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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-�-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 
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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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