from the body. Here we have 
investigated the validity of this paradigm in mice. Methods: cholesterol balance was 
assessed by measuring intake, excretion and biliary output in different mouse 
models. Direct secretion of cholesterol from the luminal side of enterocytes was 
studied by perfusion of isolated segments of the small intestine in mice. Results: 
cholesterol input and output measurements in different mouse models revealed 
that fecal neutral sterol excretion was higher than the sum of dietary cholesterol 
intake and biliary cholesterol secretion indicating the existence of an alternative 
pathway. Here, we show that substantial amounts of cholesterol can be secreted 
directly by enterocytes. Transintestinal cholesterol efflux is a specific process 
observed throughout the small intestine (proximal>medial>distal). Secretion 
depended on the presence of a cholesterol acceptor and was strongly stimulated 
by bile salts and phospholipids. The capacity of the pathway was sufficient to 
account for the missing cholesterol in the balance studies. The contribution of this 
pathway to cholesterol excretion in mice is approximately twice that of the biliary 
pathway. Conclusion: in mice, the intestine plays a significant role in removal of 
cholesterol from the body.  
 
INTRODUCTION 
In 1973, Glomset and Norum (1) introduced the term reverse cholesterol transport 
(RCT) to define the pathway responsible for excretion of excess cholesterol from 
the body. Since the initial definition of RCT, this pathway has been intensively 
investigated. RCT was defined as HDL-mediated transport of cholesterol from the 
periphery to the liver and subsequently into bile followed by fecal excretion. The 
liver is thought to play a primary role in RCT (2). The liver takes up cholesterol from 
lipoproteins at the basolateral side of the hepatocyte via a number of receptors and 
disposes the sterol at the canalicular pole by a complex process involving multiple 
ATP binding cassette transporters. Two of these form the heterodimer 
ABCG5/ABCG8 which mediates cholesterol secretion into bile (3). When the route 
of the RCT pathway is correct, inhibition of ABCG5/ABCG8, and hence, diminished 
hepatobiliary cholesterol transport, should result in a drastic lowering of fecal 
neutral sterol excretion. Surprisingly, Abcg5/Abcg8 double knockout mice, which 
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have extremely low biliary cholesterol secretion rates, do not show the expected 
low levels of fecal neutral sterols (4).  

A similar phenomenon was observed in Abcb4-/- mice. Abcb4 is a 
phospholipid floppase located at the canalicular membrane of the hepatocyte. 
Biliary phospholipid secretion is almost completely abrogated in Abcb4-/- mice and 
biliary cholesterol is virtually absent in these mice as well (5). Strikingly, Abcb4-/- 
mice have the same fecal neutral sterol output as their wild-type littermates (6). 
Kruit et al. (6) showed that in Abcb4-/- mice intravenously injected radiolabeled 
cholesterol can be recovered in feces. These findings indicate that biliary 
cholesterol secretion cannot be the only route to excrete cholesterol. At least, in 
mouse models with disturbed biliary secretion, there must be a direct transintestinal 
cholesterol efflux (TICE) pathway.  

The existence of such a pathway has been proposed already in the 
beginning of the 20th century but has never been proven directly. As early as 1927, 
Sperry (7) reported the surprising observation that dogs with a bile fistula, excreted 
over a period of almost 2 years, about 1 kg of cholesterol more into feces than 
would have been predicted by results obtained from control dogs. Pertsemlidis et 
al. (8) confirmed the data of Sperry almost half a century later, also in studies with 
dogs.  Likewise, fecal sterols of non-dietary origin are present in feces of patients 
with biliary obstruction (9) or rats with long-term bile diversion (10). A major 
drawback in such studies was the lack of biliary components in the enterohepatic 
cycle under these conditions. Particularly, the absence of bile salts will compromise 
cholesterol absorption, and consequently affect intestinal cholesterol synthesis, as 
well, as lipid absorption with unkown side-effects. This is probably the reason that 
these and similar studies have gone largely unnoticed in the literature. 

We speculated, based upon the above-mentioned findings, that the role of 
the intestine in cholesterol excretion is underestimated. Intestine perfusions in mice 
were performed to establish the contribution of TICE to total cholesterol excretion, 
and to determine the specificity of the process by which the intestine secretes 
cholesterol.  

 
MATERIALS AND METHODS  
Animals and Diet  
Male FVB mice (2 - 4 months) were purchased from Harlan or obtained from in 
house breeding. Abcg8-/- and +/+ mice (11) in a C57Bl6 background and Abcb4-/- 
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and +/+ mice in a FVB background (5) were obtained from in house breeding. Mice 
received standard mouse chow {CRM (E); Special Diets Services} containing 0.018 
% (w/w) cholesterol or, when indicated, Western-type diet (Diet W, 0.25 % 
cholesterol, Arie Blok BV) with reference diet (casein) (20 % casein diet, Arie Blok 
BV) as corresponding control. All experiments were performed with the approval of 
the local Ethical Committee for Animal Experiments.  
 
Cholesterol input – output measurements 
Daily food intake and fecal neutral sterol excretion of FVB (n=6), Abcb4-/- (n=4), 
C57Bl6 (n=6) and Abcg8-/- (n=4) were measured for a period of 4 days. Mice were 
housed in normal mouse cages, individually, or with one sibling, to mimic their 
natural situation as much as possible. Every day mice and remaining chow pellets 
were weighed and feces was collected. Fecal neutral sterols were determined as 
described below. 
 
Intestine perfusion procedures 
Mice were anaesthetized intraperitoneally with 0.1 ml FFD {Hypnorm 
(fentanyl/fluanisone; 1 ml/kg) and diazepam (10 mg/kg)}  / 5 g body weight and 
placed on a heat pad to maintain body temperature. In a selected set of 
experiments mice were intravenously injected with 10 μCi [4-14C]cholesterol 
(Amersham) dissolved in 100 μl Intralipid (20 %; Sigma), via tail vein. 30 minutes 
after injecting the radiolabeled cholesterol the intestine perfusion was started. 
Meanwhile, the bile duct was cannulated, via the gallbladder, to divert biliary 
cholesterol and bile was collected in 15 min portions. Bile flow was determined 
gravimetrically assuming a density of 1 g/ml. The first fraction was used to measure 
biliary cholesterol secretion. Separate perfusions were performed in the proximal 
(first 10 cm), distal (last 10 cm) and medial (part between the first and last 10 cm) 
small intestine. Perfusions were performed by inserting a handmade inflow cannule 
attached to a syringe pump at the beginning of the selected intestinal segment and 
an outflow cannule at the end of the selected intestinal segment. Intestines were 
rinsed with 3 ml saline (37°C) and filled with perfusate (37°C), thereafter, the 
experiment was started immediately (= 30 minutes after injection with radiolabeled 
cholesterol). Perfusions were performed at a fixed flow rate (3 ml/h) during a period 
of 90 minutes. Perfusate fractions were collected every 15 minutes and stored on 
ice. At the end of the perfusion period, blood was collected by cardiac puncture 
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and serum was obtained. Intestinal segments were harvested and mucosa was 
scraped and snap-frozen in liquid nitrogen. Perfusate and serum were stored at -
20°C and mucosa at -80°C before further analysis. 
 
Perfusion fluid composition 
Perfusions were carried out with a modified Krebs solution (119.95 mM NaCl, 4.8 
mM KCl, 1.2 mM KH2PO4, 1.2 mM MgSO4·7H2O, 15 mM HEPES, 1.3 mM 
CaCl2·2H2O and 10 mM L-glutamine; final pH 7.4) supplemented with 10 mM bile 
salt alone {10 mM taurodeoxycholate (TUDC)(Calbiochem)}, bile 
salt/phosphatidylcholine {10 mM taurocholate (TC) : 2 mM phosphatidylcholine 
(PC)} mixtures, or 2 mM PC alone. TC/PC mixtures were made as follows: 
taurocholate (Sigma) dissolved in methanol and egg yolk L-α-phosphatidylcholine 
(Sigma) dissolved in chloroform were mixed and solvents were evaporated under a 
mild stream of nitrogen at 45°C. After evaporation, films were lyophilized overnight. 
Lyophilized samples were stored under nitrogen gas at -20°C until the day of the 
intestine perfusions. Before the start of the intestine perfusions, the films were 
dissolved in perfusion buffer (room temperature). PC vesicles were made as 
described above, only TC was not added. On the day of the intestine perfusion the 
vesicles were dissolved in perfusate buffer by sonicating the PC in perfusate buffer 
on ice under a mild stream of nitrogen. The PC vesicles were filtered (0.22 μ) to 
remove any contamination with titanium.  
 
LDH and APN activity in perfusate 
Perfusions of the proximal small intestine with, and without, TC/PC mixtures were 
performed as described above. After finishing the perfusion, mucosa of the 
perfused intestinal segment was scraped and weighed. Mucosa was sonicated 
(Sonicator processor, vibra cells, Sonics) in lysisbuffer (10 mM KCl, 1.5 mM 
MgCl2·6H2O, 10 mM Tris·HCl, pH 7.4, complete protease inhibitors) For all further 
analysis, except the protein determination, 0.1 % Triton X-100 was added after 
sonication. Aminopeptidase N (APN) activity, lactate dehydrogenase (LDH) activity, 
cholesterol content in mucosal homogenates and perfusate were determined as 
described in analytical procedures. Protein content of mucosa was measured to 
standardize the mucosa measurements. 
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Determination of mRNA Levels 
Total RNA was isolated from perfused proximal intestines using the Trizol reagent 
according to the manufacturer’s protocol (Invitrogen). Purified RNA was treated 
with RQ1 RNase-free DNase (1 units / 2 µg of total RNA, Promega) and reverse 
transcribed with SuperScript II Reverse Transcriptase (Invitrogen) according to the 
protocols supplied by the manufacturers. Gene expression analysis was performed 
by SYBR green method. Quantitative gene expression analysis was performed on 
a Biorad MyIQ. PCR primers were designed on the basis of Primer Express 1.7 
software with the manufacturer's default settings (Applied Biosystems) and 
validated for identical efficiencies. Primer sequences, used in these assays, are 
available on request. Hypoxanthine-guanine phosphoribosyl transferase (HPRT), 
cyclophilin, and acidic ribosomal phosphoprotein P0 (36B4) were used as standard 
housekeeping genes. 
 
Analytical procedures 
Biliary and perfusate cholesterol and perfusate phospholipids were measured by 
enzymatic methods as described previously (12;13). Lipids of mucosa were 
extracted using the Bligh & Dyer method (14). Free cholesterol and total 
cholesterol concentrations of intestinal lipid extracts and serum samples were 
determined using kits from Wako and Biomerieux. 14C-cholesterol in perfusate, bile, 
serum and intestinal lipid extracts was determined using a liquid scintillation 
counter. For fecal neutral sterol analysis, 1-day fecal samples were collected, 
lyophilized and grinded. Samples were prepared for fecal neutral sterol analysis by 
gas chromatography as described previously (15). LDH and APN activities in 
mucosal homogenates and perfusate were measured by fluorimetric methods 
(16;17). Protein content of mucosal homogenates was determined by the BCA 
method (18). DNA quantification of mucosal homogenates was performed by a 
method described by Labarca et al. (19). Alkaline phosphatase activity in perfusate 
was measured as described previously (20).  
  
Statistics 
All results are presented as mean ± SD. Group means, as depicted in the figures, 
were calculated by averaging the outcomes of all mice that got the same treatment. 
The values for the individual mice, used for the calculation of the group mean, were 
obtained by averaging the data of the last three perfusion time points. Differences 
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between the different groups were determined by one way ANOVA. Outcomes of p 
< 0.05 were considered to be significant. Analysis was performed using SPSS.  
 
RESULTS 
Cholesterol input and output measurements in mice of the FVB strain (table 1) 
revealed that these mice consume 7.0 ± 0.7 µmol cholesterol per day per 100 gram 
body weight via dietary intake and excrete 9.9 ± 2.7 µmol/day.100g body wt in the 
form of cholesterol and neutral sterol metabolites in feces. Daily biliary cholesterol 
secretion was calculated from the output during the first 15 minutes after bile duct 
cannulation and gives rise to 1.9 ± 0.8 μmol/day.100g body wt.  Hence, in these 
mice, total cholesterol influx into the intestinal lumen was at least 8.9 
µmol/day.100g body wt. Since fractional cholesterol absorption in FVB mice is 
approximately 40 % (21), an amount of 5 µmol/day.100g body wt of fecal sterols 
seems to be unaccounted for. A possible source of error in this calculation is the 
biliary contribution that was calculated from the rate of biliary cholesterol secretion 
determined in anaesthetized mice. Therefore, we also calculated cholesterol input 
and output in two mouse models with abrogated biliary cholesterol secretion i.e., 
the Abcg8 and Abcb4 knockout mice. As shown in table 1, also in these mouse 
models fecal excretion exceeds total intake, necessitating TICE. Since these 
animals excrete little or no cholesterol into bile, TICE should play a significant role 
in these animals and will have a capacity of at least 5 - 9 μmol/day.100g body wt. 
The Abcg8-/- mice were bred in a C57Bl6 background, we therefore also measured 
fecal neutral sterol output in these mice. No significant difference with the Abcg8-/- 
mice was observed (table 1). 
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Table 1. Cholesterol input and output measurements conducted with different mice strains. Dietary 
cholesterol intake and fecal neutral sterol excretion of FVB mice (n=6), Abcb4-/- mice in FVB 
background (n=4), C57Bl6 mice (n=4), and Abcg8-/- in C57Bl6 background mice (n=4) were 
determined. Values are represented as μmol/day.100 g body wt (mean ± SD). 
  

 
  Dietary cholesterol Biliary cholesterol  Fecal neutral sterol 
  intake   secretion  excretion 
 
FVB  7.0 ± 0.7   1.9 ± 0.8     9.9 ± 2.7 

Abcb4-/-  6.6 ± 0.9   0.1 ± 0.1   15.2 ± 2.3 

C57Bl6  8.4 ± 0.4   2.0 ± 1.9   14.2 ± 2.6 

Abcg8-/-  6.2 ± 1.3   0.8 ± 0.1   11.2 ± 2.2 

 
To investigate the origin of the “missing” cholesterol, isolated intestinal perfusions 
were performed in anaesthetized mice. Total perfusion time was 90 minutes. 
Figure 1A shows TICE in the proximal (10 cm) part of the small intestine. TICE was 
very low without addition of a cholesterol acceptor to the perfusate and was 
constant during the perfusion procedure. Addition of a mixture of taurocholate (TC) 
and phosphatidylcholine (PC) in slightly supra-physiological concentrations (10 
mM: 2 mM) to the perfusate resulted in a substantial increase in cholesterol 
secretion (fig. 1A). The rate of TICE increased during the first 45 minutes and 
remained stable thereafter. Prolongation of perfusion time up to 2 hours did not 
lead to further changes in cholesterol output (data not shown). In separate series of 
experiments 14C-cholesterol was injected intravenously, appearance of 
radiolabeled cholesterol was determined during the entire perfusion period. Figure 
1B shows that 14C-cholesterol could be detected already at the first perfusion time 
point. To quantify TICE in different parts of the small intestine, perfusions were 
carried out in three sequential segments in independent experiments (fig. 1C). 
Surprisingly, the highest secretion rate was observed in the proximal 10 cm of the 
small intestine, i.e., the region where cholesterol uptake is also supposed to take 
place (22). Only small amounts of cholesterol were secreted into perfusate that did 
not contain any cholesterol acceptor. TICE varied from 0.1 ± 0.1 nmol/min.100 g 
body wt in the distal small intestine to 0.2 ± 0.2 nmol/min.100 g body wt in the 
proximal small intestine. This rate was strongly increased in the presence of mixed 
micelles composed of TC/PC, which has been shown to greatly increase 
cholesterol solubility (23). Cholesterol secretion initiated by addition of TC/PC to 
the perfusate varied from 0.5 ± 0.2 nmol/min.100 g body wt in the distal small 
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intestine to a considerable value of 3.0 ± 1.0 nmol/min.100 g body wt in the 
proximal small intestine. Cholesterol was all in the free form and no measurable 
amounts of cholesterol metabolites were detected by GC/MS analysis (data not 
shown). Perfusion of the colon did not result in significant cholesterol secretion, 
even not in the presence of TC/PC.  To investigate the role of PC in this process, 
we studied cholesterol secretion to simple bile salt micelles and PC alone. Since 
taurocholate has cell-damaging properties in the concentration applied, we used 
the more hydrophilic bile salt tauroursodeoxycholate (TUDC) for this purpose.  
Figure 1D shows the effect of different luminal acceptors on TICE in the proximal 
small intestine. Addition of TUDC to the perfusate resulted in a cholesterol 
secretion rate that was intermediate between the rate without use of an acceptor 
and the rate invoked by TC/PC. TICE, however, seems not to be fully dependent 
on presence of bile salt, because 2 mM PC induced cholesterol secretion to a 
similar extent as TC/PC (10 mM: 2 mM).  
 To identify the source of intestinally secreted cholesterol, mice were 
intravenously injected with 14C-cholesterol. After injecting the mice with 
radiolabeled cholesterol, an equilibration time of 30 minutes was allowed, based on 
the fact that within this period of time radiolabeled cholesterol was well-equilibrated 
in blood and not yet incorporated to a high extent in the intestinal mucosa (data not 
shown). Thereafter, the perfusion procedure was initiated. By comparing specific 
radioactivity of cholesterol in serum, intestinal mucosa, and perfusate at the end of 
the intestinal perfusion, information was obtained about the origin of luminal 
cholesterol. Figure 2A shows that specific radioactivity of cholesterol was 10-fold 
higher in serum than in perfusate, while the latter was identical to that of mucosa. 
To address the question whether cholesterol release into the lumen occurs via a 
specific route, or via non-specific mechanisms, like i.e. cell shedding or membrane 
extraction, markers for cell shedding/membrane extraction were measured together 
with the cholesterol concentration in mucosa and perfusate. We took lactate 
dehydrogenase (LDH) activity as a cytosolic marker and aminopeptidase N (APN) 
activity as an apical membrane marker. Secretion of cholesterol in perfusate was 
expressed as a percentage of total cholesterol in mucosa of the perfused intestinal 
section (fig. 2B). 
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Figure 1. Transintestinal cholesterol 
efflux. (A) The proximal small intestine of 
FVB mice was perfused with Krebs only 
(n=6, open squares) or with Krebs 
supplemented with TC/PC (10 mM : 2 
mM) (n=8, closed squares). (B) FVB mice 
(n=6) were injected intravenously with 
14C-cholesterol. Bile flow was diverted by 
cannulation, via the gallbladder. Thirty 
minutes after receiving 14C-cholesterol, 
the proximal small intestine was perfused 
with Krebs supplemented with TC/PC. (C) 
Perfusions were performed in proximal, 
medial and distal small intestines of FVB 

mice, under the conditions described in (a) (n=3 - 8). (D) Perfusions in proximal small intestine were 
performed with Krebs containing different cholesterol acceptors: no acceptor (n=6), TUDC (10 mM) 
(n=6), TC/PC (10 mM : 2 mM) (n=8) and, PC (2 mM) (n=6). Samples of the perfusate were taken as 
indicated in the figure and the cholesterol content was measured. Values are depicted as mean ± SD. * 
indicates a significant difference in TICE between the different types of perfusate. 
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The same was done for LDH and APN activities. In mice that were perfused with 
perfusate containing no cholesterol acceptor, the percentages of LDH, APN and 
cholesterol secreted in perfusate were almost identical, indicating that perfusate 
cholesterol mainly originated from shed cells. When mice were perfused with 
perfusate containing TC/PC mixed micelles, however, the increase in TICE was 
significantly higher than that of LDH and APN secretion. Under these conditions, 
maximally 30 % of the cholesterol present in perfusate could be explained by cell 
shedding or membrane extraction (fig. 2C). Besides cell shedding/membrane 
extraction, cholesterol might also be secreted via surfactant like particles, which 
has been shown to line the apical side of enterocytes (24). Surfactant like particles 
(SLP) contain phospholipids, cholesterol and are high in activity of alkaline 
phosphatase (24;25). To establish the role of SLP as source for perfusate 
cholesterol we measured alkaline phosphatase activity in perfusate with (TC/PC) 
and without acceptor. Surprisingly, alkaline phosphatase activity in perfusate 
containing the cholesterol acceptor TC/PC was as low as the alkaline phosphatase 
activity of perfusate without any cholesterol acceptor (data not shown), whereas 
the amounts of cholesterol found in these perfusates are significantly different. In 
addition to alkaline phosphatase activity we also measured choline containing 
phospholipids in perfusate that did not contain a cholesterol acceptor (fig. 2D). The 
ratio of phospholipid/cholesterol was 2:1, similar to the phospholipid/cholesterol 
ratio present in enterocytes (26). To investigate whether TICE relate to the amount 
of cholesterol in the perfused intestinal segments, the amounts of cholesterol in the 
proximal, medial and distal small intestine were determined and related to the 
amount of DNA present in the intestinal segments. The amount of cholesterol is the 
lowest in the proximal small intestine (1.8 nmol cholesterol/μg DNA), followed by 
the medial small intestine (2.4 nmol cholesterol/μg DNA) and is high in the distal 
small intestine (6.3 nmol cholesterol/μg DNA). So there is a reciprocal relationship 
between the amount of cholesterol present in the intestine and the amount of 
secreted cholesterol. To examine whether cholesterol synthesized in enterocytes 
may be an important source of intestinally secreted cholesterol, mRNA levels of 
Hmg-CoA reductase in intestines of mice that were perfused without a cholesterol 
acceptor were compared to Hmg-CoA reductase mRNA levels in intestines of mice 
which were perfused with TC/PC micelles. In the medial and distal small intestine 
Hmg-CoA reductase expression was not influenced by the addition of TC/PC to 
perfusate (fig. 2E). In the proximal small intestine the addition of TC/PC to 
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perfusate even caused a significant downregulation of Hmg-CoA reductase 
expression. So, the rate of intestinally synthesized cholesterol does not correlate to 
expression of the rate-limiting enzyme in cholesterol synthesis. 
 To assess whether TICE is sensitive to dietary manipulation, we fed FVB 
mice for two weeks with a semi-purified Western-type diet. This diet increased 
TICE in the proximal small intestine two-fold compared to the control reference diet 
without cholesterol (fig. 3A). Possibly, the rise in serum cholesterol levels under 
these conditions is the driving force for the increase in TICE (fig. 3B). Figure 3C 
shows that the Western-type diet resulted in increased expression of key 
transporters supposed to be involved in transcellular cholesterol transport. 
 To investigate the potential role of the diet-induced sterol exporters Abcg5 
and Abcg8, we performed intestinal perfusions in the Abcg8-/- mouse. To increase 
the potential role of Abcg5 and Abcg8, the mice were fed a Western-type diet 
which has been shown to increase expression of these transporters. Interestingly, 
no significant effect of lack of Abcg8 on TICE in the proximal intestinal segment 
was observed (fig. 4). 
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Figure 2. Origin of intestinally 
secreted cholesterol. (A) Proximal 
small intestine of FVB mice (n=7) 
was perfused with Krebs 
containing TC/PC (10 mM : 2 mM), 
subsequently serum, mucosa, and 
perfusate were collected and 
specific radioactivity of cholesterol 
was determined. Specific 
radioactivities are expressed as 
DPM/nmol. (B) Perfusions were 
performed in the proximal small 
intestines of FVB mice, using 
Krebs without acceptor (n=4, open 
bars) or with Krebs containing 
TC/PC (n=4, closed bars). LDH 
activity, APN activity and 
cholesterol content of perfusate 

are expressed as percentage of the activity/total amount in mucosa of the perfused intestine. * indicates 
a significant difference in perfusate cholesterol versus LDH/APN activity (as percentage of total amount 
in mucosa). (C) The percentage of luminal cholesterol that can maximally be obtained via non-specific 
routes was calculated from the data in fig. 2B, by dividing APN activity (percentage of total) by perfusate 
cholesterol (percentage of total mucosal cholesterol content). (D) The proximal small intestine of FVB 
mice (n=4) was perfused with Krebs, subsequently cholesterol and choline containing phospholipids 
were measured in perfusate. (E) The proximal small intestines of FVB mice were perfused with Krebs, 
with (closed bars) or without (open bars) TC/PC (10 mM : 2 mM). After the perfusion procedure, 
intestines were harvested, RNA was isolated, and mRNA levels of Hmg-CoA reductase and 
housekeeping genes were analysed. Values are depicted as mean ± SD. * indicates a significant 
difference. 
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Figure 3. The influence of 
high dietary cholesterol 
intake on TICE. Mice 
received a semi-purified 
reference diet (n=8, open 
squares) or Western-type 
diet (n=8, closed squares) 
for 2 weeks. Perfusions 
were performed in the 
proximal small intestine of 
FVB mice using Krebs 
containing TC/PC (10 mM : 
2 mM) as acceptor for the 
time indicated in the figure. 
(A) TICE in the proximal 
small intestine. (B) Serum 
cholesterol levels. (C) 
Intestinal gene expression 
levels. Open bars: reference 
diet; closed bars: Western-
type diet. Values are 
depicted as mean ± SD. * 
indicates a significant 
difference between Western-      
type diet fed mice and    
reference diet fed mice. 

 
 
 
Figure 4. TICE in Western-type diet fed 
Abcg8-/- and +/+ mice. Abcg8-/- (n=5) and +/+ 
(n=5) mice received a Western-type diet for 2 
weeks. Perfusions were performed in the 
proximal small intestines of Abcg8-/- and +/+ 
mice using Krebs containing TC/PC (10 mM : 
2 mM)  as cholesterol acceptor. Values are 
depicted as mean ±  SD. 
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DISCUSSION 
The main finding in this study is the unexpected high capacity of murine 
enterocytes to secrete cholesterol into the intestinal lumen. We unequivocally 
demonstrated that cholesterol is directly secreted throughout the entire length of 
the small intestine. Most surprising, to our opinion, is the finding that the highest 
secretion rate was observed in the proximal 10 cm of the small intestine, i.e., the 
region where cholesterol uptake is supposed to take place (22). Consequently, the 
net flux of cholesterol in the in vivo situation will be determined by the degree of 
cholesterol saturation in the intestinal lumen. In vivo, intestinal cholesterol solubility 
is determined by a complex mixture of lipids and bile salts (23). Such a mixture, 
capable of accepting cholesterol, was essential for initiating specific efflux. Only a 
small amount of cholesterol (0.31 ± 0.29 μmol/day.100 g body wt) was secreted 
into perfusate that did not contain any cholesterol acceptor. Bile salt and/or PC 
strongly stimulated the pathway probably by serving as direct acceptors but we 
cannot exclude that these compounds also directly activate cholesterol transport 
systems. Interestingly, this novel efflux pathway has no strict preference for bile 
salts as cholesterol acceptor, thus is also functional in the absence of bile. This 
may have been expected in view of the fact that under cholestatic or bile diverted 
conditions fecal neutral sterol secretion continues (9;10). Under slightly supra-
physiological conditions (addition of 10 mM TC : 2 mM PC to perfusate), the total 
rate of small intestinal cholesterol secretion was calculated to be 5.4 ± 1.8 
μmol/day.100 g body wt, in striking agreement with the amount of cholesterol (~5 
μmol/day.100 g body wt) “missing” in the cholesterol input - output measurements 
in wild-type FVB mice (table 1).  By adding the intestine itself as a secretory organ 
for cholesterol, the total intestinal cholesterol balance is in equilibrium.  It should be 
noted that fecal excretion is not the only route of sterol disposal from the body. A 
significant amount of cholesterol may be shed via sloughing of skin cells, but, 
accurate quantification of this amount is obviously very difficult (27). Moreover, the 
amount of cholesterol loss via the skin does not influence the intestinal cholesterol 
balance. The question arises from which sources the cholesterol excreted into 
feces originates. Figure 1B shows that intravenously injected 14C-cholesterol ends 
up in perfusate at the earliest time point measured. The direct cholesterol flow from 
blood to intestinal lumen route is in accordance with data from Kruit et al. (6) who 
showed that intravenously injected free cholesterol partly ended up in the feces as 
neutral sterol. Their experiments were performed in Abcb4-/- mice with abrogated 
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biliary phospholipid and cholesterol secretion thus providing evidence, at least in 
these mice, for a direct route from blood to intestinal lumen.  Despite the absence 
of biliary phospholipid in the intestine, fecal neutral sterol excretion was similar to 
that in wild-type mice. Apparently, the high biliary bile salt secretion (28;29) 
provides enough solubilizing capacity to maintain TICE at high levels. Since in 
addition to the phospholipids also cholesterol is absent from bile, micellar capacity 
can be used fully to take up cholesterol from the enterocytes. TICE may be induced 
in these mice to compensate for the decrease in biliary cholesterol secretion. In 
addition these mice show decreased cholesterol absorption (30) which will also 
lead to an increase in net secretion. 

In principle, the sterols excreted directly via the enterocytes could also 
originate from shed cells. It is well known that the turnover rate of enterocytes is 
high. Indeed, by comparing % of LDH and APN secretion in perfusate with TICE, 
we observed that without the use of an cholesterol acceptor, over 80 % of 
cholesterol in perfusate of the proximal small intestine is of non-specific origin, i.e., 
reflects cell shedding (fig. 2C). In earlier reports the contribution of shed 
enterocytes to the fecal neutral sterols has been estimated to be 10 - 15 % (31). 
The total amount of cholesterol we measured in perfusate that did not contain a 
cholesterol acceptor was about 15 % of the total amount of fecal neutral sterols. So 
it is very likely that, indeed, cholesterol found in perfusate without cholesterol 
acceptor originated from shed enterocytes. Although LDH and APN activities were 
somewhat elevated in TC/PC containing perfusate, cholesterol secretion increased 
to a substantially larger extent, reducing the (aspecific) contribution of shed cells to 
about 30 %. Another possible source for intestinally secreted cholesterol could be 
surfactant like particles (SLP) that have been shown to line the enterocytes. 
Although its presence has not been studied in mice, SLP are present throughout 
the small intestine of rats. However, since a fat load is needed to clearly observe 
SLP in rat small intestine (24), and substantial TICE in our experiments can be 
demonstrated already on normal chow diet the significance of its contribution is 
probably minor. It can be argued that TC/PC perfusion may increase the secretion 
of SLP, but we did not observe a difference in alkaline phosphatase activity in 
perfusate of mice that were perfused with and without an acceptor. Interestingly, a 
luminal pathway for the secretion of PC by rat intestine has recently also been 
described (32). These authors reported the highest rates of PC secretion in the 
ileum of rats but found no evidence for concomitant output of cholesterol. We have 
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also measured phospholipid secretion in perfusate. In the presence of TC/PC (10 
mM : 2 mM), no additional increase in phospholipids could be measured. In 
perfusate that did not contain a cholesterol acceptor phospholipids were present, at 
a choline phospholipid/cholesterol ratio of 2:1 (fig. 2D). Since this is the ratio 
observed in enterocyte plasmamembrane (26), the data suggest that 
phospholipids, as well, as cholesterol were derived via cell shedding. This is in line 
with the APN and LDH activity measurements under these conditions, indicating 
again that without presence of a cholesterol acceptor the lipids originate mainly 
from shed cells (fig. 2C).  

To examine whether cholesterol synthesized in enterocytes could be an 
important source of intestinally secreted cholesterol, mRNA levels of Hmg-CoA 
reductase in intestines of mice that were perfused without a cholesterol acceptor 
were compared to Hmg-CoA reductase mRNA levels in intestines of mice which 
were perfused with TC/PC micelles (fig. 2E). No correlation between Hmg-CoA 
reductase expression and TICE could be observed. This is in line with the data of 
Kruit et al. (6) who also did not observe a relationship between intestinal Hmg-CoA 
reductase expression and the rate of fecal neutral secretion even when this was 
strongly stimulated by treatment with an LXR agonist.   

Assuming that the major part of the secreted cholesterol originated from 
the blood compartment, the next obvious question is which pathways are involved 
in this process. Uptake via lipoproteins followed by endosomal/lysosomal 
processing would lead to equilibration of plasma cholesterol with the enterocyte 
cholesterol pool. Specific radioactivity of secreted cholesterol should then be 
similar to the specific radioactivity of the cholesterol pool in enterocytes. This was 
indeed observed (fig. 2A). Specific radioactivity in serum was 10 fold higher, 
excluding involvement of a paracellular or transcytotic pathway. We have not yet 
succeeded in delineating the type of lipoprotein involved in this process. 
Intravenous injection of 14C-cholesterol in different types of particles invariably led 
to very rapid exchange in the blood precluding assessment of differential 
contributions of specific lipoprotein species (data not shown).  

We wondered whether it would be possible to stimulate TICE by dietary 
means. Figure 3A shows that feeding mice with a Western-type diet stimulates 
TICE, suggesting upregulation of a dedicated transport system. Putative 
candidates such as Abcg5 and Abcg8 were indeed upregulated (fig. 3C). However, 
expression of these transporters along the length of the intestine 
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(proximal<medial>distal), did not follow the pattern of TICE 
(proximal>medial>distal) and, as shown in table 1, also Abcg8-/- mice showed the 
characteristic gap in cholesterol balance. Indeed, we found no decrease in TICE 
during perfusion experiments in Abcg8-/- mice (fig. 4). It should be noted that we 
cannot yet exclude that the higher cholesterol content in plasma of mice fed the 
Western-type diet has provided an increased driving force for TICE.  

Clearly, manipulation of the activity of direct TICE provides a very attractive 
avenue to increase the rate of reverse cholesterol transport. In mice, TICE plays a 
more prominent role in the excretion of cholesterol than hepatobiliary secretion 
does. On average, humans secrete about 1 gram neutral sterols per day. Dietary 
cholesterol intake is about 400 mg (33) and biliary cholesterol secretion amounts to 
1000 mg (34-36). Cholesterol absorption has been estimated to be about 50 % 
(37-39). Hence, the average TICE contribution in humans can be estimated to be 
around 300 mg/day.70 kg body weight, which is about one-third of the amount 
secreted into bile. Although the relative contribution of TICE apparently is smaller in 
humans than in mice, the magnitude of this flux is still considerable and activation 
of this pathway seems an attractive approach for treatment/prevention of 
atherosclerotic diseases. 
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ABSTRACT 
Background: biliary secretion is generally considered to be an obligate step in the 
pathway of excess cholesterol excretion from the body. We have recently shown 
that an alternative route exists. Direct transintestinal cholesterol efflux (TICE) 
contributes significantly to cholesterol removal in mice. Aim: to investigate whether 
the activity of this novel pathway can be influenced by dietary factors. In addition, 
we studied the role of cholesterol acceptors at the luminal side of the enterocyte. 
Methods: mice were fed Western-type diet {0.25 % (w/w) cholesterol; 16 % (w/w) 
fat}, a high fat diet {no cholesterol; 24 % (w/w) fat}, or high cholesterol diet {2 % 
(w/w)} and TICE was measured by isolated intestinal perfusion. Bile 
salt/phospholipids mixtures served as cholesterol acceptor.  Results: Western-type 
and high fat diet increased TICE by 50 % and 100 %, respectively. In contrast, the 
high cholesterol diet did not influence TICE.  Intestinal scavenger receptor class B 
type 1 (Sr-B1) mRNA and protein levels correlated with the rate of TICE. 
Unexpectedly, TICE was significantly increased in Sr-B1 deficient mice. Apart form 
the long term effect of diets on TICE, acute effects by luminal cholesterol acceptors 
were also investigated. The phospholipid content of perfusate was the most 
important regulator of TICE, bile salt concentration or hydrophobicity of bile salts 
had little effect. In conclusion, TICE can be manipulated by dietary intervention. 
Specific dietary modifications might provide means to stimulate TICE and, thereby 
to enhance total cholesterol turnover. 
 
INTRODUCTION 
Fecal excretion is the final step in the reverse cholesterol transport (RCT) pathway. 
This term was coined in 1973 by Glomset and Norum (1) to define the pathway 
responsible for excretion of excess cholesterol from the body. Since activation of 
this pathway may lead to regression of atherosclerosis many research programs 
aim at identification of the critical steps in the pathway. Hepatobiliary cholesterol 
secretion is generally considered to be one of these critical steps. However, we 
have recently shown that in addition to the hepatobiliary route there also is a direct 
pathway of intestinal cholesterol secretion. In mice this pathway is more important 
than the hepatobiliary route (2). This finding originated from in vivo cholesterol 
balance studies in wild-type and relevant knockout mouse models. In particular 
balance studies in Abcg5/abcg8 double knockout mice (3) and Abcb4-/- mice (4) 
which have low or even abrogated biliary cholesterol secretion did not show the 
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expected low levels of fecal neutral sterols Furthermore, Kruit et al. (5) showed that 
in Abcb4-/- mice, intravenously injected radiolabeled cholesterol can be recovered 
in feces. All these findings indicated that biliary cholesterol secretion cannot be the 
only route to excrete cholesterol. We confirmed the activity of a direct 
transintestinal pathway for cholesterol excretion (TICE) in experiments in which 
intestinal segments were perfused (2). In mice, the amount of cholesterol secreted 
via the intestine is approximately 2-fold higher than the amount of biliary secreted 
cholesterol. The existence of this pathway has been suggested as early as 1927 
(6), but it has never been validated until recently.  

TICE involves transport of cholesterol directly from blood across the 
enterocytes into the intestinal lumen. We could demonstrate that the rate of TICE 
strongly depends on the presence of a cholesterol acceptor. Bile salts in the 
intestinal lumen, particularly when combined with phosholipid, strongly stimulate 
the pathway. It was also shown that Western-type diet fed mice secreted 
significantly more cholesterol via the intestine (2).  

To delineate the effect of dietary manipulation on intestinal cholesterol 
secretion and to identify factors involved in control of this alternative cholesterol 
secretion pathway, we studied the effects of dietary fat in the absence and 
presence of cholesterol on intestinal secretion by performing intestine perfusions in 
mice fed these diets. Intestinal gene expression analysis was performed to 
establish whether a correlation in expression of genes known to be involved in 
sterol transport and the rate of TICE could be established.  To investigate specific 
effects of luminal modifications on TICE, proximal small intestine perfusions were 
performed with different bile salt - phospholipid combinations added as cholesterol 
acceptors to the perfusion fluid. Data indicate that dietary fat content and 
modifications of luminal lipid content affect transintestinal cholesterol efflux in mice. 
 
MATERIAL AND METHODS 
Animals and Diets  
Male FVB mice (2 - 4 months) were purchased from Harlan (Horst, the 
Netherlands). The mice were fed a semi-purified reference diet {no 4068.02, 
Abdiets, Woerden, The Netherlands; 20 % (w/w) casein, 5 % (w/w) fat (soy oil), no 
cholesterol added}, a high cholesterol diet {2 % (w/w) cholesterol added to the 
reference diet}, a Western-type diet {Diet W, no 4021.06, Abdiets; 20 % (w/w) 
casein, 16 % (w/w) fat (15 % cacao butter, 1 % corn oil), 0.25 % (w/w) cholesterol}, 
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a high fat diet {High Fat, no 4031.00, Abdiets; 24 % casein, 24 % fat (corn oil), no 
cholesterol added}. The amount of energy delivered by fat in reference diet, 
Western-type diet, and the high fat diet are 17 %, 33 % and 46 %, respectively. 
Although there was no cholesterol added to the reference diet, it contained trace 
amounts of cholesterol: 0.006 % (w/w) (determined by gas chromatographic 
analysis). There was no difference in energy intake between these diets. Intestinal 
perfusions were also performed on chow (RM3, Special Diet Services, Witham, 
UK, 4 % (w/w) fat, no cholesterol added) fed Sr-B1-/- mice (7) and wild-type 
littermates. To study the effect of luminal modifications on TICE, mice were used 
that received chow diet {CRM (E); Special Diets Services, 3 % (w/w) fat, no 
cholesterol added}. Food and water were supplied ad libitum. Mice were 
maintained on a 24 h light-dark cycle. All experiments were performed with the 
approval of the local Ethical Committee for Animal Experiments.  
 
Cholesterol intake and output measurements 
Mice were housed in normal mouse cages (3 mice per cage), to mimic their natural 
situation as much as possible. Every day, mice and remaining chow pellets were 
weighed and feces was collected. Fecal neutral sterols were determined as 
described below. 
 
Intestine perfusion procedures 
Mice were anaesthetized by intraperitoneal injection with 0.1 ml FFD {Hypnorm 
(fentanyl/fluanisone; 1 ml/kg) and diazepam (10 mg/kg)}  / 5 g body weight and 
placed on a heat pad to maintain body temperature. The bile duct was cannulated 
via the gallbladder and bile was collected in 15 min portions. Bile flow was 
determined gravimetrically assuming a density of 1 g/ml. The first fraction was used 
to measure biliary cholesterol secretion. Proximal small intestines (first 10 cm) 
were perfused, because here the majority of TICE takes place. Perfusions were 
performed as previously described (2). At the end of the perfusion period, blood 
was collected by cardiac puncture. The perfused intestinal segments were isolated 
for gene expression analysis. 
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Perfusion fluid composition 
Perfusions were carried out with a modified Krebs solution (119.95 mM NaCl, 4.8 
mM KCl, 1.2 mM KH2PO4, 1.2 mM MgSO4·7H2O, 15 mM HEPES, 1.3 mM 
CaCl2·2H2O and 10 mM L-glutamine; final pH 7.4) supplemented with bile salts and 
phospholipids. Bile salt-phospholipid mixtures were made as follows: taurocholate 
(Sigma, Zwijndrecht, The Netherlands), tauroursodeoxycholate (TUDC; 
Calbiochem, Amsterdam, The Netherlands) or taurodeoxycholate (TDC; Sigma, 
Zwijndrecht, The Netherlands) dissolved in methanol and egg yolk L-α-
phosphatidylcholine (Sigma, Zwijndrecht, The Netherlands) dissolved in chloroform 
were mixed and solvents were evaporated under a mild stream of nitrogen at 45°C. 
After evaporation, films were lyophilized overnight. Lyophilized samples were 
stored under nitrogen gas at -20°C until the day of the intestine perfusions. Before 
the start of the intestine perfusions, the films were dissolved in perfusion buffer. 
 
Determination of mRNA Levels 
Total RNA was isolated using the Trizol reagent according to the manufacturer’s 
protocol (Invitrogen, Breda, The Netherlands). Purified RNA was treated with RQ1 
RNase-free DNase (1 units / 2 µg of total RNA, Promega, Leiden, The 
Netherlands) and reverse transcribed with SuperScript II Reverse Transcriptase 
(Invitrogen, Breda, The Netherlands) according to the protocols supplied by the 
manufacturer. Gene expression analysis was performed on a Bio-Rad MyiQ 
Single-Color Real-Time PCR Detection System by using the Bio-Rad iQ SYBR 
Green Supermix (Bio-Rad). PCR primers were designed on the basis of Primer 
Express 1.7 software with the manufacturer's default settings (Applied Biosystems, 
Nieuwerkerk a/d IJssel, The Netherlands) and validated for identical efficiencies. 
Hypoxanthine-guanine phosphoribosyl transferase (HPRT), cyclophilin, and acidic 
ribosomal phosphoprotein P0 (36B4) were used as standard housekeeping genes. 
 
Western blotting 
Lysis buffer containing phosphate buffered saline, 1 % Triton X-114, 0.5 % sodium 
deoxycholate, 0.1 % SDS and CompleteTM protease inhibitor was added to the 
intestinal tissue. Homogenates were made by sonication. The protein 
concentrations of the lysates were determined using the BCA assay (8). Equal 
amounts of protein (40 µg) were separated on SDS/PAGE (8 % gels) and 
transferred onto nitrocellulose membranes (Schleicher and Schuell, ‘s-
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Hertogenbosch, The Netherlands). Membranes were probed using a mouse anti-
Sr-B1 (pAb anti-SRB1 NB400-104, (Novus Biologicals, Littleton, CO, USA), diluted 
1:1000, followed by detection by Lumi-Light Western blotting substrate (Roche, 
Woerden, The Netherlands). In selected cases, the membranes were stripped for 
30 min by incubation in buffer containing 100 mM 2-mercaptoethanol, 2 % (w/v) 
SDS and 62.5 mM Tris/HCl, pH 6.7, at 55°C, followed by washing and probing with 
a rabbit anti-Na+/K+-ATPase antibody (1:1000) (9). Protein abundance was 
calculated by densitometry using LumiAnalyst 3.1 software (Roche, Woerden, The 
Netherlands). 
 
Analytical procedures 
Perfusate and biliary lipids were extracted using the Bligh & Dyer method (10). 
Biliary and perfusate cholesterol concentrations were measured by a fluorescent 
method as described previously (11). To verify whether this method indeed 
measures only cholesterol in the perfusate samples, in some experiments 
cholesterol in the perfusate was also measured by GC as described below. Good 
agreement (CV<6 %) was observed. Total cholesterol concentrations of serum 
samples were determined using the Cholesterol RTU assay (Biomerieux, Marcy 
l'Etoile, France). For fecal neutral sterol analysis, 1-day fecal samples were 
collected, lyophilized, weighed and grinded. Fecal neutral sterols were measured 
as follows. 50 mg dried feces was used for the analysis of cholesterol and 
coprostanol after addition of 500 nmol 5α-cholestane as internal standard. A 
second portion of 50 mg dried feces was used for the analysis of epi-cholesterol 
and dehydrocholesterol after addition of 20 nmol 5α-cholestane as internal 
standard. Release of neutral sterols was achieved by  addition of 1 ml methanol: 
1M NaOH 3:1 (v/v). and heating at 80oC for 2 hours. After cooling to room 
temperature sterols were extracted 3 times with 3 ml petroleumether (60-80) and 
the combined petroleumether layers were evaporated to dryness under nitrogen. 
Thereafter the sterols were derivatized to the Trimethylsilyl derivative (TMS) after 
adding 100 µL of a mixture of N,O-bis{Trimethylsilyl}Trifluoroacetamide (BSTFA), 
pyridine and trimethylchlorosilane (TMCS) in a ratio of 5:5:1 and incubated for 1 h 
at room temperature. After evaporation to dryness the residue was taken up in 1 ml 
hexane and the sample was shaken, sonicated and centrifuged.  The supernatant 
was transferred to a 2 ml GC vial. Calibration samples were prepared containing  
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0 - 5 μmoles cholesterol and coprostanol or 0 - 50 nmoles epicholesterol and 0 - 
250 nmoles dihydrocholesterol. 
The samples were measured in an HP 5890 gas chromatograph, splitless injection  
at 290oC and a Flame Ionization Detector at 275oC. A  25 m x 0.25 mm CP WAX 
52, 12.5 mtr*0.25mm GC column (film thickness 0.2 µm) was used (Varian, 
Middelburg, the Netherlands) applying temperature programming (85oC for 1,5 min, 
20oC/min up to 270oC, for 15 min) at a constant helium flow of 0.8 ml/min.  
 
Statistics 
All results are presented as mean ± SD. Group means for TICE, as depicted in the 
figures, were calculated by averaging the outcomes of all mice that got the same 
treatment. The values for the individual mice, used for the calculation of the group 
mean, were obtained by averaging the data of the last three perfusion time points. 
Differences between different groups were determined by one way ANOVA. 
Outcomes of p < 0.05 were considered to be significant. Analysis was performed 
using SPSS. 
  
RESULTS 
Presence of luminal phospholipid stimulates TICE 
To study whether luminal mixed micelles have a different cholesterol acceptor 
capacity than vesicles, intestine perfusions were performed with different 
combinations of TC (2 mM, 5 mM or 10 mM) and 2 mM PC in perfusate. By 
combining 10 mM TC with 2 mM PC, mixed and simple micelles are being formed 
whereas mainly vesicles and TC monomers are present with lower concentrations 
of TC (12). TICE rates initiated by the different TC/PC combinations are depicted in 
figure 1. All rates ranged from 1.5 to 2 nmol/min.100 g body wt and were not 
significantly different from each other. Intestine perfusions with bile salts more 
hydrophilic (TUDC) and more hydrophopic (TDC) than TC were performed to 
assess whether bile salt hydrophobicity influenced the acceptor capacity for 
intestinally secreted cholesterol. Figure 2A shows that TUDC in combination with 
PC evoked a comparable TICE rate as was observed with TC/PC. Both TUDC/PC 
and TC/PC significantly stimulated TICE compared to the rate obtained without use 
of any acceptor. The concentration of free cholesterol in the perfustae was 
maximally 30µM which is about 10 times below saturation at these bile salt and PC 
concentrations (13). Figure 2B shows that TDC in combination with PC did not 
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result in a different TICE rate as compared to TC/PC as acceptor. To avoid 
potential toxic effects of TDC, only 2 mM of this bile salt was used. Lowering PC 
did affect TICE, as shown in figure 3, 1 mM instead of 2 mM PC decreased TICE 
by 50 %. During the perfusion procedure some of the PC may be degraded by 
intestinal phospholipases. We therefore measured the PC recovery and the release 
of free fatty acids. The FFA concentration in the perfusate was about 0.3 mM, 
choline recovery was 100 % indicating that about 10 % of the PC was converted to 
lyso-PC. 

 
 
 
 
Figure 1. Effect of different TC/PC mixtures 
on intestinal cholesterol secretion. The 
proximal small intestines of FVB mice (n=6, 
per group) were perfused with Krebs 
supplemented with different TC/PC 
combinations (2, 5, or 10 mM TC with 2 mM 
PC). Values are depicted as mean ± SD.  
 
 
 

 

 
Figure 2. Effect of bile salt hydrophobicity on intestinal cholesterol secretion. (A) The proximal small 
intestine of FVB mice (n=6, per group) were perfused with Krebs, Krebs supplemented with 10 mM 
TUDC / 2 mM PC or 10 mM TC / 2 mM PC. (B) The proximal small intestine of FVB mice (n=6, per 
group) were perfused with Krebs supplemented with 2 mM TDC / 2 mM PC or 2 mM TC / 2 mM PC. 
Values are depicted as mean ± SD. * indicates a significant difference in TICE between mice receiving a 
cholesterol acceptor and mice receiving no cholesterol acceptor. 
 
 

* * 
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Figure 3. Effect of luminal phospholipid 
concentration on intestinal cholesterol 
secretion. The proximal small intestine of FVB 
mice (n=4, per group) were perfused with Krebs 
supplemented with 10 mM TUDC / 1 mM PC or 
10 mM TC / 2 mM PC. Values are depicted as 
mean ± SD. 
 
 

 
High fat containing diets affect TICE 
Previously, we have shown that feeding mice a Western-type diet increased TICE 
(2). To establish whether it was the high cholesterol or high fat content of the diet 
which induced this effect, we fed mice diets in which the various components were 
selectively adapted. After a week run-in-time, food intake and output were 
determined and after 2 weeks intestine perfusions were performed. As shown 
previously, Western-type diet increased TICE by more than 50 % (fig. 4A). The 
high fat diet, increased TICE even more (100 %) (fig. 4B). Interestingly a high 
cholesterol diet without additional fat had no effect on TICE (fig. 4C).  

The data obtained from intestine perfusions were confirmed by cholesterol 
balance data. Reference diet fed mice ingested 1.5 ± 0.1 μmol cholesterol/day.100 
g body wt and 1.7 ± 0.6 μmol entered the intestinal lumen via bile. These animals 
excreted 6.0 ± 0.6 μmol/day.100 g body wt via feces. The mice that were fed a high 
fat diet received 1.3 ± 0.2 μmol cholesterol/day.100 g body wt from diet and 1.0 ± 
0.3 μmol from bile in the intestinal lumen and excreted 13.2 ± 0.6 μmol/day.100 g 
body wt. We could not perform accurate balance studies in the mice fed Western-
type diet or high cholesterol only diet due to high levels of cholesterol in these 
diets. Confirming data from others (14; 15). we did observe a 3 - 4 fold increased 
biliary cholesterol secretion in animals fed the Western-type of high cholesterol diet 
(data not shown). 
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Figure 4. Transintestinal cholesterol efflux is affected by dietary manipulation. (A) The proximal small 
intestine of FVB mice receiving reference diet (Ref. Diet; n=6) or Western-type diet (Diet W; n=6) for 3 
weeks, were perfused with Krebs supplemented with TC/PC (10:2mM). (B) The proximal small intestine 
of FVB mice receiving reference diet (Ref. Diet; n=6) or high fat diet (High fat; n=6) for 3 weeks, were 
perfused with Krebs supplemented with TC/PC (10:2mM). (C) The proximal small intestine of FVB mice 
receiving reference diet (Ref. Diet; n=6) or high cholesterol diet (High cholesterol; n=6) for 3 weeks, 
were perfused with Krebs supplemented with TC/PC (10:2mM). Values are depicted as mean ± SD. * 
indicates a significant difference in cholesterol secretion between mice receiving different diets.  
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Figure 5. Intestinal gene expression analysis. 
Mice received reference diet (n=6), Western-type 
diet (Diet W; n=6) or high fat diet (High fat; n=6) 
for 3 weeks. After the intestine perfusion, the 
perfused intestines were sampled for RNA 
isolation and gene expression analysis was 
performed. Intestinal Abca1, Abcg5, Sr-B1, 
Npc1l1, and Hmg-CoA red expression levels were 
measured. As control genes HPRT, cyclophilin, 
and 36B4 were used. * indicates a significant 
difference between mice receiving reference diet 
(Ref. Diet) and Western-type diet (Diet W) or high 
fat diet (High fat). 
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TICE-inducing diets showed differential expression pattern of 
cholesterol related genes 
To investigate the effect of the different dietary regimens on gene expression, 
perfused intestinal segments were harvested. The mRNA expression levels of 
several genes known to be involved in cholesterol metabolism were quantified (fig. 
5). In intestines of Western-type diet fed mice, the observed upregulation of Abca1, 
Abcg5 and the downregulation of Hmg-CoA reductase and Npc1l1 gene 
expression are in agreement with earlier findings (2; 16). In mice fed high fat diet 
both intestinal Npc1l1 and Abca1 gene expression were reduced.  

Interestingly, feeding of both Western-type and high fat diets led to an 
increased expression of intestinal Sr-B1 (fig. 5). This increase of Sr-B1 with the 
TICE-inducing diets was not only seen on the mRNA level, but also the amount of 
protein increased (fig. 6). To directly assess the role of Sr-B1 in TICE, intestine 
perfusions were performed in Sr-B1-/- mice. Surprisingly, TICE was increased in 
Sr-B1-/- compared to their wild-type littermates (fig. 7).  

 
 
 
 
 
 
 
 
 
 
 

Figure 6. Sr-B1 protein levels. Mice received reference diet (Ref. Diet; n=3), Western-type diet (Diet W; 
n=3) or high fat diet (High fat; n=3) for 3 weeks. After the intestine perfusion, the perfused intestines 
were sampled for determination of intestinal Sr-B1 protein levels. As control for protein loading Na+/K+-
ATPase levels were determined as well. 
 
 

Figure 7. Transintestinal cholesterol 
efflux is increased in Sr-B1 deficient 
mice. Intestinal perfusions were 
performed on chow fed Sr-B1-/- mice 
(n=4) and their wild-type littermates 
(n=5). The proximal small intestines were 
perfused with cholesterol acceptor 
containing 10 mM TC and 2 mM PC for 
90 minutes and the cholesterol 
concentration in the perfusate was 
measured by determining cholesterol in 
the perfusate. Values are expressed as 
mean ± SD.  * indicates a significant 
difference between Sr-B1-/- mice and 
wild-type littermates. 

* 
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DISCUSSION 
An important finding of the present study is the fact that the rate of TICE in mice is 
remarkably insensitive to the type of bile salt and intraluminal bile salt 
concentration. Although rigorous dose-response testing of bile salt phospholipid 
combinations in this experimental model is too laborious, we feel that the 
experimental results allow the conclusion that the presence of bile salt micelles 
does not seem to be very important. In the physiological range neither the luminal 
bile salt concentration, nor bile salt hydrophobicity affected TICE, indicating that the 
presence of phospholipids is the dominant factor modulating the amount of 
cholesterol secreted via TICE. Interestingly, this is in contrast to the effects the bile 
salts have on biliary cholesterol secretion (17) hence regulation of biliary secretion 
and TICE is different. As shown previously, bile salts alone also stimulate TICE (2), 
the presence of phospholipids is therefore not essential. The stimulating effect of 
phospholipids on TICE may explain in part why fecal sterol excretion is strongly 
stimulated by phospholipid supplementation to the diet of humans (18). TICE has 
not yet been quantified in humans and it may be less important than in mice, yet in 
1967 Simmonds et al. (19) performed elegant intestinal perfusion studies in 
humans and observed significant secretion of cholesterol in the small intestine.  

Apart form the acute effect of phospholipids, we demonstrate that a high 
content of lipids in the diet also stimulates TICE in mice. Western-type and high fat-
only diet increased TICE about twofold. This increase correlated with the twofold 
increase in neutral sterol output found in high fat diet fed mice.  

A differential effect of both TICE-inducing diets on cholesterol metabolism 
parameters was seen at the level of gene expression. Western-type diet feeding 
upregulated intestinal Abca1 and Abcg5 and downregulated Hmg-CoA reductase, 
as to be expected from a high cholesterol diet (16). In contrast, Abcg5 and Hmg-
CoA reductase remained unaffected while Abca1 was strongly downregulated 
upon feeding the high fat diet. Although a negative correlation between 
unsaturated fatty acids and ABCA1 expression has been reported recently (20) 
such a strong downregulation in vivo by increased fatty acid uptake has not been 
shown before. By shutting down efflux via Abca1, the enterocyte may save 
cholesterol for chylomicron assembly in order to be able to export fatty acid in the 
form of triglyceride. The downregulation of Abca1 seems essential because import 
of cholesterol is also limited due to the decrease in the cholesterol importer Npc1l1 
and the increase in TICE. Apparently, for as yet unknown reasons, it is important 
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for the enterocytes in the small intestine to maintain an adequate amount of 
cholesterol in the intestinal lumen. Excess cholesterol maybe reabsorbed further 
down in the intestine (19). 

The only gene we investigated that was upregulated under Western-type 
diet feeding and even more prominently upregulated by high fat feeding was Sr-B1. 
So, for the genes tested, only intestinal Sr-B1 expression correlated with TICE. 
Considering the well accepted role of Sr-B1 in reverse cholesterol transport via the 
hepatobiliary route, direct participation of Sr-B1 in stimulating TICE would be 
plausible (7). Surprisingly, intestinal perfusions in mice deficient for Sr-B1 showed 
a significant, twofold increase in TICE compared to WT mice. A change in intestinal 
cholesterol absorption might explain this seemingly contradicting finding. The group 
of Hauser has provided considerable evidence supporting a role for this transporter 
in cholesterol absorption (21). In addition, Bietrix et al. (22) demonstrated 
increased cholesterol and triglyceride uptake in a mouse model with selective 
overexpression of Sr-BI in the intestine. The total amount of secreted cholesterol 
via TICE might, in part, be affected by the absence of Sr-B1 mediated cholesterol 
absorption. This, however, does not explain the mechanism underlying the specific 
cholesterol secretion itself. Reduced intestinal absorption in mice fed with high fat 
diet seems to be compensated by induction of Sr-B1 expression. 

In conclusion, TICE can be altered by the fat content of the diet and by 
modification of the cholesterol acceptor in the intestinal lumen. The stimulating 
effect of high fat containing diets may serve as an experimental means to identify 
the key players in TICE. Furthermore, the presence of luminal PC plays a crucial 
role in the facilitation of TICE. Luminal manipulation might provide an interesting 
target to stimulate TICE, and, thereby increase total cholesterol excretion. 
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ABSTRACT 
Background & aims:  Peroxisome Proliferator-Activated Receptors (PPARs) are 
involved in the regulation of energy homeostasis and lipid metabolism. PPARδ 
activation has been shown to increase fecal neutral sterol secretion. This 
phenomenon cannot be explained by an increase in hepatobiliary cholesterol 
secretion, nor, sufficiently, by reduction of cholesterol absorption. Therefore we 
hypothesize that PPARδ activation leads to stimulation of transintestinal cholesterol 
efflux (TICE). Methods: to establish whether activation of PPARδ leads to an 
increased rate of TICE, intestine perfusions were performed in GW610742 treated 
FVB mice. To correct for a possible effect of PPARδ activation on cholesterol 
absorption, ezetimibe and ezetimibe/GW610742 treated mice were also evaluated.  
Results: PPARδ agonist treatment had little effect on plasma lipid levels but 
stimulated both fecal neutral sterol excretion and TICE. GW610742 decreased 
Npc1l1 expression but had no effect on the cholesterol exporters Abcg5/Abcg8. 
Interestingly, expression of Rab9, a protein known to be involved in intracellular 
cholesterol trafficking increased. Treatment of the mice with ezetimibe alone had 
no effect on TICE, but in mice that received both ezetimibe and GW610742, 
ezetimibe inhibited the effect of GW610742 on TICE. Conclusions: Activation of 
PPARδ, by GW610742 treatment stimulates cholesterol excretion in mice. The 
effect seems primarily due to a twofold increase in TICE, suggesting that this 
pathway provides an interesting target for development of drugs aiming at the 
prevention of atherosclerosis. 
 
INTRODUCTION 
The Peroxisome Proliferator-Activated Receptor (PPAR) family belongs to the 
superfamily of nuclear receptors. The three known isoforms of PPARs are PPARα, 
PPARβ/δ and PPARγ (1). PPARα influences lipid metabolism (2-5) and is highly 
expressed in heart, liver, kidney, intestine, and brown fat, tissues that demonstrate 
high rates of fatty acid β oxidation (6). PPARγ is expressed mainly in adipose 
tissue and affects energy metabolism (7-9) and in particular the isomer PPARγ2, 
plays an important role in adipose tissue (10). PPARδ, however, is ubiquitously 
expressed. High levels of PPARδ transcripts are detected in the brain, kidney, 
small intestine, and Sertoli cells (11). The role of PPARδ remained elusive for a 
long time. This changed with the generation of Pparδ-/- mice. Two independent 
groups have created Pparδ-/- mouse lines (12;13). Pparδ-/- mice were smaller from 
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the fetal stage to the postnatal period, and showed an increased prenatal death 
rate due to  placental defects. Brain defects were observed in Pparδ-/- mice in the 
form of altered myelination of the corpus callosum. Adipose stores were smaller 
than normal and enhanced hyperplasia of the epidermis has been detected in 
these mice. The studies with Pparδ-/- mice suggest that PPARδ is involved in 
embryonal development, myelination of the corpus callosum, epidermal cell 

proliferation, and lipid metabolism. 
 Shortly after the publication of the Pparδ-/- mice studies, it turned out that 
PPARδ plays a prominent role in fatty acid oxidation, energy dissipation and 
mitochondrial respiration (14; 15). Adipose tissue specific overexpression of 
PPARδ in mice protected these mice against high fat induced obesity. Even db/db 
mice  did not develop obesity after activation of PPARδ, by agonist GW501516  
(16). Overexpression of PPARδ in skeletal muscle of mice led to a remarkable 
increase in energy endurance capacity (17). PPARδ activation of rat myotubes 
caused a prominent upregulation of mRNA expression levels of pyruvate 
dehydrogenase kinase 4 (Pdk4). Treatment with a PPARδ agonist also improved 
insulin resistance induced by a high-fat diet (15). So, apparently, PPARδ couples 
fatty acid metabolism with glucose metabolism. Takahashi et al. even suggested 
that the physiological role of PPARδ may be a direct switch from glucose 
metabolism to fatty acid metabolism (18). 
 Besides the roles PPARδ fulfills in fatty acid and glucose homeostasis, 
PPARδ activation is also known to affect reverse cholesterol transport (RCT). 
PPARδ activation led in some cases to increased levels of HDL cholesterol and 
enhanced apolipoprotein A-I specific cholesterol efflux (19-21). Van der Veen et al. 
(21) showed that PPARδ activation resulted in increased fecal neutral sterol output, 
whereas hepatobiliary cholesterol secretion was unaltered. PPARδ activation in 
wild-type DBA1 mice led to reduced cholesterol absorption. Although cholesterol 
absorption was reduced, it could not fully explain the increase in fecal neutral sterol 
secretion. Recently, our group showed that direct transintestinal cholesterol efflux 
(TICE) is a major pathway for the excretion of cholesterol, at least in mice (22). 
Since, PPARδ activation led to an increase in fecal neutral sterol secretion, that 
could not be accounted for by an increase in hepatobiliary cholesterol secretion, 
nor solely by reduction of cholesterol absorption, we hypothesize that PPARδ 
activation leads to stimulation of TICE. 
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MATERIALS AND METHODS 
Animals and Diet  
Male FVB mice (2 - 4 months) were purchased from Harlan. Mice, n=7 for each 
group, received a reference diet (20 % casein, no 4068.02, Arie Blok BV, The 
Netherlands), a PPARδ agonist diet {reference diet supplemented with 0.017 % 
(w/w) GW610742}, an ezetimibe diet (reference diet supplemented with Ezetrol, 
Schering-Plough, Utrecht, the Netherlands; 10 mg/kg.day), or a reference diet 
supplemented with ezetimibe (10 mg/kg.day) and PPARδ agonist {GW610742; 
0.017 % (w/w)} for 2 weeks. GW610742 was a generous gift from GlaxoSmithKline 
(Les Ulis, France). The specificity of GW610742 has been described previously 
(21). The ezetimibe, GW610742 and ezetimibe + GW610742 diets were made by 
mixing powdered ezetimibe and/or GW610742 with powdered reference diet. 
Reference diet contained 0.006 % cholesterol. Food and water were supplied ad 
libitum. Mice were maintained on a 24 h light-dark cycle and weighed each 
morning. All experiments were performed with the approval of the local Ethical 
Committee for Animal Experiments. 
 
Cholesterol intake and output measurements 
Daily food intake and fecal neutral sterol excretion of all mice were measured for a 
period of 4 days. Mice were housed in normal mouse cages, 1 to 5 mice per cage, 
to mimic their natural situation as much as possible. On day 1, the mice and diet 
were weighed. On day 3, the mice and remaining diet were weighed and feces 
were collected. Fecal neutral sterols were determined as described below. 
 
Intestine perfusion procedures 
Mice were anaesthetized intraperitoneal with 0.1 ml FFD {Hypnorm 
(fentanyl/fluanisone; 1 ml/kg) and diazepam (10 mg/kg)}  / 5 g body weight and 
placed on a heat pad to maintain body temperature. The bile duct was cannulated 
via the gallbladder to divert biliary cholesterol. Bile flow was determined 
gravimetrically assuming a density of 1 g/ml. The first 15 min fraction was used to 
measure biliary cholesterol secretion. Proximal small intestines (first 10 cm) were 
perfused, because under normal conditions the highest TICE rate is observed in 
the proximal part of the small intestine (22). Perfusions were performed as 
previously described (22). Perfusate fractions were stored at -20°C until further 
analysis. At the end of the perfusion period, blood was collected by cardiac 
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puncture and serum was obtained by means of centrifugation (3000 rpm, 5 min). 
Serum was stored at -80°C. The perfused intestinal segment was cut into three 
equal pieces and those pieces were cut in two equal parts. The intestinal segments 
were snap-frozen in liquid nitrogen. Intestinal segments and serum were stored at -
80°C before further analysis.  
 
Perfusion fluid composition 
Perfusions were carried out with a modified Krebs solution (119.95 mM NaCl, 4.8 
mM KCl, 1.2 mM KH2PO4, 1.2 mM MgSO4·7H2O, 15 mM HEPES, 1.3 mM 
CaCl2·2H2O and 10 mM L-glutamine; final pH 7.4) supplemented with 10 mM 
taurocholate (TC) : 2 mM phosphatidylcholine (PC). TC/PC mixtures were made as 
follows: taurocholate (Sigma) dissolved in methanol and egg yolk L-α-
phosphatidylcholine (Sigma) dissolved in chloroform were mixed and solvents were 
evaporated under a mild stream of nitrogen at 45°C. After evaporation, films were 
lyophilized overnight. Lyophilized samples were stored under nitrogen gas at -20°C 
until the day of the intestine perfusions. Before the start of the intestine perfusions, 
the micelles were dissolved in perfusion buffer (room temperature). 
 
Determination of mRNA Levels 
Total RNA was isolated from perfused intestinal segments using the Trizol reagent 
according to the manufacturer’s protocol (Invitrogen). Purified RNA was treated 
with RQ1 RNase-free DNase (1 units/ 2 µg of total RNA, Promega) and reverse 
transcribed with SuperScript II Reverse Transcriptase (Invitrogen) according to the 
protocols supplied by the manufacturers. Gene expression analysis was performed 
by use of SYBR green. Quantitative gene expression analysis was performed on a 
Biorad MyIQ. PCR primers were designed on the basis of Primer Express 1.7 
software with the manufacturer's default settings (Applied Biosystems) or found by 
consulting the PrimerBank website (http://pga.mgh.harvard.edu/primerbank) and 
validated for identical efficiencies (see table 1 for  primer sequences). 
Hypoxanthine-guanine phosphoribosyl transferase (HPRT), cyclophilin, and 36B4 
were used as standard housekeeping genes. 
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Table 1. Realtime PCR primers.  
 
 Gene Accession no. Forward Primer Reverse Primer Size 
 
36B4 NM_007475 GGACCCGAGAAGACCTCCTT GCACATCACTCAGAATTTCAATGG 85 

Abca1 NM_013454  GGTTTGGAGATGGTTATACAATAGTTGT TTCCCGGAAACGCAAGTC 96 

Abcg1 AF323659 CCTTCCTCAGCATCATGCG CCGATCCCAATGTGCGA 67 

Abcg5 NM_031884 TGGCCCTGCTCAGCATCT ATTTTTAAAGGAATGGGCATCTCTT 81 

Abcg8 NM_026180 CCGTCGTCAGATTTCCAATGA GGCTTCCGACCCATGAATG 67 

Cyclophilin         M60456 TCGGAGCGCAATATGAAGGT AAAAGGAAGACGACGGAGCC 65 

Hmg-CoA red     M62766 TCTGGCAGTCAGTGGGAACTATT CCTCGTCCTTCGATCCAATTT 69 

HPRT J00423 TTGCTCGAGATGTCATGAAGGA AGCAGGTCAGCAAAGAACTTATAG 91 

Limp-2 NM_007644 AGAAGGCGGTAGACCAGAC GTAGGGGGATTTCTCCTTGGA 159 

Npc1l1 AY437866 GAGAGCCAAAGATGCTACTATCTTCA CCCGGGAAGTTGGTCATG 72 

Pdk4 NM_013743 GGGGGTGAACTGGTAGATTT GCACCTTAGCTCTAGGTCA 191 

Pparα NM_011144 TGAACAAAGACGGGATG TCAAACTTGGGTTCCATGAT 106 

Pparγ NM_011146 CATGCTTGTGAAGGATGCAAG TTCTGAAACCGACAGTACTGACAT 131 

Rab8 NM_023126 GTAGGGAAGACCTGTGTCCTG CGTGATTGTCCGAAACCGC 168 

Rab9 NM_019773  TACGCAGATGTGAAAGAGCCT AAAGTAAGGATAGTCGCCGTTG 132 

Scd-1 NM_009127 TACTACAAGCCCGGCCTCC CAGCAGTACCAGGGCACCA 65 

 
FPLC 
Lipoproteins in serum were separated by FPLC (Pharmacia fine chemicals) using a 
superose 6 column. Lipoproteins were separated by injecting 110 μl pooled serum 
supplemented with PBS to a total injecting volume of 200 μl. Lipoproteines were 
separarted using a flowrate of 0.5 ml/min. Serum was separated into 40 fractions. 
 
Analytical procedures 
Lipids of perfusate and bile were extracted using the Bligh & Dyer method (23). 
Biliary, perfusate and hepatic cholesterol were measured by a fluorescent method 
as described previously (24).Total cholesterol concentrations of complete serum 
samples, as well as serum fractions separated by FPLC, were determined using 
the total cholesterol RTU kit from (Marcy-l’Etoile, France). Triglycerides in serum 
and liver homogenates were determined using the Triglycerides Ecoline S+ kit  
(Diagnostic Systems GmbH, Holzheim, Germany).  Biliary and hepatic 
phospholipids were measured enzymatically by a method described previously 
(25). Bile acids in bile were measured by a method described earlier by Turley and 
Dietschy (26). For fecal neutral sterol analysis, 1-day fecal samples were collected, 
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lyophilized and grinded. Samples were prepared for fecal neutral sterol analysis by 
gas chromatography as described previously (27). 
 
RESULTS 
In order to establish the effect of PPARδ activation on cholesterol metabolism, 4 
groups of FVB mice received different dietary treatments. The mice received: a 
semi purified reference diet; this diet supplemented with ezetimibe; or PPARδ 
agonist {GW610742, 0.017 % (w/w)} diet or a combined  ezetimibe and GW610742 
diet. Mice were given these diets for 2 weeks. After the first week, food intake and 
fecal neutral sterol output were measured and after the second week the proximal 
small intestine was perfused. 
  TICE was measured in the proximal small intestine, using a modified 
Krebs-Ringer perfusion buffer supplemented with mixed micelles composed of 10 
mM TC and 2 mM PC. The results are depicted in figure 1. PPARδ activation by 
GW610742 treatment stimulated TICE (2.39 ± 0.56 versus 1.37 ± 0.53 nmol 
cholesterol/min.100 g body wt), with ezetimibe, the stimulatory effect of GW610742 
on TICE was not significant (1.64 ± 0.80 versus 1.12 ± 0.34 nmol 
cholesterol/min.100 g body wt). Interestingly, ezetimibe treatment alone did not 
affect TICE.  

Figure 2A shows that PPARδ treatment, not only led to stimulation of TICE, 
but also, in a similar fashion, affected fecal neutral sterol excretion. Food intake 
was monitored during the same period as fecal neutral sterol excretion was 
measured. Surprisingly, the GW610742 treated mice ate 1.7 fold more than control 
mice (fig. 2B). Interestingly, this effect was abolished in the presence of ezetimibe. 
 GW610742 treatment caused a 50 to 60 % increase in liver weight as 
compared to the liver weights of the corresponding control treated mice (table 2). 
Yet, cholesterol, phospholipids and triglyceride levels did not change when 
expressed per mg liver protein. The increase in liver weight is presumably caused 
by proliferation of peroxisomes. Macroscopic analysis of the livers from treated 
animals indicated that the livers were not fatty (data not shown). 

GW610742 treatment led to a significant increase in bile flow and bile salt 
secretion rate but had no effect on biliary cholesterol secretion or phospholipid 
secretion (table 3). Ezetimibe abolished the effect on bile salt secretion.  
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Figure 1. Effect of GW610742 treatment on 
transintestinal cholesterol efflux. FVB mice 
received reference diet, a GW610742 diet {0.017 
% (w/w)}, an ezetimibe diet (10 mg/kg.day) or an 
ezetimibe + GW610742 diet for 2 weeks. Proximal 
small intestinal perfusions were performed, using 
TC/PC (10:2 mM) as cholesterol acceptor. Values 
are expressed as mean ± SD. * Indicates a 
significant effect of GW610742 in comparison to 
control treated animals. 
 

 
 
 
 
 
 

 
 
Figure 2. Effect of GW610742 on fecal neutral sterol secretion and food intake. FVB mice (n=7 per 
group) were fed for 1 week a reference diet, a GW610742 diet {0.017 % (w/w)}, an ezetimibe diet (10 
mg/kg.day) or an ezetimibe + GW610742 diet . (A) Fecal neutral sterol secretion was measured during 
a 3 day period. (B) Food intake was measured in the same period as fecal neutral sterol secretion was 
evaluated. Values are expressed as mean ± SD. * Indicates a significant effect of GW610742 or 
ezetimibe in comparison to control treated animals. 
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Table 2. Liver parameters of the mice. 
 

Ref. Diet  GW610742  Ezetimibe Ezetimibe 
 + GW610742 
 

Liver weight (% of body wt)  4.5 ± 0.2   6.7 ± 0.4a  4.3 ± 0.4  6.7 ± 0.4a 

Hepatic triglycerides (nmol/mg liver)  9.4 ± 6.2  5.2 ± 2.7  13.6 ± 5.1  8.0 ± 4.4 

Hepatic cholesterol (nmol/mg liver) 7.5 ± 0.7 6.1 ± 2.2 7.8 ± 1.3 7.1 ± 1.9 

Hepatic phospholipids (nmol/mg liver) 24.5 ± 3.0 24.4 ± 8.6 23.7 ± 2.3 29.3 ± 5.5 

 

Values are expressed as mean ± SD. 
aIndicates a significant difference between the GW610742 treated animals and their corresponding 

controls. 

 
Table 3. Biliairy parameters of the mice. 
 

Ref. Diet  GW610742  Ezetimibe Ezetimibe 
+ GW610742 
 

Bile flow (μl/min. g liver) 0.9 ± 0.6 2.7 ± 0.6a 1.2 ± 0.5   2.6 ± 0.8a   

Bile salts (nmol/min.100 g body wt) 69 ± 28   163 ± 79a  191 ± 74   132 ± 79   

Cholesterol (nmol/min.100 g body wt) 0.9 ± 0.3   0.8 ± 0.4   0.9 ± 0.3   0.5 ± 0.2a   

Phospholipids (nmol/min.100 g body wt) 8.3 ± 1.3   8.7 ± 4.4   12.2 ± 3.9   7.7 ± 4.0   

Cholesterol / phospholipid ratio 0.11 ± 0.02   0.10 ± 0.04   0.08 ± 0.01   0.07 ± 0.02   

 

Values are expressed as mean ± SD. 
aIndicates a significant difference between the GW610742 treated animals and their corresponding 

controls. 

 
 Total serum cholesterol and  triglyceride levels did not change upon 
GW610742 treatment (fig. 3A and B). To evaluate whether GW610742 treatment 
resulted in changes in cholesterol concentrations in the different lipoproteins, FPLC 
was performed (fig. 3C). GW610742 induced a shift of cholesterol from HDL 
towards LDL. 
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Figure 3. Serum analysis of GW610742 treated mice.FVB mice received reference diet, a GW610742 
diet {0.017 % (w/w)}, an ezetimibe diet (10 mg/kg.day) or an ezetimibe + GW610742 diet for 2 weeks. 
Blood was collected and serum was obtained by centrifugation. (A) Total serum cholesterol levels and 
(B) serum triglyceride levels were measured. (C) Lipoproteins were separated by FPLC and total 
cholesterol concentration in the FPLC fractions was measured. 
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Intestinal gene expression analysis was performed to establish the role of PPARδ 
activation on the expression of genes which are involved in cholesterol transport as 
well as known PPARδ target genes (fig. 4). The classic PPARδ target Pdk4 was 
induced about tenfold but stearoyl-CoA desaturase 1 (Scd1) even more; about 
20fold. Ezetimibe decreased the effect of GW610742 on both genes. The 
expression of the cholesterol efflux promoter Abca1 increased but Npc1l1 
expression was reduced upon PPARδ activation, as has been described previously 
(21).  Sr-b1 expression was not altered upon GW610742 treatment, but ezetimibe 
decreased Sr-b1 expression significantly. Abcg5, Abcg8 and also Hmg-CoA 
reductase were not affected by GW610742, nor did ezetimibe effect the expression 
of these genes. Since the Npc1l1 mediated cholesterol transport involves 
intracellular vesicle trafficking (28) we also determined expression of known genes 
involved in this pathway (29; 30). Interestingly, expression of Rab9 and Limp-2 
increased upon GW610742 treatment. In contrast, expression of Rab8 was not 
changed. Pparα expression increased but Pparγ was not effected by GW610742 
treatment. Ezetimibe decreased expression of Pparδ. 
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Figure 4. Intestinal gene expression analysis of GW610742 treated mice. FVB mice received reference 
diet, a GW610742 diet {0.017 % (w/w)}, an ezetimibe diet (10 mg/kg.day) or an ezetimibe + GW610742 
diet for 2 weeks. Proximal small intestinal perfusions were performed, using TC/PC (10:2 mM) as 
cholesterol acceptor. At the end of the 2 hour perfusion period, intestines were collected cut into 3 equal 
segments. The second segment was analysed. Intestinal Pdk4, Scd1, Abca1, Npc1l1, Sr-b1, Abcg5, 
Abcg8, Hmg-CoA red, Rab9, Limp-2, Pparα and Pparγ expression levels were measured. As control 
genes HPRT, cyclophilin and 36B4 were used. 

 
DISCUSSION 
In this study we show for the first time that PPARδ activation by GW610742 not 
only leads to increased fecal neutral sterol output in mice (21), but also stimulates 
TICE. In an earlier study van der Veen et al. (21) demonstrated that part of the 
increased neutral sterol excretion induced by GW610742 could be explained by 
decreased cholesterol absorption due to an inhibition of Npc1l1. To abrogate the 
influence of Npc1l1 we carried out the experiments with and without ezetimibe, the 
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established inhibitor of Npc1l1. Ezetimibe treatment had a substantial effect on 
neutral sterol excretion without affecting biliary cholesterol secretion. Part of this 
effect is caused by the inhibition of cholesterol absorption. Yet, to compensate for 
the loss of cholesterol from the body one would expect to see an increase in biliary 
cholesterol secretion which was not observed. Similar results have been reported 
by Yu et al. (31). Despite, the strong increase of fecal neutral sterol excretion 
ezetimibe treatment did not affect TICE. On the one hand this result shows that 
Npc1l1 does not play an (inhibiting) role in TICE. On the other hand, TICE is not 
involved in the ezetimibe induced increase in neutral fecal sterol excretion and 
another pathway must be responsible  

Food intake of the mice was measured in the same period that feces was 
collected for fecal neutral sterol analyses. GW610742 treated animals ate 
significantly more than control treated animals, whereas they do not differ in body 
weight when compared to their corresponding controls (not shown). An increased 
food consumption has also been observed in LDLR-/- mice treated with PPARδ 
agonist GW610742 (32). In this study, however, the GW610742 treated LDLR-/- 
mice showed a significant increase in body weight as compared to LDLR-/- mice 
that did not have PPARδ activation. Muscle specific PPARδ transgenic animals 
had enhanced physical activity, whereas they did not differ in body weight as 
compared to wild-type mice (17). An effect of PPARδ activation on energy 
expenditure might explain why GW610742 treated mice had an increased food 
intake without a concomitant increase in body weight. Surprisingly, the stimulating 
effect of PPARδ activation by GW610742 treatment on food consumption was not 
observed when ezetimibe was given at the same time. We speculate that ezetimibe 
inhibits the uptake of GW610742 or promotes its metabolism.  

Van der Veen et al. (21) suggested that PPARδ activation might lead to 
increased TICE, since the increased fecal neutral sterol output could not be 
completely explained by the reduction in cholesterol absorption. To test this 
hypothesis, proximal small intestines of the different treated animals were 
perfused. Since both reduced cholesterol absorption, as well as, reduced Npc1l1 
expression were observed in GW610742 treated animals (21), ezetimibe and 
ezetimibe + GW610742 treated mice were included, to exclude potential re-uptake 
of intestinally secreted cholesterol (33). Interestingly, there was no difference in 
TICE between the control and ezetimibe treated mice, suggesting that uptake of 
intestinally secreted cholesterol is very low under the used conditions in the 
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intestinal perfusion set up. GW610742 treatment led to an increased TICE rate (fig. 
2), however when ezetimibe was given at the same time, the effect decreased and 
no longer reached statistical significance again pointing to interference of ezetimibe 
with the efficacy of the agonist. 
 PPARδ activation led to a higher bile flow and a higher bile salt secretion 
rate, both with and without ezetimibe treatment (table 3). This has not been 
observed previously in DBA1 wild-type mice (21). Cholesterol and other biliary 
parameters were unaffected upon GW610742 treatment as has been reported 
previously (21).   
 Total serum cholesterol and triglyceride levels were unaffected upon 
PPARδ activation (fig. 3A) as has been observed previously in 60mg 
GW610742/kg.day treated LDLR-/- mice (32). Subsequent analysis of the 
lipoprotein profile revealed a shift of cholesterol from HDL to LDL in both 
GW610742 treated groups. Whether this change in serum cholesterol distribution 
might affect TICE needs to be investigated. 
 To get more insight in the genes that could be involved in the upregulation 
of TICE, intestinal gene expression analysis was performed (fig. 4). Ezetimibe 
treatment decreased the effect of GW610742 on its known target gene Pdk4, 
suggesting that indeed the compound influences uptake of the agonist. Confirming 
earlier results the expression of Npc1l1 decreased. Conversely, expression of 
Abca1 increased whereas Sr-b1 was not affected. Nor was expression of the 
cholesterol effluxing heterodimer Abcg5/g8 influenced. This came not as a surprise 
since we have shown previously that these genes do not control the rate of TICE 
under the conditions used in this study. To investigate why PPARδ activation led to 
increased TICE, less known cholesterol metabolism effectors were investigated, 
such as intracellular cholesterol trafficking key players like Rab8, Rab9 and Limp-2. 
Rab8 is involved in the regulatory machinery that leads to ABCA1-dependent 
removal of cholesterol from endocytic circuits (29). Rab9 plays a role in cholesterol 
trafficking from late endosomes to the trans golgi network (34). Intestinal Rab8 
expression was unaltered upon PPARδ activation, Rab9 and Limp-2 expression, 
however, significantly increased upon GW610742 treatment. The involvement of 
the proteins encoded by these genes  in TICE is currently under investigation. 
 PPARδ activation has been shown to accelerate RCT, not only in mice (21) 
but also in primates (19) and man (20). PPARδ activation leads to increased 
cholesterol efflux from macrophages (19-21), without affecting biliary cholesterol 
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secretion rates (21). Here, we show, in mice, that PPARδ activation stimulates 
TICE. The development of drugs that stimulate TICE by PPARδ activation might be 
a promising target for preventing atherosclerosis.  
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DISCUSSION, CONCLUSIONS, AND PERSPECTIVES 
 
This thesis primarily deals with the re-discovery of a “forgotten” cholesterol 
excretion pathway: transintestinal cholesterol efflux (TICE). In mice this appears to 
be one of the last steps in a pathway called reverse cholesterol transport (RCT). A 
start was made to unravel the underlying mechanisms behind this process. The 
first step in RCT is export of cholesterol form peripheral cells to an acceptor in 
plasma.  

In chapter 2 the stimulating effect of a novel drug called fatty acid-bile acid 
conjugate (FABAC) on the first step of RCT was described. Aramchol (the most 
potent FABAC dose dependently increased cholesterol efflux from human skin 
fibroblasts in the absence of known efflux mediators such as apoA-I.  Interestingly, 
the stimulatory effect of aramchol on cholesterol efflux depended on the activity of 
ABCA1. 

Chapter 3 focuses on one of the last steps of cholesterol removal: the 
secretion of cholesterol by the intestine. In chapter 3 we show that, using an 
intestinal perfusion set-up, significant amounts of cholesterol were secreted via the 
intestine in mice. These results were confirmed by cholesterol balance studies. In 
mice, the amount of cholesterol secreted via the intestine is approximately twice 
the amount secreted via the hepatobiliary pathway (for example: in FVB mice 5.4 ± 
1.8 versus 1.9 ± 0.8 μmol/day.100 g body wt). The majority of transintestinal 
cholesterol efflux takes place in the proximal small intestine. 
 
Origin of intestinally secreted cholesterol 
Kruit et al. (1) showed in Abcb4-/- mice that intravenously injected free cholesterol 
partly ended up in the feces as neutral sterol. Their experiments were performed in 
Abcb4-/- mice with abrogated biliary phospholipid and cholesterol secretion thus 
providing evidence, at least in these mice, for a direct route from blood to intestinal 
lumen. Similar results were obtained in wild-type mice, suggesting that also in wild-
type animals intestinally secreted cholesterol originated from blood (chapter 3). 
Assuming that the major part of the secreted cholesterol directly came from the 
blood compartment bypassing the liver, the next obvious question is which 
pathways are involved in this process. Uptake via lipoproteins followed by 
endosomal/lysosomal processing would lead to equilibration of plasma cholesterol 
with the enterocyte cholesterol pool. To establish whether this is a likely process for 
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TICE, we measured  the specific radioactivity of secreted cholesterol in perfusate 
and in blood and mucosa. If this pathway is likely to occur, the specific radioactivity 
of cholesterol should be similar to the specific radioactivity of the cholesterol pool in 
enterocytes. This was indeed observed (chapter 3). The specific radioactivity in 
serum was 10 fold higher. This indicates that TICE is not a fully paracellular 
pathway. Since equilibration of cholesterol with the enterocyte cholesterol pool 
should take place before excretion in the intestinal lumen, the sterols excreted 
directly via the enterocytes could, in principle, also originate from shed cells. To 
establish the contribution of cell shedding to luminal cholesterol we measured a 
variety of cytosolic and apical markers in mucosa and perfusate, based on those 
measurements we concluded that cell shedding plays a minor role as source for 
intestinally secreted cholesterol (chapter 3). Cholesterol can be synthesized in 
virtually every tissue, however, most tissues make a minor contribution to total 
synthesis. The most striking difference among different species in tissue sterol 
synthesis rate is observed in the liver which accounts for, for example, 51 % of the 
newly synthesized sterol in the rat but for only 16 % in guinea pig. Of the remaining 
tissues, 3 contributes to cholesterol synthesis in all species: the gastrointestinal 
tract, skin, and carcass. Furthermore, in those species in which the liver makes a 
relatively small contribution to total body sterol synthesis, these 3 tissues become 
quantitatively much more important as sites for sterol synthesis. The upper 
gastrointestinal tract (stomach, jejunum, and ileum), for example, contains about 13 
% of the newly synthesized sterol in the rat but 27 % in the guinea pig (2). The 
small intestine plays a prominent role in cholesterol synthesis in mice as well (3). 
To examine whether cholesterol synthesized in enterocytes could be an important 
source of intestinally secreted cholesterol, mRNA levels of Hmg-CoA reductase in 
intestines of mice that were perfused without a cholesterol acceptor (low TICE) 
were compared to Hmg-CoA reductase mRNA levels in intestines of mice which 
were perfused with TC/PC micelles (relatively high TICE). No correlation between 
Hmg-CoA reductase expression and TICE was observed (chapter 4). Van der 
Veen et al. (4) developed a method to quantify the fractional and absolute 
contributions of several cholesterol fluxes to total fecal neutral sterol loss in vivo in 
mice. Confirming our observations, they established that TICE is an important 
pathway for cholesterol removal in mice. Furthermore, they demonstrated that 
cholesterol secreted via the intestine primarily originates from blood rather than 
from the intestine itself. In summary, the body is capable of secreting significant 
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amounts of cholesterol via the intestine. Cholesterol in blood is taken up by 
enterocytes and equilibrates with the enterocyte cholesterol pool before it is 
secreted.   
 
The process underlying TICE 
TICE is a specific process and probably involves activity of transport proteins on 
both basolateral and apical sides of the enterocytes. The role of several putative 
transporters involved in TICE was investigated.  
 Sr-b1 is known to mediate cholesterol uptake from circulating HDL and 
LDL (5; 6), although, HDL appeared to be a more effective donor (6). In Caco-2 
cells, SR-B1 expression is observed at basolateral, as well as, on apical 
membranes (7). This suggests that Sr-b1 has the potential to serve several 
functions in the intestine. The localization of Sr-b1 on the basolateral surface of the 
intestine suggests its possible involvement in intestinal lipoprotein uptake (7). We 
showed that mice receiving a Western-type diet {0.25 % (w/w) cholesterol} or a 
high fat diet (no cholesterol), have increased TICE. Intestinal Sr-B1 mRNA, as well, 
as protein levels, correlated to the rate of TICE. Therefore, the role of Sr-B1 in 
TICE was evaluated. Unexpectedly, TICE was significantly increased in Sr-B1 
deficient mice (chapter 4). The role of HDL as appreciated cholesterol donor for the 
intestine is questionable. Abca1-/- mice, mice with very low HDL levels, for 
example, do not show a diminished fecal neutral sterol output compared to their 
littermates (8).  

The sterol efflux proteins ABCG5/ABCG8 seem to be good candidates for 
the mediation of cholesterol secretion from the enterocyte into the intestinal lumen. 
Transgenic animals overexpressing human ABCG5 and ABCG8 (hG5G8Tg) 
showed a severely increased fecal neutral sterol excretion (9). Furthermore, Van 
der Veen et al. (4) showed that the TICE flux was decreased in Abcg5-/- mice 
causing a reduction in total fecal neutral sterol excretion. On the other hand, the 
increased fecal neutral sterol excretion in the hG5G8Tg mice was inhibited in 
hG5G8Tg mice lacking Mdr2, this suggests that biliary excretion is responsible for 
the increased fecal neutral sterol excretion in hG5G8Tg mice (10). Furthermore, 
deficiency of Abcg5 and/or Abcg8 normally leads to mild (11; 12) or no (13) 
decrease in fecal neutral sterol excretion and the mRNA expression and protein 
levels of Abcg5/Abcg8 (14) throughout the intestine does not correlate with the rate 
of TICE in the same intestinal segment. Moreover, no reduction in TICE was 
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measured in Abcg8-/- mice using the intestinal perfusion set-up (chapter 3). In 
summary, the role of Abcg5/Abcg8 in TICE remains controversial. 

To discover putative candidate proteins involved in TICE, gene expression 
analysis of proteins known to play a role in cholesterol trafficking elsewhere in the 
body was performed with the intestines of perfused mice (chapter 4 and 5). For this 
gene expression analysis, the intestines of non-treated wild-type mice and mice 
that displayed increased TICE such as Western-type or high fat diet fed mice and 
mice that received a PPARδ agonist, were used to observe whether a correlation 
existed between the rate of TICE and the intestinal expression of the investigated 
genes. Besides Abcg5/Abcg8 and Sr-b1, no apparent involvement of proteins 
involved in  lipoprotein metabolism: MTP, LRP, LDLR, VLDLR (data not shown); or 
the ABC transporters: Abca1 and Abcg1; could be established (chapter 4 and 5). 
Some proteins involved in intracellular trafficking were also evaluated. Cholesterol 
metabolism is compartmentalized into distinct subcellular membranes. Cholesterol 
reaches the plasma membrane mostly via Golgi bypass route(s). Lipoprotein 
cholesterol is internalized via receptor-mediated uptake and reaches the endocytic 
circuits from where it is redistributed to the plasma membrane, Golgi complex, and 
ER. Trafficking involves multiple proteins among them Rab proteins {see for 
review: (15)}. Interestingly an increase in TICE went hand in hand with a 
pronounced increase in expression of Rab9 protein (chapter 5). Rab9 is a key late 
endosomal small GTPase. Overexpression of Rab9 in Niemann-Pick type C lipid 
storage disease cells results in correction of lipid trafficking defects like restoration 
of Golgi targeting of glycosphingolipids (16; 17) and dramatic reduction of 
intracellular cholesterol storage (16-19). Rab9 is not only able to lower cholesterol 
storage in Niemann-Pick type C diseased cells but also in cells of cystic fibroses 
patients when Rab9 is overexpressed (20). Besides Rab9 expression, the 
expression of another protein, possibly involved in intracellular cholesterol 
trafficking: lysosomal integral membrane protein 2 (LIMP-2) was increased. The 
exact role of intracellular cholesterol trafficking as part of TICE needs to be 
elucidated in more detail. 

With regards to stimulation of TICE, it is interesting to mention that 
aramchol increased fecal sterol output in rats without changes in biliary lipid output 
(21). These results made aramchol an interesting candidate for TICE stimulation. 
However, a pilot experiment investigating the effect of aramchol on TICE did not 
reveal a stimulatory effect of aramchol on TICE. Since fecal neutral sterol output of 
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the aramchol treated mice also only mildly increased, the effect of aramchol on 
TICE remained unclear. Investigation of the effect of aramchol on TICE in more 
detail would be interesting. 
 
The human situation 
Fecal sterols of non-dietary origin, are present in feces of patients with biliary 
obstruction (22). Assuming that intestinal cell shedding is not a prominent 
contributor to fecal sterols, this suggests that TICE is present in these patients. 
Question remains whether TICE is present under basal conditions in humans. In 
1967 Simmonds et al. (23) performed elegant intestinal perfusion studies in 
humans and observed significant secretion of cholesterol in the small intestine. 
However, the amount of secreted cholesterol was not quantified. On average, 
humans secrete about 1 gram of neutral sterols per day (24; 25). Dietary 
cholesterol intake is about 400 mg (26) and biliary cholesterol secretion amounts to 
1000 mg (27-29). Cholesterol absorption has been estimated to be about 50 % (24; 
25; 30). Hence, the average direct intestinal secretion in humans can be estimated 
to be around 300 mg/day.70 kg body weight, which is about one-third of the 
amount secreted into bile. The difference between mice and human in contribution 
of TICE to total cholesterol excretion might be explained by the fact that mice have 
a relatively larger surface area of small intestinal epithelium in comparison to 
human. If TICE is observed throughout the small intestine, it might be expected 
that species that have a relatively larger surface area secrete relatively more 
cholesterol. For most species there is an inverse relation between the gross 
surface area of the small intestine and body size. The ratio intestinal surface 
area/body size is related to the diet eaten by each species (31). Carnivores 
possess a short intestine, while herbivores and other non-meat eating species, like 
mice, need a relatively long intestine because the digestion of their food takes 
more time. The length of the intestine of omnivores, like man, is in between that of 
carnivores and herbivores (32).  
 
Comparison of the regulation of TICE in man versus mice 
TICE was twofold elevated in mice receiving a Western-type diet or a high fat-only 
diet. This increase correlated with a twofold increase in neutral sterol output found 
in high fat diet fed mice. A high cholesterol-only diet did not cause an increase in 
TICE in mice. The lack of effect of the high cholesterol diet despite higher biliary 
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cholesterol secretion strongly suggests that the rate of TICE is mainly controlled by 
the fat content of the diet (chapter 4). What about the effect of dietary fat on sterol 
excretion in humans? In the late fifties/early sixties of the last century, the effect of 
dietary fat on plasma cholesterol levels and a possible relationship between serum 
cholesterol levels and fecal sterol excretion were intensively investigated in two 
laboratories. In 10 out of 12 patients studied, plasma cholesterol changes were 
observed without changes in excretion (33-35). These results implicate that 
changes in fecal neutral sterol excretion cannot be fully explained by changes in 
plasma cholesterol levels and that changes in dietary fat did not affect sterol 
excretion in a consistent manner. However, the subjects participating in these 
studies were mostly hypercholesterolemic or hypertriglyceridemic individuals with 
xanthomatous disease in whom cholesterol storage in the skin, tendons, and 
perhaps other tissues was present. When Connor et al. (36) investigated the effect 
of dietary fat on fecal sterol excretion they recruited men with characteristic serum 
cholesterol concentrations for the American population at their age and men 
without known metabolic disorders. In this study, polyunsaturated fats did affect 
fecal sterol excretion. Interestingly, the hypocholesterolemic effect of 
polyunsaturated fat was associated with total fecal sterol excretion twice greater 
than the amount of cholesterol calculated to leave the plasma. This not only 
suggests, that polyunsaturated fat increases fecal sterol excretion in normal, 
healthy subjects, but that this also might be caused by an increase in TICE. The 
effect of dietary polyunsaturated fat on fecal neutral sterol excretion in normal men 
was reported also in later studies by Nestel et al. (37) and Oh et al. (38). In all 
these studies the consumption of saturated fat enhanced fecal neutral sterol 
excretion but to a lesser extent than polyunsaturated fat (36-38). So whereas the 
increase of fecal output of endogenous steroids has been recorded by many 
investigators, results on the output of endogenous neutral steroids in 
hypertriglyceridaemic patients remains contradictory. Simons and Myant (39) 
suggested that the conflicting observations in hypertriglyceridaemic patients might 
be explained by the type of hyperlipoproteinaemia.  
 In chapter 4 we investigated the effect of luminal modifications on TICE in 
mice by using different bile salts and/or phospholipids. The rate of TICE appeared 
to be remarkably insensitive to the type of bile salt and intraluminal bile salt 
concentration. Neither the luminal bile salt concentration, nor bile salt 
hydrophobicity affected TICE, indicating that the presence of phospholipids is the 
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dominant factor modulating the amount of cholesterol secreted via TICE. As shown 
in chapter 3, bile salts alone also stimulate TICE, hence the presence of 
phospholipids is not essential. This conclusion is supported by the fact that Abcb4-
/- mice with very low luminal phospholipids levels show unaltered fecal neutral 
sterol excretion suggesting that TICE is not negatively affected in these mice (1). 
The stimulating effect of phospholipids on TICE may explain in part why fecal sterol 
excretion is strongly stimulated by phospholipid supplementation to the diet of 
human (40).  
 PPARδ activation leads to increased cholesterol efflux from macrophages 
(41-43), without affecting biliary cholesterol secretion rates (43). In chapter 5, we 
showed, in mice, that PPARδ activation stimulated TICE. PPARδ activation has 
been shown to accelerate RCT, not only in mice (43) but also in primates (41) and 
man (42).  It is tempting to hypothesize that PPARδ activation will stimulate TICE in 
man as well. 
 So although the relative contribution of TICE apparently is smaller in 
humans than in mice, the magnitude of this flux is still considerable and activation 
of this pathway seems an attractive approach for treatment/prevention of 
atherosclerotic diseases. 
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SUMMARY 
 
This thesis primarily deals with the re-discovery of a “forgotten” cholesterol 
excretion pathway: transintestinal cholesterol efflux (TICE). A start was made to 
unravel the mechanisms underlying this process. Furthermore, different ways to 
stimulate cholesterol efflux are described. 
 An introduction to the subject is given in chapter 1. In this chapter the 
importance of cholesterol for vertebrates is explained. This chapter further 
describes the role of the intestine in cholesterol absorption. Subsequently, the role 
of the intestine in cholesterol excretion is discussed and chapter 1 ends with the 
aim and outline of this thesis.  

Fatty acid-bile acid conjugates (FABACs) are synthetic molecules 
designed to treat a range of lipid disorders. The compounds prevent cholesterol 
gallstone formation, diet induced fatty liver and increase reverse cholesterol 
transport in rodents.  The aim of the study described in chapter 2 was to 
investigate the effect of FABACs on cholesterol efflux in human cells. Aramchol 
(the most potent FABAC) dose dependently increased cholesterol efflux from 
human skin fibroblasts in the absence of known efflux mediators such as 
apolipoprotein A-I (apoA-I) but had little effect on phospholipid efflux. A liver X 
receptor (LXR) agonist strongly increased aramchol induced cholesterol efflux but 
in ATP-binding cassette transporter A1 (ABCA1) deficient cells from Tangiers 
patients the aramchol effect was absent, indicating that activity of ABCA1 was 
required. Aramchol did not affect ABCA1 expression but plasma membrane levels 
of the transporter increased twofold. Aramchol is the first small molecule, which 
induces ABCA1-dependent cholesterol efflux without affecting transcriptional 
control. These findings may explain the beneficial effect of the compound on 
atherosclerosis.  

Until recently, hepatobiliary cholesterol secretion was generally considered 
to be an obligate step in the pathway of excess cholesterol excretion from the 
body. In chapter 3 we have investigated the validity of this paradigm in mice. 
Direct secretion of cholesterol from the luminal side of enterocytes was studied by 
perfusion of isolated segments of the small intestine in mice. Cholesterol input and 
output measurements in different mouse models revealed that fecal neutral sterol 
excretion was higher than the sum of dietary cholesterol intake and biliary 
cholesterol secretion indicating the existence of an alternative pathway. We 
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showed that substantial amounts of cholesterol can be secreted directly by 
enterocytes. TICE is a specific process observed throughout the small intestine 
(proximal>medial>distal). TICE depended on the presence of a cholesterol 
acceptor and was strongly stimulated by bile salts and phospholipids. The capacity 
of TICE was sufficient to account for the missing cholesterol in the balance studies. 
The contribution of TICE to total cholesterol excretion in mice is approximately 
twice that of the biliary pathway. So, in mice, the intestine plays a significant role in 
removal of cholesterol from the body. 
 In chapter 4 we investigated whether the activity of TICE could be 
influenced by dietary factors. In addition, we studied the role of cholesterol 
acceptors at the luminal side of the enterocyte. Mice were fed Western-type diet 
{0.25 % (w/w) cholesterol; 16 % (w/w) fat}, a high fat diet {no cholesterol; 24 % 
(w/w) fat}, or high cholesterol diet {(2 % (w/w)} and TICE was measured by isolated 
intestinal perfusion. Bile salt/phospholipid mixtures served as cholesterol acceptor.  
Western-type and high fat diet increased TICE by 50 % and 100 %, respectively. In 
contrast, the high cholesterol diet did not influence TICE.  Intestinal scavenger 
receptor class B type 1 (Sr-B1) mRNA and protein levels correlated with the rate of 
TICE. Unexpectedly, TICE was significantly increased in Sr-B1 deficient mice. 
Apart from the long term effect of diets on TICE, acute effects by luminal 
cholesterol acceptors were also investigated. The phospholipid content of 
perfusate was the most important regulator of TICE, whereas bile salt 
concentration or hydrophobicity of bile salts had little effect. TICE can be 
manipulated by dietary intervention. Specific dietary modifications might provide 
means to stimulate TICE and, thereby enhance total cholesterol turnover. 
 Peroxisome proliferator-activated receptors (PPARs) are involved in the 
regulation of energy homeostasis and lipid metabolism. PPARδ activation leads to 
an increase in fecal neutral sterol secretion. This phenomenon cannot be explained 
by an increase in hepatobiliary cholesterol secretion, nor, sufficiently, by reduction 
of cholesterol absorption. Therefore we hypothesized in chapter 5 that PPARδ 
activation would lead to stimulation of TICE. To establish whether activation of 
PPARδ leads to an increased rate of TICE, intestine perfusions were performed in 
GW610742 (a PPARδ agonist)  treated FVB mice. To counteract a possible effect 
of PPARδ activation on cholesterol absorption, ezetimibe (a cholesterol absorption 
inhibitor) and ezetimibe/GW610742 treated mice were also evaluated. PPARδ 
agonist treatment stimulated both fecal neutral sterol excretion, and TICE, in the 
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GW610742 treated mice. This effect was markedly reduced by ezetimibe 
treatment. Intestinal Rab9 expression was significantly increased upon GW610742 
treatment. In conclusion, activation of PPARδ, by GW610742 treatment stimulates 
TICE. This finding provides an interesting target for development of drugs aiming at 
the prevention of atherosclerosis. 
 In chapter 6 the origin of intestinally secreted cholesterol is discussed, 
followed by the process underlying TICE. Subsequently, the presence of TICE in 
humans is evaluated and in the final part of this chapter the regulation of TICE in 
man versus mice is discussed. 
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SAMENVATTING 
 
Dit proefschrift gaat grotendeels over de herontdekking van een ‘vergeten’ route 
voor cholesterol uitscheiding: cholesterol efflux via de darm (TICE). Dit proefschrift 
vertelt het verhaal van het ontrafelen van de onderliggende mechanismen achter 
TICE. 
 Een inleiding op het onderwerp wordt gegeven in hoofdstuk 1. In dit 
hoofdstuk wordt het belang van cholesterol voor vertebraten aangegeven. Verder 
beschrijft dit hoofdstuk de rol van de darm in cholesterol absorptie. Vervolgens 
wordt de rol van de darm in cholesterol uitscheiding bediscussieerd en hoofdstuk 1 
eindigt met een beschrijving van het doel van het onderzoek verricht voor dit 
proefschrift en de opzet van het proefschrift. 
 Vetzuur-galzout verbindingen (FABACs) zijn kunstmatige moleculen die 
ontworpen zijn om een scala aan lipide gerelateerde aandoeningen te behandelen. 
Deze stoffen voorkomen cholesterol galsteenvorming, voedings geïnduceerde 
vette lever en in knaagdieren zorgen ze voor een toename van ‘reverse cholesterol 
transport’. Het onderzoek naar het effect van FABACs op cholesterol efflux in 
humane cellen staat beschreven in hoofdstuk 2. Aramchol (de meest potente 
FABAC) zorgde voor een dosis afhankelijke toename van cholesterol efflux uit 
humane huid fibroblasten, dit in de afwezigheid van bekende efflux mediatoren 
zoals apolipoproteϊne A-I (apoA-I). Aramchol had echter weinig effect op de efflux 
van fosfolipiden. Een lever X receptor (LXR) agonist zorgde voor sterke toename 
van aramchol geïnduceerde cholesterol efflux, maar in cellen van patiënten met de 
ziekte van Tangiers {ATP-bindende cassette transporter A1 (ABCA1) deficiënte 
cellen} was het effect van aramchol op cholesterol efflux afwezig. Dit toont aan dat 
de activiteit van ABCA1 noodzakelijk was. Aramchol had geen effect op ABCA1 
expressie, maar verdubbelde de hoeveelheid ABCA1 op het plasmamembraan. 
Aramchol is het eerste kleine molecule dat ABCA1-afhankelijke cholesterol efflux 
induceert zonder in te grijpen op de transcriptie van ABCA1. Deze resultaten 
kunnen mogelijk het gunstige effect van deze stof op atherosclerose verklaren.  
 Tot voor kort werd in de ‘klassieke’ opvatting hepatobiliaire cholesterol 
secretie als de enige mogelijke stap in de uitscheidingsroute van cholesterol 
beschouwd. In hoofdstuk 3 hebben we de validiteit van dit paradigma in muizen 
onderzocht. Directe secretie van cholesterol van de luminale zijde van enterocyten 
werd bestudeerd door geïsoleerde segmenten van de dunne darm in muizen te 
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perfuseren. Cholesterol inname en uitscheidings metingen in verschillende 
muismodelen onthulden dat de fecale neutrale sterolen excretie groter was dan de 
som van cholesterol input via voeding en gal. Dit geeft aan dat er op z’n minst één 
alternatieve route voor de uitscheiding van cholesterol moet bestaan. Wij toonden 
aan dat substantiële hoeveelheden cholesterol direct door enterocyten kan worden 
uitgescheiden. TICE is een specifiek proces dat wordt waargenomen in de gehele 
dunne darm (proximaal>mediaal>distaal). TICE was afhankelijk van de 
aanwezigheid van een cholesterol acceptor en werd sterk gestimuleerd door de 
aanwezigheid van galzouten en fosfolipiden in het lumen. De capaciteit van TICE 
was voldoende om de ontbrekende hoeveelheid cholesterol in de balans studies te 
verklaren. De bijdrage van TICE aan de totale cholesterol uitscheiding in muizen is 
ongeveer twee keer dat van de gal gemedieerde route. Kortom, in muizen speelt 
de darm een significante rol in de uitscheiding van cholesterol. 
 In hoofdstuk 4 onderzochten we of de activiteit van TICE beïnvloedt kan 
worden door voedingsfactoren. In aanvulling hierop bestudeerden we de rol van 
cholesterol acceptoren aan de luminale zijde van de enterocyte. Muizen werden op 
een westers dieet {0.25 % (w/w) cholesterol; 16 % (w/w) vet}, een hoog vet dieet 
{geen cholesterol; 24 % (w/w) vet}, of een hoog cholesterol dieet {2 % (w/w) 
cholesterol} gezet en vervolgens werd TICE gemeten door een geïsoleerde 
darmperfusie uit te voeren. Galzout/fosfolipide mengsels dienden als cholesterol 
acceptor. Bij de westers dieet gevoerde dieren en bij de hoog vet dieet gevoerde 
dieren nam TICE toe met respectievelijk 50 % en 100 %. Het hoog cholesterol 
dieet beïnvloedde TICE niet. ‘Scavenger’ receptor klasse B type I (Sr-B1) mRNA 
en eiwit niveaus in de darm correleerden met de mate waarin TICE optrad. 
Onverwachts was TICE significant toegenomen in Sr-B1 deficiënte muizen. 
Afgezien van de lange termijn effecten van de diëten op TICE, werden de acute 
effecten van luminale cholesterol acceptoren op TICE ook onderzocht. Het 
fosfolipiden gehalte van perfusaat was de meest belangrijke regulator van TICE. 
Het veranderen van de galzout concentratie of hydrofobiciteit had weinig effect op 
TICE. TICE kan worden gemanipuleerd door voedingsinterventie. Specifieke 
aanpassingen aan de voeding zouden TICE en hierbij de totale cholesterol 
uitscheiding kunnen stimuleren. 
 Peroxisoom proliferator-geactiveerde receptoren (PPARs) zijn betrokken 
bij de regulering van de energie huishouding en het lipide metabolisme. PPARδ 
activatie leidt tot toename van fecale neutrale sterolen uitscheiding. Dit fenomeen 
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kan niet verklaard worden door een toename van hepatobiliaire cholesterol 
secretie, noch, voldoende, door een afname van cholesterol absorptie. Daarom 
hypothetiseerden we in hoofdstuk 5 dat PPARδ activatie zou leiden tot stimulatie 
van TICE. Om vast te stellen of activatie van PPARδ leidt tot een toename van 
TICE, werden er darmperfusies uitgevoerd in FVB muizen die behandeld waren 
met GW610742 (een PPARδ agonist). Om het mogelijke effect dat PPARδ 
activatie zou kunnen hebben op cholesterol absorptie tegen te gaan, werden 
ezetimibe (een remmer van cholesterol absorptie) en ezetimibe/GW610742 
behandelde muizen ook geëvalueerd. Behandeling met PPARδ agonist 
stimuleerde zowel de fecale neutrale sterolen uitscheiding als TICE in de 
GW610742 behandelde dieren. Dit effect werd duidelijk verlaagd door ezetimibe 
behandeling. Rab9 expressie in de darm was significant toegenomen door de 
GW610742 behandeling. We kunnen concluderen dat activatie van PPARδ, door 
GW610742 behandeling, TICE stimuleert. Deze ontdekking levert een interessant 
doel op voor de ontwikkeling van medicijnen die zich richten op de preventie van 
atherosclerose.  
 In hoofdstuk 6 wordt de bron van cholesterol dat uitgescheiden wordt via 
de darm en het proces onderliggend aan TICE bediscussieerd. Vervolgens wordt 
de aanwezigheid van TICE in mensen geëvalueerd en in het laatste gedeelte van 
het hoofdstuk wordt de regulering van TICE in mensen versus muizen 
bediscussieerd. 
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POPULAIRE SAMENVATTING 
 
Cholesterol is essentieel in ons lichaam: zo vormt het de basis van de 
geslachtshormonen en van vitamine D. Een teveel aan cholesterol is echter niet 
goed. Overtollig cholesterol kan worden opgeslagen in onze bloedvaten dit kan 
leiden tot vernauwingen en hierdoor kunnen onze bloedvaten dichtslibben. Als dit 
proces optreedt in de bloedvaten bij ons hart, kan dit een hartinfarct tot gevolg 
hebben. Gelukkig heeft ons lichaam een prachtige manier gevonden om overtollig 
cholesterol uit te scheiden: ‘reverse cholesterol transport’. Hoe gaat deze 
uitscheiding van cholesterol in zijn werk? Een teveel aan cholesterol verlaat onze 
lichaamscellen en komt in het bloed terecht. Als het bloed de lever bereikt, vist de 
lever het cholesterol uit het bloed en zorgt ervoor dat het, al dan niet bewerkt, in de 
gal terecht komt. Het cholesterol komt via de gal in de darm terecht en verlaat 
uiteindelijk het lichaam via de ontlasting. 
 In hoofdstuk 2 is gekeken naar de allereerste stap van ‘reverse cholesterol 
transport’: het transport van cholesterol uit de cellen naar het bloed. We vroegen 
ons af of het mogelijk is het transport van cholesterol naar het bloed te stimuleren, 
om zo meer cholesterol kwijt te raken. FABACs zijn stoffen die ontworpen zijn om 
een scala aan vetgerelateerde aandoeningen te behandelen, zoals bijvoorbeeld 
cholesterol galstenen. We hebben diverse soorten FABACs aan cellen toegevoegd 
die lijken op vaatwandcellen en gekeken of er zo meer cholesterol de cellen zou 
verlaten dan wanneer je deze stoffen niet zou toevoegen. Dit blijkt inderdaad zo te 
zijn: FABACs stimuleerden het transport van cholesterol uit de cellen. De manier 
waarop dit gebeurde was echter anders dan wij in eerste instantie hadden 
verwachten. Cholesterol is een vetachtige stof en kan daarom niet oplossen in 
waterige stoffen zoals bloed. Om dit probleem te ondervangen wordt cholesterol 
dat zich in het bloed bevindt gebonden aan transportdeeltjes (lipoproteϊnen) die wel 
oplosbaar zijn in bloed. Het extra cholesterol dat onder invloed van FABACs de 
cellen verliet had deze transportdeeltjes niet nodig.  
 Sinds de jaren 60 staat in medische tekstboeken dat verreweg het meeste 
cholesterol via de lever en gal wordt uitgescheiden. Dat dit, in ieder geval in 
muizen, niet waar blijkt te zijn, tonen we aan in hoofdstuk 3. Hier laten we zien dat 
de darm een belangrijke rol speelt in de uitscheiding van cholesterol, zo belangrijk 
zelfs dat er twee keer zoveel cholesterol rechtstreeks via de darm het lichaam 
verlaat als via de lever-gal route. Het meeste cholesterol wordt aan het begin van 
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de dunne darm uitgescheiden en dit cholesterol is afkomstig uit het bloed. Deze 
route - die we transintestinale cholesterol efflux (TICE) genoemd hebben - blijkt 
dus in muizen, maar waarschijnlijk ook in mensen, een rol te spelen in de 
uitscheiding van cholesterol.  
 Aangezien TICE, in ieder geval in muizen, bijdraagt tot het uitscheiden van 
aanzienlijke hoeveelheden cholesterol, zou het interessant zijn om deze route te 
stimuleren. Eerst is het echter van belang om meer te weten te komen over het 
onderliggende mechanisme (bijvoorbeeld: zijn er transporteiwitten bij betrokken? 
Zo ja, welke?), anders kun je nooit gericht gaan zoeken naar stoffen die dit proces 
kunnen stimuleren. In hoofdstuk 4 onderzochten we in muizen of voedingsfactoren 
rechtstreekse cholesterol uitscheiding via de darm konden beïnvloeden. In 
aanvulling hierop bestudeerden we de rol van cholesterol ontvangers in de darm. 
Het bleek dat de hoeveelheid cholesterol die de darm verliet door de aanwezigheid 
van fosfolipiden (een speciaal soort vetten) in de darm beïnvloed kon worden. 
Daarnaast bleek het mogelijk om door de voedingssamenstelling te veranderen de 
cholesterol uitscheiding via de darm te beïnvloeden. 
 In hoofdstuk 5 richtten we ons op het stimuleren van TICE. Er bestaat een 
stofje (PPARδ agonist) dat de hoeveelheid cholesterol in de ontlasting doet 
toenemen, zonder dat het de hoeveelheid cholesterol die via gal de darm in komt 
verandert. Zou PPARδ agonist dan cholesterol uitscheiding rechtreeks via de darm 
beïnvloedden, vroegen wij ons af. Het bleek inderdaad zo te zijn dat PPARδ 
agonist cholesterol uitscheiding via de darm in muizen stimuleerde.  

De ontdekkingen in dit proefschrift leverden nieuwe inzichten over 
cholesterol uitscheiding op. De uitkomsten beschreven in dit proefschrift kunnen 
aanknopingspunten vormen voor de ontwikkeling van nieuwe medicijnen die zich 
richten op het voorkomen van cholesterol ophoping in bloedvaten (atherosclerose). 
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De twijfelachtige eer van het kortste dankwoord? Nee, liever niet (!) Er zijn veel 
mensen die zo’n belangrijke rol voor/tijdens/na* mijn promotieonderzoek hebben 
gespeeld, dat ze een plekje in the wall of fame van mijn proefschrift verdienen.  
 
Allereerst mijn promotores. Ronald, bedankt voor de vele/felle* discussies. Heb je 
het boek dat je van Annemiek gekregen hebt al doorgenomen? Lijkt me geen 
onverstandig plan gezien de leegloop van het kippenhok. En ga me nu niet 
vertellen dat dat de bedoeling is, want als er iets gaande was, was je er zelf als de 
kippen bij… Bert, jouw kijk is op z’n minst verfrissend te noemen. Hier heb ik veel 
aan gehad, zowel voor het onderzoek als daar buiten. Je hebt me veel vrijheid 
gegeven om een eigen draai aan het onderzoek te geven, dit vond ik erg prettig 
(alhoewel het, vermoed ik, uiteindelijk toch vaak de kant opging die jij vooraf in je 
hoofd had). Je was de relaxtheid zelve, iets wat bij mij, vaak achteraf onnodige, 
stress veroorzaakte. Die overstap op de ICE in Duitsland zal ik nooit vergeten, 
laten we het er op houden dat wij in ieder geval wel te eten hadden. Nu ik het toch 
over het buitenland heb, we zijn met het TICE verhaal veel “on tour” geweest. Dit 
heb ik erg leuk en bijzonder gevonden. Bert, bedankt voor alles! 
 
Folkert, bedankt voor je waardevolle input aan de hoofdstukken van dit proefschrift. 
De promotiecommissieleden wil ik bedanken voor de bestudering van het 
proefschrift. 
 
Karin en Cindy, mijn paranimfen/de feestcommissie*. Ik ben blij dat jullie mijn 
paranimfen willen zijn. Karin, ik denk dat er niemand is met wie ik zoveel uren op 
het lab heb doorgebracht als met jou. Al die inspanningen (nou ja, veel in ieder 
geval) hebben mooie resultaten opgeleverd. Je bent altijd in voor gezelligheid, een 
hapje, een drankje (en een logeerplek voor als het erg gezellig wordt…). Karin, 
bedankt! Cindy, jij hebt de darmperfusies op poten gezet. Een goed begin, is het 
halve werk! We hebben bijzonder veel gelachen samen. Wat waren die bonbons 
met/en* vulling… toch lekker! Alleen the day after was wat minder… Bert, bedankt 
voor het ongemerkt ter beschikking stellen van je keuken, ik hoop dat Cindy de 
chocolade sporen goed heeft weten uit te wissen... Tegenover al dat gelach en 
gekakel stonden onze serieuze gesprekken, die ik zeer kan waarderen. Cindy, 
bedankt! 
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Carlos, we hebben geen gemakkelijke start gehad. Desondanks, hebben we toch 
mooie gezamenlijke resultaten behaald! Bedankt, voor het doen van de 
aanvullende/afrondende experimenten en voor jouw input aan de artikelen. Ik ben 
blij dat er iemand verstandig genoeg was om met zekerheid de ICE te halen… Dat 
stelt me gerust. Ingar, bedankt voor jouw bijdrage aan de ‘dieetexperimenten’ en 
voor de levendigheid. Ik hoop dat je een mooie toekomst tegemoet gaat. Met 
betrekking tot de vele dierexperimenten wil ik iedereen van het ARIA bedanken. 
Kristin, bedankt voor je hulp bij de experimenten van hoofdstuk twee en voor je 
gezelschap op het RA lab. Marianne, bedankt voor je orde (in ieder geval één 
persoon die me in dat opzicht begrijpt) en voor het feit dat je ervoor zorgde dat de 
juiste benodigdheden voor een experimenten ook aanwezig waren op het moment 
van starten. 
 
Het kippenhok… wie daar dan ook toe behoren… bedankt voor de gezelligheid! 
Annemiek (bouwjaar!) we hebben ons weten te vereeuwigen op/in* het ALC. 
Volgens mij weet niemand waar ik het nu over heb en dat vind ik wel best, wat jij? 
Wat hebben we een boel meegemaakt: glittergel, slagroom, Las Vegas, Elvis, vlag-
materiaal, zwarte gaten, om maar wat te noemen. Bedankt voor deze unieke 
ervaringen! Conny, ja er zijn mensen die na één keer uitleggen kunnen light 
cyclen, ze bestaan! Ik zal je verbaasde blik nooit vergeten. Jij zult waarschijnlijk 
mijn uitleg van een kruising nooit vergeten… Bedankt voor de koffiegesprekken, 
enthousiasme (en slappe lachmomenten). Mona, bedankt voor het regelwerk 
rondom de promotie. 
 
Kam, bedankt voor je gezelschap tijdens het pipetteren. David, je was niet vaak op 
je eigen labplek te vinden, maar als je er was hadden we leuke 
filosofische/onzinnige* gesprekken. Verder wil ik alle (ex)-ALC’ers, die ik niet bij 
naam en toenaam genoemd heb, bedanken voor de mooie tijd! De (7.5 kg…) 
chocolade was heerlijk! 
 
Nelleke en Sylvia, dat hadden jullie niet verwacht hè! Maar aangezien jullie met 
zoveel interesse de vorderingen rondom mijn promoveren volgden, zo enthousiast 
meedachten (van stelling tot omslag) en we daarnaast ook nog eens leuke 
gesprekken over werkelijk van alles kunnen voeren (sorry overige collega’s, voor 
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details die jullie liever niet hadden willen horen…), is er zeker plek in the wall of 
fame. Danke schőn!  
 
Voor alle familie en vrienden. Nog eventjes en we komen uit het sociaal vacuüm! 
Bedankt voor jullie geduld. De vraag is of jullie daarop zitten te wachten, maar dat 
zien we dan wel weer… 
 
Mama, je hebt me laten zien dat het ‘onmogelijke’ soms toch mogelijk is en dat je 
met hard werken ver kunt komen. Het moet niet gemakkelijk zijn geweest om je 
dochter, na een zware periode, op zo’n jonge leeftijd los te laten. Bedankt voor je 
liefde, steun en doorzettingsvermogen! Papa, jij hebt een boel eigenschappen 
(soms tot in het extreme, dat dan weer wel) aan mij doorgegeven die heel goed 
van pas bleken te komen tijdens het doen van m’n promotieonderzoek. Jammer 
dat je niet in levende lijve mee kunt feesten. Vera, zussie! Chocolatier! Nou ja, 
bijna dan… Bedankt voor de winkelmomenten (wat is er gebeurd met ons jaarlijkse 
shopdag?) en natuurlijk de chocolade. 
 
Lieve Kasper, de afgelopen jaren waren hectisch, maar tegelijkertijd ook zo mooi 
en intens. Met niemand anders had ik dit willen delen en ervaren! Ook nog bedankt 
voor je hulp bij het in elkaar zetten van het proefschrift, dat heeft me heel veel werk 
gescheeld. Abel en Thirza, wat staan jullie heerlijk onbevangen in het leven. Jullie 
kunnen je verwonderen over de kleine dingen in het leven, daar kan menig 
volwassene nog wat van leren. Bedankt voor jullie liefde! 
 

Astrid 
 
 
 
 
 

 

* doorhalen wat niet van toepassing is. 
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ABBREVIATIONS 
 
ABC   adenosine triphosphate-binding cassette transporter 
ACAT   acyl coenzyme A:cholesterol acyltransferase 
ANX 2   annexin 2 
APN   aminopeptidase N 
APO   apolipoprotein 
Aramchol  3-β-arachidylamido-7-α-12-α-5-β-cholan-24-oic acid 
CAV1   caveolin 1 
CHD   coronary heart disease 
FABAC  fatty acid-bile acid conjugate 
HDL   high density lipoprotein 
HMG-CoA  3-α-hydroxy-3-methylglutaryl-coenzyme  
LDH   lactate dehydrogenase 
LDL   low density lipoprotein 
LXR   liver X receptor 
NPC1   Niemann-Pick C1 
NPC1L1  Niemann-Pick C1 like 1 protein 
PC   phosphatidylcholine 
PPAR   peroxisome proliferator-activated receptor 
RCT   reverse cholesterol transport 
SCAP   sterol regulatory element-binding protein cleavage-activating 

protein 
SCD1   stearoyl-coenzyme A desaturase 1 
SLP   surfactant like particles 
SR-B1   scavenger receptor class B type 1 
TC   taurocholate 
TDC   taurodeoxycholate 
TICE   transintestinal cholesterol efflux 
TUDC   tauroursodeoxycholate 
VLDL   very low density lipoprotein 
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